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PISCLATMER

This publication is produced under the auspices of the Technical
Steering Commirree of the Vehicle Weighrs and Dimensions Study. The
points of view expressed herein are exclusively those of the aucthors
and do nor mnece=sarily reflecc che opinions of rhe TYechnical
Srearing Committee, Canrcad Transporration Research Corporacion or
its supporring agencies.

The test program discussed in rhis reporc was carried out using
suspensions 1in common usage in the Canadian truck fleer. The
suspensions and components uwsed for resting were provided by the
respective manufacturers, and were in brand new condirion. The tesr
resulrs observed reflect the copditions of the equipmenrt and rest
procedures used, and may be expected ro vary with equipment which
has been used in service, or under different tesr conditions.

This report has been published for the convenience of individuals or
agencies wirh inrerests in che subjeet area. Readers are cautiocned
that the use and interprerarion of the data, material and findings
contained herein is done at rheir own risk. Conclusions drawn from
this research, particularly as applied re regulation, should include
consideration of Tthe breoader context of Vehicle Weighrs and
Dimension issues, some of which have been examined in orher elemenrs
of the research program and are reporred on in other volumes in rhis
SCT1ES .

The Technical Steering Commirtee will be considering the findings of
these research investigarions in preparing ics "Final Technical
Report” (Volumes 1 & 2), scheduled for complerion in December 1986.



PREFACE

The reporr which follows conmstitutes one velume in a series of sixzteen which
have been produced by confract researchers invelved in the Vehicle Weights and
Dimensions Srudv. The research procedures and findings conrained herein
address one or more specific rechnical objectives 1in the context of the
development of a consistent knowledge base necessary to achieve the overall
goal of the study; improved upiformiry in inrerprevincial weight and dimension
regulations,

The National Research Council of Canada undertook a program of testing to
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DISCLAIMER NOTICE

The experimeatal resulrs presenced in this paper are
percinent to specific producrs which have been clearly idenrified by
rhe manufaccturer's produecr number, It should be emphasized rhar che
experimental results should in no circumsrances reflect the whole
product line of an individual manufacturer, nor should rhe regulrs be
used ro geperallze on the performance of a generle suspension Lype.
Subrle deaign variatioms in suspensian componenta could, in some cases,
lead ro substancial changes in the performance of a suspension Eroup.
The objeccive of the study was nor ro endorse & product but rather ro
invesrigare rhe range of performance possible using these diverse

SYSLens.
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ABSTRACT

The work reported here was supported joincly by Canroad and
NRC Division of Mechanical Engineeriang, Vehicle Dynamics Laboratory, as
part of the RTAC/CCMTA Heavy Truck Weights and Dimensions Study.

This study has investigated the dynamic wheel load behaviour
of various heavy highway vehicle suspension sysrems under a controlled
experimental program. A 45 tonne tractor—traller was modified to
weazure rhe dynamic axle loads of all majer leoad carrying axles
simulraneously, Suspension parametrers such as suspension rype, axle
spread and axle load were investigated as funerfons of road roughness
and wehicle speea.

The effects of brake torque and suspension pitch artirude on
the load equalization of the suspension were alse investigated. Road
tests were conducted at various speeds over variety of road roughness
conditions. Findings relevant to the subjecr of dynamic road loading

are highlighted.
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EFFECTS OF SUSPENSION VARIATIONS ON THE DYNAMIC WHEEL

LOADS OF A HEAVY ARTICULATED HIGHWAY VEHICLE

1.0 INTRODUCTION

The purpose of this study is to provide the road regularory
authorities with factual data on the firsc order effecrs of suspension
variations in terms of dynamic wheel loading as seen by the pavement,
Simply put, the objective of this suspension study is ro answer the
following quesrians,

l. How well do mulri-axle truck suspensions équalize load?

2, What are the dynawic wheel forces associated with cypical
suspension types?

3. How do variarions ip suspension axle spacing effecr rhe
dynamic wheel loads and the load equalizartion capabiliries of a
given suspension?

4. What is the effect of variarions in vehicle speed and road
roughness on dynamic wheel loads?

In aadicion to these four basic quesrions, rypical examples
of dynamic axle loads assoclated wicth discoatinuiries in the road
structure will be provided. Included in chis cacegory are the
following:

l. dynamic bridge loading assoclated with smooth and rough
approaches.
2. dynamic read loading assoclated with a grade level railway

crossing.



3. dynamic road loading associated with various pavement

conditiona such as:

rigid pavemenr nearing the end of its acceprable life.
— old flexible overlay on rigid pavement base with reflecrive
cracking.
- new smooth overlay on rigid pavement.
— end of overlay transition bump.
- rough and smooth flexible pavemenr.
Finally, the effect of vehiele braking aad suspension equalizarion will

be examined,

1.1 REPORT STRUCTURE

The main body of the report has been structured o be as
concise as possible dealing wich the first order resulcs which are of
primary interest to the overall study. Topies which serve to support
rhe findings such as hardware development, Insrrumentavion, thegretical

analysis and calibration procedure are contained in the appendices.

1,2 PRINCIPLES AND ASSUMPTIONS GOVERNING THE CHOICE OF HARDWARE

In order to accurately measure the performance
characreristics of heavy vehiele suspensions, as a funcrion of read
roughness variarionz and suspension parameter changes, considerable
thought was required for the choice of vehicle ro be used during the
resr program, It 13 well known rhat general vehicle characteristics

such as vehicle mass, chassis compliance (borh bending and torsion)



will effect the vertical dynamics and hence the dynamic axle loads of a

vehicle, Ta accurately study the effects of supsension varlaciens,

these ezrarnal iafluences mustc be held counstant so that cheir

conrriburion ro vehicle response is nor confused with those associated

with a suspension paramerer change.

Bearing 1in mind these concerns, rthe following poinrs were

used as guidelines in developing a vehicle suitable for these

experiments.

(1)

(2)

(3)

{4)

{3)

{6)

{(7)

The vehicle must be stiff in bending (beaming) and torsion so that
gstrucrtural compliance of the vehicle does nor interfere wirh the
response of the vehicle when a suspension parameter change is
made,

The size and weight of the vehicle should be representative of
large vehicles used in Canadian Inrerprovincial Trucking,

The weight of the vehicle must be controlled and must remain
consrtant over cime,

The modified chassls of rhe vehicle must permit rapid change out
of suspensions and suspension components even when the vehicle is
fully loaded.

Suspension components to be tested must cover the most common
suspension types found on Canadian roads.

The suspensions must be fabricated in accordance with the
manufacrurerg' insrrucrions,

All suspensions must use the same make and model of axle, brake

componants and the same tires and rims,



(8)

(9

(10)

The sensors used to measure force and torque cannot in any way
effect the mechanical response of the sugpension.

The vehicle's instrumentation system must centinucusly record all
axle loads, brake rorques and vertical accelerations
simultaneously in analog form.

The sensors used must have minimum cross axis sensirivicy anad mustc

be linear, with minimum hysrerasis.
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Figure 1. The NRC Test Vehicle



2.0 THE TEST VEHICLE

2.1 TRACTOR

A 1979 Whire Freighrliner cab over tracror was refurbished to
serve as rhe power unit for the study, Instrumentation recotrding
gystems were housed in the existing sleeper compartment which was
firred wirh a shock attenuating floating floor., All elecrronic data
channels were roured chrough a connecror juncrion bex, a wiring harness
and patch board werée permanently fixed ro rhe tracrer. Eleerrical
power was prouided by an auxiliary power unir fixed ro rhe rraeror
chassisc.

The tractor was firred wirh a new drive axle suspension. The
suspension beams and drive axles were ilnstrumented to yield vertical
axle load, brake torque and verrical axle accelerarion, A vertical
aeceleromerer was also ficred vo the sceering axle of the rracror as a
check on the relative road roughness between runs. Since the vertical
response of the front axle is somewhar independent of the drive
suspension, and since the static weight on the front axle is constant,
the response of the fronr axle formed a reference from which runs of
the vehicle over rhe same srrerch of road could be cowmpared with
confidence. In short, if rhe front axle response characteristics were
similar in energy content for rtwo separafe runs at rthe same speed over
the same road bur at different rimes of the year then one could be
reasonably confident that the road roughness did nor change
significanrly sinece the last rime rhe resr was run,.

Finally, speed and disrance were monitored by use of a

rrailing wheel.



2,2 TRAILER

A 1974 Fruehauf compartmenralized baffeled liquia tanker was
refurbisheas for cthe study. The frame structure and original suspension
were removed, scrapped and replaced by a new frame specifically
designed for the purpose of this study.

The replacement frame was designed to accepr differeat
guspensions each mounted on its own sub frame. The sub frames could bhe
moved to various posirions on the main frame thereby permitting changes
in axle position and spacing, DPesign drawings of the trailer frame,
suspension sub frames and other mechanical components required for the

study are found in Appendix A,



3.0 INSTRUMENTATIUN AND CALIBRATION

All dual-tire axles of the tracCor and rfraller were
instrumented tov measure vertical axle load, vertical acceleration and
brake torque. Axle load measurement was achieved by the use of strain
gauges on the axles which were sensitive to vertical bending of the
axle. Brake rorque was measurec with strain gauges measuring strain in
the axle along the torsfonal shear axis of the tube (i.e,, 457 ro the
axle's axis.) Both of these measurement techniques provided linear
regultas with no gignificanr hyscteresis. This was due in part to the
choice of axle design used in these experiments. The axle was
fabricated from steel tubing, and the axle spindles were friccion
welded to the tube without the use of a pilot shafc, This
manufacturing technique eliminates the need for a2 pilotr shaft on the
end of the spindle, which is commoaly pressed into the tube before
welding, It was felt that the presence of a pilot shafr in the
viciniry of rhe srrain gauge secrion of the tube would detract from the
linearicy of the calibracion curve,

The verrical accelerarion of the axles was measured by strain
gauge type accelerometers mounted on the same vertical axis as the load
sensing sctrain gauges, The accelerarion componenr is necessary to
account for the verrical inerrial effecrs of the rires, wheels and
brake components ourboard of the load sensing strain gauges. This
inertial component is added to the vercical axle load to determine the
impact load ar the pavement.

Accelerometers were also fixed ro both ends of the tank, By
combining the outputs of thesé accelerometers, both pltch and bounce of

the rrailer were resolved.



Vehicle velocity and distance travelled were measured by an
optically instrumented idler wheel mountea on the side of the trailer.

Quice by accident, it was observed that tire side feorces in
low speed turns could be rescolved using the load sensing srrain ganges
on the axle. The side force induces a moment on the axle which, when
calibrated, can be resolved inco the magnirtude of the side force. The
prime limitarion is rhar rhe cornering musr be done at gquasi-static
speeds so that there is no roll induced load rransfer to the axles,

Farthar derails on the iasstrumenrarion and calibrarion

procedures are found in Appendix B,



4,0 TEST VARTABLES

4,1 HARDWARFE VARIARLES

The study examined three generic types of heavy vehicle
guspension, the walking beam, the air suspeasion and the spring
suspension, These represent the majority of suspension found on
Canadian trucks, An explanation of each of these suspensions and ctheir
variations follows.

A, The Walking Beam Suspension

The two walking beam suspensions resgred are illjusrcrared in
Figures 2 and 3., The axles are fixed ro 2 rigid beam pivored ar irs
center or balance point thus facilictaring ideal static load sharing,
Two spring elements are used, one for each side of the chassis located
berween the frame vail and the walking beam. The specifications of che
two walking beam suspensions are as follows:
Tractor Drive Suspension
Manufacrurer — Hendrickson Mfg. (Canada) Led.
Model — RTE 440 (extended leaf tanden)
Combined Axle Rared Capacity — 20 ronnes
Ax]le apacing — 1.52 merers
Qurter tire track widch -= 2,44 meters
Spring elemenrs — steel leaf spring, 2 srage, Parr Number
45322
Trailer Suspension
Manufacrurer = Chalmers Suspensions Incternational Lcd,

Madel — 734~44-LW



~ 11 -

Combined Axle Rated Capacity — 20 tonnes
Axle spacing = 1.37 merers

Outer tire rrack width -~ 2.329 meters

Spring elemenrt — rubber wirh resrricror can

Figure 2 Tracror Drive Walking Beam Suspension

Hendrickson RTE 440

7 T r——

Figure 3 Trailer Walking Beam Suspension -

Chalmers 7%4—44-1LW
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B. The Air Suspension

Two tandem axle air suspensions were tested. The axles of
borh suspensions are mechanically independent of each other. The air
supply to the air bags is regulated by two time delayed height sensing
valves, one for each zide of the vehicle. The alr bags on each side of

the vehicle are plumbed in parallel rhus achieving load equalizarion

Figure 4a. Tracror Drive Air Suspension Neway ARD 244-6

b

Figure 4b. Traller alr Suspension Neway AR95-14
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yvet maintaining quasi-static vehicle roll resistance. Mechanical roll
stiffness of the suspension is achieved by rhe use of trailing members
semi rigidly fastened ro the axle (trailer suspension) or a torsion
tube {tracror suspension) to form an aari roll bar, This transfers
roll moments of the vehicle to vertical forces at the wheels.
The 1ift axle was identical to the trailer tandem suspension
unit except rthat the air pressure in rthe air bags was governed by a
consrant pressure regularoer rather than a helght sensing valve, It
slec had addirional mechanical iifring members and air bags for rhe
purpose of lifting rhe axle off the road surface. The lifr axle
therefore was fully independent of the randem axle air suspension. The
specifications of rhe alr suspension axles tested are as follows:
Manufacturer - Neway (A Division of Lear Siegler Imc.)
Model — Tandem axle drive suspension ARD 244-6
Sarial # C904157 EM
Combined Axle Rared Capaciry = 20 tounes
Spring Element — Air bag part number 905-37-031]
Tandem Axle Spacing — 1,37 meters
Qurer tire track width - 2.59 meters
Model — Tandem axle trailer suspension ARY5-14
Serial # Lead - C9926210LK
Trailing — C9926211LK
Combined Axle Rared Capacity — 22,73 tonnes
Lifr axle - AR95-14 (Lift)

Serial #C9926209LK



- 14 -

Rared Capaciry per Axle - 11.36 ronnes
Spring Element — afr bag Part Number 903-37-020
Tandem Axle Spacing Tesred — 1.27 meters
— 1.83 meters
= 2.44 merers
Outer tire track width - 2.59 merers.

the suspensions are illustrated in Figures 4a, 4b and 5

4

f

Figure 5 Traller Lift Axle Neway AR95~14 (Lifr)

C. Four Spring Suspension

A single tandem axle four spring traller suspension was
tested {see illustration Figure 6). As with rhe air suspension rhe
four spring suspension was tescted at three differenr axle spacings,

The same springs and axles were used 1n all cases. The axle spacing
variarions were possible because of rthe design of rthe sub frame
styucrure whiech accommodared various srandard equalizing beams for this
parcicular suspension. The specifications of rhe four spring

suspensions tested are as follows:
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Manufacrurer — Reyco Canada Inc. (a subsidiary of Reyco Industries
Ine.)
Model - 2113-FAB-222-WB-14-C-50-3564
Combined Axle Rated Capacity — 20 tonnes
Tandem axle spacing tested - 1.27 meters
- 1.83 meters

- 2.44% meters
Outer tire track widch = 2.59 meters

Spring elemenrs - mulri leaf spring - T-3564

Figure 6b

Figure 6a, 6b The Traller Four Spring Suspensien Showing Supporc
Hardware Variations for 1.27, 1.83, 2,44 Meter
Spreads - Reyco 2113-FAB-222-WRB~14-C-50-3564,
TIRES - When suspension changes were made rthe same rires were used.

Both the rracror and the trailer were firted with dusal rires. All
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tires were inflared to 100 psi and checked before each rumn, The rires
used are listed below.
Tractor — Steering axle - Uniroval 14/80 R20
— Drive axles - Michelin 12R 22,5
Trailer - A1l axles — Michelin l1R 22,5
(The tires mentioned above are nor rires which the NRC necessarily

endorses, )

4.2 AXTE LOAD VARTATIONS

Vehicle mass and spring constancs are rthe primary variahbles
which have first order effecrs on vehicle verrical reaponse, Ir was
c¢lear from the starc of this study rhar conrral over the mass variable
was considered to be of prime importance, To achieve constant mass,
the fore and aft compartments of the trailer were completely filled
with warer and sealed for the duration of the resr program, Changes in
static axle load independent of vehicle mass variations were achieved
through rhe use of an air suspended 1lifr axles, The lifr axle was
lacated toward rhe longirudinal cenrer of the trailer. The axle was
controlled from the cab and could be raised clear of the road to
increase the axle loads of the suspension being studied or lowered to
decrease the axle loads.

This procedure allowed for constant control over the
magnitude and the locarion of the suspended mass and its relaced
properties such as pitch moment of inertia. Admittedly, the lift axle

will have some irfluence on the vehicle response so care must be taken
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in interprering che data generated when the lifr axle is down. (This
task is helped by the fact chat rhe air suspended lift axle has a
linear response and a well defined spring stiffness and viscous damping
characreristics,)

For example, when the lifr axle is used in conjuncrion with
the four spring crailer suapension, the spring constant and damping
coefficienr of the air suspension are much less than chose of the four
gspring trailer suspension., Changes in rhe vehicle responses therefore
may be arccributed more to 3 reduction in static axle load of the four
spring as opposed ro rhe suspension effeecrs of the air axle. This
would be particularly true when considering the pitch dynamics of the
trailer, By way of conrrase, when the lifr axle is used with the
rrailer air saspension, the spripg constanrs and damping coefficienrs
are nearly identical cthereby playing a more dominant role in vehicle
response variarions,

The approximate static axle loads usea during the test

program are as follows:

TABLE 1
Tracror Drive
Suspension Load
Metric Tonnes Lifr Axle Trailer Suspension lLoad
Condirieon Per Axle Merric Tonnes Merric Tonnes Per Axle
1 10 - 10
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4,3 ROAD ROUGHNESS aND SPEED VARIATIONS

A range of road rooghness conditions were selected to cover
simple smceoth, mediuam and rough categories. The test roads chosen were
uniquely aifferent from one another thus serving different purposes
during the test program, All suspensions were tested over rhe same
test secrions ar the same speeds, The road roughness was decermined by
the unse of a Mays Marer, The Mays Merer measurements were TChen

correlared wirh Ride Comfort Raring (RCR) by the following equations:
RCR -~ 9,63 — 0,02 Mayz Marar maasurement

The RCR scale defines as Excellent, RCR Values 10-8

as Good, " " 8—~6
as Fair, " " 6—4
as Poor, " " 4-2

as Very Poor, less than 2

The vertical profile of rwo of the three roads was measured
wirh a rod and chain. Full particulars pertaining to road roughness
can be found in Appendix C,

What follows i3 a brief description of the rest sices and the

vehicle speeds used for each sire.

A, Uplands Road North Bound Lane

- High Roughness Section 1 — Mays roughness 254 IPM (RCR 4,6)
Section 2 - Mays roughness 424 IPM (RCR 1.2)

- Test Speeds borh sections 40, 60 lan/hr
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General Description = A rwo lane undivided road wirh badly
dererioracing flexible pavement., There was excessive pavewment cracking
in a random patctern, Although che posted apeed limit is 80 km/hr, the
ride in the truck became unacceprable beyond 60 km/hr. For rhis
parcticular road 60 km/hr is abour the limic that mest drivers would be
prepared to push rheir equipmenc,
B. Woodroffe Ave. (Bertween CNR Tracks and Slack Rd,.) North Bound

= BRough level rallway crossing

- Smooth ro medium rousgh rvadway — Mays roughness 73 IPM

(RCR 8,2)

- Test speeds - 40, 60, 80 km/hr
General Description - A two lape undivided road wicth flexibhile pavemenr
in good condition, Three speeds were chosen for this roadway 40, 60,
and 80 km/hr. The test section commenced with a grade level railway
crossing which was impacted at full rtunning speed, The apalysis of the
smooth road secrtion commenced once the reacction of the vehicle to the
railway crossing had dampened our. The dynamie wheel loads resulting
from the railway crossing were analyzed separately.

C. Highway 417 (Berween Maitland Ave. Overpass and Rochesrer Srreetr

Exit) East Bound

Three Secrions

smoorh Mays roughness 59 IPM (RCR 8.5)
~ medium Mays roughness 165 IPM (RCR 6.3)
— rough Mays roughness 217 IPM (RCR 5,3)
- gseveral bridge strucrures

- test speed ~ 80 km/hr
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General Description — A mulri-lane divided highway through an urban
area, The roadway 1s in the process of being recomstructed cherefore
there are three diariner surfaces presenr within che single testc
secrion, The smooth secrion (RCR 8,.5) is new flexible overlay on a
rigid pavement base, The medium surface (RCR &6.3) is an older overlay
on rthe same rigid pavemenr. Refleccive eransverse cracking is evidenr.
The rough surface (RCR 5,3) is the original rigid pavement in dire need
of repair, These three surfaces were in close proximicy to each ocher
which allowed for continuous recording of all rhree surfaces during the
same pass. The speed was held constant at 30 km/hr, This test section
alseo contained several bridge structures with different approach
roughnesses, Some approaches were undetectable by our imstruments
while some others gave very high reacrions. These as well as the
railway crossing data mentioned in cthe previous road descriprion are

presenred under rhe secrion of zpecial cases,

4.4 SINGLE BUMP TESTS

In addition to conducring tests on various roadways, there
were a series of resrs conducred with discrete bumps, These tests
included borth quasi-static or creeping over the bumps as well as
dynamic impacrs at various speeds,

The bumps were created by placing standard dimensional lumber
across the road parallel ro the axle axis of che vehicle,

The quasi-static or creep CesCs were ased To measure quasi—

static load equalization while the high speed runs were used o “pluck”



- 21 -

the suspension system so that the narural frequencies and apparent
damping coefficient could be resolved. The ability of the suspensions
ro mirigate dynamic impact axle loads was also determined from the high
speed runs. A listing of the bump arrangemencs and test speeds
follows,
{a) Quasi-static creep tests (first gear deep reduction with

engine ialing).

- Two planks side by side 4 cm > 48 cm

- Three planks side by side 4 cm * 72 cm

- Two planks side by side with a third plank centered on rop

of the bottom two 8 cm = 48 em.

{(b) Dynamic Impacts

Speeds — Top end of first gear
~ 18 km/hr
- 40 km/hr
All dynamic impacrs were done at the above apeeds over a
single wooden plank fixed to rhe yoad surface having cross sectional
dimensions of 4 em x 24 cm,
Spead control during all rests was achleved by selecting the

appropriace gear with rhe engine ser against the maximum RPM governor.

4.5 GRADE LEVEL RAILWAY CROSSING BUMP

A single, grade level railway crossing was used in order to
get a "feel' for the dynamie axle loaas that can be expected from such

an inpurf, The Mays meter roughness output for rhe 80 merer increment
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of road containing rhe approaches and the crassing, was 252 IPM
(RCR 4.6), Recognizing thar rhis roughness figure is somewhat
ambiguous, the general consensus was that 1n terms of roughness, the
railway crossing could he considered o be typical.

The vehicle speeds used during the crossing were 40, 60 and
80 km/hr. The road roughness in the viciniry of the crossing was

approximarely 60 IPd (RCR 8.4).

4.6 DYNAMIC BRIDGE LOADINGS

A number of bridges were crossed during each of the tests
conducred on Highway 417, The bridge approaches varied from smooth
{undetectable) ro very rough, One particular bridge on a recently
repaved srreteh of road produced quite a large vehiecle response., The
dynamic wheel loads associated with this bridge were included in rhis

report, as a marter of Iinreresr,

4,7 STATIC WHEEL LOAD MEASUREMENTS

When a new suspension was installed on rhe vehiele or when
the axle spacing was changed, the vehicle's static wheel load was
measured ocn a flar level conerete floor.

The preocedure used was ro place jacks under the chassis of
the fully loaded vehicle and then raise the vehicle until the wheels
were off the ground., All load sensing strain gauge bridge circuirs
were balanced to zero and then the vehicle was lowered and the jacks

removed, The volrage change across the bridge circuics was measured
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using a digital volrmerer and rhe wheel load was then calculared using

the appropriate calibrarion constants.

4,8 STATIC PITCH TEST

The static pitch tesr was used to derermine the starie load
sharing characreristics of varjious suspensions as a function of rrailer
pitch angle. The intent is to explore the magnitude of the suspension
equalization variarions chat can be expecred when the tractor and
crailer riding heights are mismarched. Heavy jacks were used ro raise
the fully loaded vehicle ar the tractor's fifeh wheel rhereby inducing

a piten angle ro the trailer’'s suspension.

4.9 SHAKE TEST

NRC's four post shaker rig was used to demonstrafe the
importance of considering inercial forces outboard of the strain gauge
when evaluaring dynamic wheel loads. The experimenr comsisred of
lowering the air suspension lift axle on two load cells and exciting
Lhe wheels of the axle with two hydraulic actuators. The analysis of
the spring mass system along with rhe experimenral raesulcs are found in

sections 5.2 and 6,2 respecrively.
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5.0 ANALYSTS

5.1 RESOLUTTON OF DYNAMIC WHEEL LOAD

The resolutien of vertical wheel loads ar the pavement
surface requires two data sources. One being the dynamic axle load as
measured by the strain gauged axles and the other belng rhe verrtiecal
inerrial component of the mass outboard of the srrain gauges. This
mass 1s comprised of tires, rims, brake hardware and a portion of the
axle. The inertial force 1s resolved by multiplying the measured
verrical acceleration of the axle by the above mentioned mass. The sum
of the verrical axle force and the vertical inerrial force yields the
foree as seen ar the tire/roadway interface.

Tn algebraic terms

Vertical
Toral Dynamic Wheel Force = Dynamie + Acceleration x End of
ar the Pavement Surface Axle Load of the aAxle Axle Mass

The following brief analysis proves the need to consider the
vertical inerrial forces.

The derivacion of the equarion of mortion (1) makes use of rhe
following assumptions. Firset, the axle 13 analysed as a simply
supporced beam, that 1s, the axle bending moments ar points A and B in
Figure 7 are zero and the member is free of axial load. The axle is
considered to be a rigid body with two degrees of freedom, mamely,

bounce and roll, described_fggpqujgglgnyzmﬁ and o.

- iy
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Figure 7
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A free body diagram of rhe axle reveals that the reaction at point A,
RA’ is a function of rthe forces rransmitted by rthe leaf springs or air
bags, Fl and Fz, and the inertial forces of the axle;

R, = F, + (F,-Fda/t — & mx + 1,a/t (1)
The term m, is the mass of rhe axle and Ia is the axle roll moment of

inerria about irs center of mass. The linear dimensions a and % are

defined in Figure 8.

A 1 — B
\_‘_Ji‘“-—ﬁ!cx I"

Figure 8
Assuming that the sarraln gauge ar point A' accurarely
monitors the reaction RA’ one may proceed with rthe analysis of the free

body diagram shown in Figure 9.

my X,

I IO

L]

Figure 9
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The equation of motion for the above figure is simply

m % + ¢ % + klxl = RA (2)
The load transmitted to the pavement, T, is given by

Le = + b

L klxl ey %)
By making use of equation (2), T can be expressed in the form,

T = RA - mlxl {(3)
The variable n represents the inertial mass outboard of trhe strain

gauge and Ay is the vertical acceleration of rhe inertial mass,

The breakdown of the iacrtial mass compenents iz as follows:

Tires and Rims Qty 2 207.5 ks
Hub and Drum Qry 1 62.2 kg
Brake Shoes Qry 2 16,3 kg
Brake $ Cam Shafr Quy (%) 3.1 kg
Wheel Sruds and Nuts Qry 10 1.5 kg
Bare aAxle Quy 1/10 10.6 kg
Toral Inertial Mass 301.2 kg

The inertial mass was taken as 300 kg,

Summing of rhe axle forces and the inmertrial forces was done
in the analogue stare using operarional summing amplifiers. Depending
on the analysis technique required, rhe summed analogue siznal was
transferred ro a sctrip chart recorder for direct ianterpreration of the
data or ir was digirized for numerical analysis.

The numerical analysis was performed with an IBM-AT personal

computer. The computer was equipped wirth a four channel analogue rto
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diziral converter, and the necessary sofrware was developed to perform
the numerical funcrions {see Appendix D).

The statistical funcrions of interesr werae:

= The mean

— First srandard deviarion

= 5th and 95th percencile and cheir corresponding hisrogram

ploes,

The sampling rare was 300 points/sec/channel,

The dynamic load coefficient was inrended as the pripnciple
numerical quantity zo be used for the analysis of conrinuous dynamic
data, Known in sraristies as rhe coefficient of variarion, the DLC is

defined as:

_ 5
S = standard deviation of cthe wheel forces
distriburion (kN)
Z = agverall mean wheel forces (kN)

The introduction of the DLC is based on the assumption chat irs
numerical value is independent of cthe variarion in che overall mean
wheel force, Hence, rthe DLC allows one to compare differenr
suspensions tested with different overall mean wheel loads. However,
we find thar a change in Z leads to a variation in rhe DLC,

Take for an example the tesr coaditiom whare the truck had a
walking beam suspension as rhe drive axles and a four spring suspension
as the rrailer axles. A rest was carried our where the drive axle

wheel loads were decreased by 13%Z., The decrease in rhe standard
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deviation was evaluated at 6% instead of the expecred 13% decrease. By
comparison, when the four spring trailer axle load was reduced by 24%
there was a reduction in the srandard deviarion of 19%, which is within
acceprable limics,

It is evident from this exercise that the relarionship
between 2 and Z may not be linear and, moreover, ir may he dependent on
the suspension type, that is

S =DC x Z
where
DLC = DLC(Z, suspension cype)

To eliminare possible confusion resulting from variarions in
che staric wheel load, the DLC will not be used as rhe primary analysis
rerm, Ir will be replaced by the srandard deviatiom of the dynamic
wheel forece, This rerm will be examined as a function of vehicle
speed, road toughness and suspension type, The DLC did prove useful

however, during the final analysis wirh apprepriace consideratioen,

5.2 SHAXE TESTS

To further explore the axle forece and inertial force contri-
burions of the vehicle measurement syscem, a vertical shake rest was
performed. The air lifr suspension of the fully loaded vehicle was
supported art the tires with two electro hvdraulic verrical acrtuarors.
A low amplirude sinusoidal input, equal to rhe resonant frequency of
the suspension, was applied. The configuration of the Vehicle Dynamics

Laboratory required that the rear end of the rrailer be supported by a
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crane, The tracror, for its part, rested oo the ground in its usual

pasition. Figure 10 depicrs a model of the spring mass system under

study.

M

A
\;\.fa ‘\.\\\\\\.\\x LY \B\‘\.\\ 53"_';;
x X,
k; Cq

1

D,

AN e e awaaay "U’U\;"fA
h

Figure 10
The span between points A and B 13 assumed to be small enough
6o thar the displacement xljof rhe trailer mass, M, describes the
motion of both points A and B, despire possible pirch of the trailer.
The mass elementcs m, W, and my are assumed To he rigidly arrached ro
one another. The gquantity m, represents rhe mass ourboard of the
stralin gauge, while ml and m3 are the mass of the radius arm and axle

respecctively. 4 free bedy diagram of rhe system Iz shown in Figure

i1.
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The sum of the moments abour peinc 0 leads to

- w (] 2 2'
k2(126+x1"h)12 + c2(126+x1-h)12 + klllﬂ + cllle
9= " "

2

8 + mll'.- L3 + 1113121{1 (4)

+.1% + c31§é + 16 + myl .

373
+ @128 +ml,E, =0
myt¥ T Mzta®y
The linear dimensions 11, 12 and 13 are as defined on Figure 11, I is
rhe mass moment of inertia of o abour poinc 0, L1 is the distance of
the mass cenrer of o, from point 0 and kl’ kz, k3 and €12 Cgs €3 are
sriffness and damping coefficliencs respecrively.

The sign convention adopred for the axle strain gauge is the
following: a downward force applied to rhe axle inboard of the sctraln
gauge is comsidered pesitive and results in a positive voltage cutput.
Hence the force Fg monitored by the strain gauge (that is the inerrial
and spring forces inboard of the srrain gauge) takes the form

2

2
Fo = = (k179 Te,136 Tk

2 2. -
3 3 1 1,8 + c,158 + 18

373 373 (s

g . -
+ m3129 + mllel + m312x1] ) 12
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Defining the actuator force FA as being positive in the

" upward direction leads to

F, = c2(126 + % - h) + kz(lzﬂ + X - h) (6)
Equation (4) can rherefore be wrictten as
FA = FS T WX, (7)
where x, = 129 - xl is the vertical acceleraction of m, which is

monicorad by an accelerometer fastened to the axle righr next ro the
wheel hub, The final result {Equarion (7)) is identical to chat

obrained in Fquation (3) on page 26,
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6,0 RESULTS

6,1 SPECIAL CASES

The intent of the special cases section is to provide some
typical meagured values in the form of general interest material,

G.1.1 Impact Wheel Loads Associated Wirh & Grade Level Railway

Crossing

A3 described earlier, this single rrack railway crossing was
considered to be typical in terms of roughmess, The Mays merer
roughness oufput for cthe 80 mecer incremenct of the road containing the
arossing wvas 252 IPM (RCR 4.6). The road roughneas in rhe vicinicy of
rhe crossing was approximarely 60 IfsM (RCR 8.4),

As would be expecred, rhe dynamic wheel loads resulring from
passing over a railway crossing are velociry dependent. The peak wheel
load farces associated with the impact of the crossing, and the peak
level after one cycle, are listed in the table below, The forces are
expressed as a ratio of the total peak load/static load.

The peak level after one cycle ocecurred ar points 10, 7,5,
and 3 merers heyond the crogsing for vehicle speeds of 80, 60 and 40
km/hr, respecrively. The static axle load was 10 tonmes, 5 Tonnes per

dual wheel., (Five tonmes is equivalent to 49 kN,)
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TABLE 2

Peak Dual Wheel Forces Associated with Crossing
a Grade Level Rallway Crossing

Peak Dual Wheel Loads
Sraric Wheel Loads
Vehicle
Speed 1 Cycle Afrer
km/hr | At Crossing crossing
40 1.3 1.3
L
60 1.8 1.5
80 2.1 1.9

6.1.2 Dynamic Bridge Loading

As menrioned previously, a number of bridges were crossed
during each of the tests conducted on Highway 417, The bridge approach
varied from smooth (undetectable) to very rough, One parricnlar bridge
on a recently repaved section of road produced quire large vehicle
responses, Ar a speed of 80 km/hr and a startic axle load of 10 tonnes,
the mwaximum wheel force experienced while crossing rhe bridge was 2.1
cimes rhe static load, The peak total wheel load assoclated with the
roadway hefore and afrer rhe bridge was only 1.2 times the staric
load.

be1la3 Tire Scuffing in Turns as a Function of Axle Spread

A typical intersecriomn was used as our standard for trhese
tosts, In all cases, the vehicle anegorlacted the turn at Tthe Same clicep
speed, following rhe same wheel pach. All tesrs were conducfed on the
same suspension ar rhree different spreads, i.e. 1.27, 1.83 and 2.44
merers, The side force generared by the rires was measured

confinuvously rhrough che cturn,
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Findings show that because tire saturation occurred in all
cases, chere was no appreciahle difference in rhe magnitude of the
geuffing forces as a func;ion of spreads There is, however, a
$ignificanr d4ifference in the durarion of the scuffing for a given
turn, Using rhe 1.27 merer axle spread as a baseline, the 1.83 merer
spread increases che scuffing disrance by approximacely 17%, and rhe
2.44 meter axle spread increases the scuffing distance by 30%.

