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Outline

• Terramechanics For NG-NRMM

• Appeal, Limitations, and Continuing Value of Cone Index

• Bekker Value (Bevameter) meter data acquisition

• Derived efficient data acquisition approaches

 Vehicle as a sensor

 Using Rut Depth and Motion Resistance to get Soil Strength

• Terramechanics Database

 Lab data and complex terramechanics models

• Assumptions and Limitations of Simple Terramechanics

• Conclusions
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GIS Data to GIS Mobility: Terramechanics

Terramechanics Models Account 
For Soil-Vehicle Interaction Physics
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NG NRMM Terramechanics
• CONE INDEX: VEHICLE LEVEL EMPIRICAL

• SIMPLE: RUNNING GEAR (WHEEL,TRACK PAD) EMPIRICAL

• COMPLEX: SOIL MEDIA EMPIRICAL
Image Velocimetry
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NG NRMM Terramechanics Definitions
• Focused on vehicle terrain interaction that accounts for soft soil

(i.e. deformable soil) effects on vehicle mobility, i.e. bearing and
tractive strength of soils at the scale of vehicle running gear.

 Simple Terramechanics: models based on the use of pressure-
sinkage and traction-slip data developed from instrumented bearing
plates and shear rings (and/or wheel load cells) that more closely
resemble vehicle running gear interaction with the soil

 Complex Terramechanics: models using fully coupled 3D soil media
failure and flow models
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Soil Strength

Soil Strength varies with type, layering, moisture and density. Many specific metrics 
of soil strength exist for differing purposes, but there is no single soil strength metric 
that directly correlates to mobility—thus the need for terramechanics models

• Soil Classification
• Gravel
• Sand
• Silt
• Clay
• Organics

• Layers
• Moisture Content
• Relative Density

STO-TM-AVT-308 NG-NRMM CDT Meeting Slide 7



USCS Soil Types
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Moisture Content Effects
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Saturation Soil Moisture Contents

Soils vary significantly in their ability to hold water, but saturation is a 
common transition point in soil strength. Thus there is broad 
consensus that %Saturation is most relevant to Mobility
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Soil Density (Compaction)

• Relative Density (RD) has formal rigorous definition when it
is used for cohesion-less soils (i.e. very little clay) and is
based on void ratio

 RD = (VRloose –VRnatural)/(VRloose –VRdense)

• Proctor Curve (ASTM D698) plotting shows relative density
of soils with significant cohesion

Natural Silt

Optimal Compaction
Roadway compacted
Natural states 

Zero voids 
/ Saturation Curve
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Cone Index (CI) Methods
• Originally developed for airfield and roadway construction field survey methods

to establish strength and stratification

• Has evolved to become the most common point of reference for soil strength
assessment for construction, agriculture and off road mobility

• Measuring CI and the remolding index (RI) and their product rating cone index

(RCI) are quick and simple procedures, when measuring  soil strength

Remold equipment: 
1. Hvorslev sampler.
2. Cone penetrometer.
3. Drop hammer.
4. Remold cylinder.
5. Remold cylinder base.
6. Sample containers.
7. Wire saw.

1
2

3

4

5

6

7
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Vehicle Cone Index (VCI)
• The correlation of RCI to vehicle

mobility (Go/NoGo) is called the Vehicle
Cone Index (VCI).  This is the current soft
soil mobility model in NRMM

 VCI1 = single pass strength level

 VCI50 = 50 pass strength level

• Measuring vehicle mobility limits in

terms of soil RCI requires significant
time effort and special test site with
large very flat area of CH soil with
gradually varying moisture content
(receding shallow lake bed or seasonal
river flood zone).

• CH soil is a worst case assumption
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Cone Index (CI) Models in NRMM
• “The relationships were empirically derived

from field tests conducted with all-drive
vehicles from the nineteen sixties through the
nineteen eighties.”
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NRMM Supplementals

US Army ERDC Study Shows Simple Terramechanics Physics is Reliable But 
Few Slopes Are Homogeneous, Sand Performance Requires a 2% Penalty for 
Slip-Sinkage, And All Predictions Degrade After 20% (Note: CDT Slope is sand 
and progressively increasing)
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Go/NoGo and Speed Made Good:
Motion Resistance Coefficients (MR)

mslope = %slope

Power Limited Max Slope achievable (%) =   
𝑷𝒐𝒘𝒆𝒓𝑤ℎ𝑒𝑒𝑙

𝑹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 𝝎𝑤ℎ𝑒𝑒𝑙 𝑾𝑤ℎ𝑒𝑒𝑙
- 𝑀𝑅𝑠𝑜𝑖𝑙

Traction limited slope achievable  mslope = Swheels (msoil_traction – MRsoil )
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of
Direction  Rotation

Key
Compaction

Bulldozing

Traction

Compaction, Traction, and Bulldozing
Around a Driven Wheel in Soft Soil

Loose Tailings

Compacted Zone
Cone 
Penetrometer 
is not a good 
surrogate for 
vehicle running 
gear physics
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ST Bevameter

Tractive strength (t - j ) is 
measured at 3 increasing 
bearing pressure loads 
using a shear annulus with 
grousers

t

j

Bearing strength (p-z) 
is measured with two 
different plate sizes 
relevant to vehicle 
running gear

• The Bevameter method provides a better analog of vehicle running gear than CI
• Bearing strength in the presence of tractive loads is not measured
• All measurements are acquired on relatively flat (small slope) terrain
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Bevameters

Vehicle Mounted (Wong) Portable (Bekker)

Tractor Mounted

Bekker)
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KRC CDT Bevameter

Shear ring 
actuator 2

Shear ring 
actuator 1

Cone 
Penetrometer

Pressure plates of 4” 
and 6” diameter, cone 
penetrometer
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Pressure-Sinkage (p-z) Equations
• Bernstein (1913):

• Bekker (~1950s):

• Reece (1965):

• Wong (1984):
repetitive loading effects thru tracking of 
permanent deformation and modeling the 
elastic reaction on compacted soil

Accounts for known 
components of soil 
material model strength 
from footing bearing 
capacity theory to 
account differing running 
gear geometries

STO-TM-AVT-308 NG-NRMM CDT Meeting Slide 21



Key Characteristics of p-z Data

A

B

C

D’d2

d1

D

Regime A: is sinkage measurement 
error offset to the onset of actual soil 
loading; (“fluff” layer)
Regime B: is the compacting of loose 
soil; the soil is strengthening and n>1; 
Regime C: There is an inflection point 
with changing exponent, moving toward 
n<1 in which soil bearing failure is 
controlled by Terzaghi theory. Model
parameter identification is dependent 
upon peak pressure pmax regime in the
specific vehicle application for which it 
will be used
Regime D: elastic unload/reload portions 
of the response

Data from [Jayakumar, 2014] shows typical p-z data
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CDT p-z Data Fine Grain 

Fine Grain Soils are very sensitive to moisture and density (tillage and traffic)
Nominal pressure value reduces as sinkage increases due to larger tire footprint

FED vehicle nominal ground pressure (35 psi =240 KPa)
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CDT p-z Data Fine Grain: CI Correlation 

Cone Index Traces Give a Qualitative Clue, but are not a quantitative 
predictor of the relative trends with Fine Grain Soils Bevameter p-z results
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CDT Bevameter Results
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P-z Model Data Fitting

CDT data is applicable to a broad range of ground pressures. 
P-Z power law model parameters  must be selected to represent the

operational range of ground pressures

FED vehicle nominal ground pressure (35 psi)
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P-z Model Data Fitting

A polynomial is a more accurate data fit across the entire pressure range

FED vehicle nominal ground pressure (35 psi)
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CDT p-z Data Coarse Grain 

