Technical sciences ISSN 2307-5732

https://doi.org/10.31891/2307-5732-2025-357-44
VIK 621.01

PERLOV VIKTOR

Vinnytsia National Technical University
https://orcid.org/0009-0005-0011-5515
e-mail: perlov@vntu.edu.ua
KYRYTSIA INNA

Vinnytsia National Technical University
https://orcid.org/0000-0002-8280-5552
e-mail: kyrytsya@vntu.edu.ua
PRADIVLIANNYI MYKOLA
Vinnytsia National Technical University
https://orcid.org/0000-0002-7473-7377
e-mail: pradivliannyi@vntu.edu.ua

DEFORMATION ENERGY
OF VEHICLES IN ROAD TRAFFIC ACCIDENTS

In this work, a method of determining the deformation energy of vehicle structural elements deformed as a result
of a traffic accident has been developed, as well as a method of determining the deployment parameters of vehicle airbags
is given.

The determination of the energy of deformation in the structural elements of vehicles during road traffic accidents
(RTAs) plays a significant role in understanding collision mechanisms and the consequences of damage. One factor
influencing the deformation of vehicles is the change in metal hardness due to deformation.

One way to determine the energy of deformation is to analyze the change in metal hardness due to deformation.
Applying hardness measurements to damaged vehicle components provides information about the level of deformation,
reflected in the change in material hardness.

To perform such measurements, portable hardness testing devices are often used, which can directly measure the
metal hardness at the accident scene. These devices are based on various measurement methods, such as indentation
methods or rebound methods. The obtained data on the change in metal hardness are used to calculate the energy of
deformation. With this information and the use of appropriate mathematical models, it is possible to determine the energy
absorbed by the material during deformation. This deformation energy is an indicator of the extent of damage and
mechanical impact experienced by the vehicle.

Estimating deformation energy is critical to understanding the mechanisms of road traffic accidents (RTAs) and
their consequences. It can help establish collision forces, vehicle speeds, and other parameters necessary for accident
investigation. In addition, the determination of deformation energy can be used to assess the safety of vehicle structures
and develop measures to improve their stability and protect passengers. The combination of several methods allows you to
refine the energy absorption coefficients in computing programs.

Keywords: road traffic accidents (RTAs), deformation energy, structural safety, metal hardness, airbag.

IIEPJOB BIKTOP
KUPUIIA THHA
HPAJIBJISHHAN MUKOJIA

BiHHUIBKH HAI[IOHAIBHUIM TEXHIYHUN YHIBEPCUTET

EHEPI'TS JE®@OPMYBAHHS TPAHCIIOPTHUX 3ACOBIB ITPU ATIT

B oaniii pobomi po3pobneno memoouxy usHaueHHs enmepeii deghopmayii enemenmie KOHCMPYKYIll MPAHCROPMHUX 3aCO0I8,
30eOpMOBAHUX 6 pe3YIbMani OOPOIHCHLO-MPAHCROPMHOL NPULOOU, A MAKOIC HABEOEHO MEMOOUKY BUSHAYEHHA NAPAMEMPIE PO3KPUMMS
NOOYUOK Oe3neKu mpaHcnopmHux 3acoois.

Busnauenns enepeii deghopmayii KoHcmpyKmugHux enemenmie mpaHcnopmuux 3aco6ig nio yac 00pPOACHbO-MPaAHCHOPIHUX
npu2oo 6idicpac 8adcIU8y poib y PO3YMIHHI MeXanizMi@ 3IMKHEHHs . Ma HACTIOKIE NouwiKooxcenb. OOHuM 3 (Paxmopis, wjo 6nIueac Ha
deghopmayito mpanHcnopmuux 3aco6ie, € 3Mina meepAocmi Memany 6HAcIiOoK deghopmayii.

O0HuM i3 cnocobie eusHaueHHs eHepeii Oepopmayii € ananiz sminu meepoocmi Mmemany 8HACAIOOK depopmayii. Bumiprosarnms
meepooCmi ROWKOOICEHUX KOMNOHEHMIE MPAHCNOPMHO20 3aco0y 00380as€ ompumamu ingopmayiio npo pigenv degopmayii, wo
8i000pascaemvcs y 3MiHi meepdocmi mamepiany.

