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ABSTRACT

In this stud¡u, o rnodel is devel.oped for preclicting fuel

consumotion of qosoline fueled rood vehicl.es. This model,

which is developed using the regnession onol¡rsis, is of o

porobolic function, with speed os the independent vorioble

for o porticulor vehicle on o level tongent poved rood. The

regression coefficients ore then ne-lated to the vehicle

chorocteristics thot occount for fuel consumption ond ol-so to

the rood surfoce t¡rpe. The effect of the rise ond fo11 of

the rood is conside¡'ed seporotely ond other geometrics of

the rood one onl5z mentioned becouse there is not enough

informotion to inclr-rde them"

The resulting model elicits the vehicle choracter^istics

thot occount for fuel consumption cnd the effects of rood

type on excess fuel consumption" Once the simpte vehicul-or

porometers suppl- j-ed bv the manuf octurers ore known, this model

con be used for er,,oLuoting fuel sovings resul-ting from nood

su¡ fqce impnovements. Secondì.yo the optimum speed of which

o vehicLe should operote for minimum fuel consumption con be

estimoted f rom the modeL "

Unfortunotelyo the doto used in developing this model

is insuf f icient oncJ not qt.rite neliobJ.e, thenef ore o high

precision should not be expected from predictions nr<rde using

the model" Howevero this Coes not moke the model inodequote

1l-



for highr,.roSr plonninq purposes,

In qenerol o it is obserrvecl thot o borrier exists between

planning onci technicol- informotion ond this hos mode it hord

to obtoin sufficient ond relioble informotion for developing

models such os this one, ln this study on ottempt is mode

to breok through this borrier by setting up o technique

thot invites on integrotion of technicol systems into

highwoy pJ-cnning. As o nesulto problems ore encountered in

the process ond these hove heJ-ped in outl.ining the woy to

overcome the bonr.ier.
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CHAPTER T

INTRODUCTION

ê, lthough rocd improvements invol-ve o lorge expencliture

of money, this is offset in porto of Leostu by the benefits

clerived from them. The benefits resulting from rood

improvements r'onge from soving in fuel costs through to

soving lives ondu therefoneo include some benefits thot ore

eosil¡z meosured in economic tenms ond others which ore not.

Thus o in some coses rood improvements moy be mode on sociol

or politicoL grounds v¿ithout much reference to purely

economic considerotions, In most coses, howeveru rood

imorovements ore mode for economic odvontoge ond economic

onguments clominote such coses. Economic benef its clre

quontifioble in o monner which is not possible for socj-ol_

ond culturol benefits ond cs o resu-l-t these lotter oÍ-e

either ignored on brought in os secondory orguments in

favour of the improvements. But in ony discussion of costs

ond benefits there is o likelihood thot the secondory

question "Cost to whom ond bene'f it to r¡rhom?" is not oskecj,

In the present studyr o modeL is proposed for pnedicting

one of the economic benefits of rood improvements to

vehicle operotors. The Iimitotions of the model ore cleorly

recognízed ond in porticulor the foct thot it does not

include sociol- ond environment costs is odmitted. With such

o model it mo)/ be eosien to develop more sensitirrity to

these costs of some loter stoge"



One of the benefits consider ed in on economic evolLiqtion

of rood impro',,ements is the reduction in cost to the rood

users. The rood usens' costs ore quontitotively represented

by the r,rehicle operotirrg costs, which ore meosured in terms

of fuel consumptiono oil consumption, tire weorn depreciotion,

mointenonce ond trovel. time. Fuef consumption constitutes

obout 30% to 4.5% of ol-l these costs (ref . 1), ond clepencis

upon vehicle t¡upen nood type ond how the vehicle is operoted.

Thusu the cost of fuel is o sufficiently lorge proportion

of this totol cost of operoting o vehicle thot fuel economv

is worthy of serious ottention.

Serj-ous difficulties in suppJ-,ving fuel hove hit the

Western worldn ond hcrve olreody coused rising fuel prices

in Conado ond in some other countries hove led to shortoges

ond notioning of fuel, This fuel problem hos in foct become

worLd wide. It seems likelv thot fuel costs in the future

might well occount for sornething like 6O% of the totsl

vehicle operoting costs, This colls for o for more

comprehensive ond criticol study of hovr fuel is being

consumed by o vehicl-e on the roodvroy ond technicol ly

occounting for eoch golì-on of fuel thot is burnt in moving

o vehicle,

For the mone detoiled discussions of fuel consumption

thot qre to follow it is convenient to clossify consumption

under tr¡to heodings, t'Normoftt ondttExcesstt" ttlrlormqltt fuel.

consumption is defined os the fuel consumed b), a vehicle



running of constont speed on o venv good stroíght tongent,

poved, closs rrårr rood. This con be described qs the

unovoidoble fuel consulmption, The "excess" fuel consumption

is defined cs the fuel consumed over ond obove the "normol"

consumption of o vehicl-e. Such excess consumption is due

to such factors os surfoce roughnesso excessive curvotureu

rise ond f ol-l- of the rood; trof f ic congestion o trof f ic

I ights ond envi ronmentol f octors such os v.,ind, ond voriotions

in temperoture ond oltitude. The "excess" fue-l- consumption

is of such o notune thot it con be occountecJ for eosiJ-y

ond its reduction con ol-so be eosily effected. The "normol"

f uel- consumption hos been meosured exper'imentol ly f or o

number of porticulqr vehiclesn but this informotion is not

of direct volue in ossessing the benefits r^thich might

occnue from rood impnovements. Thus cn ottempt is mode hene

to fi-t this experimentol evidence into o model in which

simple vehicular porometers moy be used to predict Ìike1y

fuel consumption under vorious rood conditions, ond hence

predict excess consumption.

Fuel consumption is cffected by three moin foctots;

(") the noodwo5r ond the environment

(U) drir.ten behoviour ond

(") the vehicle

Increosed resi-stonce to tror.rel due to the noodwoy ond its

envinonment nesult in on increose in fuel consumed b5z o

vehicle " Similorly the wo¡., the driver hondles his vehicle



ploys on importont rofe in fuel economy. It is cleor thot

vehicl-e design qlso offects fuel consumption though this

clesign ospect seems to be lorgety ignored in highwoy plonning.

There ore numerous porometers thot vory from vehicle

to vehicl-e ond they con generolly be grouped into two groups;

the vehicleIs exter noL feotures ond the engine in the

vehicle. The externol feotunes of the vehicte con be considere

os the vehicle without the engine. Eoch of these two ploys

on impontont roLe in the fuel- consumption of o vehicl-e.

Cunves of fuel consumption versus speed con, of

counseu be obtoirred for ony vehicle unden voríous rood ond

environmentol conditions by meons of simple but relotively

costly experiments, If these curves were ovoilqble for

oll vehicles the tosk of the highwoy plonnen woul-d be

simplified becouse the qssessment of fuel sovings due to

noocl improvements would be stroightforword. Such curves

ore ovqiloble only for o limited number of vehicles ond

consequently, the effect of rood improvements hove to be

estimoted from o generol model of the fuel consumption

cunves. Unfontunotely, highwoy plonners do not seem to hove

understood the technicol porometers involved in this kind of

model. Their lock of recognition of the por t which engine

porometers ploy is o porticutorly typicol exompì-e of their

generol lock of understonding of the role of technicoL doto

in plonning deoisions. In reoding the literoture one is

left with the impression thot the plonners ond the vehicle

designens tolk different longuoges ond thot thene ore few,



if ony, interpretens in the field, In terms of fuel economy

studies this Iinguistic borrier is veny opporent ond the

work reported here is on effort to neduce this bqrrier.

Highl^roy plonners most f requently bose thei n f uel

consumption models on one vehicle porometer such os weight,

horsepower or tire size. Fuel consumption however does

not vony exèl-usively occording to ony one of these porometers.

But simply becouse one does not know which ponometens

occount for it does not justify ossigning one pororneter of

the externol f eotunes, os being most oppr^opÌ^iote, j ust

becouse thot ponometer hos the highest correlotion coefficient

in the stotisticol onqlysis"

A group of doto con be onoLysed in this form to give

rise to o good model, but such o model will be good only for

those porticulor doto. Thot model moy well- foil to opply

to other doto not included in the onolysis, ond os o nesult

the model- must be checked ond, 1ike1y, modified to occount

for new doto. This process is probobly the best thot con

be opplied to systems thot hqve no technicol bockground,

such os the populqtion growth rotio of the French ond

English speoking people in Conodo.

The predictive volue of such o model is recognized os

being limited becouse it is bosed on post events for which

no precise lows con be enuncioted. When deoling with

physicol systems, hov,'ever, the pr edictive volue of o model

con, in generol, be much gneoter. Becouse in these cqses

the reLotionql- lows ore usuol-1y known or'discoveroble.



The role of stotisticol onolysis, then, tends to be very

different wlren deol-ing with physicol systems os compored

with thot when deoling with non-physicol systems. A simple

exomple will help to illustrote this difference. The

relotionship between voltoge, current ond resistonce is

l<nown to be lineor under centoin conditions, Given o

resistor of unknown volue o simple experiment in which

current is recorded ot different opplied voltoges will permit

on estimote of the resistor to be mode. There r¡ri11 be

rondom errors in reoding the voltmeter ond ommeter but the

foct thot, fnom physicol lows, o stroight-line rel-otionship

is expected permits the use of the lineon regression technique

to obtoin the best estimote of resistonce. Once mode,

this estimote is of pnedictive volue in thot the

voltoge/current relotionship for thot resistor is known ond

con be opplied qt ony time in the future. Notice, however,

thot the predictive volue stems not from the stotisticol

technique but fnom confidence in the repeotoble noture of

physicol events of thís kind.

lVhen it comes to building o model of fuel consumption,

then, its predictive voLue will depend on the extent to

which the coefficients in the model ore under^stood in terms

of the physicol phenomeno involved.

In summor)1 , f or o neosonobly ef f ective orrolysis of o

technicol system, o good understonding of the bosic operotion

of the system is essentiol. From such o quolitotive knowledgeu

o foundotion is set up on which to bose o quontitotive



onol"ysis, To be oble to quontífy the fuel sovings resulting

from nood impnovement with good occut oc)1 it is necessory

to understond the fuel consumption of o vehicle on o

roodwo¡r ond the mechnisms thot exploin its quolitotive ond

quontitotive pottern.
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CHAPÏER II

EXISTING KNOIVLEDGE AND TECHNIQUES

As previously indicoted, o good deol of study hos been

done in this field by both Tnonspontotion plonners ond

Automotive Engineers, but relsvont informotion is stil1 quite

insufficient. Both Tronsportotion plonners ond Automotive

Engineers hqve individuot opprooches to the problem, neither

of which gives sotisfoctory resul"ts thot ore useful for

pr-edictions.

Bosicollyu it is known from tronsportotion reseorch thot

for o specific vehicleo fuel consumptionn in gollons per mile,

decreoses from high volues of very low speeds to low volues

of higher optimum speeds ond then storts to increose with

speed. A fueL consumption curve for q Plymouth cor on o

stnoight, leveI poved surfoce is represented in FiS, 1, ond

is typicol of those of other vehicles. This ond similor curves

ore obtoined b), cornying out test runs on specific roqds duning

which the fuel- consumption is meosured of o constont speed

(ref . 3 & 14). Such tests were run on stroight level poved

roods ond grovel roods to obtoin the relotive difference in

fuel consumption os cl result of clifferent rood surfoce types.

