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ABSTRACT 
The draw bar pull and hill-climbing potentials of three lightweight snow tractors were 

measured and associated with some of the properties of the snow. The relationship between 
certain meteorological phenomena and vehicular trafficability was investigated also. The 
trafficability. studies were conducted in the High Sierra on cold winter and warm spring 
snow .. It was determined that a direct relationship existed between drawbar pull and den
sity of the snow when density was less than 0.4 g/cm:1 but no relationship was indicated 
for higher densities. A direct relationship between hardness and drawbar pull was found 
for both low-density winter snow and high-density spring snow. For the latter, a low hard
ness value appeared to be associated with the presence of free water in the snow. 

During the winter there was a direct relationship between air temperature and traf
ficability while during the spring tests the relationship was inverse. The presence of free 
water in the snow during warm periods in the spring appeared to be the cause of the re
versal in the relationship between air temperature and trafficability. 

Both solar radiation and long-wave radiation appeared to be effective parameters but 
it was not possible to evaluate completely their influence on trafficability. 
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INTRODUCTION 

The ability of a vehicle to operate over a 
snow surface is partly dependent upon the 
mechanical properties of the snow. These 
properties are largely a function of the mete
orological phenomena to which the snow cover 
has been subjected since its deposition. 

During the winter and spring of 1951-52, 
some studies were undertaken by the Snow 
Ice and Permafrost Research Establishment 
at the Central Sierra Snow Laboratory in Cal
ifornia, to determine the influence of some of 
the snow properties and certain meteorological 
phenomena on the trafficability of a snow sur
face. The selected test site previously had 
been well instrumented for a program of 
research on the relationship between meteor
ological conditions and the metamorphic proc
esses in snow. The intensive instrumentation, 
a seasonal snow cover 4 to 8 feet deep, and 
extensive cleared, level areas and steep slopes 
made tlfis site particularly well adapted to 
the study of trafficability. Only lightweight, 
low ground-pressure, track-type vehicles with 

comparatively high traveling speeds were used 
in these studies. They are described in detail 
in the following section. 

INSTRUMENTATION AND PROCEDURE 

The snow tractors used in the trafficability 
studies (Fig. 1) were: 

M -7 Ordnance half-track vehicle with wide
pad tracks and a ski-steering front end, re
ferred to in this report as the "M-7". 

T ucker Sno-Cat of the half-track type with 
a ladder track system on two pontoons and a 
ski-steering front end, refer red to in this re
port as "T-2". 

Tuc ker Sno-Cat with a ladder track system 
on four pontoons, front and rear drive and 
front and rear hydraulic steering, referred to 
in this report as "T -4 ". 

Pertinent specifications for the vehicles are 
listed in Table I. The ground pressure on the 
tracks, for all three vehicles, was between 0. 7 
and 0.8 psi. 

The M-7 was completely reconditioned be
fore the tests and both of the Tucker Sno-Cats 
were new vehicles. Any change in operating 
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FIGU RE I. SNOW TRAcroRS USED I N THE TRAFFICABILIT Y STL"DIES, SHOWN AT THE HILL-CLIMBIN G TEST SITE 

Foreground: Tucker 4-pontoon Model 443. Left background: Tucker 2-pontoon utility Runabout, Model 421. Right 
background: M-7 Ordnance snow tractor. 

