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Abstract. Problem. During the study of the circumstances of the occurrence of road accidents, the
experts of the automotive technical expertise face a problem of choosing the mathematical model for
determining the deceleration of a two-axle vehicle with a faulty working brake system. The search for a
universal method for calculating the amount of deceleration of a two-axle vehicle with a faulty working
brake system is an urgent scientific task that will expand the understanding of the physical processes on
which the provisions of the theory of the car are based. Goal. The aim of the work is to generalize
theoretical research to determine the deceleration of a two-axle vehicle with a faulty working brake
system. Methodology. The approaches adopted in the work to solve this goal are based on the analysis
of methods for determining the deceleration of two-axle wheeled vehicles. Results. The obtained
calculated values of deceleration of a two-axle wheeled vehicle with different external factors allowed to
establish the features of the use of different methods in the practice of automotive technical expertise. It
is established that taking into account the angle of the road surface towards the roadside and taking into
account the coefficient of resistance of car tires can change the extent of deceleration of a two-axle
wheeled vehicle with a faulty service brake system. Originality. The proposed universal method for
determining the deceleration of a two-axle wheeled vehicle with a faulty working brake system, allows to
take into account the influence of rolling resistance of tires and the angle of inclination of the road
surface towards the roadside when studying the circumstances of a traffic accident. Practical value. The
results obtained can be recommended in the practice of automotive technical expertise or in research
related to determining the braking performance of two-axle wheeled vehicles.

Key words: braking efficiency, braking rate, vehicle deceleration, brake system malfunction, braking
process modeling.

Introduction

During the reconstruction of the circumstances Analysis of publications

of a traffic accident (accident), experts in auto-
motive technical examination often establish the
facts of braking a wheeled vehicle (WV) with
loss of efficiency, indicating the failure of indi-
vidual contours of the brake drive or brake
mechanisms of the service brake system.

This raises the question of choosing a meth-
od for determining the braking performance of
WV, which has damage to the service brake sys-
tem. It should be noted that the proposed method
should be convenient and universal and should
be based on known parameters that can be un-
ambiguously determined during the reconstruc-
tion of the circumstances of the accident or from
reference or scientific and technical literature.

It is known [1-13] that during the study of the
braking efficiency of a wheeled vehicle, the
main parameters that characterize the process of
its braking are: the braking distance and the
achieved amount of deceleration of the vehicle.
In the scientific and technical literature [4,14—
16], depending on the order of locking vehicle
wheels, a equation is proposed on the basis of
which it is possible to determine the deceleration
of a two-axle vehicle.

Similar equations, as shown by the analysis
of [17], are proposed to be used in expert prac-
tice for two-axle WV, but the list of types of a
damaged of the service brake system of such
vehicles is limited.
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Purpose and Tasks

The purpose of this work is to generalize theo-
retical research to determine the deceleration of
a two-axle vehicle with a damaged service brake
system.

To achieve this goal, it is necessary to per-
form an analysis of equations to determine the
deceleration of a two-axle vehicle with a dam-
aged service brake system and propose a univer-
sal equation that would take into account the
external conditions of the vehicle.

Methods for determining the deceleration of
a two-axle vehicle with a damaged service
brake system

UN International Standard Nel3 stipulates that
the vehicle deceleration (j) can be calculated
from the equation (1) used to assess the braking
performance of certified vehicles.

j=19, (1)

where z - the braking rate of the wheeled
vehicle; g — the free-fall acceleration due to
gravity, m/s 2,

However, it is known that, during the opera-
tion of the vehicle, in its service brake system
may occur malfunctions of the brake mecha-
nisms of one or more wheels or the damaged of
the drive contours. In such cases, for two-axle
vehicles, when conducting research on the cir-
cumstances of the accident, experts determine
the deceleration of equation (1) by taking into
account the types of malfunction (Table 1) [17]
of the vehicle service brake system. In the case
of increasing the number of axles or in the event
of other malfunctions that lead to a decrease in
the braking efficiency of the vehicle, in expert
practice, unjustified complication of the proce-
dures of automotive technical examination using
similar vehicles.

