F

W UNIVERSITEIT VAN PRETORIA

. UNIVERSITY OF PRETORIA

W YUNIBESITHI YA PRETORIA
References

Andren, P., 2006, Power spectral density approximations of
longitudinal road profiles , International Journal of Vehicle Design, 40,
(1/213), pp. 2-14.

Anon, 2005, High Speed Profilometer , Surveillance Services, CSIR
website, World Wide Web, www.csir.co.ca, Assessed 2005-03-10.

Antone, M.E., and Teller, S., 2000, Automatic recovery of relative
camera positions in urban scenes , Computer Vision and Pattern
Recognition, 2, pp 282-289.

ASTM E1364, 2005, Standard Test Method for Measuring Road
Roughness by Static Level Method , ASTM E1364 - 95(2005),
American Society for Testing and Materials (ASTM).

British Standards Institution, 1987, British Standard Guide to
Measurement and Evaluation of Human Exposure to Whole Body
Mechanical Vibration and Repeated Shock , BS 6841, 1987.

Canny, J., 1986, A computational approach to edge detection , IEEE
Trans. Patt. Anal, Machine Intelli, vol. 8, pp 679-698.

Davis, B.R. and Thompson, A.G., 2001, Power spectral density of
road profiles , Vehicle System Dynamics, Vol. 35, pp. 409-415.

Edara, R., Shih, S., Tamini, N., Palmer, T. and Tang, A., 2005, Heavy
Vehicle Suspension Frame Durability Analysis Using Virtual
Proving Ground , SAE 2005-01-3609.

Els, P.S., 2006, The ride comfort vs. handling compromise for off-

road vehicles , Unpublished PhD.Eng Thesis, University of Pretoria,
Pretoria, South Africa.

Gerotek Test Facilities, 2007, www.gerotek.co.za, Accessed 2007/02/27.

Google earth, 2007 , Gerotek Test Facility , Pretoria, South Africa, 25°
45’ 30.19" S 28° 00’ 27.82" E, Accessed 2007/09/13.

125



<>

F

IVERSITY OF PRETORIA
UNIBESITHI YA PRETORIA

- o

NIVERSITEIT VAN PRETORIA
I
U

Gorsich, D.J., Chaika, M., Gunter, D., Karlsen, R., Haueisen, B., Sun, T.
and Ferris, J., 2003, Terrain Roughness Standards for Mobility and
Ultra-Reliability Prediction , SAE 2003-01-0218.

Grinstead, B., Koschan, A.,Page, D., Gribok, A. and Abidi, M.A., 2005,
Vehicle-borne Scanning for Detailed 3D Terrain Model Generation :
SAE(Society of Automotive Engineers) Commercial Vehicle Engineering
Congress, Chicago, IL, November, 2005, SAE Technical Paper 2005-01-
3557.

Hall, L.C, 1998, Terrain Profile Characteristics , Fundamentals of
Terramechanics & Soil Vehicle Interaction.

Imine, H., M'Sirdi, N.K. and Delanne, Y., 2003, Adaptive Observers
and Estimation of the Road Profile , SAE 2003-01-1282.

Imine, H. and Delanne, Y., 2005, Triangular Observers for Road
Profiles Inputs Estimation and Vehicle Dynamics Analysis :
International Conference on Robotics and Automation, Barcelona, Spain.

International Organization for Standardization, 1995, International
Organization for Standardization ISO 8606: Mechanical vibration -
Road surface profiles - Reporting of measured data , ISO
8608:1995(E).

Karamihas, S.M. and Gillespie, T.D., 2002, Assessment of
Profilometer Performance for Construction Quality Control ,
University of Michigan, December 2002.

Kern, J.V, 2007, The Development of Measurement and
Characterization Techniques of Road Profiles , Master of Science in
Engineering, Virginia Polytechnic Institute and State University, Danville,
USA, June 2007.

Kulakoski, B.T., Henry, J.J. and Wambold, J.C., 1986, Relative
Influence of Accelerometer and Displacement Transducer Signals
in Road Profilometry , Transportation Research Record, January 1986.

MSC Software web page, 2007,
MSC.Software\MSC.ADAMS\2007r1\help , Defenition of Road Mesh
in MSC>ADAMS , accessed on 2007/7/20.

