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PREFACE

This handbook, Natural Environmental Factors, is the second in a series
on the nature and effects of the environmental phenomena. As the title
implies, the handbook addresses a set of natural environmental factors
which, for the purpose of this text, comprises:

a. Terrain h. Fog and Whiteout
b. Temperature i. Wind
¢. Humidity j.  Salt, Salt Fog, and Salt Water
d. Pressure k. Ozone
e. Solar Radiation 1. Macrobiological Organisms
. Rain m. Microbiological Organisms

f
g. Soild Precipitation

These particular factors were chosen as best representing the needs of the
design engineer.

Except for the chapters on macrobiological and microbiological orga-
nisms, the information is organized as follows:

a. Description of the factor, its measurement, and its distribution

b. Description of the effects of the factor on materiel and the
procedures for design so as to avoid or reduce adverse effects

¢. Enumeration of the testing and simulation procedures that assure
adequate design.

Thus, the design engineer is provided with a body of practical information
that will enable him to design materiel so that its performance during use is
not affected seriously by the environment.

It is impractical to acknowledge the assistance of each individual or
organization which contributed to the preparation of this handbook.
Appreciation, however, is extended to the following organizations and
through them to the individuals concerned:

a. Frankford Arsenal

b. US Army Cold Regions Research and Engineering Laboratory

¢. US Army Engineer Topographic Laboratories

d. US Army Natick Laboratories

e. US Army Tank-Automotive Command

f. Atmospheric Sciences Laboratory, US Army Electronics Command.

The handbook was prepared by the Research Triangle Institute, Research
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Triangle Park, NC—for the Engineering Handbook Office of Duke University,
prime contractor to the US Army Materiel Command—under the general
direction of Dr. Robert M. Burger. Technical guidance and coordination
were provided by a committee under the direction of Mr. Richard C.
Navarin, Hq, US Army Materiel Command.

The Engineering Design Handbooks fall into two basic categories, those
approved for release and sale, and those classified for security reasons. The
US Army Materiel Command policy is to release these Engineering Design
Handbooks in accordance with current DOD Directive 7230.7, dated 18
September 1973. All unclassified Handbooks can be obtained from the
National Technical Information Service (NTIS). Procedures for acquiring
these Handbooks follow:

a. All Department of Army activities having need for the Handbooks
must submit their request on an official requisition form (DA Form 17,
dated Jan 70) directly to:

Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg; PA 17201

(Requests for classified documents must be submitted, with appropriate
“Need to Know” justification, to Letterkenny Army Depot.) DA activities
will not requisition Handbooks for further free distribution.

b. All other requestors, DOD, Navy, Air Force, Marine Corps, nonmilitary
Government agencies, contractors, private industry, individuals, universities,
and others must purchase these Handbooks from:

National Technical Information Service
Department of Commerce
Springfield, VA 22151

Classified documents may be released on a ‘“Need to Know” basis verified by
an official Department of Army representative and processed from Defense
Documentation Center (DDC), ATTN: DDC-TSR, Cameron Station,
Alexandria, VA 22314.

Comments and suggestions on this Handbook are welcome and should be
addressed to:

Commander

US Army Materiel Command
ATTN: AMCRD-TV
Alexandria, VA 22333

(DA Forms 2028, Recommended Changes to Publications, which are
available through normal publications supply channels, may be used for
comments/suggestions.)
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CHAPTER 1

INTRODUCTION

This handbook, containing information on
13 natural environmental factors, is Part Two
of the Environmental Series of Engineering
Design Handbooks. The complete series in-
cludes:

Part One, Basic Environmental Concepts,
AMCP 706-115

Part Two, Natural Environmental Factors
(this part), AMCP 706-116

Part Three, Induced Environmental Fac-
tors, AMCP 706-117

Part Four, Life Cycle Environments, AMCP
706-118

Part Five, Environmental Glossary, AMCP
706-119.

The environmental factors included in this
handbook are those of primarily natural
origin although certain of them are enhanced,
modified, or, in certain circumstances, deter-
mined completely by human activities. For
example, in urbanized regions the natural
effects of terrain are almost completely sub-
dued; within buildings, the temperature, hu-
midity, and pressure to which materiel is
exposed are controlled; the occurrence of fog
is influenced by human activities; and the
ozone generated by equipment can be as
important as that produced in nature. So it is
with all of the natural environmental fac-
tors — they can be deliberately modified by
man for his benefit or changed as a result of
his activities. Nevertheless, they are predomi-
nantly natural.

A design engineer is interested in informa-
tion that will enable him to make a more

satisfactory product. The satisfaction must be
expressed by the user and is derived from
utility, reliability, maintainability, effective-
ness, or cost. These attributes are not, of
course, independent of each other. Environ-
mental factors affect each of these; trucks
may be useless in deep snow, mud, or sand;
electronic devices may be failure-prone in a
humid environment; firing mechanisms are
difficult to adjust in extreme cold; and
aircraft landing systems may be ineffective in
a thick fog. These examples illustrate how the
environment may limit the satisfaction a user
may receive from an item of materiel. The
design engineer with knowledge of these
limitations can improve his design, thereby
producing a better product. This handbook is
intended to provide that knowledge in a
readily available form.

All existing information on each of the 13
natural environmental factors is not included
in this handbook. Rather it is an assemblage
of information that was available at the time
of preparation. Additional and improved in-
formation is available in many cases and, as
this is identified, it will be incorporated in
subsequent revisions of this handbook. The
objective has been to provide as complete a
handbook as the time and effort would allow.

The amount and type of information avail-
able varies widely among the 13 environ-
mental factors. For example, because of the
activities of the US Army Cold Regions
Research and Engineering Laboratory, much
information is available on the solid precipi-
tants. Also, much information is available on
temperature and humidity because of their
pervasive importance to materiel. However,
since factors such as pressure, fog, and ozone
are of lesser importance to design engineers,
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they are described in shorter chapters. Macro-
biological and microbiological organisms are
factors encompassing broad topics on which
little quantitative information is available.
Therefore, these factors are presented in a
more descriptive manner than are the other
factors for which parametric data are avail-
able.

The design engineer is concerned with more
than how to improve a given item of materiel
so that it better survives a hostile environ-
ment. Operational requirements for special
materiel capabilities are also within his pur-
view. For example, requirements for fog
dissipation and oversnow transport call for
special materiel. For this reason, and because
future information requirements cannot be
forecast, the treatment of environmental fac-
tors is broader than would be required for
materiel effects alone.

People tend to accept natural environ-
mental factors and their effects on materiel as
inevitable. Wood rots, fabric mildews, elec-
tronic components fail, shock mounts wear
out, food spoils, metals rust, and paints
discolor and spall. These common occurrences
are often accepted without question. Such
deterioration can be avoided, however, by
proper selection, protection, and use of mate-
riel. The imposition of procedures wherein
such steps are taken involves a decision by the
design engineer that the added costs required
are justified by total cost of ownership or by
operational considerations.

The complex interrelations of the natural
environmental factors are prime subjects of
investigation in several scientific disciplines.
In Table 1-1, a presentation of these interde-
pendencies is given but in a limited sense. The
numerical index indicates the degree of knowl-
edge that may be derived on a natural
environmental factor, given extensive knowl-
edge of another such factor. In practice,
limited information is available on a number
of such factors. This combined information
provides a much stronger base for deriving
additional information than is indicated by

1-2

the one-to-one relationship given in the table.

Since few of these natural environmental
factors are mutually exclusive, the environ-
ment at a given place and time is described by
a set of factors. All factors in the set interact
with materiel, sometimes to produce com-
bined effects and sometimes in synergism to
produce effects either in excess of or less than
the combined effects. In some cases, these
synergisms are discussed. Others are discussed
in the Environmental Series, Part Four, Life
Cycle Environments.

Similar relationships exist with the eight
induced environmental factors, which are
discussed in Part Three. The importance to
materiel of each such induced factor — at-
mospheric pollutants, sand and dust, vibra-
tion, shock, acceleration, acoustics, electro-
magnetic radiation, and nuclear radiation — is
influenced by natural environmental factors.

The set of natural environmental factors in
this handbook — terrain; temperature; hu-
midity; pressure; solar radiation; rain; solid
precipitation; fog and whiteout; wind; salt,
salt fog,and salt water; ozone; macrobiological
organisms; and microbiological organisms — is
not unique. Different arrangements could
have included vegetation, soils and rocks, or
moisture in all of its forms, for example, as
natural environmental factors. The particular
factors that have been included were chosen
as best representing the needs of the design
engineer.

In the various chapters of this handbook,
the International System of Units (SI) is
preferred. Often, however, available data and
practical considerations have made it neces-
sary to present data in English units so that
both systems are employed in almost every
chapter. In some cases, data are given in both
systems of units in order to relate the less
familiar units to those that have been in
common usage. An example is the measure-
ment of rainfall for which an immense quanti-
ty of data is recorded in inches and the maps
showing rainfall distribution are plotted in
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these units. It would require much effort to presentation of data in both systems of units
convert these data to centimeters; however, facilitates the ultimate full conversion.
TABLE 1-1

INTERDEPENDENCE OF NATURAL ENVIRONMENTAL

FACTORS
< — ~—
o [1+] 101
or— (&) (8]
+ wn or— o—
(] [1+] -+ o o
o o— j = o o
3 o 1] -~ 0| ~0n
cl B2 &) 2 2EleE
e S~ o =] o 0 - |0~
[10} Q he) (7] | O r— (] [ 2 = O <
} o o— [7,] [1+] = — QO o +J < “~ © S ©
| = 1= ()] — — — Q o < — e} OO oD
[}] (] > } o < O o o— 11 N © S |— S
- - I o (¥p) o< (V2 =Ny I ¥ = (7] o = O |= O
Terrain 21 21 2] 212 2 2 |1 2 11 3 ]
Temperature 2 21 1) 3|2 3 2 (1 [ 1|1 3 3
Humidity 21 2 1] 314 2 2 |1 1 1 2 3
Pressure 21 1 1 1 2 1 1 2 |11 1 1 1
Solar radiation | 2| 3 { 2 | 1 2 4 1 1 1 2 2 1
Rain 21 21 41 2| 4 4 2 11 1 1 ? 1
Solid "
precipitants 21 31 3|1 4 | 4 2 |1 1 1 2 1
Fog 21 21 411 4 | 3 3 312 |1 1 1
Wind 2l 1132012 {1 |3 112 11 |1
Salt 1 1 2 11 ] 2 ] 1 1 1 1 1
Ozone 1 1 1 1 1 1 1 1 1 1 1 1
Macrobiological
organisms 21 21 2|1 1 1 1 1 1 1 1 4
Microbiological
organisms 11 3| 3|1 1 1 1 1 1 1 1 2

Given knowledge of the factor in the left-hand column, the
attendant knowledge about the factor at column heading is
given by numerical index where 1 = no, 2 = Tittle, 3 = some
(or sometimes) and 4 = much.

1-3/1-4



AMCP 706-116

CHAPTER 2

TERRAIN

2-1 INTRODUCTION

In a broad sense, terrain consists of all the
physical features of the landscape (exclusive
of the oceans), whether natural or manmade.
Thus, terrain includes mountains, rivers,
forests, buildings, bridges, etc. In this chapter,
however, only natural terrain features and
their influence on military operations will be
discussed.

Terrain has a profound effect on all
military operations. It dictates fields of fire,
routes of approach, visibility, cover, and
concealment. It has an overriding effect on
ground mobility, for terrain is the factor that
permits or restricts vehicle and personnel
movement. It also affects aircraft operations,
determining landing sites, routes during
nap-of-the-earth flying, and, to some extent,
weather patterns. To the combat soldier,
terrain is especially important, requiring
study, knowledge, and understanding in order
to take proper advantage of it.

This chapter provides information on
terrain and its effects on military materiel
performance. The chapter begins with a
background discussion of engineering geology
in which some of the natural forces that
largely determine the composition of terrain
features are explained. These features occur
on a worldwide basis and greatly facilitate the
classification of major terrain forms into
various subdivisions. Knowledge that a given
unknown area has a geological structure and
history similar to an already familiar area can
provide accurate insights into the properties
of the unfamiliar terrain. The classifications
of wvarious terrain forms facilitate such
associations. Subsequent paragraphs discuss
soil properties and standard classification

systems for soils. Methods for measuring the
physical properties of soils, including struc-
tural strength, are summarized in par. 2-4.
The resultant effects of these properties are
assessed in par. 2-5. Finally, the AMC ’71
mobility model is described, and a brief
summary of the Army agencies and test sites
active in terrain-related studies is presented.

This paragraph does not include considera-
tion of gross geological features such as
mountains, hills, or plains, although these are
important in terrain considerations. Descrip-
tive geographic information of this sort is
available from a variety of sources. For
example, one particular type of terrain is
discussed in the book Deserts of the World
(Ref. 1) while the descriptive geography of
other specific regions is discussed in many
other publications. There is also a series of
area handbooks, prepared for the Army. Over
fifty of these are available (e.g., see Ref. 2).

2-2 ENGINEERING GEOLOGY

Engineering geology is the study of the
composition and structure of the surface and
near-surface layers of the earth as they are
related to the construction of structures and
to vehicle mobility. Observation indicates that
these layers are composed of soils, rocks, and
water. The actual solid surface is in most
places covered with a blanket of soil
sometimes extending to a depth of 200 ft,
although the soil blanket is usually much
shallower.

This paragraph presents the basic funda-
mentals of engineering geology, independent
of the gross geographic features. These
fundamentals serve as a general base for
understanding and for providing materiel

2-1
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designs suitable for wuse in any specific
geologic environment. A review of similar
material is contained in Earth Science Applied
to Military Use of Natural Terrain (Ref. 3);
other general information is contained in
books on soil and rock mechanics (Refs. 4-7)
and in Introduction to Terrain-Vehicle Sys-
tems (Ref. 8).

2-2.1 SOIL

It is necessary to distinguish between soil as
the farmer thinks of it and soil as the
geologist and engineer think of it. Agricultural
soil is the fertile land that can be used to grow
crops; while engineering soil is any unconsoli-
dated land that is not rock and includes such
materials as clay, sand, and gravel. This latter
definition of soil is used in this chapter.

Soil lies as a thick blanket on the surface of
the earth; in size, however, it is a thin coat of
rust on a large iron ball. All soil can be
classified as residual or transported. Residual
soil is decomposed rock, the result of millions
of years of weathering. A cross section of the
crust beneath an area of residual soil is similar
to that illustrated in Fig. 2-1. On the surface
lies topsoil, good for the cultivation of crops,
and at the bottom of the sketch is bedrock.
Between these fairly homogeneous materials
is an area in which the bedrock has only
partly decomposed into soil. Since the surface
topsoil is a product of the rock, an
examination of a soil known to be residual
will tell what kind of rock lies beneath it, for
different types of rock form correspondingly
different types of soil.

Transported soil is residual soil that has
been moved from its origin by the wind or
water. An important difference between
residual soil and transported soil is that
residual soil graduates into the underlying
rock from which it was derived, while
transported soil is usually deposited in layers,
not necessarily related to the underlying rock.
All soils come from the decomposition of
rocks, by a process that has two phases;
namely, physical disintegration and chemical

22

decomposition. These are discussed in par.
2-2.2.

Residual soil can be very permeable in its
natural state. Consider the geology of Fig.
2-2. Unless something is done to block the
flow, water will seep out of the reservoir
through the residual soil. To correct this
problem, engineers might consider driving
sheets of steel piling through the residual soil
down into the bedrock. This might be
impractical or costly because of the difficulty
in driving the piles down to bedrock because
of the many boulders and pieces of partially
decomposed rock that might exist above the
bedrock. Another possible engineering solu-
tion might consist of digging a trench through
to the bedrock and filling it with concrete.
There is, however, a better solution that is
cheaper and quicker; it consists merely of
filling the trench, not with concrete but with
the same soil that came from it. By packing it
down, it is possible to reduce greatly the
porosity and increase the density of the soil,
thus making it very impervious.

Another interesting example is the water
pit. Sometimes a water-filled pit having walls
and bottom of natural residual soil will lose
its water rapidly. However, if the first bit of
water poured in is raked around and into the
sides of the soil, forming mud, the rest of the
water when poured in will be held by the pit.
This 1s called mudding.

It is important to note that residual soil
settles and is not nearly as firm as bedrock.
Thus, it is best to avoid construction in which
one end of the structure rests on rock and the
other on soil, for settling of the soil inevitably
produces cracks inside the structure.

Soil is not permanently situated, as dust
storms make evident. In addition to wind
erosion, rivers sweep huge quantities of soil
out to sea. The Mississippi River alone dumps
50 tons of soil into the Gulf of Mexico every
6 s; the tremendous quantities of soil washed
downstream by the Colorado River will fill
the vast lake behind Hoover Dam within 200

yr.
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Figure 2-1. Theoretical Soil Profile With All Horizons Present for Pedological or Engineering Interpretation (Ref. 3)
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content of organic matter but mixed with mineral
matter. Thick in chernozem and very thin in podzol.
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dized.** Absent in chernozem, brown, sierozem, and some
other soils.
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Figure 2-2. Blocking Water Flow Through Residual Soil

Rainwater also is a chief agent of soil
transportation. Ice Age glaciers were effective
soil movers because they carried rocks and
boulders as well as soil. Since these glaciers
retreated some 20,000 yr ago, they are no
fonger an important consideration in con-
temporary soil transportation. In local situa-
tions, as in arctic and mountainous regions,
glacial action continues to transport soil.

A notable effect of this movement of the
soil is the sorting of the soil according to

coarseness (grain size). The four main
classifications of soil with respect to coarse-
ness are:

(1) Clay. Very fine particles that, with the
addition of organic matter, make up the

characteristic features of common mud

(2) Silt. Hard, irregular particles, much like
sand but much finer

(3) Sand. Hard, coarse, irregular particles

WENT - MED. consl
CLAY SILT SAND SAND VERY GRAVEL

WORTH A | COARSE
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T
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*USDA = US Department of Agriculture
+UNIFIED = Unified Soil Classification System (USCS)

tSleve sizes are given in the numerical system of
the Standard Screen Scale from 270 to 4 and in terms
of the sieve opening above 0.25 in.

Figure 2-3. Comparison of Soil Classification Systems (Ref. 3)
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(4) Gravel. Large, hard particles, including
pebbles and small stones.

These classifications are qualitative. Various
quantitative classifications exist. Three of
these are summarized in Fig. 2-3. Table 2-1
gives additional details of the Wentworth
Scale used by geologists.

Sand may be classified by composition as
given in Table 2-2 or by origin as in Table 2-3.
Mica is a stable material often found in sand.
Clay balls — bits of clay that have rolled off a
bank, swept downstream, and obtained a
protective cover of sand — are also found
mixed with sand. Because of the nature of the
weathering process, all sand found at a
particular location is composed of either
rounded or angular particles. Thus, an
examination of sand yields information on
the nature of the weathering process.

Sands and gravels have a high porosity or
void ratio; i.e., the openings and spaces
between the grains make ample room for the
storage of oil or water. Clay has a still higher

AMCP 706-116

porosity than sand — a volume of clay holds
more water than an equal volume of
sand — but clay will not relinquish water as
readily as sand. This indicates that porosity is
not the only factor to consider. The
water-yielding factor also depends on the
permeability, a measure of the ease with
which water flows through a material. The
spaces between clay particles are too small to
permit relatively free flow of water; thus, clay
has a low permeability.

The angle of repose (maximum angle from
the horizontal of a self-maintaining cone of
soil) of dry sand or gravel is about 31 deg.
Exceeding this angle during excavation is
hazardous, for it invites wall collapse. Sand
makes an excellent foundation because it has
a high bearing capacity and does not yield by
plastic flow as does clay. Quicksand is sand in
which there is an upward flow of water. This
condition can be eliminated only by draining
Or pumping.

The clay of most soils is derived chiefly
from feldspars. Pure residual clays occur only

TABLE 2-1

WENTWORTH SCALE USED IN GEOLOGIC MEASUREMENT OF SEDIMENTS (Ref. 3)

Descriptor Size range,
mm
Boulder 256
Cobble 64-256
Pebble 4-64
Granule 2-4
Sand 0.06-2
Silt 0.004-0.06
Dust
Clay < 0.004

2-5
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TABLE 2.2

SAND CLASSIFICATION BY COMPOSITION

Sand Type

Description

Quartz " A durable weather-resisting sand used in

Quartz-feldspar

Quartz-feldspar-

concrete and abrasives

A product of the weathering of granite,
hence, predominately orthoclase

A fast weathering, hence, very scarce sand

ferromagnesian
Magnetite (Fe304) A very hard, durable sand
Garnet A sand formed from metamorphic mineral rock
that is hard, pink, and durable
Coral A sand formed by the weathering of the coral
reef
Gypsum Very rare sand composed of CaSO4-H20

Placer sands and

Those sands and gravels containing gold, silver,

gravels and precious gems from the Spanish placer,
meaning a place where gold can be panned
Zircon Sands bearing rare earths

over pure minerals or sedimentary rocks such
as feldspar, kaolin (hydrous aluminum sili-
cate), or slate. Color is a rough measure of
purity, since pure clay is quite light in color.
Transported clays occur along river banks.
Some are washed to sea and deposited as
marine clay while others are deposited as lake
and glacial clays. Physical properties of clay
are described in Table 2-4.

Clay is valuable to the ceramics industry as
a material from which to make pottery, tile,
etc., but to the engineer it is valuable for
grouting because it is highly impervious. Since
it is already nearly completely weathered, it
may be even better for grouting (as well as
cheaper) than portland cement. Engineering

2-6

applications of clay also employ properties
such as: .

(1) The more water in a clay, the more
plastic it becomes.

(2) Clay is an excellent “‘puddling” agent.
(3) Clay must be dried before it will slake.

(4) Clay remains suspended in pure water
for a long time. However, addition of an
electrolyte or almost any salt will cause the
clay to settle to the bottom.

(5) Ground water cannot be obtained
readily from clay because of its low
water-yielding factor, i.e., permeability.
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TABLE 2-3

SAND CLASSIFICATION BY ORIGIN

Sand type Description
River Variable properties because stream flow produces
irregular sorting
Beach Well rounded and durable because it has been
transported far from its origin
Glacial Produced by glacial action resulting in coarse
gravelly texture
Desert Physically disintegrated fine material washed down
mountains by rain and weathered by the wind

(6) Clay cuts easily and trims to sharp
surfaces; but it has a low shear strength, so
that the walls of a deep trench dug in clay,
especially if wet, can collapse without
waming.

As a foundation material, clay is extremely
treacherous. Because clay is plastic, it may
flow from beneath a load. Once the load limit
is exceeded, the clay loses much of its original
strength due to breakdown in its structure. In
construction, this problem of overloading can
always be met by simply removing an amount
of soil equal to the weight of the structure to
be erected. This is quite practical, for most
structures are of low density; a skyscraper
exerts a pressure equal to that of the average
woman’s heel. The maximum allowable
pressures for various soils or foundations
appear in Table 2-5.

2-2.2 ROCKS

Rocks are of two general types: in-place
rock and not-in-place rock. In-place rock
refers to the bedrock, solid ledge, outcrop, or
natural exposure that is part of the rock shell
that surrounds the earth and is encountered
sooner or later as digging continues down-
ward. Not-in-place rock is rock that is not

connected to this bedrock at all but — like
large stones and boulders — is loose.

The two main classifications of rocks by
origin are igneous rocks and sedimentary
rocks. Igneous rocks are rocks that have been
formed by the cooling of molten material
from deep within the earth. This material was
originally magma, a molten mass that exists at
great depth beneath the surface of the earth
and is periodically forced to the surface as a
result of the terrific pressure within the earth.
Sedimentary rocks are rocks that have been
reformed from disintegrated igneous rocks
that are transported and deposited in layers.
A third classification is metamorphic rock, a
term describing rocks that have been changed
and deformed to such an extent (by heat and
pressure) that classifying them as either
igneous or sedimentary is not practical. Table
2-6 lists the names of various types of each of
these major rock classifications.

2-2.2.1 IGNEOUS ROCKS

Igneous rocks are either intrusive (plutonic)
or extrusive (volcanic). Intrusive rocks are
formed by magma seeping or sweeping
through a crack in the crust of the earth but
never quite reaching the surface. Instead it

2-7
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TABLE 2-4

PHYSICAL PROPERTIES OF CLAY

Property

Description

Porosity
Permeability

Color Wide range.

Plasticity

Strength
Shrinkage
Fusability

High, can hold a large quantity of water
Low, can be used to block the flow of water

A11 burnt clays turn red on account
of the iron content except glacial clays.
Glacial clays turn buff because of their large
1ime (Ca0) content, which combines with the
iron to form calcium ferrate (CaFe203).

Depends on the kaolin content. High kaolin
content clay can be ground into tiny particies
that Took like fish scales or small particles
of mica. These particles absorb water and
give the clay its cohesiveness.

Varies. Must be measured.
Large, due to water losses, principally
Varies with content. Pure kaolin fuses at about

2,100°C but this temperature is lowered by the
presence of basic salts.

forms solidified masses of injected material in
the rock that already lies in the crust, tending
to take one of the forms illustrated in Fig.
2-4.

Extrusive rock from volcanoes may ema
nate in a flow or as an explosion. In a flow,
lava is the principal constituent, giving off gas
and leaving a surface characterized by
vesicular zones, flow breccias, and vesicular
bubbles; while in an explosion, the main
discharge comes in the form of bombs,
blocks, ashes, and dust. The vesicular bubbles
of lava often become filled with a mineral
matter called amygdaloid. Flow breccias are
breaks in the lava flow that have been
cemented subsequently by fresh flow. The
foundation and abutments of Hoover Dam are
set in flow breccia.

2-8

As various pressures force the magma up
toward the surface, heat escapes and the
magma cools to a crystalline rock. These
crystals are of different sizes, shapes, and
compositions and have different thermal and
elastic coefficients of expansion; hence, the
stresses that act on this crystallized magma as
it is forced toward the surface are uneven and
tend to produce cracks in the rock. These
stresses can be attributed to two sources:

(1) Thermal contraction. The hot rock
cools as it moves nearer the surface and, as
differently shaped crystals with different
coefficients of expansion are formed, uneven
stresses are set up.

(2) Elastic expansion. The tremendous
pressure that is on the rock when it is miles
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ALLOWABLE PRESSURES FOR THE DESIGN OF SHALLOW FOUNDATIONS (Ref. 3)

Type of base

Max imum
allowable
pressure*,
tons ft-2

Hard, sound roCK ...ceeeveercversenavoonensosossnassans o
SOFt POCK vivereeenereceeeceescesoossscssossscoscasenns oo
Hardpan overlying rock .....cceceeeesesecssesnscessncensns

Compact gravel ana boulder-gravel deposits; very compact
sandy gravel ...ceceiiiiieiiecicitctcrctetescscsnnanans

Loose gravel and sandy gravel; compact sand and gravelly
sand; very compact inorganic sand-silt soils ..........

Hard, dry, consolidated Clay ....ceeeeeveneveencecennanes
Loose coarse to medium sand; medium compact fine sand ...
Compact sand-clay SOT1S .uieeeveneecnnsececnncosscancnnss

Loose fine sand; medium compact inorganic sand-silt soils

Firm or stiff clay «veeveenenanennnnn ceeeeaae Ceetiecanaas

Loose saturated sand-clay soils; medium soft clay .......

40+
8-10
10-12

10

1.5-2

*Values are not appiicable if foundation soil is underlain by a weaker soil.

Use of the tabular values for the design of shallow foundations of major
structures is not recommended unless their use is justified by experience

or additional investigation.

below the surface decreases sharply as it
approaches the surface. Although rock may
not appear very elastic, it expands consider-
ably and, because of the formation of many
different crystal types, unevenly, when it is
relieved of some of this terrific pressure.

The action of these uneven thermal and
elastic stresses produces many cracks and slits
in the rock into which water seeps. The rock,
must now tend to equilibrium with the water,

which usually contains acids (principally
carbonic) powerful enough to attack the rock
and change its composition over the many
years of intimate contact.

Rocks are continuously changing, never
reaching a permanent stable state. The rock
cycle is illustrated in Fig. 2-5.

Water is not the only agent that breaks
down rocks. Rock decomposes in dry desert

2-9
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TABLE 2-6

TYPES OF ROCKS (Ref. 3)

Igneous rocks

Sedimentary rocks

Composition Type Sediment Rock
Texture Acidic rocks Basic rocks Clastic or fragmental Coarse (gravel) Conglomerate
(more than 50 percent silica) (less than 50 percent silica) Medfum (sand) Sandstone

Fines (silt and clay)

Siltstone and shale

Light-colored minerals, Dark~-colored minerals Pyroclastic Coarse (cinder) Agglomerate
chiefly feldspar, pre- predominate Fine (ash) Tuff
dominate
Chemical precipitates Calcium carbonate (CaCO,) Limestone
and evaporites 3
Little or Abundant amphibole
Calcium magnesium carbonate| Dolomite
Abundant quartz no pyroxene, and plagio~ (Ca(Mg,Fe) C0,)
quartz clase feldspar * 3
Silicon dioxide (5102) Chert
Calcium sulfate (CaSO,- Gypsum anhydrite
2H,0) (CaS0,) 4
Coarse-grained Granite Diorite Gabbro Organic 2 4
(mineral crystals Sodium chloride (NaCl) Rock salt
easily visible to .
naked eye). Calcium carbonate (eanimal Coquina, some coral
remains rock, and chalk
Fine-grained (min-| Rhyolite Andesite Basalt Carbon (plent remains) Coal
eral crystals
generally invisi-
ble to naked eye).
Glassy Obsidian, pitch-
stone, pumice
Metamorphic rocks
Nonfoliated and massive
Texture Rock Characteristics Mineral Content Rock Characteristics
Coarse-grained Gnelss Streaked or banded; imperfectly Chiefly quartz Quartzite Hard and brittle
foliated
Medium-grained Schist Well foliated; splits easily; Chiefly calcite
generally rich in mica (or dolomite) Marble
Fine-grained Slate Splits readily into swooth Chiefly hydrous mag- Some types of serpentine .
sheets nesium silicate Fairly soft; green

911-90L JOWY
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A dike is perpendicular to the layers of

the crust, slipping into a crack in the

crust.

(A) Dike

A sheet is parallel to the bedding of

existing rock. This is because the

magma is unable to advance further

upward and can only spread laterally.

(B) Sheet

If a sheet is unable to spread out or
advance upward, the magma pressure
will 1ift the entire crust of the

earth and form a laccolith.

(C) Laccolith

A batholith is a laccolith that has
no floor of sedimentary rock (or

of any kind of rock).

(D) Batholith

Figure 2-4. Forms of Intrusive Rock

2-11
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Figure 2-5. Cycling of Rocks

areas as well as in moist areas. Desert sand
appears to have been through a fine grinder. It
is a product of weathering without chemical
action.

As noted in par. 2-2.1 the disintegration of
rocks can be classified as either physical
disintegration (mechanical breakdown) or
chemical decomposition. A number of impor-
tant mechanisms of physical disintegration are
given in Table 2-7. The conditions that favor
physical disintegration are those that aid the
action of any of the agents. The extreme
northern and southem latitudes experience
frost action and large temperature changes,
and mountainous areas increase the probabili-
ty of falling and tumbling due to gravity.
Consequently, these areas show much physi-
cal disintegration of rocks. Physical disintegra-
tion produces small sandlike particles with
little or no clay.

The chief agents of chemical decomposi-
tion of rocks are air and water. The chemical
composition of the average igneous rock
appears in Table 2-8. Oxygen, originating in
the air, attacks only the ferrous oxide,
oxidizing it to ferric oxide. To react, however,

2-12

the oxygen must first be dissolved in water.
The most destructive acid is carbonic acid,
which forms carbonates with the basic oxides
in the rock. Although the acid does not attack
quartz (a crystalline form of SiO,), it does
form alkaline salts, which in turn will attack
quartz.

Some minerals resist the oxidation/hydra-
tion reactions; hence, they persevere longer
than others. These include; .

(1) Clay. Composed of SiO, and Al,O;
(kaolin or hydrous aluminum silicate)

(2) Ferric oxide. Composed of Fe,O,
(hematite) and similar iron compounds

(3) Quartz. Composed of SiO,, which
weathers extremely slowly

(4) Mica and feldspar. Found in increasing
depth in the residual soil.

The soluble materials in rock that are
missing from the residual soil formed from
that rock are chiefly carbonates and silicates.
The silicates in the soil come not from quartz
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TABLE 2-7

PHYSICAL MECHANISMS FOR ROCK DISINTEGRATION

Mechanism

Description

Temperature change

Pressure reilease

Gravity

Frost action

Produces thermal stresses and strains

Uneven elastic expansion produces internal
stresses

Ro11s rocks down hills and smashes them.
There is no more effective pulverizer than
an avalanche.

Water expands as it freezes; the force of ex-
pansion bursts open the cracks and crevices of
rocks into which water has flowed and frozen.

Floral growth

Mechanical effect
rocks.

Chemical processes

Frost action may also change the center of
gravity of a rock and thereby cause 1t to
topple down a slope and break.

The expansion forces of growing roots of trees
crack sidewalks and rocks

Rushing streams ot water dash boulder against
bouider and abrade rock with sand and other

Chemical action sometimes causes internal ex-
pansion and cracking.

but from other more soluble minerals such as
feldspar. Iron can be removed from rock as a
carbonate, providing it has not been exposed
to oxygen, thus allowing the carbonic acid to
attack the iron while it is still ferrous oxide
(FeO). An oxygen deficiency can be brought
about by water percolating through heavy
decaying vegetation, which removes much of
the oxygen from the sinking water. The
formation of soluble ferrous carbonates is
responsible for the formation of iron
springs — springs that have red and yellow
mineral deposits about them. The action is
illustrated in Fig. 2-6.

The soluble products of the weathering of
rock are swept away with the water into the

streams, rivers, and eventually the sea.
Sodium is a typical soluble product that is
moved around quite a bit. Neither the rock
nor the soil wants it.

A paradox is presented by the washing
away of limestone, which is chiefly soluble
calcium carbonate. Calcium carbonate is
plentiful in the rivers and streams that lead to
the ocean but in the ocean itself it is scarce.
Where does it go? The answer is found in the
fact that for calcium carbonate to dissolve, an
extra carbon dioxide molecule must be
present in solution. This extra carbon dioxide
molecule is very unstable and is easily
dislodged from the weak chemical bond it has
formed (CaCOj;* CO,). Carbon dioxide seek-
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TABLE 2-8

APPROXIMATE CHEMICAL COMPOSITION OF IGNEOUS ROCK

By minerals

By elements By oxides
Element Percent composition Oxide | Percent composition Mineral
0 47.29 S1'02 59.8 (acid) Feldspar
(silicate)
Si 28.02 .
A1203 17.0 (amphoteric) Quartz
Al 7.96 (oxide)
Fe203 2.6 (amphoteric)
Fe 4.56 Ferro-mag.
Ca 3.47 FeO 3.5 (base) (silicate)
Mica
Mg 2.29 Ca0 4.8 (base) (silicate)
Na 2.50 Mg0 3.8 (base) Misc.
K 2.47
Na20 3.4 (base)
H 0.16
Ti 0.16 K20 3.0 (base)
C 0.13 H20 1.9 (neutral)
P 0.13

.

Percent composition

59.2

20.4

9.3

7.7

3.3

9L1-90L JOWV
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DECAYED ORGANIC MATERIAL

UNDERGROUND WATER

TRON SPRING
IRON DEPOSITS
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Figure 2-6. Formation of lron Springs

ing plants are able to break the bond and
precipitate the calcium carbonate by absorb-
ing the carbon dioxide molecule. The mere
dashing of waves against the shore is often
vigorous enough to break the bond and leave
white calcium carbonate on the beach.
Oysters and other shellfish also absorb large
quantities of calcium carbonate in order to
live.

2-2.2.2 SEDIMENTARY ROCKS

All products of the weathering of rocks are
classified as either regolith or sedimentary
rock. Sedimentary rocks are formed by the
consolidation of the small constituents of
regolith, i.e., the sediments. These sediments
include the carbonates and silicates, which are
the primary cements in sedimentary rock
formation.

The carbonates are carried down rivers and
deposited as calcareous ooze, marl, shell
layers, or other extraneous matter. These soft
deposits are easily solidified for they carry
their own cement. They consolidate to form
limestone, i.e., solid calcium carbonate; chalk,
a soft, inferior rock; and dolomite, which is
quite similar in appearance to limestone but
consists of calcium magnesium carbonate.
Any of these rocks can become more
thoroughly cemented and form marble, which

is merely ooze that has crystallized and
become cemented.

The white cliffs of Dover are a chalky
limestone. Indian limestone is a fine limestone
for finishing structures since it occurs in
uniform color and has large spaces between
natural joints, making it possible to obtain
many large pieces.

Dolomite and shale are responsible for
Niagara (Fig. 2-7). The shale is weathered
away much faster than the dolomite and cuts
back under the dolomite. This undercut
gradually causes pieces of the dolomite to
break off but as yet the dolomite has not
been exhausted. Thus, the only effect of this
weathering has been to push the falls back
upstream and produce a rocky gorge contain-
ing the remains of the crumbled dolomite.

Pure calcium carbonate will weather away
completely. Carbonation is the chief chemical
action in this process. Because of this high
solubility, limestone country is often full of
underground streams. It is the solubility of
limestone that makes it a difficult rock to
work with. Frequently, cavities and solution
channels occur in limestone deposits and
often require intensive drilling before they
can be located. During the building of the
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Figure 2-7. Schematic Cross Section of Niagara Falls

Chicamauga Dam, it was necessary to drill
over a thousand holes to locate such channels.

Silica salts in solution reach the ocean
where they form diatomaceous earth (white
deposits of silica). This silica is called flint
when it occurs in chalk and chert when it
occurs in limestone. The occurrence of chert
in limestone determines the difference be-
tween good and worthless limestone, since
any limestone with the hard bits of chert in it
cannot be mined efficiently.

Some sedimentary rocks are formed by
organic sediments. The first step is the
decomposition into a black muck, which,
through progressive consolidation, passes
through the following forms in order; peat to
lignite to bituminous coal and, finally, to
anthracite coal.

Sands and gravel are cemented together by
natural processes to form sandstone and
conglomerates. The cements are usually silica
(silicon dioxide), ferrous oxide, calcium
carbonate, or simply clay. Of these, silica
probably does the best job of joining. Since
they are sedimentary rocks, sandstones and
conglomerates usually occur in beds. Ripples
that occur naturally on sand beaches some-
times become consolidated in the same
pattern in rocks. If a bed has folded, the
characteristic that the curvature of the ripple
always points upward may be used in
identifying the original up side.

The degree of cementation largely deter-
mines the porosity, the resistance to weather-
ing, and the strength of a sedimentary rock.

2-16

Sandstone formerly was often used for the
fronts of buildings and as the final trim to all
fancy work, but it has now been largely
replaced by Indiana granite, mainly because
this granite contains large quantities of
calcite, which is strong but is also quite easy
to mold.

A sandstone, once cemented, may be either
weathered or cemented still further. In the
latter process the further cementation changes
the sandstone into quartzite. To distinguish
between the two, it is necessary to observe
the split of a surface —a round split is
characteristic of sandstone; a straight split, of
quartzite.

Quartzite is a metamorphic form of
sedimentary rock, found in layers and beds.
Since silica is its principal cementing agent,
quartzite is a very hard, strong, weather-resist-
ing rock that, on account of these properties,
is quite expensive to drill.

The tremendous earth pressures that
accompany a fold are often enough to change
quartzite into quartz schist by dynamic
metamorphism (Fig. 2-8). This quartz schist
may be used as a whetstone.

The rocks of the sand series weather like
any igneous rocks. The attack upon them
consists of an attack on the cement, which
usually weathers relatively rapidly; and an
attack on the grains, whose rate of weathering
depends largely on the grain composition. The
weathering of sandstones produces sand and
possibly clay if any feldspar is present.



(A) Before a fold
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(B) After a fold

Figure 2-8. Metamorphic Change in a Fold

When clays and muds become metamorphic
rocks, they are called shale. Actually the
distinction between clay and shale is not so
simple as to be explained by physical
differences. Often the same material is called
clay when it occurs in the regolith and shale
when it occurs in the bedrock.

Shale is of two types, compaction and
cementation. Compaction shale is formed
from clay that has been compressed and
squeezed together under a high pressure.
Compacted clay will disintegrate if permitted
to dry and then soaked in water. The drying
and wetting process is called the slake test and
is used to spot compaction shales. In
cementation shale the clay particles are
cemented together and will not slake.
However, many gradations exist between pure
compaction and pure cementation shale.

Under no circumstances should shale be
used as a building stone or as a road material
and only a well-cemented shale is used for
concrete aggregate. Shale is easy to excavate
for it cuts easily and produces no water as
clay does. Shale weathers in proportion to the
degree to which it has been cemented.

GRADING
ouT

LENSING

When a shale is subjected to the tremen-
dous pressures that accompany a fold, it
becomes slate, a very dense, hard rock
without any water. The tremendous pressures
squeeze out the water and the carbonates, and
mold the remaining elements into thin sheets
of higher density. The product is a strong,
weather-resistant, watertight slate that makes
fine foundation material. Further pressure
may convert the slate into a coarse schist.

2-2.3 STRUCTURAL FEATURES

Structural geology is subdivided into two
classes of structural features: original and
secondary. Original structural features of
sedimentary rocks are caused by:

(1) Stratification. Sedimentary rockbeds
are not infinite but grade into other beds or
else lens out (Fig. 2-9).

(2) Unconformities. An unconformity is
the old land surface now covered Dby
sedimentary rock. The location of an
unconformity may tip off the location of sink
holes and solution channels that were
originally just beneath the old surface.

ouT

Figure 2-9. Grading and Lensing Out of Sedimentary Rock Beds
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(3) Alluvial fans. The disintegrated matter
washed down the sides of mountains forms
long gentle slopes that stretch for miles and
miles. These slopes can be very deceptive,
leading one to think he is on level ground.

(4) Delta deposits. This term describes the
sedimentary deposits laid down in a river
delta.

(5) Minor earth movements. Rock slides
and falls in which entire tops of mountains
break loose and slide down. The top of a
mountain in Alberta slid off and covered 4 or
5 mi® below it with 35 ft of rock rubble in a
matter of minutes. No important structure
should be built around doubtful-looking steep
slopes. The collapse of cavern roofs and the
consolidation of underlying sediments are
other minor earth movements. One should
expect many minor earth movements in
volcanic country, for the area vacated by the
lava when it flows out must be filled, usually
resulting in a minor earth movement.

(6) Major earth movements. Major earth
movements are evidenced by the appearance
and disappearance of mountains and other
startling changes. Several theories at present
attempt to account for these movements:

(a) Cooling and shrinking of the earth. The
inside of the earth, according to this theory,
has cooled and contracted while the crust has
not, thus causing the earth to wrinkle. The
major premise that the earth is cooling is

(A) Poor attitude for

without proof. Other theories contend just
the opposite, that the earth is becoming
hotter.

(b) Changes in the rotation rate of the
earth. Such changes produce changes in the
centrifugal force acting on the earth with the
resultant forces causing the folds.

(c) Continental creep. The continents are
moving on the surface of the earth. South
America and Africa were once part of one
landmass, for example.

(d) Isostatic adjustments. Heavy loads
cause soil to flow from beneath the load and
pile up around the sides till the pressure that
the load exerts is equal to that exerted
upward by the earth. This action tends to
level mountains and valleys. High stresses on
rocks produce elastic deformation, fractures,
and flows. Rocks need room to crack and
burst; if they have no room, they merely
flow.

Secondary structural features of sedimen-
tary rocks include joints, faults, and folds.
Joints or planes of separation are fractures in
rock, produced by earth processes. The
spacing of the joints determines how large a
piece of rock can be obtained from a quarry.
It is the wide joint spacing of Indiana
limestone that makes it such good building
trim. The attitude of the joints is also an
important feature. The attitude illustrated in
Fig. 2-10(B) is better in quarrying operations

(2) Good attitude for
quarrying

Figure 2-10. Attitude of Joints
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HANGING
WALL

FOOT WALL

(A) Fault

(B) Fissure

Figure 2-11. Types of Fracture

than that in Fig. 2-10(A), for the rock will fall
out naturally as it is cracked and not have to
be lifted out as it will in the attitude
illustrated in Fig. 2-10(A).

Fractures accompanied by displacements
are called faults, while those that involve no
displacement are called fissures. Cross sections
of each are sketched in Fig. 2-11. The side of
the fault that extends above a horizontal
plane through a point in the center of the
inclined fracture is called the hanging wall
side, while the other is called the foot wall
side. From this terminology a broad classifica-
tion of faults is derived in which a normal
fault (Fig. 2-12) is one in which the hanging
wall has dropped benecath the foot wall, and a
reverse fault (Fig. 2-13) is one in which the
foot wall has dropped beneath the hanging
wall. It is possible to have a totally horizontal
fault in which there is no vertical displace-
ment. This was true at the San Francisco
earthquake in 1906. Highways and sidewalks
had discontinuities in them that ranged up to
20 ft long.

Faults are difficult to find, for nature soon
conceals all outward evidence. A fresh fault
makes the surface above it look as sketched in
Fig. 2-14. This fault scarp is soon eroded
away and all that remains is a gouge of
shattered and weathered rock, probably
overgrown with grass. A stretch of straight
stream in a water course that is otherwise
ragged and tortuous may mean that in this
area the stream flows in a fault gouge.

Since faults are characterized by soft,
crumbled rock, they cannot withstand much
stress. In tunnelling this fact is important, for
unless sufficient support is provided under-
neath a fault, the walls casily collapse.
Building across a fault is dangerous, for any
subsequent earth movement will -probably
cause displacement along the same fault.

When horizontal or nearly horizontal earth
pressures pinch a portion of the crust of the
ecarth, the crust often buckles in what is
commonly called a fold (Fig. 2-15). A number
of special folds are illustrated in Fig. 2-16.