." ... 

~~~--:-:. ~ . .. ' \'\' 

I 
FIGURE 2. TEST OF THE M-7 FOR STEADY 0RAW BAR P ULL, S HOWI NG ! NSTRUME:"TS L"SED I:" MEA SL' RING SOME OF THE PIIY S ICA L 

PROPERTIES OF THE SNOW 

In the center is the drop-cone penetrometer. A Canadian 'Hardness Gage equipped with a low-pressure plate is on 
the snow to the right of the large cone. Other equipment includes bimetallic thermometers, large tubes and caps for 
density samples, magnifying glass, and circular millimeter scale for measuring grain size. 
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TABLE I. Dr s TRIBt;TI0:-1 OF WEIGH T A!\D PRESSU RE OF T HREE S!\OW T RACTORS 

Make of Veh icle Ordnance T ucker Commerc ial 

Model or designation M-7 Model Model 443 (T-4) 421 (T-2) 

Total Weight of Vehicle (Empty), lb. 2710 2250 4000 

Distribution of Weight Front * Rear* 
Pontoon Pontoon 

Proportion of 
On T racks Total Weight Supported, % 68 65 55 45 

or Actual Weight Supported, lb. 1843 1462 2200 1800 

Pontoons Effective Bearing Area, in ' 2580 3000 3000 3000 

Pressur e, psi .71 .49 .. 73 .60 

Proportion of Total 
Weight Supported, '7n 32 35 

Actual Weight Supported, lb . 867 788 
On Skis 

Effective Bear·ing Area, in' 770 1500 

Pressure, psi 1. 13 .52 

* Tucker Model 443 ( T-4 ) is equipped wtth 4-pontoon dnve and steenng. 

characteristics because of vehicle deterioration 
during the test period was assumed to be 
negligible. 

The M-7 was the only vehicle available 
during the winter trials. Nineteen tests were 
made with this tractor during the period 27 
December to 13 March. The snow was below 
- 0.5oC and the density between 0.12 and 
0.34 g/cm3

• After delivery of the Tucker Sno..: 
Cats in the early spring, all three vehicles 
were used in the spring trafficability studies 
from 9 April to 15 May. Fifty-seven tests 
were made during these spring trials, 24 with 
the M-7, 18 with the T-2, and 15 with the 
T-4. The sno.w was at ooc most of the time 
and the density exceeded 0.37 g/ cm3

• 

The "dead load" drawbar pull of the trac
tors was obtained by means of a dynamometer 
provided with a set hand and attached in a 
cable between the tractor and a tree. Meas
urements of maximum drawbar pull prior to 
or just after the start of track slippage and 
drawbar pull under steady track slippage were 
made during most tests. Instrumentation used 
did not permit an accurate determination of 
the beginning of track slippage. The maximum 
drawbar pull was determined from the read
ing of the set-hand on the dynamometer after 
definite slippage was observed and drawbar 
pull decreased. 

The spring tests included a determination 
of the hill-climbing ability of each vehicle, 
which was measured as a function of the slope 
on which the vehicle stalled (Fig. 1). 

Density, temperature and hardness of the 
snow cover were measured and the snow type 
at various depths in the undisturbed snow was 
recorded before each test and in the track 
produced by the vehicle within 30 minutes 
after each pass. Some of the instruments used 

FIGURE J. RA~IMSONDE t·sF.D TO MEA S L' RE SOME OF THE PHYSICAL ANO 
MECHANICAL PROPERTIES OF THE SN0 \1" BEFORE TilE TRAFFI C"A BI LITY TESTS 

The size of t he weight, t he distance of drop, a nd the nu mber 
of drops required to drive t he poi nted rod t hroug h a layer of snow 
provides a ram-hardness index of t he snow profile. 

in measuring the snow properties are illus
trated in Figures 2 and 3. Detailed descrip
tions of these instruments and their operation 
may be found in SIPRE Report 7 (1952), 
SIPRE Instruction Manual 1 ( 1954), and 
SIPRE Translation 14 ( 1954; Bader et a!. 
[1939]). 

Densit;y. The density of visually identifiable 
layers was determined by weighing a snow 



Date 

27 Dec. 1951 

~ Jan. 1952 
3 Jan . 1952 
4 Jan. 1952 
5 Jan. 1952 
4 Feb. 1952 
4 Feb. 1952 
5 Feb. 1952 
5 Feb. 1952 
6 F eb. 1952 
7 Feb. 1952 

12 Feb. 1952 
12 Feb. 1952 
13 Feb. 1952 
13 F eb. 1952 
15 Feb. 1952 
27 Feb. 1952 

3 Mar. 1952 
13 Mar. 1952 

9 Apr. 1952 
14 Apr. 1952 
15 Apr. 1952 
16 Apr. 1952 
24 Apr. 1952 
25 Apr. 195 2 

6 May 1952 
6 May 1952 
6 May 1952 
6 May 1952 
6 May 1952 
6 May 1952 

14 May 1952 
14 May 1952 
14 May 1952 
14 May 1952 
14 May 1952 
14 May 1952 
15 May 1952 
15 May 1952 
15 May 1952 
15 May 1952 
15 May 1952 
15 May 1952 

TABLE li. DATA S U MMARY, TRAFFICABILITY STUniES, M-7 TRA CTOK 

Time 
Maximum Steady Track 
Drawbar Drawbar Depth 

Pull Pull 
(lb.) (lb.) (in.) 

Temperature 
Snow 

Surface Air 
( oC) ( oC) 

1030 1375 1250 7 -- 1.7 
1530 1275 1125 7 - 1.8 1.1 
1550 1200 1000 6 - 8.9 - 10.0 
1415 1250 1000 5 - 7.0 - 3.3 
1100 1050 850 6 - 9.8 - 4.4 
1100 doubtful 800 4.5 - 8.2 - 3.3 
