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Abstract

The Mobility in Complex Environments project used unmanned aerial sys-
tems (UAS) to identify obstacles and to provide path planning in forward
operational locations. The UAS were equipped with remote-sensing de-
vices, such as photogrammetry and lidar, to identify obstacles. The path-
planning algorithms incorporated the detected obstacles to then identify
the fastest and safest vehicle routes. Future algorithms should incorporate
vehicle characteristics as each type of vehicle will perform differently over
a given obstacle, resulting in distinctive optimal paths.

This study explored the effect of snow-covered obstacles on dynamic vehi-
cle response. Vehicle tests used an instrumented HMMWYV (high mobility
multipurpose wheeled vehicle) driven over obstacles with and without
snow cover. Tests showed a 45% reduction in normal force variation and a
43% reduction in body acceleration associated with a 14.5 cm snow cover.
To predict vehicle body acceleration and normal force response, we devel-
oped two quarter-car models: rigid terrain and deformable snow terrain
quarter-car models. The simple quarter models provided reasonable
agreement with the vehicle test data. We also used the models to analyze
the effects of vehicle parameters, such as ground pressure, to understand
the effect of snow cover on vehicle response.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.




ERDC TR-20-26

Contents

Abstract ii
Figures and Tables Y
Preface v
Acronyms and Abbreviations vi
o O 1110 T o 1

IS B == Yot 14 =1 (01U o PRSPPSO 1

IO O o 1Yo« V- 2

RGN Vo7 o1 (0 7= Tod o KU PP PRPRRT 2
2 Vehicle Testing 4
3 Quarter-Car-Model Description 9
4 Experimental Data Prediction Comparison 13
5 Model Analysis 22
6 Conclusions and Recommendations 26
References 29
Report Documentation Page 30




ERDC TR-20-26

Figures and Tables

Figures

1

©O© 00 N O O

10

11

12
13
14
15
16
17
18
19
20
21
22

23

Tables

1

Overhead view of the CRREL campus (left), highlighting the concrete pad
used as a test area (right). The test site was cleared of most equipment

and Structures DEfOre tESTING ..ot 4
Speed bumps installed on the concrete pad referenced in Fig, L......ccovvriniernienercerenens 4
The data acquisition systems on board the HMMWV (left) and the fifth

wheel attached to the rear of the VEhicle (F8N) c.euevieeeeeerceecercererere e 5

A wheel force transducer unit installed on one of the wheels of the
HMMWYV with transmitters and the encoder reference bar (left), and one

of four receiver units installed inside the HMMWV (Fiht) .....c.cooerieerenenreeeeeeeeeeseeens 6
Normal force comparison with and without snow: Bump 1 ......ccovereeeverecececeeceecee e 7
Sprung acceleration comparison with and without snow: Bump L......cccoeecevevvcncencencennns 8
(O T T= T (=T or= T o To [

Rigid wheel obstacle profile

Modification of obstacle height @nd ChOrd ... 14
Rigid and deformable snow quarter model comparison for shallow low-

denSity SNOW: NOIMAI FOFCE....cuieieieeceee ettt s 16
Rigid and deformable snow quarter model comparison for shallow low-

AENSity SNOW: FUL AEPTN....ceeeeeeceee st s s eaeene e 16
Normal force comparison for BUMP L.....cocoireririnerinssseeses e sseses e s s ssesesssssssnens 17
Normal force comparison fOr BUMP 2.t seeeas 18
Normal force comparison for BUMP 3.....ceereeeeereee et se s s s e sae e saesneeas 18
Rut-depth comparison for BUMP L ... sse s ssesens 19
Rut-depth comparison for Bump 2

Rut-depth comparison for BUMP 3 ...ttt a e nne e 20
Body-acceleration comparison for BUMP 3 .....coeeeveviniieesirsines s ssesesse s ssesessssssens 21
Snow and no-snow normal force comparison for a low-ground-pressure vehicle........... 22
Rut profile for a low-ground-pressure VENICIE ........ccvvcereerenenenenesesese s ssesesseens 23
Chirp road profile body-acceleration comparison for Snow and N0 SNOW .....cccceereereeenne 24
Chirp road profile body-acceleration power spectrum comparison for snow

= Lo [N 0T J= 1o 1 SRS 24
Chirp ground and rut profile comparison with and wWithout SNOW ........cceeerererenerenenenens 25
Obstacle dimensions iN CENtIMELEIS .....cuvirirrirrirerere e seas 4



ERDC TR-20-26

Preface

This study was conducted for the U.S. Army Corps of Engineers under
Mobility in Complex Environments PE 622145 / Project BG2 / Task 02,
“Cold Regions Effects in Urban Environments.” The technical monitor was
Mr. Josh R. Fairley.