Coarse Grain Soils showed ~1inch natural variation and were also  
sensitive to tillage and traffic

Nuclear Densometer readings were taken at 2” depth

FED vehicle nominal ground pressure (35 psi)
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CDT p-z Data Coarse Grain: CI Correlation 

Cone Index Readings Are Qualitatively Predictive of Coarse Grain Soils 
Bevameter p-z results for significant differences in density
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Traction Equations (t - j ) 
Janosi-Hanamoto (~1950s): 

where:

t :  tractive stress
c : cohesion
p : bearing pressure
f : friction angle
j :  slip/shear displacement
k :  slip/shear modulus

Plastic

Brittle
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Model Parameters Used in ST Models for 
CDT Event Predictions

P-z:  Pressure-sinkage equation most representative data set
for each event/scenario was selected by the s/w vendor from
a subset of all results recommended by KRC to be good
representative model fits

t-j : Traction equation parameters were based on the average
of multiple drawbar pull test results (vehicle level tests)
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CDT Bevameter Data Sets
Location Soil n

Kc  

(lb/inn+1)

Kc  

(kN/mn+1)

Kp  

(lb/inn+2)

Kp  

(kN/mn+2)

n Avg  

(Keq)

Keq  

(lb/inn+2)

Keq  

(kN/mn+2)

C  

(psi)

C  

(kPa)

Phi  

(deg)

K avg  

(in)

K avg  

(mm)

C  

(psi)

C  

(kPa)
Phi      (deg)

K avg  

(in)

K avg  

(mm)

Variable Hill Climb 2NS Sand 0.40 50.3 38.8 14.6 444.2 0.39 33.6 973 0.18 1.23 32.3 0.94 23.81 0.006 0.04 26.6 0.25 6.44

Variable Hill Climb 2NS Sand 0.62 43.6 73.5 5.7 377.4 0.61 23.2 1522 0.21 1.47 31.7 0.75 19.08 0.000 0.00 26.9 0.44 11.19

Ice Rink 2NS Sand 0.69 -114.4 -248.0 91.3 7793.5 0.70 53.9 4790 0.24 1.63 32.9 0.70 17.90 0.000 0.00 28.5 0.25 6.46

Ice Rink 2NS Sand 0.74 -94.0 -251.7 71.2 7500.8 0.78 35.8 4270 0.19 1.30 33.8 1.20 30.47 0.004 0.03 27.3 0.33 8.33

Coarse Pit Coarse Pit 0.82 30.6 108.6 6.9 959.3 0.88 17.1 2944 0.18 1.27 31.3 0.89 22.58 0.023 0.16 26.5 0.21 5.27

Fine grain soil pit Fine Grain Pit 2.39 19.7 22395.3 4.8 213658.3 2.67 13.7 1705802 0.37 2.55 37.0 0.97 24.51 0.021 0.14 28.5 0.18 4.55

Variable Hill Climb 2NS Sand (Compacted by 4 FED tire passes) 0.88 -306.1 -1333.5 174.9 29991.8 0.89 76.2 13885 0.13 0.92 34.6 1.41 35.76 0.000 0.00 27.4 0.43 10.83

Fine grain soil pit (dry) Fine Grain Pit 1.49 -151.8 -6355.1 93.8 154544.8 1.55 48.2 99571 0.15 1.05 37.4 0.95 24.16 0.000 0.00 28.6 0.24 5.97

Fine grain soil pit (dry) Fine Grain Pit 1.82 420.9 58125.4 -106.8 -580375.0 1.92 67.4 536569 0.21 1.46 35.9 0.54 13.72 0.000 0.00 29.0 0.36 9.22

Fine grain soil pit (dry) Fine Grain Pit 0.28 1.93 34.7 0.79 20.14 0.026 0.18 27.6 0.25 6.31

Coarse Pit Coarse Pit 0.46 34.6 32.5 25.3 931.8 0.55 32.7 1686 0.23 1.56 30.4 0.73 18.60 0.046 0.32 26.4 0.35 8.88

Coarse Pit Coarse Pit 0.63 27.5 47.8 21.0 1437.8 0.74 26.1 2765 0.19 1.34 31.8 0.85 21.51 0.009 0.06 26.8 0.45 11.52

Coarse Pit Coarse Pit 0.81 41.9 141.7 6.7 892.3 0.87 19.7 3367 0.16 1.13 31.9 0.97 24.56 0.004 0.03 26.8 0.32 8.02

Ice Rink 2NS Sand 0.79 23.3 74.3 17.0 2131.9 0.82 24.4 3400 0.24 1.68 30.8 0.50 12.61 0.000 0.00 29.8 0.25 6.28

Ice Rink 2NS Sand 0.78 38.5 119.0 10.0 1217.5 0.87 22.2 3729 0.23 1.60 31.1 0.55 13.90 0.000 0.00 27.1 0.15 3.90

Fine grain soil pit (wet) Fine Grain Pit 3.57 -0.8 -73082.5 0.5 1714497.3 4.39 0.1 8236397 0.44 3.06 37.3 1.08 27.53 0.067 0.46 28.7 0.26 6.53

Fine grain soil pit (wet) Fine Grain Pit 2.97 1.0 10056.3 -0.2 -81614.6 3.68 0.1 520371 0.61 4.21 33.0 1.29 32.69 0.057 0.40 28.9 0.28 7.16

Fine grain soil pit (wet) Fine Grain Pit 0.29 1.99 39.0 1.21 30.78 0.031 0.22 29.2 0.29 7.25

Rink Natural Rink Natural 2.19 1254.9 672294.4 -266.3 -5616764.4 2.18 252.3 5127291 0.26 1.76 39.1 0.32 8.23 0.003 0.02 32.4 0.18 4.47

Rink Natural Rink Natural 2.35 418.0 404087.1 -19.4 -737694.3 2.37 156.4 6569093 0.24 1.69 40.1 0.39 9.93 0.030 0.21 31.1 0.37 9.45

Stability Stability 2.82 86.9 480643.2 5.5 1190520.5 2.93 43.3 13954638 0.48 3.34 39.6 0.66 16.69 0.041 0.28 34.1 0.20 5.06

Stability Stability 0.47 3.24 37.8 0.31 7.82 0.000 0.00 34.5 0.15 3.88

Variable Hill Climb 2NS Sand 0.50 47.6 51.7 13.3 568.5 0.50 31.8 1353 0.22 1.51 31.8 0.86 21.75 0.038 0.26 25.3 0.19 4.71

Variable Hill Climb 2NS Sand 0.59 -10.3 -15.8 31.7 1912.0 0.58 25.9 1497 0.23 1.57 31.1 0.81 20.70 0.061 0.42 25.3 0.24 6.07

Coarse Pit Coarse Pit 0.81 80.0 273.2 -10.3 -1379.3 0.83 21.8 3122 0.24 1.62 30.7 1.00 25.29 0.032 0.22 26.6 0.38 9.61

Coarse Pit Coarse Pit 0.84 7.3 27.8 20.7 3095.7 0.90 20.6 3919 0.25 1.73 30.4 0.90 22.87 0.032 0.22 26.7 0.41 10.51

Fine grain soil pit Fine Grain Pit 3.03 -0.1 -1700.9 0.7 345389.7 3.57 0.5 1769818 0.40 2.76 37.2 0.89 22.51 0.075 0.52 28.8 0.46 11.64

Fine grain soil pit Fine Grain Pit 4.01 -0.8 -364861.5 0.7 12454454.2 4.45 0.3 25614135 0.37 2.56 38.6 0.89 22.56 0.036 0.24 29.5 0.25 6.34

