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FOREWORD

One of the environmental factors most frequently mentioned as
an encumberance to military operations is steep ground slopes.
In addition to limiting or even halting cross-country mobility
of ground troops and vehicles, they adversely affect effective-
ness of firepower, emplacement of weapons, use of specialized
equipment, and feasibility of several other military operations.

Little ground-truth (field-measured) slope data for hill and
mountain .'opography has been available to military tactical
planners, vehicle and test course designers, or other users.

This study presents ground-truth slope data for hill and moun-
tain areas of Thailand, and investigates frequency distributions
of occurrence and percent of total traverse distance by slope
gradients.

Mr. Robert S. Fegley and CPT Franklin F. Foit, Jr., both formerly
of the U.S. Army Natick Laboratories, assisted in the field and
in the initial compilation and coding of field data. CPT Foit, a
geologist, also identified the rock samples collected along the
traverses.
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ABSTRACT

Slope segment gradients and lengths were field-measured in five
widely scattered areas of Thailand. In each of these areas the
lithology, geologic structure, climate, and vegetation differ
considerably. The composite data include 2,798 slope segment
lengths and their respective gradients from 157 traverses total-
ing 49.3 miles.

There are no significant differences in the slope gradient fre-
quency distributions of the five study areas. The composite
slope segment gradient distribution is platykurtic from about 5
degrees to almost 30 degrees, and it is positive skewed. The
platykurtic part of the curve is plus or minus 1 percent of the
14.5 percent level of occurrence. The composite distribution
has no suggestion that slope gradients have a tendency to con-
centrate in several polymodal ranges for soil-covered slopes in
the large heterogeneous physiographic provinces of Thailand. The
occurrence of slope gradients decreases rapidly with increasing
gradients above 30 degrees. The percent values for traverse dis-
tance by gradient and gradient occurrences are remarkably similar.
For example, slopes less than 30 degrees occur 85 percent of the
time and they comprise 86 percent of the total traverse distance.
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INTRODUCTION

Two reports (1,9591 and 19622) on slope gradient frequency have been
prepared for the U.S. Army. Both of these, one on Yuma Test Station,
Arizona and the other on Fort Knox, Kentucky, used map-measured data.
The slope gradient frequency distributions for both of these studies
show a systematic quadri-modal frequency distribution. Excluding the
present study, the author knows of no army study specifically on
slope gradients since the two above mentioned studies.

In the proposed AIiC Nobility Research Program3 of 11 April 1969, the
U.S. Army Automotive Command representatives wrote "it is obvious
that a vehicle performance model is of little value unless real
(underline mine) and representative data are available to serve as an
input to the model." In the same report, a call is made for the de-
velopment of sampling methods such that adequate samples can be ob-
tained with a minimum of effort. The report also states that data are
required to define the environmental situations in which vzenicles pre-
sumably will be used, to provide guidance for the specification of
design and performance criteria, and for the specification of engineer-
ing test conditions.

1 U.S. Army Engineer Waterways Experiment Station, Corps of Engineers,

Handbook A Technique for Preparing Desert Terrain Analogs, Technical
Report No. 3-506, 1959.

2 Krenkel, Peter A., Application of Terrain Descriptive Techniques To

Fort Knox, Kentucky, Contract No. DA-22-079-eng-300, 30 April 1962,

Department of Civil Engineering, Vanderbilt University, Nashville 5,
Tenn.

3 Committee for proposed A11C Mobility Research Program, Proposed AI!C
iNobility Research Program, U.S. Army Engineer Waterways Experiment
Station, Vicksburg, Miss., April 1969, pý 1.

[/



Another recent report written in 1968 by the U.S. Army Advanced Mate-
riel Conce ts Agency titled, Adverse Effects of Slopes on Military
Operationsy states the following:

Military Standard 210 on environmr tal extremes does not
include quantitative information .o assist designers in
providing material for military operations in slope con-
ditions of ony type. There is no testing guidance for
slope situations. Tests are conducted on specific slopes
but the relationships of these slopes to natural con-
ditions either in frequency of occurrence or actual occur-
rence in specific situations is unknown.

The same Ad Hoc report 2 also points out the lack of slope information.

It was recognized that a major problem exists in the lack
of definitive slope information. Quantitatiw.- slope in-
formation is required on a world-wide basis , meet the
needs of planners and designers, and means e needed for
considering the impact of slopes in system *nalyses.

Bekker (1969)3 wrote the following about the need of slope data.

Evaluation of slopes is essential in land locomotion to
determine power and fuel requirements and vehicle speed
and stability in overturning modes. To accomplish this,
surface profiles must be traced and frequency of slope
distribution defined.

These examples are but a few of the many official reports, pointing
out the need for field-measured slope data.

IThe 2D Ad Hoc Working Group, Adverse Effects of Slope on Milizary
Operations, U.S. Army Advanced Materiel Concepts Agency, Washington,
D.C., p. 11-15.

21bid., p. III-1.

3 Bekker, MI.G,, Introduction to Terrain Vehicle Systems. The
University of Michigan Press, Ann Arbor, Mich., 1969, p. 268.
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OBJECTIVES

This study has five objectives:

(1) to provide field-measured slcpe gradient data for ve--
hicle and test course engineers,

(2) to obtain hill and mountain Zield-measured slope grad-
ients to complement field-me.asurad lowland slope grad-
ients measured by WES, AFCRL, and PST 1 ,

(3) to contribute to efforts in the development of sampling,
such that adequate samples can be obtained with a mini-
mum effort,

(4) to test a method, including coding of data and format,
for quick retrieval of terrain data by computer for
specific pirameters and geographic areas, and

(5) to contribute ground-truth terrain data applicable for
quick computer retrieval.

iDornbush, Jr., W.K., Mobility Environmental Research Study: A Quan-

titative Nethod for Describing Terrain for Ground Mobility, VolIII,
Surface Geometry, Tech. Rpt. No. 3-726, (U.S. Army Engineer Waterways
Experiment Station, Corps of Engineers, Vicksburg, Hiss., Sept. 1967).
Regarding the slopes measured, the repcrt, on page 28, states "The
vast majority were taken in rice field areas. The remainder were
fairly evenly divided among road embankments, termite mounds, borrow
pits, sinkholes, and irrigation ditches. In addition, a relatively
small number of measurements were taken ou almost unique configura-
tions in forested areas and on steep hills and mountain sides."

3
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SELECTION OF STUDY AREAS AND TRAVERSES

The study areas were selected so that there would be topographic,
lithologic, structural, climatic, and vegetation differences.
The areas also had to be accessible by a ground field vehicle.
.The available field time and number in the field team had a di-
rect influence on the number of study areas and number of tra-
verses. Approximately one week in the field was allotted per
study area for each of the two field periods.

Two field periods, one in 1967 and another in 1969 were used to
measure and collect slope gradient data and information in five
areas of Thailand (Fig. 1). Data from the 1969 season, a second
sample, was needed to determine if the first sample (1967 data)
was representative for the area. In 1967, work was done in the
following areas: (1) Khorat, (2) Kanchanaburi, (3) Hua Hin,
and (4) Ranong. Field work for the 1969 season included the
same general areas as for 1967, plus the Chiang 11ai area.

General starting points for the traverses were selected the first
day in each area while making a reconnaissance of the topography
and road conditions. A random selection of traverse starting
points and azimuths was not used for several reasons:

(1) The traverse routes were always chosen so that
they included hill and/or mountain slopes in
contrast to the primarily valley and plains
topography selected by WES for their TR No.
3-726 study. 1

(2) A hill or mountain slope is not always at a
reasonable distance at a random point and at a
random azimuth from the road or cart trail.

1 Dornbush, Jr. W.K., op. cit. p. 28.

4



LOCATION OF THAILAND SLOPE GRADIENT STUDY AREAS
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(3) Traverse azimuths must be perpendicular to the
contour, rather than at a constant azimuth.
This is done in order to measure the maximum
gradient at all points along a traverse.

(4) Densely vegetated slopes which restrict range
finder measurements to short distances were
avoided, Dense vegetation decreases the tra-
verse distance per unit of field time.

(5) Slopes less than about 300 feet in length were
generally avoided. Traverse distance per unit
time is greater for long traverses than for
short traverses.

TABLE I is a tabulition of the number of traverses and total traverse
distance for each of the five study areas. The number of traverses
in each area varies considerably because of differences in access-
ibility to hill or mountain slopes, vegetation density, and weather.
Traverse locations are indicated on PLATES I through V. Location of
traverses are accurate, but for cartographic purposes, traverse
lengths are longer than actual traverses.