The work was performed by the Computational Analysis Branch (CAB) of
the Computational Science and Engineering Division (CSED), U.S. Army
Engineer Research and Development Center, Information Technology
Laboratory (ERDC-ITL). The work was also performed by the Force
Projection and Sustainment Branch (FPSB), the Engineering Resources
Branch (ERB), and the Terrestrial and Cryospheric Sciences Branch
(TCSB) of the Research and Engineering Division (RED), ERDC Cold Re-
gions Research and Engineering Laboratory (CRREL). At the time of pub-
lication, Dr. Jeffery L. Hensley was Chief, CAB; Dr. Jerrell R. Ballard Jr.
was Chief, CSED; Mr. Jared I. Oren was Chief, ERB; Dr. John W. Weatherly
was Chief, TCSB; Mr. J. D. Horne was Acting Chief, FPSB, and Chief, RED.
The Deputy Director of ERDC-ITL was Ms. Patti S. Duett, and the Director
was Dr. David A. Horner. The Deputy Director of ERDC-CRREL was

Mr. David B. Ringelberg, and the Director was Dr. Joseph L. Corriveau.

COL Teresa A. Schlosser was Commander of ERDC, and Dr. David W.
Pittman was the Director.



ERDC TR-20-26

Vi

Acronyms and Abbreviations

CAB

CRREL

CSED

ERB

ERDC

FPSB

HMMWV

ITL

MCE

RED

TCSB

UAS

Computational Analysis Branch

Cold Regions Research and Engineering Laboratory
Computational Science and Engineering Division
Engineering Resources Branch

U.S. Army Engineer Research and Development Center
Force Projection and Sustainment Branch

High Mobility Multipurpose Wheeled Vehicle
Information Technology Laboratory

Mobility in Complex Environments

Research and Engineering Division

Terrestrial and Cryospheric Sciences Branch

Unmanned Aerial Systems



ERDC TR-20-26

11

Introduction

Background

The Mobility in Complex Environments (MCE) project used unmanned
aerial systems (UAS) to identify obstacles and to provide path planning in
forward operational locations. The UAS was equipped with lidar and visual
imagery for photogrammetry to identify obstacles. The path-planning al-
gorithms incorporated the detected obstacles to then identify the fastest
and safest vehicle routes. Ideally, the optimal route would be identified in
near real time, enabling obstacles placed by an opposing force to be identi-
fied and mitigated. Future algorithms should incorporate vehicle charac-
teristics as each type of vehicle will perform differently over a given obsta-
cle, resulting in distinctive optimal paths.

Terrain differences generate unique challenges in obstacle detection and
vehicle mobility. For example, snow cover can obscure obstacles, making
detection difficult. The vehicle’s dynamic response is different for obstacles
that are snow covered compared to obstacles without snow cover. This
work focuses on the vehicle’s dynamic response to snow-covered obstacles
and presents a means to predict the response. This study used the predicted
vehicle’s dynamic response in conjunction with the obstacle detection and
path-planning algorithms to identify the optimal path for a given vehicle.

For the MCE project, researchers at the U.S. Army Information Technol-
ogy Laboratory (ITL) and the Cold Regions Research and Engineering La-
boratory (CRREL) investigated both using UAS sensing technologies to de-
tect snow-covered obstacles and determining the obstacles’ impact on ve-
hicle mobility. The project collected photogrammetry and lidar data at two
obstacle-laden sites. We used the photogrammetry and lidar data to gener-
ate digital elevation models of the sites. A number of photogrammetry ex-
periments, using a UAS, were conducted to determine the optimal camera
filter setting (830NIR) for resolving snow-covered obstacles. This project
then developed obstacle detection algorithms from the photogrammetry-
generated digital elevation models. A number of methods were investi-
gated, including edge detection and texture detection. As part of this pro-
ject, Vecherin et al. (2020) found that the texture method generated better
results than the edge-detection method, allowing the detection of snow-
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covered obstacles with fewer false positives. It developed an additional al-
gorithm to determine the probability of false positives. Vecherin et al.
(2020) fully describes the obstacle detection algorithms.

Winter conditions, specifically snow cover, represent unique challenges to
vehicle mobility. Increased motion resistance reduces net traction availa-
ble for vehicle motion. Greater snow depths reduce or eliminate available
vehicle ground clearance. With ground clearance eliminated, the snow
supports the vehicle, reducing the normal force on the wheels. In addition,
the vehicle motion resistance further increases from snowplowing. In
snow, gross traction is lower than in most other terrains as both the low
friction coefficient and internal shear strength of snow reduces the availa-
ble traction (Blaisdell et al. 1990; Richmond et al. 1990, 1995).

In addition to the above challenges, snow can also obscure obstacles, mak-
ing identification of an optimal path difficult. Unidentified obstacles can
immobilize vehicles or cause operator and equipment vibration to exceed
limits if driven over at excessive speed. The vehicle’s lateral stability is also
adversely affected by large normal force variations over rough surfaces.
Each effect will reduce the safe operating speed, effecting the optimal path
of the vehicle.