To evoluote the excess fuel consumption due to other nood

choroctenistics for ct specific vehicle, the vehicle wos simplYr

tested on o rood hoving such chorocteristics ond the excess

fuel wos mecsured. A lot of effort hos been put into this
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sort of study, but the opprooch of eoch neseorcher hqs been

very similor ond limited" The cpprooch is similor in thot

test runs were done in the some woy with the some limited

ronge of results being yielded. These resul-ts nestrict

prediction of fuel consumption to only those vehicLes thot

hod been tested; such resul'ts connot be opplied to the

untested vehicles becouse their fuel consumption chorocter istic

ore not known, (ref . 1 ,2 t3 ,14 & 16) ,

Just observing the troffic on ony rood for o short time

one sees mony types of vehicles. If fuel sovings ore to be

reosonobly predicted, for thqt rood's improvement, o knowledge

of the fuel consumption chorocteristics of o11 of these

vehicles will be necessory, The foct thot these chorocteristic

will vor y for eoch vehicle t5rpe is undoubted. It is necessory,

then, to develop o formot or model by which such cunves con

be pr edictedn to o certoin degree of occunocyu for ony

vehicle thot hos not been tested in the monner described.

Since it is not economicoll5r justified to test o11 ovoiloble

vehicles, the few thot hove been tested hove to be token os

o sufficient somple number to be used initiolly for developing

such o model. TJhis model shor;Id be such thot o knowing certoin

chorocteristics of ony vehicle, its fuel consumption con be

predicted. Cqrl SooI (ref. 14) in his work did ottempt to

convey such onofysis by developing o groph for pr edicting

fuel consumption fon ony vehicle, knowing the vehicle's

weight, Unfortunotely he fell short of the mqrk, becouse the

10



vehicle's weight is not the only foctoF governing fuel

consumption. He olso used the weight-power rotio r¡¡hich suf f ered

the some shortcoming,

In the wor-k of Roy B. Sowhill ond Joseph C. Fírey

(ref. 3), though they onrived of the some results os others,

on ottempt wos mode to br ing out the porometric effect of

the vehicle on fuel consumption. Predicting fuel consumption

for vehicles other thon those tested wos not their objectiveo

nevertheless, they succeeded in conveying the foct thot

there is not one specific chorocteristic of the vehicle thqt

con be used for ossessing fuel consumption. From their work,

it wos reconfirmed thot fuel consumption of o vehicl-e depends

on the energy required to overcome friction in the engine ond

the resistonce to the vehiclers motion. However they over-

looked one ospect; thot these ore oltogether dependent on

the v¡ork copocity ond efficiency of the engine"

Rolling resistonce ond wind nesistonce one the moin

resistonce to the vehiclets motion ond they con be evoluoted

eosity. The friction in the engine ond engine efficiency

which relote to fuel consumption hos not received much

ottention, in the field of Tronsportotion. This is por tJ-y

becouse tittle informotion is ovoiLoble to the tronsportotion

plonner ond, os wel1o the littIe thot is ovoiloble is not well

understood. A good understonding of the internol combustion

engines would be necessqry. This ultimotely necessitotes o

cfose stuciy combining the efforts of the tnonsportotion ond

outomotive engineers,

11



The oppr ooch of the outomotive engineers in fueL

economy study, regording opplicotion in highv,roy plonningu

l eoves much to be des-i red. The typ" o f tests they horre

ccrried out ore of the "test bed" vorietr¡ ond do not toke

into occount the rood performonce (ln gollons per^ mile) of

o specific engine in o specific vehicle. They report results;

fuel in tb. per bhp-hr required to drive o specj.fic engine

of dif f erent engine speeds <rgoinst o breok lood on c! test-bed "

Agoinu this does not help very much in on onoLysis in

highwoy plonningu since the octuol- fuel- needed to propel

the vehicle is not direct.l.y obtoinqble from sueh results"

The resistcnce to the vehicle's motion is not consideredo

it is only rnentioned " \lV, S " Jomes (ref , 17a) did ottempt to

relate engine penfonmonce to the vehicle on the rood, but

he did not ornive ot the sort of curves described in FiS. 1,

This is perhops becouse he used o hypotheticot vehicle, Of

the other cited literoture on Intennol Combustion Enginesu

(ref . 17o,ltoc, & du 1Bu19o & 20), \¡/"S. Jomes' study is the

onJ.y one thot hod o close rel-otion to highwoy plonning" At

this point! once more, o mention should be mode of the lock

of, convengence between plonning ond technicol informotion"

Fnom the cited references, it seems os if these two ospects

of the system hove been kept for oport. To optimize the futl

use of technology for o better highwoy system, on<rlysis ond

plonning it is quite necessor)/ to br ing these two ospects

together.

An ottempt is rnode in this study to interpret the developed

12



fuel- consumption curves technicoll-y with respect to the

vehicles' chorocteristicsu so thot o fuel consumption curve

ccn be predicted for ony vehicl-e. This is done bv developing

simi.l-on mothemoticol modeLs for eoch of these curves ond

interpreting the coefficients of these models with nespect

to the vehicle ond the roodwoy. These models ore developeci

using the ovoil-obIe technicol informotion ond exÞerimentol

doto" Unfortunotely the problems encountered in using the

experimentol cloto ore two in number, SpecificoJ-1y these ore:

(") the question of the reliobility of the doto ond

(n) the lock of ogreement betvreen resul-ts fnom

different sources"

This disogreement in results is pr^obobly due to diffenences

in environmentol- conclitions of the vorious reseorchers test

points ond periods. The fir'st discreponcy is not unusuol- in

experimentol- results, so it hos to be occepted. The second

discrpeoncy is of mojor importonce in thot it will constitute

the primory sounce of lor ge enFors in generolising the fuel

consumption pottern of vehicl-es. The three moin sounces of

doto (ref.1,3 & 16), hove thot problem in thot; the poved

roods in eoch cose don't seem to be of the some oge or

stondor^d; oltitude, wind ond weother conditions were not the

some; ond the vehicles tested were of different oge ond

mileoge occumulotion. These might seem triviol of first

glonce, but they octuollyz ore of consideroble importonce

when mony vehicl-es ore considened. The effect of eoch one

of these ore shown in Figs, 203,4 & 5, These initiol

13
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sources of pnimoryz errors shouLd be born in mincl . Despite

the foct thot on ottempt is mcde to develop dn orreroll

genenol mocjel-, its precision moy not be expected to be high "

Itleverthel-ess o methocl of developing such o model is íntroduced

ond the results mcry be useful in er,¡ol-uoting ¡ elotive sovings

in fuel 
"

The experimental dotc extrocted from the literoture fon

this onolysis ore presented in Tobl-es Io & b, IIo & b, ond

IIIo & b. In Jon de V/eil-}e's work (ref .1), the outhor

mainly comp j.ted inf'ormotion f rom other publ" icotions ond put

them together . The doto from his rvork were converted to

the some uníts os others: thot iso speed wos converted from

kilometers per hour to miLes per houro ond fueL consumption

wos converted from liters per 1,OOO kilometers to golJ.ons

per miIe. From Roy B. Sowhill" ond Joseph C" Firey's study,

(ref.3), doto for trucks wos extrocted from the cunves

plotted on poges 53-55, These were plots obtoined from

octucl test runs. Most of the doto for the cors v/ere

extroctecl from the curves plotted in Poul J. Cloffey's work.

(nef"16) poges 48-49.
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Doto from

Tec hn i col

Tqble Io

Jon de \¡Jei11e's

Description of

poper (ref. 1)

the Vehicles

Truck
von

T^
I

5,745

7 ,750

1 4,000

477,7x

165

6

6.6

8x22.5

6

2

2

gosol ine

T ruckII TII
unitChorocte ri st i cs

clenoted by

curb weight, 1b.

mox. poylood, 1b.

gross weight, fb.

piston displocement
cu. in.

gross horsepower

no. of cylinders

compression rotio

wheel bose, meters

overqll- length
mete rs

tire size

no. of wheels

no. of oxfes

no. of doors

type of fuel

ct

1,630

2-52
Tz

24,OOO

33,2OO

57, OOO

637 "O*

210

O

13,7

11x22,5

14

4

2

gosol ine

7 2,7

40

¿T

7,

2.

3.96

1 5x5. 6

1

2

gosol ine

o

35

Europeon cor
vo 1 kswoqen

rê obtoined from the Whyte Tnucks Co. Ltd. Winnipeg.

16



Toble ]b

Fuel consurnption ond speecl on leveI tongent poved ond grovel

roods for^ the vehicLes described in Toble Io, os extrocted

ond convented from Jon de V/ei11e's poper (ref. 1 )

Fuel Consumption (go1J.ons per^ mile)

poved rood grovel rood

speed
('ph)

15

20

25

30

35

40

45

50

55

60

6s

70

0.0360

0.0320

o.0290

o , 0290

o " 0290

0 " 0320

0 .0320

0.0340

0.0370

o,041 0

o .1 260

0"1180

0"1150

0.f150

0.1'1 60

o.1210

o ,1 260

0.1 360

o ,1470

o.3440

o,2770

o ,2400

o .21 90

0.21 00

o "2110

o ,2240

o,2470

0,301 0

o , o29B

o , 0269

o , 0246

o , 0237

o , 0240

0.'0250

o,0264

o,o2B2

0.0305

0.0337

0. 0386

o,0452

0"1070

0.0984

o,0944

o "0927

o.0932

0,0950

0. o9B4

0. 1 038

0.1110

o .1 215

0.1 3s0

o ,2820

o ,2200

0.1 855

o ,1 663

0.1 s70

0"1553

o ,1 6n,o

0.1 750

o ,2060

o " 2462

17



test unit no.

oxle closs of comb.

clenoted by

pov/er vehicle unit

yeo r' o f monu f octu re

fuel type

dispJ-ocement cu. in.

no. of cylindens

net HP
ot RPM

reqr oxle geor rotio

tir e size

comb. overol l- length f t.

gross wt. empty lb.

gross wt. fu1 1 Ib.

Toble
Doto ft^om Roy B. Sowhilt & Joseph

Test Vehicle

I

co

ïïo
C. Fi ney's

Descr iptive

gosol ine I gosol ine

501

6

184
2,600

6,69

1Ox2O

53,3

26,180

64 ,650

2.C.D

¿>t-¿

T_
J

t rocto r^

1950

poper HRB llzz0 (ref . 3 )

Doto

503

6

185
2,600

7.05

1 Ox20

45,4

24,43O

57,246

gosoJ. ine I gosol ine

503

6

185
2,600

7,05

1Ox2A

62.95

26,ggo

72,5OO

7-C

2-51

T+

t rocto r

1 958

gosol ine

331

6

122
2oBO0

UB.28
05 ,99

9xZO

36.4

21 ,58O

41,49O

404

6

180
2,800

ø1 /a

FIOx22
R 9x2O

32, B

1 5 ,5gO

21 ,35O

10

2-2

T-

t r^uck

1 958

gosol i n

332

a

187
3,600

u9.77
o7,17

1 Ox2O

E4 Ê

22,35O

58 ,120



Toble IIb

Fuel consumption ond speed on level

roods for the vehicles described in

from the chorts in Roy B. Sowhill &

HRB lfzzø (rer. 3).

