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Terrain Effects on Bus Maintenance

Performance

SANDRA Lo ARLINGHAUS AND Joun D NysTUEN

In this paper, a methedolopy to classify tervaln ls precented.
The taxonomy & devized uking s terrain template based on
evidence frony topographic maps, und the resolting classes are
churacterized as steep, Intermedizie; and. Mt terrain peer
groups of transit autharities. A set of 181 franslt authorities
was classificd according to terrain iype; in borderling cases,
graphic displays were used o supplement the tabidlar dizplay
formzt of the classificatbon: The terrain femplate was derived
from applying allometric prowth and census data bo e
popraphic evidence, Sets ol Svetion 15 bus nialnfenance pecfors
mance indicators were examined within terraln peer froups as
un example of the potential Tor the application of these pro-
cedures. When the indicators milles per gallon, emplovees per
velilcle-mile, ond cost per velilcle-mile were displuyed by fer-
rain peer groups, relatlonships were found between qunlity of
malntenance and miles: per pallon In steeper environments,

Steen grades in bus routes creale strain on the metor and power
train of a tus, and frequent aliemation between uphill and
dowahill operations on the bis creares Nerther siréss on [is
milemal systems. Terrain peer groups for buses, formed from a
sl of fransit authorilies participating in the Section 15 repori-
ing systerm, assist in nndersianding the inspact lerrain might
have on bize maintenance performanee. The appieation of &
simple terrdin templale permits either transil manngers or
UMTA to place an arbitrary ransit nuthority into- a flat, inter-
mesdiale, or stecp Wrrain peer group. A ser of 181 bransi
authorities was classified according 1o termain type, and graphic
displays were used to supplement the tabalar dizpfay format of
the classificalion,

To illustrate one way to employ the taxonemy, Section 15
indicalors were uscd 10 consider the effect termain might have
on bus maintenance pecformance, Miles-per-gallon: indicators
were stratified oo subelasses according o terrain and mainie-
aance quality pype. When buelependent variables other than
berrain such as climnie or-congestion wese introduced into the
analysis, 0 comprehensive view of bus maintenance: perfor-
e a5-a funetion of environmenial, 85 well as of roating and
coonomie, considerations followed.

More specifically, when the methodology was zpplied, it
sugpested numerical mainienance sobelazses within eerain
pecr groops, with which transit anthorities might compare their
milesiper-gnllon figures. Beeause the application of method
WS 10 meaknbenance data, thiz siudy meshéd with the auihors’
previous: methodolopical sidy Climatic Effects on Bus D
rabulity (1), suggesting the potential for cross-class empHrical
comparizons of cross-sectional performance data,
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The primary comtribution of bz research is 1o- introduce
methodology to classily sets of wansit authorites acconding to
terrain typi. As the scale of an arbitrary fesearch stidy ranges
from local 'to global, modifications saited tooscabe demands
might be saperimpaosed on this bazie meildalasy o raflleci the
needs of the praject ot kand, The goal is to prssent idens in theic
broadest form o suggest the range of uses-for these procedurcs
Lo a warsely ol rescarchers,

TERRAIN PEER GROUTPS

The mechanics of developing lemain peer groups invelves
coestrueting o twaplate o be tsed to stafandize diferences in
elevation 'on U.5, Geological Survey topographic manps as &p
phied, tn 1his caze; to the map series of seals 122500000, The
construchion consisis of tweparts: frs, e spproximation of
e Bouadary of each transit authoricy, and second, the detes-
minalion within this boundary of e terrain as predominanily
st infermsedeare, or fal.