1205 1345 1050 2 - 1.6 4.4 
1500 1875 1500 1 - 0.5 1.1 
1047 1400 1100 3 - 3.2 3.9 
1500 1335 1225 2 - 1.2 3.3 
1100 1360 1000 3 - 6.2 7.2 
1100 1450 1050 2 - 4.9 5.6 
1140 980 925 10 - 2.1 - 5.0 
1550 890 880 11 - 3.9 - 4.4 
1145 1025 850 8 - 3.5 - 1.7 
1545 1480 900 10 - 5.2 - 2.8 
1030 1200 800 7 - 0.9 2.8 
1100 1290 1000 4 - 2.4 '0. 6 
1100 1400 1250 1 - 10.0 - 5.0 
1440 850 600 16 - 1.0 - 2.8 
12 2"'orl-:;-;1 7"'5"'o..---t-'I "'25""'o -l----,1,----t---?'i \Jo-- - 5. 6 
1115 1800 1350 2 0 
1500 1525 1050 2 0 5.6 
1515 1400 1200 1 0 7.8 
1100 1500 1200 1 0 10.0 
1330 1525 1250 2 0 1.7 
0500 2450 1300 0 - 4.2 - 1.1 
0820 1820 1375 0.5 0 5.6 
1025 1325 1150 2 0 6.7 
1415 1400 1250 0.5 0 4.4 
1630 1250 1200 0.5 0 4.4 
2145 1625 1500 0 - 2.0 - 1.7 
051 5 1925 1300 0 - 6.5 0.6 
0800 1875 1375 0 - 2.0 7.8 
1115 2075 1200 1 0 8.9 
1515 1500 1300 1 0 10.0 
2000 1450 1100 1 0 - 2.2 
2330 2200 1400 0 - 4.5 - 3.3 
05 30 2400 1500 0 - 5.5 0 
0850 2425 1500 0 - 2.0 3.9 
1130 1725 1500 0 0 6.1 
1630 1450 1300 1 0 7.8 
2000 1000 ·900 0.5 0 5.6 
2315 2400 1250 0.5 - 0.5 4.4 

1 
<I 

1 
<I 

1 
1 
1 
1 
1 
1 
1 -2 
1 
1 

1 
1 
1 
1 
1 
1 
1- 2 
3 
3 
3 
2 

1 
1 
1 
1 
1 - 2 
1- 2 
2 
2 
2 
1 
1 
2 
1 
1 
1 
1- 2 
1 -2 
1 - 2 

Surface Hardness 
Mean ~f Virgin Snow 

Ram s:: ,.. s:: "' 
Density Hardness 8 2l - ~ ~ 

Top Top o. Q, S ~.; 
15 - 20 15- 20 e ~ o ~ ~ 
Inches Inches ~ 0.. b u ::r.:: 

(g/ cm' ) (g / cm' ) (g/ cm") 

0.269 80 
0.231 100 

E stimate 
of Free 
Water 

Content 

Absorbed 
Sot-.11· 

Radiation 
Between 
Sunrise 
& Test Sky 
Time Cond itions 

(cal / cm") 

0.188 22 70 clear 
0.245 25 50 clear 
0.184 20 55 Pt. cloudy 
0.199 15 30 P t. cloudy 
0.337 225 clear 
0.322 56 90 clear 
0. 302 64 240 clear ~ 
0.329 56 95 clear rx:l 
0.332 80 85 clear E-< 
0.294 117 90 clea r Z 
0.130 16 clear ~ 
0.138 21 30 Pt. cloudy 
0.130 25 10 cleai· 
0.152 29 15 clear 
0.165 48 58 overcast 
0.172 129 60 clear 
0.218 494 230 clear 
.,.o • ., 1:-:::1,..,.7-+---+ _

6
1.-:

7
3 __ --=--=-2._5--+- _ --j----ro~vercast 

0.37 4 115 Pt. cloudy 
0.397 39 360 clear 
0.4 17 83 37 0 clear 
0.459 214 570 clear 
0.485 134 1500 overcast 

g:!~ri 110 1622 10~gg+ Dry 0 ~~~~f~~~y 0 
0.494 55 1200 7600 Moist 35 Pt. cloudy Z 
0.4 84 24 292 2100 Wet 122 Pt. c loudy ~ 
0.471 26 274 Moist 282 Pt. cloudy ll. 
0.4 7 4 9 117 Moist 308 Pt. cloudy W. 
0.454 13 2314 4900 Dry 322 Pt. cloudy 
0.442 1200 10000+ Dry 0 clear 
0.444 570 7750 Dry 39 clear 
0.449 166 2500 Moist 124 clear 
0.472 9 164 4500 Moist 355 clear 
0.469 775 1950 Dry 408 clear 
0.485 23 10000+ Dry clear 
0.526 2742 10000+ Dry 0 clear 
0.487 3086 5750 Moist 67 clear 
0.470 222 1875 Wet 181 clear 
0.514 12 260 2825 Wet 385 clear 
0.523 10 338 2875 Dry 406 clear 
0.496 12 782 4000 Dry clear 
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sample of known volume obtained with stand
ard sampling tubes. 

T emperature. The temperatur e of the snow 
was measured with Weston bimetallic ther
mometers inserted horizontally into the snow 
profile. When measuring the temperature of 
the surface layer, the thermometer was shaded 
to eliminate the effect of solar r adiation. 

I-f ardness.* 
Drop cone penetrometer: The surface 

hardness within and outside of the track 
area was measured with the drop cone pene
trometer. 

Canadian hardness gage : The hardness 
of the undisturbed surface and at selected 

T rack depth. The depth of track below the 
original snow surface was determined for each 
test prior to measuring the drawbar pull. 

D escription of snow. Grain type and size and 
the thickness of each layer were recorded. 
Indications of the presence of free water both 
within and outside of the track area were 
noted and recorded during the spring test 
periods when melting occurred. 

Continuous records of air temperature, 
wind velocity, dewpoint, and incident and re
flected s·olar radiation were available from the 
concurrent meteorological research project ad
jacent to the test site. 

RESULTS OF TESTS 

The data obtained during the trafficability 
tests is summarized in Table II. Tests between 
27 December 1951 and · 25 April 1952 were 
made between 1030 and 1600 hours PST and, 
with one exception, only once on any day. On 
6, 14, and 15 May 1952, diurnal tests were 
made at intervals of 2 - 3 hours. Each test 
consisted of a single passage of the vehicle 
over an undisturbed snow surface. 

Drawbar pull versus density. The density of 
the undisturbed snow appeared to be one of 
the more important properties affecting traf
ficability. To determine the effect of the 
initial density and some of the other physical 
depths below the surface in the depressed 
track area was measured with the Canadian 
