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DISCLAIMER

This publication is produced under rhe auspices of rhe Technical
Steering Commitree of the Vehicle Weights and Dimensions Study. The
points of view expressed herein are exclusively those of the authors
and do not necessarily reflect the opinions of the Technical Steer—
ing Commictee, Canroad Transporctation Research Corporarion or 1ts
supporting agencles.

This report has been published for the convenience of individuals or
agencies with inrerests in the subject area. Readers are cautioned
chat the use and interpreration of che dara, material and findings
contained herein is done at their own risk. Conclusions drawn from
this research, particularly as applied to regulation, should include
considerarion of the broader context of Vehicle Weights and Dimen—
sion issues, some of which have been examined in other elements of
the research program and are reported on 1o orher volumes in this
series.

The Technical Steering Committee will be considering the findings of
rhese research investigations in preparing its "Final Technical
Report™ (Volume 1 & 2}, scheduled for complerion in December 1986.
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SUMMARY

The objecrive of this study 1s to examine the feasability of
evaluaring the roliover threshold of heavy vehicles ar road-
side control stations. The Australian Road Research Board
(ARRE) and the Univerasity of Michigan Transportation Re-—
search Institure (UMTRI) sraric rollover models are both
detailed wmacthemactical models well capable of predicting
vehicle rollover threshold as long as vehicle paramecers are
precisely known.

The most Important parameters to measure on the vehicle for
which we want Lo estimate the rollover threshold are idenci-
fied. A merhod of measuring, or estimating, these parameters
is also presenced.

The ner effecr of nor heing able ro determine precisely tcrhe
characteriscics of the vehicle controlling its rollover 1s a
large imprecision on the ecomputed rollover threshold.

It is pointed out that mere experimental work is needed co
egtablish how the measurement of the height of rhe center of
gravity can be made with a good accuracy- The gquick determi-
nation of suspension characteristies is alsoe difficult and
this will need to be looked ar in more detrail.
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1.0 PROJECT OBJECTIVES

This project was undertaken under rhe Vehiele Weighrs
and Dimensions Study — Visiting Researcher Program.

The main objective of this project can be summarized as
follows:

To determine a simple procedure ro quickly estimate the
rollover threshold of heavy vehicles at roadside con-
trol arations. This procedure must require a minimum of
parameters to be measured on the wvehicle itself and ic
must nor need the tilting of the vehicle more than a
few degrees in order to eliminate the risks of damaging
the vehicle or icts load.

Three major areps were foreseen at the beginning of the
projecr:

1- The development of a simple mathematical model based
on the Ausrralian Road Research Board (ARRB) and rhe
University of Michigan Transporration HResearch In-
spitute {(UMTRI) rollover marhematical models.

2- The validation of the new simplified model by com-
paring its rolleover predicrions with the original
models and with the resuvwlr of the Weighrs and Dimen—
slons S5tudy tilc table test-

3- The preliminary design of the roadside concrol sta-
rien special equipment needed and the establishment
of a preliminary test procedure.

For reasons whiech will become evidentr later an, the
study deviated slightly from the inictial work plan but
essentially, the praerical feasibilicy of such eguip-~
ment has been fully investigated and its inherent limi-~
tarions pointed our.

‘ :R' LERT e uk RECAERCHL
Eu AT LT Lo —wEBED



MEC-86-033 2

2.0 THE MATHEMATICAT MODELS

2.1 The UMTRI staric Toll meodel

The sraric reoll model developed by UMTRI is a very de=
railed mathemarical analysis of a semi—-trailer truck
rolling over on a flar surface under the influence of a
lateral acceleration as when going around a scteady lev-—
el curve at consctant speed. The model has few simpli-
fying hypotheses:

- No dynamlics cffects arc conaldered .

— All the masses are tigid and connected by flexible
elements. This means the masses are and stay concen-
trated at rheir original C.G.

~ The ground is horizoaral-

- The vehicle has oanly rhree axles; one at the froent
one at the rear of the tractor and one at the rear of
the rrailer. In case of vehicles having more axles,
each azle group is replaced by an equivalent axle lo-
cated at the center of rhe axle group and whose prop-
ercies represent the whole group.

- The idealized roll centers are fixed with respect CO
the sprung masses.

- The reactions at ground act through rhe cenrer of
each tire.

— The spring forces are always perpendicular to the
axles and all the horizontal forces acring actually
on the springs are assumed to be transmitted threough
the roll center. In other words, rhere are no Trans-
verse forces on the 53prings.

- The latreral translacion of the normal load 1s mne-
glected-

‘ :RIQ CEWTRe Dt ALumend aE
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- The chassis friction is represented by 1dealized cou-
lomb frigrion.

- The articulacrion angle between rfractor and rtrailer is
negligable.

— The initial loading is centered laterally.
Figure 1 shows the modelled truck.

The model solves the equilibrium only in the rell plane
for increasing values of crailcecr sprung mass rall an-
gle. This implies finding the sclurion of some 13 si-
multaneows equarions describing the equilibrium of the
truck and ctraller combination under a constant lareral
accelaration.

When running this model in irs acfual PC version, the
oucputs jindicate the sprung and unsprung masses roll
and the mner tvoll moment at each axle for increasing
trailer roll angles. It clearly indicares the condil-~
tions at which trthe firsct wheel 1lifts and it keeps on
inereasing the roll angle unril a second wheel lifrs.
Ar this point, the wvehicle is considered totally un-
stable and the program is scopped- A list of the inpurs
and a sample outputr sheer is given ia appeadix B.

As expected, the execution time was found inversely
proportional to the rtrailer roll angle incremenct and
the precision of the results was also influenced by the
size of this increment especially when 1t was made
large. In faetr we never had experimental resulcrcs of a
fully descrlihed vehicle to coapare with butr whar we did
to determine a pracrical roll angle increment was to
assume chat smaller increments give more precise solu-
tions and ro increase this increment until rhe resulrs
of first and second wheel 1lifcr changed significancly.

R'Q CenTRe OL 2y mEmore
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A srudy with zypical inpur data indicated that the in-
crement should be kept smaller than D.1 deg. As shown
in figure 2, the model prediccions for first and second
wheel lifcs were quite constant for small roll angle
increments and they started fluctuating for roll angle
increments larger than 0.1 deg. This roll aagle incre-
ment yielded an execution rime of 5 minures including
30 sec. for specifying inpurs from an already prepared
file. Tests were done using the compiled version of
the program on & COMPAQ miecro compurter (IBM-PC compati-
ble} equipped with two floppy disks, The removal from
Lhe program f sowme fcarures like the stor=ge of daga
on disk for fature plocting of roll moments and rhe
printing of intermediate results combined with the ad-
dition of a mathematical co-processor can improve the
computing time by & facror of 2 or 3. This means the
total execution Cime could be reduced to approximarely
2 minutes for our application. We felr rthis rime was
very short in comparison with the whole process and no
effort was made to further reduce it by simplifying rhe
model -

A brief sensitivity analysis has also been done with
this model by simply varyiag two sets of typical inoputs
by +10% and —-10%. The most significant facrors influen-—
cing the first wheel lifr lateral acceleration were
found as indicated in rable 1:

GR[Q ComiRy T4 wie gl ng
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TABLE 1

UMTRLI roll model - the effecr of varying the most
gignificant parameters by +10Z on the rollover
rhreshold (first wheel 1iftr)

Variaction of la-

'Parameters teral acceleration

acr firsr wheel 1ift
-10% +10%
1- Trailer sprung mass C.G. height +12.8% -10.5%
2~ Trailer sprung mass + 7.9% - 32.9%
3~ Trailer track widrth - 6.0% + 4.9%
4~ Trailer axle load - 5.8% + 5.2%
5~ Tractor rear spring spacing - 3.9% + 4.3%

- Height of tracror rear suspension

roll center - 2.7% + 2.5%
i~ Tracror rear axle ctrack width - 2.37% + 1.8%
8~ Trailer azle dual tire spacing - 2.0% + 1.8Z%

The others facrors have an effect of less than 2% for a
variarion ef + 10%Z. The typical truck data were rwo
truck/semi—-trailers having ctotal GVW of 23 200 aad
37 700 kg- Table B2 of appendix B liscts rhe effecrts of
more parameters for borh testcs.

Appendix B also gives a listing af the original UMTRI
program in BASIC language.

The Australian Eoad Hesearch Board Static Roll Model

The static roll model developed by ARRB is also a very
detailed mathematical analysis of a semi-trailer truck
rolling over oo a flat surface under the influence of a
lareral acceleration-

CR'Q termil Do AEC M- e
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This model has simplifying hypertheses very similar teo
che UMTRI model; rhe mest imporraal are:

- The vehicle is represented by 7 inrerconnecrted mas-
ses. Here, it differs from UMTRI in the sense that 1t
divides the trailer sprung mass in twa parts, OnBe
supported by the trailer wheels and one by the fifth
wheel. For our application, we believe this has no
noticeable effecrs.

- No dynamics effects.

- All the masses are concenctrated at che c.C. (solid
masses) .

- The ground is horizontal.

- The vehiecle has only 3 axles, 1 at frent, 1 at the
rear of the tractor and 1 at the rear of crhe trailer.
Each of rChese axles are located at the ceanter of tThe
axle group and their propercies represenl the wheole
group-

- The ground reactions act through the center of the
tire for single tire axle and through rhe center of

the two tires for axle with dual tires.

— The reactions are fixed with respecrt tO ground and
iateral displacement are calcularced.

— The masses rotate around jdealizgzed roll centers.
- The iaitial Loading is centered laterally.

- The articulation angle berween tracror and trailer is
E8ro.

The ARRB model solves the equilibrium only ia the rell

place for inereasing value of lateral acceleration ap
to first wheel lifr. The numerical merhod used is quirte

CRIQ Lerine Dk FESACH -
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complex and as the UMTRT model, each step is the solu-
tion of a series of simultaneous equarions describing
the equitibrium of the truck/semi~-trailer combination
under a coastant lateral accelaratione.

Typical results ineclude the roll angles of rrailer,
tractor rear and tracror fronc, axles, suspensions and
bodies for 1ncreasing larteral accelerations. They also
include the percent of load ctransferred at each axle,
the fifrh wheel moment and sprung mass positions.

This model takes care of suspensivn roll charactcris-—
tics by defining functions whiech represent the whole
suspension reaction rto a roll momear. The vertical and
laceral stiffness of tire are also represented by simi-
lar relacioas.

The listings we have gor have nor permitted us to run
this program; there was always something going wroag in
the mathematical soluriom and this at the very firsrt
iterative scep.

The inputs required to run this program are lisced in
appendix C.

2.3 Selection of 4 computer program

As we have just seen, borh mathematical models are a
comprehensive analysis of rthe rollover process of a
heavy vehicle. The equations of borth models are based
on a4 quirte detaliled represenration of the vehicle and
we believe rthat berh would be more rhan sultable for
our applicatjion. The UMTRI model has been rerained for
the following reasons:

- It 4is, as the ARRB ane, a rollaver agalysls going
into details beyond our needs.

CR‘Q COWTAL T Rlmer
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- The execution ctime 1s relactively short with respect
tro the time required for the whole process.

— It is already in a PC compatible version which means
it will run on many inexpensive M5-DOS micro comput=—
ers.

- The source version is written in basic so it 1s very
easy to modify to meetrt any particular needs 1p terms
of inputs or CQUTpULS.

The Listing of rne source program is praesentad in ap-
pendix B.