Ice Rink North Rink Natural (Grass) 1.69 46.7 4068.9 13.7 46884.5 2.01 35.0 391882 0.65 4.49 41.5 0.44 11.10 0.357 2.46 27.0 0.22 5.63

Ice Rink North Rink Natural (Grass) 1.75 1455.0 157556.9 -428.4 -1826346.4 1.82 143.1 779175 0.60 4.15 39.8 0.61 15.44 0.000 0.00 36.5 0.26 6.68

Stability Stability 2.98 58.8 579268.9 0.9 346369.8 3.05 27.3 14031638 0.90 6.23 38.2 0.41 10.42 0.115 0.80 35.9 0.19 4.89

Stability (Saturated+) Stabilty (Very Wet) 2.15 -118.0 -54558.0 91.0 1657035.1 2.47 35.1 2087221 0.88 6.04 28.5 0.92 23.49 0.153 1.05 22.2 0.31 7.98

Fine grain soil pit (dry) Fine Grain Pit 1.42 155.9 5085.6 4.9 6259.1 1.48 79.2 126590 0.23 1.58 34.1 0.87 22.17 0.000 0.00 27.6 0.20 5.10

Coarse Pit Coarse Pit 1.06 -2.5 -21.6 11.8 3989.0 1.09 10.4 3919 0.14 0.99 31.5 0.96 24.48 0.000 0.00 27.5 0.40 10.14

Fine grain soil pit (wet) Fine Grain Pit 4.28 -0.1412 -163126.0 0.6 29095849.2 4.62 0.4 65749045 0.34 2.37 37.74 0.8 20.76 0.07 0.46 28.30 0.38 9.55

Blue "NO DATA" means no data was stored 

during the test.  Software glitch.

Red Values are for tests where the torque cell 

maxed out during a test.

Shear Tests

Rubber RingGrouser Shear Ring

NO DATA

NO DATA

NO DATA

Sinkage Plates

Wong Keq MethodBekker-Wong Method

Location Soil n
Kc  

(lb/inn+1)

Kc 

(kN/m
n+1

)

Kp  

(lb/inn+2)

Kp  

(kN/mn+2)

n Avg 

(Keq)

Keq  

(lb/inn+2)

Keq

(kN/mn+2)

C 

(psi)

C 

(kPa)

Phi  

(deg)

K avg 

(in)

K avg 

(mm)

C 

(psi)

C 

(kPa)
Phi  (deg)

K avg 

(in)

K avg 

(mm)

Variable Hill Climb 2NS Sand 0.40 50.3 38.8 14.6 444.2 0.39 33.6 973 0.18 1.23 32.3 0.94 23.81 0.006 0.04 26.6 0.25 6.44

Variable Hill Climb 2NS Sand 0.62 43.6 73.5 5.7 377.4 0.61 23.2 1522 0.21 1.47 31.7 0.75 19.08 0.000 0.00 26.9 0.44 11.19

Ice Rink 2NS Sand 0.69 -114.4 -248.0 91.3 7793.5 0.70 53.9 4790 0.24 1.63 32.9 0.70 17.90 0.000 0.00 28.5 0.25 6.46

Ice Rink 2NS Sand 0.74 -94.0 -251.7 71.2 7500.8 0.78 35.8 4270 0.19 1.30 33.8 1.20 30.47 0.004 0.03 27.3 0.33 8.33

Coarse Pit Coarse Pit 0.82 30.6 108.6 6.9 959.3 0.88 17.1 2944 0.18 1.27 31.3 0.89 22.58 0.023 0.16 26.5 0.21 5.27

Fine grain soil pit Fine Grain Pit 2.39 19.7 22395.3 4.8 213658.3 2.67 13.7 1705802 0.37 2.55 37.0 0.97 24.51 0.021 0.14 28.5 0.18 4.55

Variable Hill Climb 2NS Sand (Compacted by 4 FED tire passes) 0.88 -306.1 -1333.5 174.9 29991.8 0.89 76.2 13885 0.13 0.92 34.6 1.41 35.76 0.000 0.00 27.4 0.43 10.83

Fine grain soil pit (dry) Fine Grain Pit 1.49 -151.8 -6355.1 93.8 154544.8 1.55 48.2 99571 0.15 1.05 37.4 0.95 24.16 0.000 0.00 28.6 0.24 5.97

Fine grain soil pit (dry) Fine Grain Pit 1.82 420.9 58125.4 -106.8 -580375.0 1.92 67.4 536569 0.21 1.46 35.9 0.54 13.72 0.000 0.00 29.0 0.36 9.22

Fine grain soil pit (dry) Fine Grain Pit 0.28 1.93 34.7 0.79 20.14 0.026 0.18 27.6 0.25 6.31

Coarse Pit Coarse Pit 0.46 34.6 32.5 25.3 931.8 0.55 32.7 1686 0.23 1.56 30.4 0.73 18.60 0.046 0.32 26.4 0.35 8.88

Coarse Pit Coarse Pit 0.63 27.5 47.8 21.0 1437.8 0.74 26.1 2765 0.19 1.34 31.8 0.85 21.51 0.009 0.06 26.8 0.45 11.52

Coarse Pit Coarse Pit 0.81 41.9 141.7 6.7 892.3 0.87 19.7 3367 0.16 1.13 31.9 0.97 24.56 0.004 0.03 26.8 0.32 8.02

Ice Rink 2NS Sand 0.79 23.3 74.3 17.0 2131.9 0.82 24.4 3400 0.24 1.68 30.8 0.50 12.61 0.000 0.00 29.8 0.25 6.28

Ice Rink 2NS Sand 0.78 38.5 119.0 10.0 1217.5 0.87 22.2 3729 0.23 1.60 31.1 0.55 13.90 0.000 0.00 27.1 0.15 3.90

Fine grain soil pit (wet) Fine Grain Pit 3.57 -0.8 -73082.5 0.5 1714497.3 4.39 0.1 8236397 0.44 3.06 37.3 1.08 27.53 0.067 0.46 28.7 0.26 6.53

Fine grain soil pit (wet) Fine Grain Pit 2.97 1.0 10056.3 -0.2 -81614.6 3.68 0.1 520371 0.61 4.21 33.0 1.29 32.69 0.057 0.40 28.9 0.28 7.16

Fine grain soil pit (wet) Fine Grain Pit 0.29 1.99 39.0 1.21 30.78 0.031 0.22 29.2 0.29 7.25

Rink Natural Rink Natural 2.19 1254.9 672294.4 -266.3 -5616764.4 2.18 252.3 5127291 0.26 1.76 39.1 0.32 8.23 0.003 0.02 32.4 0.18 4.47

Rink Natural Rink Natural 2.35 418.0 404087.1 -19.4 -737694.3 2.37 156.4 6569093 0.24 1.69 40.1 0.39 9.93 0.030 0.21 31.1 0.37 9.45

Stability Stability 2.82 86.9 480643.2 5.5 1190520.5 2.93 43.3 13954638 0.48 3.34 39.6 0.66 16.69 0.041 0.28 34.1 0.20 5.06

Stability Stability 0.47 3.24 37.8 0.31 7.82 0.000 0.00 34.5 0.15 3.88

Variable Hill Climb 2NS Sand 0.50 47.6 51.7 13.3 568.5 0.50 31.8 1353 0.22 1.51 31.8 0.86 21.75 0.038 0.26 25.3 0.19 4.71

Variable Hill Climb 2NS Sand 0.59 -10.3 -15.8 31.7 1912.0 0.58 25.9 1497 0.23 1.57 31.1 0.81 20.70 0.061 0.42 25.3 0.24 6.07

