Cold Regions Research

ERDC/CRREL TR-05-12

>
—
@)
o+
©
—
O
O
©
—
o0
-
—
()
()
-
fol))
-
L
©
-
©

US Army Corps

of Engineersg
Engineer Research and
Development Center

Disturbance Measurements
from Off-Road Vehicles on Seasonal Terrain
Rosa T. Affleck July 2005

Approved for public release; distribution is unlimited.



COVER: Stryker wheeled vehicle.



ERDC/CRREL TR-05-12
June 2005

Disturbance Measurements
from Off-Road Vehicles on Seasonal Terrain

Rosa T. Affleck

Cold Regions Research and Engineering Laboratory
U.S. Army Engineer Research and Development Center
72 Lyme Road

Hanover, New Hampshire 03755-1290

Final report

Approved for public release; distribution is unlimited.

Prepared for U.S. Army Corps of Engineers
Washington, DC 20314-1000



ERDC/CRREL TR-05-12

Abstract: Vehicle operations on cross-country terrain for military, com-
mercial or industrial, and recreational purposes can disturb the terrain,
especially during spring thaw season. Terrain disturbance from off-road
vehicle operations can be measured in terms of rut depth and vegetation
damage. Ruts occur when vehicle load is greater than the terrain’s bearing
capacity, especially in soft soils. Rutting is the physical disturbance of the
soil, including compaction and deformation. Estimates of rut depth for
wheeled and tracked vehicles in soft, unfrozen soils can be calculated using
an empirical equation based on the vehicle and soil properties. The vehicle
parameters include vehicle load, tire or tracked footprint area, and wheel
slip. The terrain soil properties are very important elements for estimating
rut depth, including soil type and strength. Rut depth measurements were
collected from military vehicles during Stryker (wheeled) vehicle impact
tests at three locations at Donnelly Training Area, Alaska, and from
MG60AS (tracked) and HEMTT (wheeled) vehicles at Fort McCoy, Wiscon-
sin, during spring thaw seasons. These rut depth data are coupled with in-
formation about vehicle maneuvers (multiple passes and turning) and soil
properties, such as soil type, moisture content, and soil strength. The
scope of this report is to compare the actual rut depth measurements with
the empirical equations to relate the physical disturbance of the soil and
vegetation to a severity index, quantify the volumetric soil displacement,
and assess disturbance on winter operations.
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b; Undeflected tire or track width (m, in.)
Cl Cone index
DTA Donnelly Training Area
GIS Geographic Information System
GPS Global Positioning System
h; Unloaded section height (m, in.)
HEMTT  Heavy Expanded Mobility Tactical Truck
HMMWYV High-Mobility Multipurpose Wheeled Vehicle
La Air freezing index or air freezing degree days (°C-days)
lat Thawing index or thawing degree days (°C-days)
Ks Frozen thermal conductivity (J/s-m-°C)
Ky Unfrozen thermal conductivity (J/s-m-°C)
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M1 Abrams Tank (M1A1 or M1A2)
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NCDC National Climatic Data Center
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RCI Rating cone index (kPa, psi)
S Wheel slip
t Length of freezing period (days)
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o Thermal ratio (dimensionless)

Si Deflection for the running gear element i (m, in.)
A Correction coefficient (dimensionless)

u Fusion parameter (dimensionless)

P Soil dry density (kg/m®)

® Soil moisture content (%)
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Disturbance Measurements from Off-Road Vehicles
on Seasonal Terrain

ROSA T. AFFLECK

1 INTRODUCTION

1.1 Definition of Problem—The Problem of Spring Thaw

Spring thaw is a critical time of year for disturbance to soil and vegetation
from vehicle passage. Traffic on off-road terrain includes a variety of purposes,
e.g., military vehicles conducting training exercises and operations, oil drilling
and exploration, mechanized forest logging operations, and recreational pur-
poses. Vehicle disturbance on terrain during spring thaw is more complicated,
owing to the saturated and weakened thawed soil layer. Soil moisture is at its
maximum levels for the year due to snowmelt, and the moisture is trapped in the
thawed layer over an impermeable frozen layer (Shoop 1993, Richmond et al.
1995). The impact of vehicle traffic on shallow, thawed terrain may be severe as
a result of slippage and loss of vehicle traction, causing vegetation to be sheared
off at the thaw/frost interface. Likewise, the impact can be significant when thaw
is deeper and vehicle travel is restricted and impractical.

