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MATHEMATICAL MODEL OF EVALUATION OF THE EFFICIENCY OF
INVESTMENT INTO ROADS

Summary. When implementing projects on motor roads, fim@nend economic
analysis of specific projects are usually providBuis article deals with the mathematical
model which enables to analyze the entirety ofqutsj on the motor road network with
the view of determining which of them would givenkét to society the fastest and could
be given priority in case of implementation. By Bmy this model and using the LP
search (abbreviation from Russian Linear searcHjieniteria optimizing method, it is
possible to calculate the project payoff time andegpected profit through the reduction
of public costs. Also, an example on realizatiorthaf model is provided with calculation
of the benefit that society receives if gravel rismadaved.

MATEMAT TYECKAS MOZIEJIb UL OITPEAEJIEHNS 5OOEKTUBHOCTH
NMHBECTULIMU B ABTOJOPOI'

Pe3rome. BHenpsiss TOpOKHBIE MPOEKTHI BCETJla CTAIKUBAEMCS ¢ UX (UHAHCOBBIM U
SKOHOMHYECKUM aHaTW30M. B craThe mpemmaraercs MareMaTH4ecKas MOJeINb, Jaromas
BO3MOXXHOCTh  aHAJM3UPOBaTh (DMHAHCOBBIC COCTaBJISIONIME TPOCKTOB, YTOOBI
YCTAaHOBUTHh KOTOPBIA K3 HUX OKYIHUTCS B KpaT4aMIIUi CPOK M €CTECTBEHHO CMOXKET
3aHATH MPHOPUTETHOE MECTO IMPH ero BHenpeHwd. [Ipu peannsanuu Monenw MPHUMEHEH
METOJ MHOTOKpUTEpaIbHON ontumuzanu ,JII1 mouck®. Ilokazan mpumep peann3amum
MOJICTTH, NAIONIMA BO3MOXHOCTh YCTAHOBHUTH OOINECTBEHHYIO TMOJB3Y, ac(haibTUPys
rpaBUHHBIE IOPOTH.

1. INTRODUCTION

Until the 2 half of the last century, a technical attitude o the planning of motor roads
prevailed. Road workers had to ensure the road gudsitity, design driving speed, and did not pay
attention to the needs of road users.

Later the attitude changed. The operational cdstsansport vehicles, the value of travel time,
and losses associated with traffic accident orrenment pollution were taken into assessment. The
HDM-4 (The Highway Development and Management Sgst@odel [9] is used for calculating the
expediency of investment into the motor roads mworld practice. The expediency of investments
into the motor roads is calculated using the modblereas the benefit to society provided by the
project may be also calculated using a separatensalel. Using this model a number of precise
technical parameters have to be evaluated, asuli wsereof sufficiently accurate calculations are
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obtained, yet this is not always convenient seekimgjuickly compare the benefit of particular
projects at one time.

The investigation into the condition of gravel readf Lithuania and the justification of
renovations are examined by Skrinskas [7]. A ma#taral model for the assessment of economic
expediency of renovation of the Lithuanian gravehds KAMIS (the road asphalting model) is
provided in the thesis on which basis the renowatamsts and savings are calculated with
consideration to the technical indicators of grawelds, evenness of the road surface and thectraffi
indicator values. However, this model is ratherdu® assessing the technical indicators and it is
applicable only to the assessment of the road pgwiojects.

This article is intended to provide a mathematicaldel on which analysis would enable to
determine the period of return on investment adogrtb the project costs and the reduction of mubli
costs, by applying a multicriterial optimizationKlsearch).

To this effect it is necessary to determine thenmaarameters associated with costs (road
operation, maintenance, accident rate, ecologymaie functional correlations between the main
road parameters and the change in pecuniary dosteake a generalized mathematical model for
minimizing the public costs during the period stdec

2. ROAD USER COSTS (RUC) AND BENEFIT OF THE PROJECT

Implemented projects on motor roads, if this is the construction of toll roads, practically do
not bring any direct income. Irrespective of thgteat sums of public funds collected from the
taxpayers are allocated to investments into matads. It means that investments into motor roagls ar
worthwhile, since they give not only social bendfiit also make premises for a more efficient dse o
vehicles (the speed, operational reliability inses&duel costs reduce, etc.).