A roor HANGING WALL

HANGING WALL =] WALL

FOOT
WALL

Figure 2-12. Normal Fault Figure 2-13. Reverse Fault
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Figure 2-14. Fault Scarp

In mapping, the dip of a bed (the acute
angle between the slope of the bed and the
horizontal) is indicated by a short arrow
perpendicular to the strike (any horizontal
line lying wholly in the bed) and pointing
toward the younger beds. Mapping illustra-
tions appear in Fig. 2-17.

When layers of bedrock are folded, they
slip along each other, producing a fractured,
slaty cleavage between the beds as in Fig.
2-18. By observing the angle of cleavage, it is
possible to determine the direction in which
the beds slipped with respect to each other.
The “scrub brush™ principle states that the
bristles of a scrub brush indicate the direction
the brush was moved by their slope. Thus, in
the illustrations of Fig. 2-19, the brush could
have moved only in the direction indicated by
the arrows to produce the bristle position
shown. The bristles correspond to the angle of
slaty cleavage.

(A) Before folding
(arrows indicate
earth pressure)

Figure 2-15. Fold Formation
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2-2.4 GROUND WATER

Ground water is an important source of
fresh water. It is found in rocks in original
and secondary openings. Original openings
include interstices in sediments, partings along
bedding planes, vesicules in lavas, and pores in
igneous rocks. Secondary openings include
solution channels, sink holes, joints, faults,
fractures, folds, and domes as seen in Fig.
2-20. Granite is full of water. Farmers used to
set off explosives at the bottom of their dug
wells to loosen up the granite and get water.

The forces that control the movement of
ground water include gravity, capillary action,
and gas pressure. The important properties of
rock with respect to water are permeability,
porosity, water-yielding factor, and chemical
weathering.

Ground water is principally acidic due to
the presence of carbonic acid. Consequently,

ANTICLINE

SYNCLINE

to

(B) After folding
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top

(B) Overturned

(C) Inclined

(D) Reclined

Figure 2-16. Types of Fold

basic rocks weather faster than acidic ones,
producing irregular profiles of weathered rock
wherever strips of acidic and basic rock lie
side by side. These profiles are important in
construction. For example, in Fig. 2-21 the
present dam site 4 is poor geologically, for it
crosses bands of rock that might easily have a
cross-sectional profile like that shown. A
much better plan would be to build the dam
at site B where it would lie wholly within one
band that has fairly uniform weathering.

The water table is an imaginary line below
which the earth is 100 percent saturated. This
line roughly follows the surface but is not
constant, varying from wet to dry seasons.
The zone of capillarity is the area above the
water table into which water is drawn by
adhesive forces. Fig. 2-22 illustrates the
hydrologic cycle through various media
including the terrain.

A perched water table is one that is held at
a higher isolated level than the water table of
the surrounding area by impervious beds. One

can dig a well into a perched water table and
find it exhausted and dry the next day or he
may drain a lake or swamp dry by drilling a
hole through an impervious bed that holds the
water up. Water usually runs off ground
unless the ground is full of holes, or relatively
dry and can absorb it. Topography is a factor.
If the water is running rapidly down a steep
slope, it will not be as readily absorbed.
Plowing across a slope to make the water slow
down increases the absorption greatly.

Ground water evaporates directly and
through vegetation. The leaves of vegetation
transfer moisture from ground to air. In 24 hr
a tree transpires many gallons of water into
the air. A dust mulch stops evaporation from
the ground since it will not permit water to
wet it by capillarity. Cultivating crops
produces this dust mulch, thus holding the
moisture in the ground for the crops.

Artesian springs are those caused by
hydrostatic head. Cutting through the water
table will produce one under proper condi-
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Figure 2-17. Mapping
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Figure 2-19. Scrub Brush Principle

Figure 2-20. Ground Water in a Dome
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(A) Plan view of dam sites (B) Cross section through

present dam
Figure 2-21. Chemical Weathering of Acidic and Basic Rocks
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Figure 2-22. Hydrologic Cycle (Ref. 3)

tions. A tunnel spring is one that opens out of
a mountain. These are quite common in the
limestone country of Tennessee, Kentucky,
and Missouri. Sometimes rivers seem to
disappear or dive underground so that good
water is lost. To prevent the loss, under-
ground dams can be built to block the
underground passage of the water.

2-2.5 SURFACE WATER

Surface water includes rivers, streams,
ponds, lakes, seas, and oceans. Seas and
oceans are excluded here since these larger
bodies of water are not part of the terrain as
defined in this chapter. Rivers, streams,
ponds, and lakes are caused by precipitation
in excess of the amount of water absorbed
and evaporated. Where the topography is
conducive, this excess runs off and forms
streams in a large variety of drainage patterns
as illustrated in Fig. 2-23. Streams are the
principal agency of transportation of regolith.
The soil load that a stream can carry depends
on the stream velocity, the volume of water,
and the size of the soil particles.

The lower parts of a river are areas of
deposition. As the river opens into the sea,
the velocity is lowered and the load is
dropped. This process is responsible for the
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formation of deltas at the mouths of rivers. In
unprotected locations at the mouth of a river,
such as on the New England coast, tides carry
away the load as fast as it is dropped, and
nothing accumulates.

Young streams are found in the mountains
and are characterized by clear, fresh water
containing rocks and large pebbles that race
along with the stream impacting other rocks
and fragmenting both. In a mature or old
stream the rocks of the once young stream are
highly fragmented so that nothing but sand
and small gravel remains. An old stream like
the Mississippi River meanders widely. It has
very gentle flow and carries only the finer
particles of sand, silt, and clay.

The nature of a stream is largely deter-
mined by the soil it carries. Clay remains in
suspension longer than coarser soils. The
greater the velocity of a stream, the heavier
the material it moves. An increase in the
volume and velocity of water flow of the
Colorado River does not increase the
elevation of the water level much but it does
increase the depth since the extra water
carries away the bottom load. There is danger
here of undercutting the banks as indicated
by the dotted black lines of Fig. 2-24. The
flood plain is the flat bottom of a river valley
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Figure 2-23. Drainage Pattern Types (Ref. 3)

over which the river spreads in times of flood.
This produces rich soil but the threat of
undercutting and flooding makes farming or
building risky.

Meandering old streams are constantly
seeking out new paths. Shifting, of course, is
quite common and sometimes the phenome-
non of Fig. 2-25 is observed. The isolated

water remaining on the right as a result of
cutting off the meander shown in Fig. 2-25 is
called an “ox-bow’ lake.

2.2.6 GLACIAL GEOLOGY

Long-term snow accumulation occurs wher-
ever the winter snowfall is greater than that
which melts in summer. This unmelted snow
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(A) Before

(B) After

Figure 2-24. The Effect of Increased Flow Upon Bottom Contour

forms a permanent snow cover such as that
found on the tops of mountains or in arctic
regions. However, as more snow accumulates,
the underlying layers recrystallize to a solid,
clear blue ice.

If ice continues to form on top, the
considerable pressures eventually cause the
lower icemasses to move and form a glacier.
Ice moves much like a mass of plastic, for it is
generally weak and flows readily. It is possible
to hear a glacier grinding over the rocks as it
‘moves down a valley. The characteristic shape
of a valley formed by a glacier is U-shaped
while a valley formed by a stream is V-shaped.
A glacier may at times retreat when it melts
faster than it advances.

Geologically speaking, a great glacier with
ice piled 1 to 2 mi thick has periodically
swept down from Canada and across the
northern part of the United States. The last

)

to —»

retreat of this periodic glacier was 20,000 yr
ago. Another may come in 100,000 yr or so.

A glacier leaves marks, usually huge
concentrations of sorted gravel and sand.
Eskers mark the course of a stream that
flowed underneath a glacier with a ridge of
sorted material. The last glacier disrupted the
drainage systems of New York and New
England; consequently, these areas are now
teeming with lakes. A terminal moraine is the
pile of glacial debris or till that marks the end
of the glacier advance. At times a huge chunk
of ice originally within the pile of glacial drift
melts and leaves a large kettle or crater. An
important result of glacial activity is well-
sorted gravel and sand deposits.

2-3 TERRAIN DESCRIPTION

Terrain surfaces may be divided into two
subcategories: mineral and organic. Mineral

"oX-BOW"
LAKE

(B)

Figure 2-25. Formation of “Ox-bow” Lakes
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terrain surfaces are composed of rocks and
inorganic soils. Organic terrain surfaces
consist of vegetation and organic soils. Many
variations of each type of terrain surface
exist, and the classifications to be described in
these paragraphs, while relatively standard
and widely accepted, are nevertheless largely
arbitrary.

2-3.1 MINERAL (INORGANIC) SOIL

The soil classification systems that present-
ly appear to be the most widely accepted for
general engineering and mobility purposes are
the Unified Soil Classification System (USCS)
and the United States Department of
Agriculture  Soil  Classification  System
(USDA). The USCS is based on texture and
on organic and plasticity characteristics; the
USDA is based primarily on texture, struc-
ture, consistency, and color. Usually, it is
necessary to obtain bulk samples of a soil for
laboratory analysis before a reliable classifica-
tion can be made. However, fairly consistent
classifications of soil can be made in the field
by experienced people. The USCS is given in
Table 2-9. This classification system is based
partly on grain size distribution and partly on
determination of liquid limits and plasticity
indexes. Soil types from the chart are
expressed by use of a letter symbol given in
column 3. This letter symbol will be used
later to correlate with various terrain
properties such as suitability for construction
and for off-road vehicle mobility.

The alternative classification system is the
USDA system. Classification consists simply
of locating the soil in the triangular matrix
illustrated in Fig. 2-26. This triangle is a
convenient way of representing the three-
component mixture of sand, silt, and clay
that constitutes soil. The letter classifications
of the USDA system depend on the portion
of the triangle into which a given soil falls.
The names and letters of the 12 groups appear
in Fig. 2-26. No provision for organic material
or gravel is made by the USDA classification
triangle; however, adjectives such as “organic”
or “gravelly” may be added to a soil
classification.
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In both these classification systems, the
determination that a soil is clay or sand is
one of particle size determination strictly;i.e.,
whether a given particle is sand or clay
depends upon its physical dimensions as
defined in Fig. 2-3. However, in the USCS
system, silt is not distinguished from clay on
the basis of particle size but rather on a
plasticity basis.

With certain limitations, laboratory analysis
of soil samples has shown that a general
correlation exists between the USCS and
USDA soil types (Ref. 3). For example, of
1,176 samples classified in one study, many
categories of the USDA Agricultural Soil
Classification System correlated consistently
with one or more soil groups of the United
Soil Classification System. The correlations
range from 41 to 100 percent, the average
being about 60 percent, as shown in Table
2-10. The LS type of the USDA corresponds
98 percent of the time to the SM class of the
USCS; the SC type USDA is half SC (USCS)
and half CL (USCS); etc.

2-3.2 ORGANIC TERRAIN

The classifications of the previous para-
graphs primarily describe mineral soils. The
USCS does include several groups that
account for the organic matter in a soil. An
equally important contribution of organic
matter to the terrain is that of the vegetation
above the topographic surface. This paragraph
describes the Radforth classification of
organic terrain, which again, while quite
arbitrary, is probably more widely accepted
than other suggested classifications.

The Radforth classification of organic
terrain is given in Table 2-11. Most vegetation
classes do not occur singly except in rather
small patches, but neither do they occur in all
possible combinations. For example, the FI
category implies a short-grasslike terrain with
mossy ground cover. An area of FI is usually
quite flat, but may, if hummocky, present
obstructional hazards to small vehicles. The
moisture content is usually medium to high

2-27



AMCP 706-116

<0

Q

CLAY LOAM
(=8 )

§
&7
X
v‘¥\., 50, ,B
Q
& SILTY CLAY %
’\ 1
,5 SANDY CLAY ()
69 40i i ; j

SILTY (CLAY) LOAM

SiCL
o

30,
SANDY CLAY LOAM

_\

VAVA VA AVAVAVAVAY

\
SANDY LOAM
(sv)

10, —X

SA

LOAMY

SAND! SA(Ls)
(s)

)

o
o)
o
o

ILT
‘?/\
k)

v
o

PERCENT SAND (0.05 TO 2.0 MM)
——— 2

Figure 2-26. USDA Soil Textural Classification (Ref. 3)

and in some areas the vegetation may extend
as a floating mat over water or very fluid peat.

The peat below living vegetal cover is
usually composed of the remains of plants
similar to those on the surface; the peat below
FI, therefore, is nonwoody, fine fibrous, and
largely amorphous-granular in structure. FI,
therefore, indicates an area low in bearing
capacity and subject to rapid deterioration
under traffic. The surface vegetation is friable,
the peat is of low fibrosity, and the high
water content is conducive to the rapid
formation of slurry. Most vehicles will have
difficulty in this terrain.

EI categorizes organic terrain where the
predominant cover comprises low bushes, and
mosses provide the ground cover. Where
bushes are contiguous, the topography is
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reasonably flat but, where there is separation,
mounding occurs. The mounds have as their
core the branch structure of the bushes, but
much of the bulk is contributed by compact
moss growth. Sometimes ice can persist in the
centers of such mounds well into early
summer and create unexpected hazards.

AEFADI areas are characterized by trees
over 15 ft tall forming the predominant class
in otherwise EI or DI areas. Because the peat
has the remains of trees incorporated in it
and, as the tree growth indicates, conditions
are drier, this peat is slightly firmer than that
found in EI or DI areas. Vehicular progress
depends on steering facility to avoid trees or
on the capability to push the trees aside.

Boundaries between different zones may
present a unique terrain problem. A vehicle
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TABLE 2-10
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TABLE 2-11

RADFORTH CLASSIFICATION SYSTEM (Refs. 9, 10, 11)

Class Description

Example

Trees over 15 ft

B Trees under 15 ft
C Grasslike over 3 ft
D Bushes over 2-3 ft

E Bushes under 2-3 ft

F Grasslike under 3 ft

G Individual herbaceous plants

H Lichens

I Mosses

Spruce, larch

Spruce, larch

Reed, sedge

Alder, willow
Leatherleaf, Labrador-tea
Sedge, cotton grass

Lily, pitcher plant

may not be able to make the transition from a
deeply rutted FI area to an EI area because it
is unable to surmount the bushes, root
systems, and peat that make up the surface
mat edge or it may not be able to surmount
the mat edge from a free-floating position in
open water. Similar difficulties may exist at
AEI-ADI, EI-DI, or FI-DI interfaces.

2-3.3 SOIL MECHANICS*

Soil, the major component of terrain, is an
engineering material with many applications.
It is used to support structures, as a filter
medium, as a thermal insulator, and as a
construction material to build buildings,
roads, dams, and protective barriers. Its
mechanical properties are sufficiently impor-
tant to provide the theme for academic
engineering courses and research laboratories.
The literature of civil engineering contains
much information on soil mechanics for all of
these applications. In this paragraph, the

*Much of this paragraph is adapted from AMCP 706-356
(Ref. 12).
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emphasis is on the properties of soil that are
important for soil trafficability, since this
particular subject is of most concern in
military operations.

Immobilization of a vehicle is usually
caused by concurrent failure in the tractive
and bearing capabilities of the soil over which
it is traveling. Traction failure can occur
without appreciable sinkage as when a
wheeled vehicle spins its wheels on a firm soil
that has a soft, slick overlay; bearing failure,
however, usually does not occur without also
being accompanied by traction failure, since
traction requirements increase with sinkage.
Tractive and bearing capabilities are both
functions of soil shear strength.

A force diagram describing a vehicle
moving over soil is shown in Fig. 2-27. The
vehicle moves by the reaction R, of the soil,
which is equal and opposite to the force R
exerted upon the soil by the vehicle. Both of
these forces have horizontal and vertical
components — H and V, and H, and V.
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Figure 2-27. Force Diagram for Moving Vehicles (Ref. 13)

Forces H; and V, are called the tractive
effort and flotation, respectively, in standard
terminology.

Tractive effort overcomes the resistance of
the vehicle movement. If the vehicle is towing
a trailer, then the tractive effort also includes
the required drawbar pull 7.

Vertical and horizontal reactions are each
responsible for ground deformations. The
deformation of soil under force is illustrated
in Fig. 2-28. Soil does not usually fail by
rupture as do brittle materials but generally
by plastic flow, which is usually preceded by
a small amount of elastic deformation as
illustrated in Fig. 2-28. The appearance of
plastic flow under the action of external
forces marks the onset of soil failure.
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The abscissa of Fig. 2-28 is soil deforma-
tion. The horizontal component of deforma-
tion is called slippage and the vertical
component is the sinkage:

deformation = +/(slippage)® + (sinkage)>  (2-1)

where each of the parameters is measured as a
displacement. ’

The most useful single soil measurement
for ground mobility is shear strength. The
shear strength of soil depends upon two basic
properties, cohesion and internal friction.
Cohesion is a measure of the bonds between
soil particles, which are developed from
complex chemical and physical interactions.
Internal friction is that portion of soil shear
strength developed by the interlocking of soil

PLASTIC

a - BEGINNING of PLASTIC FLOW
b -~ END of ELASTIC DEFORMATION

SOIL DEFORMATION

Figure 2-28. Deformation Properties of Soil Under Load (Ref. 13)
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grains and the frictional resistance to sliding
between the grains. The shearing strength
developed by internal friction is proportional
to the stress level; i.e., the greater the normal
pressure applied to a surface of sliding in the
soil, the higher the frictional shearing
resistance along that surface.

For problems dealing with the performance
of vehicles on soil, the stress-strain character-
istics of the soil, including the deformations
associated with failure, are important since
they relate traction with slip and sinkage with
load-carrying capacity and rolling resistance.
To express fully soil-vehicle relationships in
terms of loads, vehicle geometry, soil
strength, and deformation properties, includ-
ing analysis of both sinkage and slippage, six
parameters are required. These are as follows:

¢ = angle of internal friction, deg
¢ = cohesion, psi

& = density, mass ft 3 or g cm™3
s = shear strength, psi

p = normal stress, psi

k = deformation modulus, 1b in.”™ where
the exponent m depends on the
observed relation of pressure and
sinkage

2-3.3.1 PROPERTIES OF SOILS

The important mechanical properties of
soil include internal friction ¢, cohesion c,
and density 6. Intemnal friction and cohesion
are by far the more important and are
discussed in more detail in the paragraphs that
follow.

(1) Purely cohesive soils. A purely cohesive
soil is defined as one that, when unconfined,
has considerable tensile strength when air-
dried and has significant cohesion when
submerged. Its shear strength is derived
entirely from cohesion, i.e., its strength does
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not depend upon the applied loading. Such
soil would be classified as an ideal clay, which
is a fine-grained soil or the fine-grained
portion of soil that can be made to exhibit
plasticity (puttylike properties) within a range
of water contents and that exhibits consider-
able strength when air-dried. The term “clay”
has been used to designate particles in soil
finer than 0.002 mm, but this usage is not
preferred because the size alone does not
guarantee that the important properties will
be exhibited.

The shearing strength of a purely cohesive
soil is characterized by its internal cohesion.
This value is the force per unit area required
to produce shear failure. In English units it is
usually expressed in pounds per square inch
(psi).

Because of its plasticity, the soil can be
deformed beyond the point of recovery
without cracking or appreciably changing
volume. It will exhibit shrinkage upon drying,
and swelling in the presence of water. Because
of the small size of the particles, the cohesive
soils have low permeability. Hence, consolida-
tion will not occur immediately upon
application of load. For this reason, consoli-
dation, which is very important in foundation
engineering, will not be an important factor in
cohesive soils subjected to vehicular traffic
loads.

The shear strength of clay varies consider-
ably depending on the amount of moisture
present and, for in situ soils, decreases as the
moisture content increases. The state of the
soil is generally spoken of in terms of its
consistency as being soft, medium, stiff, or
hard. Shear strength will also change with
unaltered moisture content if the soil is
subjected to a kneading action due to
structural rearrangement. This effect is
measured in terms of what is known as the
sensitivity of the clay. This is indicated by the
term “‘degree of sensitivity”, S, defined as

s = cohesive strength, undisturbed (2-2)
¢ cohesive strength, remolded



For most clays, S, ranges between 2 and 4;
for sensitive clays, it is between 4 and 8. Soils
for which S, is greater than 8 are termed
extra-sensitive. If a kneaded soil is allowed to
stand, it may regain its cohesive strength. This
phenomenon is known as thixotropy.

A cohesive soil also tends to adhere to
other materials. The shear strength of this
bonding is referred to as adhesion. Depending
on the moisture content of the soil and the
properties of the adjacent surface, the
strength of adhesion may be greater or less
than the strength of cohesion.

(2) Purely frictional soils. A purely fric-
tional or cohesionless soil is defined as one
that has little or no tensile strength when
air-dried and little or no tensile strength when
submerged, i.e., the opposite of a cohesive
soil. Its shear strength is a function of the
applied loading — the shear strength on any
plane is zero when the normal stress on the
plane is zero. Soils of this type are
coarse-grained with particle sizes usually in
excess of 0.002 mm in diameter. Sand, gravel,
and silty soils are commonly assumed to be
purely frictional soils.

The shearing resistance of a purely
frictional soil is characterized by its angle of

NORMAL STRESS ON PLANE OF ,
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SHEAR STRESS, psi
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>
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internal friction ¢ (see Fig. 2-29). The tangent
of the angle of internal friction is analogous
to the coefficient of friction between solids,
but in soil mechanics the practice is to refer
to the angle rather than the tangent. Friction
is developed due to the interlocking of the
soil grains and the frictional resistance to
sliding between the grains. As such, the
frictional angle is greater with irregular,
rough-shaped (or angular) grains rather than
with smooth, rounded grains; and it increases
with the density since this increases particle
interlocking.

Shearing action in soil of this type
characteristically produces a change in
volume. This change may be either an increase
or a decrease, depending on the density of the
soil; hence, the degree of soil confinement has
a significant effect upon soil behavior. If the
grains are very loosely packed, they change to
a more compact arrangement as they move
due to shear (of course, this volume decrease
has a definite limit). When the grains are
tightly packed, shearing causes the grains to
move around one another with a resultant
increase in volume (dilatation).

Purely frictional soils are not particularly
sensitive to the presence of water. If the soil is
not totally submerged, water will cause an

v
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NORMAL STRESS p, .
pei

MAJOR PRINCIPAL STRESS

-

Figure 2-29. Mohr’s Failure Circles for Soils (Ref. 12)
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apparent cohesion to exist between the soil
grains due to capillary attraction; however, if
the soil is totally submerged, the cohesive
effect is lost and friction is reduced slightly
due to lubrication between the particles.

Within the range of loading associated with
vehicle design, the soil shear strength on an
internal surface may be considered to be
proportional to the normal load on the
surface and independent of the rate of
shearing displacement. Shear strength is thus
- expressed as

s = p tan ¢, psi 2-3)
where
s = shear strength, psi

p = effective normal stress on the surface of
sliding, psi

¢ = angle of internal friction, deg

(3) Real soils. Most soils are neither purely
cohesive nor purely frictional but are a
combination of the two. The properties of
real soils are therefore partly cohesive and
partly frictional, depending upon the propor-
tion of each type present. Relative small
quantities of silt or sand in a clay will
introduce certain frictional effects, and small
amounts of clay with sand or silt will produce
some cohesion. It was recognized by Coulomb
that soils generally derive strength both from
cohesion and frictional resistance. The general
expression for the ultimate strength of soil is
known as Coulomb’s law and is written

s = ¢ + p tan ¢, psi 2-4)
where

¢ = cohesion, psi
Actual soils do not generally behave in such a
simple manner, but to facilitate design this

simplified relationship is frequently adequate.
Determination of the proper ¢, p, and ¢ for a
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given set of conditions may be extremely
difficult, requiring considerable perception to
obtain the correct results.

Stability problems in soil mechanics deal
with the state of stresses at the moment of
incipient failure of the soil through plastic
flow. In solving these problems, only strength
is involved and no consideration is given to
the corresponding state of strain, unless some
limitations are imposed on soil deformations
due to boundary conditions. However, as a
vehicle moves over a soil, sizable sinkage and
slip can occur. The resistance to vehicular
motion is constantly changing with the degree
of sinkage, and the tractive effort varies with
the slip. Hence, strength alone is not
sufficient for analysis and it becomes
necessary to consider the soil stress-strain
relationships, which govern sinkage and
slippage.

The expression for Coulomb’s law (Eq. 2-4)
is the equation of a straight line. It may be
shown that this line is the envelope of Mohr’s
failure circles for the soil (Fig. 2-29). Such a
diagram may be obtained by performing a
series of laboratory tests on specimens
representing the in situ soil. Among the most
commonly used tests are the triaxial and
direct shear tests.

The triaxial test is a compression test
performed on a cylindrical soil specimen that
is subjected to a circumferential confining
pressure while being loaded axially (Fig.
2-30). In this case, the axial stress is one of
the principal stresses and the other two are
both equal to the confining pressure. A series
of tests performed at different confining
pressures enables a series of Mohr’s circles to
be drawn. The cohesion ¢ and frictional angle
¢ can be determined graphically from the
failure envelope.

In the direct shear test, a specimen is
forced to shear on a predetermined plane
(Fig. 2-31). Direct measurement is made of
shearing strength and normal stress on the
plane of shear. A series of tests performed
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Figure 2-30. Schematic Representation of
Triaxial Soil Strength Test (Ref. 12)

with various normal loads determines points
along the line of the Coulomb equation and
again, ¢ and ¢ may be determined graphically.

Obviously, the most important general
consideration in soil strength determination is
to represent properly the in situ condition for
the problem of interest. This includes such
factors as degree of disturbance, pore
pressures, effective confining stresses, and rate
of loading. In practice, this can never be
entirely achieved; hence, judgment is needed
in the application of the test resuits.

2-3.3.2 EMPIRICAL PRESSURE-SINKAGE
RELATIONSHIPS

An approximate relationship sometimes
used in soil mechanics to relate the breadth of

a longitudinal footing, its initial depth,
loading, and settlement is

_B= % 22. in 3 -
- C, (l+b)+b,lbm. (2-5)

where
p = loading pressure, psi

z = sinkage or settlement, in.
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Figure 2-31. Schematic Representation of
Direct Shear Soil Strength Test (Ref. 12)

d = initial depth, in.
b = breadth of footing, in.

C, = constant due to internal friction,
1b in. 73

C, = constant due to cohesion. psi

The scope of this relationship is limited to
small values of z for which a linear
relationship exists between load and sinkage.
Within this range, however, the relationship is
fairly independent of the size the loaded area
since size is taken into account by the
characteristic dimension b.

For the case of a track at the soil surface,
d = 0, and the equation reduces to

= () +£2— (2-6)

However, in the case where vehicle sinkage
becomes quite large with respect to the
breadth dimension b, the load-sinkage curve is
nonlinear and the relationships Eq. 2-6 cannot

apply.
Bekker has suggested that load-sinkage

relationships of a track can be expressed more
generally by the equation (Ref. 8):

k
p = (—bc— + k¢> Z", psi (2-7)
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where

k. = soil sinkage (cohesive) modulus of de-
formation, Ib in. "™ *1) (dependent on
shape)

k, = soil sinkage (frictional) modulus of de-
formation, 1bin."("*2) (independent
of shape)

n = soil sinkage exponent of deformation,
dimensionless

z = sinkage, in.

The only difference between Eq. 2-7 and
Eq. 2-6 is the exponent n of the sinkage z, to
account for the nonlinear relationships
between pressure and depth when large
sinkages are involved.

Sela and Ehrlich have recently demon-
strated that a more general equation would be
(Ref. 14):

H ke .
P =potg Ko -y (z +z;)", psi
h h (2-8)

where

po = the initial bearing capacity, indepen-
dent of footing shape, psi

ko, = the sinkage modulus, independent of
footing shape, Ib in."(**+2)
kl

¢ = the sinkage modulus, dependent on

footing shape (not the same &, as in
Eq. 2-7), 1bin 0+ 1)

R;, = the hydraulic radius (area divided by
the perimeter) of the footing, in.

H = initial support parameter, Ib in.”'

Z:

; = the soil precompaction, in.

n = soil sinkage exponent of deforimation,
dimensionless
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The first two terms on the right side of Eq.
2-8 (p, and H/R,) result from the tensile
strength in some soils that gives an initial
bearing capacity without any , appreciable
sinkage. The use of the hydraulic radius Rj, in
lieu of the width b allowed the relationship to
be applied to a wider variety of plate shapes.
The term z; is necessary for describing the
performance of soils that have been precom-
pacted prior to load application. Eq. 2-8 has
been successfully evaluated against many
different sizes of rectangular, square, ellipti-
cal, and circular footings.

In each of these cases, the coefficients and
exponents are determined by fitting the
equations to experimental pressure-sinkage
data. The equations become more general, but
more complex with the inclusion of addi-
tional parameters.

The most commonly used pressure-sinkage
relationship for vehicle design has been Eq.
2-7, which utilizes three parameters, k., Kk
and n, to describe the soil behavior. The
effect of size of loaded area is accounted for
by the characteristic dimension b (the width
of the wheel or track). The soil values k. and
k, are assumed to be independent of both the
size and form of the loaded area, and
influence the relative magnitude of sinkage.
Studies of pressure-sinkage relationships of
various clays and mixtures of clays with silt
and sand have shown that in general k. and
ke, decrease in magnitude as water content
increases and as the strength decreases. The
exponent n influences the shape of the
pressure-sinkage curve and generally will have
values between 0.5 and 1.5.

None of these equations is a general
solution based on a fundamental approach to
the problem. The development of such a
solution from fundamental principles is a
formidable task of long duration. Until such
appears, Eq. 2-7 constitutes a reasonable
approximation without undue complication.
If more accurate results are desired, Eq. 2-8
may be used.



2-3.3.3 DETERMINATION OF SINKAGE
EQUATION CONSTANTS

If a plate is pressed into the soil — the force
employed, and the resultant sinkage is
measured — it would be possible to obtain a
plot of sinkage versus imposed force. Dividing
each measured force by the plate area yields
the pressure on the plate, and, from Eq. 2-7,
these data plotted on log-log paper give a
straight line with slope n. Data from a second
plate of different width produces another
line, parallel to the first. The values of
pressure where these two lines intersect the
value z = 1 are called ¢, and a,, to
correspond, respectively, with the two plates
whose widths are b, and b,.

The value for 2 may be read directly from
the graph as the tangent of the angle that the
two parallel lines make with the z-axis. The
values of k., and Kk, may be obtained by
solving the following two equations simul-
taneously:

(ay by —a,by)
Cp = ————————— 2-9
5 by =D, (2-9)
K = (ay —ay) b, b, (2-10)
¢ bZ_bl -

These soil values, of course, vary in natural
soils with changes in moisture content,
temperature, and other geological factors.
Thus the soil strengths of a given area cannot
be characterized by one single sct of values
but must be based on the frequency
distribution of values involved. This requires,
in turn, a statistical evaluation ot soil as a
function of location and season as the only
practical basis of assessment of mobility in
large areas.

2-3.3.4 SLIP EQUATION

The interrelationships of thrust and slip
cannot be established on the basis of the
sinkage parameters. This is because horizontal
ground displacements are of a different

AMCP 706-116

character than that represented by Eq. 2-7.
The maximum soil shear strength available to
provide thrust is given by Coulomb’s Eq. 2-4.
To determine the actual soil shear strength
being mobilized at any instant, if it is less
than that maximum value, requires a relation-
ship between shear stress and shear displace-
ment.

Since the stress-displacement curve has an
exponential appearance (see Fig. 2-28), it has
been suggested that Coulomb’s equation be
modified as follows to account for the change
in shearing resistance s as slip takes place:

/
s = (c+ptan @) (1 —eX), psi (2-11)

where

]

j = shear deformation, in.

I

K = slip modulus, in.

¢ =base of Napierian (natural) logarithms

This equation describes a family of curves
with the general form of soil shear stress-
deformation relationships as shown in Fig.
2-32.

The slip parameter K may be obtained
from the experimental shear stress-deforma-
tion curve for the soil (Fig. 2-32) as the
distance between the intercept of the tangent
drawn at the origin and the horizontal line s =
¢ + p tan ¢. However, since the shape of the
stress-deformation curve is rather erratic near
the origin, the value of K may be taken as
that valuc of deformation when the shear
stress reaches 1 — 1/¢ = 0.632 of its maximum
value.

The value of soil shear deformation j may
be expressed in terms of slip i, and distance x
from the beginning of ground-contact area to
the point along the wheel or track where
shearing strength s is being computed. The
relationship isj = iyx, which indicates that the
shearing deformation increases in proportion
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Figure 2-32. Typical Shear Stress-Deformation Curve (Ref. 12)

to the distance along the contact area. The
determination of slippage i, follows the
standard formula: iy =1 —V,/V,, where V, is
forward vehicle speed and V, peripheral speed
of the traction elements, based on number of
revolutions and dimensions of the wheel or
track sprocket.

2-3.3.5 CONE INDEX (Cl)

Cone index is employed in a technique to
determine soil trafficability in the field and to
determine whether or not a vehicle or fleet of
vehicles can move in a given terrain. The Cone
Index of a given soil is determined by a
special instrument, called the cone penetrom-
eter, which is pressed into the soil to
determine soil strength. Empirically derived
equations can be used to relate the cone
measurements to vehicle performance.

Since vehicle motion in multipass perform-
ance may cause clay soil to remold, tests
become necessary to determine the loss of
strength due to remolding. The proportion of
strength remaining after remolding is called
the remolding index R/. The rating cone
index RCI, defined as a product of the cone
index measured in the field and the remolding
index, describes the soil strength after passage
of traffic.
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The approximate equation to predict cone
index (I from k,, k, and n of Eq. 2-7 is as
follows (Ref. 13):

kC
Cl = 1.625 {—— +1.5)n*1 — gn+l
;(n+l) [(z e }

+ 0517 & Z+1_5)n+2 +Zn+2
' ? |m+D)(n+2) n+2
(z +1.5)z*1
T A @12

There is no equation, however, that
predicts k., k, and n from CI.

2-3.3.6 PREDICTION OF VEHICLE PER-
FORMANCE

By numerous tests, relationships have been
established between vehicle performance,
various vehicle parameters, and cone index
measurements. The vehicle parameters of this
relationship are combined into a single term,
called the mobility index (MI). The mobility
index for self-propelled, tracked vehicles is
computed by the following equation:
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Grouser factor: Grousers less than 1.5 in.
high=1.0
Grousers more than 1.5 in.
high = 1.1

Bogie _  gross weight, b, divided by 10

factor  (total number of bogies on tracks
in contact with ground) X (area,
in.2, of 1 track shoe)

clearance, in.
Clearance factor = ————

10
| Engine factor: = 10 hp/ton of vehicle
wt=1.00
< 10 hp/ton of vehicle
wt=1.05
Trans-
mission

factor:  Automatic = 1.0; manual = 1.05
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The mobility index for self-propelled,
wheeled vehicles is expressed by this equa-
tion:

 scontact
. pressure weight)
MObﬂ_ Cactor ) X (factor
ity = .
index tire ) grouser
. \factor factor

wheel clear-
+ (load - (ance) (2-14)
factor factor

engin X transmission)
(factor factor

where
Contact gross weight, b
pressure = -
factor outside
diam
. of tire,
nom tire in No.
width, | X — X | of
in. tires

Weight factor
Weight range, 1b* equationst

Weight <2000 Y =0.553X
factor: 2,000 to 13,500 Y =0.033X+1.050
13,501 to 20,000 Y =0.142X-0.420
> 20,000 Y=0.278X—-3.115

10 + tire width, in.
100

Tire factor:

Grouser factor: With chains = 1.05
Without chains = 1.00

gross weight, kips
No. of axles X 2

Wheel load factor:

* Gross weight, 1b
No. of axles
gross weight, kips

T Y= Welght factol‘, X = m.
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Figure 2-33. Relationship Between Mobility Index and Vehicle Cone Index for
Self-propelled Vehicles (Provided by . R. Ehrlich)

clearance, in.

Clea factor:
earance facto 0
Engine factor: = 10 hp/ton = 1.00
< 10hp/ton=1.05

Trans-
mission
factor:  Automatic = 1.00; manual = 1.05

This mobility index can then be corrected
to a Vehicle Cone Index (VCI) by use of Fig.
2-33. If predictions of a single pass (go, no-go)
are desired, curves labeled VCI, should be

242

employed; if predictions of fifty passes
(essentially infinite), the curves labeled VCI;
should be utilized.

If the soil has a measured rating cone index
equal to or greater than the vehicle cone
index, it probably will negotiate the terrain in
question. The curves in Fig. 2-34 predict the
drawbar pull coefficient (the maximum
obtainable drawbar pull divided by the weight
of the vehicle) as a fraction of the difference
between the RCI and the VCI. Obviously,
when this difference is zero, the vehicle can
just negotiate, hence its extra pulling
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Figure 2-34. Net Maximum Drawbar Pull and Maximum Negotiable Slope
(Provided by I.R. Ehrlich)

capability is nil. This pull capability can also
be used against gravity; hence the curves also
present the maximum slope (expressed in
percent) climbable.

2-3.4 DATA DISPLAY

The properties and characteristics of terrain
vary from gross, large-scale properties such as
mountains, plains, and valleys to small-scale
features such as soil composition, texture, and
surface detail. Displays showing both these
features in adequate detail at the same time
do not exist. Different display methods
emphasize different properties and, conse-
quently, are of value for different uses. These
paragraphs summarize the conventional dis-
play methods that span the spectrum from
worldwide maps to power spectral density
plots of relatively small plots of terrain.

2-3.4.1 WORLD MAPS*

Geological features plus climate are plotted
on a worldwide basis in Figs. 2-35 through
2-43. Such maps are of some value for
associating areas of similar terrain and terrain
properties. They clearly are less useful for
solving specific terrain problems such as
trafficability through a given area.

2-.34.2 AREAL AND LINEAR TERRAIN
MAPSTt

Terrain on the local level generally follows
certain repetitive patterns in that the same
terrain features seen in one location are
readily recognizable in adjacent, contiguous

*Maps reproduced from Ref. 3.
tMost of this paragraph is reproduced from The AMC '71
Vehicle Mobility Model (Ref. 15).
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Figure 2-35. Igneous Rocks (Intrusive) (World Distribution) (Ref. 3)
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areas and also reappear at other locations
within a given area. The repetitiveness of
similar terrain features permits the drawing of
terrain maps that identify areas having similar
terrain features. The arcal and linear terrain
maps discussed in this paragraph are the work
of the U. S. Army Waterways Experiment
Station and the Tank-Automotive Command
and as such represent but one method of
terrain mapping. A particular advantage of
this approach, however, is that the data lend
themselves quite readily to computer process-
ing. Indeed, it was this desirable property of
mapping the terrain that led to development
of this method. Having the ability to specify a
terrain to a computer enables one to model
the interaction of various vehicles, both
hypothetical and real, with the terrain (Ref.
15).

2-3.4.2.1 NOMENCLATURE

The definitions of most of the important
terms used in describing terrain data follow
(Ref. 15):

(1) General terrain terms.

(a) Areal terrains. Terrains that can be
delineated on a terrain map as a patch with
both length and width, e.g., a forest.

(b) Linear terrains. Terrains that ap-
pear on a terrain map as lines due to their
extensive length and narrow width, eg., a
river or highway embankment.

(¢) Terrain factor. Any attribute of
the terrain that can adequately be described
at any place (or instant of time) by a single
measurable value; e.g., slope, spacing of plant
stems of a given diameter, obstacle heights,
obstacle approach angle, water depth, etc.

(d) Terrain factor family. Two or
more terrain factors grouped together. The
terrain factor families used to describe ter-
rains are surface composition, surface geom-
etry, vegetation, and hydrologic geometry.

AMCP 706-116

(e) Terrain factor value. A specific
value that describes a terrain factor; e.g., 1.5
deg is a factor value that describes the terrain
factor. slope.

(f) Terrain factor class range. A
specified range of terrain factor values;e.g., a
terrain factor class could be a slope from 0 to
1.5 deg. For predictive analysis, however, a
single value within that range is selected.

(g) Terrain factor class number. A
number assigned to a terrain factor class
range. For mobility purposes, the terrain
factor class numbers are assigned in order of
increasing effect of the terrain on vehicle
performance.

(h) Terrain factor complex number. A
combination of two or more terrain factor
class numbers which describes the terrain
characteristics of an area.

(i) Terrain unit. A patch (areal or
linear) of terrain described by a specific
terrain factor complex number.

(j) Terrain country. An imaginary or
geographic area containing two or more
terrain units.

(2) Surface geometry terms (refer to Fig.
2-44):

(a) Slope. The angular deviation of a
surface from the horizontal, measured perpen-
dicular to the topographic contours.

(b) Obstacle approach angles A. The
angles (less than 180 deg) formed by the
slopes at the base of a vertical obstacle.

(c) Obstacle base width WB. The
distance across the bottom of an obstacle.

(d) Obstacle spacing OBS. The hori-
zontal distance between forward edges of
vertical obstacles.
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D = differential bank height
RW = width of water at surface

WD = water depth

WS = maximum velocity of water
in a channel

THI,RBA =

» \[

I+ O

gap side slope

THI

p—
8 A m

Figure 2-45. River Features (Ref. 15)

(e) Obstacle vertical height H. The
vertical distance from the base of an obstacle
to its crest.

(f) Obstacle length OBL. The length of
the long axis of the obstacle.

(g) Obstacle break angles (8). The
angles (> 180 deg) formed by the slopes at
the top of an obstacle.

(3) Vegetation terms:

(a) Stem diameter. The diameter (cm)
of the tree stem at breast height.

(b) Stem spacing. The average distance
(meters) between tree stems. This value is
computed from the number of stems per unit
area, assuming that the stems are arranged in a
hexagonal pattern.

(c) Recognition distance. The distance
a vehicle driver can see and recognize objects
that may be hazardous to his vehicle or
himself.

(4) Hydrologic geometry terms (refer to
Fig. 2-45):

(a) Differential bank height BD. The
difference in elevation of the two banks of a
hydrologic feature.

(b) Gap side slope THI, RBA. The
slope of the bounding incline at the top of the
hydrologic feature, measured with respect to
the horizontal.

(c) Water depth WD. Maximum depth
of water in channel.

(d) Water width RW. The width of the
water at the surface.

(e) Water velocity WS. The maximum
velocity of water in a channel.

2-3.4.2.2 VALUES USED IN DESCRIBING
TERRAIN UNITS*

The terrain factor values, terrain factor
class ranges, and terrain factor class numbers
used to describe a terrain unit follow:

*It should be emphasized that these numerical values were

selected for the AMC '71 Vehicle Mobility Model. The
classes were thought to be fine enough to differentiate
between vehicles, yet not “too fine”’ so as to present an
insurmountable computational problem. Validation tests
and sensitivity analyses, however, may show the necessity
for several changes.
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(1) Surface Composition. Surface composi-
tion is described in terms of type of surface
material and the strength of the surface
material.

(a) Surface type. The surface types of
material are:

Code No. Material type
1 Fine-grained soil
2 Coarse-grained soil
3 Organic soil

(b) Soil strength. Soil strength is
described in terms of cone index (CI) or
rating cone index (RCI) of the 0- to 6-in.
layer. RCI is used to describe the strength of
Type 1 material and CI is used to describe the
strength of Types 2 and 3 materials. The
classes and values used to describe soil
strength are:

Class Value selected for
No. Class range prediction
1 > 280 300
2 221-280 250
3 161-220 190
4 101-160 130
5 61-100 80
6 41-60 50
7 33-40 36
8 26-32 29
9 17-24 20
10 11-16 14
11 0-10 5

The preceding class numbers of soil strength
are normally used to describe the soil strength
for a terrain unit during the dry, the wet, or
the average season. However, a different class
number may be required to describe the soil
strength during different seasons. For ex-
ample, for a given terrain unit, fine-grained
soils, Class No. 6 may be required to describe
the wet season strength and Class No. 2, the
dry season strength.

(2) Surface Geometry. Surface geometry is
subdivided into macrogeometry and micro-
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geometry. Macrogeometry is described by
slope angle and is usually considered as a
slope that is greater in length than the vehicle
under study. Terrain factors used to describe
surface features identified as microgeometry
are separated into two categories. Category 1
includes those surface features such as
boulders, stumps, logs, dikes, potholes, that a
vehicle will either override slowly or circum-
vent. Category 2 includes surface features that
are overridden which excite the vehicle in the
vertical direction (essentially the ride prob-
lem). Obviously, a terrain feature could be
macrogeometrical for a small vehicle, but
microgeometrical for a large one. Similarly, a
feature could be in Category 1 for one vehicle
but in Category 2 for another. Terrain
features in Category 1 are described in terms
of approach and departure angle, vertical
magnitude, base width, length, spacing, and
spacing type. Surface features in Category 2
are described as a continuous profile (approxi-
mately 500 ft long) in sufficient detail that a
valid power spectral density can be obtained.