Soil deformation from military vehicle operations can cause environmental
damage by decreasing plant development and increasing erosion (Ayers 1994).
Several studies have been conducted to determine the effects of vehicle traffic
on soil and the resulting environmental damage (Braunack 1986a, b; Ayers
1994). The potential consequences of vehicle traffic on soil and vegetation in-
clude displacement of surface horizons, rut formation, soil compaction, reduction
of soil strength, restriction of water movement, and physical damage to root
systems. The physical soil disturbances affect not only plant vigor and mortality,
but also plant recovery. The severity of disturbance to the terrain has been cor-
related with loss of vegetation, exposed soil, increased erosion, soil compaction,
and root damage.

Military vehicle operations on training lands during spring thaw can cause
significant disturbance to soil and vegetation. The training lands in Alaska have
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experienced thermokarst erosion caused by loss of insulating vegetation in per-
mafrost zones. Evaluations and guidelines are being developed and monitored
for land sustainability (Jorgenson et al. 2004; Shoop et al. 2004a, b). The need to
maximize training capacities is important for the Army, but disturbance must be
kept to a minimum because of environmental consequences, and to minimize the
terrain reclamation or restoration needs.

In winter, however, frozen ground allows vehicles to traverse on areas of
otherwise untrafficable or inaccessible lands. The impact to the terrain can be
minimal as a result of the frozen soil’s higher strength, and snow cover can also
limit the disturbance to the vegetation.

Disturbance to the soil and vegetation generated by the vehicles can be
measured in terms of rut depth and severity of the disturbance. This report,
however, deals only with the disturbance generated by military vehicles.

1.2 Background

In order to provide a quantitative analysis of the impacts of the Stryker
Brigade maneuver training on Alaska training lands, a study was conducted
during spring breakup using the 20-ton Stryker wheeled vehicle. The tests were
performed in May 2003 at three locations in the Donnelly Training Area (DTA,
formerly Fort Greely), Alaska (Affleck et al. 2004a, b). The three locations are at
Arkansas Range, Eddy Drop Zone, and Texas Range (Fig. 1). The study encom-
passed examination and measurements of the rut depth, soil moisture, thaw
depth, soil strength, and disturbance to soil and vegetation along the vehicle
tracks in the maneuver test area. The maneuver impact tests consisted of spiral
and multi-pass runs to quantify the effects of the vehicle performing various
maneuvers (straight versus turning). For the spiral test, the vehicle performed
turning maneuvers by traversing from a small radius to larger radii to examine
the disturbance generated when the vehicle is turning. The multi-pass tests were
composed of lanes with one, three, eight, and thirteen passes. A preliminary data
analysis on the maneuver impact tests at DTA is reported in Affleck et al. (2004a,
b).

In contrast to the Alaska training sites, the other site where spring rut depth
data were collected is located at Fort McCoy, Wisconsin, with moderate seasonal
frost conditions (Fig. 2). The rut data used in this report are from two control
sections of a wooded trail generated after trafficking using the M60A3 (tracked)
and HEMTT (wheeled) vehicles in April 1995, in conjunction with a soil sta-
bilization project (Kestler et al. 1999). The control sections of the trail were
relatively straight and fairly flat, and rut depth measurements from one, ten,
twenty-five, and fifty passes were taken.
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Figure 1. Locations of Stryker maneuver tests at Donnelly Training Area.
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Figure 2. Location of wooded trail at Fort McCoy, Wisconsin.

Rut depth is the distance measured between the bottom of the tire track that
has been caused by vehicle traffic and the adjacent undisturbed soil surface. A
semi-empirical equation to predict rut depth has been developed for off-road
vehicles in soft and unfrozen soils (Willoughby and Turnage 1990, Sullivan
and Anderson 2000). This equation is a function of soil strength and vehicle
parameters. Actual rut depth measurements from each site are compared to the
estimated rut depth predicted by the semi-empirical equation.