Analysis of the equations shown in table 1
showed that they do not take into account the
effect of rolling resistance are not braking
wheels but located in contact with the road sur-
face, and do not take into account the slope of
the road towards the roadside. The analysis of
scientific and technical works [4,14-16] showed
that the dependences given in Table 1 can be
replaced by the equation (2), which gives a
100% coincidence of the calculation results.

b, f, +a, f,,

7=
L—hg(fxl— fxz)

' )

where a;, and b, - the corresponding coordi-
nates of the location of the center of gravity of
the vehicle relative to its front and rear axles, m;
h, — the height of the center of gravity of the

vehicle relative to the road surface, m; f,; and

f,, — the corresponding utilized adhesion be-

tween the tires of vehicle wheels on the axle and
the road surface; L = ag + by — wheelbase of the
vehicle, m.

Table 1. Equations for determining the braking rate
of a two-axle vehicle with a service brake
system having a corresponding damage

g Type of malfunction Equations to
= of the vehicle service determine the
z brake system braking rate
1 Does not brake one front ('— +a, ) £,
wheel 2L +h, fm
g X
2 Does not brake one rear (L + bg ) £
wheel oL — h. f Mma
g X
b f max
3 Only one front wheel g 'x
brakes 2L—h, f mx
4 Only one rear wheel a, f,"™
brakes 2L+h £
5 Only the front wheels bg £,
brake L—h, ™
6 Only the rear wheels a, f,"™
brake L+h, £
2| Only the left (right) side of £
the vehicle brakes 2

The analysis of scientific and technical litera-
ture [18] showed that similar dependences can
be obtained for the traction regime, but in this
paper such equations will not be considered.

The utilized adhesion are not difficult to de-
termine from equation (3), which takes into ac-
count the influence of the coefficient of rolling
resistance of the vehicle wheels ( f,) and the

slip (S) of the tire relative to the road surface,
which varies in the range from 0 to 1.

_as + f 3
" S+phS+s: @)
where a, and b, — coefficients that determine

the shape of the utilized adhesion curve, which
varies depending on the slip (S) of the tire of the

Automobile transport, Vol. 50, 2022



ABTOTpPaHCHOPTHI 3acobu

23

car wheel in the range from 0 to 1; S¢ — the criti-
cal slip value (S) at which the maximum of the

utilized adhesion ( f,")of the tire of the vehicle

wheel relative to the road surface is reached.
If we assume that S = S then equation (3)
becomes static, and the results of the calculation

where f, — the utilized adhesion of the tire of
the vehicle wheel locked.

Table 3. The results of calculations j based on
equation (1), equations in table 1, and
equation (2)

provided it is used in equation (2), can be com- Tvoe of mal- Calc;gﬁ;ﬁ:‘}'gagzd on
pared with the results of the calculation by equa- 5 f}lﬁction of [equation] equa- | equa-
tions given in table 1, provided that fo = 0. | thevehicle | (1)and | tion (1) | tion (1)
The results of calculations by the correspond- Z | service brake | equa- | and (2) | and (2)
ing equations shown in table 1, and based on the system tions in | exclud- | includ-
use of equation (2), for example, for the data table1 | ing fo | ing fo
shown in table 2, for ease of analysis are given Does not
in table 3. 1 brake one 6.004 | 6.004 | 6.053
front wheel
Table 2. Initial data for calculation Does not
- 2 brake one 5.739 5.739 5.798
2 rear wheel
Parameter g Value Only one
3 3 | frontwheel | 1.452 | 1452 | 1.628
o brakes
Rolling resistance coefficient f, 0.02 Onlv one rear
Maximum utilized adhesion 4 whgel brakes 2.394 2.394 2.521
of the tire wheel of the fr 0.8
vehicle Only the
The utilized adhesion of the 5 | frontwheels | 3.198 3.198 3.345
tire of the vehicle wheel Tl 0.6 brakes
locked Only the rear
The longitudinal coordinate © | wheels brakes| +434 | 4434 | 4.503
of the location of the center a 278 Only the left
of gravity of the vehicle rela- 9 ' 7 (right) side of 3.024 3.024 4.022
tive to its front axis, m the vehicle : : :
The longitudinal coordinate brakes
of the location of the center b 1.42
of gravity of the vehicle rela- ’ ' In the case of braking only one wheel of the
tive to Its rear axis, m vehicle axle, the equation (3) must be modified
The height of the center of h into the equation (6) when using it in the equa-
gravity of the vehicle relative | T, 0.9 tion (2), provided that under the left and right
to the road surface, m heel utilized adhesi th
The critical value of slip (S) wheel utilized adhesion are the same.
at which the maximum Sc 0.2
utilized adhesion is reached __ 0533 +f 6
The angle of slope of the 4 g24phg482 ¥ Q)
road surface towards the B 3 ' ¢
roadside, deg

