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This report was prepared.at the U.S. Army Engineer Waterways 

Experiment Station (WES), Vicksburg, Mississippi, under the sponsorship 
of the U. S. Army Aviation Systems Command, St. Louis, Missouri. 

Certain portions of the report were abstracted and summarized from 

other publications; these portions are identified by appropriate refer-
ences. The helicopter tire tests were conducted in August-September 1973 
by personnel of the Mobility Investigations Branch (MIB),'Mobility Sys-

tems Division (MSD), Mobility and Environmental Systems Laboratory (MESL), 
under the direct supervision of Mr. C. E. Green. The total program was 
under the general supervision of Messrs. E. S. Rush, Chief, MIB, A. A. 
Rula, Chief, MSD, and W. G. Shockley, Chief, MESL. The report was pre-
pared by Messrs. Rush and Green. 

Directors of the WES during conduct of the tests and preparation 

of the report were BG Ernest D. Peixotto, CE, and COL G. H. Hilt, CE. 
Technical Director was Mr. F. R. Brown. 
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CONVERSION FACTORS, BRITISH TO ~1ETRIC AND ~TRIC TO 
BRITISH UNITS OF ~ASURE~NT 

British units of measurement used in this report can be converted to 
metric units as follows: 

Multi El By To Obtain 
inches 2.54 centimeters 

square inches 6.4516 square centimeters 
feet 0.3048 meters 

miles 1.6093 kilometers 

pounds (force) 4.4482 newtons 

pounds per square inch 6.8948 kilopascals 

Metric units of measurement used in this report can be converted to 

British units as follows: 

Multi Ely 

centimeters 
meters 

By 

0.3937 
3.2808 
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SUMMARY 

Information in this report was assembled at the request of the 
U. S. Army Aviation Systems Command because of the current interest in 
establishing quantitative performance requirements for helicopters and 
related ground-support equipment on unimproved terrains. A brief review 
is presented of the current state of the art of criteria for determining 
the ground-flotation requirements for landing gear of aircraft, particu-
larly fixed-wing aircraft, and criteria for estimating cross-country 
performance of military vehicles. Discussions are also presented of 
three soil strength parameters: California Bearing Ratio (CBR), air-
field index (AI), and cone index (CI). Results of tests with three 
helicopter tires in prepared and natural soils are presented, and rela-
tions are shown among soil strength, towed motion resistance of some 
assumed helicopter configurations, and maximum-drawbar-pull capabilities 
of selected ground vehicles. Also presented is the distribution of 
terrain factors mapped in a selected West German transect and the 
probability of moving helicopters over the terrain. 

No single soil strength measuring system is completely adequate for 
characterizing soil conditions for the purpose of estimating performance 
of all aircraft and all ground vehicles in all operating situations. The 
CBR system appears to be adequate for prepared surfaces and unprepared 
surfaces with CBR above about 2.5 when estimating the grow1d-flotation 
requirements of aircraft and relating the requirements to the design 
capabilities of airfields according to established criteria. The CI 
system has been used successfully for characterizing soil strength for 
the purpose of estimating performance of ground vehicles on unimproved 
terrain. Limited testing reported herein indicates that the CI system 
can be used successfully for estimating the soil strength requirements 
for movement of helicopters over unimproved terrain; therefore, a pro-
cedure can be established wherein design requirements for helicopter 
landing gear can be made in terms of CI dependency upon the desired 
level of performance. 

Appendix A presents the soil submodels available in the compre-
hensive Army mobility model for predicting performance of ground vehicles. 
Appendix B presents the environmental description of a West German transect. 
This transect is presented to demonstrate a technique for mapping terrain 
factors that has been used successfully for estimating the performance 
of ground vehicles in off-road terrains and that can be used to some degree 
for estimating the ground movement capabilities of helicopters. 
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HELICOPTER MOVEMENT ON UNIMPROVED TERRAIN 

PART I: INTRODUCTION 

Background 

1. The study reported herein was performed at the request of the 
U. S. Army Aviation Systems Command because of the current interest in 
establishing quantitative performance requirements for helicopters and 

related ground-support equipment on unimproved terrains. This interest 
is particularly strong concerning forward-area environments where aircraft 
may have to operate on the ground away from airfields and heliports to 

accomplish their required mission or to deploy for protection against 
enemy attacks. Once the performance requirements of helicopters and 

related ground-support equipment (ground vehicles) have been established 
in quantitative terms, the performance capabilities' of existing equipment 
can be estimated with reasonable accuracy, or design requirements for 

ground-support devices of new equipment can be specified to meet a given 
level of performance. 

2. Considerable data exist in technical reports and manuals in 

the form of design curves for surfaced and unsurfaced (but prepared) soils 

for airfields, heliports, taxiways, etc. These same data have been used 

in some instances to develop ground-flotation requirements for landing 

gear of aircraft, particularly fixed-wing aircraft. In both instances 

the design curves are based on the California Bearing Ratio (CBR) test 
for soil strength. In field validation or evaluation of the design curves 

where actual CBR tests are required, the test procedure is time-consuming 

and requires specially trained personnel, special test equipment, and 

certain laboratory facilities. Thus, expedient means have been developed, 

in lieu of the CBR test, to make field evaluations and validations. The 

airfield penetrometer is used to determine an airfield index that can 
be related generally to CBR. Another expedient is the use of ground vehicles 

(by measuring their sinkage) to rapidly assess strength of unsurfaced 

soil areas. 
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3. Considerable data also exist in technical reports and manuals 
on soil-vehicle performance relations for grolllld vehicles operating in 

unimproved terrain. The soil strength parameter used for ground vehicle 

mobility studies is primarily cone index, which is measured with the cone 
penetrometer. (Other soil-measuring systems are used, but only in special-
ized studies.) Cone index is also used in studies of the interaction 

of soil and traction elements (wheels or tracks) in prepared soil bins in 
laboratory facilities. It also is used extensively as a strength parameter 

in terrain factor complex maps of natural terrain areas. The U. S. Army 
Engineer Waterways Experiment Station (WES) VCI (vehicle cone index) method 
uses cone index measurements for predicting vehicle performance (go, no 

go, drawbar pull, and motion resistance). This system is a submodel of 
a comprehensive Army mobility model for predicting vehicle performance 
in most terrain situations. The data mentioned in this paragraph and the 

preceding one are discussed later in this report. 
4. Performance capabilities of some aircraft' and ground vehicles 

are compared in fig. 1 over the strength ranges for the CBR and CI systems. 

This figure indicates that ground vehicles are able to operate in lower 

soil strength ranges than aircraft if performance is based on rutting 
of the wheels or landing gear. However, rutting criteria are not adequate 

to fully describe the performance capabilities and requirements of ground 

vehicles and aircraft operating on unimproved terrain, especially if the 

vehicles and aircraft are required to have compatible performance 

capabilities. 

Purposes of Study 

5. The purposes of this study were to: (a) present a discussion of 
current systems for measuring soil strength parameters used to determine 

ground movement requirements of aircraft and ground-support vehicles, 

(b) present a discussion of current methods of determining ground-flotation 

requirements of aircraft and cross-country performance of ground vehicles, 

(c) conduct tests with some wheel sizes and configurations currently 

being considered for helicopters, (d) provide a means of predicting 
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and predict drawbar·pull of self~propelled ground vehicles and forces 
required to move wheeled helicopters over unimproved terrain, and 
(e) determine the distribution· of terrain factors affecting performance 

of helicopters and ground-support systems in a selected West German 
traverse. This report should provide a start toward establishing a 
method of evaluating the combined operations of helicopters and ground 

vehicles in performing specified missions in various environments in the 

theater of operations. 

Scope of Study 

6. A brief discussion and comparison are presented herein of three 

conmionly used soil strength measuring systems: CBR, airfield index (AI), 
and cone index/rating cone index (CI/RCI). The technique for determining 

ground-flotation requirements for aircraft operation on unsurfaced airfields 

is presented, and the current method used for determination of perfoi:mance 
of ground vehicles in unimproved terrain is briefly presented. Using 
the CI/RCI systems, performance of selected wheeled helicopters and ground 

vehicles in a West German traverse is predicted, and some results of 
performance tests conducted in prepared soil and unimproved terrain are 
presented for two tire sizes and two helicopter configurations. 
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PART II: REVIEW OF CURRENT STATE-OF-THE-ART OF DETERMINING 
AIRCRAFT GROUND-FLOTATION REQUIREMENTS AND VEHICLE 

CROSS-COUNTRY PERFORMANCE 

7. The following discussions were abstracted from certain refer-
ences listed at the end of the main text. 

Systems for Measuring Soil Strength 

8. From an engineering viewpoint, one of the most important attri-

butes a soil possesses is its ability to support loads transmitted to it. 

In soil mechanics terms this ability is usually referred to as "shearing 
resistance" or "shear strength." There are numerous tests (both laboratory 

and field) for determining properties of soil that can be related to 

indicators of soil strength. The indexes of strength thus obtained can 
be used to estimate load-supporting capabilities of unimproved surfaces 

(natural terrain), prepared surfaces (unsurfaced runways or helipads), 
or subgrades and base courses of surfaced areas. Only those tests and 
measurements pertinent to this study will be discussed herein: CBR, AI, 

and soil trafficability testing to determine CI, r~molding index (RI), and 
RCI. 
CBR 

9. CBR is measured by an empirical test developed by the California 
State Highway Department some years ago. A standard loading device 
measures the load required to cause 0.1-in.* penetration of a cylindrical 

plunger of a 3-in. 2 area (fig. 2). The load is expressed as a percentage 
of the load required (3,000-lb load or 1,000-lb/in. 2 pressure) to cause 
the same penetration in a standard compacted crushed-stone sample. This 

percentage is the CBR. The test can be performed on samples compacted 
in test molds, on undisturbed samples, and on material in place. The 

equipment and time needed to measure CBR make the test impractical for 

rapid assessment of soil strength conditions for sizable areas or even 

for small areas with many different strength profiles. 

* A table of factors for converting British to metric and metric to 
British units of measurement is presented on page vii. 
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10. CBR has ·been used extensively in the development of design 
curves for surfaced and unsurfaced (but prepared) runways and helipads 

and also in determining fixed:...wing aircraft ground flotation requirements. 
The comparison of airfield capabilities and aircraft requirements is 
rather complex. At or near the surface, soil strength requirements are 

dictated largely by the intensity of the tire contact pressure imposed 
by any single tire. As depth increases, the strength requirements depend 

upon a conhination of tire contact pressure and wheel load, and at greater 

depths wheel load largely dictates strength requirements. For small loads, 
the surface strength requirements decrease rapidly with depth, but for 
large loads the decrease is slower. Consideration must also be given 

to the effects of interaction between adjacent wheels. This interaction 

is least at the surface and becomes greater with depth, depending on the 
spacing between wheels. The complexity of airfield capability-aircraft 

requirements design problems is illustrated in fig. 3, which shows typical 
pressure distributions of wheel loads on flexible p~vement runways. 

AI 
11. AI is a measure of soil strength obtained with the airfield 

cone penetrometer (fig. 4). This instrument consist.s of a 30-deg right-
circular cone with a base diameter of 1/2 in. (area 0.196 in. 2) mounted 

on a graduated staff; on the opposite end of the staff are a spring, a 
load indicator, and a handle. The overall length of the assembled pene-
trometer is 36-1/8-in. The instrument is calibrated to yield an AI of 

zero when suspended by the handle and 15 when a 150-lb load is applied. 

The airfield penetrometer is similar to the WES trafficability cone 
penetrometer used to obtain cone index measurements (to be discussed 

later). The airfield penetrometer is more rugged than the cone pene-
trometer but the cone penetrometer has a more finely divided scale, which 
permits more accurate readings. 

12. The airfield penetrometer can be used for rapidly assessing 

the load-supporting capability of forward area landing strips and for 

monitoring soil strength during airfield construction operat~ons. Tech-

nical manuals, such as reference 1, use AI extensively as the soil 
strength indicator for design of heliport and helipad surfaces. 
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CI, RI, and RCI 

13. CI is an index of the shearing resistance of soil obtained 

with the cone penetrometer. RI is a ratio that expresses the soil strength 
loss (or gain) when loaded or disturbed by vehicular traffic. Special 
equipment is used to measure RI. RCI is the measured CI multiplied by the 

RI; it expresses the soil strength rating of a point subjected· to sustained 

traffic. The cone penetrometer is the principal instrument used in evalua-
ting soils trafficability (fig. 5). It consists of a 30-deg cone of 

1/2-in. 2 base area, a 19-in.-long staff, a proving ring, a micrometer dial, 
and a handle. When the cone is forced into the ground, the proving ring 
is deformed in proportion to the force applied. The amount of force re-
quired to move the cone slowly through a given plane is indicated on the 

dial inside the proving ring. This force is considered to be an index of 

the shearing resistance of the soil in that plane. The proving ring and 
shaft may be used with the (smaller) cone of the airfield penetrometer 
for measurements in firm soils. The range of the dial is 0 to 300 

) 2 d d (150 lb CI. When the 0.2-in. cone is use , rea ings must be multiplied 

by 2.5 to obtain CI. 
14. CI is used extensively in preparing terrain factor complex maps 

of natural ground areas. It is also used extensively in tests of perform-

ance of traction elements of wheeled and tracked vehicles in prepared soil 
bins. RCI is used extensively in relating the strength of natural soils 
to the performance of ground vehicles--both self-propelled and towed. 

Relations of CBR, AI, and CI/RCI 
15. Each of the three soil strength parameters--CBR, AI, and CI--

is considered adequate for its original intended purpose; i.e. CBR for 

development of design curves for surfaced and unsurfaced runways and 
ground-flotation requirements of aircraft; AI for rapid assessment of the 

load-supporting capability of forward-area landing strips, and CI/RCI for 

evaluation of the off-road performance of ground vehicles and for prepa-

ration of terrain factor complex maps for mobility purposes. 

16. Reference 1 contains a correlation graph of CBR and AI that 

has been widely used, For convenience, this graph has been reproduced 
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herein (fig. 6). A CI scale has been added to the. graph, since a good 

correlation exists between CI and AI for the soil strength range shown. 