A method to calculate the volume of soil being displaced and/or the volume
change due to ground compression along the tracks is also developed based on
the rut depth data. Correlations are established on the amount of rutting between
a single pass and multiple passes. Likewise, disturbance relationships are devel-
oped on straight path and turning sections.

A guideline was used to quantify the amount of disturbance to the soil and
vegetation in terms of percent, which included vegetation damage, removal of
vegetation, exposure of soil, and soil compaction. The cumulative impact width
is based on the disturbed width and the impact severity. Cumulative impact width
and turning radius relationships have been developed for various military vehi-
cles from various training lands for summertime conditions. Cumulative impact
width and turning radius relationships for the Stryker vehicle were developed and
compared with other military vehicles.
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1.3 Objectives

The objective of this report is to determine and quantify the impact of
military vehicles on seasonal terrain. Data used for this study included distur-
bance and rutting measurements from the maneuver impact tests in DTA, Alaska,
and rut depth data on the control sections of the wooded trail at Fort McCoy,
Wisconsin. The disturbance and rutting are quantified as follows:

1) Compare measured rut depth and the results from the semi-empirical rut
depth equation.

2) Evaluate disturbance and rutting by comparing single pass and multi-
pass, and straight path versus turning maneuvers, and develop a method
to calculate the volume of the soil displaced and compressed along the
tracks from the rut depth measurements.

3) Establish a cumulative impact width and turning radius relationship for
the Stryker vehicle. Compare cumulative impact width and turning radius
relationship for the Stryker vehicle and other conventional military
vehicles.

4) Assess disturbance during the winter season (on frozen ground and snow
cover), and compare the vehicle impact against the disturbance during
spring breakup on the same terrain.

1.4 Definition of Terms

Freezing Index or Air Freezing Degree Days: Yearly sum of the differences
between 0 °C and daily mean temperature for the days with means below 0 °C.

Frost Depth: Thickness of the layer of frozen soil with subsurface tempera-
tures below 0 °C.

Permafrost: Area in which temperature of the underlying material (soil) is
perennially at or below 0 °C for at least two consecutive winters.

Thaw Depth: Thickness of the thawed soil layer from the surface to an under-
lying frozen layer, typically occurring when temperature is above freezing in
spring.

Thawing Index (I, T1): Yearly sum of the differences between 0 °C and the
daily mean temperature for the days with means above 0 °C.

Rut Depth: Distance measured between the bottom of the tire track that has
been caused by vehicle traffic and the adjacent undisturbed ground surface.

Snow Depth: Thickness of the snow cover on the ground.
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2 LITERATURE REVIEW

Off-road vehicle traffic induces various impacts on terrain, especially during
the thawing season. The impact is a function of vehicle type, the soil (strength,
type, drainage, etc.), terrain, and climatic conditions. Several research studies
have been undertaken, including vegetation disturbance (compression, breakage,
removal, etc.), soil compaction, bulk densities, saturated hydraulic conductivity,
and rutting of various vehicles for different purposes and operation. These
reports are grouped according to vehicle impact on arctic and subarctic terrain,
vehicle impact from military vehicles on training lands, and impact of mech-
anized vehicles on forest operations.

2.1 Vehicle Impact on Arctic and Subarctic Terrain

A compilation of studies conducted on the disturbance and recovery of
Alaskan tundra terrain caused by natural (fire, erosion, thaw lakes, frost action,
etc.), and human-induced (off-road transportation, construction) activities is
documented in Walker et al. (1987). The impacts from off-road transportation
corridors, such as bulldozed trails and summer off-road vehicle trails, were
addressed. Disturbance from construction of winter snow and ice roads with the
main emphasis on the effects on vegetation was also addressed. Cross-tundra
vehicle traffic may produce all levels of initial disturbance, ranging from com-
pression of vegetation to displacement and removal of vegetation (Walker et al.
1977, Abele et al. 1978, Lawson 1982, Everett et al. 1985, Walker et al. 1987,
Emers et al. 1995). Their studies concluded that the disturbance is based on
many factors, including vehicle type, acceleration, turning radius, speed, time
of summer, number of passes, slope, and vegetation.