hardness gage applied horizontally to the 
snow profile. During May, the hardness of 
t he u ndisturbed snow occasionally exceeded 
50,000 g/cm2

, the maximum capacity of the 
Canadian hardness gage used in this study. 

Rammsonde: During the spring tests, a 
number of rammsonde profiles were made of 
the undistur bed snow. 

*A detailed description of the instruments 
used to measure hardness is given in the 
appendix. 
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FIGl'RE 4. MAXIM UM DRAWBAR P ULL, M-7 S NOW T RACTOR, \ ' S . 
t.1F:AN D F.NS ITY OF UPPF.R 15-20 IN CHES OF SNOW 

I I 

properties of the snow cover on trafficability, 
the depth to which the snow cover was affected 
by the passage of a vehicle was measured. A 
study of the snow-profile measurements made 
immediately before and after the winter tests, 
a few of which are shown graphically in 
Figures lOA-D, indicated that only the top 
15-20 inches of the snow cover was affected 
by the vehicle, so only the density of this top 
layer was used in evaluating the results of 
the trafficability tests. During the winter, when 
densities varied between 0.12 - 0.34 g/cm\ 
maximum drawbar pull increased a s the den
sity of the upper 15 - 20 inches increased, 
while during the spring test s, when initial 
densities exceeded 0.37 g / cm3

, there was no 
apparent relationship between density and 
draw bar pull (Fig. 4). 

The positive effect of density on traffic
ability during the winter and its negligible ef
fect during the spring is further emphasized 
by the highly significant correlation coefficient 
of 0.698 between density and drawbar pull 
for the winter snow and only 0.015 for the 
spring snow (Table V). * 
*The correlation coefficient is an arbitrary 
mathematical measure of the degree of rela
tionship between two variables. Its value de
pends both upon the variability of the charac
ters concerned and the number of pairs of the 
characters being examined. In multiple cor
relation, the numerical value is a measure of 
the effect of several variables upon one vari
able. The significance of this arbitrary ratio 
between variables is determined by the number 
of pairs included in the study in accordance 
with the null hypothesis. For an explanation 
of the meaning of the correlation coefficient, 
the method of computation and test of signifi
cance, reference should be made to any good 
text book on mathematical statistical methods. 
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"i 1800 
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; 1400 
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E 
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Track depth, (in ,) 

FIGU RE 5. M Axi MUM D RAWBAR Puu, M -7 SNo w TRACTOR, 
\ 'S . TRACK D EPTH 

Midday tests. 

Drawbar P~tll versus track depth. The bearing 
capacity of a deep, undisturbed, temperate
zone snow cover is usually too low to support 
traffic without some precompaction by the 
traction vehicle. In this compaction process, 
the vehicle sinks into the snow and expends 
energy which might be available otherwise for 
increased speed or load. It may be expected 
that some type of inverse relationship exists 
between drawbar pull and depth of vehicle 
penetration in soft snow. The plotted data for 
track depth and drawbar pull (Fig. 5) shows 
the inverse relationship between track sinkage 
and drawbar pull and indicates that, for the 
M-7 type of vehicle, a reduction of 30 percent 
or more in drawbar pull may be expected if 
the snow tractor must operate under condi
tions permitting sinkage of 8 to 10 inches. 
For densities greater than 0.37 g/cm3

, the 
maximum track sinkage was about 2 inches, 
which may explain, in part, the observed lack 
of relationship between drawbar pull and den
sities greater than 0.4 g/ cm3

• The influence 
of soft winter snow on reduction in traffic
ability is emphasized by the highly significant 
correlation coefficient, of negative sign (Table 
V), between drawbar pull and track depth 
during the winter and the positive value for 
the same variables during the spring trials, 
when the slight sinkage may have been asso
ciated with an increase in shear strength pro .. 
duced by compaction and a negligible increase 
in rolling friction. 

Effect of free water on the relationship between 
density and draw bar pull. Figure 4 shows that 
drawbar-pull values for a number of the 
spring tests were low. Most of these low values 
were obtained between 1200-1600 hours. This 
low trafficability may be attributed to the 
presence of free water in the snow since the 
snow pack was isothermal at ooc, air tem
peratures were above freezing, and field notes 
indicate the frequent presence of melt water 