17. Users of the above~mentioned CBR-AI-CI correlation have, in 
many cases, failed to consider the caution contained in reference 1 re-

garding it: "To permit translation between CBR and airfield index, a 
correlation is presented in figs. 2-17 [fig. 6]. This figure c~n be used 
for estimating CBR values from airfield index determinations. This corre-

lation has been established to yield values of CBR that generally are con-
servative. The tendency toward conservatism is necessary because there 
is no unique relationship between these measurements over a wide range 

of soil type. It follows that the curve should not be used to estimate 
airfield index values from CBR determination since these generally would 

be unconservative." 
18. Fig. 6 shows where CBR, AI, and CI data that have been collected 

thus far plot with respect to the above-mentioned curve (references 2 and 3). 
Shown on the plot is the range of CI at a CBR of 2.5, a value of considerable 

interest at the present time; it is a performance requirement specification 
for a new family of helicopters. At a CBR of 2.5, the CI range is from 

ab out 56 to 210. 

Current Method of Determining Ground-Flotation 
1 4-7 Requirements for Aircraft ' 

19. The term "ground flotation" is generally understood to be the 

ability of paved or unsurfaced areas of airfields and heliports to support 

aircraft through landing gear systems. Assurance of sufficient ground 

flotation is the main objective of all criteria developed for design of 

airfield traffic areas. Methods are available for designing paved or 
unsurfaced areas to have a specified capability, or for evaluation of 

existing paved or unsurfaced areas. "Ground-flotation requirements" refer 

to the surface strength requirements for aircraft resulting from the load 

and characteristics of the aircraft landing gear. The objective in design 

Note: Current methods of determining ground-flotation requirements and 
airfield capabilities are currently being updated, particularly as they 
apply to landing mat. 
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is to insure that airfield traffic areas have adequate ground-flotation 

requirements. Development of design and evaluation criteria for airfields 
and aircraft are documented in references 1 and 4-7, and only a brief 
summary is presented here of the procedures used to evaluate ground-flotation 

requirements for aircraft operating in forward-area airfields and light 

VfOL landing areas. 

Definitions 
20. Types of airfields, load application, and failure criteria terms 

are defined as follows: 
a. Zone-of-interior (ZI) airfields. Permanent facilities 

constructed in accordance with criteria given in Air Force 

Manual 88-6. These airfields are classified (but not defined 
herein) as follows: heavy-load airfields, medium-load 
airfields, and light-load airfields. 

b. Theatre-of-operations (TO) airfields. Limited-life facilities, 
which represent the maximum construction capability of 
engineer troop units in the field, considering time limita-

tions imposed by the tactical situation and available 
construction equipment and surfacing materials. These 
airfields are classified as follows: 

(1) Rear-area airfields. Airfields that normally support 
the operation of heavy-cargo, medium-cargo, and fighter-

bonber-type aircraft for 4-6 months. Their strength 

characteristics normally govern the landing-gear flota-
tion design for heavy-cargo and fighter-bomber aircraft. 

The rear-area airfield is characterized as a field 

having a strength equivalent to or better than that 

provided by a Tll landing mat surface on a 4-CBR subgrade. 

(2) Support-area airfields. Airfields that normally 

must support the operation of medium-cargo-type aircraft 
for 2-4 weeks. Their strength characteristics normally 

govern the landing-gear flotation desig~ for medium-
cargo-type aircraft. The support-area airfield is 
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characterized as a field having a strength equivalent 

to or better than that provided by an M8 landing mat 
surface on a 4-CBR subgrade. 

(3) Forward-area airfields. Airfields that must support 

the operation of liaison, observation, and light 
transport aircraft and heavy-cargo-type helicopters 
for 3-21 days. Their strength characteristics nonnally 

govern the landing-gear flotation design for any 
fixed-wing aircraft or helicopter that must operate 
in a near-frontline unit. The forward-area airfield 

is characterized as a field having a strength equivalent 
to or better than that provided by a 4-CBR subgrade 
with no structural surfacing.* 

c. Light VTOL landing areas. Special-category landing areas 
that normally require no construction effort except the 
clearing of vegetation. They are characterized as having 

a nonsurfaced, 1-1/2-CBR subgrade and will permit one to 
three operations of aircraft, such as personnel transport 
helicopters, on ground which, while having the minimum 

strength required for operation of most common military 
vehicles, can support these vehicles without significant 
danger of immobilization. 

21. Load application terms are defined below. 

a. Operation. A landing or takeoff. 
b. Cycles. A landing and takeoff. 

c. Pass. The movement of an aircraft past a given point one time. 
d. Coverage. Sufficient passes of load tires in adjacent tire 

paths to cover a given width of pavement one time. This term 

is identical with "load repetition factor" sometimes used 

in design requirements. 
* It should be noted that an aircraft having sufficient flotation to 

operate on a 4-CBR subgrade for the number of design operations will 
be able to operate a lesser number of times on subgrade strengths be-
low 4 CBR. 
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e. Failure criteria. Criteria used to judge failure of 
airfield surfaces as follows: 

(1) Unsurfaced soil. Failure of unsurfaced soils is based 
primarily on rutting; however> elastic (spring back) 
deflection is also taken into consideration. A surface 

is judged to have failed when rutting exceeds 3 in. or 
when the elastic deflection exceeds 1..5 in. 

(2) Surfaced soil. Failure of a surfaced airfield is judged 

on the basis of both development of roughness and 
excessive breakup of the surface. When the deviations 
of the surface from a 10-ft straightedge equals or 

exceeds 3 in. in any direction within the traffic lane, 
the surface is considered to have failed due to roughness. 
If surface breakup requires 10 percent replacement 

within the traffic lane, then failure is considered 
to have occurred. 

Criteria for theatre of operations 

22. For this report, only curves and information needed for deter-

mining grotm.d-flotation requirements for aircraft operation on unsurfaced 
forward-area airfields and light VTOL landing areas are considered. For 

forward-area airfields, the ground-flotation requirements of aircraft and 
airfield capability on the basis of allowable coverages are compared. The 
procedure involves use of several equations, an equivalent single-wheel 

load-adjustment curve (fig. 7), a curve showing requirements for aircraft 
operating on forward-support-area airfields (fig. 8), and a nomogram showing 
CBR requirements for operation of aircraft on unsurfaced soils (fig. 9). 

(Details of development of these criteria and examples of computations are 

given in reference 5,) 

23. Equations used. Two principal equations are employed in the 

development and application of ground-flotation requirements for aircraft. 

The first is 

(0.23 log C + 0.15)~8 .~ CBR 
A 
TI 
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where 

IR index of required airfield surfacing strength (the thickness 

of flexible pavement construction required above a subgrade 

of known strength for a particular landing gear) 

C traffic volume in coverages (log C is common log of coverages) 

P single or equivalent single-wheel load in pounds 

CBR soil strength in percent of the strength of a standard crushed 

stone as determined by a standard test procedure 

A = tire-contact area in square inches 

24. To evaluate the ground flotation requirements of aircraft and 
airfield capability when the traffic is stated in cycles of operation, 

this traffic must be converted from cycles of operation to coverages by 

the second equation: 

where 

Operations per coverage W/TN(O. 75) 

W width of traffic lane in inches. This width depends on 

the tire print width, the lateral traffic distribution width 

(width within which the center lines of all aircraft tend to 

remain 75 percent of the time in traveling along a runway or 

taxiway), and the center-·to-center spacing of adjacent wheels. 

T width of one tire-contact print in inches 
0.8742 !actual load per tire/tire pressure 

N maximum number of tires that on any one pass of the aircraft 

can be totally within the traffic lane 

25. To design a landing gear or determine ground-flotation require-

ments that will satisfy certain mission requirements, the expected inten-

sity of use of the airfield or landing strip must be considered and 

may be expressed in terms of cycles of operation, which is in turn con-

verted to number of passes necessary to load every point within a given 

traffic lane once. 
26. Limits of applicability of current criteria. Current criteria 

for evaluation of the ground-flotation requirements for aircraft are con-

sidered sufficient for: 
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a. Evaluation of the effects of variation in landing gear 

characteristic~ (tire pressure» wheel load, wheel spacing, 
etc.) on the ability of a specific landing gear to 
operate on a specified airfield of known strength. 

b. Determination of limiting loads for specific missions. 
c. Comparison of surface requirements for proposed ·landing-

gear configuration. 

d. Evaluation of proposed trade-offs in optimizing aircraft 
performance. 

e. Evaluation of the effects of overloading existing airfield 

surfaces. 
27. Factors not considered by current criteria. Analysis of test 

data to date indicate that certain factors apparently affect the corre-

lations developed, but sufficient data were not obtained at the time of 
testing to fully evaluate them. Some of these factors are: 

a. Tire ply rating. Test data indicate' that the surfacing 

requirements for tires with widely different ply ratings 
are consistently different. Data obtained from tests 
that are identical in all respects except tire ply 

rating show significant differences. The lower the ply 
rating, the greater the reduction in surfacing requirements. 

b. Tire size. Data indicate that the surfacing requirements 

for tires with different diameters are also constantly 
different. Results of tests that are identical in all 
respects except tire diameter show significant variation. 

These results indicate that reduction in aircraft surfacing 

requirements can be achieved by changingrfrom small to 
large diameter tires. 

c. Coverages. There are some indications that the present 
method of converting aircraft traffic into coverages may 
contribute to some of the variation encountered in analyses. 

d. Index of available airfield strength. (See reference 4.) 
Test data indicate that values of index of available air-

field strength for a specific tire pressure vary with 

12 



wheel load. There is also some indication that index of 

available strength. values may vary somewhat with CBR. 
28. Factors that assure good flotation. The following factors or 

factor values assure good ground flotation for aircraft: 

a. Multiple wheels. Multiple-wheel assemblies should be used 
to keep the individual loads below about 20,000 lb., 

b. Wheel spacing. The center-to-center spacing between adjacent 

wheels and multiple-wheel assemblies should be at least 
4 wheel radii. 

c. Tire-contact-pressure. Tire-contact-pressure should be 

in the range of 40 to 70 psi and never greater than 100 psi. 

d. Tire ply rating. Tire ply rating should be as low as 
possible, considering tire pressure, tire deflection, and 
wheel load. 

e. Wheel size. The diameter of the wheels should be as large 

as possible. 

Current Method of Determining Cross-Country 
Perfonnance of Ground Vehicles 

Army ground mobility model 
29. The bases of the current method for determining the cross-

country performance of ground vehicles were the soil trafficability studies 
discussed in references 8 and 10. Whereas those studies dealt with vehicles 

operating primarily on soil surfaces and slopes, the current method deals 

with the total terrain-driver-vehicle system. The method was developed 
under the sponsorship of the U. S. Army Materiel Command (AMC) as a joint 
effort by the U. S. Army Tank-Automotive Command, the U. S. Army Cold Regions 

Research and Engineering Laboratories, and WES. A first-generation com-

prehensive ground mobility model (called AMC-71) 9 was formed by coupling 
the significant terrain-driver-vehicle interactions that affect off-

road vehicle performance. The basic structure of the model is illustrated 
in fig. 10. Pertinent vehicle characteristics and terrain data are needed 
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in quantitative form and are accessed by a central performance module to 
make the predictions. The performance outputs are in terms of maximum 

feasible vehicle speed (including no go) in a given terrain and an iden-
tification of the terrain attribute that controls speed (soil strength, 
slope, obstacles, vegetation, ride dynamics, etc.). For special studies, 

such as the one reported herein,, performance can be predicted at sub-
model level in terms other than maximum speed (i.e. in terms 'of drawbar 
pull and motion resistance), 

30. The central performance module currently has three parallel 
forms: one to handle areal terrain (to be described later), a second to 
examine linear terrain (rivers, streams, etc., offering identifiable 

linear barriers to vehicle crossing), and a third to predict performance 
on a network of roads. A given study may involve use of one, two, or 
all three performance modules. For this study, only the areal terrain 

module is used. 
31. The detailed structure of the areal terrain performance module 

is shown in fig. 11. Each terrain unit description is combined with the 

vehicle characterization to calculate a number of possible operating speeds 
as limited by power and power-train characteristics, by available traction, 
by the motion resistance engendered by soils, slopes, and the overriding 

of obstacles and vegetation, by local maneuver to avoid vegetation and 
obstacles, by ride and obstacle-crossing dynamics, by visibility restric-
tions, and by acceleration and braking performance. The logic of the 

model assigns the least of these several speeds as a function of vegetation 
class, performs an optimal speed analysis to determine the vehicle speed 
within the described terrain unit, and identifies the nature of the con-

trolling speed. The model repeats the procedure three times for each 

terrain unit (where required): once directly downslope, once upslope, 
and once while running along the slope contour (i.e. level terrain). 

The average of these three speeds is assigned to the terrain unit as a 

whole; when upslope operation is a no-go, the other two are also taken 

to be no-go. Performance over a traverse is predicted by ad~ing traverse 

time across areal terrain segments to time spent in negotiating linear 

terrain features. 
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32. AMC-71 is considered.a first-generation model, and field val-

idation is under way. Enough validation testing has been done to verify 

the model within acceptable limits of accuracy. The model was developed 

with limitations that are to be removed in future versions as a result of 

ongoing and projected research. These current limitations are: 

a. Terrain is made deterministic (in the present instance, by 
usinp, mid-range values only for each class of e~ch descriptor). 

b. The driver enters only as a governor, who imposes speed limits 

based upon absorbed power (ride) or acceleration (obstacle 
crossing) limits occurring at his seat location. 

c. Dynamics, traction, and obstacle negotiation are treated as 

two-dimensional only, with no yaw or roll motions considered 

(except for possible side-slope overturning), i.e. vertical 
vehicle motions only are computed, all obstacles are tackled 

head-on, etc. 

d. All ground roughness and obstacles are treated as unyielding, 
and no tire or suspension compliance is considered in 

evaluating obstacle-vehicle interference. 

e. Predicted performance is for a single vehicle operating on 
a first-one-through basis. 

f. Possible soil surface slipperiness is not accounted for. 