Objective

This research explored the effect of snow-covered obstacles on dynamic
vehicle response. The objective was to understand and predict the vibra-
tory response of the vehicle given the obstacle size and snow-cover condi-
tions. The predictive methods described in this study will be used in future
optimal path planning tools.

Approach

The investigation began by conducting vehicle tests using an instrumented
HMMWYV (high mobility multipurpose wheeled vehicle). The tests in-
volved driving over obstacles of different sizes, with and without snow
cover. Data acquisition systems on board the vehicle recorded a number of
vehicle sensor signals, including vehicle speed, body acceleration, and
wheel forces. We took various snow characteristic measurements (e.g.,
snow depth and density). Snow depths were measured in both the virgin
snow and the ruts generated by the vehicle. Section 2 provides a full de-
scription of the vehicle testing.
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We developed two simple quarter-car models to predict the vehicle’s verti-
cal body acceleration and wheel normal force. The first quarter-car model
developed was the well-known rigid terrain quarter-car model (Karnopp
1990; Pavlov 2017; Mehmood 2014). The second quarter-car model devel-
oped incorporated a deformable snow surface over rigid terrain. Section 3
describes each model. We compared the results from each model to one
another and to the vehicle test data (section 4). Model studies (section 5),
showed the effects snow cover had on vehicle vibratory response for a low-
ground-pressure vehicle and for ground profiles with varying frequencies.
Finally, the Conclusions and Recommendations section provides the main
results of the work and recommendations for future work.
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2 Vehicle Testing

This study conducted a number of vehicle dynamics tests at CRREL in the
northwestern sector on the campus (Figure 1). An instrumented HMMWV
was tested over three different-sized obstacles with and without snow
cover. The obstacles were commercial portable speed bumps that closely
resemble a circular chord. All obstacles were secured with bolted anchors
in the concrete pad. Table 1 provides the dimensions for each bump. Fig-
ure 2 shows each bump as installed and tested.

Figure 1. Overhead view of the CRREL campus (/ef?), highlighting the concrete pad used as a
test area (right). The test site was cleared of most equipment and structures before testing,.

Table 1. Obstacle dimensions in centimeters.

Obstacle Height Chord Length Length
Speed Bump 1 7.62 30.5 365.8
Speed Bump 2 4.76 30.5 365.8
Speed Bump 3 4.92 91.4 365.8

Figure 2. Speed bumps installed on the concrete pad referenced in Fig. 1.
- S — o
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The instrumentation installed on the HMMWYV included the following sen-
sors (Figure 3):

=

AiM EVOs5 data acquisition system with GPS
Pegasus Fifth Wheel

HBM MGCplus data acquisition system
Wheel Force Transducers

H ® N

The AiM EVOs5 is a data acquisition system that contains a built-in inertial
measurement unit capable of measuring six degrees of freedom: linear ac-
celerations in x, y and z, as well as roll, pitch, and yaw rates. It is also capa-
ble of recording a 10 Hz" GPS signal, providing location and vehicle speed
using a GPS puck attached to the roof of the vehicle. The EVO5 contains
eight possible analog ports with a maximum sampling frequency of 1 kHz.

Figure 3. The data acquisition systems on board the HMMWV (/ef?) and the fifth wheel
attached to the rear of the vehicle (right).

il

({41

AlM EVOS:

A fifth wheel (Figure 3) was attached to the rear of the HMMWYV and con-
nected to the AiM system to obtain direct vehicle speed measurements,
which are more accurate than the calculated GPS speed. For these tests,
the sampling rate was set to the maximum of 100 Hz for the linear acceler-
ations and vehicle speed, 50 Hz for the rotational rates, and 10 Hz for the
GPS. The data was interpolated during postprocessing to obtain a 100 Hz
signal for all instrumentation signals.

The HMMWYV used has an HMB MGCplus data acquisition system in-
stalled, which is used to record the force and rotation measurements for

* For a full list of the spelled-out forms of the units of measure used in this document, please refer to
U.S. Government Publishing Office Style Manual, 31st ed. (Washington, DC: U.S Government Publishing
Office, 2016), 248-252, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/ pdf/GPO-
STYLEMANUAL-2016.pdf.
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each of the four vehicle wheels. Each wheel also has a force transducer sys-
tem installed, composed of six load cells, three oriented laterally and three
longitudinally and vertically, to measure the forces and moments on the
wheel (Figure 4). An encoder held in place by an aluminum frame that
wraps over the tire records the rotation of the wheel. The information for
the 24 load cells and 4 encoders transmits wirelessly from each wheel to
28 receivers inside the vehicle that connect to the HBM system.

Figure 4. A wheel force transducer unit installed on one of the wheels of the HMMWYV with
transmitters and the encoder reference bar (/ef?), and one of four receiver units installed
inside the HMMWV (right).