(a) Macrogeometry. The classes and
values used to describe slope (macrogeom-
etry) are:

Class Value selected for
No. Class range, % prediction, %

1 0-2 1

2 2.1-5 3.5
3 5.1-10 7.5
4 10.1-20 15.0
5 20.1-40 30.0
6 40.1-60 50.0
7 60.1-70 65.0
8 >170 72.0

(b) Microgeometry (Category 1). The
classes and values used to describe obstacle
approach and departure angle, obstacle
vertical magnitude, obstacle base width,
obstacle length, and obstacle spacing are:

(c) Obstacle approach and departure
angle



Class Class range, Value selected for
No. deg prediction, deg
1 178.6-180 179
2 180.0-181.5 181
3 175.6-178.5 177
4 181.6-184.5 183
5 170.1-175.5 173
6 184.6-190 187
7 158.1-170 164
8 190.1-202 196
9 149.1-158 154
10 202.1-211 206
11 135.1-149 142
12 211.1-225 218
13 90.0-135 112
14 > 225 225

(d) Obstacle vertical magnitude

Class Class range, Value selected for
No. cm prediction, cm

1 0-15 8

2 16-25 20

3 26-35 30

4 36-45 40

5 46-60 53

6 61-85 72

7 > 85 85

(e) Obstacle base width

Class Class range, Value selected for
No. cm prediction, cm

1 > 120 120

2 91-120 106

3 61-90 76

4 31-60 46

5 0-30 15

(f) Obstacle length

Class Class range, Value selected for
No. m prediction, m

1 0-0.3 0.2

2 0.4-1.0 0.7

3 1.1-2.0 1.6

AMCP 706-116

Class Class range, Value selected for
No. m prediction, m
4 2.1-3.0 2.6
5 3.1-6.0 4.6
6 6.1-150 78.0
7 > 150 150.0

(g) Obstacle spacing

Class Class range, Value selected for
No. m prediction, m

1 Bare 60.0

2 20.1-60 40.0

3 11.1-20 15.6

4 8.1-11 9.6

5 5.6-8 6.8

6 4.1-5.5 4.8

7 2.6-4.0 3.3

8 0-2.5 1.2

(h) Obstacle spacing type

Code No. Description
2 Linear
1 Random

(i) Microgeometry (Category 2). The
terrain required for a Category 2 microgeom-
etry is a terrain profile in sufficient detail for
valid power spectral density to be obtained.
An example of this terrain description
follows:

(§) Surface roughness

Profile Class range, - Value selected for
Class i prediction, in.
i 0-0.5 0.25
2 0.6-1.5 1
3 1.6-2.5 2
4 2.6-3.5 3
5 3.6-4.5 4
6 4.6-5.5 5
7 5.6-6.5 6
8 6.6-7.5 7
9 >17.5 8
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(3) Vegetation. Vegetation is described in
terms of stem diameter and spacing. For
convenience, visibility is also included as a
part of the vegetation factor family since it is
often closely related. Those stems that can be
overridden by a vehicle are .identified as
longitudinal obstacles and those that must be
avoided by a vehicle are identified as lateral
obstacles. The classes and values used to
describe stem diameter, stem spacing, and
visibility follow:

(a) Stem diameter and spacing

Stem diameter

Class No. Value, cm
1 0
2 > 25
3 > 6.0
4 >10.0
5 > 14.0
6 >18.0
7 >220
8 >25.0
Stem spacing
Class Value selected for
No. Class range, m prediction, m
1 Bare 100.0
2 >20 20.0
3 11.1-20 15.5
4 8.1-11 9.5
) 5.6-8 6.8
6 4.1-5.5 4.8
7 2.64 3.3
8 0-2.5 1.2

(b) Visibility or recognition distance
classes at 1.5 ft above ground

Class Value selected for

No. Class range, m prediction, m
1 >50 50.0
2 24.1-50 37.0
3 12.1-24 18.0

2-58

Class Value selected for
No. Class range, m prediction, m

4 9.1-12 10.6

5 6.1-9.0 7.5

6 4.6-6.0 53

7 3.14.5 3.8

8 1.6-3.0 2.3

9 0-1.5 0.8

NOTE: The surface code number and ob-
stacle spacing code number are used
in the same manner as terrain factor
class numbers to form the terrain
factor complex number.

Hydrologic geometry factors are used
primarily to describe linear features that
transport water. One hydrologic geometry
factor, water depth, is used also as a part of
the description of areal bodies of water such
as lakes, marshes, or swamps. Other hydro-
logic geometry factors are differential bank
height, gap side slope, water width, and water
velocity. The classes and values used to
describe each of these factors follow:

(c) Differential bank height

Class Value selected for
No. Class range, m prediction, m
1 0 0
2 NW bank (0.1-1)
higher than SE 0.5
3 NW bank (1.1-2)
higher than SE 1.5
4 NW bank (2.14)
higher than SE 3.0
) NW bank (4) 4.0
6 SE bank (0.1-1)
higher than NW 0.5
7 SE bank (1.1-2) 1.5
8 (2.1-4) 3.0
9 c4 4.0
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(d) Gap side slope Class Value selected for
Class  Class range, Value selected for No. Class range, m prediction, m
No. deg prediction, deg 10 24.1-27 25.5
1 180-185 182.5 e 27.1-30 285
12 30.1-35 32.5
2 185.1-190 187.5
13 35.1-40 37.5
3 190.1-200 195.0
14 40.1-45 42.5
4 200.1-210 205.0
15 45.1-50 47.5
5 210.1-220 215.0
16 50.1-55 52.5
6 220.1-230 225.0
X 17 55.1-60 57.5
7 230.1-250 240.0
18 60.1-65 62.5
8 250.1-260 255.0
19 65.1-70 67.5
9 260.1-265 262.5
10 265.1-270 267.5 0 70175 725
o ‘ 21 75.1-80 71.5
22 80.1-85 82.5
(e) Water depth 23 85.1-90 87.5
Class Class range, Value selected for 24 90.1-95 92.5
No. cm prediction, cm 25 95.1-100 97.5
26 100.1-105 102.5
1 0-100 50 27 105.1-110 107.5
2 101-200 150 28 110.1-115 112.5
3 201-500 350 29 115.1-120 117.5
4 > 500 500 30 120.1-125 122.5
31 125.1-130 127.5
(f) Water velocity 32 130.1-135 132.5
Class  Class range, Value selected for gi iig i i:g }i;g
No. mps prediction, mps 35 145.1-150 1475
. 36 150.1-155 152.5
1 N t
5 o Not ap%hcable 37 155.1-160 157.5
3 0-1 0.5 38 160.1-165 162.5
4 1.1-2 15 39 165.1-170 167.5
' ' 40 170.1-175 172.5
5 2.1-3.5 2.8
6 >35 35 4] 175.1-180 177.5
42 180.1-185 182.5
. 43 185.1-190 187.5
(8) Water width 44 190.1-195 192.5
Class Value selected for 45 195.1-200 197.5
No. Class range, m prediction, m 46 200.1-205 202.5
47 205.1-210 207.5
1 No water 0 48 210.1-215 212.5
2 0.1-3 1.5 49 215.1-220 217.5
3 3.1-6 4.5 50 220.1-225 222.5
4 6.1-9 7.5 51 225.1-230 227.5
5 9.1-12 10.5 52 230.1-235 232.5
6 12.1-15 13.5 53 235.1-240 237.5
7 15.1-18 16.5 54 240.1-245 242.5
8 18.1-21 19.5 55 245.1-250 247.5
9 21.1-24 22.5 56 250.1-255 252.5
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Class Value selected for
No. Class range, m prediction, m
57  255.1-260 257.5
58 260.1-265 262.5
59 265.1-270 267.5
60 270.1-275 272.5
61 275.1-280 277.5
62 280.1-285 282.5
63 285.1-290 287.5
64 290.1-295 292.5
65 295.1-300 297.5
66 300.1-305 302.5
67 305.1-310 307.5
68 310.1-315 312.5
69 315.1-320 317.5
70 320.1-325 322.5
71 325.1-330 327.5
72 330.1-335 332.5
73 335.1-340 337.5
74 340.1-345 342.5
75 345.1-350 347.5
76 350.1-355 352.5
77 355.1-360 357.5
78 360.1-365 362.5
79 365.1-370 367.5
80 370.1-375 372.5
81 375.1-380 377.5
82 380.1-385 382.5
83 385.1-390 387.5
84 390.1-395 392.5
85 395.1-400 397.5
86 400.1-405 402.5
87 405.1-410 407.5
88 410.1-415 412.5
89 415.1-420 417.5
90 420.1-425 422.5

2-3.4.2.3 EXAMPLES

Areal terrain units can be represented on a
map as an area bordered by an irregular closed
line. Linear terrain units appear on the map as
lines because their widths are relatively smali
compared with their lengths.

Each attribute of a terrain that is
considered to affect mobility is called a
terrain factor. Related factors are grouped in
factor families, which are surface composi-
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tion, surface geometry, vegetation, and
hydrologic geometry.

Each terrain factor can be quantitatively
characterized in terms of the terrain factor
classes given in par. 2-3.4.2.2. A terrain unit is
then described by an array of terrain factor
class numbers. This array is called the terrain
factor complex number. The final product of
the system is a terrain map that shows all the
factor complex numbers for each terrain unit.

The following procedures are implemented
to form an areal terrain map legend. One
factor at a time is mapped to form factor
maps; factor maps are then overlaid to form
factor family maps; and the factor family
maps are overlaid to form a terrain factor
complex map. Each terrain factor complex
number is then replaced by a terrain unit
number on the terrain factor complex map,
and a legend relating the terrain unit number
to the terrain factor complex number is
prepared. Examples of an areal terrain map
and legend are shown in Fig. 2-46 and in
Table 2-12, respectively.

Linear terrain maps are prepared in much
the same way as areal terrain maps, except
that a single line representing a linear feature
is overlaid successively with a factor map until
all the factors are overlaid. The factor
complex number is then replaced by a terrain
unit number, and a legend relating the terrain
unit numbers and terrain factor numbers is
prepared. Examples of a linear terrain map
and legend are shown in Fig. 2-47 and in
Table 2-13, respectively.

These figures illustrate drainage features.
Other linear features such as road embank-
ments can also be so mapped.

2-34.3 POWER SPECTRAL
(PSD) PLOTS

DENSITY

Power spectral density (PSD) curves are an
accepted technique for plotting the roughness
of terrain on a local level. Ordinarily these
curves display the power in an electrical signal
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Figure 2-46. Example of an Areal Terrain Factor Complex Map (Ref. 15)

as a function of frequency, since any random
time functions can be broken into the sum of
the contributions of many periodic functions
of different frequencies. The power spectral
density curve is a plot of the mean amplitude
squared of every contributing frequency
present.

The undulations of terrain present a curve
of random characteristics. Since this curve is
stationary, it cannot be considered to have
frequencies as do electrical signals; however, a
vehicle traveling across the terrain will
encounter these undulations at a rate
dependent on vehicle speed; hence, the terrain
can be analyzed in a similar manner.

A plowed field contains a contribution to
the PSD plot corresponding to the wavelength
between furrows; it also contains a compo-

nent corresponding to the various lump sizes
in the overturned soil.

Some representative examples of terrain
profiles are given in Fig. 2-48. Fig. 2-49 shows
the corresponding spectral densities of the
terrain profiles illustrated in Fig. 2-48.

Power spectral density plots of terrain
typically have large values at low frequencies
and taper off according to the roughness of
the particular profile. In Fig. 2-48 the data
points were taken 2 ft apart and the altitude
was measured to the nearest 0.01 ft. The data
points were determined with a tape measure
and the elevations were measured with a level
and rod.

The general shapes of the PSD curves
shown in Fig. 2-49 are similar, although
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Figure 2-47. Example of a Linear Terrain Map (Ref. 15)

different profiles have different knees or
bumps in the PSD curve which correspond to
some repetitive feature at a characteristic
frequency. For example, the difference
between an agricultural field before and after
plowing is shown in Fig. 2-50. The bump at
the 6 m! line corresponds to the freshly
plowed furrows. The numbers 1 and 2
indicate different fields; field 2, having a
greater area under the PSD curve, is rougher
both before and after plowing. Since the plots
are on semilog coordinates, the influence of
the leftmost portion is far greater than that
on the right.

PSD curves, besides giving a qualitative
scale for comparison, produce a roughness
measure that can be classified directly, so that
not only random ground waves but also their

harmonic content and power level can be
accounted for. Fig. 2-51 illustrates the wide
spectrum of power spectral density curves
that can be encountered. These curves are
plotted on a log-log scale rather .than the
semilog scale of Figs. 2-49 and 2-50. Since all
of the curves illustrated in Fig. 2-50 appear to
have roughly the same slope, it is plausible
that terrain power spectral density curves can
all be approximated by a simple exponential
function. Such an approximation greatly
simplifies the mathematical treatment of
power spectral density curves and, in general,
does not obscure the important features that
may be biased by the methods used to gather
the profile sample in the first place. This
approximation takes the following form:

S, = KQ" 2-15)
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TABLE 2-13

EXAMPLE OF LINEAR TERRAIN MAP LEGEND (Ref. 15)

Table of terrain factor complex numbers
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Figure 2-48. Terrain Profiles Measured in Off-road Locomotion Studies (Ref. 8)
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where

1%}
]

power spectral density, ft3 (or m3)
Q = spatial frequency, ft ! (orm'!)

K, = empirical constant indicating the
magnitude of roughness, ft3™

n, = empirical exponent indicating the
slope of the PSD curve (In most ter-
rains that have been measured n, =
2.), dimensionless

2-3.5 AERIAL PHOTOGRAPHY*

The principles and uses of aerial photogra-
phy using conventional black-and-white film
are well known. Such photography with
panchromatic film uses the complete visible
spectrum, except that haze, or minus-blue,

*Adapted from Ref. 3.
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filters are occasionally introduced. It provides
a high resolution and generally distortion-free
visual map of the terrain essentially as the
human eye perceives it. In this type of
photography, the objects of interest are
recorded in varying shades of gray on the
photographic emulsion. The problem of
photointerpretation begins here. In many
situations the image is of a familiar object or
terrain feature, and its geometric properties
(size, shape, shadow, or texture) plus its
location, contrast, and relationship to sur-
rounding objects enable ready identification.
However, when the object is unfamiliar or
exhibits a different or unaccustomed tonal
value on the image, the interpreter’s judgment
and experience become critical.

2-3.5.1 RESOLVING POWER

For a given film format, the smallest
detectable elevation feature is given by the
empirical relation:

AH 1
H 274 WR

(2-16)

where
H = flight elevation, ft

AH = elevation of the smallest detectable
feature, ft

R = resolving power of the camera sys-
tem, lines mm™!

W = film format or width, ft

This elevation resolving power is shown for
9-in. film in Fig. 2-52. The range of resolution
pictured (up to 80 lines per millimeter)
represents that presently used in unclassified
state-of-the-art aerial photography.

Photographic interpretation of detail from
aerial photography ranges from scales of
1:2,000 to 1:10,000, with ground resolution
of object size obtained in terms of inches. In
contrast, the common scales for photointer-
pretation for reconnaissance purposes range



1., Mild roughness
2. Rocky soil
3. Cultivated field

4., Cross country, medium
roughness

5. Rock and log, artificial
6. Perryman cross country
7. Grasslands
8. Cross country marker 19
Turn off to marker 6
10. Virgin terrain, track 1
11, Virgin terrain, track 2

12, Cross country, severe rough-

ness 1

13. Cross country, severe rough-

ness 2
14, Artificial
15, Artificial
16, Poor runway
17. Good runway
18. Poor roadway
19. Good roadway
20. Poor cobbled pavement
21, Good cobbled pavement
22, Asphalt pavement
23. Concrete road
24, Asphalt road
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Figure 2-51. PSD Curves for Various Ground Surfaces (Ref. 8)

from 1:10,000 to 1:40,000, with ground
resolution attainable in terms of feet. The
common photographic mapping scale is
1:60,000, depending on the use of adequate
ground control points.

The use of aerial color photography greatly
extends the criteria that can be used for
terrain property identification. Although the
human eye-brain combination can discrimi-

nate only about 128 shades of gray, it can
discriminate several million different colors.

Many problems complicate the use of aerial
color photography, apart from the cost of the
film and the necessary processing techniques.
The glass covering the camera wells in
photographic reconnaissance aircraft is rarely
of high optical quality and may act as an
image-degrading filter with color tones ap-
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Figure 2-52. Resolving Power of Phaotography Varying With Flight Altitude (Ref. 3)

pearing on the emulsion being different from
the natural object colors. The optical
properties and color correction of the camera
lenses themselves; the quality, amount, and
atmospheric absorption of the reflected solar
radiation; and the variability of the dyes
making up the film emulsion itself are other
factors that can contribute to image color
variability. The American Society of Photo-
grammetry has published a Manual of Color
Aerial Photography that is highly recom-
mended for pertinent information (Ref. 16).
A voluminous report entitled Phofographic
Instrumentation—Science and Engineering
prepared for the Naval Systems Command
gives a thorough coverage of all photographic
equipment and applications (Ref. 17). The
Navy Oceanographic Office has recently
conducted a test of the water-penetrating
ability of color photography, in flights from
2,000 to 30,000 ft altitude (Ref. 18). It was
found that 100-ft-sq offshore targets could
successfully be detected at depths of 65 ft,
“even in rough water at sun angles from 20 to
40 deg. .

Color photography from satellite altitudes
provides coverage of earth areas of unprece-
dented scope and contrast. An example of
this capability is the preparation of tectonic
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maps of the Middle East at one to one million
scale by the North American Aviation Science
Center under NASA support (Ref. 19). These
maps, prepared entirely from Gemini photo-
graphs, show faults, shear zones, and geologic
structures, often extending for hundreds of
miles, that are unrecognizable in larger scale
photography.

Aerial panoramic cameras have been
developed and used for over a decade to
combine wide-area photographic coverage
with very high resolution. They generally have
a curved film plane and a high-quality,
narrow-angle lens that scans across the flight
path of the aircraft so as to “paint” an image
of a wide swath of ground onto the film. The
maximum scan angle is 60 deg either side of
the vertical. With a focal length of 12 in., very
high altitude photography can be obtained
without sacrificing image detail. Since the
center of the lens rotates with the scanning
arm, the sharpest possible image is always
recorded on the film, even at the edges of the
format. An example of the scope and high
resolution of panoramic aerial photography is
shown in Fig. 2-53.

Modifications to aerial color film to
eliminate the blue-sensitive layer have re-
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Figure 2-53. Aerial Panoramic View of Terrain (Ref. 3)

cently been proposed to film manufacturers.
The standard yellow haze filter would no
longer be needed, and a one-stop increase in
exposure would be possible.

2-3.56.2 MULTISPECTRAL PHOTOGRAPHY

Multispectral, multiband, and spectro-zonal
photography are terms applied to the images
simultaneously obtained through various filter
combinations in narrowband regions of the
visible and near-infrared spectrum. The
operating principle of this technique is that
different types or conditions of terrain reflect
solar radiation differently throughout the
photographic spectrum. By interpretation of
the relative brightness or tonal contrast
appearing on matched, narrowband images,
changes in soil or vegetation properties and
the composition of or the seasonal effects on
the terrain can be detected and analyzed.
Such information can be obtained in a more
quantitative manner from this type of aerial
photography than from conventional black-
and-white or even color photography.

A nine-lens camera system has been used
extensively by the Air Force Cambridge
Research Laboratories (AFCRL) and NASA
for airborne terrain research programs (Ref.
20). This “multiband” camera employs three

rolls of film, each traversing three matched
lenses equipped with appropriate filters to
give a narrowband input to the film. The part
of the spectrum covered is from 400 to 900
nm, with resolution of approximately 75 lines
per millimeter. The resulting nine photo-
graphs, taken at one shutter click, are
matched within 0.001 in. Six of the images
are on two rolls of 70-mm aerial panchro-
matic film, and the other three are on one roll
of 70-mm aerial infrared film. The lenses used
are f/2.4, 150 mm with standard gelatin filters
that give bandwidths of about 100 nm.

Extension of the capability of the camera
to gather signatures of terrain properties is
provided by the use of horizontally and
vertically polarized filters in two of the bands,
and an ultraviolet transmitting lens in another
band, applied when desired. The camera has
image motion compensation, and can be
flown at altitudes of from 600 to over 25,000
ft. A stabilized mount is desirable to provide
vertical control of photographic coverage.
Wide ranges of shutter speeds and apertures
are available for use over various conditions of
terrain illumination.

The multispectral camera has been used to

record diverse terrain areas—arctic glaciers,
lava flows, coastal beaches, desert playas, and

2-69



AMCP 706-116

Figure 2-54. Multiband Photography (Ref. 3)

tropical rain forests—all of interest because of
their characteristic reflectance properties
(Ref. 3). Analysis involves examination of the
nine images from each exposure on a light
table modified to display the three rolls of
film together. Terrain anomalies or patterns
of interest can be identified in terms of their
reflectance changes for correlation with
known pattems and conditions; selected
frames can be used for color enhancement or
superposition techniques, if desired. In special
cases where very subtle tonal differences are
worthy of more analysis, a microdensitometer
can be used to scan the original negative and
yield the detailed reflectance values that were
registered as gray tones.

The nine bands were originally chosen to
provide wide coverage throughout the spec-
trum. Since some of these may give no
additional or otherwise redundant reflectance
information, a lesser number of bands may be
practical. Various Government agencies
(Rome Air Development Center, Army Cold
Regions Research and Engineering Labora-
tory. AFCRL, and NASA) and many
commercial aerial photographic organizations
have developed fourband cameras by cluster-
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ing four separate 70-mm cameras and
synchronizing their shutters, a technique that
yields worthwhile multispectral photography.

An example of the imagery generated by
the nine-lens systems of AFCRL, and the
interpretation of the tonal changes evident in
contrasting wavelength regions, is shown in
Fig. 2-54.

2-3.5.3 COLOR DISTORTION PHOTOGRA-
PHY

“Camouflage Detection” (CD) or Ekta-
chrome infrared (IR) film is a high-resolution,
false-color film that differs from normal color
film by having its three sensitized emulsion
layers record green, red, and infrared
radiation instead of the usual red, green, and
blue. It has high color contrast, brilliance, and
haze penetration capability. The colors,
although appearing visually false, provide a
contrast enabling adjacent objects or materials
to stand out distinctly. Although the
high-resolution values cited by the manu-
facturer may not generally be realized
through exposure and processing, the clarity
of CD images provides greater detail than
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Figure 2-55. Electromagnetic Spectral Sensitivity Ranges of Films (Ref. 3)

comparable color or IR images. Fig. 2-55
illustrates the visible spectral and sensitivity
ranges of pertinent films.

The use of color distortion photography
also enables distinction between types and
health of vegetative cover. Deciduous green
foliage reflects green and infrared radiation,
and film processing leaves magenta as the
indicator for such vegetation; coniferous
foliage is recorded as a darker magenta. Due
to changes in IR reflectivity of foliage
pigments, dead or diseased leaves are recorded
in shades of light magenta to orange. The
effectiveness of using CD film for determining
certain of the properties of vegetative cover
has been demonstrated (Ref. 21).

In addition, the use of color emulsions,
particularly CD film, enables very good
photographic penetration of water. Under-
water terrain contours and obstacles can be
recognized and mapped by this CD photogra-
phy, enabling offshore beach or shallow water
charting for amphibious operations.

Objects in shadow or shade usually are not
detectable on normal black-and-white images,
but they stand out readily on CD film.
Objects of different colors, which usually
show the same shades of gray in black-and-
white photography, have definite color

contrasts when imaged on CD film. This is
especially valuable during conditions of low
sun angle or in oblique photography where
long shadows are produced.

CD photography is best reproduced and
evaluated as transparencies, since the full-
color values cannot be duplicated on paper
prints.

2-3.5.4 POLARIZED LIGHT PHOTOGRA-
PHY

In real target-background situations, illumi-
nation is by both direct sunlight and diffused
skylight. Light reflected from surfaces, in
turn, is both coherent and incoherent. Light
reflected from most surfaces is considered
partially coherent, in that a rough-textured
reflecting surface is a fairly good diffuser
since the surface as a whole reflects diffusely
while the many small facets of which it is
composed reflect specularly. The expression
o/\, where ¢ is the rms surface roughness and
A is the wavelength of the incident light, can
be stated as a measure of the light-diffusing
property of the surface. Multireflected light,
in the case of a many-faceted rough surface, is
randomly polarized. The intensity ratio of
multireflected to directly reflected light is
dependent on the distribution of facet
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orientation. This ratio generally increases with
increasing total reflectance. Hence, the degree
of linear polarization of light reflected from
diffusing surfaces is inversely related to the
total reflectance.

Many polarized photography experiments
on natural terrain and manmade surfaces have
been conducted (Ref. 22). These experiments
prove that polarization contrasts can be used
to detect and discriminate background and
target materials, in both direct and diffuse
illuminations. A wide variety of natural
materials have been photographed in both the
visible and near-infrared spectrum. It was
found that the largest polarization contrast
exists in the 500 to 700 and the 800 to 1,000
nm bands of the spectrum.

Polarization contrast, like chromatic and
luminous contrast, can generally be observed
for any material; therefore, a discrimination
capability is present in the degree of
polarization of light reflected from objects in
any scene.

2-3.5.5 INFRARED PHOTOGRAPHY

The use of black-and-white infrared film in
aerial cameras has both advantages and
disadvantages. This film is designed to be
sensitive in the red and near-infrared wave-
length region, but it is also sensitive in the
ultraviolet region below 530 nm. To insure
that only the red and infrared portions will be
recorded, a Kodak 89B filter is used to
eliminate the ultraviolet and almost all the
visible portion of the spectrum below 700
nm.

The difference in black-and-white IR
photography as compared to panchromatic is
most evident in the recording of water and
foliage (Ref, 23). Since water does not reflect
or transmit infrared radiation, and the blue
portion of the rest of the spectrum reflected
from water surfaces is filtered out, water
appears very dark or black with respect to
land, which is a lighter gray tone. Grass, bare
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earth, and water might all show an equal
density or gray tone on panchromatic film.
However, IR film will show the grass as light
gray and earth as medium gray, enabling
ready distinction. Delineation of shoreline
contours is an immediately obvious capabili-
ty. '

IR films record healthy, lush vegetation in
the lightest tones, while vegetation that does
not have enough water reflects less infrared
energy and shows as medium tones due to
changes in the relative amount of chlorophyl
and pigments.

The filtered infrared sensitivity of this film
also makes it useful for haze penetration,
since the less scattered rays are recorded. This
infrared sensitivity also provides increased
tonal contrast between manmade and natural
objects, such as an asphalt runway against an
adjacent grass or soil background.

The resolution of black-and-white IR film
is noticeably poorer than panchromatic. Most
lenses for aerial cameras are designed for
visible light and therefore focus the infrared
rays behind the normal focal plane, asshown
in Fig. 2-56. Refocusing or lengthening of the
focal distance, therefore, is required with IR
film. Not all of the IR wavelengths will be
brought into the film plane, but a sufficient
portion of them will fall into focus to
produce an acceptable image. The 89B filter
provides a bandpass of 200 nm to minimize
the possibility of degraded images generated
by the lens-film combination.

A photometer or exposure meter cannot
give reliable values to determine proper IR
film exposure, since wavelengths beyond the
visible spectrum do not register on these
devices. The usual technique is to use the
manufacturer’s exposure index as modified by
the appropriate filter factor. Areas highly
reflective in the infrared, such as vegetation,
require less exposure than industrial areas. A
comparison of simultaneous visible and IR
photography is shown in Fig. 2-57.
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2-4 MEASUREMENTS*

This paragraph reviews the instruments
commonly used to measure the critical
parameters of the terrain. What constitutes a
critical parameter, of course, varies with the
mission. This paragraph attempts to be fairly
inclusive, but the emphasis is primarily on
terrain trafficability and the measurement of
the parameters that are vital for assessing
trafficability.

The measurements and quantitative evalua-
tions that can be made of the terrain cover a
wide spectrum. Properties amenable to
measurement vary from color to radioactivity,
from hardness to chemical composition, from
obvious physical features to hidden, potential-
ly treacherous, subsurface properties. The list
of measurements described here, although
extensive, is by no means exhaustive. That
this list will increase in the future is virtually
assured because the characterization presently
available is not completely adequate for the
present day military mission.

2-4.1 SOIL PARTICLE CLASSIFICATION

Sands and gravels can be easily identified
by visual inspection. Important physical
characteristics such as texture, gradation, and
particle shape may also be described qualita-
tively on the basis of a visual examination.

*The discussion of classical soil measurements generally
follows that of Ref. 12; the remote sensing portion, Ref. 3.
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Two simple tests can be used to detect the
presence of silt and clay-sized particles since
they cannot be distinguished with the unaided
eye. If a handful of dry soil is sifted through
the fingers and allowed to fall on the ground,
the amount of silt and clay-sized particles
present can be estimated from the amount of
dust created. Secondly, with the soil either
wet or dry, a small quantity is placed in a test
tube or bottle, water is added, then the bottle
is shaken vigorously. Particles larger than
about 0.05 mm in size will have settled
approximately 3 in. in 30 s. Consequently, if
after about 30 s, the top 3 in. of water is not
substantially clear, the presence of a signifi-
cant quantity of the smaller silt and clay-sized
particles is indicated.

Inorganic silts, in the wet state, can be
rolled into thin threads, but, if the threads are
more than a few inches long, they will not
support their own weight when held by one
end. In addition, at a moisture content
corresponding to the plastic limit (the
moisture content representing the boundary
between the semisolid and plastic states of the
soil), these threads will be soft and friable.

When mixed with water to the consistency
of a thick paste, the surface of an inorganic
silt will appear wet and shiny if a pat is
shaken in the palm of the hand. If the pat is
squeezed by cupping the hand, the surface
will dry up, appear dull, and eventually crack.
A clay, similarly treated, will not change its
appearance in any way.

Lumps of air-dried silt can easily be
crushed between the fingers. If the dry
powder of the coarser silts is rubbed between
the tips of the fingers, a gritty feeling results.

Clays exhibit plastic properties over a
moderate to wide range in water content.
They can be molded and rolled into thin
threads without breaking or crumbling and
threads of considerable length will support
their own weight when held by one end if
their moisture content is in the plastic range.
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BLACK AND WHITE (IR)

Figure 2-57. Comparison of Visible and Infrared Photography (Ref. 3)

At moisture contents corresponding to the
plastic limit, the more plastic the soil, the
harder and tougher it will feel. Consequently,
the consistency of a soil at a moisture content
corresponding to the plastic limit distin-
guishes between silts and clays, and also
affords a simple method of evaluating the
engineering characteristics of the various clays
by measuring qualitatively their degree of
plasticity.

Lumps of air-dried clay are relatively hard,
and the more plastic the clay, the harder they
are. These lumps can often be broken but
cannot generally be crushed and powdered by
hand.

The color of the soil is helpful in
distinguishing between soil strata and in
identifying soil constituents, but it does not
signify that the soil possesses certain specific
properties. Color of soil often varies with the
degree of moisture present; hence, it is
necessary to consider the condition of the
soil. Generally, moist soil has more contrast in
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color and the colors become less distinct as
the moisture content is reduced. In fine-
grained soils, certain dark or drab shades of
gray or brown — including colors that are
almost black — are indicative of organic
colloidal matter. In contrast, clean and
bright-looking colors — including medium and
light gray, olive green, brown, red, yellow and
white — are generally associated with inor-
ganic soils. Soil color may also indicate the
presence of certain chemicals. Red, yellow,
and yellowish-brown soil colors may be a
result of the presence of iron oxides. White to
pinkish colors may indicate presence of
considerable silica, calcium carbonate, or
aluminum compounds. Grayish-blue, and gray
and yellow mottled colors frequently indicate
poor drainage.

Organic soils can be identified by their gray
to black color, by the presence of undecom-
posed vegetative matter or shells, and by
odor — in many instances they contain gas
that is released when the soil is excavated.
The odor generally diminishes with exposure



to air but becomes pronounced if a wet
sample is heated. If a sample is rolled into a
thin ball and exposed to the atmosphere for a
few days, it will usually show annular rings of
discoloration when broken open. The dis-
coloration is the result of the oxidation of
thin layers of organic material. Organic soils
are highly compressible and are undesirable
construction materials.

The general identification of a soil should
include prominent characteristics of the
undisturbed materials. Sand and gravel are
described as being loose, medium, or dense
while clays are described as hard, stiff,
medium, or soft. The proper designation is
determined on the basis of simple tests and
observations, previously described, such as the
difficulty or ease of pushing a probe into the
soil, the ease or difficulty of excavating the
soil, or consistency tests.

2-4.2 MOISTURE CONTENT

An understanding of the way in which soils
are affected by water is probably more
important than any other single factor. The
moisture contained in a soil is important to
considerations of such soil phenomena as
shear resistance, frost action*, volume change
with a change in moisture content, and also
for an understanding of the properties of
compacted soil.

Moisture content (MC) is the term used to
define the amount of water present in a given
soil. It is expressed as a percentage and is
equal to the ratio of the weight of water to
that of the dry soil solids.

Techniques that have been applied to the
determination of the moisture content of soil
include gravimetry, neutron scattering, tensi-
ometry, electrical resistance, thermal con-
ductivity, hygrometry, and microwave absorp-
tion (Ref. 24). Of these, the several

*Frost action is a general term used in reference to freezing
and thawing of moisture in materials and the consequent
effects on these materials and the structure of which they
are a part, or with which they are in contact.
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gravimetric techniques are the older and are
employed for calibration purposes. However,
gravimetry requires considerable equipment
and time. Consequently, considerable atten-
tion has been given to alternative faster
measurement techniques, and a variety of
instruments employing such techniques are
available commercially.

The gravimetric technique is the most
commonly used technique for measuring
moisture in soil. It requires the collection of a
soil sample, weighing it, removing the
moisture, weighing the dry sample or the
removed water, and calculation of the
moisture content. It is the most direct way of
measuring soil moisture and is employed for
calibrating other sensors. In practice, errors
are introduced by inhomogeneities in the soil
and by moisture lost or gained before or
during measurement. It is a destructive
technique in that it requires removing a soil
sample. Results from gravimetry are also
subject to error when water is chemically
bound to the soil and when vapors of other
materials are present in the soil. Evaporable
water is customarily defined as that which is
removed under a vacuum of 0.5 torr at 23°C.
This corresponds approximately to drying in
an oven at 105°C.

While oven drying is the most common
method for removing moisture from soil in
gravimetric techniques, freeze drying, desicca-
tion, alcohol burning, and other methods are
sometimes employed. Alcohol burning, for
example, is one of the more rapid gravimetric
techniques. It consists of mixing alcohol with
the soil sample and igniting the mixture. Most
of the water is removed during the process.

Nuclear measurement techniques using
neutron scattering depend upon the ability of
hydrogen in water to slow down fast
neutrons. The form of the hydrogen cannot
be distinguished by this method and measure-
ment interferences also exist with sample
density, sample composition, surface rough-
ness, and sample homogeneity. A number of
nuclear gages are presently employed by
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highway departments to determine soil
moisture. Comparative evaluation studies have
shown that, while the various interferences
lead to errors in moisture measurement, the
errors are commonly less than those from
other methods. Overall, the nuclear method
appears to be a very good method for
measurement of moisture in a 3- to
4-in.-surface layer.

Tensiometry is based upon the capillary
tension of water, which allows it to permeate
a porous cup or membrane. In one version of
this instrument, the electrical conductance of
salts on one side of the membrane is measured
in order to determine the moisture content of
the soil; in the other the effective pressure of
the water as produced by capillary action in
the pores of a ceramic material is measured.

Moisture-measuring techniques that depend
on the influence of water on the electrical
conductivity of the soil, the thermal con-
ductivity of the soil, or the microwave
absorption of the soil have been studied
extensively and under certain special circum-
stances are applicable. For most practicable
applications, however, the nuclear measure-
ment technique and the various gravimetric
techniques are preferable and most widely
employed. Further information on the
measurement of moisture content of soils is in
par. 2-4.4.

2-4.3 GRAIN SIZE DISTRIBUTION

Few natural soils consist of grains all the
same size. The property of a soil that
describes the distribution of size groups
represented is called gradation. Knowledge of
the grain size distribution (gradation) is
required in order to classify a soil.

A well-graded soil is composed of particles
that vary in amount according to size in such
a manner that the void spaces formed by the
larger particles can be filled by smaller
particles so that a minimum volume of voids
is achieved. A soil composed of particles
ranging in size between wide limits, but
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lacking the proper proportions of the
respective sizes to qualify as well graded, is
said to be poorly graded; if one or more size
ranges are completely absent, the soil is said
to be gap graded. A uniformly graded soil is
one composed essentially of particles of equal
size. These four categories of gradation — well
graded, poorly graded, gap graded, and
uniformly graded — include all possible grada-
tions of soil.

The grain size distribution of the coarse
fraction of soils (gravel and sand) may be
determined by the sieve analysis procedure. A
sample, air-dried and with the aggregates
thoroughly broken up, is passed through a set
of sieves having openings ranging from 3 in.
down to 0.074 mm, and the weight of
material retained on each sieve is determined.
The number and sizes of sieves used depend
on the range of particle sizes in the soil and
on the precision desired in the determination
of the gradation curve.

Sieve sizes are denoted by two nomencla-
tures. One refers to the sieve screen size in
inches, the other by number. The inch
designation refers to the actual Ilinear
dimensions of the square openings between
the wires of a sieve screen. The number
designation of a sieve indicates the number of
openings existing in the screen per linear inch.
Fig. 2-58 shows the difference more clearly.

The difference in the size of the openings
of these two sieves is a result of the thickness
of the wires being included along with the
four openings per linear inch of the No. 4
sieve. By measurement, the opening in the
No. 4 sieve is 4.75 mm while that of the 0.25
in. sieve is 6.35 mm. The sieves with openings
larger than 0.25 in. are referenced according
to the size of the opening. Sieves 0.25 in. or
smaller are identified by the number of
openings per linear inch.

The results of the sieve analysis are
presented in the form of a grain size
distribution curve on a semilogarithmic chart.
The grain size distribution curve is obtained
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Figure 2-58. Sieve Nomenclature (Ref. 12)

by plotting particle diameters (sieve openings)
on the abscissa (logarithmic scale) and the
percent finer by weight on the ordinate
(arithmetic scale).

A hydrometer analysis is required to
determine the grain size distribution of
particle sizes smaller than 0.074 mm. The use
of an immersion hydrometer to measure the
specific gravity of a liquid is well known. This
same principle is utilized to measure the
varying specific gravity of a soil suspension as
the grains settle. This information is used to
determine the grain size distribution curve by
means of the equation

N = _(i_ s r—r 2-17)
G-1\w)? W)

where
G = specific gravity of soil, dimensionless

¥V = volume of suspension, cm?
W, = total weight of suspended soil, g
¥ = unit weight of water, g cm 3

r, = specific gravity of water, dimension-
less

r = specific gravity of suspension, dimen-
sionless

N = fraction of the soil with diameters
finer than a diameter given by
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18 z
p= f[—E (—),cm (2-18)
Ys ~ t
D = Stokes’ diameter of soil grains, cm
pu = viscosity of water, g s cm™2

7, = unit weight of soil, g cm™

z = depth in suspension of measurement,
cm
t = time after preparation of suspension,
s
Eq. 2-17 is derived in Ref. 12. This

determination requires thorough mixing of
the soil sample — after its weight and its unit
weight are determined — with water, then
measurement of its specific gravity at a later
time after settling has begun. The specific
gravity must be determined for a sample of
the suspension from a known depth by
withdrawing the sample in a manner similar to
the testing of battery acid.

The hydrometer analysis is satisfactory
when the grain size curve is desired only for
sizes greater than | to 2 um. In fine clays, a
large percentage by weight may be finer than
these sizes. These particles are colloidal and
tend to remain in suspension indefinitely.

An apparatus has been developed for
testing fine clays in which the hydrometer jar
is suspended at the end of a rotating arm. The
centrifugal force caused by rotation intro-
duces acceleration many times greater than
gravity causing much faster settlement than
occurs under gravity alone. Grain size
distribution curves that extend to 0.0l um
may be obtained in a few hours with this
apparatus.

The hydrometer analysis is subject to
several limitations. Stokes’ law defines the
phenomenon of a single spherical particle (of
constant specific gravity) falling through a
fluid that is indefinite in extent. None of
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these conditions are satisfied. However, the
only limitation that cannot be overcome is
the requirement of a spherical particle — clay
particles are generally plate shaped. Conse-
quently, in connection with the hydrometer
analysis, it is necessary to understand the
concept of an equivalent diameter. Any
particle that has the same velocity of fall as a
sphere of the same unit weight and of
diameter D will be said to have an equivalent
diameter. Therefore, the diameter scale for
any mechanical analysis plot based on Stokes’
law shows equivalent diameters rather than
actual dimensions of particles.

2-4.4 DENSITY

Density is defined in physics as the mass
per unit of volume and usually relates to a
single homogeneous substance. In soil engi-
neering, however, density refers to weight per
unit volume and is generally expressed as
either wet density or dry density. Wet density
Y,, is computed as

W, +W,
Yy = — 05— ,gem? (2-19)
4
where
Y,, = wet density, g cm™
Ws = weight of soil solids, g
W, = weight of water, g
Vt = total volume occupied by the soil

particles including voids within and
between particles, cm3

Dry density 1y, is computed as

W Ym

Ya Ty T TvmMc

t

,gcm3 (2-20)

where MC is the moisture content of the soil,
expressed as a decimal fraction by weight.
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Several techniques are used to measure soil
density. The most common are the direct
measurement, the sand cone method, the
rubber balloon method, the drive cylinder
method, and the nuclear density probe.

(1) Direct measurement. In direct measure-
ment, the total weight of a soil sample W is
first determined; then its volume V, is
ascertained through immersion in mercury.
The sample is then placed in an oven to dry
until a constant weight W, is achieved. If W,
W,, and V, are known, the wet and dry
densities can be computed using Egs. 2-19
and 2-20.

(2) Sand cone method. The sand cone
method is intended to determine the in-place
density of either fine- or coarse-grained
materials. This test is so named because sand
is used, following prescribed procedures, to
determine the volume of the hole from which
a sample has been taken. The test consists of
digging out a sample of the material,
determining the volume of the hole from
which the sample was removed, and determin-
ing the wet and dry weights of the sample.
The procedure is restricted to soils containing
particles not larger than 2 in. in diameter. The
standard apparatus is shown in Fig. 2-59.

(3) Rubber balloon method. The rubber
balloon method is restricted to test hole
volumes between 0.025 and 0.050 ft3 and to
bonded soil masses in which the maximum
particle size is 0.5 in. It is similar to the sand
cone method except that the volume of a test
excavation is measured by determining the
volume of liquid — contained in a thin
flexible membrane — required to fill the
cavity. The strength of the membrane is
required to be such that a pressure of not
more than 5 psi is necessary to cause it to
take the shape of the test hole. The sample
removed from the test hole is dried and
weighed. The standard apparatus is shown in
Fig. 2-60.

(4) Drive cylinder method. The drive
cylinder method of determining in-place



Figure 2-569. Sand Cone Apparatus
(Ref. 12)

density can be used satisfactorily in moist,
cohesive, fine-grained materials and in sands
that exhibit tendencies toward cohesiveness.
An undisturbed sample is obtained by driving
a small, thin-walled cylinder into the material
with a special driving head. The cylinder is
driven in until its top is approximately 0.5 in.
below the original surface. The driving head is
then removed and the cylinder is dug from
the ground. If the tare weight of the cylinder
is known, the wet weight of the sample, with
any excess soil trimmed off, can be obtained
immediately. The sample is then removed
from the cylinder and the moisture content is
determined. The volume of the sample is
equal to the volume of the cylinder. Wet and
dry densities may then be computed using
Eqs. 2-19 and 2-20.
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Figure 2-60. Rubber Balloon Apparatus
(Ref. 12)

(5) Nuclear density probe. As with the
nuclear moisture meter, the nuclear density
probe is of recent development. The primary
components of the density probe are a gamma
ray-source, a gamma-ray detector, and a scaler
to count detector output.

Two types of density probes are available.
The most common is the back-scatter type in
which both the source and detector are
mounted in a device that rests on the ground
surface. Both the source and the detector are
shielded from each other in the instrument.
The second type is the direct transmission
density probe in which either the source or
the detector, but not both, is inserted into the
soil to various depths — up to 12 in.

The nuclear method of determining density
is based on the absorption of gamma rays. A
radioactive source is used, which emits gamma
rays into the soil (or into some other material,
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the density of which is to be measured). As
the gamma rays pass through the soil, they
collide with electrons, lose part of their
energy, and continue their travel along
deflected paths. Through a series of collisions.
the gamma rays are scattered in all directions
and their energy may eventually be reduced
to a level at which the gamma rays are no
longer detectable.

The absorptive capacity of the soil depends
on electron density (number of electrons per
unit volume), which is a function of the
density of the soil. Obviously, the greater the
absorptive capacity of the soil, the smaller the
number of gamma rays reaching the detector.
In other words, an inverse relationship exists
between soil density and the gamma-ray
intensity indicated by the detector. Because
of the complexity of the scattering phenome-
non, the functional relationship between
absorptive capacity and soil density must be
determined experimentally (calibration).

As with the nuclear moisture meter, the
measurements made with density probes are
very sensitive to surface conditions under the
instrument. Air gaps under the instrument of
0.125 in. can cause errors of 10 percent or
more.

2-4.5 ATTERBERG LIMITS

The Atterberg limits are parameters char-
acterizing the plasticity and fluidity of soils.
These include the liquid limit, plastic limit,
plasticity index, and shrinkage limit.

The liquid limit is the water content
corresponding to the arbitrarily determined
boundary between the liquid and plastic
states of consistency of a soil. It is considered
to be the moisture content at which two
halves of a soil pat, separated by a groove of
standard dimensions, will close at the bottom
of the groove for a distance of 0.5 in. after 25
impacts in a standard liquid limit apparatus
(Fig. 2-61). Trials are performed with samples
at several different moisture contents and a
plot is made of moisture content (arithmetic
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Figure 2-61. Mechanical Liquid Limit
Device (Ref. 12)

scale) versus the number of blows (log scale)
required to close the groove over the pre-
scribed length. The liquid limit can then be
read from the linear plot obtained and a trial
at exactly 25 blows is not required.

The plastic limit is the water content
corresponding to an arbitrarily defined limit
between the plastic and the semisolid states of
consistency of soil. It is obtained by rolling
soil samples at slowly decreasing water
content until a water content is reached at
which a soil thread 0.125 in. in diameter just
begins to crumble. The soil threads are rolled
on a glass plate with the hand; consistent
results can be obtained without special
apparatus.

The plasticity index (PI) is the range of
water content between the liquid and plastic
limits, i.e., the range in moisture content over
which the soil will behave as a plastic. This
index, coupled with the liquid limit, is an
excellent indicator of the plastic behavior of
soils. Since plasticity is a unique property of
clays, the plasticity index is an indicator of
the relative clay content of similar soil types.
Furthermore, soils with higher plasticity
indexes will exhibit greater volume changes
with varying moisture contents and will suffer



greater loss of stability when wet than the
more “lean”, low plasticity, soils.