Increased crailer axle spread also increases the Craccive
forces and side forces on the rractor drive rires, The reason for this
is rhar the traccor drive tires musr overcome the yaw momentr induced by
the rrailer axles while in a rurn, An increase in the spread of tchese
rrailer axles will see a proportional increase in the yaw moment and
thus an increasge in the required tracrive efforr from the tractor. The
increase in yaw moment of the rrailer also means an increase in lateral
bending moment in the frame scructure of the rrailer.

6.1.4 Suspension Load Fqualizarion Due ro Variarions in Trailler Pirch

Angle

Within the industry there are variations in the 5rh wheel
heighr of tracrors and the coupling heighra of trailers, Mismarching
tracror and traller coupling heights will result in variarions in the
pirch arzitude of a trailer and its suspension, To gain an
appreciation for the load equalization sensitivity to piteh atritude of
the varlous suspensions, a statric pitch rest was performed, Since the
study 1s inrerested in wheel loads, the experiment focused on wheel

load variations rather than axle load variacions.
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The criteria used to assess the pitch load equalization
characteristics of the suspension is in the form of percentage load
transfer (PLT) recorded for pitch angles varying from 0.2 to 1.2°. PLT

is defined as follows

change in trailing wheel load - change in lead wheel load

PLT = Total wheel load of the group

100%
degree

The results of the pitch test are as follows.

X

Both walking beam suspensions, Chalmers and Hendrickson had ,
excellent PLT results of better than 3%.

The Neway air suspension results were the most difficult to
interpret because it is an active suspension in that it utilizes height
sensing control valves to maintain constant displacement from the axle
to the trailer chassis, These control valves have a displacement lag
feature which results in side to side differential wheel loading when
the suspension is tested in a quasi-static manner. In some cases
equalization was near perfect while in other cases there was a
measurable difference, The highest PLT recorded with the air
suspension was 6%.

The four spring suspension (Reyco) displayed the highest
sensitivity to pitch variation of all suspensions examined by this
study. PLT results of 14-17% were recorded depending on axle spread.
14% corresponded to the 1.27 meter spread while 177% corresponded to the

2.44 meter spread.
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6,2 SHaRE TESTS

As indicared in‘section 5.2 the spring mass sysrem from the
shake tesr experiments could he modellad as a two degree of freedom
system, However, to verify"‘fh’eﬂ;'.'.ha""generar“jprop&rties of the
mechanical system are properly monitored, it is less cumbersome ro
treat cthe axle—wheel combina:ion.as a one deéree of freedom system with
no damping. The following paragraphs jusrify such a simplification,

The shake rests were conducted withoutr shock absorbers on the
air suspension, thus considerably reducing the magnitude of rhe damping
coefficients ¢, and ¢q of Eguation (4} on page 30. Upon neglecting
viscous forces associated with tires and air bags we abrain, for a
sinusoidal forcing funcrign, cthe following sready state solution for
the strain gauge farce;

2 2

2 2 2
Fg = [[klll * kgl J - wi(I + m312]]x /15w

) :
+ [w (T - mL2,) - [k 12 Ky 1 ]]xlllzm

The facrers mulrtiplying X and x2 are of the same order of magnirtude,
however, video tape of the experiment clearly showed that the

displacemant x, was of second order in comparison wirh Xy Hence FS

may be approximared tro

2 v 22
Fgo= [k1] + k313 (1 + mq1] )m ey /15w (3)

which is precisely the result obtained from a one degree of freedom
analysis. By making use of rhe steady state solurlon for a one degree
of freedom system we may rewrite the expression for the acruator force,

Equation {(6) on page 31, as

k12 v k1l = (w12 v 1 r w2 et e 120 (9)

Fo= [k1] * kg
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Equations (8) and (9) reveal that for small driving frequencies w the

vertical acceleration x, is in phase with F_, and F,. As we increase

2 S A
the driving frequency we can expect a 180° phase shift between X, and
the signals FS and FA' If we define @A and ws as the frequencies at

which a 180° shift occurs between FA and X, and FS and X,s then the
following results can be established from Equations (8) and (9):
< .
wy, W , We> W,
where the natural frequency for the system, W is

o = (1] + 1y + kgl3)/ (myly + 1+ my1)

All of the above theoretical observations have been
experimentally confirmed, The quantities QA’ ws and w were measured
as

w, = 4,5 Hz

wg 6.5 Hz

w o= 11.0 Hz

The simplifications which were made in the above discussion
served only to insure that the instrumentation properly monitored the
general mechanical behavior of the system., It must be emphasized that
these simplifications are not required in the analysis of dynamic
calibration. If the model described in section 5.2 is accurate then
the strain gauge and load cell will monitor precisely every term in
Equations (5) and (6). Hence Equation (7), on page 31, remains an
exact relation,

Shake tests were performed at several different driving

frequencies and amplitudes, Using Equation (7) the inertial mass

outboard of the strain gauge was evaluated at 234 kg with a standard
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deviation of 9 kg. This value is 227 lower than the actual mass
outboard of the strain gauge.

A portion of the discrepancy between the outboard mass
measured from dynamic calibration and the actual mass of the wheel
could probably be attributed to the fact that the elements of the tires
are not all accelerated at ;2. The wheel could be modelled with say,
one third of the mass of the two tires (38 kg) having a vertical
acceleration of R while the remaining portion of the wheel be
accelerated at ;2. For cases where B is small this would account for
57% of the difference in the recorded mass.

Although dynamic calibration is in its preliminary stages of
development the experiment confirmed the presence and the importance of
measuring the inertial forces associated with the mass outboard of the
strain gauge., For example, when excited at the resonant frequency of
11 Hz the inertial forces accounted for 58% of the force transmitted to
the shaker's load cell,

The dynamic calibration experiment suggests that a 227 lower
inertial mass should be used when evaluating the inertial forces,
However, before the mass obtained from dynamic calibration can be
confidently used we must develop a mathematical model of the wheel
which will account for its entire static mass., Also the four post
shaker is a complex apparatus for which the accuracy and limitations
have yet to be fully assessed.

Any error associated with the simplified model used to

determine the inertial forces applies equally to all suspensions

tested, Although the actual wheel force may be in error by as much as
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10% depending on road roughness, the accuracy of the system for unit to
unit comparison is better than 5%.
6.3 ROAD TESTS

The results presented here were derived from the road tests
outlined in Section 4.3. The data from these tests has been processed
and is presented in graphical form in Appendix E. Selected graphs have
been included in this section to illustrate points of discussion., All
graphs are plotted in the form of standard deviation of dynamic dual
wheel loads verses ride comfort rating (RCR). RCR classifies road
roughness on a scale of 1 to 10 where 1 is rough and 10 is smooth.

6.3.1 Dynamic Wheel Loads as a Function of Suspension Type

Figures 12, 13, 14 and 15 illustrate how the different
suspensions tested compare in terms of dynamic wheel load resulting
from the same road input. The following observations can be made from
these graphs.

a) It is clear that as the road becomes smoother the dynamic
wheel loads diminish and tend to converge to small values
independent of the suspension’type.

b) Dynamic wheel loads vary with vehicle speed in an exponential
form. Consider for example the four spring suspension with a
static dual wheel load of 50 kN (5 Tonnes) traveling over a road
with a RCR of 5.2 at a speed of 80 km/hr., A marginal increase in
dynamic wheel load of 20% is seen when the vehicle speed is
increased from 40-60 km/hr, However, when the speed is increased
from 60-80 km/hr a substantial increase in dynamic wheel load of

150% is seen.
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VARIATION OF TRACTOR SUSPENSION TYPE
TRAILER SUSPENSION - CHALMERS
AIR AXLE UP - NOMINAL WHEEL LOAD OF 50 KN
NOMINAL TRAILER AXLE SPREAD OF 1.3 M
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Figures 14 (upper), 15 (lover)
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c) Variations in ayaamic wheel load are evidear when comparing
the different suspensions rested. The results presenred in the
following table are based on a vehicle speed of 80 km/hr and a RCR
of 5.2, and expressed using a derivative of Sweatman's Dynamic

Load coefficienr

DLC = Standard Deviation of wheel load
Wominal atatlic wWheel Load (DU KN)

where nominal static wheel load is substitucted for mean wheel load.

TABLE 3
|  SUSPENSION TYPE DYNAMIC LOAD COEFFICIENT|
]

Alr Bag 16% _]
1
[Aiour Spring LY

Leaf Sprimg Walkioyg 28%

Beam
Rubber Spring 39%
Walking Bean

6+3.,2 Dynamic Wheel load as a Funcriom of Trailer Suspemnsion Spread

Changes in dynamic wheel load assoeciated wich variations of
trailer axle spread are generally small; expressed In rerms of DLC they
are less than 3%. See Figures 16, 17, 18 and 19, The only exceprion
to rhis occuorred with the four spring suspension, The largest
variations oecurred at 80 km/hr where changes in DLC as high as 8% were
measuraed.

Wwith the four spring suspension the order of preferred axle
spread varies with road roughness., Oo rough roads at 80 km/hr, the
erder of suspension spread from most favorable to least favorable is
1,83, 1.27 and 2.44 meters. On smooth toads at 80 ka/hr, the order 1s

reversed, rhat is, 2,44, 1,27 and 1.83 meters.



- 43 -

Clearly, the results of Figures 16 to 19 reveal that the
air suspension is only modestly sensitive to axle spread variations for
all conditions of speed and roughness at which it was tested. On the
other hand, at 80 km/hr the four spring suspension demonstrated acute
sensitivity to changes in axle spread., The difference in axle spread
sensitivity of the two suspensions is undoubtedly linked to the fact
that the air suspension is mechanically independent whereas the four
spring suspension is mechanically dependent. A change in axle spread
on the four spring suspension does not only relocate the spring
elements along the trailer but it also changes the mechanical
properties of the suspension group. Hence, we may conclude that
dynamic wheel load is insensitive to axle spread provided that changes
in axle spread do not inherently alter the kinematic components of the

tandem suspension.

6.3.3 Dynamic Wheel Load as a Function of the Number of Axles in a

Suspension Group

As mentioned in section 4;2, adding an axle (air lift
suspension) to a tandem axle suspension resulted in a 16% decrease of
the tractor static wheel load and a 22% reduction of the trailer static
wheel load. Figures 20, 21, 22 and 23 reveal that a reduction in
static wheel load does not necessarily translate into a proportional
decrease in dynamic wheel load. In general the percentage decrease in
dynamic wheel load is less than the percentage decrease in static

load.
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VARIATION OF TRAILER BXLE SPREAU
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TRAJTLER SUSPENSTON - REYCO
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In some cases, however, the percentrage reduction in dynamic
wheel load can be very near the percenrage decrease in static wheel
load. Take for example the rubber spring walking beam 3uspension,

With a vehicle speed of 80 km/hr and a RCR of 5,2, the triaxle group
reduced the dynamic componeat of Cthe wheel load by 174, This is nort
surprising in light of the observarion thar much of rhe dynamic signal
was generarted by rthe low frequency whole body reaction. By adding a
third suspending element the dynamic component of the sprung mass was
discributed over three supporr members rarher rhan rwo. Ir can be
concluded therefore that the addition of a third axle will not likely
resulr in an increase in dynamic wheel load within the bogie. The
efperimental results show that 1f the sprung mass 1s held constanc the
addition of a third axle will result in a decrease in dynamic wheel
load,

6.3.4 Axle to Axle Dynamics for Lead Sharing Suspensions

The series of plots on pages E20 ro E29 of Appendix E show
the axle dynamics for each axle of a given suspension. From thess
graphs it 1s clear that the lead drive axle has a slighrly higher
dynamic load (5%) than rthat of the trailing axle, This difference in
dynamic axle load is acrcribured ro the added mass of rhe inreraxle
differential on the lead axle.

The traller axle dynamics do nor show consistent load biasing
berween rhe lead and trailing axles. Load variations are within 5% and
show similar trends., When comparing suspensions the standard deviarion

of rhe lead and trailing axles of a suspension were averaged.,



6.3.5 Load Transfer Due to Braking

The four spring suspension was the only suspension reared
rhar exhibited load rransfer due te braking, For a moderare brake
application of 5 KN-m (4400 1b-in) the trailing axle of rhe four spring
suspension increased in load by 15-20%, while rhe lead axle decreased
by a similar amount.

6.3.6 The Air Suspended Lifr aAxle

The air suspended lifr axle was of special incterest to the
srudy, The unir resred had the same dynamic characteriacics as the
tandem axle alr suspension, The lifr axle maintains its axle loading
by means of a constanrt pressure air regularor, The abiliry of chis
sugpension ro accepr its share of the vehlicla load over various
conairions of road roughness and discontinuiries was found ro be
excellenr, Because it operares under coanstant air pressure settings,
irs load carrying abilicy is sensitive to vertical displacement
variacions, It is important, therefore, rhar the suspension mounting
height specificarions be adhered to and that axle spread be minimized
%6 thar oprimum performance can be achieved, Failure to do so will
resulc in variation of rhe mean axle load.

Provided that the air pressure regularor is properly ser,
this suspension can be classified as 2 load sharing suspension when
used in conjunction with other suspension types in che appropriate
manner, Regulactors will want to conszider the quesrions of where the
contral system should be mounted (i.e, cab or rrailer) ana when it is

appropriate to 1ift the axle. A method of verifying that the air
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regulator is properly set would be useful, Perhaps a single axle
weighr scale should be used at ingpecrion stations.

6.4 PAVEMENT DEFLECTION DUE TO DYNAMIC WHEEL LOADS

A limired experimenzal srudy was undertaken cto derermine if
there was a firsr order connection berween pavement deflecrion and
strain transducers as deseribed in Befereance 12, The inrent of the
experiment was to relate pavement deflecrion with vehicle speed and
wheel loads monitored by the test vehicle,

The dynamic impulse to cthe axle wag generated with 2 simple
wooden plank fixed to the roadway directly over the deflection
transducers and laying parallel to rhe axis of the vehicle's axles.
The eroas secrion of the plank mesured 4 ocm x 24 cm and was
gufficiently long cthat all wheels of a given axle impacted the plank.

The axle loads for the test program are liscted in Table 4,
The axle number refers te the particular axle on the truck., The
tractor steering axle is "1" and the last traller axle is 767,

TABLE 4, Static Axle Loads ip Merric Tonnes

| Axle Number
1

| 2 3 4 5 6
Nor
Measured 7.5 7a5 7.0 6o/ 6.7

MOTE: — axle loads were slightly lower than rhose uged during che
main study.
Three vehicle speeds were used for rThe above loading
sequence, i.e. 18, 37, and 60 km/hr, Tesrs were run with and without a

plank in place.
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RESULTS

Dynamic axle loads as measured by the truck were compared
with pavemenr deflecrion data recorded on sire.

Upon review of the dara, ir became clear that selective
analysis was required ro eliminare confusion and convey the primary
findings needed by the study, The source of confusion cenrered on the
behaviour of the rrailing axle of any of rthe load sharing suspensions.
The facr rhar the lead and tratling axies of a given suspension are
coupled in rerms of load sharing, and the fact that the axles are in
¢lose proximity to each other, gave deflecrion results which were in
some ways mysterious.

When, on rhe ocher hand, only the lead axles of the
guspensions were studied, the results were found o be sufficiently
clear and simple so that basic conclusions could be drawn.

All results are presented in graphical form,

Figure 24 shows pavement deflection as a functien of vehicle
speed wirh and wirhour a bump. Ir is interesting re note rhar without
8 bump pavement deflection diminishes with inereased vehicle speed.
However, wirh a bump, rhe deflection increases wirh speed and in one
case the deflection changed by a factor of 1.8 when compared with che
same run withoat a bump,

Figure 25 shows pavemenr deflecrion versus dynamic impace

factor for Two separare axles ar 3 rest speeds.

peak dynamic force
araric axle load

dynamic impact factor =
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As can be expected, the experimental results show rhar
pavenent deflection increases with the dynamic impact factor. The best
line fir drawn through the entire data ser shows firsr order
correlation between pavemenr deflecrion and dynamic wheel load, The
scacter aboul cthe line can be artributed to secondary effeccs
associated wirh rhe rime history leading to peak dynamic forces, In
turn, rthe rime hiatories are related cto the mechanical behaviour of
individual suspensions. Also included in Figure 25 are dashed lines

Jaoining dara poianrs for each axle zested.
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7.0 CONCLUDING REMARKS

/.1 ZINTERFRETATION OF EXPERIMENTAL RESULTS

The experimental results presented in this paper are
percinent to specific products which have been c¢learly indentified by
the manufacturer's product number, It should be emphasized chat the
experimental results should in no clrcumstances reflect the whole
product line of an individual manufaccurer neor should the results be
used rfo generalize on the performance of a peneric suspension rype.
Subrle design variarions in suspension components could in fome cases
lead ro subsranrigl changes in the perfermance of a suspension group.
The objective of the study was not ro endorse a produet but rather to
investigatre the range of performance possible with these diverse
sysrems,

7.2 RELATING STUDY FINDINGS TQ VEHICLE WEIGHTS AND DIMENSION

REGULATION
Findings from this study can be applied to the decision
making process of heavy vehicle weights and dimensilens regulations.
Some of the results are straightforward and clear while athers are
rarher complex and must be considered in conjuncrion with other
findings.
Dealing with the straighcforward findings first, we can draw
two simple conclusions:
1. Axle Spread Sensitivities
#) Dynamic wheel load was found ro be insensitive to axle

spread per se., For mechanically dependent suspeansions where variations
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of axle spread imply a different mechanical configurarion of the
suspension, then substantial variarions in dynamic wheel load can be
expecred, For these suspensions an optimum axle spacing will be diffi-
cult ro establish since rhe order of preferred axle spread varies with
road roughness.

b) Closer axle spreads for a given suspension group reduced
tire acuffing and improved the pirch induced axle load equalizacion,.
This fmplies thar, in a multi axle suspension group, with or withour
1ifc axles, the spacing bertwaen the firar and rhe lasr axle should be
minimized.

2. The Number of Axles jn a Suspension Group

The addirion of a rhird axle to a tandem axle suspension
group reduced the dynamic wheel loads., However, as seen in secrion
6.,3.2, for a given parcentage increase in staric wheel load we can
generally expect a smaller percentage Increase in the dynamic wheel
locad, The difference berween the rwo percentages varies according to
the type of suspension cested, These differences range from no
perceprable increase ro an increase proportional re the change in
static wheel load. Hence, a conservarive approach ie estimacing che
total pavement load due ro an increase in staric wheel load is to
expect a proportionate increase in dynamic wheel load,

Comparative Considerations of Variocus Suspensjion Sysrems

To compare various suspension systems requires the considera-—
tion of a aumber of facrors, Whar follows is a brief discussion
focusing on some of these factors with some thoughrs on how they mizhe

be rreated in rthe evaluarion process,
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Heavy rruck load sharing suspensions serve to discribute the
load of a vehicle evenly berween axles and to mitigare the vertical
dynamics of the whole vehicle body. Ir must do this over a wide range
of road roughness condirionz, vehicle speeds and hardware variations.

This study demonstrated that all suspensions show converg—
ences ro low dynamic activity on smooth roads even at highway speeds,
On modarare te rough roads however, the dynamle characteristics of the
suspensiona vary widely depending on the suspension rype examined.
There is a clear order of suspension preference in cerms of dynamic
wheel loading. The following list of trailer suspensions rested is
arranged in order from the lowest to the highest dynamic wheel loading.

1. Air suspension

2, PFour spring suspension

3, Walking beam
On the bpasis of these findings one may be tempted to favour or restrict
the use of particular suspensions through some regulatory means such as
added or restricred load allowances. It would be inappropriate to make
such a decision on the basis of the dynamic wheel loading alone. Otrher
factors such as the sensirivicy of che suspension to static load equal-
izarion, load rranafer due to braking and pitch should also be
considered, In addirion, the contriburion of the suspension ro vehicle
srabilicy and conrrol must be evaluared.

Clearly, the criteria listed above do not necessarily carry
the same weight in the evaluation process. Consider the following

poines,
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Load Egualizatiou

a) A suspension group is sald te have unfavorable load equaliza—
tion characreristics if the axles of a given suspension do not share
load equally. Pronounced load unbalance between axles of a randem
suspension becomes critical in all cases where road and bridge strucc—
ures are designed on rhe assumprion of perfect load equalizarion.

b) Brake induced load transfer 1s of little concern on major
highways exceprt on down hill grades. Highway junctions and e¢ity
inrersacrions would suffer mosz from this affect.

c) Load cransfer due ro pirech artitude would occur when rracror
and trailer coupling heighrs are peoorly matched. Tnis would represent
a small percentage of rhe vehicle population and therefore may be
considered ro be of less significance.

Dvnamic Wheel Loads

Pynamic wheel loads are a function of suspension rype,
vehicle speed and road roughness, The largest variation in dynamic
wheel load characrerisrcics of the various suspensions occurred atc
highway speeds, For suspensions showing high dynamic activity, the
majoricy of the wheel force is from rthe verrical response of the whole
vehicle body which is in the freguency range of 1.5 ro 3.5 Hz, Borh
axles of the suspension experience this porrion of dynamic lead in
phase with each other. All wheel loads of a given suspension are
greater than the nominal staric loads for half of the period of rhe
vehicle body oscillarion. Conversely, for the octher half of the period

the wheel loads are less than the nominal sraric loads.
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Consider for example a simplified vehicle with a linear
suspension loaded to the legal limict rraveling at 90 km/hr. We will
assume that rhe narural frequency of rhe whole body is 3.5 Hz. For
these conditions rhe vehicle will travel 7.1 meters for every complete
cycle of the vehicle mass, As seen in Figure 26 this means that 3.6
merters of the highway will experience loads in excess of the desired
legal limit and rhe following 3.6 meters of highway will experience
loads below the legal 1limir, Consider a second and third vehicle wich
a natural frequency of 1.5 and 2.5 Hz, superimposed on the same screcch
of roadway as shown in Figure 27, It becomes clear thar, because every
vehicle has different dynamlic characreriscics, a general band of
loading can be expeceed, We will call rhis the Load Band as shown in
Figure 28.

Consider the Lead Band generatred by the two suspensions, A
and B, shown in Figure 29, Suspension A has a higher Load Baand chan
does suspension B. Thus suspension A imposes higher maximam road
loading forces than suspension B, Considering the effecrs of rhe
fourcth power law of pavemenr damage, a small reduction in Load Band
should refleet a sizable gain in the expecred farigue life of the road
structure,

In view of all the road loading factors discussed here, it is
ciear that dynamic wheel loading emerges as the single most significanrt
suspension performance factor, Whea examining the dynamic wheel load
performance of the various suspensions tested it is the opinion of rhe

authers thar the spread between the best and the worst performers is
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roo high., This suggests the need for the establishment of an evalua-
rion procedure which would establish acceptable suspension performance
eriteria, The key considerations should include vehicle stabiliry and
control performance, dynamic wheel load characreristics, and inreraxle
load sharing capabiliries.

Farther research should also comsider rthe use of single axle
enforcement weigh in motion scales, Because axle dynamics diminish
with speed and roughness, precise axle load measurements should be
poszible with the vehiale relling ar slow speeds (= 10 km/hr). Wich
the use of exisring technology, this wounld provide information on
single axle loads and toral group loads. One would then be in a
position to monitor axle load equalizarion which would likely promote

longer pavement life,
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MECHANICAL DESIGN DRAWINGS OF HARDWARE FABRICATED FOR THIS STUDY
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APPENDIY B

VEHICLE CALIBRATION

Because of the imporrance of this subject to the success of
this study, a formal report was written so thar details would be
available to those Inrerested.

The calibration report was writtem by Mr. Karl R, LePiane, a
third year Mechanical Engineering Co-Op student from Waterloo
University who spent his work term ar NRC Vehicle Dynamics laboratory.
The report constituted his required work term report for which he
received the Babeock and Wilcox Award for best work term report in the
Mechanical Engineering Department.

Readers will note that an alrernative calibrarion mechod was
suggested in the reporr. This procedure was carried out and the
resulre formed our final axle load calibration standard. These final

results are attached to the end of this appendix.
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SUMMARY

This report deseribes a calibration procedure performed on
the strain gauged axles of a tractor—trailer. The calibrartion was
performed to determine the loads imparted to the road during normal
vehicle operation. A theoretical discussion of stresses and strains
provided as background to the calibraction exercise.

The procedures followed in calibrating the vehicle are
outlined. Errors inherent within the system were analysed and
considered.

All calibrarions produced linear results and good
repearability except those calibrarions performed on the drive axles
the tracrer-trailer unicr., The tractor axle results were less linear
bur still within acceptahle requirements.

is

of

The inarrumentation used te monitor vertical road loading was

found to he sensirive ro hias tire leading. This requires that rest
sites he chosen with level pavement free of ruts.

Further studies are recommended for the drive axle
calibration. Also consideration should he given to strain gauging
gensitive te shear for vertical load instead of sctrain gauging
sensitive To hending.
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CONCLUSIONS
All calibration results showed very lirtle hysteriais,

The trailer axle calibrarions for torque and vercical load
displayed excellent linearity and good sensitivity when plotted againsct
voltage output. The drive axle gauges exhibited acceprable linearity
but lower sensitivicy.

It is imperative co mainrain constant tire pressure in all
rires ro avoid hias rire loading which will lead to erroneous resulcs
while resting, Rurced roads will result in unequal tire loading also.

Three of the six rorque gauges on the trailer were calibrared
initially, EHach displayed very similar gauge sensircivity. Therefore
calibrating fwo rorque gauges and documenting their hehaviour was

deemad sufficient to pradiect the torque experienced by all six rerque
gaunges on the traller.

Electrical calibrarion is required for all torque gauges
because cthe lead wire lengrhs are not constant and therefore the wire
resistance will cause differenr output voltages.

Brake application hardware induced a2 torque on the axle of
large magnitude. This torque was considered in the data analyeis.
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RECOMMENDATIONS

The test sites chosen should be free of severe longitudinal
road ruts as this may indwuce blas tire loading.

Fach vertical load gaunge should be calibrated independencly
thar is, the acrual load imparted to the road by one tire ser should be
plotcred agalnsc its respective output velrage. The vertical load
oalibracion followed in this report ordered the above outpur voltage
with the total road load imparted via the axle, Independent
calibration will serve to hetter predict axle load sharing.

Experiments should be performed to determine the
appropriateness of using shear gauges in assessing vertical load. The
purpose would be To investigate if chere 1s a marked decrease in the
hias rire loading errors experienced by the hending inscrumentation.
The voltage output crass ctalk of hending due ro vertical loading and
shear stress due to braking torque should be investigared.

The calibration loading procedure followed starts ar a chosen
datum level and is loaded incrementally. From rhe maximum, load is
decremented by the same amount back to the minimum for the completion
of one loading cycle., Ar least 30 data points should be recorded for
calibration, Each increasing and decreasing cyele should contain
approximately five increments. This will result in a scalfer of points
with no idenrical lead values except at the extremes. A besr fit line
will then he calenlared using all the data points.



1. [INTRODUCTION
1.1 BACKGRAUND

A nationwide weights and dimensions study is underway to
determine the loading characteristics of different neavy vehicle
suspension types under dynamic conditions., Under the supervision of
Mr. J. Woodrooffe, at the National Research Council, an investigation
of load sharing hetween axles, axle to road surface impact forces and
axle load transfer resulting from normal vehicle braking are being
considered. Once complete, the results will be presented to the Road
Transportation Association of Canada (RTAC) in an attempt to equalize
the neavy vehicle weights and dimensions regulations across Canada.

1.2 TASK

A heavy truck was tnstrumental to determiae the dynamic axle
loading characteristics of the vehicle. The task was to calibrate the
instrumentation to accurately predict the dynamic vehicle loading.

This report covers the calibration procedures followed, a
thearetical discussion describing the best locations of strain gauges
to measure load and torque, and an error analysis such that the results
are stated with confidence. These discussions are presented for the
benefit of those not familiar with the subject.

2, THE INSTRUMENTS USED AND THE MANUFACTURER'S SPECIFICATIONS
2.1 AXLES

There are two round axles types commercially available., One
type 1s designed with a forged hub and pilot shaft., The pilot shaft is
inserted into the hollow axle and welded. The second axle type is
manufactured using a nub without a pilot shaft. The hub is friction
welded to the hollow axle shaft. This eliminates the pilot shaft from
the axle tubing thereby providing a uniform ¢rass section which can be
strain gauged without tne influence of localized stress anomalies
associated with an abrupt cross sectional change.

Table 1 lists the material properties of the axle

Hignh Strength Low Allay Steel M509]1 Algoma Steel Corp Ltd
Modulus of Elasticity (E) = 30 = 106 psi

Modulus of Rigidity (G} = 11.5 = 106 psi

0.0, = &*

1.D, = 3.,75"

TABLE 1
MATERIAL PROPERTIES AND DIMENSIONS OF THE AXLF
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AXLE PILOT SHAFT AND HUB
; /
/?’
AXLE FRICTTON WELDED HTB
FIGURE 2.1
AXLE TYPES

2,2 STRATN GAUGE TRANSDUCERS

Two srrain gauge parterns are used. One rype is used ro
monitor brake rorque, and the other type is used To monitor vertical
loading. The zauges are manufactured hy Micro—Measurements. The
manufacture's specificarions are given in Table 2. Figure 2.2 shows
the derail of borh scrain gauge Types.

Use: Vertical Load Gauge Use: Torsion Gauge
Type: CREA-DE-250UW-120 Type: EA-D6-125TH-120
Gage Resistance (RG): 120*0,3% ohms Gage Resistance (RG): 120+0,.2%
ohms
Gage Factor (Kg): 2.04510,5% Gage Facror (Kg): 2.01*0.5%
TARLE 2

STRAIN GAUGE SPECIFICATIONS



VERTICAL LOAD TORSION GAUGE
GAUGE

FIGURE 2.2
STRAIN GAUGES USED

2.3 STRAIN GAUGE CONDITIONING AMPLIFIER

The condicioning amplifiler (Vishay units) are used ro
condition the inpur volrage needed to activate rhe straln gauges. It
also amplifies and filters the outpur signal., These unics are supplied
by Incertechnology Limited. Table 3 conrains the serial numbers of the
unicrs used during the calibrarion procedure. All units are Model
#2310,

024155 024054
024079 024954
045349 043029
024076 045290
024072

TAELE 3
VISHAY UNIT SERIAL NUMRBERS
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Before the calibration a bench test was performed on the

Vishay units to check their outputs and stability.
followed and results are documented in Appendix A.

The procedure
From the test it

was concluded that each signal conditioned by the Vishay is within

x17%.

2,4 INSTRUMENTS USED FOR TORQUE CALIBRATION

Table 4 lists the use and specifications of all the

instruments used for calibrating for torque.

Instrument

Manufacturer Type Model No. Serial No. Accuracy
Intertechno— Load Cell EP2-100K~-10P3 30393
logy
Omega Transducer DP420 420126 x5 1bs

indicator
Owatonna Tool]| 55 ton RA556

hydraulic jack
Owatonna Tool} hydraulic hand 3J 135510

pump

TABLE 4

TORQUE CALIBRATION INSTRUMENTS

2.5 INSTRUMENTS USED FOR VERTICAL LOAD CALIBRATION

The only instrument used to calibrate the vertical load,
excluding the Vishay units, was a Fairbanks Morse Balance Scale, serial

#E17049.
1bs.

3. THEORETICAL BACKGROUND

Its rated capacity is 250000 1bs and has an accuracy of %25

During vehicle operation the axle is subjected to forces.
These forces cause the axle to deform resulting in strain.
strain, which is easily measured using strategically placed strain

gauges,

the forces can be calculated.

Knowing the

An analysis of the stress strain behaviour due to torque and

vertical loading are discussed in this section.



3.1 TORSIONAL STRESS

Torque caused by braking induces a shear stress on the axle.
Torsional shear stress of a uniform cross section can be calculated
knowing the following relationship:

T = Zc - JORCE [3.1i]

where: T = magnitude and direction of the applied torque (units -
ft*lbs)*
c = distance from the center of, the member (ft)

polar moment of inertia (ft?)

[
il

The polar moment of inertia for the axle, a hollow tube, is
J ='% ﬂ (cg—ci)

where: cy = outer axle radius
¢y inner axle radius

In reference to Fig. 3.1 and recalling one of the fundamental
laws of nature, everything must maintain equilibrium, the behaviour of
torsional shear stress on a small element will be discussed. The small
element represents any point on the shaft, it is enlarged for
clairity,

Logic dictates that twisting the member causes a stress in
the positive y direction on the A face of the element. Multiplying
this stress by the area of face A yields a force F
(%%E—— * AREA = FORCE) in the direction of the shear stress (see Fig.
3.1a). By equilibrium; the sum of the forces in the y direction must
equal zero. Therefore an equal but opposite force must be acting on
the B face of the element, Since the member has a uniform cross
section, the area of the A and B faces are equal, the result is
11 = Ty (see Fig. 3.1b).

The element is not yet in equilibrium., With just the forces,
or stresses Ty and Ty the element would rotate in a counterclockwise
direction. To maintain equilibrium the element must be experiencing
equal but opposite forces to stop the rotational tendency (see Fig.
3.1c) Figure 3.1d shows the stresses experienced by any element in
equilibrium on the shaft subjected to a clockwise torque.

Figure 3.le shows how this torsional shear stress flows
through any cross sectional portion of the axle. Figure 3.1f describes
the relationship between the magnitude of shear stress and c¢ the
distance from the shaft's center,

*tft*1lbs were chosen as the units for torque because it was felt that
people have a better physical feel for 1 ft*1b versus 1 Newton meter
the SI equivalent.
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3.2 VERTICAL LOADING STRESSES

The axle experiences vertical Tocading from tire conract wirh
rhe road surface and the trailer weight at the poincs of suspension
spring attachment, Vertical forces are termed shear forces.

Two types of stresses are assoclared wirh shear forces;
1} direcr stress due to bending =nd,
ii) shear stress

Shear stress is calculared in the following manner:

T = T = FORCE [3.21]

magnitude and direcrion gf the shear force (lhs)
first moment of area Lfn 3

moment of inertia {(fr™)

marerial rthickness {fr)

wvhere

oA

F
Q
I
T

Figure 3.23 shows a small element on a mamber experilencing a shear
stress¥*, TFigure 3.2h describes how this stress flows through any cross
gsection of the axle. Norice alang the vertical axis, through the
center of the member, the shear srress 1s zero.

Direct stress due to hending is calculated by:

_ F(x FORCE -
SpENp = TP ARFL [3.2i1]
where T = dAirecrion and magnirude of the shear farce (1lhs)

"
]

disctance from rhe forece to rhe element in question along

the axle's horizontal axis {(ft)

vy = disrance along the verrical axiszs from the cenrer of the
axle or it's npeatral 2xis (fr}

I = moment of inertia {(fr )

The moment of inerria is given by
I= %; 11'(«:3-(:;'_)
where ey and ¢4 = inner and outer axle radius

Figure 3.3a graphically describes rhe stress distribhurion

induced by bending. The important characterisctics of this distriburion
are:

*The same equilibrium argument can be used to reach the shear &rress
directions on the element as in the previous secrion.
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EQUILIBRIUM ELEMENT SHEAR FLOW AND MAGNITUDE
FIGURE 3.2
VERTICAL 1.0aAD SHEAR STRESS
i) the shaft experiences zero stress apnywhere along irs neurral
arxls
ii) any portion of the material above the neutral azis
experiences tension
111} any portion of the marerlal below the neurral axis
experiences compression
iv) if the applied moment (FX) is in the opposite direcrion the

rop half would be in ecompression, the bortem half would be
in rensien, and zeroc stress 1s along the neucral axis,

Figure 3.3b deplers the equilibhrium configuration of a small element
under direcr stress.