Soil submodels 
33. For the study herein two soil submodels were used. The WES 

VCI submodel currently used in AMC-71 for evaluation of prototype vehicles 

was used to evaluate ground performance of helicopters, and the WES numeric 
used in more fundamental soil-wheel or soil-track interaction studies was 

used to evaluate performance of the single helicopter tires. These two 

submodels are presented in detail in Appendix A (reference 10). 
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PART III: TESTS WITH THREE HELICOPTER 
TIRES ON FINE-GRAINED SOILS 

34. This part of the report presents results of tests with three 
tire sizes currently being considered or actually in use on helicopters, 

presents the towing-force requirements for two helicopter designs over 
a range of soil strengths, and relates these towing-force req~irements 
to the drawbar-pull capabilities of some existing military ground 

vehicles. 

Test Program 

35. Tests were conducted with three sizes of tires in fine-
grained soils in prepared soil bins (east and middle bins) in the 
WES large-·scale mobility facility (fig. 12), on prepared test strips 
of high-strength soil used for testing airplane tires (location known 
locally as hangar 4), on natural soil surfaces near Durden Creek, and 

on asphalt pavement on the WES reservation. The s'oil bin tests 

were mainly with single tires (dual for one series of tests) mounted 
on a movable test carriage that towed the wheel through the soil 

while applying a constant load (fig. 13). The other tests were 
conducted with a tricycle load cart (fig. 14). Tests were conducted 
on a range of soil strengths mainly to determine the motion resistances 

imposed by the soil on the tires when they were towed at a slow speed 
on the first pass only. 
Tire characteristics 

36. The three tires used in the test program were type III aircraft 
tires of the following sizes: 6,00-6, 6-PR; 8.50-10, 8- and 10-PR;*. and 
29 x 11. 0-10, 8-PR. Tire characteristics. and hard-surface measurements 

are presented in table 1, and a photograph in fig. 15. 

Soil classification and 
soil strength data 

37. Gradation curves and other soil classification data are shown in 

fig. 16. For the soil bin tests, cone index (CI) was measured at 2-ft 

* The program was started with a 10-ply tire pending availability of the 
desired 8-ply tire. 
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horizontal intervals along the path of each tire using a mechanically 
operated penetrometer and the appropriate mechanical-electrical equipment 
to record these measurements on an x-y recorder. A few measurements for one 
test are shown in fig. 17 as an example. Measurements made at the 
surface and at 1-in. vertical increments to 6 in. yielded the 0- to 
6-in. average CI. Measurements for tests outside the soil bins were 

made manually at the surface and at 3- and 6-in. depths to obtain 
the 0- to 6-in. average. Remolding index (RI) was measured for the O-
to 6-in. layer for all tests. CI was multiplied by RI to obtain 
RCI, the soil strength parameter used throughout the analysis. All 
three values--CI, RI, and RCI--are shown in tables 2 and 3. 

38. CBR was measured for the range of soil strengths tested, but was 

not used in the analysis. The CI and CBR values for some of the average 

strength conditions are shown below, and the points are plotted in fig. 6. 

Location Test Numbers Averai::2e CI CBR 
East bin 25-59 114 2.5 
East bin 72, 78 106 
East bin 71,77 74 
East bin 62-70 60 1. 7 
Middle bin 60,61 28 
Durden Creek 73,79 169 
Hangar 4 75,81 309 7.7 
Hangar 4 76,82 607 14.l 
Asphalt pavement 74,80 

39. Examination of the plotted points in fig, 6 shows that they 

fall within the boundaries drawn and the points themselves show reasonable 
correlation, probably because all were derived from the same soil type, 
i.e. fat clay, classified CH according to the Unified Soil Classification 

System. 
Tire performance data 

40. Tire performance measurements consisted mainly of the forces 

necessary to tow the tires over soils of various strengths for a range 

of loads and inflation pressures. Towed motion resistance values were 

measured in all tests, and after-traffic ruts were measured in most 

tests. Motion resistance values were mainly the average resistances 
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during sustained pulls over the soil. A few measurements were made of 

the pulls required to begin movement; these pulls were slightly higher 
than the sustained pulls and 'will be discussed later. The average values of. 
towed motion resistance and the rut measurements for each test are shown 
in tables 2 and 3. 

41. Single and dual tire tests in soil bins. Single or dual tires 

were mounted in a four-wheeled dynamometer test carriage that rides 

on two level rails spaced about 12 ft apart, fig. 13. Each wheel is 
powered with an electric motor. The carriage supports a loading assembly 
that is free to float vertically while applying an adjustable, predetermined 
vertical l<iJad to the test tire. The loading assembly is instrwnented 
to measure the vertical forces and the horizontal forces in the direction 
of travel on the axle of the wheel/tire while it is being towed over 
each soil surface. Loads varied slightly during each test fiecause 
of minor loading frame friction and lag in the response of the pneumatic 
load system; therefore, the load listed for a given. test is the average 
load imposed on the tire during the test. 

42. Wheel axle movement was continuous during each test, and the 

length of each test run was about 30 ft. Test carriage speed was ap-

proximately 3 fps (2.04 mph). 
43. Tests with tricycle load cart. A tricycle load cart (fig. 14) 

was fabricated to conduct tests of two helicopter designs, figs. 18 and 19. 

The two helicopters were designated "blue" and "orange" to circumvent 

naming the manufacturers. The load cart was towed, usually by a 
3/4-ton truck, over soils of various strengths at four locations on the 
WES reservation--in the soil bins where single tire tests were conducted, 

on firm soils under hangar 4, on asphalt surfaces, and on a natural soil 
surface. The cart was constructed so that wheel loads could be varied 

depending on the test requirements. All three sizes of tires tested could 
be mounted on the cart singly; dual wheel configurations of the spacing 

indicated in fig. 19 could not be tested. 

Results of Single and Dual Tire Tests in Soil Bins 

44. Major emphasis in the single and dual tire tests was in deter-

mining towing motion resistances while operating on soil of 105 RCI (2.5 CBR); 
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however, limited testing was also conducted on soil at two other strengths. 

The main analysis consisted of estimating from the single and dual tire 
tests the forces required to tow· the two helicopters (figs. 18 and 19). 
Each tire was tested at a range of loads and inflation pressures that would, 
in most cases, bracket the loads and inflation pressures of the two above-
mentioned helicopters. 

6.00-6, 6-PR (single) tests 

4S. Twelve tests were run with this tire: nine on an RCI of lOS 
(2.S CBR) and three on an RCI of S2 (1.7 CBR). Inflation pressures were 
varied from 6S to 30 psi, and loads from 2470 to 124S lb. At the 2470-lb 

load (170 lb over the design load of the blue helicopter) and lOS RCI, towed 

motion resistance (TMR) could be reduced from 20 percent of tire load to 
16 percent by lowering tire-inflation pressure from SS psi (design) to 42 psi. 
On the S2 RCI soil, tire sinkage with 2300-lb load was excessive (axle 
carriage dragged); therefore, the highest load tested at design inflation 

pressure was 17 SO lb. At this load and 55-p si inflation pressure (test 66), 
the TMR was 71 percent of tire load, which reduced to 52 percent of tire 

load when inflation pressure was reduced to 30 psi (test 67). Rut depth 

was also reduced from 2.27 in. to 0.93 in. Ruts produced in tests 66 and 
67 with the 6. 00-6 tire are shown in fig. 20. 
6.00-6, 6-PR (dual) tests 

46. Eight tests were run with this configuration (nose gear on the 

orange helicopter, fig. 19), seven on an RCI of 105 and one on an RCI of 2S. 
Inflation pressures varied from 65 to 30 psi, and loads from 4S20 to 2S30 lb. 

At 2750-lb load (SO lb over the design load) and 105 RCI (test S8), TMR 
at S5-psi inflation pressure (design inflation pressure) was 17 percent 

of tire load,which was reduced to 8 percent of tire load when inflation 

pressure was reduced to 30 psi (test 59). Rut depths at 27SO-lb load were 

0.31 in. and 0.20 in. for the 5S-psi and 30-psi inflation pressures, respec-
tively. On the 25-RCI soil (test 60), TMR for a 2530-lb tire load was 152 

percent of tire load, and rut depth was 6. 5 in., with the axle carriage 

dragging. 
47. Test data also indicate that, with the dual spacing of the 

6.00-6 tires (lS.25 in. center to center), there is little or no soil 
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pressure interaction, since TMR in terms of percentage of tire load is 
the same for a single tire at a given load and inflation pressure and the 
dual configuration at twice t~e given load and at the same inflation 

pressure. This is illustrated by comparing tests 28 and 30 with tests 
56 and 57. 
8.50-10, 8- and 10-PR tests 

48. Eighteen tests were run with tires of this size: 16' on an RCI 
of 105 and two on an RCI of 52. 

49. Blue helicopter. The blue helicopter design load was 5200 lb 

per tire, and design inflation pressure was 80 psi. On the 105 RCI soil 
with 5260-lb tire' load and 80-psi inflation pressure (test 40), TMR was 

27 percent of tire load, which was reduced to 17 percent of tire load by 

reducing tire inflation pressure to 40 psi (test 42). 
50. Orange helicopter. The orange helicopter design load was 4500 lb 

and design inflation pressure was 55 psi. On the 105-RCI soil at 4490-lb 

tire load and 55-psi inflation pressure (test 44), TMR was 19 percerit of 
tire load; and at 40-psi inflation pressure (test 45), TMR was 11 percent 
of tire load. On the 52-RCI soil and at 4400-lb tire load, the TMR was 

112 percent of tire load at 40-psi inflation pressure (test 70); the axle 
carriage was dragging, and rut depth was 6.92 in. Fig. 21 shows a photo-
graph of the rut created during this test. 

29 x 11.0-10, 8-PR tests 
51. This tire was introduced into the test program late and, consequently, 

only limited single-tire performance data were collected. Five tests were 

conducted on soil at strengths of 52 (four tests) and 25 (one test) RCI; 
see fig. 22 for a photograph of the rut created in the 25-RCI soil. Because 

of high TMR's and rut depths, a maximum load of 4120 lb was tested. At 

this load on the 52-RCI soil and 80-psi inflation pressure, the TMR was 
57 percent of tire load, and lowering the inflation pressure to 40 psi only 

reduced the TMR to 51 percent of tire load. Rut depth for this load and 

80-psi .inflation pressure was 3.43 in.; at 40-psi inflation pressure it 
was 2.85 in. 
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Tire-Clay Numeric for Single 
Tire Data Consolidation 

52. By means of dimensional analysis, WES has developed from many 

tests with a large variety of tire sizes a family of dimensionless pre-

diction terms, or numerics, to describe the performance of tires and tracks 

in soil. These numerics appear in a number of WES reports and papers, the 

latest published report being reference 11 under the list of references. 

Two of these numerics, one for tires in clay and one for tires in sand, 

appear in Appendix A of this report. 

where 

53. The tire-clay numeric (NJ used for the tests herein is: 

N c 
RCI bd 

w x 1 
(1 - 6/h) 2 

1 x 
1 + b/2d 

RCI rating cone index of 0- to 6-in. layer 

b undeflected tire section width, in. 

d unloaded tire diameter, in. 

W tire load, lb 

6 tire deflection, in. (hard-surface) 

h unloaded tire section height, in. 

54. For each single-tire test condition from table 2, N was c 
calculated and plotted versus the measured TMC coefficient as shown in 

fig. 23. N does a reasonably good job of consolidating the tire TMC, c 
especially in the range from about 0.1 to 0. 7. N also reasonably c 
consolidates tire rut depths, at least for depths less than about 4 in. 

(fig. 24). 

Estimating Towed Motion Resistance of Helicopters 
from Single and Dual Tire Tests 

55. Results of the single and dual tire tests were used to estimate 

the TMR of the two helicopters (figs. 18 and 19). Many combinations of 

tire sizes, tire loads, inflation pressures, and soil strengths could be 

formulated, but to illustrate the effects on performance of the basic 
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design of each helicopter and of changing certain design factors (mainly 

tire size and inflation pressure), six combinations for each helicopter 
are shown in figs. 25-36, and results are sunnnarized in table 4. In 
these figures, gross tire load was plotted versus TMR coefficients from 

table 2 for a given tire size and inflation pressure, and a line of best 
fit was drawn through the data points. Each plot was entered at the 

design tire load, and TMR in pounds was determined from the curve. The 

TMR pounds for each tire in the helicopter landing gear were totaled to 
deterrrtine the total TMR pounds for the helicopter. 

56. In fig. 25 (the blue helicopter on an RCI of 105), the three 

tests with the 6.00-6 tire at 55-psi inflation pressure gross load versus 

TMR were plotted in the left graph and the TMR at 2300-lb load was deter-

mined to be 460 lb. Next, the five tests with the 8.50-10 tire at 80-psi 

inflation pressure were plotted in the center graph and the TMR at 5200-lb 
load was determined to be 1404 lb per main gear. The TMR for the tail 

gear and the TMR for the two main gears were totalle~ to determine the TMR 

of the helicopter--3268 lb or 26 percent of its gross weight of 12, 700 lb. 
The remaining figures (26-36) were analyzed in the same manner. 

57. From table 4, TMR of the blue helicopter a.t 105 RCI can be reduced 

from 26 percent of its total weight to 16 percent by reducing tire-inflation 

pressure from 55 to 42 psi in the tail gear and from 80 to 40 psi in the 

main gear. TMR of the orange helicopter at 105 RCI can be reduced from 

17 to 10 percent of its total weight by reducing tire-inflation pressures 
from 55 to 42 psi in the nose gear and from 55 to 40 psi in the main gear. 
On an RCI of 52, the orange helicopter TMR can be reduced from 106 to l+O 

percent of total weight by changing tires on the main gear from 8.50-10 

tires to 29xll.0-10 tires. These are only examples of variations in estimated 
performance that can be effected by modifying certain tire characteristics. 

Results of Tricycle Load Cart Tests 

58. Twelve tests were conducted with the tricycle load cart with 

two landing gear configurations. Test numbers and related test locations 

are given in paragraph 38. One configuration consisted of a 6.00-6 tire 
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on the nose gear and·8.50-10 tires on the main gear to simulate the blue 

helicopter; the other consisted of an 8. 50-10 tire on the nose gear and 

29xll. 0-10 tires on the main gear to simulate the blue helicopter with 

modificatipn No. 2; the first modification of the basic design was an 

inflation pressure change. Results of these tests are summarized in table 3. 
Variations in tire characteristics were held to a minimum with only one 

total load (12,700 lb) and one combination of inflation pressures, 55 psi 

for the nose gear and 80 psi for the main gear •. Two load cart tests (71 
and 77) are shown in progress in figs. 37 and 38 for the 6.00-6/8.50-10 

and 8.50-10/29xll.0-10 tire conbinations, respectively. These tests 

were conducted on an RCI of 68. The lowest TMR measured was 0.02 on an 
asphalt pavement, and the highest was 0.42 for the 6.00-6/8.50-10 combi-

nation and 0.33 for the 8.50-10/29xll.0-10 combination on an RCI of 68. 

