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ABSTRACT

An experimentali program was conducted in various muskey
areas in the Upper Peninsula of Michigan. This involved typi-
cal soil-strength measurements, including sinkage and shear,
on various Radforth Classifications of muskeg; in addition,
several special soil strength measurements were also made tco
supplement the conventional data. Typical soil strength param-
eters were obtained from the data for use in the Land Locomo-
tion Division (USATACOM) vehicle prediction procedures. Ex-
perimental verifications with full sca.e vehicles were also
made.

Two lightweight, low ground pressure tracked vehicles,
M29C Weasel and Spryte 1301 were used i~ the verification tests.
Towing tests were conducted at various speeds and the minimum
resistance was found at 3 mph ground speed. Drawbar-pull tests
resulted in maximum net tractive effort being generated at 25%
slip. The results of these tests indicate that a large perim-
eter to area ratio on tracked vehicles is required for maximum

mobility over muskeg.
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INTRODUCTION

Mobility of vehicles over various kinds of terrain has been
investigated by the military for many years. Qualitative perfor-
mance, or mobility, has been measured by full-scale vehicle tests
under various terrain conditions, a costly and time consuming
process, frought with subjective judgement. Over the years,
research in this area has been conducted by a number of investi-
gators, and out of this effort has evolved a number of analytical

techniques for predicting vehicle mobility? in some cases

requiring only conceptual knowledge of the proposed vehicle.
This has been done for both tracked and wheeled vehicles, and to

some extent yehicles whose ground contact is through other L

devices.

The ability of a vehicle and terrain to interact has been
evaluat?d analytically and theoretically from two vantage points.
The phyéical capability of a vehicle to negotiate various types
of terrain is frequently referred to as "mobility," a character-
istic attributed to the vehicle; and the capacity of a given
soil or terrain to withstand the travel of vehicles over it is
frequently referred to as "trafficability," a characteristic

attributed to the soil.




The terms "mobility" and "trafficability" are genérally
interpreted as separate and distinct characteristics of two
"iffecent systems, namely the vehicle and the terrain. However,
there is disagreement as to the acceptability and applicability
of these terms, or even that they are meaningful concepts which

can be evaluated quantitatively.

Soil characteristics have been investigated extensively
both insitu and in the laboratory, and a variety of soil measur-
ing instruments have been developed. Some of these are rela-
tively simple, easily carried into the field, and the technique
for using them can be readily acquired. Others are more complex
and require auxiliary instrumentation. They also require consid-
erably more operator skill to obtain the experimental data and
to reduce these to a suitable quantitative form. The relative
merits of the data obtained by the various methods are still

subject o considerable debate.

The soil properties measured by the various sensing devices
are considered to be characteristics which are independent of
the interact’on between the soil and a vehicle, and therefore
characteristics of the so0il, per se. These are generally termed
"soil values." In many of the soil measuring devices, however,
the sensing elements tend to simulate the action of a vehicle on

the soil, and for this reason are considered to measure soil




characteristics that are relevant to vehicle travel over it.
Thus the variables which determine vehicle mobility on a partic-
ular soil and its trafficability are at least to some degree,

manifestations of the same interacting factors.

The various methods of measuring soil values have been
widely applied to most mineral soils, but only to a limited
extent on organic soils, particularly muskeg terrain. The objec-
tive of this project was to investigate the properties of muskegq,
to develop techniques for measuring those properties that are
considered pertinent to vehicle mobility, and to develop an
analyticél method for predicting vehicle mobility in muskeg soil,

using the soil values obtained.
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MUSKEG, AN ORGANIC TERRAIN

Although muskeg is not a prominent terrain type in the
United States it is quite significant in Canada and the northern
European countries. Surveys have established that approximately
one-eighth of the land area of Canada is organic terrain. repre- .

senting nearly one-half million square miles. In the United

States, muskeg occurs primarily in the northern £ringe areas and
largely as "confined"” muskeg, although there are some fairly

large areas in the Upper Peninsula of Michigan.

DEFINITION OF MUSKEG

The term muskeg is applied to crxganic texrrain which consist:

of two physical strata— an upper layver of living vegetal cover,

frequently referred to as the "mat," and a sublayer oI peat.

Underlying the peat is a mineral soil or rock. The overall dep:na

of the muskeg may vary from a few feet up to more than 30 feet.

Muskeg areas vary in size from small pockets of "confined”
muskeg to extremely large areas. Tae smaller, confined areas,
tend to show considerable variation in physical characteristic:, -
while the large, or unconfined, muskeg areas tend *¢c be more

uniform.
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The living cover on muskeg areas may vary both in botanical
type and growing height. Likewise the underlayer of peat may
 ;? vary from amorphous-granular to coarse woody-fibrous, and in
moisture content from less than 200 per cent up to 1500 per cent
or more. In addition, the surface topographic features may vary

from fairly uniform to quite irregular and hummocky.

MUSKEG CLASSIFICATION SYSTEM

Muskeg classification systems have been proposed by several
investigators, with no one system being accepted universally.
Since muskeg is an organi~ terrain, understandably most of the
classification systems are based on the botanical classification
of the 1iving cover. In addition to classification according to
the cover type, a further classification of muskeg is based on
 53 the physical aspects of the peat. Topographic features of the

muskeg are used as an additional basis for classification.

The most widely used classification system in Canada is
_Q the Radforth Classification System,4 first proposed by Dr. N. W.

Radforth in 1952. This system will be used in this report.

4Technical Memorandum 44, National Research Council, Canada,
b Guide to a Field Description of Muskeg, Compiled by I. C.

MacFarlane, June, 1958.

/
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1. the Radforth System the living vegetal cover is désignated by

a combpination of capital letters, with each letter representing

a parcicular botanical group and the letters listed in order of
prominence of the particular group. A particular classification

may have one, two, or three letters, each designating a coverage

type. To receive recognition a particular botanical group must .

cover more than 25 per cent of the area being classified.

The letters A, B, D, and E desigynate woody coverage types
ranging downward from trees over 15 feet (A) to bushes 5 to 15
feet (B), to shrubs 2 to 5 feet (D), and to low shrubs 0 to 2
feet (E). The letters C, F, G, H, and I are used tc designate
non-woody growth, varying in types and ranging in heights up to

5 feet. The letter I designates mosses .>

The peat classification is divided into sixteen categorieé
ranging from amorphous-granular (category 1) to woody coarse-
fibrous (category 16). Topographical features are designated by
lower case letters ranging from "a" to "p," with each letter

designating a particular topographical formation.

In that the botanical types of living cover are most
readily observed, this facet of the Radforth System is most

widely used. Classification of the peat underneath is much more
r

5
Ibid., page 5

Stk it e Pt
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time consuming and more difficult, and therefore less frequently
applied. The third facet, topogravhical designation, has met
with lesser acceptance. Neither of the latter two designations

were applied to the muskeg areas utilized in this project.