PLANE IN X

SECTION aA=~A

Y + VR F to
( 15 -
N.a. N_ ] M=FX — N.A, I rt— -
SNl
-

(a) (b)
BENDING STRESS DISTRIBUTION EQUILIBRIUM ELEMENT BELOW N.A.

FIGORE 3.3
NIRECT STRESS DUE TQ BRENDING

3.3 STRESS STRAIN RELATIONSHIPS

When a marerial is svbjected to a direer srress it behaves
either elastically or plastically depending upon the magnitude of the
stress and the material properries. In the plasrie range the material
suffers permanent deformacion, in contrascr, the marerial rerurns to irs
original length when the stress inducing foarce is removed in the
elastic range. The change in length divided by the rrue lengrh of the
marerial in the elastic region is rermed scrain:

= [3.34]

where £ = denotas srrain

NEUTRAL AXIS

(Y—-ve)
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3tress 1s proportionsl ro strain when no plastic deformation
gocurs. The proportionaliry constant is called rhe modulus of
elastieiry and is a macerial property. It {Is denored by a capital E.

£=E = [3.344]

A material subjected fo a strass along the x axis, for
example, edAperiences sctrains in a2ll three dimensions but for our
purposa rhese relatlonships are unnecessary, We need only to consider
the strain in rhe x divection, therefore:

o, = E g, [3.3111]

Shear stress also induces a strain, called a shear srcrain.
These rwo physical properties are also proportional in rhe alastric
range of the material. They are related by the modulus of rigidiry (&)
alsa a macerial properecy.

T=06GYy [3.34iv]

3.4 THE STRAIN GAUGE TRANSDUCER (From Ref. #4 p, 729)

A bonded resistance strain gaunge is an elecrrically excired
device used to measure strain. It is made of a grid of fine
resistance Wire honded te a thin paper hacking. When rthe gauge is=
cemenced to 2 member under test, any deformation of the member resulrs
In a change in dimension and cherefore a change in resisrance of the
gauge 1f the gange's effecrive axis 1s oriented along an axls of aicher
compression oy tensfion. The relacion between strain and resistancs
change 1is5;:

AR _ _ AR
EE = KGE = KG'T_ [3.41]

where AR = gauge resisrance change
Re = unstrained gauge resistance
Kn = the gauge factor
€ = the strain seen by the gaunge

3.5 STRATN GAUGE ORIENTATION FOR TORSION

When a small element in equilibrium, drawn parailel to the
shaft's neutral axis, is subjecred to pure ctorsion it does not
experience direcr srresses., Therefore, to insrrumentr the axle with
strain gauges 1t is necessary to find the orfentation of an element
which will sustain direcc stress,

Figure 3.4a depicrts an element under the influence of shear
stresses due to a ¢lockwise torque. Recalling from section 3.1, all
these shear stresses are of equal magnitude and act over face areas
also of equal magnirnde. Curring rhis element ar any angle, 9, re the
AD face, starting at A, resulrs in the triangular element ADF. This
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element must also mainrain equilibrium, thus, rthe force F is added
acring direcrly on the AE face in z compressive sense as shoyn in

Figure 3.,54h. TheFO Eace 1s now vnder rhe influence of g direct
stress. (Recall Kﬁf%_ = 3TRESS).

By equilibrium, the sum of rhe foreces in the x and vy
directions must equal zero. All forces acting to the left are to be
considered positive x and all foreces acting up are ro be considered
posirive y therefore:

x posirive ...‘_E ! Fe=0

0,0

ToxAc = F casB [3.51]
¥ positive 11; Z Fv =0

rDyAO = F s5inb [3.51L]

Since the magnitude of the all forges are equal, dividing
equation [3.5ii] by equarion [3.3i] vields,

T A =T A
o o 0,0
T. A
% 9 _F sind
TDKKO cO%

therefore,

tanf = 1
8 arevan (1)
& = 45° (for this particular case)

1

Therefora an elemenr oriented ar 45° ro the neurral axis
expariences a compressive direer stress while under the influence of a
clockwise torque.

By the same argument ir can be shown thar a cur at 135° to
the AD face results in a rensile direcr stress seen hy rthe newly formed
face (see Fim. 3.4C).
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5 R

T A —_——— D

A (b) D (c)
ELEMENT IN EQUILTBRIDM ( 6= 45°)

FIGURE 3.4
DIRECT STRESS DUE TO TORSION

3.5.1 Transformarion of Strrain

Thus far, we have only discussed methods of calculating
srrain due ro direct stress and shear stress of elements orlented
parallel to rhe neurral axis of the member (along rthe x axis). Tr is
possible to compure srrains ar any angle to the x axis by the folleowing

formala,

9
£, = €y coss8 + v sinf cosd [3.511i1]

where;

[from eq'n 3.3111]

o
]
G ri;:

[from eq'n 3,31iv]



- 13 -

Since we are concerned with strains at 45%° and 135" to the %
axis, equation [3,5111] becomes:

for 45%;
G'K 2 a T -] -]
£450 = ir—cos'&E t T 5in45® cos4b
= dx &« 1 T * 1
roItgET 7
rherefore;
c _ 1 * (gx - T) [3 5
45 =3 T g r g -5ival
for 135°
e =L (3% - 3 (3, 5i
1356 i ‘E“ el - th]

3.5.2 Gange Positioning on rhe Axle and rhe Whearscone Bridge

Pour srrain gauges are used to monitor corsien, two on each
side of the axle. They zare placed act identical points on each side of
the axle over the nentral axis plane. Figure 3.5a shows their angle of
orientation and location on the axle.

The four gauges are wired into a wheatstone bridge circuic.
This eircuilr requires an excitarion voltage (V') to activate the srrain
gauges, When the memher is subjected to a torque the strain gauges
deform resulting in a voltage outputr (Vo) due to rhe resistance change
in rhe gauges. This velrage osubput across rhe nodes a and b can be
calculaced using rhe volrage divider concept (see Fig. 3.5h).

+ R1 B9
Vo = V' lapamy - wymeg) * A [3.5v]
G g 2703
whare VD = putpur voltage
V+ = excitation voltage

R1)2’3’4 = scrained resistance of the gauges

AF = amplicarion facror

Equation [3.3v] can be reduced further if we consider the following
implicit example.
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L
CAUCE 4 GAUGE 1 (1357)
45° TO N.A,

PGS BN Sy >

GAUGE 2z (437) GAUGE 3 (135%)

FRONT AXLE FACE (a) REAR AXLE FACE
GAUGE ORIENTATION

(b}

THE WHEATSTONE V'
BRIDGE

FIGURE 3.5
GAUGE ORIENTATION AND CIRCULTRY

A shaft experiences a torque of x fr*lbs applied in a
clockwise direction. Describe the strain gauge behaviout.

Figure 3.6 shows the two equilibrium elements containing the
srrain gauges and the strain gauge orientartion within rhese elemenrs.
Before we proceed it is important to note the following properties;

i) All shear srresses are of equal magnirtude. The
disrance of thess elements from the center of the

shaft, are equal (refer to Figure 3.1f, p. 6).

i) The two elements are identical when comparing the
directions of the effective shears.

i1ii) The elements experience no direet stress.
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FIGURE 3.6
GAUGE RESPONSE TO A C.W. TORQUE
Calcularing the strain in gauge 1 using [3.51ivb]:

og = ]

o - -%+¢

since the shear srress is constant on all elements and G (rhe modulus
of rigidicy) is also constant for all elements, let;

& = -y 2% = -y u strains*
The strain in gauge 4 is; using [3.5ival;
G, = 0

g, = * %—6- = +y p strains

Using the appropriare formula, depending or the angle of
orientation, the strains in gauges 2 and 3 can be ecaleularted,

Summarizing,
g = "Y u strains
€y ® +y W strains
53 = —y u strains

g, =ty u strains

% strains represents 1070 %l, the common unics of strain.
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from,

A
= & 3,41]
=k [
the change in gauge resisrance can be calculared,
Noring thar,
i) all straln gauges are idenrical, therefore, the gauge

resistance (RG) and gauge facrors (KG) are constantC

ii)} the magnitudes of the strains in each of the gauges are
equal

rherefore for all gauges;

AR

+r (far positive straln)
AR = -Tr (for negative strain)

for a clockwlse torque, the voltage cutput is, from equarien [3.5v]:

R.~r R, +r
_ gt G - G
Vo =V [(RG+r)+RGwr (Rt IHRg-T ] * AF

As shown in Figure 3.5b on page 14 the lead wires connecting
the instrumencs which provide the excirarion voltage and moniror the
valrage ourput from rhe wheatsrone bridge are quite long and rheir
resistance must be considered for accurare calcularion of the ocuzpur
volrage.

The lead wire used is hard drawn, solid copper wire, AWG size
22, 1It's resistance per foor is 0.0l6 ohms/ft, The strain gauges are
connecrted in series with rhese wires (see Fig. 3.5b, p. 14). The
correcred gauge resistance is:

Ry = Bg + 2R [3.5vi]

whare RG = gauge resistance
B; = lead wire resistance {0.01l6 * x fr of wire)

Therefore the correct velrage ouputr formula for a clockwise
torque is;

Vo, =

vt [ R;“r Rg+r

- * AR
Rg‘r+R;+r RE—r+R;+r]
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Because the magnitude of the strain is in rhe order of 10"6,
AR will be small. This is why an amplificaction facror (AF) is
necessary.

To further simplify the ourput voltage formula the
amplificarion factor and excitation voltage are always consrant in our
applications;

AF = 1000

yt = 5V

If the torque was applied in the opposite direction of rhe
same magnictude the shear stress would be of che same magnitude bur in
rhe opposite sense thus reversing rhe sense of rhe strain seen by each
gange, Therefore equarion [3.3v] reduces to:

* *
R~*r BA3T
v, = 5000 [ - & . *+G - ]
RG_r+RG+r RG_r+ ek

* *
R-ir R. Fr
Vo = 5000 Lo - 28T

2Ry, 2Ry
%
v, = zigg Ry + ¢ - Rg & r]
v, = 2300 ()
Re

ctherefore, for pure rorsion the volrage output 1is,

v, = é%gﬂ (*r) [3.5vii]
G
where VD = output velrage
R; = gauge realstance [from eq'n 3.5vi]
*7 = paleulaced resisrance change due rto strain

{from eq'n 3,41]

The gauge resiscance in equation [3,41] is not correcred due
ro lead wire resistance because the change in resisrance depends on the
strain experlenced by the gauge as a ratio ro rthe gauge's uastrained
resistance.

3.5.3 Vertical Loading Effect on rthe Torsion Strain Gauges

During vehicle operation the azle will experience both
roraional and verrical forces. Therefore, it is necessary to determine
the effecr of shear scress and direct stress due to bending on the
torsion srrain gauges.
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As diacussed in the preceding secrion the rorsion srrain
gauges are placed ar identical poinrs on each side of the axle
arradling the plane containing cthe neuvtral axis (see Fig. 3.5z, p. 14).
Refarring to Figure 3.3a on page 9, rthe direcrt stress due to bending is
zero at The neurral axis. The gauges are larger than & point, but, if
they are placed over the center of cthe neutral axis at identieal points
on the axle the net effect of the bending srress will he zero. Thus
the voleage output of the wheatstone bridge circult iz not affeecred by
the direcr stress due ro bending if rthe gauges are aceurately placed
(see Fig. 3.7a).

Figure 3.7b describes the effect on the slements A and 3B,
containing srrain gauges 1,4 and 2,3 respecrively, due To a shear
stress caused by verrieal loading. All srresses are of equal
magnitude, hurt, element A is influenced by a srress opposite ro that of
element B. FElemenr A will be considered as the positive sanse,

—————

> :
+ 0 4 (IOR3 . e t O
|

, ra
ST —

N,a.

h ‘ —

CYLOR2 N g

NET BENDING STRESS = O

ELEMENT A ELEMENT B

F
(b)
SHEAR STRESS EFFECT

FIGORE 3.7
VERTICAL LOAD EFFECT QN TORQUE GAUGES

The ner effect of rhe hending stress is zero therefore,

gauges 1 and 4 experiencing a positive shear sarress of T see &rrains
of;



- 19 —

€] = =y n strains [from eq'n 3.5ivb]
£, = *y b sCrains [from eq'n 3,5ival

gauges 2 and 3 experience negative sheavr stress of -t and see scrains
of;

€9 = ~y W strains {from eq'n 3.5ival
£3 = +y p srrains [from eq'n 3,5ivh]
As discussed earlier the resistance change In each gauge will
be of the same magnitude and the sign will be derermined by the
direction of the srrain, therefore;
%
RlﬂRz“‘RG'—r
R3=R4=RE+I'

from equacion [3.5v]

* *
+ RG_I' RG—r *
VD =V [ * £ - E3 ® ]
Ra-r+Roir RG—r+RG+r

AT

* &
~r-R
v, = V*[Egmfw_ﬁiil x AF

ZRG

therefore;

Therefore equation [3.5vil] remains unchanged. It is not
senslcrive to stresses induced by verrical loading.

3.5.4 Brake Force Effect on the Torslon Strain Gauges

The force of braking ar the tire te ground contacr point
generares a rtorque in the axle known as brake trorque,

This force induces a shear sfress on rthe axle as shown in
Figure 3.8a, The ganges are located at the point of zero shear stress,
thus, they will not be strained if they are placed accurately.

Also of concern is the herding effect caused by the braking
force (see Fig. 3,8b). Gauges 1l and 4 are subiected to tension wnder
the force vwhile gauges 2 and 3 are compressed. Using equations [3.5iva
and b] and [3.41]:



*
Ry =R, R+ r
*
R25R3=RG-:'
substiruring the above values info equation [3,5v] vields;
R;*T R;—r

v, =V - * A.F.
o [Z(Rg+r) 2(Rg-r)]

v, = V'[§ - 3] * aF,

v

o 0

No correction is necessarv for the braking force.

3.6 STRAIN GAUGE ORTENTATION FOR VERTICAL LOADING

Srrain guages respond to directional strain. The stress
disrriburion due to bending is direcred perpendicular to cthe plane
of the neurral axis. Recalling thar cthe bending stress discribution is
a maximum ar rhe ourer surface of rthe material (see Figure 3.3a, page
9) rhe logical choiee i{s ro place the strain gauges ar the rop and
bottom of the axles oriented as shown in Figure 3,9.

Using the crransformation of strain formula [23.5%iii] ir will
be proven that any type of shear srress does not affect a gauge
aoriented g5 in Figure 3.9a on page 23,

gauge oriencarion: 0° ta the x axis
from [3.3iv]
Y = T/G

from [3.51ii1]

—_ 2 el -] o
€y = By COB 0% + v sin0® cosC

EOD = E}[

Bending caused by rhe brake force will not affecr the gauges
if rhey are orienred correctly, This srress discribution is zevo ar
the top and bottom of the axle.

Therefore che gauges experience the effect of bending only.

Recalling equacions [3,2i1] and [3.311]

_F *¥x * -
q-x ..,—-—I-—K [3'211]

£, = 7 [3.3i1}
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3,6,1 Gauge Positioning on the Axle and the Wheatstone Bridge

Figure 3.%a deplicts the gauge posirtioning used to monitor
verrical loading. TFigure 3.9b shows the whearstone hridge circuit and
rthe lead wire resistance.

Assuming the strain gauges are aligned without error aloag
the axis of direcr stress and are siruared over each other they will
gee the same magnitude of strain but opposite genses, That is, one
will be in compression and the other in tension depending on the
direction of the applied moment, rherefore from equation [3.41]

AR = IT

rhe curput volrage expression for rhis hridge is;

v =v" 120 - 120 x ALF.
o [Rair+120 R;¢r+1zo]

since rhe excitarion voltage and amplification facror are constants;

120 120
V_ =580 |~
o [RG1r+120 RG$r+1201

5 1 1

v, = 6,0 » 10 - [3.61]
o [Rgxr+120 Rg¥r+12ﬂ]

vhere RE = given hy eq'n [3.5vi],

3.7 THE STRATN GAUGE CONDITIONING AMPLIFTER

Barh vertical load and torsion bridge circuirs require
amplification and an excitarion volrage. These two funcrions along
with rhree others are provided by rthe strain gauge conditioning
amplifiers, also known as a Vishay unit. This secrion will summarize
the functions provided by the Vishay.

i) 1Ir supplies rhe excitation volrage necessary for the
gaunges within the wheatstone bridge circuic.

ii) It measures the differenrial voltage across the
bridge.

{11) Onpce a datum level for tesring is chosen the Vishay can
adjust the ourputr volrage to zero volcrs. This is known
as "balancing the hridge".

iv) Amplificarion facter, or gain, is supplied by the
Vishay unit. This function amplifies the bridge output
voleage such thar its signal is of sufficient magnirude
to be recorded.
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v) The Vishay also provides for electrtical callbrarion, A
switch 1s engaged allowing a resistor ro be shunted
across one arm of the bridge circuir, This function
will be discussed in the next section.

Figure 3.10 shows rhe front panel of a Vishay unit and how it
is integrated incoe the whearstone bridge circuir.

3.8 CALIBRATION

To calibrace the gauges a known rorque or vercical load is
applied ro the axle., Due ro rhe axle's elastic behaviour ir is
strained and an output volrage 13 emlitred from cthe bridge circuir. The
load* and ocutput voltage is recorded.

A linear relarionship is predicted for load and ourpur
volrage by the following reasoning: consider cthe torque instrumentation
on one axle from [3.241];

=42

the only variable in this equation is T, rhe applied torque all orthers
are constant, therefore;

T T

As torque increases so does the shear stress, This i3 a lipear
relacionship. From [3.3.1iv]:

T = ¥

rhis i3 also a linear relation because the induced torgque, and
therefore, rhe induced shear stress does nor exceed rthe elaseic limit

of the material. From [3,5ii1] recall that o, = 0, rherefore £ =0

€450, 135° % Y
and from [3.41]

AR = €

the change in gauge resisrance behaves linearly with strain. From
[3,5vii]:

Vo, = r(=AR)

Therefore, rhe torque induced on the axle is linearly proportiocnal to
the bridge ourpur volrage,

%the word load implies borh torque and vertical load.
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LOAD = V

A similar argumenr can be made of the relationship berween
verrical load and ourput voltage leading to the same conclusion.

The recorded data is plotted with the bridge ocurpur on the
ordinate (y) axis and the abceissa (X axis) represenrts the load
configuration. This convention was adopted because the ourput volrage
depends on rhe induced load, A straight line is firred co the data of
the formg

v =Mz + C
where M = glape of rhe line = %%ﬁi
C = v intercept.

3.8.1 Leasr Squares Method of Best Fit

Because of errors wirhin the system, all dara poincs do not
fall exactly on a straight line as predicred. 1Ir is necessary to
calculace the best fir line using rhe least squares method.

Consider the following dara points

XX ®2 3 X
4l Bl -l BRI ol ERE

The data is anticipared to fall on a straighr line
y' =ML+ C

Ir is desired to find values of M and C which will bear prediecr rhe
crue values of the recorded v dara points. The irh value of v is given
by:

vp = MRy v €

It is desired to minimire The roral error ineurred without
having posicive error cancelling with negative error.
BEST FIT LINE
Y' =M + C

FIGURE 3.11
LEAST SQUARES ERROR
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To avoid the above cancellation it is required ro minimize
the sum of rhe squares of the error. Therefore,

- X, + 12 =3
izl rYi 1 ]
M and C musr be determined suvch that 8 is a2 minimum,

Taking the partial derivative of $§ with respect to C and M
respecitvely and lercing the resulr equal zero will minimize S,

a8

4@ =0
therefore;
2 izl [yi - MX; - c] [-1] =0 [3.81ia}
=0
therefore;
2 121 [vy - %, —cl (=] ~0 [3.81n]
Dividing equarion [3.8ia] by 2, therefore™;
-y rCel ) MY %y =0
) vy = Cn+ M 7%
dividing equarion [3.8ib] by 2,
E XYy = C y %y + M X x%
Summarizing;
Jy;=cn+u]xy [3.811a]
§wgyg =C Y owg + x5 [3.811b)
where n = number of dara poincs

-

} %3 = sum of all x data points
)y x% = gum of all squared x dacta poinrs

y Kyyq = Sum of the product of corresponding pairs
of dara points

z yy = sum of all y data poincs

*21] summarion signs have bounds from 1 to n dara points.
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The unknowns are M and C. They can be calculated from equacions
[3.8iia)] and [3.811b]. A& demonstration of the least squares method is
given here.

The follewing dara points were recored during a calibration:

il tmioTslzs

From this dara it 1s acceptable to assume rhe best fir line has the
form,

y=M{+ C

using equations [3.811a] and [3.81ib]):

n=5a4
Xy =l+2+3+4=10
Tx2 =12 r 22 + 3% + 42 = 30
Proy; = HI.1) + 2(1.9) + 3(2.8) + 4(4.3) = 30.5

by

substituting the above values in the appropriate equarions of [3.8iia] and
[3.8iib];

1.1 + 1,9 + 2.8 + 4.3 = 10.1

10.1

= 40 + 10M 1]
30, = 1

0C + 30M (2]

From [1]

c = lﬂ;léi_lﬂu

substiruting inte [2]

30,5 = 10 [l 1O0M] 4 30m

M= 1,05
therefore from [1]
c==0,1
o ¥V = 1005 Ed _O-l
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(4,4.3)

Y =1.05% - 0.1

(3,2.8)

2%

2,1.9
(1,1.1)
.
4 1 2 3 4 5
FIG. 3.12

LEAST SQUARES EXAMPLES

3.8.2 Gauge Sensitivity

The gauge sensitivity describes the slope of the best fir iine,
v = M{ + C in physical units.

The general expression for the gauge sensitiviry is;

T VOLT EXCITATION

bridge volrage output in mV
corvesponding lead value
excitarion voltage value

x LOAD UNITS [3.81va]

where

no
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Gauge sensitivity iz caleuwlated in the following manner glven the best
fir line;

Y= M+ C
where v = vols
_ VOLTS
M= A
X = load
C = volts

let the ourput veltage be 1 velr; disregard the value of Cj

1 = Mx
o =(Load) = 2 (YALT) [3.8ivb]
¥ (y5a5)

rherefore using [3.8ival and [3.8ivb]
1 VOLT z‘ﬁ LOAD UNITS

The gain (G) and excitation volrage (Z V+) affect the bridge
ourput voltage; dividing the volrage output by rhese factors yields the
gauge sensicivity.

é—%ggﬁ; = §; LOAD UNITS [3.8v]

Given rhe equation of a best fir line calculared for a torque
calibration with a gain of 1000 and an excirarion voltage of 5 volts,
we will determine the gauge sensictiviry

vy = 0.238x + D.18
ler y = 1 VOLT and disregard the value of C;

1 = 0.2%8x

X = §-7%E 4,202 fr * 1lbs [from 3.81ivb}

therefore;
1 VOLT = 4.202 ft*1bs

dividing by rhe gain and excitation volrage yields the gauge
sensicivity

VOLT — - 4,202 fr*lbs
1000%5 V

in its standard form the gauge sensitiviry 1a;



Qs-‘zﬁ,—““’- = 4,202 ft*lhs

3.8.3 Elecrrical Calihration

Electrical calibrarion is performed when the wheatstone
bridge is halanced (V°=O). At this polnt engaging a switch on the
Vishay unir shunts a resistor across one arm of the bridge network (see
Fig., 3.10, p. 24). This results in a voltage outpur. The voltage
outpur will always be of the same value to within *1%Z, The error
incurred {& due to the Vishay.

Once a gauge 1s calibrated and its best fit line is
calculared, the gauwge hehaviour is therefore, established. The
elecrrical calibration volrage is subscituted inte the line equarion to
give a resulring load value. Consider the follewing implicic example;

i) gange hahaviour

v=MK+ C
ii) electrical calibrarion resulr;

y=V, (ocutput volrs)

1i1) resulcing load
Vo - C
x. =
ECAL M

BEST FIT LINE Y =M {1 C

oECal,

FIGURE 3.13
ELECTRICAL. CALTIBRATION
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During an actual resr a chart recorder is used to moniror a
specific load gauge, The whearstone bridge is balanced and electrical
calibration is preformed resulting in a deflecrion of, for example,
ten divisions on the charr paper. The gauge hbehaviour is known to he
linear (from the 1ine y = MX + C) and the voltage output caused by the
electrrical calbiracion i1s known, therefore, the corresponding load can
be calculated, On the chart recorder 10 divisions is therefore
equivalent to rthe calenlated load due ro electrical calibrarion. The
resulr ig the magnitvde of all loads can be derermined from the
recorded data. Flectrical calibration is the mosr important function
of calihration,

3.9 ERROR ANALYSIS

3.9.1 Error_in Least Squares Calculacion (From Ref. #2 p, 296)

The least squares methed of curve firring is only an
estimaror o the true line. This true line can be found if an infinire
mmber of dara peints were collecred resulring in the following
equarion.

¥y T o + Bxi

The values of y; recorded are indepandently normally
distribured abour rhe true line g + Bxi representring the mean value of
this distriburion. Eaech ith value of v has rhis distriburion
characteriscic and all of these distriburions have rhe same shape, or,
common variance (see Fig. 3.14).

TRUE LINE Y=o+BX

FIGURE 3,14
NORMAL DISTRIBUTION OF Y DATA VALUES
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The merthod of least squares is used only to estimare The True
line, that is, € and M are just estimates of rhe rrue values o and B
respectively.

To evaluate the range of rhe true line coefficlents the
following expression will be used, Their development is beyond the
scope of this repore.

Sex = T 121 x% - (121 xi]z {3.91a]
Sgy = B 121 vi - (izl v4)? [3.91b]
Sgy =2 L xgyy - (121 xilﬁizl 74) [3.91¢]
5, - [Cxiy "::x’z]% [3.914]

Using the Student’™s r distribution we can comstruct a confidence
inrerval for a and B%,

For ;

+ (Exi)2 3

5.+ (Jxp2 ?
X By ) [3.911a]

5
C_tnfz'se[ ]<a<C+tn/2-SE(IXH

X XX

For B;
M- » 5 -qE— 1 M - 5 n 1% 3.94ih
To/2 e ['xx] < f < + Th/a e[g;;] [ ih]

The confidenece level u=zed throughout this report will be
95%. Therefore;

TI=1-0.95
n/2 = 0.023

3.9.2 Merthod of Applicarion

From rhe Vishay unirs listed in Appendix A it was derermined
that each output voltage recorded is in error to *1%, rhus, the
assumption that vy is normally distribured with common variance about
the true line 15 reasonahle and the M and C estimator error method is
applicahle. But x, the load configuration, iz also in error due to
instrument accuracy.

*%ae Appendix B for discussion of confidence intervals and the
Student’'s t disrrihbucion.
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The method of incorporating these two sources of error is
outlined in a3 srep by step procedure below. The dara 1s recorded in
the following manner:

%x; = represents the measured load
¥y = represents the corresponding voltage ontpnt

1) from rhe measured load, add the load econfiguracion error.
For example:

xg t 10 1bs
2) ecalenlate the best fic line through this new dara set+;
gy + 10 1bs, yy
3) apply the least squares error calcularion therefore;
Cl < @ <Gy [3.91i1a]
My < B <My [3.911ib]

4) determine the lowest extreme line from the above. 1In
rhis case;

Yiow = MX + €

5) repear steps 1 through 3 subrracring the load
configurarion error (x4 - 10 1lbs). This yields;

Cq < a<C, [3.941ia}
Mg < g < M4 (3,911b]
6) decrermine the highest exrreme line

Yuran = Mu¥ * G,

7) from rthe electrical calibration wvolragZe add and substract
the Vishay error (xl1%).

+ 0.01(V Yy =V
egcaL OECAL ®HIGH
v - 0.01(V Y=V
CECAL ORCATY, CLow
8) from V caleculate the corresponding load using the

low exctreme equation

YThis best fit line will be shifred to the right of the original line,
having lower slope and y interceprt.
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Vo -G
Xg = ngi — [3.941ia}
9) from V calculate the corresponding load using the
high extreme esquation:
v - C
A
Xy = —53§%%~+—;‘ [3.9111b]

Figure 3.15 graphically desecribes che above procedure, the end resulr
is a range for eleecrrical calibrarion.

CAYCULATED LINE
Y = MA+C

VoHICHT
Vorcar”|
VQLOW}f

TR e "

ECAT RANGE: XL TO XR

FIGURE 3,15
ERROR ANALYSIS



- 3 -

4, TORQUE CALIBRATION

FRONT OF VEHICLE

SUSPENSTON POINTS

T ; % |
- |
[ X
| apsy APSL | |
NEWAY AXLE
AXLE A
e
DRIVER'S SIDE| | W D¢ PASSENGER'S SIDE
|| BDS1 BPS1 | _
REYCO LEAD AXLE
AXLE B
 m— rr""_-’
X X0
CDs1 CPSl !
REYCO TRATL AXLE
AXLE C
FIGURE 4.1

TORQUE GAUGE LOCATTONS

4,1 CALIBRATION PROCEDURE

Te induce a torque on the axle a disk was cut from a one inch
steel plare. Holes were drilled to march the rraller wheel bolt
parrern. A six foor long I beam, measured from the axle center, was
welded to rhe disk,



- 37 -

The axle was raised off rhe ground, the outside rire removed
and the beam arrangement bolted co the axle. The beam was leveled and
the brakes applied. A hydraunlic jack was placed under the free end of
rhe beam with a load cell situated on top of the jack (see FTig. 4.2).

FIGURE 4.2
CALTRRATION CONFIGURATTON

The jack and load cell were raised with a hand pump te Induce
a force six feet away from the axle center. The load cell indicator
displayed the force, in pounds, applied by rthe jack.
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The force was incremented to a maximum and decremented by a
release valve on cthe hand pump, to the darum level. Ar predetermined
levels the torque {force readour * 6 fr) and corresponding ourput
voltage were recorded., Flectrical calihrarion was performed at the
datum level. A best fit line was plorred and the corresponding
elecrrically calibrared torque was calenlared.

4,2 DATA ANALYSIS

4.2.1 Initial Tests

The datum level 1s derermined by the following axle
configuracion;

1) rthe brakes off
i1} rthe axle on the ground and

111} rhe beam assembly removed

The vertical shear stress contriburion is zere, as previously
discussed. The effect of bending was assumed to be zero. The
calihration was carried our as per rhe procedure outlined in the
previous section.

Three gauges were calibrated: ADS1, BPS1 and CPS1. Positive
torque was considered to be in the direecrion of the applied force
inducaed by the jack. For rhese three gauges posirive torque wWas
therefore;

ADS1: counterclockwise direction
EPS1l: counterclockwise direction
CPS1: clockwise direction

The bridge veltage outpur sign was neglecred and just the
magnirude of the voltage was recorded. The gauge sensirivites are
lisred below im Tahle 5 and rhe calibracion curves generated for rhis
rasr are in Pigure 4.3. Refer to Appendix C for the dara values
plotred in Figure 4.3.

Gauge Sensitivity

ADS1 9.2 wV

3040 fc*lbs

EPS1 D2 my

3279 fr¥*lbs

CPS1 = 3115 ft#*lbs

TABLE 5
GAUGE SENSITIVITIES
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Conclusions drawn from rhe test were all torsion gauges
pehave virtually the same as seen in Table 5, and not all rorque
contributing factors were considered as can be seen by the marked
offser from the orizin of the graph in Figure 4.3

4.2.2 Brake Application Torque

The mechanism which activates rthe brakes induces a Torque on
the axle.

The hrake pod, which is fixed re the axle by a bracket, is
supplied with air. A diaphram ezpands within the pod pushing a rod
which is attached to the slack adjusctor. The slack adjusror pivots and
turns The § arm which activates rhe brakes (see Fig. 4.4).

FIGURE 4.4
BRAKE APPLICATION TORQUE

When charged with air the diaphram is foreced against the
brake pod. This foree pushes the rod and activates the slack adjustor.
The momenr arm of rhe force is the rod center to the axle center, six
inches (6"). The diaphram area is 30 square inches. Knowing the air
pressure supplied co the diaphram gives the force pushing the rod and
multiplving by the moment arm results in rthe brake application torque.
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_ 2 1bs 1
Tgg = 30 1n° * SUPPLLIED AIR FRESSURE (;;;0 * 5 ft

Tgp = 15(in2*fr) * PSI = fr*ibs {4.21]

Bacanse of the brake mechanism orientation on the axle it
applies a clockwlse torque to all driver's side gauges and a counrer-—
clockwise torque to all passenger side gauges when acrivared. The
supplied air pressure does not remaln constant during calibration,
therefore ir had to be recorded with each ocutput velrage and applied
rorque.

4,2.3 Beam Torque and Bending Effect

The beam arrangement was not made from welghrless material.
Therefore irs coatriburion to the resulrs had to be considered. The
beam rorgue always opposed the torque induced by the jack.

To ascertain rhe magnitude of the torque rhe free end of the
beam arrangement was allowed to rest on a sensirive scale, The momenr
arm was measured and the torque obrained. The contribution of the bean
arrangement used on the drivers side was 230 fr*lbs and 240 fr¥*lbs for
the passenger side arrangement.

3EA N
LGRGLT

FIGURE 4.5
BEAM TORQUE
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The effecr of hending was devermined during rhe vertical load
calibration. The darum level was maintained consistenr, The resulr
being no macter what the vertiecal load the bending effecr contaminares
the volrage ourput on the tarque gauges by a constant amount.

4.2,4 Slgn Convention

A gign convenrion was developed for the sake of consisrtency.

Positive torgques will be those rorques which acr in rthe
direction of wheel reration while travelling forward. Therefore
torques induced in rhe counrerclockwise (CCW) direcrion on rhe driver's
side are positive and rhose torques which are applied in rhe clockwise
(CW) direcrion on rhe passengers side are positive.

These positive senses are determined by looking direerly at
the axle sjide beaing calibrated,

4.3 FINAL CALTRRATION TEST

For rhis tesr two gauges were monirored wirh considerarion
given ro all variables. Gauge ADS1 was calibrared applying che torque
via the jack, in the positive sense. Gauge BPS1 was calibrated wich
the applied rorque in the negative direction.

Figure 4.6 shows the sense of all contriburing torques with
respect to the positive sign convenrion adopred for each gauge.

Gauge; ADS1 Gaugea; BPS1
Verrical Load Range; Verrical Load Range;
v v
Due ro Bgnding Due Eooﬂending
-0,002 -0,01}1
=0.008 -0,022
-0.007 -0.,036
—-0,007 =0.040
-0.003 =3.021
-0.005 -0,020
-(.005 -0,032
=0.004 -0.036
=0,004 -0,020
=0.006 -0.014
—0.006 -0.023
¥ = -0,005 -0,030
-0.037
-0,041
-0.,032
-0,025
-0,011
¥ = -0.027
TAELE 6

BENDING EFFECT FOR GAUGES aD31 AND BPS1
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FIGURE 4.6
8IGN CONVENTION
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Table & on page 42 lists the bending effect of each gauge
being calibrated. The average bending cross table for gauge ADSL is
-0,005 volts therefore 0,005 volrs is added to the recorded volrage
readings ro compensate for bending, A facror of 0.027 volts is added
Lo gauge BPSL by the same reasoning.