TABLE I

Number of traverses and total traverse length by study area

1967 1969

Area No. of Total length No. of Total length
traverses feet miles traverses feet miles

Khorat 12 28,603 5.3 10 15,099 2.9

Kanchanaburi 10 26,852 5.1 20 23,099 4.4

Hua Hin 22 39,988 7.6 28 35,663 6.8

Ranong 20 43,523 8.2 13 12,349 2.3

Chiang Ilai 22 35,033 6.6

64 138,9661 26.3 )3 121,2431 23.0
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FIELD INETHODS M!EASUREMENTS, AND INFORMATION COLLECTED

Conventional, simple ground field methods were used for measuring and
collecting information. Slope gradients were measured with a Brunton
compass or an Abney hand level. Slope gradients were measured to the
nearest whole degree, and they are coirect to within plus or minus 1
degree. Distances were measured by (1) Dietzgen Duo Site Range
Height Finder, (2) 100 foot steel tape, and (3) pacing. The
majority of the distances were measured with the range finders, which
were checked with the 100 foot steel tape at the beginning of each
field day.

The reliability of the range finders was very good. On all checks
the measured distance was never more than plus or minus 2 percent
different. Distance measured with the steel tape was to the closest
foot. Several distances measured by pacing were checked with the
steel tape; these distances checked out at a plus or minus 2 to 4 per-
cent.

Approximate range of rock size and percent of the surface covered by
the rocks were noted where .hey could interfere with movement of men
or vehicles. Photographs of traverse slopes, outcrops, large rock
blocks, and small rocks were taken to complement the slope gradient
data and qualitative material.

LWITATIONS

This field study, as is true with most field studies, had a number of
limiting factors. Large scale (1:24,000) topographic maps or large
scale geology maps were not available for Thailand. The best topo-
graphic maps of Thailand have a 1:50,000 scale and a 20-meter contour
interval. These maps have very limited value for micro surface geo-
morphology or detailed slope gradient measurements, although they are
adequate for location purposes in the field. The best available
geology map of Thailand at a 1:2,500,000 scale 3.s very generalized
It lacks the detail needed tor studies involving micro measurements.

Other limiting factors were dense vegetation, hot and humid weather,
and inaccessibility of much of the general study areas to conventional
ground vehicles or small four-wheel-drive vehicles. The dense vege-
tation hindered field work in two ways: (1) limiting visibility
which made necessary moie distince and gradient measurements over a
given distance even though the gradient did nor change, and (2) in-
crease trayerso time when it was necessary to chop a path through
sect:ions o'f dei)' vcy tati~n . The Itot and humid conditions in



conjunction with steep slopes made it necessary to stop frequently
for short rests, Because of the sparse and poor roads and cart
trails, many traverse sites were walked to from the roads or cart
trails which were not negotiable by the field vehicle.

All the above limitations posed problems but not the most limiting
one. They did, however, all contribute to the one major overall
limitation which was available time for field measurements. Avail-
able field time was about six weeks for each of the two field
periods. The field team consisted of only two persons; this pre-
sented the greatest limitation. Nevertheless, a large number of

slope gradient and slope segment length measurements were obtained.
The field methods used are acceptable and the best possible con-
sidering the environment, a field crew of only two, and the

.limited field time.

PHYS IOGRAPHY

In this section a brief physiographic description is included for
Thailand as a whole. This section is followed by brief sections
on each of the five study areas. Each of these five sections also
includes a subsection titled "Selected Militarily Significant
Features." The features included in these subsections are only a
very small number of the militarily significant features in the
area. The few features or conditions discussed are those that pre-
sented some problem for the field team while walking the traverses
or concern some special feature or condition.

Thailand - General

Thailand can be divided into three major structural provinces:
(1) Khorat Plateaul, (2) Chao Phraya Depression, and (3)
Northern and Western Folded Mountain Ranges. These folded moun-
tains extend southward into the Malay Peninsula.

iKhorat is also referred to as Nakhon Ratchasima on some official

maps and reports, but in this report Khorat is used.



In spite of the relatively small size of Thailand with only three

major structural provinces, the country has great diversity of
topography, landforms, and rock types. Huch of the country has
had several periods of orogeny which were responsible for faulting,
folding, mountain building, regional uplift or downwarp, intrusions,
and metamorphism. This complex geologic history is responsible for
the great variety of topography in Thailand.

PLATE VI shows a major part of the "1950 Reconnaissance Geologic
Map of Thailand," This map is very general, but unfortunately, it
is the best available. A summary of the stratigraphy shows the
large number of rock types found in Thailand (APPENDIX i), The
rock types for specific areas are much more complicated than one
realizes from the geology map (PLATE VI). The Khorat area is a

good example. On the geology map, the area is indicated as Khorat
series, and the complexities are evident .7hen checked in APPENDIX I.
Several members of this series have been metamorphosed to varying
degrees in many locations. For example, sandstones and shales have
been altered respectively to quartzite and slate.

In some cases the altered rocks are more resistant to weathering
and erosion than the unaltered rocks. The resulting differences in
rock hardness and the several processes of weathering and agents of
erosion are responsible for the great diversity of landforms, relief,
gradients, and surface conditions in Thailand.

Khorat Study Area

This study area is part of the scarp slope of the Khorat Plateau

where the sedimentary strata dip approximately 7 degrees to the
northeast (Figs. 2 and 3). The Plateau, a dip slope, topography is
flat to undulating with very little relief or dissection (Fig. 3).
In contrast, the scarp slope is highly dissected and local relief
ranges from about 200 to 1,200 feet. The northern of two scarp
slopes associated with the Khorat Plateau is very conspicuous (Fig. 2).

Several of the Khorat study area traverses were made on this northern-
most scarp slope (PLATE i).

tU
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Sandstones, conglomerates, and marly concretionary limestone lo-
cally metamorphosed to quartzite, phyllite, and slate are trun-
cated by the scarp slope of the Khorat Plateau. A massive sand-
stone formation caps this series of rocks, and it is exposed
along much of the top edge of the escarpment (Fig. 4).

Selected Militarily Significant Features

The cap-rock zone is the most difficult part of the escarpment to
negotiate. Men on foot can negotiate, with some difficulty, any
section of the cap-rock zone, but for ground vehicles, the author
believes the cap-r•.ck zone would present a "no go" situation.

I

Figure 2. Khorat study area: Escarpment of sedimentary strata
dipping gently (7 degrees) to the northeast. Escarpment
on the west side of Friendship Highway viewed from the
top of the escarpment on the east side of the highway.
Note the commanding view of the highway.

10



Figure 3. Flat to undulating surface of the Khorat
Plateau. Flat to undulating topography
of the Khorat Plateau eight miles north
of the escarpment edge of Figure 2.

11

-4

I. . . . . . . .. .. . . . . .



The cap-rock zone of the escarpment has three iorms:

(1) A cap rock overhanging from a few feet to as much as
15 feet.

(2) A nearly vertical cliff, 10 to 15 feet high with
large rock blocks at the base of the cliff r ng:*ng
in sizc from a large suit case to a large Am,'-ican
automobile (Figs. 4, 5, and 6).

(3) A continuous c-ver of the above mentioned rock blocks.

9"M

Figure 4. Khorat study area: Cap rock of the
Khorat escarpment. Picture taken from
site #2 of traverse #58.

12



For guerilla-type forces these overhanging cap-rock sections are ex-
cellent for shelter, storage, observation, and gun sites. From these
sites a small force of men with little equipment could control the
movement of troops, supplies, and vehicles over the main highway
(No. 23, the Friendship Highway) through the escarpment area. The
cave-like overhanging cap-rock site shown in Figure 5 has a command-
ing view (Fig. 2) of a long stretch of the Friendship Highway between
Khorat and its Friendship Airfield and Bangkok.

SP

Figure 5. Khorat study area: Militarily significant
cave-like cap-rock site. Cap rock is 15
to 20 feet thick at this point. The slope
gradient below the base of the cap rock is
40 degrees. Picture shows site #24 of
traverse #53.

13



Figure 6. Khorat study area: Base of Khorat escarpment cap rock
with large rock blocks on the 30 degree slope scgment.
Picture shows site #6 of the traverse #54.

Below the cap-rock zone, ease of off-road movement by men and vehicles
increases with distance downslope from the cap-rock zone. Figures 7,
8 and 9 are a series of photographs that show slope gradients and sur-
face conditions at three, highet to lower elevations, sites (17, 7 and
5 along traverse #51. Traverse #51 is located a few miles east of
the Friendship Highway (PLATE i). Slope gradients for the three sites
(17, 7 and 5) are respectively 38, 6 and 11 degrees.

14



Figure 7. Khorat study area: Escarpment cap rock and slope
below the cap rock. Vertical face of cap rock and
38 degree slope below the cap rock at site 1117 of
traverse 1151.