The coefficients a, and b,, which determine

the shape of the utilized adhesion curve (fy) ac-
cording to the equation (3), can be determined
from the equation (4) and (5), respectively.

(7= 1) (f— ) (1-S.)

o fxmax - fxb , (4)
L) 2
x b

In the case when under the left and right
wheels of the vehicle the utilized adhesion have
different values of equation (3) it is necessary to
use together with equation (7), which allows
calculating the average value of the utilized ad-
hesion axle [3].

f I_eft + f right
f X Xi , 7
WET ()

In equation (7) designated: f*" and f" -

the corresponding utilized adhesion of the tires
of the left and right wheels of one axle; the su-
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perscripts "left" and "right" indicate that the pa-
rameter refers to the left or right side of the ve-
hicle.

The utilized adhesion ( f!" and ") of the

left and right wheels of one axle of the vehicle
can be determined using equation (3), separately
calculating the coefficients a, and b, for the left
and right wheels, even if the maximum of the
utilized adhesion ( f,"*) have different values.

By the way, equation (7) can also be used to-
gether with equation (3) instead of equation (6)
if it is necessary to determine the utilized adhe-
sion of the axle in the case when one or both of
the wheels of the axle are not braking. In such a
case, the wheel that does not brake will have the
value S =0 [8,19].

It can be seen from Table 3 that taking into
account the coefficient of rolling resistance of a
car tire relative to the surface of the road surface
slightly increases the value of the braking
rate (z), and therefore increases the value of the
deceleration of the wheeled vehicle.

If we consider the movement of a two-axle
vehicle on the surface of the road surface, which
has a small slope towards the side of the road,
intended for the removal of liquid precipitation,
then equation (2) is transformed into equa-
tion (8) according to the preliminary studies per-
formed in the work [20].

C Dleft +C Dright
Z= 5 Ieft2 right \ ' (8)
2BL-h, (C, A" +C,A™")

where A®*, A™™ C, C,, D*" and D"™" -
components equation (8) determined by the cor-
responding equations (9) — (14).

A= gt f ©)
AN = f IO o (10)

C, =Bcos(B)—-2h, sin(p) (11)
C,=2B-C, (12)

D* =b fi" +a, f5" (13)
D" =b, £ +a, 5" (14)

where B — the angle of slope of the road surface
towards the roadside, deg; B — the average value

between the track of the front and rear axles of
the vehicle, m.

It can be seen from equation (8) that the
braking of the left and/or right wheels of a
wheeled vehicle will have different effects on its
braking rate.

Assuming that the average value between the
track of the front and rear axles of vehicle is
equal to, for example 1.98 m, we will perform
calculations according to equation (8).

For ease of analysis, we summarize the cal-
culation results in Table 4.