126



s
W UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
W VYUNIBESITHI YA PRETORIA
MSC Sotfware web page, 2007,

MSC.Software\MSC.ADAMS\2007r1\help, Contens, Which Tyre
Model Should You Use? , accessed on 2007/11/10.

McDonald, A.J., Crossley, S., Bennett, J.C., Brown, S.C.M., Cookmartin,
G., Morrison, K. and Quegan, S., 2000, Stereo vision measurements
of soil surface characteristics and their use in model validation ,
European Space Agency, pp. 575-580.

Pollard, S.B., Pridmore, T.P., Porril, J., Mayhew, J.E.W. and Frisby, J.P.,
1989, Geometrical modeling from multiple stereo views , Int. J.
Robot. Res., vol. 8 pp. 3-32.

Ritchie, W., Wood, M., Wright, R. and Tait, D., 1991, Surveying and
mapping for field scientists , USA, Chapter 3.

Rodrigues’ rotation formula, 2008, Wikipedia, Rodrigues’ rotation
formula, www.wikipedia.org/Rodigues’ rotation formula, Accessed
2008/01/10.

Rouillard, V., Sek, M.A. and Bruscella, B., 2001, Simulation of road
surface profiles , Journal of Transportation Engineering, May/June, pp
247-253.

Sayers, M.W. and Karamihas, S.M., 1998, The Little Book of Profiling
University of Michigan.

Shoop, S., Coutermarsh, B. and Reid, A., 2004, All-Season Virtual Test
Site for a Real-Time Vehicle Simulator , SAE 2004-01-2644.

Spangler, E.B., 1964, Road Profilometer Method for Measuring Road
Profile , General Motors Research Publication, GMR-452.

Sun, L., 2001, Simulation of pavement roughness and IRI based on
power spectral density , The University of Texas at Austin.

Sun, T.C., Alyass, K., Wei, J., Gorsich, D., Chaika, M. and Ferris, J.,
2005, Time Series Modeling of Terrain Profiles , SAE 2005-01-3561.

Swart, B., 2008, Photogrammetry profile of Belgian paving report,
unpublished report, CAD Mapping.

127



UNIVERSITEIT VAN PRETORIA
.v UNIVERSITY OF PRETORIA
W VYUNIBESITHI YA PRETORIA

Thoresson, M.J., 2003, Mathematical optimisation of the suspension
system of an off-road vehicle for ride comfort and handling ,
Unpublished M.Eng Thesis, University of Pretoria, Pretoria, South Africa.

Uys, B.P., 2007, Rollover of off-road vehicle , Unpublished M.Eng
Thesis, University of Pretoria, Pretoria, South Africa.

Uys, P.E., Els, P.S. and THoresson, M., 2007, Suspension settings for
optimal ride comfort of off-road vehicles traveling on roads with
different roughness and speeds , Journal of Terramechanics, vol. 44,
pp. 163-175.

Zaayman, O.C.D., 1988, Terrain profile roughness measurement and
characterization , Unpublished M.Eng Thesis, University of Pretoria,
Pretoria, South Africa.

128



4

e

IVERSI
VERS
I 5

TEIT VAN PRETORIA
E I
BE

TY OF PRETORIA
ITHI YA PRETORIA

- o

N
NI
UN

Appendix A:

e Certificate of Conformance for Crossbow Tilt Sensor

» Calibration certificate of Sony Cyber Shot 5 mega pixel
Digital Camera

» Calibration certificate of Pentax K10D Digital Camera

A-1



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Wd” YUNIBESITHI YA PRETORIA

Certificate of Conformance for Crossbow Tilt Sensor

t ; callbratlon date
i " [ —
Sartificate of Conformanea . A f 3 5'9-"11-’.2'“12. ]
: 7.12

Calibration Data: Room Temperature

X Axis ¥ Axie
Zoaro-Angle Voltage 2.827 2.4G1|
Bangithvity | 15.002 _35.118
FPart Numbaer CXTAD2
Barlal Number 1247589 |
- |
Wirlng Dimgram: |
Optlons: Regulator Color Function
: Red 8 - 30 Vde
[ Black Groune
Wihita  |[R-Auis .
Yellow | -Axin .