There are marked differences in rock size and percentage of the surface
covered by rocks on the slope below the cap-rock zone. On each of the
three photographs (Figs. 7, 8 and 9), it is obvious that the frequency
and size of rocks are obstacles to the mobility of men and vehicles.
In Figures 8 and 9 the approximate percentage of the surface covered by
rocks is 60 to 80 percent. The rocks in Figure 8 range in size from a
suit case to a little larger than a standard government desk. The
rocks in Figure 9 range in size from a typewriter to a large footlocker.
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Figure 8. Khorat study area: Sandstone rocks on slope
below the cap rock. The majority of the
rocks range in size from a large suit case
to a little larger than a standard size gov-
ernment office desk. The rocks cover 60 to
80 percent of the 6 degree slope near site
1#7 of traverse #51.
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Figure 9. Khorat study area: Sandstone rocks on slope below

the cap rock. The majority of the rocks range in
size from a typewriter to a footlocker. The rocks

cover 60 to 80 percent of the 11 degree slope seg-

ment near site #5 of traverse #51.

A second series of photographs (Figs. 10, 11, 12 and 13) are traverse

sites only 4 miles west of the above mentioned series (Figs. 7, 8 and

9) which are on the east side of the highway. The same formation caps

the escarpment on both the east and west sides of the highway. Rock

coverage on the study slopes west of the highway (Figs. 10, 11, 12 and

13) ranges from about 10 to around 40 percent. For traverses (Figs. 7,

8 and 9), on the east side of the highway, the rock cover is about 30

percent for a minimum and about 80 percent for a maximum.
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Figure 10. Khorat study area: Firing range at base of
tree-covered Khorat escarpment. Close-up
of escarpment end shown in Figure 2.
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Figure 11. Khorat study area: Rocks on escarpment slope
above f'-ing range. Slope in the foreground
below trees is 18 degrees; in the tree zone,
it is 27 to 30 degrees. Picture shows part
of slope for traverse #58.
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Figure 12. Khorat study area: Rocks on escarpment slope
above firing range. Slope in the foreground
is 23 degrees; in the tree zone, it is 27 to
38 degrees. Picture shows part of traverse
#60, above site #12.
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Figure 13. Khorat study area: Cap rock block zone
above firing range. Cap rock and large
rock blocks at site #2 of traverse #60
and the. 37 degree slope below the cap
rock.
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Kanchanaburi Study Area

This area is part of the eastern margin of the western folded moun-
tains that extend south into the Malay Peninsula. This area is
mostly flat land between the scattered, linear hills and mountains
of the main complex to the west along the Thailand-Burma border.
Local relief of these hills and mountains ranges between 50 and
1,000 feet.

These hills and mountains rise abruptly from the relatively flat
surface underlain by alluvium and colluvium (Figs. 14, 15 and 16).
There is a distinct break-in-slope where the colluvium abuts the
base of the slope. The break-in-slope is from around 4 to 6 de-
grees up to about 12 to 15 degrees.

.40

Figure 14. Kanchanaburi study area: Sharp break-in-slope

at base of Khao Uai. Picture shows broad view
of Khao Uai, the hill on which traverse #1 was
made.
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Figure 15. Kanchanaburi study area: Sharp
break-in-slope at base of Khao
Tong. Picture shows broad view
of Khao Tong which is the motin-
tain for traverse #5. Slope in
foreground is I degree.
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Figure 16. Kanchanaburi study area: Thick
deposit of alluvial and collu-
vial material transformed into
laterite at the base of Khao Tong.
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The most common bedrocks are limestone, shale, sandstone, and sandy
shale. Some of these rocks have been metamorphosed to varying de-
grees at different places to marble, phyllites, argillites, quartz-
ites, and slates.

Selected Militarily Significant Features

The Khao Uai slopes on which traverses #i through #4 were conducted
would present problems to both men and vehicles, but for different
reasons. These slopes have a hard soil surface over large sections
of the hills. Some of the sections are 100 percent covered with
small subangular quartzitic pebbles ranging in size from about 1/4
to 4 inches square (Fig. 17). The combination of the hard surface

'4
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Figure 17. Kanchanaburi Study area: Pebble-covered hard soil of
Khao Uai. slope. Picture shows pebble-covered 19 degree
slope at site 1110 of traverse #il.
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and subangular pebbles makes footing treacherous, Traversing many
segments of these slopes is like walking on a ramp scattered with
marbles. Members of the field crew lost their footing and fell
several times in spite of wearing the Tropical Combat Boot with the
treaded sole and heel.

The second condition or feature not conducive to ground vehicle
mobility across these slopes are zones of small irregular terrac-
ettes. They are step-like features that vary in size and spacing.
Length is from 2 to 3 feet to about 20 feet; tread is about 1 to 3
feet; and the rise from about 6 inches to around 3 feet (Fig. 18).
Terracettes are common on slopes ranging between 15 to 25 degrees.

Figure 18. Kanchanaburi study area: Quartzitic pebble-
covered terracettes on Khao Uai. Pebble-
covered terracettes on slopes of 19 to 28 de-
grees between sites #10 to #13 of traverse #i.
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These terracettes would cause problems for vehicles and their occu-
pants. Some vehicles would get hung-up attempting to traverse these
features. The vehicles that did not get hung-up might be damaged
by the bouncing effect. Noreover, the bouncing effect would make it
difficult, if not impossible, for the driver to maintain control un-
less the vehicle speed is very slow,

The percent of the surface covered by rocks varies considerably on
the Kanchanaburi hillsides as it does in the Khorat Study Area.
Kanchanaburi traverse #9 is a good example of the frequency of rocks
being markedly different on two contiguous slope segments (Figs. 19
and 20). The segment between sites 42 and 43 is contiguous and
_immediately downslope from the segment between sites 41 and 42.
Figure 19 shows large limestone outcrops and rocks between sites 42
and 43. Figure 20 shows a surface almost free of outcrops and rocks

A between sites 41 and 42.

Surface conditions of different slopes underlain with the same rock
type also varies considerably. Figures 19 and 21 show two slopes
underlain with limestone, Figure 19 shows many outcrops, some with
6 to 8 foot vertical sides; there is very little loose rock on this
34 degree slope. Figure 21 shows few outcrops, but the 30 degree
slope is about 75 percent covered with rocks ranging in size from
about 4 inches square to about 1 by 1 by 2 feet.

In addition to steep slope gradients, outcrops, and surfaca rocks,
intermittent stream channels are obstacles to'off-road movement of
men and vehicles. These intermittent stream channels are cut into
the deep colluvial material between some of the hills; especially the
hills that are continually being cut over for charcoal material and
bamboo cane. Figures 22 and 23 show the size and configuration of
two intermittent stream channels. Near their headward end, these
channels range in size from about 6 to 10 feet across the bottom and
3 to 8 feet deep. Their banks are nearly vertical to vertical along
most of their lengths. Some distance from the originating slope, the
channels regress by decreasing in depth and width until they have
merged with the surface and no longer exist.

Some parts of the carbonate hill and mountain complex across the

river from Kanchanaburi look like the pepino hills of Puerto Rico

(Fig. 24). Thick carbonate formations are potential areas for caves.
No time was available for mapping caves, but two of them were en-
tered to get an idea of their size.
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Figure 19. Kanchanaburi. study area: Limestone
outcrops and rocks on slopes of Khao
Noen Prang. Six to eight feet ver-
tical limestone outcrops on 34 de-
gree slope between sites #42 and #43
of traverse #9.
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Figure 20. Kanchanaburi study area: Relatively
rock-free slope on Khao Noen Prang.
Relatively rock-free 28 degree slope
between sites #41 and #42 of traverse
#9.
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Figure 21. Kanchanaburi study area: Limestone rock-covered slope on
Khao Phu Lan. Thirty degree slope about 75 percent
covered with limestone rocks ranging in size from about 4
inches square to abo't 1 by I by 2 feet near site #16 of
traverse #55.
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The smaller of the two caves entered is in Khao Phy Lan. Traverse
#56 passes a short distance from one of its entrances. This cave is
entered through a hole about 3 feet in diameter. The passageway drops
on a gradient of at lea6t 45 degrees. The passageway increases in
size and decreases in gradient for about 50 yards. At this point, it
opens into a large cavern with about 20 by 30 feet of floor space and
with a height of around 30 to 40 feet at the center. At the top and
to one side of the cavern there are small openings to the surface
where enought light enters so that one can read or write durirg the
daytime. Local youngsters were playing nearby and pointed the cave
out to the field crew.

N

Figure 22. Kanchanaburi study area: Intermittent stream channel
cut into colluvial material between closely spaced
hills. Channel is a short distance from base of hill
for traverse V7.
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A second cave was visited in the eastern end of a rugged mountain
complex. This complex is west of the Mae Nam Khwae Noi and about
2 miles upstream from its confluence with the Mae Nam Khwae Yai.
The karstic nature of this rugged hUl and mountain complex is
evident by the many large closed coutour depressions (PLATE II).
These large solution basins are especially noticeable in the moun-
tain section to the west of the Mai Nam Khwae Noi.