Table 4. The results of calculations j based on
equation (1) and equation (8)

The results of calculations j
Type of mal- based on equation (1) and (8)
& | function of
€| thevehicle ex- . .
Z | service brake | clud- includ- | includ-
system ing fo | MY fo | ing fo
when When0 WhenO
B =0° B =0 B =3
Does not
1 brake one 6.004/| 6.053/ | 6.131/
front wheel 6.004 | 6.053 5.964
(left / right)
Does not
2 brake one 5.739/| 5.798/ | 5.690/
rear wheel 5.739 | 5.798 5.906
(left / right)
Only one
3 front wheel 1452 /| 1.628/ | 1.707/
brakes 1452 | 1.628 1.550
(left / right)
. (\?vrr‘]'g’efgfafg 2394/| 2521/ | 2.619/
(Ieft / right) 2394 | 2521 2.413
Only the
5 | front wheels 3.198 | 3.345 3.345
brakes
Only the
6 rear wheels 4,434 | 4.503 4,503
brakes
Only the left
(right) side of
the vehicle 3.924 4.022 4.208
brakes or (3.924) | (4.022) | (3.836)
7 diagonally or or or
left frontand | 3.924 /| 4.022/ | 3.993/
right rear / 3.924 | 4.022 4.052
right front
and left rear

It can be seen from the table that in the ab-
sence of a slope of the road surface towards the
roadside, the calculations to equation (8) coin-
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cide with the calculations given in Table 3.

As the analysis of modeling results (Table 4)
showed, the difference in calculations based on
different equations (excluding the rolling re-
sistance of the wheels, including the rolling re-
sistance of the wheels, excluding the slope of the
road surface towards the roadside and including
the slope of the road towards the roadside) can
reach 8 -9% when the angle of slope of the sur-
face of the road surface towards the roadside is
no more than 3 degrees, and including the roll-
ing resistance of the wheels by 11%. With an
increase in the angle of slope of the surface of
the road surface towards the roadside to 6 de-
grees, the difference in calculations increases to
18-20%, which can significantly affect the con-
clusion of the automotive technical expertise.

Compared with the simulation results (Ta-
ble 3), in the case of using a flat braking model of
a two-axle vehicle, the difference in the calcula-
tions based on the equations shown in Table 3 can
be 5-9%, which can also affect the results of the
expert view, therefore neglecting the resistance
rolling of vehicle wheels, when determining the
braking rate of a two-axle vehicle with a damaged
service brake system, is also not advisable.

Neglecting the peculiarity of the structure of
the surface of the road surface (the slope to-
wards the roadside (B)) is also inappropriate and
must be taken into account when writing the
conclusions of the study of the circumstances
the emergence of the traffic incident, since, as
studies have shown, on average, the calculation
error can reach 6-10% at typical road surface
slope angles up to 3 degrees. As the angle of
slope of the road surface increases, the error in-
creases proportionally.

If we consider similar approaches to deter-
mining the deceleration of multi-axle wheeled
vehicles or vehicles with trailers, then the pro-
posed equation (8) will take a slightly more
complicated mathematical form, as shown in
scientific works [1,3,7,8,12,13], but and in this
case it is not difficult to including the influence
of rolling resistance and the angle of slope of the
road surface towards the roadside when deter-
mining the deceleration of the vehicle as a result
of its braking with a damaged service brake
system.

Conclusion

Based on the analysis of scientific and technical
literature, it was established that the method of
determining the deceleration of a vehicle with a
damaged service brake system should including

the peculiarities of the influence of the rolling
resistance of vehicle wheels and the angle of
slope of the surface of the road surface towards
the roadside, since they can affect the results of
conclusions by up to 18% the circumstances of
the occurrence of road traffic incident in the
practice of automobile technical expertise.