We have nor made any attempr to simplify this model
because it became evidenr thar the rime which can be
saved would be meaningless as compared with the rortal
rime of the whole process. The precision with which the
vehicle paramerters can be measured appeared tTo be 3
much more determining factor in the application of this
technique at roadside conrrol stations- If needed the
program could always be easily simplified later on.

Estimation of the error on fthe vehicle rollover

threshold

8ased on the seansitivity analysis done oan the UMTRI
model, the effect of each significant paramerar oan the
vehicle rellover threshold has been analyzed taking
into account the precision at which each variable could
be best determined at a roadside station.

Table 2 lists all these inceresting vehicle paramerers,
their best escimated precision and the resulcing errors
on the rollover thresheld of two typical vehicles.

The table also shows that when we combine all che
errors, the total errer oo The calculatred wvehicle
rollover thresheld runs =as high as 22%, half of this
coming from the bhig 10%Z error on the height of the cen—
ter of gravicty which 1s explained in appendix A

C Q Lo me Db AFEe R
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TAELE 2

Errors on the vehicle relleover thresheld resuliing from rhe
best &srimared precisjion on the most important vehicule paramerters

Typleal wehlcla
no 1, error on

Typical vehicld
no 2, error on

Variable Besr esti-§ lat. &cc. &aC lat acec. at
Vehicle paramerers name mat ed firsr wheel firsr wheel
precision lifr life
{+ or —) (+ or =)

Trailer sprung mass C.G. helght 283 10% 12.35 12.86
Tractor rear axle lateral spring 82 5% 2.16 1.97
Epacing
Tractor front sprung mass. C.G. Heighr 251 10% 1.85 1.05
Helght of tracror rear axle roll center HR2 5% 1-34 0.92
Tractor rear sprimg rable - 5% 0.93 0.79
Traller rear spring table - 10% 0.62 1.31
Dual tire spacing om trailer axle A3 &% 0.82 0.42
lLareral disrance between tires on T3 iz 0.60 0.50
tralier axle
Beighrt of trailer axle roll center HR3 5% Q.72 0.33
Trailer sprung mass PEE) 1z G.39 0.79
Height of ctracror front axle roll cente. HR1 5% 0.62 0.26
Tracror rear sprung mass C.G- height 782 10% 0.62 0.26
Tractor front spring lateral spacing 51 ¥4 0.62 0.26
Trailer vear spring lateral spacing 53 5% Q.31 0-66
Tracrtor front spring table - 10% 0.62 0.26
Dual tire spacing on Cracror rear axle A2 4% 0.25 0.21
Tire spacing oD LTacror rear axle T2 1% 0.23 0.21
Trailer axle load WAXL3 0.5% 0.11 0.29
Verrical stiffness of one tire on KT21 1% 0.10 0.13
tractor rear axle
Tractor front axle load WaXL]1 Q.5% 0.08 G.03
Tractor rear azle load WAXL2 0.5% 0.04 G.05
Al) parameters combined ro give the
worslL case 21% 22%
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3.0 DATA ACQUISITION

As seen iIn the preceding section, many parameters Ccon-—
trel rthe roilever of a heavy vehicle. Theorecically all
these paramerers would have to be measured precisely in
order rto get a precise rollover estimatioa. This is ac-
ceptable with a research vehicle but simply impossible
at & roadside control starion.

Forvunarely, the sensitivirty analyses of borth models
indicate that many parameters have a lesser importcance
in the rollever threshould 80 one can hope to bring down
the data acguisicion problem to some acceptable level.

Among the most imperctant vehicle characteristics are
the height of the center of graviry, the crractoer and
trailer track width, the spring spaecings, t©he spring
force curves, the tire stiffness, ete. The next para-
graphs dicuss how these imporcant paramecers could be
measured and/or estimared at a roadside control station
and what ¢ould be the error.

3.1 Measuvrement of the height of rthe center of gravitry

The simplest, and probably the only possible way tao de-
rermine cthe height of the cearer of gravicy at roadside
stacion, is to tilt the whole vehicle for a few degrees
and to observe the lareral weighrt ctransfer. The tilc~
ing must be small enough so there is little suspension
and rire deformacicen chus allowing the vehicle to be
considered as a salid bedy. On the octher hand, rtilting
must be large encugh to 1induce 2 measurable weight
transfer or rate of weighr trampnsfer.

Appendix A presents different approches which can be
used to evaluate cthe height of rthe cencer of gravirty
of a so0lid body from tilt deck daca. The first merthod
1= based on the difference IiIn the high side load read-
ings =2t 2ero tilt and at a small tilt angle. The nexc

CRIQ CERTRE CE BT in 10 1L
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rhree methods presencted use cthe rate of lead transfer
and finally, the last one uses the slope of the curve
of [Ho/W - H/W/cas €] vs tan 6. Which is theorerically
a stralghr line for a solid body.

fach tilt table restc data of the Vehlcle Weight and DPi-
mensions Study (ref. 3) have been analyzed using the
five methods for tilt angles from 0 teo 10 degrees. The
first method, based omn weight measurements at two small
tilr angles, gives very fluctuating estimarions of the
cancer of gravity; the four other metheods, using the
rare of weigh: cransefar, or =8 sctraight 1ine fitted
through a series of poelnts, gives center of gravicy
heights gquite constant and very clese to each orther for
each parcieular tesrtc- See appendix A for more de-
tails.

However, when we look at the heights of the cenrer of
gravity calculated for the very same traller and load
tilred four consecurive Times with differemc hut wvery
similar tracrors, we finmd a variatiom of + 10%. This
is best illustrated by figures & and 5 where the sanme
tralier and load have been unsed for tests &, 9, 10 &
11, a second ane for tescs 16, 17, 18 & 19 and a third
one for rescts 24, 25, 26 & 27.

This large unexpecred variation is difficulr cro explailn
because when we look at each particular test 1n de-
tail, everything is very normal. This aspectc of CG
height measurement wWill need more experimental invesci-
gation but for the time being, the only logical conclu-
sion 1s that we can expect an error of x 10Z in the
measurement of the height of the CG with a tilt deck.

3.2 Measurement of axle group loads

The axle group loads can be simply calculated by adding
up the high side and low side load readings ar zero

Q TunTe ue nFORERC B
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tilt angle during rhe measuremenr of the heighr of rhe
CG. This could be done auromatically by a computer
concrolled data acquisition sysctems The precision can
be + 0,5% or even betcer.

3.3 Evaluation of the trajler sprung mass

The trailer sprung mass 1is a quicte importrant paramecer
which can be calculated from axle group weight read-
ings, estimaced axle unsprung masses and Ltraccor rear
§PruUng mMass-.

Yor most of the ctracrtors and ctrailers, the tracror rear
and trailer wupsprung masses can be simply estimated by
the weighrtr of a typical axle times the number of axles.
Yor more precisioan, the weight of rthe typical tracecor
and ctrailer axles can be varied according wirth the size
of the rires.

The welght of the tractor rear sprung mass 1s not Vvery
significant and 1ir can be assumed conscant for =all
tracrtars; if needead ctwo values can be used for small
and large ctracrors.

These approximations should give a preciszion close to +
1% an the trailer sprung mass.

3.4 Measurement of rrack width, dual tire spacing and nom-
ber of axles

A serles of narrow switches can be mounted gcross the
tilt deck jusr before the sgale section. These
switches, activated by the coentact of each tire, inform
the cemputer where each tire of each axle touches the
ground. From this information, it is easy to compute
the number of axles in each group, the number of tires
on esgch axle, the distance between the inside cires and
the duil tire spacings. If each switch covers 1.2 cm in

‘ : Q inind OE WECAERT 4
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widch, the precision on track width will be approxima-
tely + 1% and the one on dual tire spacing, t 4%. Nar-
rower switches will give more precision but this means
more switches te read in a quite shorc time and we do
not think it is needed-.

3.5 Evalpartion of rhe spring spacings

The sensictiviry analysis shows litctle effect of rthe
tractor front spring spacing and a typlcal ecoastant
value (around 88 cm) can be rTaken without inrroducing
any significant error oun the rolloaver threcheld evalua-
C1gn-

The rracfor rear spring spacing has a much larger ef-
fect on the vehicle stabilirty; 1t can be measured with
a rape for more precision bur because of the very small
difference in tractor frame width, a constant value
around 1.02 m can be raken for spring suspensions and
around 85 em for air suspensions- We estimare these
consrant values to be within + 5% of actual spring
spacings: a survey on many truck should confirm this.

The trailer rear spring spacing has a much smaller ef~
fect and choosing a constant typical value around 1 m
should be quite a good approximation for the wide track
trailer; 85 cm would be best for the 8 footr trallers-
In case of air suspension, each value should be reduced
co 90 and 75 ¢m. This should yield an error not larger
than 5%. A survey on many trailers should confirm these
values.

3.6 Evaluation of the suspengion roll center height

The suspension roll cenrter heights do not have any
large effecrt on the vehicle rollover threshold and chey
can be estimated from the vire size. The front axle is8
generally a drop axle and in this case an estimate of
50%Z of the diameter of the tire is very adequare- For
the tractor rear and trailer axles, 7572 of the diameter
of the tire will be a good estimate. These estimations

should have an error less than 5Z.
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3.7 Tires properties

The sensitivity analysis has shownr that only the verci-
cal stiffness of the tractoy rear tires has a nortice—
able effect on the rollover threshold. However, as 1t
is very easy to identify tires, all the tires on the
vehicle can be checkaed and their coded size given to
the computer. All the properties for rhese tires will
be read from already stored files. Tf it 1is needed to
save rimej; only the drive axle tires can be checked,
all the orhers being consldered idenrical. The preci-
sion on rire properrties should then be becter chan + 1%

3.8 Sospension stiffness curves or tables

The front axle gspring stiffness has lictle effect on
the vehicle rollover and a scraighr 1line stiffness
curve can be defined using the front axle spring capac~
iry and a rypical spring deflexion ar axle rated capac-—
ity of some 10 cm.

The tracror rear spring stiffoess 1s a much mere impor-
rant parameter. A series of rtabhles will have teo be
stored in the compurer memory and referred ro wirh in-
formation raken from the vehicle gross axle weight rat-—
ing and suspension identificatilon. In these cases, we
can expect a precision of + 5371 or berter.

When this Iinformation is not available, rthe operaror
will have to figure our spring stiffness from spring
dimensions {(length, rhickness, width, number, -...); it
is going to be 2 long and difficult job and the preci-
$ion will suffer very much.

The trailer spring stiffness 1s not as Imporcanrt bhut it

can't be neglected. As for the tracrver rear springs, it
will be best to have tables stered in the compurer mem—
ory to which the operator will refer to, with informa-
rion tvaken fram the trailer idencification place and
suspension rype. A precision of + 5% should be possi-

CR'Q Gl FE GE Bem Hon
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A review of the stiffness curves of all the tracror and
trailor sSuspensions in use today 1s indicated; this
analysis will indicare if jr 1s possible to simplify
the preblem by regrouping all the suspension character—
istics inro a limired number of rypical suspensions.
Also this study sheuld point out ways T[o correccly
identify suspensions-

3.9 Other factors

All the aother factors were found to have a very lictctle
efrect on the vehicle rollaver thrashoeld and ic is sug—
gested ro s=simply give rhem a constant typical value.
For more precision, there might be two or three groups
of constant values for different category of heavy
vehiclaes.