4r

Figure 23. Kanchanaburi study area: Intermittent stream channel
cut into colluvial material between closely spaced
hills. Channel is a short distance from lower end of
traverse #8.

32

-.



44

to

Fi~gure 24. Kanchanaburi study area: Pepino type lim'estone hills.Gradients on these Slopes exceed 25 degrees and fre-quently short segments of 30 to 50 degrees are encoun-tered.
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The second cave entered is larger than the first and the passageway
is considerably less steep. The passageway is at least 6 feet high
throughout most of its length, and in many places it is 10 to 15
feet wide. This cave also ha- a large cavern. This cavern has about
25 by 35 feet of floor space, and it is around 25 feet high. A
sitting Buddha, at least 8 feet high, occupies a small section of the
cavern (Fig. 25). A small gasoline generator near the upper entrance
generates electricity for the cave and its passageway.

These two caves, as are the cave-like sites along the top edge of the
Khorat Plateau scarp slopes, are militarily significant. Neither of
the two caves entered has a commanding view like the Khorat escarpment
cave-like sites. There could, however, be some caves that have a
commanding view of the rivers, railroad and main highway of the
Kanchanaburi area.

Figure 25. Kanchanaburi study area: Carbonate cavern with a large
sitting Buddha. Cavern has roughly 25 by 35 feet of

floor space and is about 25 feet high at the center.
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The capacity of the caves for guerilla-type forces is considerably
greater than the cave-like sites in the Khorat escarpment area. For
example, the two caves described could accommodate between 50 to 75 in-
digenous men with all their food and equipment needs for several months.

Finding the caves in the carbonate areas is much more difficult than
finding the cave-.like sites. Host of the Khorat escarpment cave-like
sites could probably be spotted by observers in a slow helicopter
flying low along the scarp side of the escarpment. On the other hand,
relatively few caves in tile carbonate tormations can be spotted from
slow, low flying helicopters. Until the state-of-the-art of cave
"detection by air-borne systems is developed, the caves must be found by
ground troops and trained dogs systematically scouring all the poten-
tial cave areas.

!Iua Hin Study Area

This coastal plain has a discontinuous linear complex of metamorphic
hills and mountains trending north,-northwest to south-southeast
(PLATE III). All the Hlua Hin traverses except Nos. 13, 14 and 15 were
walked on this discontinuous linear complex of metamorphic hills and
mountains. Foothills and mountains of the sedimentary Kanchanaburi
series begin 2 to 3 miles to the west of the linear complex of hills
and mountains. Traverses 13, 14 and 15 are about 8 miles inland from
the coast on a foothill of the eastern margin of the Kanchanaburi
series which underlies the eastern two-thirds of the peninsula in this
region.

The Hua Hin study area topography is predominantly flat coastal plain
with a small percentage, no more than 10 percent of relatively low
hills and mountains. Local relief on both the linear complex of hills
and mountains and the foothills of the Kanchanaburi series ranges from
about 100 to 1,200 feet. At least half of the hills and mountains
rise abruptly with a marked break-in-slope (Figs. 26 and 27). These
breaks-in-slope are like those in the Kanchanaburi study area. The
gradients are about 4 to 7 degrees on the colluvium and about 1.2 to 15
degrees just above the colluvium.

The most commonly encountered outcrops in the linear complex hills and
mountains were gneisses, schists, quartzites, marble, and granite.
Many sedimentary rock types make up the Kanchanaburi series, but only
one rock type, a sandstone, was seen along traverses 13, 14 and 15.
These are the only Hua Hin traverses over Kanchanaburi series slopes.
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Figure 26. Hua Hin study area: Sharp break-in-slope at base of hill.

Selected Militarily Significant Features

Ground-truth reveals many reasons why men and ground vehicles would
have considerable difficulty, or at least be slowed down while negoti-
ating these slopes. The major obstacles for men and vehicles are
high frequency of large rocks, nearly vertical to vertical outcrops,
and small rocks covering sections of some slopes (Figs. 28, 29, 30, 31,
32 and 33). Each of these figures show conditions.on different tra-
verses. On many segments of several traverses, the large rocks and
outcrops cover 30 to 70 percent of the surface on slopes ranging from
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Figure 27. Hua Hin stlidy area: Sharp break-in.-

slope at tzse of hill.
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Figure 28. Rua Hin study area: Large rocks and outcrops near bottom
of hill for traverse #51. The majority of the rocks
range in size from a typewriter to a standard size govern-
ment office desk. The slope is 18 degrees near site #5
of traverse #51.
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Figure 29. Ht'j Hin study area: Large rocks and outcrops at crest
of hill. Rocks and outcrops at crest of hill on which
traverse #/54 was made.
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Figure 30. Hua Hin study area: Large rocks and outcrops near top
of hill. Large rocks and outcrops cover about 75 to 90
percent of the surface near the upper limit of traverse
1#59.
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Figure 31. Hua Hin study area: Large rocks and outcrops on 10
degree slope segment. Large rocks and outcrops on
10 degree slope segment at site #15 of traverse #72.
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• Figure 32. Hua Hin study area: Large rocks and outcrops on
S~18 degree slope segment. The majority of the rocks

and outcrops range in size from a small suit case
to a small size foreign car. The slope segment is
near site //23 of traverse 1/73.
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Figure 33. Hua Hin study area: Segment of slope covered with
small sandstone rocks. Twenty-three degree grad-
ient slope segment nearly 100 percent covered by
small rocks between sites #25 and #26 of traverse
#15. This slope had recently been burned over.
Many of the rocks had fresh surfaces where they
had been split open by the intense heat of the fire.
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less than 10 degrees to over 30 degrees. The author suspects that
ground vehicles of the latest off-road designs could not negotiate
these slopes (Figs. 28, 29, 30 and 31), or at best could traverse
them with great difficulty and great risk of damaging the vehicles
and injuring the crew. 1!oreover, traversing slopes like those
shown in Figures 34, 35 and 36 are difficult and slow for men, es-
pecially if carrying equipment, and impossible for present off-rý-Id
vehicles.

No cave-like sites or caves such as those in the Khorat and Kanchan-
aburi areas were encountered in the Hua Hin study area. 'lost of the
Hua Hin study area, however, could be kept under close surveillance
with relatively few men strategically located on selected points in
the linear complex of hills and mountains.

The Hua 11in topography is less suitable for guerilla ambush and
harassing activities than the other study areas. There is no dense
forest cover; roads are on rolling to flat terrain with few streams.
In much of the Hua Hin study area, if a road or bridge is blown up,
it is not much of a problem to detour off the road around the problem.
It is unlikely that the Hua Hin study area would be a guerilla strong-
hold because the topography does not favor their type of operations.

Ranong Study Area

This study area is a small part of the mountain complex of ranges
that extend southward from northeastern Thailand to the southern part
of the lalay Peninsula (PLATE IV). In the study area, the topo-
graphy on the west side of the main highway is different from that
on the east side. On the west side of the highway, the coastal side,
the topography consists of coastal flats and scattered, low rounded
hills with relief ranging between 50 to 800 feet (Fig. 37). A mile
or so to the east of these scattered, low rounded hills, the topo-
graphy changes to a high, rugged mountain complex. Here the relief
ranges from about 100 to 2,000 feet (Figs. 38 and 39).

Mountain streams flowing westerly out of the mountains have incised
deeply. The resulting stream valleys are narrow with steep slopes
which are rarely less than 20 degrees at the bottom of the valley
sides. These stream gradients are steep, and the channels are filled
with large boulders.
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Figure 34. Hua Hin study area: Large rocks and
discontinuous cliffettes on a 34 de-
gree slope segment. Picture shows
surface features on slope between
sites #9 and #110 of traverse #121.
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The area has been folded and metamorphosed to varying degrees. The
Phuket series which includes sedimentary, igneous and metamorphic
rocks underlie the area. Shale, sandstone and quartz outcrcps were
observed on the traverses on the west side of the highway. Granite
outcrops and rocks were the only rock type observed on the traverses
on the high rugged mountains east of the highway.

Figure 35. Hua Hin study area: Large granite blocks, outcrops,
and discontinuous vertical to nearly vertical cliff-
ettes on a 31 degree slope segment. Picture shows
surface features at site #6 of traverse #76.
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Figure 36, Hua Hin study area: Massive quartz
ridge crest with nearly vertical to
vertical and overhanging sections.
Narrow quartz ridge crest between
traverse #77 and #78.
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Figure 37. Ranong study area: Low rounded coastal hills west
of Ranong airport. Foreground is a grass covered
runway of a World War II airfield. During the 1969
field season, part of the runway was being used for
a golf course. Hills in the background are location
for traverses #1 and #2.
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Figure 38. Ranong study area: Mountain slope with gran.ite
surface and tropical rain forest vegetation.
Picture shows part of traverse #61; bedrock sur-
face is near site.#13, and the gradient is around
15 degrees through this section.
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Selected Militarily Significant Features

The area is id.al for guerilla strongholds and activities:

(1) Its slopes have commanding views of the entire length of
the one highway through the area.