A few studies have been conducted on the long- and short-term effects of off-
road vehicle traffic on arctic tundra and subarctic alpine tundra soils (Sparrow et
al. 1978, Abele et al. 1984, Slaughter et al. 1990). Soils with high and low ice
content can be found in arctic and subarctic alpine terrain. Areas with high-ice-
content soils were found to be more vulnerable to vehicle damage than those with
low ice content (Hok 1969, Gersper and Challinor 1975). Sparrow et al. (1978)
investigated the relationships between the severity of soil disturbance and the
parameters of soil drainage class, soil morphology (soil profile), topography, and
soil compaction (bulk density) of existing off-road vehicle trails. Their study
concluded that poorly drained soils underlain by permafrost are often most
heavily damaged, and soil bulk densities were relatively higher on traffic areas
than the undisturbed areas.
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Several disturbance rating procedures have been established to rate the
impacts of vehicles on permafrost-underlain terrain; some are summarized in
Appendix C. A more quantified rating scheme that includes compression, dis-
placement, breakage, and deposition of vegetation was developed by Abele et
al. (1978) and is shown in Table C1. Later, Slaughter et al. (1990) developed
summary ratings from the results of several off-road vehicle impact studies
(Table C2) for typical vehicles listed in Table C3. These off-road vehicles ranged
from small all-terrain (900-600 kg) to heavy wheeled and tracked (1,500-10,000
kg) vehicles, and are widely used in subsistence harvesting, sport hunting, recrea-
tion, and general transportation in Alaska.

2.2 Impact of Military Vehicles on Training Lands

Similarly, vegetation disturbance and soil deformation from military vehicle
operations can cause environmental damage by decreasing plant development
and increasing erosion on training lands, and are of great concern for training
land managers. Training lands in Alaska have experienced thermokarst erosion
caused by loss of insulating vegetation in permafrost zones. Evaluations and
guidelines are being developed and monitored for land sustainability (Jorgenson
et al. 2004; Shoop et al. 2004a, b). Analyses were conducted by Shoop et al.
(20044, b) for U.S. Army Alaska training lands, and criteria were developed in
which rut depths less than 6 cm (2.5 in.) are considered to be minor damage and
rut depth greater than 15 c¢cm (6 in.) is significant. The need to maximize training
capacity is important for the Army, but disturbance must be kept to a minimum
because of environmental consequences and to minimize the terrain restoration
needs.

Several recent research studies have been conducted to determine the effects
of military vehicle traffic, both wheeled and tracked, on soil, and the ensuing
environmental damage. The results are documented by Braunack (19864, b);
Ayers (1994); Ayers et al. (2000); Halvorson et al. (2001); Haugen (2002); Gatto
(2002); and Haugen et al. (2002). These studies, however, were conducted on
military training lands in temperate regions with no seasonal or frost effects,
except for Halvorson et al. (2001) and Gatto (2002). Braunack (1986a) conducted
a test using the M113 (tracked, armored personnel carrier vehicle) on sandy soils
in straight and turning paths to determine the effects of soil bulk density,
saturated hydraulic conductivity, cone penetrometer resistance, and surface
micro-relief (rut depth). In contrast to other studies, results from Braunack
(1986a) showed a lower soil cone resistance within the tracks for the single pass
and no change for two and six passes both on straight and turn tracks. It was also
observed that a larger area was disturbed when the vehicle turned with increased
rut width and depth.
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Changes in rut geometry caused by freeze—thaw effects have been
investigated by both Gatto (2002) and Halvorson et al. (2001). Gatto (2002)
investigated rut depth and soil physical properties changes over several winter
seasons caused by soil freezing from ruts generated from an M1, HMMWV, and
HEMTT at Ethan Allen Firing Range (EAFR) in northwest Vermont, and showed
that slumping of soil occurred in sidewalls of deep ruts in the spring as the soil
thawed and loosened the compacted soil in the ruts. Halvorson et al. (2001)
measured rut depths ranging from 2 to 15 cm and 64 cm wide, generated from an
M1A2 tank during summer at Yakima Training Area (YTA) in central Washing-
ton, and found that ruts were smoothed over time as a result of several events of
shallow freeze—thaw cycles (cold wet winters).