FueI Consumption (gollons per mile)

poved rood

T- T.fô

grovel rood

tongent poved & grovel

Toble IIou os extrocted

Joseph C. Firey's poper

0.1 50

0.'lo0

0"095

0.100

0.110

o.120

o .125

0.140

0.15s

speed
( mph

15

20

25

30

35

40

45

50

55

o,220

0,1 85

o,165

0"155

0,1 50

o.145

0.1 55

o,170

o .240

o.1 90

o.165

o ,145

0,1 30

o "125

o ,125

0,'1 35

0.1 55

o,240

o ,205

0.185

o.16s

0.1 60

0.155

0.1 60

0.1 6s

o .240

o. 200

0.1 65

o,145

0"135

0.1 35

o.145

0.1 60

o,175

o ,260

0.1 90

0.1 6s

0"150

o,140

o,140

o,145

0,1 60

o,17s

15

20

25

30

35

40

45

50

0.300

o .255

o ,235

o .225

o .220

o .260

o ,215

0.1 85

o.170

0.1 ó0

0.1 55

0.1 55

o .275

o ,245

o ,227

o,225

o .227

o.235

o,255

o .25s

o .227

o .215

o .207

o.205

o.210

o.220

o ,237

o,290

o .287

o .210

o .195

0.1 90

o. 200

o.175

0.130

o.125

o ,125

0.130
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Chorqcteristics

TobIe IIIo
Doto from Poul J. Cloffeyrs pqper,

Notionol Cooperotive Highwoy Reseorch Progrom Report #lll (ref.16)

denoted by

model

curb wt. ( ru)
model yeor
lensth ( tt. )

frontol oreo ( sq. ft. )

tire size (in.)
number of cylinders
compression rotio
displocement (cu. in. )

net horsepowen

engíne speed

gosol i ne

N)o

Technicol Descr^iption of the Vehicl
Vol kswo

C
¿̂

2-doo r

2,1OO

1 965

14,5
24

5. 60x1 5

4

7 .O:1

72

42

3, 900

neg.

r( obtoined f rom the Midwoy Chrysler Plymouth Ltd. , Vr/innipeg.
-x* obtoined from the Gotewoy Chevnolet Oldsmobile Ltd., Winnipeg.

Folcon
C¡

2-doo r

3,000
1 96s
1 8.0n
26

6.50x1 3

6

9"221
200

120

4, 400

reg.

+lç+obt<rined f rom the Ford rep.

Chevrolet

4-doo r
sedon

4, O00

1 964

1 9, 5+r(

26

7 "5Ox14
B

9,2t1
283

19s
4,800
reg.

P1

cs

4-doo r
sedon

4u4OO

1 968
'1 8. 5lç.'€+

26

8.55x1 4

I
9 '221
383

290

4,4OO

reg.

uth Chr

1n

c.

4-doo r
sedon

4 ,4OO

1 966
.1 B . 5*ì+*

26

8.25x1 4

B

1O.O:1

440

350

4,4OO

prem,

Winnipeg.

slen



Toble I I Ib

FueI consumption ond speed on q 1evel tongent poved rood

for the vehicles described in Toble IIIo, os extrocted

from the chqrts in Pqul J. Cloffey's poper, Notionol

Cooperotive Highwoy Reseorch Progrom Report #lll (ref.16).

Fuel Consumption (goJ-lons per mile)

speed
(mph) cz (-

J
cq cs C.

ô

10

20

30

40

50

60

70

0.045

0,030

0.025

0.025

0.040

o.045

0.060

0.045

0.035

0,035

0.040

0.050

o.060

o,o92

o. 050

0.045

0.040

0.048

0"055

0.060

o.o92

0.070

0.060

0,0s9

0.060

0.069

o.o77

0.088

0.063

0"055

0.055

0.060

o,072

0.088
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CHAPTER IIT

APPROACH TO PROBLEM

A model is on effective tool, for predictions in system

design. Mony types of models con be used to nepresent o

system, but they ore not equolly effective. Grophicol moders,

in porticulor, hove proved very unsotisfoctory in o system

thot hos o number of foctors contributing to its deveropment,

except where some of the foctors ore negrected. on one ploneo

grophicor models con hondle not mor'e thon two independent

voriobles effectively. Previous reseorchers hqve restricted

theír model building, for fuer consumption, to the grophicol

only ond thot exploins why they hove found it very hor^d to

incorporote mony othen necessory por-ometers thot could
qccount fon fuel consumption.

In o situotion where o mul_tiplone is required, to be

oble to conry out o very effective grophicor representotion,

mothemoticol models might be eosier to wor k with. with o

mothemoticol model, os mony voriobles os necessory con be

hondled, rn onorysing fuel consumption of o vehicre on o

roodwoy, where so mony known ond unknown foctors ore involved,

o mothemoticol model wourd be the most oppropriote form of

moclel to be utiL ised.

The sort of mothemoticol model thot might be good for

nepresenting fuel consumption wilr be in the generol form

shown below:

fuer consumption =f(vehicleo rood typ., operoting conditions)

22



Initioi-Ìy o it will be eosier to develop o simpJ-e model f or

on ideol rood ond simpte operoting conditions for eoch

'rehicle. Then the chonge in fuel consumption with chonge

in vehicle types, rood types ond other conditions con be

represented on chortsu os done by previous reseorchers"

This bosic genenol form of mociel is built using the multiple

neqnession onolysis computer progrom. The weokness ottributed

to this progrom is thot the functions of the model ore

predetermined, The progrom finds the vol-ues of the coefficients

of regnession ond their correLotion coefficients. This

progrom obtoined fnom the Universit5z of lr4onitobo Computer

Science Dept. (ref. 9), is described in Appendix A,

The foct thot this model should hove o reosonobly

technicol ond conceptuol meoning mokes it necessory to use

o simple enough function thot con be exploined" From o

generol survev of the generol type of curves olreocly

obtoinecj fon fuel consumption versus speed (ref, 3), it is

reosonobl-e to ossume thot o shif ted porobol,o would be on

oclequote f unction f or descr^ j-bing f uel consumption, So o

poroboJ-ic function wos ossumed ond fuel consumption wos

described b¡l odcjitive functions of the form belovr:

Q : í.o + 
^,,, 

t,, (vehicle) + KZf ,(rood) o t(:fr(sOeed) . ".1

where, Q is fuel consumption (go1s/mile)

K. ore constont coefficients.
l_

f=(soeeo) i= ossumed to be pcrobolic, ond f,, (vehicl.e) ond

23



fr(rood) cre olso ossumed to be nesponsible for the shifting
of the poroboJ. o " This mociel is f urther broken dor.trn to :

A- KO + V,11* +llrrhO + K1=O * K2, + K31r, +K=rr2,..II
rvhe re :

w = vehicle weight

hp : vehicle horseporr.rer

d = vehícle engine displocement

| = rood surfoce type

v = speed l-evel

Zr. . = Constr:ntSI't

lvlony models of this f orm were built, on<c some of them

produced good ststisticor results (these moders ore listed
in Appenclix B), but they ore not technicoJ-ry reosonobl-e.

Tv¡o weoknesses ottributed to such o model- ore thot it ossumed:

(i) the eff,ects of eoch porometer ore odditive
(ii ) thot the ootimum speed of r¡rhich f uel consumption

is minimum is the some for oll vehicles"

H = K:t + 2l('=rv - o' topt = K31 /n=,

Of courseu these two stotements ore not true. They

in foct depict the closeness requined between pJ-onning ond

ovoiloble technicol informotion.

As o result, it become opporent thot o more oppropriote
form of model would be o multiple of functions, i,e" such

24



thot:

A - f,,,(roocJ fr(vehicle f=(sReed)))""..... ."."IrI

This is further broken down to:

Q---- = o.,-- + b.,V + c..v .,IVflm 1lm- ]J m ]J mo

where o: ._ , b, ., qnd c. . ore coefficients thot voryrJro' LJ' ]J
with the vehicle type ond rood type.

i - denotes vehicle type

j - denotes nood type

m - denotes speed Ievel, (*O = minimum speed å O but I O)

lvith this sort of model (Eq" IV) items (i) ond (tl)

obove crre eliminoted. This sor t of model is technicoJ_1y

reosonobl-e. The other requirement is the stotisticol fit

which is dependent on the experimentol occurocy of the

experimentol doto, This model- wos built in three stoges,

os follows:

Stoge 1: An equotion of the form of Eq. IV wos

developed for eoch vehicle of different

speed levels on o str oight tongent poved

r'ood. From this, the volues of oip, OiO

ond c. were obtoined for eoch vehicLè.1p

(p - denotes poved rood.)

25



Stoge 2z The volues of oip, OrO ond cip were reloted

to the vehicle types u to olÌow for their^

prediction.

Stoge 3: Effect of rood types ond conditions v/ene

reloted to f ueI consumpt.ion on o chort, f or

ol1 vehicl-es generolJ.y.

STAGE 1

A bosic model (o= in Eq, IV) wos developect for eoch

vehicle ond they wene stotisticolly tested. The output

ond resul-ts of the stotisticol tests ore summqrised in

Appendix C. The models thot nesulted ore shown in

Eqs. V to XVIII, beLow"

CARS:

c1 t a.1pm = O.O42 - O.OO1O9v + O"OOOO16v 2..,,,,V
mm

c2t

C^: A.3 ].pm

m

2

m

2

C-: O.5 1pm

C.i A.o ].pm

a. = 0.059lpm

= 0.078

+ O"OOOO29v 2...,..u,

+ 0. O0O02Bv

0.001 9Ov
m

o,o219v
m

O,001 78v
m

0.00254v
m

O. OO29v
m

m

+ 0.000022v
m

..VII

..VIÏI4
Õ'1pm o.o79 -

= 0.112 -

= 0.110

+ O. OOOO3Ov 2 .",.ïx

+ 0. O00O3Bv . ,.....X

BUS:

B-: A. = 0.212-l fpm

TRUCKS: (next pose)

O.0069v
m

0. OOOI O9v
m

26



TRUCKS:

Tl

Tz

T.
J

Ta

Ts

T.
6

Tz

A. = 0.140lpm O.OO29v" + O.OOOO44u^'.,.,,,XII

O.016Bv + O.OOO217v ".XIIImrna.lpm

a.1pm

= O.478

: O.347

0.403

= 0.367 -

a. = O,4O9lpm

= O,428

+ O. OOOI 47v . .XfV
m

O. OOOI 66v . , XV
m

+ 0.0001 32v . .XVI
m

a\\r.'1pm

a.1pm

a.1pm

0. 01 O9v
m

0. O1 36v
m

0.01 O6v
m

O.0142v
m

O. O1 5Ov
m

+ O.OOO1B1v 2
m

.XVTI

+ O.OOO101v ..XVIII
m

Generol 1y , the vol-ues of o. ond c. turned out to be
r.J r_J

positive while Oij wos negotive. This is expected due to

the shope of curves being described. These coefficients

ore given in tobulor form in Toble IV. As seen in Appendix C,

the stotisticol tests gove foirly positive results.

So fot o11 thot hos been done is to tronslote the curves

obtoined by pnevious reseorchers into q mothemoticol mode1,

For the model to be of predictive volue q method must be

found for cletermining the coefficients oipo OrO ond .ip

in terms of reodily ovoiloble technicol infonmotion obout

the vehicles ond their respective engines. If this is

ochievedo ond if the simple porobolic model is odequoten

prediction of the fuel consumption of o vehicle for which
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TABLE IV

Chorocteristics ond Coefficients o, bn qnd c.

Vehicle

Coefficients on Poved Rood

-) -^ -Ao x 10 -b x 10 c x 10

cl

cz

J

c+

cs

tr)

"1

Tr

Tz

T:

Ta.

Ts

T.
o

Tz

4,204
qo

7.786

7,871

11.L9

11 .04

21 "15

14,O37

47.764

34.73

40.25

36.70

40 .93

42,79

10. 86

19.O0

21,85

17,79

25.39

29.18

69"03

29.23

I 68,40

108.6

136.1

106. o

141 .6

150.0

1 6.0O

28.6

27.98

22"14

29 .64

37,50

1 09.1 0

44,O

216 "7

147,O

166.O

132, O

181 .0

191,30
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no test resuLts ore ovoiloble becomes possible. For such

o process to be meoningful the technicot significonce of

these coefficients with nespect to the vehicles should be

well understoodo of Leost in o quolitotive form. 1n other

wordso o knowledge of the technicol foctors which couse

the fuel consumption versus speed cuFve to toke the form

thot it hos is o necessony precunser to the selection of

technicol doto from which oip, OiO ond 
"ip 

o." to be

colculoted. This might be o hord thing to do becouse of

insufficient technicol informotion,
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CHAPTER IV

DETERMINATION OF THE REGRESSION COEFFICIENTS

'o' , 'b' , AND 'c' o AND VEHICLE CHARACTERISTICS

THAT ACCOUNT FOR THEM.