(2) Tropical rain forest covers the hills and mountains, and
mangrove and nipa palm blanket much of the coastal and
estuary areas.

(3) It is a border area with Victoria Point, Burma.

(4) The area is richly endowed with large resources of tin
and timber.

Figure 39. Ranong study area: Steep hill slope with terracettes
on west side of the main highway. Terracettes on a
29 degree slope at site #36 of traverse #1. Mountains
in background are granitic and on the east side of the
main highway.
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Excellent ambush locations are almost unlimited along the one and
only highway through the area. The dense forest is within five
to ten feet along much of the highway Also many szcrions of the
road are cut into the side of a hill or mountain slope which can
afford excellent vantage points. In addition, there are many
short bridges spanning the streams from the high mountains to the
east, and longer bridges spanning the estuaries in the flat coastal
area.

This highway and its many bridges are next to impossible to make
secure against destruction. A landslide or a bridge destroyed
fore and aft of a column of vehicles could produce an excellent
trap. The adjacent slopes are too steep to go around the slides
or destroyed bridges. There are no connecting side roads for de-
touring. The trapped vehicles are easy targets from the overlook-
ing hill and mountain slopes.

There is a major difference between the Ranong study area slopes
and the three study areas described earlier in this report. In
contrast to the first three areas, the Ranong study area slopes are
relatively free of large rock blocks (Figs. 37, 38 and 39).

It has been pointed out that this border location area and its
natural resources mentioned above are militarily significant, but
these points are not further discussed because this report is lim-.
ited to selected aspects of topography.

Chiang Mai Study Area

This area is part of the northern and western folded mountain
ranges. There are marked differences in the hills and mountains
on the east and west sides of the Hae Nam Ping flood plain (PLATE
V). The mountains to the west are higher and have greater relief.
To the west of the flood plain, the higher peaks are between 4,000
and 5,000 feet high, and the relief ranges from about 100 feet to
around 2,500 feet (Fig. 40). The higher peaks to the east of the
valley are between 2,000 and 3,000 feet and their relief ranges
from about 100 feet to around 1,500 feet. Figures 41 and 42 are
typical hills along the western side of the valley at Chiang Mai.
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Figure 40. Chiang Mai study area: Granitic mountains at

western margin of Chiang Mai Valley.
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Figure 41. Chiang Mai study area: Quartzitic hills with marked
break-in-slope at base of hill on eastern margin of
Chiang Mai Valley.
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Figure 42: Chiang Mai study area: Quartzitic hills with marked
break-in slope at base of hill on eastern margin of
Chiang Mai Valley.

54



On both sides ot the valley, many hills and mountains have an abrupt
break--in-slope with the valley flood plain or river terraces (Figs.
41 and 42). The break-in-slope showh in Figures 41 and 42 is from
about 8 degrees along the edge of the flood ?lain to about 20 degrees
for the lower segments of the hill slopes.

Rock units in the area include the Kanchanaburi series, injected
gneisses and schists, and older granites (PLATE VI and APPENDIX 1).
There is a large number of rock types in the Chiang Mfai area, but
only three types were encountered: (1) granite, (2) quartzite,
and (3) meta-quartzite. Granitic rocks were most common along the
traverses on the west side of the valley; whereas, quartzitic rocks
were most common along the traverses on the east side ot the valley.

Outcrops and rocks are present on some of the Chiang >1ai study r.aea
slopes, but they are not nearly as crmmon as they are on the Khorat,
Kanchanaburi, and lHua Hin study areas slopes. '"oreover, there is con-
siderable difference in the frequency of outcrops and rocks on the
slopes underlain by granitic and quartzitic rock in the Chiang Mai
study area. Frequency of rocks is much greater on the quartzitic
slopes than on the granitic slopes. Figures 43, 44 and 45 show the
size and frequency of outcrops and rocks that are typical on the
quartzitic slopes that were traversed.

Gully development has reached major proportions on some of the deeply
weathered granitic slopes west of the main highway, No water was in
the gullies at the time the traverses were made. Slopes on which
traverses numbered 53, 54, 65, 66 and 67 were made are good examples
of gullied slopes. Gullies on the slope for traverses 53 and 54 are
10 to 20 feet deep and 10 to 30 feet across the top. The gully side
slopes are 30 to 60 degrees. The gullies on the slopes for traverses
numbered 65, 66 and 67 are smaller; they ate 5 to 10 feet deep, 5 to
15 feet across the top, and have 30 to 60 degree side slopes. All of
these gullies have steep headwalls, as steep or steeper than 'the side
slopes.

These gullies do not join the drainage net o. the area. They vary
in length from 30 to about 80 yards At some distance from their head,
they regress by diminishing in depth, width, and ,3ide wall gradient
until they have merged with the adjacent surtace and are no longer
present.
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Selected Militarily Significant Features

This area is ideal for guerilla strongholds and activities. Ambush
sites and conditions are similar to those in the Ranong area.
Chiang Mai area has very limited highway and railroad connections
with the rest of the country. The study area is almost completely
forest covered. The hills and mountains are rugged terrain. Both
the main highways and the railroad could be destroyed in several
places within the steep mountainous areas. Here, it would be im-
possible to detour. Moreover, there are railroad tunnels and at
least one high bridge vulnerable to destruction, which would stop
passage for months.

Figure 43. Chiang Mai study area: Quartzitic outcrops and rocks
on a 20 degree slope segment. The majority of the
outcrops and rocks on this slope segment range in size
from about 6 inches square to about 5 feet square.
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Figure 44. Chiang Mai study area: Quartzitic outcrops
and rocks on a 25 degree slope segment.
The majority of the outcrops and rocks on
this slope segment range in size from a
large suitcase to a standard size government
office desk. This slope segment is near
site //21 of traverse 1161.
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Figure 45. Chiang Mai study area: Five feet high
quartzitic cliffettes on a 41 degree
slope segment. This slope segment is
near site #6 of traverse #62.

58



ANALYSIS OF FIELD-NEASUITED SLOPE GRADIENT DATA

Bekker! (1969) a leader in terrain vehicle research wrote the follow-
ing on slope disl:ribution,

To accomplish this, surface profiles must be traced
and the frequency of slope distribution defined,

Depending on the mission and its operational require-
ments, two approaches are useful: one relates slope
distribution to the sampled area, the other to the
sampled distance . . .

Distribution may be defined either directly by field
measurements or from the map.

This report presents field-measured data rather than map-measured
data 2 , using two approaches:

(1) Percent occurrence of slope gradients (TABLE 2 and
Fig. 46).

(2) Percent and cumulative percent of total traverse
distance by slope gradients (TABLE 3 and Fig, 47).

Some of the figures (histograms) and tables contain the same infor-
mation. The histograms, however, are better than tables of numbers
for visually comparing several sets of data, The tables are in-
cluded because 2.t is not possible to ektract accurate data from
small size bar graphs. All the field data are not presented; they
are too voluminous. It is, however, on file at Earth Sciences Lab-
oratory, U.S. Army Natick Laboratories, Natick, Massachusetts.

I Bekker, M.G., op. cir., p. 268.

2APPENDIX Y) is included to show the difference between field and

map-measured slope data for the same traverse.
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The 1967 ,nr' 1969 slope gradient samples were compaied and found to
be very similar- only one of their gradient class intervals had a
difference greater than 10 percent. It was 15.5 percer. Seven
class intervals had 5 to 9 percent differences. The great majority
(35), however, were less than 4 percent. This suggests that both
samples are fairly representative. In order Lo improve the rep-
resentativeness of the data for the study areas, the 1967 and 1969
samples were combined into composite samples for each study area.
Figures 46 and 47 and Table-3 3 and 4 ptesent compcsite (1967 and
1969) data.

Percenc Occurrence Of Slope Gradients

Figure 46 includes histograms of the percent occurrence of slope
gradients for each study area (I through V), and for all study areas
combined (VI). Several poinLts are evident from these histograms
(Fig. 46);

(1) Three of the five distributions (Fig. 46 - I, IV, and
V) are unimodal, and two weakly suggest bimodal dis-
tributions (Fig. 46 - II and IMl).

(2) All six of the d~istributions are positive skewed
(Fig. 46 - 1 through VI)..