The type of military maneuvers can also influence the impact on the terrain,
whether the vehicles are performing column formation (single and multi-pass
paths) or turning maneuvers. Guidelines to measure the disturbance to the soil
and vegetation were established using impact severity and its corresponding
disturbed width based on work by Ayers et al. (2000), Haugen (2002), and
Haugen et al. (2002), as listed in Table 1. They have established cumulative
impact width and turning radius relationships for several military vehicles from
test data collected at YTA and Australia during summer conditions. These
relationships are used for comparison to the test data measured for the Stryker
vehicle at the Donnelly Training Area.

An empirical equation to predict rut depth has been developed by Willough-
by and Turnage (1990) for off-road vehicles in soft and unfrozen soils. This
equation has been incorporated into a vehicle performance prediction model
(Richmond et al. 1995) and applied in a model to evaluate vehicle severity
factors for estimation of U.S. Army lands’ training capacity (Sullivan and
Anderson 2000).

2.3 Impact of Mechanized Forest Operations on Woodlands

Disturbance caused by machines used in forest operations for wood harvest-
ing and timber extraction has been found to create site impacts, especially on
sensitive forests with soft soil. Many researchers have concluded that harvesting
in both poorly drained and well-drained soil with a high seasonal water table can
result in soil compaction or rutting, and may limit or restrain root growth (Aust
et al. 1995, Stone 2002, Nugent et al. 2003). These machines induced ground
pressure ranging from 20 kPa to 125 kPa (Table C4). Aust et al. (1995) con-
ducted compaction and rutting studies on coarser surface material (sandy soils)
overlying finer subsoil materials (sandy clays and clays). Bulk densities were
found to be 20% higher on the rutted and compacted area than the non-trafficked
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sites. Also, the average saturated hydraulic conductivity rate at which free water
is able to drain through the soil structure decreased at least 10% after rutting and
compaction. Similarly, Nugent et al. (2003) conducted a study on peat sites (95%
water content and 5% solid content) and found that harvesting and extraction
machines compacted the top 40 cm of the soil (peat) profile after trafficking
based on the cone penetrometer resistance data. The average rut depth after one
pass of 73.9-kPa ground pressure harvester was 15.3 cm with cone penetrometer

resistance of 494 kPa.

Table 1. Guidelines for impact severity based on work by Haugen (2002) and Haugen et

al. (2002).
% Impact
severity Guidelines

0 No visible disturbance as compared to surrounding vegetation/area.
Laying down of vegetation; will recover quickly; few, if any, broken stems; no evidence of

10 vegetative shearing; very difficult to see impact after a few days.
Some broken stalks/plants; no possibility of these stalks/plants straightening or returning
to initial conditions within a few days; visible for a couple of months after impact; visible

20 soil disturbance, possibly exposing bare soil as a result of vehicle weight.
Obvious depressed soil and vegetation with slight vegetation removal and significant
vegetative damage; crushing, shearing, and slight removal of vegetation likely; piling on
track edge evident due to turning and weight of vehicle; movement of plants/soil toward
the edge of vehicle track without completely shearing plant at roots; some bare soil

40 exposed.
About one-third of vegetation still present and intact on the track; significant amount of
bare soil exposed; larger piling of vegetation on the edge of the track due to shearing
motion of the vehicle, fully removing species from track; some of the pile has overturned,

60 exposing some roots to air, suggesting vegetation may not recover.
Few vegetative species still intact on vehicle path; some vegetation has been sheared
down to just above roots, so very little of plant remains above ground, while other
vegetation has been fully sheared, removing roots; piling of vegetation and soil on the
edge of the path; pile is completely overturned, exposing roots, suggesting the majority

80 of species will not recover.
Complete removal of vegetation and soil; shearing action of vehicle has left vehicle track

100 bare; sheared vegetation and soil is piled on edge of track.
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3 METHODS

The methods used to quantify the disturbance from military vehicles on the
terrain include comparison of actual rut depth and results to the semi-empirical
rut depth equation; soil displacement correlations between single pass and multi-
pass runs, straight path versus turning maneuvers; cumulative impact width and
turning radius relationships; and comparison between the Stryker and other con-
ventional military vehicles.