4.0 SPECIAL ROAD SIDE TEST EQUIPMENT

The special roadside test equipmenr which will he re-
quired to perform heavy vehicle rollover evaluation
consists of a low angle tilring deck ¢oupled wich a da~
ta acquisirion sysrem and a micro computer capable to
control the dara acqulisition system and ©e run the
rollover marhemarical program. A standard line princer
can be used to provide results on 8 hard copy-

The preliminary design of this special tilcing deck 1is
presented in Figures 6, 7 and 8. It consists of rthree
separare pivoted plarforms vwhich, when installed, form
a long tilting deck with a c¢enter weighing sSecrion.
Screw jack actuators, driven by a single cencered mo-
tor,are used To ger a perfecrily synchronized smooth
tiiting-

The center welghing secrtion has twoe long rigid pads
mnounted on 4 load ¢ells re measure the high side and
low side 1loads of each axle group. Longitudinal and
transversal reaction rods take all cthe shearing forces
50 the load cells see only the load perpendicular to
the tep of the placform.

O Q wiyTRE T M, el
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At the end of the first platform, clase to the center
scale section, there i1s a rrack width detector mounted
transversaly across the rilting deck. This derector 1is
bagically a series of narrow =vwitches which are actu-
ated when the tires contacr them. The startus of these
switches 1s auromatically read hy the dara acquisition
system while the wvehicle is drivem te the sgale sec-
Tion. The computer konows the positien of each switch
and it quickly compures <track widrh and dgal ctire
spacing as each azrle goes over this track width detec—
tor; it also counts the number of axles in each group.

The data acquisition system and the micro compurler are
installed in a control room located close to the tilrt
deck. There is a variety of models o choose fromg
borh will have ro be dedicated teo this parricular job.

A permanent tilt deck installed atr ground level has
been retalined because it does not need access rTamps
which makes the whole installation shorter and it is
easier for the rrucks to drive on. During winter, snow
clearing is also much easier. However, 1f for other
reasaons an installation ocver the ground is preferred,
it is possible to mount similar tilcting placforms omn a
gsubframe which will simply be put on the ground. The
design of eicher type does not present any patrticular
problem.

5.0 TEST FROCEDOURES

We will now ezamine what a typlcal vehicle rollover es-
rimgrion will imply-.

First, the vehicle will have to be identified by the
operator and this information givea o rhe computer;
this might be the regisctration plate numbers, the per-
mit number or any conveagient identification. This
identification will start the whole process,

CRICY oz =i
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The vehicle will then be drivem oa the tilt deck and
stopped with irs front axle on the scale sectionj the
fronr axle widrh will have been measured when going
over rhe track width derector and the operator will
command the weighing of the front axle wirh the vehicle
complerely stopped on the scale section.

The next step wWill be to bring the tractor rear axle
group on the scale section. As for the front axlas,
the track widchs, dual rtire spacings and number of
axles will be measured when golng over the track widch
decector. This cime, cthe operator will scart rthe tilc-
ing of the vehicle; autcmatically, the dacra acquisition
system will measure high side and low side loads while
the deck is tilring. The first measurements will give
the axle load and the analysis of all the dara will
yield the heignr of the CG as seen by this axle group.
The prefervred merhod for calculating the height of the
center of gravicty 1s to marhematically £{ir a straighet
line through the curve of:

[Ho - H ] vs ran &
W Wecostb

and to derermine the heighr of the CG by:
Z = slope x rrack widrh

These calculations will rake place during the lowering
of the vehicle.

The vehicle will rthen go forward again until the trail-~-
ar axles are on the scale section. The same process
will be repeated to ger trailer axle data and heighr of
the CG as seen by the rear axle.

Finally the operaror will have ro get some addirionnal

informarion from the vehicle and teo input them to the
computer. He will need:

U1 e Le e d b
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- gire identificarion,

- rractor rear and trailer spring spacings,

- front axle suspension capaciry,

- traccor Tear axle suspension idencification or 1rts
spring sctiffness curve,

- rtrailer axle suspension }dentificarion or 1crs spring
stifiness curve.

The tractor tear and trailer suspension characteristics
will always be more or less reliable hecause it will be
almost impossible to make sure rhe springs on the vehi-
cle have been correcrtly idencified.

Afrer all this informarion are enrered into the comput-
er, the program will generate all the other inputs ir
needs and it will rTum for about 2 minutes; the vehicle
firsc wheel 1iftr lateral accelerarion will be printed
along with all the other useful dara. There could he an
indication if the vehicle meerg or does not meer the
prederermined minimum safe rollover threshold.

6.0 CONCLUSION ARD RECOMMENDATIONS

The rollover mathemarical models developed by UMTRI and
ARRE are both detasiled amalysis of the rollover of
heavy vehicles submirred to lareral acceleracion as
when the vehicle is going around a level curve at <con-
srant speed. The UMTRI model already exists 1in a ver-
sion suaicrable for TBM-PC and comparible micro computers
and it has been rerained for our applicatien.

A sensicivity analysis has indicared che dominant fac-
tors controlling the rollover rhreshold: the heighrt of
the center of gravity of the rrailer sprung mass comes
first with as much as 12.8% variation In lateral accel~-
erarion ar firsr wheel 1lifr for 10% wvariation 1in the
height of CG. The rtracror rear spring spacing and

‘ R'Q Cemrl O RE. e
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crack width have abour half this effect bucr they are
easy [0 measure accuracely. The tractor rear and
trailer spring characteristics also play an imporctant
role and it appears they might be rhe most difficulr
facters to getr accurately especially with vehicles no
longer equipped with rheir original springs or with de-—
fective or worn our sSprings.

Theorerically, it should be possible to accerately mea-
sure the height of the center of graviry of a vehicle
with a tilc deck capable of inclining the vehiecle up ro
5 or 7.5 degrees. However, the analvsis of rthe Vehicle
Weights and Dimensions Study rile cest dara (ref. 3)
from O to 10 deg. has given estimation of the height of
the CG wvarying by as mnech + 10% for the very same
trailer coupled to almost identical truecks. This large
variacion srays unexplained and more ctesting is indica-
ted ro clarify this poinrc.

The estimated precision in rhe rcadside decerminarion
of the vehicle rollover threshold appears to he act
much bectter than + 22%, more than half eof this coming
from the imprecision in the decerminarion of the height
of the ceanter of gravity. This is a big error and as
long as this can't be improved by at least a facror of
2, rhere would not be much interest in rthis applica-
tion.

The special equipment needed for roadside vehicle
threshold evaluation appears to be gquite simple to
build, inscall and operate. There would not be any dan-
ger to damage the vehiele or its load bhecause the maxi-
mum tilting would represent small efforcs as compared
re what the vehicle is submitted te when ir goes around
curves on the roads.

Is is recommended to conduct more tests with the rilrc

table to find outr why the height of the cenrer of grav-
ity could not be measured with more precision.
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The problem of how rhe truck and traller suspension
characteristic curves can be gquickly determined should
alzo be looked at by reviewing all the sSuspeunsicns 1n
use roday. An ideal solutien would be ro oblige rthe
truck and rrailer manufacturers te supply all rhe
pertinent iaformarion on the vehilcle identificarion
places or even on a magnectic card-
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APPENDIX A

Fvaluation of the height of the center
of gravicy
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EVALUATION OF THE HEIGHT OF THE CENTER OF GRAVITY

THEORY

Let consider an axle on a level ground supporting a rocral
load W; the resultant crire to ground contracrc forces H and
L are separated by a distance T, cthe effective thrack
widch. With no other forces acting on cthis body, the fol-
lowing equatlons can be written:

z vertical foreces.

Ho + Lo = W (1)

momant about Lo.

[ W WxB-H=xT-=20 (2)

Equarion 2 gives the lareral
posicion of the CC with re-

¥ spect to the low side greound
b r B + reaction L.
T _
hk ull B = Ho = Y {(3)
W

When this body is inelined by an angle 6, cthe faollowings
relarions hold true if there ia ne other outside force,
except the gravity and the ground reaction forces, acting
on this body

v direecion foreces.

Fh + F1 = W sin ©§ (&)
2 direction forces.

H+ L = Wcosb (5)
Moments aboucr L

WxB cos 6 - WxZ sin 6 = HRT = @ (6)
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If rhe body is considered rigid and if the ground reacriens
do not shift pesition, the disrance B from the low side ver-
rical ground reaction L and the posirion of the CG does not
change- The height of the CG can then he derived by intro-
ducing the value of B from eq. 3 into eq. 6.

z = T [Ho.cose - H] (7)
W.=1in §
where Ho represents the high side load at 0 = @

In a non-dimensional form this reads:
Z/T = (1/sin® ) [(Ho/w).cos & — (H/W}] (8)

Equations 7 and & are very simple expressions which caleu-
lacte the heightr of the cenrer of gravity of a vehicle comn-
sidered as a rigid body from measurements of the axle load
(W), the track width (T), rthe initial high side load (Ho)
and the high side load (H) at an angle .

However, when applying ir o a real vehicle, the assumption
of a rigid body is ctrue only for small rtilc angles where
suspension and tire deformarions can be neglecrtred. At these
small angles, the expression Iin hrackets and sin ©® both rend
towards zero and the calculated height of the cenrer of gra-
vity can be very erronneous even if all variables are mnea-
sured accurately-.

in order Tto solve rhis difficulty, an expressalion based on
the rate of weight transfer can be derived.

Subsrictuting eq. 3 into 6, yields:

Ho.T.cos 8 - W.Z.sin € - H.T

@ (9

Differentiaring this expression wirh respeet ro 6§ , keeping
in mind that, for a rigid body, Ho, T and Z are constant, we
gzer this relarcioa:

Z = - [Ho.tan 8 + 1 - dH ] (10)

I
W cos @ 40
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In a non—-dimensional form, this reads:

Z/T = Ho - ran 68 - 1 . G8(H/W) (1l1)
W cos O &80

These expressions are still only valid for small tilt an-
gles because of our hypothesis of rigid hody, but the
rate of weight cransfer 1s more accuratrly determined
during a tilt test because 1T averages through many read-
ings at low =angles.

For © = @, this expression simplifies to:

Z = -T . S§H|

Q% :

z/T = — _G6(H/W) | (13)
8¢ lo =0

The previous equations calculare the center of gravicy
height from measorements of cthe high side force B or its
variacrion with respecc to the tilt angle. In order to
possibly get more consistent resulrs from experimental
data, an expression using both high side and low side
ground reactions can be derived.

Looking at the preceding diagram showing <the Dbody
inclined at an angle 6 , the moment equatien aboutr the
origin is:

L .B—-H(T-B) - W.2Z ., sian & = 0 (14)

Differenciating this expression with respect to 6 and
re—arranging gives:

I~
1l

T Ho - 6T - (1 - Ho) & H (15)
Wscosf W &8 v 56

or, in a non—-dimensional form:

Z=_1 Ho
T

= 1 Ho x 6 (L/W) = (1 - Ho) _S (H/W) (16)
W 86 W 80
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Finally, another method of calcularing the height of the
center of gravity from experimental rilt tahle data can
be derived starting from eq. 8.

=

sin 8 E*_ E

= 1 [Ho . cos B - H] (8)

This lasr equation can be re-written as:

He - ;] = (Z/T) . ramn O (17)
W W cos 8

This expression shows that the graph of [Ho/W - B/W cos 8]
vs tanb is & =straight line passing through rhe origin
with a slope 2Z/T. This is another way ro calculare the
center of gravity heighrt which has the advantage Fo aver—
age for many measuremenrs raken ar low tilt angles and ro
check if rhe assumprion of a rigid body holds rrue.