The components of RUC and persons residing indhd impact zone are as follows [3, 5, 9]:

« Vehicle Operating Costs (VOQWhile driving on the road different costs aretaimed, consisting

of fuel, lubricants, maintenance, tyre costs, davealary and other expenses. A part of thesescost
depends neither on the road nor on its conditiebdyp other parts depend on irregularity of thedroa
surface [4], number and width of traffic lanesyirg speed, road curviness and longitudinal gradien

« Annual Accident Costs (A@)akes a great effect to society. The accidentinatéhuania is one of
the highest in Europe. An accident rate is an ingmrindicator of economy, i.e. the less number of
people die or are injured, or the number of transpehicles are damaged, the greater economy is
received. The price of accidents with deaths, iegyrand of the technical traffic accident is
differentiated.

» Travel Time CostéTTC). The travel time is expressed by generalized cbstscombine travel time
and pecuniary expenses. The time spent on trawansidered as costs with respect to an individual
since he may not engage in any other activity @t time. The value of the time saved depends on the
fact what an individual may create during that tiffiee costs of working time, non-working time and
transportation of goods are differentiated. Theglerof travel depends on the length of the route
chosen, transport vehicle, road conditions, peibilsspeed, technical characteristics of transport
vehicle, traffic volume and traffic capacity.

« Social and Environmental Effects (SEHhe quantities of pollutants in case if the prbjec
implemented and is not implemented are determihid.pollution of air, dust on gravel roads, noise,
and hothouse effect should be analyzed.

» Repair and Maintenance Costs (RMCThe repair and maintenance costs consist of tleetdiosts

of planning, designing and implementation of thectture, and operational (maintenance) costs (while
implementing the project) of the structure (theteas permanent maintenance, regular repairs, groje
monitoring (ex-ante and ex-post) costs; the cokisiplementing the % and subsequent stages of the
structure (if a stage-based construction is plarametithe stages were precisely planned)).

The costs may be calculated by making calculationan estimate using enlarged indicators and
by calculating prices according to analogical prtggwith consideration to inflation).
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The project benefit consist of the economy of cdisted which is received due to: reduced
vehicle operating costs; due to the savings ofelsssociated with traffic accidents; reduced trave
time costs; reduced environmental costs; reducedatipnal (maintenance) costs.

Based on these data a general model of investrffeneecy may be formed:

S=(5+9-{($- H+( s $+( s B( 58 sSYs (1)
where S — road design costs§ — road construction costss, — VOC before the project
implementation; S, — VOC after the project implementatiors, — AC before the project
implementation; S, — AC after the project implementatior§, — TTC before the project
implementation; S, — TTC after the project implementatior; — SEE before the project
implementation; S, SEE after the project implementatios; — RMC before the project
implementation;S; — RMC after the project implementation.

Having revealed each Eq. 1 term we will receive:

D .VOC ,\VOC
=(S +S)L-{(AADT—— - AADT —) (1 [B65+
§ & *S) {( 1000 100
. AR . AR
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where:AADT —annual average daily traffic, vpdOC— vehicle operating costs, EUR/km, where:

m
VOC= > VOC [k, [k, ,

i=1
where:VOG — sum of vehicle operating costs by category afdpart (car, busses, heavy trucks, and
prime movers); k— coefficient of traffic flow distribution speedy — coefficient of traffic flow
distribution;L — length of road section, krh; — length of road section in the build-up area, km;
L, — length of road section in the not build-up aten; AR —accident coefficient in the section under
study;AC — average costs per one accident in the roacdbse&lUR, where:

m
AC=> AC [n,
i=1
where:AG — sum of accident costs (accident with deathsgdant with injuries, technical accident);

n — number of accident¥: — vehicle speed in the road section, kniM; — travel time costs, EUR/h,
where:

m
LVi=>"LVi [k ,
i=1
where:LVi; — sum of travel time costs by transport categdgy;— coefficient of traffic flow
distribution;D — maintenance costs for the road, EUR/100)@vhere:

p=>D,,
i=1

where:D; —sum of maintenance costs (repairing, cleaning,exvimtaintenance, etcB,— width of the
road section, m.
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3. REALIZATION OF THE MODEL