Main gear rut depths were 4.8 in. and 2.9 in., respectively, for the two 
combinations. 

59. TMR versus RCI from these tests (table 3) was plotted in 

figs. 39, 40, and 41, along with results of single and dual tire tests; 
these figures are discussed in the following paragraphs. 

Towed Motion Resistance-Rating Cone Index 
Performance Curves 

60. Results of the single and dual tire tests and the tricycle 

load cart tests were combined to develop TMR-RCI performance curves for 

the two helicopters at design loads, tire sizes, and inflation pressures 

(figs. 39 and 40). Also developed was a TMR-RCI performance curve for 

the blue helicopter Mod 2 (fig. 41). Figs. 39-l•l show good agreement 

between single tire tests and the tricycle load cart tests in terms of 

RCI and suggests that prepared soil bin tests with single tires can be 

used with confidence to estimate performance under field conditions when 

none of the tires follow in each other's ruts. 

61. It should be noted that, according to reference l2, landing 

gear for helicopters are designed to withstand a towed load of 0.3 of 
the helicopter's gross weight. Examination of figs. 39-41, with this 
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design criteria in mind shows that: 
a. The orange helicopter (fig. 39) should not be towed on 

RCI's less than 79 

b. The blue helicopter (fig. 40) should not be towed on RCI's 
less than 93, and 

c. The blue helicopter, Mod 2, should not be towed on RCI's 

less than 68. 

Application of Drawbar Pull Capability of 
Selected Ground Vehicles to Towing Helicopters 

62. The TMR-RCI performance curves can be used for assessment of 
helicopter movement requirements and capabilities of ground-support 
vehicles to move the helicopters. The analysis herein was patterned 
after the techniques suggested in reference 13. Four standard military 

vehicles with different towing capabilities were selected: the Ml51, 

1/4-ton, 4x4 truck at 3560 lb; the M37, 3/4-ton, 4x4 truck at 7200 lb; 
the M715, 1-1/4-ton, 4x4 truck at 9050 lb; and the Mll5, 1-1/2-ton, 
tracked carrier at 11,760 lb. The relations that were developed between 
forces required to move three of the helicopters d.iscussed in previous 

paragraphs over different soil strengths are shown in fig. 42. By use 

of the appropriate soil submodels of AMC 71 (Appendix A) , the maximum 
drawbar pull-RCI curves were computed for each vehicle, starting with 

maximum available drawbar pull equal to zero for first-pass vehicle cone 
index (VCI 1). These curves are also plotted in fig. 42, which shows that: 

a. The Ml51 can tow any of the three helicopters on RCI's in 
excess of 102. 

b. The M37 can tow any of the three helicopters on RCI' s in 
excess of 71. 

c. The M715 can tow any of the three helicopters on RCI's in 

excess of 65. 

d. The Mll6 can tow any of the three helicopters on RCI's in 

excess of 56. 
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63. Towing capab il.ity of the Ml51 is considered marginal for 

these helicopters, since the maximum towing capability of this vehicle 

is only a few hundred pounds above the towing requirements of the heli-

copters at high soil strengths; whereas the other three vehicles have 

considerable reserve pulling capabilities at the higher strengths. 

Sustained Versus Initial Motion Resistance 

64. It is reminded that the towed motion resistances measured 

during this program were resistances from sustained pulls over the soil 

after the tires were in motion. Movement of the tires over the soil 

in the soil bin tests was started from a hard, nonyielding surface to 

establish a zero datum plane to determine tire sinkages in the yielding 

soil while moving. Some limited results and observations indicated that 

pulls required to begin movement were slightly higher than the sustained 

pulls; and there were indications that·, at the lower soil strengths, 

settlement of the helicopter tires was dependent on the time they remained 

in place, and for the loads and inflation pressures normally used, after 

12-24 hours, sinkages could be considerable for soil strengths less than 

about 100 RCI. If it is required that the helicopter remain stationary' 

for a lengthy period, then some research needs to be done to determine 

increase in initial motion resistances over sustained motion resistances 

for a range of soil strengths. 
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PART IV: PREDICTIONS OF HELICOPTER 
.PERFORMANCE IN THE WEST GERMAN TRANSECT 

65, This part of the report demonstrates the use of (a) terrain 
data for the West German transect (Appendix B) (reference 8), (b) certain 

assumed helicopter performance requirements, and (c) AMC-71 to predict 

helicopter performance. 

Frequency of Occurrence of Terrain 
Factors in West German Transect 

66. The terrain factors and terrain factor classes used to describe 

terrain units are given in Appendix B. Assembly of terrain data to describe 
a particular area, such as the West German transect, is time-consuming and 

therefore costly. The terrain data presented herein were made available 

from other on-going WES research projects and were mapped at a scale of 
1: 25,000; the transect was approximately 3 km by 50 km. It must be empha-

sized that the small mapped transect does not fully describe the larger 

geographic area within which it is identified, i.e. West Germany. It may 
be considered typical of most of central Germany and similar well-drained, 

hilly, partially forested upland areas throughout Europe, but not typical 

of North European peat country, coastal lowlands, or Alpine topography. 
67. The areal occupancy of each terrain factor and terrain factor 

class was determined from another WES study. These statistics are given 

in table 5. As a reminder, these terrain factors and factor class ranges 

are those that, at the time they were mapped, were considered the most 

critical for predicting performance of ground vehicles. The technique 

used for estimating ground vehicle performance from these terrain factors 
can also be used for estimating helicopter performance, if performance 

requirements are known. Examples of performance estimates are given in 

the following paragraphs. 
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Performance Estimates for 
Single Terrain.Factors 

68. For this exercise it is assumed that the only terrain factors 
that affect performance are soil strength, slope, and vegetation and that 
they occur singly throughout the transect. 
Assumed performance requirements 

69. It is assumed that the blue helicopter can be towed by the M715 

truck on a soil strength of 88 RCI or greater (see fig. 42), that it cannot 

be towed on a slope greater than 10 percent, and that it cannot be towed 
in a vegetation stand where vegetation sterns are greater than 2.5 cm in 
diameter and spaced less than 20 m apart. 

Soil strength 
70. The frequency of occurrence of soil strength by classes and by 

seasons is shown in the following tabulation. 

Cone Percent Freguenci of Occurrence 
Class Index* Dry Season .Wet Season 

1 >280 92.27 
2 221-280 0.04 

3 161-220 2.69 

4 101-160 58.34 

5 61-100 1.19 
6 41-60 37.78 
7 33-40 2.69 

100.00 100.00 

71. If is is assumed that a soil strength of 88 RCI or higher is 

required for the blue helicopter to be towed, the above tabulation 

indicates that insofar as soil strength is concerned the helicopter can 
be towed over 100 percent of the soils in the dry season and slightly over 

58 percent of the soils during the wet season. 

Slope 
72. The frequency of occurrence of slope by classes is shown in the · 

following tabulation. 
* Cone index and rating cone index are assumed to be the same for this 

exercise. 
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Class 
1 
2 
3 
4 
5 
6 
7 
8 

Percent Slope 

' 0-2 
2.1-5 
5.1-10 

10 .1-20 
20 .1-40 
40 .1-60 
60.1-70 

>70 

Percent Frequency 
of Occurrence · 

2.59 
25.43 
29.30 
27.23 
11.95 

3.27 
0.23 

100.00. 

73. If it is assumed that the helicopter cannot be towed on slopes 

greater than 10 percent, the above tabulation indicates that the helicopter 

can operate on only about 57 percent of the transect. 

Vegetation 

74. The frequency of occurrence of vegetation stem spacings for 
vegetation stems greater than 2.5 cm in diameter (class 2) is shown in the 
following tabulation. 

Stem Diameter 
Class 

2 (> 2.5 cm) 

Stem 
Class 

1 
2 
3 
4 
5 
6 
7 
8 

sEacins 
Meters 

Bare 
20 

11.1-20 
8.1-11 
5. 6-8 
4.1-5.5 
2.6-4 

0-2.5 

Percent Frequency 
of Occurrence 

0.27 
66.83 
5.02 
0.41 
o.15 
0.07 

26.15 
1.00 

100.00 

75. If it is assumed that the helicopter can be towed only if 
vegetation stems with diameters greater than 2.5 cm are spaced more 

than 20 m apart, the helicopter can be towed over about 67 percent of the 

transect. 

Performance Estimates for 
Multiple Terrain Factors 

76. In the preceding section it was assumed that terrain factors 

acted only singly in affecting helicopter performance. Since this· rarely 
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occurs in nature, a more realistic· value of performance can be obtained 

by estimating performance on the basis of the combined effects of multiple 

terrain factors. 

77. For this exercise, the same assumptions used in the single 

terrain factor analysis are used for the multiple terrain factor analysis, 

i.e. a soil strength of 88 or greater is necessary, the helicopter cannot 

be towed on a slope greater than 10 percent, and it cannot be towed in a 

vegetation stand where stems are greater than 2._5 cm in diameter and spaced 

less than 20 m apart. It is further assumed that other terrain factors 

have no effect on helicopter performance. 
78. AMC-71 and a special computer routine processed the terrain data 

input with the above assumptions of performance; from the results of this 

study it is estimated that the percentage of areas of the West German 

transect that can be negotiated during the dry season is 44.1 and during 

the wet season is only 13.7. These performance estimates are considerably 

reduced from those determined for the same seasonal conditions on a single 

terrain factor basis. 

79. The above seems to demonstrate the use of terrain factor complex 

information as a design tool in the determination of performance requirements 

for helicopters operating in unimproved terrain; and if the helicopter 

performance capabilities and terrain data of the operating environment 

are known, performance can be estimated with considerable confidence. 
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PART V: CONCLUSIONS AND RECOMMENDATIONS 

· Conclusions 

80. Based on discussions herein and results of analyses of data 
collected in this study, the following conclusions were reached: 

a. Cone index as a soil strength parameter ca.~ be used 

effectively in predicting the performance of helicopters 
and ground support vehicles operating on umimproved 
terrain. 

b. The WES tire-clay numeric technique can be used 
effectively in consolidating helicopter tire performance 
data for the three sizes of tires tested (paragraph 54). 

c. For the three sizes of tires tested, results of tests in 
laboratory prepared soils and natural soils can be used 
interchangeably for estimating the tO'wed motion resistances 

of helicopters over a range of soil strengths (paragraph 60). 

d. The towed motion resistance curves developed for the 
helicopters can be used to reasonably estimate the 

capabilities of ground vehicles to move them over unimproved 
terrain (paragraph 62). 

e. Terrain data collected for ground vehicle purposes can be 

used with considerable confidence in estimating the ground 
movement capabilities of helicopters (paragraphs 66-79). 

Recommendations 

81. It is recomnended that: 

a. Data collected during this program be consolidated with 

data collected from a similar program with two airplane tires 
just recently completed to develop a sound performance 

prediction equation for helicopters based on the WES tire~ 

clay numeric. 
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b. Some tests be conducted to determine the differences 
in towed motion resistance on the initial pull to 
start helicopter.tires rolling and the resistances on 

sustained pulls as was measured during this study. 
c. Tests be conducted to determine the effects of dual 

tire spacing or tandem tire configurations on the ~owed 

motion resistance. 

d. Consideration be given to quantifying terrain for heli-

copter movement predictions in the manner shown in this 
report for ground vehicle movement. 

e. A method of evaluating the combined operations of heli-

copters and ground vehicles in specified missions in 
various environments in the theater of operations be 

established. 

f. If the proper mix of helicopters and suitable standard 
military ground vehicles to tow them does not exist in 
the concerned Army elements, consideration be given to 

development of a standard towing vehicle with suitable 
capabilities. If this development requirement does not 
exist, the towing force capabilities of some vehicles other 

than the current standard military family should be 
explored. For example, towing force-soil strength 

relations have not been developed for the rear wheel drive 

only for the farm tractor family, the all-terrain-vehicle 
family, or the family of vehicles known as the wheel/track 

convertibles. 
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Fig . 12 . WES large- scale mobility facility 
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In fl No-Load 
Load Pres- Tire 
w sure Deflection Diam 
lb ~ in. % d, in. -- --

1200 SS 1.10 22.6 17.3 
42 1. 31 27.1 17.2 
30 1.67 34.8 17.1 

17SO SS l.SS 31.8 17.3 
42 1.81 37.4 17.2 
30 2.31 48.1 17.1 

2S40 6S l.8S 37.6 17.3 
SS 2.09 42.8 17.3 
42 2.S3 S2.3 17.2 

32SO 80 l.S3 23.0 2S.l 
SS 1.89 28.7 2S.O 
40 2.36 36.1 24.9 

4SOO 80 1.90 28.6 2S.l 
SS 2.48 37.7 25.0 
40 2.S6 39. 2 24.9 

S200 80 2.14 32.2 2S.l 
SS 2.63 40.0 2S.O 
40 2.93 44.9 24.9 

Table 1 
Characteristics of Test Tires 

Section Width Section Height 
b in. h in. 