A fourth facet of muskeg classification has been proposed,
based on airform patterns revealed in aerial photographs taken
at 30,000 foot altitude. In this regard, five patterns which
are observable and identifiable from the aerial photographs have

been designated as: dermatoid, stipploid, terrazzoid, marbloid,

and reticuloid.® These terms are derived from the character-
istic nature of the patterns evidenced on the aerial photographs.
The correlation of these airform patterns with physical prop-
erties remains to be established, although some work has been
done in correlating muskeg classification according to Radforth's

coverage designation with the five airfcrm patterns.

MUSKEG AREAS UTILIZED IN THE PROJECT

The muskeg areas utilized in this project are all located in
the Upper Peninsula of Michigan, with the principal ones being

located in Keweenaw, Baraga, Alger and Luce Ccunties, Fig. 1.

.y Muskeq(Access with Special PReference to Prob-:
troleum Industry, Canzdian Mining and Metallurgi-
s 531: 271-277, 1355,

6Radfcrth, N, W
i1ems of the De
cal 3Bulletin. LIX
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Most of these areas would be classed as confined muskeg, with

possibly the exception of the Sleeper Lake Area muskeg in Luce
County. This is several miles in length and shows the charac-
teristic uniformity in depth and in the mat and peat character-

istics typical of unconfined muskeg.

The most widely used areas were the Gay Area (Keweenaw
County), the Pequaming and Skanee Areas (Baraga County), and
the Sleeper Lake Area (Luce County). These areas classify pri-
marily as Radforth F, FI, FIE, or IF. A complete list of all

areas investigated is included in the Appendix.

EXPERIMENTAL PROGRAM

The experimental program consisted of four somewhat con-
current phases. One phase was the development and construction
of test equipment that would make possible the evaluation of
muskeg characteristics. A second phase consisted of making a
large number of various tests in muskeg areas of the Upper
Peninsula of Michigan. The survey and classification of these
muskeg areas comprised a third phase of the program. In the
fourth phase the test data was analyzed, and an attempt was

made to use it in predicting vehicle performance on muskegq.
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EQUIPMENT DEVELOPED

Muskeqg Bevameter

Because of surface variations frequently found on muskeg
terrain a Bevameter apparatus had to be designed to handle
larger plates than those normally used on similar type equip-
ment. Consequently the loading capacity of the machine had to
be much greater than in those normally used on conventional

mineral soils.

The machine that finally evolved was mounted on the rear
of an M29C Weasel, Fig. 2 & 3, and consisted of a trunnion-
mounted frame which could be hydraulically actuated from its
transport position to the testing position. The free end of
the "boom" was designed to connect through an adjustable link-
age to a second M29C Weasel. 1In this manner, the combined
weight of two M29C Weasels could be utilized as reactions on
the ends of the test frame, or at least a substantial portion

of this weight was thus available.

The M29C Weasel which was used for transporting the
Bevameter-type test frame was equipped with the necessary
hydraulic equipment and controls to actuate the test frame into
operating position, and to supply the hydraulic power for the

plate loading cylinder. The second M29C Weasel in the test rig

10
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Fig. 2 - Muskeg Rig
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provided the electrical power and carried the necescsary fecord—
ing equipment. The amphibious capabilities of the M29C Weasels
proved tc be essential on a number of occasions during the test-
ing program, even though the rig-transporting Weasel was loaded

beyond its 1'wit for truly amphibious operation.

The sinkage-test loading cylinder was also used to provide
a normal load for the shear test, through an adjustable pressure
regulator; and the ~carriage on which it was mounted was capable
of being moved horizontally on tracks within the test frame by

a second hvdraulic cylinder.

Both the vertical force in the sinkage test and the hori-
zontal force in the shear test were measured by tension-
compression type strain-gage load cells, and the displacements
were measured by potentiometric type displacement transducers.
The electrical signals from these devices were communicated to
an X~-Y Recorder to provide a direct plot of load vefsus dis-
placement in both the sinkage and shear tests. The reference
ppint for the displacement transducers as provided by an
A-frame supported on the muskeg surface, sufficiently far

enouch away so as not to be affacted by the displacement of the

loaded area.

13
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For many of the plate sinkage tests, a second displacement
transducer was used to measure simultaneously the displacement
of the bottom surface of the muskeg mat. This showed the amount

of compression in the mat as it was loaded.

The frame of the test rig was long enough to allow the
movable carriage, which supported the loading cylinder, to be
set in two different test positions for any given vehicle posi-
tion. This was particularly beneficial in view of the time
required to maneuver the M29C Weasels on the muskeg from one

test set-up to the next.

As explained earlier, the "mat" on muskeg is the upper layer
of the two strata normally found in muskeg. The plane of demar-
cation between the "mat" and the peat underneath was taken at
the point where the interwoven fibers of the living cover and
the partiaily decomposed dead fibers, immediately underneath,
met the liquid-like peat. This demarcation plane was detected
with a mat thickness measuring gage developed for this project,
Fig. 4. In firm muskeg, where the mcisture content in the peat

was lower, this plane of demarcation was not as readily deter-

minable.

It should be pointed out that the definition of "mat," as
used here, is not necessarily in agreement with the definition

used by other investigators, some of whom apply the term "mat"

14
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Fig. 4 - Mat Thickness Measuring Gage




only to the living surface cover. Nevertheless, it Qas felt

by the investigators in this project that vehicle mobility, or
nuskeg trafficability, is closely related to the character of
the entire interwoven and fibrous layer that "floats" as a load-

supporting membrane on the liquid-like peat underneath.

Shear Test Apparatus

The shear-test data obtained with the Muskeg Bevameter were
of questionable accuracy due to friction in the carriage and the
difficulty encountered in maintaining a constant normal load.

A new shear apparatus was devised, as shown in Fig. 5.

The device consists of an aluminum box having a bottom "shear"
area of 288 square inches (12 inches wide by 24 inches long).
Lead weights (28.8 pounds each) are used to obtain normal loads'
from 0.2 psi to 3.4 psi. The horizontal force is provided
through a rope by the capstan drive of an M29C Weasel‘ané is
measured by a strain-gage type load cell. Slip in inches is

obtained by means of a potentiometric displacement transducer.

Peat Sampler

A sampling technique was developed which allowed for the
removal and examination of a relatively undisturbed sample of

the peat. The sampling device consisted of a 3-inch diameter

16
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aluminum tube which was introduced through a hole cuﬁ in the mat

and pushed down into the peat. A larger plastic tube, equipped
with an O-ring collar at its bottom, was pushed down over the
3-inch aluminum tube, creating an air space around it, Fig. 6.
Pieces of "dry ice" were dropped into this air space, causing a
plug of peat to freeze in the bottom of the aluminum sampling
tube. In this manner, the peat sample in the tubes was removed
from the muskeg, and low ambient temperatures in the winter
caused the rest of the peat sample to freeze, making for easy

handling, transport, and examination.