The graphical resulcs for rhe calibrarion of gauge AD3] are
presented in Figure 4.7. Figuvre 4.8 exhibirs the resulrs of
calibration on gauge BPS1, Appendix D gives the rable of resulcs
plerred for borh gauges.

4.4 DISCUSSION OF RESULTS

The two gauges ADS1l and BPS1 displayed good sensirivicy,
linearity, and repeatabilicy.

For the purpose of error analysis the calibrarion plots
(Figures 4.7 and 4.8) were rransformed inro the firsc quadrant of the
Cartesian plane. The ADS! calibrarien plor ia Figure 4.7 1s a mirror
image in X and Figure 4.8 iz a mirror image in Y. These
cransformations do not affect the magnitude of the plotred values. If
our sign convenrtion were differenr for torque and the voltage oufput
recorder wWas connected reversing The polarity rhese mirror images would
be rhe actual plots. The error analysis is documented in Appendix E
the results are reported in Table 7 below;

Gauge ADS1

ECAL Range; 1,538 x* 1% volts = 4898 * 5,24 fc*lbs

- - Y —_—
Semsirivicy Range; SipMABL = 3125 *0.7% fokibs
Gauge BPS1

ECAL Range; 1.525 = 1% volrs = 4689 * 5,4% fc*1bs
Sensirivity Range; Qilnégiz—ﬂl z 3215 % 1.3% fr#lbs

TABLE 7
ERRDR BOUNDS FOR GAUGES ADSL AND BPS1

From Table 7 the gauge sensitivity ranges indicare that the
esrimated measurement errors listed in Appendix E are reasonable and
the error analysis procedurs is valid.

The best fit line for guage BPS5S1 1s:

v = 3.11 % 1074 X + 6.55 x 1077
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caleulating che torque for the elecrrieal callbracion volrage of gauge
ADS1 using the BPS] best fir line yields 4735 fr*lbs. This value falls
wichin rhe electrical calibrazion range calculated for ADSL,

The besr fit line for gauge ADSL is;
¥ = 3.20 x 107% ¥ ~ 2,81 x 1072
calcularing the torque at 1,525 volrs, BPS1 electrical calibration

value, ylelds 4853 fr*lbs, This i1s wirhin che range of eleerrical
calibracion for gauge BPS1.

Therefore all torque gauges will hehave similarly when all
Torque confributing factors are considered,

The strain gauge missalignment errors resulting in voltage
outputs due to bendiog may also produce a volrage outpur due to rche
shear sfress caused by braking fricrion., All rorque gauges should be
testad to derermine the bending and shear effecrs,

4u5  SAMPLE CALCULATION

A volrage outpur of -1,3 volrs is recorded from gauge aDbsl.
What is magpnitude of the applied rorque assuming the lead wire lengths
of 30 fr, and given a gain of 1000 and an excitation veltage of 5V,

From [3,5vii]

G

& -1.5 By = 5000 (-r)

from [3.5vi]
*a
RG Rp + 2 RL
Rg = 120 + 2(50)(0.015) = 121,68

Hr o= 3.648 x 1072

from [3.41)

AR = r

r

= KAE
G~ %6

2
l.ﬁ%g_o.’ﬂ@..._ = 2.01e

g€ = 151,2 p srrains = 151,2 = 10"6-%L
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from [3.51ival

g =
- 0

11.5 » 10% 1bs/in?

1l

1l

T = 3,48 % 10% 1b/in?®

from [3.1i]

T=%‘-¢—
c = 2.5 in4
T = & m(2.5% - 1.875%) = 41,9 n®

s T = 5.83 x 10% frrin = 4857 fr¥lbs
Using the best fir line of gauge AD3] and an ourput voltage of 1.5
volrs {(due to the rransformarion used) results in a torque of 4775
fr*1bs. This is within 2% of the above calculared value. Therefore
rhe assumed lead wire lengrh of 50 fr {s reasonably accaraté.

5. VERTICAL TLOAD CALTBRATION

5.1 WEIGH SCALE PREPARATION

The weigh scale used was designed to weigh railway cars. To
serve rhe purpose of monitoring axle weight a #" plate was placed over
the weight scales' rail section., This plate was of a sufficient width
to accomodate hoth dual wheels of a single axle.

To monitor only one axle of a tandem sert a 'C' chanmnel was
placed over the ralls and raised clear of the scale hy placing four one
inch rhick pieces of steel on both sides of each rail. The axle rhat
iz nort of concern In the tandem set is driven onto this channel where
ir would notr affeer the scale reading.

5,1.1 Tractor Trajiler_ Preparation

The froant and rear compartments of the ranker traller were
filled with warer. The purpose of this exercise was to induce an
appropriate full scale load. The compartments were complerely filled
to prevent liquid slosh.
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5,2 CALIBRATION OF DRIVE AXLES

FRONT OF VEHICLE

/

L WALKING BEAMS R
s | J] | IRE
DRIVER STDE - - PASSENGER SIDE

D6 l l F6
) —

] [~}

1 D9 PO

FIGURE 5.1

DRIVE AXLE GAUGE LOCATTONS

5.2.1 Procedure

Inirially che Froat Drive Axle was calibrarted with the Rear
Drive aAxle on rhe C channel, In rhis configurarion gauges D2, D5, P2,
and P5 were monitored.

The datum level was chosen as the rrailer free of the fifch
wheel (see Fig, 5.2), or the weight thar the pavemenr experlences when
the cracror is withour the ctrailer. The brakes were not applied,

Load was applied in increments of ? tonnes and rthe
correspoading voltage ourput for each gauge was recorded. To apply the
load in the approprlace increments the scale was preset. The landing
gear waz lifred off rhe ground lercing the weight of the traller fall
on the fifth wheel uncil a scale deflection was derecred., Raisaing the
landing gear was stopped. An accurate scale reading was determined and
the appropriate ourput voltages were recorded.

opnce full load was reached the ahove process was repeared in
reverse, that is, the landing gear was lowared ro decrease load.
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Ar zero, or the darum level, an electrical calibrarion was
performed,

The data and a best fir line was plerred. The same process
was followed ro calibrate the Rear Drive Auxle. The gauges monitored
were D6, P&, D9, P9,

FIGURE 5.2
BATIIM LEVEL

5.2,2 Discussion of Resnlrs

All gauges displayed a low sensirivity and non linear
resulrs. A further invesrigation is necessary before the results can
be reported with confidence (see Appendix F for results),



- 57 =

5,3 TRAILER AXLE CALIBRATION

DRIVER'S SIDE

FRONT OF VEHICLE

SUSPENSION POTINTS
!_ Ry N

H T

" | aps2 APS21
NEWAY AXLE
AXLE A

B

‘3

e ps2L
i BDE2 BPS2

REYCO LEAD AXLE

AYTE B
__J Cchs2 CPs2
REYCO TRAIL AZLE
AXIE C
FIGURE 5.3

TRAILER GADGE LOCATIONS

5.3,1 Procedure Followed for the Reyco Tandem Ser

PASSENGER'S SIDE

Axle B, the lead randem axle, was calibrated firsct. Aaxle C

was on the C channel clear cof the scale.

were monirored.

Gauges BDS2, BPS5? and BPS1
The reaction of gauge BPSL, the torque gauge, was
monirored to esrablish the effecr of vertical loading.
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With rhe brakes off and the axle lifred clear of the scale by
a vertical hoisting crane all ganges in question were zeroed. This
configuration wag chosen as the datum level becanse it is the point
where the road experiences zere lead,

The scale was preset to 2 tonnag and the axle was slowly
lowerad onto the plate until a deflection on the scale was detecred.
The hoist was stopped and an accurate scale reading was obtained. The
voltage readings for all gauges were recorded.

Load was Inereased in approximately 2 tonne intervals
following the ahove procedure until full axle leoad was achieved, The
process was then reversed lifting the axle off rhe scale in 2 tonne
intervals.

At the datum level an elecrrical calibration was performed.
The dara for each vertical load gauge was plotted on a graph of output
volrage versus the tortal voad load. The procedure was repeated for
axle C.

5.3,2 Procedure Followed for rhe Neway axle

Calibration of the Neway axle, axle A, followed the same
basiec outline, the difference being rhat the hoist was not needed. The
Neway axle is an air lifr axle and increasing and decreasing the load
on the plate was accomplished by rescrigting the air flow to the lift
mechanism,

5.4 SENSITIVITY OF THE MEASUREMENT SYSTEM TOQ BIAS TIRE LOADING

A test was performed ro simulate the load gauge response
while driving on non level ground, that iz when all wheels on an axle
get are not in contact with the read.

5.%,1 Test Procedure

This rest was performed using axle A and moniroring gauge
ADS2, The gauge was zeroed in the raised position, zero pavement load.
The axle was lowered with the outside tire resring on a 1" steel plate,
a reading was taken. This procedure was repeated wich rhe plate under
the inside rire and then no plate ar all.
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5.%.2 Resulrs

Volrage
Axle Up 0,0

Axle Down
Plare under Ourside cire +1.480

Plare under I/8 ctire +0.510
No Plare +0.915
Axle Up 0.0

0/3% Tire +1.524
1/8 Tire +0,516
No Place +1.061

S.,%.3 Discussion of Resulcs

The strain gauges for vertical loading are affected by the
divecr stress due to hending.

R [3.211)

The same vertical load produced varylng results becaunse the
bending stress depends on the induced force and the distance thar force
iz ro the strain gauge location on rhe axle. Therefore two variables
derermine the amount of stress, thus strain, experienced hy the axle.
Care must be taken in seleering tesc sites. Rutced roads should be
avolded for bercer loading predictions. Alzo the tire pressure must be
mainrained consctant in all ctires to avold bias tire loading. all
calibration plocs showed very lircle deviation from the best fic line.

Each wheel should be calibrated with respect to the load
which thar wheel imparts on the road to determine rhe load sharing
acrivity of the axles. This will also provide a check for the
calibrations performed and listed in Appendix G.

5.5 AN ALTERNATE SOLUTION

A shear stress is also produced hy vertical loding:

T = %‘tl [3.21]
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The only possible variable which can change the value of rthis shear
stress is F, the vertical lead or shear foree. All other variablas
remain constant as long as the sctraln gauge remains fixed on rthe axle
cirpumference.

Figure 3.2b on page # describes how rthe shear stress flows
through the axle’s cross secrtion., The locarion of maximum stress is ar
rhe neurral axis.

Scrain gauges will respond te shear srtress if they are
oriented at 45° and 135° to the neutral axls as discussed in seection
3.5, A slight variation in the Wheatsrane Bridge circulc used ro
derect strain due to tersion will result in a volrage ocutpur from
stralns caused hy the shear stress due to vercical loading.

Figure 5.4 presents che proposed Wheatstone bridge circuir to
te used far shear force. Comparing thls eircwit re the torsion circuilt
{Fig. 3.5 p. 14), the gauges will have rthe same orientation on cthe axle
bur gauges 2 and 3 have heen interchanged.

S VATA"

FIGURE 5.4
PROPOSED VERTICAL LOAD CIRCUILT
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The voltage output for the shear force bridge is given by the
following equation:

R R
3
Yo = VlmeRy gyl * (551

Figure 3.7 on page 18 describes the gauge reactions to a
shear stress caused by vertical loading. Element A, on the rear face
of the axle, conrains gauges 1 and 4. Element B, on the front face of
the axzle includes gauges 2 and 3, A&s noted in seerion 3.5.3 the
elements are experiencing stresses in opposite directions when compared
To each orher.

The shear scress in element A will be considered posicive.
Fnpwing the gauge orientation with respect to the neurral axis and
using formulae [3,5iva and b] (keeping in mind the above sign
convention) Srrain experienced by rhe ganges due to the shear force F
are:
€1 = Yy ¥ srrains
£ = ~¥ U strains
Eq =YY M srralns
€, = ¥ u strains
From (3.41] the change in gauge resisrance is:
AR = Ir
where the sign of the resistance change will he the same as the sign of

strain and all gauge resistances (Rg from [3.5vi]) are equal.
Therefore from [5.6417:

for a shear force applied in the upward directiom.

Considering both possible loading directrioms where shear in
the upward directien is posircive:

V. = v xerar
- Y EIr®AF

¢ Rg

[5.411]
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Applying a torque in eicher direction will have no effect on
the Wheatsrone bridge cireuic as will be proven,

Consider a clockwise torque as positive and an oppositely
applied torque as nagarive, Borh shear stress elements on the axla
containing the gauges will be oriented in the same direction. Below
are listad rhe strains experienced by the gauges. Posirively applied
torque is the top sign. From [3.5iva and b} and from [3,411:

€ = Ty u strains and AR = *p

€s = *¥ n strains and AR = ¥r
€4 = *¥ u Strains and AR = *¢
€, = Ty w strains and AR = ~r
From [5.41]
* *
Vo = Vol - O 4
Gmr+RGvr RGtr+RG~r

therefore V0 = ) and Ttorque has no effect.

Bending due ro vertiecal and fricriomal forces will also have
no effect if the gauges are placed ¢arefully acr the sama spors over the
neutral axis on both faces of cthe axle., Refer ro section 3.5.3 and
3.5.,4 where these &ffects are considered with respect ro the torque
insrrumentaticon. The same arguments apply here.

This gauge arrangement should be investigated to determine if

it shows good sensitivity and reduces the sensitivity to error as shown
in rhe bending gauge arrangement due to bias tire loading,
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APPENDIX A

VISHAY ERROR



A bench test was performed to derermine the error in each
reading conditioned by a Vishay.

411 Vishay units used during the calibration procedure were
incerfaced with an Intertechnology 1530 Strain Indicaror Calibraror
(5.1.C.) which simulates the different resistance changes due to
varying srrains.

The excitation voltage and gain were set as {n the
calibrarion procedure, 5 volts and 1000 respecrively.

Test Procedure:
1. Each vishay was balanced ar zero p strains.

2. 00 p srrains then 1600 u srrains were induced via the
§,1.C, and the volrage output recorded.

3. FElecrrieal calibration voltage output was also recorded.
4. SGreps 2 and 3 were repeated 3 times for each visahy.

5. The average output volcage of the rhree teading for 600
arralns were calculated for each vishay. The readings of
1600 u strains and eleccrical callbration were also
averaged for each Vishay to yield the mean Vishay
reading.

6. The overall average was rthen calculated for each strain
level.

7. The ogveral average was subtracted from the Individual
mean Vishay readings for each strain level.

8. An average of these values was caleulated giviag rhe mean
change in readinga.

9, The error was detarmined by dividing the overall reading
average into cthe mean change in readings and multiplying
by 100%. The results are documented in Table Al.



Reading at

Reading at Reading at Elecrrical

Vishay 600 u strains (  _ 1600 u stralns _ calibracion { =

Serial # (in volts) X-X (in volts) - {(in volrs) X=X
1.454 3.806 1.466
024155 1.455 3.809 1. 466
1.456 3,899 _ L.467

il = 1,455 0,043 22 = 3_898 0,102 | X; = 1.466 0.049
1.527 4,077 1,544
024074 1.527 4,077 1.545
1,531 4.081 1.548

X, = 1,528 -0,030 X, = 4,077 —0,077 12 = 1,546 -0,031
1,497 3,994 1.508
045349 1.496 3.992 1,597
1.495 3,992 1,506

Xy = 1,498 +0,002 Xy = 3.993 0.007 | Xg = 1.507 0,008
1.505 4,015 1.515
024076 1.505 4,015 1.515
1.501 _ 4.015 1.515

34 = 1,504 -0,006 X, = 4.015 -0,015 314 = 1.515 0.0

1.484 3,955 1.513
024072 1.484 3,955 1,513
1.483 3,956 1,513

?.’5 = 1,484 0,014 :25 = 3,955 0,045 125 = 1,513 0.002
1.497 3.990 1,509
024054 1.496 3,989 1.507
1.483 3,985 1.507

X, = 1,496 0.002 %, = 3.988 0.012 | % = 1,508 0,007
1.525 4,069 1.537
024954 1.524 4.070Q 1,537
1,522 4,068 1,537
1,498 4,006 1.527
043029 1,495 4,005 1,525
_ 1.497 4.007 1,523

Zg = 1,487 0.001 | Xg = 4,006 -0.006 | Xg = 1.525 -0,01

AVERAGES 1.498 0,016 4.000 0,042 1,515 0.016

_ 0,016 v _

£100ue = FL06D * 100% = 12

0,016 .
EECAL"ﬁ%ExlOO’{'

TAELE Al

VISHAY ERROR TESTS AND RESULTS



APPENDIX B

CONFIDENCE TNTERVALS AND THE STUDERT'S r DISTRIBUTION



Since point astrimares cannot be expected to coinecide with the
quancities they are intended to estimate, ir is sometimes preferable ro
replace them with interval estimates, rthat is, intervals for which one
can assert wirh a reascnable degree of certainty rhar they conrain the
paramerer under consideration,

The Student's r distriburien is used to estimate the
confidence interval because the y dara painrs are assumed ro bhe a
normally disctributed popularion abour the mean a and fx but we do not
have an infinite numher of dara points to use rhe normal discribution
wirh cartainty.

The Student's r distribution has a similar shape to rhat of a
normal discribution, baur 18 variance (shape) depends upon a parameter
called the number of degrees of freedom (see Fig., B.1).

NOEMAL DISTRIEBUTION

STUDENT'S r DISTRIBRUTION
WITH n d.0.f,

FIGURE B.1

For our purpose we have n—2 degreez of freedowm, where n
reprasents the pumber of dara points. Two degrees of freedom are lost
because a and # are replaced by their least squares estimations.

A confidence inrerval of 957 establishes a range of
acceprable numbers for « and B doing away with rhe ather 5%. The
delered 57 is split such the last 2,5Z of the mumbers lying wirhin rhe
discribution range are omicted from the righr cafl and the orher 2.5%
omirred from the lefr rail (see Fig. B.2).



|
@

FICURE B.2
Degrees of Freedom T0.,025 Degrees of Freedom t0.025
1 12.706 16 2.120
2 4,303 17 2,110
3 3.182 18 2.101
4 2.776 19 2.093
5 2.571 20 2,086
b 2457 71 2.080
7 2,365 22 2.074
8 2.306 23 2.069
g 2.262 25 2,064
10 2,228 25 2.060
11 2.201 26 2,056
12 2.179 27 2,052
13 2,160 253 2,048
14 2,145 29 2.045
1% 2,131 30 1.960

TABLE BR.1

CONFIDENCE VALUES



APPENDIX C

INITIAL TORQUE CALIBRATION DATA TABLES



e L RS LR SRS SRR EA R ER A e R R e TS R T Lt Lt L L ansmp——

* DATR HMANIPUL ATION

AR KA O K KK 36K RO KK 0K 23K 3 30K 2K K 0K 0K 3K 6 KK 66 R O 3% 3 K o KoK %
INITIAY CALTEBRATION UF GUAGE ADSH

bata file name: DaTa
Mumher of observarions: 70
Numbar of wariables: 2
Variahles names:

1. APPL TORK

2. V0TS QuT

Sunfiles: NOINE

INTTUIAL CALIBRATION OF GUAGE ADSY

Yariable # 3 Varignle & R

(IEG+*

1 180.80040 L 37600

2 600.00000 .5&6100
4 1200. 60000 L7704

E. | iB0D. 00000 o200
5 2aG0.00000 1.20000
& S000.00000 1.345600D
7 3a&00.00000 1.91800
1! 4200,006008 1.67500
Q 48100.08000 1.4884040
10 S400.00000 2.06%900
14 S88G.00000 2.24208
A2 Ae00,00000 2,.439100
1% 7140.60D00 2.PA20D
14 &008.,00000 2.27900
LR Ca00.0000640 2.07%4a0
ib 4800.006040 1.88000
L7 A4260.40000 1. 7040460
18 3660 00090 1.50%909
19 3000 .00000 1,3904a0
210 24u00.0060600 1.200400
oA 1880.00000 3. 031500
22 12&50.00000 . 828010
23 20.00000 .Be85830
24 180.080400 42700
o5 0.00000 LGG200
b 12060 .00000 LPFTOD
27 2400 .00000 .47000
28 3548 . 00000 1.515010
o9 /A8&0.,00000 4.921040
3u H120.00000 2.32200
*i FO80.040000 2.624080
32 0800.00G60 2.22000



T8400,60000

4200,060000
3060,00000
1920.006000
600.00000
180, 00000
BT
180. 000080
12060.00000
24D0.00000
3%40. 00600

4580, 08000
5000,000010

&%60.00000
6486 . 00000
“2460,06000
4200 .00000
s000.,00000
1860,00000
729 .00000
180.,00000
a.&opoe
180 . 00000
1320.00040
2340.00000
3540,00000
4680.000400
5940 . 00600
7080.00000
&488 . 004060
S480.00000
4200 .490000
S060.00000
ige0. 00000
726.G0u06
180.00000
0.00p000
0.00000

pEs
1
1

R TEIT

Lot i B A VI % TS B S £ R

BRI MO T e e e

=

104080
L7R000
.35900
Y FEA00
SA500
L3TBOU

L A590 4
78900

LYSAETD

.B3%00

.Bas00
30900
R-3R-11 8

- 46400
132704
791040

LA7700

0300
65100
418600

-d0pos

33100

8 21 K1

L821040
46804
.82900

L2E700

85000
37400
04404

LEF000

L2700
71600
L58300
.33800
00000
80000
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* DaTA MANIPULATTON

EREFS R LTSS SN eSS ILRSAT LI EFTRRIESL LT TEET LTS TEILTECTEELEITTES 32
TRNTTTAL, CaLTBRATION OF GAUGE BPSY

Dot File nome: DATA
Mumher of ohservations: 42
Number of varigbhles: &
voriagbhles names;

1. APPL TODRK

2. v TS QUT

Subfailes:  NONF

INITIAL UALLBRATION OF GAUGK EPSt

Yariahlie % 1 variable & 2

QBSe

b B.O0000 g.a0o0q
o 180.00000 ~. %1609
3 &00.00000 -~ BEB00
4 2p0.08000 -, 13400
S 18G0.00800G0 .nsa00
& 2400 .00000 el-y=diayl
7 %B00.00000 CASTFO0
8 3600.00009 LA3600
9 A200.00000 .B84900
10 4800, 00000 i.03700
Al SADQ. 08000 i.21600
LE H000.800080 1,44000
13 6600, 00000 1.64900
14 F200.0G00040 1.8%000
15 7800.,000040 2.03040
ik 2400.0060040 2L 18R00
17 g0, 00dg00 2.37900
iR 2400, 00p00 2.33000
19 7500.00000 2.0%200
20 7200.080000 1.869080
21 a600.80000 1.67400
] 6000.060G0 1.49800
23 2400 .00000 1.303040
g1 4800.,00000 1.09740
25 A2u80,00000 L23500
25 2600.,00000 74300
7 G000.00000 . 54200
pd=] 2400.0p088 .E6H300
oY 18040 . a0qus LATR00
>0 s200.00000 - . GU904
34 &00.00000 -, 20380
iz 180.00000D - 42200

33 p.o0000 CU3500



34 i80.00000
35 %000.00000
36 &000,00000
37 ep00,.00800
K1 2600.00800
39 &000.00000
40 3000.080000
51, 180.00000
a2 g.00080

-. 53600

Aen0d
4.870010
2.3%500

) 251700 ..

1.43000
L 494500

-.20000
L0130
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* DaTa MaANTIPUL ATION

30 30 R K o T M0 B A oK R K 0K R S A 0 K 0 B0 T A oK K T K6 o O R A K R o sk e Rk
INITIARL Cal.I8RaATION OF GAUGE (PSSt

barn file name: DaTA
Nymher of observations: B4
Mymbar of wvariables: 2
Vaorinbles names:

1. APPL TORK

2. vl TS OUT

Supnfiles: NONE

TNETTAL CALIBRATION GF GAUGE CPSY

Varjable % 1 Variable & 2

DES+H

i a.oooo0 o.a80090

2 i80 . 00000 .28800
3 &00,.00000 562046

4 i2p0,00000 Lahshn
S 1800.00000 LB3500

& 2400.00000 1.03260
7 3600,.00000 1.19800
a 3600.00000 1.37600
° 4200 . 00008 1.5700¢0
10 4800, 46000 1.759080
11 S400.00000 1.74200
12 &000, 00000 2.11508
i3 &600 . 00000 2.295%00
14 7208._00000 2.48%00
15 b600. 08000 2.30800
is &£0408.00000 2,12%00
i7 2400, 00800 1.94%00
18 4500.00000 1.7%000
19 4200 .000040 1.575G60
1] Ie00.u0000 1.28800
a4 3000 .00000 1.215600
= 24p00.00000 1.03000
3 1800 .00000 .85%200
24 1200,00000 LEET0D
AT hKoo, 00000 . 48000
28 180 . 000800 27780
o7 9.00000 g.noag6o0
28 180 . 008000 .28a00
=9 &0 .00000 CAPB00
30 4800 .00000 .Ba%500
Kk 3000.00000 1.230080
£ 3es 4200 .00000 1.60300

38 w440 ,080000 1.96300



e
23
54
ne
=1,
97
oy
ne
&an
&1
&2
hE
&4
hHhS
a6
i
&0
g
74
74
7
73
74
9
7E
77
78
79
20

"
o

[l

H3
84

6600, 00000

7a2te.0000¢
&000.00008
4800 . 006000

~3600.08898

24090.000090
5200.00000
i80.a0000
2.00080
188.040000
i260. 00600
2460 ,00000
3600, 008000
AB00,00000
H000.080804
7e00.000040
B&0N . 08000
S400.00000
4200.00000
igo00.00Q08
ABAG. 00000
600 . 000040
180.00008
0.00000
n.o0p00
+8G.00000
&0C. 00008
1200,6006G40
1200, 00000
24G0,890040
3800 00000
3&00.00000
4200, 06000
4800, 00004
S400,0G000
&0400,.80000
&600 . 05000
7200 .00000
600, 00000
a000.00000
S408.00000
AG00. 00000
4200.00000
3600.00004
3400.500490
2400 ,00000
1800.,00000
1200.00000
H00.4600040
250.,0000y
n.apood

2.33200
2,%2400
2.154600
1.79600

——_1,A0400_

1.0&62040
LZ0060Y
. 33900
0300
LA30600
.6&HA010
1.04100
1.39600
1. 7A000
2.12300
2.485600
2.31600
1.94800
1.59000
1.21900
85400
JAFEG0
L.E50000
G.00000
D.g00400
L30900
251000
68900
87080
1.04904
1.22000
+.40200
1.88200
i.77240
i.993408
2.13300
2.332240
2.50300
2.33200
2.154040
1.96500
1.788010
1.8&0400
1.44840
23400
1. 062400
.B8&3040
&8940
LS0e00
.28700
.gou2nn



APPFNDIX D

TORQUE CALTBRATION RESULTS FOR GAUGES ADS1 AND BFPSI



Oct-04-00 04:58pm  From-TAC/CCMTA

+B137361395 T-251 P.17/45 F-805

xxx*xxx**xmmxxm**u*xw#*x*m*m*****x#mmx#m***#m*xxx****mmxmm#x#x*x*x**#xmx***mmwm
¥ DaTA MANIPULATIIN

*###***K*#*#**##***X******#**K#*K*#K*#*##******K**#*##**K*#***#**#********#**#*
TORQUF CRALIBRATION RFSULTS OF GAUGE ADSH

nnme: BRAKAD:FB
ghsecvations: @
variables: 7

bnto fiie
Number of
pumber of

variablas nomMeEs!
1, aPPL TORK
2, BRAKE PSI
. BUAKE TORK
4. BFAM TORK
<, TOVAL TORK
&. RENDING Vo
7. CORRECT Vo
Supfiles: NONE
TORQUE CARLIBRATTION RFSULTS OF GAURE ADSHY
vneaahle ¥ 4 vnriahle ¥ 2 ynriable ¥ 3 yaritabhle % 4 Vnrinble #
yariable ¥ & variable # 7
RSk
1 1200.00000 97 ,00000 1380 .00000 -750.00000 23350, 0480
L o0%s00 -, 73901
o 2080 . 004040 Gr.00000 1%306.00000 —2%50,000010 Z4.0.0u00
L00s00 -4, 07600
A X420.00000 22,000040 1380 . 000460 ~750.00000 45590 . 001
L0500 -y, 4%800
4 4530.00000 5. 00000 4350 .00000 -250 . 000080 o780 . 00¢
. 00%049 -y . 83300
'y &000,00000 g0.00000 1350.00000 -250 . 00000 7400 .00
.ousod ~-2, 23500
Fat 7080.00000 g0.00000 1354y .00000 ~250,00000 21806 .00
.aps00 -7, 58700
7 540 .006000 g0.000040 1350.,.000080 -250,00000 Za40 . 010
, 20500 ~3, 40800
=] S460,00000 /72 .00000 1.3%5 . 00000 -2%0.000080 5545, 04
, 10900 -2. 06300
9 A4R2436.00000 g9.00000 1335, 00000 -250 . 00000 qeRs ., i
,nas00 -3 . &6&500
10 3520 .00000 0 .00000 1350 .000084d ~a5y . 80004 4234.00
L uosian —-1.31700
11 s806.00000 25 .00800 y4R5 00uo0 -5 ,.00400 YS90
00500 - . 31400
12 66000000 107.00000 1605.00000 -5 .00000 2045. 040
Logsnn -, &50%00
13 oap.00000 8. 000090 1470.0060a00 -750.0G000 2928,040
.oose0 -, 62100
i4 1800.00000 97.000090 15855.00000 ~P50 . 000400 w009, 0¢
.poson -, 92400
At 2840 . 00000 97.0048040 1455.,.00000 P50, 00080 A408%.0(
L 00s00 —~3 . R7400
175 .. ABR0 . 00000 94.00000 1410.00000 ~25%0.000800 5240 . 0



18

19

Dct-04-00 04:55pm

L00s08
A6H00.00000
.hosho
77266.00000
N 1R13=1141]
GOR0, 00000
L 06%00
ABA0 . 00000
.B60500
3720.60000
L nosno
2860.60000
Luoson
3200 .00000
.ufson

From-TAC/CCMTA

-7, 02900
92.00000
-7 45501
92.,000080
2. 65000
g2.00000
~7.211500
22.00000
-1..88200
21 .00000
—§ . 526010
95 .00000
-1 . 12900
gy .00000
—. 726040

+B137361395
1380 00000
1380. 00000
1388.00000
1386 .00u008
1365.00000
136500000

1Z65.00000

T-251 P.18/45

~250,00000
-2S0, 00000
=250, 00000
-250.08000
~750,00000
~2560.00000

~P50. 00000

F-805
7730 .

8391
b710.
59948,
4835,
Ba7S.

JLACT R0

Noaco

BRI

aaid
nago
RTRIRY
noat

noof



Oct-04-00 04:55pm  From-TAC/CCMTA

+6137361395 T-261 P.18/45 F-805

****m**xmm*#xm**w#mxm**xx*mmmm*mx*mx#mmmm*x*mxmxm#*xxxx*xm$$#*xmmm##$x*m$$x3k$#

* BATA MANTFUL ATION

*x$*$xm*xm*xx*#xxwmx$mxmm*m#xm**mxm*xm*xm#**xm*m#**x*xmm*x*#*x*wmmxm$*mwmm*xmx*
TORQUF CAl THRATION RESULTS UF GAUGE BERA

Doty file nome: BRAKEBR . FS
Number of phs@rvatlions: K3
Mumber of variables: 7

yariablas names!:

v

1. ARPL TORK
v, BRAKE PST
% . HHRAKE TORK
4, BEAM TORK
5, TOTaL TORK
& . HBENDING Vo
v . CORRECTY Vo
SubFfiles: MNONE
TORAUE CALTBRATTION RESUW.TS OF GRUGE EBPSA
voriaplie # 1 yariable $ 2 vgraiablie ¥ 3 varwnble # & Yaoriabls %
varigble #+ & variabhle # 7
arsH
i -6500.00000 90 .00000 1358.00000 2a4,00000 290,000
L2700 -, 25300
e ~1 440 . 00000 on.00000 1356 00000 240 . 00000 1%6.000
L2700 L0700
A 4500 . 40000 940.,00000 1s50.00000 =a0.000009 U .50
L2700 2600
4 -32000,00000 89 .00000 1335, 060000 240 00600 —4425 . DUl
Laz27e0 . 49800
5 —4200.006800 92.00000 1380.00000 240 00000 -RnE0 . 00t
1A 111 L B&eZND
& —-53450 00000 j07,.040080 1460%5.00000 2a0 . 00000 ~%49% .00
L BR700 i.,49000
7 —-&5600.00000 11i9,00000 1650.00000 24000000 —-47106 ., 001
.az70g 1.%4000
8 -7740.00000 £10.00000 1650 . 00000 map. 00000 —-5gaf .10
Lo27u0 1.90740
@ -Egy . 0900 140.00000 1A, 00000 240 . 00000 ~53%1908.,00
L0200 1,73800
1.0 —su00.G6000 A0y . 00000 1635.000800 oa0.00000 —-g13%, 00
L2700 y . 3a900
14 -45460.00000 109.60080 1R35.00000 240 .00000 -~-2585 .00
LOevon J7a2100
e ~-EZ500.00000 107 ,00000 160%. 00000 240 .u0000 —175% .00
Lo2v/00 L2940
13 ~pa60,.0u0ho 106.00000 1590 .0060080 240 . 00000 ~6%0, 00
L, 02700 28009
¥ —4 680 . 000G0 10%.00000 1587%.00004 g0, 00000 135,00
Laz7al .05404
193 -4 H20.00000 Y04 .00008 1%60.00000 2ap,.00000 84 .0¢
.02700 La2900
16 ~-4%080,00000 g5, 60000 1425, 00000 ~40,00000 PN =T i )
AN .ooigy



L2700
-2540.006000
.p27on
—3540.080000
02709
~4R%0.000600
Lp27en
-S540 . G0000
L2700
-708u, U000
.pz7a0
-8340.00000
.az2700
-78050.00000
LB2700
~6420 . 000600
LOR700
~Ga4080, 00090
La27ad
-43200,00000
.0@z700
~%060 . 00000
Luzzin
—5860.00000
Q2708
~1440.00000
L2700

yUauuy
9% .4000646¢0
25100
or. 060000
64200
g2.060000
i.02%00
gz . Qooaon
1.39100
4 ,00000
§.7%0600
Zi.8040600
2.13300
23, 00000
1.98%00
Z1.06000
3.5 &600
g4 606GG0O
1.74600
Z0.0000G8
.88960
2d.60000
L SRR00
Fu.g80000
15180
on.0u0e0
L B3Z00

L39S . 08000
1380,080000
1388 . 00000
41380.06000
1365 .00000
1Z6% . 00000
136%,00090
3365.,00008
134500000
1350, 08000
1350 ,00000
1350 . 00000

13%0.06000

249.004000
240.6006G00
240.00000
230,00000
240.,900000
Aaf . 60030
2ai.g0000
240,00000
Z40.000080
Z40.00000
240,08000
Ta40.0060060

240,00000

=705, 0000
—-4920. 0000
-3160,0004
~4E20 ., 0000
=5475, 0409
-&735 . 0408
-649% . 000¢
-a815.¢uol
—i79%, 00 0]
—2&10. 00w
~4 78, 000!
~-2706.u0u0

150 .000



APFENDIX E

TORQUE CALTBRATION FRROR ANALYSIS CALCULATIONS AND RESULTS



The physical errors present in the system while calibraring
are;

for Brake Application Torque;
TBR = {moment arm)(brake ailr pressure)(diaphram area)
arrors;
moment arm = 0,5 fr £ 0,1/12 fr
hrake air pressure = recorded reading =3 pail
diaphram area = 30 in? = 1 in?
for Applied Torque;
TAPPL = {load cell reading) (&6 fr)
BYrOoTrs;
load cell reading = recorded reading 5 lbs
o TAPPL = recorded TAPPL + 30 fr*lbs

The heam torque contrlburion is error free.