A comparison of the results of simulated
simulations of a flat braking model of a two-axle
vehicle with a spatial model made it possible to
establish that the difference in calculations of
the amount of deceleration can be from 5 to 9%
when the surface of the road surface is slope
towards the roadside by no more than 3 degrees,
which can affect the results of the expert conclu-
sion, therefore neglecting this fact is inadmissi-
ble and must be including when drawing up the
conclusions of the investigation into the circum-
stances of the traffic accident. With an increase
in the angle of slope of the road towards the
roadside, the percentage of calculation error in-
creases proportionally and can reach 18-20%
with an increase slope of the surface of the road
surface up to 6 degrees.

The obtained ideas about the regularities of
determining the deceleration of the vehicle de-
pending on the coefficient of rolling resistance
and the angle of slope of the surface of the road
surface towards the roadside allow us to provide
recommendations on taking these factors includ-
ing when writing the expertise conclusions of
the circumstances of the occurrence of a traffic
accident.
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Ilono nuTAHHA BU3HAYEHHS YNOBIJIbHEHHSA
JBOBiICHOT0 TPAHCIIOPTHOI'0 32C00Y 3 HECIIPABHOIO
P006040I0 raIbLMOBOIO CHCTEMOIO

Anomauyin. Ilpoonema. 11io yac oocnioxcenns o6-
CMABUH GUHUKHEHHS OOPOAICHLO-MPAHCHOPMHUX NO-
0i6 neped excnepmamiu A6MOMOOINILHOI MeXHIYHOT
eKCnepmu3u GUHUKAE NUMANHSA W00 8ubOpy Mame-
MamuyHoi MoOeNi GU3HAYEHHS YNOGLIbHEHHS 080BIC-
HO20 MPAHCROPMHO20 3ACO0y 3 HEeCnpagHol pobo-
4010 2anvLmosoio cucmemoio. Ilowyk yHigepcanvbno2o
Memooy pO3DPAXYHKY 8eIUYUHU VHOBLIbHEHHs 0808ic-
HO20 MPAHCHOPMHO20 3Ac00y 3 HeCnpaeHow pobo-
4010 2ATLMOBOIO CUCEMOIO € AKMYATbHUM HAYKOBUM
3a60AHHAM, SIKE 00360UMb POWUPUMU PO3YMIHHSL
@izuuHuUX npoyecie Ha AKUX OA3VIOMbCA NOIONHCEHHS
meopii aemomobins. Mema. Memoro pobomu ¢ y3a-
2aNbHEeHHSI MeoPemuyHUX O0CNiONHCeHb 3 BUSHAYEHHS
VNOBINbHEHHA 0808ICHO20 MPAHCNOPMHO20 3AC00) 3
HecnpagHoio pobouoio 2anbmosoro cucmemoro. Me-
mooonozia. [puinami 6 pobomi nioxodu 00 6upi-
wenHsa nocmasieHoi memu 6a3yloOmMvcaA HA AHANI3I
Memooi6 BU3HAYEHHS YNOGILIbHEHHS O80BICHUX KOJIC-
HUX mpancnopmuux 3acobie. Pezynemamu. Ompu-
MaHI pO3PAXYHKOGI BeIUYUHU VYNOBIIbHEHHs 0808IC-
HO20 KONICHO20 MPAHCHOPMHO20 3ACO0Y NpU Pi3HUX
306HIWHIX hakmopax 003801UNU 6CMAHOBUMU 0COD-
AUBOCMI BUKOPUCMAHHSL PIZHUX MemOoOi6 8 NpaKkmuyi
asmomobinvroi mexuiunoi excnepmusu. Bemanogine-
HO, WO B8PAXYBAHHA KYMY HAXULY NOBEPXHI 00POd4C-
Hb020 NOKpUmMmMA 8 OiK y306iuua ma 6paxy8aHHs Koe-
Giyicumy onopy wiun asmomoOITbHUX KOJIC, Modice
Ha 18% 3minumu eenuuuny ynoginbhenHs 0808iCHO20
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KONICHO20 MPAHCHOPMHO20 34C00y 3 HEeCHpagHOI0
POOOU0I0 2ATLMOBOIO CUCIEMOI) Y PA3i GUKOHAMHS
00CNIOdNCEHHST 3 A8MOMOOIIbHOI MeXHIYHOI eKchnep-
musu nio 4ac BU3HAYEHHs O00CMABUH UHUKHEHHS.
00podicHbO-Mmpancnopmuoi nodii. OpuzinansHicme.
3anpononosanuii yHisepcanvbHull Memoo 8U3HAYEHHs.
VNOBINIbHEHHS 0808ICHO20 KONICHO20 MPAHCHOPMHO20
3aco0y 3 HeCnpasHol pobOUOI0 2AILMOBOI CUcCHie-
MO0, 0036071A€ 8pPAXY8AMU OCOOIUBOCMI 8NIUBY Be-
JUYUHU ONOPY KOYEHHIO WUH ABMOMOOINbHUX KOJIC
ma Kym HAXuiy NOGepxXHi 00OPOICHbO20 NOKPUMMSL G
6ix y30iuusi nio yac 00CHOHCeHHs 0OCMABUH GUHUK-
HeHHST 00POIACHbO-MpaHncnopmHoi noodii. Ilpakmuune
3nauennsn. Ompumani pe3yiomamu MoxIcymv 6ymu
PEKOMEHO06aHI 6 NPAKMuUYi A8mMoMobiIbHOI MeXHIu-
Hol excnepmu3u abo nio 4ac UKOHAHHA OOCTIOHNCEHD
N08 SA3AHUX 3 BUHAYEHHAM eQeKmUGHOCMI 2a1bMy-
BAHHS 0B0GICHUX KONICHUX MPAHCNOPMHUX 3AC00I8.