Coarse Pit Coarse Pit 0.81 80.0 273.2 -10.3 -1379.3 0.83 21.8 3122 0.24 1.62 30.7 1.00 25.29 0.032 0.22 26.6 0.38 9.61

Coarse Pit Coarse Pit 0.84 7.3 27.8 20.7 3095.7 0.90 20.6 3919 0.25 1.73 30.4 0.90 22.87 0.032 0.22 26.7 0.41 10.51

Fine grain soil pit Fine Grain Pit 3.03 -0.1 -1700.9 0.7 345389.7 3.57 0.5 1769818 0.40 2.76 37.2 0.89 22.51 0.075 0.52 28.8 0.46 11.64

Fine grain soil pit Fine Grain Pit 4.01 -0.8 -364861.5 0.7 12454454.2 4.45 0.3 25614135 0.37 2.56 38.6 0.89 22.56 0.036 0.24 29.5 0.25 6.34

Ice Rink North Rink Natural (Grass) 1.69 46.7 4068.9 13.7 46884.5 2.01 35.0 391882 0.65 4.49 41.5 0.44 11.10 0.357 2.46 27.0 0.22 5.63

Ice Rink North Rink Natural (Grass) 1.75 1455.0 157556.9 -428.4 -1826346.4 1.82 143.1 779175 0.60 4.15 39.8 0.61 15.44 0.000 0.00 36.5 0.26 6.68

Stability Stability 2.98 58.8 579268.9 0.9 346369.8 3.05 27.3 14031638 0.90 6.23 38.2 0.41 10.42 0.115 0.80 35.9 0.19 4.89

Stability (Saturated+) Stabilty (Very Wet) 2.15 -118.0 -54558.0 91.0 1657035.1 2.47 35.1 2087221 0.88 6.04 28.5 0.92 23.49 0.153 1.05 22.2 0.31 7.98

Fine grain soil pit (dry) Fine Grain Pit 1.42 155.9 5085.6 4.9 6259.1 1.48 79.2 126590 0.23 1.58 34.1 0.87 22.17 0.000 0.00 27.6 0.20 5.10

Coarse Pit Coarse Pit 1.06 -2.5 -21.6 11.8 3989.0 1.09 10.4 3919 0.14 0.99 31.5 0.96 24.48 0.000 0.00 27.5 0.40 10.14

Fine grain soil pit (wet) Fine Grain Pit 4.28 -0.1412 -163126.0 0.6 29095849.2 4.62 0.4 65749045 0.34 2.37 37.74 0.8 20.76 0.07 0.46 28.30 0.38 9.55

Blue "NO DATA" means no data was stored

during the test. Software glitch.

Red Values are for tests where the torque cell 

maxed out during a test.

Shear Tests

Rubber RingGrouser Shear Ring

NO DATA

NO DATA

NO DATA

Sinkage Plates

Wong Keq MethodBekker-Wong Method

Date Test Set Location Soil n
Kc  

(lb/inn+1)

Kc  

(kN/mn+1)

Kp  

(lb/inn+2)

Kp  

(kN/mn+2)

n Avg  

(Keq)

Keq

(lb/inn+2)

Keq      

(kN/mn+2)

C     

(psi)

C         

(kPa)

Phi     

(deg)

K avg     

(in)

K avg     

(mm)

C  

(psi)

C    

(kPa)

Phi     

(deg)

K avg  

(in)

K avg  

(mm)

6/1/2018 Test Set 1 Variable Hill Climb 2NS Sand 0.40 50.3 38.8 14.6 444.2 0.39 33.6 972.7 0.18 1.23 32.30 0.94 23.81 0.01 0.04 26.61 0.25 6.44

6/1/2018 Test Set 2 Variable Hill Climb 2NS Sand 0.62 43.6 73.5 5.7 377.4 0.61 23.2 1522.3 0.21 1.47 31.69 0.75 19.08 0.00 0.00 26.89 0.44 11.19

6/5/2018 Test Set 9 Fine grain soil pit (dry) Fine Grain Pit 1.49 -151.8 -6355.1 93.8 154544.8 1.55 48.2 99570.5 0.15 1.05 37.41 0.95 24.16 0.00 0.00 28.57 0.24 5.97

6/5/2018 Test Set 10 Fine grain soil pit (dry) Fine Grain Pit 1.82 420.9 58125.4 -106.8 -580375.0 1.92 67.4 536569.0 0.21 1.46 35.92 0.54 13.72 0.00 0.00 28.98 0.36 9.22

6/5/2018 Test Set 12 Coarse Pit Coarse Pit 0.46 34.6 32.5 25.3 931.8 0.55 32.7 1686.3 0.23 1.56 30.35 0.73 18.60 0.05 0.32 26.39 0.35 8.88

6/5/2018 Test Set 13 Coarse Pit Coarse Pit 0.63 27.5 47.8 21.0 1437.8 0.74 26.1 2764.6 0.19 1.34 31.79 0.85 21.51 0.01 0.06 26.84 0.45 11.52

6/5/2018 Test Set 14 Coarse Pit Coarse Pit 0.81 41.9 141.7 6.7 892.3 0.87 19.7 3366.9 0.16 1.13 31.92 0.97 24.56 0.00 0.03 26.85 0.32 8.02

6/5/2018 Test Set 17 Fine grain soil pit (wet) Fine Grain Pit 3.57 -0.8 -73082.5 0.5 1714497.3 4.39 0.1 8236397.2 0.44 3.06 37.34 1.08 27.53 0.07 0.46 28.69 0.26 6.53

6/5/2018 Test Set 18 Fine grain soil pit (wet) Fine Grain Pit 2.97 1.0 10056.3 -0.2 -81614.6 3.68 0.1 520371.2 0.61 4.21 32.99 1.29 32.69 0.06 0.40 28.90 0.28 7.16

6/29/2018 Test Set 34 Fine grain soil pit (dry) Fine Grain Pit 1.42 155.9 5085.6 4.9 6259.1 1.48 79.2 126589.8 0.23 1.58 34.13 0.87 22.17 0.00 0.00 27.59 0.20 5.10

6/29/2018 Test Set 35 Coarse Pit Coarse Pit 1.06 -2.5 -21.6 11.8 3989.0 1.09 10.4 3919.0 0.14 0.99 31.46 0.96 24.48 0.00 0.00 27.46 0.40 10.14

6/29/2018 Test Set 36 Fine grain soil pit (wet) Fine Grain Pit 4.28 -0.1 -163126.0 0.6 29095849.2 4.62 0.4 65749044.6 0.34 2.37 37.74 0.82 20.76 0.07 0.46 28.30 0.38 9.55

Sinkage Plates Shear Tests

Bekker-Wong Method Wong Keq Method Grouser Shear Ring Rubber RingKRC Select
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3D Geometric Interaction Assumptions

ST Numerical Models
• Assume Bevameter data resolves downward to an arbitrary

small dimension, allowing stress distributions to be integrated
across any vehicle running gear and terrain interference
geometry

Azimi 2015

Particle Image Velocimetry
Lug Entrained Soil 

Shear FractionParticle Image Velocimetry

Validated wheel 
interaction equations
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Permanent Deformation Tracking and Soil 
Transport  Models Required For Soil Plasticity
• Soil compaction permanent deformation as well as shear states

are tracked in height field cells

• Compute soil transport between cells based on slip grouser
sinkage and shearing (slip-sinkage modeling)

Madsen 2014Madsen 2014

Azimi 2015
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ST Model Features Used By CDT Participants

3D Geometric 
Interaction

3D Force 
Model

Deformable 
Tire

Lug Effects Permanent 
Deformation Tracking

Soil Transport 
(slip-sinkage)

AU YES YES YES YES

CM Labs YES YES YES YES

MSC YES YES YES YES

NRMM YES YES

VSDC YES YES YES
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Running Gear Sensors of ST Model Parameters