To achieve the former goal, allomeiry with standaed rech-
nigues (2, ) was used to represent the cily as & clrcle eentered
in most cases- o city, hall. with radivs: proportional o togal
population. Because cach city was then represenied with a
circular boundary, visual comparisons of opographic evidence
within: the 2et ol cides wnder study were facilifaredd T croate
these circnlar titios, census date pertaining o the city atsalf,
rather than e a larger mietropolitan region or wrhiniosd area,
wereused because bus roules mim predominantly across lermoin
interior to the city, Total population figures rathor than popitla.
tan density data were used boeaise denzity figures, which do
refiect directly the likely extont of wear 2nd tear on bases, do
not reflect variation af the city scale in tercain, A% a pure lermain
mekzure 5 sought, nllomemy appears well suisd o the tasks
there iz no. additional input Irom phenomena wnrelabed o fer-
raim sech ax density 1o conloend thelerrain daza.

Ter determine terrain tvpe within the circalar boundaries, sots
of evenly spaced limes were used to sample the unevenly
spaced contour lines within the allomelric circle and 1o classify
the underlying lerrsin as steep, infermediate; o fat. The datails
af theze procedures are deseribed next,

To eomstruct = sek of circles represeriling: cities of vasious
stpes, the Law of allometric growth was used to determdne circle
radins comesponding to cily popalation as given in the 1980
censis. Biologisis use allomelry 1o predict the sire of an emire
imdividual within a piven specics from the sive of one of i
parts; pediziricians apply this idea to predict adelt heights of
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children (2 Mordbeck and Tobler (3) weed allometry 1o ropre-
genl City size s & circle proporiional o the size of the builti-up
arca arnd topopulation inhabiting the built-up arca. It waz [ound
from cmpirical -studies that the area of a U5 city-can e
cstimated by A = 000151 P9, wheee A s area in square
miles ancd P s sl sty population 2, 31 Using A = m& with
# the taiug of a circle of nrea’ A associates & rading B with each
city given its population as B = Q0219237 PUASTER (33 Caleuls-
liems were then made to determine populiton sizes that corre-
sponided to radii of 0.5, 1O, 1S, &0, 15, 5 .., 23.0 mi Popu-
lation itervals were cenlered oo integral mmale valoes for radi
R, and these radii were corverted 10 e scale of o 1250000
map. Tahle 1 presents these values of radii, which mchade all
cities in the stody. A set of circles of radii (L2F, (51, 0.76,
100, - - ., 558 in. were drown on transparent plastic] when
superinpased on & topographic map of scabe 12250000 and
centeeed on A ceniral piint distingeizhed on (e map, (he
circumference served as the city boundary.

In' Table 1, wransit-authorides were mank-ordered from the
POR0 cemsus within terrdin classes by ftot] city. populaticn

TARLE. 1

STEER TFRE.I".[N 20 I':r-a.lm[ Authorises”
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{5, 6], The numbers wsed 1o panition sach temmain claks repro-
sented the iz of the radivs of 1he assocated allometric circle
int inchesat a senleof 1250000, Within 2o allometric subclass,
cities were ordered fromn large to smalls Mo cities Fell o te
pupulation intervals represented by the plfomelric radii 5.32,
507, 482 456,431,406, and 355 Consequently, thess
values wore not includesd in this table.

To annkyze 1he terrain within a circle required sampling the
spoging between the line pattern of contoor lines. Hammaond
{4 commented that torrain steeper than aboal an B percend
grade canses probléms for vitunlly amy sort of veliels, whils
Uliean (unpabdished: data) noted ther most railroad fracks run
goroas fermain of less than 1.5 percent grade, Thos, nocity swilh a
significant percentage of 8 percent grade wis characterized as
steep, one with terrain of grade largely léss than 2 pereent as
flat; and all edhers as intenmediate, but nsing other percenfagos
awonuled meat alter the generzl procedures,