during these tests. The water films probably 
acted as a lubricant between the snow grains, 
reducing the shear strength of the snow and, 
consequently, the drawbar pull of the vehicle . 

Drawbar pull versus surfa ce hardness. The 
drawbar pull of the M-7 tractor was found 
to be related to the hardness of the undis
turbed snow as measured by the drop cone 
penetrometer (Fig. 6). The relationship was 
not linear; the rate of increase in draw bar 
pull was much less for corresponding hardness 
changes at the higher than at the lower hard
ness values. The correlation coefficient be
tween drawbar pull and the drop-cone hard
ness of the undisturbed snow surface (Table 
V) was found to be significant for the winter 
snow and highly significant for the spring 
snow. The fact that both density and drop
cone hardness were significantly correlated 
to drawbar pull during the winter trials, but 
only hardness was significantly correlated to 
drawbar pull on spring snow indicates that 
density and hardness must be measured and 
treated as separate parameters in the evalua
tion of t r afficability. 

Figure 7 indicates that the greater track 
depths are associated with lower drop-cone 
hardness values on both low-density winter 
snow and high-density spring snow. When the 
drop-cone hardness of the undisturbed snow 
is 100 or more, the track depth seldom ex
ceeded 2 inches. 

Drawbar pull 7.:ersus ram hardness. During the 
spr ing tests, a number of profile measurements 
were obtained on the undisturbed snow with 
the rammsonde (Fig. 3). Since previous pro
file studies indicated that the mechanical pro
pertie~ of the top 15-20 inches of the undis
turbed snow were most effective for the type 
of vehicles used in these tests, the unit ram 
hardness of this layer was plotted against the 
maximum drawbar pull of the M-7 tractor. 
The results (Fig. 8) indicate that there was 
no relationship between ram hardness and 
drawbar pull on spring snow. It is possible 
that the ram hardness value may be a usable 
index to trafficability where layers of variable 
density and hardness are present in the upper 
2 feet of a snow cover, particularly during the 
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F IGL"RE 6. ?o.IAxiMUM DRAWBAR P uLL, M-7 SNOW TRACTOR . 
I"S . DROP- C O ' E S URFACE HARD NESS 

Correlation coeffi cient- f or combined w inter a nd spring trials = 0.70. 

winter when new snow of low bearing capacity 
may overlay older, high-density or hard snow. 
Such conditions were not encountered during 
the trials covered by this report. 

Drm.f.•bar -Pull 7.'e rsus sn o·w and air tem perature . 
Diurnal values of maximum and steady draw
bar pull, snow temperatures, air temperature, 
and track depth for the tests made on 6, 14, 
and 15 May 1952 are plotted in Figure 9. 
The results of these tests indicate that values 
of maximum drawbar pull were generally low 
when snow temperatures were at ooc and high 
if snow-surface temperatures were less than 
ooc. When snow-surface temperatures are at 
ooc, maximum drawbar pull varies inversely 
with the air temperature. This reduction in 
drawbar pull as air temperature increased 
above a spring snow surface probably shows 
the effect of free water on trafficability, since 
the high air temperatures increased the 
amount of melting. As additional evidence of 
the influence of liquid water in the snow cover 
on trafficability, the evening drop in snow
surface temperature to below freezing levels 
on 14 and 15 May resulted in a large increase 
in drawbar pull. A drop in snow~surface tem
peratures from ooc to -0.5 °C between 2000 
and 2300 hrs on 15 May was accompanied by 
an increase of more than 100 percent in the 
drawbar pull of the M-7 tractor. During this 
period, the air temperature 4 feet above the 
snow surface did not drop below 5.0°C. Since 
the sky was clear during the night when this 
diurnal study was conducted, the drop in 
snow-surface temperature and the improved 
trafficability may be attributed to long-wave 
radiation heat losses from the snow. It is 
probable that long ... wave radiation may have 
an important effect on traffica b il i ty, but 
whether it can be evaluated from such readily 
observable parameters as air temperature and 
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Spring trials. 

cloud cover has not yet been determined. 
The statistical analysis of the data for air 

and snow-surface temperatures (Table V) 
shows that, during the winter , trafficability 
was not affected by the temperature of the 
snow surface, while, during the spring t r ials, 
the correlation between snow-surface tempera
tur e and trafficability was highly significant, 