The volues of the coefficients ocl', 'bo, ond 'c',
presented in Toble IV moy be soid to be purely dependent on

the vehicfes ond nothing el-se in thot they represent the

'rnormol'r fue1 consumption in eoch cose. Thenefore these

coefficients qne directly reloted to the vehicl-e

chorocteristics thot occount for fuel consumption on o stroight

tongent poved rood, Under these conditions it becomes

possible to look for rel-otionships between eoch coefficient

oncj certoin vehicle porometers ond to ossess the goodness

of these reoltionships. The first step in developing these

relotionships iso of courseo thot of understonding the

vehicle porometers thot offect fuel consumption.

Bosicolly, it is known thot o moving vehicl-e must do

work. This work is being done to overcome three resistonces;

rolling resistonce, oir resistonce ond internol friction.

To enoble o vehicle to overcome such nesistonces, energy horj

to be supplied in the form of fuel. Therefore fueL consumed

by o vehicle depends on two things; the omount of work done

ogoinst these nesistonces qnd the overoll efficiency of the

engine in converting fuel to useful mechonicol energy. The

rolling resistonce depends on the vehicle weight ond speed,
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ond air resistance depends on the vehicle¡s frontol oreor

shope foctor ond squore of the speed" Both of these con be

colcul-oted using Equotions XIX and XX.

xRol I

x-Ai t

whe re

r no

Resi

W=

Resistoncê = w(O.OteS +

stonce = cw\v2/aoo

'zehi.cle weight

vehicle frontol- oreo

shope foctor

soeed

O.ooo1 65(v3O) ) " . . .xlx

. "..,xx

copocity ond
VVT

Though these two formuLoe tend to overestimote the volues

of the resistonces, thev of leost depict the pottern oncl the

'yehicle chorocteristics involved, Internol f ri.ction depencls

on mony foctors such os engine sizeo intoke siJ-enceru fon,

woter pump, generoton, muffler ond exhoust sSrstem. Though

it is known to depend on these foctors, its vol-ue is hord

to determine. RolÌing resistonceo oir resistonce ond internol.

frictiorr per unit distonce occount for the omount of foot

pounds of work done by o vehicle per unit distonce. The

omount of foot pounds of wot k derived from the gosoline is

used up by o moving r,,ehicLe ond depends on totol- wotk done

by o vehicle, the engine ccpocity ond efficiency.

fuel consumed = f(work done, engine
engine effj ciency)

Engine work copocit¡r is mecrsured os

from Sports Cor Design #:on (..f.21).

JI
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of horsepowen thot con be cleveloped by on engine of o specific

number of revolutions per minute. The engine efficiency,

which is retoted to its thermol efficiency, is the rotio of

power output to rote of supply of fuel heoting volue ond

depends veny mulch on the engine design.

Generol15r, the most importont vehicle chorocteristics

thot occount for fueL consumption con be broken up into;

weight, frontol oreo, shope foctor, speed, moximum horsepower

thot con be developed of o porticulor engine speed, ond ther^mol

efficj-enc5, ond the foctot^s thot crccount for the j.nternol_

friction. There ore other foctors rvhich contribute to fuel

consumptiono such os tire size, voJ.ve timingo etc, n but they

one smo1l ond u to simpl" i f y the modeì. , ore considered to be

negl-igible in this stuoy.

rn f uel economy studies f or highr,vo5, pJ-onni.ng o f uer sovinç¡s

ore determined by thousonds of vehicles. In thot cose it

wouLd not be economicolly justified to corry out very intensive

onol-ysis to determine the vol-ues of the vehicle porometers

thot occount for fuel consumptiono for eoch vehicl-e. Usuolly

it will be eosier to rnoke use of vehicle chorocteristics

olreody supplied by the monufocturers; in other rr,roros, vehicle

chorocteristics thot will not require ony fur^ther loborotory

onolysis to <Jetermine. As c nesult, on ottempt is made to

relote these coefficients to such rrehicle porometers with the

best possible occut ocy, A method of determining fuel consumption

with very high occurocy wil-1 most 1il<ely require on intensive
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loborctor¡,r investigotion ond such o method vrj 11 not serve veny

r-lsef uf punposes f or highvroy plonning,

STAGE 2

Coefficient 'c'
The coefficient 'o'o is o constont for eoch vehicle ond

might be regorded os thot por t of the model which occounts

for fuel consumption os speed tends to zero. A high ptoportion

of to'is due to the vehicle chorocteristics thot occount for

fuel consumption but which do not vory with speed; the nrojot^

chorocteristic in this gr oup is the internol fr-iction.

Usuo1..!-y when the engine of o vehicl-e is sv;itched ofl o f uel

is consumed whethen the rzehicle is in motion or not" Though

this model is fon moving vehicles onl¡zo i.t is still true thot

immedioteì-y o vehicle stor ts to move of o speed greoter thon

zero, some fueL is consumed" Therefore toI con be broken up

into ttnro porta 't1 ' ond 'oZ' , v¿hene 'o,l ' depencJs on the

internol friction of the r¿ehicle ond 'o2' is the volue of fuel

thot nrust be consumed by o vehicle immediotely it storts to

move of the lovrest possible speed"

o'i =

oz=

o^+o^
l¿

t( internol fniction)

XXI I

XXI l I

f(consumption of minimum speed) .." XXIV

The internol friction of o vehicle depends on mony foctors

such os the size of the engineo the intoke ond exhoust system,
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the size of ouxil -iory services drir.¡en by the engine n ol l of

which moy be expected to be strongì.12 correloted with vehicle

size " But though rzehicle size is sub j ectiveì.y well- understood

o single objective, numericol meosure is hord to derive,

Consequentlyro the further correlotion betv¿een curb weiqht ond

vehicl.e size is enrpl o¡red, The coef f icient 'o2' , vrhich is

ossumed to be dependent on the initiol torque nequired to

pnopel- o vehicle o <rlso becomes o f unction of the vehic_Le

weight. Theref ore 'o,l ' ond 'o2' shor-ll-d vor)/ r¡rith vehicLe

weight.

c = o1 + oZ= f(rzehicle curb weight).." ,"XXV

It is considened thot o lcrrge improvement in the prediction

of coefficientror is not l-ike1y to result from using more

compl-icoted vehicle ponometers. This re-'l-otionship is

grophicolly represented in FiS" 6, From this chort the volue

of'of con be predictedu to o centoin degree, for ony vehicle"

The chorts for- cors ond trucks hove been kept seporote becouse

their engines ore designed for diffenent purposes; cot s for

few possengers ond high speeds, whereos tr ucks .ore designed

for freighting goods ond not for very high speeds. Thus they

ore expected to behor¡e di f f erentty.

The volues of 'or for corsu increose-. lineor ly rvith curb

r,^leiglrt " This is expected os it meons thot hear¡ien cors hor.re

bigger engines and gneoter intol<e systems cnd they require o

higher storting tonque. Except for one cor, oll vehicl-es
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seem to show o foirry goocl fit. This cor, o 1964 chevnoJ_et,

hos only tv¡o tnonsmission rotios - o unique feotrl re when

compored to the other cons. biith this ospect token into
considerotion, it is not too surprising to horre its volue

of I o' clevioting sJ-ightly comporecl to other cors. Érs f or

the trucks, the volue of ro' increoses with curb r,veíght

r-rnti]1 it reoches o moximum of obout 45"0 x 1o-2 for o curb

weight of 1?* tons ond, then slor,vry decreoses with curb weight.
The first port of this curve is os expectecl but the reduction

of 'o' with higher curb wei-ghto beyond 12 tons, con possibry

be exploined by the foct thot becouse fuel consumption wos

going to be excessivel5r lorge for very heovy trucks, o smoll_

port of vehicle performonce wos given upr by the monufocturens,

f,or o neduction in excessive fuel consumption. This

reduction is depicted in the volues of, coefficient 'o', ond

os o resuLt the vol-ue of 'o' r'educes f or heovier trucks.

Coefficient rb'

coefficient 'b', which is o speed term, though constont

for o specific vehicl-e on o poved rood, is o very sensitíve
term" At higher speedsu 'b' contributes o good proportion

to fuel consumption. Being o lineor term of speed, 'b' will
be expected to depend on the r olling resistonce, which is
ossumed to vor )/ lineorly with speed, Rolling resistonce
occonding to Eq.XrX, vories with the vehicl-e weight, otherwise
it is the some for two vehicLes of the some weight of qll

speeds,
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Two vehicle porometers offect rolling nesistonce;

specificcrlJ-y weight ond tines. The effects of tires ore

ossumed to be the some for olL r,rehicles ond ore occounted

for b5r the "0,000165" coefficient in Eq. XIX. The effect of

vehicfe vreight is the one thot vories with different vehicles"

Therefore, the vehiclefs vreight is o very good meosure for

the rotling resistonce of ony given constont speed.

The contri-bution of rbr to fuel consumption is negotive

os ooposecl to the contribution expected from rolling resistonce

v,rhich should be positive. The ospect of the rrehicle thot is

responsible for decneosing fuel consumption with speedo is

the engine effieiency which increoses with speed of leqst

over the ronge; 1ow to mecjium engine speecls. Another foctor

is the engine copocity, These couse o decneose in fuel

consumption with speed i.e. engines with high copocity hove

rel.otively better penfonmonce of higher speeds thon of ]ower

speeds, Sou obt, depends olso on the engine chorocteristics

thot occount for the decreose in fuel consumption, 'b'u

therefone, is o function of two subtroctive vehicle porometers;

nomely the rolling resistonce ond engine chonocteristics.

b = f (

b=bl

br=f

b2= f

ro11 ing resistonce u engine chorocteristics) . . ,XXVI

-b2 XXV]

(vehicle weisht). ....XXVI

(engine displocement ond no. of cylinclers),"..XXIX

I

TI

A neduction in fuel consumption (go11ons per mile) is

coused b), the reduction of the product of engine displocement
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ond indicoted meon effective pressure in compression (r ef. 17o),

Indicoted meon effective pressure depends on the number of

cylindens ond compression rotio ond cn ottempt to meosure

it for this onqlysis will be controry to one of the objectives

of this study. Therefoneu in the <rbsence of othen technicol

informotion, the pr oduct of the engine displ-ocement (.u. in.)

ond the number of cylinders is token os the best ovoiloble

meosure of engine chorocteristics, relevont to reduction in

fuel consumption with speed. Thus tbo is o function of the

vehicle weight ond the product of engine displocernent ond

number of cylinders occording to Eq. XXX.

b - f (K,'w - KzD x N.c") ... ". "xxx

where:
D - engine displocement

t\i.C. = number of cylinders

For the vehicles used in this studyu the volues obtoined

for K., ond KZ ore:

Rl = 14O

RZ = 1/6

This relotionship is grophicolly represented in FiS. 7,

where ogoin the chqrts for the cors ond trucks ore kept

seporote, Beoring in mind the extreme simplicity of the

porometers used in determining the coefficient 'b', there is

good ogreement between the experimentol points ond the

predicted volues,
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The volues of rb! increose with on increose is

'Knw - K-,D x l\.C. ¡ for both cons ond trucks, os wos expected.t¿

It shows thot vehicles with very high notios of weight to

displocement multiplied b), the number of cylindersn will

consume q lot of fuel of higher speeds.