Generally, contour lines are wiggly; locally, howeves, all are
topologically cquivalent to short straight-line segments. Thus, 2
sequence of parallel short straight-ling sogments was spaced o
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repoesent & and 8 percent grades om a 132500000 Lepsograpiic
map with a 50t contour interval 1o evaluate spacing betwecs
contours (4, Adjustments may be made casily for 100- and
200-11_contour indervals, A 2 percent stope af-a ecale of
12500000 would be represented by @ =et of shor, vertical
paralic] ling segmeniy spaced 0,12 in. apart; an 8 percent slope
a1 LRS00 would be sepresented by a set of shost vertical
paralbe] line seprents spaced (003 in, aparm. When s horizontal
line is drawn perpendicular 1o each set of vertical pasallel line
segmienis through the set of vertical parallel Hnes, n comb-like
configuration appears, corresponding o each spacing patiem.
Euch contour comb is then transferred to 2 1ransparency. When
elther ransparency is superingosed on both tee allometrc
circle and the topographic map so that the horzonsal e
peomb handle) passes Ihrough the center of the cirele, dse
horizomtal Tine samples contour line spacing, Rotating this line
anout the conter produces n semn of e city using the contour
combn Use of the allometric eirele and the contowy comb s a
template. of ransparancics applied to USGS maps permilted
rapid (undes 1 min each) determination:of s weneral terrain of
mest cities as sieep, intermediate, or flat Table 1 presents the
resulte of applying the templae woa set of 181 transit au-
tharities; in Table 1 this sct of transit authorities 15 partitioned
mbo steep, interiediate, amd flat terrain clagses,

0 course, sorne cities did nol il clearly into one emain
type-or anothes. These were included in the stesper of the two
categories il moare than just a single hill or ridge or small FFoup
of them was of the steeper type; they were included i the
Ratter of the two categorics i the relatively steep parls ap-
peared from the road patterm or from shading on the I ek Lo
Iein rogions likely to be served by buses To make these
decisions, il was useful to make supplemeniany: maps bV Irating
bodh the drainage pattern and rail pattern onto the allomwiric
circle. Figure 1 includes maps of this sort for selected transit
authomities that did not il clearly nto a particular temrain type.
Figure 1 also-inchufes maps. of terrain in iransic sotoritics
typical of each terrain type The river and ruil networks part
tiomed these circles into a number of regions, within each of
which it was determined using the contoar combs whetler they
were flal, inteomediare, or stecp, asd they- were shaded accoril-
wigly. The content of Figure 1is organized, generaliy, nccord-
ing 1o increasing steepness of terrain; in flat cities it appesred
that rails were often straight and thal no topogrephic advintage
wak ginined by ninning raits in river valieys. Thus, rail lines in
liar civies ax well a5 those in substamtially flaz coastal arcas of
nonflat citfes . (o g, Daklasd) wers omited in Figure 1 In
nemflat cities, both river and rail panerms were showry in fact,
curviness in railnetl generally suggested nonflat.eities,

Within the flat group of citics shown in Figure 1, Deto,
Indianapaliz, Sacramenco, and Steckion are all elearly flag
however, the drinage panem m Indianapolis suppests 3 more
tnclulating surface, and o comesponding increase in expected
wizar o b brakes and power train, than does that of Detroit
Sacramente and Stockion both appear 1o have surfzees that
show more wpographic vasiation (resulting from the nesd to
crogs e river) than does Detrodt, but less than docs. ndi-
anapodis, Biver width alzo helps wodetermine the exient of
undulation; narrow streams may be bridped ar grade fevel
whereas wider streams, not sasily bridged in that Fashion, force
change n elevotion. Tudging from local Ann Arbor field evi-
dence, streams that appear on maps ot o seale of 17250,000 &e
wide enough o be of the latter som,

47

Lovisville and San Jose are both: predominentdy flaz An
wastern section of Louisville near a stream feeding inte e
Cihis: River iz somewhat hilly; the peneral pattees of contour
lines suggests & cleasly flat repion elséwhese. On the other
hand, San Josc might have becn classed as-intermediate, o
even as steep, if the road pattern suggested that peopie Hved in
the hills:1o the northenst of the center. No evidence suggpests
this distribation and thaz San Jose 15 classed ag flab becauss il
appears that most bus routes cross fat tomain