This model enables to compare the types of roadtagtion work for all types of roads, i.e. road
reconstruction, alignment of the new road, pavihthe gravel road. For the practical application of
the model, as an examptbe paving of 1 km of the gravel road was selected.

During operation of the paved road, its technidaracteristics change, therefore we take into
consideration an increase in irregularities ofribeed surface, and its reduction in tHeatd 16' years
of project existence when an overhaul of the serficcarried out [3]. Based on the correlation
between the VOC (1000 vehicles km/year) and thghoess of the road surface [2, 10] the regression
was deduced (Eqg. (3)).

y = 15,534x + 287,72, (3)
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450
400 .
350 -~
300 Q/‘/‘/v y=15,534x+287,72
R2=0,991
250
200
150
100
50
0
0 2 4 6 8
IRIm/km

Fig. 1. VOC correlation between the surface roughne case of the paved road
Puc. 1. KOppeJ’IHHI/IH MCIKAY HEPOBHOCTHIO JOPOTU U SKCIIITYATAlITMOHHBIMU pacXodaMUu aBTOTPAHCIIOPTHBIX
CpeACTB Ha ac(aabTUPOBAHHOI JOpore

The surface roughness index of the paved road sangisveen 1.5 to 6 m/km [1; 3] therefore in
the Fig.1 the following range for deducing was udegl (4)).

y =20,922x + 254,52; 4)
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Fig. 2. VOC correlation between the surface roughne case of the gravel road
Puc. 2. Koppensius Mex 1y HEpOBHOCTBIO JOPOTH M DKCIUTyaTAIIHOHHBIMHU PacXoaMH aBTOTPAHCIOPTHBIX
CpeJCTB Ha TPaBHUITHOM JTopore.

Based on statistics, the index of roughness theegraad surface may reach up to 18 m/km, yet
an index of 14 m/km is already considered as a penyr condition of road surface. The index range
of the country’s gravel surface roughness is veigew from 5 to 14 m/km [6]. The lower limit is
achieved right after grading, yet, depending on weather conditions and traffic volume, the
coefficient increases fast. Therefore in the Fith&marginal limits from 5 to 14 m/km were seléecte
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Vehicle speed also influencing VOC. Based on tlreetation between the vehicles speed and the
coefficients of traffic flow distribution speed [[lthe regression was deduced (Eg. (5)).

y = 0,0003% 0,0394x + 2,3757 (5)

Coefficient
2,5

2 *
y= 0,0003x-0,0394x + 2,3757
\ R?=0,9443
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Fig. 3. Correlation between the vehicles averaged@and rise in VOC
Puc. 3. HOL[OpO)KaHI/Ie OKCILTYaTallMOHHBIX paCX0JA0B aBTOTPAHCIIOPTHBIX CPEACTB B 3aBUCUMOCTHU OT CKOPOCTHU

To assess the Average annual daily trafdADT), data ofTechnical and economical monitoring
of the gravel road paving works financed by thedpa&an Union Regional Development Funds for the
2004—-2005 periodTKTI, Kaunas, 2007) road was used. In a numbeseations, the traffic volume
changes insignificantly after the project implenadioin, yet sometimes it increases even 3 times.
According to the values of 54 sections, trafficurak fluctuating from 50 to 550 vpd on the gravel
roads and from 55 to 605 after paving these rddased on these data, a regression equation dttraff
volume with respect to random sections is deducehld Fig. (4,5) (Eq. 6,7).

y = 48,645x - 16,055 (6)

