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Inertial evaluation of the tyre-road interaction during emergency braking

An improved method of evaluation of the parameters of braking efficiency in vehicles of M1 category has
been proposed for expert examination of motor vehicle accidents. This method is based on the control of pa-
rameters which are able to significantly influence the friction processes in the contact tyre-road area. These
parameters were discovered in the course of analysis of theoretical approaches to the evaluation of the quality
of tyre-road interaction, analytical formulas used for evaluation of the main braking parameters (deceleration,
stopping distance) as well as for experimental evaluation of parameters of inertia braking efficiency. The
generalization of study results showed that existing expert methods of evaluation of the parameters of vehicle
motion during emergency braking do not take into account the design of modern braking systems, tyres and
psychological aspects of control of the braking process by a human operator. After processing experimental
data, recommendations have been formed to improve the existing approaches and eliminate the discovered
defects. The verification of the proposed recommendations allowed to establish the areas of their efficiency
for M1 category vehicles on dry bituminous concrete and confirmed the need to conduct further studies for
vehicles of other categories and other types and conditions of road surface within the framework of the devel-
oped general approach.

Keywords: friction forces, tyre, road surface, friction process, deceleration, stopping distance, expert exami-
nation of motor vehicle accidents.

Introduction

The expansion of volumes and application sphere of motor vehicles raises the possibility of increase in
the human and material costs as a result of road accidents. According to the data of the World Health Or-
ganization, every year more than 1.35 million people (3700 people per day) die and tens of millions are hurt
in road accidents. This organization predicts that in 2020 road accidents (RA) will take the third place in the
world as a reason for loss of health after cardiovascular diseases and severe depression. Mortality caused by
road accidents is the main reason of death in children and youth aged from 5 to 29 [1].

The motion of a vehicle on the roadway or in another locality can be viewed as an operation of the sys-
tem «driver — vehicle — roadway — environment» (DVRE). A breakdown in the normal operation of each of
the components of DVRE system leads to the loss of efficiency (decrease in the speed of motion, unjustified
stops, increase in fuel consumption) or to road accidents (RA). In the majority of cases, braking systems of
motor vehicles (MV) [2] are used to prevent road accidents and the efficiency of their work is limited by fric-
tion forces during the tyre-road contact. Friction processes in the contact tyre-road area primarily depend on
the speed of vehicle motion, type and condition of tyres as well as type and condition of the roadway [3].
The quality of tyre-road interaction is evaluated by the adhesion coefficient (coefficient of static friction) as
well as the coefficient of sliding friction (if the wheels are locked up) which is usually lower than the adhe-
sion coefficient [4]. Different methods, means and technologies depending on the purpose and goal of studies
are currently used to evaluate tyre-road interaction as well as braking properties of the vehicle.

The ability to evaluate with sufficient accuracy the quality of tyre-road friction is important for im-
provement of the operation of control and safety systems of the vehicle (anti-lock braking system (ABS),
electronic stability program (ESP), adaptive cruise control (ACC), preventive safety systems), traffic control
and road maintenance [4-8].

In the USA and Europe the information obtained from the electronic control, safety and comfort sys-
tems of vehicles is successfully used to establish the circumstances of road accidents. It became possible due
to the development of technologies used to record vehicle motion during a road accident: GPS system for
pinpointing vehicle location, Event Data Recorder (EDR) (for recording the data on the accidents) Auto-
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mated Crash Notification (CAN) (automated systems for notification of accidents)) [9—11]. Automated sys-
tems for recording traffic parameters help to ensure the high accuracy of the initial data in order to establish
the mechanisms of certain emergency situations using the basic laws of motion [9, 12].

Practice shows that it is not always possible to use the information from electronic systems which re-
cord vehicle motion parameters during road accidents. According to the Best Practice Manual on Road Acci-
dent Reconstruction of the European Network of Forensic Science Institutes [15] the evaluation of tyre-road
interaction may be performed by conducting an investigatory experiment in road conditions of the scene of
action or in similar conditions. The goal of the experiment is to determine the adhesion coefficient and(or)
braking efficiency parameters (stopping distance, deceleration) [2, 8, 13, 16] which characterize the friction
processes during tyre-road contact.