No-Load Loaded No-Load Loaded 

Aircraft Type-III 6.00-6, 6-PR 
6.2 6.6 4.9 3.8 
6.2 6.8 4.8 3.S 
6.2 7.0 4.8 3.1 
6.2 6.9 4.9 3.3 
6.2 7.2 4.8 3.0 
6.2 7.6 4.8 2.S 
6.2 7.3 4.9 3.1 
6.2 7.3 lf. 9 2.8 
6.2 7.6 4.8 2.3 

Aircraft Type-III 8.S-10, 8-PR 

8.1 8.7 6.6 S.l 
8.1 8.9 6.6 4.7 
8.1 9.4 6.S 4.2 
8.1 9.0 6.6 4.7 
8.1 9.4 6.6 4.1 
8.1 9.S 6.S 4.0 
8.1 9.1 6.6 4.S 
8.1 9.S 6.6 4.0 
8.1 9.8 6.S 3.6 

(Continued) 

Hard-5urface Measurements 
Contract 

Area Length Width Pressure 
sq in. in. in. psi 

21.1 6.7 3.9 S6.8 
2S.4 7.3 4.1 47.3 
32.6 8.1 4.8 36.9 
29.4 7.8 4.6 S9.4 
37.6 8.6 S.2 46.6 
47.7 9.7 S.6 36.7 
39.8 8.9 S.3 63.8 
4S.6 9.S S.7 SS.7 
S4.0 10.S S.7 47.0 

4S.2 9.8 s.s 72.0 
S7.7 10.0 6.4 S6.3 
73.1 12.3 7.0 41+. 4 
S4.9 10.8 6.2 82.0 
7Lf. 9 12.S 7.1 60.0 
79.2 12.8 7.1 S6.8 
68.S 12.2 6.9 7S.9 
79.9 12.9 7.1 6S.l 
86.S 13.4 7.2 60.1 



Table 1 (Concluded) 

In fl No-Load Hard_Surface Measurements 
Load Pres- Tire Section Width Section Height Contract 
w sure Deflection Diam b in. h in. Area Length Width Pressure 
lb ~ in. % ----- d, in. No-Load Loaded No-Load Loaded ~~ in. in. psi 

Aircraft Tne-III 8.50-10, 10-PR 
3350 120 1. 27 19.0 25.2 8.2 8.6 6.7 5.4 33.2 8.7 4.6 100.8 

100 1.39 20.9 25.1 8.1 8.6 6.6 5.3 37.0 9.2 4.9 90.5 
4500 120 1.57 23.5 25.2 8.2 8.7 6.7 5.1 42.5 9.7 5.1 106.0 

100 1. 73 26.0 25.1 8.1 8.8 6.6 4.9 46.8 10.2 5.3 96.2 
80 1.98 30.0 25.0 8.1 8.9 6.6 4.6 54.4 11.1 6.0 82.7 
55 2.57 39.4 24.8 8.1 9.3 6.5 3.9 73.6 12.6 6.9 61.1 
40 3.25 50.2 24.8 8.0 9.8 6.5 3.8 91.9 14.2 7.2 49.0 

8000 120 2.40 35.9 25.2 8.2 9.1 6.7 4.3 66.6 12.1 6.6 120.0 
100 2.65 39.8 25.1 8.1 9.3 6.6 4.0 75.2 12.8 7.0 106.3 

80 3.17 48.0 25.0 8.1 9.7 6.1 3.4 89.3 14.0 7.3 89.6 

Aircraft TyEe-III 29xll.0-10, 10-PR 
875 80 0.86 9.8 29.4 10.9 10.9 8.7 7.8 12.3 5.3 2.9 71. 2 

2100 80 1.35 15.5 29.4 10.9 11.0 8.7 7.4 28.4 7.8 4.4 73.8 
40 1. 71 20.5 29.4 10.7 11.1 8.4 6.6 48.8 9.9 6.1 43.0 
30 2.28 27.6 28.5 10.6 11.3 8.3 6.0 66.6 11.3 6.9 31.5 

3500 40 2.45 24.3 28.7 10. 7 11.4 8.4 5.9 79.1 12.4 7.7 44.5 
30 3.28 39. 7 28.5 10.6 11. 7 8.3 5.0 111.8 14.4 9.1 31. 3 

4025 80 2.03 40.2 29.4 10.9 11.3 8.7 6.7 49.1 10.1 6.0 82.0 
4860 80 2.23 25.6 29.4 10.9 11.4 8.7 6.5 61. 3 11. 2 6.8 79.9 

40 3.22 38.6 28.7 10.7 11.5 8.4 5.1 104.9 14.2 8.9 46.3 
30 4.10 48.2 28.5 10.6 12.3 8.3 4.2 138.9 16.2 9.2 34.7 



Table 2 
Single Wheel Towed Motion Resistance Tests 

PreEared Fat Clay 

Average Wheel Tire Inf l Avg Towed Motion After Traffic Rut 
Test 0- to 6""'.in. Layer Load Pressure Resistance TMR Measurement, in, 
.~ CI RI RCI w, lb psi lb (TMR/W) De Eth Width Remarks 

6.00-6 2 6-PR 

26 114 0.92 lOS 2470 6S 620 0.2S 0.9S 7.3 
27 SS 48S 0.20 0.64 7.1 
2S 42 403 0.16 0.38 7.0 
28 17SO SS 284 0.16 0.49 6.9 
29 42 226 0.13 0.36 7.0 
30 30 170 0.10 0.21 7.0 
31 1280 SS 188 O.lS 0.24 6.6 
32 42 130 0.10 0.19 6.8 
33 30 110 0.09 0.08 6.9 
66 60 0.86 S2 17SO SS 1240 o. 71 2.27 7.0 
67 30 907 O.S2 0.93 7.8 
68 124S SS S84 0.47 1.22 6.S 

6.00-6, 6-PR Dua,1 

S3 114 0.92 lOS 4S20 6S 1192 0.26 0.80 6.6 
SS SS 953 0.21 0.60 8.0 
54 Lf2 739 0.16 0 .40 7.9 
S6 3S60 5S 601 0.17 0.37 6.2 
57 30 372 0.10 0.14 6.3 
58 2750 55 468 0.17 0 .31 6.1 
S9 30 208 0.08 0 .20 6.7 
60 28 0.88 25 2530 30 38S9 1.52 6.50 7.2 Axle carriage dragging 

(CQntinued) 



Average Wheel Tire In.fl 
Test 0- to 6-in. Layer Load Pressure 
No. CI RI RCI w, lb ~---

50 114 o. 92 105 7950 120 
51 100 
S2 80 
40 S260 80 
42 40 
36 4607 80 
3S SS 
34 40 
47 4490 120 
46 100 
48 80 
44 SS 
4S 40 
39 337S 80 
38 SS 
37 40 
70 60 0.86 S2 4400 40 
69 3244 40 

64 60 0.86 S2 4120 80 
6S 40 
63 3320 80 
62 40 
61 28 0.88 2S 2200 30 

Table 2 

(Concluded) 

Avg Towed Motion 
Resistance TMR 

lb (TMR[W) 

8.50-10 8- & 10-PR 

S210 0.66 
4090 O.Sl 
2687 0.34 
1400 0.27 

877 0.17 
1200 0.26 

8S6 0.19 
62S 0.14 

1438 0.32 
1340 0.30 
1227 0.27 

839 0.19 
490 0.11 
6S6 0.19 
429 0.13 
3SO 0.10 

4910 1.12 
1988 0.61 

29xll.0-10, 8-PR 
2 333 0 .S7 
2100 o.Sl 
1332 .o .40 
l 24S 0 .38 
2 700 1.23 

After Traffic Rut 
Measurement 1 in. 
Depth Width Remarks 

4.10 9.0 
3.12 9.4 
2.00 9.8 
1.19 8.3 
o.76 8.7 
1.21 8.4 
0.88 8.6 
o.39 8.8 
1. Sl 8.0 
1.41 8.0 
l.3S 8.1 
0.93 8.S 
0.3S 8.8 
0.73 8.S 
0.41 8.7 
0.23 9.1 
6.92 9.0 Axle carriage dragging 
3.00 9.0 

3.43 11.4 
2.8S 11. 9 
2.14 10.S 
2.07 11.l 
6. 77 11.4 



Table 3 
Tricycle Load Cart tlotion Resistance Tests PreEared and Natural Soils 

Average Wheel Loads Total Avg Towed !lotion Tire-Infl Pressure, psi After-Traffic Rut Heasurements in 
Test 0- to 6-in. Layer lb Load, W Resistance TMR Tail Main DeEth Width 
~ CI RI RCI Tai J Gear Main Gear lb lb (TMR/W) ~ Gear Nose Main Nose Main 

6.00-6 Tail Geaq B.50-10 Main Gear (Blue Helicopter) 
71 74 0.92 68 

T lOT 12700 5314 0.42 I 80 5.6 4.8 7.5 8.3 
72 106 0.91,., 96 4019 0.32 I 1.2 l. 7 7.5 9.0 
73 169 i.oo,., 169 1125 0.09 

l 0.6 1.1 7.5 9.0 
75 309 i.oo,., 309 845 0.07 0.3 0.4 5.5 6.5 
76 607 1.00 607 481 0.04 o.o o.o 
74 Asphalt Pavement 202 0.02 o.o o.o 

8.50-10 Tail Geari 29 x 11.0-10 Main Gear (Blue HelicoEter Hod 2) 

77 74 0.92 68 

1 1 
4168 0;33 

l l 
2.4 2.9 8.5 10.5 

78 106 0.91,., 96 3262 0.26 1.2 l. 7 9.0 11.0 
79 169 l.OO,., 169 956 0.08 0.5 0.9 9.0 11.0 
81 309 1.00* 309 760 0.06 0.2 0.3 6.5 8.0 
82 607 1.00 607 410 0.03 o.o o.o 
80 AsEhalt Pavement 208 0.02 o.o o.o 

"' Assumed 
Note: Tests 73 and 79 were on natural soil, the others on prepared surfaces. 



Table 4 
Estimations of Helicopter Performance 

Tail or Nose Gear Main Gear (Each) Hclico2ter Data 
Total Figure 

Inflation Load TI1R Inflation Load TMR Weight TMR in 
Helicopter RCI Tire Size Press 2 Esi lb lb Tire Size Press 2 Esi lb lb (W) lb lb Coefficient Text 

* 8.STO,,). Blue lOS '·'T'') SS 

T 
460 80 

T 
1404 12,700 3268 0,26 2S 

S2 t 2180 8S60 I 19300 1.52 26 
Blue Mod 105 l12 368 40 832 

1 
2030 0.16 27 

S2 J 1886 66S6 1S198 1.20 28 
Blue Mod 2 lOS 8.SO-lO(S) SS 230 29 x

1
11.0-10(S) 80 728 1686 0.13 29 

S2 {, 

1 
8Sl 3380 7611 0.60 30 

Orange lOS 6.0r(D) 2700 378 8.ST'''l SS 4SOO 810 11, 700 1998 0.17 31 
S2 

l 
1431 

1 
5490 l 12410 1.06 32 

Orange Mod lOS 42 189 40 49S 1179 0.10 33 
S2 l 1863 4S45 109S3 0.94 34 

Orange Mod 2 lOS 1s 378 29 x, 11.0-lO(S) 5S 49S 1368 0.12 3S 
52 1431 j; 184S 5121 0.44 36 

* . ** (S) Single; (D) Dual 
TMR, lb f total weight, lb 



Table 5 

Areal Occupany of Terrain Factors in West Gennany Transect 

?tatistics for Soil Composition and Visibility 

S01L TiPE SrJ 1 L STRErJGTH VISIBILITY 
<«<« »»» <<<<<<<<<<<<<<<<<<<<< >>>>>>>>>>>>>>>>>>>>> «·«« >"»>» 

DRY SEf,SON AVG SEASON WEl SFASON 
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* APPENDIX A: SOIL-VEHICLE MODELS 

Introduction 

1. The relations in this appendix, whether equations or graphs, are 

shown in their current form without reference to prior evolutionary steps. 
Assumptions, inputs, outputs, etc., involved in each model are presented 

along with the explicit relations. Symbols common to all models are listed 
immediately below. Definitions and symbols peculiar to a particular model 
are given with the listings for that model. 

W load on traction element, lb 
b width of traction element contact; for tires, undeflected 

p, 

d 

h 

6 

s 

v v 
Vt 

p == 

z 

A =:: 

c 

¢ 

)' 

T 

e 
Q' 

N 

section width, in. 

length of traction element contact, in. (detailed definition 
varies in the several models, especially for wheels and tires) 
unloaded tire diameter, in. 
unloaded tire section height, in. 
tire deflection, in. 

slip, ratio (s == 1 - V v ) 
. Vt 

velocity of the vehicle, mph 
velocity of traction element, ft I)er sec 

pressure, psi 
sinkage or depth of penetration of traction elements, in. 

area, sq in. 
cohesion, psi (as defined by the instrwnent with which the 
measurement is obtained) 
angle of internal friction, deg (as defined by the instrument 
with which the measurement is obtained) 

soil density, lb/in.3 
shear stress, psi 

terrain-slope angle, deg 

trim angle of running gear of vehicles, deg 
number of' major traction element assemblies supporting the 
vehicle 

P ==net traction (drawbar pull), lb 

* From reference 10. 
Al 



WES vcr Model 

2. The WES VCI model for predicting vehicle performance for fine-
and coarse-grained inorganic soils includes determination of minimlun soil 
strength requirements in terms of vehicle cone index (VCI), maximum towing 
force, and towed motion resistance while a vehicle is traveling in a 

straight line in unaccelerated motion on unobstructed level and sloping 

soil surfaces. All of the performance parameters are related to rating 
cone index (RCI) for fine-grained soils and cone index (CI) for coarse-
grained soils. The pertinent soil-vehicle performance relations were em-
pirically derived from field test data that included a range in vehicle 
characteristics and soil strengths. Initially performance predictions in 
fine-grained soils were for 50-pass traffic; however, subsequently a one-
pass performance predict.ion method was required. The VC I one-pass perform-

ance prediction scheme was developed by adapting techniques used in the 50-
pass prediction. For coarse-grained soils, one-pass performance only is 
determined because tests have shown that the minimum soil strength for go 
on the first pass is adequate for go on all subsequent passes as well. 

3. Definitions peculiar to this model are listed below. 
Critical layer. The layer of soil that is most pertinent to estab-

lishing relations between soil strength and vehicle performance. For 50-
pass performance in fine-grained soils and sands with fines, poorly drained, 

it is usually the 6- to 12-in. layer; however, it varies with weight and 
type of vehicle and with soil strength profile. For one-pass performance, 
it is usually closer to the surface. 

Fine-grained soil. A soil of which more than 50 percent of the 
grains, by weight, will pass a No. 200 sieve (smaller than 0.74 nun in 
diameter). 

Coarse-grained soil. A soil of which more than 50 percent of the 

grains, by weight, will be retained on a No. 200 sieve. 
Sand. A coarse-grained soil with the greater percentage of the 

coarse portion (larger than 0.74 1mn) passing the No. 4 sieve (4.76 nun). 
Sand with fines, poorly drained. A sand that contains some fines and 
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is slow draining when wet. Such sands behave similarly to wet, fine-
grained soils under vehicular traffic. 