(3) When all study areas are combined, 2,798 gradient
measurements, the distribution is plarykurtic (un-
usually flat or broad humped), positive skewed, and
it has no suggestion that frequency of slope grad-
ients has a tendency to group into sevetal narrow
preferred ranges, i.e., polymodal! (Fig. 46 - VI).

(4) Occurrence of slope gradients decreases rapidly
with increasing gradients above 30 degrees (Fig. 46
I through VI),

iSlope gradient distributions for Yuma Test Station, Arizona, and
Fort Knox, Kentucky differ radically from the Thailand distribution.
The distributions for Yuma and Fort Knox parallel each other remark-
ably well, so well that both distributions peak and valley at four
identical values. Both areas show marked peak values ior the follow-
ing slope gradient angles: 11.3, 21.8, 30.9 and 38.8 degrees whose
corresponding tangent values are 0 2, q,4, 0 6 jnd 0.3. This is a
very systematic quadri--modai frequency distribution. Is this co-
incidence, or has a bias been introduced by some inherent teature of
the maps, instruments, templates, cr whatever was used to make the
measurements(
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Positive skewness is no surprise; it is common for other geologic
and geomorphic parameters. The positive skewness is a result of
the fourth point listed above The angle of repose for uncon-
solidated materidl explains this rapid decrease,

The great majority of slooes are covered with unconsolidated maLel-

ial. Unconsolidated material establishes an angle of repose which
is primarily dependent on the moisture contenL of the unconsolidated
mass and the shape and size of the particles. It has been shown
experimentally that the maximum angle oi repose for most unconsoli-
dated material is around 30 to 35 degrees. Thereicre, if the major-
ity of slopes are covered with unconsolidated material, the majority
of slope gradients will be less than 35 degrees.

Considering ThaiLand or the world as a whole, the froquency of
slopes greater than 35 degrees is small. They are very frequent in
areas having certain materials and conditions. Clays, clayey sands,
clayey boams, marls, cap rocks, or other Lapping material under cer-
tain conditions will develop slopes greater than 35 degrees. A
common condition is undercutting of the above material by springs,
streams, or waves. It is not uncommon for slopes developed on the
above named materials and conditions to have some slopes nearly ver-
tical to overhanging. The mass of unconsolidated material or
capping material fractures along planes of weakness or fracture
joints.

Areas where slope gradients greater than 35 degrees are found in-
clude the following:

(1) hills and mountainr with bedrock surfaces,

(2) escarpment and dissected areas with cap rocks or a
capping material that gives a caprcck effect,

(3) narrow bands (channel side banks) along sections
of stream channels, and

(4) clayey. shaley, and marny regiGns in arid and semi-
arid areas. Badlands are an exam,,ie.

The Khorat escarpment study area is an example of numbet (2) above.
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Furthermore, in some places steep slopes (over 35 degrees) are en-
countered where there is a soil cover. In these places the soil is
only a thin veneer - a few inches at the most. The thin soil cover
on the bedrock is similar to a thin dusting of snow on a sloping roof.
In both cases the thin soil veneer and the thin dusting of snow merely
copy the gradient and pitch of their respective underlying surfaces.
Thus, thin veneers of unconsolidated materials do not develop a true
angle of repose.

Percent And Cumulative Percent Of Total Traverse
DistanceBy _lo~p G1Kadients

TABLE 3 and Figure 47 present the slope gradient data that are per-
tinent to total traverse distance. There is much similarity between
the percent frequency of slope gradient distributions and the per-
cent of total traverse distance by slope gradients (Figs. 46 and 47).
The second, third, and fourth general statements made for the percent
occurrence of slope gradient distributions can also be stated for the
traverse distance - slope gradient distributions. Only the first
statement needs some modification!

(1) One of the six distributions (Fig. 47 - V) is truly
unimodal: four distributions weakly suggest biriodal
distributions (Fig. 47 I throug~h IV).

(2) All six distributions are positive skewed1 (Fig. 47 -
I through VI).

(3) When all study areas are combined, 2,798 gradient-
distance measurements (Fig. 47 - VI) the distribution
is platykurtic, positive skewed, and it shows no ten-
dency to concentrate into several narrow preferred
ranges, i.e., polymodal.

(4) The percent of the total traverse distance decreases
rapidly with increasing gradients above 30 degrees
(Fig. 47 - I through VI).

1The positive skew is related to the angle of repose of unconsolidated

material which has been presented in the previous section on percent
occurrence of slope gradients.
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The platykurtic distribution is very evident by the percentage
values for the first through the sixth class interval: 16.3, 15.6,
13.7, 13.8, 12.9, and 13,7 percent (TABLE 3, Column K, and Fig. 47 -
VI), The remaining class intervals show the positive skew very well;
the five percentage values are 9.0, 3.4, 1.2, and 0.3 and 0. The
platykurtic distribution (Fig. 47 - VI) for the five combined
Thailand study areas shows no tendency to concentrate into several
narrow modal ranges of slope gradients.

Useful slope gradient infozination on each of the five Thailand study
areas and on the composite of the five study areas can be combined
from TABLES 2 and 3 to make TABLE 4. Tables like TABLE 4 can be made
from TABLES 2 and 3 for each of the five study areas. The following
are examples of statements that can be made from TABLE 4 for the
combined Thailand study areas,

(1) Slopes less than 25 degrees occur 71 percent of
the time, and they comprise 72 percent of the
total traverse distance,

(2) Slopes greater than 24 degrees occur 29 percent
of the time, and they comprise 28 percent of the
total traverse distance.,

(3) Slopes less than 35 degrees oc:ur 94 percent of
the time, and they comprise 95 percent of the total
traverse distance.

(4) Slopes greater than 34 degrees occur 6 percent of
the time, and they comprise 5 percent of the total
traverse distance.

The type of information in the above four stare:nents is useful for de-
sign engineers and tactical planners, Rased on information like the
above, they may decide that it is not necessary to have ground vehicles
that can negotiate slopes greater than 39 degrees, especially if their

_* frequency is only 2 percent and comprise only 2 percent ot the total
traverse distance, :"ith data such as are in TABLE 4, the engineers and
planners will know what "slope gradient risk" they are accepting when
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they design or request ground vehicles with specific slope gradient
capabilities.1

Similarity Of Values For Percent Occurrence Of Slope Gradients
And Percent Of Total Traverse Distance

Extracting data for TABLE 4 and writing the four statements on page 71
on the frequency of occurrence and percent of total traverse distance
pointed out to the author an unsuspected phenomenon. The values for
each of the following sets of data are remarkably similar:

(1) Percent occurrence of slope gradients and percent
of total traverse distance by degree class inter-
vals (TABLE 5),

(2) Cumulative percent occurrence of slope gradients
and cumulative percent of total traverse distance
by degree class intervals (TABLE 4).

Using columns A, B and C of TABLE 5 it is easy to compare the percent
values for frequency of occurrence and percent of total traverse dis-
tances for each slope gradient interval. The first class interval
(0-4 degrees) has the greatest difference; it is almost 5 percent.
The other 10 sets have very small differences. There is less than 2
percent difference for each of the other ten sets of percent values.
In fact, seven of the ten have less than 1/2 percent difference.

In TABLE 4, compare columns A and B. The first two classes (0-4 and
5-9 degrees) both have differences of around 5 percent, but the great
majority have differences ranging from about 1/2 to 3 percent. The
author did not expect this remarkable similarity, but did expect the
following two trends:

(1) frequency of slope gradients to decrease as gradient
increased

(2) segment length to decrease as gradient increased.

lIn addition to the percent occurrence of slope gradients and percent
of total traverse distance. the spatial distribution (long linear or
short discontinuous) of steep slopes is very important. M!any other
parameters bt.sides slope gradient are factors which influence vehicle
capability to negotiate slopes. Slope gradient, however, is so basic
that it should be included for all vehicle cross-country mobility and
vehicle design studies. 72
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The Thailand data, in a general way, agrees with the two trends men-
tioned above. Listed below, however, are several deviations which
are obvious in TABLE 5, columns D, E, and F.

(1) There are less slope segments for the first class
interval (0 to 4 degrees) than the next five
higher class intervals (TABLE 5, column D).

(2) There are irregular and relatively small decreases
in the number of occurrences for the second
through the sixth class intervals (TABLE 5, column D).

(3) Note the increasing and decreasing nature and
relatively small decrease of the average segment
length for the third through the sixth class inter-
vals (TABLE 5, column E).

The first deviation is probably due to the following two reasons:

(1) As noted earlier in the introduction, level to gentle
slope areas which are part of the lowlands along some
roads and cart trails were excluded for traverses.

(2) Roads and trails are frequently located at the base or
just below the abrupt break-in--slope of hills and
mountains. In these cases the number of low gradient
(0 to 4 degrees) slopes is reduced considerably. This
is because the distance to the steeper slopes above the
break-in-slope is limited.