If it is impossible to conduct an experiment, then the adhesion coefficient, deceleration and stopping
distance may be determined according to the reference data of experimental and calculation values [15] or
may be accepted as a normative established by the Traffic Rules and the Council Directive 71/320/EEC [4].
Braking efficiency parameters may be determined by calculations using the formulas known in the forensic
science practice [16].

Thus, the modelling of the braking efficiency parameters of vehicles during road accident examination
is associated with calculations when the expert uses measurement results given to him by an investigator or
by the court as well as typical reference data as initial data. Reference data include parameters and coeffi-
cients, the numerical values of which are chosen by the expert himself from the special scientific, technical
and reference literature based on the nature and conditions of the road accident. The list of such characteris-
tics and parameters includes the indices which characterize the braking efficiency of the vehicle (delay in the
brake system response, deceleration increase time, constant deceleration), driver reaction time; indices of
quality and condition of the road surface, coefficient of tyre-road adhesion, information on the speed of pe-
destrian motion, slip angles and radii of road turns etc.

In order to evaluate the braking efficiency, the expert just needs to calculate certain parameters by using
formulas known from the theory of the operational characteristics of the vehicle [14, 15, 16]. However, only
if the initial data are accurate and the calculation method has been chosen correctly, then it can be said that
export conclusions are valid, objective and accurate and can be used as proof.

The main difference between the braking efficiency in modern vehicles in comparison and the braking
efficiency in outdated vehicles which are not even equipped with ABS, is one of the subjects studied in this
thesis. The purpose of the study is to improve the quality of vehicle expert examination after road accidents
by improving outdated expert methods of evaluation of the vehicle motion parameters during braking based
on the analysis of the parameters of tyre-road interaction during emergency braking.

The following tasks were performed to achieve the set goal:

— analysis of theoretical principles of formation of the parameters of tyre-road interaction during brak-

ing;

— experimental study of braking efficiency parameters in the operated vehicles;

— processing of experimental study results and issuing recommendations for improvement of the expert

methods of evaluation of motion parameters of the modern vehicles during braking.

Analysis of the principles of formation of tyre-road interaction parameters during braking

A tyre is the only element used by the vehicle to interact with the road. The safety of motion is based on
the ability to surmount high decelerations during braking and high transverse acceleration with respective
lateral slips during a turn as well as on the ability to have minimal inclination for aquaplaning. According to
the physical laws of friction, the friction which must be overcome to move an object on a flat surface de-
pends only on the weight of the object (normal force having vertical influence on the surface) and the adhe-
sion of materials between the foundation and the object. The quality of interaction between the foundation
and the object is determined by dimensionless quantity, i.e. friction coefficient (1). The low L values indicate
a smooth slippery surface of adherent materials with low friction. In case of high | values, friction forces are
increased and they must be overcome or transmitted (longitudinal, transversal forces or forces of lateral
slips). The friction significantly determines the physics of driving of the vehicle at the beginning of the mo-
tion as well as during acceleration, deceleration and turns. The longitudinal and transversal forces are added
vectorially to the resulting force transmitted from the tyre to the road (Fig. 1). The higher is the adhesive
ability of the roadway and the tyre or the wheel load, the higher is the resulting force.
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Figure 1. Forces in the tyre friction circle

Based on the Figure 1, the friction coefficient can be determined by using the value of friction forces in
the transversal and longitudinal directions as well as the wheel load

nw=\[F+F F. (1)
If Burkhardt’s method is used [13]

w= (cl . (1 —e ) —-c, ~s) e et (1 — 5 -Fzz), 2)
where ¢,,c,,c; are coefficients depending on the road surface quality; ¢, is coefficient depending on the
maximum vehicle speed; ¢, is coefficient depending on the wheel load; v is vehicle motion speed; s is
longitudinal sliding of the wheel.