Cone index (CI). An index of the shearing resistance of a medium as 
measured at any depth by a cone penetrometer. The resistance of t11c medimn 
to penetration by a 30-deg cone with a 0.5-sq-in. circular base is ex-
pressed in pounds of force on the handle per square inch of the bn,se area. 

In the basic WES VCI system, the CI is considered as an index only and no 
direct meaning is assigned to its dimensions. 

Remolding index (RI) . A ratio that expresses the proportion of orig-
inal strength of a medium that will remain under a moving vehicle. The 
ratio is determined from CI measurements made before and after remolding a 
6-in.-long sample using special apparatus. 

Rating cone index (RCI). 'rhe product of the measured CI and the RI 
of the same layer. 

Mobility index (MI). A dimensionless number that results from a con-
sideration of certain vehicle characteristics. 

Vehicle cone index (VCI). The minimum soil strength in the critical 
soil layer in terms of RCI for fine-grained soils and CI for coarse-grained 
soils required for a specified number of passes of a vehicle, usually one 

pass or 50 passes. 
VCI50 . Experimentally determined minimum RCI of the critical layer 

required for a vehicle to complete 50 passes in a fine-grained soil. vcr50 
is computed for a given vehicle by first calculating an MI from selected 
vehicle characteristics and then converting the MI to vcr50 by means of a 
curve or table. 

VCI1 . Experimentally determined minimum CI or RCI of the critical 
layer required for a vehicle to complete one pass. The one-pass critical 
layer for most vehicles is usually the 0- to 6-in. layer. 

VCI1 (50). One-pass VCI for fine-grained soils calculated by taking 
40 percent of vcr 50 . 

11.. Principal assumptions pertinent to this model are listed below. 
a. Soil. 

(1) The mean (rating) cone index (RCI ) for a "critical 
zl,z2 
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layer" (between depths z1 and z2), selected according 
to vehicle weight and type, soil type, and cone index 
profile character, adequately represents the full CI 
profile. 

(2) There is no large discontinuity between mass soil 
strength and surface soil strength. 

(3) Nonwoody.surface vegetation has no effect on performance. 
(4) Soil stickiness has no effect on performance. 

b. Vehicle. 
(1) The vehicle moves only in straight, lu1accelerated motion. 
(2) Sufficient torque is available for self-propulsion in 

all soil conditions. 
(3) Individual tractive elements (tires or tracks) share the 

gross load equally. 
(4) All wheels in contact with the ground are powered. 
(5) Tire deflection on self-propelled, wheeled vehicles is 

assumed constant at the level determined by the infla-
tion pressure recommended for the vehicle in cross-
country operation. 

5. Soil parameters used in this model are: 
a. CI or RCI. 
b. Gross slope. 
c. Classification of soil (fine..'. grained, coarse-grained, or 

organic). 
d. Critical layer. 

(1) It may vary with weight and type of vehicle and soil 
strength profile. 

(2) For freely draining or clean sands, it is usually the 
0- to 6-in. layer. 

(3) For fine-grained soils and sands with fines, poorly 
drained, it is usually the 0- to 6-in. layer for one-
pass performance and the 6- to 12-in. layer for 50-pass 
performance. 

6. Vehicle parameters pertinent to this model are: 



a. Tracked vehicles. 
(1) Gross weight. 
(2) Track width. 
(3) Track ground contact area. 
(4) Track pitch. 
(5) Grouser height. 
(6) Total number of bogies or road wheels for all tracks. 
(7) Ground clearance to lowest point on hull. 
(8) Engine horsepower. 
(9) Transmission type (manual or automatic). 

b. Wheeled vehicles. 
(1) Gross weight. 
(2) Number of tires. 
(3) Tire nominal width. 
(4) Undeflected tire outside diameter. 
(5) Tire inflation pressure. 
(6) Tire ply rating. 
(7) Number of axles. 
(8) Ground clearance to lowest point on chassis. 
(9) Engine horsepower. 

(10) Transmission type (manual or automatic}. 

Fine-grained soil and 
sands with fines, poorly drained 

7. VCI, towed motion resistance, and drawbar pull performance curves 
were derived from actual measurements in over 1600 tests run in prepared 
and natural soil materials with self-propelled and towed wheeled and 
tracked vehicles. The complete test data cover a wide range of vehicle 
characteristics and types of fine-grained soils. Test vehicle weights 
ranged from ab.out 4000 lb to more than 100 ,000 lb; tire diameters ranged 
from about 30 to 60 in.; and soil conditions included all fine-grained soil 
types, each in strengths ranging from unquestionable go to unquestionable 
no go for each vehicle tested in it. 

8. In fine-grained soils 
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where 
CI. 

J 

j=O 
VCI RCI 1 I CI. RI. :;:: - n+l x 

J J 
j=n 

before-traffic CI for soil at a depth z 
(z - z1 ) 

+ J-· 2 z = zl ~~-n~~ 

z1 and z2 = depth boundaries of the critical layer 
RI. RI at depth z 

J 
n = number of equal divisions in critical layer used for 

measurement purposes 

(Al) 

9. The fundamental relations and empirically derived equations and 
graphs that are component parts of the WES VCI model are used for predict-
ing vehicle performance in fine-grained soils and arc outlined below. 

a. MI is deternnned from one of two equations, according to 
whether the vehicle is tracked or wheeled. The equations 
(A2 and A3) for self-propelled vehicles are given for the 
appropriate vehicle type in tables Al and A2. Equations for 
computing MI for towed wheeled and tracked trailers are avail-
able, but since they are not used in any analytical ground-
mobility model, they are not included herein. 

b. VCI is a function of vehicle type, MI, and the number of 
passes to be completed. It is obtained from the curves in 
fig. Al. 

c. The net maximum drawbar pull coefficient on level ground and 
the corresponding maximum slope negotiable are determined as 
functions of the excess RCI over VCI (i.e., RCI - VCI), clas-
sification of vehicle type, and number of passes to be com-
pleted. The relations used for 50- and one-pass traffic are 
given in figs. A2 and Ali-,* respectively. 

d. 'l'owed motion resistance coefficient on level ground may be 

* Curves in fig. A4 are presently being tested and have not yet been vali-
dated. They should be considered as preliminary and subject to some 
changes as more data become available. 
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* 

Table Al 
Mobility Index Equation for Self-Propelled 

Tracked Vehicles (Equation A2) 

Mobil-
X weight 

~~~~~~-f_a_c_t_o_~ + bogie clear-
ance 
factor 

X engine X transmission 
factor factor ity = 

index* 

where 

grouser factor 
factor 

gross weight, lb 
Contact 
pressure 
factor ·area of tracks in contact with ground, sq in. 

Weight factor: 

Track factor 

Grouser factor: 

Bogie factor 

Clearance factor = 

Engine factor: 

Transmission 
factor: 

Less than 50,000 lb = 1.0 
50,000 to 69,999 lb 1.2 
70,000 to 99,999 lb 1.4 
100,000 lb or greater = 1.8 
track width 2 in. 

100 

Grousers less than 1.5 in. high 1.0 
Grousers more than 1.5 in. high 1.1 

gross weight, lb, divided by 10 
(total number of bogies on tracks in contact 
with ground) x (area, sq in., of 1 track shoe) 
·clearance, in. 

10 

~10 hp/ton of vehicle wt 1.00 I 

<10 hp/ton of vehicle wt 1.05 

Automatic = 1.0; manual = 1.05 

The MI index obtained is converted to VCI from the curves shown in 
fig. Al. 
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... 

Table A2. 

Mobility Index Equation for Self-Propelled Wheeled 
(All-Wheel Drive) Vehicles (Equation A3) 

contact 
Mobil-
ity 
index* 

weight 
pressure X factor wheel 
~~~~~~~~~o~r~~g-r_o_u_s_e_r_ + load 
factor X factor factor 

engine 
X factor 

X trans-
miSsion 
factor 

where 

* 
** 

gross weight, lb Contact pressure factor a ~~-'-.;;;_-"--~.~00_....ts~i~die....;:;.c_li-am~~~~~~ 
nom tire X of tire, in. 
width, in. 2 

Weight Factor 
Weight Range, lb** Eguationst 

Weight <2000 y .. 0.553X 
factor: 2000 to 13,500 y = 0.033X + 1.050 

13,501 to 20,000 y = 0.142X - 0.420 
:>20,000 y = 0.278X - 3.115 

Tire factor: 10 + tire width, in. 
100 

Grouser factor: With chains = 1.05 
With out chains = 1 • 00 

Wheel load factor: gross weight, kips 
No. of axles x 2 

Clearance factor: clearance, in. 
10 

Engine factor: ~10 hp/ton c 1.00 
<10 hp/ton • 1.05 

x No. of 
tires 

Transmission factor: Automatic = 1.00; manual= 1.05 

The MI obtained is converted to VCI from the curves shown in fig. Al. 

Gross weight, lb 
No. of axles 

t Y = weight factor , X = ~ross weight, kips 
No. of axles 
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400 
Tracked Vehicles VCI1 

360 I I I~ 
Wheeled Vehicles VCI1 

320 

280 

~ 240 
<d 
~ 

H 

» 200 +> 
'ri 
..-I •n .g 

160 ~ 
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Bo 

4o 

Vehicle Cone Index 
Tracked Vehicles 

VCI1 = 7.0 + 0.2 MI - (MI ~95~6) 
VCI = 19 27 + 0 43 MI - ( 125 · 79 ) 50 ' . MI + 7 .08 

Wheeled Vehicles 

vcr1 = 11.48 + 0.2 MI - (Mr :93~74) 
VCI = 28.23 + O 43 MI _ ( 92 .67 ~ 

50 • MI + 3. 61) 

Fig. Al. Relation of }1I to VCI for self-propelled yehicles 
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y = o.0146x + o.419 - /(o.0146x + o.419) 2 - o.02ix (1) 

y = o.0146x + o.425 - l(o.0146x + o.425) 2 - o.0198x (2) 

y = o.0109x + o.366 - l(o.0109x + o.366)2 - o.013x (3) 

. 8• 1-----.--T-1-·-·-i 
TRACKED VEHICLES WITH I 
GROUSERS GREATER THAN 1-1/2"' 

3 

VEHICLES 

O,__~~~~~~~.._~~~~~~~,.._~___..__~_....~~~~~ 
0 +10 +20 +30 +40 +50 +60 +70 +80 +90 +100 

Rating Cone Index - Points Above Vehicle Cone Index (X) 

Fig. A2. Relation of net maximum drawbar pull on level ground 
and maximum slope negotiable to RCI in excess of VCI 
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estimated from its relation to RCI or excess RCI, the classi-
fication of the vehicle by load and type, and the number of 
passes to be completed. The relations used for 25 passes and 
one pass are shown in figs. A3 and A5,* respectively. 

y = 0.1858 - o.01453x + /(0.1858 - 0.01453) 2 - o.00224x + o.sb23 (l) 

y = 0.1609 - 0.00595X + /(0.1609 - 0.00595X) 2 - O.OOlX + 0.2838 (2) 

y = o.6 - o.00885x + l(o.6 - o.00885x) 2 + o.001x + 0.027 (3) 

y = o.4167 - o.01052x + /(o.4167 - o.01052x) 2 + 0.1886 (4) 

,.-.... 
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(j.; 
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0 4o u 
QJ 
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p::j 20 ,::: 
0 
·rl 
+> 0 10 :::<:: 
<rj 
QJ 
~ 
0 
8 

0 

]_ 
20 40 60 80 100 120 160 

Rating Cone Index (x) 

Fig. A3. Relation of towed motion resistance on 
level ground to RCI 

_____ J 

180 200 

* Curves in fig. A5 are presently being tested and have not yet been vali-
dated. They should be considered as preliminary and subject to some 
changes as more data become available. 
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Ground Contact Pressure ~ 11 psi 

D/W = 0.11554 + 0.0392 RCix 

o. 4
1----1--1---+-+---- -'\/(o.4554 + 0.0392 RCiiY?-0.0526 RCix 

/ J_J ,// 

0.21-J'---+-/- -~--~--+------!--~ 
~ Tracked Vehicles with Ground Contact Pressure < 4 psi 
p. 

~ D/W = 0.544 + 0.0463 RCIX - /(0.5411 + 0.0463 RCI) 2 - 0.0702 RCix 

O.v~--~-~----~----~ 
o 20 4o 60 80 loo 

Rating Cone Inde:x - Points Above Vehicle Cone Index (RC\) 

D/W = 0.3885 + 0.0265 RCix 

-V (0.3885 + 0.0265 RCix) 2 - 0.0358 RCix 

0.2 l--l-r--l--+---J-1---~ 

Wheeled Vehicles uith Ground Conte.ct Pre3sure :::_ h psi 

D/H = 0.379 + 0.0219 HCI)[ - 1ro:379 + 0.0219 RCIX)2-o.0257 RCIX 
0 • 0o'------2~0 - ----110------- 60 80 100 

Ratlng Cone Index - Po.ints Above Vehicle Cone Index (RCIX) 

Fig. A4. First-pass i1et maximum drawbar pull, maximum slope. negotiable-
soil strength relations for tracked and wheeled vehicles operating on 
fine-grained soils 
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MR = 
w 

20 

0.861 o.o35 + RCI + 3.249 
x 

0 0 80 
Rating Cone Index - Points Above Vehicle Cone Index 

Fig. A5. First-pass motion resistance-soil strength relations for 
tracked and wheeled vehicles operating on fine-grained soils 

Coarse-grained soils 

100 

10. The srune basic soil and vehicle characteristics are used to pre-
dict vehicle performance in coarse-grained soils in terms of VCI, towed 
motion resistance, drawbar·pull, and maximum slope negotiable for tracked 
and wheeled vehicles. The relevant data were derived from some 1400 tests 
of self-propelled wheeled vehicles (all-wheel drive) and about 200 tests of 
self-propelled tracked vehicles run mostly in natural sand conditions. 
Test site data are characteristic of dry and moist sands commonly found in 
inland deserts of the United States and of continental and river beaches 
of the United States ru1d foreign countries. Origins of the sands were 
quartz, coral, and volcanic ash. The available test data represent a 
reasonable range in vehicle and soil characteristics. The soil types 
tested include sand and gravel, and sand and gravel mixtures.. Wheeled 
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vehicle test weights ranged from 2600 to 33,000 lb, tire diameters ranged 
from about 30 to 65 in., and tire pressure ranged from 10 to 60 psi. 
Tracked vehicles tested included girderized and flexible tracks, and 
weights ranged from 4500 to about 36,000 lb. 