Ir is desired to combine these errors in order to find rhe
extreme limirs of the resulrant torque.

For gauge ADS1 posictive is in che COW direction. Therefore
rhe resulrant torque is given by;

= T

Tzrg arer. ¥ Ter ~ TgraM

Teeg = Tappr * Tpr — 230

for the lowesr extreme rorque (to be used in calecularing cthe highest
extreme line).

TRESLOW = (TAPPL_3O) + [(recorded pel - 3p=2i)(0.5fc - %iL ft)

(30 in® - 1 in2)] - 230

for the highest gxrreme rorgue (to be used in calecularing the lowest
extreme line).

= 0.1
TRESHIGH (Tgppyt30) + [(recorded psi + 3 psi)(D.5fr + 5= fr)
(30 102 + 1 1n2)] - 250
The error analysis iz only valid 1f we cransform the actual
calihrarion ploc inro the first guadrant of the carresian plape. This

iz acromplished by ignoring the negarive bridge ourput voltage, that
iz, a mirror image in X.

For gauge EPS1 posicive torque is in the €W direccion,
therefore;

Tres = Ter T Tepam = TappL



A transformation of rhe BPS1t calibration plor requires all
torque to chapge sign, a mirror image in Y.

“Tres = “(-Tappr) =~ Ter ~ Tpgan

To calculate rhe hest fir line giving the lowest exrreme line
we require the greatest possihle resultanrt torque where the brake
rorque contribution has to be rhe lovest possible value hecause of our
sign conventinm.

0.01
i)

T = =(=T ~30) - |{recorded psi - 3 ps1)(0.,5 -
RESyren APPL [ P

(30 in? -~ 1 1in2)] - 240

Using rhe same logle, the highest extreme line is given by
the lowest Yesulrant corgque.

T ~(~T ppy.730)~[ (recorded pai +33¢0.5 + L91y(30 in2+41 in?))

RES; g

- 240
The procedure explained in secrion 3,9.2 is followed giving
the error in elacrrical calibration and gauge senzicivicy. The

resultant torgues and voltage outpurs used for these caleunlations are
lisred in the tables which follow under columns 4% and 5 respectively.

Sample Calcularion Using the Resulrs of Gauge ADS]

For the highest exrreme line; a besr fir line is calculated
using the ordered pairs,

(T Vog)
RESpoq” 1
to yield;
v o= 3,20 x 107% X + 1.22 x 1077

Applying rhe least squares ervor caleulation for the range of
ar

from [3.%11a]

c - LTI SE[EEEI%EEEili]% < a < C+ Tas2 ° SE[EKE:éZEEilEJ%
where using a 95X confidence interval t0'025
for 22 degrees of freedom = 2.074
n = 24
Se = 0.012
§ = 229,1 x 107

XX

(F = )2 = 1.381 x 1010
.

1l



We want to calculate the highest exrreme line therefore;

Cy

_ 7 10}
24(229.1 » 1Q7)

€, = 2.485 » 1077

Calcularing the highest extreme slope from {3,9iib]

M4 =M + 'Cn/2 . SEI-%C—]%

_ -ty 24 3
= 3.2 x 1074 — 2.074(0.012
) ) [229.1x107]

My = 3,221 x 107°
Therefore the highest extreme line {s;
YRIGH = 3+221 % 1074 X + 2,485 1072
Using the ordered pairs;

(T Voi)
RESHIGHi’ i

yields;
v = 3.20 x 107% % ~ 6.95 x 1072

Caleularing rhe range of the true lipe co achieve the lowest system
line from equations [3.9iia and b)

Sxx+(§ Xi)2 ¥

Cy =C-1¢ + Se Y - R
1 n/2 T ey
and
- n_ 1+
Mp =M+ oy se[Exx]
where;
t5.025 "~ 2.074
n = 24
Se = 0,012
3 = 229.1 x 107
®X
(5 xi)z = 1,381 = 10%°

C = ~6.85 = 10 = 10“2

M= 3.2 = 107



rherefore the lowest eXtreme line is
yiog = 3+173 = 107% X - 8.355 = 1072

summarizing;

yrow = 3+173 = 107% x -~ 8.355 x 1072 = MyX + Cy

I

_ ~4 -2
yypon = 3-220 < 107% ¥+ 2,485 = 10 MX + Cp

Considering the Vishay error in elecrrical calibrarion,
of rhe volrage reading).

v = 1,538
OF CAT,
v = (1.01){1.538) = 1.553
qIGH
v, = (0.99)(1.5.38) = 1.523
T.OW

(*1%

from equation [3.9ifa] the upper electrical calibration bound, using

rhe lowest extreme line, 1553

VOHIGH-cl
Xprgur = M T 5158 fr*lbs

from equation [(3.911iib] rhe lower elecrrical calibration bound 1s3

v -
_ orow 4

X1EFT ~ 4 = 4651 fr*lbs

The actual electrical calibration recorded 1s;

1.538 volrs = 4898 fr#®lbs

X - 4898
RIGHEB x 100% = +53,3%
X ~ 4898
—nggq-g-— = 100% = -5,0%

Therefore for gauge ADS1;
1.538 * 1% volts E 4898 = 5% fr*lbg
Calculating rhe zauge sensirivircy range;

Gain = 1000
Execitation Volrage = 5V

calibrared gauge sensitiviry from [3.8v]

Eh%:EE = 3.125 fc¥lbs



from the highest extreme line;

0.2 mV
V+

3105 fr*lbhs

from the lowest extreme line;

0.2 mV

v'l'

3152 fr*lbs

caleulating the percentage deviation

é;gig%fglgi x 100% = —0,6%
3153 — 3125 . 100% = +0.8%

summarizing;
alecrrical calibrarion error for ADSI;

1,538 t 1% volts = 4898 = 5.2% fr*lbs
gauge sensitivicyl

0,2 £ 12 mV -

M=o = a2 D8 E 3125

V+

1+

0,7% fr*lhs

alectrical calibracion error for BPSL;

n = 30
th/2 for 28 d.o.f. = 2,048
_ -4 =2
Ty = 3008 % 10X+ 1.69 = 10
-4 -1
yhigh 3,146 = 10 X + 1.156 =< 10

1.525 * 1% volrs E 4689 x 5,47 fr¥lbs
gauge sensitivity

0,2 i+1Z oV = 3215 = 1,3%
v



A 4G 7 3 3 4 A 386 0 20000 o 6 334 S 4 B 28 SHC A Ro0 o 0 0 D O SRS oSG AR S R O 6 R o R O R O 0 R o 5 R O O K oK oK o A

¥ paTAa MAaNIPUL ATTUN

FOR K R 5500 30 8 8 0 00 K K B K 3R K 3 06 T 7 2 0K X K R Tk K 3 A R 06 R R K K R R K R R R R R R R
ADTUSTFH TORQUE VALUES FOR THE HICHEST EXTREME LINE 0OF abSsi

Data file name:; UPERRA:FB
Momber of oshservariens: 24
Number of variobles: §

Yariahles names:
APPL TORK
BRAKE PS1
BERAKE TORK
TOTAL TORK
CORRECT Vo

[Eg - TP B

Huhfirlaes: HNONE

ADIUSTED TORGUF VALUES FOR THE HIGHEST BEXTREME LINE DOF abbi

variavle ¥ 1 Variaoble & 2 Variabhle # 3 Yariable ¥ 4 Yariable 4

DESH
;! 1270.00000 B2.00000 1288, 34917 2208 .000404 VPR
2 2250.00000 8%. 00000 1288, 34917 I2EB.000600 1.076
A E570.00000 Be.00000 1288 .34917 4428.00000 1,438
& 46%0.06000 g7. 0604008 1259 . 39750 SeSY.00000 1,833
% SP70.00000 g87.00000 1259.39754 6979 .000040 a.235
& 7050.00000 g7.00000 1859 .49750 B059.000040 2.587
7 6510.00000 g7.0008040 129%,39750 YH19.00000 2.aud
8 545000004 Bb.00000 1244, 92167 &A2S . B0U00 2,083
Ky 4170.00000 8. 00800 i244,92487 5165.00000 1,685
10 Z0%0. 00000 g27.00000 1259.39750 4099 . 00000 1.3%7
11 1776.80000 ?2. 00080 1331.77867 28%2.00400 (P14
= 630.30800 104, 00000 1505, 48867 1BBS . 000uUD L6073
13 870.00000 2%.00000 1375, 20417 1995 . 08de0 .aa2ld
1 i770.00000 ?4. 00000 136072833 280H1.060000 LRERE
1% 2a8%0.00000 24.00008 1360, 732833 3961 .00000 1,974
1& 40%0 . 00000 @L.00000 1317,30083 117 ,00000 L BAE
17 5250. 00040 Fu.00000 1302 .82500 &:035.000080 2.1085
18 a570.00080 a%. 804an0b 128B8.34917 JE08. 00000 A
19 7230.000060 899 .000060 1288.349947 gZ248.00000 2,651
20 Lea.00u00 g89.0a080 1388.34917 &5BR.OGNDE 2.1
24 ARZ0 . 084800 8%.06000u 1288 .34717 SEeB. 00000 1.848:
22 3e90.00000 ga.00d0080 1273.87333 47t4 . G0GO0 1. 53¢
2% 2430.00000 28.06000 1273 . 87333 3454 . 00000 p S A

24 1170.00000 gg.0o0600 27387333 2194.800u0 s



HIGHESY EXTREME PARAMETERS FOR GAUGF ADSL

BLGMA XK= AL 1T7SFY0S
S1GMA Yu.= 3.784E+02
SIGHMA Xo¥Yi= 2,15BR+05
SIGMA XikXi= &.709E5+08
SIGHA YiIkYi= H.9741E+01

¥ UF DATA PTS.= Z.40006+01
e ues= 2.074FE+40

Srx® 2.29ik+09

Byy= 2.241E+02

Sxy= 7,3B1F+0S

Bex= 1. 167F-02

Tt UPPER EXTREME LINE TS5

Y = %.20E-04 X + 2,48%-02



S, SRR o ok o8 o R A G A o O 7 R 0k D R 0 A o 6 0 0 SHC 0 A D A 0 A S O AR e R o KR R A 0 0 2 R R K A AR A R

# DaTa MANIPULATION

RSP AT EFTELEEEFR LS TEREFTTILETEL ST ESLET P EFTELL IS FNEEE LR EERI RS EVEE
ADJUSTED TORAUE VALUES FOR THE LOWEST EXTHEME LINE OF ARSI

Data file name; LTERRA:FH
Number of abservhlions: 24
Numier of variables: 5

Ynriables nimes:t
. APPL TORK
BRAKE PSI
BRAKE TEORK
TOUVAL TORK
CORRECT Vo

[Ea RS Rt

Supnfiles: NONE

ADTUSTED TORGUE wALUES FOR THE LOWEST EXTREME LINK OF ADSHL

Ygraiabhle # % Variaoble $ 2 Vnriable & 3 Vorinble ¥ 4 Variaoble #

055
i 193%0,.00000 9%.000800 1474,9%417 Z4%5.00000 s
2 2%330.08000 5. 000040 1474, 9547 3253% . 00000 i.076
3 345G.00000 g5 . d0ano 1LA474.9%417 4675 . 00080 1438
4 g730.00000 3. o0n0o 1443, 984250 “e64.00d00 1,833
) 5G30,000800 ?5.00000 1443 . 90250 7224.00000 oA L=
& 7110.00800 3.40000 1243 . 90250 @3pa.00000 2,587
7 &576.00000 ?3.00000 144%,90250 7764.00000 = =
g8 w4%0.00000 F2.00000 1428, 37667 HeeB . 00000 2,883
9 4230 .600090 22.00000 14288 . 37647 S408.08000 1.645
10 35%0.00000 23.000800 144% . 20250 4Z44. 000600 LS.
ia 183¢.00000 98.00000 1521 .93167 J1o2.00040 714
ia &ol. 00000 11g.00000 17087 .84a157 2148.80800 Lald
] Z30.000400 101.88008 1568. 10917 2248.00000 B2
14 i830.008000 100 .00008 1552, 58333 3133.00000 e
i 22490.08000 106.00000 1552 .58333 4213048000 .27
ie 43130.490000 @7.00000 1540k . 00583 366 . 00000 R N
17 S310.90000 F6H,050004 1490,48000 &5%0.004800 2,062
18 L6350, 00000 %5, 00600 1474 .92%417 7855.008400 245
19 7290.006000 g%.08000 1474 95447 82%15.00800 z . 6591
2 610.068000 ¥5. 00000 1474.2%43%7 &83%.80000 2.4
o1 48%20.,004G080 ?5.00000 1474 .9%417 &£315.004G00 1 .88
s 3750.00000 74 00000 1459, 42833 495%2.080000 1.52¢
23 249000000 ?4.00000 14%% . 42833 I69%.00000 L

24 i236.00000 g4, 00000 1459 . 32833 2439 .90000 LR



LUWREST FXTREME PARARETERS FOR CAUGE ADSAL

SIGMA Xi= 1 .R3%E+r0S
SIGMA Yim 3.7B4E+01t
STEMA XikYi=  2.2%1iE+US
SIEMA XaixXs= 7 ZA3F+OB
SIGMA YikYi= &,.941E4101

4 OF DARTaA PTS.= 2.400F+0)%
10,025 2,0748E+00

Sxx= 2.286E+09

Syys  2.341E+02

Sxy= 7.FL3ET0S

Se= 1,d23VE-02

THE ILOWER EXTREME LINE I5

¥ = 3.,173E-84 X + ~—8.395F42



7 . 8 0GR K 0 e A K S G A A e 2 50 S 2 8 BN o O 88 40k ok T O 3G DR 3 T ORI T R OB 08 T 26 ROBC R o e R R O R R K R K

* DARTA MANTPULATLON

K A K 0 R KO TR S O 0 K 00 2K 3K 0360 0K 6 RGO e A 2 o 0 A 6K K o 8 RO S 3K R RO 0K R KR AR KR K
ADJUSTID TORDUE VALUFS FOR THE HIGESYT EXTREME LINE OF &PSY

Data file name: UPERRRB:;FE
Nuymbaer of phservatjiens: 30
Number of variables: &

Variables nomes;
1. APPL TORK
2. BRAKE PST
% . BrRAKE TORK
4, TOTat TORK
5. CORRECT o

Subfiles: NONE.

ADIJUSTED TORQUE VALUES FOR THE HIGFST EXTREME LLINF OF LPSY

Ynrinhle F 0t Varioble & 2 variakle ®# 3 Varinoble ¥ 4 Yarinble &

LHESH
1 S70.00000 %% . 00040 ~1443 . 90250 -1t14.082000 -.9%3%
2 1410.00000 93,00000 31443, 90250 -274 . 00000 807
3 1470, 00000 9% . 06000 -1443,908250 -P14.00000 LORH
4 2970.00000 g2.00000 ~$428 . 37687 1302. 06000 . 495
g 41708.00000 95 . 00600 -1 474 95417 2455, 000480 Bap
& SH30.00000 110.00000 -3 707 . 84167 3362.00000 1.190
v 8570.00000 143 .000660 ~1754 ., 41917 AS76, (30000 1,540
8 7740.00000 $33.00000 ~1754,841917 S746.060080 1,907
5 7170.00006 113,00000 —1754 . 41947 5176, G0000 4. 7EE
10 5970, 00000 112.060080 ~1738.893%3 3991 . 00800 1,359
11 4530.00000 £12.,00060 ~1738,.89333 PS54.00080 93
12 3570.00000 110.000080 =707 . 84167 1627 .00000 L 6R%
i% 2430 .006000 109.000040 -16972.31583 498.00088 gel:18
14 16S6.00000 108.00000 -1676.79000 -267 . 00008 L 05+
15 1590 .000800 107.60000 -1661,26447 ~-3§4.00008 7 G
16 1470.00000 8.,00000 =t 0P1 93447 -292.06008 .80
17 1590.000080 97.00000 ~45U&. 00583 ~156, 00000 kS|
18 23%40,00800 S&.00000 ~$ 490 . 48000 S80.,00000 .2é
i9 3540 .00000 9% .0u4000 -4 474 95417 1{79%.00000 L b4
2 4770.00000 95.68000 ~1 474 . 95417 3055.0000D 1,02
a S%40.00000 95.00008 =1874,954417 4195, 00000 1.39
2 7050.00000 94 . 00000 ~1459  4FH33 5354 .00000 1,75
23 8310,00000 94.00000 -1, 459, 428753 £641.00000 3,043
24 7770.00000 4. 008000 ~1459 47833 H071.00000 1,98
g 5%70. 060000 94 00000 ~14%9  ARB33 4594 .080000 1.5
e $370.060000 94.,00000 —1459 . 47833 s671.00000 1,84
27 4370.00800 9%.00000 ~1443% 90250 2486 . 00000 .88
28 Z030. 008000 93%.00000 ~1 443 . 90250 1346 . 00000 52
ol 168350 .0066060 93.00000 -1 443, FO250 146, 00080 A%

3y 1440.00000 2%3.00600 ~1443.902%0 ~R74.88000 .03



H1GHEST EXTREME PARAMETERS FOR GaukF

EIGmA Xis &.835E+04
SIGMA Yi= 2.443E+01
SVGEMAa XikYli= 1.034FE+0%
STGRA XixXi= 3.09+08
SIGHMA Yikyis 3.482c+01

¥ OF DATA PTS.= 3.800F+01
TRE.025=  2.048E+00

Sax®= 4.618E+09

Syy=  4,479E+02

Sxy= 1.A38F+08

Be= 2.01&6E-02

THE UPPER EXTREME L INE 15;

Y = 3.,146E-84 X + 1 196E-0Dt

BRSY
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* DATA MANTPUL ATION

38 A T R ok K R o8 A R o 40 AR o A o o S o ok 2 o 0 2 38R e o 006 o 8 o o DR S OB R RO S RO
ADJUSTED TORGUF vaALUES FOR THE LOWESYT EXTREME Ling OF BRS

Dato fiie nama: LTERRE:FB
Number of ocbservatiens: 30
Number of variables: S

variables names;
i. APPL TORK
7. EBRAKE PS8T
3. BRAKE TDRK
4, TOTAL TORK
5. CORRECY Vo

Subfiles: NONE

ABTUSTED TORQUE VALUES FOR THE LOWEST EXTREMF LINE OF BPSH

Varinble # 1 Variaple ¥ 2 Varinble £ 3 variable & & Yariable #

DES
i 630.00000 g7 .00000 ~1259 , %9750 ~B6Y . 60000 -.253
2 1470.00800 87.00000 -1259 , 39750 ~-29,00000 LOu7
3 1530.00000 87 .00000 -1259 . 397580 31,0600 .82g
4 3030.0060680 86.000600 ~1284, 921467 1S4E, 00000 . 498
% AR50 .00000 8% ,00000 —1P88.34947 2702.00000 L G&7
& S370,006000 104 .68000 ~1505, 486467 3625. 00000 4,190
7 68630.00000 §07.00000 -{548.941417 A841,00000 1.%414
8 2770 .80000 207.00000 ~1548,91417 5981 .00000 1.5U7
9 7RE0.060D00 107,08000 ~1548.95447 5444, 00000 4 . 73%
10 6030 . u0000 106.000G0 ~1534 . 43833 4256 . 00000 1,345
14, 4590.06000 106, 00000 —4534 . 43833 ?R16.000060 EET
12 3530 .60000 £04,00000 ~150% . 4aBo&T B85 . 00000 . B2e
13 2490 .90000 103.0G000 —14%1, 01083 759.,00000 L BRL
14 1740.00000 502.00000 -1478 . S3500 ~7.00000 05
15 1650.06000 101.008000 ~14562 ., 05947 ~53 . 0 D . 038
16 1530.000060 92 . 00080 ~133Zy 77667 -42.0% .00
17 1650.00060 91.00000 -1317,.30087 9%, 0 CH o 03
18 A370.00000 90.00BE0 ~1 302, 82500 a2y . (0000 L 2h
19 3570 . 00000 8% .00000 —4288.34947 2042.00000 B4
2 4830 .080060 B9, 00000 ~12R8, 34917 3302, 00000 1.003
<21 S%70. 00000 89.00080 -1 288 . 34917 4442 . 60000 1,39
2n 7116 .00000 88, 00000 ~1273 . 87333 SS9&, 00000 1.7%
it H$370.00000 88 .00000 ~1273% . B7 333 5856, 00080 2.1%
24 7830 ,00000 88.00000 —1273.87333 6316, 00000 1,98
2% 5450, D600 83.00000 ~12%3, 87333 A935.00080 1.56
o S430.00000 gB.00000 ~{27% B7333 B91E . B0000 1.24
s 4230 .00000 87.00000 ~13%9.39750 2731 . 60000 8B
28 3090 . 00000 87 .006000 —1259 . 39750 1591 . 00008 52
=g 1896.60000 87.00008 ~12%9,39750 394,00000 A5

30 14704000040 87.00000 -~12%%9 . 39750 ~29.00000 .03



LOWEST FXTREME PARGMETERS FUR GauGE BHSY

SIGHA Xi= 7.589F+04
5TGEMA Yi= 2,443E+01
SIGMA XaKYi= 1. 097F-0%
SIGMA XikXi= F.461E40B
GIGMA YikYi= 3.402E+02

& OF DAVA PTS,= 3.000E+01
tR0.02%= 2,048F+00

Sxx= 4. be4E+3Y

Gyy= &, 4V9E+02

Sxy= 1.439E+04

Se= 1.818E-02

THE LOWER EXTREME LINE IS

¥ = %,.084F-04 X + 4,690E-02



APPENDIX F

DRIVE AXLE VERTICAL LOAD RESULTS
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¥ brRTA MANTPULATION

840 00 A R S A O K K K K340 A K 0 80 6 4 K a2 R KK 8 38 K D6 5 8 A A8 S SR 0 06 S 3 S o 0 A R RN S K ok RO R R RO K
NEW ZERD FOR REAR DRIVE AXLE (CALTERATION DATA)

Poilg fike name: CALERD:+E
Number of observaotions:! 13

Mumber of wvariables: ©

YVocrsables names:

1. TONNES
2. GaGkr DY
3. GAaGE D&
4, GACE P9
o, GAGE Po
Subfirle name beganning ohservoariou——number of sbhservations
1. 1w LDAE 3 v
2. DEC LUAD 3 S
NFW ZERD FOR REAR DRIVE aAXLE (UALTBRATION DATA)
Variable # 3 var.able ¥ & Voariabie ¥ 3 Variable & 4 Varioble &
Rpot
1 % . 38600 L 00208 —. 007060 —.0uz00 a2
2 Z.29800 89200 L4300 .28200 .a3%
3 4. 23060 16004 LR2E00 C3P800 AAR
4 b.01000 , 324440 47600 Leriul 1.34%
= 7950400 L5200 .BG200 74640 3,889
& 7.86000 76800 1.29800 1 .A¥700 At
7 11.15U60 CPA800 1. 67500 i.2vand 2.9%5
8 ?.884040u L7593 B0 1. 73800 1.20000 2.4al3
Vs 7. 88008 L2708 . 78800 CPHS0Y 1.934
16 &.B1000 32400 L4%200 -t g3 1.401%
11 4. 2340040 .15408 .21400 LA2A0Y LB1Y
= 3.30000 07200 L132460 RS 1] R WS
33 1.880U0 .003049 ¢.00a608 Laavan i (31



(YOLTS)

VOLTRGE QUTPRUT

4.5T
b HENORICKSON SUSPENSION
GALGE MONITERED; Da
4 @- FAIRBANKS MORRIS SCALL LSED TG MERSURE LOAD
VISHAY SERIAL #; O2412%
GRIN = 1028
EXCITATION VOLTAGE = 5V
3.5-
3.B—
2.5~
Best Fit foar T=MR+C where M= (1B, C= -.235 & ©= .993
2.8
Ecal of 1.528 VOLTS for Real! of 188 kohms = IV B2 TONNES
1.5 5
+ —— INCREASING LOAD
x ~—— DLCREASING LGAD
|
1.8~
1 x-
i
.5 - L
; I
3 ¥
| FJ__*F"
8.8 S
@ 2 4 & 8 19

NOV., 28, 1583

VERTICAL LOAD CRLIBRERATIOCN

LORD (TONNES)



TV OLTS)

wd

Ot

VOLTRGE

MOV ., 28,

— ey : ~y =~ — ATy TTT
VERTICH . L oRnb CRLIESAT IO

e ]

HENIRICKSCN SUSPENSION
GAUGE ~ONITEREEL; 08

f P FAIPRANKE MORRIS SCALE USED TO MERSURE LOAD

VISHRY SERIAL #; BZ4P73
GRIN = 1888
EXCITHRTION VOLTRGE «~ SV

2.5~

Begzt Fit for Y=MAtC where M= (171, O+ —.a348 & R= ,98:

Feal of 1.373 VOLTS for Roa! of 128 kohme = 11,810 TONNES

1.5
+ -~ INCREASING LOAD -
» —— DECREASING LOAD L
1.2
&
W5 %
é .
. .i'
3.0+ w T I s =
g 2 4 & 8

L 0AD CTONNES



NOv,, 28, 1885
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\J E_f\-? ! I\,H__ I B S P S S S S S R N
4.0
AENDRICHS0N SLSFEMNSION
GRUGE MONITERED; P.5
4.0~ rRIRRANLS MORRIS SCALE UBED To HEBSURE 1.ORD
VISHAY SERIBL #; B43343
GRIN = 1833
EXCTTRTION YOLTHGE = 5V
2.5—
2.8
2.5 —
Yeetr Fiy for Y=MX+T whers M= 143, C= ~.218 & R~ .856
2.a—
Fea® of 1.583 VOLTS for Rea! of 188 wohme = 12.B27 TONNCS
1_5,,..—.._..;— [ i = e e mm— . mm memmmama = === _—_——— e . —_ - - —- - —_———
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NCVL., 28,1985

L —'\—r N AT Ty =y N !
R SOl LLCARD CBLIRRATION
T G-
HEMDRICKSCH SUSRONSTION
GRLGE MONTITERED; PS5
4. p—~ FRIR3ANS MORRIS SCALS LSED 70 AEASURE LOAD
VISHRAY SERIRL &; B24apPrs
GRIN - 1833
EACITARYION VOLIRGE = Sv
3.5-
3.2
2.5~

dest it for YeMA+T ahere M (287, IF .42 & R= 954

2.8~
*
%
Foal of 1.588 VOLTS for Xca! of 182 kchme = B.83% TONNES
1.5~ }/
#*
+ —~ INCREASING LORD =,
# —- DECREASING LOAD '
L
*
L
= 'y
¥
I Rt 2 [Py S U U S L -
5 2 4 5 8 e
LORD (T0MMES:



?MK###**K**K**X**K***#*******m#*#K*K**#**}K##*:'Mt**K}h#*#mk#***#**#**#*#«X**m****##ﬂ(

M DATA MANIPUL AT DN

m*m#xm*#}t****m*mm#**:Iz:mkww****mBH*mt*mm#**#**m*##x##»x&mm##xxmmm#m#mx*mmwm*#*m
CALIBRATION — FRONT DRIVE AXLE

Dara f31le name: DATA

Humber of obhservatisns: 13

Number of varasables: S

vnriables names;

i. TONNES
2. GaCE o2
3. GAGE 0%

4. Gake PR
% . GAGE PS5

Lunsfirle name Degianing ebservatson——number uf obhservotions
i, IND LOmAD 1 &
-. PELC LDab v 5
3. EXTREMES 12 P

CALYBRATION ~ FRONT DRIVE AXLE

Variiable # % Vanriable # 2 vynriable # 3 Varwnble & 4 Varinble #

RS
1 Z.13000 Laugon 30N ~. 00200 R RIC
¥ad 4. 08600 L1080 184040 318Uy R
3 &.0sudu 42040 LA4600 .&Ballo 1.38%
4 g.03000 .41i00 LB0600 . 85200 1.940
e 10.04000 LHas048 1.358G60 1.0479040 2,537
& 11.26000 831800 1., 78501 1.3128040 A g
V4 ¥.94000 HL900 $£.45400 1.0%200 2.5
g 2.21000 38500 LAY700 -B%000 1.95¢E
4 6.00080 .2A3840 LE395040 .60%80 .37
10 4.13800 .131200 177040 . 52000 L&V
21 =.iz2000 807040 LAZ0G00 LOv0040 -, G
iz 2.2200u CB2200 —=.,40704¢ 03609 L0t
13 13 .5%0000 -B2700 11,7890y f.1r4000 LI T



{(VOLTS)

VOLTRGE OQUTPUT

NOV., 28, 13585

VERTICAL L O0AD CALIBRATION

HENDRICKSON SUSPENSION
GRUGE MONITERED; D2

4.m FAIRBARNKS MORRIS SCRLE USED TG MERSURE LoAn

VIGHRY SERIRAL #; B29125
GARIN = 1888
EXCITATION VOLTAGE = 3V

e

L
1]

B e R Rt T S

n
4]

Best Fit for Y=MX+({ where M- _BBE, 0= - 223 & R= .%982

ny
]

Ecat of 1.913 VGLTS for Rcal of IBB kohms = 28.177 TONNES

,_.
o

+ —— INCREASING LORD
* — DECREASING LOAD
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e
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(VOL TS

VOLTRGE OoUTPuT

MNOV., 28, 1885
VERTICHL LOARD CAL IRRATION

AENDRICHKSGN SUSPENSION
GRUGE MONITERED; D5
4.8 - FRAIRZANKS MORRIS SCALE USEDR TC MONITER LCARD
VISHRY ZBERIAL #; 224873

GRIN - 1883
EXCITATION VOLTRGE = 5V

3.5 -
3.8
2.5—
Best F1t for YsMX:C where M= 1BB, C= -.333 & m= ,571
2.8
: +*
© Epal of 1.525 VOLTS for Real of 183 kohms = 11,868 TONNES
] -!/F"
; i ) ) L
1,857 7 7 T ) i
.+ =— INCREASING LOAD L
i ¥ -~ DECREASING LOAD oo
1.8 .
. /./-"'/
. -+
s *
.5+ -~
o7 +
i ¥*
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*. e i
g.e i— B i Tt el
8 2 % & =] 12 12

el ( TONNES?



(YOL 153

RGE OUTPUT

.,.
&
1

YVOL

NOV, , 28,

15983

VERTICRL LCARD CALIZRATICN

%.51
! HENDRICKSCN SUSPENSION
CARUGE MONITERED; P2
4 p. ~FRAIRBANKS MORRIS SCRLE USED TO MEASURE L.OAD
VISHAY SERIRL #: 845349
GRIN = 1308
, ExCITATION VOLTRGE = Sv
3.5~
3,2~
E-ET
Hest Fit for Y=MX+C wyhere Mw 128, C~ -—.213 & = .393
e-af

" Fea! of 1.333 VOLTS for Real of 1BB kobms = 13.836 TONNES
1,5 - - - -

+ — INCREASING LGAD

. % -— BECREARSING LORD

1.8 L E

E -
. "
.5+ -

| _*- -
i e
]

2.8 _;_,.___._____.‘—_/,.-f*i_..__ e et e e s sl
5] = 4 8 8 1&

LOAD (TONNLS)

e
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(VOLTS)

YOLTAGE OUTFRUY

NOV., 28, 1985
VERTICARL LOAD CHRLIBRATION

ACNORICKEON SUSPENSTON
GCRUGE MONITERED; PS5
4.8~ FAIRBANKS MORRIS SCRLE WSEDR 70 MEARSURE LOAD
VIGHAY SERIAL #; 824878

GRIN = 1388
EXCITATION VOLTAGE = 5V

3.8~
2.5~
Best Fit for Y=Mx+C where M= .278, C= ~.584 & R-1.067 "
a.@-
‘ #i
Fen! of 1.519 VOLTS for Fcal of 188 kchme = 7.735 TONNES
1.5F © 7 T - o
A
+ —— INCREASING LOAD
* ~— NECREASING LOARD
1.":"
: %
s

f .

i r
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4 5 8 18
(OAD (TONNES)
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TRATLER AXLE VERTICAL LOAD RESULTS



R TR s 86 R AR TR O R A RO AR R ok 3 e o KR B U oA R o R s OB S ok R ol 0 T R SSRGS R o S o ko o o kol A Ak

* DATA MANLPUILATLON

0 30K T 0K o 0K A B RO R AR SR R R A TR o S R A A O R 3 K K K K K 6 KK S R 00 3 A K K R A R R s ok A R
LA TRRATION OF TRAILER AXLE #3

Data file name: DAETA
Nymher of sbservatiens: 10
Number of warinohles: 3%

Variables names:

5. TONNES
2. ADS2
3. aPse

Suhflles: NONE

Cad TBRATION (W TRATLFR AXLF $1

Variable ¥ 4 varianle % 7 vnriakle # 3

VRS
4 e.80000 —.00u60 ~-. 60010
2 3.%7000 .78370 . 84450
3 5.2%000 144790 LLE23N0
4 &.48080 1.37830 1.49110
s &£.97000 1.40000 1.50749
& 7.920480 i.e82210 1.729384
7 8.3a6000 1.78500 1.900%0
o H.51000 1.39470 1.5%:4008
K 3.74000 799400 .F17840
it 0.06000 -.00400 01430



| T3
[ S—

AGE OUTPUT (VO

i

VOl

NCV., PR, 1585

VERTICRL L.0RD CHRLIBRATION
“5.51‘*

i NERAY AIR SUSPENSTON
GRLGE MCNTTERED; RADS2

4.0 — FRTEBENKS MONRIS SCALE USER TC MERSURE [ ORD

VISHAY SERIAL #; 224123
GRIN - 1B2d
EXCITATION VOLTRGE = SV

3.5~

3.8

Best Fit for Y=MX+0 where M 213, C= BZ¥3 4 R=1.008

2,3-; Fral of 1.545 VOLTS for Reazl of 1B kenmz = 7.243 TCNﬁEé

.-1-.-
o
1.5 H
‘ . >
w —— INCRERSING LOHD .
¥ —— DECREASING LORTD
"
1.8~
: '37*
‘ B
.5+
s -
a-a*i_ i e S ittt g e e ]
a8 2 4 153 a8 18 12

LOAD (TONNESJ



(VOLTS)

VOLTAGE OUTRPULT

1.8

h e

NOV,, 28,

19485

VERTICAL LOAD CAL.IBRATION

NEWAY AIR SUSPENSION
GAUGE MONITERED; RFS2

FRIRBANKS MORRIS SCALE USED TO MEASURE LORD

VISHRY SERIAL #; B24879
GRIN = 1808
EXCITARATION VOLTAGE = 3V

Best Fit for Y=MX+C where M= .23}, C= LBEY & R= .895

7
Focal of 1.587 VOLTS for Rral of 188 konms = 6,383 TOMNES

LOAD (TONNES?