Coefficient rc'.

Coefficient 'c', the third coefficientn is o "speed squored"

termu ond thus it con l¡e postuloted thot 'c' is reloted to

oir resistonce, which is known to vory os (speed)n where n å Z,

Vclues of'c'ore generolly very smol1; usuolly in the orden

of, 1O-3" Though it contributes veny much more to fuel consumption

of very high speeds thon of low speedsu over most of the

speed ronge its contribution is ven)/ ]ow,

According to Eq, XX, oir^ resistonce of ony given speed

depends on two vehicle ponometers; frontol oreo ond shope

foctor. To some extent, then, one would expect 'c' to vory

with the vehicfe's frontol oreq ond shope foctor.

c = f(oir resistonce foctor)... . "XXXI

Shope focton is governed by the body contours of the vehicle

ond vories fnom o highest vqlue of 1,25 for o flot plote

(nor^mol to the f low) to o volue of obout O,12 f or on ultimote

"perfect'r shope (ref, 21), It is o difficult foctor to

detenmine ond no relioble vqlues could be found in the

literoture for the vehicl-es used in this study, Similor lyo

the volues of the frontol oreo of the trucks were not ovoiloble.
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This makes it hord to choose ony substitutes for the

vehicl-e pcrometers thot con clccount f or 'c' "

Since the shape f octor^ of c vehicl"e connot be guessecl ,

ond is not normollr¡ ovoilobe from monufocturers dotoo

it is ignored in this study. Frontol oreo is ossumed

to domincrte in determining the coefficient 'c' thoughn

of course, o less re.l-iable determinotion mLrst be expected.

FortunoteJ-y, the ronge of shope f octor f or Americr:n cors

is foir-1y lorv, from O"48 to O,50 (ref "21 ). Thusu it
js fojr enough to ossume thot for corsn ignoring shape

foctor, will not bring obout too much error- Trucks

oll oÞpr'oximcte to rectongulor boxes ond thereforeo

qs with corsu shope focton will not vory much fnom truck

to truck. Fot^ this reoson, ignoring vor j-otion in the

shcpe foctor for trucks will not couse too much erÍor

in the cleterminotion of coef f icient I c' 
"

It is regretted thot o simpl-e porometer tike frontol

oreo is frequently not o.¡oiIcble from monufocturens

published doto concerning o gir,,en r¡ehicl.e, Consequently,

it hos been necessory to derive o meosLrre of this

porometer from others which ore nonmolÌy published

ond r¡rhich cre thought to rel crte to f rontol oreo,
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In the cose of trucks, o simpJ_ifying ossumption is mode,

nomelyu thot o truck moy be repnesented b), o rectongulor box

ond thot frontol- oreo is directly reloted to the cnoss-

section,:l oneo of this box, i"e" the oreo one would see os the

box tnovel-s towords one" It is cleon thot the volume of this

box wi1] be neloted to the moximr-rm poylood of the vehicle

ond thot, in turn, the cnoss-sectionol oreo will be inversely

reloted to length" Thus, for trucks it is ossumed thot:

f rontol Õreo o< po¡u l oaa/Iength

ond thot with ovoiloble datoo this is the best meosure

upon which to bose the col-culotion of the coefficient ¡cl

fot trucks.

Cor^s don I t hove o lorge f ood corrying coÞccity, theref ore

the rotio of curb weight to length will be o good enourgh

meosure reloted to the j. n f rontol- oreos, Thus, f or cors it is

cssumed thot:

fnontol oreo O€ curb weight/]ength

In summory, theno the coef,ficient 'c' wilL be neloted to

the frontol oreo in tenms of po¡rlood to l-ength rotio for'

trucks ond curb weight to length notio f or cors otr o

c CC orr resistonce foctor,

c c>< fnontol oreo,
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there fo re ; oovl ood
u : r\^.-:J iength

; t/ cut b weight
4 length

( tor trucks) ,

( tor cors ) .

where t,= ond l{O ore constonts.

These relotionships o¡ e grophicolly represented in

Fig"8. For tnucks the fit does not look terribly bod,

except for one truck (T¿) which is very for out. The neoson

for this is not quite obvious but it could be due to the

foct thot the shope foctor hos not been incorporoted in

consider ing the wind nesistonce, Nevertheless, in view of

the ovoiLoble technicql infonmotion, the results one not

terribly bod, neglecting T4, Agoin, it must be nemembened

thot tc! does not contr ibute much to fueL consumption,

except of very high speeds.

Individuol errors in predicting 'ot, 'b' or 'c, ore os

irnportont os the resultont errors occuring in the estimotion

of fuel consumption. Some of these individuol errors could

be odditive or compensoting in some cqses. It wiLl be

necessory to test this rnodel, by obtoining the volues of

the coefficients 'ot, 'b' ond 'c' from the chorts on

Figs.6,7, ond B, ond using them to estimote fuel

consumption of differrent constont speeds, The estimoted

voLues wilt then be compored to the experimentol volues"
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Chsnocteristics

cr-rnb wt" (tons)

lrorsepowe r

eng. displ .

Vehicl-e Chonoctenistics Used

À
L¡

no. of cylindens

Iensth ( rt. )

,D, (in?)

poylood ( ru. )

poyl oocJ/tength

curb wt, /tength

1 4Ow + DxN. C. /6

Ç1

0.81 5

40. o

72"7

4

12,7

128.3

66.5

cz

Toble V

'1 .050

42, O

72.O

4

14.5

l-n Deter mining 'o' u

C:

1 .50

120 .O

200.0

18"0

ca

2,OO

195.O

283. O

Ò
O

18"5

145,O

99"O

tbr ond rct

c_)

2.20

290"O

383. O

B

40 ÊlO.J

166.5

10. o

c.
o

2.20

350. O

440,O

Õ

19.O

216.O

96.O

Bt

10,67

180"0

404 "O

6

32, B

5,760

176.O

1 086. 0

238, O

202, O

232"O

287,O



Chqrocteristics

ôurrb wt.

horsepowe r

Vehic

eng, disp.

no. of cyI inders

lensth ( rt. )

poylood ( ro. )

poyl oadf Iength

140w - DxN.C/6

À
o\

,D, (in?)

horoctenrstrcs Used

Ta

2.8775

165,O

477 ,7

6

21.65

7 ,750

358. 0

75,7

Toble V (cont")

ï
¿̂

12. OO

210 "O

637.O

6

45,0

33,200

738.0

1 043. O

n Deter'mi-nin

T-
J

13.445

1 85.0

503.0

^

53.4

45151O

854.0

1377,O

ïa

o

10,799

122, O

331 .0

6

30. 6

19 ,91o

651,O

1179,O

tbr ond tct

T-
3

1 3.090

184"0

501 .0

6

41 ,7

38 ,47O

922. O

1329.O

Te

12.215

18s. O

503.0

6

39.6

32 ,81 6

832,0

1207,O

Tz

11 ,175

187 "O

332"O

43 .2

35,77O

826.O

1 1 18.0



Testing The Moclel

\4/ith the results obtoined so f or, the f uel consumption

curve of any cor'or truck con be obtoinecl of ol-I speeds on

ony l-eveJ. tongent poved rood. The degree of occurocy with
which such o curve con be preclicted depends entir-ely on the

ovoilcbility of the relevont technicol informotion ond

estimotion of the coefficients 'o' , , b, u ond 'c' " Some of
the vehicles used for developing this model r¡¡i1l be used for

testing the model ' Thei n f uel- consumption curve wi r.1 be

pr^edicted cnd the error in this estimote wil-l reflect the

degnee to which such o curve con be predicted for othen

vehicles.

Eiqht vehicles were used in testing this model_; four

cor-s, Cz(volkswogen), Cr(rorcon) o Co(Crrevrot-et), ond

C5(Plymouth) ond four trucks, T2oT3,TS ond T7. Truck Tq

wos deliberotely omitted becouse of its deviotion in the

volue of coef f icient 'c, , The f ue1 consr_;mption wos

predicted for eoch of these vehicfes of different speeds;

the resuLts or'e shown in Appendix D. They qre orso shor¡rn

grophicolly in Figs. 9 to 16. The percent ernor in the

estimote of fuel consumption, wos cofct¡Ioted of every

speed ond on overoge of the obsolute volues wos token

to be the qveroge deviotion. This overoge enror runs

from o very j-ow of 4",5% to o high of 13%, except in the

cose of tnuck TU with on overoge of ZT%, The high of 27%

in T: is due to the very poor estimote of coefficient'c'
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os shown in Toble VI" Fnom these results, it con be

re-emphosized thot such o poor prediction of coefficient 'cl
is not unexpected due to the missing shope foctor porometer

in its determinotion. Thenefore, the couse of such o lorge
deviotion will be ottributed to lock of relevont informotion.

Tobl- e VI

Computed Coefficients from Stoges 1 ond 2

computed regression obtoined coefficients

coefficients from from cho¡ ts in

stooe 1 stoqe 2

vehi cl- e -2ox1 O -A-bx1 O cx1 0

c
¿̂

C:

c4

C-)
Tz

T.
J

T-
5

1z

5"9

7,786

7 "871

11 ,19

47,764

34,73

36,70

42.79

1 9.0

21,85

17 ,79

25 ,39

1 68,40

108. 6

106. o

1 50,0

28.6

27 .98

22"14

29"64

216 "7

147.O

132, O

191 .3

6.O

7.5

oq

11.0

45.0

34,5

37.O

42.5

_t
ox'l O -A-bx1 O

16.O

18.0

22,O

27,O

1 68.0

104.O

113.0

153.O

cxl O

23.O

22.5

30. o

33.0

230.0

16s.o

135. O

180.0

rnitiorly, the experimentor fuel- consumption ot
different speeds were opproximoted by o porobolo. Then the

coefficients 'o' , 'b' , ond 'c' , thot describe this poroboJ_o,

were estimoted from knov¿n vehicte porometers. This estimote
of fuer consumption, therefore, hos two cumuLotive errors
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olreody. so much relevont technicol inf,ormotion is quite

lccking for this onol-ysis thot even the reliobirity of the

experimentol- results con be reosonobly questioned. rn view

of these problems, combined with the discreponcies in the

expenimentol volues mentioned eorl-iero one becomes convinced

thot better resurts thon obtoined ore very un1ikely, Except

for tlre determinotion of coef f icient , c' , in the obsence of

other usefur informqtion this model con be used tentqtively

with obout 1O% - 20% error expected.

At this stoge it is quite oppropriote to occept

thot o fuel consumption versus speed curve, on o str^oight

tongent poved rood, con be modelled for ony vehicleo with
some reservotions. \¡/hen rood conditions chonge this model con

no longer be used, Therefore effects of rood conditions such

qs surfoce type ond rise ond foLl should be incorporoted in

the model 
"
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CHAPTER V

EFFECÏ OF ROAD TYPE AND CONDIT]ONS OI\ FUEL CONISUI\4PTIoN

A stroight tongent poved rood is too perfect to be seen

often in mony ports of the worl-d. In the underdeveloped

countries o there ore more grovel roods thon poved roods ond

these roods ore veny hilJ.y, Here on the Pr^oiries, most of

the moin roods cre poved, but surprisingty rise ond foll

connot be ignored, In.odditionr some of the povings ore

poor ond thev ore littLe better thon grovel roocls" With

¡^oods of these types u the moCeL will be consistently

undenestimoting the fuei- consumption" Therefore on odjustment

wil-I be required in the model, to toke core of the chonges

in the rood surfoce type ond geometrics. This tokes us to

the thit d stoge.