with an inverse relationship indicat ed. The 
analysis indicates also that, dur ing the winter, 
trafficability may improve as air temperatures 
rise, while, during the spring, falling air tem
peratures are associated with improvement in 
traffic~bility. This is indicated by the change 
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from positive to negative sign of the correla
tion coefficient for air temperature. 

The higher trafficability achieved when air 
temperature~a are high during the winter may 
be associated with an improvement in com
paction of the snow as the warm air is brought 
into more intimate contact with the cold 
snow by the action of the vehicle tracks. The 
lower trafficability during the spring when air 
temperatures are high may be attributed to 
the reduction in cohesive strength of the 
snow caused by increased amounts of melt 
water serving as a lubricant between the 
grains. Drop cone pentrometer values for the 
high-density spring snow may be an index to 
the effect of free water on trafficability. 

Effect of 'i. ~e llicle 0 11 subs urface SH O'l('. Profile 
studies on the winter test strips (Fig. lOA-D) 
show how the top 15-20 inches of snow cover 
were affected by passage of the M-7 tractor. 

During these winter tests, the density of 
the snow was always increased by the passage. 
of the tractor, but the hardness of the de
formed layer as measured with the Canadian 
hardness gage was increased considerably in 
some tests (Figs. lOA, B), increased only 
slightly (Fig. 10-C), or even decreased (Fig. 
1 0-D). The decrease in hardness may have 
been due to the breaking of bonds between 
grains and the lack of sufficient time or change 
in temperature for new bonds to form. The 
observed increase in hardness may be caused 
by better frictional contact between grains 
due to the mixing and compaction effect of 
the tractor, or by a rapid hardening process 
induced by mixing colder upper snow with 
the warmer lower layers. 

D rm.c•bar pull versus absorption of so!a·r radia 
tion. Effective amounts of solar radiation can 
penetrate snow to as much as 18 inches. The 
absorbed radiation will raise the temperature 
of the upper layer of snow and cause the 
bonds between snow grains as well as the 
grains themselves to become weaker, produc
ing an adverse effect on drawbar pull. Figure 
11 shows that an increase in absorption of 
solar radiation is accompanied by a decrease 
in drawbar pull. The advection of warm air 
with resultant higher air temperature during 
the test period undoubtedly influenced the 
measured drawbar pull, since air temperatures 
were sufficiently high to cause melting during 
part of the day. These tests did not demon
strate, however, that the simple measurement 
of air temperature will provide an index to 
trafficability when large amounts of solar 
radiation .are available. 

Hill- clim bing abili ty of test vehicles. Eighteen 
tests of hill-climbing ability were made with 

T ABLE III H ILL CLIM BI N G A BILITY OF SNOW T RACTORS 

Maximum Gr a de Climbed , '7c 
Test No. 

M-7 Tucke r-2 

1 30 41 

2 34 37 

3 38 38 

'4 37 49 

5 31 40 

6 34 37 

7 35 40 

8 46 43 

9 34 58 

10 34 40 

11 32 41 

12 42 46 

13 38 44 

14 34 38 

15 32 38 

16 43 57 

17 65 (2) 59(2 ) 

18 66 (1) 66(1) 

Mean (3) 34. 1 42.1 

( 1) Not sta lled by this maximum gr ade a t test site. 
(2 ) M-7 rode on crust . T-2 dug into snow. 
( 3) Mean of t est s in which all 3 tractors participated. 

Tucker -4 

54 

60 

58 

58(1) 

52 

66( 1) 

57 (1) 

66 

60 

59. 0 

each of the M-7 and Tucker-2 tractors and 9 
with the Tucker-4. The tractors were driven 
up a dish-shaped slope, which varied from 
about 8 percent at the bottom to approximate
ly 66 percent near the top. One passenger 
was carried in each tractor. The slope on 
which the tractor became immobilized was 
measured. The results of these trials are pre
sented in Table III. 

Both of the Tucker Sno-Cats usually were 
able to outclimb the M-7, although in one 
instance the M-7 was able to travel up hill 
on a light surface crust while the Tucker-2 
broke through and stalled on a slightly lesser 
slope. In another test, both climbed 66-percent 
slopes on a crust developed during the night. 

In all comparative tests the 4-pontoon 
Tucker was able to outclimb the M-7 and T-2. 
In a third of the trials, the steepest slopes 
available (57 -66 percent) were negotiated by 
the T-4 without stalling, while the M-7 and 
T-2 were stalled, under the same conditions, 
on much lesser slopes. 

High air temperatures and large a,mounts 
of available solar radiation decreased the hill
climbing capabilities of the snow tractors 
(Fig. 12). At noon, with air temperatures 