ANALYSIS OF THE TILT TABLE TEST DATA

The tilt cable test data of ref. 3 have been used to de-
rermine how precisely the tilting of a vehicle by few de-
grees can be used to derermine the height of its center
of gravicty. The varicus egquations developped previously
have been programmed and all the rest dara have been
analysed for tilt angles up to 10 degres.

The egquarions used were:

Method 1

2JT = (1/sin B8) [(Ho/W) - cos & - (H/V)}]
Merhod ii

Z/T = - (Ho/W) tan & ~ (l/cos8) . & (H/W)
)

Method iii

Z/T = - &(B/W) / 3¢
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Merhod v

Z/T = 1 Ho - _8(L/W) - (1 - Ho) _S(H/W)
cos 8 [w W 58

Methed vi

#z/T = slope of the straight line fitted through the graph
of [(Ho/W) - (H/W) . l/cos® ] vs tan?®

The trailer and tracror vear axle groups have been anal-
vzed individually.

First, the measured loads have been corrected to take
into account the rilzing of the supported weight of the
weighing pads. Graphs of hlgh side and low side perpen—
dicular leoads vs trilt angle were made for trailer and
tractor rear for each test in order to check that the
variatlien of these loads were, as expected, on a straight
line for small rilt angle. These graphs all showed a very
normal variarion of the loads as a functiem of the rilet
angle excepr at the very beginning of the test where
there is very often a small delay in load variarion. This
can be the result of hysreresis or imprecision in the
tilr sensors. Figures Al, A2, A3 and A4 show typical high
side and low side curves for ctests TTO9 and TT1ll of ref.

3.

A graph of [(Ho/W) - (B/W . cos@ Y1 vs raan 8 has also
be made for each test. Figures A5 and A6 present these
curves for the same rests TTO02 and TTll. As expecred the

data points were all quite well on a straighr line and
still there was, in mest cases, a small shifting of the
tilt angle as observed with the load curves. All cthe
curves were firtred with & straight line using the least
square curve firring technique for rilrc angles from 0,5
te 10 degres- The non-dimensional center of gravity
heights were computed using the varlous methed and pre-
sented on graphs in order ro appreciare tcLhe difference
between each analysis. Figures A7, AB, A9 and AlO0 show
the varioux Z/L compured for tests TT09 and TTll of ref.
3.
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The first conclusion te be drawn from this study on the
adequacy of a2 tilting deck to evaluate rhe height of the
center of graviry of a vehicle is that the method 1 1is
nor a good approach. As explained before, the calculared
height is the resulr of the division of two very small
quantiries and a small error in rhe reading of leoads can
produce a quite large error 1in Che estimaction of tche
center of gravicy.

The second observation is that for most of the rests, the
four others methods, based on all the dara points between
a tilt angle of 0.5 and 10 degres, give quire close an-
swers for each parcicular rest. For most TesCs, these
various ways of estimating 2/T are within a range of -+
2% .

To complere this analysis, the Z/T calculared with meth-
od vi were retained as one of the good methods and the
heights of the center of gravity were caleculaced raking
into account the various track widchs. These were calcu-
lared azs rthe distrance berween cenrers of dual tires and
between centers of super singles. Table Al shows the cal-
culated center of graviry heighrs for mestr of the rests
of ref. 3; Figures 4 an 5 illusctrate these resulcs.

In order To estimace the accuraey of a tilrt deck to eval-
vate the height of the cencter of gravity as s5een by rthe
different axle groups, Table A2 and has been prepared.
During cilt ctable tests of ref. 3. the very same trailer
unloaded and loaded was wused with four differeat trac-
TOors. Fach trailer was left on the table with the very
same load and only the tractors were changed; the trae-
tors were all of rhe same model firred with different
rear suspensions. If we except the slightr difference in
fifrh wheel heighr, the height of rhe center of gravirty
should have been identical for rhe same trailer and load
used Iin each group of CE&sLS.

Table A? shows a range of variaction in the height of CG
from 8.1 to 11,62 of the average value for the unloaded
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trailers and a range of 15.0 to 20.7% for the loaded
trailers. For the traccor rear, the corresponding ranges
are 11.8%Z to 19.5% for the unloaded tesrs and 10.7 to
13.5% for the loaded rests-

The analysis of the tilt rest dara of ref. 3 shows thar
the determination of the height of the (G with a tilrt
deck would yield answers with a little more cthan 20%
varlarion (% 10%) . This is a much higher imprecision
than one could expect and a closer look at what is hap-
penning is indicared-
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APPENDIX B

The University of Michigan Transporrarion
Research Institure Rollover Mathemarical Model

' R'Q LEWTRE DE FaLr i or
ynlue | FIE -k S Skl



15—

l6-
17—

18-

19-
20—
21-

22—
23-
24-

25-
26-
27~

28-
29-

Title

Tractor
Trailer

Tractor
Tracror
Trailer

TABLE Bl

UMTRI COMPUTER PROGRAM INPUTS

rear Ssprung mass
sprung mass

front axle load
raear axle load
axle load

Front axle unsprung welght
Traector rear axle umnsprung weight
Trailer axle unsprung weight

Half disctance hetween front axle tires
pual tire spacing on front axle
Half distrance betrween tires on traector

rear ax

le

Dual tire spacing omn Ctractor rear axle
Half lacteral distance berween tires on
trailer axle

Dual tire spacing on trailer axle

Half fronct spring lacteral spacing
Half tracctor rear axle lateral
gpring spacing

Half trailer lateral spring spacing

Tracror
Tractor
Trailer

Tracrer
Tractor
Trailer

Heighrt
Height
Heighe

Heighrt
Height

front sprung mass C.G. height
rear sprung mass C.G. height
sprung mass C.G. hejight

front axle €.G. heignt
rear axle C.G. heighrt
axle C.G. hejghrt

of
of
of

of
of

tractor front axle roll center
crractor rear axle roll center
trailer axle rell ceater

5th wheel above ground
tractor frame above ground

Variable

name

Ws2
W53

WAXL1
WAXL?2
WAXL3

Wil
wyz2
WU3

Tl
Al

T2
A2

T3
A3l

21

52
53

Z51
Z52
Z583

Rl
R2
R3

HR1
HR2
HR3

25
ZFR
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15-

16—
17-

18-
19-
21-
22-
23-
24-
25-
26-
27~

28—
29—

Title

Tractor
Traller

Tracrtor
Tracror
Trailer

UMTIRI COMPUTIER PROGRAM INPUTS

TABLE Bl

rear sprung mass
sprung mass

front axle load
rear axle load
axle load

Froent axle unsprung weighr
Tracror rear axlc unsprung weighe
Trailer axle unsprung weight

Balf distance betrween frontr axle tires
Dual trire spaciag on fronc axle
Half distance betrween tires on tractor

rear axle

Dual tire spacing on tracter rear axle
Half lateral disrance between tires on
trajiler axle
Dual tire spacing on trailer axle

Half froant spring lateral spacing
Half tracror rear axle lateral

spring spacing
Half tractoar lateral spring spacing

Tracrcovr
Tracror
Trailer

Traccror
Tractor
Trailer

Heighrt
Heighr
Height

Height
Heighrt

front spruag mass C.G. heighr
rear sprung mass C.G. height
sprung mass C.G. height

frontr axle C.G. heighrct
rear axle
axle C.G.

of
of
of

of
of

tracrcoer
Lractor
rrailer

C.G. heighrt
helght

front axle roll cenrer
rear axle roll center
azle roll centcer

5th wheel above ground

tractor

frame above ground

Variable

name

W52
Ws3

WAZL
WAXL
WAXL

WUl
W2
wo3

T1
Al

T2
AZ

T3
A3

51

82
£3

Z51
z52
z83
R1
R2
R3

HEL
HR2
HR3

Z5
ZFR

CRIQ

1
2
3

SEMTRE P R mEACHE
OUETHIL. oo Th walir 3iEy



30-

il-~

32—
33-

34-
35-

36—
37-
8-
39-

40~

41=

42

L=
45—

Vertical stiffness of one tire

on front axle

Vertical stiffness of one tire

gn tractor rear axle

Number of tractor rear axles
Vertical stiffness of one tire on
trailer axle

Number of rrailer axle

Lateral stiffness of one tire on
front axle

Laceral sciffness of one crtire on
rractor rear axle

Lateral sctiffness of one tire on
trailer axle

Overturning stiffness of one tire

on fronr axle

Overcurning stiffness of one tire on
cractor rear axle

Overturning sriffness of one rire omn
rrailer axle

Auxiliary roell sciffness of fronc
suspensicn

Auxiliary roll sciffoness of tracctor
rear suspension

Auxiliary rell stiffness of ctrailer
suspension

Torsiconal stiffness of cractor frame
Coulomb frictien in cracror frame

Variable name

K111

KT21
KT31

EKEYT1
EYT2
KYT3
KOVTL
KOVT2

EOVT3

KRS1
KRS2
KRS3

KFR
cod
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TABLE B2

Summary of rhe sensitivity analysis of rhe UMTRI Model
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37 : KY'3 : TE2R lpsinm. R M) ' .82 I8E@ Ip/in. : - ! - :
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Summary of

TARLE B2 (contc'd)

the sensiriviey analysis of the UMTRI Model

:I==¥¢=;=== TEEEERF=SSLIZEEwS w _====!;;====lx=====l=?1====t M EFFLEEIEERSSCITENES f S=E=SSEETERS=STEIES,
! ! TEET §1 i TEST 82
: VARIABLE ! : " H == , !
iOWRRD NDRINA. VALUE i1 VARIATION i1 VARIRTION ; WORMINAL VALLE 'Y VRRIATION it VARIATION |
pooin ' OF VARIABLE {OF 3" WITh M0F "a® WITH ¢ OF VARIABLE 10F "a® WITs (OF ®g" WiIn @
; ; {¥nos. ! s{rep.9rnom. ) i0Y=11YRee, )1 iynga.) POyERLAYnoE. (Y=L YRORLY
: : {1t (1h.} : : i {1b) fin.} ; : :
|SASEEIENER | SESSTIRESSSESI Izz=zzr3ocoTE | SRSSTERESSSE|FIS=S F=aSTEEER=SSEERLIEEF = | SETERRSSSTEE | FESIIESITESS!
: ©OF(LL1)s-Neee BELUL DS ! ¢ OFtr,fr=-5eee DELC DR !
(GPRING §3 ! Fll,20¢ .2 DELOLDIF e -bE: Coge2 ¢ Fr,D= 8.8 DELOZ=RR =926 | B2 '
' POF(L, T Spep DEe(1,Bs N2 : ¢OF, s SR BELULTIE LB ' :
: ' H H ' ! ‘
H 1 Fi2,1= -5RRD pELIZ, =40 H v FU2, 1e-B2RR DE 12, 11%-4.8 | i .
: s Fz,zi= B# DELGZis-ER ; {OFi2,2re BB DELIZZ)=-18 ' !
: PFZ,0= BB ODEL(2, D)= .8 ; PR, BB ODELGE,THE BB ; :
(SPRING 47 @ F(2, 0= Z2p20 DE_2 b= ot LB L4 ! F2 4= 3230 DELZ,M= RE G -L3T L
i TF(z,Ee 3588 DELC2,TIS LB i | Fl2,5i= 5758 DEL(Z,Ei= LB ! '
: | Fi2,60= TEER DPELI2,)= 1.3 : !OFL2,p1=1159F DEL(Z,&1% 1.5 :
' ' FLE,7is 12830 DEL{ZTI= 1.9 ; IOF(Z,70s19788 DELIZ, TS LB S '
! ' Fi2,B)= I0eg2 DEL1Z,Br= 2.8 ' vOF(2,B1=12E5R DEL(Z,Bi= B :
1 1 1 [ + 1 F i
! 1 FE3, 1 e-1RRep DEL(3,11=-3.13) l DRI, 1)E-2000R DELAT, N1E-TAE i :
: 'F(I,2ie =738 DELEZ,PIE <27 : ' F(3,20e-159R DEL(Z,21= -7 J '
: CFI33e 68 DR T -LE ; P33 BB PEL(T, D= -l ' '
'SPRING 3 | Fe3,0= B DEMT 0= BDD -ReZ g.21 i F,e= B8 DELISMe BB -LIL -%.26 !
d CF(3,50F 3peR DEL2, D 5T ' P F{3,5= eRRR DELIZ,Si= B.EE : !
: D Fi3,e0s 7ERE DEL(Y 4 L i ' F(3,6)= (4RBE DEL(T,81= LW: : '
! CFE3, T 3eeE DELL, i LA | P F(3, 7= 26000 DEL(3,Tr= LE !
! ! FO3,B1= 20B8E DEL(3,E)= 1.8 H YR30 4R028 DEL(3,E1= LB
!==== l==Tx = == TEE=EEERIEE !mmas FRaS1ZTERS | S=sEEITESSSSEEFER=SSSITNERSSSSISFE Tr!sEsEErro===2