11. In clean sands 

(A4) 

where 
CI average before-traffic cone index 

zl'z2 = depth boundaries of critical layer, usually 0- to 6-in. depth 
12. Wheeled vehicles. From the individual tests, 352 separate em-

pirical soil-vehicle performance relations (see fig. A6a for examples) were 
established for specific vehicles, and data from these relations were input 
to a statistical analysis to develop regression equations relating the per-
forrnance parameters to soil and vehicle factors. Multiple curvilinear re-
gression techniques were used to establish equations for predicting VCI, 
maximum drawbar pull, and maxinrum slope negotiable; and linear regression 
techniques were used to develop an equation for towed motion resistance. 
An example of the soil, vehicle-performance parameter relations used in the 
analysis is shown in fig. A6. The vehicle and soil characteristics used, 
together with forms for computing performance, are given in tables A3 
and A4. 

13. The equations for vehicle performance in coarse-grained soil 
resulting from this statistical analysis are as follows: 

a. VCI1 = antilogarithm* (-o.35ox1 + o.0526x2 + o.0211x3 
+ 1.5870). (A5) 

b. Maximum net drawbar pull, percent of gross weight (28.87X1 
+ 10.lOX2 - l.52X3 - 0.61X1l- - 43.82) + 100 (A6) 

c. Maxirmun slope negotiable, percent = (28.87x1 + 10.lOX2 
- l.52X3 - 0.61X4 - 1i-5.82) + 100 . (A7) 

d. Towed motion resistance ={(22.20 + 0.92 X x1l-) 
+ [(-88 - 0.37 X x4)(log x5)J}+ 100 . (A8) 

-*· Logarithm to the base 10. 
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Table A3 . 
Data Form for Computing Vehicle Cone Index (VCI) for Wheeled 

Vehicles in Sands (All-Wheel Drive)(Equation A5) 

Vehicle-----------------------------~ 
Equation: Vehicle cone index (VCI1) = antilogaritlunll- (-0.350 (contact 

area factor, x1) + 0.0526 (number of tires powered, x2) 
+ 0.0211 (tire pressure, x3) + 1.5870) 

Vehicle and Soil Characteristics 
(1) Gross vehicle wt, lb ~ -------------------
( 2) Nominal tire width, in. 

(3) Rim diameter, in. = -----------·----------
(4) Number of tires powered= x2 
(5) Tire ply rating = -------------·---------
( 6) Tire pressure, psi = x3 = 

Factors 

( 7) Nominal tire width 2 in. ; if 2::2- .4, factor (7) 2.0 
Rim diameter, in. if <2.4, factor (7) 5.0 

(8) Wheel diameter factor = (7)** x (2) + (3) = 
= (7) x + 

( 9) Contact pressure = 0. 607 X (6) + 1 .35 (117.0(
8

x) (5))- 4. 93 = 
factor ---

= 0.607 x --- + 1.35 (111 ·~--) - 4.93 = ------

(10) Contact area factor = x1 = log g~ = log ( _____ ) = -----

(11) Strength factor -0.350 X (10) + 0.0526 X (4) + 0.0211 X (6) 

+ 1.5870 = = -0.350 x + 0.0526 x --- ---
+ 0.0211 x + 1.5870 = --- ---

Vehicle.cone index (VCI1 ) antilogarithm (11) = antilogarithm __ ) 

* Logarithm to the base 10. 
** Number in parentheses indicates value assigned to that factor number. 
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Table A4 
Data Form for Computin.g Maximw:n Net Drawbar Pull (DBPmax) and Maximum 

Slope Negotiable (S ) for Wheeled Vehicles in Sands max 

Basic Equations 

DBPmax(% of vehicle wt) = 28.87x1 + 10.lOX2 - l.52x3 - 0.6ix4 - x5 
smax('i~) = 28.87X1 + l0.1ox2 - i.52x3 - o.6ix4 - x6 

Vehicle Characteristics and Cone Index 

( 1) Gross wt, lb (2) Nominal tire width, in. 

(3) Rim diameter, in. (4) No. of powered tires 

(5) Tire ply rating (6) Tire inflation pressure, 

( 7) Cone index of 0- to 6-in. layer 

X Factors 

X = strength factor = log (7)* = 1 -----

psi 

x 2 = contact area factor = log g)) = ____ _ 

Xa = contact pressure factor= 0.607 X (6) + 1.35 (117(~) ( 5))- !t.93 

~ = wheel diameter factor == x7 x (2) + (3) = ----

same as 

same as 

(4) 

(6) 
x

5 
4 3 . 82 for maxinrum net draw bar pull c omput at ions 

x6 = 45.82 for maxinrum slope negotiable 

X = Nominal tire width, in. 
7 Rim diameter, in. 

if >2.4 factor (7) = 2.0 
if "<2.4 factor (7) = 5.0 

DBP = 28.87( __ ) + 10.10( __ ) - 1.52( __ - 0.61( __ ) - 43.82 max 

smax = 28.87( __ ) + 10.10( __ ) - 1.52( __ ) - 0.61( __ ) - 45.82 = 

* Number in parentheses indicates the vehicle characteristic, cone index, 
or X factor to use. 
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where for equations A5, A6, A7, and A8 
slope, percent 
log of estimated total contact area in square inches (see tables 
A3 and A4) 

x3 number of tires powered 
x4 tire pressure, psi 
x5 log of cone index 
45.82 and 43.82 = equation constants 
14. The equations above were derived from available data, and after-

the-fact field tests have not been conducted to determine their prediction 
accuracy. However, on the basis of the go and no go performance data from 
which the relations were derived, the equations for maximum slope negoti-
able (equation A7) and vcr1 (equation A5) predictecl vehicle performance 
with an accuracy of 78 percent. The quality of the relations established, 
in terms of absolute deviation,* was the same (0.02) for both maximum draw-
bar pull (equation A6) and towed motion resistance (equation A8). 

15. Tracked vehicles. Data available on tracked vehicle performance 
in coarse-grained soils indicate that tracked vehicles usually experience 
little or no difficulty traversing level, clean sands. The effect of soil 
strength and ground contact pressure on the performance (drawbar pull and 
slope climbing) of a given tracked vehicle is small. Track type appears 
to be the principal factor influencing performance, as shown in fig. A?. 
On the basis of these data, average drawbar pull values of 50 and 56 per-
cent of gross vehicle weight are used for prediction purposes for flexible 
and girderized tracks, respectively. Motion resistance has not been well 
defined. For the time being, however, the following equations are used. 

Flexible tracks 

Girderized tracks 

MR s O.lOW 

MR = 0.074W s 

* Without regard to algebraic signs. 
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Fig. A7. Performance of tracked vehicles in dry-to-moist sand 

MRS towed motion resistance (soil), lb 
W = gross vehicle test weight, lb 

16. Fundamental relations. The fundamental relations employed in 
the WES VCI model for predicting performance of vehicles operating in 
coarse-grained soils are summarized on the following page. 

Al9 



a. VCI for wheeled vehicles is determined using a regression 

equation (equation A5) involving vehicle type, soil slope, 
and vehicle characteristics. This equation is for dry-to-
moist sands only; investigations of wet and inundated sands, 
which may present some problems for heavy vehicles because 
of load liquefaction, have not been completed. 

b. Means for computing a VCI for tracked vehicles have not as 
yet been developed. 

c. The net maximum drawbar pull coefficient and the correspond-

ing maximum slope negotiable are determined from em1iirical 
relations of CI and vehicle type classifications (equations 

A6 and A7). 
d. Motion resistance coefficient or percent of gross vehicle 

weight on level ground may be estimated for a wheeled ve-
hicle by its relation to tire pressure and CI (equation A8) 
and to track type for tracked vehicles (equations A9 and 
AlO). 

WES Mobility Numeric Model (Wheeled Vehicles Only) 

17. The WES mobility numeric model consists of one set of empirical 
relations for predicting the performance of a single tire moving at 5 to 6 
fps in a straight line in a fully remolded clay, and a second set for 

performance in a dry sand. These relations were developed by the consoli-
dation of systematic laboratory test data by means of dimensional analysis, 
extended by regression techniques. After the basic clay nunieric was de-
veloped, analysis of data from field tests with prototype wheeled vehicles 
indicated that the use of RCI rather than CI would increase prediction 
accuracy. Selected performance parameters (minimum soil strength required 
to complete the first pass--VCI1 , drawbar pull, input torque at 20 percent 

slip, and towed motion resistance) are presented in proper dimensionless 

form as unique functions of a "mobility numeric," which is a dimensionless 
load coefficient expressing the ratio of soil strength (in RCI terms) to a 

nominal unit load exerted by the deflected tire upon the soil. 

A20 



18. The basic mobility numeric relations were developed from labo-
ratory results of more than 184 single-wheel tests in a heavy clay soil and 
over 122 tests in sand. Each test involved soil strength and tire behavior 
measurements during three to five passes of a wheel in the same path and 
under a constant load. During each pass, the slip was slowly increased 
linearly from -20 to 100 percent. In the remolded clay soil the drawbar 
pull and torque of a wheel as related to slip were essentially the same 

from pass to pass, but differences were found in sand because its strength 
may increase or decrease under the action of traffic, depending essentially 
on its before-traffic density. 

19. The soil was so prepared in the laboratory that reasonably uni-
form soil conditions were achieved. The mass soil strength for the clay 
soils in which tires were tested ranged from '7 to 45 CI (0- to 6-in. depth), 
while sand strengths were from 8 to '77 CI (0- to 6-in. depth) or, in terms 
of the strength gradient (G) over a depth equal to the tire width, were 

from 2.6 to 25.7 psi/in. 
20. Tires used in the development of the basic mobility numeric data 

were treadless. The largest was 41.3 in. in diameter and the smallest was 
8 in. Ratios of width to diameter ranged from 0.15 to 0.92. 

21. Assumptions currently involved in this model are listed below. 

a. General. 
(1) The basic dimensional analysis of the tire-soil rela-

tion using a single cone index (C), rating cone index 
(RCI), or cone index gradient (G) as the soil strength 
parameter is valid and adequate. 

(2) Contributions of soil dynamics and shear-rate-dependent 
effects to net tire performance are negligible in the 
soil-tire systems under study. 

(3) Empirically determined relations accounting for changes 

in tire proportions (b/d, o/h, h/d), which enter the 
final form of the mobility numeric, are generally ap-
plicable to similar soil-tire systems. 

(4) The vehicle moves in equilibrium in a straight line on 
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level soil at no more than normal vehicle speeds 

off-road. 
(5) The performance of a (multiwheeled) vehicle is the sum 

of the performance (~) of its individual tires. 
(Ci) It is adequate for design and simulation to represent a 

slip-dependent relation in terms of performance at 20 

percent slip, which is near optimum in terms or draw-
bar efficiency. 

b. Soil. 
(1) 'I'he soil body is essentially uniform and is eitl1er 

purely cohesive or entirely friction<el (c/¢ soils 
cannot yet be handled). 

(2) The mean CI of a uniform clay soil body in the labora-
tory, measured with standard cone penetrometer, ade-
quately describes those properties of the soil which 
relate to vehicle performance. 

(3) For field performance predictions in clay soils, mean 
RCI within the critical layer, as defined by the WES 

VCI method, is used in place of the laboratory mean CI 
to calculate the controlling mobility numeric. 

(4) There is no significant discontinuity between surface 

and mass soil strengths. 
(5) The gradient (G) of CI with penetration distance ade-

quately describes the properties of both natural and 
laboratory beds of purely frictional soils as these 

relate to slow-speed-vehicle performance. 
c. Vehicle. 

(1) Tire geometry is suitably described by measurements of 

undeflected tire diameter, section width and section 

height, plus, as an index of tire flexibility in the 

soil, static deflection under the test load, when on 

an unyielding surface. 

(2) The primary effects of tire pressure on pe,rformance are 

fully accounted for by the deflection measurement. 
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(3) Tread pattern has only a negligible influence on tire 
performance in uniform soils. 

d. Soil parameters. 

(1) For natural clay, RCI is the only soil parameter. 
(2) For natural sand, CI gradient is the only soil 

para.meter. 
e. Vehicle parameters. Tire para.meters are wheel load (W), 

undeflected section width (b), unloaded diameter (d), 
unloaded section height (h), and hard surface deflection (0 ). 

Mobility numerics 
22. Predictions are made from empirical relations of dimensionless 

performance numbers (listed below) and dimensionless mobility numerics. 

P 2Jw-x· drawbar pull coefficient 

PT/w towed motion resistance coefficient 

z2old = sinkage coefficient 

Two of the performance parameters measured during tests that relate to the 
performance numbers listed above are pull (P20 ) and pull re~uired for a 
free-rolling wheel (PT). When it is necessary to estimate motion resis-
tance at 20 percent slip, the towed force is used as a reasonable 
approximation. 

where 

23. The WES clay mobility numeric** for natural soil is 

RCI bd 
w 

RCI = rating cone index for the 0- to 6-in. depth 
(See paragraph 1 for identification of other symbols.) 

(All) 

Relations of performance coefficients for the first pass of a single wheel 
and revised clay mobility numeric are given in fig. A8. Relations of pull 

* Subscript, 20, denotes slip, in percent. / 
** Since publication of this appendix in reference 10, the (0/h)1 2 factor 

has been changed to l/[l - (0/h) 2J . This means that the clay numeric 
values in this appendix need to be recomputed to obtain values compatible 
with clay numeric values in the main part of the report. 
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and towed force coefficients and the original WES numeric for clay are 
given in fig. A9. 

where 

2L}. The WES sand mobility muneric is 

G(bd)3/2 X .2_ 
w h (Al2) 

G = the slope of the curve of penetration resistance versus depth, 
averaged over a 6-in. depth. (See paragraph 1 for identification 
of other symbols.) 