STAGE 3

Effect of Surfoce Typ"

On o grovel noode more surfoce noughness is encountered

by o vehicle. This increoses the dnog force ond so results

in o higher nolting resistonce, Grovel r'oods usuolly contoin

loose grovelo therefore of foir 15r high speeds, one revolution

of the vehicl-e's tireso mokes o shorter horizontol cl istonce

thon on o poved rood, due to shoving oction required to

propeÌ vehicle tires through the l-oose gnovel. Most of the

l-oose grovel roods ond mony bodJ-y broken or old poved roods

hove o series of bumpsn which bring obout excess energy
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loss in the tires. .4s o result of ol_1 these conditions

more fuel is required to supplement these Losses.

This excess fueL consumption due to impenfections in the

rood con be observed in the chonges in the coefficients 'o',
tbt, ond tct"

Though no cleor explcnotion for these increoses hqs

been ottempted in the present work the f oJ-J"owing quol itotive

orguments might form the bosis for o more detoil_ed stud¡r"

Consider^ing the coefficient 'o'u it seems likeJ.y thot it

will be increosed ciue to the friction generotecl between

ind j viduor stones in the grcrvel os ecrch wheer of the vehicre

generotes its own rut. Thisu of course, urilI hoppen ot

very -1 ovl speeds 
"

In the cose of the coefficient 'b',it is Iikel-y thot

the negotirze port of this coefficient r,vilI be increosed ot

l-eost over the lorver port of the speecJ nonqe. such on j-ncreose

could wel.l be due to o kind of "ploning" oction of the tir^es

on the grovef surfoce. In other words, it is likeJ_y thot

os speed i-ncneoses nuts get less deep"

The incneose in coefficient 'c'o is quite controry to

whcrt is expected. This coulcJ be due to on incneose in the

propulsion force cousing sJ-ippoge of driving wheels ond

resultont occelenotion of stones"

Generolly the rotios: o b-gg
do'ooo

where; g clenotes gnovel ond

oG
cg will be greoter than
"p unity,

denotes porred.p
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But these rotios ore not necessorilv equo1. For the

foct thot there will be o generol reduction in speed, the

optimum speed qt which minimum consumption occurs wirl be

expected to neduce, Therefore:

For^ cors u the three rotios ore the scme, since there

is not much difference in the effect of surfoce type on

different cors. rn the obsence of ony other informotion on

the behoviour of cors on grovel roods, it is quite reasonoble

to stote on increose in consumption for oll cors on grovel

roods os o peneentoge of the poved rood, (ref. 1 ), This

increose is (shown in TobLe VII) plotted in FiS" j7"

Toble VIIx

Increose in Fuel Consumption of Grovel Roods os
% Increose of Consumption on povecl Roods for

Co¡'s ond Smoll- Trucks.

cbg
"p oo

eed Co rs
% Increose

1,B ton Truck
14

16

16

17

17

17

17

17

1B

17

2.8 ton Truck
1B

20

22

24

27

27

28

29

30

15

20

25

30

35

40

45

50

55

60

17

19

20

21

21

21

22

22

22

23

x' f rom the lVorld Bonk Occosionol Poper (ref
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This in turn mokes the onol.ysis simpl-e f or cors, becouse

the coefficients 'o', 'b'n ona' 'c', will just be multiplied

by o constcnt at o specific speed for ony cor"

Smoll pickup trucks of less thon 3 tons tend to behove

in o monner similor to big cors. For ony specific pickup

trucl<o the coefficients ore mul-tiptied by o sing.Le constont,

but the constont vonies with the size of the truck ond the

speed, Such <r relotionship is ol_so shown in Fig. 17. This

results in on ossumpt:'.on thot smoÌl- cors ond pickup trucks

hove unchonged optimr,rm speeds whether they ore nunning on

gnovel or poved roods" Though thot is hord to believe, the¡ e

ore not enough experimentol ¡-esults ovcilcrble to disprove it,

From experimentol results, the heclvier trucks don't

show this some sort of behoviour os cors ond pickups" The

experimentol r'esul-ts tend to show o more expected behoviour

of the trucks thon f or cors ond picl<ups. The rotios on/oo 
o

b -/b.^, ond c -/c_ ore not tlre some ond the rotio c /c is9'p' s'p - -g'-p
J-orger thon the rotio b - /b,. This shows o neduction in thes'p
optimum speed on gnÕvel- roods. Knowing o truck's optimum

speecl on o poved rood, there seems to exist o rel-otionshiþ

between this rzorue ond the three notios of the coefficients
(shown in Toble Vrrl ) . Eoch of these rotios plotte<i crgoinst

b^/c - nesulted in stroight lines w:f.th negotive slopes. Thisp'p
indicotes thot the higher the opti.mum speed of o vehicle the

l-ess will be the effect of roocl surfoce on its fuel consumption.
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Toble VIII

Coefficients on Grovel Roods for Trucks

Ta T-
J

Tq T-
5 T.

O
Tz

g

-b

û x10

x10
s

-Ac x1Oñ

o /as'p
b/øs'p
c /cq'.p

b /cp'p

58"513

206.64

281 .O

225

1,225

1 "300

77.7

48 .985

1 66 .56

257.O

1,410

r "535

1 ,750

73 ,8

42.14

135 "71

171 .4

1"O45

o .999

1.O32

82 "1

40 .62

11 6 ,57

184.76

1 ,110

1 .100

1 .400

BO. 4

35"82

90"29

1 32,39

o.876

0"638

0.730

78,3

51 .98

1 81 .89

2s2.16

1,213

1.212

1,320

78.4

This seems quite reosonoble in thot vehicles which ottoÍn
best fuel economy qt very low speeds on good sur foce noods,

stond o chonce of consuming o veny excessive omount on veny

poor sunfoce roods. The pLots on Figs. 19, 19 ond 20, olso
show thot slope of On/O, dips more thon thot of on/or,
similorily the slope of .n/", dips more thon either of them.

These only confirm the foct thot vehicres thot ottoin optimum

speed on poved roods at low speedsn l-ose o lot more speed

on gnovel roodsu thon vehicles with higher optimum speeds on

poved roods.

Knowing o truck's behoviour on o poved rood, its
behoviour on o grovel rood con be predicted using the supplied
chorts on Figs. 1Bo 19 ond 20, except for tnuck ru which
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shows o neduction in the volues of the coef f :l-cients, There

isn't onything specificcrll-y obnormol obout truck r6 but ther^e

does seem to be cn crnomoly in the experimentolly determined

fuel consurnption figures. over ports of the speed ronge the

fuel consumption is shown to be r.ess when the truck is on

o grqvel rood thon when on o smooth, poved rood. This is
quite hord to believe qnd is onother instonce of the

unreliobil-ity of the experimentol results,

Effect of Rise ond FolI

A vehicle going uphill does some work cgo.inst qrovity

depending on the elevotion of the vehicr-e ogoinst grovity;

ond wor[< done per unit time clepends on slope oncl speed of
vehicl-e. when the vehicle goes dolnhilr it negoins some,

but not o11, of the energy lost in going up, Some of the

enengy is l-ost in heot, due to foctors such os rolling

resistonce ond oir resistonce. rn generol the heovien the

rrehicLe, the gneoter will be the mognitude of this resistonce.
Thus, the excess fuel consumed while going uphill depends

on the slope of the hil-1 ond the vehicl-e's weight. rt is
found thot the omount soved going downhill is often very

smoll ond little enror resutts from ossuming thot there is
no fuel soved v¿hilst the vehicle js going downhill.

For o vehicle trovelì.ing between two points A ond Bu

uphill.s in the dir ection A to B wilr be downhirr in the

direction B to A, ond vice verso. The overoge of the sum of
the upgr odes fronl A to B ond ts to A is token os the rise
ond foll of the nood. Excess fuel consumed due to such
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uphills is determined

Agoinu cors hove

con still occelerote

hove o wide ronqe of

whil-e going uphi11.

for the behoviour of
(these ore shown in

on this bosis.

o foirly norrow ronge of weights ond they

even if going uphiIl, unLike trucks thot
weights ond ore unoble to occelerote

A good decl of inforrnotion wos ovoiloble

cor^s on uphiJ_1 grodes f nom ref ".1 ,

Toble IX).

TobLe IXx

Fuel Consumption ond Rote of Rise ond Foll
for Possengen Cors

% Increose from Consumption
on Level Rood

speed
mph

15

20

25

30

35

40

45

50

55

10

10

9

B

(f

B

o

5

¿

30

32

J¿

30

27

22

18

13

11

9

6

54

qo

61

60

56

51

48

40

34

¿Õ

3

3

3

3

3

60

65

from the V/orld Bqnk Occosionol poper (r ef.1 ).
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This relationship js shovrn grophically on FiS. 21 
"

For trucks I very scont5r inf ormotion is orzoiloble on

thern behor¡iorrr while going on uphiì.1 or^cldes. Going uphi3.l. ,

their speeds ore reduced ond excess consumption goes os high

os obout 9O'/. obove normol- for 12 ton trucks on ct 5% grodet"

Trucks ore known to move of foirly constont but low speeds

while going uphil-l- " For this reoson eoch truck is ossr-lmed

to mointoin one porticulor low speecl. Excess fuer consumed

crt this speed wos obtoined f or eoch tr^uck weight. The vol-ues

used were extrr:cted from ref "1, for three trucks, In view

of the foct thot three trucks ore not good enough to use

for such onolysiso the reliobil-ity of the results is

doutf u] " Neve¡-thel.ess, the resul-ts give on ideo of the

pottern of the excess consumption on uphill grocìes for trucks,

ïob1e X*

Furel Consumption ond Rote of Rise ond Foll- f or Tnucks
os % Inc¡'eose f rom Cor:lsumption on Level Rood.

T¡ uck rvt
tons )

Rote of Rise ond Fo]l
124

(rt. /toort " )
6

3

20

AA

¿,ó

12.O

15.O

11

53

108

25

96

154

This is
As con

heov;r t rucks

qrophicoll

be seen in

seriously,

y represented in Fi

FiS. 22, groc!es of

wherecs pcssengeÌ-

9, 22.

more thon 4%

cors cre not

offect

ru € Í'y

')+ f rom the V/or'ld Bonk Occosionol poper (ref 
" 1 )

6A



/ttl
/

/,
//

P

r

/n

ÑY
a

../
./ g\o/. 1..

/

---'/ \o\

a

o
.c

H50
rú

P
U
.E

o
o

/

,/./
4

' 
¿"? 

t 
ttt'

-'---æ'

o\o
ø)

,/'

oL
o 5 10

weight---* tons
Fig.22 olo increase in fuel consumption with

risø & fall of thø, road vs vehiclø
wøight for trucks

15

65



much offected by grodes less thon 6%. This in foct exploins

why high grodes one not qlLowed on roodvroys used very much

by trucks.

Toble XIx

l'4oximum Penmissible Gnodes for Highwoys

lr1ox. Permissible Grodes o %

I nte
I

Design I Flot &
Speed I norling
(mph) I Countrv

stote

l¿lountoinous

r-ti

Flot

nvrovs Oth

Rollin

r thon Fneewcvs

Mountoinous

30

40

50

60

70

5

3

7

6

5

6

5

4

3

3

7

6

5

4

4

9

ai

7

6

From Toble XI, it con be seen thot the moximum permissible

grodes on on interstote highwoy (such os Trons conodq Highwoy)

is 3%" Even the 3% grodes exert o consideroble effect on the

fuel consumption of heov5r trucks.

Using these meosures for excess fueL consumption due

to uphills, the model becomes more opplicoble on ony sont of

highwo5z,

The ¡ ood cur voture is onothen rood geometric thot is

of importonce in determining excess fuel consumption.

Unfontunotely, no relioble informotion on excess fuel

x- from Ogl-esby & Heweso "Highwoy Engineening" (ref , 22)
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consumption due to this foctor cor:.'l-d be found. No ottempt

has been mode, therefore, to include this foctor in the

present model,
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CHAPTER V]

APPLICATION AND LTMITATION OF MODEL.