UMTRI COMPUTER MODEL — SAMPLE SQLUTION

Solution of typical vehicle 3

AYOUT ©SPMI USPMZ  USPRT SPMASE BRFMASZE SPMAST N1 NRMZ2 NRMS
] deg deg oeg ogg deqg deg ftlo frlp frlp
p.oPE 2.C00 B-PR B.002 P.202 @.200 0.0200 2. 2. B.

2.#a% B.27! B.1737 P.2T2 P.453 P.assc  2.502 1558, 1172&. 156446.
2.098 B.142 B-347 ©0.447 .90 P.893 :.000 @7, 2TTRI. IR11Z.
2.147 @2.212 B.493 @,651 1.372 1.35T 1.598 4592, FII179. A&3FE34.
e.7pr @.267 p.e&% B.88%F 1.845 1.B1EB 2.002 &3IZ, &4664. SHE7ZEB.
P.757 @.574 ©P.F44 1,1le 2.T1E  2.Z2B2 2.500 BOsR. S5&8%4. TTHDE.
B.31° @.454 1.Pl& 1.3&B 2,792 2.748 3.080 §75@. 6712%. B775Y.

B.T7R B.5T8 1,189 1.7pE T.Z71 .18 T.Se@  114BES, 7E120. 99255,

The i1nside tirec on axle X have left the ground at the folioming conditions:

LTE] @.%€5  1.774 1,776 T.EET OE.F1Z T.eP0 11830, BETIA. 120%R1.

P.47Q @.817 1.T77 2.27e T.747 T LB7  4.822 1354, B7S41. 101134,

B.406 T &F1 1.67% 2898 4,231 4.1465 A.S22 14574, F&175. 1@1484.

The venicle i€ now unstable as the insi1df tires on axles 2 and 3
have left tne grouno at trg follow-ing conditione:

2.48% @.772 1,770 T.262 4,519 4.451 A.8Q0 154485, 180720, 121704,

CRIQ 2o =
[ T



LISTING OF THE UMTRI ROLLOVER MATHEMATICAL MODEL
PC VERSION

16 00T = ¢

20 CLERR ,,2000

30 IR B{151,A(225) ,F (3,45, BFL {3, 15  NUM3) (DUBTLS)

40 KEY OFF:CLE(LOCATE 12

5o 0N ERROR BOTD 5301

£0 T #rEREEEVERRRR e vE e iR iR R R R VR LR VAR R e el R A R R R HE
70

80 Extsting fiie is opened and data reid fros it

50 -

100 INPUT *Piease snter nade of file that containe the truck data™jFd
110 OFEN F§ FOR INPUT AS }

120 INPUT 41,BT#

130 INPUT #1,W82, W3, MALLY, WAKL2, WAXLT, WUY W02, WU3,T1,R1,T2,A2,73,43,51,82,83,18
1,182,283,R1 R2,R3, HRY ,HR2, HRY, 25, IFR KT11,KT21,KA2,KT31 KRS, KYTL KYTZ, KYT3 XOVT
1, KOVT2, &0VT3 KRB], KRS, KRS3, KFR, COi FR, M5, FER, 1 434S, DELPH, XPRINT, KUB
140 INPUT SL,MUME1),RUME2), NUNCS)  USTD

150 FOR J = 1 T Numly

160 INPUT #1,F{1,J3),DELCY, 30, D68T (D)

170 NEXT §

180 FOR J = 1 TD M2

190 INPUT 91,F12,0 DEL(2,5)  BUBT (D)

200 REXT {

IO FOR 3 » 1 TD HUM(D)

220 INPUT #1,F(3,J% ,DEL(3,), DUST 3}

230 NEXT J

240 CLOBE ¥1

2/

i1 F# i cpened for output from programie

270 LOCATE 14

280 INPUT *Please anter filendse for storing output”|F$

290 DPEN Fs FOR QUTPUT A3 M1

00 -

3 Fdjust tire paraseters 14 more than one aal@

320 IF NAZ < 2 THEN BOTG 370

330 K121 = KT2IAMAZIKYTE » KYT2eNR2IKOVTZ = KDVTZRAZ

J40 FOR J = 1 TO NUM{2)

10 Fi2,J) ® Fi2,J14NA2

T40 NEXT 3

376 IF NA3 ¢ 2 THEN BOTO 420

IBO KT3I » KTILARASGKYTT = XYTIRNATIKOVTS = KDVTIENAT

390 FOR 3 = 1 TO MUMIT)

400 Fi3,1) = Fi3,J)1oNA3

410 KEXT 4

420 ¥3 = ¥B3 + WUT - WAILI" #3 in the Fifth wheel load

530 -

440 NOMGEP = WeFNR

550 ' REREREHE A HERFENYEENE RN ER HEE HE R b EE AR R e e R fes e R E R AR R R E RN IR
40 °

a7e Fquation solution folilows

400

R e Ty T A e e T et A S e L L e L
500 -

510 LOCATE &



520 INPUT -Enter interve) of trailer sprung sass roll angle DELPH*jDELPH
$30 Pl o 4RTN(D)
540 RAD = 180/P1

350 -
INTTIALIZATIONS
560
518 - Look aiftar dual/singie tires
580 -

590 IF Al = ¢ THEN BOTD 810

600 KYTL = 28KYTL:KOVTL & 24KOVTL

410 IF A7 = 0 THEN GGTD &30

620 KYT2 = ZeKYT20KOVT2 o 2¥KIVT2

830 IF A3 = O THEN BATD &l

5480 KYTI & 2»KYTIIKOVTI = 28KDVTI

&350 -

&40 HUl & RLINGZ = R21WUY = R3

870 2Ul = HRI =~ WUL7U2 = HR2 - HUZ1IUY = HRI - HUZ
&80 IRl = 18! - HRI:ZR2 = 182 = HRZ5IRT = 183 - WA
490 152 = 15 - 182

700 153 » 283 - 1%

710 WFR 2 WS + WS2 + WU2 -WAXL2

720 TFRY = 181 - IFR

730 IFR2 = 182 ~ IFR

T80 Bat stiffnesoes of other fires on edth #xle
750 K712 = KTLI1:KTL3 = KTi2akTi4 a §T1

780 IF Al > O THEN 807D 780

770 KTi2 = (4KTi3 = §

780 K722 = KT243KT23 = KT214KT24 » KT21

790 IF 42 > 0 THEW €070 810

800 KT22 = 0sKT23 = 0

810 K732 = XKT3LiKT33 = KTILIKTI4 = KT

B20 IF A3 > 0 THEN GO%D 830

830 K732 =« iKTIT = &

A% Convart to radiane

850 KRS1 = KRS1#RADIKRSZ » KRS2aRADIKRSY » KREIeRAD
850 KOVTY # KDVTL4RADIKOVTZ = KDVT2eRADIKOVTI # KOVTI#RAD
870 M5 = WSHRADIKFR = KFR¥RAD

880 DELPHI = DELPH

£90 DELPH = DELPH/RAD

900 DEFSL = MANBEP/NS

210 DEFS: = DEFS1 + LASHY

920 DEFFR = COULFR/700000!

930 PHES] = 0;PRIE2 = O;RHIGI = O

940 PRIV = O3PHIU2 = O1PHIUI = 0

9%0 UEBPMI = QIUSPH2 = O;USPNS = 0

940 EPMASS = 018PMABZ = OySFMABY = O

970 Y1 » sy2 a 4Y3 s O

980 AY = 0

990 LOOP = INT(XFRINT/DELPHY)1COUNT = ¢ LDDP s ausber of loops betwsen
print-qut of results

1608 -

101 - Now calculate static spripg aeflection

1020 -

1030 F11 % {WARLY = WUL}/23F12 * FlI

1040 FOR J = 1 TO NUR(D

10%0 IF Fil < F3,3) THEN BOTE 1090

1040 NEXT 1

1070 IF J » NUA{LY THEN J = NUKIL

1080 IF J = 1 THEN J=d vl

1050 Kil = (F(1,3) = F{§,d - 110/ (DEL{L,3} = DELOYD = 00)



1100 DELSIE = DEL(I,d - 1) + (FL1 - Fi1,d = Bi/K

1110 71 = DELBI1;DELBL2 = PELE1LIKI2 # Kil

1120 ¢

1130 F21 = (RAXL2 - WY /iF22 = F21

1140 FOR § = 1 Y0 NUMID)

1150 IF F21 ¢ F(2,J) THEM BOTD 1190

1140 NEXT J

1170 IF T > Nlsi2) THEN J = NUM{2)

1180 IF J = L THEN J =] + |

1190 K21 = (F(2,0) =~ Fi2,d = IN/OELL2,dr - DEL{Zd - D

1200 DEL821 = DEL(2,0 - 1} + (F21 - Fi2,d -~ 1} /K2}

1210 22 = DELE2)(DELS2Z = DELBR1:K22 = K21

1220 -

1230 FI5 = (NAXLY - WUR/2iF32 = FY

1240 FOR J = 1 70 Kus(®

1250 IF F33  F(3,J) THEN 807G 12%¢

1260 NEXT O

1270 1F J  NUNCT) THEN J = NURGE)

1280 IFJ = L THEN Jad ¢

1200 X31 ® (F(3, 00 = F(3,0 » IDDEL(T ) - DEL(3,0 = 1)}

1300 DELSIL & DEL(3,J ~ 1) + {F31 - Fi},J - L)}/K3I

1310 23 = DELSI::DELI32 = DELS3LIKI2 = KT

1320 -

1330 - Mow calculate static tire deflection

1340 -

1350 NTIND & wRXL1/j4

1360 DELTIL = WTINL/KTIL

1370 DELTI2 = DELTYINIDELTIY & DELTLI:DELT14 = DELTY)

1380 IF A1 > & THEW GOTO 1400

1390 DELTIL = 2eDELTI1sDELTI4 & DELTIIGDELTI2 = GiDELTII = 0

140D IT) # DELTI1

1410

1420 NTINZ = WAKL2/4

1430 DELT2L = WTIN2/KT21

1440 DELT22 = DELT213BELY2Y = DELT25:DELT24 = DELTZL

1450 IF A2 » O THEN BOTO 1470

1450 DELT21 = 28DELT25:DELT24 # DELT21:DELT22 = O:DELTI = 0

1470 IT2 = DELT2S

1480 -

1450 wlIn = NAXL3/4

1500 DELTIL = WTINI/KTH)

1510 DELTI? & DELTILiDELT3S » DELTIIIDELTIS » BELTH

1520 IF A3 > 0 THEMN GOTD 1540

1530 DELTIL = Z¥bELTIISsDELTIA » DELTIN(DELTI2 = uDELTI = 0

1540 2T3 = DELTS!