Thank yau fer choaging & Crossbow sansor, This worksheat is designed to help you get glarled. Refer (@ the product
dafa shagt for more complete information.

Dafinitions
Zara - Angle Veltoge @ This number is the auiput weltage (in V) of the seneor on @ level surface (zere 1il] measured at tha
faciary on the day af the calibratien.

Sansilivily : This nember is the sersor's sensiivity in my per degras

Tachrical Suppart
Far further tachnlenl s28lstance, contact Crossbaw Technolagy.

Crassbow Teohnaolegy, Ing.
41 East Daggelt Drive

Jan Jose, GA 25134

Prone © 403 865 3300

Fax ; 408.324. 4840

URL © hilp:/fwws, sbow. com
Emall : infe@xbow.com
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Calibration certificate of Sony Cyber Shot 5 mega pixel Digital
Camera

Status Report Tree
PhotoModeler Version: 5.1.0
Project Name: *** Rough Road Profiling ***

Problems and Suggestions (0)
Project Problems (0)
Problems related to most recent processing (0)

Information from most recent processing
Last Processing Attempt: Wed Aug 31 14:39:30 2005
Status: successful
Processing Options

Orientation:; off
Global Optimization: on
Calibration: on (full calibration)
Constraints: off
Total Error
Number of Processing Iterations: 4
Number of Processing Stages: 2
First Error: 0.019
Last Error: 0.008
Precisions / Standard Deviations
Camera Calibration Standard Deviations
Cameral: SONY
Focal Length
Value: 6.118036 mm
Deviation: Focal: 0.002 mm
Xp - principal point x
Value: 2.640445 mm
Deviation: Xp: 0.001 mm
Yp - principal point y
Value: 1.939080 mm
Deviation: Yp: 0.001 mm
Fw - format width
Value: 5.312163 mm
Deviation: Fw: 2.1e-004 mm
K1 - radial distortion 1
Value: 2.806e-003
Deviation: K1: 4.7e-005
K2 - radial distortion 2
Value: 1.253e-004
Deviation: K2: 5.3e-006
K3 - radial distortion 3
Value: 0.000e+000
P1 - decentering distortion 1
Value: 1.973e-004
Deviation: P1: 8.8e-006
P2 - decentering distortion 2
Value: 1.761e-004
Deviation: P2: 9.1e-006
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Quality
Photographs
Total Number: 11
Bad Photos: 0
Weak Photos: 0
OK Photos: 11
Number Oriented: 11
Number with inverse camera flags set: 0
Cameras
Cameral: SONY
Calibration: yes
Number of photos using camera: 11
Point Marking Residuals
Overall RMS: 0.045 pixels
Maximum: 0.389 pixels
Paint 10 on Photo 1
Minimum: 0.040 pixels
Point 22 on Photo 11
Maximum RMS: 0.189 pixels
Paint 10
Minimum RMS: 0.024 pixels
Paint 71
Point Tightness
Maximum: 0.00088 m
Point 10
Minimum: 0.0001 m
Point 71
Paint Precisions
Overall RMS Vector Length: 0.000151 m
Maximum Vector Length: 0.000176 m
Point 10
Minimum Vector Length: 0.000149 m
Point 48
Maximum X: 7.23e-005 m
Maximum Y: 7.42e-005 m
Maximum Z: 0.000144 m
Minimum X: 5.17e-005 m
Minimum Y: 5.17e-005 m
Minimum Z: 0.000127 m
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Calibration certificate of Pentax K10D Digital Camera

Status Report Tree
PhotoModeler Version: 5.1.0
Project Name: *** Project has not yet been saved ***

Problems and Suggestions (1)
Project Problems (1)

Problem: A large percentage of your points are sub-pixel marked so it is assumed you are
striving for a high accuracy result. The largest residual (Point10 - 3.902977) is greater than
1.00 pixels.