/
/.f
./.-"r
- //'1—
b L o o //,
1.51 /4{7
' 4 ~— INCREASING L.OPD o e
# —— DECREASING LOAD e :
A&
s
__/
*//, ‘
!KK i
.-/ ,J
P
p
//
E.Biii:—- == ~r— - e o - - t i
g 2 4 5 8 19
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0 K A6 S R A R O R R TR o o T O T DA R o T S T A 0 R0 R R Sl R R o R R s A A kOO 2 kRO R K ok
* DaTA MANLIPULATION

KR 0o 2K o KA K 3K 86580 0 33 KK K36 ARSI K 0o 9K K 838 50 7K 30 0K K R ok 28 KR 0 ok 3 o K 3 K K
CALIRRATION OF TRAILER AXLE #2

Dauta fite name: DATA
Mumher of oh&G&srvotions;: 26

Number of variables: 3

variables noames:

1. TONNES
¥, Bngz
3. EBRSZ

Sunfirles: NONE

Cal TERATION OF TRAILER ARLF %2

Varsnble ¥ 1 Varinble @ 2 Yrnriahle & 3

ORS#
1 0.00000 -, D04kl LDaE90
7 1.92000 .BZ0B0 ARG
K 3.9%2000 1.540540 F3E980
4 S.91000 2.,22800 Y. A770D
b 7.9%000 2.970060 1.99000
& 10.64000 X.86840G40 2.%2600
W 1125000 4. 00400 2.93200
& 10.02800 i,68200 2.55800
9 3.00009 2.998010 2.000040
10 &.00000 2.29%00 1.%1400
11 4.810040 1.596820 L 98320
12 2.08000 .BBOGY L4750
13 4.00000 L1600 ~.01300
14 g.uynnoo L1300 -, 41600
15 F.93000 1.%4200 L9A9400
186 7.21000 2.,.95000 j.97000
17 11 .214068 4.42¢00 2.90940
ig 7. 9H0800 2.9500 1.97500
4 9 Z.95006 1.52700 .95860
ZHi g.poopg n.eon0p 6.00800
oy 3.94000 1.93570 26080
se 7.97800 2.9584¢0 Z2.00600
24 11 . 23000 4. 30300 29722040
2% Z7.95%000 2.9%40¢0 2,0030y
ol F.940u0 1.591820 L9470

= 8.00000 0600 LA030Y



(VOLTS)

VOLTRGE OUTPUT

NOV., 28,1383

4.9 T
| REYCO LERD TANDEM AXLE 4 SPRING SUSPENSION
' GRUGF MONITERED ; BDS2
4.p_ FRIRBANKS MORRIS SCALE USED 7O MERSURE LORD /Mf
: s
vISHAY SERIAL #; @24125 .
GRIN = 1228 #
| EXCITATION VOLTAGE = 5V .
3.5— ,’
. &
t’l
3-8"" %e,
: ;

Bes+ Fit ¥or YaMUs( where M= 368, (= LA74 & R= ,589

'

Feal of 2.188 VOLTS far Rea! of 128 kohmg = 5.87% TONNES

2.5+ /s
X,
2.0 g
1 S
. %/
1. 5 "‘ ,_/
3 o T+ —— INCRERSING LORD
| o «% ~— DECREASING LOAD
1.8+
: oy
T
_,f
f_
.5 g
e
7
ra
E‘ B r f _——— - - - — e —apm —mee— - e — = m e = 1
a2 2 4 & 8 18

LOAD (TONNES)
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(VOLTS)

VOLTRGE ouUTRPUY

NOV., 28, 15885

VERTICAL L0ORD CHALIBERTION

.57
!
; REYCO LERD TRNDEM AXLE 4 SPRING SUSPENSION
GAUGE MONITEREDR; BPGR
4.8—:;" FATRBEANKS MORRIS SCRLE USED TO MERSURE LORAD
VISHEY SERIAL #3; 824875
GHRIN = 1208
3.5 EXCITATION VOLTRGE = SV

Baget Fit for Y=MX+{ phere M= 257, (= -.@39 & R=1.208 :}

1.5+ 2
: e 3 + -— INCREASING LOAD
- | #* —— DECREASING LOAR
1.8 - ;).(-"
. Vo
. ,-/
: s
. ’ /
.5 ,*/
. +
l s
; S
L
1 s
3. :LL---"—*-——-----I--——--— s kit S
! 2 4 ) 8 12 12

L ORD (TOMNESS



SR 00 A A R R A T A SR A S A SR O AR G K K2 O 0 0 S o0 o A SR B o R0k 2 SR o R o S R R R KR R AR R KR R R

X DATA MANIPLILATTON

R 0 O K0 R R o6 o B A o N S o6 O e e T R R A S A S 0K A o i AHOK R SR e o R T ok R R R K ok
CALTERATION OF TRALLER AXLE #3

Data file name: DATA
Numbher of ghservyotions: 29

Number of varsaghlew: 3

Ynrighles names:

1. TONNES
2. CHR2
3. CPER

Sunflles: NONE

CARLTBRAT LON OF TRATLER AXLE 43

Varasaohle ¥+ 3 Variaoble § 2 variahble F 3

(RSE

1 g.o0000 0.000090 G.00a00
= i.05000 . 39%48 L 2EBS0
3 2.40000 77680 AAHL210
4 2.9%000 1.244880 LE39410
5 3.9a0040 1.64778 LBE870
& 4.99008 1.,97840 1.17%340
7 5.26000 2. 33200 1.37700
8 7.88008 3.054100 1.8%%00
¥4 10.0&009 3.8%700 2.366800
10 11 .445000 4.37900 2.73600
11 v.89008 3.8%41049 2.35600
iz 7.89000 3.06800 1.86500
i3 &. 45041 2.285480 1. 38200
i4 4.02000 1. 60350 250440
i 1.928000 .8354a0 . 440349
16 f.00080 —. 015630 La0ntky
Y 0.00080 —. 06810 L0940
1| 4.23000 1. 71870 76300
19 7.68000 2.982460 1.@82000
20 11.46800 4.392u0 F.74400
&3 7.740400 304300 1.83400
28 4.316800 3708040 1.03200
A g.a0000 —.01a00 A0san
24 4,19000 1,74090 LFATSY
a5 7720400 %.004060 1.81230
ab 11.48000 4. 43000 2.73400
27 7.87000 3.09200 1.85800
28 4 320060 3. 70650 1.07640
o G.00000 —. 02028 00240



OLTS)

Y

VOLTRGE OUTPUT

NOV., 28, 13485

VERTICAL LORD CHRLUIBRATION

REYCO TRAIL TRNDEM RXLE 4 SPRING SUSPENGIOHN /

CRUGE MOMNITEREL; COsS® {;f

FATREANKS MORRIS SCALE USED TO MEASURE LOAD
VISHAY SERIAL #; B24125 ’

5 GRIN = 1@82 ;
EXCITATION VOLTAGE = 3V ‘

3.8 /

s
QBest Fi1t for Y=ME+C wherse M= 384, C= H32 & R=1.888

. Ecal af 2.212 VOLTE for Rcal of 16@ knn?;‘u 5.673 TONNES

s

2 LS 3 ‘:' i I

| K
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: /’

| A

/s
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1.5+ S | .
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{(VOLTS)

VOLTAGE OQUTRUT

NOYV., 28, 1985

VeERTICRHL LORD CRLIBRETION

4.5 T

i

( REYCO TRAIL TANDEM AX_E 4 SPRING SUSPENSION
4.p~ GRUGE MONITERED; CPS2

{

! FAIRBANKS MORRIS SCALE USED TO MONITER LOAD

i
3 5;_ VISHRY SERIRL #; B24879

-2 GRIN = 1288

: EXCITATION VOLTRAGE = 3y

;
3.8+

| Best Fit for YeMX+C wnere M= 238, C= -.@18 & R=-1.80 7

)

' Ecal of 1.585 VOLTS $ar Rcal! of 188 kohms = ©,735 TONNES e
Z.5 = e
2.2 E

1 "

! .//

- — "/P
1.3 ‘" - i }'
; o
, - j + —— INCREASING LORD
- = # ~— DECREBSING LORD

e i :

| ,-"H
HICES -

i ,f

| o

i S

5 4 e
54 p .

i A

L

i ’1-"' :

8.8 M-m p §— o e S e

2 4 g 8 13 12
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APPENDIX H

HAYES DANA AXLE COMPONENT WEIGHTS



Descriprion Weight Quanrcicy Toral Weight
Per
Axle
Nuts 2 1bs* 2 4 1bs
{set of 10)
Studs 3 1bs 9.5 oz 2 7
{ser of 10)
Tire and Rim 228 1/3 & 313
Cam Shaft 14 2 25
Brake Shoes & Lining 18 4 72
Hub & Drum 137 2 274
Bare axle 235 1 235
Spring Suspension
Assembly (Reveo 139 2 278
Leaf)
Air Chamber 10 2 20
Brake Arm 7 2 14
Springs, Cam Holder 241 2 49
Tocral Welght = 1894 Lhs

Hayes Dana Axle Component Weighrs



FINAL CALIBRATION STANDARDS



1.0 INTRODUCTION

Nine tracter—trailer axles strain gauged to measure vertical
load were calibrared using an aircrafr weighing scale and a Vishay
strain gauge conditioning amplifier. The gauges were located on the
passenger side ar midpoint between the wheel hub and the saspension
poinv.

Of the nine axles, rwo are tractor drive axles while rhe
remaining are traller axles. The tractor fromt and rear drive axles
are supported by a Hendrickson RTE 440 tandem suspension. The traller
axles are mumbered from the front end of the trailer. Axle #l is fixed
to a Neway air suspension while axles #2 and #3 form an axle group at
rhe rear of the trailer. The axles for three different traller
suspension types were calibrated; namely these were a2 Reyco 4 spring
suspenzion, a Neway air suspension and a Chalmers walking beam rubber
suspended suspension.

EguiEment

- ten single element (uniaxial) strain gauges

— aireraft welghing scale

- Vishay signal conditioning amplifier,

Ser. No. 045312

- volrmeter, Ser. No. 10343

- two 3/4" steel plates, 14" = 187

— Whire Freightliner tractor

- NRC modified Fruechauf ranker-trailer

= air and hydraulic jacks

= level



Tegr Setup

The calibration was performed in a remperature controlled
environment of 20°C.

The rractor axles were calibrated by jacking the rear end of
the tractor and positioning load cells under rthe dual wheel of the axle
being calibrated. The three load cells were sandwiched between two
3/4" steel plates. They were placed in a manner to reecord
approximately equal loads. 11fr blocks were placed under the remaining
tractor drive wheels to maintain the walking beam level with the
horizontal. Photographs 1 to 6 show the load cell and jacking
arrangement used for callbrating the vehicle.

The same rype of load cell configuration was used tTo record
rhe vertical load on the trailer axles. The trailer was kept level to
the horizonral (less than 1°) during all three traller axle

calibrations by jacking the unmonitored dual wheels on lifr blocks.

2.0 CALTBRATION

In all cases the load cells and the Vishay unlf were zeroed
with the dual wheel in the jacked position {(no conract bertween dual
wheel and top steel plare).

The vertical load was gemerated to the tractor axles by
lowering the rractor with the use of two alr jacks., A level was
{nsralled on the tractor chassis to ensure zero roll angle during

calibration.



3.0 RESULTS AND OBSERVATIONS

A plot of nine calibration curves is shown in Graphs 1 to 9.
The nine calibrations are found to be accurate within 0.15 tomne for
any given voltage outpur.

The voltage output for the front drive axle oscillared
consistently during calibration with an amplirtude of approximately 5 mV
for any given vertical load. The voltage output used for the least-—
square fitting was the average of rthe maximem and minimum values

recorded.

The loading system on the Neway alr suspension required about
five minutes for the applied load to settle to a reasonably constant
load. For every observation point the volrage output was recorded
followed by the three load cell readings and a final voltage output
reading. Hence, the average load and average voltage ocufpuU over the
time of the reading was recorded. The leading Increased or decreased
from the average load by less than 0,02 vonne during the time of the
recording.

The voltage output and the load cell force for the rear drive

axle and axles #2 and #3 were recorded without any appreciable drift.

4.0 CONCLUSTION
The calibration curves plotted on Graphs 1 to 9 meet the
aceuracy requirements for the study and were therefore used as the

calibration dara in the dynamic suspension response testing.



FIGURES 1, 2 THREE LOAD CELLS AND TWO STEEL PLATES
WHICH COMPRISED THE CALIBRATION SCALE



FIGURES 3, 4 LOCATION OF THE SCALE DURIRG CALIBRATION OF THE AXLE



FICDRES 5, & VIEW OF AXLES aND WEIGH SCALE DURING CALL1BRATION



VOLTRGE OUTPUT (VOLTS)

P4 APR 158G
4.5 1
HENDRICKSON SUSPENGION
FRONT DRIVE BXLE
4.8 GAUGE MONITERED : P2 CRLIBRATION : B
AIRCRAFT WEIGHING KIT
VISHRY SERIAL # 943823
3.5 4 GAIN = 1868
. EXCITATION VOLTREE = 5V
3.8+
2.5+ Bost Fit for Yonx+C where M= .23, C= .0O7 & R« .988
Fcz! of 1.52! volts for Rcal of 188 kohms = B.579 tonnes
2.8+
+ —-— JNCREASING LORD
¥ -— DECREASIMNG LORD
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(VOLTS)

VOLTAGE OUTPUT

4.57

4.8r

24 AR 1986

VERTICARL LOAD CALIBRATION

HENBRICRSCN SUSPENSION
REAR DRIVE RAXLE
GRAUGE MONITERED : P3 CALIBRATION : B
AIRCRAFT WEIGHING KIT
VISHARY SERIAL + 324114

GAIN = lB88
EXCITATION VOLTAGE = SV

2.5+ Bost Fit for Y=hXiC uhere M= .254, C= -_B15 & R= .989

Ecal of 1.528 volts for Real of IBB kohms = 35.3538 tonnes

a-“’
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1.5+ - - - T
e
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3 1 2 [ 4 5
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VOLTRGE OUTPUT (VOLTS)

24 APR 1886

VERTICAL LOAD CALIBRATION

“-ST
NEWAY SUSPENSION
TRAILER AXLE & 1 GHUGE MCNITERED : APS2
4.@ AIRCRAFT WEIGHING KIT CALIBRATION 3 B
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« Concent Descripcion

et

This appendix presents pavement roughness daca for three
streer sections in the city of Ottawa. The National Research
Council uses the three seerjons for irs dynamic load
measuremencs ohrained by a specially Instrumenred vehicle. The
ingrrumentation was developed as part of the Heavy Vehicles
Weights and Dimensions Study carried-out under the auspices of
the RTAC., The three sections tested are:

(i) Woodrofe Avenue from the CNR rrucks 1.7 FKm ro che

Slack Road approach sign

(1i) VUplands Road from the Incernarional Airporc siga 1.19
Km Northly co a drainage dicch

(iii Highway 417 from the Maitland Road overpass 5.0 Km
easterly ro che Presron Boulevard inrersection
Two methods were used for measuring pavement roughness.
First, a Mays—meter device was used to obtain & response—-type
sratistic expressed in the form of inches/mile. This reflects the
sum of the vercical dispalecement of the axle of a standardized
rrailer with respect ro ilcts frame. Measuremenrts were obatined

for cthe full lengrh of all rhree sections.

Second, true pavement profile was obrained for rhe first
320 mecters of the first rtwo sections hy a rod-and-level surveye.
A sampling incerval of 0.5 meters was used. A self-leveling
automaric level was used, generating a reference plane by a
single laser beam rotaring at 300 rpm. The rod contains a sensor

that automarically locks into the laser beam.
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The roughness mneasurements described in che  following
sections are expecred tTo allow a direcr comparison between
dynamic load on the pavemenr and roughness profile. This is a
pllot study of a projecr attempting to relare pavement roughness
with dynamic vehicle loads. The goal of the project is ro
develop damage funcrtions to be used in Pavement Management. This
project 1is related to work carried-out by the firsc of che

aurhors as parr of his Ph.D. thesis.

The following sections include the roughness data organized
in two parrs. First, the ourpur of the Mays-meter Is presentred

and second, che true profile elevations are shown.



2. Mays—merer Roughness Measurements

The following sections present

obrained by the Mavs-merer.

2.1 Woodroffe Avenue

C5

the roughness sratistics

DISTRICT: & HWY: WOODROCFE LANE: 1 DIR: NB CONT/WE: -
LOCATION: FROM SOUTH OF CNR TRACKS N'LY TO SLACK RD. APPROACH SIGN
From LHRS5/0.5. To LHRS/D.S. LENGTH AVG. IFPM = 96 RANGE : ED- 282
__-/ 0.0 -/ 0.0 1.7%m STD. DEV.= 43.9 PATE : 86 04 Q¢f
Distance Landmarks Roughness Profile
{mi} (I.BP.M.}
Q 100 200 300
- : 1 : ! : I
.00 POSTED 80Em/h SIGN
0.05 55 rEws
0.10 0,13 STN 0+000 (CNR) 66 FREEETS
g.18 252 ¥EFEFIXE R FFTFEXREAFFR G AL
0.20 1311 EFEXEEEEEFFF &
0.25 66 AR R AL
0.30 0.33 STN 0+320 50 FEEEE
0D.25 [=Yo] ¥REFATF
0'40 ‘]5 X¥F¥FEXEEFF
0.45 91 T HNXT £ FF
0,50 101 EEFFFIXFERFE
0.55 65 L3 o R A
0.60 76 FTEXEEEEAL
C.65 0.68 RENFILL RD. =1 ¥rEfrTeE
Q.70 86 FEHEFXERKR
0.75 91 EFFEFREXE
0.80 101 EEEEFRT A EF £
0.85 i10;: EEEEEEEFE T ]
0.90 91 FXEFEEEETFF
0.9« 113 LEEEE LR F ST
1.00 1.05 SLACK RD. APPROACH SIGN 156 FEFFIFEEIRTFERE S
1.05 131 FFHEELEFHERELXFFE

REMARKS
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2.2 Uplands Road

DISTRICT: 9 HWY: UPLANDS LANE: 1 DIR: NB CONT/We:—
LOCATION: OTTAWA INT'L AIRPORT SIGN N!'LY 1,1%kEm
From LERS/0.5. To LHRS/0D.S5. LENGTH AVG. IPM = 317 RANGE: 121~ 4%¢%
-/ 0.C -/ Q.0 1.2km STD., DEV.=121.1 DATE : B& Q4 03
Distance Landmarks Roughness Profile
{mi) (I.P.M.)
0 100 200 300
1o H ! - i - ]
0.00 OTTAWA INT'L AIRPORT SIGN
.08 Q.09 STN. 0+000 146 FEFFEFILFXFTFL S
Q.10 121 FFEEFEFERFTH
0_15 191 FFFTFFFAREEFFEEFFFRL RS
Q.20 2072 FFEFEFERFALLFFEFEFFEEE
0,25 G, 29 STN. 0+320 307 FEEFFFEFFF IR FAEERETFREF AT R R ER &
0.30 312 FANRFEFEIFFFEFIF A TRXENKRF X F RS L0 b
.35 237 EIEFFXXFFRFFF LA LTEXRTTF& &+
0.40 272 LR FEFFEXEIFREFILLFLFEXRFETTHFF L5 2B
0.45 494
0.50 499
0.558 343 FERLEFERFFETFLILETFREFFRAFLILACFETFEF RS
0,60 403
0.65 443
0.70 0.74 GUARDRAIL POST 398
Q.75 388

REMARKS : PROFILES FOR AREAS EXCEEDING 350IFM NOT PLOTTED
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DISTRICT: 9 HWY: 417 LANE: 2 PBIR: EB CONT/WP:83~-22/84-69

LOCATION: MAITLAND RD. E'LY TO PRESTON BR.

From LERS/0.5. To LHRS/0.85. LENGTH AVG, IPM = 106 RANGE - 32~ 297
49490/ 0.0 49450/ 0.1 5.0km STDh., DEV.= 60.1 PATE . B 04 03
Distance Landmarks Roughness Profile

(mi) (I.P.M.)
[0} 100 200 300
L : i : ! : [
Q.00 MAITLAND AVE.
0.05 156 WEERL L EABERAT AR T
D.10 155 O R
Q.15 198 kRN Mo bk R AR oA E 4 mm
0.20 131 EBEBEXRETRE R KK
0.25 143 EXXTFERERL D r o &
0.30 2849 EEEF A EFERE LT AT L AT EFREEE L% £ FE
0.35 139 XEXRTAEEREF X 2
0.40 1086 FEXEEEREHRNE
0.45 77 X AL ET L
.50 0.50 COLE AVE. 191 FEXRFACERRF LT RS EAEFE
D.55 81 EEEEL D E
0.60 55 L RN Y
0.65 94 FAE rdms -
0.70 37 X i
Q.75 32 LR
0.80 59 FEERF
0.85 54 ¥ * ¥ ¥
0.90 &7 EEEKFEET
0.9% 0.97 CARLING AVE. 44 *E A5
1.00 138 FFEANFRERN T LR EF
1.08% 59 E
i1.10 54 x4 HE
1.15 1.17 KIREKWQOT g2 X E W
1.20 102 HARTFELATEKRH
1.25 54 PR
1.30 1.32 CARLING AVE WB BR. 87 FAEE LE
1.35 111 T+FFHRTLHEFTE
1.40 g2 PR
1.45 47 F¥ELD A
1.50 47 ko
1.58 52 . F g A
1.60 &7 O KA R
1.65 59 L3 SPRE SRS
1.70 31.71 ISLAND PARE DR, T2 Kk
1.75% 168 EXEFEFAEFTHEEESF F 4
1.80 84 EEXFFEEN
1.8% 1.86 pavement change 121 ALEFEXLERE 4
1.90 2G7 FEFRAERLLERF AR TEER AR LA L E T * £
1.25 1.99 PARKDALE CATWALK 222 AFFELRTRER L FLNFRFRRDF A
2.00 ng94 EXBAEXARFLFFEIRFRE LFT TR T4 = F 4 5
2.05 87 REFEE AT A
2.10 . 81 EE ETEEE



Cistanc
{mi)
2.15
2,20
2.25
2.30 2.
2.35
2.40
2.45
2.580 2.
2.55
2.62
2.85
2.70
2.75%
2.80
2.85
2.90
2.95
3.00
3.05 3.
2.1C

REMARKS

=

30

54

0B

Landmarks

PARKDALE BR.

LANE 2 TGO LANE 3

PRESTON BR.

Roughness
(I.2.M.)

153
59

81
148
170

72

81

82

72

26

a7

89

84
114

86

86

87

94
104
161

Profile

) 100 200
1 : ! : !

300

HEEEFREFFEFHEEE
WA AR

EEMEEEEE
FEFE A AAE TR R TN
EXEEFFEHEXELLERERE
W F ok AA
FEFEER AL
et ET S

TR FEEWY
EEEEFLRELEFEL
WEEEFENEFF
wEEFTL T AL
EXRFERFEE®F
FEFEE LY LA T A
AEXEXLER LAY
FEFTHEIL R
FFEELFFEF LK
FEFEEREF L
EAFEEEFEEE

EEFETXTEFERL L2 K £4 X
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3, Rod-and-Level Measurements

CHAINAGE UPLANDS ROAD WOODROFE AVENUE
TRUE ELEVATION TRUE ELEVATIDN

RIGHT LEFT RIGHT LEFT
(M3 WHEEL. WHEEL WHEEL. WHEEL

PATH PATH PATH PATH
O 1.02 1. 02 6. 436 0. 414
6.5 1.623 1. 023 0. 444 0. 42
1 1.023 1.023 0. 455 G. 425
1. % 1.023 1. 023 0. 464 0. 431
2 1.0a7 1. 027 0. 4466 O. 438
2.5 i.024 1. 024 G. 473 G. 444
3 i.023 1. 023 C. 494 C. 448
3.2 1.023 1. 023 C. 485 C. 454
4 1. 023 1.023 0. 491 0. 461
&. 5 1. 024 1. G24 Q. 498 0. 4&4
g 1.01B8 1.018 0. 505 0. 472
2.5 1.014 1.014 0.51% . 478
& 1.016 1.014& 0. 524 G. 435
&. 3 1.01 1. 01 0. 539 Q. 49&
7 1.003 1. 003 0. 543 0. 301
7.5 1.003 1. 003 0. 552 0. 509
8 1. 004 1. 004 C. 562 . 219
8.5 1.018 i. 018 0. 57 G. 526
9 1.011 1.011 0.577 G. 535
?.9 1.019 1.01% G. 588 0. 35
i¢ G. 993 0. 975 0. 615 C. 568
10. 5 6. 995 G 971 Q. 4614 G S&4
i1 0. 987 C. 791 0. 5611 0. 582
11.5 0.981 Q. 998 0. 625 0. 571
12 . 978 1. 005 Q. 637 0. 581
12. 2 i.008 1. 008 Q. 645 G 59
13 1.014 i.Q14 O. 431 0. 501
13. 5 1.023 1. 623 0. &465 0. &05
14 1. 0R7 1.035% 0. 675 0. 616
14. 95 1.038 1. 041 0. &81 0. 624
15 1.048 1. 031 0. &87 0. &35
15. 5 1.058 1. 093 c.7 C. &49
i& 1.073 1. 059 0. 705 0. &56
14.5 1.083 1. 059 0. 709 0. &&64
17 1. 088 1. 0863 . 71& 0. &7%
17. 5 1. 090 1.072 0. 722 0. 478
18 1.09% 1. 077 0. 735 0. &88
18. 5 1.0%4 1. 0B84 Q. 741 G. 701
19 1.098 1. 09t 0. 745 Q. 70&
19. 5 1.104 1. 094 0. 754 0.717
20 1.103 1. 101 G.7&1 0. 724
20.9 1.113 1.102 0. 77 0. 731
21 1.118 1107 0.77& 0. 742
21. 3 1.121 i.110 0. 786 Q. 745
22 1.13& 1.113 0.79 0. 754
22. 9 1.131 1.11% 0. 801 0. 76&
23 1.136 1.11%9 0. 811 0. 781
23. 5 1.142 1.122 Q. 82 0. 788
=24 1.140 1.124 . 832 0. 7926



24. 5
23
25. 5
2&
246. 5
27
27. 5
28
=8. 5

29. 2
30
30. 5

32. 9

42. 5

0.5
51
91.5
32

ek R e ek g R e b B e R e R e e b et b e et B R e ek et et ek B ek R el bt el et b el R ek e el ek o R el ek e ek b ek ek ek el Pl
N

. 131
. 155
. 160
. 1466
. 175
. 180
. 193
. 191
. 196
. 202
. 205
. 204
.214
L2159
. 219

. 222
. 229
. 229
. 232
. 227
. 231
. 2833
. 234
. R34
. 234
. _23&
. 238
. 237
. 23&
. 235
- 238
. 237
. 239
. 242
. 245
. 243
. 248
. 251
. 253
. 258
. 299
. 259
. 264
. 263
- 249
. 248
. 279
. 275
.277
. 279
. 285
. 285
. 288
. 291
- R4

L T R e I R e o e e o R R - Ll I T e PSP T R R TP

. 125
. 130
- 135
- 141
. 145
- 153
. 158
. 199
. 1463
. 1468
. 174
. 17&
. 175
. 175
. 1732
. 178
. 1748
1748
179
- 180
. 180
. 181
. 185
. 190
. 194
- 195
- 199
. 199
. 202
. 204
. 20&
211
.07
. 204
. 207
- 2095
. 209
. 210
. 211
212
. 215
=3
. 218
.22
- 224
=l
. 229
. 229
. 231
. 236
. 241
. 243
. 243
. 2495
. 248
. 248

. 835
gae
. 891
. 855
. B44
G. 87
G. 882
G. 891
G %
G. 205

COO0O0

g 919
0. 723

0. 923
G. 934
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. 788
. 788
. 721
. 791
. 792
. 794
. 796
. 796
. 798

1.8

1.193
1.19
. 183
. 184
. 183
. 178
. 173
. 171
. 163
1.16
1.157
1.156
1.158
1. 14
. 158
. 155
. 151
. 153
. 156
. 152
151
. 147
. 143
. 137
133
129
. 128
. 125
. 127
. 128
. 129
. 129
. 124
1.12
1.125
1.121
1. 12
1.12
1.121
1.128
1.13
1.13
. 151
126
. 124
. 126
. 129
. 127
. 123
. 121
. 118
. 123
. 123
. 128
. 123
. 123
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132
. 128
. 125
. 124
119
. 115
. 113
. 114
117
112
. 113
. 118
. 118
124
. 121
1.12
122
. 118
. 119
. 121
. 118
. 113
112
. 113
111
. 108
. 109
11t
111
. 113
. 108
. 108
. 109
111
. 108
. 103
. 103
i.1
. 103
. 104
. 102
. 103
. 103
. 104
1.1
1.1
. 099
1.1
. Q9%
. 095
. 092
. 093
. 093
. 091
. 091
. 088



276. 5
277
277. 5
278
278. 5
279
279. 5
280
280. 5
281
281. 5
282
282. 5
283
283. S
284
284. 5
285
285.5
286
286. 5
287
287. 5
288
288. 5
289
289. 5
270
270. 5
221
2791. 5
292
292. 5
293
293. 5
294
2794. 5
295
295. 5
276
296. 35
297
297.95
298
298. 5
299
299.5
300
300. 5
301
301. 5
302
302. 5
363
303. 5
304
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. 849
. 852
. 853
. 857
. 858
. 861
. 863
. 865
. 868
. 869
. 872
. 875
.877
. 878

. 881
. 883
. 886
. 885
. 889
. 888
. 889
. 891
. 893
. 896
.897
. 900
. 899
. 902
. 904
. 904
. 907
. 907
. 909
. 910
911
913
. 915
. 916
917
. 919
921
. 922
. 923
. 924
. 926
. 928
. 929
. 930
. 931
. 930
. 932
. 933
. 933
. 938
. 938
. 938

1. 802
1. 805
1. 807
1. 81
. 811
. 813
. 817
. 821
. 822
. 823
. 824
. 827
. 833
. 832
. 832
. 833
. 834
. 836
. 837
. 838
. 839
. B42
. 843
. 845
. 848
. 846
. 848
1.85
. 852
. 852
. 854
. 854
. 858
. 863
. 863
. 868
. 869
. 872
. 874
. 8795
. 876
. 878
. 878
. 881
. 883
. 881
. 883
. 885
. 887
. 886
. 888
1. 89
. 892
. 892
. 892
. 894
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. 117
117
116
. 118
. 117
. 116
113
. 112
i.11
. 109
. 108
. 104

1.1
. 098
. 097
. 098
. 099
. 102
. 099
. 103
. 102
. 104
. 108
. 107
. 103
. 107
. 105
. 103
. 097
. 097
. 096
. 095
. 099
. 105
. 103
. 104
. 108
. 108
. 107
. 103
. 104
. 107
. 104
. 104
. 109
. 113
. 122
. 123
. 118
. 113
. 113
. 114
. 114
. 109
. 108
. 108

. 089
. 087
. 086
. 089
. 083
. 082
. 084
. 087
. 082
. 081
. 077
. 073
. 074
1.07
. 072
. 069
. 065
. 059
. 054
1.05
1.05
1.05
1. 051
1.05
. 048
. 046
. 042
. 041
. 033
. 033
. 035
. 036
. 034
. 033
. 038
. 038
. 038
. 037
. 039
. 038
. 043
. 047
. 049
. 048
1.05
1. 054
1. 059
1.06
. 063
. 068
. 071
. 076
. 079
. 082
. 082
.078

[ e Tl el e o el

P T T N e i il i [ T

. R b A R



304. 5
305
303. 5
306
306. 5
307
307.5
308
308. 5
309
309.5
310
310. 5
31t
311. 5
312
312. 5
313
313. 5
314
314. 5
315
315. 5
314
316. 5
317
317.5
318
318. 5
319
319. 5
320
321.5
322
322. 5
323
323. 5
324
324. 5
325
325. 5
326
326. 5
327
327. 5
328
328. 5
329
329. 5
330
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. 938
. 938
. 940
. 240
. 242
. 943
. 243
. 244
. 943
. 942
. 943
. 944
. 243
. 945
.945%5
. 945
. 247
. 7245
. 947
. 948
. 947
9?44
. 248
. 248
. 249
. 248
. 248
. 951
. 249
. 951
. 232
. 251
. 233
. 249
. 249
. 952
. 954
. 283
. @56
. 953
. 956
. 957
. 258
. 998
. 959
. 999
. 259
. 260
. 260
. 962
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. 894
. 895
. 895
. 897
. 897
. B97
. 898
. 897
. 899
. 899
. 899
. 902
. 903
. 204
. 207
. 907
. 207
. 907
. 208
. 908
. 909
. 908
. 9092
. 708
.91t
. 712
1. 91
. 911
. 2?14
.?15
. 716
. 714
L2117
.17
. 9?15
. P16
. P14
.?14
. 218
. 917
. 219
. 7?19
. 718
. 921
. 723
. 925
. 926
. 928
. 227
. 231
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1.108
1.109
1.111
1. 11
. 103
. 097
. 094
. 093
. 0B8
. 0B7
. 089
. 087
. 085
. 088
. 0B
. 083
. 083
. 085
. 089
. 089
. 089
1. 09
1. 09
1.086
1.08
. 082
. 091
. 097
. 101
. 105
. 097
1. 09
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. 079
. 074
. 073
. 069
. 069
. 069
. 069
1. 067
. 071
. 073
. 072
. 073
. 078
1. 08
1.08
. 083
. 081
. 083
. 083
. 082
. 083
. 081
. 076
1. 07
. 066
. 068
. 072
. 073
. 075
. 073
. 069
. 063
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APPENDIX D
A LISTING OF SOFTWARE DEVELOFPED FOR THE

ANALYSTS OF DYNAMIC DATA

The interacrive program converts analog signals ro digital values,
applies calibration factors, performs the sratiscical analysis, stores

data and plots the distribution.