1350

1560 falculate tire forces

51

1%80 F711 = KT113DELT111F212 = KT12¢DELTIZFI1Y » XTIZ#DELTIN:FZ14 = RT14¢DELT1IA
1590 FI2L = KT21¢DELT21:F722 = KT22+DELT22,F22Y = KT2I#DELT2T:F124 = KT244DELTZ4
1600 F231 = KT31ePELTILIFII2 = KTI24DELTIZ;F133 = KTIZ4DELTIN:FZ34 = KVIA+DELTI4
1610

1620 -

1630 -

1640 -

1430 ° Calculate nat sosent pn each cass as & chelk

1660 BOTH 1790

1670 FR1 & (WAXLL - WUI)eSAYRCOGIPRIULY + SINIPHIUL):FR2 = (NAXLZ - WU2) & (AVED
SIPHILZ) + SINCPAIUZYIIFATS = (WAXLI - Wud)«(AY+COB(PMIUT) + BIN{PHIU3})
1680 MEL = IF{f - F12)45] + FRISCDSIPHISY = PHIULI®IRY + (F11 + F12)e8IN{PRISL -



PHIUTI #ZRL + KFRE(PHIS2 - PHISE) - WFRE(AVECOS{PHIZ:) + SIN(PHISLI)#IFRL - KRSI
t(PHIBL - PHIUL)
1690 NE2 = (F21 - F22)82 + FRZ#[OBIPHISZ - PHIUZ)#IRZ + F21 + F22) #SINIPRIS2 -
PRIUZ)Y*IR2 ~ KFR#(PHIS2 - PHIS1) + (AY#COBIPHIBZ) * SIN(PHIE2) ) (WFRAIFRZ + WO#
752) + WS*{PHIS3 -~ PRIS2) - KRB2&(PHISZ - PRILZ)
1700 W53 = {F31 ~ F32)#85 + FRILCOT{PNISY ~ PRIUZHOIRT v (F31 + FI2V#GINCPRIAY -
PHIUSIHIRS + WSe153¢ (AY2LBE(PHISS) + BINIPHIES)) - NT#(PRISY - PHIS2) - KREI#(P
HIE3 - PHIuY:
1760 MUt = ~(F11 - F12)#81 « (FI11 - FI14)#(T} « R1)+ERS(PRILL) + (F112 ~ FI1NIe
TIHCOSCPHINLY + FRIPZUL + KYTI#Y1RCOS(PHINIIORUL « (FI1T + FIA)#YL - KINTLPHEY
} o+ (FI11 + FHIZ + FII3 « FII41#RISBINIPHIUY) « KRE1(PAIS1 - PRIUL)
1720 MU2 = ~(FZ% - F221e82 + [FI21 ~ FIZ0)H(T2 + A2)aCOBIPRIUZ + {FI22 - FI2N*
T2eCOS{PHIUZY + FREXIUZ + KVTZRYZACOG(PHILDI AWU2 + (F223 + FI24)4YD - KOVTR4PHIU
2« {FI21 + FI22 + FIZ3 + FIZ4)#R26BINCPHIUR: + KRS2#(PHIS2 - PHIVD)
1730 U3 = ~(F3! = F32re33 + (FI31 - FI30re(13 + ASCOSCPHIUR » (FI32 = P31
T34C0S (PRIUSE + FRI#IUZ + KYTIRYI2COS(PRIUI#MUT + (FI33 + FLIA)#YI - KOVTIAPHIU
T+ (FIT1 + FI32 « FI3T + FI34)3RTISINCPHIUYR) + KRSI:IPHIET - PHIUS)
1740 - Calculate nat roll soment at each axle
1750 MAMI 3 (FZ13#(T1 - Y1) + FI1e%(T! » BI = Y1) - FZ12#T1 = FIE1e{TE + ALY 14CD
S(PRIUI /12
1760 HRMZ = (FI23#(T? - Y20 + FI24¢(T2 + £2 - Y2) - FI22+72 - FI21#{T2 + A2) 1400
S{PRIL21/12
1770 BRAS = (FIZ3&(T3 ~ Y3} + FIZ4#(T3 « A3 » ¥3) - FI32+4T3 - FI3ieiT3 « A3)3#0D
S(PRIUZI/SI2
1780 -
1790 7 Print out the results
1800 -’
1810 WIDTH "LPT1:",132
1820 OPEN "LPT1:" FOR CUTPUT AS %2
1830 PRINT #2, *Solution of "}BTHIFRINT 42, :PRINT #2,""
1840 WRITE 41,874
1850 PRINT #2," AYDUT USPML USPN2 USPA3 SPMABL SPMASY BPNASS NRML  NRMD
NRN3"
1860 PRINT #2," 3 geg deg deg deg deg  daeg ftlp  ftlb
ftin®
{870 PRINT 82,
1880 PRINT 82,**:PRINT ¥2,USING “Eek. 0" ;AY,UBPN], USPN2,LISPNT, SPRAS] ,BPNAE2, PN
AS3;
1890 PRINT #2,USING "$5$548%, " NRNL,NRNZ, MR

1900 7

1910 PRINT 91,USING *#, HHBI~ A, *; AV, USPK], UGPHZ, USPN3 , SPRASY, SPAB2, BPRAST  ARNI
,NRNZ, KRR3

1920 'l‘l‘*iii!tlilﬂiﬂ'liii'l'Ili‘l*i*&iiiiiiil‘ﬂii‘l"ll‘ii*'iH’ll“‘llfﬂ'lﬂ'“iiiii
1930 - This is shere the prograsse returns to

194 for successive jncrements of

1950 - trailer sprung sase roll angle, BELPH

1980 -

1370 PRIST = PHIST » DELPH

198G -

1990 - Funny looking tractor frase couloed friction calcalation
2000 °

2010 IF ABG{EPMASZ = &PMAR1)  DEFFR THEN KFR = 900000:#RRD

2020

2030 Fifth wheel characteristits

2040 °

2056 P1 = ABE(SPMRSI - SPMASD)

2050 1F P1 ¢ DEFDL THEN K5 = M3

2070 IF PI > DEFS2 THEN K§ = #5

2080 1F P1 w{ DEF52 AND P1 => DEFS1 THEN KJ = Q



2090

2100 - Initialize the data arriys
0

2120 FOR 3 = 1 TD 13

2130 By = 0

2140 FOR 1 5 1 TG 13

2150 ALT +4 - Niaiq) = 0

2160 NEXT TiREXT J

A -

2180 Put appropriat vialues intD matrix pigedn nales
2190

2200 8W1 ® BAILI=WUL;EN2 = WAKL2-WU2:GW3 = NAXLI-WL3

2210 -

2220 R{1) = GWLEIRI#(1 - PRIVI*(PHIB] - PHIUL)} - WFR#IFRI

29%0 AtI6) = -(Ki1 + KI21#51461 + (FI11 + FL21#IR1 = KFR - WFR#IFR] - XRS1

2240 (3L = KFR

22%0 A(d6) = (K11 + K12 61351 + SN1#IR1#(1 = RYRPHIEL - FRIUNY = (FLI + Fi2}e
IRL + KR31

2280 MO = (K11 - K12)¥6)

2270

2260 A(2) = SWREIR2H(I - PHIUZPIPHIS2 - PRIU)} » WFREIFRZ + Whel32

2290 ALY =z ¥FR

2300 A(32) = ~(K71 + k221982962 + (F21 + F221#IR2 ~ KFR + NFR¥IFR2 - K5 + WSeI32
- KR32

2910 ALE2) A (K21 v K220#527e82 + SW2eIR2E(1 - AYe(PHIS2 - PHIUZI) = (F2) + F22)¥
IRZ + KRE?

2320 A{107) = (K2] - K22)1#8B2

2330 -

2340 AI3) = BWIPIRIa(} = PHIU3I#(PHIBY - PHIUT)) + W3alEJ

2330 A(3%) = K9

2340 ALTBY = (K31 + K3L)#53283 + SWIRZRIE(L - AVH(PHIEY ~ PHIUI)) - (F31 ¢ F32ir
1IR3 + KRE3

2370 R(123) = (K31 = KI2)eS3

2380

2360 A(4) = BWleUl + NAXLIWRUL

2400 AUIT) = (KID » K12)381481 + KRS!

2410 ACA9Y ® -1Ki1 +« KI219R12E1 + WAYLI#R] + BWlelul ~ KTPI®(TL + ALpn2 -~ KTI24T
1471 - KTI3{TL = Y11°2 = KT1464T1 + A1 = Y1)*2 - KOVT] - KRE)

2420 A(H4) = ={K}] - Xi21#81 + SWI#{AY + PHILI}

2430 BLLIN = ~(KTIL - KTHAI®ATY « A1) = (KT12 - KT13i#T) = {KTL3 + KTl4)+Yl v &

AZLI#RY

2440 BILE8) = (FI13 + FLi4) * (IKTI3 + KTI0H(TL - Y1} + KTI4#R1)#PHIUN

2450 *

2460 ALS) = SW2EZU2 + WANL2®HUZ

2470 AL3S) = (K21 + K22) 82492 + XRE2

2480 A(a%) = -(K21 + %22)#52¢52 + WAYL2eR2 « SW2HIV2 - KT210(T2 + a21°2 = KT20eT
2472 = KTE3#(T2 - Y212 - KT24#(T2 + A2 ~ ¥2)~2 - KOVT2 - KRS2

2490 A{150) = —1K2t - K220eE2 + SW2e(RY « PHIUD)

2500 A1195) % ~(KT21 - KT24#(T2 + A2) - (KT22 - KT2R)472 ~ (KT23 + ET24)2¥2 v ¥

RYLZ2#AY

2850 AL200) = (FI23 + FI24) + ({KT23 + kT20)#(72 - YD) + KT24%R2) #PHIU2

2520 -

2830 A} = SWI+IUT + WAKL3eHUZ

2540 A(BEY = -{KT1 + K32)#33#53 + WAKLILRT + SW3I#2UT - KT3LE(TT + RT)"2 = KT32eT
T3 ~ KTI3H(TS - ¥53°2 = KT34&(T3 + A3 - Y312 - KOVTS - KRS3

2550 A{126) = - (KT - K3210R3 « SWIH(AY + PRIUD)

2950 A(171) ® - (KT3% - KT341%(TS + A%) ~ IKT32 - KTI31#T3 ~ (KT3I ET34 Y3 + Wl

AfL3aAY

9570 Ri2thi = (FI33 + FI34) + CIKTID + KTI4reT3 - Y2 + KT34#R3)ePRILT

2580 -



2590 A17) = SWIEPHIUL

2600 At22) = ~{K1] - K121+31

2610 R(52) & (K11 ~ K12)#31 + Bl#pY

2620 A1R7) = K11 + Ki2

2630 -

2540 ALB) = SW2ePHIL2

2430 A3 = ={K21 - k221482

2660 A(AB) = (K21 - K22)462 + SW2eRY

2670 ROILY) = (K21 ¢+ K22

2680 '