Suggestion: In high accuracy projects, strive to get all point residuals under 1.00 pixels.
If you have just a few high residual points, study them on each photo to ensure they are
marked and referenced correctly. If many of your points have high residuals then make sure
the camera stations are solving correctly. Ensure that you are using the best calibrated
camera possible. Remove points that have been manually marked unless you need them.
Problems related to most recent processing (0)

Information from most recent processing
Last Processing Attempt: Tue Jan 15 08:01:21 2008
Status: successful
Processing Options

Orientation: off
Global Optimization: on
Calibration: on (full calibration)
Constraints: off
Total Error
Number of Processing Iterations: 4
Number of Processing Stages: 2
First Error: 0.119
Last Error: 0.119
Precisions / Standard Deviations
Camera Calibration Standard Deviations
Cameral: carl pentax
Focal Length
Value: 17.314739 mm
Deviation: Focal: 0.001 mm
Xp - principal point x
Value: 11.002161 mm
Deviation: Xp: 9.4e-004 mm
Yp - principal point y
Value: 7.737493 mm
Deviation: Yp: 9.2e-004 mm
Fw - format width
Value: 21.914795 mm
Deviation: Fw: 2.9e-004 mm
K1 - radial distortion 1
Value: 3.605e-004
Deviation: K1: 1.3e-006
K2 - radial distortion 2
Value: -6.221e-007
Deviation: K2: 9.3e-009
K3 - radial distortion 3
Value: 0.000e+000
P1 - decentering distortion 1
Value: -1.572e-005

A-5



NIVERSITEIT VAN PRETORIA
NIVERSITY OF PRETORIA
UNIBESITHI YA PRETORIA

(02@

Deviation: P1: 9.5e-007
P2 - decentering distortion 2

Value: 1.153e-005

Deviation: P2: 9.1e-007

Quality
Photographs
Total Number: 12
Bad Photos: 0
Weak Photos: 0
OK Photos: 12
Number Oriented: 12
Number with inverse camera flags set: 0
Cameras
Cameral: carl pentax
Calibration: yes
Number of photos using camera: 12
Point Marking Residuals
Overall RMS: 0.686 pixels
Maximum: 3.903 pixels
Point 10 on Photo 1
Minimum: 0.414 pixels
Paint 14 on Photo 12
Maximum RMS: 1.924 pixels
Point 57
Minimum RMS: 0.266 pixels
Point 58
Point Tightness
Maximum: 0.0039 m
Paint 10
Minimum: 0.00039 m
Paint 58

Paint Precisions
Overall RMS Vector Length: 4.67e-005 m

Maximum Vector Length: 5.11e-005 m
Point 2

Minimum Vector Length: 4.54e-005 m
Point 8

Maximum X: 2.58e-005 m

Maximum Y: 2.29e-005 m

Maximum Z: 3.97e-005 m

Minimum X: 1.75e-005 m

Minimum Y: 1.82e-005 m

Minimum Z: 3.62e-005 m
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Camera Mame:

Focal Length: I'I T347 e

Format Size "W |21.9143
Principal Paint |11.EIE|22

Lens Distartion K1 |3.EEIEE-EIEI4
K2 |6.221e007 P2 1.153e-005

8 IEI.DEIEIE+EIEIEI

H: [14.6717

Y | 7.7375

P1: |-1.572e-005

Image Size: IEB?E

Fiducial type: IND Fiducialz

P cddify.... |

Calibrated: yes

mm

i

" |2592 Set from file |
Fiducials:

T

™ take copy for Inverse Camera

o]

Cancel

Help

RIA
RIA
RIA
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DATASENSOR
l - I 880 L‘Y
d Distance sensor with laser emission and time of
flight measurement

INSTRUCTION MANUAL

CLASS 2 EN 608231 (1924)

LASER PRODUCT

CONTROLS

EROMT INDICATORS LED

CUTPUTLED

The yelow LED ON Indicates the OR function of ihe OUT1 and CUTZ outputs {one of the 2 outputs Is
e,

ALARM LED

Tha red LED ON Inisates the absence of sgna

COMMAND PANEL AND DISFLAY

OQUTPUT LED

The yeliow LED ON Indicates the logic OR functlon of the two OUT1 ano OUTZ oulpuls {one of ihe 2
oulputs 5 aclive).

DISPLAY (£-miglt gresn cokoursd dispiay)

in the normal mode. the depiay Indicales the gelected tistance, In milimeines,

OUTY, OUTZ LEDs

Thent and n.2 green LEDs ON Indicate the activalion of the OUT1 ang OUT2 oulputs.