In the infermediate class, the Aattest city 35 Jackson, Michi-
gan, and the steepest is Baliimore. Jackson and Brockion ane
the least steep; however, both meps display curvy railnets, ot
beastone line in each-of which nims alomg tie. piver next to
lerrain classed as intermediate, suggesting topographic advan-
tage- from such placement. Pavron, MinncapolisSaint Pal,
and Kalamazoo show a mixtore of flat and inermediate regions
bt appear on the whole (o be predominantly intermediate, Arm
Athor, Lowell, aned Haverhill are all intermediate as determined
both from contour combe and from the shape of rail fheds.
Bultimiore has a few stecp aress; ns these occur mainly in
parklands, the city is placed in the intermedise class:

In the stecp class, Boston and Washington comained o fairly
even mixture of fal, internediate, and steep repions. In both
¢ascs, 4 sibstanhal amount of the sleep lerrain appesred 1o be
in residential areas, requiring buses to shifi throgh the entire
speatrum of fermain types; this, these were classified as steap.
The remnining four cities (Worcester, San Franciseo, Oakland,
and  Cincinnaid) appeared clearly steep, although each in &
dlerent way.

NATIONWIDE TERRAIN PEER GROUPS

In Table 1, Il ransil anthoritics that are steep are grocped in
one tereain class or peer geoap, all transit authorities that are
inzesrmeddiale are-grouped in another terrain peer group, and &
transis authoritics that are flat are grouped in & third 1errain poer
groug The point of the procedure developed in the previons
seclions wag 10 come Io such 4 classification of transit au-
thorilies by terrain type; the terain snapshots graphically sup-
plement the numerical classification.

Az with any taxononyy, the underlying decisions on which i
is: formed imvnlve & congin depres of arbitrariness. In thie case,
& fier partition of terrain ype e moce than thres classes
woald permit finer distinclions among transi nuthoritics. Al
though this noton has some menit dieee may b considerable
sacrifice in grsping the broad terrain pichure when parlitioning
is extended Pusther, it appears undesirable to claim tha some
number of categories iz best; any reasonable pusber will have
advaniages and drawbacks. 1t is for (his rezson thal (e supie-
mentary evidence shown i the tersain snapshote s wseful,
These sapshots show the whole picture at s single glance ina
way that refinement in data partitioning cannot

An additinal sdvantage 1o choosing three 5 the mimber of
tlasses in this taxenomy is the retaining of classificatory ssroc-
ture that parallels the form underlying the vesearch in Clitaric
Effects an Bus Durability, erehy facilitating cross-class com-
parisons between corresponding climute and terrain peer
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FIGURE 1T Terrain snapshats.

groups; Further, this research is an effor involving the develop-
ment of methodology, s was the elimate rescarch. Therefore, it
appenrs approprizte o keep underlying asmmptlions &5 wnclut-
tered ax presible w0 permit the widespread: dissemination and
use of these ideas by researchers froma variety of
backgroands,

The material that foflows, which shows one application of
this clagsification, is prosented ool lnstraie possible wses for this
sortof methedology, Lo, meimtenance data cxprossed in terms
of depeadent voriables selected for illustrative purposes wese
extracted from Section 15 data and were cxamined within ezch
of these nationwide Lerfain poet groupe.