COIJCLUSTON AIID RECOI\4MENIDATIONS.

Applicotion ond Limitotion of ModeI

So for this model hos been oble to inconporote the

vehicLe chorocteristics thot come into fuer consumption"

From o knowledge of reodily ovqiloble ond very bosic vehicle
porometers u the I'f ue1 consumption versus speed,' curve con

be deduced for o1] cons ond trucks. The technique used in

this onql,ysis hqs o for greoter voLue thon the onolysis

itself. This is simpty becouse the onol-ysis hqs suffered

from dqto deficiency. As o resultu in no woy is perfection

cloimed f or this moclel, but the technique tencls to for

outneoch others, in its comprehensiveness"

In using the chorts in this poper, the user shoutd

expect ernors ronging from 5% - 25%. Higher ennors couLd be

expected in speciol coses where the pr-ediction of the coefficie n t

'c' is very poor.

The opplicotion of this model is limited to gosoline

cors ond trucks only. Buses hove been excLuded becouse

infonmotion wos ovoiloble for onlv one bus, This porticulor

bus orwoys hos its chorocteristics ond coefficients forJ-ing

betleen cors ond truckso r^lhich suggests thot buses hove to

be tneoted os o seporote group. An ottempt to use this model

for buseso without more infonmotiono would be inoppropriote"

At this point the difference between o smoll truck ond other
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trucks should be clorified. smoll pickups ore those trucl<s

thot behave like cors, but hove o bit higher lood corr¡zing

copocity thon cors' usuoJ.ly thein curb weight is l-ess thon

three tons. This definition wos odopted by the outhor for

this study.

Aport from the foct thot this model is onJ_y oppliccble

to gcrsoline cons ond trucksu it ol-so hos some other Ìimitotions

which ore listed below:

(i) Due to the wo}r the tests ì¡/ere corried out o the
experimentol results ore oll for moving vehicles
ond of top geons" Therefone this model sholl
be used on15z for moving vehicl-es of top geqr
rot ios 

"

The speed ronges within which this model is
vol id ore:

cors ond smoll trucks ----1Omph to 70 mph

trucks-- --1 5mph to 55mph

Outside these speed nonges o the rel iobil j.ty of
this model- would be doubtf ul,

(ii)

(iii) The speeds of which fuel consumptions ore
meosured ore ossumed to be constont o of eoch
speed 1eve1" i"e. excess consumption due to
occelerotion of these vehicles is not included"

irr) The model is only opplicoble in very mitd oir
or stil1 oir conditÍons. This is becouse the
test runs were connied out in stiIl oir, or .

where still cir wos not presentu the fuel
consumeci wos converted to the omount consumed
in still oir,
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The dniven behoviour hqs been brought

speed of which the vehicle is tnovelling" As

hord to bring out the effect of the individuol
behoviour, it wos felt most oppropriote to set

on the bosis of on ideol driver. i"e" one who

consume excess fuel by unecessot^y occelerotion

Any driver hondling his vehicle other thon

obviously cquse fuel consumption to be gneoten

predicted by the mode1.

out only on the

it will be

driven's

up the modet

does not

or broking"

ideolly will-

thon thot

Conclusion ond Recommendotions

one of tlre bqsic problems u in tnonsportotion pronriing 
o

thot of evoluoting rood users' sovings, con be nelotively
well hondLed using this model, Hoving qn ideo of the voLume

qnd composition of the vehicles thot will be using on

improved rood, the fuer sovings con be evoluoted. These

sovings con then be compored to the cost of improving the

t ood,

The results obtoined from the model certoinly show

the night trend. Quontitotively theyr one os good os con

be expected' considering the ovoilobLe technicol informotion.
The precision of nesultsu hower¡en¡ is considered to be l_ess

importont thon the l-essons to be leonned from the oppr ooch

to the probrenr. This oppr ooch reveol_s more technicol ospects

of the fuel consurnption pottern thqn the pnevious opprooches

to the problem" The vehicÌe pononreters thot come into fuel
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consumption ond how they come in, were foir ty weLl understood,

It should be reemphosized thot better results could hove

been obtoined if test runs were conried out ond nelevont

inf orrnotion obout the vehicl-es wos recorded. Most potentì_y,

the development of this model hos shown the previous Lqck of

coot dinotion between tnonsportotion plonning ond technicol

informotion concerning the fuel consumption of vehicÌes"

It is necommended thot for future reseorch in this

oreo better results ore most like1y to be ochieved if:

( i ) A more thor^ough investigotion is mode into the
vehicle ponometers thot occount for fuel
consumption 

"

(ii) Test runs one corried out with betten pnecision
ond olL vehicle porometers recorded during the
test runs,

(:-ii) The vehicle porometens thot ore responsible fon
the coefficients odt, tbt, qnd tct o ore known
on<i reco rdecl .

(i") Test runs ore conried out under the some

enr¡i nonmentol conditions ond o11 the
environmentol conditions ore recorded during
these tests.

(u) Fuel consumption figures obtoined duning the
different environmentol conditions one converted
to the son-ìe conditions.

("i) Test runs on poved roods one corried out on the
some typ" of poved roods ond l_ikewise for poor
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(vrr,)

(vrrrJ

poved roods qnd groveL roods; (A stonclordized
specificotion for rood su¡-foces is required so
thot comporison of different test results cc¡n

be mone meoningful. ) "

Vehicles being tested
mileoge occumuLotion.

Speeds ore rnointoined
eoch speed leve1 

"

one of the some oge ond

of o constqnt level- for
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APPENDIX A

MULTIL]NEAR REGRESSION ANALYSIS PROGRAÍ\4 (TE) .

The pnognom used in this project for building the models

is knovrn cls the stots 1B by F. Chebib.

This prognom is designed to perform o complete murtipre
negression oncllysis on o set of one dependent vorioble ond

up to 98 independent vor iobles with options to sel-ect ony

combinotion of vor iobles for the onolysis,

The output consists of:

i) A tist of input doto"

ii) An M x M motnix contoin:ì.ng oll possible simple
correlotion coefficients between the rzoriobles.

i ii ) The meon ond stondorcl deviotion f or e<rch vorioble,
iu) The por^tioì- ond stondordized regression

coefficients of eoch of the se_l-ected independent
vor iobl-es on the <Cependent voriobles together
with its stondond error ond the t-r¡ol-ue for o
test of its significonce 

"

v) The volue of the intercept ond the multiple
correl-otion coef f icient.

vi) Anolysis of vorionce of the mu¡ltipJ-e regression
ond on F-test of significonce.

vii) A list of observedo expected ond odjusted volues
of the dependent vorioble fon eoch of the octuol
combinotions of the independent voriobles,
(optionol ) ,
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APPENDIX B

ATÏEMPTED FUNCTIONS

1, Q = oo + o,1 w + ozP + o3t

2, A - oo + o.1w + ozP + o=Inv

3. 1nQ=oo+01 w+ozP +o=1nv

4, Q = oo + o,lw + o2P + o=r,2

5. a-oo+q1w+ ozP +o3v+ o.u'

6, a-oo+o1w+ o2P +o3t+ o4, + o5r'

7, a - oo + o1w + orw/e + o3t + o4v + o5u2

B. a-oo+ orw/e + o2t +o3v+ oor2

g, a - oo + orw/e + o2v + o3r2

10, a-oo+ oavr/P+o2t +o=d+o4v+ orr2

11, A-oo+o1w+ orF-+ o3t+o4d+q5v+ o6u2

12, a - oo + o1w + oro'+ o3t + ooo'+ o5v + o6u2

13' a-oo+o1w+ orPz+ o=*'+ ooo' +o5r+ o6r'

oj = constont coefficients
]-

l¡y' = vehicle weight

P - vehicle honsepowen

t - vehicle ti'r^e size

d: vehicle engine displocement

V = vehicle speed
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Vehicle

Multiple
Conrelotion

!
-l Coefficient

Stondo rcl
Error of
Est imote

F | -volue
t e -vo1 ues

ox1 o-2

Run no.

APPENDIX C

SUMN{ARY OF COI'4PUTER OUTPUTS ,AND STATISTICAL TESTS

Outputs
PAVED ROAD

.9931 s

.00089

324 .895

-12 "7 62
+16,419

4.20

10. 86

16.O0

Cors & Bus

-bx1 0

cx1 O

,93221

, o402â.

9 .9s1

-4 " 035
+4. 338

5. 90

19,00

28,57

,98513

. oo225

65 "752

-1 0 ,873
+11 "398

7,79

21,85

27 .98

,95172

. oo327

1 9 .225

-6. oB4
+6 ,2OO

7 .87

17.79

22"14

.97826

.00303

44 .502

-9 " 384
+8,967

11 "19

25,39

29.64

" 98402

" oo31 3

61.O94

-10,425
+1 O ,967

11,04

29 "18

37. 50

" 87 454

" 01 260

9.757

-3.390
+3.799

21 .15

69"03

109.10



t4uItiple
Co r ne l-ot i on
Coefficient

St ondord
Error of{ -^ linrote

æ 
LJL

F'-volue

t'-vqlues

ox1 O-2

Run no.

Vehic l- e

PAVED ROAD (contd.)

,99413

, ool 62

337 ,629

-15 "363
+1 B ,569

14.04

29.23

44.OO

-bx1 0

.99349

cx1 0

" 00s52

266.248

-23.O51
+22,552

47 "76

1 68.40

216,70

.99459

.00309

229 .2s9

-17.788
+15,769

34.73

1 08. 60

147.OO

.99687

" o0346

476.212

-24 ,359
+21 "019

40 ,25

136,10

1 66. OO

.99688

" oo27 6

398. 389

-1 B .904
+15,497

36,70

1 06.00

1 32. OO

14

.99449

Tz

" 0041 B

270 ,208

-20 .958
+1 9. OB1

40 .93

1 41 .60

181.OO

.97 41 9

"oo9g7

55.873

-9.399
+8. 505

42,79

1 50. OO

191.30



Vehicle

þlultiple
Correlotion
Coefficient

{ Stondor d\o Enror of
Est imote

F | -vo1ue

t | -voI ues

-tox1 O

GRAVEL ROAD
Toble C2 _ _Cqr & Bus

Run no"

" 97 638

16

rl
"1

-bx1 O

, ooo997

71.474

-8 " 408
+9.724

4"74

10. 84

16, OOcx1 0

,96098

" 00837

1 2. 068

-3.752
+3.1 35

35,70

169"00

299 ,99



Vehicle

Multiple
CorreLotion
Coefficient

Stondo rd
m Erron ofo Est imote

F'-volue

t | -voLues

ox'lO-2

Run no. 17

Tr

1B

GRAVEL ROAD (contd. )

.99804

rz

, ooo79

761 "913

-23,588
+28,254

15 .92

30,17

51 .00

-bx1 O

19

Trucks

,9941 1

cx1 0

T
Ĵ

.00575

252, 475

-22,226
+21.411

58,51

206.64

281 .00

20

. 99sOB

Ta

. oo4s6

1 00 ,862

-6,791
+5 " 2-79

48.99

166"s6

257,13

21

,9961 0

Ts

, oo423

254.784

-12.138
+9 ,1 30

42"14

135.71

171 .42

22

" 99248

T,
ô

, oo277

131 .499

-1 s.895
+1 5 .273

40 .62

116 .57

184,76

¿Õ

.9948O

Tz

.00206

238.634

-21 "577
+20.806

35. 83

90 .20

1 32,39

,9381 2

. 02094

1 1 .006

-2.392
+1 .840

s1 .98

181 "89

252.1 6



Stotisticol Tests

F-test (one-toiled test)

This is o vorionce rotic test, As in other tests of

significonceo o null lrrlpothesis is odopted which in this

cose is thot the vorionces of the exploinecì ond unexploinerC

vorionce belong to the some populotion.