3.1 Rut Depth

3.1.1 Measurements

Rut depth is the distance measured between the bottom of the tire track that
has been caused by vehicle traffic and the adjacent undisturbed soil surface. Rut
depth is typically measured with a profilometer, which is placed in the center of
the tracks, and depths. This was the technique used at Fort McCoy and DTA.
However, more detailed rut depth data were collected from the maneuver impact
tests at DTA using a profilometer made of a metal bar with sliding rods as shown
in Figure 3. The rods are spaced every 2 cm horizontally and each rod is marked
at 1-cm intervals vertically. The profilometer was placed in the center of the rut
and a photo of the rut depth taken, and its location noted using a GPS unit. The
photos were printed and lines were drawn of the natural (undisturbed) ground
surface profile (the outside of the ruts) and maximum level of the rut. Rut depth
is determined by counting the 1-cm intervals on the rod between the surface and
rut lines (Fig. 3).

3.1.2 Rut depth model

Soil sinkage or rut depth (z) can be calculated for wheeled and tracked
vehicles using semi-empirical equations developed by Willoughby (Willoughby
and Turnage unpublished memo 1990), Richmond et al. (1995), and Sullivan
and Anderson (2000). Although rut depth and sinkage are not equivalent, the
measured difference is small and they were considered equivalent for these
calculations. The equations for wheeled and tracked vehicles, respectively, are
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10*r,

= _*N’2 (Wheeled) 1)
2*RCI*F *b
W, *(1-8, /h )" *(s%)

z

“N%2  (Tracked) (2)

Lot = [000443* Li *9(5887 *Wi /RCI *bi * L|):|

Vw —-Vv

S= oo 3)
where  Zg;) = sinkage or rut depth, m (in.)

RCI = rating cone index (kPa, psi)

bi = undeflected tire or track width, m (in.)

L = track length, m (in.)

r = tire radius, m (in.)

Wi = wheel or track load, N (Ib)

h; = unloaded section height, m (in.)

i = deflection, m (in.) for the running gear element i

S = wheel slip

Vw = velocity of the wheel (mph)

Vv = velocity of the vehicle (mph)

N = number of passes.

The variables for tire dimensions listed above are illustrated in Figure 4.
Equations 1 and 2 were developed for predicting single-pass and multi-pass rut
depths of ground vehicles. Sullivan and Anderson (2000) suggested a value for
wheel slip of 20%. A 5% wheel slip value would not be uncommon for a vehicle
traveling on a competent surface, while 50% slip or more would result from a
low-traction surface. In this analysis, equation 1 was used to calculate the
expected rut depth using 20% and 50% wheel slip for one pass and for 10 and
thirteen passes. The predicted rut depth values are compared to the measured rut
depth data.

Soil strength was expressed as a Cone Index (CI) or Rating Cone Index
(RCI) for the layer of soil from 0 to 15 cm (0 to 6 in.), and also for the layer from
15to0 30 cm (6 to 12 in.) in depth. The soil strength was measured using a 30°
circular stainless steel cone penetrometer, which correlates the soil strength to the
shear resistance of the soil. The cone is pushed into the soil at a uniform rate and
readings were recorded at 2.54-cm (1-in.) intervals. The Cl is calculated from the
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cone penetrometer reading and the cone basal area (ASAE 1999). Cl is for sandy
soils since these materials do not remold. The RCI accounts for the remolding of
more resilient soils and for the effect of multiple passes of vehicles (RCI = CI x
Remolding Index). Remolding index, however, applies only to fine-grained soils
such as silts and clays. Because the soils in this analysis are mainly silty sands
(SM and SP-SM), CI values were used in the equations and are expressed in psi
or kPa.

Figure 3. Rut depth measurement and determination using a profilometer.