A scatter diagram including all the 2,798 slope segment lengths and
their gradients was made to see if a relationship exists between them.
The general outline of the points is a -V" rotated counter clockwise
almost 90 degrees so that the open end faces the ordinate axis. This
axis is used for "segment length." By computer the best fit linear re-
gression equation is

Y = 106.67 - 0.83X

and the standard error of estimate (Syx) is,70.77, and the coefficient
correlation (r) is 0.33.

The Syx is at least 75 percent as large as 11 of the 12 average segment
lengths (TABLE 5, column E). The large Syx and the low coefficient of
correlation indicates that there is a very poor relationship between
segment length and segment gradient for the Thailand slope data.
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S TRE ! RY

Several recent U.S. Army reports stress the need for field-
measured slope parameters. Ground vehicle designers, operational
test evaluation agencies, tactical and strategic planners, logis-
tic groups, and military geographic intelligence agencies are a
small sample of the different types of users of slope data.

The major objective of this study was to field measure slope segment
lengths and their gradients in five selected representative hill and
mountain sample areas of Thailand. These areas are physiographically
different. Another objective was to determine if slope gradients
could be predicted for larger geographically related areas. Other
objectives included the testing, the storage, the sorting, the quick
retrieval, and the mathematical computations of the data by -omputer.

Information obtained includes 2,798 field-measured slope segment
lengths and their gradients from 157 traverses totaling 49.3 miles.
Brunton compass, steel tape, optical rangefinder, and Abney hand
levels were used for measurements. Photographs and field descrip-
tions were also used to complement the quantitative material.

Large and small caverns are numerous in the carbonate strata of the
Kanchanaburi area. The caves in the carbonate areas and the cave-like
sites along the base of the massive Khorat escarpment cap rock are
excellent for guerilla and partisan forces. These caves and cave-like
sites can be used for shelter. storage, observation and gun sites.

Accessibility is very poor due to the limited road and railroad net-
work in these mountainous areas. Dense forest cover, especially in
the tropical rain forest areas, is ideal for ambushes and disrupting
and/or controlling foot troop and vehicle movement on the trans-
portation routes.

Comparison of field-measured slope segment lengths and their gradients
with map-measured slope segment lengths and their gradients were per-
formed. The best available topographic maps, scale of 1:50,000, were
used for the map measurements, All the comparisons reveal that the
map-measured data is a gross misrepresentation ot the ground-truth
(field-measured) slope data.
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Unfortunately, except for desert and very sparsely vegetated areas,
the present state--of--the-art makes it necessary for researchers to
rely on field measurements for ground-truth of micro surface fea-

tures and reliable slope gradient data.

Many segments in some of the study areas are partially to completely
covered by rocks (pebbles to large blocks). Negotiating these slopes
is difficult and slow for men on foot. For ground vehicles, many of
these same slopes would present a "no-go-situation." For example,
the massive cap-rock zone of the Khorat escarpment area presents
vertical cliffs ranging from 10 to 15 feet in some places and large
rock blocks in other places.

Slope gradients and micro surface conditions vary considerably on
slopes with the same type of bedrock, and there are apparent differ-
ences in slope gradients on different types of bedrock in the five
study areas. In the Khorat escarpment area, the gradients on the
sandstone cap-rock slopes are steeper than gradients on the less
resistant rock units below the cap rock. In the Kanchanaburi study
area, the gradients on granite, limestone, and marble slopes are
generally steeper than gradients on slopes underlain by shale and
phyllite. Unfortunately, the small number of slope gradients for
which the underlying bedrock is known precludes making any quanti-
tative statement. The abuve generalizations support but add nothing
new to several past studies.

Percent occurrence of slope gradients for the 1967 and 1969 samples
of the same areas were compared and found to be very similar. These
were combined into composite samples for each study area. The percent
occurrence of slope gradients for the Thailand study areas show the
following:

(1) Three of the five study area distributions are unimodal,
and two weakly suggest bimodal distributions.

(2) The distribution is platykurtic and positive skewed when
all the study areas are combined into one composite.
There is no suggestion that frequency of slope gradients
has a tendency to group into several narrow (polymodal)
ranges of slope gradients. This distribution differs
radically from two earlier reports on slope gradient dis-
tributions prepared for the U.S. Army.

(3) The occurrence of slope gradients decreases rapidly with
increasing gradients above 30 degrees.
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The percent of total traverse distance by slope gradient distribu-
tions are summarized as follows:

(1) One of the five study area distributions is unimodal,
and the other four weakly suggest bimodal distribu-
tions.

(2) The distribution is platykurtic and positive skewed
when all study areas are combined into one composite.
There is no suggestion that traverse distance has a
tendency to group into several narrow polymodal
ranges of slope gradients.

(3) The percentage of traverse footage decreases rapidly
with increasing gradients above 30 degrees,

There is a remarkable similarity of values for each of the following
sets of data:

(1) Percent occurrence of slope gradients and percent of
total traverse distance by 5 degree class intervals.

(2) Cumulative percent of slope gradients and cumulative
percent of total traverse distance by 5 degree class
intervals,

The following two statements are examples that can be made using the
frequency distributions in this report:

(1) Slopes less than 25 degrees occur 71 percent of the
time and comprise 72 percent of the total traverse
distance4

(2) Slopes greater than 34 degrees occur 6 percent of the time
and comprise 5 percent of the total traverse distance,

The range of segment lengths for each degree of gradient is large, and
the linear equation o f the relationship between the segment lengths
and their respective gradients is

Y = 106 67 - 0.83X.

The standard error of estimate (Syx) is 70.77, and the coefficient
correlation (r) is 0,33,
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CONCLUSIONS

The requests by various military groups for ground-truth gradient
data is justified. The slope data measured from the best topo-
graphic maps scale as large as l124,000, inherently have many
major gradient errors. These maps were not designed for micro gra-
dient studies. 11ap data is good for developing methodology, hy-
potheses, and generalizations. These, however, must be tested
using field data oefore they are accepted and used for making im-
portant decisions.

At present, the author knows of no systems, including radar and
laser, which can penetrate dense vegetation, especially tropical
rain forests, and register slope variations with an accuracy equiv-
alent to that achieved with the Abney hand level. Unfortunately,
until airborne or satellite instruments are available which can
measure terrain parameters such as relief, gradient, and rock size
and their percent of surface coverage at micro levels, convention-
al ground field methods and instruments must be used when terrain-
truth data are required.

Field sampling which is completely acceptable by statistical theory
is difficult to impossible for certain areas of the world. Even
for politically accessible areas, the available time, monies, and
personnel can pose severe limitations on what sampling methods can
be used.

For practical purposes, the histograms show that the differences
among the slope gradient occurrence distributions for the five
Thailand study areas are insignificant. It is concluded that this
close similarity of gradient occurrence is basically due to the
great het.jgeneity of each area.

The physiographic regions of Thailand are large; they are heter-
ogeneous in several aspects. These aspects include structure, rock
type, stage and process of erosion, climate and vegetation. In
addition, slope form is influenced by its original form and the
relationship between the rate of disintegration of its underlying
strata and the rate of removal of the disintegrated rock and soil
from the slope and base of the slope
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Depth of soil influences hill and mountain slope gradients. Hill
and mountain slopes with no or thin soil cover have a gceater in-
cidence of steep (greater than 35 degrees) gradients than thick
soil-covered slopes. A thin soil cover does not develop a true
angle of repose which is generally less than 35 degrees. A thin
soil cover merely parallels and veneers the underlying bedrock
which can be considerably steeper than 35 degrees.

Climate influences vegetation which in turn influences the rate of
removal of the disintegrated rock and soil from the slope. The
amount and intensity of rain and the infiltration capacity of the
soil influences the runoff. Runoff influences development of
streams which are the most important agent for removing material
from the base of the slopes.

It appears that all kinds of hill forms and slope gradients are
found in all kinds of climates. Specific climaLes do not produce
unique hillslope forms or gradients. What is known is that speci-
fic factors vary la relative importance in different climatic en-
vironments.

Understanding slope form development and gradient frequency dis-
tributions are difficult. Similar hillslope forms and gradients
may be the results of totally different factors. Ntany aspects of
slopes, including gradients, are the composite results of today's
influencing factors and the past geologic and climatic factors.
This for some regions can be considerably different than the present
factors. The present factors have not completely obliterated the
results of the past factors. T1- almost unlimited number of present
and past combinations of climate, vegetation, soil, lithology,
structure, jointing, tectonic movements, processes of weaLhering,
and agents of erosion, all of which can change considerably through
geologic time, act as normalizers.