1]

[

b

i

A

bl

Frogram Vi

implicit integer+ 2 (a-=2)

integer*xd site,i1ntary (4000)
dimension nochan(®) time (3 rate (™)

CcommOn/Qracom/size,intary

51 2 e=q000

print 1

farmnat i/’ main  menk )

print 2

format /s’ 1— convert analog sSi1gnal 4— decalibrate’?
print 3

format{’ 2— plot digitized signmal S5— plet distribuation™?
prrant 4

format i 3~ statistical analyesis &~ store data’?
print 7

format t° T oeairt VW)

print 5

format {(/° Enter code number @ ")

read &,code

format (11}

i1filcoge.eqg. ecall convertinochan,time,rate!)
ifilcode.eq.Rlcall plotsigninochan,time,rats,code)
iflcode.eq.3call statsinochan,time, ate)d
ificode.eq.4}call decal {nochan,time,rate)
ificode.eq.5)call plotdistinachan,time,rate,code)
if(code.eq.&)call storelnochan,time,rate)
if(code.eqg.?7)goto 51

gota S0

stop
&nd



n2

subrouting convertinocchan,time,rate)

implicit integerxl (a-z)

dimension tapei(8) ,compi18) ,vectorl (30000) ,vector 2 (Z0000)
dimension vertor3 (1000 rnecnani3) , time(3) ,,rate{3)
characrter®=i ansl,yes,ansd,anss

integer=4 countl,ratedl,count?,rated? , count?, rateds

common/conp/tape
common/conv/vectorl ,,vectord

data ves/s/ vy /
do S6 1=1,7%
nachan i )=
time{i)=0
Tiba ratel{i)=0
call comptape
priot 1
1 formati(/° Enter first and last computer channels to be converted
® & )
reag Z2,chaniol,chanhlil
2 formatizl lx,31)
nochan(1)=chanhil—chanloli+l
print 3
e format i’ Enter A to D canvertaing time in tenths of seconds @ 7}
read 4,time{l)
4 farmat {13
print &
= format (" Enter & to D converting rate in counts per second @0 T
read &,ratell)
& format {(14)
print 11
11 format(' 1= there a second vector to be generated 7 7))
read 1%,ansl
1% farmat (al)
1flansl.eq.veskthen
print 1
reag 2,chanleo?,channiz
nochan (2)=chanhizZ-—chanio2+l
print =
readg 4,time(2)
print o
read S,rate ()
print l1é&
16 farmar(’ Is there a time lapse between the 2 vectors ™ )
read 17,ans?
17 formatial)
iflansl.eq.yes)then
print i8
18 format i’ Fnter time lapse 1n tenths of seconds & 7))



n3

read 19,time{3)
12 format (13}
adapt3~=0
devicers=?
chanlo3=o
channi 3%
nochan (3 =4
rateillI=1e
pointsI=time (3
ctrl =0
mode g
stor>=0
count3=time(3)
rated3I=rate{3)
skat3=d
endif
rftansZ.ne.yes)then
print 2o

20 formati’ Do you want to link vectorl with vectorz 7 72
read Zl,ansd
21 farmatial)
iflansi.eq.yes)timel=time il riime (2]
endif
endif
I
adapt =0
adapt2=0

devicel=9

devicel2=%

ctrli=0

cterlI=0

model=0

model2=0

stor 170

storZ=0

gointsi=rate{l}/loxnochantl)=time=(1)
pointsR=rate(2)/10*xnochan (Z) xtimel2)
countl=rateil)/lowktime (1)

count?=cate(2) /10xtime (2

ratedl=catelil)

rated2=rate i)

statl1=0

stat2=0

call ainsci{adaptl,devicel,chanlol,chanhil,ctrll, model,
*gtorl,countl,ratedl ,vectori,statl)

ifi{starti.ne.W)goto 100
if(ansl.eq.yes. and. ans2.=q. yesicall ainscladapt?,devicei,chanlal,
*chanhiE,ctrl3,mude3,5twr3,count3,rata43,vectmr3,5tat3)
ifistatI.ne.)goto 100

ifl{ansl.eq.yes)eall simsc{adapt?, devicez,cnanloZ,channiZctrl’®,



D4

*modeﬁ,atnr?,cuunt?,rate42,vectur2,stat2)
1fistatZ.ne.0)goto 100

gota 101
print 7,statl,stat2,stat™
farmat (1x,  Execution ercors 318/

ctop

iflans3.eq.yes)timell)=timel

return
end



D5

subroutine statsinechan,time,rate)

implicit integer#*2 (a-o)

real+4 cumvi(4),sumv?id) avgid) sigma(d) ,oneid)
dimension vectorl (Z0000) ,vector 2 (I0000) stape (8)
Aaimensieon nochan(3) ,time(F) ,rate(3) prob (4,4074)

ik

oL

14

15

1&

17

n

nnn

character*78 fileid(4)

cammon/conv/vectorl ,vectord
common/stasprob,avg,sigma,;code

print 1
format (/7 stats menu’ ?
print 2

format{/° 1=— analysis of vectorl F— analysis of virtual data’)

print 3

format{” 2~ analysis of vector? 4- last menu’)

prant 4
format (/' Enter code number @ 7))
[ —

read S,code
format (1 1)

if(code.eqg.4)return

1+ {code.eq.m)then

open (2, file="divirtual.dat’ ,status="old’)
reacd i, 14) tape

+ormat (8130

read 2,15 nochantl) time (1) ,rateil)
format (51 &)

points=rate{i) /10*nochanilr®time (1)
ifi{points.gr.7R0G0)then

read(2,16) {ivectorlii) i=1,30000)

read (F,16) (vector2ti) ,1=30001 ,points~33000)
endi f

1f{points. 1. 30000 read i2,16) (vectorl (i) 1=l ,pe1nts)

format (818}
read(2,17»filerd
format ta’/8}
close(l,status® Leep
print 17,filexd

endif

Calculate average and standard deviation

iflcode.eq.l.or.cade.eq.Z)then
noch=nochan{l?

rat=rate(l)

tim=time{l)

endif

if{code.eqg.2)then
noch=nrochan (2)



L
1J

(n
o

a0

=9

&5
=
—t

&7
by

1o

&9
&8

D6

rat=rate{l)

tim=taime (2]

enda f

do 30 1=1,noch

oo S22 3=1,4096

prob iy, 3) =0

one (i =0,

suUmyv (1) =0.

sumv? (1 )=0.

points=rat/10+«noch+*tim
ificode.eq.2)goto 100

1f (points.gt. 30000 than

do 52 k=1,30000-nochan{ly+i,noechanil?
go &0 I=1,nocnanil)

ichan=sk+1—1

sumv {l)=1.0%vectorl{ichan) +tsumvil}
sumv2l)=1.0%vectorl (1chan)svectorl (ichan)+sumv (1)
bin=vectorl {ichant+1

prob(l ,ban)=probil ,pIn)+1

continue

p=points=30000—nochan (1) +1

do 58 k=1,p.nochanil)

do &5 1=1,nochan(l)

ichan=k+1—1
sumvili=1.0nxvectorZ{ichan)+sumvil)
sumv2{li=1_OxvectorZiichan}svector2iichan) +sumv2(1l)
bin=vectori(ichan)+i

propil ,ban)=probil ,Lin)+1

continue

widy £

ifiporints.le.I0000then

ao && k=l,polints—nochan{ly+l,nocnanil)
do A7 1=1l.nochanil’

ichan=k+l—1

sufv (1)=1.0%vectorllicnan) reumy (1)
auMv2(l)=1,.0xvectarl {ichan)®vectorliichan)+sumv2 (1}
bin=vectorl {1chan?+1

prapil ,Gin)=probtl,,oin)+1

continue

endi f

Lficoae.eq.2)then

do aB k=1,points—nechan(Z) +i,necham{2)
an &% l=1,nocnan()

ichansrk+1I—1
sumvili=1_0xvector2{ichan) +sumv (1)
sumv2(l)=l.0xvectarZ{ichan)*vectorZiichan)rsamv{l}
lnwvectorsilchany +1
probi{l,bin)=probll ,0in)+1

CONTINWE

ends f

dac TF i=1,npch
avgiilr=sumvir)*10. /rat/tim
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Eigma(i)=<5umv2(i)wlO./rat/tim"avg(iJ**E)**D.E
Evaluate probahility for Qiven voltage bins

do &7 1=1,n00ch

do 64 J=1,4095

onelir=oneli)+probkiz , 3} *w. /tim/rat

cantinua

Frint statistical output

prinkt &, {avgir)i=1,noch)

format (¢ average = T ,e8te.2)
arint 7, (sigmalil i=1  noch)
farmat (° stand. dev. = ~,BfE.D
print 8, (oneli),i=1,noch)
forwmat (° integral = " ,8f8.4)
retarn

2nd
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subroutine decal inpchan,time,rate’

implicit integer+2 {(a—z)

real #4 Elope,:anstant,gruup,prmb(4,100),eng(4,10¢)5avgeng(4)
real#4 avg (4 ,sigmaid) ,percent,one (4) ,propbitr (40946
real+4 static(4) ,dlicid ,percentSid) ,percent?5()

character+7 cal (14) ,decC
charactersB filename
character+=12 filenamest
character+«78 fileiaid?

dimens.on tape(d) ,comp(B) ,nochan{3} ,timei{3) rate(l)

dimensi1on probbiti4,40958)

common/dec/eng,prob
comman/comnp/tape
common/stasprabbit,avg,si1gma,vect

datas cal/ cQl.dec’ , Q2 _dec , cO3.dec’
* ‘D& dec” , cO7.dec”, 'cOB.dec’
* "cll.dec 4 clZ.dec” , ‘cli.dec’
print 1

farmat {7’ decal
print 2

format (/- i- decalibrate RAM data
prant &

format (-’ 2— decaliprate raw data’)
print 4

format i/ Enter code number 3 7
read S.oode

tormat (i i)

ificode.eq-Jreturn

1if lcode.eq-1l)then
1fi{vect.eq.l.or.vect.aqg.>) then
noch=nochan {1}

tim~tim=(1)

rat=rateil?

endyf

1fivest.eq.2)then
noach=nochary {2}

tim=tima(2)

ratsrate (2)

endi+

@rdl +

Read statistical data file (¥_raw)

yflcode.eq.2)then

prant 12

format (' Enter raw data filenams
read 1%3,f1lename

format (=6}
filenamext=+ilename// .raw’

an
-
~

. Chf.dec” , ' cOS.dec’ .,
s €09.dec”, clO.aec’,
,cid. dec’/

menw ')

S3~-last menu’ )
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print 27,.f1ienamext
27 format (1x,&1id)
open (1,file={filenamext,status="ald"?
read (1,25 filgid
25 format (a78)
prant 25,f1lexq
readil 23} tape

23 format (8173)

read(1.24) noch,tim,rat
24 format (318}

readil  19) {avgiy) 1=1l,noch?
19 formatiliéss ,8F8.237

read (1,20) (sigmali),i=1,n0ch?
format {i6x ,818.3)

read(1,22) (iprobbitii, k) ,k=1,4098) ,1=1 n0Cch
formal (12i&)

close(l ,status="keep ')

nochan (1) =noch

timeli)=tim

rate{ly=rat

endif

N
o

rd
ta

call comptape
openi{i,f1ie="stat ' ,statuss unkniown )
dao 94 j=1,n0ch
do BO i=1,8096

o prnnbitrcl)Iprunhlt{j,lb*lﬂ./tim!rat

Ln

FRead calibration CONsStants

[ EIN]

dec=cal (tape{3})
gpen{2,file=dec,status="cld")
road (2,83 slope,constant ,group

it format (8.3
closs{d,status~ keep ')

c

c Decalibrate

«

percent=o.

percentS (jr=0.

percent?T (1) =0.

one33=0.

do S5 1=1,100

proodi,ir=0.

rl=—S50. *204R. /slopes/S. tavgid)d

proapility~0

do S3% i=1,100

rEE(~-50,+1 ) *2048. rslopes/S.ravg ()

1 (r2.1t. 1goto 1ol

ifirl.lt.l.and.r2.g-12ri=1

1¥irl.gt.40%8)g0to 101

ifiri.le,4096.and. r2.at. 4096} r 2=40%4

da 51 k=c1,r2

L
iy}



iy
i

C

onel{ N =onet3y+probbit{3,F)

prDb(j,i)=prab(j,i)*pruhb1tr(k)

prnb(j,i)=prub(3,i)*100-
rl=r2+l

englj,i)=—30.5+1
pErcent=percent+pron{j, 1!

ifipercent.gt.S.0.and.percent3 (i) ..eq.0_0rthen

Dlo

per:entﬁ(;)mengtj,i)—(percent—ﬁ.)/prnb(j,i)

endi+

if(percent.gt.?5. 0. and.percent?3(i).eq. 0. then

percent?ﬁij)zengtg,l)—(percant—?ﬁ.)/prmbt;,1)

encif

onef)y=one () #10/tim/rat*100,

avgeng (3)=0.0

dlctir=slopexsignalil«5_ /2048,

static (ji)=constant

C File statistical analysis reswlts

s

34

c

© Frint statistical analysis results

write(l 17y dlaii?
werite (L, 18) percentall)
writetil,28) percent?5(3)
continue

close{l ,,status="hkeep }

print Tl,avgend

format {° mean
format {7 mean
print 3E,dlc

format (" standard devization
format i’ standard deviation
print 37 .percents

farmat {’ Sth parcentile
farmat{’ Zth percentile
print 38,percent®s

format (° FSth percentile
format (F Sth percentile
print Ié&.0one

Format one
retwn

erd

[l

TafE. 2,7 RN
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T4 (Tn,,f5. 1)
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)
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BN

kN

kN
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subroutine plotdgist(nochan,time,rata)d

impliert inteqge
integer+d slze,
real«4 echpt(2)

re2 la-n)
intary (4000)
.=2pread

real®d loadi4,100) ,probi4, 100 ,yalign,1d(100) ,ph (10D2)

character*l dis

character*4 l1ift (&)

character+10 ax
character®2 fo
charactter+3I0 su

character+27 results{lio) 1dent {10}

le () ,run
reetl) straing
spension (4]

dimension post (4) ,suspid) ,nochan () ,timell) ,rate(3)

common/sgracom/s
commen faac /1l oad

data echph/ 0.0,

print 15

ize,intary
. prob

[ e V)

format{’ Enter § for screen display or H for hard copy @ 73

read lo,dis
format{all
ifidis.ne. " H .a
primt 17
format {' Device
go to 53

endif

no.gis.ne. h' . and.dis.ne. "5 .and.dis.ng. s )then

wnoefined; make other selection ™)

if(dis.gqg. 'S .or.dis.eq. s ldevice=l
ifldrs.eqg. H .or.dis.&8q. ‘h’rtnen

device=>2
ppen(l,file="ra
read(i,43) suspe
format (a0
read(l, 4d)axle
format (alw)
read (1 ,45) force
format (al%5)
readil 46211t
tormat (a4}
closeil,status=
print 3
format {7

print 19

farmat (-’ Entesr
print 2Z0,nochan
format (" L1l 7
print 2t

format (7 1
print 22

format O’ 2=
print ZT
format (-’

npar  ,status="old’}

nsaion

Tkesp )

GRAFH IDENTIFICATION /7))

ruc B oin &10
(1) ,nochandil)

frxle positions
lead anle

trairl axle

1-..—

22—

-

-

Enter speed in IZ2°/3
TL,il, " Buspension types’ /)
four spring — trailes )
walking beam — spring,drive’}

walking beam — rubber,trailer’)
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38

40

41
pt-

print 24

format (- 4— air suspension — trairler
print 25

format (- MAYS roughness in I3 Inertial forces /)
print 2o

format{’ 1— with ')
print 27

format (7 2— without "/
print 28

format ¢’ Enter spread in F4.2 fir suspension’ f)
print 29

format O 1= up’?

print 30

format {7 Z— gown /)

print 31

format (° Enter graph identification in segential ferm = °/)
read IZ,run,speed,post,susp,surf,inert,spread,air

Format (310,15 ,1i0, 07 .8B011,352 .13, L0,11,1x,Ff4.32,1x,11)

open (l,file= 10’ ,states="unknown )}

gdo S& 1=1,nochan(l)

weite{l 35 run

format{® Run # ~,&100

writell,24)speed

format (" Speed = ' ,i2,  km/hr 3
wrlte il ,35) curf

format (T MAYS roughness = .15, IFMT)
write (1,37}

format {© Suspensin = )

write{l Z&)suspension (susp(i))
format (3n ,a0)
write(l,IB)axleipost(i}}
format(ix,all?

write (1,39 farcelinert)
format (i ,a25?}

write(l,40)epread

format (°© Spread = °,f4.2," aeters’)
write(l,41)11ftair

format (- Air suspension l1i1ft asle ",ad)
continue

ciose(l,status="keep )

endif

opentil,file="stat’ ,status="cld")
open{?,file="1d’ ,status='old’)
do 57 11=) . nochantl)

Open plotting system

status~popnpsi}

fassign plotting system ouwtpet gevice

ifildevice.eqg. listatus=ppset{ display’)

VA
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1fildevice.eq.d)status=ppsot ( "printer ')

nn

Read statistical analysSis results file

|

read(l,18) (resultsi3y),3i=1,3)
15 format{ad7)

ifldevige.2q.2)then

read(n,18) lident(j),ji=1,9}

endif
=
c Set display surface size
c
status=pssurf (13.7,9.1)
c
c Define =—axis title string
=
status=ptax {1, dynamic loading (kN} "}
c
¢ Define y—axis title string
=
status=ptax (2, frequency qf occurrence’ )
(=
r Set existence of chart % view area frame
as
status=pruecfrmii 1}
status=puvtrmi0O, 1}
-
C Set axis exntents
fud
statusmpasxestil,-S0. ,50.,10.)
status=panest{(2,0. ,20. ,7.)
Cc Set axi1s tick label type and height
[
status—paslty{1.1,2,1}
status=ptahgt (1,1}
status=ptahgt (2,1}
=
c Defing =/y darta set
c

do SS9 k=1,100
latki=load (11 ,%)

=9 pb (k)=prob(ii ,*)
status=pdsxky (2,100,1d,pb}

|
c Define data =et to be a bar
fud
status=phar (2)
c
c Set output primitives : data set 1 te s0lid bar and colar
c

status~passt]l (2,2
status=pdscler (2,3)
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[
¢ Set notation héeirght
c
status—pentigt (1)
c
¢ Define potation strings
C

do 54 kF=1,3
yalign=70.=2.0* (k—1.0)
=4 status=pnote(l,a8. ,yalign,resultsik))
do 5% k=1,9
yalign=90. 2. % (k—1.)

g status=pnotetl,7.5,yvalign,i1dent (k) }
o
¢ Output currently defined chart
C
status=ppltit )
«
C View graph
c
ifi{device. eg.l)statussppsint ‘display '}
if(device.eg. ) status=ppsint'printer "}
status=prost(l,1l,echpt,2&,string)
c
c Close I/0 device
cC
1fldevice.eqg. l)status=ppsot {‘display’)
ifidevice.eq.2)statussppsot{ griater )
cC
c Reset defawvlts and viewing area
[
statusspdeflt ()
statusspravw ()
[
¢ Close plotting system
c
statws~pclsps i}
tud
a7 continue

closril,status="hkeep ?
close(2,s5tatus="hkeep ?

n

return
end
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subroutine store{nochan,time,rate)

implicit integer®Z {(a—=)

real+d average (4),s1gmaid) eng (4,100 ,rprob (4, 130)

character®l ans,vyes

character*8 filename

chnareacter*l2 filename«<t

character*40 stat (20}

character*70 fileidid?

dimension tape(8) ,comp(8) ,probz{4,4096)
dimension nochan{3) , timell) ,rate(3)

commoan/dec/eng ,rprob
common s comnp/tape
common/etasprob,average.,sigma,vect

data yes/ v '/
print @

formakt (s’ Stors mena )

print 10
tformat i/’ 1— store ran data

*31cal data’)

primpt 11

format - store statistical data
print 12

format {/  Enter code number 1)
read 135,code

format (i 1)

ificode.eqg.4)return

-

4_

iflvect.eq.D.0r.vect.eq. l.ar.vect.eq. 3> then

noch=nochar (1)
tim=timeil)
rat=rate (1)

endif
ifivect.eq.2)then
noch=naochan{z}
tam=time {2
rarsrate (2)

sngl ¥

sumtape=0

do 50 i=1,8

cumt apessumtapertape{i}
it (samtape.eq.0)then

openii,file= comptape.dsat’ ,status="o0ld")

read(l,14) (compiil, tape(i) 2=1,8)
format {16135}
close{i,status® keep’ )

endit

ifi{code.eq.l.0r,. code. 2q. =) then
print 15

store raw and

Jast menu’ )

statist



146

17

18

19

20

1]
Ln
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farmat {© Enter filename (up to 8 characters)
read léa,filename

format {a8)

print 17

format (" Enter file identification (4 lines
read 18,f1leid

format (a79)

filenamext=Ffilename/s .ranw’
open{l,filesfilename:t ,status="new’)
writeil,7: fileia

format( 1.D. : 7,a70,3{/8x,370))
writeil ,8) tape

format (81 73)

wrltei(l,2) nochytimyrat

format (3187

Wwrite1l,19) laverage(i) ,i=1,nocn)

format (7 avarages = *,8F8.2)
write (1,29 (sigma(i)1=1,n6ch
farmati{' stand. dev. = ~,8f8.2)

wrlTe (1,22 ({prob(i,k) ,k=1,4096),i=1 nach)
format (1224)

close(l,status="kesp ')

end: f

1+ (code.aq. 2. 0r -.cade.eqg. T then
ificode.eq.2ithen

print 15

read l1é&,Firlename

print 23, fi1lename

format (© Does data file " ,a8, .raw exist ?
read 24,ans

format{al)

if{ans.eq.yes)then
openil,file=filename// raw ,statuws~= ola )
read(l,25)Ff1leid

format (8rn,a70,3{/8x,a70))
close(l,status="keep’ )

erdLf

1t lans.ne. ves) then
print 17

read 18,fileid
endif

endi f

operitil,file="stat’ ,status="unknown '}
readil,24) (stat (i) ,1=1,3*noch)

format (ad40)

close(l,status= keep’)
opentl,file=Ffi1lename// .sta ,status= new’?
wirrteil,7)fileid

wirrte(l . 81tape

wrlite(l,3Ynoch,tim,rat
writel(l,2é6)(stat{i),1=1,3+n0Cn)

wrlte il , 27 tengil, 1) ,i~1,100)

FE

of 70 characters)}

)

r)
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writel{l , 27y {irprobi1,3) ,3=1,100) ,i=1,nech}
farmat{ad+g, =

Closetl,status= keep )

endif

return
end
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subroutine comptape

=

implicit integer*2 la—-z)

gimension comp(l) ,tapa(8)
(g

cammon/comp/tape
c

praint 7
7 format i/’ COMFUTER-TAPE RECORDER CHANNEL NUMBER CORRESFON

*DENCE ")

open (1,files comptape.dat’ ,status="ald’)
read(1,8) (compii}),tapeti) i=1,8)
8 format (16173)
close(l,status~ keep )}
print 7,comp

=4 format (/° Computer channel numbed r B4
print 1O, tape
10 format O’ Tape recorder channel noember ' ,8i4)
C
retarn

end
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PLOTS OF WHEEL LOAD VS RIDE COMFORT RATTNG FOR VARIOUS

SUSPENSION COMBINATIONS



STANDRRD DEYIRTION, KM

STANDRARD DEYIATION, KN

20.0

18.0

16.0

14.0

12.0

8.0 T+

16.0

14.0

12.0

10.48

2.0

0.0

El

VARIATION OF TRAILER SUSPENSION TYPE
TRACTOR SUSPENSION - HENDRICKSON
RIR AXLE UP - NOMINAL WHEFL LOAD OF 50 KN
NOMINAL TRAILER AXLE SPREAD OF 1.3 M

TRACTOR RESPONSE

T Y T T T T T T

TRATLER SUSPENSIDNS
0 - CHALAERS, 80 xM/HR
O - REYCO, 80 KM/HR
A= NEWAT, 80 kRM/HR
+ = CHALMERS, BO KM/HR
== REYCO, BQ KH/HR
& = nEWfAY, BD KH/HR
¥ ~ CHALMERS, 40 Kn/HR
&~ REYCO, 40 KMAHR
# = NEWAY, 40 kM/HR

-0 1.0 2.0 3.0

1.0 5.0 6.0
RIDE COMFORT RATING, RCR

TRATLER RESPONSE

T ! T T T T T L T

TRAILER SUSPENSIONS
Cl= CHALMERS, B0 Kn/s7nR
D - REYCO, 80 KM/HR
A= NCHAY, 80 rm/nR
+ = CHALMERS, B0 Kn/HR
» = REYCD, BO KN/HR
& = NEWAY, B0 KM/HR
V= CHALMERS, 40 KMAHR
B~ REYCO, 20 KH/HR
* - NEWRY, 40 KM/HR

0.0 +.0 2.0 3.0

) 7.0 8.0 9.0

1.0 5.0 .0
RIOE COMFORT RATING, RER



STRANDARD DCVIAT 10N, KH

STRHPARD DCVIRTION, KN

2.0

0.0

VARIATION OF TRAILER SUSPENSION TYPE
TRACTOR SUSPENSION - HENDRICKSDN
RIR AXLE DOWN - NOMINAL WAEEL LOAD OF 40 KN
NOMINAL TRAILER AXLE SPREAD OF 1.3 M

TRACTOR RESPONSE

L TRAILER SUSPENSIONS
O~ CHALMERS, 80 KH/HR
O~ REYCO, 80 Kn/pR
- A= NEWAY, 80 KH/HR
+ - PHALMERS, B0 KM/HR
x RETYCO, EU KM/HR
- < = NEWAY, B0 KH/HR
v- CHHL.néRs 40 KHAHR
| - REXCO, 38 KH/HR

# = NCHRY, 40 KM/HR

2?_"_L-_-qq‘qh'_“‘—n-_
i'h__

6.0 18 2.0 i 5 o 8.0 7.0 B.0 9.0
RIDE CDHFDRT RATING, RCR

TRAYLER RESPONSE

T T T T T T y T T

TRFHI.ﬂR SUSFENSTONS
O~ CrALAERS, B0 kn/MR
O- RE:{BD 80 Kkn/nR
- &= NEWAY, 80 KN/HR
+ - CHALMERS, 60 KM/HR
* = REYCO, BO KM/HR
% - KEwWRY, B0 kMemR
T~ CAALMERS, 40 kn/nR
| == REXCO, 40 £n/HR

¥ = NERAY, 40 KH/HR

i
i 34—

0.0 1.0 2.0 3.0 5.0 B.0O 7.0 5.0 9.0
RIDE CDHF‘DRT RATING, RCR

0.0



STAWDARD DEVIRTION, Ki

%

STANDARD DCVIATION, ki

E3

VARIATION OF TRACTOR SUSPENSION TYPE
TRAILER SUSFENSTON - CHRLMERS
AIR AXLE UP - NOMINAL WHREEL LOAD OF 50 KN
NOMINAL TRAILER AXLE SPREAD OF 1.3 M

TRACTOR RESPONSE

20.0 T T Ll '

TRACTOR SUSPENSIONS
15.0 ¢ 1= HENDRICKSON, BO KM/RR
Q- NCHAY, 80 KM/HR

A= HENDRICKSON, 60 KM/HR
15.0 1 + - NEWAY, B0 Kr/HR

X = MENDRICKSON, 40 KM/HR

o L ©- NEWAY, 4D KA/HR

20k
28 e o 2.0 3.0 4.0 5.0 6.0 7.0 8.0 8.0
RIDE COMFORT RATING, RCR
TRAJLER RESPONSE
ED'B L) T A T L) L) L] L) T
TRACTOR SUSFENSIONS
8.0 ¢+ O - RENDRIERSON, 80 KM/HR
O = nEWAY, 80 KM/HR
A= HENDRICKSON, 60 KM/HR
15.0 I + = NEWAY, BD KM/HR
* - HENDRICKSON, 40 KM HR
<= NEWAY, 40 KRR
1x.0 |
o |
we |
8.0
&0
1.0 F
2.0
0 oo 1.0 2.0 3D a0 5.0 6.0 7.0 #.0 2.0

RIDE COMFORT RATING, RCR



STAMDRRD DLYTATION, KN

STANDARD DEYIATIOM, KN

i2.0

0.0

E.0

2.0

0.0

20.0

2.0

2.0

0.0

E4

VARIATION OF TRACTOR SUSPENSION TYPE
TRAILER SUSPENSION - CHALMERS
AIR AXLE DOWN - NOMINAL WHEEL LORD OF 40 KN
NOMINAL TRAILER AXLE SPREAD OF 1.3 M

TRACTOR RESPONSE

T T T T T T T T T

TRACTOR SUSPENSIONS

- O = HENDRICKSON, B0 KM/HR
= NEWAY, BO KM/HR

/= HENDRICKSON, B0 KM/HR
- = = NERAY, BO KAs/AR

% - RENDRICRSON, 40 KH/HR
< = NEHAT, 40 KR/HR

=

1 1 + L L i

0.0 1.0 2.0 5.0 E.0 7.0 8.0 3.0
RIUE DDHF‘DRT RF‘IT]NG RCR

TRAILER RESPONSE

10.9

i T T T T T T T T

TRACTOR SUSPENSIDNS
- O~ #ENORICKSON, BO KM/HR
D»— NEWRY, BO KM/HR

- nENDRICKSDN B0 KM/HR
’ + NEWAY, B0 Km/HR
* = HEMDRICKSOM, 40 KM/6R
< = NEWAY, 40 Kh/HR

—

! L i

0.0 1.0 2.0 3.0 1.0 5.0 6.0 7.0 a.a 9.0
RIDE COMFORT RATING, RCR




STANOART GEVIATION, kY

STANDARD DEVIATION, KW

E5

VARIATION OF TRAILER AXLE SPREAD
TRARCTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWRY
BIR AXLE LUF - NDMINAL WHEEL LOAD OF S0 KN

TRACTOR RESPONSE

20.0 i - T T T T - i —
o b TRAILER AXLE SPREAD
O~ RXLE SPREAD OF 1.27 M, 80 KM/HR
O - A¥LE SPREAD OF 1.B3 M, B RA/AR
16.6 | A= AxE SPREAD OF 2.44 M, 80 KM/HR
=+ - AXLE SPRERD OF 1.27 M,
X = AXLE SPRERO OF 1.83 n,
14.0 |- <= RXLE SPREAD OF 2-43 n,
V= AXLE SPREAD OF 1,27 n,
=0l & - AXLE SPREAD OF 1.83 n,
- # = AXLE SPREAD OF 2.44 n,
10.0
6.0
fh'
k
q-0 F
o
1.0 |
2.0 F
0.0 . —_— . ; ;
a.a 14 2.0 3.0 4.0 5.0 E.0 70 2.0
RIDE COMFORT RATING, RCR
TRAILER RESPONSE
0.0 1 T T T T T 13
o b TRAILER AXLE SPREAD
O= AXLE SPREAQ OF 1.27 M, 80 Kn/nR

Q- AXLE SPREARD OF }.83 A, 80 krl/mR
15.0 | &~ RXLE SPREAD OF 2.44 M, 8D kn/dR
+ - AXLE SPREAD OF 1.27 ™M, B0 KM/HR

x = AXLE SPREAD OF .83 m, 60 KMs/HR
1.8 F ¢ - AXLE SPREAD OF 2.44 M, BO KM/niR
V= AXLE SFREAD OF 1.27 M, 40 KM/HR
120 b ©- BXLE SPREAD OF .83 1, 40 KM/HR
- » = AxLE SPREAD OF 2.44 M, 40 KH/HR
10.0 |
8.0 |-
P
&.0 |' e
F.—-—
.0 [‘
2.0 |-
0.0 — . . . .
0.0 1.0 2.0 3.0 4.0 5.0 60 70 &.0

RIDE COMFORT RATING, RCR



STANDARD DEVIATION, KN

STANDARD DEWIATION, M

20.0

18.0

16.0

2.0

0.0

18.0

16.0

12.0

10.9

E.0Q

4.0

2.0

a.0

E6

VARIATION OF TRAILER AXLE SPREAD
TRACTOR SUSPENSION - HENORICKS3ON
TRAILER SUSPENSION - NEWAY
RIR AXLE DOWN - NOMINAL WAEEL 10AR0 OF 40 KM

TRACTOR RESPONSE

T T T T T T T T T

TRAILER AXLE SPREAD

Cl- AXLE SPREAR OF 1.27 n, BQ KM/HR
O = AXLE SPREAD OF 1.83 M, 80 KM/nR
A= RXLE SPRERD OF 2.44 1, B0 Km/HR
+ = AXLE SPRCAD OF 1.27 ™M, 60 KM/HR
* - AXLE SPREFD Of 1.83 M, GO kri/HR
o= AXLE SPREAD OF 2.44 M, &0 &N/HR

1

1

2

¥~ BXLE SPREAD OF 1.27 M, 40 KR/HR
8- AXLE SPREAD OF 1.8% M, 40 kM/HR
- AXLE SPREAD OF 2.44 M, 4D rusRR

i or——
0.0 1.0 2.0 3o 4.0 5.0 €n 7.0 8.0 9.0 10.0
RIDE COMFORT RATING, RCR
TRAILER RESPONSE
TRAILER AXLE SPREAD
O = Ax.E SPREAD OF 1.27 M, 80 Kh/nR E
O - AXLE SPREAD OF 1.8% M, BO KM/HR
., - AXLE SPEEAD OF 2.44 M, B0 KM/NR
+ - AXLE SPREAD OF 1.27 M, BO KM/HR ]
® - AXLE SFREAD OF }.83 M, BO Kn/nR
- o= AXLE SPREAD OF 2.4% M, 60 Kn/nf
T - RXLE SPRCAD OF 1.27 ™M, 40 Kh/HR
| - AXLE SPREAD OF 1.8% #, 90 KM/HR b
¥ - AXLE SPREAD OF 2.44 n, 40 KM/HR
)TH -
L B
0.0 1.0 z.0 3.0 1.0 5.0 &0 7.0 8.0 5.0 10.0

RIDE COMFORT RATING, RCR



STANDRRD DEVIATION, KM

STRNDARD DEVIATION, YN

E/

VARTATION OF TRAILER AXLE SPREAD
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - REYCO
RIR AXLE UP - NOMINAL WHEEL LOAD OF SO KN

TRACTOR RESPONSE

20.0 T T T T T - T e
TRATLER AXLE SPREAD
1.0 F O~ AXLE SPREAD OF 1.27 m, 80 KM/MR
Q= AXLE SPREAQ OF 1.8% n, 80 krvpR
A= AXLE SPREAD OF 2.44 m, 80 krismR
16.0 F + = AXLE SFRERD OF 1.27 nm, 40 ~p/nR
x = AXLE SPRERP OF 1.83 M, 40 KM/HR
1.0 [ & - AXLE SPREAD OF 2.44 M, 490 KM/HR
120 b
0.0 F
8.0 |
B0 "
4.8 ’—
2ot
0.0 N . — . . . . ;
0.0 1.0 2.0 1.0 1.0 5.0 6.0 7.0 a.0
RIDE COMFORT RARTING, RCR
TRAILER RESPONSE
2D'u T T T T T T LB el
TRAILER RXLE SPREADR
18.0 + [O- AxLE SPREAD 0OF 1.27 M, 80 KH/nR
O = RXLE SPREAD OF 1.83 M, 80 kns/pR
A= PXLE SPREAD OF 2.44 N, BO Kp/nR
1580 | + = AXLE SPREAD OF 1.27 M, 40 KH/HE
M= AxLE SPREAD OF 1.83 M, <90 KM/HR
T AxLE SPRCAD GF 2.44 M, 40 KM/HR
12.0 b
8.0 |—
8.0}
5.0 |
4.0 |
2.0 ’-
6.0 e - i R . . ; .
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 a.0

RIDE COMFORT RATING, RUR



STANDARD DEVIATION, kM

STRANDARD DEVIATION, &K

16.0

14.0

iz.0

10.0

20.0

)

1.0

12.0

10.0

Eg

EFFECT OF AIR SUSPENSION LIFT AXLE
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - REYCO, RXLE SPREAD OF 1.27 M

TRACTOR RESPONSE

AIR AxLE POSITION

K AxLE WP, B0 KM/HR

R AxLE BOWN, BO kM/AR
R AXLE UP, 60 KM/FR

R AXLE DOWw, BO Kr/nR
E AXLE WP, 40 KM/HR

[}
o
A
=+
b4
< AXLE DOWN, 40 kM/HR

Al
Al
Al
Al
Al
Al

[ I I B I B |

L L - L n

0.0 1.0 2.0 3.0 2.0 5.0 8.0 7.0 B.0 9.0
RIOE £OmPORT RATING, RCR

TRAILER RESPONSE

T T T T ] T T T

AIR AxLE POSITION

R A%_E uF, 80 Kn/pR

R AXLE D0Wn, 80 KM/HR
R AXLE uP, B0 KM/6R

R AXLE DOWN, &0 KM/HR
R AXLE UF, 40 KMAAR

R AXLE DOWn, 40 KM/HR

B

0.0 1.0 2.0 3.0 4.0 2.0 6.0 7.0 8.0 a.e

RIDE COMFORT RATING, RCR

1.