Knrwouosi cnosa. eghpexmusnicmv 2anomyeanus, Koe-
Qiyienm 2anbmy8aHHs, YNOBLIbHEHHS MPAHCHOPMHO-
20 3aco0y, HeCnPasHicMy 2a1bMOBOI cucmeMmu, Mooe-
JMO6ANHS NPoYecy 2albMyEaAHHA.

Kinmenko Bagepiii IBamoBmu!, 1.T.H., 1pod.,

3aB. kadenpu aBTomMoO1iB iM. A. B. I'peneckyina,
e-mail: valeriy.klimenko@gmail.com,

ten.: +38(050) 845-65-29,

ORCID: http://orcid.org/0000-0002-7399-0397
JleonThen JImurpo Mukomaiiouu®, 1.1.H., mpod.,
npodecop kadenpu aBTOMOO1TIB im. A. b.
I'peneckyina, e-mail: dima.a3alij@gmail.com,

ten.: +38(095) 903-68-88,

ORCID: http://orcid.org/0000-0003-4255-6317
Aapbokca Mmukoaa  MukousaiioBua?, K.T.H.,
npodecop Kadenpu aBTOMOOILIIB im. A. b.
I'peneckymna, e-mail: aloksa@khadi.kharkov.ua,
ten.: +38(050) 811-82-50,

ORCID: http://orcid.org/0000-0002-0568-4419
(Cnabuenko Mukoua !

MuxosaioBHY |, K.T.H.,
crapmuii BUKJIagad kadenpu aBTomMoOiLmiB iM. A. B.
I'peneckyina, e-mail: —, ren.: —,

ORCID: https://orcid.org/0000-0001-5072-6457
1XapkiBchbKHii HAIliOHANBHUI aBTOMOBITEHO-
JIOPOXHIN yHIBEpCHTET, ByI. SIpocmaBa Mynporo,
25, M. XapkiB, Ykpaina, 61002.

Automobile transport, Vol. 50, 2022


mailto:valeriy.klimenko@gmail.com
http://orcid.org/0000-0002-7399-0397
mailto:dima.a3alij@gmail.com
http://orcid.org/0000-0003-4255-6317
mailto:aloksa@khadi.kharkov.ua
http://orcid.org/0000-0002-0568-4419
https://orcid.org/0000-0001-5072-6457