AADT
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R2=0,9844
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Fig. 4. AADT in gravel road sections
Puc. 4. CpeuHs{s{ CYTOYHAasA UHTCHCUBHOCTDb ABUKXCHHS TPAHCIIOPTA Ha I‘paBHfIHOfI JAopore

y = 53,51 - 17,66 7)

Average vehicle speed depends on roughness of Agambrding to calculations with HDM-4
model [9],the correlation between the average vehicle speédaughness of road was determined in
Fig. 4, 5. (Eq. 8, 9)

y = -4,6053x + 107,07 (8)
y = -0,5238% + 1,6429x + 89,452 9)
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Fig. 5. AADT in road sections after paving
Puc. 5. Cpennss cyrouHass ”HHTEHCUBHOCTh TPAHCIIOPTHBIX CPEICTB MOCIe achaabTUPOBAHUS TPABUHHON JOPOTH
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Fig. 6. Correlation between the average vehicledend roughness on gravel road
Puc. 6.3aBHCHMOCTH CKOPOCTH TPAHCIIOPTHBIX CPEACTB OT HEPOBHOCTH HA TPABHIHOM HOpOTre
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Fig. 7. Correlation between the average vehicled@ad roughness on paved road.
Puc. 7.3aBucumocts CKOPOCTHU TPAHCHOPTHBIX CPCACTB OT HEPOBHOCTHU HA aC(i)aJ'ILTPIpOBaHHOﬁ Aopore.

According to the adaptation of the TARVAL (abbrdioa from finish TARVAL: A tool for
estimation of traffic safety effects of road impeovent) model, developed at the Technical Research
Centre of Finland (VTT) for the Finnish National &b Administration (Finnra), for Lithuania
TARVAL, the rate of effect of the engineering me@suon the accident rate after paving the gravel
road increases from 1,0 to 1,1. Yet, after assgdbmm rates of integration of safe traffic measyss
it is assumed that the accident rate decrease8@mf average.
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According to the statistical data of road mainteeam Lithuania for the past eight years, the

costs of maintenance of the gravel road and opéwed road was calculated in Figs. 8 and 9; Egs 10
and 11).

y = 14,052+ 30,104x + 1038,7 (10)
y= 5,621%+ 12,041x + 415,47 (11)
EUR/km
3000
2500 y=14,052x2+30,104x+1038,7 o
R?=0,9826
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Fig. 8. RMC of the gravel road with respect to time
Puc. 8. YBenudyeHne pacxomI0B BO BPEMEHH Ha MPUCMOTP 3a TPABUIHHON TOPOTOi
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Fig. 9. RMC of the paved gravel road with respedirhe
Puc. 9. YBennueHue pacxozoB BO BpeMEHH Ha MPUCMOTP 3a acaibTHPOBAHHOM JOPOTOi

Social and Environmental Effects was calculatedlittyuanian conditions.
Based on data available, the limits of change ioheferm of the model are expressed in
regression Eg. (3-11). Having entered them intoZEand receive:

2 -
S=(S5+5)0- {((48,645)(1 16,055 (72:241%; +878,8)(0,0003; -0,0394x, +2,3757) _

= 1000
2
_ (53.51x, -17,66)(33637% +993,42)(00003x; -0,0394%; +2,3757), |z,
1000
' " 12
+((48,645x, -16,055) '?OFf ~(53,51x, -17,66)%) [L CAC 365+ (12)
+ (48,645, -16,055) LVi - (53,51x, -17,66) LVi ) [L [B65+

(-4,6053x, +107,07) (-0,5238xZ +1,6429x, +89,452)
+((48,645x, -16,055)(0,535L, +0,029L,) - (53,51x, -17,66)(0,446L, + 0,024L,))[B65+
+((48,52x2 +103,94x, +3586,3) (19,408)2, + 41,577x,, +1434,5)}
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For the selection of optimai—x;o values the model released using the multicritasjaimising
method “LP search” [8]. Having determined the miaafjivalues of eacl, the method enables to
select an optimal whole of all criteria. Since roaarameters vary from year to year, different
variables introduced each year, in the projectterte cycle of 20 years. Scheme of the efficiency
determination model is shown in Fig. 10.