The shrinkage limit w, is the water content
of a clay soil at which the soil ceases to
change in volume upon further loss of water
due to drying. Two methods are used for
determining the shrinkage limit. When the
specific gravity is not known, the shrinkage
limit can be calculated from the following
equation:

W =W =7, (Vi = V3)

w, = ” (2-21)
s
where
V| = initial volume of soil specimen, cm?
W, = initial weight of the soil specimen, g

V, = volume of the oven-dried specimen,
3
cm

W_ = weight of the oven-dried specimen, g
7v,, = unit weight of water, g em™
If the specific gravity of the soil is known,

the shrinkage limit may be determined from
the values of W, and V, as

w, = -— (2-22)

where

G = specific gravity of the soil solids,
dimensionless.

2-4.6 SOIL STRENGTH

The strength properties of soil are impor-
tant for a variety of engincering and
operational applications. These determine the
actual mobility capabilities of open terrain for
different vehicles, the suitability of founda-
tions and footings, the wearing capability of
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unpaved roads, and a variety of materiel
requirements for sustaining operations. Most
of the measurements of strength parameters
are based on a standard technique often
associated with use of an especially designed
apparatus.

2-4.6.1 COMPRESSION

The compressive properties of soil are
described as either unconfined compression or
triaxial compression. As the names imply,
these measure distinctly different properties
of soil.

The unconfined compressive strength of
cohesive soils is measured on a cylindrical soil
specimen of a length at least twice its
diameter. This specimen is loaded axially to
failure or to 20 percent strain depending on
which occurs first. Two methods of load
application may be used; controlled stress or
controlled strain. In the first method, load is
applied in increments at equal intervals of
time and the axial shortening of the specimen
is recorded. In the controlled strain method,
the specimen is deformed at a constant rate
and the load is recorded at intervals as
requircd to obtain the desired degree of
precision in the load-deformation curve. In
saturatcd cohesive soils, the shear strength is
assumed to be one-half the unconfined
compressive strength and is independent of
confining pressure.

The triaxial test is presently the most
widely wused laboratory method for the
measurement of soil strength and stress-strain
relationships. Its principal advantages are that
it permits precise control of confining
pressure. drainage. and rate of loading. and
provides for the measurement of pore
pressures and volume changes. Its versatility
in these respects has caused it to be used
extensively not only for investigating strength
and stress-strain characteristics of soil under
conditions representative ot those existing in
natural soils and embankments, but also as a
means of exploring the basic parameters
affecting the shearing resistance of soil.
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The standard triaxial test specimen is a soil
cylinder, normally of a length at least twice
its diameter (Fig. 2-30). It is placed between
two plates — either pervious or impervious
depending upon test conditions — sealed in a
watertight membrane and enclosed in a
pressure cell. The specimen is subjected to an
all-around confining pressure and loaded
axially by means of a piston acting on an end
plate.

The most common triaxial tests are the
following:

(1) Drained Tests. Drainage is permitted
throughout the test with full pore pressure
dissipation, permitting direct measurement of
effective stresses.

(2) Consolidated-Undrained Tests. Drain-
age is permitted until the sample is fully
consolidated under the confining pressure. No
drainage is permitted during the application
of the axial load. Pore water pressures may or
may not be measured during the test.

(3) Undrained Tests. No drainage, and
hence no dissipation of pore pressure, is
permitted under either the confining pressure
or the axial load.

The methods of loading normally used are:

(1) Controlled Stress. Load is applied in
increments.

(2) Controlled Strain. Load is measured at
intervals of deformation as the specimen is
being deformed axially at a constant rate. The
test is performed with a number of different
lateral pressures. Test data are analyzed
graphically by use of Mohr circles to
determine the cohesion and angle of internal
friction of the soil. Also, consideration is
given to the shape of the stress-strain curve
for each test.

2-4.6.2 SHEAR

Shear is measured as direct shear, torsional
shear, or vane shear. The results of such
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measurements are closely correlated among
the three techniques since they all depend on
the same basic soil properties.

For direct shear measurements, a soil
specimen is placed in a split mold and
shearing forces are applied to cause one
portion of the specimen to slide in relation to
the other portion (Fig. 2-31). The test is
conducted on several specimens, each with a
different load acting normal to the shearing
force. If the normal stress is applied and the
shear stresses at failure are plotted, the slope
of the line through these points is the angle of
internal friction; the intercept of this line
with the shear stress axis is the cohesion of
the soil. The direct shear test may be used for
both cohesive and cohesionless soils.

In the torsional shear test a specimen of
solid circular or annular cross section, usually
confined between rings, is subjected to an
axial load and to shear in torsion. The annular
cross section is the more difficult with respect
to test preparation but is the more preferred
because the shearing stresses are more
uniform on the cross section and, hence, may
be computed more readily.

In-place torsion shear tests are performed
by pressing a dentated solid circular or
annular plate against the soil and measuring
the resistance to its rotation under a given
axial load.

The device used for the determination of
vane shear consists of a four-bladed vane
fastened to the bottom of a vertical rod. The
vane is pushed into soil and the torque
required to rotate the vane is measured. The
soil fails on the cylindrical surface defined by
the outer edges of the vane. Average shearing
resistance can be computed from the
dimensions of the vane and the measured
torque.

The vane may then be rotated rapidly
through several revolutions to remold the soil.
The shearing strength can again be measured
to determine the sensitivity of the soil to
remolding.
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Figure 2-62. The Cohron Sheargraph
(Ref. 25)

This device is best suited for use in cohesive
soils and is not recommended for use in sandy
soils, gravel, or soil deposits containing many
large pebbles.

The Cohron sheargraph (Ref. 25) is an
instrument for measuring and recording the
shear strength of soil, from which the
cohesion and angle of internal friction can be
deduced. It is rapid in operation and
portable — designed for field rather than
laboratory use. A cross section of the
sheargraph is shown in Fig. 2-62.

In operation, the shear head is completely
inserted into the soil, normal stress is applied
to the shear surface through axial deflection
of the spring, and shearing stress is applied by
twisting the recording drum until the soil
fails. After soil shear failure occurs, normal
load is gradually reduced. Since the soil will
sustain only a given amount of shearing stress
for a particular normal load, the recording
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pen will trace the curve of shear stress versus
normal stress as the latter is reduced to zero.
The machine is calibrated so that the chart
produced on the recording drum is a direct
plot of shear stress versus normal stress. The
sheargraph can produce large volumes of data
rapidly. This is a prime requirement for
earthmoving studies since the time available in
which to measure soil properties is usually
limited. This also allows the determination of
the mode failure condition taken from a large
number of failure curves superimposed on the
same graph, increasing the reliability of the
data. Data should be collected throughout the
area in which testing is to occur.

2-4.6.3 PENETRATION

When a force is exerted on soil by a
structure, vehicle, or foot, the amount of
penetration is an important parameter of the
strength of that soil. A common empirical
approach to this parameter is to determine
sinkage by walking on the area in question.
However, this method is susceptible to serious
error. A variety of penetration measurement
techniques are employed to provide a more
meaningful data base. These include the
simple soil penetrometer, the California
Bearing Ratio Test, the cone penetrometer,
the bevameter, and aerial penetrometer.

(1) Soil penetrometer. A simple pene-
trometer is a probe that is forced into the
ground to obtain a measure of soil strength. If
the penetrometer is pushed into the ground
slowly, the test is classified as being a static
penetration test. If the probe is driven rapidly
into the ground, the test is classified as a
dynamic penetration test. Static tests are
generally performed in soft, cohesive soils and
dynamic tests in hard, cohesionless soils.

The most common test performed is the
standard penetration test. This is made by
driving a split-barrel sampler (Fig. 2-63) into
the soil by dropping a 140-1b hammer onto it
from a height of 30 in. The penetration
resistance is the number of blows required per
12 in. of penetration. Penetration resistance
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Figure 2-63. Standard Split-barrel Sample
Assembly (from ASTM Standardss)
(Ref. 12)

can be related to soil density in accordance
with Table 2-14. These data may be
considered fairly reliable with sands but only
an approximation for clays.

In a sandy soil located below the water
table, the blow count may indicate a relative
density considerably greater than the actual
relative density of the deposit. Under these
conditions, for every blow count greater than
15, an additional 0.5 blow count should be
added before Table 2-14 is used. This is
necessary because the material tends to
increase in volume upon shearing, producing
an increase in effective stress which results in
an apparent increase in penetration resistance.
In deposits containing large stones, the results
may be unreliable because of the small size of
the sampling spoon compared with that of the
stones.

The standard penetration test cannot be
regarded as a highly refined and completely
reliable test; however, the blow count gives a
useful preliminary indication of the consis-
tency or relative density of most soil deposits.

(2) California Bearing Ratio. In this test, a
piston of 3 in.?2 cross-sectional area is forced
into a compacted soil sample of 6-in. diameter
in a mold. The rate of piston movement is
controlled, and pressure readings are taken for
various penetration depths. The standard of
comparison for computing the bearing value
of a material is based upon the penetration
and load, or pressure, on a standard,
well-graded crushed stone (1,000 psi to
produce O0.l-in. penetration). The bearing
value of a sample is determined for a specific
penetration by dividing the load for the
penetration by the standard load for the same
penetration. For example, if a specimen
requires a load (or pressure) of 450 psi to
obtain 0.1-in. penetration, its bearing value
will be (450/1,000) X 100 = 45 percent. This
bearing value has become known as the
California Bearing Ratio, generally abbrevi-
ated to CBR, with the “percent” omitted.
The Corps of Engineers and some highway
departments use the CBR principle in
conducting tests to evaluate the bearing value
of materials.

(3) Cone penetrometer. The cone pene-
trometer was developed to obtain an empiri-
cal field measure of soil bearing-traction

TABLE 2-14

RELATIONSHIPS OF PENETRATION RESISTANCE AND RELATIVE DENSITY (Ref. 12)

Sand, No. of blows | Relative density Clay, No. of blows Consistency
0-4 Very loose 1-2 Very soft
4-10 Loose 2-4 Soft
10-30 Medium 4-8 Medium
30-50 Dense 5-15 Stiff
> 50 Very dense > 30 Hard
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capacity. A 30-deg cone is pushed slowly into
the soil and the force required is recorded at
desired penetration increments. This device
and procedures for its use were developed by
the Corps of Engineers to measure the
trafficability of soils.

The measure of the trafficability of a soil is
referred to as a rating cone index. It is the
product of in situ cone index and remolding
index. Remolding index is obtained as
follows: the cone index of an “undisturbed”
soil sample, confined in a small cylinder, is
measured before and after tamping with 100
blows of a 2.5-Ib hammer falling 12 in. The
ratio of the average cone index after tamping
to that before tamping is called the remolding
index.

The cone penetrometer is simple. A vast
number of tests have been performed with it,
and their results correlate with other soil tests
and other soil classification systems. It is one
of the most widely used field tests for
determining an index of soil strength.

(4) Bevameter. The bevameter was de-
veloped for predicting the performance of
vehicles on soil. It is a device for determining
the load versus sinkage curves for two or more
different diameter circular plates when
pushed into the soil, and also for determining
the torsional resistance of a cleated circular
plate under a controlled normal load. The
data obtained from these tests are used to
determine the soil values k., k,, and n (par.
2-3.3.3) required in formulas derived for
computing traction, rolling resistance, and
sinkage of wheels. A schematic of a bevameter
appears in Fig. 2-64.

(5) Aerial penetrometers. The most widely
used aerial penetrometer is essentially an
aluminum cylinder that looks like a small
rocket; it is approximately 2.5 ft long, 2 in. in
diameter, and weighs less than 2 1b. The
original model was dropped from propeller-
driven aircraft and had a spring mechanism to
measure the impact. If the penetration
resistance is greater than the preset level, a
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flare is released through the hollow barrel and
rises to several hundred feet altitude as a
visible “go” indicator. If the penetration
resistance is less than the preset level, the
impact is not great enough to depress the
spring and fire the shotgun shell. Hence, no
flare is released, indicating “‘no go”. Fig. 2-65
shows an exploded view of this device.

For tactical reconnaissance missions, an
improved means of deployment and indica-
tion was developed. Penetrometers can be
ejected in quantities up to 10 in a preselected
sequence from tip-tank Jlaunchers on jet
aircraft at speeds of approximately 450 kt
and at altitudes of 1,000 ft above the terrain.
For multiple deployment the firing sequence
is 0.5 s apart, causing the penetrometers to
land about 300 ft apart. Ejection is by an
electrically detonated charge contained within
the launching system; the penetrometers are
inert. They are nearly buried in their own
holes, depending on the soil strength en-
countered, and are expendable. The launching
mechanism shoots the penetrometers down-
ward and backward at a component velocity
sufficient to cancel the forward speed of the
aircraft, so that the penetrometer hits the
ground at 350 ft s ! directly under the spot
where ejection takes place. Soil hardness is
indicated by the appearance of a self-con-
tained light bulb visible through the vertically
impacted cylinder.

The penetrometer is aerodynamically stable
with pop-out vanes governing its fall, which
takes about 1.5 s from ejection to impact.
The strength-indicating mechanism is adjust-
able to allow determination of soil hardness
through a range of values that might be
required by various aircraft landing loads.

2-4.7 CONSOLIDATION

The consolidation test is a one-dimensional
compression test that involves, simultaneous-
ly, the slow escape of water and a gradual
compression of the soil structure. The
apparatus used for the study is called a
consolidometer. The soil sample is placed in a
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Figure 2-64. Schematic View of a Bevameter-type Instrument {Ref. 8)

standard cylinder with porous disks at the top
and/or bottom to provide drainage. The
specimen is loaded in steps, each load
doubling the previous value of load on the
specimen. New loads are not added until
compression of the specimen under the
previous loading has practically ceased. This
may take only a few minutes with sands; but
in clays, compression continues for a long
period of time and 1-day intervals between
loadings are quite common. A curve of
compression versus time is plotted for each
increment of load. The final data consist of
timecompression curves for each load incre-
ment and a load-compression curve for the
test as a whole. The load-compression data, or
final stress-strain relationships, are presented
in the form of a curve of log of pressure
versus void ratio for the final condition of
each load increment.

2-4.8 PERMEABILITY

A material is said to be permeable if it
contains continuous voids. Although every
soil and every rock satisfies this condition,
large differences exist in the degree of
permeability of the various earth materials.
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The quantity of flow through a dense rock
may be so small as to pass unnoticed because
evaporation prevents the accumulation of
water on the exposed face; yet the flow of
water through such a material may produce
seepage pressures between the mineral grains
larger than those exerted in more permeable
materials under the same conditions of
hydraulic head.

The flow of water through permeable
substances is governed by an empirical
relationship

v=ki,cms™! (2-23)
where
v = discharge velocity (the quantity of
water that percolates through a unit
area perpendicular to the direction of
flow, in unit time), cm s ™!
hydraulic gradient in the direction of
flow (cm of head per cm of flow

distance), dimensionless

coefficient of permeability, cm s ™!
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Figure 2-65. Assembly of Aerial Penetrometer (Ref. 3)

In general, k is a function of the permeable
substance and the unit weight and viscosity of
the fluid. Because fluid viscosity changes with
temperature, the coefficient of permeability,
in the general case, also varies with tempera-
ture. However, in soil mechanics the only
fluid of interest is water and its changes in
viscosity over the range of temperature of
groundwater are negligible. Hence, the coef-
ficient of permeability is considered a
property of the soil or rock.

The coefficient of permeability k generally
increases with increasing size of voids, which
in turn increases with increasing grain size.
However, the shapes of the void spaces also
have a marked influence on the permeability.
As a consequence, no simple relationships
have been found between permeability and
grain size except for fairly coarse soils with
rounded grains. For example, it has been
found that, for filter sands, in the cgs system
of units

k = 100D},,cms™! (2-24)

where D, is the effective diameter (particle
diameter corresponding to 10 percent fines on
the grain size curve of the soil considered),
cm. The conversion factor 100 changes the
units of £ tocm s ™.

Similarly, it has been found that the
coefficient of permeability of coarse-grained
soils varies approximately as the square of the
void ratio. No such simple relation has been
established for soils containing flake-shaped
particles.

Permeability tests are performed with both
constant-head and falling-head permeameters.
In either case, an average coefficient of
permeability is determined by measuring the
quantity of water that flows through a test
specimen in a given time period. The
constant-head permeability test is recom-
mended for highly permeable materials such
as sand and gravel. The value of the
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coefficient of permeability k&, in ft §!,
computed from experimental results is

T 225)
where

Q = quantity of flow in a given time, ft3

L = sample length, ft

h = head of water, ft

A = sample cross-sectional area, ft2

t = time,s

The falling-head permeability test is recom-
mended for materials of low permeability.
The value of k (units as in Eq. 2-25) is
computed from experimental results as

al h0>
k=23[|—] 1 —1 -1 2-26
(At) og <k1 fts ( )

a = cross-sectional area of the standpipe,
which provides the hydraulic head,
ft?

h, = original hydraulic head, ft

h, = final hydraulic head, ft

The other symbdls are defined in Eq. 2-25.
2-4.9 COMPACTION

Compaction densifies soil by mechanical
means. The compaction properties that a soil
displays may vary widely with the moisture in
the soil and the density of the soil. The
density to which a soil may be compacted
depends on the amount of moisture present
and the compactive effort applied, particular-
ly in cohesive soils. For a given controlled
method of compaction, the moisture content
that permits the greatest density to be
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obtained is referred to as the optimum
moisture content. The optimum moisture
content for a given soil is not a constant value
but will vary for different methods of
compaction and for different compactive
efforts. Because of these effects, it is
necessary that standard tests be used to define
the compaction of a soil. The most common
of these tests are the Proctor Compaction
Test (modified AASHO* compaction test)
and the Harvard Miniature Compaction Test.

The Proctor Compaction Test is a standard
test to define degree of compaction. The
apparatus consists of a metal cylinder, 4 in.
ID and 4.6 in. high, and a metal tamper,
weighing 5.5 Ib, with a 2-in. diameter face.
The soil is placed in the cylinder in three
approximately equal layers, and each succes-
sive layer is given 25 compaction blows of the
tamper falling freely through a distance of 12
in. The weight, moisture content, and dry
density of the compacted specimen are
determined. The test is repeated a number of
times with the soil at various moisture
contents and the results are plotted to obtain
a moisture versus dry density curve. The peak
of this curve indicates the maximum dry
density, and the moisture content at which
this density is obtained is defined as the
optimum moisture content for that particular
soil (and compaction effort).

The Proctor Compaction Test was designed
to yield maximum dry densities comparable
to the highest densities obtainable with field
compaction equipment. Since the test was
devised in 1934, more efficient compaction
equipment has become available.

The Proctor Test has been generally
replaced by the Modified AASHO Compac-
tion Test, which is identical to the Proctor
Test except that the sample is compacted in
five layers (25 blows per layer) with a 10-ib
hammer falling 18 in.

*American Association of State Highway Officials.



The Harvard Miniature Compaction Test is
also intended to provide moisture-density
relationships of soil. The apparatus used
consists of a cylinder, 1-5/16 in. ID and 2.8
in. high, and a tamper, 0.5 in. in diameter,
reacting against a spring of desired stiffness.
The tamping device applies a kneading action
to the soil in compacting it. The selection of
the number of layers in which the soil should
be placed, the number of tamps per layer, and
the tamping force depend upon the soil type
used and the use intended for the compacted
material.

2-4.10 SEISMICITY

The seismic refraction method can be used
to determine the depth to interfaces such as
the water table, permafrost, bedrock, or
subsurface formations offering a distinct
change in the propagation velocity of seismic
waves. Delineation of deep-lying deposits is
possible and qualitative relationships between
seismic velocity and hydrologic parameters
such as porosity and density have been
established. Mapping of buried aquifers,
therefore, is practical.

Compact portable seismographs are now
available that utilize a hammer blow against a
steel plate on the ground as an energy source.
This eliminates the need for drilled holes and
explosives, and has greatly enlarged the utility
of operation.

Some identification of the type of
near-surface material is possible from compu-
tation of the wave velocity obtained by a
thorough seismic refraction survey. Dry,
wind-blown sand or fine gravels have veloc-
ities varying from 1,500 to 2,500 fts™';
heavier gravels with small amounts of clay
binder run up to 4,000 ft s!; while velocities
from 4,500 to 6,000 ft s ! represent more
compact gravels or those within the water
table. Varve clays show a constant velocity of
5,000 ft s~!,while values from 6,000 to 9,000
ft s7! wusually represent a hardpan or till
material that is heavy gravel and clay, often
cemented together by iron rust or oxidation.
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2-4.11 GEOMETRY*

Geometric properties of the terrain may be
determined by a variety of measurement
techniques ranging from aerial photography
to the use of conventional surveying. Each of
these has its advantages for certain applica-
tions, usually determined by the required
scale factor of the terrain features. Stereo-
photography, for example, lends itself to the
compilation of data for topographic mapping,
while surveying provides detailed data such as
that required for construction. Other tech-
niques are applicable to measurement of
small-scale terrain roughness, of local slopes
and obstacles, or of detailed topographic
features of the terrain of a limited area.

The profilometer is one type of contour
measuring instrument. It consists of an
electromechancial assembly which is towed
over a defined path so that data on
linear-dimensions and slope are obtained.
With some instruments, the frame of a vehicle
on which the instrument is attached provides
a reference plane and small-scale roughness is
measured. In other instruments, a gyroscopic
inertial reference system is provided so that
slopes are referenced to the horizontal. Each
of these measurement systems is optimized
for its intended application, which may be the
measurement of the roughness of a prepared
roadbed or the characterization of the
contours of natural terrain.

An example of terrain geometry measuring
equipment is shown in Fig. 2-66 (Ref. 12).
This is a towed assembly that utilizes the
slope-integration method to measure continu-
ously the slope of the ground over which it
travels. It consists of two wheels mounted in
tandem in a frame, an angle reference device,
and an odometer unit.

The pitch angle of the wheel frame is
assumed to be identical to the slope of the
ground over which the wheels are traveling.
Ground slope is determined by a system that

*A general reference for this paragraph is Ref. 13,
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Figure 2-66. Terrain Geometry Measuring
Apparatus (Ref. 12)

senses and records the angle between the
wheel frame and a gyroscope which estab-
lishes a vertical reference.

The odometer system measures the dis-
tance traveled. A metal disk containing a
number of evenly spaced slots is mounted on
the forward wheel. As the wheel rotates, these
slots pass an electromagnetic pickup, the
reluctance of which varies with its proximity
to metal. The reluctance change at the pickup
closes a relay contact switch each time a slot
passes the pickup. Each closure of the switch
indicates an increment of travel along the
ground. This distance, multiplied by the
cosine of the slope angle, is recorded as the
horizontal distance measured.

The signals from both the angular reference
and odometric devices are recorded on
magnetic tape. The general purpose data
processing facility at the U.S. Army Tank-
Automotive Command has developed the
capability of converting these raw data into a
form such that necessary computations can be
carried out on a digital computer. The results
are presented in the form of a profile of the
ground traversed by the apparatus.

The laser profilometer is proving to be a
versatile instrument. It may be used on an
earth satellite, an aircraft, or a ground vehicle
to provide measures of various terrain
features. There are two types of laser
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profilometers, pulsed and continuous wave
(CW). The former emits a pulse which is
reflected from its target and returned to the
profilometer receiver. The time required for
the collimated beam of light to return can be
converted to distance between the profilom-
eter and the target. The CW profilometer
utilizes phase relationships between the
transmitted and received beams to calculate
the same distance. Profilometers have been
used in aircraft to determine terrain profiles,
but the technique of its use are not yet
perfected. The principal problems are diffi-
culty in keeping the aircraft on a straight and
level flightpath and the necessity to determine
what the laser beam was reflected from;i.e.,
whether it was vegetation or the ground
surface. The laser principles are used more
successfully in surface application; e.g., laser
rangefinders and laser transits.

2-4.12 REMOTE SENSORS

Remote sensing of the terrain is usually
carried out from aircraft because of their
capabilities for long range, high speed,
repetitive coverage, and their capacity for
carrying much sensing instrumentation. Sens-
ing aircraft have ranged from helicopters and
small observation planes through multiengine
reconnaissance aircraft to the supersonic X-15
from which much photography has been
obtained. A number of Government and
private organizations have aircraft devoted to
the mission of testing, verifying, and applying
remote sensing instrumentation.

High-aititude balloons offer advantages for
terrain sensing because they provide a stable,
vibration-free, and relatively well-controlled
platform with slower passage over the ground
than either aircraft or rockets reaching
comparable altitudes. Earth photography has
been obtained from sounding rockets such as
the Viking and Aerobee, and earth satellites
are providing a vast library of earth
photographs. The ERTS series in particular is
providing considerable information on terrain
characteristics and mapping.



Airborne sensors have a number of
limitations. The more important of these
limitations are caused by the atmosphere; e.g.,
air turbulence; absorption or attenuation of
solar radiation by water vapor or ozone, cloud
cover, and rain; and lack of natural
illumination for night photography. Other
restrictions are inherent in the sensors; e.g.,
photographic resolution, nonlinearity or dis-
tortion of camera film, and altitude or slant
range limitations. These limitations are
different for each type of remote sensing
equipment. The more useful remote sensors
are described in the following subparagraphs:

(1) Infrared scanners. In the last decade,
an airborne, electromechanical, imaging, infra-
red radiometer, generally called an IR
scanner, has been widely used for military
reconnaissance. IR scanners are valuable for
gathering surface data, inasmuch as they
generate a two-dimensional thermal map
indicative of surface or near surface tempera-
tures and emissivity.

The earth radiates energy in a spectrum
approximating that of a blackbody at 300 K,
with a maximum near 9.5 um wavelength. It
also reflects solar energy whose spectrum
approximates a blackbody at 6,000 K with a
maximum near 0.5 pum. The energy emitted
by or reflected from the surface of the earth
is selectively absorbed by the atmosphere,
with only the part that passes through
“atmospheric windows” reaching an airborne
detector.

In a scanner these detectors, generally
sensitive to radiation between 3 and 5 um or
between 8 and 14 um, convert the radiation
into wideband electrical signals that modulate
a light source or cathode-ray tube. Recording
is generally made on film passing in front of
the tube at a rate proportional to the
velocity-height ratio of the aircraft. Lateral
coverage is provided by rotation of a
collecting mirror, and forward coverage by
the motion of the aircraft. The resulting gray
scale of the image is thus a function of the
energy radiated from the surface of the earth,
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which, in turn, is dependent on the absolute
temperature and emissivity of the surface
materials. Tape recording of scanner output
permits the preservation of a higher dynamic
range of imagery for enhanced evaluation.

Typical infrared scanner imagery obtained
for terrain evaluation purposes is shown in
Fig. 2-67.

(2) Ultraviolet sensing. A generally held
opinion is that the absorption of solar
radiation by the ozone in the atmosphere of
the earth causes a nearly complete attenua-
tion of ultraviolet energy. However, experi-
ments have proved that sufficient ultraviolet
light may be available for daylight photogra-
phy wusing sensitive film and appropriate
filters. Also, it has been proved that many
terrestrial materials have selective responses to
narrowband ultraviolet illumination.

The U S Army Tank-Automotive Com-
mand and other Government organizations
have performed experimental photography
using ultraviolet transmitting filters to distin-
guish targets and terrain backgrounds, to
detect luminescent minerals and rocks, and to
discriminate among nonluminescing materials
on the basis of selective absorption of energy
between 330 and 410 um wavelengths.
Distinct contrasts between materials and
vegetation have been found. Sandstone and
carbonate materials with a minimal amount of
moisture are particularly reflective in the
ultraviolet.

(3) Photometry and spectrometry. Data on
the visible and near-infrared spectral reflec-
tance of various elements of the surface of the
earth are valuable in photointerpretation, by
permitting discrimination of materials by
their tonal brightness appearance on aerial
photographs. In addition, spectral reflectance
measurements from field or airborne sen-
sors—extending into the far-infrared in some
instances—can aid in the determination of the
mineralogy, chemistry, particle size, and
surface roughness of materials.
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Figure 2-67. Typical Infrared Scan Imagery (Ref. 3)

Reflectance measurements are made by a
variety of photometers, spectrometers, spec-
trophotometers, and radiometers, usually
filtered for narrowband outputs. Reflectance
varies with terrain as shown in Table 2-15.

By matching the measured signatures with
predetermined ones in the memory of a
computer, rock composition can easily be
identified in field operations. Real-time
determination at rates up to seven signatures
per second, utilizing a filter wheel, are
feasible, permitting sensing from aircraft.

(4) Radar. High-resolution, side-looking
radar in the present state-of-the-art is very
useful for airborne determination of local
geologic features, particularly geomorphic and
gross relief patterns. A beam of radar energy
provides unidirectional illumination rather
than the multidirectional illumination given
by atmospherically diffused sunlight. It
therefore produces imagery that is composed
of a great number of specular reflections,
since the relationship of the surfaces to each
other has a strong influence on the intensity
of the returned energy recorded on film.
Small variations in surface relief thus imaged
may express geologic phenomena such as
folding, faulting, and drainage channels.
Similarly, surface reflective characteristics
based on the relationship of surface roughness
to the radar wavelength can reveal to the
interpreter the probable physical character-
istics of the material. Fine materials such as
clay, silt, or sand are imaged as a “‘no return”,
provided that they are relatively smooth on
the surface. A plowed field, for example, may
return high energy. Coarser material such as
rocks, a talus slope, or a lava flow show
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strongly textured patterns. An example of a
radar image is given in Fig. 2-68.

Although the resolution and definition of
side-looking radar images are poorer than
aerial photography, radar has many opera-
tional advantages. Images can be obtained in
any weather condition except heavy rain; the
day- and night-scanned images are equally
good; returns can be obtained from high
altitude and at high speeds; coverage extends
many miles to either side of the aircraft; and
the scale is built into the system.

Instantaneous airborne determination of
the thickness or layering of terrain material,
especially floating fresh-water* ice, is ap-
proaching feasibility by use of high-resolu-
tion, monocycle radar. The analogy is to
seismic-reflection prospecting using a single
acoustic pulse, in that a single electromagnetic
pulse (monocycle) is radiated into the terrain
and the thickness determined by analysis of
the reflected returns.

Radar scatterometry is an active remote-
sensing technique that measures the radar-
scattering coefficient of surfaces having
different roughness and material. Applications
for measuring sea state and ice roughness are
fairly well established, but revisions are still
being made on techniques. Indications of
successful determination of terrain texture
and moisture content, both at the surface and
somewhat beneath it, are being observed, but,
again, refinements in techniques are still being
sought. Scatterometry is feasible with wave-

*The interface of ice and salt water is not clean cut; i.e., not
straight or thin. Determination of the thickness of sea-water
ice is therefore difficult and uncertain.
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TABLE 2-15

OPTICAL REFLECTANCE OF TERRAIN TYPES (Ref. 3)

Type Reflectance, Peak Wavelength i,

F % um
Water surfaces

Inland waters 3-10 0.4810

Oceans 3-7 0.4810
Bare areas and soils

Snow 70-86 0.4810

Ice 75 0.5795

Limestone 63 0.5790

Calcareous rocks 30 0.5790

Granite 12 NA

Mountain tops (bare) 24 0.5816

Sand 18-31 0.5616

Clay soil 1.5-15 0.5828

Ground, bare (rich soil) 7.5-20 0.5832

Field (plowed) 20-25 NA
Vegatative formations

Coniferous forest 3-10 0.5744-0.5758

Deciduous forest 10-15 0.5719-0.5858

Meadow (dry grass) 3-8 0.5758

Grass {lush) 15-25 0.5719

Field crops 7-15 0.5858
Manmade

Buildings (cities) 9 0.5828

Concrete 15-35 NA

NA = not applicable
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Figure 2-68. Radar Imagery (Ref. 3)

lengths from fractions of a micrometer to tens
of meters. The normal range for laser
scatterometers is from a few millimeters to a
few meters wavelength.

(5) Passive microwave radiometry. All
objects emit electromagnetic energy due to
the random thermal agitation of the electrons
within them. The intensity of this radiation
depends on the temperature of the object, the
frequency at which it is measured, and certain
of its physical properties such as dielectric
constant, magnetic permeability, electrical
conductivity, and surface characteristics. An
object may also absorb or reflect any
electromagnetic radiation that is incident
upon it. The radiometric temperature of an
object is thus not only dependent on its
emissivity and own temperature but also on
its reflectivity and the temperature of the sky
environment being reflected.

The radiometric energy emitted from an
object or material can be measured at great
distances. In the microwave and millimeter
wavelength regions the power emitted varies
directly with its temperature and inversely
with the square of the wavelength. At a given
frequency and polarization, the emissivity and
reflectivity of a material are functions of its
surface roughness and the angle of incidence
of the radiometer antenna. The region of a
solid object that contributes to its observed
radiometric temperature extends from the
surface downward to a depth dependent on
its dielectric constant and conductivity.
Different frequencies, therefore, can be said
to have different penetrations. Materials such
as water or metals have high reflectivities;
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conversely, materials such as dry soils or
vegetation have low reflectivities.

Passive microwave radiometric sensing of
the apparent temperature of natural terrain
and objects upon it is a previously neglected
technique. With the development of new
analytical methods, advanced instrumenta-
tion, and data processing techniques, this
sensing method can now be employed
effectively for ground-based and airborne
earth-science studies.

From a boom on an extensively instru-
mented trailer, a three-frequency microwave
radiometer with both vertical and horizontal
polarization capability was successfully used
to determine the moisture content, layering,
and distribution of soils, water, ice, snow, and
rocks. An example of the discrimination of
soil types on the basis of their radiometric
temperatures thus obtained is shown in Fig.
2-69. Soil moisture content can sometimes be
identified to a 1-percent accuracy with this
technique under carefully controlled condi-
tions.

(6) Airborne profile recorders. For many
years, combinations of radar and barometric
altimeters were used for relative terrain height
measurements. These devices, commonly
called airborne profile recorders, use the
principle of radar reflection over aircraft-to-
terrain distances, corrected for aircraft alti-
tude deviation from some barometric datum
surface. A reference is established by flying at
a preset barometric altitude over a terrain
feature of known elevation. Subsequent
flights over an area of interest will permit the
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Figure 2-69. Passive Microwave Data on Various Natural Materials (Ref. 3)

application of the aircraft altitude deviation
to the radar height record to give the terrain
profile. Primary limitations are accuracy
(about +0.5 percent of flight altitude) and
beam size (15 deg half angle). Modern
narrowbeam airborne profile recorders are
estimated to have an accuracy of *20 ft at
altitudes up to 30,000 ft, while illuminating
an area 500 ft wide.

(7) Airborne magnetometers. The airborne
magnetometer has been used since 1946 in
petroleum and mineral exploration, with
some 20 million mi? of survey flown covering
a large portion of the surface of the earth.
The military services have used airborne

magnetometers for reconnaissance of sub-
marines and land-vehicle targets. Gradual
improvements in instrumentation have been
made, but 1 gamma (107 tesla) has generally
represented the limit of attainable resolution.

Recently the rubidium vapor magnetom-
eter was developed. Although originally
designed to measure the magnetic field in
space probes, it has had immediate use as an
airborne device for oil exploration. The
resolution of this device is 0.1 gauss (1073
tesla), enabling a detailed mapping of the
total magnetic field, which in turn reflects
variations of the sedimentary structure and
basement complex of the earth. The system
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can be located in a towed-bird configuration
or mounted in a tail-boom “stinger” on
aircraft. Data are presented on a strip chart in
analog form, with the linear scale calibrated
directly in gammas for easy compilation of
area maps.

2-5 EFFECTS

This paragraph considers the effects of
various terrain properties on materiel for
these application areas: construction, traf-
ficability, and air operations. Of these three
topics trafficability has received the most
attention in the military literature. Construc-
tion implications of the terrain have always
been important to civil engineers and
architects. The study of the terrain for various
airborne missions is a newer, growing field.

2-5.1 CONSTRUCTION

A chief property of soil in construction is
its maximum allowable loading value. A list of
such values appears in Table 2-5, which gives
loading values for various rocks and soils.
These values vary from 1 to over 40 tons ft™2
but do not apply if the foundation material is
underlain by a weaker layer or substrate.
Good engineering practice dictates that soil
profiles be known before committing a
building or a structure to a given location.

Mechanical properties and suitability for
various purposes depend greatly on the
physical properties of the soil or rock, which
in turn can be deduced from the geology of
the area they occupy in many cases. Table
2-16 lists the general suitability of various
types of rocks for construction purposes. As
might be expected, igneous rock constitutes a
foundation material unsurpassed in loading
capacity although difficult to drill and
excavate. Other rock formations provide
suitable sources of construction materials as
summarized in the table.

Other uses in construction for various soils

of the USCS system are given in Table 2-17.
This table considers each of the soil types of
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the USCS, describes its general properties, and
assesses its value as a foundation material for
roads or airfields. Column 14 of the table lists
the California Bearing Ratio span for each
type of USCS soil and shows a significant
correlation among the different classifications
and their bearing strength. Recognizing that a
given soil is of a particular type greatly aids in
sound field decisions.

Table 2-18 summarizes various landform
types and their characteristic soils and lists
uses to be expected with each type.
Knowledge of the geology of the area
occupied by a particular soil permits a
reasonable prediction of the properties of the
soil and hence its uses.

2-5.2 TRAFFICABILITY*

Trafficability is the ability of a terrain to
allow vehicular movement. The term traffic-
ability implies off-road conditions with
vehicles traveling over unimproved, natural
terrain. The properties of the vehicle, as well
as the properties of the soil and other terrain
features, are important in determining traffic-
ability. This considers only those properties
of the terrain, chiefly the soil and vegetation,
that influence trafficability. Vehicle prop-
erties, however, cannot be excluded because
of their inherent relation to trafficability.

The ability of the soil to support a vehicle,
either statically or in motion. and to furnish
traction for moving the vehicle is difficult to
assess with only one test such as that
performed by the cone penetrometer, al-
though this has been the common practice.
The ease with which the cone index can be
determined accounts for the popularity of
this method. but in general it requires
empirical correlation of vehicle performance
with the cone index to establish useful
predictive ratings for a given vehicle. The
influence of moisture upon measurements of
shear strength such as the cone index is
illustrated in Fig. 2-70. This figure shows that

*Discussion follows that of Ref. 12.



TABLE 2-16

GENERALIZED ROCK PROPERTIES (Ref. 3)

AMCP 706-116

Rock type

Rating of working characte

ristics

Abrasiveness*

Excavational
requirements+

Permeabilityt|

Stability in
steep-walled
cutst

Roof

in tunnelsz

strength Loading

capacitys

3/4/5]112[3/4[5]1/°2

314 501112

Igneous
Intrusive

Extrusive
Solidified

Cemented

Metamorphic

Sedimentary

Sandstone

Limestone

Shale

Evaporites

=
&

Rock type

Ratings of suitabi

lity

Compacted
subgrade

Dimension
stone

Road
metal

Bituminous
aggregate

Concrete
aggregate

112 (31415

2131415

112

314(5]1(2(3|4]5

Igneous
Intrusive
Extrusive

Solidified

Cemented

Metamorphic
Sedimentary

Sandstone
Limestone
Shale

Evaporites

as it affects

*Abrasiveness
excavation tools and equipment:
1. Extreme
2. Severe
3. Moderate
4, Slight
5. Nominal or none

excavate rock:

1.
2.
3.
4

5.

Spade and shovel

Pick and shovel

Pick, crowbar, and wedge
Repeated drilling and
blasting

Almost continous drilling
and blasting

+Tools and procedures required to

$A11 other properties:

ERENE

v

Excellent

Good

Adequate or fair

Poor or usable only

in emergencies
Inadequate, unsuitable
or absent
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TABLE 2-17

SOIL CHARACTERISTICS PERTINENT TO ROADS AND AIRFIELDS (Ref. 3)

Value as foundation | Value as base directly | Potentfal PRUTIN
j i - Compressibility Unit dry
Major divisions Le{.ﬁr Name uhenf:g;ts:bﬁct to unﬂ:r bituminous pave frost and Drainage weight Fleld | Subgrade Modulus
(Z)c on men () a?:;on expansion characteristics Compa:tﬂ(:rs\)equimnt Ib(sf)z? CBR 16 in,2
Well-graded gravels or gravel-sand None to very Crawler- -
=) i 5 Excellent Good awler-type tractor, rubber.
mixtures, little or no fines slight Almost none Excellent uﬁd equipment, stee)-wheeled 125-140 60-80 300 or more
roller
Poorly graded gravels or gravel- Good to excellent Poor to fair None to very Crawler-
1 &P rawler-type tractor, rubber-
Grave’ sand wixtures, little or no fines siight Almost none Excellent tired equipment, steel-wheeled 110-130 25-60 300 or more
and roller
avell Silty gravels, gravel-sand-silt Good to excellent Fair to good Slight to medium Rubber-tired equipment, sheeps-
gravelly a | mixtyres g 9 9 Very slight Fair to poor foot roller; close control of | 130-145 | 40-80 | 300 or more
soils M - moisture
17 el et S AR ——- O
Good Poor S1ight to medium s Poor to practi- Rubber-tired equipment, sheeps- " .
Coarse ? Stight cally impervious | foot roller ) 120-140 | 20-40 00=300
grained Clayey gravels, gravel-sand-clay N N . Poor to practi- Rubber-tired equipment, sheeps- . "
c missures Good Poor Slight to medium Slight cally impervious | foot roller 120-140 | 20-40 200-300
soils
1-graded sand: n - -
| T Good Poor et Y Alnost none Excellent e Tasype tractor, rubber | 110130 | 2040 | 200-300
P Poorly graded sands or gravelly Fair to good chr to not None to very Almost none Excellent Crawler-type tractor, rubber- 100-120 10-25 200-300
Sand sands, little or no fines suitable slight tired equipment
and X . Rubber-tired equipment, sheeps-
4 P Good Poor Slight to high Yery slight Fair to poor foot roller; close control of 120-135 20-40 200-300
sandy moisture
M, — Silty sands, sand-silt mixtures -~ Sy RpSpROS UENE S P PR, JRPRRIPRRY USSP ORI PUIPIY DU SR
soils u c : N N 5 . . R
Fair to good Not suitable Slight to high Slight to Poor to practi- Rubber-tired equipment, sheeps-
medium cally impervious | foot roller 4 105-130 10-20 200-300
—
: N N Slight to Poor t ti- Rubber-tired -
sc | Clayey sands, sand-clay mixture | Fair to good Not suitable STight to high | vadtu ooy Snees fous | Faot rotieey cauipment. sheeps- | 105130 [ 10-20 | 200-300
Inorganic silts and very fine . Slight to Rubber-tired equipment, sheeps-
N s:nds, ;O_Ck ﬂ::r, sillly or Fair to good Not suitable :e_d'\‘um to very medium Fair to poor fuqt roller; close control of 100-125 5-15 100-200
. clayey fine sands or clayey g moisture
Silts silts with slight plasticity
and Inorganic clays of low to medium i [ i i i
ani Med fum .ract\c_aHy Rubber-tired equipment, sheeps- 125 n _
clays o ';l',’j;';f,;;s q;‘}ﬁ;’:,i;‘:”{n" Fair to poor Not suitable Medium to high impervious foot roller 100-12 S18 | 100-200
Fine | LL <G clays
ic si ic silt- . . : Med R i -
grainec o g‘{g;:‘gﬂ;:‘p::’:t'i‘:?‘:;“ silt Poor Not suitable Medium to high b t° Poor fubber-tired eauipment, sheeps- | 95105 | 4.8 100-200
soils | Inorganic silts, micaccous or Medium to very
. | L] diatomaceous fine sandy or Poor Not suitable 5 High Fair to poor Sheepsfoot roller 80-100 4-8 100-200
sitts | silty soils, elastic silts hisn
| '
and Inorganic clays of high plas- Poor to very . : Practicall
M y
\ CH ticity, fat clays poor Not suitable led ium i High inpervious Sheepsfoot roller 50-110 3-5 50-100
clays 1
Organic clays of medium to P [
LL > 50 i ici oor to very itabl Medi D s
O | high plasticity. erganic poor hot suitable o High fracticans Sheepsfaot raller 80-105 | 3.5 50-100
Highly organic py | Peat and other highly organic Not suitable Not suitable Stight Very high fair to poor Compaction not practical - - -
50ils s0ils
Notes:

1. Division of 6 and SM groups into subdivisions of d and y are for roads and airfields only; sub-
division is on basis of Atterberq limits; suffix d (e.g., GMd) will be used when the 1iquid limit
is 28 or less and the plasticity index is 6 or less; the suffix u will be used when the 1iquid
lirit is greater than 2B.

2. Values are for subgrades and base courses except for base course directly under bituminous pave-
ment.

3. The term "excellent” has been reserved for base materials consisting of high quality processed
crushed stone.

4. These soils are susceptible to frost as indicated under conditions favorable to frost action.

5. The equiprent listed will usually produce the required densities with a reasonable number of
passes when moisture conditions and thickness of 1ift are properly controlled. In some instances,
several types of equiprent are listed, because variable soil characteristics within a given soil
aroup may require different equipment. In some instances a combination of two types may be
necessary. N

6.

b.

c.

Processed base materials and other angular materials. Steel-wheeled ro)lers are recommended
Tor hard angular materials with hmuga Fines or screenings. Rubber-tired equipment is
recommended for softer materials subject to degradation.
Finishing. Rubber-tired equipment is recommended for rolling during final shaping operations
For most soils and processed materials.
Equipment size. The following sizes of equipment are necessary to assure the high densities
requgrea Tor airfield construction:
Crawler-type tractor--total weight in excess of 30,000 1b
Rubber-tired equipment--wheel load in excess of 15,000 1b;: wheel loads as high as 40,000
1b may be necessary to obtain the required densities for some materials (based on contact
pressure of approximately 65 to 150 psi). 2
Sheepsfoot roller--unit pressure (on 6- to 12-1n.“ foot) to be fn excess of 250 psi
and unit pressures as high as 650 psi may be necessary to obtain the required densities
for some materials. The area of the feet should be at least 5 percent of the total peri-
pheral area of the drum, using the diameter measured to the faces of the feet.