For relatively consistent test conditions across all bumps, we removed
from the test site any snow present before a major snow event. This helped
to promote a constant snow depth before, on, and after each bump. To
maximize iterations, the vehicle was driven closer to the left side of the
bump for the first run. Then, the vehicle was driven closer to the right side
of the bump for the second run so that the driver’s-side wheels split the old
tracks. This resulted in two runs per bump for each major snow event.

At the start of each run, we activated the recording systems; and the
HMMWYV was accelerated to a relatively constant speed before hitting a
bump. For Bumps 1 and 2, the desired speed was 8 km/h. To ensure a
measurable signal, the tests for Bump 3 required reaching a speed of 16
km/h before reaching the bump. After hitting a bump, the vehicle was
slowed to a stop, the recording systems were stopped, and the data were
saved. The vehicle was then moved into position for the next run.
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During the vehicle tests, we dug multiple snow pits in the testing area to
measure snow depth, density, moisture, and temperature. These values are
needed to create relationships between the snow cover over the bumps and
the damping effect it has on the vehicle.

Once all vehicle testing was complete, we took snow- and rut-depth meas-
urements on and parallel to the bumps. We then removed snow from the
bumps and surrounding area so that plows could clear the test site without
damaging the equipment. This final step allowed for clear test conditions
for the next snowfall.

We conducted the baseline tests (no snow) on 4 April 2019 and snow-cov-
ered testing on 13 February 2019. Additional testing days did take place
earlier in the season, but the data was unusable due to signal interference
issues with other equipment. This caused incomplete collection of wheel-
force data, rendering it unusable. It was not until later on in testing that
we identified the source of the issue and corrected it so that successful data
could be collected for the final significant snowfall of the season.

The snow-covered testing data showed substantial reductions in normal
force variation and body acceleration as can be seen in Figures 5 and 6. A
snow depth of 16 cm reduced the normal force variation over Bump 1 by
45% and the body acceleration by 43%.

Figure 5. Normal force comparison with and without snow: Bump 1.

Measured normal force comparison with and without snow: Bump 1: Snow depth 16 cm
14000

¥ Measure« d Snow

Measured Rigid

12000

10000

8000
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-1 -0.5 0 05 1 15 2 25 3
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Figure 6. Sprung acceleration comparison with and without snow: Bump 1.

Measured sprung acceleration comparison with and without snow: Bump 1: Snow depth 16 cm
0.5

X Measured Snow
Measured Rigid

-0.5

Accelaration (g)

Distance (m)
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3 Quarter-Car-Model Description

We developed rigid-surface and deformable-snow-surface quarter-car
models to predict the vehicle’s vertical body acceleration and wheel nor-
mal force. The well-known rigid quarter-car model is composed of two de-
grees of freedom: the sprung (body) mass and the unsprung (wheel) mass
vertical positions. The sprung and unsprung masses are connected
through the suspension spring and damper, and the unsprung mass is con-
nected to the road surface through the tire spring (Figure 7). A quarter-car
model is a gross simplification of an actual vehicle, capturing only vertical
displacements of the vehicle. The model ignores angular rates and yaw-
plane dynamics as well as secondary sprung masses on the vehicle, such as
the engine, which can significantly affect the vibration response of the ve-
hicle. Although a simplification, a quarter-car model captures the major
vibration response of the vehicle with a minimal number of parameters.
The model has been used extensively to understand vehicle-ride character-
istics and controllable suspension systems (Karnopp 1990; Pavlov 2017;
Mehmood 2014).

Figure 7. Quarter-car model.

Zr

In this work, we developed a state-space representation of the quarter

model, or
5 0 0 1 0 , 0
s 0 0 0 1 $
Zul _ks ks —Cs Cs Z.u + 0 1
i~ /mS /mS /mS /mS Zg g (1)

- , k
Zy ks/mu —(ky + ks)/mu Cs/mu _Cs/mu Zy Lg + qu/muJ
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where

ks = the suspension spring,

cs = the suspension damper,
ms = the sprung mass,

g = gravity,

ku = the unsprung stiffness,

zs = the sprung mass position,

zy = the unsprung mass position, and
zr = the road profile.

The normal force is calculated by multiplying the unsprung stiffness by the
difference between the unsprung mass position and the road profile, or

E, = ku(zu - Zr)’ (2)

where Fn is the vehicle’s normal force on the surface. The initial conditions
for the quarter-car model are determined by equating the sprung and un-
sprung velocities and accelerations to zero and solving for the sprung and
unsprung displacements, or

_ -1

{ZS} _ ks/ms ks/ms 9 3

Zu) | ks —(ky + k) g+ k”Zr/m ' (3)
/m /mu u

u

For the deformable snow-surface quarter-car model, the vehicle’s ground
pressure equals the snow strength. The snow strength is a function of the
vehicle sinkage depth. To determine the snow strength, we used a modi-
fied Wong sinkage equation, or

(L
z=zwl1—e Pwl, (4)
Py = Gy po, (5)
2y = h|1——F2 (6)

pf[1+bs/b]
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where

P: = the vehicle’s ground pressure;

Py = the snow strength, which is a function of snow density;
h = the snow depth;
b = the tire or track width;

zw = the maximum asymptotic sinkage;
z = the sinkage depth; and

po = the initial snow density.