NATC Instrumented Vehicle 
(NIV) (Hodges, 1992)

6DOF Wheel 
Load Sensor
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Running Gear Sensors of ST Model Parameters

Tom Von Sturm
Bundeswehr, Germany

3DOF Wheel Load Sensor

US Army CRREL Shoop et al, 1994
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Instrumented Vehicles / Vehicle as a Sensor
Mobile Robot Identifies Terrain 
Type From Motor Currents and 

Vehicle Turning Response 
(Ojeda, et al, U of Mich, 2005)

FASTER (Forward Acquisition of Soil and Terrain 
Data for Exploration Rovers) employed a 
wheeled bevameter deployed ahead of vehicle 
as a bearing and traction strength sensor 
(European Planetary Science Congress 2014)

Nevada Automotive Test Center
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Vehicle as a Sensor: Path Average Values
• Since the 1950s, it has been well understood (Bekker, Wong, others), for terrains

where compaction is the primary motion resistance, the p-z equation parameters
can be estimated from rut depth (zs) and motion resistance (msoil) which can be
continuously measured using the autonomy sensor suite (LIDAR, DIC using stereo
vision, GPS, wheel torques). Traction vs slip can also be measured.

𝑘 =
𝑊

2𝑁𝑏𝐿𝑧𝑛

Automated in-line ST model data measurement overcomes geospatial sparsity of 
manual bevameter measurements and captures a rich data stream of mean, 
variance and geospatial correlation to causal parameters such as moisture content

𝝁𝒔𝒐𝒊𝒍 = 𝑷𝒘𝒉𝒆𝒆𝒍𝒔
𝑾𝒗𝑮𝑷𝑺

Wheel ruts are a  
continuous path 
witness of soil 
strength
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Rut Depth (RD) Sensing
• Dr. Sally Shoop, et al, US Army Cold Regions

Research and Engineering Lab (CRREL)
demonstration at 2016 GVSETS

• Laser technologies for pavement monitoring is
standard commercial off-the-shelf technology
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𝝁𝒔𝒐𝒊𝒍 = 𝑻𝒘𝒉𝒆𝒆𝒍𝒔

𝑾𝑹𝒓𝒐𝒍𝒍𝒊𝒏𝒈

Wheel Torques and 
Rolling Radius

Rut Depth

𝑘 =
𝑊

2𝑁𝑏𝐿𝑧𝑛

Exponent, n
mean, StdDev

Modulus K, 
mean, StdDev

• Extremes for n are deep ruts with low rolling resistance (n>1 )
and shallow ruts with high rolling resistance (n<1 )

• Constant rut depth assumption artificially increases variance
• Real rut depth data will be correlated with MR and will reduce

variance

Contact Patch

Data Processing for Parameter ID from 
Wheel Torques and Rut Depth
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CDT Motion Resistance (MR) Runs Results

Date Test Set Location
Pmax 

(Kpa)

Mean Rut 

Depth (m)

Mean StdDev Mean StdDev Mean StdDev

6/29/2018 DB19-RR constant RD Coarse Pit Dry 0.133 0.016 167 0.100 0.35 0.16 407 n/a

6/29/2018 DB19-RR correlated RD Coarse Pit Dry 0.133 0.016 167 0.100 0.33 n/a 361 14

6/29/2018 DB24-RR constant RD Fine grain soil pit (wet) 0.109 0.019 141 0.150 1.11 0.36 1588 n/a

6/29/2018 DB24-RR correlated RD Fine grain soil pit (wet) 0.109 0.019 141 0.150 1.54 n/a 3459 937

6/29/2018 DB13-RR constant RD Fine grain soil pit (dry) 0.046 0.010 255 0.040 1.47 0.65 19187 n/a

6/29/2018 DB13-RR correlated RD Fine grain soil pit (dry) 0.046 0.010 255 0.040 1.34 n/a 20885 7850

Motion Resistance and Rut Depth Based Pressure Sinkage Results

Motion Resistance 

Coefficient 
n K (kN/m 

n+2
)

P = K z^n  Pressure Sinkage Equation

 Vehicle runs on the drawbar pull courses were made with no drawbar pull load
 Rut depth (RD) was also measured/observed manually
 Treated RD as constant increases variance in n
 Assuming 100% correlation of RD to MR reduces variance (probably most accurate)
 FG Dry unsynchronized brittle fracture slipping at each wheel drives noise in wheel

torques that results in artificial variance in motion resistance
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Path Averaged Motion Resistance Method 
for Model Parameter Identification

Mean StdDev

0.046 0.010

Motion Resistance 

Coefficient 
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Variance in MR results drives the variance in 
model parameters

High rut depth with lower MR results in higher 
value of “n”, which is consistent with lighter layer 
of soil being encountered compared to CG Dry.

Path Average Model Identification from 
CDT Data Sets: Fine Grain Wet

Date Test Set Location
Pmax 

(Kpa)

Mean Rut 

Depth (m)

Mean StdDev Mean StdDev Mean StdDev

6/5/2018 Test Set 17 Fine grain soil pit (wet) 4.39 8,236,397     

6/5/2018 Test Set 18 Fine grain soil pit (wet) 3.68 520,371        

6/29/2018 Test Set 36 Fine grain soil pit (wet) 4.62 65,749,045   

6/29/2018 DB24-RR constant RD Fine grain soil pit (wet) 0.109 0.019 141 0.150 1.11 0.36 1588 n/a

6/29/2018 DB24-RR correlated RD Fine grain soil pit (wet) 0.109 0.019 141 0.150 1.54 n/a 3459 937

Wong Keq Method

Motion Resistance 

Coefficient 
n   (Keq) Keq           (kN/m 

n+2
)

Bekker-Wong Method
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Database Development for Terramechanics

VCI 
MaxTE

CIRCI

HiFi MBD 
Vehicle Models

So
il 

d
at

a 
m

apFully Coupled 
DEM deformable 

terrain vehicle 
model

V
EH

IC
LE

G
IS

 T
er

ra
in

 D
at

a

Vehicle as a Sensor

HiFi MBD 
Vehicle 
Models

P-z/t-j Simple
Terramechanics

With Elasto-Plastic 
Height Field 

Complex Terramechanics
FEM/DEM Soil 

Parameter 
Calculator 
Database

Simple Terramechanics

In
fe

re
n

ce
 M

o
d

el
s

FEM/DEM Simple Terramechanics Soil 
Parameter Calculator

Bevameter/shear ring

New opportunities to bridge the gaps

M
ea

su
re

d
 a

n
d

 le
ga

cy
 

d
at

a

Simple Terramechanics
Soil Parameter 

Calculator/Database

Experiments

Constitutive 
Model Lab 

Tests

Experiments

Legacy NRMM
VCI > RCI ; MaxTE<Resistance NOGO

GO MaxTE - Resistance  Speed

NG-NRMM  raster 
terrain file  builder

ASA DEM calibration method

annics
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Validation of DEM Predictions of ST Parameters

D. Melanz et al. / Journal of Terramechanics 65 (2016) 1–13
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Terramechanics Database

Moisture Note: 200-400kPa is required for CV Est Est

0-6" 6"-12" wt basis

s Max

(kPa)

s Max

(kPa)

Pmax  @ 15cm 

(6in) 

Max Wet 

Density Max Dry Density Optimum MC

Max 

Porosity Min Porosity

Relative 

density

Spec 

Gravity

Saturatio

n MC LandUse Soil Type 1 Soil Type 2

Number Terrain (soil type) MC(%)

Wet 

(Kg/m3)