STRWDARD DEVIATION, KN

STANDARD DEVIATION, KM

10.0

8.0

€.0

20-0

18.0

16.0

13.0

12.0

10.8

a.0

€.0

4.0

2.0

Lz

FFFECT OF AIR SUSPENSION LIFT AXLE
TRACTCOR SUSPENSION — HENDRICKSON
TRARILER SUSPENSION - NEWAY, AXLE SPREAD OF 1.27 1

TRACTOR RESPONSE

H ] T ¥ T T T L] 1

AIR AxLE POSITION

AIR AXLE UF, 80 KM/OR
AIR AxLE DOmnN, 80 KM/HRR
RIR AXLE UP, 50 KM/HR
ALR AXLE DOWN, BO km/HR
AIR AXLE UP, 40 kMR
AlR AXLE DOWN, 40 KH/AHR

" . 1

.0 1.0 2.0 3.0 4.0 c.0 E.O 7.0 8.0 2.0

RIBE COMFORT RATING, RLCR

TRAILER RESPONSE

T T T 1 T T T T T

RIR AxLE POSITION

AIR AXLE UP, BO KM/HR
AIR AXLE DOWN, 80 RPI/ZHR
AIR AXLL WP, B0 KM/HR
AIR AXLE OOWN, 60 kM/HR
AIR AXLE UF, 4D Kn/nR
AIR AALE DOWN, 40 KM/AHR

L n L L i

0.4 1.0 2.4 3.0 4.0 5.0 E.D 7.a 8.0 9.8

RIDE COMFORT RATING, RER



S1ANDARD DEVIRTION, KN

STANDARD DEYIATION, KM

EIQ

EFFECT COF AIR SUSPENSION LIFT AXLE
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWAY, AXLE SPREAD OF 1.83 M

TRACTOR RESPONSE

20.0 T T T T T T T T T
RIR AXLE POSITION
1.0 O~ AIR AxLE uP, B0 Kh/HR
O~ AIR AXLE DOWM, BO KnsHR
A= RIR AxLE uP, B0 km/HR
16.0 F + = AIR AxLE DOWN, BO KM/AR
x = AIR AXLE UF, a8 kM/0R
. <= AIR AXLE DOWN, 40 KR/HR
1z.0 }F
10.0
8.0 F
6.0 | :‘:"_
1.0 T
2.4 F
0.0 . ; ; . . ; .
a.no :.0 2.0 30 4.0 5.0 6.0 7.8 8.0 5.0
RIDE COMFORT RATING, RCR
TRAILER RESPONSE
20.0 T T T T T T T T T
AIR AXLE POSITION
5.6 + O~ BIR AXLE wP, 80 Kn/hR
O~ RIR AXLE [OnWN, 80 RI/RR
&= AIR AxLE UF, BO kmsnR
6.0 I + - IR AXLE DOWN, B0 fM/HR
® = AIR AxLE WP, 40 km/rR
1e0 | © = AIR AXLE DOAN, 48 krisrR
120 F
100 b
8.0
6.0 I
4.0
2.0 F
0.0 , ) : . . , . . .
g.0 1.0 2.0 3.0 2.0 5.0 6.0 7.0 8.0 3.0

R10E COMFORT RATING, RCR



STRNOARD DEYIATION, KW

STANDARRD DEYIATION, kH

Ell

EFFECT OF AIR SUSPENSION LIFT AXLE
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWRY, AXLE SPREAD OF 2.44 M

TRACTOR RESFONSE

20.0 T T T T T T T T T
iR AXLE POSITION

185.0 } O= AIR AxXLE uf, B0 Kn/nR

Q- AIR AXLE DODWN, B0 KM/HR

A= AIR AXLE UF, B0 KM/HR
1.0 I += AIR AXLE DOWN, BO KM/AR

¥ - AIR AXLE uP, 40 Kh/HR
ok O = AR AxLE O0WN, 40 kA/nR
12.0 b
w0}
u.o |

A
6.0 F
.0 | \
2.0 |
0.0 . . : . ; ; . . R
0.0 1.0 2.0 L] .0 5.0 &.0 7.0 8.0 9.0
RIDE COrMFORT RATING, RCR
TRALLER RESFONSE
200 ™ ‘4 T T T 1 T T T
AIR AXLE POSITION

8.0 } O- AIR AXLE UF, BO KRM/MR

O = AIR AxLE DOwWn, BO KHAHR

Lo~ AIR AXLE LF, B0 KM/HR
6.0 F +~ AIR AXLE DOWN, BB KM/HR

* - AIR AXLE UF, 40 KM/HAR
1.0 b <= AIR AXLE DOWN, 40 Kn/hR
12.8
10,0 |
8.0 }
6.0 | .
+.0 F
2.0}
0.0 ) ; . . : .

6.4 1.0 2.0 ip 2.0 5.0 6.0 7.0 8.0 9.0

RIDE COMFORT RATING, RCR



STANDARD DEVIATION, KN

STAMDRRD DEVIATION, KN

El12

FFFECT OF AIR SUSPENSION LIFT AXLE

TRACTOR SUSPENSION - HENORICKSON

TRAILER SUSPENSION - CHALMERS, AXLE SPREAD OF 1.%7 M

TRACTOR RESPONSE

20.0 T T T T T T T T T
AIR AXLE POSITION

18.0 b O = AIR AXLE WP, BO kn/AR

O = AIR AXLE DOWN, BD KH/HR 7

4= RIR AXLE UF, BO Km/hR
16.0 I + = AIR AXLE DOWN, B0 KM/HR

= AIR AXLE UP, 40 sh/nR .
oo b @ AIR AXLE DOWN, 40 KM/HR
2o | T
10.0 + -
8.0 } i
6.0
4.0 F
20 F ]
0.0 . . . . i !

0.0 1.0 2.0 3o 2.0 5.0 B O 7.0 5.0 5.0 10.0
RIDE COMFORT RATING, RCR
TRBILER RESPONSE
20-0 T T T T T T T T T
AIR RXLE FPOSITION

18.0 F O= AIR AXLE UF, B0 KM/HR

O - AIR AXLE O0WN, 80 KM/HR -

A= AIR AXLE uf, 80 KM/RR
0 F - [IR AxLE 0OWN, B0 Khi/HR

x = AIR AXLE UP, 40 &M/AR L
wot ©° RIR AXLE DOWN, 40 KH/HR
12.0 + T
w0 b J
a0}
6.0 }
1.0 F
207 i
0.0 - . : . . " ;

o.o 1.0 2.0 ap 2.8 5.0 6.4 7.0 B.O 9.¢ j0.0

RIDE COMFORT RATING, RCR



E13

EFFECT OF AIR SUSPENSTON LIFT AXLE
TRACTOR SUSPENSION - NEWAY

STANDARD DEWIRTION, KN

STANDARD DEVIATION, KW

TRAILER SUSPENSION - CHALMERS, AXLE SPREAD OF 1.37 M

TRACTOR RESPONSE

20.0 T -l T e T T T T T
FIR AxLE PDSITION

1.0 F O=AIR AXLE UF, 80 KM/mR

O = AIR AXLE DOWN, BO KM/KHR 7

A=-AIR AXLE UP, 80 KM/HR
16.0 - 4+ = AIR AXLE DOWN, BO KM/RR

== AIR AXLE UP, 40 kn/nR J
4.0 b <= ALR AXLE DOwN, 40 KM/HR
2ot 7
0.0 r -
&0 F

-
£.0 B
sl |
2.0 ]
0.0 . ; , PR . . . . :
0.0 1.¢ 2.0 3.0 4.0 5.0 &.0 7.0 5.0 6.0 .8
RIDE COMFORT RATING, RCR
TRAILER RESPONSE
0.4 — r T T r o e — "
RIR BXLE POSITION

8.0 + O- AIR AXLE uf, B0 KM/BER

D= ATR AXLE OQWN, 80 KM/HR B

&= AIR AXLE uP, B0 KM/HR
6.0 [ + = AIR AXLE DOWN, BO KM/HR

X = AIR AXLE UP, 40 XM/HR |
g b O AIR AaLE DO, 20 KrM/HR
2o b ]
0.0 J
8.0 | .
6.0 |

.
.0 f
2.0 F 7
o — . : ; ; - : . —
0.0 1.0 7.0 30 €.0 5.0 5.0 7.0 8.0 8.0 16.0

RIDE COMFORT RATING, RCR



STANDARD TCYIATION, KN

STAKDARD DCVIATION, K

Eld

COMPARTSON OF TRACTOR AND TRAILER RESPONSE
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - REYCO, AXLE SPREAD OF 1.27 M

AIR AXLE LP
20.0 " T T T T T T T
AxLE GROUF

.0 O~ TRACTOR, 80 KN/KR

O = TRAJLER, B0 ensMR

A= TRACTOR, ED Km/HR
16.0 = = TRAILER, ED KMs/PR

¥ - TRACTOR, 40 kM/HR

&= TRAILER, 40 kpisAR
1.0 F
12.0 |
10.0 ¢
BT &"\‘
8.0 |
4.0 |
20 F
4.0 . . . . ) ; ; .

0.0 1.0 2.0 3.0 4.0 5.0 EO 7.0 8.0 9.0 8.0
RIDE COMFORT RATING, RCR
AIR AXLE OOWN
20.0 T T T T ! T T T
AXLE GROUF

.0  O- TRACTOR, 80 kn/RR

O= TRAILER, 80 Kn/mR

A= TRACTOR, &0 Kh/nR
18.0 T + - TRAILER, B0 KM/HR

x = TRACTOR, 40 Kn/rR

&= TRAILER, 40 KM/HR
1.0
12.0 |
N
8.0 |
&.0 ¥
1.0 F _\
2.0 |
0.0 N . . . . . .

0.0 1.0 2.0 3.0 B O 7.0 8.0 5.0

4.0 %-0
RIDE COMFORT RATING, RCR




STANDBARD DEVIATION, kH

STANDARD TEVIATION, KH

Ei5

COMPARISON OF TRACTOR AND TRATLER RESPONSE
TRACTOR SUSPENSION - HENDRICKSON
TRARILER SUSPENSION - NEWARY, AXLE SPREAD OF 1.27 M

RIR AXLE uP

20.0 T T T T T T T
FAxLE GROUF

18.0 F O~ TRACTOR, 8Q KM/pR J

O= TRRILER, &0 KM/HR

&= TRACTOR, B0 KM/BHR
18.0 -+ = TRAILER, 60 KN/nR h

* - TRACTOR, 40 kh/mR
oo | © - TRAILER, 40 KNn/KR i
12.0 i
10.0 .
8O F b

Py
6.0 § ! b
4.0 F .
2.0t E
0.0 . . . . . . . ;
8.0 1.0 2.0 3.0 5.0 5.0 6O 7.0 8.0 5.0 19.0
RIDE COMFORT RATING, RCR
AIR AXLE DOWN
20,8 T T T T T T T T
AXLE GROUP

1.0 F O~ TRACTOR, 80 sm/nR i

Q= TRAILER, 80 &M/HR

& - TRACTOR, 60 kM/HR
16.0 I+ = TRAILER, B0 KrismR 7

* = TRACTOR, 40 KM/HR
! <= TRAILER, 40 KM/HR ]
120 i
.0 F E
8.0 E
8.0 F . g
3.0 f < - .
z.0 b .
6.0 . ; . . . .

n-e i 2.0 60 7.6 8.0 9.0 16.0

4.0 a.
RIDE COMFORT RATLING

» RCR



STAKDARD DLYIRTION, ki

STANDARD DCEVIRII0W, KH

Elé

COMPARISON OF TRACTOR AND TRAILER RESPONSE
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWAY, AXLE SPREAD OF 1.83 M

RIR AXLE UP
20.0 T T T T T T T T Y
AxFE GROUF

8.0 p O= TRACTOR, 80 KN/HR E

Q= TRAILER, 80 knsHR

&~ TRACTOR, 60 wM/HR
16.0 I + = TRAILER, B0 rn/mR )

» - TRACTOR, 401 Kr/HR

<= TRAILER, 40 KM/HR
nor ]
1z} &
19.0 F :
s.0 k .
6.0 F -y -

o
2.0 F b
2.0 F 1
0.0 . ; . . , ; .
0.0 1.0 20 3.0 40 5.0 g0 7.0 g.0 a.a 10.0
RIDE COMFORT RATING, RCR
AIR AXLE OOWN
20.0 T T T T T T T g T
AXLE GROUP

1.0 F O=- TRACTOR, BO Kn/HR i

O - TRAILER, 80 wp/HR

A= TRACTOR, 60 kh/nR
6.0 & + - TRAILER, B0 KM/HR 1

» = TRACTOR, 40 KM/OR
wa b < - TRAILER, 40 wM/HR |
1z b L
.o .
&0} &
50 kb o= & i

)ﬁ"‘
4.0 .
zn b E
0.0 . . ; . A . . .
g.0 1.0 2.4 3.0 1.0 5.0 6.0 7.8 8.0 8.0 0.0

RIBE COMPORT RATING, RCR



STRNDARD DCVIATION, KN

STANDARD TEVIATION, kM

20.0

18.0

16.0

120

12.0

8.0

E.D

1.0

.0

2.0

a.0

ELs

COMPARISON OF TRACTOR AND TRAILER RESPONSE
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWRY, AXLE SPREAD OF 2.44 M

AIR AXLE UP

1 i T T ¥ Li v ¥ L

AXLE GROUF
O~ TRACTOR, 80 kn/mR
O = TRAILER, 8O «M/HR
&= TRACTOR, B0 KM/HR
+ - TRAILER, B0 Kn/tR
X = TRACTOR, 48 KM/AR
<= TRAILER, 40 RM/HR

-o 1.0 2.0 3.0 4.0 c.0 E.D 7.c 8.0 4.0

RIDE COMFORT RATING, RCR

AIR AXLE DQOWN

.0

T T T T T T T T T

AXLE GROUP
O - TRACTOR, B0 KM/HR
O = TRAILER, 80 KmM/rR
&~ TRACTOR, 60 KM/HR
+ = TRAILER, 80 KM/HR
x = TRACTOR, 40 KM/HR
¢ = TRAILER, 40 KM/HR

i L A

0.0 1.2 2.0 ia 4.0 5.0 6.0 7.0 8.0 9.0

RIDE COMFORT RATING, RCR

io.o



STANDRED DEVIATION, Kk

STAWDARD DEVIATION, KM

8.0

1.0

5.0

12.0

10.0

B.0

6.0

4.0

2.9

2.0

1)

G.0

COMPARTSON CF TRACTOR AND TRAILER RESPONSE

E18

TRACTOR SUSPENSION - HENDRICKSON

TRAILER SUSPENSION - CHALMERS

AIR AXLE uP

, AXLE SPREAD OF 1.37 M

fr

O=
=

A%
-'_
-
o=

AXLE GROUP
TRACTOR, 80 KA/nR
TRAILER, BO KM/HR
TRACTOR, 60 Kh/HR
TRH]LER B0 KM/HR
TRHCTDR 40 KhsHR
TRH]LER 40 KM/HR

o T T F

\

-

RIDE

P E——
"ConForT RATING, RCR

AIR AxLE OOWN

8.0

T T

Q-
O-
a-

+ -
-
-

T

AXLE GROUP
TRACTOR, BO KAsnR
TRAILER, 8D Kn/mR
TRACTOR, &0 Kn/nR
TRALILER, 6O KA/HR
TRACTOR, 40 KM/HR
TRAJLER, 40 KM/HR

N\

c.g

1.0

RIOE

E.D 7.0 8.0
CDHFDRT RHTING RCR

2.0

i0.d



STRNOARD DEWIATION, KN

STARDRARD DEVIATION, KN

El9

COMPARRISON OF TRACTOR AND TRAILER RESPONSE
TRACTOR SUSPENSION = NEWAY
TRAILER SUSPENSION - CHALMERS, AXLE SPREAD OF 1.37 N

AIR RAxLE UP
ED-D T 1 L L} f + T L) T
AXLE GROUF

18.0 O3~ TRACTOR, 80 Kn/AR |

O = TRAILER, 80 KH/HR

A= TRACTOR, 60 kM/HR
i€.0 | + - TRAJLFR, B0 Kn/rR 7

* = TRACTOR, 40 Kn/nR

< = TRAILER, 40 KM/HR
M. T )
12.0 f -
0.0 F J
8.0 | i
6ot E
+.0 F J
20k i
u_D il I A 4 L i L

0.0 1.0 2.0 K] 4.0 5.0 B0 7.0 8.0 3.0 0.0
RIDE COMFORT RATING, RCR
AIR AXLE D0WN
20.G T T ¥ T Y T T T T
AxLE GROUF

1.0 | O= TRACTOR, 80 KMsHR ]

O = TRAILER, BU KM/HR

A~ TRACTOR, B0 kn/shR
.0 b+~ TRATLER, B0 KR/KiR )

» = TRACTOR, 480 KM/HR

& - TRAILER, 40 KM/HR ]
1.0 F
12.0 F i
0.0} -
8.0 F m
.0 F i
.0 \ i
2.0 F .
0.0 " . N . . .

8.0 1.0 2.0 3.0 4.0 L] 6.0 7.0 8.4 8.0 10.0
fIDE COMFORT RATING, RCR



STAMDRRD DEWIATION, kW

STANDRRD DCVIATION, KW

20.0

18.0

16.0

12.0

10.0

8.a9

6.0

2.0

4.0

E20

COMPARISON OF LEAD AND TRAILING AXLE RESPONSE

TRACTOR SUSPENSION - HENORICKSON

TRAILER SUSPENSION - REYCO, AXLE SPRERD OF 1.27 n

AIR AXLE UP - NOMINAL WHEEL LCAD OF 50 KN

TRACTOR RESPONSE

- E]-
O~ TRAILING BxLE, 80 K nR
A~ LEAD AXLE, 60 KM/hR

[+ TRRILING ﬂng su Kn/nR

T

¥ ¥ T T T T T T

RxXLE POSITION

LEAD AXLE

= LEAD AXLE

BD KM/AR

0 TRAILING AXLE, 10 KHIHR

4.0 c.0 &0
RIDE COMFORT RATING, RCR

TRAILER RESPONSE

0.0

CJ

L O-

T 1 1 T T 1 T 1

RxLE POSITION

LEAD AXLE, 80 Kn/mR

TRRILINE RXLE, 80 Kr/HR

= LEAD AXLE

60 Ki1/HR

L S TRATLING PxLE, 60 KM/HR
X = LEAD AXLE, 40 krsnR
&= TRAILING AXLE, eﬂ £M/HR

1.0

2.0 3.0 6.0 7.0 E.0 .0
RIUE CDHFDRT RHTINB RCR

6.0



S1AMDARRD DEVIATION, KM

STANDARD DEWIATION, KN

E21

COMPARISON OF LEAD AND TRAILING AXLE RESFONSE
TRACTOR SUSPENSION - HENDRICKSON
TRARILER SUSPENSION - REYCD, AXLE SPRERD OF 1.27 M
AIR FXLE DOWN - NOMINAL WAECEL LOAD OF 40 KN

TRAETOR RESPONSE

20.0 T T T ! T T T T
AXLE POSITION

8.0 F 0= LEAD AXLE, 80 kn/hR

O - TRAILING BXLE, 80 £n/nR

A= LEAD AXLE, B0 KM/HR
16.0 - + - TRALLING AXLE, 60 KM/HR

X = LEAD AXLE, 40 xmsnR
1ok &= TRAILING AXLE, 40 kM/AR
12.0 F
0.0 } i
8.0
6.0 |
4.0 F
2.0 F
0.0 : . . .

6.0 1.0 ] 3 4.0 £.0 &.0 7.0 8.0 8.0 10.0
RIDE COMFORT RATENG, RCR
TRARILER RESPONSE
20.0 T T T T Li T ¥ Ll ¥
AXLE POSITION

w0 b O= LEAR AXLE, 80 Kn/hR

O - TRAILING AXLE, BO KM/HR

A= LEAD AxLE, BB KM/BR
16.0  + = TRAILING AXLE, BO KM/HR

X = LERD AxLE, 49 kn/HR
mo b 2 TRAILING AXLE, 20 KM/HR
12.0
1.0 F
80 |
&.0 b
+.0}
20 r
a.o a L . i .

oo 1.0 2.0 3.0 E.O 7.0 &.0 3.0

4.0 °.0
RIDE COMFORT RATING, RER



STANOARD DCWIRTION, KN

STANDRRD DCVIATION, KH

20.0

18.0

16.0

11.0

12,0

0.0

6.0

B.G

2.0

18.0

16.0

11.0

12.8

10.0

§.0

1.0

2.0

0.0

E22

COMPARISON OF LEAD AND TRAILING AXLE RESPONSE
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWAY, AXLE SPREAD OF 1.27 K
AIR AXLE UP - NOMINAL WHEEL LOAD OF 50 KN

TRACTOR RESPONSE

T i T T

AXLE POSITION
O~ LEAD RAXLE, BO kn/rR
O = TRAILING AXLE, BD KM/HR
A= LEAD AxXLE, BD Kn/AR
+ = TRAILING AXLE, 60 KM/HR
= LEAD AXLE, 40 KM/HR
<= TRAILINE AXLE, 40 KM/AR

T T T T

1 fl

a.o 1.0 2.0 it

1.0 5.0 é.D ; 1} 8.0 8.0 0.0
RIDE COMFORT RATING, RCR

TRAJLER RESPONSE

T T T T T T

AxLE POSITION
(O~ LEAD AXLE, &0 wp/RR
O = TRAILING AXLE, 80 KM/HR
A= LEAD AxLE, B0 KM/HR
+ = TRAILING AxLE, BD KM/HR
== LEAD AXLE, 40 KM/AR
< - TRAILING AXLE, 4D Kkm/nR

a.o 1.0 2.0 i.o

1.0 .0 5.0 7.0 8.0 9.0 10.0
RIDE COMPORT RATING, RCR




STRNOARD DEVIATION, KN

STANDARD DEVIATION, KN

0.0

18.0

16.89

1.0

12.0

10.0

§.0

6.0

4.0

2.0

0.9

20.0

15.0

L1

11.0

12.0

1.0

1.0

2.0

0.5

E23

COMPARISON OF LEAD AND TRATLING AXLE RESPONSE

TRACTOR SUSPENSION - HENDR!CKSON

TRAILER SUSPENSION ~ NEWAY, AXLE SPREAD OF 1.27 1

AIR AXLE DOWN - NOMINAL WHEEL LOAD OF 40 KN

TRACTOR RESPONSE

L O-

|-

O-
o= LEAD AXKLE, B0 Km/HR
L -

x-
-

T 4 T L T T

AXLE POSITION
LEAD AXLE, &0 kM/mMR
TRAILING AxLE, 80 KM/HR

TRAILING AXLE, B0 KM/HR
LEAD AxLFE, 40 kn/nR
TRATLINE AXLE, 40 KM/HR

1.0 2.0 3.0 6.0

5.0 c.0
RIZE COMFDORT RATING, RCR

TRAILER RESPDNSE

9.0

(m
Q-
H-
-+ -

-
-

ra T ¥ T T T

AxLE POSITION
LERD AXLE, 80 £n/HR
TRRILING AxE, BO KM/HR
LERD AXLE, &0 Kr/niRt
TRAILING AXLE, B0 KM/HR
LERD AxiLE, 4D Kn/nR
TRARILING AxLE, 40 KmM/hR

il

a.a

L
60

1.0 2.0 3.0 1.0 5.0
RIDE COMFORT RATING, RCR

7.0

9.0

0.4



STANDARD DEVIATION, KN

STANDARD DEVIATION, KM

20.0

18.0

18.0

12.0

0.0

d.0

E.0

20.0

18.0

16.0

11.0

12.0

4.0

2.0

Q.0

£24

COMPARISON OF LEAD AND TRAILING AXLE RESPONSE

TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWAY, AXLE SPRERD OF 1.83 M
BIR AXLE UP - NOMINAL WHEEL 1.ORD OF S0 KN

TRACTOR RESPONSE

1 U T 1 T T l T T

AXLE POSITION
O= LEAD AXLE, 80 KP/RR
O~ TRAILING RXLE, BO KM/HR
o= LEAD RXLE, 6D " KM/HR
+ - TRAILING FIXLE, &0 xn/mR
® = LEAD AXLE, 40 Kh/AR
< - TRAILING HKLE, a) KM/HR

RIDE COMFORT RATING, RER

e ' .
G— 2
.0 1.0 2.0 3.0 4.0 5.0 6.0 70 8.8 5.0 (4.0
RIDE £QmMFDRT RATING, RCR
TRAILER RESFONSE
T T T L T T T T T
AXLE POSITION
0= LERD AxLE, BO KN/RR E
O - TRAILINGE AXLE, 80 KM/HR
A= LEAD AxLE, B0 KH/AR
+ = TRAILING leLE 60 KM/HR 1
* = LERD AXLE, 40 kM/HR
<= TRAILING let_E 40 KM/PR ]
_i‘_—-—__________._-—-—-—-_-_ o
$?::=——_——___
0.0 1.0 2.0 3.0 4.0 5.0 .0 7.0 &.0 3.0 10.0



STANDARD DEWIATION, KH

STRNDARD DEVIRTION, KH

0.0

6.0

14.0

12.0

10.0

8.0

2.0

0.0

0.0

18.0

16.0

12.0

10.0

8.0

4.0

2.0

0.0

E25

COMPARISON OF LEAD AND TRAILING AXLE RESPONSE

TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWRY, AXLE SPREAD OF 1.63 n
AIR AXLE DOWN - NOMINAL WHEEL LOAD OF 40 KN

TRACTOR RESPONSE

¥ ¥ Ll T T T T ¥

AXLE POSITION
O = LEAD AXLE, 80 kn/nR
O = TRAILING AXLE, B0 KM/HR
A~ LEAD AxLE,. BO KM/HR
+ = TRRILING AXLE, BO kM/AR
* - LEAD AxLE, 40 kr/mR
&= TRAILING AXLE, 40 RM/HR

& TT.‘p

0.0 1.0 2.0 1.0

4.0 5.0 6.0 7.0 8.0 9.0
RIDE COMFORT RATING, RCR

TRAILER RESPONSE

10.0

AXLE POSITION
[O=- LEAD AXLE, B0 KM/AR
O - TRAILING AXLE, BO kM/nR
A= LEAD AXLE, B0 kp/HR
+- TRAILING AXLE, B0 Kr/HR
x = L EA0 AXLE, 40 kA/nR
o - TRAILING AALE, 40 KM/HR

=N

e I

0.0 1.0 2D 3.0

1.0 5.0 €0 7.0 8.0 3.0
RIDE COMFORY RATING, RCR

1a.0



STANDARD TEVIATION, KM

STANDARD DEVIATION, &M

18.0

8.0

13.0

12.0

10.0

8.0

B.0

1.0

0.0

20.0

15.0

16.0

14.0

36.0

8.0

6.0

2.0

4.a

B26

COMPARISON OF LEAD AND TRAILING AXLE RESPONSE

TRACTOR SUSPENSION - HENDRICKSON

TRAILER SUSPENSION - NEWAY, AXLE SPREAD OF 2.44 M

AIR AXLE UP - NOMINAL WHEEL LORD OF 50 KN

TRACTOR RESFONSE

T -1 T a T —r

RXLE POSITION

0~ LEAD AxLL, BD KM/HR
| C- TRAILING AXLE, 80 Kn/eR
A - LEAD AXLE, 60 KM/HR
3 ﬂ- TRAILING HxLE 60 Kn/nRk
- LFAD AXLE, 40 KAZHR

= TRAILING HXLE, 40 KHM/HR

L - 1 :

TRAILER RESPONSE

4.0 5.0 8.0
RIDE COMFORT RATING, RCR

7.0

8.0

8.9

10.0

T ¥ 1 ¥ 1

AXLE POSITION
- Q- LEAD AXLE, 80 Kns/HR
C) TRAILING HXLE 80 KMsHR
- LEAD AXLE, BO knsHR
- + TRAILING ﬁxLE B0 KH/AR
= LEAD AxLE, 40 KhsHR
- TRAILING AXLE, 40 KM/HR

L T

0.0 1.0 2.0 3.0

.0 5.0 6.9
RIDE COMFORT RATING, RER

7.0

9.9

10.8



STANTARD OEYIATION, KN

STANDRRD DEYIATION, KN
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COMPARISON OF LEAD AND TRAILING AXLE RESPONSE
TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - NEWAY, RAXLE SPRERD OF 2.44 M
AIR AXLE DOWN - NOMINAL WHEEL LORD OF 40 KN

TRACTOR RESPONSE

20.4 T T T T T T T T
AxXLE POSITION

g.0 | O~ LERD AXLE, 80 Kn/HR

Q= TRAILING AXLE, BO KM/HR

A= LEAD AXLE, B0 Kn/HR
18.2 | + ~ TRAILING AXLE, &0 KN/HR 7

= LEAD AXLE, 40 Kn/R
o b © = TRAILING AXLE, 40 Kr/hR z
12.0 -
10.0 | i
u.0 F
5.0 | -
+.0 1 b
2.4 F -
0.0 . . . . . . . .

0.o 1.0 2.0 3.0 4.0 £.4 E.0 7D 8.0 9.0 10.0
RIOC COMPART RATING, RLOR
TRAILER RESPONSE
20.8 T T T T Y T T T T
AXLE POSITION

5.0 O - LEAD RXLE, 50 KM/mR 1

O~ TRAILING AXLE, BO KM/HR

A= LEAD AXLE, BD &R/AR
16.0 | + - TRAILING GXLE, BO KM/HR .

» = LEAD AXLE, 40 Kn/nRk
1o | © = TRAILING AXLE, 40 Kr/HR |
12.0 b
0.0 ¥ -
g0 | BHHKRK 4
e.0 | -1
1.0 | -
2.0 F 1
. , , . . . . .

0.0 1.0 2.0 3.0 4.0 S0 E.0 7.0 5.0 4.0 0.0

RIBE COMFORT RATING, RCR



STANDARD DCYIRTIOM, KN

STANDARD DCVIATION, K4

20.0

i8-0

1E.Q

1.0

12.0

10.0

8.0

6.0

2.0

0.0

20.0

18.0

16.0

1.0

2.0

0.0

E
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COMPARTISON OF LEAD AND TRAILING AXLE RESPONSE

TRACTOR SUSPENSION - HENDRICKSON
TRAILER SUSPENSION - CHALMERS, AXLE SPREAD OF 1.37 M
AIR AXLE UP - NOMINAL WHEEL LOAD OF SO KN

TRACTOR RESFONSE

T . T

AXLE POSITION
- D= LEAD AXLE, 80 Kn/HR

O~ TRATLING AXLE, 80 KM/HR
&= LERD AxLE, B0 Km/HR
F + = TRAJLING RAXLE, B0 KM/HR
Xw L FPAD AxLE, 40 KRM/RR
<= TRAILING AXLE, 40 kH/HR

e

AN

a.0 1.0 2.0 3.0

4.0 5.0 8.0
RIOGE COMFORT RATING,

RCR

TRAILER RESFONSE

7.0

B.0

S.0

T — ¥

AXLE POSITION
3= LEAD AXLE, 80 Krv/hR
- TRATLING ﬁxLE, 80 KMs/HR
o= LEARD AXLE, B0 KM/AR
+ ~ TRAILING AxLE, BD KM/AR
A= LEAD RXLE, 40 KM/HR
| <~ TRAILING RXLE, 40 €m/nHR

T

-r

2\

0.0 1.0 2.0 3.0

4.0
RIDE comFOR

5.0 B

T RATING,

-p
RCR

7.0

30

100



STANDARD OLYIRTION, ki

STANDARRD DEVIATION, KN

20.0

18.0

19.0

12.0

0.0

€.9

6.0

2.0

Q.0

20.0

15.0

14.0

12.0 ¢
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COMPARISON OF LEAD AND TRAILING AXLE RESPONSE

TRACTOR SUSPENSION - nENDRICKSEN
TRAILER SUSPENSION - CHARLMERS, AXLE SPREAD OF 1.37 M
AIR AXLE DOWN - NOMINAL WHEEL LOAD OF 40 KN

TRACTOR RESPONIE

T T T 1] ) 1 T T T
AXLE POSITION
L O = LEAD AXLE, B0 kn/HR 4
cn TRATLING AXLE, B0 Kr/HR
- LEAD AxLE, B0 kM/mR
- + TRAILING AXLE, su Ket/HR 1
= LEAD AxLE, 40 K
| 5 = TRATLING AXLE, 40 KrvmR A
6.0 1.0 2.0 2.0 4.0 5.0 60D 7.0 6.0 9.0 0.0
RIDE COMFORT RATING, RCR
TRAILER RESPON3E
AxLE POSITION
L. O~ LEAD AXLE, 80 knshR
O - TRAILING AxLE, 80 KrI/HR
&= LEAD AxLE, 60 sn/nR
I + TRAILING HxLE BD KHIHR b
= LEAD AxLE, 20" KM
| 0 TRAJLING AXLE, 4I3 mmR i
0.0 1.0 2.0 3.0 5.0 E. n 7.0 u_a 9.0 10.0

RIDE CDHFDRT RATING, RCR



APPENDIX F

HISTOGRAMS OF DIGITIZED WHEEL LOAD DATA

Fach run represented in the appendix illustrates the dynamic
wheel lopad distributions of the lead and trailing axles for
both the tractor and trailer. The tables on pages Fl and

F2 serve to correlate the probability distributions with
points on the line graphs of Appendix F.



Fl

Reyco - Hendrickson

1.27 meters 1.83 meters 2.44 nmeters
speed roughness lift 1ift lift lift lift lift
km/hr IFM - RCR up down up down up down

73 8.17 F3 Fl2 Fa2l F27
40 254 4.55 F4 Fl3 F22 F28
424 1.15 F5 Fla F23 F29
73 B.17 F& Fl15
&0 254 4.55 F7 Flé
424 1.15 F8 F17
58 8.45% F9 Fl8 F24 F30 F33
80 165 6.33 Fl0 Fl92 F25 F31 F34
217 5.29 Fll P20 P26 F32 F35
Table F1 Pagination for Reyco distributions

Neway - Hendrickson

1.27 meters 1.83 meters 2.44 meters
spead roughness | lift lift 1ift lift lift 1ift
km/hr IFM - RCR up down up down up down

73 8.17 F36 F45 F53 FG2 F71 F80

40 254 4.55 P37 F46 F54 F63 F72 F81
424 1.15 F38 F47 F55 Fo4 F73

73 8.17 F39 F48 F56 F65 F74 82

60 254 4.55 F40 F49 P57 P66 F75 F83
424 1.15 F41 FG5B F67 F76

59 8.45 F42 FS0 F59 F&8 F77 ra4

20 165 6.33 F43 F51 F&0 F69 F78 F85

217 R.29 F44 F52 F&l F70 79 F26

Table F2 Pagination for Neway distributions




Table

F2

Chalmers - Hendrickson

1l.37 neters

speed roughness lifz lift

km/hr IFM - RCER up down
4Q 73 8.17 Fg87 Fo4
254 4.55 Fag Fa5
60 73 8.17 F89 F26
254 4 .55 ro0 ra7
59 8.45 FOl F98
80 165 6.33 FO2 F99
217 5.29 a3 F100

F3

Pagination for Chalmers distributions
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