MAINTENAMCE DATA IN TERRAIN PELR GROUPS

In this application, mainenance performines is measired witl
paa tndicatorss maimtenance value: and maimtenanse efffclenoy,
whcre mainienancs valee equals wial sehicle-miles per dollar
of mainfenance expenses, and maintenance cfficioncy equaks
tolal vehicle-miles per maintenanes employee. Daia for the first
mdicator appear directly in the Marlonal Unbaa Macs Tranzpor-
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dation Statistics (7} dua for the second indicator were calou-
fated as total vehicle-miles divided by the number of mainie-
nance empleyees per vehicle in maximum schedaled service
where such an cmployes iz nssumed to work 2,000 hréyear. For
Eoth indicniors, higher valees roflest higher qunlity in mainte-
nance When both maintenance valae and efficiency indicatoss
are calenlated for cach of the 181 oot authoritics, and these
data are partitioned by gquactibes, 16 mumally cxchusive st
classes based on maimenance qualisy appear in the data.
When the st of fransic authoritiss s zlse paritioned by
guartiles sccording to the miles-per-gallon indicator, bars
placed in each muintenance subclass of Figure 2 showed {a} by
their length, the percentage of the set of 181 wansit suthoritics
within each; (1) by their intemnal partitioning, the pereentage of
endrice ranked by the' mibes-per-gallon mdicator within that
subelass comning from the 1op, second, Uhind, and boton quar-
ters of the set, The resull is thar Figure 2 compresses four
dimenzions of data {mainienance value, maimtenancy elfi
clency, percentage por quarier of the miles-per-gallon indicator,
and percentage of ransil authorities por maintenance subelass)
intn Cao pemnelne dimensions,: For example, the bar in the
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FIGURE 2 Miles-per-gallon Indieator within maibtenance subclasses (sample siwer 151

transit avihoriiles).

upper-lefi-hand comer of Fignre L5 beiween two and ihree
times as long ag Uwe 5 pereent box in e legend. This length
demonsirates, graphically, thot nbout 12 percent.of the 151
transil nothonties fall fnoo this best subclass: The panitioning
internal to this bar shows by shading (hat, of e transit aa-
thorisics inc this subclass, abwoul 485 percent fall inte the top
gquarter of the miles-per-gallon indicator, about 32 pereent Tall
ingo the secomed quarter of the mules-pes-pallen indicator, about
18 percent fall into the thind quarter of the miles-per-gallon
inicator, and & percent lic in the bottom quarter of that indica-
or. Good maimtenancs efficiensy and maintenance value arsd

good Tuel econonyy graphically comrcspond across the entire
sample in Figure 2. The subclass in the lower-ri ghi-hand comer
has the poorest value and elficiency. The shading interoal tothe.
bar shows that almmost all transin authorines achieve mileage
worse than the median and thar a-substaniial majonity scorein
the bottom quarter, indicating that bad mileage commespands o
bad maintemance a5 well. Becsise Figure 2 provides graphic
support for the namral notion:that wansit adhonilies achizving
the highest maintenamce. value and efficiency achieve higher
ke -per-gallon figures than do these reporiing poor mainke-
nance, it serves as-a graphic slandard against which o best ihe
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same zort of chart whes these data are-alzo stratified according
£y ferrain eliss:

When the data from Figore 2 were soned using a fifth data di-
mcsizion sccording 1o téreain peer group, Figurss 35 emerged.
Abatrzotly these figures represent iwo-dimensional portrits of
miles-por-gallon data within mupinlenance subclasses
for the steep, intermedizie, and flnl lerrain pear groups, respeec-
tively, Figure 3 graphically supgesis hal the fes betwiosn
maintenance, value and efficienay and mites per gallon are
siromger in’ sleeper environments than they are in the whaols
sample in Figure 2; in fintter surroundings other [acloms: appar-

ently overshadow the elfects of terain on the milgg-per-galion
inclicator (Figures @ and 53