Dry 

(Kg/m3) pmax (kPa) Relax(%) Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev Source kPa kg/m^3 % (weight) kPa Mean StdDev USCS Mean StdDev Mean StdDev Mean StdDev Mean StdDev USCS Mean StdDev Mean StdDev

1 LETE Sand  (internal) ~0 400 0.79 0.012 5301 775 102 54 0 503000 1.36 0.09 31.56 0.38 1.6 0.61 1 1253 26% 50% 2.6 #REF! 0

2 rubber-soil interface ~0 400 0.65 0.23 27.51 0.05 1.14 0.34 1 0

 Historic Bekker Table

3 Upland sandy loam 1.1 2080 74.6 3.3 33.7 2 289 51

4 Rubicon sandy loam 0.66 752 6.9 3.7 29.8 2 222 43

5 North Gower clayey loam 0.73 2471 41.6 6.1 26.6 2 653 46

6 Dry Sand (Land Locomotion Lab) 1.1 1528 1 1 28 2 190 0

7 Sandy Loam(LLL) 0.7 1515 5.3 1.72 29 2 406 15

8 Sandy Loam(LLL) 0.2 43 2.6 1.38 38 2 35 22

9 Buchele (MI) Sandy Loam 0.9 1128 52.5 4.8 20 2 236 11

10 Buchele (MI) Sandy Loam 0.4 809 11.4 9.7 35 2 397 23

11 Hanamoto Sandy Loam 0.3 141 2.8 13.8 22 2 85 26

12 Hanamoto Sandy Loam 0.5 52 0.8 5.2 11 2 21 32

13 Clayey soil (Thailand) 0.5 692 13.2 4.1 13 2 285 38

14 Clayey soil (Thailand) 0.7 1263 16 2.1 10 2 349 55

15 Heavy Clay (Vicksburg MS) 0.13 1556 12.7 69 34 2 1249 25

16 Heavy Clay (Vicksburg MS) 0.11 103 1.84 20.7 6 2 89 40

17 Lean Clay (Vicksburg MS) 0.2 1725 16.4 69 20 2 1218 22

18 Lean  Clay (Vicksburg MS) 0.15 120 1.5 13.8 11 2 94 32
South Africa (David Reinecke)

19.1 South Africa ClayeySilt1 0.55 813 31 5.5 31 1 3 323

19.2 South Africa ClayeySilt2 0.56 1083 41.8 3.8 18 1.6 3 422

20 South Africa Dry Sand 1 1756 87.3 1.33 16.8 7 3 307

21.1 South Africa Sandy Loam1 0.91 1520 37.9 1.89 33 28.5 3 293

21.2 South Africa Sandy Loam2 0.89 1630 56.6 2.96 36 28.8 3 336

21.3 South Africa Sandy Loam3 0.93 1890 54.1 2.49 32 27.8 3 355
NATO CDT  Keeweenauw 2018

Variable Hill Climb 2NS Sand Test Set 1  0.40 101 9 1.23 32.3 2.4 4 61

Variable Hill Climb 2NS Sand Test Set 2  0.62 39 8 1.47 31.7 1.9 4 20

Ice Rink 2NS Sand Test Set 3 0.69 630 -20 1.63 32.9 1.8 4 153

Ice Rink 2NS Sand Test Set 4 0.74 491 -16 1.30 33.8 3.0 4 107

Coarse Pit Coarse Pit Test Set 5 0.82 47 5 1.27 31.3 2.3 4 14

Fine grain soil pit Fine Grain Pit Test Set 6  2.39 33 3 2.55 37.0 2.5 4 0

Variable Hill Climb 2NS Sand (Compacted by 4 FED tire passes) Test Set 7  0.88 1206 -54 0.92 34.6 3.6 4 195

Fine grain soil pit (dry) Fine Grain Pit Test Set 9  1.49 647 -27 1.05 37.4 2.4 4 33

Fine grain soil pit (dry) Fine Grain Pit Test Set 10  1.82 -736 74 1.46 35.9 1.4 4 -16

Fine grain soil pit (dry) Fine Grain Pit Test Set 11  1.93 34.7 2.0 4 0

Coarse Pit Coarse Pit Test Set 12 2.4 1610 0.46 174 6 1.56 30.4 1.9 4 82

Coarse Pit Coarse Pit Test Set 13 7.5 1711 0.63 145 5 1.34 31.8 2.2 4 49

Coarse Pit Coarse Pit Test Set 14 2.5 1544 0.81 46 7 1.13 31.9 2.5 4 15

Ice Rink 2NS Sand Test Set 15 0.79 117 4 1.68 30.8 1.3 4 29

Ice Rink 2NS Sand Test Set 16 0.78 69 7 1.60 31.1 1.4 4 21

Fine grain soil pit (wet) Fine Grain Pit Test Set 17  3.57 3 0 3.06 37.3 2.8 4 0

Fine grain soil pit (wet) Fine Grain Pit Test Set 18  2.97 -1 0 4.21 33.0 3.3 4 0

Fine grain soil pit (wet) Fine Grain Pit Test Set 19  1.99 39.0 3.1 4 0

Rink Natural Rink Natural Test Set 20  2.19 -1836 220 1.76 39.1 0.8 4 -17

Rink Natural Rink Natural Test Set 21  2.35 -134 73 1.69 40.1 1.0 4 1

Stability  Stability Test Set 22 2.82 38 15 3.34 39.6 1.7 4 0

Stability Stability Test Set 23 3.24 37.8 0.8 4 0

Variable Hill Climb 2NS Sand Test Set 24  0.50 92 8 1.51 31.8 2.2 4 47

Variable Hill Climb 2NS Sand Test Set 25  0.59 218 -2 1.57 31.1 2.1 4 69

Coarse Pit Coarse Pit Test Set 26 0.81 -71 14 1.62 30.7 2.5 4 -5

Coarse Pit Coarse Pit Test Set 27 0.84 142 1 1.73 30.4 2.3 4 30

Fine grain soil pit Fine Grain Pit Test Set 28  3.03 5 0 2.76 37.2 2.3 4 0

Fine grain soil pit Fine Grain Pit Test Set 29  4.01 5 0 2.56 38.6 2.3 4 0

Ice Rink North Rink Natural (Grass) Test Set 30  1.69 94 8 4.49
maxed torque 

cell 41.5 1.1 4 5

Ice Rink North Rink Natural (Grass) Test Set 31  1.75 -2954 255 4.15
maxed torque 

cell 39.8 1.5 4 -76

Stability Stability Test Set 32 2.98 6 10 6.23
maxed torque 

cell 38.2 1.0 4 0

Stability (Saturated+) Stabilty (Very Wet) Test Set 33  2.15 628 -21 6.04
maxed torque 

cell 28.5 2.3 4 10
Rubber-Soil: NATO CDT  Keeweenauw 2018

Variable Hill Climb 2NS Sand Test Set 1 0.04 26.6 0.6 4

Variable Hill Climb 2NS Sand Test Set 2  0.00 26.9 1.1 4

Ice Rink 2NS Sand Test Set 3 0.00 28.5 0.6 4

Ice Rink 2NS Sand Test Set 4 0.03 27.3 0.8 4

Coarse Pit Coarse Pit Test Set 5 0.16 26.5 0.5 4

Fine grain soil pit Fine Grain Pit Test Set 6  0.14 28.5 0.5 4

Variable Hill Climb 2NS Sand (Compacted by 4 FED tire passes) Test Set 7  0.00 27.4 1.1 4