Cr, ps, and bs are regression constants:

Cr = 48.36 kPa/(g/cc),

pPf = 0.416604 g/cc,
bs = 0.614817 m.

Shoop et al. (2019) detail the modified sinkage equation.
We note that the vehicle ground pressure is equal to the normal force di-
vided by the tire contact area, Ac. For the quarter-car model, we assume

that the tire contact area remains constant and note that the unsprung po-
sition is a state and is available at each integration step.

P. = Np /Ac _ ky /Ac (2, — 2,). (7)

We also rearrange equation (4) and then equate the vehicle ground pres-
sure and solve for sinkage depth (road profile), or

p=p, [—ln (1 - ZZ—er)] (8)

sba(-B] R e e
k¢

] LT N (10)

Equation (8) is numerically solved for the root z-. Because the quarter-car
model is coded in MATLAB, we vectorize z- for all feasible values from zero
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to zw in increments of 0.25 mm. We next generate the error vector and use
the “interp1()” function with the error vector as the x argument and the z-
vector as the y argument. We then set the desired error to zero and deter-
mine the root, zr.
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Experimental Data Prediction Comparison

In this section, we compare the quarter model results to experimental
measured data from CRREL’s instrumented HMMWYV. We compare the
deformable snow-surface quarter-car model’s predicted normal force and
body acceleration to experimental test data collected on 13 February 2019.
We compare the rigid-surface quarter-car model’s predictions to experi-
mental data collected on 4 April 2019. Additionally, we compared the de-
formable snow quarter-car model to the rigid quarter-car model by using
minimal snow cover and low snow density. In such a configuration, the de
formable snow-surface model should have a similar response to the rigid-
surface quarter-car model. We also identify assumptions and modifica-
tions required for the quarter-car model to have good agreement with the
experimental data.

The largest assumption associated with a quarter-car model is that the ve-
hicle dynamics can be reduced to two degrees of freedom, vertical motion
of the sprung (body) and unsprung (wheel) masses. It ignores all other ve-
hicle degrees of freedoms. The model has no mechanism to predict vehicle
pitch or roll motion or lateral and longitudinal motions. Although, the
quarter-car model has major limitation in predicting vehicle motion, the
model’s simplicity reduces the model inputs to a minimum and predicts
the important body acceleration and tire normal force. With the study’s
objective to determine the effect of snow-covered obstacles on the vehicle’s
dynamic response, the deformable snow-surface algorithm is the unique
and most important feature of the model. The deformable snow-surface al-
gorithm can in the future be applied to vehicle models with greater degrees
of freedom. We will show later in this section that the quarter-car-model
predictions reasonably compare to the measured data.

The quarter-car model also assumes that the tire spring follows the road
surface as a point (Figure 7). In the actual vehicle, the wheel diameter
modifies the road profile by increasing the obstacle width and reducing its
height. Consider a rigid wheel striking an obstacle (Figure 8).

Figure 8 shows that the wheel does not follow the exact profile of the ob-
stacle. The wheel strikes the obstacle at a point above the obstacles inter-
face with the surface. The change in the obstacle height and chord can be
determined using Figure 9.
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Figure 8. Rigid wheel obstacle profile.

Figure 9. Modification of obstacle height and chord.

The modified chord length is calculated from the length of line, OG, and
the obstacle height is the difference between the bump height and the tan-
gent point between the tire and the obstacle. Line length, HO, is given by
the sum of the tire and obstacle radius minus the obstacle height, h, and
the tire deflection, Ar, or

HO =1 +1,—Ar —h. (11)

The half chord length is given by Pythagorean’s theorem, or

0G = /(rp +1,)2 — (1, + 1, — Ar — h)2. (12)

Using the law of sines, the angle between line segments OG and HG is de-
termined, or

rt+rO—Ar—h)
e+ 7, '

p = sin‘1< (13)
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The modified obstacle height is given as
hy =1, — (1, sin(B)). (14)

In the quarter-car comparison, the obstacle profiles used were modified to
reflect the difference in point- and wheel-following profiles.

The quarter-car models used in this work were linear; the sprung stiffness,
unsprung stiffness, and damping coefficient were assumed to be linear.
This simplification was made to limit the model’s required parameter in-
formation. The additional information may or may not be available; and
the simplified vehicle model, which uses only two degrees of freedom, does
not warrant additional suspension-parameter fidelity.