Tensiometer

A realization of the importance of the tensile strength of
the fibers in the upper portion of the floating vegetative mat,
led to the development of a device to measure this property.
The "tensiometer," as the device is called, is shown in Fig. 7
and in field use in Figs. 8 and 9. Made almost entirely of
aluminum (35 pounds), it is portable and easy to use, requiring
only 2 to 3 minutes per test. The eight tines on esach arm may
be adjusted to test 3, 6, or 9-inch layers of surface mat.

The load-displacement relationship is recorded directly on an
X-Y recorder, through the use of strain gages on the arms and a

displacement transducer.

18
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Fig. 6 - Peat Sampler
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Fig. 9 - Tensiometer

Tensiometer
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TYPES OF TESTS

Load-Sinkage Tests

In the load-sinkage tests various sized plates were used,

including 1 x 1 and 2 x 2 foot square, 1 x 2 and 1 x 3 foot

rectangular, and 1, 2, and 3 square-foot circular plates.

In addition, perimeter effects were investigated during a later
phase of the project, by using a series of 5 to 1 aspect ratio
rectangular plates whose areas were equivalent to circular

plates ranging from 4 to 20 inches in diameter.

During the sinkage tests, simultaneous measurements were
made of the displacement (sinkage) of the original surface
layer and that of the bottom of the muskeg mat with potentio-
metric displacement transducers, registering directly on the
recorders. This showed the amount the mat was compressed under

loading as well as the amount of the surface sinkage.

Another variation of the conventicnal sinkage test was
also performed during the testing program. In that muskeg

trafficability failure usually occurs after some number of ve-

hicle passes have been repeated on a giver surface, an attempt
was made to simulate this during the sinkage tests. The load
required to cause failure of the mat was first determined in

a particular area. The loading device was then moved to an

22 i
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immediately adjacent and similar area (using the movéble car-
riage on the test rig), and the loading procedure was repeated,
but at some load less than that which had previously caused
failure. The lcad was applied repeatedly on the same spot
until failure ultimately did occur, or until indications were
that failure would not take place. The sinkage curves for each
successive load application were plotted on the same set of
coordinates, which thus showed the partial recovery of the
loaded area as the load was relieved each time, as well as the
residual displacement which occurred with each successive

application.

Shear Tiasts

The first series of shear tests were made by using the mov-
able carriage on the Test Rig, with 1 x 1 foot plate, equipped
with two-inch saw-tooth grouzers, attached to the loading cylin-
der, whlch was used to maintain a given constant normal load.
The horizontul pull was provided by a second hydraulic cylinder.
Again the normal force and horizontal pulling-force were measured
with strain-gage load cells and the displacement by potentio-
metric t.ransducers, and both signals recorded directly on an

X-Y recorder. This test method was later abandoned in favor of

a revised test.
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In the revised method, a sled-like box, equipped with various

types of removable grousers on the bottom surface, was used as the

shearing device. Lead-weights were added to the box, whose bottom
was the test plate, to allow varying the unit pressure on the two
squa- e-foot test surface in increments of 0.1 psi, from a minimum

vialue of 0.2 nsi to a maximum of 3.4 psi. The horizontal force . ;

was measured by a s*rain-gage load cell and the displacement, or

slip, by a potentiometric transducer.

Drawbar Tests

A latter phase of the muskeg test program consisted of actual
drawbar pull tests conducted on several test sites. Soil values
at these sites were dwtermined to allow for analytically predicting
drawbar pull versus slip relationships for comparison with experi-
mental values. Both the M29C Weasel and the Thiokol Spryte

vehicles were tested.

An M29C Weasel equipped w.ith recorders was used as the load
or dynamometer veﬁicle. Ground speed, test vehicle track speed,
drawbar pull, and test vehicle attitude and sinkage were recorded
as the vehicle was loaded from zero to stall load. All tests were

conducted with the test vehicle operating in its lowest gear and

its engine speed maintained approximately constant.
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In addition, towing tests were conducted at Speéds from
1 to 7 mph to determine the effect of speed on towing resistance
on muskeg. This was compared to towing resistance on a level

gravel road.

Tensiometer Tests

Tensicmeter tests, described earlier, were made in a number
of areas, and in conjunction with plate sinkage, shear, drawbar,
and cone penetrometer tests. The results and comparison of these
tests are discussed in a later section. Tensiometer tests were
made with various length tines for comparison of the strength of

the mat at depths of 3, 6, and 9 inches.

As an aid to understanding what the tensiometer really
measures, a series of tests welre made after using a chain saw to
)f cut the mat between the two rovis of tines, and also with cuts

parallel to the direction of force application.

Cone Penetrometer Tests

Cone penetrometer tests were made during the drawbar tests,
using both the 1/2 and 1 square-inch area cones developed by WES
(Waterways Experiment Station). A change in the WES method was
made by utilizing a sensitive st>ain gage load cell in place of

the proving ring-— dial indicator for force measurement, and a

25
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potentiometric displacemant transducer in place of visual obser-

vation of sinkage. &2 plot of load versus sinkage was thus ob-

tained on an X-Y recorder. Tests could ke made at the rate of

about one per minute permitting a large number of trials to be

averaced.

Sampling Methods

The muskeg mat in all test areas was measured and examined.
A special mat thickness probu was used to determine the thickness
of the physical load carrying mat. This thickness was recorded
for each test taken. A chain saw was employed to cut a 12+inch
by 12-inch plug out §f the mat. This plug was pulled out =2nd
examined to note the composition and degree of decay of the

floating mat.

In several of the areas, the peat sampler was used to ob-
tain relatively undisturbed frozen cores of peat, which were
stored in a cold room and examined in detail later. Longitudinal
ard transverse section of the frozen cores revealed the structure
of the peat. Transverse sectiors one-inch high and three-inches
in diameter were cut out of the frozen core at one foct intervals,

and moisture content in each was determined.
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DISCUSSION OF RESULTS

One of the original objectives of this investigation was
to develop an analytical method for predicting vehicle mobility
in muskeg, using muskeg soil values. It soon became apparent
that conventional methods of obtaining soil values were not
readily applicable to evaluating muskeg characteristics.
Consequently a great portion of the iunvestigative effort was
concentrated on developing new techniques and apparatus for

measuring the properties of muskeg which relate to vehicle

mobility.

LOAD-5INKAGE RELATIONSHIP

Thez load-sinkage relationship of a soil has a bearing on
vehicle mobility. This characteristic of muskeg was investi-
gated by means of a scaled-up version of a Bevameter, capable
of using plates up to 3 sguare feet in area, applied with a

force o 5,000 pounds, and conseguent sinkage up to 36 inches.

Plate Sinkage Tests

A sreat many plate tests were made on all of the muskeg
areas investigated in the Upper Peninsula of Michkigan, on float-

ing mats as thin as 10 inches, to mats over 6 feet thick.
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A typical X-Y recorder plot obtained with this type of test is
shown in Fig. 10. This same data can also be plotted on log-

coordinates, Fig. 11, which then permits the determination of

the moduli of sinkage, k¢ and kc' as well as the sinkage expo- .

nent, "n," fram the equaticn

ﬁg{ | S «Bg + Tg) Z"

The data of Fig. 11 shows considerable difference in the sink-
age exponent, "n," for three separats areas, although the mat
had the same compositicn and depth in each case. The load-
sinkage relationship for each of these areas was different
because of varying strengths of the peat. This led to the
investigation of the load-sinkage relationships of peat dis-

cussed later in the report.