Unit dry weights are for compacted sofl at optimum moisture content for modified AASHO compactive
effort.
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SUMMARY OF LANDFORM TYPES, SOILS, AND USES (Ref. 3)

Landform

Characteristic materials

Characteristic uses

Waterlaid
Flood plains

Filled valleys

Continental alluvial
plains

Alluvial fans and
related forms

Talus cones
Alluvial cones

Alluvial fans
Delta fan

Deltas

Dry lakebeds
(playas)

Beach ridges

Fine-grained and well-
stratified interbedded
fine silts, sand, and
gravel

Coarse sands and gravels
to fine silts and clays

Thin silt cover underlain
by stratified semicon-
solidated materials of
all textures

Rock fragments

Medium size rock fragments
Silt, clays, sand, gravel

Silt, clays, sand, gravel

(Unconsolidated sands and

small gravel with pockets

of silt and clay)

Silt, clays, sand, and
gravel in stratified,
cross-bedded, thick
deposits of unconsolida-
ted deposits

Unconsolidated fine sands,
clays, silts, and salts

Sand and gravel

Highways, airfield con-
struction; large struc-
tures require pilings

Highways, airfield con-
struction; drainage
structure required

Highways, airfield, and
building construction;
drainage for dam sites
required to prevent
leakage

Highways, airfield, and
building construction;
drainage structure
required; water supply

Source of construction
materials

Roads, airfields, and
buildings; foundation
support for structures
required

Roads, railroad 1ines;
source of construction
material
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TABLE 2-18 (Continued)

SUMMARY OF LANDFORM TYPES, SOILS, AND USES (Ref. 3)

Landform

Characteristic materials

Characteristic uses

Coastal plains

Tidal flats

Marsh and swamp

Interbedded clays, silts,
and sands in unconsoli-
dated deposits

Silt, clay, and sand

Peat, muck, silt

Roads, railroad lines on
undissected areas; land-
slide conditions; drain-
age controls required

Roads require stabili-
zation; source of con-
struction materials

Temporary roads must
be stabilized

Glacial
Eskers

Kames

Outwash plains

Terraces

Lakebeds

Delta deposits
Near-shore deposits
Deep-water deposits

Till plains

Moraines

2-100

Sand, gravel, and
boulders

Fine sand, silt, and
gravel
Stratified sand and

gravel

Sand, gravel, clays,
silt

Coarse sand and gravel
Coarse silt and sand
Silts and clays

Silt, clay, gravel

Silt, clay, sand,
boulders

Roads, railroad lines;
source of construction
material

Source of construction
material

Source of construction
material and foundations
with stabilization

Foundations for struc-
tures require stabiliza-
tion; source of construc-
tion materials

Foundations for struc-
tures require stabiliza-
tion; drainage controls
needed

Foundation for structures
require stabilization;
drainage controls needed

Source of construction
material; drainage con-
trols needed; foundation
for structures require
stabilization
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TABLE 2-18 (Continued)

SUMMARY OF LANDFORM TYPES, SOILS, AND USES (Ref. 3)

Landform Characteristic materials Characteristic uses

Drumlins Sand, clay, and gravel Source of construction

material
Windlaid

Sand dunes Sand Source of sand for con-
struction; foundation for
structures requires
stabilization

Loess Silt Foundation for struc-

tures requires stabiliza-
tion

some accounting of the moisture condition is
mandatory in order to give the cone index
meaning.

The single most important measurement of
the soil for trafficability is shear strength. It is
the shear strength that develops the thrust
required for locomotion and the support of
the vehicle without intolerable sinkage. Shear
strength depends primarily upon the cohesive
and frictional properties of the soil, which in
turn depend upon the moisture, vegetation,
compaction, and other environmental factors.

Also important in determining trafficability
is the terrain profile, since it is clearly easier
to go downhill than uphill. Driver tolerance of
vibration also limits speed across rough
terrain; hence, terrain roughness limits the
speed with which a vehicle can move.
Obstacles or ditches can block vehicular
passage or cause the center to hang up, as
illustrated in Fig. 2-71. River crossings are
particularly difficult and are discussed in
greater detail in par. 2-5.2.5.

The most readily available data today for
assessing the trafficability of a given vehicle
across a given soil are empirical data generated
with cone penetrometer measurements. The
minimum cone index required to assure that a
given vehicle can make at least one successful
pass or more than 50 passes over a given
terrain can be estimated from Figs. 2-33 and
2-34. From many test measurements, the
range of cone index strength for a number of
soils is shown in Table 2-19.

Fig. 2-72 illustrates a general worldwide
map of soil strength. This map, in conjunction
with those describing other worldwide geo-
logical properties, furnishes an introduction
to the trafficability problems of the various
regions of the world. It cannot, however,
form the basis for any detailed study.

2-5.2.1 FLOTATION

Flotation is a term used to denote the
ability of a vehicle to traverse soft soil
without undue sinkage. Increased flotation is
generally sought by increasing the ground-
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Figure 2-70. Variation of Soil Strengths With Moisture Content and Correlation of
Cone Index With California Bearing Ratio (Ref. 3)
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FAILURE MODES

NOSE-IN FAILURE

HANG-UP FAILURE

(S

-

Figure 2-71. Two Types of Vehicle Failure on Four Types of Obstacles,
Each Formed by Two Intersecting Planes (Ref. 8)

contact area of the vehicle or by reducing its
weight in order to reduce the ground pressure.
This approach, although usually successful, is
not always valid. Experiments have shown
that under some soil conditions vehicles with
high ground pressure perform better than
those with lower ground pressure.

The task of evaluating flotation effects
upon performance becomes more complicated
when the variation of soil properties with
atmospheric conditions is considered. A
soupy mud, when frozen, will have the
strength of a concrete pavement. Firm, but
wet, soils when disturbed (remolded) often
lose their strength. Some soils, though hard
when dry, may become very soft when wet.
This may be caused even by a light rain since
considerable variation in strength may result
when water content changes by only 1 or 2
percent.

Flotation is usually thought of in terms of
bearing capacity of the soil. However, bearing

capacity, as practiced by civil engineers is
based upon the soil strength developed with
little or no sinkage. For mobility problems,
significant sinkage is permitted.

Since flotation is associated with the
bearing capacity of the ground, equations
relating ground pressure and ground-contact
area are similar to the equations for the
allowable bearing capacity of footings. For a
rectangular footing (length > width), the
most commonly used equation for bearing
capacity of a surface footing is

Py = ¢N, +0.57bN,, psi (2-27)
where

P = allowable ground pressure, psi

4 = cohesion, psi

Y = soil density, Ib in. 73
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TABLE 2-19

TRAFFICABILITY CHARACTERISTICS OF USCS SOILS IN WET SEASON (Ref. 3)

Class

soil type* ranget range

Prob- Prob-
able able
uscs CI RI

Prob-

able
RCI

range

Slipperi-
ness
effects

Sticki-
ness
effects

Comments

Coarse-grained co-
hesionless sand
and gravels

Inorganic clays
of high plasticity,
fat clays

Clayey gravels,
gravel-sand-clay
mixture

Clayey sand, sand-
clay mistures

Gravelly clays,
sandy clays,
inorganic clays
of Tow to medium
plasticity, lean
clays, silty clays

Silty aravels,
gravel-sand-silt
mixtures

Silty sands, sand-
silt mixtures

Inorganic silts
and very fine
sands, rock
flour, silty or
clavey silts with
slight plasticity

Inorganic silts,
micaceous or
diatomaceous
fine sandy or
silty soils,
elastic silts

Organic silts and
organic silty
clays of Tow
plasticity

Organic clays of
medium to high
plasticity,
organic silts

Peats and mucks

GW, GP 80 1 80
SW, SP to to
300 300

Slight to
none

CH 55 0.75 65 Severe to
slight
165

1.35 140

GC 85 0.45 45  Severe to
slight
175

0.75 125

SC

CL

GM 85 0.25 25
to to to
180 0.85 120

Moderate
to slight

SM

ML and
CL-ML

MH

OH

Pt 10 0.25 10
to to to
100 0.65 85

sliaht to
none

None

Severe
to
slight

Moder-
ate to
slight

Slight

Moder-
ate to
slight

Will support continuous traffic of mili-
tary vehicles with high traction tires.
Moist sands are good; dry sand only fair.
Wheeled vehicles with standard tires may
be immobilized in dry sands

Usually will support more than 50 passes
of military vehicles. Going will be
difficult at times

Often will not support 40 to 50 passes of
military vehicles, but usually will sup-
port unlimited traffic. Going will be
difficult in most cases

Usually will not support 40 to 50 passes
of military vehicles. Often will not
permit even a single pass. Going will be
difficult in most cases

Often will not permit even a single pass.
Going will be difficult to impossible

2-104

*See Table 2-9
tSee par. 2-3.3.5




SOI-C

70’

A
=/
50 /L
‘
3o
20 " p
I —
o f’* 7 o0 Wf/ A
. i T ,r “||| o . \ 1

LEGEND

I s0FT GROUND MOST OF THE TIME 20
[NIR sorv GRounp AN FiRM GROUND

ALTERNATING ALL YEAR o
DO sEAson oF SOFT GROUND AND
SEASON OF FIRM GROUND 0

/A sEAsON OF FIRM GROUND AND
SEASON OF ALTERNATING FIRM so
AND SOFT GROUND

FIRM GROUND MOST OF THE TIME °

To "
0w §o 0 4w 2 o

SCALE AT 0 500 1000 1500 2000 2500 MILES

LATITUDE 35° o 5091000 2000 3000 4000 KILOMETERS

Figure 2-72. Soil Strength Regions (Ref. 3)
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Figure 2-73. Bearing Capacity Factors (Ref. 12)

b = footing width, in.

N, = bearing capacity factors, which are
and functions of soil internal friction
N, angle ¢ as shown in Fig. 2-73,

dimensionless

The equation assumes general shear failure of
the soil rather than a local shear failure (Fig.
2-74). General shear failure involves vertical
and lateral shearing of the soil over a large
area along certain definite surfaces; local shear
failure refers to a shearing similar to that
generated by a punch which mobilizes
strength only near the loaded area.

Eq. 2-27 can be empirically modified as
follows to apply to square and round
footings:

1.3¢cN, +0.4vbN,,psi  (2-28)

p square

pxound 1'3CNc + 0'37bN'ya pSI (2'29)

where, for the round footing, b is the footing
diameter, in.
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For a pure cohesive soil where ¢ =0, N,, =
0 (Fig. 2-73) and the equations reduce to

Prect = ch,psi (2-30)

psquare = Pround = 1'3CNc’ psi (2-31)
Thus a 30 percent greater ground pressure is
permissible with square and round footings
than with rectangular footings where the
length is much greater than the width.
However, no discernible difference exists
between the round and the square.

In a pure frictional soil, the cohesion c is
zero, and the equations for allowable ground
pressure become

Prct . = 0.57DN,, psi (2-32)
Psquare = 0.4vbN,, psi (2-33)
Pround = 0-37bN,, psi (2-34)

In this case, in contrast to the pure cohesive
soil, the form of the rectangular footing
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Figure 2-74. Failure of Soil Beneath a Loaded Area (Ref. 12)

permits the greatest ground pressure, and a
difference exists between the square and
round footings. It is also seen that the size of
footing is a factor in the permissible bearing
capacity, the allowable bearing pressure
increasing in direct proportion to size. For the
case of a rectangular footing, this is especially
important since a given plane area can be
arrived at by numerous combinations of
length and width.

Vehicle mobility cannot be compared o1
the basis of ground pressure alone; it cannot
be assumed that vehicles with the same
ground pressure will have the same flotation.
Variations in ground pressure along the
footprint can influence performance signifi-
cantly. The form of the ground-contact area
also has significant influences. Hence, flota-
tion characteristics cannot be evaluated
without a strict definition of the soil and the
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characteristics of the ground-contact area.

The same is true when flotation is viewed
in terms of sinkage. Eq. 2-7 indicates that, for
the same ground pressure, the wider ground-
contact area will sink deeper. This has also
been found to be true in studies in soil
mechanics where, for a given ground pressure,
large foundations have shown a stronger
tendency for settlement than smaller ones.
The same results are found with motor
vehicles.

Both the sinkage and bearing-capacity
equations are based upon the assumption of a
flat plate with uniformly distributed pressure.
In reality neither tracks nor wheels satisfy
these conditions; hence, only approximate
predictions can be expected. In general, the
sinkage of a wheel, for example, will be
greater than that of a flat plate having the
same contact area and load.

The horizontal movement of the soil under
the wheel or track necessary to develop
traction also has considerable influence on the
resultant sinkage — the theoretical equations
usually assume a pure vertical load.

A soil that is firm in cold months can
become impassable with spring thaw, then
return to a firm condition as the soil dries.
With heavy rain, the firm soil may again
become very soft. These changes usually
occur only to a depth of a few feet and,
hence, the soil is not a semi-infinite
homogeneous mass but exhibits a gradual
transition with depth from soft to firm. Thus
the soil is analogous to a soft plastic layer
resting on a rigid base for which the
bearing-capacity formulas cannot be used.
Based on plasticity theory, it has been
suggested that the maximum safe ground
pressure for a top layer of soft soil underlain
by a hard bottom can be given by

sb
=22 g 2-3
p v psi (2-35)

where
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p = average ground pressure, psi
s = shear strength, psi

b = width of loaded area, in.

h = thickness of soft layer, in.

This equation applies only when the length of
the loaded area is 10 or more times larger
than width. »

Eq. 2-35 determines an allowable ground
pressure that permits a vehicle to float on top
of a very soft soil layer. Such layers may be so
weak that the shear strength permits only a
small ground pressure achievable only with
very large tracks or wheels. Eq. 2-35 indicates
that the thinner the soft layer, the greater the
allowable pressure. As a first approximation it
may be assumed that for a given ground
pressure p, sinkage would occur until the
depth of the soft layer under the loaded area
is reduced to 4, =sb/2p. Sinkage z, in inches,
would then be (A —h, ) or

z=h-— sb ,in. (2-36)
2p
In Eq. 2-35 the soil strength parameters are
combined in the shear strength s. For a
constant p, an increase in ground-contact
width will result in a decrease in sinkage. This
is in contrast to the relationship of Eq. 2-7,
which indicates that, for a constant pressure
p, an increase in width b results in an increase
in sinkage z. The reason is that for the soft
layer, the soil is confined by the adhesion at
the interfaces, while for firmer soils, the
greater width extends the stress levels to
greater depths.

Thus, the computation of sinkage depends
on soil homogeneity. It is recommended that
Eq. 2-7 be used in general. Sinkage will be of
greatest concern when it is large with respect
to the size of track or wheel load area. As
such, if the depth of the soft layer is small,
the sinkage will not be a serious problem since
the vehicle will be mobile on the firmer



substratum. When the soft layer is thick, then
the assumption of a homogeneous continuum
is more suitable.

2-5.2.2 SOIL TRACTION

A vehicle traveling over the ground surface
utilizes the shear strength of the soil to
develop its horizontal propelling force. The
total force capable of being developed into a
propelling force is called traction.

The ultimate soil shear strength is deter-
mined by Coulomb’s equation (Eq. 2-4). The
maximum obtainable traction for a wheel or
track can therefore be approximated as the
product of the shear strength and the
ground-contact area, i.e.,

H =54 =A4c + Wtang,lb (2-37)
where

H = maximum thrust, 1b

A = area of contact, in.?

W = total vehicle weight, 1b

¢ = internal friction angle, deg

¢ = soil cohesion, psi

s = shear strength, psi

Eq. 2-37 indicates that the vehicle weight,

ground-contact area, soil cohesion, and
internal friction are the important parameters
in developing traction. The force computed
from Eq. 2-37 is the maximum that may be
expected to be developed, occurring at the
moment of impending shear failure in the soil.
The actual traction developed at any time is
dependent upon the slippage occurring at the
soil-vehicle interface and the soil stress-strain
relationships. Coulomb’s equation alone does
not account for these effects.

From Coulomb’s equation some interesting
observations may be made. In a cohesive soil,
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¢ is approximately equal to zero. Eq. 2-37
then becomes

H = Ac b (2-38)

Therefore, in a cohesive soil, the greater the
contact area of the vehicle, the greater the
thrust generated while the vehicle weight
contributes nothing to thrust. Hence, in a soft
cohesive soil, a track is preferred since a tire
of equal area would be unacceptably large.
This assumes, of course, that the shearing
resistance at the interface is at least equal to
the full cohesion.

For a frictional soil, cohesion c¢ is
approximately zero and Eq. 2-37 becomes

H = Wtang¢,lb (2-39)

In contrast to the cohesive soil, contact area
does not affect the ability to develop thrust.
In this soil, thrust is developed in direct
proportion to vehicle weight; hence, for
maximum traction, the vehicle weight should
be as great as possible consistent with the
limitation dictated by flotation.

Performance on low friction sur-
faces — such as icy roads, slippery mud over
hard substrate, or vegetation-covered ter-
rain — is another type of problem. It can be
basically viewed in terms of the same
equation, however. In most cases a track will
develop more thrust for a given weight, even
for a given contact area, since grousers will
bite through the surface layer. The distinction
in this case is due to a greater effective
cohesion and friction.

2-5.2.3 EXTERNAL RESISTANCE

Resistance to motion occurs as a result of
forces acting within the vehicle and upon the
vehicle. Internal motion resistance is due to
friction between moving parts, and hysteresis
in flexing materials such as occurs in the
tracks, suspensions, tires, and drive line.

External motion resistance is developed
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from the compaction of soil under the vehicle
contact area, the bulldozing of the soil in
front of the contact area, drag of the particles
that adhere to the suspension, and wind
resistance (at high speeds).

A perfectly rigid wheel rolling on a
perfectly rigid surface requires little power for
propulsion because no deformations occur
and therefore, no forces of resistance develop
between the surface and the wheel. This case
is approached by the steel railroad wheel
operating on a steel track; in fact, this type of
locomotion requires the minimum propulsion
power of all land vehicles. However, aside
from generalities, little relationship exists
between the rigid wheel on a rigid surface and
the problems of off-the-road locomotion.

The resistance to forward movement of a
wheel rolling over soft ground is due, to a
large degree, to the work done in compacting
the underlying soil. For a towed, rigid wheel,
this resistance decreases with increases in both
diameter and width. Because of the curvature
of the wheel contact surface and the nature of
the distribution of shearing stresses and
normal pressures on this surface, however, the
sinkage behavior of horizontal flat plates
cannot be expected to produce an accurate

- estimate of the behavior of wheels.

2-5.2.4 DRAWBAR PUL.L

The shearing strength of the ground
utilized by a vehicle to develop horizontal
propelling forces is called traction. Part of the
total traction available is depleted in over-
coming the resistance to motion. The
rest — which is available to accelerate the
vehicle, climb slopes, or pull loads — is called
the net tractive effort or drawbar pull. If the
resistance to motion becomes greater than the
total traction available, then self-propelled
locomotion will cease.

Drawbar pull DP is computed, in pounds,
as

DP=H - R Ib (2-40)
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where
H = total traction available, Ib
R = resistance to motion, Ib

The influence of vehicle weight on drawbar
pull is related to the internal friction angle ¢.
To illustrate, consider a dry sand for which
soil cohesion ¢ may be considered zero. For
this soil condition, traction H is directly
proportional to vehicle weight, but resistance
to motion increases approximately as the
square of the weight. Initially, as the load on
a vehicle is increased, its drawbar pull will
increase; there comes a load and sinkage,
however, above which the drawbar pull will
no longer increase but will decrease with
increasing load. This crossover point will vary
with soil strength and vehicle design.

Size and form of the ground-contact area
are important in a frictionless soil such as a
pure clay where the soil strength is entirely
due to cohesion. For this type of soil, soil
thrust H is a function only of size of contact
area, while resistance to motion increases as a
function of sinkage. Thus, in a pure clay it is
invalid to assume that increasing weight will
increase drawbar pull. On the contrary,
increasing weight rapidly decreases the draw-
bar pull.

Eq. 240 assumes that full soil shear
strength is mobilized and, as such, maximum
thrust is realized. This maximum occurs only
at the optimal amount of slippage. When the
vehicle operates at other than optimal
slippage, Eq. 2-40 no longer accurately
predicts traction.

2:5.2.5 OTHER FACTORS (TERRAIN
GEOMETRY, VEGETATION,
RIVERS)*

In addition to the interactions of a vehicle
with the soil, trafficability can be limited by
terrain geometry or vegetation. The effect of

*Riverine problem discussion follows that of Ref. 26.



AMCP 706-116

TREES DECIDUQU

SPACING IDENTICAL, GROUND COVERAGE DIFFERENT

TREES EVERGREEN

—s— N s
GROUND COVERAGE

PROPORTION OF GROUND CONCEALED

e OUMMER ey | DRI A

PASSABLE FOR VEHICLE

CROWN CLOSURE IDENTICAL, SPACING DIFFERENT

RO IR O T O DA A I HI A DS OR I AR R OO0
|‘— 5 —’! \GROUND COVERAGE el

QIS

e

IMPASSABLE FOR VEHICLE

Figure 2-75. Physical. Parameters of Vegetation (Ref. 3)

vegetation is easy to understand but hard to
predict. When the spacing between trees, for
example, becomes so close as to prohibit a
vehicle from passing between, then the
trafficability of this particular terrain is zero,
in spite of the soil condition or any other
considerations of vehicle-soil interaction. This
role of vegetation is analogous to obstacles

created in the terrain that cannot be
surmounted or pushed aside. The condition is
pictured in Fig. 2-75. Short of this situation,
when the vegetation is dense, but not
impassable, the vegetation slows down the
vehicle by restricting movement and limiting
observation. Low brush, even when closely
spaced, may not immobilize a vehicle, but its
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= 50 in,

Figure 2-76. Surface Roughness and Vehicle Size (Ref. 8)

presence slows the vehicle down by generating
increased motion resistance and hiding terrain
features such as rocks and ditches.

The more usual obstacle role of terrain
results from slopes, ditches, or mounds that
cannot be surmounted. To be a slope, the
terrain must have a dimension that is large
compared to those of the vehicle. Otherwise,
a slope appears as a bump or obstacle. A slope
for a small vehicle may be an obstacle for a

STEP DOWN

large one (Fig. 2-76). Some basic obstacle
classes are shown in Fig. 2-77.

A particularly important type of obstacle is
that presented by rivers. River crossings
throughout history have played an important
role in military operations. The advance of
the German Army into Russia during World
War II was greatly slowed by its ineptness at
effecting prompt river crossings. Rivers have
always been regarded as attractive terrain for

STEP UP

Dy o

Z

DITCH

EMBANKMENT

Figure 2-77. Relationship Between Basic Configurations of Surface Obstacles (Ref. 8)
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forming lines of defense, simply because of
the added difficulty they impose upon the
advancing enemy.

The single most difficult part of any river
crossing is climbing up the bank on the
opposite side. Thus, the single most important
parameter with regard to a river crossing is the
geometric form of the banks. Tests have
demonstrated a maximum bank-climbing
ability of the MI113 Armored Personnel
Carrier of only 17 deg (Ref. 26). Most rivers
in the United States have bank slopes greater
than 25 deg and in areas such as Thailand
most slopes are greater than 30 deg.

Approximate empirical relationship ex-
presses the “geometric severity factor” (GSF)
of a river bank in terms of an equivalent
vertical step height:

GSF = Hsin? 8, m (2-41)
where
H = bank height, m

B

bank slope angle from the horizontal,
deg

Exiting performance is estimated by
determining the vertical step-climbing ability
of the vehicle on both nondeformable (wood
or concrete) and deformable (sand or clay)
steps. The vehicle is then predicted to have a
“go” capability on any bank whose GSF is
less than the nondeformable step-climbing
ability of the vehicle; the vehicle has a
“marginal” capability of negotiating a bank
with a GSF that 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. 2-78).

Frequency distributions of geometric sever-
ity factors for the Eastern United States and
Thailand, developed from survey data, are
given in Table 2-20.
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High soil strength is of obvious benefit to
the exiting vehicle on a bank with a slope free
of abrupt discontinuities, such as steps. When
the bank contains a step, the situation is
reversed. Vehicles exit on step-type banks by
bulldozing and excavating (with tracks or
wheels) until a ramp is formed. Hence, there
is an optimum condition at which the soil
strength is low enough to allow a ramp to be
formed and high enough to support the
normal and shear loading of the vehicle.

Tracked vehicles with blunt, flat front ends
and wheeled vehicles with long front over-
hangs or low bumpers have the most
difficulty exiting onto step-type banks. For
example, consider a vehicle with a front
bumper 8 in. wide and 6 ft long, with a net
tractive force of 10,000 Ib. A bulldozing
resistance on the bumper of only 17.4 psi (a
relatively low value) will stop the vehicle. The
M113 has a tractive force of 15,000 Ib under
favorable conditions and a near-vertical
frontal area of approximately 1,740 in.2. A
bulldozing resistance of less than 9 psi on this
frontal area is sufficient to prevent this
vehicle from exiting.

Vegetation, even light vegetation such as
grass, can produce a condition that will
prevent exiting because of added slipperiness
or obstacle effects. Vegetation also tends to
maintain the bank in a step configuration.
Exiting tests in the Canal Zone of Panama
showed that a step-like bank configuration
had remained relatively unchanged over a
period of 60 yr, apparently because of the
heavy tropical vegetation.

On banks that approximate a uniform slope
(as opposed to those that approximate a
step), the ability of the vehicle to exit is
governed principally by the net traction that
can be developed. Any given soil has a finite
soil strength. When the soil is formed into a
sloping surface, part of this strength is
mobilized just to maintain the slope. This
means that the soil strength available to
support and supply tractive effort to the
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Figure 2-78. Typical River Cross Section With Appropriate Equivalent Vertical
Step Heights for Various Banks, as Computed From Eq. 2-41 (Ref. 26)
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TABLE 2-20

FREQUENCY DISTRIBUTIONS OF BANK GEOMETRIC SEVERITY FACTORS (Ref. 26)

Eastern United States Thailand
GSF, No. of Percent Cumulative |No. of Percent Cumulative
ft banks of total percent banks of total percent
1.0 29 12.9 12.9 10 8.1 8.1
1.5 8 3.6 16.5 15 12.1 20.2
2.0 21 9.4 25.9 4 3.2 23.4
2.5 16 7.1 33.0 8 6.5 29.9
3.0 8 3.6 36.6 11 8.9 38.8
3.5 5 2.2 38.8 7 5.6 44.4
4.0 6 2.7 41.5 8 6.5 50.9
4.5 5 2.2 43.8 10 8.0 58.9
5.0 7 3.1 46.9 2 1.6 60.5
5.5 2 0.9 47.8 4 3.2 63.7
6.0 9 4.0 51.8 4 3.2 66.9
6.5 5 2.2 54.0 5 4.0 70.9
7.0 5 2.2 56.3 3 2.4 73.4
7.5 12 5.4 61.6 2 1.6 75.0
8.0 13 5.8 67.4 3 2.4 77.4
8.5 5 2.2 69.6 2 1.6 79.0
9.0 7 3.1 72.7 3 2.4 81.4
9.5 1 0.4 73.2 1 0.8 82.2
10.0 6 2.7 75.9 1 0.8 83.0
Greater
than 10 54 24.1 100.0 21 17.0 100.0
exiting vehicle is less than that for the same where
soil when level.
¢ = soil internal friction angle, deg

The following relationship between gross
tractive effort and gross vehicle weight as a
function of slope angle and soil internal
friction angle for dry sand has been suggested:

Gross Tractive Effort
Gross Vehicle Weight

=(tanp-cosB)—sin g (2-42)

B = bank slope angle, deg

Eq. 2-42 is plotted in Fig. 2-79 for various
values of ¢ and B. It is emphasized that this
relationship was developed for dry sand. Wet
sand, or a cohesive soil, can have appreciably
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GROSS TRACTIVE EFFORT
GROSS VEHICLE WEIGHT

20 235 30 38

BANK SLOPE ANGLE B, deg

Figure 2-79. Vehicle Tractive Effort-Weight Ratio for Various
Stream Exiting Parameters (Ref. 26)

greater strength than would be predicted from
Eq. 2-42.

The size of the river to be crossed has an
effect on exiting, because river current and
depth generally increase with width. Recent
tests indicate that nearly all existing standard
U. S. Army floating vehicles are uncon-
trollable in currents that equal one-half the
maximum still-water speed of the vehicle®*.
The effect of current, therefore, is to prevent
the vehicle from exiting at the most desirable
locations on the opposite bank. River depth
near the bank is also a factor, since a vehicle
exiting from a floating position has signifi-
cantly less traction available during the initial
phase of egress than when exiting from a
fording situation.

Tables 2-21 and 2-22 show river width-and-
depth data from field surveys. These data
show that most rivers are less than 100 ft
wide and less than 3 ft deep. However, it
should be noted that even small, shallow
rivers frequently pose severe exiting problems.

*The only significant exception is the LARC V.

It has been well established that the steeper
cut banks are not good egress points on the
upper flood plain of relatively small streams.
Along the same stretches of these 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 banks and frequently overflows
them. With a soil 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
associated with these areas (primarily because
of cultural influences) and may be considered
a less likely deterrent to egress.
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TABLE 2-21

FREQUENCY OF RIVER SURFACE WIDTH (Ref. 26)

Eastern U.S. Thailand
River surface Rivers Rivers
width, ft surveyed Percent surveyed Percent
20- 50 43 38 27 43
50-100 26 23 13 21
100-150 10 9 5 8
150-200 6 5 7 1
200-250 5 4 2 3
250-300 6 5 3 5
300-350 3 3 1 2
350-400 1 1 1 2
400-450 4 4 0 0
450-500 3 3 0 0
> 500 6 5 4 6
Total 113 Total 60
Arithmetic mean width, ft 267 171
Geometric mean width, ft 94 82
Median width, ft 71 60

As a consequence, entrance and egress
points in the flat, expansive delta regions
should be selected on the outside bank of a
meander. Special care is required for negotia-
tion, because this location usually has the
maximum current velocity and possibly an
undertow current as well. There is little
choice in the matter of selection; the shoals
are soft and their reaches are often long.

Recommended slope requirements have
been developed by the U. S. Army Tank-
Automotive Command and are summarized in
Tables 2-23 and 2-24. The tables show the
type of river banks that different vehicle
classes should be capable of negotiating. A
limited amount of soil data, the soil angle of
intermnal friction, and cohesion are included.
The tables were developed from field surveys

of rivers. These recommended requirements
will undergo continual revision and expansion
as additional data become available.

Table 2-23, for tropical areas, was de-
veloped from river survey data taken in
Thailand. A uniform slope with a relatively
high water level is indicated. Table 2-24, for
temperature 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.
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TABLE 222

FREQUENCY OF RIVER DEPTH (Ref. 26)

Eastern U.S. Thailand
River depth, 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 14 12.5 1 2
4- 5 6 5 7 12
5- 6 2 2 2 3
6- 7 4 3.5 4 7
7- 8 0 0 2 3
8- 9 2 2 4 7
9-10 2 2 4 7
10-11 0 0 2 3
11-12 1 1 1 2
12-13 1 1 0 0
13-14 1 1 0 0
14-15 1 1 2 3
> 15 _6 5 3 5
Total 112 Total 60
Arithmetic mean depth, ft 4.02 6.14
Geometric mean depth, ft 2.55 4.53

It is possible to build a vehicle that,
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. 2-80.
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Ingress performance may be determined by
the ability of the vehicle to enter the water
over the banks shown in Tables 2-23 and
2-24. The ingress problems are concerned
primarily with hang-up and swamping and the
ability of the engine and transmission to
operate on the steeper slopes. Existing
military engines and transmissions can operate
at angles of about 30 deg. At higher angles,
the oil pick-ups on both the engines and
converter-type transmissions become ineffec-
tive. Many gasoline engines also have carbure-
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TABLE 2-23

RECOMMENDED RIVER EGRESS AND INGRESS REQUIREMENTS FOR TROPICAL AREAS (Ref. 26)

Banks that

Soil
Vehicle Class jvehicle Bank* Water Soil friction
will nego- (Height, |Slope, depth, fcohesion, angle, Slope profile
tiate, % ft deg ft psi deg
Wheeled 39 9 35 | 4.75 | 0.75 10 - S 9 ft
tactical 35 deg l
Tracked 67 12 45 | 6 1.0 15 Y __ 12 ft
tactical 45 deg 1
Current e
urren
combat 77 12 55 9 1.5 20 55 deg li ft
Future
combat 83 14 60 11.5 2.0 25

*Specified with no cover, grain-size distribution 95% of fine gravel or finer
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TABLE 2-24

RECOMMENDED RIVER EGRESS AND INGRESS REQUIREMENTS FOR TEMPERATE AREAS (Ref. 26)

Bank 1% Bank 2%% Soil
Banks that an Water Soil friction Slope profile
Vehicle :i}]?]i.cr]igo Height,| Slope, |Height,|Slope, |depth, |cohesion, 32818. Back 1 Bank 2
class - £ e an an
tiate, % ft deg ft deg t psi b4
Wheeled 37 3 90 12 30 2 0.5 26 to 15
tacttieal J_ 12 ft
y—l_s M 30 deg |
t
Tracked 52 6.5 80 12 45 4 0.75 31 to 20
tactical v - v 12 ft
- 6.5 ft — T 7/ 45 degl
+
Current .
combat 67 8.5 80 12 60 6 1.0 35 t0 25| __[ T v __ 12 £t
8.5 ft
1 60 deg |
Future
combat 76 12 80 15 65 8 1.5 35 to 25| L — ]; e Y/ 15 ft
! 65 deg 1

*Specified with vegetative cover, minimum 12-in. root depth, grain-size distribution 95% of fine gravel or fimer

**Specified with no vegetative cover, grain-size distribution 95% of fine gravel or finer
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NORMAL FORCE:
GVW x COS ©

WATER LEVEL

T~ GRADE RESISTANCE:
GVW x SIN @

——

STEPS FOR CALCULATING ADDITIONAL EXITING FORCE

(1) Vehicle data required.
(a) Gross vehicle weight (GVW), 1b: W
(b) Ground contact area, in.<: A

(2) Bank data required.
(a) Bank slope, deg: 6 _
(b) Soil cohesion, 1b in. 2
(c¢) Soil friction angle, deg: ¢

(3) Calculate traction achieved from cohesion, Tc
Tc = ground contact area x soil cohesion
t =Axc
c

(4) Calculate traction achieved from soil internal frictiom, T

T¢ = normal force x tan of soil friction angle

T, =Wx cos 6 x tan ¢

¢
(5) Calculate total traction, T

¢

T

TT = traction from cohesion + traction from soil
internal friction

T. =T + T
c $

T

(6) Calculate grade resistance, R

R = GVW x sin 6
(7) Calculate additional force necessary to negotiate slope, F

F = grade resistance - total traction

F =R-T

T

(8) Calculate percentage of GVW that additional force represents

% of GVW = additio:;é force ; 100 = GSW x 100

Figure 2-80. Simplified Method for Estimating Additional Force Required
to Exit on a Firm, Uniform Slope (Ref. 26)
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tion difficulties at the higher angles. Thus, to
meet the requirements of Tables 2-23 and
2-24, basic power-train design changes are
required.

Sandy ocean beaches for major military
operations also constitute an area of military
research. A polyester resin, sprayed over the
sand, has been demonstrated to hold up under
beach assault traffic (Ref. 27). The plastic
takes an hour or so to set up but once in place
it greatly improves beach trafficability.

2-5.3 CONTOUR EFFECTS*

Ground-to-air guided missile systems re-
quire that some aircraft fly close to the
ground in order to survive. In very flat areas,
such as a coastal plain, flight may be made at
or near treetop level without crashing into an
obstacle. Flights over rough terrain must be
made at slower speeds and/or at higher
elevations above the ground in order to be as
safe as the faster and lower flight over flatter
ground. A topographic guide that considers all
pertinent factors and produces flight param-
eters having specified levels of risk for each
terrain is required. The first step in the
development of such a guide is to determine
the roughness of the ground. This paragraph
describes an empirical method by which the
densities of contours, ridges, and valleys on a
topographic map may be made to yield data
on the dimensions of the terrain features

" likely to offer the most difficulty to low-level
flight.

Anyone well acquainted with contour
flying could probably examine topographic
sheets from different areas and form a
qualitative opinion as to the relative difficulty
of flying each. The methodology requires a
rapid means of quantifying the necessary
changes in elevation, the horizontal distances
allowed for making them, and the frequency
of the changes.

The method recommended here applies to

*Discussion follows that of Ref. 28.

2-122

any area that is adequately mapped. It is most
easily demonstrated with reference to a
hypothetical example. The only prerequisite
is to determine the average ridge-to-valley
spacing and average valley depth.

(1) Select a 15-min, 1:62,500 or 1:50,000
topographic sheet representative of the area
to be analyzed. Draw the largest possible
circle on the sheet with the center of the
sheet as the center of the circle. Draw
east-west, north-south, northeast-southwest,
and northwest-southeast diameters. Measure
the length of the diameters and determine
their ground length in feet. Let it be assumed
for demonstration purposes that such length
is 70,000 ft. The four diameters thus have a
total length of 280,000 ft.

(2) Count the contours intersected by the
diameters, and multiply contour interval by
contour count to determine the amount of
elevation change that takes place in traversing
the diameters. Let it be assumed that the
contour interval is 40 ft and that 900
contours are counted for an elevation change
along the diameters of 36,000 (40 X 900 =
36,000)

(3) Count the ridges and valleys en-
countered in traversing the diameters and
divide the total length of the diameters by
this count. Do not distinguish the ridges from
the valleys, but count the number of times
the slope changes from up to down or down
to up. The operation may be speeded up and
made almost mechanical by counting the
number of times the traverse line cuts off a
loop of a contour, becomes tangent with one,
or, in rather rare cases in crossing a ridge or
broad flat-floored valley, passes between two
contours having the same value. Let it be
assumed in this case that 140 such slope
direction changes are counted for a mean
ridge-to-valley  spacing of 2,000 ft
(280,000/140 = 2,000).

(4) Divide the total elevation change by
the number of slope direction changes to
obtain a mean valley depth; in this case 257 ft
(36,000/140 = 257.1).



This procedure yields a quantitative mea-
sure of terrain dimensions including mean
slope (= mean ridge-to-valley spacing/mean
valley depth). Areas of lowest mean slope
constitute the areas of easiest contour flying.

The same methods are applicable to other
problems associated with terrain contours
such as laser target designation, weapon
trajectory calculation, and visual range.

2-6 DESIGN

Terrain is very complex and therefore
difficult to describe quantitatively. The
advantages of being able to do so, however,
have led researchers at the U. S. Army
Tank-Automotive Command and the U. S.
Army Engineer Waterways Experiment Sta-
tion to make the attempt. The AMC ’71
vehicle mobility model is an attempt to
describe objectively the terrain, the inventory
of Army vehicles, and their interactions (Ref.
29). By means of this model one should be
able to predict speeds and performance of any
Army vehicle in any kind of terrain, assuming
that the independent variables of the model
are adequately measured and accounted for.
This undertaking is clearly ambitious and
optimistic.

The terrain is described in terms similar to
those outlined in par. 2-3. The present model
is the first generation; new additions and
modifications will be made continually.

The performance of a vehicle at any
moment is the result of a complex interplay
among many different characteristics of the
vehicle, numerous features of the particular
terrain in which it is operating, its immediate
past operating history, and elections and
constraints imposed by the driver. AMC 71
postulates that the maximum practical speed
of a sound vehicle at any moment, including
zero (or no-go) is the proper measure of its
mobility at that time and place. Accordingly,
each of the many system parameters poten-
tially involved are quantified in engineering
terms that permit calculation of probable
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vehicle speed as limited by one or more of a
number of possible specific terrain-vehicle-
driver interactions. Table 2-25 outlines system
attributes considered in AMC *71 at this time.

The endless variability of real terrain can be
represented by a mosaic of pieces, each of
which, to some feasible resolution, can be
considered uniform (deterministically or
probabilistically) in terms of measurable
factors affecting vehicle responses. Such a
subclass of terrain is called a terrain unit. An
areal terrain (see par. 2-3.4.2) unit is currently
characterized by 13 measurements (in class
intervals) reflecting the type and strength of
surface materials, slope, prevailing ground
roughness, discrete obstacles, and vegetation
(Table 2-26, column A); a linear terrain unit
by 9 measurements covering type and
strength of surface materials, cross section,
and water depth and velocity (Table 2-26,
column B); and a road unit by 5 measure-
ments expressing surface type, strength, slope,
curvature, and roughness (Table 2-26, column

o).

Maximum practical speeds for a vehicle in
each areal, linear terrain, and road unit within
an area, calculated from validated engineering
relations, can be combined by suitable
procedures to predict the performance of the
vehicle along any given path in the real
terrain, and/or to accumulate a statistical
representation of vehicle performance in the
area as a whole.

The basic structure of AMC ’71 is
illustrated in Fig. 2-81. Pertinent vehicle
characteristics and complete data on all
terrain units in an area are stored in computer
files and assessed as needed by a central
performance module. The performance
module accepts descriptors for a single terrain
unit and, after examination of a range of
possibilities, provides the maximum possible
vehicle speed for the terrain unit as well as an
identification of the controlling relations. The
entire terrain file for an area is iteratively
examined, one unit at a time, until per-
formance in each unit has been determined
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TABLE 2-25

TERRAIN, VEHICLE, AND DRIVER ATTRIBUTES USED IN OFF- AND ON-ROAD PERFORMANCE
PREDICTION MODELS (Ref. 29)

Terrain or road

Vehicle

Driver

off
road

Surface material
Type
Strength
Surface geometry
Slope
Discrete obstacles
Roughness
Vegetation
Stem size and spacing
Visibility
Hydrologic geometry
Stream cross section
Water velocity and
depth

Geometric
Mechanical
Inertial

Reaction time
Recognition distance

V-ride limit

Vertical acceleration
Timit

Horizontal acceleration
Timit

On
road

‘Surface material

Type

Strength
Surface geometry

Slope

Roughness
Curvature

Mechanical
Inertial

V-ride Timit
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TABLE 2-26

TERRAIN OR ROAD FACTORS USED IN PERFORMANCE PREDICTION MODELS (Ref. 29)

A. Areal terrain units

B. Linear terrain units

C.

Road units

Terrain factor

Measurement unit

Terrain factor

Measurement unit

Road factor

Measurement unit

Surface

1. Type
2. Strength
3. Slope

4, Surface roughness

Obstacle

. Approach angle
. Height

. Base width
Length

Spacing

Type

cwWwoO~NOWL

1

Vegetation

11 Stem diameter
12. Stem spacing
13. Visibility

NA

Cone index
Percent

Root mean square
elevation, in.

Degree
Centimeter
Centimeter
Meter
Meter

NA

Centimeter
Meter
Meter

Surface
1. Type
2. Strength

Cross section

3. Left approach
angle

4, Differential
bank height
or differential
vertical
magnitude

5. Right approach
angle

6. Low bank height
or least verti-
cal magnitude

7. Base width or
top width

Water

8. Depth
9. Velocity

NA
Cone index

Degree

Meter

Degree

Meter

Meter

Meter
Meters/second

Surface

1. Type

2. Strength
3. Slope

4. Curvature
5. Roughness

NA

Cone index or CBR
Degree

Degree

Root mean square
elevation, in.

NA = not applicable
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TERRAIN, ROAD, AND VEHICLE DATA BANK

' v Y

OFF~-ROAD

MODEL VEHICLE ON-ROAD
1. Areal 16— pynamics |[———% MODEL
2. Linear SUBMODEL

Y

TRAVERSE OR ROAD SPEED PREDICTIONS

'

SPECIAL OUTPUTS

Figure 2-81. General Flow Diagram of AMC ‘71 Ground Mobility Model (Ref. 29)

and stored. At that point, answers in the
temporary file are organized, suitably com-
bined, analyzed, printed, and refiled by an
output routine designed to meet the needs of
the particular study.

The basic output of AMC ’71 is vehicle
speed in each of a series of areal terrain, linear

study may involve the use of one, two, or all
three performance modules. The areal and
linear modules together are identified as the
off-road model, and the road module is
identified as the on-road model.

A detailed structure of the areal terrain
performance module is given in Ref. 29. In it,

terrain, and/or road units. The further terrain and data files are assessed by each
processing of these speeds can develop submodel as needed. In the areal terrain
performance predictions along specified performance module, each terrain unit de-
paths, determine optimal paths between scription is combined with the vehicle

selected points under various constraints,
and/or generate statistics concerning the
performance of the vehicle in the terrain as a
whole.

The central performance module, the heart
of AMC ’71, has three parallel forms: one to
handle areal terrain, a second to examine
linear terrain (rivers, streams, ditches, roads,
etc.) offering identifiable linear barriers to
vehicle crossing, and a third to predict
performance on a network of roads. A given
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characterization to calculate a number of
possible operating speeds as limited by power
and power train characteristics; available
traction; motion resistances engendered by
soils, slopes, and overriding of obstacles and
vegetation; local maneuvering to avoid vegeta-
tion and obstacles; ride and obstacle-crossing
dynamics; visibility restrictions; and accelera-
tion and braking performance. The logic of
the model examines the least of these several
speeds as influenced by obstacles and
vegetation. Then it performs a speed analysis



to decide how much to override and how
much to avoid. From this it determines the
maximum feasible vehicle speed within the
described terrain unit. The module repeats the
procedure three times for each terrain unit
(where required), once with the vehicle
running straight upslope, once running direct-
ly downslope, and once running along the
slope contour. The average of these three
speeds is assigned to the terrain unit as a
whole. When upslope operations is ‘“‘no-go”,
the other two are also taken to be ‘“‘no-go”.
The areal terrain performance module is
constructed with a submodel to assess a time
penalty for “no-go’ situations rather than to
accept a zero speed with its implications of
eternal immobility.