Fine grain soil pit (dry) Fine Grain Pit Test Set 9  0.00 28.6 0.6 4

Fine grain soil pit (dry) Fine Grain Pit Test Set 10  0.00 29.0 0.9 4

Fine grain soil pit (dry) Fine Grain Pit Test Set 11  0.18 27.6 0.6 4

Coarse Pit Coarse Pit Test Set 12 0.32 26.4 0.9 4

Coarse Pit Coarse Pit Test Set 13 0.06 26.8 1.2 4

Coarse Pit Coarse Pit Test Set 14 0.03 26.8 0.8 4

Ice Rink 2NS Sand Test Set 15 0.00 29.8 0.6 4

Ice Rink 2NS Sand Test Set 16 0.00 27.1 0.4 4

Fine grain soil pit (wet) Fine Grain Pit Test Set 17  0.46 28.7 0.7 4

Fine grain soil pit (wet) Fine Grain Pit Test Set 18  0.40 28.9 0.7 4

Fine grain soil pit (wet) Fine Grain Pit Test Set 19  0.22 29.2 0.7 4

Rink Natural Rink Natural Test Set 20  0.02 32.4 0.4 4

Rink Natural Rink Natural Test Set 21  0.21 31.1 0.9 4

Stability  Stability Test Set 22   0.28 34.1 0.5 4

Stability Stability Test Set 23   0.00 34.5 0.4 4

Variable Hill Climb 2NS Sand Test Set 24  0.26 25.3 0.5 4

Variable Hill Climb 2NS Sand Test Set 25  0.42 25.3 0.6 4

Coarse Pit Coarse Pit Test Set 26   0.22 26.6 1.0 4

Coarse Pit Coarse Pit Test Set 27   0.22 26.7 1.1 4

Fine grain soil pit Fine Grain Pit Test Set 28  0.52 28.8 1.2 4

Fine grain soil pit Fine Grain Pit Test Set 29  0.24 29.5 0.6 4

Ice Rink North Rink Natural (Grass) Test Set 30  2.46 27.0 0.6 4

Ice Rink North Rink Natural (Grass) Test Set 31  0.00 36.5 0.7 4

Stability Stability Test Set 32 0.80 35.9 0.5 4

Stability (Saturated+) Stabilty (Very Wet) Test Set 33  1.05 22.2 0.8 4

In Situ Bulk Density 

Aunload(kN/m4) c  (kPa) f (deg)

Standard Proctor Test

2nd Layer depth (cm)

2nd Layer Moisture 

Content (%)

2nd Layer 

Temperature ( C)Bulk Density(kg/m3)

Top Layer Moisture 

Content (%)

Top Layer 

Temperature ( C)

Top Layer depth 

(cm)

Cone Index Direct Shear Results

c  (kPa) f (deg) k (cm) Kr (brittle) Kw (brittle)

Shear Ring ResultsBekker-Wong Equation Bearing Model Parameters (kPa, m units)

k (cm) Kr (brittle) Kw (brittle)n Kf (kN/mn+2) Kc (kN/mn+1) K0(kN/m3)

StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev

5301 775 102 54 0 503000

0.23 27.51

2080 33.7

752 29.8

2471 26.6

1528 1 1 28

1515 5.3 1.72 29

0.65 0.23

2080 74.6 3.3

752 6.9 3.7

2471 41.6 6.1
Wong, 1984

29

1.38 38

4.8 20

9.7 35

13.8 22

5.2 11

4.1 13

2.1 10

69 34

20.7 6

Bekker, 1969
69 20

13.8 11

5.5 31 1

3.8 18 1.6

1.33 16.8 7

1.89 33 28.5

2.96 36 28.8

2.49 32 27.8

Reinecke, 2018

NATO CDT 2018

Note: 200-400kPa is required for CV Est Est
Pmax  @ 15cm 

(6in) 

Max Wet 

Density Max Dry Density Optimum MC

Max 

Porosity Min Porosity

Relative 

density

Spec 

Gravity

Saturatio

n MC

Standard Proctor Test

Lab Data
Moisture

wt basis

In Situ Bulk Density Cone Index

In-situ

(kN/m4)

Bekker-Wong Equation Bearing Model Parameters (kPa, m units)

(kN/mn+2) (kN/mn+1) (kN/m3)

P-z model
s Max

(kPa)

Mean StdDev Mean StdDev Mean StdDev Mean StdDev

31.56 0.38 1.6 0.61

c  (kPa) f (deg)

Shear Ring Results

k (cm) Kr (brittle) Kw (brittle)

Mean StdDev Mean

1.36 0.09 31.56

t-j  model
(Shear ring)

s Max

(kPa)

Mean StdDev Mean StdDev Mean StdDev Mean StdDev Mean StdDev

Direct Shear Results

c  (kPa) f (deg) k (cm) Kr (brittle) Kw (brittle)

StdDev

t-j  model
(Direct Shear)

4

4

4

4

4

4

4

4

4

4

4NATO CDT 2018
Rubber shear ring

0.04 26.6 0.6

0.00 26.9 1.1

0.00 28.5 0.6

0.03 27.3 0.8

0.16 26.5 0.5

0.14 28.5 0.5

0.00 27.4 1.1

0.00 28.6 0.6

0.00 29.0 0.9

0.18 27.6 0.6

0.32 26.4 0.9

0.06 26.8 1.2

0.03 26.8 0.8

0.00 29.8 0.6

0.00 27.1 0.4

0.46 28.7 0.7

0.40 28.9 0.7

0.22 29.2 0.7

0.02 32.4 0.4

0.21 31.1 0.9

0.28 34.1 0.5

0.00 34.5 0.4

0.26 25.3 0.5

0.42 25.3 0.6

0.22 26.6 1.0

0.22 26.7 1.1

0.52 28.8 1.2

0.24 29.5 0.6

2.46 27.0 0.6

0.00 36.5 0.7

0.80 35.9 0.5

1.05 22.2 0.8

0.40 101 9 1.23 32.3 2.4 4 61

0.62 39 8 1.47 31.7 1.9 4 20

0.69 630 -20 1.63 32.9 1.8 4 153

0.74 491 -16 1.30 33.8 3.0 4 107

0.82 47 5 1.27 31.3 2.3 4 14

2.39 33 3 2.55 37.0 2.5 4 0

0.88 1206 -54 0.92 34.6 3.6 4 195

1.49 647 -27 1.05 37.4 2.4 4 33

1.82 -736 74 1.46 35.9 1.4 4 -16

1.93 34.7 2.0 4 0

2.4 1610 0.46 174 6 1.56 30.4 1.9 4 82

7.5 1711 0.63 145 5 1.34 31.8 2.2 4 49

2.5 1544 0.81 46 7 1.13 31.9 2.5 4 15

0.79 117 4 1.68 30.8 1.3

0.78 69 7 1.60 31.1 1.4

3.57 3 0 3.06 37.3 2.8

2.97 -1 0 4.21 33.0 3.3

1.99 39.0 3.1

2.19 -1836 220 1.76 39.1 0.8

2.35 -134 73 1.69 40.1 1.0

2.82 38 15 3.34 39.6 1.7

3.24 37.8 0.8 4 0

0.50 92 8 1.51 31.8 2.2 4 47

0.59 218 -2 1.57 31.1 2.1 4 69

0.81 -71 14 1.62 30.7 2.5 4 -5

0.84 142 1 1.73 30.4 2.3 4 30

3.03 5 0 2.76 37.2 2.3 4 0

4.01 5 0 2.56 38.6 2.3 4 0

1.69 94 8 4.49
maxed torque 

cell 41.5 1.1 4 5

1.75 -2954 255 4.15
maxed torque 

cell 39.8 1.5

2.98 6 10 6.23
maxed torque 

cell 38.2 1.0

2.15 628 -21 6.04
maxed torque 

cell 28.5 2.3

4 29
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0

0

0
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LandUse Soil Type 1 Soil Type 22nd Layer depth (cm)