The left front body spring and tire rates were measured using vehicle
scales. The spring stiffnesses were 79,000 N/m (body) and 339,000 N/m
(tire). The quarter-car model used the measured spring rates as the sprung
and unsprung stiffness. The estimated unsprung mass was 65 kg. The tire
width was 0.33 m, and a damping coefficient of 4325 N/(m/s) was se-
lected. The above parameters result in a sprung natural frequency of

1.74 Hz, unsprung natural frequency of 11.5 Hz, and a percent critical
damping of 42%.

For a no-snow condition, the deformable snow quarter-car model and
rigid quarter-car results should converge. To simulate a no-snow condi-
tion, we modeled low-snow-strength conditions, reducing the snow den-
sity to 0.02 g/cc at a depth of 5 cm. Figures 10 and 11 show the converged
deformable and rigid quarter-car-model results.
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Normal Force (N)

Figure 10. Rigid and deformable snow quarter model comparison for shallow low-
density snow: normal force.

Rigid and low-density snow-cover comparison: Bump 3: Snow depth 5 cm:

Snow density 0.02 g/cc: Normal force
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Figure 11. Rigid and deformable snow quarter model comparison for shallow low-
density snow: rut depth.
Rigid and low-density snow-cover comparison: Bump 3: Snow depth 5 cm:

Snow density 0.02g/cc: Rut depth
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Figures 12 through 14 compare measured and predicted normal force for
snow and no-snow conditions for Bumps 1 through 3. Bump 3, the shal-
lowest obstacle, provided the best comparison between the measured and
model-predicted normal force. For the rigid case, the model predicted
within 9% of the measured normal force variation. For the snow case, the
model predicted within 23% of the measured normal force variation. The
difference in the predicted accuracy between obstacles can be attributed to
the point-following assumption associated with the quarter-car model. The
profiles associated with Bump 1 and 2 change more dramatically than for
Bump 3, which is much wider (91.4 cm) than Bumps 1 and 2 (30.5 cm)

The normal force predictions for Bump 1 and 2 also underestimated the ef-
fect of the snow on normal force variation. The lack of accuracy in the pre-
dicted normal force may be attributed to the vertical-only assumption of
the quarter-car model. In general, the quarter-car model followed the
trends of the measured values, and snow-covered obstacles always re-
sulted in smaller normal force variation. The best predictions between the
quarter-car model and measured values were associated with the shallow-
est obstacle.

Figure 12. Normal force comparison for Bump 1.
Measured and quarter-car model comparigon: Bump 1: Snow depth 16 cm:
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Figure 13. Normal force comparison for Bump 2.

Measured and quarter-car model comparigon: Bump 2: Snow depth 14.5 cm:
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Figure 14. Normal force comparison for Bump 3.

Measured and quarter-car model comparigon: Bump 3: Snow depth 14.5 cm:
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Figures 15 through 17 compare measured and predicted rut depths. The
predicted rut depths compare favorably with the measured rut depth with
the predicted values falling within 0.7 cm of the measured values for all
three obstacles.

The snow-covered conditions reduced the vehicle’s dynamic response by
modifying the profile that the vehicle traversed. The abruptness of the
ground profile is reduced as the compressed snow fills areas around the
obstacle. Section 5 demonstrates this phenomenon more dramatically with
a simulated low-ground-pressure vehicle. With low-ground-pressure vehi-
cles, the compressed snow rut profile is dramatically altered when com-
pared to the ground profile (Figure 20).

Figure 15. Rut-depth comparison for Bump 1.
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Figure 16. Rut-depth comparison for Bump 2.

Measured and quarter-car model comparison: Bump 2: Snow depth 14.5 cm:
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Figure 17. Rut-depth comparison for Bump 3.

Measured and quarter-car model comparison: Bump 3: Snow depth 14.5 cm:
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The measured and predicted body acceleration did not compare favorably
with one another as seen in Figure 18. The measured body acceleration is
lower than the predicted body acceleration. The simplicity of the quarter-
car model may be the cause of the differences. Future work should investi-
gate models with increased degrees of freedom, such as a half car model,
to improve body-acceleration predictions. The body-acceleration differ-
ence may also be associated with secondary isolation systems, such as
body mounts, on the HMMWYV. We recommend using acceleration meas-
urements at the frame and inside the cabin to identify the effect of the sec-
ondary isolation system on body acceleration. In addition, measurements
with wheel accelerometers could be used to further validate the model.

Figure 18. Body-acceleration comparison for Bump 3.
Measured and quarter-car model comparison: Bump 3: Snow depth 14.5 cm:

Sprung acceleration
0.5

N3 Measured Snow

1/4 Car Snow
Measured Rigid

oL 1/4 Car Rigid

-0.5

Accelaration (g)

-1 -0.5 0 0.5 1 1.5 2 25 3

Distance (m)



ERDC TR-20-26

22

Model Analysis

The simple quarter-car model can be used to predict normal force and
body acceleration for different terrain conditions and vehicle parameters.
This section presents simulation of a low-ground-pressure vehicle. The
low-ground-pressure vehicle, 13.8 kPa, has the same vibration characteris-
tics as the HMMWYV parameters provided above: sprung natural frequency
of 1.74Hz, unsprung natural frequency of 11.5Hz, and 42% of critical
damping. We selected for the simulation a snow depth of 30.5 cm with a
density of 0.25 g/cc.