The composition of the linear terrain
performance module is diagrammed in Fig.
2-82. The module is structured to account for
fording (where possible), swimming (where
possible) rafting or bridging (where neces-
sary), ingress, and egress. Like the areal
terrain performance module, the linear terrain
performance module determines speeds (in

5.9

terms of crossing times) and ‘“‘no-go’s” and
assesses time penalties for ‘no-go’s” in
recognition of the fact that the Army will
arrange the necessary engineer support in

advance if it must get through.

The basic workings of the on-road per-
formance model are displayed in Fig. 2-83. In
its present form this model is essentially an
off-road areal terrain performance module
with no vegetation or obstacles, but with an
added relation for limiting speed due to road
curvature.

The areal, linear, and road speeds for a
vehicle in a terrain (or road) unit are
predicted for discrete patches of terrain. The
principal means of interpreting these for an
area is to examine the performance along
specific or generalized routes, or traverses,
through the area. Traverse predictions are
made by adding traverse times across areal
and linear terrain units.
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2-7 TESTING AND SIMULATION

Because of the complexity and variety of
natural terrain. laboratory testing of vehicles
or other equipment that is dependent upon
the terrain is always subject to the accuracy
with which a given terrain is simulated.
Reproducing natural terrain to every detail in
a laboratory environment is a hopeless task:
too many terrain variables cannot be incor-
porated into any practical experimental setup.
Only small portions of the overall problem,
such as soil samples, have been simulated.
Soils of similar USCS or USDA classification
generally exhibit similar shear strength prop-
erties. This fact implies that knowledge of the
soil type according to one of these classifica-
tion systems immediately yields valuable
information insofar as trafficability is con-
cerned. As always, moisture content is
another important variable that must be
accounted for in any model used to predict
trafficability.

The most ambitious attempt to simulate
terrain conditions in a mathematical model is
that presently being carried out by the U S
Army Tank-Automotive Command and the
U S Army Engineer Waterways Experiment
Station (Refs. 15.29). As discussed previous-
ly, this model has as a goal the complete
description of the terrain-vehicle interaction.
To carry this out meaningfully requires that
both the terrain and the vehicle be adequately
described in quantitative terms so that
appropriate independent values of any given
interaction can be assessed by the model. This
model is not yet complete. but progress is
encouraging.

In the meantime, tried and true methods of
field evaluation continue to be employed in
the evaluation of various vehicles in various
types of terrain. Test sites have been chosen
to span the wide spectrum of general terrain
types found in nature:

(1) Puerto Rico — tropical rain forest,
mountains, rugged terrain
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LEGEND
SUBMODEL
NAME
OUTPUTS
FORDING
1. NO-GO
NO-GO OR GO
2. GO-INGRESS TIME
SWIMMER ~FORDING TIME
NO-GO
NONSWIMMER
SWIMMING
1.NO-GO NO-GO
OR RAFTING, BRIDGING
2.GO-INGRESS TIME B ]
-FORDING TIME TIME PENALTY

EGRESS

EGRESS TIME

TOTAL CROSSING TIME

Figure 2-82. Schematic Flow Diagram of Linear Terrain Unit Performance
Prediction Module (Ref. 29)

(2) Ft. Sill, Okla. — riverine investigations, (4) Thailand — tropical jungle area subject
containing a large assortment of bank angles to large wet and dry seasonal variations
and bank heights

(3) Yuma Proving Ground, Ariz. — desert (5) West Germany — forested areas with
area little undergrowth
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LEGEND: POWER TRAIN

SUBMODEL

TOTAL TF AVAILABLE TO
NAME

ALL WHEELS REGARDLESS

OF DISTRIBUTION
OUTPUT l

ROAD SURFACE

1. PRIMARY
2. SECONDARY
3. TRAIL

MAXIMUM DRAWBAR AND
MOTION RESISTANCE FOR
LEVEL SURFACE

:

CURVATURE RIDE SLOPE

MAXIMUM DRAWBAR AND
CURVATURE SPEED RIDE DYNAMICS MR DRONS
LIMIT LIMIT MOTION RESISTANCE FOR

+ SLOPE; CONVERT TO

| e

SELECT MINIMUM OF CONTRIBUTING SPEEDS

THIS SPEED IS ROAD SPEED FOR PRESENT SLOPE

MODIFY SLOPE AND REPEAT

i. Up
2. LEVEL
3. DOWN

|

WEIGHTED AVERAGE OF ROAD
SPEEDS = SPEED FOR ROAD
UNIT

Figure 2-83. Schematic Flow Diagram of On-road Performance
Prediction Model {Ref. 29)
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(6) South Korea — mountainous testing
under severe climatic conditions.

The major U S Army agencies involved in
vehicle testing are the Waterways Experiment
Station (WES), Vicksburg, Miss.; the Tank-
Automotive Command (TACOM), Warren,
Mich.; and the Cold Regions Research and
Engineering Laboratory (CRREL), Hanover,
N.H. This latter organization has field stations
near Houghton, Mich., and Ft. Greely, Alaska.

This cross section of testing facilities and
agencies covers the complete spectrum from
cold weather to tropics, from wet to dry,
from a desert inorganic soil to highly organic
muskeg. Such testing programs are still the
backbone of any vehicle evaluation program
and are likely to remain so in the foreseeable
future.

Contemporary vehicle research is divided
among the major agencies of the Army as
follows:

(1) U S Army Cold Regions Research and
Engineering Laboratory (CRREL), Hanover,
N. H. Historically, a major task of CRREL has
been to study the trafficability of various
vehicles across snow, ice, muskeg, and
permafrost. This research has led to the study
of pressure distribution of tracked vehicles on
snow, shear forces of track grousers, and
relationships between snow characteristics
and track sinkage and slippage. The contem-
porary program consists of the development
of a snow submodel to be compatible with
the overall mobility model (AMC ’71). Snow
covered terrain is different from other
terrains, and it can include a broad range of
slopes, vegetation, and geometry. While
certain terrains are worsened by snow cover,
others are improved. Quantifying these
snow-related parameters is imperative for
adequate modeling. The appearance of the
snow surface is not a satisfactory description
of its physical characteristics, and a major
task of CRREL is to develop an adequate
model.
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(2) U S Army Waterways Experiment
Station, Vicksburg, Miss. The station has
carried out extensive trafficability studies, soil
stabilization studies, river research, and the
development of artificial landing mats.

(3) U S Army Tank-Automotive Com-
mand (TACOM), Warren, Mich. Laboratories
within this command have been active in the
development of criteria for vehicle design and
evaluation of techniques for vehicle per-
formance under a wide variety of soil
conditions. A key portion of vehicle terrain
interaction is the river-vehicle interaction;
methods of improving river-exiting and
in-river maneuverability in deep water (swim-
ming) are major programs of TACOM which
are conducted by Stevens Institute of
Technology under contract.

(4) U S Army Natick Laboratories,
Natick, Mass. Methods for protecting military
personnel and equipment in all global and
regional environments are studied and de-
veloped in these laboratories.

In addition to these agencies, considerable
mobility research is also conducted at the
following organizations.

(1) The U S Department of Agriculture
National Tillage Machinery Laboratory
(NTML), Auburn, Ala. Most of the activity of
NTML is concerned with the performance of
tractors and tillage implements as related to
farming. Significant studies in soil compac-
tion, performance in soft soils, and soil
cutting have been conducted here.

(2) The Davidson Laboratory of Stevens
Institute of Technology, Hoboken, N. J.
Activities in off-road mobility at Stevens
Institute date back to World War II when
Stevens was engaged in amphibious studies of
the famous DUKW. In 1968 it was selected,
by the Department of Defense THEMIS
program, as a ‘“‘center of excellence” in
off-road mobility research. Today it is the
only U. S. university engaged in significant
nonagricultural mobility research.



(3) The Muskeg Research Institute, Univer-
sity of New Brunswick Fredericton, New
Brunswick, Canada. The Muskeg Research
Institute leads the field of studies of
trafficability in the Far North.

2-8 SPECIFICATIONS AND STANDARDS

Specifications exist primarily for highway
transportability criteria; very few specifica-
tions or standards are concemed primarily
with terrain. Army Regulation (AR) 70 lists
the criteria and tests for transportation of
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materiel by land, water, or air. Specifications
for highway travel are complete and include
highway weight limits of foreign countries
among the other specifications.

Various ASTM standards describe in detail
methods for evaluating soil properties similar
to those discussed in par. 2-4. A list of the
titles of relevant ASTM soil standards appears
in Table 2-27. Complete copies of these
standards are available from the American
Society for Testing and Materials, 1916 Race
Street, Philadelphia, Pa. 19103.
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TABLE 2-27

ASTM STANDARDS FOR SOIL MEASUREMENTS (Ref. 30)

Category Number Title
Soils D2325-11 Test for capillary-moisture relationships for soils (moisture tensions
between 0.1 and 1 atmosphere)

D425-11 Test for centrifuge moisture equivalent of soils
D2488-11 Recommended practice for description of soils (visual-manual procedure)
D2573-11 Field vane shear test in cohesive soil
D2216-11 Laboratory determination of moisture content of soil
D423-11 Test for liquid 1imit of soils
D1558-11 Test for moisture-penetration resistance relations of fine-grained soils
D2435-11 Test for one-dimensional consolidation properties of soils
D2434-11 Test for permeability of granular soils
D424-11 Test for plastic limit and plasticity index of soils
D2844-11 Test for resistance R-value and expansion pressure of compacted soil
D427-11 Test for shrinkage factors of soils
D653-11 Definitions of terms and symbols relating to soil and rock mechanics
D2487-11 Classification of soils for engineering purposes
D2166-11 Tests for unconfined compressive strength of cohesive soil
D2850-11 Test for unconsolidated, undrained strength of cohesive soils in

triaxial compression
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TABLE 2-27 (Continued)

ASTM STANDARDS FOR SOIL MEASUREMENTS (Ref. 30)

Category Number Title
Soils, bearing strength D1194-11 Test for bearing capacity of soil for static load on spread footings
D1883-11 Test for bearing ratio of laboratory-compacted soils
D1143-11 Test for load-settlement relationship for individual vertical piles
under static axial load
D1196-11 Nonrepetitive static plate load tests of soils and flexible pavement
components, for use in evaluation and design of airport and highway
pavements
D1195-11 Repetitive static plate Toad tests of soils and flexible pavement
components, for use in evaluation and design of airport and highway
pavements
Soils, compaction D2168-11 Calibration of mechanical laboratory soil compactors
D1632-11 Making and curing soil-cement compression and flexure test specimens in
the laboratory
D1557-11 Tests for moisture-density relations of soils, using 10-1b rammer and
18-in. drop
D558-11 Tests for moisture-density relations of soil-cement mixtures
D698-11 Tests for moisture-density relations of soils, using 5.5-1b rammer and
12-in. drop
D2049-11 Test for relative density of cohesionless soils
D915-11 Testing soil-bituminous mixtures
Soils, density D2922-11 Determining the density of soil and soil-aggregate in place by nuclear
methods (shallow depth)
D1556-11 Test for density of soil in place by the sand-cone method
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TABLE 2-27 (Continued)

ASTM STANDARDS FOR SOIL MEASUREMENTS (Ref. 30)

Category Number Title
Soils, density D2937-11 Test for density of soil in place by the drive-cylinder method
(continued)
D2167-11 Test for density of soil in place by the rubber-balloon method
D1557-11 Tests for moisture-density relations of soils, using 10-1b rammer
and 18-in. drop
D698-11 Tests for moisture-density relations of soils, using 5.5-1b rammer
and 12-in. drop
D2049-11 Test for relative density of cohesionless soils
Soils, particle size D1140-11 Test for amount of material in soils finer than the No. 200 sieve
analysis
D421-11 Dry preparation of soil samples for particle-size analysis and
determination of soil constants
D2419-11 Test for sand equivalent value of soils and fine aggregate
D2217-11 Wet preparation of soil samples for grain-size analysis and deter-
mination of soil constants
Soils, sampling D2113-11 Diamond core drilling for site investigation
D1586-11 Penetration test and split-barrel sampling of soils
D1452-11 Soil investigation and sampling by auger borings
D420-11 Recommended practice for investigating and sampling soils and rocks
for engineering purposes
D1587-11 Thin-walled tube sampling of soils
Soils, sieve analysis D1140-11 Test for amount of material in soils finer than the No. 200 sieve
D421-11 Dry preparation of soil samples for particle-size analysis and

determination of soil constants
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TABLE 2-27 (Continued)

ASTM STANDARDS FOR SOIL MEASUREMENTS (Ref. 30)

Category Number Title
D422-11 Particle-size analysis of soils
D2217-11 Wet preparation of soil samples for grain-size ana]ys1s and
determination of soil constants
Soils, specific gravity D427-11 Test for shrinkage factors of soils
D854-11 Test for specific gravity of soils
Soils, static load D1194-11 Test for bearing capacity of soil for static load on spread footings
D1196-11 Nonrepetitive static plate load tests of soils and flexible pavement
components for use in evaluation and design of airport and highway
pavements
D1195-11 Repetitive static plate load tests of soils and flexible pavement

components for use in evaluation and design of airport and highway
pavements
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CHAPTER 3

TEMPERATURE*

31 INTRODUCTION AND DESCRIP-
TION**

Temperature is probably the most impor-
tant environmental factor because of the
nature of the stresses it creates and its
pervasive influence on all activities. Through-
out recorded history, the success or failure of
military operations often has been determined
by the ability of an army to remain viable in
an extreme temperature environment. Modern
military materiel must be capable of surviving
wide extremes of temperature — the same
materiel may be used in an arctic winter or in
desert heat. This chapter provides information
on temperature as an environmental factor
with emphasis on its general characteristics,
its measurement, a description of the temper-
ature environment, the effects of tempera-
ture, design techniques useful in guarding
against adverse effects, and, finally, testing
and simulation techniques.

The definition of temperature can be elu-
sive. Although physiological sensations of
hotness and coldness are the most common,
they are also the most inaccurate basis for
defining temperature. Iron often feels colder
or hotter than a piece of wood at the same
temperature.

Temperature is more precisely defined as
the relative hotness or coldness of a body as
measured on the definite scale of any of
several types of instruments. It can also be
defined as the property of a system that
determines whether the system is in thermal
equilibrium with other systems.

*This chapter is based: on a manuscript originally prepared
by Dr. William B. Brierly, now at U S Army Engineer
Topographical Laboratories, Ft. Belvoir, Va.

**General references for this paragraph are Refs. 1-3.

The rigorous quantitative definition of
temperature is based on general thermo-
dynamic considerations. The absolute temper-
ature scale is derived from an analysis of a
Carnot (or other thermodynamic) cycle*.
Absolute zero results when a Camot or
equivalent engine operating between two heat
reservoirs rejects no heat to the reservoir at
the lower temperature. The lower tempera-
ture is then defined as absolute zero while
higher temperatures are defined such that the
ratio of any two temperatures on the kelvin
scale is the same as the ratio of the heats
absorbed and' rejected by a Carnot engine
operating between reservoirs at these tempera-
tures. As a consequence of this formulation,
there is a theoretical lower limit to tempera-
ture but not an upper one.

Measurements made with practical instru-
ments such as gas thermometers are propor-
tional to the kelvin or absolute temperature
scale. This property gives a physical basis for
the use of practical instruments. Temperature
is measured, therefore, by providing a refer-
ence body whose physical properties change
in a known manner with temperature. This
body is then called a thermometer and the
numerical readings obtained on it against
well-defined  physical reference points
establish the scale.

Since temperature is a relative measure
indicating the capacity of a body to transfer

*A thermodynamic cycle is a recurring series of processes in
which heat is imparted to or extracted from a system and in
which energy is stored or given up by the system such that
the system returns to its original state. A Carnot cycle is an
ideal cycle consisting of two adiabatic and two isothermal
processes, all of which are reversible. An engine operating in
a Carnot cycle is called a Carnot engine and Carnot’s
theorem states that no engine can be more efficient than a
Carnot engine.
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TABLE 3-1

COMPARISON OF TEMPERATURE SCALES AT STANDARD AND FIXED POINTS (Ref. 1)

Celsius Fahrenheit Kelvin | Rankine
Absolute zero -273.15 ~459.67 0.00 0.00
Oxygen point -182.97 -297.35 90.18 162.32
Ice point 0.00 32.00 273.15 491.67
Triple point of water 0.0100 32.02 273.16 491.69
Steam point 100.00 212.00 373.15 671.67
Sulfur point 444 .60 832.28 717.75 | 1291.95
Antimony point 630.5 1166.9 903.65 | 1626.57
Silver point 960.8 1761.5 1234.0 2221.2
Gold point 1063.0 1945.4 1336.5 2405.1

heat, some arbitrary scale of temperature
must be defined. Practical temperature scales
are based on fixed points. The fixed tempera-
tures formerly used to define the scale were
the steam point (100°C) and the ice point
(0°C) of pure water under a standard atmo-
spheric sea level pressure of 760 mm Hg. The
temperature scale is now referenced to one
primary standard fixed point, the triple point
of water (273.16 K).

The fahrenheit scale referenced to the ice
point (32°F) and the steam point (212°F) has
long been the common temperature scale of
English-speaking countries and much of the
data on temperatures are given in this scale.

The most common and convenient temper-
ature scale is the Celsius, more commonly
known as centigrade. It divides the tempera-
ture interval between the ice and steam points
into 100 degrees starting with 0°C at the ice
point. The Celsius scale is used extensively in
meteorological work, and the World Meteoro-
logical Organization (WMO) has officially
adopted it for reports for international ex-
change (Ref. 4).

In the International System of Units, the
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unit of temperature is the kelvin, a unit that
denotes a temperature interval equal to the
centigrade degree, but is referenced to ab-
solute zero (0 K) and the triple point of water
(273.16 K). The kelvin scale is employed for
most - scientific, some meteorological, and
fewer engineering uses.

On the absolute fahrenheit or rankine scale,
the degree interval is the same as that of the
fahrenheit scale. However, like the kelvin
scale, it starts with a value of 0°R for absolute
zero and has values of 491.7°R.and 671.67°R

for the freezing and boiling points of water,
respectively. Both the rankine and kelvin
scales are positive-valued scales.

A comparison of standard and fixed temp-
eratures on these four temperature scales is
given in Table 3-1 while conversion formulas
are given in Table 3-2.

Temperature is one of the four primary
quantities — along with length, mass, and
time — that form the basis of our physical
measuring system. Each of these quantities
has its own basic unit, each of which is
referenced in an independent, arbitrary
standard. Units for all other physical quanti-



TABLE 3-2

TEMPERATURE CONVERSION FORMULAS* (ALL ENTRIES IN SAME ROW ARE EQUAL)

5 5
Tc g (Tp - 32) Ty - 273.15 g (Tp - 491.67)
21+ 32 T 9 (1, - 273.15) + 32 T, - 459.67
5°C F 5 'K ' R .
5 5

TC + 273.15 g (TF - 32) + 273.15 TK g (TR - 491.67) + 273.15
9 9
3 Tc + 491.67 TF + 459.67 5 (TK - 273.15) + 491.67 Tr
*Tc = temperature expressed in degrees centigrade (Celsius);

TF = degrees fahrenheit; TK = kelvin; TR = degrees rankine
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TABLE 3-3

MATERIAL PARAMETERS THAT GENERALLY INCREASE WITH INCREASING TEMPERATURE

Gas volume at constant pressure («T)
Gas pressure at constant volume (=T)

Velocity of sound in

Velocities of particles in gases («T

Thermal conductivity

gas
1/2)

of ideal gas

Electrical conductivity of gas

Emission of electromagnetic energy
Volume of liquids and solids

Vapor pressure of liquid

Diffusion of one material in another
Electrical resistivity of metals
Electrical conductivity of semiconductors
Voltage of thermoelectric junction
Thermionic emission of electrons

Ductility of a solid

Rate of chemical reaction

ties are derived from these four basic quanti-
ties, and the measurement of all derived
quantities is dependent directly or indirectly
on the basic quantities. Redefinitions of
standards have not affected the measurement
of temperature.

Temperature is an intensive quantity in
that it is not additive when different masses
of equal temperature are joined. Thus, if two
bodies having the same temperature are com-
bined, the mass and dimensions of the new
body will be different from those of either
part, but its temperature will remain that of
the original bodies.

Temperature changes reflect the infusion or
diffusion of heat or other forms of energy to
or from matter. When energy exchanges are
large enough, they have distinct effects on the
substances themselves. Some of the more
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significant effects that relate to gases, liquids,
and solids -- apart from change of phase — are
given in Table 3-3.

The molecular motion within a system is
larger at higher temperatures than at lower
temperatures. As temperature increases this
increased molecular activity can result in
expansion of the substance, a change in state
(e.g., liquid to gas), or a variety of other
changes. The molecular motion is one part of
the internal energy of the system. Some of
the specific temperature points associated
with distinct changes in substances are given
in Table 34.

Heat, often confused with temperature, is
the name for energy being transferred be-
tween systems by virtue of a difference in
temperature. Heat is frequently thought of as
any kind of thermal energy, i.e., energy




TABLE 34

TEMPERATURE THRESHOLD PNENOMENA

Solidification

Vaporization

Loss of magnetization of a solid

Loss of polarization in a ferroelectric material
Onset of superconductivity

Volume of liquid equals volume of vapor

Triple point

Melting point

Boiling point

Curie temperature

Curie temperature

Superconducting transition temperature
Critical temperature

Temperature (and pressure) at which all
phases of a substance coexist

9L1-90L dONV
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associated with temperature, but in a strict
technical sense, heat exists only in energy
transmission because of a temperature gradi-
ent. Hence, it cannot exist without thermal
disequilibrium. When a temperature differ-
ence exists, heat transfers in the direction of
the lower temperature by means of three
processes — conduction, convection, and radi-
ation.

Temperature is associated with all
phenomena involving the transfer of energy,
whether of natural or induced origin. The
extreme values associated with these energy
transfers cover an enormous range. In the
natural environment, temperature varies from
near absolute zero in deep space to the
millions of degrees associated with stellar
interiors, super-novae, and galactic collisions.
Induced (i.e., manmade) temperatures range
from the cryogenic temperatures near ab-
solute zero to the extremely high tempera-
tures associated with thermonuclear reactions.

Only a relatively narrow range of these
possible temperatures is of practical concern
in the design of current military materiel. This
practical range may extend from —75° to
200°C (from below the lowest natural tem-
peratures to the upper extreme for materiel
exposure in a confined space in which much
energy is dissipated). Higher temperatures are
found in engines, heaters, weapons, ovens,
and in other equipment, but these are usually
confined — so that only such materiel as is
intended, e.g., piston, breeches, and gun
tubes, are exposed to these high temperatures.
Problems involving extreme temperatures do
impinge upon many areas of current tech-
nology, and considerable work has been done
in them — from the cryogenic design ranges
involved in space launch vehicles and super-
conducting magnets to the extremely high
temperatures encountered in lasers, plasma,
and nuclear detonations.

A high temperature materiel environment
manifests itself in the degradation of materials
and ultimately in the failure of equipment.
Failure modes range from loss of structural
integrity to catastrophic failures resulting
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from phase changes. For example, materials
such as greases, protective compounds, waxes,
and sealing and insulating substances can
soften and flow at elevated temperatures.
These heat effects can be classified into four
main groups — thermodynamic, electromag-
netic, radiational, and chemical kinetic; they
are discussed in detail in subsequent para-
graphs.

While degradation processes in materiel are
slower at cold temperatures, several problems
are associated with cold temperatures that are
of equal importance to those at elevated
temperatures. Oils and greases become more
viscous, rubbers and plastics are embrittled,
the properties of metals change, water freezes,
and other changes take place.

Each type of effect brings with it a
characteristic set of design problems. Famili-
arity with them is essential if design diffi-
culties attributable to temperature are to be
avoided.

The main emphasis of this chapter is on
temperature as a meteorological environ-
mental factor, since all military materiel is
subject to exposure to the full range of
natural temperatures. The importance of mili-
tary capabilities for operation in the extreme
cold regions as well as in the hot-dry and
hot-wet regions of the earth has been recog-
nized and accepted. The impact of induced
temperatures on the serviceability, maintain-
ability, and reliability of Army equipment is,
however, just as important as that of the
natural temperatures. Problems in this area
derive mainly from the high temperatures to
which materials are exposed in the operation
of equipment, plus accompanying heat build-
ups and the necessity for enduring or reducing
the high temperatures.

Temperature is a primary factor of
weather. Air temperatures exhibit wide vari-
ability because of the irregular distribution of
insolation* and the variations in the natural
processes of thermal energy exchange. These

*Insolation is the solar radiation received by the earth (Ref.
5).



variations are sufficient to create a wide range
of thermal environments in which military
operations are necessary.

Ambient air temperature, as used in this
chapter, refers to the temperature observed at
weather stations — known as surface air tem-
perature or standard instrument shelter tem-
perature. These are obtained in weather
shelters or screens and are known also as
shade air temperatures. Air temperature mea-
surement in direct sunlight is difficult because
of the effect of direct solar energy absorption
in the body of the thermometer. Soil, water,
forest, permafrost, and ice temperatures are
also briefly considered.

Temperature is closely related to other
environmental factors either through syner-
gisms in effects or by correlated variations.
Thus Chap. 8, “Solid Precipitation”, Chap. 4,
“Humidity”, and Chap. 2, “Terrain”, are all
associated with temperature; temperature de-
termines the nature of the sand and dust
problem discussed in Chap. 3 of Part Three,
Induced Environmental Factors. The other
natural environmental factors as well as some
of the induced environment factors show
strong temperature dependencies.

32 NATURAL TEMPERATURE EN-
VIRONMENT

The natural temperature environment of
the earth ranges from —88° to 58°C (—127°
to 136°F), a span of 146 Celsius degrees (263
fahrenheit degrees). This full range does not
occur at any one point —an excursion of
greater than 100 deg C (180 deg F) is
experienced at some locations. [t is impracti-
cal to attempt to design materiel for this full
range because of the cost penalties involved
and basic ambiguities in the requirements.
One cannot provide liquid water at subfreez-
ing temperatures, fresh food that will remain
unspoiled at temperatures over 100°F, a
single lubricant for the full range of tempera-
tures, or clothing equally suitable over the
entire temperature span. Instead, an opera-
tional capability is obtained by combining
materiel selection and design with protective
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measures while at the same time modifying
operational practices to adapt to the tempera-
ture environment. In any case, the design
engineer must be aware of the factors in-
fluencing natural temperatures — the diurnal
and seasonal cycles, and the influences of
topography, meteorology, and flora. Data on
mean and extreme temperatures also must be
available in order to ascertain the life cycle
temperature experience to be expected for
various materiel types.

Detailed consideration of the various
thermal processes would require a lengthy
treatise. The heat balance of the water sur-
face, bare soil, plant-covered ground, forest,
snow cover, and varied topography are sep-
arate, complex problems in microclimatology
and micrometeorology. Reference must be
made to Geiger (Ref. 6) or similar comprehen-
sive texts (Ref. 7) on climate near the ground
for this information. Only a few of the more
general and more pertinent of these subjects
can be covered in the paragraphs that follow.

3-21 TERRESTRIAL TEMPERATURE
CONTROLS*

In any specific geographic location, the
temperature can vary widely. It is dependent
on the level of insolation as determined by
time of day, season, and meteorological con-
ditions, by the nature of the terrain and its
elevation, by vegetation, by proximity to
large bodies of water, and by prior tempera-
ture history. These factors determine the
instantaneous temperature and thus the peri-
odic temperature cycle experienced at that
location. The general features of the seasonal
temperature cycles are accurately predictable
from past history. The specific temperature at
any time can be less accurately predicted but,
with satellite meteorology and numerical
techniques, this short-range predictability is
improving rapidly.

The influences of insolation, altitude,
meteorology, and surface characteristics on
temperature will be considered in order.

*General references to this discussion are The Climate Near
the Ground by R. Geiger (Ref. 6) and An Introduction to
Weather and Climate by G. T. Trewartha (Ref. 7).
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3-2.1.1 INSOLATION*

The sun is the primary source of energy of
the earth. It has a brightness temperature of
approximately 6,000 K and radiates energy at
a rate of about 64,500 kW m2 from its
surface. Of this energy, about 1.395 kW m™
reaches the upper layers of the atmosphere of
the earth. Of the incident energy, 35 percent
is reflected back into space by cloud surfaces,
19 percent is absorbed by the atmosphere,
and 46 percent reaches the surface of the
earth.

If it is assumed that the earth is in dynamic
equilibrium with the sun, then the earth
radiates at a rate equal to that of the incident
energy. From this a maximum surface temper-
ature can be calculated using the radiation law
for a blackbody

R = oT*, Wm? (3-1)
where

R =radiancy, W m™

o =universal radiation constant
5.685 X108 Wm?K*

T =temperature, K

This calculation gives

1/4
_(0.46 X 1.395 kWm2 \
T'(s.éss X105 Wm? K“) w326k (32)

This is less than the maximum terrestrial
temperature observed, 331 K, because the
earth is not a blackbody and heat is supplied
by the core of the earth.

Similarly, the mean temperature of the
surface of the earth can be found by equating
the total energy intercepted by the earth and
its atmosphere (0.65 m?*S where r is the
radius of the earth and S is the solar constant,
1.395 kW m™) to the total radiated energy
(4nr? oT*);
mprehensive discussion of insolation, see

Chap. 6, “Solar Radiation”, of this handbook. A general
reference for this paragraph is Ref. 1.
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This calculated mean temperature is less than
the 287 K observed because of the hot core
and mantle of the earth and because the earth
is not a blackbody.

1/4
T = (0'65 S) = 251K (3-3)

The mean temperature of the earth,
averaged over periods of years, shows little
systematic change even though the solar
constant varies with sunspot activity and with
periodic changes in the earth-sun distance.

The insolation level and thus the tempera-
ture of the surface of the earth does vary
considerably at any particular point. It is
dependent on the angle of incidence of the
rays of the sun on the surface, which varies
with the time of day, season, and latitude as
well as with meteorological conditions. At
noon the insolation level is a maximum while
at night it is zero. At the time of the spring
and fall equinoxes, the isolation level at the
equator is a maximum while at the poles it is
zero. In the Northern Hemisphere, the maxi-
mum insolation level is at the summer
solstice; minimum at the winter solstice. The
variations in temperature induced by these
cyclic changes in insolation would be much
greater were it not for the considerable
transport of thermal energy by atmospheric
and oceanic currents. Fig. 3-1 shows the
general insolation cycle for the earth as
measured at the top of the atmosphere.

It is noted that, in Fig. 3-1, solar radiation
is given in units of cal cm™? min™ . This may
be converted to the international unit for
power density using 6.97 X 10% W =1 cal
min!.

The diurnal temperature cycles can be
considerably weakened by cloudy skies and
are less pronounced in the tropical and polar
regions. Typically, the air temperature in-
creases from sunrise to midafternoon since
the incoming solar radiation is greater than
the energy being reradiated by the earth. In
midafternoon this balance changes, terrestrial
radiation exceeds solar radiation, and the
temperature begins to drop. Several examples
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Figure 3-1. Chart of the Total Daily Solar Radiation at the Top of the Atmosphere
(The solid curves represent total daily solar radiation on a horizontal surface at the top of
the atmosphere, measured in cal cmi? day™. Shaded areas represent regions of continuous

darkness.) (Ref. 8)

of diurnal temperature cycles are shown in
Fig. 3-2. The midafternoon surface tempera-
ture maximum lags the maximum level of
solar radiation by 2 to 3 hr.

Insolation is absorbed in the upper several
inches of soil and the diurnal cycle is barely
detectable 1 m below the surface. In the
surface layer, however, the effect of solar
radiation is to raise the soil temperature to a
level above that of the air. Typical diurnal
cycles for surface soil are compared with

those for the adjacent air in Fig. 3-3 with the
drier soil showing a larger amplitude for the
cycle. Seasonal changes in temperature are
detectable as much as 15 m below the soil
surface. An example of the annual soil tem-
perature cycle is shown in Fig. 3-4.

Since water is relatively transparent to the
rays of the sun, the deposited insolation is
distributed through a much larger volume.
About one-tenth of the insolation reaches a
depth of 30 ft. Daily temperature changes are
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Figure 3-2, Diurnal Temperature Cycles
observable at least 20 ft below the surface. heated or cooled, a much larger mass is
Because of circulation and convection in thereby affected and the temperature changes
water, the annual temperature effects extend are much slower.
to depths of from 600 to 2,000 ft, dependent
on the nature of the water body and its The atmospheric temperature cycles that
geographic location. When water is either result from the variations in insolation depend
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Figure 3-3. Diurnal Variation of Air and Soil Temperatures (Ref. 12)

on the processes by which the surface soil and
water are heated and on the disposition of the
thermal energy. Where the heat capacity,
thermal conductivity, and convection are
small, the energy is reradiated into the atmo-
sphere but at a wavelength (6.8 to 100 um)
that is much longer than that of the incoming
solar radiation (0.3 to 2.2 um). At these
longer wavelengths, 75 to 80 percent of the
energy is absorbed by the atmosphere and the

temperature is raised. As noted earlier, this
process has an associated time lag because of
the heat capacity of the earth and air.
Maximum temperatures are thus attained first
in the surface soil or water, then in the
adjacent air. and subsequently at higher alti-
tudes.

The annual temperature cycle depends on
insolation in much the same way as the
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diurnal cycle. It is, however, described in
terms of mean monthly temperatures, with
the temperature minimum and maximum
occurring in January and July, respectively.
The temperature lag, in this case the time
between the maximum (or minimum) insola-
tion occurring at the solstice and the maxi-
mum (or minimum) air temperature, is about
24 days for continental regions. This lag
results from the heat capacity of the land and
airmass, which is either being heated by a net
excess of insolation over the terrestrial radia-
tion or being cooled by a deficit. In oceanic
regions, the temperature lag is longer, typical-
ly 55 days. In the eastern Pacific and eastern
Atlantic between the Equator and Tropic of
Capricorn, the temperature lag can be over
100 days. In coastal regions, the lag is
intermediate, being generally greater on the
western margins of continents. The smallest
lag reported is 10 days in South Africa while a
number of other continental areas have re-
ported extreme mean temperatures occurring
within fewer than 25 days following the
solstice.

Some typical annual temperature cycles are
illustrated in Fig. 3-5. The lag is readily
evident as is the small span of the tropical
climate. This small span results from the
relatively small variability in seasonal insola-
tion as well as the larger heat reservoir
associated with surface and atmospheric
moisture in the tropical region.

3-2.1.2 SURFACE TEMPERATURE CON-
TROLS

The nature of the surface of the earth is an
important factor in determining the percent-
age of the incident solar radiation that is
absorbed and thus the surface air tempera-
ture. Thus, while both insolation and the
differences between land and water determine
the general temperature level and the diurnal
and annual cycles, the particular temperature
observed at any point is influenced greatly by
local surface types. Snow and ice surfaces
such as are found in the Antarctic, Greenland,
and the Arctic Ocean generally reflect more
than 75 percent of the incident radiation—
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sometimes more than 90 percent. Dark,
plowed fields absorb close to 100 percent of
the incident radiation but, on the average,
land areas absorb 85 to 90 percent. Some of
the incident energy is used in evaporating
water from the surface, whether it is land or a
water body.

Over water, approximately 60 percent of
the incident radiation is absorbed and sub-
sequently used for evaporation of water or
reradiated into the atmosphere. Since the
specific heat of water is from two to five
times that of soil and circulation results in a
large mass being heated, much more thermal
energy is required to raise the temperature of
a water body. Thus, a water surface and the
air over it will not be warmed as rapidly as a
land surface. Marine climates, therefore, have
smaller ranges of temperature than conti-
nental climates.

Moist air in the humid tropics absorbs long
wavelength radiation during the day so that
the surface of the earth is required to give up
less at night; the same moist air prevents the
heat of the surface from being transmitted
into space and being lost. The daily ranges of
temperature, therefore, are small compared to
those of the temperate zones with drier air. In
arid climates, the dry air transmits more solar
radiation; the surface of the earth is heated
more during the day; and at night the
longwave terrestrial radiation is again readily
transmitted by the dry air. The daily ranges of
temperature are, therefore, large. In summary,
the average annual ranges of temperature are
smallest in low latitudes and over oceans, and
largest over continents in the middle and
higher latitudes.

A snow cover results in more pronounced
cooling of the atmosphere. Not only is the
daily insolation in a region with a snow cover
smaller than in other regions of the earth but
also much more of it is reflected. At night,
the snow, being a poor thermal conductor,
allows little ground heat to come to the
surface to replenish that lost by radiation. As
a result, the snow surface and the air above
can become very cold.
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Figure 3-5. Average Daily Maximum Temperatures (Ref. 13)

3-2.1.2.1 FOREST TEMPERATURES*

Vegetation has a large effect on tempera-
ture, particularly in a forest where the trees
prevent much of the insolation from reaching
the surface and heating the soil. This effect is
sufficient to define a somewhat different
temperature regime in a forested area and,
therefore, to warrant special attention. In the

*General references for this paragraph are Refs. 14 and 15.
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free air above the forest canopy, temperatures
are much the same as over open ground, with
the tree tops taking the place of the ground
surface. The temperatures of leaves are often
5.5 deg C (10 deg F) warmer than the
surrounding air; dry leaves can be even
warmer. The canopy and the air above it
undergo a diurnal variation with a maximum
in the afternoon and a minimum before
sunrise. Lapse conditions develop in the sun-
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Figure 3-6. Temperature Differences in Jungle Between Air Above and in Canopy,
and Between Air in Canopy and Near Ground (Ref. 14)

shine above the canopy and inversion condi-
tions develop on clear nights as they do over
open ground.

If the forest canopy is dense and if there is
little or no direct exposure to sun or sky, the
surface temperature of the ground and lower
vegetation undergoes a smaller diurnal range
than that experienced on the surface of the
canopy. A temperature difference of 2.8 deg
C (5 deg F) has been found between open
spaces in the jungle of a tropical island and
the forested areas. In the Withlacoochee
drainage area woods southwest of Ocala, Fla.,
during May and June, the average daily range
in ground surface temperature on clear days
was only 8.9 deg C (16 deg F) while the
temperature range in a nearly grass-covered
open area was 22.2 deg C (40 deg F). A
difference of only 1.1 deg C (2 deg F) was
observed between the ground temperature in
a well-shaded forest area and the adjacent air.

The air is usually cooler than the ground
surface at night and warmer in the middle of
the day. Under a heavy forest canopy, lapses
develop at night and inversions develop during
the day. In open areas the opposite occurs,
with inversions usually developing at night
and lapses in the day. Fig. 3-6 shows tempera-
ture differences in a jungle on a small tropical
island. Tg oy, — T404, is the temperature of the

free air well above the tree crown minus that
of the air in the crown. T4o¢ — T, ¢ is the
temperature of the air in the crown minus
that of the air near the gound. Position
differences indicate inversions. Single mea-
surements of temperature profiles in forested
areas should be accepted with caution when
used for equipment design or operational
purposes because there are rapid changes in
temperature due to vertical and horizontal
motions of air brought about by differential
heating and cooling. Changes from inversion
to lapse can occur within a few minutes at the
canopy interface.

Leaves at the top of the canopy, depending
on their position with relation to the rays of
the sun, are heated to temperatures higher
than that of the surrounding air. The leaves in
turn warm the adjoining air. Inside and under
the canopy, fewer leaves are exposed to the
rays of the sun so that, depending on the
density of the understory, hot spots develop
that decrease in number from the canopy to
the ground surface and result in convective
turbulence. Consequently, even though inver-
sions occur under a heavy canopy in the
daytime, the air is not necessarily stable.
Similarly, on clear nights leaves at the top of
the canopy radiate freely to the sky, become
cooler, and cool the surrounding air. At lower
stories fewer leaves are exposed; thus, the air
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is warmer than that in the canopy and the
temperature distribution is that of a lapse.
This generalization of forest temperatures will
vary with the type, density, and climatic
regime of the area. For less dense forests,
lapses by day and inversions by night may be
expected as in open areas. If the sun is able to
penetrate to the forest floor only during
midday, the temperature will show a lapse
near the ground at midday but an inversion in
the morning and afternoon. These aspects of
forest instability show that care must be
exercised in using forest temperature data for
design purposes.

Temperature profiles inside a heavy, low-
canopy jungle showed the same relationship
as in high-canopy jungle except that effects
are concentrated over a much smaller height
interval. These seem to be intensified by
extremely heavy cover, producing, in effect, a
second ground surface at the top of the jungle
in tropical areas. Where a 1 deg C (1.8 deg F)
lapse or inversion may occur over a 10-m deep
layer over a high canopy, the same tempera-
ture difference is possible in only 1 m over a
low canopy because of compactness.

3-2.1.2.2 SOIL TEMPERATURES*

The soil surface, with its plant cover, plays
a vital role in the heat and water budgets of
the atmosphere by absorbing, reflecting, and
otherwise converting the solar energy incident
on it. This absorbed energy is used to heat the
air above and the soil below and to evaporate
water. The amount of insolation reflected
back towards space and the partition of
energy between the air and soil depend to a
considerable degree on the thermal character-
istics of the soil and its cover—reflectivity,
conductivity, specific heat, and moisture con-
tent. The atmosphere is heated by the sun
primarily by way of the surface of the earth.
Therefore, any investigation of the heat
economy of the atmosphere must consider
the thermal properties of the underlying
medium as well as those of the air.

‘*General references for this paragraph are Refs. 16, 17, and
18.
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During the day the surface of the soil is
heated by solar radiation to a temperature
much higher than that of the air above or the
soil below. Consequently, the heat energy not
used to change the phase of water in the soil
is conducted away from the surface into both
the air and deeper soil layers. The amount of
heat energy absorbed at the surface of the
earth depends on the intensity and duration
of solar insolation and the reflectivity of the
surface. Since air is a poor conductor of heat,
appreciable conduction occurs only in the
very lowest layer of the air from 0.1 to I cm
deep. Radiation and molecular conduction are
the primary mechanisms of heat transfer in
this layer; convective transfer mechanisms
then carry the heat to higher levels. The
amount of energy penetrating the soil will
depend upon the thermal properties such as
its conductivity, diffusivity, and specific heat,
as well as plant cover, exposure, and slope.
Part of the radiant energy impinging on the
soil surface is used to evaporate water from
the soil and to transpire water from plants.
The amount of energy used depends upon the
availability of soil water and energy, the
ability of the air to remove the vapor, and
other factors. The penetration depths of the
diurnal and annual temperature cycles are
indicated in Table 3-5.

Physical, chemical, and biological processes
in the soil are all strongly affected by temper-
ature. The water retention capacity of mineral
soils decreases with increasing temperature.
The rate of flow of air through the soil
decreases, and that of water increases, with
increasing soil temperature. Increasing soil
temperatures also promote the solvent action
of water, the weathering of parent material,
and similar chemical radiations. Soil tempera-
ture also controls the rate of growth, multipli-
cation, and activity of soil micro-organisms.
Most micro-organisms grow best at tempera-
tures from —7.8° to 40°C (18° to 104°F)
with optimal growth somewhere around
34.9°C (95°F).

The soil surface acts as a heat reservoir,
absorbing part of the excess midday and
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TABLE 35

TEMPERATURE VARIATION IN DIFFERENT NATURAL MATERIALS (Ref. 12)

Depth at which temperature variation
is 0.5 that of surface, ft

Annual cycle

Diurnal cycle

Quartz sand, dry

Quartz sand, 8 percent moisture by weight
Quartz sand 22 percent moisture by weight
Sandy clay, 15 percent moisture by weight
Swamp land, 90 percent moisture by weight
Basalt rocks

Sandstone

Granite

Concrete

Loose snow

Packed snow

Ice

Still water

Turbulent water
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0.31
0.38
0.42
0.39
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Figure 3-7. Average Vertical Temperature Gradient Above and Below the Surface in
Death Valley, Calif. (Ref. 12)

summer heat, and returning it during the
night and winter to the atmosphere. This
storage of energy lessens the temperature
extremes of the atmosphere and acts as a
climatic stabilizer. The heat-storage capacity
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of the soil acts to reduce climatic stresses
imposed by airmasses invading a region. Dur-
ing the day, when the soil surface is usually
much warmer than the adjacent air, a steep
lapse rate is formed in the air. This unstable
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condition leads to air convection, turbulence,
and wind gustiness, and through these
motions, to the removal of atmospheric pol-
lutants and water vapor from the air-soil
interface. During the night, the cool soil
surface creates a stable lapse rate, reducing
the diffusing power of the atmosphere and
perhaps creating a pollution problem. On the
other hand, if the air is sufficiently cooler
than the soil, enough heat may flow upward
to inhibit the formation of a nocturnal
inversion and thereby reduce the concentra-
tion of pollutants near the ground. Soil
temperature gradients are shown in Fig. 3-7,
and diurnal and annual soil temperature
cycles in Fig. 3-3 and Fig. 34. In Fig. 38
annual temperature cycles for Antarctic ice
are shown.

3-2.1.2.3 URBAN HEAT ISLANDS*

An urban complex acts as a heat reservoir
producing a positive perturbation in the temp-
erature distribution which has been called an
“urban heat island” (Ref. 21). The horizontal

*General references for this paragraph are Refs. 19 and 20.

temperature pattern associated with the heat
island is a function of the urban terrain but
can be 5.5 deg C or more above the tempera-
ture of the surrounding country.

More typically, an average temperature
difference of 1.2 deg C exists between the
downtown area of cities and the typical
environs (Ref. 19). Within the city, the
temperature differences between the areas
containing manmade structures and parks are
significant due to the differences in thermal
properties of manmade structures and foliated
regions. The highest temperatures are found
in structure-containing regions of the city —
the minimum in the surrounding suburban or
agricultural areas. Bodies of water have
marked effects on the temperature patterns.

The urban heat island exhibits a marked
diurnal oscillation with the maximum effect
being seen at night.

In addition to the thermal properties of the

structures and the direct heating by com-
bustion sources, air pollutants can contribute
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significantly to the heating of the city by
preventing the radiated heat from escaping to
the higher atmosphere.