FAST LED

The n 3 green LED ON Indicates the activation of the FAST reacing mode (S00 Hz).

SET PUSHEUTTON

A pressure on the pushbutlon activates the sei-selting procedure.

A Jang pressure on ine pushoutton aiows the LsEr 1o access info the mode (FAST or NOAM) and
delay seting menu

~i- PUSHBUTTONS

A Nght pressure on Ties2 pushbullons allows the user fo run through the menu of the sensor
parametars and ssiting menu

Moregver, 3 Jong presewe allows (0 ciange e ewhcning mresaclo vaue. a5 Indicates in the
“SWITCHMNG THRESHOLD ADJUSTMENT' paragraph

INSTALLATION

Tha gensor can be poslionsd Dy means of Ing Irse Nousng's NoKeE UEINg Scews (M40 ar longer|
W MILE 30T WaRGNEME.

Wanous crientanke fhong tracksts
accessories Estad in the catalogus)
“The operating distance s measurad from the front surface of ihe sensor optics.
The W12 connector can DE anented 3t twa diferent posiicns {refer to figure).

o e3ase the sensor pesitoning are avaliabls (peass refer to e

CONNECTIONS
W12 CONNECTOR
QUTPUT 2
{GREY)
RxfTus DUTPUT 1
{PINK) (YELLOW)
ov ANALOGUE OUT
(BLUE) (GREEN)
RufTx- 15..30VDC
(WHITE) {BROWN)
SYMNC
[RED)

MNOTE: ths wire colours ara refermed to the cables manufactured according to tha European
standard.

IT VAN PRETORIA
Y OF PRETORIA
HI YA PRETORIA
TECHNICAL DATA
SONEr ELDQIY 15 .. 30 WG Il vales
Rlppis: 2 W/pp max
Consumption i
'f:rJ!E'.I[ﬂr!En[ enchigen; TR ma (ALY
CulputE T FHE or WA oulputE
20 Vde max {shari-choult protection)
anaiogus output with 4-20 mA
Serial Intertace: RE485, 96008, SN1
SYNC mpal FNE
Measwement range: 300 ... 4000 mm (from 90% whis G 18% grey)
400 . . 2500 mm {E]
Led 3% [24J0e, T57C, Wilh 307 wille el
Digilal rasoaticn CImm
2 mm (NOFK) ;10 mm (FAST)
Temparature dnf: <16 mm"C
Output current 103 mA max.
‘Clput saluralion voLage: vV
Response Ume: S ms (RORM 5 (FAST)
Switching fragquency: 100 HZ (MOAM) | 500 Hz [FAST)
noiCalors: COMDEnd Daner:

Z-igt dlspiay (SREEN
2CUTY, B
FAST

CUTPUT LED (YELLOW)
UT2 LEDs (GREEN)
LED {GR

i
IngFcators LEC:
CUTPUT LED (YELLOW! { ALARM LED (REDY

SET. + - cushbutions

ron volstie EEPROM mamary

Cperaling femperatune:

Slorage Em|

R pE

Wiralions:

050 °C
TE 20 TG
Ei=cincal shack profecton Clags =
Typieal spal Gmension: @izmmatzm
2 mmatdm
i 3 Fizd aser (565 i) Class 2 1 £55 am) SN E0S2E-1 (1364)
AMDR Igh fEfE o Aoording 1o BN BIEET-=2

0.3 mm ampliuoe, 10 55 HE Tequency, 1or evary ans
NELOES-2-5)

Snock raslstEnce

11ms {30 G} 5 shock for every axls (ENSDOES-2-27)

“D.IE""Q materia! aliminim
Lens malenal Vondow and lenses n §395
prodection IPET
Connactions: Mi2-8 poie connecior
'.‘.Ie'gnl: 330 0. max
DIMENSIONS
M hoks t°.2
8mm depth
73
14.5 2] a4
g2 _ 55 8 =
i g
= f w
t ol ¥
@52 hole N° Miz
DUTPUT LED
ALARM LED
)
g B
]
SUTRUT
STATUS LEDS FAST LED

SET PUSHEUTTON

COMMAND PANEL AND DISPLAY
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$ MDI_HEADER

[MDI_HEADER]