Figure 19 compares the normal force variation associated with a low-
ground-pressure vehicle for snow and no-snow conditions. The 30.5 cm
snow cover reduced the normal force variation by 76%. Figure 20 shows
the predicted rut depth. The figure shows the radically modified profile
that the vehicle travels over in snow conditions as compared to no-snow
conditions. The rut profile difference is the reason for the dramatic reduc-
tion in normal force variation in the snow condition. The simulation
demonstrates that the snow cover can improve mobility for low-ground-
pressure vehicles. It would be beneficial to conduct low-ground-pressure-
vehicle testing to further validate the deformable snow quarter model.

Figure 19. Snow and no-snow normal force comparison for a low-ground-pressure vehicle.
Low-ground-pressure comparison: Bump 3: Snow depth 30.5 cm:
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Figure 20. Rut profile for a low-ground-pressure vehicle.

Low-ground-pressure comparison: Bump 3: Snow depth 30.5 cm:
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We used a chirp road profile, a frequency-increasing ground profile with
time, with the deformable quarter-car model to investigate the effect of
snow cover on a vehicle’s frequency response. The snow characteristics for
the simulation were a 30.5 cm snow depth and a density of 0.25 g/cc. The
simulation used the following HMMWYV vehicle parameter: sprung natural
frequency of 1.74 Hz, unsprung natural frequency of 11.5 Hz, and 42% of
critical damping. The chirp ground profile used in the simulation varied
from zero to 15 Hz over 60 seconds with an amplitude of 2.54 cm.

Figures 21 and 22 show the body accelerations for the snow and no-snow
conditions. Figure 21 compares the snow and no-snow time-domain body
accelerations. Figure 22 compares the snow and no-snow body-accelera-
tion power spectral density. The body-acceleration power spectral density
was generated using the MATLAB “pwelch()” function with a 50% overlap
window for 1.25 Hz to 14 Hz at a 0.05 Hz increment (Oppenheim 1989;
Welch 1967). Each figure shows the attenuation of the body acceleration,
approximately 2 dB at the lower frequencies, for the snow condition. The
attenuation increased at higher frequencies to approximately 4 dB at

14 Hz. The figures also show that the unsprung natural frequency changed
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between the snow and no-snow conditions. For the snow condition, the
unsprung natural frequency was lowered by 1.5Hz.

Figure 21. Chirp road profile body-acceleration comparison for snow and no snow.

Chirp profile (2.54 cm): Predicted body (HMMWV) acceleration snow (30.5 cm) / no snow
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Figure 22. Chirp road profile body-acceleration power spectrum comparison for
show and no show.
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The rut profile variation is reduced as frequency is increased (Figure 23).
When the chirp profile reaches the unsprung natural frequency, the varia-
tion in normal force is increased. During suspension compression at this
frequency, the normal force is at a minimum, resulting in a lower snow
sinkage. This effectively reduces the ground profile variation that the vehi-
cle traverses. As with the low-ground-pressure-vehicle testing, it would be
beneficial to test with obstacles at varying frequencies to further validate
the deformable snow quarter model.

Figure 23. Chirp ground and rut profile comparison with and without snow.
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6 Conclusions and Recommendations

Optimal vehicle paths depend not only on the identification of obstacles
but also on the interaction between the obstacle and the vehicle. For exam-
ple, a low-ground-pressure vehicle may be able to transverse low-strength
soils where a higher ground pressure vehicle may become immobile due to
increase sinkage and motion resistance. A vehicle vibratory response can
also have an effect on a vehicle’s optimal path. The safe operating speed of
a vehicle is limited by the vehicle body acceleration and variation in tire or
track normal force. Operator, equipment, and vehicle durability limit the
maximum acceptable vehicle body acceleration. Normal force variations
directly affect the vehicle’s lateral stability. Both body acceleration and
normal force variation make optimal vehicle paths dependent on the vehi-
cle’s vibration response.

Computer models can simulate large numbers of experiments, which
would be prohibitively expensive or impossible to physically test. For ex-
ample, computer simulations can test various snow conditions that may
not occur at the testing location in the allocated testing time. They can
simulate vehicles that are otherwise not instrumented or available for test-
ing. The freedom simulations provide allows identification of important
parameters and insights that maybe missed in the limited cases available
with physical testing.

However, to have confidence in the computer model, the model must be
compared to results from physical testing. The more available the testing
data over varying conditions, the greater the confidence in the computer
model. Additionally, assumptions associated with the computer model
need to be highlighted to quantify discrepancies between the computer
model and testing data. This will identify conditions where the model has
large errors and identify areas to improve the model.