If the angle of lateral tyre slip y and lateral tyre stiffness C, are known, then the coefficient of lateral
friction L, is determined by using the following equation
u,=y-C,/F. 3)
Deceleration during braking is determined by laws of mechanical motion and is limited by the ability of
vehicle tyres to adhere to the road surface
j=(=v,)/t,=(v;=v3)/(25,) < g (u-cosotsina), 4)

where vy, v, is initial and final vehicle speed; ¢, is braking time; S is stopping distance; g is free fall accelera-
tion; o is road incline angle; «—» symbol is accepted for downward motion, «+» is accepted for upward mo-
tion.

The Stopping distance under stable deceleration is determined using the following equation

S, =051, =v:/(2-), 5)
and according to the US standard [17] for vehicle speed v, in km/h
S, =0.039-v2/ j. (6)

According to the Best Practice Manual on Road Accident Reconstruction of the European Network of
Forensic Science Institutes the braking length [15] is determined by using the following formula

S, =(t,+0.51,,) v, +v2/(2- ), (7

where ¢, is brake response time; 7, is deceleration increase time.
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Antilock braking system became one of the first and most important systems designed to reduce the
stopping distance. ABS is a system equipped with control devices giving feedback which prevent the wheels
from locking up during braking, as well as help to maintain the controllability and roadholding ability of the
vehicle. The point of optimum braking efficiency is between two boundary situations, i.e. free rolling of the
wheel and its full lockup. The difference between the speed of the vehicle and the speed of the wheel during

braking is called longitudinal wheel slip, its optimum value during adhesion is within the limits
of 10-30 % [4].

Results of experimental study of the parameters of vehicle braking efficiency

The stable deceleration is the main parameter used to evaluate the braking efficiency of a vehicle. This
parameter allows the expert to objectively evaluate the length of braking (stopping) distance of the vehicle
and its speed of motion during emergency braking. Experimental data on vehicle braking dynamics was col-
lected in the period from 2014 to 2018. These data were obtained by using certified special modern devices
(Fig. 2): MAHA VZM-100, MAHA VZM-300 as well as the mobile recording and measuring set of Kharkiv
National Automobile and Highway University [18] which allows to test the durability, controllability, ride
smoothness, as well as aerodynamic, power, braking, hauling and speed properties of motor vehicles under
UN Global Technical Rules No. 8 [19]. Experimental studies were mainly conducted with a visit to the scene
of a road accident, the road conditions were similar to those of the road accident. Special attention was given

to vehicles equipped with ABS and the type of the used tyres. The technical condition of vehicles was in
compliance with the traffic rules.
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Figure 2. Devices for measuring the dynamics of vehicle braking

The study was conducted on 198 vehicles of M1, M3, N1, N2, N3, N3+O categories on different road
surfaces. Model years were from 1975 to 2012. The total number of measurements of the stable deceleration
of vehicles and the number of the studied vehicles (in brackets) are shown in Table 1.

Table 1
Number of performed tests (studied vehicles)
Vehicle category

Road surface M1 M3 N1 N2 N3 N3+0
Dry bituminous concrete 306(72) 28(8) 46(12) 44(11) 32(9) 20(6)
Wet bituminous concrete (0,2 mm film) 114(32) 24(7) 22(3) 24(7) 4(1) —
Smoothed snow 76(18) — 14(2) 6(1) — —
Black ice 28(7) - 8(1) 4(1) - -
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The results of generalization of the conducted studies are shown on Figures 3—5 and in Table 2. The re-
sults were analysed using MS Excel. The shown parameters were calculated using 95 % confidence level.
The processing of study results showed that the process of vehicle braking is stochastic and is very well de-

scribed by the normal law.
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Table 2
Average indices of stable deceleration of vehicles of M1 category on different types of surface, m/s
Tyre type, ABS functioning
Road surface Summer tyres Winter tyres Recommended
with ABS |without ABS| with ABS |without ABS| value [20]
Dry bituminous concrete 8.29 7.76 8.03 7.55 7.5
Wet bituminous concrete (0,2 mm film) 6.71 5.86 6.83 6.14 5
Smoothed snow — — 3.11 2.98 2.5
Black ice — — 1.7 1.65 1.5

The analysis of the results presented on Figure 3 and in Table 2 shows that the recommended average
statistical mean of stable deceleration for expert examination of road accidents are different from average
experimental values. The difference between indices is 9.5-26.8 % which is significant enough to form an
expert conclusion on a specific road accident. In order to improve the objectivity of an expert examination,
the type of tyres and design characteristics of vehicle braking system must be taken into consideration from
the point of view of availability and functioning of modern electronic systems (ABS, ESP etc.).