3-2.1.3 ALTITUDE*

The decrease in air temperature with in-
creasing altitude up to about 15 km is known
as the vertical temperature gradient or lapse
rate. This decrease in temperature results
from (1) increasing distance from the surface
of the earth, which provides the heat to the
atmosphere; (2) decreasing water vapor con-
tent of the atmosphere with elevation, which
results in less heat being held in the air; and
(3) temperature decreases that result from
expansion of the air rising from the surface of
the earth.

The rate at which temperature decreases
with altitude varies widely from place to

*The relations between altitude and temperature are con-
sidered in all meteorology texts, cf. Refs. 6, 7, 22, 23, and
24,
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place. The rate for a given place is determined
by measurement. Readings are averaged to
obtain an average or normal lapse rate of
approximately 0.65 deg C/100 m. Lapse rates
refer to the temperature gradient existing in a
stationary column of air at a given place and
time.

An inversion occurs when the temperature
of the air increases instead of decreasing with
altitude. This condition results when:

(1) Air near the ground cools off faster
than the overlying air

(2) A warm layer of air passes over a lower
colder one

(3) Warming occurs. due to air subsidence
(4) Little or no air is moved by turbulence.

The temperature profile of the U S
Standard Atmosphere is shown in Fig. 39



TABLE 3-6

DIURNAL TEMPERATURE AMPLITUDE AND

LAG (Ref. 12)
Height, Amplitude, Time lag,

ft °F min
5 10.5 0
10 10.1 +15
25 8.9 +30
50 8.8 +30
100 8.6 +30
200 8.3 +40
300 7.5 +50
500 6.7 +70

with observed variability around the standard
temperature indicated.

In Fig. 3-7, temperature changes in the
immediate vicinity of a desert surface are
shown for both daytime and night conditions.
With increasing altitude, the temperature
(maximum or minimum) lags that observed at
ground level. As seen in Table 3-6, at a height
of 100 ft above ground level, the lag is
approximately 30 min. The amplitudes (dif-
ference between daily maximum and mini-
mum) all decrease with increasing altitude.

3-2.1.4 CIRCULATION*

Thermal energy, as noted in previous para-
graphs, is almost totally derived from insola-
tion. Insolation is distributed very unevenly in
both time and space on the surface of the
earth. As has also been noted, the heat
capacities of the soil and water as well as the
latent heat of the water do much to even out
the temporal fluctuations. However, observed
temperatures would vary much more drastic-
ally than is the case if this were the only
mechanism for redistributing thermal energy.
Circulation currents in both the atmosphere
and the oceans are the primary mechanism for
this redistribution. In the atmosphere, a large

*General references for this paragraph are Refs. 6, 24, and
25.
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amount of the thermal energy is transported
as the latent heat of water vapor — extracting
heat from the environment when water vapor-
izes and providing heat to the environment on
condensation. The global mean available solar
energy is 230 W m™2?, of which 70W m™ is
expended in evaporation of water to be later
released as the latent heat of condensation.

Most weather changes are produced by
temperature differences in the atmosphere.
Weather phenomena consist essentially of
atmospheric motion with the accompanying
evaporation, condensation, and precipitation
of moisture. Air movement depends upon
temperature differences in the atmosphere,
while condensation and evaporation of mois-
ture depend, respectively, upon atmospheric
cooling and heating. Heating and cooling take
place by radiational processes, by molecular
and turbulent conduction, and by the transfer
of latent heat in the form of water vapor
(about 586 calories of heat are released when
1 g of water is condensed at 20°C (68°F)).
Heating and cooling of air by adiabatic
processes of compression and expansion also
contribute to meteorological processes.

Horizontal difference of temperature can
arise both from large-scale weather distur-
bances and local influences. Cold and warm
fronts, thunderstorms, and tropical storms
produce widely varying values of an unsys-
tematic nature, varying with time and place.
Frontal systems, cyclonic disturbances, squall
lines, or thunderstorms cause changes in the
vertical mixing in the lower troposphere, cloud-
iness, and large-scale  vertical air
motions. Temperature variations accompany-
ing changes in air movement are usually
attributable to the differing temperatures of
the climatic regions from which the air comes.
Arrival of low-moisture-content air from the
arctic airmass, or high-moisture-content air
from the subtropical airmass, in the midlati-
tudes, in addition to bringing about a change
in air temperature, affects net solar radiation
so as to change the temperature even further.

Sea surface temperatures in the vicinity of
the Equator are near 80° F. At latitude 40
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deg N. they are between 50° and 60°F in the
winter and between 60° and 70°F in the
summer (Ref. 26). In the Gulf Stream, for
example, it is estimated that 70 X 106 m3 s
of water are transported from the tropics to
the North Atlantic (Ref. 27). A very large
amount of thermal energy is transported by
similar currents found in every oceanic region.

3-2.2 THERMAL BUDGET

If one considers the thermal energy budget
at the surface boundary of the earth, an
equation can be constructed to identify the
flow of energy across the boundary. Geiger
(Ref. 6) gives this equation as

St+Bor)+L+V+Q+N =0 (34)
where
S =net solar radiation

B =thermal energy flow to or from the
surface in the ground

U = exchange of thermal energy between
water and its surface

L =exchange of thermal energy between
air and the surface

V = thermal energy entailed in vaporization
or condensation

Q =thermal energy from the air provided
by advection

N =thermal energy carried with precipita-
tion

Each of these factors may be either positive
or negative, corresponding to downward or
upward flow of energy across the surface.

The relative magnitudes of these factors as
reported by Geiger are as given in Table 3-7.
Units employed are cal cm™ min™!, which can
be converted to international units using

1 calm? min! =6.97 X 102 Wm'2.
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3.2.3 TEMPERATURE
TIONS*

DATA LIMITA-

Many kinds of temperature data are mea-
sured and recorded by climatologists.
Probably the most common temperature
value is the daily mean, from which monthly
and annual values may be obtained. The daily
mean temperature is usually computed by
adding the 24-hr maximum to the 24-hr
minimum and dividing by 2. Relatively few
weather stations in the world take hourly
temperature readings despite the fact that
they provide the best basis for the mean. The
difference between the highest and lowest
temperatures of the day is known as the
diurnal or daily temperature range.

The mean monthly temperature is com-
puted by adding the daily means and dividing
by the number of days in the month. Mean
monthly values for the year, when considered
in sequence, indicate the annual march of
temperature through the seasons. The term
“annual range” is used to denote the differ-
ence between the mean temperatures of the
warmest and coldest months. For most sta-
tions in the Northern Hemisphere, the warm-
est month is July, and the coldest is January,
but some variation exists, depending on loca-
tion.

When temperature values for a number of
years are averaged to provide a climatic
description of an area, they tend to mask the
variability and local peculiarities that may be
important to the military. The parameters of
air temperature of interest to design and test
engineers differ from those usually reported
in standard temperature summarizations. The
engineer is interested in extremes, ranges,
durations, heating degree-days, air-condition-
ing data, probabilities of occurrence, and
distributional patterns in different parts of
the world. With these types of data, he is
better able to establish design criteria for
satisfactory equipment performance in a given
area.

*A general reference for this paragraph is Ref. 25.
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TABLE 3-7

REPRESENTATIVE DAILY HEAT BUDGET IN TEMPERATE CLIMATE (Ref. 6)

Flow of thermal energy across surface boundary, cal cm'2 min']
Period
Radiation | Flow in ground | Exchange with atmosphere | Vaporization | Total flow
Summer day +0.407 -0.165 -0.094 -0.148 0.407
Winter day +0.091 -0.082 -0.003 -0.006 0.091
Summer night -0.080 +0.070 +0.021 -0.011 0.091
Winter night -0.065 +0.021 +0.060 -0.016 0.081
Annual balance| +19,819 -181 +387 -20,025 20,206
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In view of the ranges of temperature — or
any climatic parameter for that matter —
arithmetic averages are usually unsatisfactory
in specifying the state of the temperature
although the description of temperature
throughout the world has usually been so
limited. Fully as significant — but less con-
venient to summarize —are the durations,
frequency distributions, and extreme values
of temperature, or the frequency distributions
of joint occurrences of two or more elements.
The latter treatment is particularly important
to designers who may be unaware of the
possible synergistic interactions of elements
of the environment whenever they consider
only individual factors extracted from the
total environment.

Temperature often differs significantly in a
surprisingly short distance through the air or
along the ground, and a careful description or
definition of the kind of site to which an
observed temperature refers is required. The
collection of climatic statistics is, therefore, a
sampling process, and existing statistics
should be taken as indicative rather than
definitive.

Since climate is known to be changing or
fluctuating irregularly, the numerical descrip-
tion of temperature depends, to some extent,
upon the time period over which the tempera-
ture statistics are compiled. A standard clima-
tological period has been defined by the
World Meteorological Organization as consist-
ing of the 30-yr period ending with the most
recent decade year. Averages over this period
are defined as ‘“‘normals”; averages of other
periods should properly denote the exact
period that was used.

The lengths of temperature series vary from
station to station; the series, moreover, are
usually not homogeneous and no statistical
methods exist for making them so. A homo-
geneous series is one that refers to the same
site or its equivalent throughout the period of
record. Long temperature series, widely pub-
lished without qualifications, must be used
with discrimination. Detailed histories of site
locations, which are available for many coun-
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tries, must be examined to assure homo-
geneity of the series. Because of data vari-
ability from such sources, the representa-
tiveness, hence, the utility, of all temperature
(or climatological) data is constrained to some
extent by a variety of sampling and data
processing uncertainties.

In the United States, an average tempera-
ture station represents 500 mi? of land
surface; a given temperature, therefore, repre-
sents a sample of the temperature of other
points in the surrounding region. Typically,
this region is nonuniform in geographical
character, and the sample is complexly biased.
Stations are usually found concentrated in the.
lowerlying, flatter valley locations. Further-
more, the towns that have usually been built
up around the instrument site alter the
temperature environment. The sampling den-
sity is insufficient to interpolate the climate
of every town; it is, however, more than
sufficient to indicate relative variations of
temperature from 1 yr (or decade) to another
because simultaneous departures of these
from their normals are closely parallel over
large areas. For these reasons, homogeneous
series for one station may reflect satisfactorily
the historical variations of temperature over
10,000 or even 100,000 mi%, but not the
climate itself.

Many factors operate to compromise the
homogeneity of typical climatic series. Ex-
panding cities have introduced warming
trends in temperature and complex changes in
precipitation that are not representative of
their rural surroundings. The need to move
stations to new locations, with their slightly
different temperatures, has left their
combined record with discontinuities. In the
United States, only 2 to 3 percent of city
first-order National Weather Service (formerly
the U S Weather Bureau) stations have
remained in one location for their full history.
Changes in daily observational time and in
exposure of instruments have caused further
discontinuities over the years. Other sources
of nonhomogeneity are neglect or interpola-
tion of occasional missing daily records, the
calculation of monthly averages, and human
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Figure 3-10. Worldwide Average Temperatures—January, °F

error in instrument reading, recording, edit-
ing, computing, and printing.

3-2.4 MEAN TEMPERATURE DATA

A large amount of data on temperature is
recorded and presented in a variety of forms,
depending on the sources and planned use for
the data. Mean, maximum, minimum, and
range are recorded for temperature on a daily,
monthly, and annual basis. Data are available
on the number of days during which tempera-
ture either exceeded or was less than a
specified value, on the last day of frost in the
spring, on the length of the above-freezing
growing season, on the normal maxima and
minima temperatures, and on other similar
temperature-based descriptors. In Table 3-8
some of the sources of such data are listed
along with the types of data that they
contain. Further sources are listed in the
Sclective Guide to Climatic Data Sources
(Ref. 28).

Temperature patterns over large areas are

indicated by isotherms, lines connecting
points of equal temperature. Examples are
given in Fig. 3-10 and 3-11 in which maps of
the world are shown with isotherms for
average temperatures in January and July.
Obviously, such maps can depict only the
gross features of the tempétature distribution,
which can be seen more clearly by comparing
Fig. 3-10 with Fig. 3-12. The latter shows,
with equal validity, the isotherms for the
ocean regions of the world to compare with
those of Fig. 3-10. Differences are evident
although the general pattern is the same. In
Fig. 3-13, the normal daily average tempera-
ture in January for the United States is
shown. Comparison with Fig. 3-10 shows the
change in detail brought about by a change in
scale of the map.

Isotherms may be employed equally well
for indicating temperature extremes. In Figs.
3-14 and 3-15, the minimum temperature in
January and the maximum temperature in
July are shown for the United States. In all of
these maps it is evident that isotherms have a
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TABLE 3-8

SOURCES OF TEMPERATURE DATA

. Ref.

Source book Type of data
Climates of the world 13 | Maximum and minimum average daily temperature for Jan, Apr, July, and Oct and
' annual extremes for acproximately 800 weather stations tnroughout world.*
l Maps of average Jan and July temperatures for world

Atlas of tean Daily Minimum 29 | Mean daily minimum temperatures on 24 maps, four (Jan, Apr, July, Oct),
Temperatures ! each for 6 world regicns

Estimated Frequency of Cold 30 Percentage of time during the coldest month that temperatures as cold as or
Temperatures Over the colder than -40°, -50°, -60°, and -70°F are presented in 4 maps of the Northern
Northern Hemisphere Hemisphere.

Atlas of Surface Temperature 31 Approx. 85 maps showing percentage frequency of temperatures below
Frequencies for North a specified level with 6-8 maps given for each month for Nerth America and
America and Greenland Greenland

Atlas of Surface Temperature 32 Same as above except for Eurasia
Frequencies for Eurasia

Climatic Atlas of the 33 Normal daily maximum, mininum, average, and range of temperatures for each
United States month with both isopleth and station maps fcr each month.

Mean number of days with naximum temperature of $0°F or above, monthly and
annual.

Mean number of days minimum temperature 32°f and below, monthly and annual.

Mean date of last 32°F temperature in spring.

Mean date of first 32°F terperature in autumn.

Mean length of freeze-free period

Mean total heating degree-days, monthly and annual

Statistical Abstract of the 34 Tabular data on occurrence of freeze, monthly average temperatures, normal
United States, 1971 monthly maximum and minimum, and highest and lowest temperature of record

for select U.S. cities.

World Weather Records 35 Tabulated data on mean temperature (°C) by year and month with monthly and

annual means for a large number of worldwide weather stations from before
1920 to 1960 in a number of volumes

Marine Climatic Atlas of the 26 Mean, maximum, and minimum air temperatures and mean sea surface temperatures
World, Vol. VIII, The for ocean areas of the world by month
World

Study of Worldwide Occurrence| 36 Monthly maps of percentage frequency of surface air temperatures freezing or
of Fog, Thunderstorms below.

Supercooled Low Clouds,
and freezing Temperature

Ground Temperature 37 Soil temperature maps for the world for various depths by month

Local Climatological Data 38 Current tabular weather data including degree-days, average, minimum, and
with Monthly Supplements maximum daily temperatures for 287 weather stations

Climatological Data 39 Current publications on U.S. and possessions giving temperature data

Monthly Climatic Data for the| 40 Summaries of worldwide climatic data
World

Engineering Weather Data 4] Detailed temperature data for large number of locations on every continent,

primarily frequency of occurrence of temperatures in 5-deg increments.

*These data are included in Appendix B of this handbook.
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Figure 3-14. Normal Daily Minimum Temperature in the United States—January, °F (Ref. 33)
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Figure 3-16. Mean Annual Temperature on the Greenland Ice Cap, °C (Ref. 42)

generally east-west orientation brought about
by the rotation of the earth on its axis. The
isotherms are distorted as they cross land-
ocean boundaries and the effect of warm
ocean currents is evident. The greatest distor-
tion results over land because of the influence
of various geographic features.

Definite centers of high and low tempera-
tures occur over continental landmasses. High

3-32

temperature regions are found in Africa and
Australia in January; over the Southwestern
United States, North Africa, and southwest-
ern Asia in July. In January, a cold region
develops over northeastern Siberia attaining
temperatures below —50°F. Permanent
centers of low temperature are found over the
Greenland Ice Cap and in Antarctica. In Fig.
3-16 the mean annual temperature isotherms
for Greenland illustrate the annual tempera-



ture profile of a permanent cold region.

The spacing between isotherms over the
ocean regions in the world maps (Figs. 3-10,
3-11, and 3-12) indicate the relative con-
stancy of sea temperatures. The 0°F isotherm
in January is pushed far northward by the
oceans but extends southward in continental
regions.

Another way of presenting temperature
data is illustrated in Figs. 3-17 through 3-20.
In these, the percent frequency of time that
temperatures are below the indicated value
are given. Maps were selected for 0°F in
January and 70°F in July in order to show
data on the Northern Hempisphere for the
two extreme months. In Fig. 3-21 another
map of the United States is shown on which
the normal daily range of temperature is
plotted, using isopleths, for the month of
July.

Much more data are available on surface
temperatures in the sources listed in Table
3-8, from which the maps in this paragraph
have been extracted. In addition, temperature
data from approximately 800 worldwide sta-
tions are given in Appendix B.

Air temperatures above the surface are of
increasing importance in design. These are
currently available in limited quantities for
temperatures in the troposphere, and that
portion of the stratosphere below 30 km at a
number of stations in the Northern Hemi-
sphere. Data on the properties of the atmo-
sphere above 30 km are too scarce at present
to permit the development of reliable design
criteria.

Meteorological parameters of the upper air
vary considerably, both spatially and tempor-
ally. Tabulations of averages obtained from
model atmospheres are generally of little
value in accurately quantifying the environ-
ment, since actual values may vary widely
within the ranges established. The use of
extreme values can be needlessly expensive in
design practice, since extremes may be en-
countered infrequently or not at all.

AMCP 706-116

Therefore, a calculated risk quantity derived
from a station probability level is often
preferable. Since the degree of risk will
undoubtedly vary, depending on the problem,
different probability levels are required.

Tables 39 through 3-11 present, for vari-
ous geographic zones of the Northern Hemi-
sphere, estimated values of atmospheric temp-
erature that may be exceeded 1, 5, and 10
percent of the time in the atmosphere at 1-km
intervals between the surface of the earth and
an altitude of 30 km (approximately 100,000
ft). Annual data from a number of stations
located in the Northern Hemisphere, princi-
pally in North America, were used to produce
these values. The data for altitudes below 20
km (65,000 ft) are considered more reliable
because they reflect a larger sample size. Since
the number of stations from which summar-
ized data on temperature can be obtained is
rather limited, more data are required before
these probabilities can be considered final.

A note of caution on the use of the data is
justified. The temperature values have been
determined statistically for 1-km intervals,
without regard to the relationship between
levels. Consequently, they do not represent
hydrodynamically consistent atmospheres.

In each geographic zone, the minimum and
maximum temperature values for a given
probability were obtained from the station
having either the minimum or the maximum
value for each level between the surface and
30 km. At some stations, the 1-, 5-, and
10-percent empirical probability levels were
available. At other stations listed, the 84.1-,
97.72-, and 99.85-percent empirical probabili-
ty levels were interpolated, assuming an ap-
proximately normal distribution (Gaussian)
and computing the estimated value by a ratio
taken by the 1-, 5-, and 10-percent cumulative
values in the assumed normal distribution.
Some stations that had available only mean
values and standard deviations were used
largely as checking stations.

Temperature data have been employed by
the Army in identifying the eight climatic
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Figure 3-17. Percent Frequency of Temperatures Below 0°F—North America in January (Ref. 31)
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TABLE 3-9

NORTHERN HEMISPHERE TEMPERATURE OCCURRENCE WITH ALTITUDE-1-PERCENT
PROBABILITY LEVEL, °C (Ref. 43)

Altitude, Low latitude Midlatitude High latitude Hemisphere
km Min  Max Min Max Min Max Min Max
0 15.0 35.1 -21.1 33.1 -41.3 26.8 -41.3 35.1
1 11.3 25,2 -31.8 34,1 -36.5 17.9 -36.5 34.1
2 4.5 19.2 -31.0 28.0 -37.7 10.5 -37.7 28.0
3 0.9 14.6 -31.4 19.0 -41.3 4.1  -41.3 19.0
4 - 4.7 9.4 -36.0 10.8 -43.0 -1.6 -43.0 10.8
5 -11.0 4,0 -40.7 2.5 -50.6 -7.1 -50.6 2.5
6 -18.1 - 2.0 -455 -4.3 -55.,5 -13.6 -55.5 - 2.0
7 -26.1 - 8.0 -50.2 -10.3 -58.5 -20.8 -58.5 - 8.0
8 -33.7 -14.1 -55.0 -17.0 -63.0 -27.7 -63.0 -14.1
9 -41.1 -20.7 -59.5 -24.1 -65.9 -34.7 -65.8 -20.7
10 -49.0 -28.0 -64.5 -30.2 -68.8 -36.0 -68.9 -28.0
1 -55.8 -35.9 -69.3 -33.2 -68.8 -35.5 -69.3 -33.2
12 -61.4 -43.9 -73.0 -36.1 -70.7 -35.3 -73.0 -35.0
13 -67.0 -51.6 -72.3 -39.3 -70.4 -37.3 -72.3 -37.3
14 -72.0 -57.4 -72.2 -42.0 -70.6 -38.0 -72.2 -38.0
15 -77.8 -61.1 -74.4 -43.4 -71.7 -38.4 -77.8 -38.4
16 -83.7 -62.8 -76.1 -44.8 -72.6 -38.5 -83.7 -38.5
17 -87.0 -63.5 -77.1 -48.5 -73.1 -39.2 -87.0 -39.2
18 -86.1 -62.9 -77.5 -48.5 -72.7 -39.0 -86.1 -39.0
19 -81.4 -58.9 -76.2 -48.6 -66.9 -39.0 -81.4 -39.0
20 -75.4 -57.1 -72.9 -48.0 -63.4 -36.4 -75.4 -36.4
21 -71.0 -52.6 -69.6 -47.4 -68.2 -32.0 -71.0 -32.0
22 -67.2 -50.9 -68.0 -46.5 -66.6 -33.0 -68.0 -33.0
23 -65.0 -48.5 -67.3 -45.2 -67.7 -27.6 -67.7 -27.6
24 -62.7 -45.5 -67.0 -43.9 -67.4 -27.1 -67.4 -27.1
25 -61.0 -43.5 -66.4 -42.1 -68.5 -26.6 -68.5 -26.6
26 -59.7 -41.4 -66.4 -39.4 -68.3 -25.3 -68.3 -25.3
27 -69.3 -38.3 -66.5 -37.8 -66.5 -24.3 -66.5 -24.3
28 -59.7 -39.1 -66.4 -35.6 -65.8 -29.9 -66.4 -29.9
29 -61.9 -31.9 -66.8 -32.4 -66.8 -32.0 -66.8 -32.0
30 -57.2 -29.3 -66.8 -30.8 -66.0 -32.5 -66.8 -29.3

categories identified on the map of Fig. 3-22.
These climatic categories are identified as
follows:

(1) Category 1, wet-warm, and Category 2,
wet-hot. The areas designated as wet-warm
and wet-hot are the humid tropical regions of
the world. Wet-warm conditions occur under

the forest canopy and wet-hot conditions
occur in the same area, but in the open. Both
wet-warm and wet-hot areas are differentiated
on the basis of seasonality of occurrence of
the conditions. In the areas identified on the
map as “nonseasonal”, the conditions can be
expected to occur only during the rainy
season. In the ‘“‘seasonal” areas, temperatures
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TABLE 3-10

NORTHERN HEMISPHERE TEMPERATURE OCCURRENCE WITH ALTITUDE—5-PERCENT
PROBABILITY LEVEL, °C (Ref. 43)

Altitude, Low latitude Midlatitude High latitude Hemisphere
km Min Max Min Max Min Max Min Max
0 18.3 33.2 -15.3 29.2 -33.0 21.3 -33.0 33.2
1 12.9 23.7 -26.7 31.0 -32.2 13.9 -32.2 31.0
2 4.5 17.8 -26.1 25.0 -32.4 8.0 -32.4 25.0
3 3.3 13.1 -27.1 16.5 -35.8 2.1 -35.8 16.5
4 - 2.1 7.8 -31.9 9.0 -39.5 =-3.6 -39.5 9.0
5 - 8.4 2.3 -36.8 1.0 -46.3 -10.2 -46.3 2.3
6 -15.3 -3.5 -41.6 -5.7 -51.4 -15.5 -51.4 -3.5
7 -22.7 -9.6 -46.7 -11.8 -55.9 -22.8 -55.9 - 9.6
8 -30.3 -15.8 -52.0 -18.5 -59.8 -29.9 -59.8 -15.8
9 -38.2 -22.7 -57.0 -25.7 -62.3 -36.9 -62.3 -22.7
10 -45.6 -30.2 -61.5 -33.1 -63.4 -38.8 -63.4 -30.2
1 -52.5 -38.2 -66.5 -37.0 -64.0 -39.3 -66.5 -38.2
12 -58.9 -46.4 -69.0 -40.8 -64.5 -39.9 -69.0 -39.9
13 -64.8 -54.4 -69.2 -43.0 -64.0 -40.1 -69.2 -40.1
14 -69.6 -60.1 -69.9 -45.0 -64.6 -~40.4 -69.9 -40.4
15 -75.9 -63.9 -72.6 -46.0 -65.6 -40.2 -75.9 -40.2
16 -81.6 -65.8 -74.4 -47.1 -66.5 -40.0 -81.6 -40.0
17 -84.7 -66.5 -75.3 -50.3 -65.2 -41.2 -84.7 -41.2
18 -83.4 -65.2 -75.2 -50.2 -64.6 -41.0 -83.4 -41.0
19 -78.1 -62.7 -73.5 -50.0 -61.5 -40.7 -78.1 -40.7
20 -71.8 -60.0 -69.9 -49.4 -57.7 -40.4 -71.8 -40.4
21 -67.4 -57.0 -66.3 -48.8 -62.1 -40.2 -67.4 -40.2
22 -64.1 -54.3 -64.1 -48.1 -61.5 -40.0 -64.1 -40.0
23 -61.8 -51.6 -63.8 -47.1 -63.1 -39.8 -63.8 -39.8
24 -59.8 -49.2 -63.2 -46.0 -63.1 -39.4 -63.2 -39.4
25 -57.6 -47.3 -62.4 -44.8 -63.7 -39.0 -63.7 -39.0
26 -55.8 -45,1 -62.0 -43.3 -63.0 -38.3 -63.0 -38.3
27 -54.7 -43.0 -61.7 -41.6 -60.3 -37.2 -61.7 -37.2
28 -53.8 -40.8 -61.4 -39.7 -60.6 -35.8 -61.4 -35.8
29 -52.9 -38.8 -61.2 -37.5 -61.0 -34.7 -61.2 -34.7
30 -51.7 -37.5 -60.9 -35.5 -59.0 -34.0 -60.9 -34.0

higher than the 95°F wet-hot limit may occur
during the dry season. For example, in most
of Southeast Asia, wet-hot conditions prevail
during the wet monsoon season but, during
the dry monsoon season, the higher tempera-
tures associated with intermediate hot-dry
conditions apply.

340

(2) Category 3, humid-hot coastal desert.
The desert areas on the immediate coast of
the Persian Gulf and Red Sea designated as
humid-hot are characterized at times by rela-
tively high temperatures (100°F) combined
with extremely large amounts of water vapor
in the air near the ground (dewpoint 86° F).
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TABLE 3-11
NORTHERN HEMISPHERE TEMPERATURE OCCURRENCE WITH ALTITUDE-10-PERCENT
PROBABILITY LEVEL, °C (Ref. 43)

Altitude, Low latitude Midlatitude High latitude Hemisphere
km Min Max Min Max Min Max Min Max
0 19.7 32.3 -12.9 28.2 -26.7 17.6 -26.7 32.3
1 13.5 23.1 -23.8 29.1 -29.8 11.4 -29.8 29.1
2 7.9 17.3 -23.3 23.4 -29.7 6.4 -29.7 23.4
3 4.2 12.6 -24.5 15.2 -33.4 0.9 -33.4 15.2
4 - 1.2 7.2 -29.4 -17.5 -37.2 - 6.5 -37.2 7.5
5 - 7.4 1.7 -34.5 0.0 -44.3 -13.8 -44.3 1.7
6 -14.2 - 4.1 -40.0 - 6.5 -49.7 -17.0 -49.7 - 4.1
7 -21.5 -=10.1 -45.0 -12.7 -54.4 -24.8 -54.4 -10.1
8 -29.0 -16.4 -50.4 -19.4 -58.4 -32.1 -58.4 -16.4
9 -36.7 -23.3 -55.5 -26.7 -60.5 -39.5 -60.5 -23.3
10 -44.2 -30.8 -59.7 -34.4 -61.3 -41.0 -61.3 -30.8
11 -51.2 -38.8 -63.6 -39.2 -62.0 -41.2 -63.6 -38.8
12 -57.8 -47.1 -66.8 -43.2 -62.2 -41.3 -66.8 -41.3
13 -63.8 -55.2 -67.5 -45.6 -61.4 -41.3 -67.5 -41.3
14 -69.0 -61.2 -68.4 -46.9 -61.4 -41.2 -69.0 41,2
15 -75.2 -65.0 -71.6 -47.6 -62.2 -41.,1 -75.2 -41.1
16 -80.8 -67.0 -73.5 -48.4 -62.8 -41.0 -80.8 -41.0
17 -83.7 -67.5 -74.3 -51.2 -60.6 -41.9 -83.7 -41.9
18 -82.2 -66.0 -73.8 =51.1 -61.0 -41.7 -82.2 -41.7
19 -76.8 -63.4 -71.8 -50.9 -58.8 -41.4 -76.8 -41.4
20 -70.6 -60.7 -68.1 -50.3 -55.8 -40.9 -70.6 -40.9
21 -66.4 -57.8 -64.6 -49.7 -59.5 -40.8 -66.4 -40.8
22 -63.1 =-55.2 -61.8 -49.0 -59.0 -40.5 -63.1 -40.5
23 -60.8 -52.7 -61.2 -48.1 -60.3 -40.3 -61.2 -40.3
24 -58.6 -50.2 -60.6 -47.1 -60.1 -40.0 -60.6 -40.0
25 -56.4 -48.2 -59.5 -46.0 -60.3 -39.5 -60.3 -39.5
26 -54.5 -46.2 -58.9 -44.6 -59.3 -38.9 -59.3 -38.9
27 -53.3 -44.0 -58.1 -43.0 -57.1 -37.8 -58.1 -37.8
28 -52.4 -42.0 -57.3 -41.4 -57.1 -36.6 -57.3 -36.6
29 -51.2 -40.3 -56.8 -39.4 -57.7 -35.7 -57.7 -35.7
30 -49,7 -38.6 -56.0 -37.5 -56.3 -34.8 -56.3 -34.8

Occasionally, higher temperatures occur in temperature may be expected to be above the

these areas, but not in combination with such
a high humidity value.

(3) Category 4, hot-dry. The areas desig-
nated as hot-dry were delimited on the basis
of the occurrence of high temperatures. Dur-
ing the hottest month in a normal year, the

intermediate hot-dry extreme of 110°F, and
is expected to be hotter than 125°F no more
than 1 percent of the time in the most
extreme part of the area.

(4) Category 7, cold, and Category 8,
extreme cold. The areas designated as cold
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and extreme cold were delimited on the basis
of the occurrence of low temperatures. In the
cold areas, the temperature during the coldest
month in a normal year may be expected to
be colder than the intermediate cold extreme
of —25°F, but colder than the cold extreme of
—50°F for no more than 1 percent of the time
in the most extreme part of the area. In the
extreme cold areas, the temperature during
the coldest month in a normal year may be
expected to be colder than the cold extreme
of —50°F but colder than —70°F no more than
1 percent of the time in the most extreme
part of the area.

(5) Category 5, intermediate hot-dry, and
Category 6, intermediate cold. Intermediate
hot-dry and intermediate cold conditions ap-
ply in the remaining area after the other
climatic categories are delimited. Intermediate
hot-dry conditions occur primarily near the
boundary of the hot-dry category, and inter-
mediate cold conditions occur near the
boundary of the cold climatic category.
Temperatures warmer than 110°F and colder
than —25°F are rare in the intermediate areas
in accordance with the 1-percent risk policy.
Parts of the area with intermediate conditions
are not subject to high or low temperatures.
3-2.5 WORLD TEMPERATURE EX-
TREMES

Materiel designers are most interested in
the extremes of temperature at which stresses
are most severe. Thus, the inland, high-lati-
tude regions of North America, Greenland,
Eurasia, and  Antarctica, which experience
extremely low temperatures during their long
winter nights, comprise the cold extremes of
most interest. Hot extremes are found in the
dry, low-atitude deserts — the Sahara, the
Arabian, the Thar in India, the Sonoran in
North America, and the Australian Desert. An
additional extreme is associated with the
humid regions where hot or temperate air
combined with the moisture presents a com-
bined environment that is particularly dif-
ficult to cope with (Ref. 45). In tropical
regions, a marked change in climate is found
as elevation increases —a mountainside can

AMCP 706-116

compress the equivalent of hundreds of miles
of latitudinal climate change into the relative-
ly short distance from its hot humid base to
its cold peak.

Some of the notable temperature extremes,
both in the natural air and in enclosures for
comparison, are given in Table 3-12.

3-2.4.1 COLD REGIONS

Three of the four extremely cold winter
regions are outlined in Fig. 3-23. The otheris
Antarctica. In three regions, the mean temper-
ature of the coldest month of the year is
—25°F or lower while the coldest parts have
temperatures below —40°F atleast 10 percent
of the time in the coldest month. The four
regions are described separately on the basis
of climatological records.

(1) North America. As seen in Fig. 3-24
the center of the cold zone in northwestern
North America lies in central and eastern
Alaska and in the adjoining area of north-
western Canada. A less extensive cold zone is
located in north-central Canada between
longitude 80 and 100 deg W. and latitude 60
and 70 deg N. In these regions, the annual
march of temperature follows the pattern
shown in Fig. 3-25 where data for Pt. Barrow,
Alaska; Alert, Northwest Territories, Canada;
a North Pole station; and the floating T-3
station are given. In these regions, diurnal
cycles are very weak as shown in Fig. 3-26. Of
particular interest to the design engineer is the
duration of cold temperatures as given in
Table 3-13. At Alert in Canada, —40°F
temperatures have persisted up to 6 days.

In Alaska, temperatures of —61.1°C
(—78°F) have been reported at Ft. Yukon,
—60°C (—76°F) at Tanana, and —57.2°C
(=71°F) at Tok. During the severe winter of
1964-1965 — the coldest winter in 50 yr for
the area — the temperature at Tok between
11 December and 10 January was —56.7°C
(=70°F) or below on 3 days, —53.9°C
(—65°F) or below on 12 days, and —51.1°C
(—60Q°F) or lower on 23 days (Ref. 61).
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TABLE 3-12

TEMPERATURE EXTREMES IN THE WORLD

Type Place °C °F Ref.
Air E1 Azizia, Libya 57.7 135 46
Air Oimyakon, Siberia -71 -95.8 47
Air Vostok, Antarctica -88.2 -127 48
Air Musandam Peninsula, Persian Gulf | 59.9 140 49
Air Omiakon, Siberia -77.8 -108 50
Air Mt. McKinley, Alaska -73.3 -100 50
Sea air Persian Gulf 40.6 105 51
Sea air Bering Sea -40 -40 52
Surface water | Oceans (-1.8 to 30) 29 to 86 53
Surface Moon -178.9 to 121.1 -293 to 250| 54
Soil Loango, French Equatorial Africa | 65.6 180 37
Soil Sahara desert 72.2 172 51
Soil Alaska permafrost -10.6 12.9 52
Sea surface Red Sea 42.2 108 55
Air Inside tank, Yuma, Ariz, 60 140 56
Air Inside box car, Yuma, Ariz. 66.7 152 57
Air Airplane cockpit, Yuma, Ariz. 84.4 184 58
Air Airplane cockpit, Edwards AFB, 102.8 217 58

Calif.

Surface Metal boxcar, Yuma, Ariz. - 77.2 171 57

911-90Z dOWV
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Figure 3-23. Climatic Zones of the Cold Regions of the Northern Hemisphere (Ref. 59)

In Northwestern Canada, an extreme tem-
perature of —62.8°C (—81°F) occurred during
an extended cold period at Snag in the Yukon
Territory in 1947; over a period of 13 days,
temperatures were below —56.7°C (-=70°F)
for a total of 71 hr on 10 days, below
—53.9°C (—65°F) for a total of 119 hron 11
days, and below —51.1°C (—60°F) for 163 hr
on 11 days (Ref. 46).

In North<central Canada, temperatures as
low as —53.9°C (—65°F) have been recorded
at Isachsen on one occasion, and —51.1°C

(—60°F) on eight occasions in a 10-yr period.
Five times during the same period at Eureka,
—51.1°C (—60°F) has been recorded and on
one occasion at Resolute. Other populated
places that have a reported temperature of
—51.1°C (-60°F) or lower over a 10-yr
period include Norman Wells, with three
occurrences, Watson Lake with four occur-
rences, and Coral Harbor and Embarras with
one occurrence each (Ref. 62).

(2) Greenland. The frequency of occur-
rence of —40°F temperature in Greenland is

345
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Figure 3-25. Annual March of Temperature in Extremely Cold Regions (Ref. 60)
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TABLE 3-13

DURATION OF COLD TEMPERATURES, DAYS (Ref. 60)
{AVERAGES ARE FOR THE 10-yr PERIOD OF RECORD, 1950-60)

-30°F ~40°F
Location

Average Longest Shortest Average Longest Shortest
Alert 6.4 15 1 1.6 6 0
Barrow 5.2 12 1 1.1 2 0
Resolute 7.6 12 4 1.7 4 0
Mould Bay 7.6 12 2 2.2 5 0

also shown in Fig. 3-24. The lowest tempera-
ture reported in Greenland is —70°C (—94°F)
at Northice (latitude 78 deg N. at about 2,500
m in elevation). A low temperature of —65°C
(—85°F) has been recorded at Eismitte,
located 500 mi south of Northice. At
Eismitte, the temperature was below —60°C
(=76°F), for a total of 113 hr in the period
15 January through 26 March 1931 (Ref. 46).

During winter, extreme minimum tempera-
tures in the marginal zones of the ice sheet are
likely to be between —31.7° and —45.6°C
(—25° and —50°F), and in the interior be-
tween —51° and —65°C (—60° and —85°F).
During the summer, the lowest temperatures
in the marginal zone usuaily range from —1.1°
to —17.8° C (30° to 0°F); inland they drop to
between ~-17.8° and -344°C (0° and
—30°F). The daily minimum temperatures on
the ice sheet fluctuate considerably. On 10
occasions in a single winter at Eismitte, the
temperature fell more than 16.7 deg C (35
deg F} in 24 hr, and in one instance, the
temperature dropped from -144° to
—64.4°C (6° to —84°F) within 3 days. At
another site, on 2 May 1956, the temperature
increased from —37.2°C (—35°F) at 0600 hr
to --2.2°C (28°F) at 1800 hr (Ref. 63).

(3) Northeast Siberia. As seen in Fig. 3-27,
the cold zone in Siberia extends from longi-
tude 90 to 160 deg E. and from latitude 70
deg N., and is centered in the Verkhoyansk
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Basin and the Oimyakon Plateau. Oimyakon
with —71°C (-95.8°F) and Verkhoyansk
with —68°C (—90.4°F) are the coldest spots.
Nearly 100 weather stations near the Arctic
Circle record minimum temperatures of
—60°C (-76°F) or lower each year. These
stations are located in an area that is domi-
nated by a stable, high-pressure system in
winter, and is characterized by long polar
nights with frequent temperature inversions
due to excessive radiation (Ref. 47).

(4) Antarctica temperature extremes*. The
station with the highest maximum tempera-
tures on the Antarctic Plateau is Byrd. During
an early winter blizzard in May 1957, the
temperature rose to —6.9°C (19.6°F) at Byrd,
reflecting the advection of relatively warm air
from the Ross Sea to Byrd. In January 1961,
Byrd experienced a temperature of —0.8°C
(—=30.6°F) which was 1.9 deg C (3.4 deg F)
warmer than the previous station maximum
recorded in 1958. No other inland station has
recorded a temperature within 8 deg C (14.4
deg F) of 0°C (32°F).

Minimum temperatures observed in Ant-
arctica have been far lower than any mini-
mum experienced in the Northern Hemi-
sphere. All the interior stations in Antarctica
experience minimum temperatures below
—73.4°C (~100°F) except Vostok I with a

*A general reference for this paragraph is Ref. 48.
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Figure 3-28. Temperature Equalled or Exceeded 5 Percent of Hottest Month,
°F—Western Hemisphere (Ref. 64)

minimum  temperature of —73.2°C
(—99.8°F). Extreme minimum temperatures
have been recorded at Vostok and Soviets-
kaya, and, to a lesser degree, at Komsomols-
kaya. All three of these stations in the cold
central core experience temperatures below
—80°C (—112°F). The absolute minimum
temperature measured through 1962 was
—88.3°C (—126.9°F), occurring at Vostok in
August 1960. During August 1958, the ab-
solute minimum recorded at Sovietskaya was
~86.8°C (—124.2°F) and at Komosomols-
kaya, —80.8°C (~112.3°F). The absolute
minimum temperature recorded for the South
Pole is —80.7°C (—113.3°F), which occurred
in July 1965 (Ref. 48).

3-2.4.2 HOT REGIONS*

The hottest part of the world is an area
extending from northern Africa eastward to
and including most of India. Within this area,
large regions attain temperatures of 43.3°C
(110°F) more than 10 percent of the time in

*A general reference for this paragraph is Ref. 64.
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the hottest month. In northwest Africa tem-
peratures exceed 48.8°C (120°F) as much as
1 percent of the time in the hottest month.

Neither Australia nor South America has
temperatures above 43.3°C (110°F) more
than 1 percent of the time in the hottest
month. Substantial areas in both continents
have long periods with temperatures above
37.8°C (100°F) in the hottest month.

In North America, only a narrow strip of
land in the Southwestern United States and in
western Mexico is extremely hot by world
standards. The center of this region has
temperatures above 43.3°C (110°F) more
than 1 percent of the time in the hottest
month. This includes Death Valley, Calif.,
which has a record of 56.7°C (134°F) (10
July 1913), only | deg C (2 deg F) less than
the world’s record temperature.

In Figs. 3-28 and 3-29 the temperature that
is equalled or exceeded 5 percent of the
hottest month is mapped, and in Table 3-14,
data on high temperatures for selected United
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Figure 3-29. Temperature Equalled or Exceeded 5 Percent of Hottest Month,
°F—Eastern Hemisphere (Ref. 64)

States stations are given.

The duration of very hot temperatures is of
interest to the design engineer. In Table 3-15
the average duration is tabulated as a function
of temperature range. Data were employed
from only two locations, Death Valley, Calif.,
and Andimishk, Iran, in compiling this table.

Temperatures at or above 51.7°C (125°F)
have been recorded in the Sahara in Algeria,
Tunisia, Libya, and in the western Sahara
(where a number have exceeded 54.4°C
(130°F)), in Death Valley and other spots of
the Colorado Desert in California and Ari-
zona, and in the Jacobobad areas of India.
Areas where such high temperatures occur
with some regularity are uninhabited, and
records of thermal conditions are, therefore,
hard to find. In Death Valley, temperatures of
$1.7°C (125°F) and higher occur on about 2
days in 3 yr, and usually last for 2 to 4 hr. It
is emphasized that the temperatures cited are
shelter shade temperatures taken 4 to 6 ft
above the ground, and that equipment opera-

ting in direct sunshine will be exposed to
temperatures 16.6 deg to 27.8 deg C (30 deg
to 50 deg F) higher than the shade tempera-
tures (Ref. 65).

3-2.4.3 SOIL AND WATER*

Soil temperatures, as noted in par.
3-2.1.2.2, are normally higher than air tem-
peratures. Some examples of soil temperatures
are shown in Tables 3-16 and 3-17. The
maximum soil temperatures in areas with high
levels of solar radiation can exceed air temper-
atures by more than 50 deg F.

Sea-surface temperatures for February and
August, the coldest and hottest months,
respectively, are given in Figs. 3-30 and 3-31.
In the North Atlantic, the seasonal variation is
approximately 10 deg F for a given location.
Because of mixing and flow, temperatures of
the oceans do not compare with the extremes
of the soil but, where the water body is

*A general reference for this paragraph is Ref. 66.
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TABLE 3-14

TEMPERATURES EXCEEDED 1, 5, and 10 PERCENT OF THE HOURS DURING
HOTTEST MONTH, ALSO MEAN AND MEAN RANGE, °F (Ref. 64)

1% 5% 02 T T.-T

X n
Station Temp Temp Temp
Amarillo, Tex. 99 95 92 81 27
Atlanta, Ga. 97 92 89 79 19

Bakersfield Calif. 105 102 99 84 28
Birmingham, Ala. 99 94 9 80 21

Boston, Mass. 94 88 85 74 17
Brownsville, Tex. 95 93 92 84 17
Caribou, Maine 88 81 78 65 21

Death Valley,Calif.123 120 117 102 29
Des Moines, lowa 96 91 88 77 22

E1 Paso, Tex. 101 97 94 82 26
Fargo, N. Dak. 94 87 84 7 25
Fresno, Calif. 104 99 97 81 37
Goodland, Fla. 101 96 92 77 31
Houston, Tex. 98 94 92 83 18
Jacksonville, Fla. 98 94 9 83 19
Laredo, Tex. 105 102 29 88 23
Little Rock, Ark. 100 95 93 82 22
Miami, Fla. 94 89 88 82 14

Minneapolis, Minn. 95 89 86 73 24
New Orleans, La. 94 9 89 82 18
Oklahoma City,Okla. 101 96 a3 81 22
Phoenix, Ariz. m 107 104 9 27
Rapid City, S. Dak. 98 92 89 74 28
Sacramento,Calif. 103 97 93 77 36
Salt Lake City,Utah 99 94 91 76 31
Sault Ste. Marie, 87 81 77 65 22

Tudsra" Ariz. 07 102 99 86 26
Washington, D.C. 97 92 89 78 18
Wichita, Kan. 105 98 95 81 23
Yuma, Ariz. 112 108 106 94 28

T = mean monthly temperature in hottest month

T = mean daily minimum temperature for hottest month
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TABLE 3-15

AVERAGE DURATIONS OF VERY HOT TEMPER-
ATURES (WITHIN GIVEN AMOUNTS BELOW THE

MAXIMUM TEMPERATURE, 110°F OR HIGHER)

(Ref. 12)
Deg F Average no.

below maximum of hours

0 2

1 3

2 4

3 5

4 6

5 7

6 7.5

7 8

8 9

9 9.5

10 10

11 10.5

12 11

13 12

14 12.5

15 13

16 13.5

17 14

18 14.5

AMCP 706-116

limited in extent and shallow, water tempera-
tures will approach those of the soil. In
flowing water, the temperature varies widely
and is a function of local geography and
hydrology.