The research presented in this technical report investigated the effect of a
vehicle’s vibratory response to snow-covered obstacles through vehicle
testing and computer simulations. The physical testing of an instrumented
HMMWY showed that snow cover has a large effect on the vehicle’s vibra-
tory response. The HMMWYV traveling at 8 km/h over a 7.62 cm obstacle
with a snow depth of 14.5 cm reduced normal force variation by 45% and
body accelerations by 43%. We then compared the vehicle test data to rigid
and deformable-surface quarter-car models. We used the quarter-car
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models to predict normal force variation and vehicle body acceleration
over bare and snow-covered obstacles. The models provided reasonable
agreement with vehicle test data, following the trends of the measured ve-
hicle data with snow-covered obstacles always resulting in smaller normal
force variation. The rigid-surface quarter-car model was able to predict
normal force variation within 9% of the measured value. The deformable
model predicted normal force variations within 23%. The deformable
quarter model provided good predictions of rut depth when compared to
measured values, within 0.7 cm for all tests.

The simple quarter-car models require only a few vehicle parameters to es-
timate a vehicle’s vibratory response. The deformable-surface model re-
quires additional parameters for snow depth and density. The quarter-car
model’s simplicity is a major advantage in implementing the model in ex-
isting obstacle detection or path-planning algorithms at the expense of ac-
curacy which is achieved by models with higher degrees of freedom.

The quarter-car model has a number of simplifying assumptions, which
limit accuracy. The model reduces a vehicle to two degrees of freedom,
body and wheel positions, and also assumes that the tire follows the sur-
face profile as a point. The reduction in the vehicle’s body to a single de-
gree of freedom reduced the correlation between the measured and pre-
dicted body acceleration. We recommend investigating a half car model,
which includes the body-pitch degree of freedom to better predict body ac-
celeration. Differences in predicted and measured body acceleration can
also be attributed to secondary isolation systems, such as body mounts.
We recommend additional testing with accelerometers at the frame and
inside the cabin to identify the effect of secondary isolation systems on
body acceleration. In addition, measurements with wheel accelerometers
could be used to further validate the model.

Traditional quarter-car models assume that the tire follows the surface as
a point. In this study, the point-following profile was modified to a wheel-
following profile, which reduces the obstacle’s abruptness, increasing ob-
stacle width and reducing obstacle height. Implementing the wheel-follow-
ing profile reduced the predicted normal force variation and body acceler-
ation compared to the point-following profile, comparing better to the
measured data.
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Simulation studies were conducted for a low-ground-pressure vehicle,

13.8 kPa, over a bare and a snow-covered obstacle, 4.9 cm height, with a
snow depth and density of 30.5 cm and 0.25 g/cc. The simulation with the
snow-covered obstacle showed a reduction in normal force variation of 76%
over the bare obstacle condition. The large reduction in normal force varia-
tion associated with the snow-covered obstacle is from the rut profile being
much less abrupt than the ground surface profile. This shows that the mo-
bility of a low-ground-pressure vehicle can be improved with snow cover.

We conducted a frequency response study to investigate the vibratory re-
sponse of a HMMWYV vehicle over snow-covered obstacles. The study used
a ground profile that changed as a function of time from o0 to 15 Hz over
60 seconds with an amplitude of 2.54 cm. A snow depth of 30.5 cm and
density of 0.25 g/cc were used for the snow-covered conditions. The study
found that the vehicle’s body acceleration was attenuated at different rates
based on the frequency of the road disturbance. At lower frequencies, be-
low 8Hz, the snow cover attenuated the power spectral density of the body
acceleration by approximately 2 dB. At higher frequencies of 14 Hz, the at-
tenuation increased to 4 dB. The snow cover effectively lowered the vehi-
cle’s unsprung natural frequency by 1.5 Hz. The rut profile variation is re-
duced as frequency is increased, effectively reducing the ground profile
variation that the vehicle traverses.

Vehicle mobility is an important consideration in any military operation
enabling resupply to enemy engagement. The ability to better predict a ve-
hicle’s response to terrain allows for optimal path planning, resulting in
safer and more efficient operations. Winter conditions, such as snow
cover, can degrade vehicle mobility by reducing available traction and in-
creasing motion resistance. Obstacles also reduce vehicle mobility by ex-
ceeding operator and equipment acceleration limits and adversely effect-
ing lateral stability. In this study, we have shown that snow cover reduces
the effect that obstacles have on vehicle mobility by reducing acceleration
levels and normal force variation. We demonstrated the effects through
experimental testing on a relatively high ground pressure wheeled vehicle
(HMMWYV) and through simulation models. A simulation study of a low
ground pressure vehicle traversing snow-covered obstacles showed a large
reduction in acceleration levels and normal force variation. Future mobil-
ity planning can use the predictive methods described in this study to
make planning tools more accurate and ultimately result in more effective
and safer military operations.
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