above freezing and large amounts of solar 
radiation being absorbed by the snow on the 
test slopes, grades of 30 to 40 percent could 
be climbed by both the M-7 and T-2. At mid
night, when air temperatures had dropped and 
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solar radiation was no longer available, heat 
losses by long-wave radiation reduced the 
liquid water content in the spring snow and 
induced hardening and crust formation which 
greatly improved the trafficability of the sur
face and the hill-climbing ability of the 
tractors. 

C omparisort of tractors. Maximum draw bar 
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pulls for the tests with all three tractors are 
summarized in Table IV. The ratio of the 
drawbar pull between the M-7 and the T-2 
and between the M-7 and the T-4 was com
puted and is presented also in this table. The 
mean . ratio between the T-2 and the M-7 is 
1.16; the mean ratio between the T-4 and the · 
M-7 is 2.15. 
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TABLE V. CoRRELATION CoEFFICIENT FOR ALL CoMPARABLE TESTS 

Maximum Drawbar Pull 

versus 

1. Track depth 

2. Density of top 15-20 inches of 
sriow cover 

3. Air temperature 

4. Drop-cone surface hardness 

5. Snow-surface temperature 

Multiple Correlation 
Coefficient 

Correlatio'~ Coefficieut 

Wint er Spriug 

-0. 727 * * 0.324 

0.698 * * 0.0 15 

0.421 - 0.310 

0.545* 0.543** 

0.085 - 0.581 ** 

0.655** 0.516 * 

Number of Trials 15 22 
* * Highly significant 
* Significant 

Note : Complete data for all of the variables included in the a na lysis 
of correlation coeffi cients were available on ly for 15 of the 
19 winter tests and 22 of the 57 spring tests. 

Although the T-4 has double the drawbar 
capacity of the M-7 and a much greater hill
climbing ability, it may be too top heavy for 
use in some areas. It negotiates steep side 
slopes with difficulty and, once stalled on a 
side slope in deep snow, extrication is difficult. 

SUMMARY AND DISCUSSION 
The results of the studies on snow traffic

ability covered by this report are summarized 
below. 

1. The physical and mechanical properties 
of the top 15-20 inches of snow determine<i 
the trafficability of the snow cover for light
weight, tracked vehicles. The thickness of the 
effective layer was determined largely by its 
density, but even in snow of 0.12 to 0.20 
g / cm3 density the passage of a snow tractor 
did not appear to produce any change in the 
snow at depths greater than 20 inches. It is 
probable that, for a snow cover less than 20 
inches thick, trafficability may be a function 
of the thickness of snow and the nature of 
the underlying surface, to which some of the 
load may be transferred. 

2. For low-temperature conditions, the 
drawbar pull of the snow vehicles was directly 
related to the density of the snow cover for 
densities between 0.12 and 0.34. On spring 
snow of 0.40 or greater density, there was no 
relationship between density and drawbar pull. 

3. For all 'conditions, either low-density, 
cold winter snow or high-density, crusted or 
wet spring snow, surface hardness as meas
ured with the drop cone penetrometer was 
related to the drawbar pull of all vehicles. 

4. The depth to which a vehicle sank in the 
snow, and therefore the energy required to 
displace or compact the snow, was inversely 
related to both the density and the surface 
hardness as measured with the drop cone pene
trometer. 

5. During the winter, when the snow tem
perature was usually below freezing and den
sity less than 0.3 g/cm3

, trafficability was 
directly related to air temperature, improved 
trafficability being associated with high air 
tern per a tures. 

6. During the spring, trafficability was in
versely related to both air temperature and 
snow-surface temperature. The presence of 
melt water in the snow surface, produced by 
air temperatures consistently above freezing, 
may have caused the reduction in trafficability. 
At night, when air temperatures dropped and 
radiational heat losses reduced the snow sur
face to below freezing, a highly trafficable 
surface was produced. 

7. The single passage of a snow tractor 
over the undisturbed snow surface sometimes 
produced either an immediate increase or a 
decrease in the hardness of the snow within 
the track area. At other times there was no 
apparent change in hardness following passage 
of the vehicle. Although the temperatures of 
the air and the snow appeared to be associated 
with the difference in hardness produced by 
passage of the vehicle, the trials did not pro
vide sufficient information for satisfactory 
evaluation of the cause of the apparent im