Mat Compression

In general, sinkage results from the deflection of the
floating mat down into the peat and a compression of the mat
fibers under the plate. The test set-up shown in Fig. 12 was
used to obtain data as shown in Fig. 13, where a 2l1-inch thick
mat was compressed to 7 inches during a plate sinkage of
23 inches. Figure 14 shows a 37-inch mat being compressed a

lesser percentage and failing at 22 inches of plate sinkage.
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In nost of the tests, the sinkage at the bottom of thé mat did

not be=gin until several seconds after the beginning of the test,

or until a considerable sinkage of the surface loading plate had
occurred. Thus the initial porxtion of the load was taken ur by -
compression of the mat, with little or none of it being trans-

ferred to the peat.

Plate Sinkage at Failure

A review of 56 plate-sinkage tests carried to mat failure
showed an average sinkage of 22 inches at the point of mat fail-
ure. The standard deviation from the 22-inch mean was 2.2 inches
indicating that 68 per cent of mat failures occurred within 19.8

to 24.2 inches of plate penetration.

The 56 plate-tests were all carried out with a 19.1-inch
diameter rouvnd plate (2 square-foot area) in Radforth F or FI
cover in the Skanee, Gay, Pequaming, Nawakwa, Quinlan, and
Seney Areas. The mat thickness varied from 13 to over 72 inches,

and the total depth from 4 to 30 feet.

The sinkage at fallure appears to be independent of mat
thickness and total depth. Ultimate failure results from a ten-
sile failure of the mat fibers at the perimeter of the plate, as

the mat is deformed by a plate sinkage of about 22 inches.
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This would lead to the conclusion that the failﬁre load is a
function of plate perimeter rather than plate area, or at least a
combination of the two, with perimeter playing the dominant role.
It could also be concluded that the major pertion of the plate
load is carried by the living, fibrous material near the surface

of the mat.

Perimeter Effect

The major portion of the load resistance in muskeg is caused
by the top 6 to 12 inches of living vegetative mat. When the
tensile strength of the fibers in this layer is exceeded, the mat
fails. This tensile failure may be due either to the shear load
imposed by the track grouzers, or the stretching of the mat
becausz of vehicle weight. Figure 12 illustrates how a loaded

plate results in the elongations of the upper-mat fibers.

The influence of the upper mat's tensile strength on load
carrying ability can be demonstrated by plotting the plate load,
in pounds per inch of plate perimeter, versus sinkage in inches
as in Fig. 15. The six curves, each of which is the average of
several tests, represent data for rectangular plates, all of
5 to 1 aspect ratios (length to width), ané ranging in area from
12.6 to 314 square inches. The area to perimeter ratio (A/S)

variecd from 0.66 to 3.31 square inches per inch.
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The convergence of these six curves seems to indicate that
the load carrying capacity of muskeg mat is principally a func-

tion of the tensile strength of the upper mat fibers.

Variable Area Mat Compression

The effect of plate size on the load-sinkage characteris-
tics is shown by comparison of the results obtained with circu-
lar plates of one, two and three square-foot area, Fig. 16.

When the load is plotted against the sinkage, the load at a

given sinkage increases with the plate size, as would be expected.
However, this increase is not linear with the plate area because
of the perimeter effect. The movement of the bottom of the mat,
however, is very nearly the same for all plates; that is, dis-

placement varied directly with total load, independently of plate

area.

When the same data are plotted as sinkage versus contact
pressure in psi, as in Fig. 17, it can be seen that the contact
pressure at a given sinkage decreases as the plate area increases.
This is in general agreement with the behavior of the plate bear-

ing tests on mineral soils. The displacement of the bottom of the

mat follows the same pattern.
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Some comparison may also be made regarding the aﬁount of com-
pression of the mat. PFuor example, at a contact pressure of 10 psi,
the original thickness of 40 inches is compressed to 31.5, 30, and
31 inches for plate areas of 1, 2, and 3 square feei, respectively.
Thus, it appears that the compression depends on the contact pres-
sure, but not on the plwte area. When the conditions at failure
are investigated, s swever, it appears that the amount of compres-
siMeases as the plate size increases. For example, using
the éaméldata discussed above, the original thickness of 40 inches
is comprzssed to 23, 25, and 29 inches for plate areas of 1, 2,

and 3 sqguare feet, respectively. Furthermore, the plate sinkage

at failure is about 22 inches t 2.2 inches for all three plates.

Repeated Load Tests

Experience shows that a given vehicle may successfully cross
a given muskeg once, or perhaps :everal times. With
repeated passes, however, the vehicle may break through the mat
and becone immobilized. A series of repeated load tests was made
in an effort to develop quantitative information regarding this
behavior. These tests were instrumented and carried out in much
the same manner as the mat-compression test, except that the
magnitude of the repeated loads had o be limited to values
iess than the failure load. Loads of 50, 60, 70 and 80 per cent '

of failure loads were used.
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The first step in the procedure was to determiné the failure
load. This was done by making a mat compressicn test in the con-
ventional manner. The peak load obtained from this test was then
multiplied by the selected percentage factor to establish the load

limit for the repeated-load test.

The plate and loading cylinder were then moved to the alter-

[}
i

(
o

nate positicn on the Tom, oo that the regezted test could ke run

{

on a virgin area, yet one tnat was relatively close to the ; 1t

at which the failuge lcad was previously determined. The load

O

was allowed to buila up only to the calculated limit, then removed.
The loading and unloading cycles were thus repeated until the mat
failed, or until a large number of repetitions had been made.

As would be expected, the number oI repetitions before failure was
small when the repeated lcz=a was higa, as for 80 per cent of the
failure load in Fig. 18. ~fFor lighter loads the number of repeti-
tions to failure increased, Fig. 19. At 50 per cent of the fail-
ure load, the test was normally halted at 50 repetitiors as shown
in Fig. 20, or continuel *%- fzilure to cdetermine the effect of

the repetitions on the ultimate strength.