As we can see on Figure 4, the deceleration of vehicles without ABS decreases as the speed of motion
increases which correlates well with the data [4, 16]. Vehicles equipped with ABS show the opposite ten-
dency which is explained by the characteristics of the system functioning and the psychology of driving by a
human operator during braking [21]. The data obtained for vehicles equipped with ABS correlate well with
the results [14]. The difference in the indices for vehicles with ABS and vehicles without ABS makes almost
6 % at the speed of 40 km/h, and 26 % at the speed of 100 km/h. Summer tyres show a 3 % better dynamics
on the dry bituminous concrete than winter tyres. In case of wet bituminous concrete (0,2 mm film), there is
an opposite tendency: winter tyres show a 3 % better braking dynamics than summer tyres and this tendency
increases as long as the thickness of water film grows [4].

The stopping distance in vehicles equipped with ABS is less than in vehicles without ABS (Fig. 5). The
difference between indices for vehicles with ABS and vehicles without ABS is almost 4 % at the speed of
40 km/h and 23 % at the speed of 100 km/h. The difference between indices of stopping distances for sum-
mer and winter tyres on dry bituminous concrete is within the limits of 0.5 %.

Forming recommendations for improving expert methods of evaluation
of motion parameters of modern vehicles during braking

The results of the conducted experimental studies show the need to take into consideration the type of
tyres and functioning of ABS during the determination of braking parameters of vehicles which can influ-
ence the results of expert examination of vehicles. The equation (7) recommended to determine the stopping
distance of a vehicle does not take into consideration the mentioned parameters and must be improved.
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The analysis of characteristics of functioning of modern ABS and the results of the conducted studies
allows to propose the following range of improvements.
The following equation is proposed to determine the stopping distance in vehicles equipped with ABS
V2 _ V2 V2
S, =(t,+05¢ ) v ++—=+—=| 8
b (a gd) a 2‘].ABS 2] ( )
where jps is stable deceleration with ABS turned on, j is stable deceleration with ABS turned off; v; is
maximum vehicle speed, its decrease results in ABS turning off, v, = 15 km/h [4].
Jass = J-(1+(1.7Inv, =5.9)/ j). )

The following equation can be used to determine the stopping distance for vehicles without ABS
2

Va
Sb=<ta+0.5-tgd)-va+2'jv, (10)
where j, is corrected stable deceleration of motion speed of a vehicle.
J,=Jj-(1+(0.54-0.0119-v,)/ j). (11)

The results of comparison of experimental data with calculations according to the proposed models
(8)—(11) and the current method (7) are shown on Figures 6, 7.
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The analysis of modelling results presented on Figures 6, 7 allows to recommend the equations (8) and
(9) for vehicles of M1 category equipped with ABS during evaluation of braking efficiency parameters on
dry bituminous concrete at the speed of 45 km/h or higher. In case of lower initial speed of braking, it is ad-
visable to apply the current method and use the equation (7). The equations (10) and (11) can be recom-
mended for vehicles of M1 category which are not equipped with ABS during evaluation of braking effi-
ciency parameters on dry bituminous concrete at the speed of 85 km/h or higher. Otherwise, it is advisable to
apply the current method and use the equation (7).

Conclusions

Tyre-road interaction during emergency braking is a complex dynamic process of stochastic nature. The
quality of description of this process depends upon the full consideration of all ponderable factors: type and
condition of road surface, type and condition of tyres, characteristics of vehicle design, initial braking speed,
physiological characteristics of the driver etc.