The F-voLue is coLculoted os:

r ¡ Exploined (Regression) vorioncer=

Selecting o

the vofues of F

tobles.

smol- 1 probobi I

(r1,u2) con be

ity ( usuoÌ

determined

Iy 0.05 or 0. 01 )

from stotisticö1

'1

u2 =

deg rees

deg rees

f reedom cl ue

f r-eedom due

regression.

residuols

of

of

to

to

Then 'hr is regorded os consistent with the doto (o.

occepted) if the observed r¡ol-ue of F' (v,,, , vr) folls below

Fo<(v1,v2); otherwise, 'h' is regorded os inconsistent with

the doto (o. rejected).

Choosingo( = 5%, results obtoined ore os follows(on the

next pose. ) .

It turned out thot the nu11 hypothesis wos rejected

in o11 coses except f or Run no.'l 6. Run no.1 6 is f or the

urbon busu which did not ploy ony importont role in thj-s

onoLysis.
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Toble C3

Run no" no. of
sompl es

F ' -vo1 ue
compu t ed

F-vo1 ue*
(toore)

AC cept
or Reject
Hypothesis,2

1

2

3

4

5

6

7

o

9

10

11

12

13

14

15

16

17

1B

19

20

21

22

23

12

6

7

7

7

7

9

11

10

B

9

B

9

9

10

5

9

9

5

7

7

I

6

re j ect

It

il

ft

il

il

L

il

It

il

It

il

It

il

il

occept

ne j ect
It

It

il

fl

ll

il

'* obtqined f rom Toble A-10, ref . B,

2

¿

z

2

¿

¿_

2

2

2

2

2

¿

2

2

2

¿

2

2

2

2

o

3

4

4

-/t

4

6

B

7

5

6

5

6

6

7

2

6

6

z

4

4

5

3

324.895

o oq4

65.752

19.225

44.502

61.094

9 "757

337 .629

266.248

229 " 2s9

476,212

398.389

270 ,208

55 .873

71.474

1 2. 068

761,913

151.475

1 00 ,862

254.784

131,499

238.634

11.006

4"26

9 .5s

6.94

6 .94

6 ,94

6 ,94

5.14

4,46

4,7 4

5,79

5.14

5,76

5,14

5.14

4.74

19.00

5 ,14

5.14

1 9.00

6.94

6.94

5.79

9.5s

o¿



t-test (two-toileC)

This is onother test of significonce. It is o two

toiled testn unlike the F-test which is one toired. The

t-test deols moinry with the regression coefficients. rt
is used to estoblish whether o regression coefficient b.',

differs significontly from o vor-ue (eg. o theoreti-coL volue)

b."l
b. b.o

tr = --J l
c

b

Wlrere SU is the vonionce of

The null hypothesis is rejected

signi ficonce o( ( usuol 1y 5%) i f t r

the criticol volue given in the

the regression coefficient,

of the stipuloted level of

volues (computed) exceed

tob.l e 
"

L2

t1' ond t2' one the computed t-volues

tt ond tZ one the t-volues from the toble.

t1,t2(n, ã) = t,,,tr(n, o"05).

fl = degrees of freedom

B3



Toble C4

no. of
Sompl es

At 5% l.evel of significonce, the t-test resuLts ore os follows:

t-test

Run
no.

Computed t-volues

-12,7 6421

-4 " 43454

-1 0.87333

-6 , 08377

-9 ,88440

-10 ,4247 4

-3,38996
-1 5 " 3ó338

-23 "05092
-17,78824
-24 "35870
-1 8.90372

-20 "957sO
-9,3986s
-B , 407 66

-3,75200
-23 ,5A7 62

-22,22572
-6.79134
-1 2,1 381 9

-1 s.89506

-21.57713
-2,391 84

+1 6. 41 92O

+4.33835
+1 1 ,39808
+6,19973
+B .9671 O

+1O ,96653
+3 "79889
+18.56941
+22,551 47

+15 ,76883
+21.01851
+1 5 , 49647

+19,O8125
+8,050496
+9.724OO

+3,35357
+28 ,2527 4

+21 ,41119
+5 .27856
+9 .29473
+15,27254
+2O " 80624
+1.83977

t1 &t2
f rom
Tob I e*

I
2.262
3 .182
2,77 6

2.77 6
2,77 6
2"776
2"447
2,306
2.365
2.571

2. 447

2.571
2, 447

2. 447

2"36s
4. 303

2.447
2, 447

4.303
2,776
2.77 6
2,571
3.182

Accept
or Reject
Hypothes i s

re j ect
il

lt

I

1t

!t

il

il

tl

It

ft

ll

il

I

tt

occept
rej ect

il

ll

lt

il

¡1

occept

12

o

7

7

7

7

9

11

10

9
oo

9

9

10

5

9

9

5

7

7

(f

o

1

2

3

4

5

6

7

B

I
10

11

12

13

14

15

16

17
40to

19

20

21

22

23

9

3

4

4

4

6

o

7

5

6

5

o

o

7

2

6

6

2

4

4

5

?

;+ obtoined f rom TobleA-B u nef . B.
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APPEI'IDIX D

COI'îPUTED AND EXPERII4ENTAL FUEL CONSUMPTION

FOR THE VEHICLES TESTED WITH THE MODEL.
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weight

h o rsepowe r

d i spl ocemen t

weight/length

'1 4Ow-DxN .C, / 6

Cor C,

1 .05 tons

120

2OO cu, in,

1 45rb/ f t

+99

From chorts on:

Fis. 6;

F í9,7 i

Fis. B;

-)6. Ox1 O

-^-1 6. Ox1 O

23. Ox1 O

cl

b

c

Q ( est imoted ) : 0"O60 O"OO1óv + O.OOOO23v2

TobIe D'l :Computed ond Expenimentol A for Cor C,

o.0463

o "o372

o , 0327

o " 0328

0.0375

o,0422

o.045

0.030

0.025

0.030

0,040

o. o4s

Speed
v(moh

10

20

30

40

50

60

Fuel Consumption in ofs
Qc

mile

totol
ov.

% ¿¡rr.
6

24

31

9

6

o

B2

12%
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weight

ho nsepor,ve r

d i spl- ocement

weight/l-ength

1 4Orv-Dxl"i "C. / 6

10

20

30

40

50

60

70

Cor C=

1 ,5 tons

120,O

2OO,O cu, in"

166.67rb/ft

+10

From chor ts on:

Fís,61

Fis.7 t

Fig.8;

-27,5x1O

-A-1 B, Ox1 0

_A
22,5x1 O

o

b

c

Q(estimoted) = O.075 O. OO1 Bv + O. OOOO225v2

Speed
v(mph di f f

1

7

1B

11

3

4

I

totol = 45

ov. = 6%

TobIe D2:Computed ond Expenimentol a for Co. C3

Fuel Consumption in gols/m.L]e
Qcomp. I Qex

o . 05925

0.048oo

o,o4125

0.03900

o,o4125

0 " 04800

o , 05925

0,060

0,045

0"03s

0,035

0.040

0.050

0.060

B7



t^Jeight

lrorsepor"ver

d i sp I ocemen t

vreight/length

1 4Ow-DxN ,C. / 6

Cor C,
4

2,OO tons

195

283,O cu, in.

216.Orb/ft

-yo

Fnom chorts on:

Fis " 6;

Fíg"7;

Fig. B;

õ
9. 5x1 0

-A-22 , Oxl O

-Â30.0x1 O

o

b

c

Q(estimoted) = O,095 O.OO22v + 0,00003v

Speed Fuel Cons tion in ols mile
v(moh Q corn Q exp.

10

20

30

40

50

60

70

diff

12

13

12

14

12

13

15

91

I )/o

TobIe D3:Computed ond Experimentol a for Cor- C,

o.076

0.063

0.0s6

0.0s5

0,060

o.071

O. OBB

0,065

0. oso

0.045

0.040

0.048

0.055

0.060

B8



ruveight

horsepowe n

displ-ocement

r^reight/length

'1 4Ow-DxN .C, / 6

From chorts

Q(estimoted)

Cor C-
5

2.20 tons

290

383 cu. in,

23B.Otb/ft

-287.O

on:

Fis.6;

Fi9"7;

Fig. B;

= O,11

c

b

c

-)'11 . Oxl O

-A-27.Ox1O
_^

33x1 O

O " 00270v + O. O0OO33v

Toble D4:Computed ond Experimentol a for Co. C5

Speecl
v(moh

10

20

30

40

50

60

70

Q eom

0.0863

o.0692

0.0587

0. o54B

o.0575

0.0668

o , oB27

Fuel Cons tion in ol- s mile
exp 

" % a¡tt.
o.092

o.070

0.060

0.059

0. o60

0.069

o.077

6

1

2

7

4

3

B

totol
ov,

31

4.5%

B9



weight

ho nsepowe r

displocement

poyl ood/Iength

1 4ow-DxN .C, / 6

Fnom chorts

Q ( est imoted )

Speed
v (mph

10

20

30

4A

50

60

ïruck T 
Z

12,OO tons

210

637 cu. in.

73B.Orb/ f t
+1 O43

on:

Fis"6; d

Fí9,7; b

Fis. B; c

= 0.45

^45. Ox1 O

-.4-1 64. Ox1 O

-^22O , Ox1 O

O,0164v + O"OOO22v

Toble D5: Computed onC Expenimentol A for Truck Tz

% ¿¡tt.

b

1

4

17

o

2B

6%

Fuel _Consumption in gols/mil-e
Qcomp' I aexp.
o.308

o .210

O;'156

o,146

0.180

0. 258

O.i 22O

o .1 663

0,1 553

o,1750

o ,2462

90



rveight

ho rsepowe r

di spl ocemen t

poyl ood/Iength

'1 40'u¡-DxN .C. / 6

10

20

30

40

50

60

Truck T:

13,445 tons

185

503 cu. in.

Bs41 b / ft

+1 377

From chorts on:

Fis.6;

F is,7 ;

Fis. B;

-)34.5x1O
A

-1O4. Ox'l O--
_A

165"Ox1O

0.185

0.155

o.140

o .170

totol
ov.

o

b

c

Q(estimotecJ) = 0,345 O. O1 O4v + O. OOOI 65v2

TobIe D6:Computed ond Experimentol_ a for Tr uck T:

Speed Fuel Consu tion in ols mil-e
v(moh Qc Q exo. % a¡rt.

10

17

3B

44

109

27%

o ,2575

o. 2030

0.181 5

0,1 930

o ,2475

0.31 50
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weight

h o rsepowe r

displocement

poyt ood/ i-ength

'l 4Or¡-Dxl\.C, / 6

Truck T-
5

13"090 tons

184,O

501.0 cu, in"

922rb / f t

+1 329

From chorts on:

Fis. 6;

Fis"7;

Fis. B;

o ,2706

0 "'1 980

0.1 51 5

0.1 340

o .1423

o.1 7BO

-)37, Ox1 O

-A-113.0x1O
-^1 35. Ox1 O

o

b

c

Q(estimoted) = O,37 0,113v + O.OOO1 35v2

Toble D7:Computed ond Experimentol a for Truck TS

Speecl
% ¿;rr.

10

20

30

40

50

60

o,205

0.165

0,1 5s

o"165

2

oo

13

14

fuel Consumption in gols/mil-e
Qcomp. I Qexp.

totol
OV,

37

e%

92



\^Jeight

honsepowe r

d i spÌ ocemen t

poyl oodf length

1 4Ov¡-DxN ,C, / 6

From chorts

Truck T-
7

11.175 tons

187,O

332,O cu. in.
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