1 project data 2 project data n-line project data
1 project limits of x 2 project limits of x n-ine project limits of
valpes: walues: x valves:
A (o A RS (o . A (o S,
LP search
Selection of optinmal x Selection of optimal x felection of optimal x
valses for 1 project values for 2 project valpes for n-line
project
1 project msults 1n the 2 project results 10 the n-line project results in
first vear first wear the first wear
i ' s
1 project rezults in the 2 project resvlis in the n-line project results in
f-s2quence y=ar fl-s2quance yaar the n-s=quencs vaar
Projects priornitization

Fig. 10. Block scheme of the efficiency evaluatinodel
Puc. 10.bxok cxema oneHKH 3(EKTUBHOCTH TIPOEKTA

Thus, having analysed the data provided a testabgulating the paving of 1 km of the gravel
road with AADT 200 vpd and AADT 205-220 vpd afteaving was made. According to the
summaries of estimates of théstage of Thé&oad Maintenance and Development Prograr@0e2—
2005and after analyzing the costs of paving the gravatls during these 5 years, it is assumed that
the design costs of 1 km to pave gravel road ansaionEUR 9745 and of the construction — to EUR
298027. Fig. 8. represents general investment payfopaving 1 km of the gravel road, counted
according to the efficiency determination modebtigh the use of LP search.
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Year
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Fig. 11. General investment payoff of paving ofi &f the gravel road
Puc. 11.00mas okynaeMocTh HHBECTHINI 1ocie achalbTHPOBAHKS OZHOTO KM IPaBUHHON TOPOTH

As it is evident, after project implementation istreent pays off during 10-1lyears of the
project existence through the reduction of pubtists, whereas at the end of the project existeice 2
years cycle the benefit increases by 1.07 tim@eauniary terms.

Fig. 9. represents benefit society of paving 1 Knthe gravel road, counted according to the
efficiency determination model through the use Bfdearch.
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Fig. 12. Benefit society during the project 20 yezistence period
Puc. 12.00mecTBeHHas noib3a B TeueHnd 20 JIeT nocie BHEAPEHUS MPOCSKTa
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Since an increase in the traffic volume directlfeets an increase in the accident rate, the
economy gradually reduces due to the accident aai it increases according to the arrangement of
variables selected by me since tifey8ar. According to statistical data, traffic volemfter improving
the gravel road quality by more than 50 % of thetieas increases slightly, and even several tinmes o
several sections. Yet, it practically remains thmes in the remaining sections. Thus, while assgssin
projects according to specific data, but on averagiees, an assumption may be made that an
economy due to the accident rate would not getgatiee value. In the sections where traffic volume
increases several times (one of the examples, 2@drto 605 vpd), additional safety measures would
be integrated (e.g. speed meters, lightening, nmbeasive work of traffic safety supervision offise
etc.), therefore an accident rate would become @eeordingly, thus, an assumption could be made
that losses due to accident rate would not incrisatfese sections with high traffic intensity.

4. CONCLUSIONS

1. The calculations show that investments intopiéaéang of 1 km of gravel after implementing project
pay off during the 10—1year of the project existence.

2. The project of gravel road pavement payoff Wil most impacted by the reduction in the vehicle
operating costs and in the economy of wasted time.

3. The goal of creating this is to compare thendesl projects on investment into the motor roads
and to identify which of them would give benefietfastest, i.e. to prioritize them.

4. The model is open. According to the type of staent projects, or seeking to evaluate the costs
in greater detail, additional terms may be enten¢al the model, or the unnecessary ones could be
eliminated. E.qg. if this is construction or recauastion of the road, losses due to dustiness map&o
taken into consideration.

5. The model could be applied as an additional oreafor determining the priority of projects
intended for implementation.

6. The model analyzed in the article is adaptedcéonparing the projects on the paving of gravel
roads. It may also be adapted for other types oksvfroads reconstruction, new road construction).

7. The model was realised using Lithuanian statibtdata, but it could be adapted to another
country.
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