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Abstract. A method is proposed for determining the fuel consumption of a wheeled vehicle depending on its speed, road sur-
face flatness and road slope in the longitudinal direction. The purpose of the research is to derive mathematical relationships
for calculating the fuel consumption of wvehicles, which is one of the transport cost factors during the const-
ruction/reconstruction or overhaul of a highway. The proposed polynomial dependencies for calculating fuel in addition to
vehicle speed, road surface flatness and its longitudinal slope take into account the mass-dimensional parameters of vehicles
involved in road traffic. New mathematical relationships between the speed of wheeled vehicles, road surface flatness and
longitudinal road slope allow to simulate the change in the value of fuel consumption of a wheeled vehicle when the speed
of traffic flow or the slope of the road surface changes in the forward or reverse direction of the vehicle. In a graphic way,
the influence of the pavement slope on the value of fuel consumption, both loaded and unloaded wheeled vehicle is presented.
When determining transport costs associated with the highway construction, reconstruction or overhaul it is proposed to use
empirical mathematical relationships, which make it possible to obtain fuel consumption with an accuracy of 5 % and save up
to 15 % of budget (private) investments. The analysis of scientific publications of the existing approach determine
the transport costs associated with highway construction, reconstruction or overhaul. The presented method for determining
the fuel consumption of wheeled vehicles with small and large loading capacity increases the accuracy of determining trans-
portation costs and reduces the level of financial costs for highway construction, reconstruction or overhaul.
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Transport

TPAaHCHOPTHBIX M3JEPIKEK NPH CTPOUTENILCTBE/PEKOHCTPYKINY MM KalMTaILHOM PEMOHTE aBTOMOOMIbHOW moporw. IIpen-
JIO>KEHHBIE TOJMHOMHANbHBIE 3aBUCHMOCTH 7 pacdeTa pacxoja TOIUIMBA, KPOME CKOPOCTH JBMXKEHMs aBTOMOOHIIS, POB-
HOCTHU JIOPO’KHOTO TMOKPBITHS M MPOJONBHOTO YKJIOHA JOPOTH, YYMTBHIBAIOT MAaccOrabapuUTHBIE MapaMeTphbl TPAHCIIOPTHBIX
CPEACTB, Y4acCTBYIOIIUX B JOPOKHOM JBHKeHuUU. HoBble MaTeMaTH4YeCKME B3aUMOCBS3U MEXKIY CKOPOCTBIO JBHKEHUS
KOJICCHOTO TPaHCIIOPTa, POBHOCTBIO JOPOKHOIO MOKPBITHS M IPOJOJIbHBIM YKJIOHOM JOPOTY IO3BOJIAIOT MOJEIUPOBATH
U3MEHEHHE BEITMYMHBI PAacXo/a TOMINBA KOJIECHOIO TPAHCIIOPTHOIO CPEACTBA NMPHU U3MEHEHHU CKOPOCTH JBHXKEHMS TPaHC-
HOPTHOTO IOTOKA WM YKJIOHA JIOPOXKHOTO IOKPHITHS B NPAMOM WM OOpaTHOM HANPaBICHUU IBMKCHHS aBTOMOOWIIA.
B rpadudeckom Buze NpeaCTaBIeHO BIMSHUE YKIOHA JOPOXKHOTO IOKPHITHS Ha BEJIMUUHY PAacX0fa TOIUIMBA KaK IPyXKEHOTO,
TaKk M CHapsHDKEHHOTO KOJIECHOTO TPAHCIOPTHOTo cpenctBa. [Ipu ompeneneHur TPaHCTIOPTHBIX H3IEPHKEK, CBSI3aHHBIX
CO CTPOMTENILCTBOM, PEKOHCTPYKIHEH MJIM KalUTaJIbHBIM PEMOHTOM aBTOMOOMJIBHOM IOPOTH, MpEeAaraeTcsl UCIoIb30BaTh
SMITUPHYECKHE MaTeMaTHIECKHE 3aBICHMOCTH, MO3BOJIAIOMINE MONTYyIUTh PAcXo]l TOIUIMBA C TOYHOCTBIO 10 5 % M COKOHO-
MHUTB 10 15 % OMOMKETHBIX (YaCTHBIX) MHBECTULMHA. BBINOJHEH aHANM3 HAy4YHBIX MYOJNHKAIMI CYLIECTBYIOLIETO MOAXO0a
TI0 ONPENIEJICHUIO TPAHCIIOPTHBIX U3JIEPIKEK, CBA3AHHBIX CO CTPOUTENBCTBOM, PEKOHCTPYKLHEH UM KalUTaJbHBIM PEMOHTOM
aBTOMOOMIBHON oporu. [IpuBeneHHbIH crioco0 ompeneseHus pacxoAa TOMJIMBA KOJNECHBIX TPAHCIOPTHBIX CPEICTB Majoi
1 OOJNBIION TPY30MOJEEMHOCTH TIOBBIIIAET TOYHOCTH YCTAHOBIICHHS TPAHCIIOPTHBIX M3JIEP)KEK M CHIDKACT ypoBEHb (prHaH-
COBBIX 3aTpaT Ha CTPOUTENHCTBO, PEKOHCTPYKINIO, KATUTAIBHBIH PEMOHT aBTOMOOMIBHBIX JOPOT.