FILE_TYPE = 'rdf'

FILE_VERSION = 5.00

FILE_FORMAT = 'ASCII'

$ units

[UNITS]

LENGTH ='mm'

FORCE = 'newton’

ANGLE = 'radians'

MASS ='kg'

TIME ='sec'

$ definition

[MODEL]

METHOD ='3D'

$ nodes

[NODES]

NUMBER_OF_NODES =

{node x_value y_ value z_ value}

$ offset

[ELEMENTS]
NUMBER_OF_ELEMENTS =
{node_1 node_2 node_3 mu}
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Appendix D: International Roughness Index plots of profiled
terrains
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Figure 120: IRI Belgian paving.
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Figure 121: IRI Fatigue Track.
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Figure 122: IRI Parallel Corrugations Track.
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Figure 123: IRI Angled Corrugations Track.
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Figure 124: IRI Pothole Track.
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Figure 125: IRI Rough Track.
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Appendix E: Weighted FFT from the Simulation and Land
Rover data
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Simulation FFT and Land Rover FFT of Right Rear Body @ 15 km/h
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Figure 126: Weighted FFT from the Simulation and Land Rover data @ 15km/h.

Simulation FFT and Land Rover FFT of Right Rear Body @ 26 km/h
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Figure 127: Weighted FFT from the Simulation and Land Rover data @ 26km/h.
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Simulation FF1 and Land Rover F+1 of Right Rear Body @ 40 km/h

Simulation Right Rear Body
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Figure 128: Weighted FFT from the Simulation and Land Rover data @ 40km/h.
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Figure 129: Weighted FFT from the Simulation and Land Rover data @ 57km/h.
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Appendix F: Filtered vertical accelerations from simulations
and Land Rover data




Filtered Simulation Vertical Acceleration @ 15 km/h
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Figure 131: Simulation vertical accelerations @ 15km/h.
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Figure 132: Land Rover vertical accelerations @ 15km/h.
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Figure 133: Right Rear Body vertical accelerations from Simulation and Land Rover @

15km/h.
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Figure 134: Simulation vertical accelerations @ 26km/h.




Filtered Land Rower Vertical Acceleration Data @ 26 km/h
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Figure 135: Land Rover vertical accelerations @ 26km/h.
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Figure 136: Right Rear Body vertical accelerations from simulation and Land Rover @

26km/h.
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Filtered Simulation Vertical Acceleration @ 40 km/h
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Figure 137: Simulation vertical accelerations @ 40km/h.
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Figure 138: Land Rover vertical accelerations @ 40km/h.
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Figure 139: Right Rear Body vertical accelerations from simulation and Land Rover @

40km/h.

Filtered Simulation Vertical Acceleration @ 57 km/h

Driver

Front Body
Right Rear Body
Left Rear Body

S/W] uoirelsj@oe [eIUBA

Time [sec]

Figure 140: Simulation vertical accelerations @ 57km/h.
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Filtered Land Rower Vertical Acceleration Data @ 57 km/h
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Figure 141: Land Rover vertical accelerations @ 57km/h.
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Figure 142: Right Rear Body vertical accelerations from simulation and Land Rover @

57km/h.




Filtered Simulation Vertical Acceleration @ 73 km/h
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Figure 143: Simulation vertical accelerations @ 73km/h.
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Figure 144: Land Rover vertical accelerations @ 73km/h.
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Figure 145: Right Rear Body vertical accelerations from simulation and Land Rover @
73km.
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Appendix G: 8 Hz Low Pass Filtered Fast Fourier Transforms
of Simulations and Land Rover Vertical Accelerations

G-1



UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e

Simulation FFT and Land Rover FFT of Right Rear Body @ 15 km/h

Simulation Right Rear Body
Land Rover Right Rear Body ||

[w] spnydwy

Frequency [Hz]

Figure 146: Filtered FFT of vertical accelerations @ 15km/h
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Figure 147: Filtered FFT of vertical accelerations @ 26km/h.
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Figure 148: Filtered FFT of vertical accelerations @ 40km/h.
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Figure 149: Filtered FFT of vertical accelerations @ 56km/h.
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Figure 150: Filtered FFT of vertical accelerations @ 73km/h.
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