2650 A(9) = BW3ePHIY3

2700 A{84) = (K31 - XI2; %83 + SWIERY

2710 AL129) = K3) + K32

2720

2730 A(58) & -(£Ti1 + KTI2 - KTI3 = KTEAMSTL = KTHD - KT14) AL = (K713 r KT]41¢
Yi

2740 A4145) = =(KTL] + KT12 v KT13 + KTIH)
2750 A(190) = =(KTLY « KT14)#PHIUY

3780 -

2770 AIT1) = -(KT2L + KT22 - K723 = KT241¢T2 - (K721 - KT24)#A2 - (K123 + KT200%
Y2

0780 At1hl) = ~(KT21 + KT22 + €T2T + KT24)
2790 &{206) ® —{KT23 + KT241#PHIU2

2800 -

10 RIBY = -(KT3] + KT32 - K733 ~ KT3414TF - K135 = KT34)+A3 - (KT33 + KTIQ)®
Y3

2820 ACLTT) = =(KT35 + KT3Z » K733 » KT34)
2830 A1222} = =(KT13 + KT341ePHIL3

2840 ¢

26850 AY131 = WAKL]

2860 R{IFY) = -KYTL

870 -

2880 Ail4) = WAKL2

2890 AC209) = -KYT2

2900 A1S) = WAXLS

2910 A(225) = -KYT3

2920 -

29%0 ¢

2940 B(2) = ~KMDELPH

2950 B(3) = ({K3} + K320#83#83 ~ (F3L + FI21e2RI # K5 - WS#IS3 + KABII¥DELPR
2960 Bb) = -(1K31 + K32183e85 + KRSI1#DELPH

2970 B9 = (K31 - K321 vEI4DELPH

980

2990 REEEEEEEERE ORI R B R R R R e p e ra R R R RO

3000

301 We sust now solve these 15 siscltanedus egquations
3020 The progres uses IBM 33° "SIMQ"
3030 -

IR e e T A L
1050 -

060 N = 15
3070 -

Jo80 -

o8¢ -

5100
30

312 -
N
a0

3150



3160 -

e -

3180 -

3190 ¢

3200 TOL= O

J2LQ RS s 0

3220 Ji = =N

3236 FOR d=) TO W

3240 JY = J+l

3250 1) = JJefvl

3260 BIGA = 0!

3270 17 = Ji-l

3280 FOR I=] TO X

3290 13 = IT+}

3300 IF ABG{BIGR)-ABS(A{1)))<0 BOTD 3310 £L&E 1330
310 PIBA = A(TJ}

3320 IMAx =

3330 NEXT §

3340 IF (ABS{PIGAY-TOL) =¢ 0 BOTO 3350 FLBE 3340
3350 PRINT “THE EGUATIONS HAVE WG MEANINGFUML SOLUTION®:80TO &080
3360 I1 = JeNR(3-2}

II70 IT = [MAY =

3380 FOR =) TC N

3330 11 = [1+N

3400 12 = [1417

3410 BAV # AfEL)

3420 AL = RUID

430 ALl = SAv

3440 ACIL) = RUTL)/BIGA

3450 MNEXT K

3460 Bav = BUIMAXR}

3470 B{INAX) = B(J}

J480 BUJ) = SAV/BIGA

3490 IF J-k{>0 BOTE 3500 ELBE 3ai0
3500 195 = Neid-1)

3510 FOR Ty=dy TO N

3820 IiJ = 105+

3530 17 = J-IX

3540 FOR Ji=iY TO N

1580 JAJL = Ne(JR-1)+1K

3560 331 = INdX + 17

3570 ACIRIX) = REEXTND = LACIX3VeRLIIED)
I580 WEXT JI

3590 BelX) = BUIXY - ER(HYeALININY
3600 REXT X8

610 NY = K-

3520 1T = NN

3630 FOR J=1 TO WY

3640 1a = §T]

3650 1B s N=J

3660 1€ = N

3670 FOR K= 1 TO J

3686 BLIBY = B{IB} = RCIRIEBIICY
3690 14 = [a-N

3740 1€ = IC-1

3710 NEXT X,J

72

730

340 °

3750



3760 -

3

3780

e -

3800 End of siaultanacus equation solution reutine

3810 -

382{) ' ll‘lllli.ﬁll'ﬂ'l‘l’lilll‘l!"I!Ql'i"l'l‘l'lill'iil'll‘lﬂ'i'itiilil‘il‘lll'l‘!"l‘ﬂ'il‘iii‘ill‘ill
3830 -

Igdo - #e sust now calculate the new valuds
1850 -

J060 AY = RY + BAL)

3870 -

3880 PHIGY = PHISL + B4D)

390 PHIS2 = PHISZ + B{J)

3900 PHIUL = PHEUE + B

3910 PHIU2 = PRIUZ + BLD)

1920 PHIU3 = PRIUT + BLH)

3930 U1 = 7yl + BLT)

1940 Tu2 = Ju2 + BB

3950 7u5 = ul v BiH

3560 WUl = HU1 + BOIO)

IF70 HUZ = Ru2 + BOID)

I9E0 HU3 = WUT + BUIDY

3990 YL = Y1 ¢ BUID)

4000 Y2 = Y2 + Bild)

§010 v3 = v3 + BUIS)

4020 71 = 71 - B(I)" Ysey in calculating new wpring deflection
4030 72 = 12 = B(®)

4040 13 = 13 - B(D

4050 271 = ITL - B(})' Used in calculating naw tire deflection
4060 272 = 712 - BUL

4070 173 = 1T} - B{12}

5080 °

4090

4100 SPMABY * PHISI*RADISPMAAZ = PHIS2eRADIGPMASS = PHIBTHRAD
L 1L

4320 USPMI = PNIUIeRAD:USPA2 = FHIUZERADIUEPNT = PHIUIeRAD
4130 -

4140 - New spring deflections

4150 -

4160 DELE!) = 21 - B1a(PHIEL ~ PHINT

4170 DELE12 = 11 + BLe(PHIBI - PRILY)

4180 DELB2} = 12 ~ G2e(PRIBZ - PHILD)

4190 DEL822 = 27 + B2w{PHIEZ - PHIUZ

4200 DELE31 = I3 - BIF#{PHISI - PHIUT)

4210 DELS32 = I3 + S¥=(PHIET - FALUL

4230 ° f1ven the spring defiection, calculite the
2% stiffness and spring force at that point
4240 -

4230 FOR J = § TO KuM(L)

4250 IF DELE1Y ¢ DEL{1,J) THEN 6OTQ 4280

4270 NEXT J

REDIFI=LTHEN = d + 1

4290 IF 1 > mum(1) THEW J = RUMCDD

4300 J51 =

4310 ki1 = (F(L,0 = Fed, =100 /4BELIL, 3D -DEL LS, d-10)
4320 F11 = F(1,0-1) + (DELBEL - DELI1,d-1M)ekid
4330 '

4340 FOR 3 = 1 TO NMiL2

4350 IF DELBLY < DEL(1.Jt TAEN BOTO 4370



4360 NEXT J

370 IF 3= 1 THER J =20 + }

4380 IF 3 ) RUR(L) THEN J = NuMil}

4390 3512 % 3

4400 K12 ® (F(E 81 = FUL3=1 ) ADEL (L, D) =REL (1, 3-11)
5410 F12 & F{1,J-1) « (DELH1D - DEL(],d=1})#K12
4420 -

4430 FOR J & 1 70 RUK(D)

4440 IF DELSZ! < DEL(2,I) THEN BOTH 4440

4450 NEXT J

MO IF I =L THEN J =0 ¢ I

470 IF J > NUMD) THEN § = XUMiZ}

4480 JE21 = J

4490 K21 = (F12,5) = F(2,J-1)}/ (DEL¢2,)-DELIZ, I=1}}
4500 F21 = F(2,J-1) + (DELS21 - DEL{2,J-1}}ek2L
4510 -

4520 FOR J = 1 TO WUM{2}

4530 IF DEL82Z « DEL(2,1) THEN BATO 4330

4540 NEIT J

550 IFJ o L THEN I J ¢l

4560 IF F » NUMC2) THEN J = NUMID)

450 3§22 = )

4580 K22 ® (F{2,0) - F(2,3=111/(DEL (2, -DEL2J=1)}
4590 F22 » F(2,J-1) + (DEL82Z - DEL{Z,I~1)1eKZ2
4400 FOR J = 1 TO NI

4510 °

4520 IF DELB31 ¢ BELI3,J: THEN BBTO 4440

4630 NEXT J

AAO IF I T 1 THEN J ] »

4450 IF J > NUM{3) THEN J = NUM(3}

4440 J831 = J

470 K31 = (F(3, 51 = Fe3 3=/ DEL(3, D -DELLT, d=11)
4680 F31 = F{3,J-3) + (DELE3L - DEL(3 =11 )skdL
4690 -

4700 FOR J = 1 TO NUM(3)

4710 IF DELS32 ¢ DEL(3,J) THEN GOTD 4730

4720 NEXT &

4730 IF J=s L THEN J & J ¢+ 1

4740 IF J ) NUMiT) THEW J = NUMID)

4750 J932 =

4760 %32 = (Fi3, 3 - F{3,]-10)/(DEL¢3, 03 -PELIZ, I~1H)
4770 F312 = F(3,0~1) + (DELS3Z - DEL(3,J-11)#K32
4786 '

§79¢

1800 New tire oeflections

4E10

4820 DELTIY = IT1 =(T1 + ALyeRHIWY

4R%0 DELTI2 = IT1 -TisPHIUL

4B40 DELTIY = TTI + (T = Y1i#PHIUL

4850 DELTI4 = IT1 + 371 + A3 - YI}#PRIUL

4860 IF A% » O THEN BOTO 4880

4870 DELT1Z = Q3DELTII = ©

4880 -

4890 DELTZL = IT2 - (T2 + AR aPRIUZ

§900 DELT22 = IT2 - T2ePHIU2

4910 DELTZY = IT2 + (T2 = Y2 ePHIU2

4920 DELT24 = T2 + (T2 + 42 -~ Y2)¥PAlU2

4930 IF A2 » O THEN GOTD 4930

4940 DELTZ2 = O:tDELT2I = 0

4950 °



4940 DELTIL = IT3 - (T3 + RII#PHIUI

4970 DELTS2 = IT3 - T3«PNIUY

45960 DELTIZ = 173 + (T3 - yI1+PHILD

4990 DELTS4 = 713 + (T3 + A3 = Y3)4PHILT
%000 1F A3 > O THEN BOTO 5080

5010 DELTI2 = {iDELTIS = &

%020 -

3030 When the insige tires ledve the ground

5040 ¢ than their stiifness and deflection ig set to zero
5050 ¢

%080 IF DELTI1 » O THEN BOTD 3080

9970 KTii = §:DELT1] = O

5080 IF DELTi2 > O THEN 807D 5100

5090 K712 = OsDELTI2 = O

5100 IF DELT2Y 2 0 TWEN 80TA Si20

5110 KT2L = 03DELT21 = §

5120 IF DELTZ2 » O THEN 6070 3140

5130 K122 = 010ELT22 = ©

&340 IF DELT3: > © THEW 80TD 50

5150 KT31 = dgDELTIL = O

51a0 IF DELTS2 » O THEN &80TD 5180

170 KTI2 = eDELTI2 = O

3160 -

5190 - falculate tire forces

5200 °

5210 FI11 = KTHIDELTILIFILZ = KTI28DELTI2iFT)S » KTIZ4DELTINFI14 = KT142DELTIA
5220 FI21 = KT2M4DELT21iFI22 = KT224DELT22:F123 = KT23eDELT25:F 124 o KT24#DELT24
230 FI31 = KT3I4DELT31:F232 = KT32eDELTI21F233 = KTITsDELTIZFI34 = KTS44DELTIA
3240 ~

§230
5280 - When the spring forces become tensile then
3270 auxiliary rol} stiffness nas ne affect

5280 © NOTE1l have reaoved this mffect as 1t Seass unryasonable!