KiroueBbie cj10Ba: pacxo/ TOIUIMBA, JOPOKHBIC YCIOBHS, MUKEThI, TPAHCIIOPTHBIE U3JEPKKH, aBTOMOOHIIbHAS JOPOTa, CTPO-
UTEJIBCTBO, PEKOHCTPYKIMS aBTOMOOWIIBHOM JOPOTH, TPAHCIIOPTHBIN MOTOK, HPOAOJIBHBIN NPOGHIb JOPOrH, CKOPOCTh JIBU-
KEHHUS

Jns muTHpoBanmsi: Pacxo/ TOIUIMBa KOJECHOTO TPAHCIOPTHOTO CPEICTBA W TPAHCIOPTHBIC M3ACPKKH HPH CTPOUTEINb-
cTBe/peKoHCTpyKIK aBToMoGmIbHOM noporu / JI. H. Jleourses [u ap.] // Hayxka u mexnuxa. 2021. T. 20, Ne 6. C. 522-527.
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Introduction

Currently one of the key tasks in highway
designing and its further operation activities is
to increase the efficiency of capital investments
in its construction, reconstruction and overhaul
by optimizing the design solutions. Economic
methods for calculating the effectiveness of project
design options provide for the indicator compa-
rison of outcomes and costs for the compared
options. This comes down, as a rule, to the calcula-
tion of efficiency keeping in mind the economic,
social, environmental and other consequences of
a particular engineering decision.

When choosing a rational design decision as to
the highway construction, reconstruction or over-
haul, road construction engineers estimate trans-
portation costs only by averages, which, of course,
reduce the accuracy and reliability of any conclu-
sions drawn by them over the benefits of a particu-
lar decision. It is known that in transportation costs
the largest share is the fuel consumption of a car,
which mostly depends on the road conditions of
its travelling, therefore, when searching for a ra-
tional option for a design decision as to the high-
way construction, reconstruction or overhaul, it is
necessary to increase the accuracy of calculation
methods especially for this indicator.

Aim and task setting — the aim of the research
is to improve the accuracy of determining the
transportation costs associated with the vehicle fuel
consumption during the highway operation, as well
as during its overhaul period.
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Determination of the fuel consumption
with changing road conditions

One of the understudied factors while compa-
ring design options is the analysis of changing road
conditions during the road operation. In particular,
this includes the consistent patterns of changes
in the fuel consumption of all vehicles that make
up the estimated traffic flow taking into account
the change of the rolling resistance coefficient and
the carriageway flatness indicators [1-4]. The fuel
consumption required for moving on a given road
section depends on the road and vehicle parame-
ters [5, 6]. The road characteristics, such as the
vehicle speed, longitudinal slope, rolling resistance
coefficient and carriageway flatness characte-
ristics, which determine the driving resistance
forces and the power losses to move along this par-
ticular road segment, participate in the depen-
dencies of fuel consumption in relation to road
conditions [7, 8].

The influence of vehicle parameters on fuel
consumption [9, 10] is studied in detail and pre-
sented in the form of analytical solutions depen-
ding on the vehicle speed [11, 12].