The following conclusions can be drawn after analysing theoretical foundations of formation of the in-
dices of tyre-road interaction during braking and experimental studies of indices of vehicle braking effi-
ciency:

1. The development of vehicle structure and technologies of tyre production results in the improvement
of indices of tyre-road interaction and requires regular renewal of the guidelines and methods for evaluation
of motion parameters of modern vehicles during braking.

2. A general approach has been developed to improve the evaluation of efficiency parameters of brak-
ing in modern vehicles. The verification of this approach showed its efficiency for vehicles of M1 category
on dry bituminous concrete, and specifically, for vehicles which are not equipped with ABS at the speed
higher than 85 km/h, and for vehicles equipped with ABS at the speed higher than 45 km/h. In other cases, it
is advisable to use the current method.

3. Further studies are needed to provide similar recommendations for other categories of vehicles and
types of road surface.
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HIyreLa Texkey Ke3iHAe aBTOKOJIIK I0HIeJIeKTepPiHiH
’KOJIMEH 63apa dpeKeTTeCyiH HHePUMUIbIK O0araJay

AnatThl jKarJaillapra aBTOTEXHHKAJIBIK capanTama Xypridy kesinge M1 caHaThIHAAFbl KJiK KypalaapblH
TeXey THIMIUITIHIH IapamMeTpiiepiH OaranayablH JKETUINIpUIreH opicTeMeci YCHIHBUINBL byn omicreme
IIMHAHBIH JKOJIMEH OalaHBICKAH aiiMarblHIa YHKeJic IpomecTepiHe eneyii acep eTeTiH IapaMeTpiepii
OakplTayra Heri3menreH. byn mapamerprep aBTOMOOHMIb MIMHATAPEIHBIH JKOJIMEH ©3apa iC-KUMBLI CalachlH
Oaranayra TEOPHSIIBIK TOCULIEpAl Taijmay, TEXKEIyHiH Heri3ri KepceTkimrepiH (Oasymay, Texkey MKOJIBI)
Garanay >KOHE MHEPLHSUIBIK SAICICH TeXeNy THIMAUTITIHIH KOPCETKIIITEepiH 3KCHePUMEHTTIK Oaranay yIuiH
aHAJMTHKAIBIK GopMysaap Heri3iHae aHbIKTANIbl. 3epPTTey HOTHKENIEPIH KAIbUIAY IIYFbUI TEXEY Ke3iHae
aBTOMOOHJIb KO3FaJIbICBIHBIH HapaMeTpiiepiH Oaraay/IblH KOJJAHBICTAFbl capanTaMalblK d/icTepl 3aMaHayH
TEXErill XKYHeIepiHiH, MHWHAIAp KOHCTPYKLMACHIHBIH JaMybIH JKOHE TEXEY IPOLECiH onepaTop-aiaMiabl
0acKapyAblH IICHXOJOTVSUIBIK AaCIeKTLIEepiH ecKepMereHiH KepceTTi. ToxipuOenik aepeKkTepai eHuey
HETI3IHJe KOJIAHBICTAarbl TOCIIJEpAl JKETUIAIpY >KOHE aHBIKTaJFaH KeMIIUIKTepAi Koo OoibIHIIA
YCBIHBICTAp >Kaca/bl. ¥ CBIHBUIFAH YCHIHBIMAP/IbI TEKCEPY KypFaKk OMTYMHHO3/bI OeToHIa M1 caHaThIHAAFEI
KeJIIK KypaJiapsl YIIiH OJapAblH THIMIUIK cajlacklH Oenriieyre MyMKIHIIK Oep/i KoHe 93ipJIeHTeH JKaJIIbI
Toci meHOepiHae 6acka caHAaTTaFbl KK Kypajaaphbl YIIiH api Kapail 3epTTeyiiep XKyprizy KaKeTTiriH jkoHe
KOJT XKaOBIHBIHBIH 0acKa TypJiepi MeH jKafJaiJlapblH PacTalibl.

Kinm cesoep: yiikernic kyuri, aBTOMOOHJIb IIMHACHI, JKOJ XKaObIHBI, TeXKEY Hpoleci, Oasynay, TeKey KOJbl,
HKOJI-KOJIIK OKUFaJIapbIHBIH CapanTamMachl.