Al IO

The recovery of ir2 z*~ :zre alsc shcwn Lo tresge 1llustrations,
which are actual X-Y reccxrZer rplots. In most cases, the mat
returned to within 6 inches of their original levels, even after
numerous loadings. No increase ir recovery of the matc was noted

by waiting, even up to an o> Moivaer repeated loads.
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In general, several days are required for more complete recov-

eries to the original surface levels,

PEAT

The peat sampler previously described permitted an examina-
tion of the structure of peat at various depths. Figure 21
shows cross sections of frozgp samples at four different depths.
The structure, orientation, and size of fibers may be readily
seen. The frozen peat samples were also sliced transversely at
one-inch intervals, and water content determinations were made

at the various depths. i

The peat found in the several areas investigated, varied

considerably in water content and strength. In some areas,

(Sleeper Lake South) the peat was firm and well consolidated,
with water content in the order of 200 to 300 per cent. In other
areas (Gay, Skanee), the peat was extremely weak and very high in
water content, (up to 1500 per cent) as shown in Fig. 22.
Strength tests of the peat were carried out with a cone penetrom-
eter in several areas, particularly in the locations where peat
samples were taken. The cone used had a major diameter of

3 inches and a cone-~angle of 15 degrees.
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Averages of the results of several cests in the‘Skanee and
Gay areas are shown in Fig. 23. The resistance of the Skanee
veat 1s twice that of the Gay peat, although the water contents
are about the same for each. The difference may be attributed
to the structure of the peat. At Skanee, the peat is made up
largely of fine organic fibers, while the Gay peat is much

coparser in structure.

The difference in the strength of the peats undoubtedly is
partially responsible for the difference in the plate-sinkage
test results for the two areas. as shown in the log-log plot in
Fig. 1]J. The rate of load increase with sinkage is much less
for the Gay muskeg than for that at Skanee. The Pequaming area

is near Skanee and 1ts muskeg is quite similar.

?)ate sinkage tests were also made directly on the peat.
the miat was first cut with a chain saw and a 12 x 12 inch
section of mat was removed, this exposing the peat. An 18-inch
pox-1i1ke extension add~d to the 12-inch square plate made possi-
ple penctrations to 30 inches into the peat itself. The peat
is made up of fine, decomposed organic material and also par-
t1ally decompose.l organic fibers of various sizes, plus water.
Becauvse of the fibrous nature of the peat, 1t appears plausible
that 1ts shear strength could vary considerably with rate of

sheenr o Plate tost L were carrled out at various loading rates

s a i Y
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from 1.5 feet per minute to 10 feet per minute. Typical curves
of load versus sinkage (measured from bottom of mat) are shown
in Fig. 24. 1Interestingly, the resistance of the peat is about

40 per cent greater at the lower loading rate.

A number of similar tests showed the same trend, indica-
ting that peat exhibits a thixotropic behavior. It has consid-
erable resistance to flow until its rate of flow is high enough
to cause the fibrous particles to align themselves in the direc-

tion of flow.

It would appear from the above relationship that a slow
traverse of muskeg would be desirable in order to take advantage
of the hLigher load resistance of the peat at low lcading rates.
However, the percentage of the total load of a vehicle carried by
the peat is relatively small. Compare Fig. 13, Mat Compression;
with F:g. 24, Peat Compression, at 20 inches of sinkage.

The total load carried by the muskeg is 3250 pounds or

1625 pounds per square foot, and this results in a 7-inch deflec-
tion of the bottom of the mat. 1In Fig. 24 at 7 inches sinkage
into the peat we note that only 190 tc 290 pounds per square
resistance 1s developed by the peat, depending upon the loading
rate. This indicates that only about 15 per cent of the plate,
or vehicle load, is carried by the peat. This value is low, how-

ever, for it does not take into account the membrane-like
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behavior of the muskeg mat. A one square-foot area plate or
track section set down on the mat actually involves a much larger

area of deflection at the bottom of the mat.

The benefits of greater load resistance of the peat, at low
loading rates, is more than offset by the increased sinkage into
the mat during a slow trawurse of the muskeg by a vehicle.

At lower vehicle speeds, a greater percentage of the tractive
effort is expended in overcoming the compaction resistance, R4,
since vehicle sinkage into a given muskeg increases with time,
up to a certain maximum. Vehicle operators have learned from
experiercce ' aat marginal strength muskeg is negotiatecl with

greater certainty at higher vehicle speeds.

A quantitative indication of the effect cf vehicle speed on
compac:ion resistance was obtained in a series of towing tests
carried out with the Thiokol Spryte and the M29C Weasel.

Figure 25 shows the towing resistance of the M29C Weacsel at vari-
ous speeds on muskeg, compared to firm gravel. At very iow
speeds (1 mph), the sinkage of the towed vehicle was considerable,
resulting in a tow-load equal to 10 per cent of the vehicle
weight. As speed increased towing resistance duecreased, until at
3 mph it reached a minimum. At all speeds, the towing load on

muskeg was at least twice that encountered on a gravel road.

47




The behavior of a semi~fluid peat under a passing vehicle is

illustrated in Fig. 26. The displacement of the peat is a func—
A A O L S MU T
“ion of the rate of *oadlng, Lhe amount of wvehicle sinkage, and

. A '
- *"“-‘~ b LAl w2y Gl

the mat compression. The effect of atvehicle pass on the strength
T 1 ve

Ciekolo - - [

cf peat was lnvestlgated experxmentallv by a plate test. It was
L. \ v
rzund that the strength of the peat, dlreutly under *he plate,

LU |

was less after the plate s;nka;e tests, while the strengthnof the

'~ -
‘

Jacent peat increased. A large 15-degree, 3-inch diameter cone

penetrometer was used to mezasure the resistance, or strength, of

peat in each case.

The conclusion reached is that the solid material flows out
“ror uncer the plate or track area and does not return immediately
«.ter he load is relieved. This has the effect of increasing .2
«nlid contert of the adjacent seat and reducing it in the peat
“rectly under the trock. Therefore, successive passes of 2 o
iemle micht hetter be made by shifting over to the adjacent aiea,

2ating on the sance trzok,

A58 TRST RESULTS

proeperties Investicoted was Uilhesr
~tn" of the mat. The term "chen” [ used here, but althou,T

J «n Lhe samec way as
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for organic soills, their significance is not the samé. Muskeg mat
does not experience a "shear" failure, when sukjected to a hori-
zontal force in the presence of a normal force. Failure is actu-
ally a tensile failure of the fibers making uo the mat. Whether
the resistance of the mat to a horizontal force is called "shear
strength" or given some other name, nevertheless its significance
in regards to vehicle mobility is the same as that of shear

strength of organic soils.

Trhe apparatus shown in Fig. 5 was used to obtain "shear"
data in several different muskeg areas. The device consists of
an alumrinum box having a bottom or "shear" area of 288 square
inches (12 inches wide by 24 inches long). Lead weights (28.8
pounds each) are used to obtair normal loads from 0.2 psi to
3.4 psi. The horizontal force was provided through a rope by
the capstan drive of an M29C Weasel and measured by a strain gage

type load cell.

An X-Y recorder produced plots of "shear" stress versus slip
directly as shown in Fig. 27. By taking readings at various nor-
mal loads a series of maximum shear-stress values can be plotted
versus the corresponding normal-stress values as in Fig. 28.