The “distinctions &Emong maintenoncs subclasses within 2
ligure Fede incredsingly from steep terrain (Figure 30 to fat
terrain (Fugure 5 Thiz resteh suggests that, in the steep-temain
peer proup; - ransitauthorites widy lowrmiles per gallon arc
e likely o heve lower maintcnance ‘and eficiency valnes
thasy arg corresponding propertics. o the: incrmediate-lemain
peer grotqs and, thar theee o the mtermediaie-loresin: peer
group with dow miles per gallon are oeore: Likely o fall into
fower mainierznes - and efficiency valwe subclazses (hen zre
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comresponding propertics in the fnt-termain peer group. In addi-
tion, there is a grealer proportion of ransii suthorities in the
ugpiper-lefi-iiand square suhset or the four snall boxes of Figure
5 than there ds in the comrssponding position i Figure 4,
saggesting betler perfocmance in fAat torraim,

e Implicntion of this fect of approsch is thal any Iransil
athorivy maght classify itsell nocording 1o werain type and then
tze chinrts siech 45 these 28 constructive guidelines o focus the
dircetion of its maimlenanee affor. On the ether hand, UNTA
might use them to cvaloate. the quality of e maincnance
cifort ofupanfm1§:|; ransit duthionty as compared ooits peers m
comjunetion with- ether factors mentioned prsvicusty. In either
application, (s} the gudelines suggested by (hese charls afe
general, and () the numerical figures associsted with thess
graphical displays are based on data that very froms Year Loyear,

Ava deeper Tevel, when the effcct of temrain on fuel cone
sumption i viewed oz bul one elernent derived from cross-
seclional performance data, o measure some component: of
mainfenance porformanes and b durabiliny, opporiinities o
use this methodology For classifying temain in conjunction with
other typosoof data emerge. Such o marger of methodologics
permils & more comprebensive evaluation of the effects of this
and other mdependent variables such 25 chimate and congestion
on bus maintenance and equipment Tife (/)

CONCLUSION

The major contribution of this meport i3 1o classily iransit
anthorities acconding Lo WETAN [VPe e steep, infermediale, ar
flac peer groaps. The bypology is fonned oo the basiz of empiri-
cal topographic evidence accomoiated st the 12500 scale
uging wbesain template. Matonwide terrain pect groups estab-
lished u=ing this 1errain template are displayed in Table 1

Whien e variables miles per gallon, maintenanse efliciency,
and maintemance valoe, quantified by Soction’ 15 indicators, are
mreduced inlo (hess badin pesr gronps,” Conmeclions ars
found besween maintenance value and efficiency and miles per
galion in steeper enviromments Az tbsoisoa first effort in
anabyzing the relation belween mainienanee and ferrain, a-sig-
nificant Menction of deede data is 1o sugpest o Iramework in
witich to-test other ransil concapls

These brosd terrain caicgerics might be ased in 2 regression
anplysis conlexLinvolving several factors in addilion to-fegrain,
relatied o vehicle performance (eg,, regquency boiween 310ps
amd passenger load). Or, they might be used o nestructens this
classificntion, using diffecent percentage slopes (o correspond
o sbeep of imbermediate grrain, However, & arliicary aitempt
fer evem ool the nnmerical give of termain peer groups would
result’in mizclassificntion becnuze there are fewer steefs ciniss,
Aran mregratve empirical level, this taxonomy might be wsed
in onjunciion with climate pesr groups -and congestion por
groops fommed on the basis of ronle corvines, S0p Spacang,
andd population density, 10 serve:as one am1 of & omoTe com-
prehensive empincal stady of Environmental Effecis on Bur
Durabifity (138, Ariinghans and Mysteen, unpublishad datal
Andther avenne for further rescarch is sugzesred by the obeer-

|

walion that this method of classifying lemain appesrs 1o lead
iself 1o artemated analysis using computer lechaigues. AL the
iheoretical level, fractal peometry, which has been weed o
sizmilate terrain, might be ueed 1o identily self-similar worain
characteristics that prevail independently of the partition
cliosen Tor torrain classes {U=T 3], AL the pragnatie lovel, the
uzcfulness of the peor groagps prodeced using this methodology
likely mestz on Uheir capability o aggment the cxplanaiory
power of other indicntors o improve our understanding of
sysiem level performance slabstics.
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