In accordance with the road conditions, a driver
sets the speed of a car and the road conditions, as it
is known, are determined by the plan, road cross
section and indicators of the operational road con-
dition [13], so choosing a model for changing the
speed of a vehicle is one of the important tasks
in determining transportation costs associated with
fuel consumption [14, 15].
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The relation of the movement speed of diffe-
rent types of vehicles with the plan and the road
cross section, based on the generalization of the
road conditions outlined in [6], can be represented
as shown in Fig. 1 [4]. And you should pay atten-
tion to the fact that when moving on the same sec-
tion of road in different directions, the speed of the
same vehicle has not the same character, and, con-
sequently, the transportation costs associated with
fuel consumption on direct and the opposite direc-
tion of movement will be different.
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Fig. 1. Relation of vehicle speed with the plan
and the longitudinal cross section of a road
at an average traffic intensity of 300 cars/h [4]
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Solving the problem of determining the fuel
consumption of the main types of vehicles with not
just changing road conditions on certain road sec-
tions but changes in their speed, one must also take
into account the influence of the resistance forces
and the power losses of the movement in accor-
dance with the studies of the authors’ publica-
tion [9]. Thus, the offered model for determining
transportation costs with fuel consumption during
the highway operation, as well as during the over-
haul maintenance period, is based on the equation
of the fuel consumption [9], obtained by the syn-
thesis of the equations of vehicle motion and par-
tial modes characteristics of internal combustion
engine operation

Gy =2, 1)
N

where 4 — parameter combining the fuel consump-
tion with the vehicle speed, road resistance and
power capacity per movement [4, 9]; n; — engine
efficiency indicator [9].

Calculating the value of fuel consumption of
typical vehicles shows (Fig. 2, 3) [4] that with
increasing the slope and increasing vehicle mass,
the value of fuel consumption by their internal
combustion engines increases. Increasing the speed
of a vehicle has a different effect on fuel con-
sumption.

So the calculations showed that increasing
the speed to 40 km/h on vehicles of medium and
large capacity leads to decreasing the fuel con-
sumption, and their further movement at speeds
above 40 km/h leads to increasing the fuel con-
sumption (Fig. 2).
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Fig. 2. Fuel consumption of trucks and buses:
solid line — loaded car; dotted line — unloaded car
(flatness indicator — 50 cm/km; road surface — asphalt
concrete; the figures near the curves — road slope, %) [8]
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Unlike vehicles with medium and high carrying
capacities, vehicles with low carrying capacities
have minimal fuel consumption at the speeds of
around 60 km/h. Increasing the speed of more than
60 km/h as well as for vehicles with a larger mass,
leads to increasing the fuel consumption (Fig. 3).
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Fig. 3. Fuel consumption of passenger cars:
solid line — loaded car; dotted line — unloaded car
(flatness indicator — 50 cm/km; road surface — asphalt
concrete; figures near the curves — road slope, %) [8]

It should be noted that the equation (1) forming
the basis of the offered model for determining
transportation costs gives a high accuracy of calcu-
lations only for a road that has an excellent carriage-
way flatness, that is, not more than 50 cm/km. For the
roads with a large value of carriageway flatness,
the offered method for determining transportation
costs combining with the fuel consumption requires
the clarification. This is especially relevant in deter-
mining transportation costs during the between
overhauls period of the road maintenance.

Result and discussion

In order to clarify the effect of the deteriora-
tion of the carriageway flatness on the value of fuel
consumption, some road experimental studies of
the various types of vehicles movement were car-
ried out, the obtained results are shown in Fig. 4, 5.

The carried out studies were performed both
for the unloaded condition of a vehicle, and in
the conditions of its full loading on the asphalt
road. In experimental studies, the average fuel con-
sumption, the vehicle speed and the road flatness
were recorded. It should be noted that the speed
of passenger cars, trucks with a full carrying
capacity up to 3.5t and buses — up to 5.0 t did
not exceed 100 km/h, and the speed of movement
of trucks over 3.5 t and buses over 5.0 t did not
exceed 70 km/h.
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The data obtained in the process of expe-
rimental studies made it possible to clarify the
dependence (1) forming the basis of the model for
determining transportation costs by obtaining on its
basis new polynomial dependencies:

Q=18i+23,08-1,32-1072S +0,3652v —
~3,2-10°S%+1,057-107°Sv - 0,03201v* +
+4,539.10°S%v-2,564-10°Sv? +  (2)
+5,027-10"v® - 2,449-10°S%? +
+1,625-107 Sv® - 2,307 -107°v*;

Q = 6i —228,2 + 27,58v + 2,533S —1,115v* —
—0,2427vS —0,005529S% +0,02066V° +
+0,007796v2S +0,0004778vS? —
—1,773-10*v* —1,003-10* Sv° —
~1,203-10°v?S2 +5,75-10'v° +
+4,398-107" Sv* +9,293-108v3S?;

®3)

Q =10i —507,1+68,61v +4,431S — 3,237v? —
—0,474vS -1,111-102S2+7,089-10%v* +
+0,0174v?S +1,042-10°vS? —
~7,313-10v* - 2,577-10*v3S —
—3,008-10°v?S%?+2,892-10°°v° +
+1,305-10°v*S +2,707-10 " v3S2.