The maximum estimated rut depth for the vehicle using equations 1 and 2
cannot exceed the vehicle ground clearance height because the vehicle will
bottom out at that depth, possibly resulting in immobilization. Therefore, any
calculated rut depths greater than the vehicle ground clearance are set equal to
the vehicle clearance height. The clearance heights for each vehicle are listed in
Table 2.
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Figure 4. Measurement of tire dimensions.
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Table 2. Comparison of vehicle mobility parameters for the Stryker and other military off-
road vehicles.
Wheeled vehicles Tracked vehicles
Vehicle
parameters Stryker LAV Gen3 HEMTT M113 M60A3 M1A1l
265.4 265.4 244 268.7 363.2 365.2
Width, cm (in.) (104.5) (104.5) (96) (105.8) (143) (143.8)
693 692 917 488 639.4 792
Length, cm (in.) (273) (272.3) (361) (192) (273) (311.7)
17,745 17,877 27,386 10,614 52,617 57,811
Weight, kg (Ib) (39,120) (39,412) (60,375) (23,400) (116,000) (127,451)
Contact pressure, 193 182 121 51 76.5 90
kPa (psi) (27.94) (26.38) (17.56) (7.4) (11.1) (13.1)
Trac“"eh fcl’rce' 125.8 126.7 194.2 75.3 373 441.1
asphatt (28,283) (28,495) (43,651) (16,918) (83,868) (99,178)
Tractive force, ice 17.4 17.5 26.8 10.4 51.6 61.0
kN (Ib) (3,912) (3,941) (6,037) (2,340) (11,600) (13,718)
Ground
clearance, cm 44.3 43.1 33 40.6 45.7 43.2
(in.) (17.43) (16.97) (13) (16.0) (18.0) (17.0)
% Slope
performance 60 60 60 60 60 60
Frontal/side 30 30 30
Cross-country tire 241-276
pressure, kPa 275.8 172.4 (35 front,
(psi) (40) (25) 40 rear) — — —
Max cross-
country speed, 64.36 32.2 64.36 67.6 48.3 72.4
kph (mph) (40) (20) (40) (42) (30) (45)
8x8 8x8 8x8
General (4 axles, (4 axles, (4 axles, Metal Metal Metal
description 8 tires) 8 tires) 8 tires) track pad track pad track pad
Track or Tire Properties
b;, Undeflected 31 31 40.6 38.1 71.1 63.5
width, cm (in.) (12.2) (12.2) (16.0) (15) (28) (25)
L;, Track length, 276.9 434.3 465.1
cm (in.) — — — (109) (171) (183.1)
r;, tire radius, cm 56.6 56.6 66.8
(in.) (22.245) (22.245) (26.3) — — —
h;, Unloaded
section height, 311 31.1 35.1
cm (in.) (12.24) (12.24) (13.8) — — —
9;, Deflection, cm 5.2 5.2 8.1
(in.) (2.05) (2.16) (3.2) — — —
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3.2 Volumetric Soil Displacement

A method to calculate the volume of deformation (rutting) can be achieved
using the rut depth measurements from a profilometer. Using the picture file of
rut depth data, the soil displacement or deformation area of the rut can be calcu-
lated using image processing software (Image Pro Plus). The area is determined
using the correct scale of the profilometer from the rod increments and spacing in
centimeters, then tracing the enclosed area of the rut and counting the number of
pixels inside it (Fig. 5). Using a conservative assumption that soil being displaced
is uniform within 1 m of track length, the volumetric displacement is computed
by multiplying the area of soil displaced by 100 cm of track length.

Figure 5. Soil displacement calculation using image processing software to
determine the area of a rut.

3.3 Impact Severity

The disturbance categories included an imprint, a scrape, and a pile, or a
combination of both as illustrated in Figure 6 (Ayers et al. 2000, Haugen 2002,
Haugen et al. 2002). An imprint is defined as an occurrence in which soil and
vegetation are compressed in the vehicle track. A scrape is an occurrence in
which the soil and vegetation have been stripped away from the vehicle track. A
pile disturbance happens when soil and vegetation have been displaced from the
vehicle track and piled on the side(s). The impact severity was characterized by
the amount of vegetation disturbed and removed, and the amount of bare soil
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exposed along the track, using the guidelines in Table 1 based on work by
Haugen (2002) and Haugen et al. (2002). Disturbed width was the width over
which the impact severity was measured. The cumulative impact width was
calculated as the total of the product of the disturbed width and impact severity
data for one tire track. The disturbance for the outside tire track was used to
determine the cumulative impact width and turning radius relationship.

The turning radius is determined from the coordinates of the vehicle position
using data points from five consecutive data points (Ayers et al. 2000). Perpen-
dicular bisects to lines connecting the first to the third, and third to the fifth, data
points were calculated from the coordinates of those points. The intersection of
those two perpendicula