A.A. Kamkanos, B.H. JIlnopauna, B.1O. Kyuepyk,
J1.2K. KapabekoBa, A.K. Xacenos, A.M. [llap3zagun

HNHepunoHHasi OlleHKA B3aMMO/IeiiCTBHSI ABTOMOOMJILHBIX IIIUH C JIOPOT O
MPH YKCTPEHHOM TOPMOKEHH U

IIpensnoskeHa ycOBEpIICHCTBOBAHHAs METOJMKA OLEHKH MapamMeTpoB 3()(HEeKTHBHOCTH TOPMOXKEHHS TPaHC-
MOPTHBIX CPEACTB Kareropud M1 mIpH NpoBeJEHHM aBTOTEXHHUUYECKUX HSKCIICPTH3 aBapUIHBIX CHTYaIlHH.
JlaHHas MeToAMKa OCHOBAaHAa HAa KOHTPOJIE MapaMeTPOB, CIHOCOOHBIX CYIIECTBEHHO IOBIHMATH HA MPOLECCHI
TPEHHsI B 30HE KOHTAKTA IIHHBI C Oporoi. JlaHHble mapaMeTps! ObLIN BBISIBICHBI HA OCHOBE aHAJIM3a Teope-
THYECKUX IMTOJXOM0B K OIIEHKE KaueCTBa B3aMMOJICHCTBUS aBTOMOOMIIBHBIX IIMH C JOPOTOH, aHATMTHIECKUX
(bopMya 111 OLIGHKM OCHOBHBIX IOKa3aTesied TOPMOXKEHHUs (3aMeijIeHHe, TOPMO3HOH I1yTh) M 3KCIIEPHMEH-
TaJIbHOW OLICHKH IoKa3artenell 3((eKTUBHOCTH TOPMOXKEHHUSI HHEPLUHOHHBIM MeTooM. O6o0IieHne pe3yb-
TaTOB MCCIEAOBAaHUH I0KA3al0, YTO CYIIECTBYIOLIME KCIEPTHBIE METOJbI OLICHKH IapaMeTPOB JBUIKCHHS
aBTOMOOMJICH MPU SKCTPEHHOM TOPMOXKCHUH HE YUYUTBIBAIOT Pa3BUTUS KOHCTPYKIIMH COBPEMEHHBIX TOPMO3-
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HBIX CHCTEM, LIHH U IICUXOJOTHYECKHE aCIEKThl yIPaBICHUS YeIOBEKOM-0IIEPATOPOM MPOLIECCOM TOPMOKeE-
Hus. Ha ocHOBe 00paboTKH 3KCIIEPUMEHTAIBHBIX JaHHBIX ObUTH C(OPMHUPOBAHbI PEKOMEHAALMH 110 YCOBEP-
IICHCTBOBAHHIO CYIIECTBYIOIIUX IOJXO/AO0B U YCTPAHEHUIO BBIABICHHBIX HENOCTAaTKOB. IIpoBepka npeno-
JKEHHBIX PEKOMEHIAIMI IT03BOJINIIA BRISIBUTH 30HBI UX d(pdexruBHocTH 11t T3 kareropun M1 Ha cyxom ac-
(anpToOETOHE U MOATBEPANIA HEOOXOAUMOCTD MPOBEACHHUS JATbHEHIINX MCCIICNOBAHUI IS IPYTHX KaTe-
ropuit T3 1 Ipyrux THIOB M COCTOSIHUH TOPO’KHOTO TIOKPBITHS B PaMKaX pa3pab0TaHHOTO OOIIEro HOAX0/1a.

Kniouesvie cnosa: cHibl TpeHUs!, aBTOMOOMIIbHAS IIUHA, JOPOKHOE MOKPHITHE, IPOIECC TOPMOXKEHHUS, 3aMeI-
JIeHHE, TOPMO3HOM MyTh, SKCHEPTU3a JOPOKHO-TPAHCIIOPTHBIX MPOUCIIECTBHIA.
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