5290 -

5300 BOTD 5390

ST10 FRE & (MAXLL - WUL)H{AYCOS(PHIVL) + SINGPHIULY1oFR2 = (WAIL2 - WU2)#{AY+LD
SIPHIUZ) + SINCPHIL2})EFRS = (WAKLY - WUT) e iAY=LOS (FHIUT) + SIN(PHIUZ))

5320 WG1 = (FLY ~ F12)#Bi + FRI#COG(PHISY - PHIUSI®IRL + (F11 ¥ FiZ)#BINIPHIE] =
PRIUL) 7RI + KERW(PHIS2 - PHIS1) - WFRw(AYeLOB(PRIB1; + BIK(PHIBL))#IFR] - KREL
#{FHIB1L - PHIUL}

%330 M§2 & (F21 - F22)eB2 + FR2¢LOB(PHIS2 - PRIU2;¢IR2 + (F21 + F22)+BIN{PHIE2 -
PHIUZ) #IR2 - KFRe (PHIGZ - PHIGI) + (AY#COS(PHISZ) + SIN(PHIS21)w(WFRIFRZ + Ws
152> + NS#{PHIST - PKIB2) -~ KRB2E{PHISZ - PHIUD

S340 MGT = (F3L = F321#83 + FRI#COB(PHIES - PHIUZI#IRI + (F3L + F32)+BINIPHIES -
PHIUZI#IRS + WS#I%3# (AYoCOB(PRIAT) + SINCPRIST)) - MOvcPNIS] - PHIG2: = KREIn(P
#153 - FHiu3)

5350 MUY = =(F1} - F127#81 + (F1it - FIMIiT « ALYRCOE(PHIUL) « (FI12 - F1131*
T1oCOGSPRIUL: + FRI®ZUL + KYTIeV1eCOSIPRIUL)#HUL « (FTIT ¢ FRi4)#YL - KOVTLePRIU
Lo+ (FI1L ¢ EI12 + FIIT ¢ FLLA)#RI#ZINCPHINL) + KASI#(PHIS) - FHIuL)

S0 WUZ = -(F21 -~ F2P)$92 « {FI21 - FI24)44T2 + A2)eC0G(PHILZY » (F122 - F123i»
T24C05{PHIUZ) + FRIFINZ + KYT2oY2eLORPHIUZ SHLZ + (FI23 + F124)8Y2 ~ XOVT24PRIY
2 v {FI21 + FI22 + F123 + FI24)eR2¥SIN(PHIU2] + KRS2:(PHIG2 - PHIU2)

5170 K3 » -(F31 = F32)e83 + (FI31 = FI3&#(T3 + AZIeC0G(PAILY) + (FI3T - FI31)#
TI4LOSIPHILT) + FRI®IUT + KYT3oY3eC0S (PHILT) #MUT + (FI33 + FI34)0¥3 = KOVT3aPH[U

T ¢ (FI3] + FI32 + FI33 + FI3414RTeEINPRIUZ) + KREIx(PHIEY - PHIUI)

5380 -

5350 NRMY = (FIi3ecTh = ¥i) » FIR4&(TY + AL - ¥1} - FI128TL = FI318(T1 + AL))eCD
§{FHILD 12 These eoaents are all ft.lb

5400 NRMZ = (FIZ3H{T2 - Y21 + FI24R(T2 + A2 = Y2) - FI22470 - FI216(T2 + A2DIR0D
S{PRIU21/12



G410 NRM3 & {FI33¢(T3 = ¥3) + FI134¢(TT + AY - ¥3) - FI324T3 - FI3I4(T3 » a3+
§iPRIUZI 12

5420 ROASUM = W31 + MB2 « MSY + KUL + MU2 v NUT

5430 -

5440

5430 *

5480 ° If the trailer and rear tractor ingade tires

LY have ltfted off the ground, the go ta cospletion routine

5480 -

G4%0 IF GKTS) » €712 + KT21 » KT221 = O THEK HALTS = "1 apd 2":6070 970

G500 IF (KT21 + KT22 *+ XT3 + K732} & { THEN HALTS = "2 ana 3":6070 5970

5510 IF (KTID + KT12 « K731 + £732) = 0 THEN HALTS = "1 and 316070 5970

S520

$530 FRINY #1,U5185 "o.ed#n~*~, ";AY UBPHI  UBFN2,USPH3, SPMAG] , SPRABZ, 3PRAST, RN}
(NRNZ, NRNI

5540 PAT = DAT + U Uswd to mark tire 1ift-off 1n output file

5550 - When the trarler or rear tractor inside tires
ga60 - 11¢t off, mark thie svent soashow
3570 -

J380 IF LIFTAKL 2 O THEN 8070 5630
5390 IF KTML + KTi2) » O THEN LIFTAKL = 1
5600 IF (KT21 + XT22) = O THER LIFTAL = 2
5610 IF (KT31 + KT32) = @ THEN LIFTANL = 3
5620 IF LIFTAXL > O THEN BOTD 5870

3630 -

Sedo - Cneck if reagy to print out,

5650 - otherwise do angther increment of DELPH
5560 '

S670 IF COUNT = O THMEN CLS:LOCATE ArPRINT *1 am busy caleulating, PLERSE BO wNOT

DISTURE ME*

5680 COUNT = COUNT « § : GOTOD 3780

G690 DOUNT = COUNT + 1:LOCATE 10:PRINT RSy = “jRE13NGR3MS3:PRINT "Mtk = *jfuL;A

HYSY 11K

3700 PRINT *20i = *jIUL; 202 IU%:PRINT "HUS = ";HULHUZ;NUTIPRINY "vi = *;Yigv2;Y

J:PRINT °NRM: = “pNRML,NRNZ2,RRE3IPRINT *MORSUR = “; NOWSUN

3710 TF1 = F2LL + F212 + F2EX + FI14 = WANLLaTFZ = F121 + F122 + FI23 + FI26 =
RXL2;TFS = FI3L + FI32 » FIZY + FI134 - WAXLtPRINT *TFi = "}TFL3TF2;TF3

5720 &F1 = Fil v FL2 - SWiw(COGIPRIULY-RYSSIN(PHIUII 1i8FZ = F21 » F22 - SW2e(CO5
(PHIUZ}-AY#SINIPHIU2) ) 26F3 = F31 + FI2 - SN+ (COSEPHIUT) ~RY#SIN(PHIUS))

5730 PRINT <SFi = ";8F1;5F2;8F3

5740 PRINT "DELB1)} = “yDELB11;DELG12;DELS21)DELE22; DELESL; DELEI2

3730 PRINY *JBt3 = *;181)3JI832106217822; 063150832

5760 PRINT *Ki) = *jKELpKIZ;K21jK22;K313K32

STTy PRINT "Fiy = “JF1L3F125F244F22F 313732

5780 [F COUNT = LOBF THEN GOTD 3810 ELSE 60TO 1970

5790 -

2800 - Print out the rosults

SBLO PRINT #2,°"1PRINT #2,USING SN, $$3°;AY,USPNI LSPAZ,1iBPNS, GPRARL , SPRAGZ 5PN

AL

IB20 PRINT #2,USING *HHHAPME. " KRNI NAN2, NRNI

5630 -

1840 -

5850 COUNT = 0+R0TO 1970

SBAD -

870 - Lift aair roctine

%880

SE90 PRINT #2,"

5900 PRINT 82, *Tha instde tires on axlp "jLIFTAXL}" have J9ft the ground at the
following conditions:"




590 PRINT #2,"*:PRINT #2,USING "#44, 844" RY,USPNL,USPN2,LSPN3, SPHASL  SPNASZ, 5PN
AB3;

5920 FRENT #2,UBIND “SE4444%, “;NRN1,NRM2 HAM3

93

5730 PRINT 42,°
5950 1STaR = DOT” Foint tn data whers firet axle lifts off
5740 §0TO 5830

3980 PRINT #2, *Thi vehicie {5 now unstable as the ins1de tires on sxles "jHALTS
399¢ PRIKT 82, "have jeft the ground at the following conditions:*

6000 PRINT #2,~*:FRINT 42,USING “#00. #0d";RY UAPRL, USPN2, USPNI, BPNASS, EPRABZ, SPR
AB3;

4010 PRINT #2,USING “#44R08H, “jRRNT, NRRZ KRS

2020 -

4030 PRINT #2," -
6040 PRINT #1,USING "5 #048°~>,*AY, UBPNI , USPN2, LEPNT, SPHAS1 ,SPNAB2, BPRAGT  NRAI
+NRN2  NRR3

4050 FRINT #1,USING "#.¥84~~~ “iLIFTAIL,ISTAR

4050 WRETE #1,HALTS

4070 PRINT #2,CHRT )3 +LHRS (12} «LHASLIZ)

4080 CLOSEEND




APPENDIX C

The Australian Road Research Board
Computer Model
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17~
18~
19~

20~
21~
22~

23~
24~
25-
26~
27~
28—
29-

30-
1=

Ticle

ARRB COMPUTER MODEL

Front axle load
Tractor rear axle load
Trailer axie load

Tractor front sprung mass
Tractor rear sprung mass
Trailer frant sprung mass
Trailer rear sprung mass

Tracror frout unsprung mass
Tractor rear umnsprung mass
Trailer unsprung mass

Half
Half
Half
Half
rear
Half

axle#

front axle track width
cractor rear axle track widrth
trailer axle ctrack widch

dual rivre spacing on Cractor
axle®

duoal rtire spacing omn ctrailer

Fronc axle heighr
Traccor rear axle height
Trailer axle heighec

Fronr suspension height
Tractor rear sspension heighco
Trailer suspension heighrt

INPUTS

ITracrer front Sprung mass C.G. heighe
Tracctor rear sprung mass C.G. height
Trailer fronc sprunmg mass C.G. heighc
Trailer rear sprung mass C.G. height
Tractor chassis heighr
Trailer body heighr
ath wheel pivor heighc

5th wheel pivot co skid distance
5cth wheel half widch

CRrIQ

LenlRE Dy RuomeRIAL
LOETAI - L D,



32~
33-
34-
35-
36-
37-
38~

39—

41~

42~

43~

JATAS
45~

& -

Fronmt axle unsprung mass rolil
compliance

Tractor rear unsprung mass roll
compliance

Trailer unsprung mass roll compliance

Front suspension roll compliance
Tractor rear suspension roll compliance
Trailer suspension roll compliance

Front axle unsprung mass
lareral movemeat goafficient
Tractor rear axle unsprung mass
lareral movement coafficient
Trailar azxle unsprung mass
lareral movement ceoafficient

Front axle unsprung mass
vertical movement coefficient
Tracror rear axle unsprung mass
vertical movement coefficient
Trailer axle unsprung mass
vertical movement copefficient

Tracror chassis roll cempliance
Trailer body roll compliance

used conly when the program is extended to calculare Znd

wheel 1iftr but there might be no solution with the
method used.

CRIQ

LeniAE OF Rt LmERC L
DS RECLE T e BET