The slope of this plot, or the "shear stress"” to normal stress

ratio, can still be called tan 2.
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As Fig. 28 shows, tan @ is greater than unity, or # is
greater than 45°, which is typical of all muskeg tested in this
program. This ratio of horizontal unit force to vertical unit
load is therefore much greater than for mineral soils, and this
would indicate that a much greater tractive force could be ex-
erted for a given vehicle weight. This is only partially true,
however, because c¢f the much greater sinkage usually experienced
in muskeg, as normal load increases. The greater sinkage experi-
enced with high unit normal loads increases the work of compac-
tion of a vehicle, which compensates in part for the higher shear
stress that may be developed. Furthermore, higher unit noimal
loads cause greater sinkage, which, in turn, causes a tensile
stress in the upper mat fibers, as a consequence of the deforma-
tion or stretching of the mat. Shear loads, under high normal
loads, therefore, result in tensile stresses in the mat fibers,
not only from tearing of the mat, but also from the rtretching
action. This latter combined effect closely relates to the effect

of a tracked vehicle travelling on the muskeg.

It would appear that a compromise must be made in the design
of tracks for muskeg vehicles. 8Small track areas would produce
greater normal unit locads, making possible the development of
greater shear strength in the muskeg mat. But, on the other hénd,

this would also allow greater sinkage, with an increase in tensile




stress in the mat fibers, as well as an increase in the compac-

tion work which the vehicle must overcome.

But then, & very large track area is not gocod either, since
this would not develop as much shear strength in the less com-

~ressed mac.

Grouzer design also has considerable effect on the shear
stress— normal Jtress rselationship, as shown in Fig. 28.
Increasing the depth of the grouzers from 0.5 inches to 1.0 and
to 2.0 inches increased the shear stress considerably. From this,
one might conclude that for maximum tractive effort muskeg ve-
hicles should be designed with deep grouzers. This conclusion,
however, does not tak2 into consideration the damaging effect of

aggressive grouzers on the mat. The effect would be of greatest

importance where repeated passes are to be made over the same

route.

Optimum grouzer depth further depends on vehicle power.
In an underpowered vehicle, engine speed drops off before signifi-
cant track slippage occurs (30-40 per cent). In this case, noth-

ing would be gained by using lairger grouzers on muskeg. On the

other hand, with adequate engine power a significant increase in

t drawbar effort can be realized with deeper, more aggre:sive

grouzers.
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TENSIOMETER

The grouser action of a track-laying vzhicle on muskeg

mat is closely approximated by the tensiometer.

The force required to push apayt the tines of the tensiometer

results from four areas of resistance in the mat. The fibers of
the mat directly between the two sets of tines are subject to ten-
sion. At the same time, the fibers from the side and bottom of
the test area are also subjected to tension. The fourth area of
resistance is the mat behind the sets of tines, which is subjected

to compression.

An attempt was made to determine the contribution of several
of these areas of resistance. A chain saw was used to make a
cross ~ut between the two rows of tines to a depth of about
12 inches. Figure 30 shows that the effect was a very consider-

able reduction in load, particularly at low displacement.

When saw cuts were made just adjacent to the tines, parallel
to the direction of the applied force, no reduction in force was
noted for the first 1% to 2 inches of displacement, indicating
that the side fibers did not carry any of the initial load, but
were put under tension only after two or more inches of displace-.
ment. At about 5 inches of displacement, the parallel cuts seem

to have a greater effect on reducing the locad, than the cross cut.
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It appears that the fibers in direct tension between the sets
of tines are the first to be stressed and to fail. As deformation
increases, a larger portion of the lcad ls carried by the side

fivers, and probably the bottom fibers.

By cutting out plugs of mat behind the tines, an indication
of the load carried by compression of the mat behind the tines was
\

observed. As shown in Fig. 29, this amounts to about-1l0 per cent

of the total load, but at larger displacements only.

P:revious plate tests carried to mat failure, have indicated
that the upper living-fiber portion ~f the mat provides for the
major portion of muskeg resistance to vehicle weight. The ten-
siometer, as designed, can be used to obtain a quantitative meas-
ure of the strength of the top 3, 6, or 9 inches. Figure 30 shows
a comparison of mats in the Skanee area, with as much as 50 per
cent difference in strength at three inches deflection, for the
same type of surface cover (F cover). The lower strength of moss

(FI cover) over grass (F cover) is shown in Fig. 31l.

The tensiometer measures the tensile strength of the mat at
essentially zero normal load, since the instrument weighs only
35 pounds. It is possible that compaction could make consider-
able difference in the strength of mats. A loose upper mat, which

may have a low tensiometer reading, might experience a very con-
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siderable increase in strength as the result of a norﬁal load, and
could surpass the strength of a denser mat. In other words, mat "F"
in Fig. 30 could surpass mat "Y" at, say, 3 psi normal load.
However, in doing so a vehicle would experience a much larger sink-

age and, consequently, a higher compaction resistance.

Tensiometer tests were made with tines set at 3, 6, and 9-inch
lengths, as shown by a typical plot in Fig. 32. The strength of the
mat increases rapidly with depth, levels off, and then decreases as
the bottom of the mat is approached. The strength of the top 3-inch
layer is about one-half the strength of the 3 to 6-inch layer or the
6 to 9-inch layer. This is based on the tensiometer load in pounds.
Based on the load per unit of area subjected to tension, however,
the stress in the upper 3-inch layer is about equal to that in the
3 to 6-inch layer, and almost twice the stress in the 6 to 9-inch
:::::?“‘;;;s is shown in Fig. 33. It must be kept in mind that, in -
going from 3 to 6-inch tines, the total tension area is increased by
only 50 per cent, since the bottom area remains the same in each

case. Similarly, in lengthening the tines from 6 to 9 inches only

a 33 per cent increase in area is realized.

]

A comparison of tensiometer data with plate-sinkage data from
the same area shows that for any particular mat cover there is a

direct correlation. A mat that shows a high resistance to plate
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penetration demonstrates a high tensiometer load as well.

This is to be expected since, as explained earlier, plate pene-
tration results in tensile stresses in the upper mat. The cor-
relation is not as good when greatly different muskegs are com-
pared, since resistance to plate penetration is a function of

more than just upper-mat fiber strength.

CONE PENETROMETER

The cone penetrometer has been widgly used as a device for
evaluating the strength of soil, and attempts have been made to
use it on musked. The Waterways Experiment Station (WES) in
Vicksburg, Mississippi, has used 2 small 30 degree cone in an
attempt to relate cone penetration resistance to vehicle mobil-
ity. A vehicle cone index {VCI) was devised, based upon the
cone resistance value required to allow 50 consecutive vehicle

passes without immobilization.

A VCI based on 50 passes in the same track is arbitrary
and could have been based on 10 or 5 or even 1 pass. 1In view
of the wide open nature of most muskeg areas, multiple passes
over the same track are not necessary or desirable. The cross-—
ing of muskeg areas is generally an expedient or emergency
measure rather than a repeated operation, and the important

question is not if a giver vehicle will cross 50 times in the
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same track, but can it cross even once.