2nd Layer Moisture 

Content (%)

2nd Layer 

Temperature ( C)Bulk Density(kg/m3)

Top Layer Moisture 

Content (%)

Top Layer 

Temperature ( C)

Top Layer depth 

(cm)

GIS Layer Data

The CDT contribution to the NG-NRMM Terramechanics database will include raw data 
files and expand to accommodate better data fitting models, such as P-z polynomials, 
and will fully associate data from correlated complementary GIS, CI and CT methods
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Correlated Data Sets From CDT for ST Database
• Soil Material Characterization (Lab)

 Triaxial and Compressibility

 Direct shear

 Bevameter

 Proctor

 Atterberg Limits

• In-situ at vehicle performance test sites:

 Cone Index down to 12”

 Bevameter p-z and t-j , pmax, smax

 Direct shear test

• All tests collect moisture content and density
(nuclear densometer)
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Detailed List of ST Database Parameters
• pmax applicable max pressure range

• Relax 2-second normal stress relaxation of bevameter platen at pmax (%)

• MC  applicable moisture content (dry weight basis)

• KUSCS soil type

• gs specific gravity of solids

• Gs maximum dry (or wet) density (must specify) [also known as max bulk density]

• Dr relative density of natural in-situ sample [or natural bulk density]

• c   surface layer cohesion

• f   surface layer internal friction angle

• k    surface layer shear strength modulus

• n   bearing strength exponent

• kf bearing strength frictional constant

• kc bearing strength cohesive constant

• K0 bearing elastic reload stiffness

• Au bearing elastic progressive stiffening

• kf2 2nd layer frictional bearing strength

• kc2 2nd layer cohesive bearing strength

• n2 2nd layer bearing strength exponent

• K02 bearing elastic reload stiffness

• Au2 bearing elastic progressive stiffening

• pmax2 applicable max pressure range

• CI (0-15cm)

• CI (15-30cm)

STO-TM-AVT-308 NG-NRMM CDT Meeting Slide 49



Assumptions and Limitations of ST Models
• Bevameter plates and shear rings are good surrogates for the

vehicle tires and tracks

• Terrain discretization, such as Height Field Models (HFM) is
necessary to account for plastic deformation and soil transport/flow

• Because of gravity effects on soil strength and increased coupling of
shear and bearing capacity, accuracy progressively degrades with
increasing slope and slip velocities

However, Shear and Bearing strength coupling can be explicitly
accounted for using permanent deformation tracking such as
HFM, along with slip-sinkage models and soil transport models
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Limitations of Terramechanics Data
• Currently available data is very sparse and weakly validated.

• The CDT has created the richest data set ever, in terms of both
quality and quantity

• In-situ point-by-point testing will always be geospatially  sparse

• Vehicle as a sensor approaches have the potential to overcome
geospatial sparsity

Averages out soil substrate heterogeneities such as moisture,
layers, rocks

 Large data sample sets provide valid uncertainty quantification

• Leveraging lab data, Complex Terramechanics models, and vehicle-
born sensors, the Terramechanics database can become a
validated cornerstone NATO mobility modeling asset
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Simple Terramechanics Conclusions
• ST models have achieved significant success when the bevameter

data is sufficient to cover the specific model applications

• ST models can make every instrumented operational vehicle (e.g.,
autonomous vehicles) a reconnaissance sensor for terrain strength

• ST Database will establish a key foundation to Allied nations
collaboration and uniform mobility model assumptions

• ST STANREC details supply the methods necessary for the Allied
nations to acquire data for their country; CDT has validated those

• The NG-NRMM CDT has provided a key benchmark data set
necessary to qualify and harmonize Allied nations disparate
mobility models and their associated Terramechanics data
acquisition

 Still need tracked vehicle data
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THANK YOU
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Backup

STO-TM-AVT-308 NG-NRMM CDT Meeting Slide 54



Path Averaged Motion Resistance Method 
for Model Parameter Identification

Mean StdDev

0.046 0.010

Motion Resistance 

Coefficient 
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Path Average Model Identification from 
CDT Data Sets: Coarse Grain Dry

• Constant depth assumption is not realistic and it
drives an unrealistically large variance in the
exponent

• Rut depth correlated to the motion resistance is
a more likely scenario and making this
assumption results in much lower variance

• Actual synched rut depth data would reduce
variance further

Date Test Set Location Pmax (Kpa)
Mean Rut 

Depth (m)

Mean StdDev Mean StdDev Mean StdDev

6/5/2018 Test Set 12 Coarse Pit 0.55 1686

6/5/2018 Test Set 13 Coarse Pit 0.74 2765

6/5/2018 Test Set 14 Coarse Pit 0.87 3367

6/29/2018 Test Set 35 Coarse Pit 1.09 3919

6/29/2018 DB19-RR constant RD Coarse Pit Dry 0.133 0.016 167 0.100 0.35 0.16 407 n/a

6/29/2018 DB19-RR correlated RD Coarse Pit Dry 0.133 0.016 167 0.100 0.33 n/a 361 14

Motion Resistance 

Coefficient 
n   (Keq) Keq           (kN/m 

n+2
)

STO-TM-AVT-308 NG-NRMM CDT Meeting Slide 56



Advantages of MR-RD Based Parameter ID
• Results from MR-RD based ST model parameter ID can be

extrapolated for similar nominal ground pressures

 Added payload

 Different vehicles

• True variances reflect actual Terramechanical model  uncertainty

• Data acquisition can be automated and mapped with orders of
magnitude increase in data geospatial sampling significance

 Solves the geospatial data sparsity problem

 Geospatially mapped terrain strength for validation of remote sensing
models

• The TARDEC FED-Alpha vehicle only needs rut depth sensors and
it will be ready to begin acquiring terrain strength data
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Role of Parametric Reduced Order Models
Terrain Attributes 
Effecting Strength

Soil Strength, Slope and 
Aspect Parameter Ranges

Minimal Set of 
Simulations

Design of 
Experiments 
Reduced 
Order Models
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Specialized Goal of Terramechanics Modeling
• Valid Reduced Order Models for Specific Mobility Solutions

(Go/NoGO, Speed Made Good) Across the Range of Limiting
Slopes, Soil Types and Moisture Contents

Each of these models is a simple algebraic 
equation that can be embedded in broader 

Operational Analysis Applications
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Past Slides that help
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Flowchart from TA1 as reference
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NG-NRMM Architecture

Vehicle Data

Vehicle Design ToolsVehicle Acquisition ToolsOperational Planning Tools

M&S Environment

Scenario Performance Metrics

Ve
hi

cl
e 

M
od

el
sVehicle-Terrain Interaction Models

TA2: SIMPLE TERRAMECHANICS

TA3: COMPLEX TERRAMECHANICS

TA5: UNCERTAINTY QUANTIFICATION (UQ)

Scenario 
Data

TA6: BENCHMARKING

TA1: GIS Data I/O

Topology, Soil, 
Moisture, Features

Mapping Tools
Global Models
Local Models
Inference Models

Terrain M
odels

GIS Environment

TA1: Mapped 
Mobility Metrics

M&S Verification, Validation and Accreditation (STANREC   STANAG)

Test Data

Test and Evaluation Environment
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Complex Terramechanics

Finite Element Analysis Models (FEA) 

Discrete Element  Models (DEM) 

Wheeled 
Vehicle 

Bevameter
Cone 
Penetrometer

Tracked 
Vehicle 

DISTRIBUTION A. Approved for public release; distribution unlimited. OPSEC #: 1435)
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ANNEX F – THRUST 2 – SIMPLE TERRAMECHANICS MODEL AND DATA 
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