(4)

Using the equation (2) it is easy to determine
the fuel consumption (1/200 km) of a unloaded or
loaded vehicle with low weight (cars, trucks with
gross weight up to 3.5t and buses — up to 5.0 t)
given the road flatness (S), its slope (i) and vehicle
speed (V).

On the basis of the equation (3), it is possible to
calculate the fuel consumption of a unloaded ve-
hicle (a truck over 3.5t and buses over 5.0t)
using all the same initial parameters (road flat-
ness (S), its slope (i) and vehicle speed (v)).

As the fuel consumption of a loaded vehicle
with high carrying capacity (trucks over 3.5t and
buses over 5.0 t) differs significantly from its fuel
consumption in the unloaded condition, it is neces-
sary to determine it according to the depen-
dency (4) for more accurate results.

Analyzing the results obtained in the calcula-
tion of transportation costs as to the fuel consump-
tion showed that taking into account the change
in the fuel consumption of a vehicle at the end of
the between-repairs time of the road operation
compared to a new road or road after an overhaul
has a much higher transportation cost.
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For further comparison of design options, it is
necessary to take into account the fact that along
the road, the traffic flow is uneven in time and
space, consisting of different types of vehicles,
with different values of fuel consumption, so its
share is more than 60 % of the motor transport
component of transportation costs.

On any road this component on different road
segments may differ significantly from the average
value, which makes it possible to find problem
road sections by the criterion of transportation
costs when searching for the best option.

For such a directional search, it is necessary to
solve the problem of differentiating the compo-
nents of the transportation costs for different road
sections, depending on the changing road condi-
tions and the types of vehicles that make up the
estimated traffic flow, which significantly incre-
ases the reliability of the substantiation of capital
investments by the criterion of transportation costs.

If the calculation based on the offered metho-
dology is carried out with reference to the plan
and the longitudinal road cross-section (Fig. 1), for
example, in the opposite direction, then you can
summarize the results and present them in the form
of a graph of travel expenditures of fuel by vehi-
cles on different road sections (Fig. 6). On Fig. 6
the following abbreviations are accepted: Fv —
freight vehicle up to 3.5 t; Fb — freight vehicle
over 3.5 t; Rt — road trains; Bs — buses over 5.0 t;
Cs — cars; A — average fuel consumption for the
considered flow of vehicles.

It should be noted that since, in accordance
with the road map, a vehicle travels over the dis-
tances smaller than one kilometre; it is advisable
that the fuel consumption dimension 1/100 km
should be reduced to the fuel consumption dimen-
sion 1/100 m for the ease analysis of the calculated
results. In addition, this dimension with the unit of
length measurement (hundred meter mark — 100 m)
in a road project is familiar to road engineers.
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Analyzing the results of calculations in Fig. 6,
it is possible to conduct a comparative assessment
of the variants of design decisions and choose
a rational decision as to the road construction, re-
construction or overhaul.

Analysis of the results of similar calculations
performed for other values of slopes and indicators
of the rough meter, shows a directly proportional
dependence of fuel consumption on the value of
the longitudinal slope in the entire speed range of a
vehicle. The analysis of the given above model-
ling results convinces us of the need to take into
account an increase of up to 30 % in fuel consump-
tion when driving on an uneven roadway.

CONCLUSIONS

1. Studies conducted on fuel consumption pat-
terns showed that the accuracy of fuel consumption
calculations can have an effect of up to 30 % on
transport costs compared with averaged calcula-
tions.

2. During the overhaul period of the road ope-
ration, an accurate calculation of transportation
costs saves up to 15 % of the budget funds allo-
cated for the road reconstruction by reducing the
amount of consumables in the forward and reverse
wheeled vehicle movement.

3. The generalization of traffic flow conditions
made it possible to determine with an accuracy of
up to 5 % the impact of the speed, the flatness of
road surface and the road slope on the value of fuel
consumption of typical vehicles to calculate trans-
portation costs determining the level of costs for
highway construction, reconstruction and overhaul.

4. Modelling the nature of the change in fuel
consumption for different traffic flows shows that
when comparing design options, a more accurate
calculation of the fuel consumption for all hundred
meter marks of the design solution is just as im-
portant as the adhesion coefficient and the road
evenness indicator.
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