provement in bearing capacity in some trials 
and reduction in other trials.* 

8. An inverse relationship between traffic
ability and absorbed solar radiation was 
observed. These studies did not permit the 
complete isolation of the effect of solar radia
tional heat from convective heat on traffic
ability. 

9. The 4-pontoon Tucker Sno-Cat was ca
pable of climbing slopes in excess of 55 per
cent and occasionally greater than 66 percent. 
The average slope climbed by the M-7 was 
34 percent; the 2-pontoon Tucker negotiated 
42-percent slopes under similar conditions. 
Solar radiation and air temperatures affected 
the hill-climbing of the vehicles through their 
influence on the physical properties of the 
snow on the slope. 

10. The ratio of drawbar pull for the three 
vehicles under test was: M-7, 1; Tucker 2 

* The variation in the trafficability of a snow 
surface subject to continuous traffic was noted 
at the Joint Arctic Weather Stations during 
the 1954 spring resupply. At some stations, 
the tractors hauling supplies from the air strip 
to the station had to make a new trail fre
quently or risk being immobilized in the loose 
snow of the older trail. At other stations the 
tractor trails became sufficiently traffic-bonded 
to support almost continuous movement of 
supplies between the air strip and the station. 

GPO 811718 -3 
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pontoon, 1.16; and Tucker 4 pontoon, 2.15. 
11. The high efficiency of the 4-pontoon 

Tucker is offset to some extent by its top
heavy construction and lack of stability when 
negotiating side slopes, particularly on wet 
spring snow. 
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APPENDIX 
DESCRIPTION OF INSTRUMENTS USED 
IN THE TRAFFICABILITY STUDIES TO 
MEASURE THE HARDNESS OF SNOW 

1. Drop Cone P enetrometer. This instrument 
consists of a sheet-metal cone with a 60 " 
vertex angle which weighs 0 .. 5 kg and has a 
central spindle, a graduated supporting rod 
80 em long mounted on a flat base, and a 
movable, horizontal arm equipped with a bub
ble level and a trip lever fitting a notch on 
the cone spindle. It is provided with a set 
of weights, two 0.5 kg, one 1.0 kg and one 
2.0 kg, which may be slipped over the cone 
spindle. In operation the movable arm is set 
at a preselected height on the support rod, 
the appropriate weight placed on the cone 
spindle, and the spindle locked in the trip 
lever on the movable arm. The cone is 
dropped by releasing the trip lever, and the 
graduated support and movable arm is used 
as a depth gage to measure the depth of 
penetration of the cone into the snow. Hard
ness is computed from the equation, 

GPO 811718- 2 

H = L (D- P ) 
.35 P 3 

H is the hardness in g/cm2
, L the total load 

on the cone in g, D the distance of drop in 
em and P the depth of penetration in em. 

2. Canadian Hardness Gage. These gages are 
small, cylindrical, push-type, spring-loaded 
balances which may be operated with one 
hand. They are provided with threaded 
plungers on which disks of several sizes may 
be mounted. The gages are supplied in pairs; 
with the interchangeable disks, the low-range 
gage can measure from 0 to 5000 g/cm2 and 
the high-range gage from 0 to 50,000 g/cm2

• 

In operation, the barrel of the gage is held 
in the hand and the disk pressed against the 
snow until a definite collapse of the surface 
is observed. The spring tension at collapse is 
read on the rear end of the plunger which 
extends through the back of the cylindrical 
case. Hardness, in g/cm2

, is computed from 
the area of the disk and the observed spring 
tension. 

3. Rammsonde. With this instrument the 
hardness of the snow at a considerable depth 
may be measured without digging a pit. It 
consists of a light metal tube closed at one 
end with a conical tip which has a 4 em 
base diameter and 60 o vertex angle. In o.p
eration the tip is placed on the snow surface 
and driven into the profile .with a rammer 
sliding on a guide rod. Rammers of 1 and 
3 kg capacity are provided and extra exten
sion guide rods may be added as the ram is 
driven into the snow. The hardness, which 
is an empirical value usually referred to as 
the Ram Hardness Number, is computed from 
the following equation. 

Phn 
Ram Hardness Number, R = (q Q + P) +--· 

6.x 

where R hardness number 
q number of tube lengths 

Q weight of one tube (kg) 
P weight of hammer (kg) 
h height of fall (em) 
n = number of blows of hammer be

tween readings of x 
x - depth of point of penetrometer 

below snow surface; reading of 
scale (on tube) at snow surface 

6. x penetration (em) resulting from 
" n" blows. This is the difference 
between two successive values 
of x . 