The similar percent incidence of slope gradients for the five hill
and mountain study areas of Thailand are attributed to the above
unlimited combinations and heterogeneity of large, soil-covered
physiographic regions. Moreover, the similar gradient distributions
support the idea that similar hillslopes and gradients develop in
different climates.
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Using the findings and conclusions from this study and general
knowledge of land forms and slopes it is possible to postulate
on slope gradient distributions. "Lost gradient frequency dis-
tributions will have at least a small percentage of their slope
segment gradients at both ends (0 and 90 degrees) of the scale.
The distribution of the bulk of the segment gradients, however,
will have marked differences (Fig. 48).

It is postulated that thick soil-covered hills and mountains any-
where in the world, having heterogeneity of strata, structure,
processes of weathering, and agents of erosion will have a platy-
kurtic, positive skewed gradient frequency distribution. It is
also postulated that hills and mountains with bedrock surfaces,
rather than thick soil horizons, with heterogeneity of the same
above mentioned factors will have a gradient frequency distri-
bution similar to the thick soil-covered hills and mountains with
some degree of the following modifications (Fig. 48, curve #2):

(1) a lower percent level for the platykurtic
part of the distribution,

(2) a broader span of degrees for the platykurtic
part of the distribution, and

(3) an increase in the percent occurrence of gradients
greater than 35 degrees.

It is postulated that for plains the distribution would be unimodal
at the 0 to 5 degrees range and positive skewed with very low per-
centages for gradients above 10 degrees (Fig. 48, curve #3).
Additional distributions could be postulated for sand dune areas and
other types of topography. The few distributions mentioned are
sufficient to stimulate thought and discussion on gradient frequency
d:stributions. With field measurements in each physiographic
province and subprovince, percent and cumulative percent frequency
of gradient and percent and cumulative percent of total traverse dis-
tance by gradient could be established for militarily significant
areas of the world.
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RECOItNENDAT IONS

Several recommendations can be made as a tesult of this study.
All the recommendations are important, but with the exception
of the first one, no attempt is made to lisr thtim in their order
of importance.

The development or airplane and/or satellite borne instruments
which can duplicate the reliability of field-measured environ-
mental parameters should be very high on the prioricy list for
support funds.

Until suitable airplane or satellite instruments are developed,
research should be conducted for establishing ccostants which
r7ill equate map-measured data from topographic maps of different
scales to field-measured data.

A similar field study of predominantly soil-covered hills and
mountains in a humid meso-thermal or humid micro-thernal climate
should be done to check and verify or refute the findings and
conclusions for the soil-covered hills and mountains in the trop-
ical climates of Thailand. If the findings and conclusions are
correct, similar studies could be undertaken to establish gradient
frequency and traverse distance by gradient distributions for
other militarily significant types of topography.

Atlases showing cave and potential cave or tunnel areas should be
prepared. These could include carbonate rock areas. Outcrop
areas of massive strata underlain by less resistant formations
such as those along the top edge of the Khorat escarpment should
be mapped. Areas having favorable soil types and hydrologic con-
ditions for man-made caves and tunnels should also be indicated.

Areas where the frequency and size of Lmall rocks and rock blocks
present problems to men and vehicles should be mapped.

Mfaps and information on selected drainage parameters should be ob-
tained, Frequency of channels and their cross sections are needed.
Seasonal depth and temperature of water, average thickness of ice
on water channels and lakes, and the potat .lity of surface and
underground water are needed for military purposes.

Preceding page blank 83
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Soil depth and soil engineering qualities should be mapped so that
the effectiveness of different types of explosives may be deter-
mined. Minerology and particle size of soils should be determined
to establish their potential for silt and dust concentrations from
natural and induced causes near the surface of the earth.
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APPENDIX II

COIPARISON OF FIELD AND TOPOGRAPHIC
MAP-4EASURED SLOPE GRADIENTS

Slope gradient data is available from several sources: (1) topo-
graphic maps, (2) aerial photographs, and (3) field measurements.
Each of these sources has advantages and disadvantages. All in-
vestigators have not in the past and will not in the future use
the same source for their slope gradient data. Bekker (1969)1
wrote the following on slope data source: "Distributions may be
defined either directly by field measurements or from the map."
Several things influence what source is used:

(1) availability of large scale topographic maps,

(2) availability of aerial photographs,

(3) available time to collect data,

(4) amount of money available for the study,

(5) degree of detail and/cr reliability of data required,

(6) availability of office and/or field peisonnel,

(7) logistic problems of field work, ind

(8) physical difficulty and related problems in the field.

Aerial photographs, which are the source material for modern topo-
graphic maps, and topographic maps are available for most of the
world. Unfortunately, aerial photographs lack ,round surface
details for forested areas which means topographic maps also lack
the same details. In all fairness, however, it must be pointed
out that topographic maps are good for their :intended purposes
which do not include identification of micro surface features.
Topographic maps depict within set limits of accuracy (1) relief,
(2) contour of the land, and (3) selected cultural features.

iBekker, 1I.GC., op. cit., p. 268,
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Contoured topographic maps, because of scale problems, must be
generalized. Detail is lost in any generalization. Contour maps
show the average slope gradient between any two adjacent contour
lines. Whereas, the same slope segment measured in the field can
include all the 1 degree variations between any two adjacent con-
tour lines, With this little background on aerial photographs and

maps, it is now appropriate to present a comparison of the measured
slope segment gradients and lengths of the same traverse taken in
the field and from the topographic map°

Comparisons between field source data and map source data foi
several traverse lines were made. They all show similar results,
so only one set of surface profiles and data are presented. Field
data for traverse #61 of the Chiang IlIai study area and map-measured
data along the same line are used to show what differences there
are between the two sources of data. Traverse #61 was selected
because the starting and stopping points are clearly visible on the
map and in the field, The high point of the traverse is at the peak
of the slope, and the low point is at the road at the eastern base
of the slope (PLATE V). The map, scale 1:50,000, was enlarged 400%
to facilitate making accurate uiap measurements. The field and map
measurements Ere tabulated in TABLE 6, and the surface profiles are
shown on Figure 49, A histogram of the percent of total traverse
distance of slope gradients is shown on Figure 50.

On a cursory examination of the surface profiles (Fig. 49), one may
think that the difference between field and map data are insignifi-
cant. liajor differences, however, are evident in a listing of the
two sets of data (TABLES 6 and 7) and on the histogram (Fig. 50) of
the percent of the total traverse distance by slope gradient. The
maximum number of gradient readings from the map is one less than the
number of contour lines on the slope, or the same number as contour
lines when the elevation of the peak is indicated. For the case in
point, it is the latter, which has thirteen slope gradient readings.
For the same traverse measured in the field there are twenty-seven
slope gradient readings which indicate actual changes of at least
1 degree.

Even more important, the field data show slope gradient values that
are not expressed on the map contours (Fig. 50). The field data
show about 26 percent of the traverse distance having slope gradients
between 4 and 11 degrees, but no 4 to 11 degree slopes are depicted
by the contour lines on the map. The field data also show that there
are no gradients over 31 degrees; whereas, the map data show about
5 percent of the traverse distance has slope gradients between 32 and
35 degrees. Other differences are also evident, but there is no need
to belabor the point.
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TABLE 6

Field and map.-measured slope gradient data for
Chiang lain Traverse #61

Hap * Field

Slope Segment Slope Segment
gradient length gradient length
(degrees) (feet) (degrees) (feet)

Bottom Bottom
of mt. of mt.

15 255 7 287
18 213 2 73
18 213 6 46
14 273 24 36
32 125 20 50
.8 213 16 64
25 156 14 81
22 176 8 46
13 255 19 73
25 156 15 70
24 162 22 60
19 203 20 71

1 172 28 65
Tip of 31 53

mt. 26 59
20 83
27 84
30 80

* Original map scale (1:50,000) 31 71
enlarged 4 X to 1:12,500 so 25 110

that map could be measured 26 105
more accurately. 17 106

25 218
21 142
10 185
13 135

7 113
Top of

mt.
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TABLE 7

Field and map-measured distance and percent of traverse
distance by'slope gradients for Chiang iain traverse #61

Class Intervals 'Map Field
(degrees)

Distance Percent of Distance Percent of
(feet) traverse (feet) traverse

distance distance

0-3 172 6.7 73 2.8

4-7 0 0.0 446 17.4

8-11 0 0.0 231 9.0

12-15 783 30.4 286 11.1

16-19 842 32.7 243 9.5

20-23 176 6.8 406 15.8

24.-27 474 18.5 612 23.9

28-31 0 0.0 269 10.5

32-35 125 4.9 0 0.0

2572 100.0 2566 100.0
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48

It has been definitely established that there are major differences
in slope gradient data obtained from the best available topographic
maps and from field measurements. So, what data should be used?
The map data may suffice for generalization, but for decisions in-
volving millions of dollars for mobility models and vehicle and
test course designs$ the author believes data much better than that
obtainable from the standard topographic map (1:50,000 and 1:24,000)
are needed.
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