3-3 INDUCED TEMPERATURE ENVIRON-
MENT

Natural surface air, soil, and water tempera-
tures are of primary importance but do not
provide a complete description of the materiel
temperature environment. The interiors of
equipment, storage containers, shelters, and
buildings can experience temperatures consid-
erably different from the reported tempera-
tures of the natural environment. The temper-
atures obtained in these circumstances depend
to a considerable extent on the reflectivity of
the exposed surfaces and on the thermal
properties of items exposed.

If the surface has a low heat capacity and is
inefficient in transferring heat to and from
the interior, the interior temperature can be
considerably different from that of the sur-
face. Thus, the ordinary Dewar flask can
maintain temperatures very much above or
below the ambient because its surface reflects
radiation efficiently and because the thermal
transfer from the surface to the interior is

TABLE 3-16

MAXIMUM RECORDED SOIL TEMPERATURES (Ref. 37)

‘ Temperature
Station

of °oC

Loango, French Equatorial Africa| 180 82
Cairo, Egypt 155 €8
Germany 154 68
Poona, India Y 75
Tucson, Ariz. 165 74
British Columbia, Canada 160 71
Nanking, China 147 64
Siikakangas, Finland 145 63
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TABLE 3-17

GROUND SURFACE TEMPERATURES AND CONCURRENT AIR TEMPERATURES AT SELECTED
ALASKAN STATIONS (Ref. 37)

Station

Ground temperature

Air temperature

°F

OC OF OC

Barrow -32.3
Big Delta -39.4
Wainwright| -36.5
Nome 10.8
Fairbanks 18.9

-35.7 | -47.8 -44.3
-39.7 | -44.4 -42.4

-38.1 | -34.0 -36.7
-11.8 7.0 -13.9
-7.3{-28.0 -22.2

very low. A building with a reflective roof will
have a cooler interior on a hot sunny day than
one with an absorbent roof. Insulation of a
building protects the interior from extremes
of outside temperatures. On the other hand, a
dark colored, largely metallic tank can experi-
ence very high temperatures under direct solar
radiation. A large amount of empirical data
has been accumulated on the temperatures
experienced by military materiel. Some ex-
amples of high temperature are given in the
figures and tables that follow.

Artillery ammunition exposed to direct
solar radiation in an extremely hot region
experiences temperatures 35 deg F above the
ambient as shown in Fig. 3-32. However,
when left in the storage containers, the
ammunition temperature approximated that
of the ambient. Fig. 3-33 shows average
diurnal temperature cycles for antipersonnel
mines both in the ground and in their storage
containers in a hot desert environment. At
Yuma, Ariz., where much temperature data
representative of a hot region are obtained,
the noon temperatures of various items of
materiel are given in Fig. 3-34. Boxcars
exposed to the sun at Yuma showed the
temperatures given in Table 3-18. Inside a
gasoline storage tank, the average weekly
maximum and minimum temperatures over a
45-wk period fell within the ambient ex-
tremes as shown in Fig. 3-35.

3-54

In vehicles, hot temperatures can be a
particular problem. The cockpit of an air-
plane, with the canopy closed, can reach
160°F as shown in Fig. 3-36. Other aircraft,
at China Lake, Calif., showed the maximum
temperatures listed in Table 3-19. In an M60
Tank, interior air temperatures of 140°F have
been recorded as shown in Table 3-20.

Ammunition storage facilities obtain a large
amount of insulation when covered with
earth. Data on 11 magazines are given in
Table 3-21. These data are based on a large
number of measurements extending over as
much as 6 yr.

In Fig. 3-37 temperatures are shown for an
Army warehouse in which experiments were
performed to assess the effects of insulation
and ventilation. The control area was not
ventilated but the test area was. The advan-
tage of ventilation is apparent — a 10 deg F
temperature reduction. These data — taken at
Richmond, Va. - indicate the storage temper-
atures experienced on a hot day (maximum of
96°F outside air temperature) in a temperate
climate.

The induced  temperature  environ-
ment — i.e., that determined by the properties
of materiel and structures, by operational
procedures, and by energy dissipation — will
usually be high compared with the natural
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Figure 3-32. Temperature Conditions Encountered During Storage of 105 mm, HEP-T Cartridge
(Stored in shipping container with exposure to direct solar radiation, 21 August 1961) (Ref. 67)
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TABLE 3-18.

MAXIMUM TEMPERATURES IN STANDING BOXCARS AT YUMA, ARIZ., °F* (Ref. 57)

Absolute maximum

Lowest daily maximum

Roof air 152 (11 Aug)

Top center 119 (15 Aug)
carton

Food 113 (15 Aug)

93 (30 Apr)
81 (30 Apr)

79 (30 Apr)

*Measurement in cartons of canned vegetables where top
center carton was about 5.5 ft from roof of boxcar

temperature environment. Insolation can and
does heat objects above ambient. On the
other hand, objects are seldom colder than
the environmental extremes of cold tempera-
tures because of the inherent thermal transfer
process — air obtains its thermal energy from
the ground, water, and other surroundings.
However, on a given day, it is possible for
interior temperatures to be lower than outside
temperatures. This is most evident in the
natural case observed in the Arctic where large
regions have a permanent frozen layer under
the surface soil and the temperature of water
often remains very close to the freezing
temperature.

3-4 MEASUREMENT AND INSTRUMEN-
TATION

The NBS Bibliography on Temperature
Measurement contains over 2,000 references
for the period from 1953 through December
1965 (Refs. 72, 73, 74). This is cited in order
to indicate the complexity of temperature
measurement. A large number of special
mensuration problems are associated with
temperature — these problems are found in
cryogenics, plasma research, combustion,
space, and almost all other advancing tech-
nologies (Ref. 75). In limiting consideration
to temperature as an environmental factor, it
is possible to reduce but not to eliminate the

3-60

complexity of the problems to be considered.
The simple task of measuring air temperature
on a sunny day can result in a wide range of
values when untrained personnel are employ-
ed. The problem of observing, monitoring,
and recording of temperatures in a variety of
materials and substances throughout the earth
emphasizes the need for careful consideration
and refined techniques. Only a few of the
more relevant topics associated with tempera-
ture measurement can be presented here.

If an accurate and rapidly responding
thermometer is exposed to the air and the
temperature is continuously recorded, it will
often be found that in a period of 10 min, the
temperature will vary by 2 deg F or more.

-Similarly, if the same thermometer is carried

on a vehicle over a short distance, tempera-
ture variations of from 2 deg to over 20 deg F
can be found in a distance of 2 mi or less. The
observations are made in order to emphasize
that the measurement of air temperature to
an accuracy of greater than 1 deg F is not
justified. Even for water temperatures, the
temperature gradient with depth is so large
that precision of greater than 1 deg F is not
justified for routine observations. Soil temper-
ature does not vary as rapidly so that ac-
curacies of 0.1 deg F or better may be
employed. When measuring the temperature
of exposed materiel, the constancy of the
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Figure 3-36. Open and Closed B47E Airplane Cockpit Temperatures at Yuma, Ariz. (Ref. 68)

temperature being measured should be con-
sidered before any accuracy requirement is
specified (Ref. 76).

Changes in the physical characteristics or
properties of matter resulting from tempera-
ture change serve as the basis for a wide
variety of temperature measurement methods.
The most widely used effect is the expansion
and contraction of matter due to heating and
cooling, respectively, and is exemplified by
gas, liquid, and metallic thermometers.

However, the limitations of this type of
instrument — for example, the necessity for
contact and thermal equilibrium of the instru-
ment with the medium being mea-
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sured — have led to the development of alter-
nate methods of temperature measurement.

These include measurement of radiation
from the substance being measured, the prop-
agation speed of sound waves through it,
electrical or magnetic properties of the sub-
stance, and its spectroscopic properties. A
majority of the properties of matter change
with temperature, thus providing a variety of
usable phenomena but also complicating the
measurement. Each technique is best for some
specific measurement; none serves well for all
temperature measurements.

The following summary of underlying
physical principles of temperature measure-
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TABLE 3-19

DISTRIBUTION OF MAXIMUM LOCAL TEMPERATURES IN AIRCRAFT
(DURING SUMMER TESTS AT CHINA LAKE, CALIF.) (Ref. 68)

Temperature, °F
Aircraft " 5 "
and date . On instrument nside top n cockpit
Ambient panel of canopy floor
F-84, NOTS *
19 July ...... 109 168 155 140
19 August .... 106 167 145 134
18 July ...... 11 167 153 140
17 Jduly ...... 108 167 159 137
16 July ...... 107 165 151 136
15 July ...... 107 164 153 134
12 August..... 107 164 149 135
13 July ...... 101 163 152 132
6 August .... 106 163 150 135
7 August .... 108 163 150 135
20 July ...... 105 162 157 133
20 August .... 105 162 144 131
8 August .... 105 161 147 136
A4D, NOTS *
26 July ...... 104 165 170 137
6 August .... 106 164 171 134
11 August .... 106 162 173 135
12 August .... 107 162 176 137
19 August .... 106 161 172 133
9 September . 101 161 17 135
A4D, E1 Centro
18 August .... 119 162 183 152

*Now Naval Weapons Center, China Lake, Calif.

ment is presented in terms of the major
physical effect involved:

(1) Expansion. Liquids, gases, and solids
expand and contract with temperature
changes. Liquid-filled, gas-filled, and bimetal-
lic thermometers are the most frequently used
applications of this principle. Liquid-filled
thermometers using mercury and alcohol are
most common. In gas thermometers, the
increase in pressure is often employed to
indicate the temperature. In bimetallic
thermometers, the differential expansion of
two metals bonded together is utilized. De-

formation caused by the differential expan-
sion is employed for temperature indication.
Increases in stress occurring in a material
when its length is held constant while its
temperature increases are proportional to the
temperature increase. Indirectly, the expan-
sion of metals is also used to measure temper-
ature through the expansion of an X-ray spot
pattern of the crystal lattice.

(2) Electrical. The major electrical effect
accompanying a temperature change is the
change in conductivity of metals and semicon-
ductors. The resistance of metals increases
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TABLE 3-20

SURFACE TEMPERATURES OF AN MB0 TANK
EXPOSED TO SOLAR RADIATION (Ref. 69)

Location

Temp, °F

Outside air vv.eveeeerenereeenenees 115
Interior air ... .cviiiiiiiieen.. 140
Exterior surface ........e00veuv.. 150

Interior wall ......

Ammunition rack ...

........ ceee.. 140-145
cheeseseanesess 130-135

with increasing temperature; that of semicon-
ductors decreases with increasing tempera-
ture. Resistance thermometers, thermistors,
and semiconductor thermometers utilize these
effects. The thermoelectric effect wherein a
voltage is generated at the heated junction of
two dissimilar metals serves as the basis for
the widely used class of thermometers known
as thermocouples.

(3) Optical. Radiation thermometry or
optical pyrometry is an application of the
Stefan-Boltzmann Law, which states that the
emission of total radiant energy from a body
is proportional to the fourth power of its
absolute temperature. Both visual and photo-
electric optical pyrometers are highly accurate
for measuring high temperatures. Infrared
thermometry using sensitive detectors are
being increasingly utilized in commercial and
military applications. Advantages of optical
techniques are that they can be used at a
distance and do not require thermal equilibri-
um between the instrument and the substance
being measured. They can be used equally
well on static or moving objects. The rapidity
of emission changes in response to tempera-
ture changes makes these techniques well
suited to measurement of highly transient
temperatures.

(4) Acoustical. The speed of sound is a
function of temperature. In general, with
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increases in temperature, speed decreases in
solids and liquids but increases in gases. This
principle is the basis for ultrasonic thermo-
metry. As temperature increases, the rate of
change of sound velocity is greatest at low
temperatures for gases, essentially constant
for liquids, and maximum at high temperature
for solids. Sound waves are sent either
through a medium or through a secondary
material in thermal equilibrium with the
medium being measured. Material employed
as secondary sources are either quartz crystals
or thin wires.

(5) Chemical. Changes in chemical compo-
sition and the rate of chemical reaction as a
result of heat changes serve as the basis of a
variety of techniques for measuring tempera-
ture. Changes in color, texture, and shape are
used as indicators of temperature change and
temperature levels. The chemical changes in
the substances employed may be permanent
or reversible. Materials used in these tech-
niques include liquid crystals, minerals, wax
crayons, pellets, and paints. They are inex-
pensive but have limited accuracy and sensi-
tivity.

3-4.1 TEMPERATURE MEASURING IN-
STRUMENTS

A variety of sensors and instruments have
been developed for use in temperature mea-



TABLE 3-21

AMMUNITION STORAGE FACILITY TEMPERATURES (Ref. 70)

Number of maximum
Ti temperatures equal Maximum
Storage locations Magazine type ﬂe’ Nk % to or greater than recorded
yr temperature,
90°F 100°F °F
Naval Ammunition Depot,| Earth-covered 6 39,155 128 0 98
Oahu, Hawaii
Nonearth-covered 6 7,165 | 2,203 0 99
Naval Air Station Earth-covered 2 2,146 95 3 101
Barbers Point,
Oahu, Hawaii Nonearth-covered 2 2,837 141 1 100
Naval Magazines, Earth-covered 3 6.739 35 0 98
Guam
Nonearth-covered 3 679 471 79 104
Naval Air Station, Earth-covered 3 6,518 416 8 108
Agana, Guam
Nonearth-covered 2 2,421 n 1 105
Naval Magazines, Earth-covered 5 9,100 661 1 100
Republic of the
Philippines Nonearth-covered 2 140 69 56 110
Naval Station, Earth-covered 1 3,479 476 1 101
Sangley Point,
Republic of the Nonearth-covered 1 383 8 0 98
Philippines

$9-€

*Length of time in complete calendar years
**Number of data points represented in the sampling

91 1-90L DWWV
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surement. Sensors include liquid-in-glass ther-
mometers, thermocouples, thermistors, pyro-
meters, infrared detectors, thermopiles, gas
thermometers, and bimetallic thermometers.
Instruments range from simple indicators to
others that can provide a linear graph with
time, a digital record, a digital display, a
two-dimensional display with temperature
proportional to brightness or color, or provide
a graph of temperature as a function of
another variable. Almost any desired precision
can be obtained.

With respect to precision and to the
amount of data, it is important to consider the
usefulness of the data. As previously noted,
measuring natural air temperature, for ex-
ample, to a precision greater than 1 deg F is
illogical; equally undesirable would be record-
ing temperature at 1-s intervals in a weather
station. For some purposes, e.g., evaluating
the performance of a heat sink in an electron-
ic assembly, higher precision in temperature
measurement is desirable. Choosing the
proper sensor and instrument for a given
temperature measurement is essential.

The discussion that follows provides infor-
mation on the common meteorological instru-
ments as well as some designed for laboratory
use and is based on several of the many
excellent discussions of such instrumentation
(Refs. 76, 77).

3-4.1.1 LIQUID-IN-GLASS
ETERS

THERMOM-

These thermometers are invariably used for
routine observations in the laboratory and for
air temperatures — including maximum, mini-
mum, and wet-bulb temperatures. They in-
clude the common mercury-filled or alcohol-
filled indicating thermometers. The mercury-
filled thermometers are usually more accurate
and maintain their accuracy better than those
filled with alcohol. Mercury-in-glass thermom-
eters indicate temperatures by virtue of the
differential expansion of mercury and glass.
Mercury thermometers, if prepared under
carefully controlled conditions and carefully
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calibrated, can be quite accurate. Mercury
freezes at —38.89°C (—38° F) and alcohol, at
—117.3°C (—179.14°F), limiting the lower
temperature to which these types should be
used. The temperature range of liquid-filled
thermometers is from approximatety —117°
to 1,204°C (—180° to 2,200°F). Some types
are sensitive to changes as small as 0.006 deg
C (0.01 deg F). In general the useful tempera-
ture range is in inverse ratio to sensitivity.

Maximum and minimum thermometers are
a type of liquid-in-glass thermometer useful
for obtaining daily average temperature. This
is the standard method of the National
Weather Service. On individual days, consider-
able difference may exist between the average
of the hourly temperatures and the daily
average.

The most common maximum thermometer
is a mercury-filled glass-tube type with a fine
constriction in the bore near the bulb. The
remaining space in the tube is a vacuum.
When the mercury in the bulb expands, it is
forced past the constriction; when it con-
tracts, the mercury that has been forced past
the constriction remains there so that the
maximum temperature reached will be in-
dicated. This thermometer is reset by swing-
ing it with the bulb down so the centrifugal
force pushes the mercury past the constric-
tion into the bulb.

Minimum thermometers are usually liquid-
in-glass types, with ethyl alcohol (C, H; OH)
used as the liquid. Pentane (CsH,,) and
toluol (C4H; CH3) may also be used. A black
glass dumbbell-shaped rod, called the index, is
located inside the column of liquid in the
bore of the thermometer and, as the tempera-
ture falls, surface tension at the top of the
alcohol column pulls the index down. When
the column rises, the alcohol flows past the
index leaving it at the point of minimum
temperature. The thermometer is reset by
tipping the bulb end up until the index
returns to the top of the column of alcohol.

When using the alcohol thermometer, care
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Figure 3-38. Maximum and Minimum Thermometers Mounted in the Operating Position

must be taken to insure that none of the fluid
has evaporated from the surface of the liquid
and condensed somewhere near the top of the
thermometer. If this condition is not cor-
rected, the top of the main column of liquid
will be too low. Sometimes, when jarred, the
column will separate, forming one or two
bubbles in the main column, causing the top
of the column to be too high. It may take
from 5 to 10 min of tapping, a bath of
crushed ice, or a salt-ice mixture to unite the
segmented columns. Errors in the minimum
reading may also result from vibrations or
other disturbance of the instrument, which
can cause the index to change position. Both
maximum and minimum thermometers are
exposed in an almost horizontal position; the
maximum with bulb slightly higher than the
top, the minimum horizontal. A mounted pair
is shown in Fig. 3-38. Unless high ventilation
and good radiation shielding are provided,
errors of 1.7 deg or 2.2 deg C (3 deg or 4 deg
F) can occur.

Another type of maximum and minimum
thermometer (Six’s), which uses glycerin
(HOCH, *CHOH*CH, OH), indicates both
points on the same instrument (see Fig. 3-39).
The glycerin bulb is attached at one end of a
U-tube and an expansion chamber is at the
other end. The U-tube is partially filled with
mercury, which moves back and forth as the
glycerin expands or contracts. One side is
calibrated to read minimum temperatures,
which decrease as one reads up the scale.
Because of this, it is easy to make a mistake in
reading since the maximum and minimum
scales are read in opposite directions. Small
steel indicators float on the mercury on each
side of the U-tube. They are held at the
highest point reached on either side by means
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of small springs. This thermometer is reset by
drawing the steel indicators back to the level
of the mercury with a magnet.

3-4.1.2 BIMETALLIC THERMOMETERS
AND THERMOGRAPHS

The temperature-sensitive element of a
bimetallic thermometer is an elongated strip
made of two metals bonded together. The
metals have different coefficients of expan-
sion so that the strip deforms with a change in
temperature. One of the materials used is
generally Invar (an iron-nickel alloy), since it
has a low coefficient of thermal expansion.
The other is usually brass (for low tempera-
ture) or nickel (for higher temperature).
Deformation is indicated by a pointer on a

Figure 3-39. Maximum-Minimum Six’s
Thermometer



Figure 3-40. Bimetallic Maximum-Minimum
Thermometer

temperature scale. Choice of exposure, so as
to eliminate the effects of radiation, is im-
portant. A bimetallic thermometer that in-
cludes pointers indicating maximum and mini-
mum temperatures is shown in Fig. 340.

When properly constructed and calibrated,
a bimetallic thermometer may be accurate,
but many of the inferior indicating thermom-
eters of this type are unreliable. A bimetallic
strip is often used as the sensing element in a
thermograph such as shown in Fig. 341. If
blowing snow crystals should fall on the
bimetallic strip, erroneous readings may re-
sult, particularly when the ambient air is
above freezing. A Bourdon tube, a bent, metal
liquid-filled container of elliptical cross sec-
tion which straightens out when the liquid is
heated, is also used in thermographs. This
type of thermograph is very convenient to use
‘and is also accurate if shielded from radiation,
rain, and snow.

Remote thermometers or thermographs are
sometimes made with a sensitive element

Figure 3-41. Thermograph Employing
Bimetallic Coil as Sensor
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Figure 3-42. Operating Principle of Vapor
Pressure Thermometer

connected by capillary steel tubing to the
recording mechanism. In this type, a bulb (the
sensitive element) is filled with liquid, gas, or
vapor, which expands when heated. The
increased pressure is transmitted to the indi-
cating or recording mechanism by means of
capillary tubing. The pressure change is cali-
brated on a temperature scale. The principle
of this is illustrated in Fig. 3-42. Considerable
accuracy can be attained. Owing to the
thermal mass of the bulb, the instrument is
slow in responding to change and presents
problems in radiation shielding. However, it is
well suited to ground temperature measure-
ments. A soil maximum-minimum thermom-
eter using this Pprinciple is shown in Fig. 343.

Figure 3-43. Soil Maximum-Minimum Ther-
mometer With Capillary Tube Connecting
Sensor and Indicator
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Thermographs are less accurate than
liquid-in-glass thermometers, but, if carefully
maintained, errors may be reduced to £ 0.5
deg C ( 1 deg F). All thermograph readings
should be checked regularly. The most ac-
curate method of checking a thermograph is
to test it in a thermostatic chamber at least
once every 2 yr. Checking by comparing with
control thermometers can be done more
often. When this is done, it should be borne in
mind that different thermometers (mercury-
in-steel, for example) have different lag coef-
ficients. This must be taken into considera-
tion by checking when the air temperature is
not changing rapidly.

The temperature range of bimetallic ther-
mometers is from —40° to 427°C (—40° to
800°F). Accuracy is usually * 5 percent,
although it can be as high as + 1 percent.

34.1.3 RESISTANCE THERMOMETERS*

Electrical thermometers are of two
types — resistance and thermoelectric. Neither
of these types is widely used in weather
shelters, but both are employed — chiefly in
laboratories — for measurement of tempera-
ture gradients in small spaces or at remote
points. For precision measurements, some
form of potentiometer circuit is used; for less
accurate work, an out-of-balance bridge cir-
cuit is used in the case off the resistance
thermometer. The low voltage levels associ-
ated with these instruments sometimes gives
accuracy problems due to electrical noise.

Resistance thermometers depend upon the
change in electrical resistance with tempera-
ture. Most metallic resistance thermometers
are made from one of three metals — plati-

' num, nickel, or copper. Platinum is used for
fundamental standards since it maintains its
calibration for a long period. Nickel is satis-
factory for secondary standards and, when a
close linear relation between resistance and
temperature is desired, copper is used. The
sensitive element consists of a coil supported
in air, or some other medium, and protected

*General references for this paragraph are Refs. 77 and 78.
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by a sheath. A platinum coil on a mica frame
is used for precision thermometry.

Copper elements are used up to about
121°C (250°F) and nickel up to about 316°C
(600°F). Platinum wire is used up to about
1315°C (2,400°F), although evaporation
causes some zero drift in the readout above
538°C (1,000°F).

An upper limit for platinum is about
1,593°C (2,900°F) when the platinum wire is
embedded in pure alumina to decrease the
effects of contamination.

Semiconducting elements are used in
thermistor sensors. Their useful range is from
—45.6° to 316°C (—50° to 600°F). Materials
used are generally oxides of nickel, iron,
cobalt, copper, magnesium, or titanium. Their
temperature coefficient of resistance is about
10 times that of metallic elements so that
narrower temperature spans and greater sensi-
tivity are obtained. Response time is on the
order of milliseconds. Tolerances on nominal
resistances can be kept to about * 0.5
percent.

Diamond thermistor devices measure temp-
eratures continuously and accurately from
—129° to 343°C (—200° to 650°F). The only
thermistor available that can sense over this
wide range without discontinuities, the
diamond thermistor, exhibits excellent repeat-
ability, high stability, and fast response. The
drift in resistance with time (requiring a
change in calibration) is extremely small. All
resistance thermometers require application
of current in order to obtain a reading. Since
this results in power dissipation, self-heating
results. For accuracy, this self-heating must be
kept small.

3-4.1.4 THERMOELECTRIC
ETERS

THERMOM-

A current flows in a thermoelectric circuit

if it consists of two dissimilar metals and if
the various junctions between these metals are
not all at the same temperature. When only



two metals are used, the total emf in the
circuit is proportional to the difference in
temperature of the reference and the measur-
ing junctions. The reference junction is always
kept at a constant temperature (e.g., in a
container with melting ice). Thermocouple
instruments are especially useful for differ-
ential measurements and can be made to have
a lag coefficient of only 1 or 2s. A thorough
discussion of thermoelectric thermometry has
been published by Roeser (Ref. 78).

Precision high temperature measurements
are made with platinum and rhodium alloy
(90 parts platinum to 10 parts rhodium).
Copper and constantan (Cu-Ni alloy), afford-
ing a much larger emf per degree of tempera-
ture, are usually used for meteorological
measurements, Iron and constantan,
Manganin and constantan, and Chromel and
Alumel are also used. Table 3-22 gives applica-
tion information for the more common ther-
mocouples and calibration voltages are illus-
trated in Table 3-23. Complete calibration
tables are available from the manufacturers of
thermocouples and from the National Bureau
of Standards.

3-4.15 ACOUSTICAL THERMOMETERS*

The speed of sound in a medium is a
function of temperature. Free-air tempera-
tures, for example, are determined in one of
the commonly used methods by using a short
pulse of high-frequency sound generated by
applying a voltage to a piezoelectric crystal.
This is propagated through a fixed distance
and received by an identical piezoelectric
receiver, which generates a voltage that is
amplified. The voltage, after being peaked, is
fed back to the pulse generator, which causes
a new pulse to be initiated. The time between
pulses is the total time taken within the
electrical circuit from the receiver to the
outgoing pulse, which is constant, and the
transmission time, which depends on tempera-
ture. The distance between transmitter and
receiver can be arranged so that successively

*General references for this paragraph are Refs. 77 and 79.
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generated pulses possess a frequency that can
be measured by ordinary instruments and
read as temperature. Measurement is im-
mediate and independent of solar radiation.

Quartz thermometry is based on the sensi-
tivity of the resonant frequency of a quartz
crystal to temperature change. The tempera-
ture range of natural quartz thermometers is
—80° to 250°C (—112° to 482°F). Below
—80°C (—112°F), synthetic quartz crystals
are required. The quartz thermometer is
considerably more linear than a platinum
resistance thermometer: 0.05 percent of the
span from —40° to 250°C (—40° to 482°F)
for quartz compared to a typical figure of
0.55 percent for the same range for a resist-
ance thermometer. Linearity of the quartz
thermometer is superior to that of thermo-
couples and thermistors, which have a lineari-
ty that is approximately exponential. Usable
resolution of quartz thermometers is about
0.0001 deg C for both absolute and differ-
ential measurements.

The quartz thermometer is equal to plat-
inum resistance thermometers and thermo-
couple measuring systems with respect to
repeatability, long-term stability, speed of
response, self-heating, and probe interchange-
ability. Other characteristics are direct digital
readout (no bridge balancing, or reference to
resistance-temperature or voltage-temperature
tables or curves), immunity to noise and cable
resistance effects, no reference function, and
good interchangeability between sensing
probes. This instrument is, however, expen-
sive (> $3,000).

Acoustical measurement techniques have
been employed to measure temperatures of
cryogenic gases, plasmas, molten glass, and
solids over a temperature span from —456° to
over 6,000°F.

3-4.1.6 RADIATION THERMOMETRY *

‘Thermometers based on the change in

*General references for this paragraph are Refs. 77, 80, and

81.
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TABLE 3-22

APPLICATION OF THERMOCUPLES (Ref. 78)

Usual temperature range

Maximum temperature

Type
OC OF OC OF
Platinum to platinum—rhodium 0 to1,450 0 to2,630 | 1,700 3,100
Chromel-P to Alumel -200 to1,200] -300 to2,200 | 1,350 2,450
Iron to constantan -200 to 750 | -300 to 1,400 | 1,000 1,800
Copper to constantan -200 to 350 | -300 to 650 600 1,100

911-90L dOWV



€L-€

TABLE 3-23

VOLTAGE-TEMPERATURE RELATION FOR DIFFERENT THERMOCOUPLES (Ref. 72)

Voltage, mV (reference junction at 0°C)

Temp, °C 90 Pt-10 Rh | 87 Pt-13 Rh | Chromel-P Iron to Copper to
to Pt to Pt to Alumel | constantan* | constantan
-200 - - - 5.75 - 8.27 - 5,639
-100 - - - 3.49 - 4.82 - 3.349
0 0.000 0.000 0.00 0.00 0.000
100 0.643 0.646 4.10 5.40 4,276
200 1.436 1.464 8.13 10.99 9.285
300 2.315 2.394 12.21 16.56 14.859

*The properties of iron-constantan vary with the quality of the material available.

Materials must be selected and matched to a calibration table for accurate resuilts.
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Figure 3-44. Principle of Radiation Pyrometer

electromagnetic radiation with temperature
include pyrometers and infrared thermom-
eters. Radiation pyrometers utilize different
sensitive elements such as thermocouple junc-
tions, thermopiles, thermistors, photovoltaic
cells, and photoconductive or photoemissive
cells. Two-color radiation pyrometers measure
the relative intensities in two fractions of the
electromagnetic spectrum, and their ratio
provides a measure of temperature that does
not require the emissivity of the substance to
be known (emissivity is the ratio of the actual
energy radiated to the theoretical maximum
or blackbody level). The principle of a radia-
tion pyrometeris shown in Fig. 344.

Optical pyrometers measure temperature
by comparing the radiant intensity of an
incandescent object with an adjustable, cali-
brated reference element. Balancing of inten-
sities can be done either visually or by a
photocell. The range of optical pyrometers is
from 537° to about 4,500°C (1,000° to
8,000°F) and give readings to about + 5.5 deg
C (= 10 deg F). Those types in which the
balancing is performed by the human eye can
achieve a high level of precision * 0.05 deg C
(+ 0.1 deg F) at 1,010°C (1,850°F).

An infrared thermometer measures the
temperature of materials, hot or cold, moving
or static, without physical contact through
application of the principle that radiation
from an object is proportional to the fourth
power of the absolute temperature (Stefan-
Boltzmann Law). Response to temperature
change is instantaneous at any distance and
changing intervening conditions normally
have negligible effect upon the accuracy of
measurement,
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One type of infrared instrument consists of
a sensing head with aiming sights and con-
trols, amplifiers, and indicating meter. For
continuous measurements, the sensing head
may be bracketed or tripod mounted; an
electrical output is provided to drive standard
chart recorders and controllers. Operation of
the instrument follows. Radiation from the
selected target and from an internal, con-
trolled cavity is alternately sensed by a
thermistor bolometer detector. Because it is
sensitive only to standard bandwidths of long
wavelength radiation between 8 and 14 um, it
is capable of accurate measurement of temp-
erature as low as —45°C (—50°F), far beyond
the limits of usefulness of radiometric devices
sensitive only to short infrared wavelengths.
Temperature readings are shown directly on
meter scales.

The infrared thermometer is sensitive to
radiation in a spectral region in which water is
highly emissive and the atmosphere is trans-
parent; it can, therefore, look through the
atmosphere to make accurate readings of
water surfaces. Special calibrations can be
made over a total span of from —45° to
1,100°C (-50° to 2,000°F); accuracy is
independent of altitude or distance. Infrared
thermometry is used extensively in airborne
equipment for obtaining thermal profiles of
terrain. Infrared radiometers are also used for
satellite mapping of both land and water
temperature patterns.

3-4.1.7 CHEMICAL KINETIC THERMO-
METRIC DEVICES*

Pyrometric cones are slender trihedral pyra-

*A general reference for this paragraph is Ref. 77.



Figure 3-45. Standard Weather
Instrument Shelter

mids composed of mixtures of minerals that
soften and bend when heated. By suitably
varying their composition, a series of such
cones can be arranged to deform at uniform
intervals between 300° and 2,000°C (500°
and 3,600°F). They are widely used in the
ceramics industry.

Certain mixtures of materials undergo
permanent changes when exposed to increas-
ing temperatures. Such mixtures, in the form
of paints, pellets, and crayons are used to
indicate temperature variations by changes in
their color or texture. Temperature-sensing
screws, an application of this method, contain
a heat-sensing colored material inserted into
the head. The material melts at a predeter-
mined temperature. The usual range of these
screws is from 38° to 537°C (100° to
1,000°F). This class of devices, although
inexpensive, is generally not very accurate.

A form of liquid crystals, “cholesterics”
(derivatives of cholesterol) exhibit color
changes with slight changes in temperature.
The overall temperature range in which they
can be used is from —20° to 150°C (—4° to
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300°F), but temperature color bands can be
set with ranges as narrow as 2° or up to
150°C (3.6° or 300°F). Measurement is pos-
sible to 0.1 deg C (0.18 deg F). Their primary
application is in thermal-gradient mapping;
other applications include thermal imaging of
heating elements, studies of air<jet impinge-
ment, mapping of electronic assembly temper-
atures, and nondestructive testing.

34.2 METEOROLOGICAL TEMPERA-
TURE INSTRUMENTATION AND
MEASUREMENT

34.2.1 SURFACE AIR TEMPERATURE*

The station temperature of synoptic
meteorology is known as surface air tempera-
ture or standard instrument shelter tempera-
ture. In the United States and in other official
meteorological offices throughout the world,
the standard method of observation is by
enclosure of meteorological instruments in
the free air of a white-painted louvered box or
Stevenson screen (Fig. 345) located about
45 ft (5.5 to 6.5 ft in Europe) above a
close<cropped grass surface in the center of an
open field with the door side poleward. The
standard height of the thermometers is 4.5 to
6 ft. The latter figure is used where there is
considerable snow.

The most rudimentary weather station (al-
so known as a climatological station) has an
instrument shelter with a calibrated thermom-
eter for measuring the temperature one or
more times per day. In almost every case, the
station will also have both maximum and
minimum thermometers, which are read at a
set time each day. Many of these basic
weather stations will also have a wet-bulb
thermometer for measuring humidity and a
bimetallic thermograph for recording temper-
atures. More sophisticated recording equip-
ment will be found at major weather stations,
which are now usually located at airports near
major cities or at large military installations.
The basic instruments are generally read to
the nearest 0.5 deg C (1 deg F) but the more

*A general reference for this paragraph is Ref. 4.
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accurate instruments can be read to 0.05 deg
C (0.1 deg F).

The standard maximum station tempera-
ture for a given day is measured with a
mercury-in-glass thermometer; the minimum
with an alcohol-in-glass thermometer; and the
hourly values with a mercury-in-glass ther-
mometer. The louvered box with double roof
permits air circulation past the thermometer,
and excludes direct solar and terrestrial radia-
tion. It does, however, absorb and radiate
heat, which causes a systematic deviation of
the standard shelter temperatures from the
free-air temperature.

Air temperatures are usually taken at
standard fixed times by an official observer,
but they may be taken continuously by
automatic recorders. The time c¢f reading
varied from country to country for most early
records, but today the hours of reading have
been standardized by the World Meteorologi-
cal Organization. Synoptic surface observa-
tions are taken at 0000, 0600, 1200, and
1800 hr Greenwich Mean Time (GMT). Upper
air synoptic observations are made at the
main synoptic times; however, when only two
upper air observations can be made daily,
they generally are taken at 0000 and 1200
GMT.

34.2.2 SOIL TEMPERATURE*

Many of the thermometers used to measure
air temperatures have been adapted for use in
measuring soil temperatures. The mercury-in-
glass thermometer with stems bent for easy
reading at the 5-, 10-, and 20<cm depths, are
in common use. Small but appreciable errors
may occur if the exposed part of the stem is
in bright sunshine. For depths of 50 and 100
cm or more, thin iron tubes with thermom-
eters suspended within them are sunk in the
earth to the desired distance.

Another type of thermometer designed for
soil temperature measurement is a thick-
stemmed thermometer tube enclosed in a

*A general reference for this paragraph is Ref. 82.
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wooden case, which is driven into the ground
to the desired depth. The scale of the ther-
mometer protrudes above the soil surface.
Commercial thermometers are available up to
96 ft in length. In addition to the usual errors
inherent in the mercury-in-glass thermometers
(parallax, for example), errors may result
from exposure of the scale to sunshine, which
heats the upper part of the thermometer;
from pressure on the bulb, which may change
its calibration; or from poor thermal contact
between the bulb and the soil.

Thermographs have also been adapted to
soil temperature measurement. Mercury-in-
steel elements and bimetallic thermographs
have been used by many investigators. Heat
conduction down the capillary tube may lead
to serious errors unless several feet of cable
are buried at the bulb level. Serious corrosion
problems have been reported when bulbs have
been placed in clay soils. '

The most widely used sensing element for
continuous soil temperature measurements is
the thermocouple. One recorder can be made
to measure the temperature of the air and soil
at many locations. The thermojunction can be
made with a low thermal mass. Corrosion and
electrical leakage may be serious prdblems.
Remote indicating thermometers are also
available for measuring soil temperature.

Resistance thermometers and bimetallic
dial thermometers — with maximum, mini-
mum, and current temperature dials — are
also in general use, but should be checked
often for mechanical damage.

When taking soil temperatures, the soil
cover and the degree and direction of ground
slope should also be recorded. The physical
soil constants such as bulk density, thermal
conductivity, and moisture content should be
indicated as well as the level of the water
table (if within 5 m of the surface) and the
soil structure.

The two standards of exposure include bare
soil and soil under a short grass cover, and
they should be used simultaneously for com-




parative purposes. The standard surface for
representative areas should be at least 100 m?
in size. Standard depths for soil temperature
measurements are 5, 10, 20, 50, and 100 cm
below the surface. Others may be made as
required. When snow is present, the tempera-
ture in the snow cover should also be made.
These measurements are made difficult by the
small thermal mass of the snow. Further
discussion of snow temperature measurement
may be found in Chap. 8, “Solid Precipita-
tion”, of this handbook.

34.2.3 SEA-SURFACE THERMOMETERS*

The simplest method for obtaining sea-
surface temperatures is to collect a canvas
bucketful of surface sea water from the deck
of a ship and determine its temperature using
an ordinary mercury thermometer. Another
convenient method is to lower a thermometer
overboard in a perforated metal case (known
as an armored thermometer) and obtain a
direct reading. Some thermometers have wells
surrounding the bulb that catch and retain sea
water. These thermometers give variable re-
sults, however, depending on whether the sun
is shining or a marked difference exists
between the sea and air temperatures.

The best results are obtained by using an
all-steel mercury thermograph. This instru-
ment is made up of a steel, gas-free mercury
Bourdon tube with rotating drum and pen,
with a lead- or copper-coated steel bulb and
capillary, which is installed in the condenser
intake of a ship. One drawback to its use is
the capillary length, which may run to 150 ft.
Oceanographic thermometry is a complex
subject that cannot be treated completely
here. Publications of the U S Navy Hydro-
graphic Office and other specialized reviews
should be consulted for further information
(Ref. 53).

34.2.4 ACCURACY REQUIREMENTS FOR
METEOROLOGICAL INSTRU-
MENTSt

The maximum acceptable tolerances

*A general reference for this paragraph is Ref. 22.
A general reference for this paragraph is Ref. 4.
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established by the World Meteorological Or-
ganization for the manufacturers of thermom-
eters are shown in Table 3-24.

The tolerances for ordinary thermometers
permit greater negative than positive errors
because of the tendency of the zero of
mercury-in-glass thermometers to rise slowly
with time. Thermometers used for psychrom-
etry should be provided with a correction
certificate giving corrections to an accuracy of
+ 0.1 deg C (+ 0.18 deg F) for at least six
points equally spaced over the range.

All  thermometers should be checked
against the ‘““ice point™ at least once every 5
yr. At synoptic stations the thermometers
should be checked against a secondary
standard instrument at intervals of 1 or 2 yr.
Maximum and minimum thermometers must
be checked frequently.

Through the use of an ice bath, the ice
point may be realized conveniently to better
than 0.01°C. A Dewar flask serves as a
container for the ice, the melting of the ice
being retarded by the insulating properties of
the vessel. Ice shaved from clear cakes is
mixed with distilled water to form a slush.
Enough water is used to afford good contact
with the thermometers, but not enough to
float the ice. From time to time excess water
is siphoned from the bath. Care is taken to
prevent contamination of the ice and water. A
small reading telescope with a magnification
of 10 diameters aids in reading the thermom-
eter indication and reduces parallax errors.
Gently tapping the thermometer just before
reading may prevent the sticking of a falling
meniscus. On the other hand, too vigorous a
tap will occasionally cause the mercury to
rebound to an erroneously high reading (Ref.
83).

Where maximum and minimum or wet- and
dry-bulb thermometers are used in pairs, they
should be selected so as to minimize the
differences in errors between the two ther-
mometers. The tolerances in Table 3-25 are
suggested for these differences.

It is more important for instruments to be
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TABLE 3-24

MANUFACTURING TOLERANCES FOR THERMOMETERS (Ref. 4)

°F Tolerance, °C Tolerance,
deg deg
Maximum
thermometers above 0.4° +0.36 -18° +0.2
below 0.4° +0.54 -18° +0.3
Minimum
thermometers above 0.4° +0.54 -18° +0.3
fY‘OlTl 0.40 +1.08 "]80 10.6
to -31° -35°
below -31° +1.44 -35° +0.8
Ordinary
thermometers above 32° +0.18 0° +0.1
-0.36 -0.2
below 32° +0.36 0° +0.2
-0.54 -0.3
Change of error
in an interval
of 17 deg C
(30.6 deg F) above 32° 0.36 0° 0.2
below 32° 0.54 0° 0.3
TABLE 3-25
TOLERANCES ON DIFFERENCES BETWEEN
THERMOMETERS USED TOGETHER (Ref. 4)
OF OC
Type
Range | Tolerance | Range | Tolerance
Maximum and minimum - 0.54 - $0.3
Wet and dry
Above 32 :0.36 0 0.2
Below 32 +0.18 0 +0.1
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able to maintain a known accuracy over a
long period of time than to have very high
precision initially without being able to retain
it for a long period under operating condi-
tions. Simplicity and convenience of opera-
tion and maintenance are very important,
because most instruments are in continuous
use under a wide variety of environmental
conditions and may be located far from good
repair facilities. Sturdy construction is partic-
ularly desirable for instruments that are ex-
posed to the weather for a long period of
time.

In recording instruments, the motion of the
working parts in most of them is magnified by
levers that move a pen on a chart on a
rotating clock-driven drum. Such recorders
should be as friction-free as possible, in the
bearing as well as between the pen and chart.
Means for making daily time marks and
adjusting the pressure of the pen on the chart
must be provided, consistent with a legible
trace. It is also essential that recording instru-
ments be periodically checked against a
standard control instrument. Regional stan-
dards should be checked once in every 10 yr.
Choice of an instrument in which the drum
but not the clock rotates will eliminate the
danger to the clock since only the drum is
removed to change the chart. The design of
the clock should be such that it will fit all
drums and recording instruments; clock rates
should be synchronized so that the rate of
revolution of the drum coincides with the
time scale for the charts.

34.2.5 MEASUREMENT ERRORS*

Air temperature, as recorded in a shelter,
may be in error by 1.6 deg C (3 deg F) or
more due in part to the following: (1)
thermometer error, (2) error due to difference
between the temperature of the air in the
shelter and the thermometer body, (3) differ-
ence in temperature between the air in the
shelter and that outside, and (4) sampling
erToT.

*General references for this paragraph are Refs. 76 and 84.
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Mercury thermometers are highly stable
and retain calibration well over long periods
of time. The equilibrium between shelter air
and the thermometer body is constantly being
influenced by the radiative exchange between
the shelter walls and the thermometer, which
is due to shelter walls being heated by
insolation during the day and cooled by
radiation at night. The magnitude of the
difference in temperature between the air in
the shelter and that outside depends on how
well the shelter is ventilated by wind. The
error is minimized if the air at shelter height is
in constant movement at moderate velocity.
The error may be increased if rain falls on the
shelter since the shelter air approaches its
wet-bulb temperature and becomes cooler
than the free air.

The sampling error is the difference be-
tween the air temperature at the spot where
the measurement is made and the temperature
over the area for which the reading is con-
sidered to be representative. In practice, the
air temperature usually is required to be
representative in a weighted or specialized
manner, which simplifies the problem of
obtaining representative temperatures. For
example, a representative temperature for an
aircraft flight is an average temperature for an
airmass covering a million mi®. On the other
hand, an error frequently experienced in
recording field test data is to use ambient air
data from a station located several miles from
the test, and to interpret the ambient air data
as having some significance to the test. Test
reports have no significance unless the air
temperatures are taken at the site of test, or
unless some evidence indicates that the tem-
perature is representative of conditions at the
site.

Air temperature frequently fluctuates as
much as 1 deg or 2 deg C (2 deg or 3 deg F) in
a period of 1 or 2 min at 