The cone penetrometer is an easily portable device for
evaluating soils, and, as such, deserves consideration as an
evaluation tool. As part of the field work, cone penetrometer
tests were made with WES 30° cones of both 1/2 square-inch and
1 square-inch base areas. A modification made to expedite the
cone tests was the use of a sensitive strain-gage load cell in
place of the proving ring and dial indicator, and a potentio-
metric displacement transducer in place of visual indications
nf depth. The output of the two transducers produced a load

versus sinkage plot on an X-Y recorder as shown in Fig. 34.

The ten tests plotted in Fig. 34, all taken within a four
square-yard area, show the typical non-homogenity of muskeg.
Because each cone test involves such a small sample of the
soil, a very large number of tests must be made to obtain a

meaningful average.

Although the cone penetration resistance does vary with
mat strength as measured by plate, shear, and tensiometer
tests, it is also very sensitive to mat density. Figure 35
shows the variation in ccone penetrometer resistance for the
same four locations on the Skanee muskeg, for which tensiom-

eter data is illustrated in Fig. 30. Each plof is the average
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of 20 cone-tests. The mat in location "Y" shows a éonsiderably
greater resistance to the cone penetrometer than the mat in the
other three locations. Its unusually high density offered much
greater resistance to the cone, but did not exhibit the same

degree of increased tension strength when tested with the tensi-

ometer.

The 1/2 square-inch and 1 square-inch cones were used in
muskeg, for comparison. It is apparent from Figs. 36 and 37 that
the resistance to the 1 square-inch cone is not twice that of the
1/2 square-inch cone at all depths. The average resistance for
the 1/2 square-inch cone down to six-inch penetration in F cover
(Fig. 36) was 13.6 pounds, compared to 23.7 pounds for the 1 square-
inch cone, or 57 per cent of the 1 square-inch cone resistance.

If the values at three-inch penetration are used, however, the .
relationship is far from two to one. For FI cover, the relation-
ship between the 1/2 square-inch and 1 square-inch cones is far

from the expected values, at least at shallow penetrations, Fig. 37.

A further discrepancy between cone penetrometer data and
other tests occurred within variation of cover types. For exam-
ple, cone penetrometer tests indicate greater resistance in
FI cover (grass and moss) than in F cover (grass only). This is
undoubtedly due to the higher density of the moss. On the othgr

hand, tests such as shear, tensiometer and even actual vehicle
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drawbar tests showed the opposite to be true, greater strength for
F cover than for FI cover. Figure 31 shows tensiometer data for
varicvus cover types while Fig. 38 shows the cone penetrometer data

on the same cover types.

It appears, unfortunately, that the cone penetrometer has lim-
itations as a suitable davice for determining the load carrying

characteristic for muskeg.”

DRAWBAR PREDICTICON

Early in the project a decision was made to base an analytical
prediction method for vehicle mobility in muskeg on the Land Loco-
motion Division (USATACOM) methodoclogy for determining drawbar

1,2

pull. Plate sinkage and shear tests were made in muskeg areas

to give the required soil parameters for predicting drawbar puil.

Plate sinkage tests were made with several sizes of large
rectangular plates to obtain values for the following scil para-

meters: moduli of sinkage, k. and kd' and sinkage exponent, n,

using the equation, x

Pp= (p+xkg) 2"

1Report No. RR 46, LL 68, Qver-Snow Vehicle Performance Studies
by Wm. L. Harrison and Tibor Czako, November, 1961, USATACOM,
Centerline, Michigan.

2Report No. RR 47, An Analysis of the Drawbar Pull versus Slip
Relationship for Track Laying Vehicles, by Z. Janosi and
B. Hanamoto, November, 1961, USATACOM, Centerline, Michigan.
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where p is the grcund pressure in psi, b is the width of the lcad-

ing element in inches, and 2 is the sinkage in inches.

Similarly, shear tests at various normal loads were made to
obtain values for: angle of friction, g, and cohesion ¢, using

Coulomb's Equation,
S =c+ p tan g
s

where Ss is the shear stress in psi.

Since a tracked vehicle exerts a variable ground pressure
along the length of the track, it is necessary to construct a
series of shear stress versus shear deformation curves for a num-
ber of points along the track, using the soil test results.

On these curves, then, connecting points which represent the same
percentage of slip for each track-length value, and graphically
integrating the area under this line, a value for the gross trac-
tive effort of the vehicle, per inch of track width, is determined‘
for a particular value of slip. Repeating this procedure for a
number of slip values makes it possible to construct a tractive

effort versus per cent slip curve for the vehicle.

The gyross tractive effort, however, must be reduced by the
amount of vehicle tractive effort used for compaction of the soil
resulting from sinkage. This compaction effort, R,. may be calcu-

lated by using the previously determinea o0il values.
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To check the application of the Land Locomotion’Division
prediction procedure to muskeg, a series of drawbar tests were per-
formed with an M29C Weasel |n the Skanee muskeg. Figure 39 shows
the predicted analytical curve of tractive effort versus per cent

slip.

A maximum net tractive effort of 7,560 pound is predicted at
67 per cent slip, which gives a drawbar pull to weight ratio of
1.27. A series of ten drawbar tests at various engine speeds, in
low gear, low range were conducted. The range of results are
plotted as broken lines. The maximum sustained tractive effort

obtained averaged 5,200 pounds or a DP/W of 0.87.

There is good agreement between the experimental results and
the analytical prediction up to slip values of about 25 per cent.
At slip over 25 per cent, the tractive effort diminished rapidly
due to increased sinkage resulfting from tearing of the muskeg mat.
Track sinkage at the rear varied from 15 to 18 inches at points of
maximum drawbar, resulting in a bottoming of the Weasel and a con-~
sequent reduction in tractive effort. Very few reliable readings

could be obtained at more than 30 per cent slip.

Evaluation of this prediction procedure, without the limita-
ticn imposed by bottoming, was later attempted in firwmer muskeg
areas at Skanee and Gay. Figure 40 shows a plot of the analytical
drawbar predictions and the limits of the experimental results.
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The experimental values again fell far short of the maximum

licted figure, but fcr a different reasorf. Excessive sinkage

" not a problem, since it rarely exceeded 10 inches at the rear

the Weasel. Engine torgue, however, seemed to limit the draw-
bar pull and the engine speed dropped off almost to stall when
the load was increased over 4,000 pounds. It appears that in
these tests the strength of the muskeg soil was not the limiting
factor for this particular vehicle. Net drawbat effort was
limited to 75 to 85 per cent of gross vehicle weight either by

excessive sinkage or lack of sufficient engine torque.

CONCLUSIONS

Vehicle mobility in muskeg is a function of many variables.
The unit pressure on the track has an important effect on both.
the vehicle ability to traverse the muskeg and its net drawbar
pull. If the loading is very light the vehicle willltraverse
weak muskeg readily, but will not be able to pull much load.
A certain amount of mat compaction isldesirable since the shear
strength of muskeg increases very rapidly with normal load, which,

in turn, affects drawbar pull.