Relations of performance coefficients for the first pass of a single wheel, 
slope negotiable, and towed force and sand mobility numeric are given in 
fig. AlO. 
Fundamental relations 

25. The fundamental relations pertinent to this model are as follows: 
a. The clay mobility nwneric is determined from the soil and 

vehicle parameters and subsequently used in the relations 
(fig. A9) to obtain performance coefficients for a single 
wheel or wheeled vehicle. Actual wheel performance values 
are calculated by multiplying the coefficients by W or Wd 
for the wheel, as appropriate. The performance of a com-
plete vehicle is obtained by swnming the performance of each 
of its wheels (including a net motion resistance or negative 
performance when a tire is not powered or has insufficient 
net traction to propel itself). Performance measured in the 
laboratory during the second through fifth passes varied but 
little from that during the first pass. Thus, although the 
graphs were developed by the consolidation of first-pass 
test results, they can be used to calculate pull, torque, 
and towed force for every individual wheel on a vehicle, and 
even several passes of the vehicle. 

b. The sand mobility numeric, calculated from the soil and ve-
hicle parameters, is used to determine corresponding per-
formance coefficients from the curves shown in.fig. AlO. 
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APPENDIX B: ENVIRONMENTAL DESCRIPTION OF WEST GERMAN TRANSECT* 

1. This appendix gives a brief environmental description of the West 
German transect, defines terms used to describe areal terrain (table Bl), 
lists the terrain factor classes and terrain factor values used to describe 

areal terrain (table B2), presents a blowndown version of the areal terrain 
complex map for the West German transect (fig. B4), and lists the areal 
terrain unit data for the West German transect (table B3). 

Location 

2. The transect, located in the southern section of West Germany 
(fig. Bla), is bound by the following map coordinates: latitude 49° 02 1 

to 49° 04 1 North, and longitude 8° 39 1 to 9° 22 1 East. The transect is 

3 km wide and 52 km long. Several air photos of the area within the 

transect, located as .shown in fig. B2a, are given in figs. B3a, B3b, and 

B3c. 

Physiography 

3. The transect is located in the Bavarian Plateau, which is a 

roughly triangular region covering most of southern Germany. The average 

elevation at the east end of the transect is about 375 m, and at the west 
end about 185 m, giving a relief of about 190 m. The transect is crossed 
from south to north by the Neckar River, a tributary of the Rhine River. 

East of the river, the area is mostly hilly with the hills capped with 
sandstone underlain by shale. Some sections of the hilly area are rugged, 

but for the most part, the terrain is rolling. West of the river, the area 

is tableland, which consists mostly of undulating to gently undulating 
terrain underlain primarily by limestone. 

* From reference 8. 
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Drainageways 

4. The Neckar River is the main river in the area. Several smaller 

rivers and streams originate in or cross the transect at various angles. 
Flat, narrow terraces are frequently found along the river and stream 
banks. Some stream channels have been modified, and the banks may have 

man-made structures to protect against erosion. 

Soils 

S. The soils are mainly· residual with clays and silts developing 

from the shales and limestones. Isolated patches of alluvial sands and 

gravels are found along fonner stream courses. Deposits of loess are 
commonly found adjacent to the Neckar River. 

Land Use 

6. About 70 percent of the area in the transect is used for agricul-

ture, with grain the principal crop. Pasture lands are common. The higher, 
hilly lands and some of the bottomlands are forested, but in some hilly 
areas, vineyards are fairly common on the hillsides and are associated 

with man-made terraces. 

Weather and Climate 

7. Long-term monthly rainfall and mean temperature data for Stuttgart, 
which is in the vicinity of the study area, are shown in fig. B4a. The 

rainfall is fairly evenly distributed throughout the year, ranging from 
2 to 4 in. per month, with the heavier amounts occurring during the 
summer season. The rainfall amounts and distribution indicate that 

excessive soil wetting would not occur except in the low-lying areas, 
thus fairly high soil strength would exist most of the time in areas 
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with reasonable surface drainage. The mean monthly temperature pattern is 
typical of temperate climates, with an increase in mean temperature from 

January to July or August and then a decrease to December. 
8. The long-term maximum snow depth by month in the area of the 

transect is as follows: 

Month DeEth~ in. 
Oct 0.8 
Nov 1.6 
Dec 4.7 
Jan 5.1 
Feb 8.7 
Mar 5.5 
Apr 1.6 

The snow cover rarely remains on the ground more than two or three days, 
except during December, January, and February, when it may remain for 

periods of one to three weeks. During this time the average snow depth 
is generally less than 4 in. 

Road Network 

9. A fairly well-developed network of primary, secondary, and trail-

type roads exists in the area. Many trail-type roads occur throughout the 
countryside. 

Towns and Villages 

10. Several towns and villages are located inside the transect, the 

principal ones being Kirchheim am Neckar, Gemmrigheim, Bonnigheim, and 

Brethen. 
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Fig . B3a . Airphoto of West German transect - east section 
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Table Bl 

WES Areal Terrain Description 

The terms and values used in describing areal terrains for use in pre-
dicting vehicle performance are given in this table. 

Terms Used to Describe Terrain Data 

The definitions of most of the important terms used in describing area 
terrain data are as follows: 

A. General terrain terms 
1. Terrain country. A terrain country is an imaginary or geographic 

area containing two or more terrain units, 
2. Terrain unit. A terrain unit is a patch of terrain described 

by a specific terrain factor complex number. 
3. Terrain factor complex number. A terrain factor complex number 

is a combination of two or more terrain factor class numbers 
chosen for a specific purpose. 

4. Terrain factor class number (class No,). A terrain factor class 
number is a number assigned to a terrain factor class range. For 

mobility purposes, the terrain factor class number was assigned in 
order of increasing effect of the terrain factor on vehicle 

performance. 
5. Terrain factor class (class range). A specific range of factor 

values established for a specific purpose. For example, a range 

of slope from 0 to 1.5 deg. 
6. Terrain factor value (value). A terrain factor value is a specific 

occurrence of a terrain factor. For example, 1.5 deg is a factor 

value of the terrain factor, slope. 
7. Terrain factor. A terrain factor is any attribute of the terrain 

that can adequately be described at any point (or instant of time) 

by a single measurable value, for example, slope and plant stem 
diameter. 
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8. Terrain factor family. A terrain factor family is two or more 
terrain factors grouped together. The terrain factor families 
used to describe areal terrains are: surface composition, 
surface geometry, and vegetation. 

B. Surface composition terms 
1. Fine-grained soil. A soil of which more than 50 percent of 

grains, by weight, will pass a No. 200 U. S. standard sieve 
(smaller than 0.074 nun in diameter). 

2. Coarse-grained soil. A soil of which more than 50 percent 
of the grains, by weight, will be retained on a No. 200 sieve 
(larger than 0.074 mm in diameter). 

3. Organic soils (muskeg). A terrain surface composed of a living 
organic mat of mosses, sedges, and/or grasses with or without 
trees or shrub growth. Underneath the surface there is a 
mixture of partially decomposed and disintegrated organic 
material, commonly known as "peat" or "muck," 

4. Cone index (CI). An index of shearing resistance of soil 
obtained with the cone penetrometer. The value represents 

the resistance of the soil to penetration of a 30-degree cone 
of 0.5 sq-in. base or projected area. 

5. Rating cone index (RCI). Product of CI and remolding index 
(RI). RI is the ratio of remolded soil strength to original 

strength. RCI expresses the soil strength rating of a soil 
subjected to vehicular traffic. 

C. Surface geometry terms 
1. Slope (slope). The angular deviation of a surface from the 

horizontal, measured perpendicular to the topographic contours 

(see sketch) . 
2. Obstacle approach angles (AA). The angle formed by the inclines 

at the base of a positive or top of a negative vertical obstacle 

that a vehicle must sense in surmounting the obstacle (see 

sketch). 
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3. Obstacle base width (WOB). The distance across the bottom 

of the obstacle. 
4. Obstacle spacing (VOS). The horizontal distance between 

contact edges of vertical obstacles (see sketch). 

5. Obstacle vertical magnitude (VOM). The vertical distance 
from the base of a vertical obstacle to the crest of the 
obstacle (see sketch). 

6. Obstacle length (VOL). The length of the long axis of the 
obstacle. 

VOS ______ ~ 

Dircctio~ o~ ?r&vel ~A ;.~-----
---;.-

AA 
s:op1 . ?Ii v~~ 

----·~wo:s 

\) .':'_"tl 
L - . I l""'.WOB -.i lioriz:::-:;..:o.l _j 

I 

D. Vegetation terms 
1. Stem diameter. The diameter of the tree stems at breast 

height. This value is introduced to the model in centi-

meters. 
2. Stem spacing. The average distance (meters) between tree 

stems. This value is computed from the number of stems per 
unit area, assuming that the stems are arranged in a hexagonal 

pattern. 

3. Recognition distance. The distance a vehicle driver can see 
and recognize objects that may be hazardous to this vehicle 

or himself. 
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TERRAIN FACJ'OR3 1 2 
Fine Coarse 

SURFACE ,.YPE Grained Grained 
" ,_ c • .,. 

• SURFACE STREl'l'CTH (CI or RC!) 
CLASS RANGE >28o 221-28o 

' 
VALlll'! SELECTED FOR PREDICTIOll >300 ! 250 

SWPE(J) I CI.A.SS RANGE >()..2 2.1-5 

I VALUE SELECTXD !'OR PREDICTIOll ' > 1 3.5 ' 
OBSTACLE APPROACH A!IGLE (Deg.) 

Table B2 
Terrain Factor Classes and Terrain Factor Values 

Used to Describe Areal Terrains 

ClMS Number• 

1 4 I ~ 6 7 8 
Muskeg I I I 

I I 
I 

I 161-220 101-160 61-100 41-60 I 33-40 26-32 
I 

130 -+-Bo i 36 190 I 50 29 
: I 

5.1-10 10.1-20 120.1-40 : 40.1-60 I 6o.l-70 >70 

I 
I 

I 
1.5 15.0 30.0 I 50.0 65.0 12.0 

I ! I I ! 
CLASS RANGE 178.6-lBo: 180-181. 5 '175 .6-178. 51181. 5-184.51110.1-175 .51184. 5-1901158.1-110 190.1-202 

VAwE SELECTED !'OR PREDICTION ' I 
179 ! 181 177 ~ 183 173 187 I 164 196 

OllSTACLE VERTICAL MAG!iITUDE (on) I 

I I CLASS RANGE 0-15 
I 

16-25 26-35 I 36-45 46-60 60-85 >85 

8 
I 

40 I VALUE SEIBC'l'ED !'OR PREDICTIClf 20 30 52 72 85 
OBSTACIE BASE WID'l'll (cm) I I 

' I CLASS RANGE >120 I 91-120 61-90 31-60 I 0-30 
! I 

VALUE Slill!:CTED Pl'.lR PREDICTIO!I 360 105 75 ' 45 i 15 I 
OBSTACLE LENGTB (111) I 

CLASS RANGE 0-.3 • 4-1.0 1.1-2.0 ' 2.1-3.0 I 3.1-6.0 6.1-150 >150 i I 

VALUE SELECTED Jl'OR PREDI C'l'IOll .2 .6 1.5 I 2.5 I 4.5 78 150 
OBSTACLE SPACillG (m) i 

CLASS RANGE Bore 20.1-60 11.1-20 8.1-11 I 5.6-8 4.1-5.5 2.6-4.o 0-2.5 

I 
i 

VALUE S!IZCT!:D P\'.lR PREDI CTI Cl! 60 40 
' 15.5 9.5 ! 6.8 4.8 I 3. 3 1.2 

I i ' ' I i I I I OBSTACLE SPACI!IG TYPE Randon Line er I 
I I 

SURFACE ROtx:HllESS (RMS Elev, in.) I 14.6-5.5 I 5.6-6.5 CLASS RANGE o-.4 .5-1.5 1.6-2.5 2.6-3,5 3.6-4.5 6.6-7.5 
I 

i I i i VALUE SELEC"lED FOR PREDICTIO!I .2 l 2 3 4 I 5 6 T 
I i I •18 6'11>1 DIAME'l'ER (on) I 0 >2.5 >6.o >10 >14 >22 >25 

I ' I 
P'AC'roR VALlll'! I 0 ! . 3 6 '. 10 lli I 18 : 22 25 

'lTEM SP ACI!IG (a) ! ' 
CLASS RAllGE Bare >20 11.1-20 8.1-11 5.6-8 4.1-5.5 2.6-4 0-2.5 

VALIJP! SELECTED Jl'OR PREDICTIOO 100 20 15.5 9,5 6.8 4.8 3,3 ._ . ..!.cL_ ·------·- ·-
VISIBILITY (m) 

2•~-50 I CLASS RAllGE 

I 
>50 12.1-24 9.1-12 6.1-9 4.6-6 13.1-4.5 1.6-3.0 

i 18 10.6 
I 

VAWE SE!ECTED Jl'OR PREDICTIO!I 50 I T.5 5,3 3.8 2.3 

• Surface strength for dry, average, and wet seasons. 

9 10 11 12 13 14 

17-25 11-16 0-10 

20 14 5 

149.1-158 202.1-211 135.1-149 211.1-225 90.0-135 226-210 

154 206 142 218 112 248 

>T .6 I 
8 ·+----

I 
I 

------ -· -· ..... ~ .. -
i 0-1.5 I 

.8 I 



Table B3 
Areal Terrain Unit Data for West German Transect 

< «« < < < < « ( <-<< F Ari (Jt C:ITT'tr\."Ex->> :>>> >>'}"1}~}"}"5-- -- - ----~«<«-<<<<<<« F"ACTOR COMP[EX->>n>~»» 
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371 11 11 21 ~131 5111~15;11113161212121212121212 421 l~ 1i 21 4131 
~72 ~I :. 21 4131 511151~1l1l1~1b171712121<:121214 422 11 11 21 4131 
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~~~--1• _J.1 _ _0_ -4!3• -~:;,6~ .. E .. 1_!~~131_~1_212121212 446_i..!.__J,_1 21 4~31 
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41P 1 1 1 1 ~1 4131 51315171112111812121212121212•2 460 11 11 21 ~1~1 

---'111 11 11 2-. 41:31 71113101211111612121212121212•2 46111 11 2• ifl3i 
412 11 11 21 41~1 7111:i151211131813131312_121_2_t_2_.!__2 __ _462_1_1__1_1 2~ _4131 
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