}
A large perimeter-to-area ratio is desirable, since mat

i

failure occurs at the perimeter of a plate or track due to tensile

failure of the mat fibers.
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The depth of the track grousers also play a role in the draw-
bar pull a vehicle can exert. l'eep grousers increase the maximum
drawbar pull, but also damage the mat to a greater extent, thus

reducing the number of repeated passes that can be made.

Several properties of the muskeg itself affect the mobility
of a vehicle. The load-sinkage relationship not only determines
whether a vehicle can safely travel over the muskeg, but also
determines the compaction resistance a vehicle must overcome.
This is a function of cover type, thickness, and density of the

mat, as well as the nature of the peat underneath.

The "shear" strength of the mat varies with mat composition,
or cover type,‘as well as with normal load. A shearing force does
not produce failure in the same fashion as in an organic soil, but
rather a tensile failure in the mat fibers. It is the tensile
strength, therefore, that governs the shear load a mat can carry.
The tensile strength of the mat alsc governs the load-sinkage
relationship, since a vertical loading of the mat produces tensile

stresses in the fibers making up the surface layer of the mat.

The density of the mat and peat also has an effect on the
load-sinkage relationship. A firm and well consolidated peat,
with low water content,will resist deformation at the bottom of the

mat, and sinkage will occur primarily by compression of the mat.
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In the case of floating mats, over very liquid.peat, sinkage

is a function of the tensile strength of the mat, its density, and ) 1
the flow resistance of the displaced peat. A very liquid peat
(500-1500 per cent water) exhibits thixotropic flow characteris-
tics, that is, it offers more resistance to flow at low displace-
ment rates than at high rates. The fibrous material, which makes
up the solid porticen of the peat, is randomly oriented in its
natural state or at low flow rates, but aligns itself in the
direction of flow at high rates, with a reduction in flow resis-
tance at the higher rates of loading. After passage of a vehicle }"
the mat reccovers slowly, to near its original positior. A corres-

ponding return flow of peat, however, does not take place.

The fibbrous portion of the peat seems to remain in its displaced
position. This phenomena has been verified by taking a series of
large-sized cone penetrometer tests on the peat before and after
plate sinkage tests. An increase was noted in peat resistance
immediately adjacent to the plate test position or track passage
area and a decrease in peat resistan.¢ cirectly under the plate

test area.

It would appear that repeated pe-.es over floating mat muskeg
should not be made in the same track, but just adjacent to the pre-
vious track. This procedure wouild take advantage of the consoli-

dation of the peat produced by the previous pass.
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Of the various characteristics of muskeg terrain, the ten-
sile strength of the top 6 to 9 inches of living mat fiber seems

to be the most important single property affecting vehicle mobil-

ity.

The tensile strength of the upper mat not only determines

the shear load that may be resisted, but also the sinkage caused

by a normal load.

It would appear that a vehicle mobility index could be
devised, based upon tensile test data on the upper mat, using
a device such as the tensiometer described in this report.

This data could be correlated with go and no~-go mobility tests

with various vehicles, either based on single or multiple~pass

performance in various types of muskeq.

With such a tensiometer index for each vehicle, a portable

tensiometer could then be used to survey unknown muskeg to

determine whether a vehicle could make a single or multiple

traverse over it.
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APPENDIX A

MUSKEG AREAS IN MICHIGAN'S UPPER PENINSULA

The following listing represents the muskeg areas that were
located during the project, and on which site inspections were
made. The location of each site is indicated on the map in Fig. 1,
with the primary access routes to each indicated. This list does
not necessarily include all the muskeg areas in the Upper Penin-
sula, but represents the most prominent ones, and the most promis-
ing ones for the project. Some areas were not used, even though
~uite sizeable, because of their remoteness from project head-
guarters, or because they were similar in character to areas which
were closer and more easily accessible.

1. Lake Upson Area (Keweenaw Ccunty)

Section 36, T59N, R30W

40 Acres, Radforth Classification DF and FD
Depth to 20 feet

2. Lac La Belle Area (Keweenaw County)
Section 34, T538N, R29W
40 Acres, Radforth Classification FEB
Depth 4 to 5 feet

3. Lac La Belle Area (Keweenaw County)
Section 3, T57N, R29W
20 Acres, Ra<dforth Classification FI
Depth to 4 feet
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Gay Area (Keweenaw County)

Section 24, T56N, R31lw

Section 19, T56N, R30W

280 Acres, Radforth Classification F, FI, IF, FIE,
Depth 6 to 13 feet

Highway M35 Area (Baraga County)
Sections 5 and 6, T50N, R34wW

Section 35, T51N, R34W

250 Acres, Radforth Classification EFI
Depth to 9 feet

Pequaming Area (Baraga County)

Section 4, T51N, R32W

Sections 32 and 33, T52N, R32W

400 Acres, Radforth Classification F, F1, and IF
Depth 3 to 9 feet

Skanee Area (Baraga County)

Section 13, T52N, R31w

200 Acres, Radforth Classification F, FI, and FIE
Depth 3 to 11 feet

Park Siding Area (Baraga County)

Sections 28 and 33, T47N, R33W

400 Acres, Radforth Classification EI, I¥, and EIF
Depth 2 to 6 feet

Dead Stream Area (Iron & Houghton Counties)
Section 33, T47N, R35W

Section 4, T46N, R35W

25 Acres, Radforth Classification FEI
Depth to 13 feet

Hope Lake Area (Iron County)

Sections 14 and 23, T43N, R32W

160 Acres, Radforth Classification EI
Depth to 9 feet
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11. Channing Area (Dickinson County)
Section 6, T43N, R30OW
Sections 31 and 32, T44N, R30W
200 Acres, Radforth Classification EF
Depth to 5 feet

_2. CSeven Mile Marsh Area (Delta & Menominee Counties)
Sactions 24 and 25, T37N, R25W
Sactions 19 and 30, T37N, R24W
00 hgres, Radforth Classification EI
Depth to 12 feet

13. Nawakwa Lake Area (Alger County)
Sections 19 and 30, T48N, R13W
120 Acres, Radforth Classification IJ z2nd IX® -
Depth to 32 feet

14. Seney Area (Luce County)
Sections 31, 32, and 33
1600 Acres, Radforth Classificaticn &I, FI, and FIE
De»th 4 to 8 feet

15. Wa»amaker Lake Area (Luce County) _ ]
Seztions 27 and 28, T46N, R12W . A
450 Acres, Radforth Clessification DFI ' .
Deoth 4 to 5 feet

-

15. Quinlan Lake Area {Luce Ccunty)

Section 34, T47N, R12W

110 Acres, Radforth Classification EF and FIE
Depth to 30 feet

7. Sleeper Lake Area (Luce County)
Sections 3, 4, 5, 9, and 10, T47N, R1OW
Sections 13, 14, 15, 22, 23, 27, 28, 32, 33, and 34
T48N, R1OW
Nine Square Miles (approximately)
Radforth Classification FE, FI, IF, FIE and IFE
Peoth 2 to 13 feet, but fairly constant in a particular a: -
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