Jns euxonanms makux GUMIpIO6AHb YACTO BUKOPUCTHOBYIOMb NOPMAMUGHI NPUNAoU 01l GUMIPIOGANHA MEepOOCHi, AKI
MOJICYmMb He3nocepeonvo uMIplosamu meepoicms memany na micyi agapii. Li npunadu 6a3yiomscs na pisHux Memooax 6UMipio8ans,
MAaKux SAK Memoo iHOeHmy8aHHs abo memoo 6I0cKoKy. Ompumari Oaui nNpo 3MIHY MEepooCcmi Memany BUKOPUCOBYIOMbCS Os
PO3paxyHKy enepeii degpopmayii. Marouu yro iHpopmayito ma 8UKOPUCNOBYIOUU GIONOBIOHI MAMEMAMUYHT MOOeT, MONCHA BUSHAYUMU
enepeiio, no2nunyny mamepianom nio uac degpopmayii. L enepeis oegpopmayii € nokasnuxom cmynemsi NOWKOONICEHHS A MEXAHIYHO20
6NIUBY, AKO20 3A3HAE MPAHCNOPMHULL 3ACID.

Oyinka ewnepeii deghopmayii mae supiuiaivbHe 3HAYeHHS 0N PO3YMIHHA MEXAHI3MIE 00POACHLO -MPAHCNOPIMHUX NPU200 ma ix
Hacuiokie. Bona mooice 0onomoemu 6Cmano8umu Cuy 3imKHenHs, WeuoKicnms mpancnopmuux 3aco6ie ma inwii napamempu, HeoOXioni
ona poscnioysanns [TI1. Kpim mozo, susHauenms ewepeii degpopmayii modce Oymu UKOPUCMAHO O OYIHKU Oe3neKu KOHCMmPYKyiil
MPAHCNOPMHUX 3ac00i6 ma po3podKuU 3ax00i6 W00 NIOGUWEHHS IX CIMITIKOCIMI Ma 3aXUCY RACAXHCUDIE.

Knwuosi cnosa: oopooicnvo-mpancnopmmui  npueoou (ATI), enepeis degpopmayii, mpancnopmuuii  3acib, 6Oesnexa
KOHCMPYKYItl, meepoicmb Memaiy, NoOyuKa 6es3nexu.
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Introduction

Road accidents and traffic safety are urgent issues that hold significant importance for society. Every
year, thousands of people become victims of road traffic accidents (RTAs), and this problem remains one of
the most pressing issues in many countries. Understanding the causes and circumstances of RTAs is a key
element in developing effective measures for prevention and reducing accident rates.

One of the most critical aspects of investigating RTAs is determining the speed of vehicles during the
incident. Information about speed plays a crucial role in establishing the causes and details of collisions, as
well as in determining liability. Accurate speed data is an essential component for legal proceedings, insurance
claims, and the development of enhanced road safety strategies.

Analysis of research and publications

Traditional methods of determining speed, such as braking indicators, witness statements, and
information about vehicle damage, are often not precise or conflicting. Therefore, in recent years, increasing
attention has been given to the use of advanced technologies and methods for the objective and accurate
determination of vehicle speed [1].

With the implementation of new technologies and methods, determining the speed of vehicles, taking
into account structural damage, has become possible. This approach is based on the analysis of mechanical
damage and deformations that occur on vehicles during road traffic accidents (RTAs). One of the main methods
used to determine speed considering damage is the analysis of damage to structural elements of the vehicle. It
is based on the idea that the scale and nature of damage can be related to the energy generated during a collision.
After an RTA, detailed investigations of vehicle damage are conducted, including the body, frame, engine, and
other essential components. By using photographs, measurements, and analyzing mechanical characteristics of
damage, conclusions can be drawn about the minimum speed of the vehicle during the accident [1-4].

Another approach to determining speed, taking into account damage, involves the use of accident
dynamics modeling. This method involves creating a computer model that reproduces the physical properties
of the vehicle, its movement, and collision. The model takes into account the parameters of damage resulting
from the RTA, and based on this data, the possible speed of the vehicle before the collision is calculated [2].

To create accurate models, data from experimental studies, real road traffic accidents (RTAs), and
engineering calculations considering the physical properties of materials, vehicle construction, and other
factors are utilized [5-8]. The use of computer programs allows for precise modeling of RTA dynamics and
determining speed based on input data about damage.

However, it is important to note that determining the speed, considering the damage to the vehicle, is
a complex process that requires high qualifications and expert analysis. To obtain the most accurate results,
many factors need to be taken into account, including the type of vehicle, its mass, structure, and construction,
as well as the specific details of the accident.

Therefore, determining the speed of vehicles, taking into account structural damage, is a crucial
element of RTA investigations. The use of damage analysis methods and dynamic modeling provides objective
speed data during accidents, valuable information for establishing the causes and liabilities of RT As.

During an RTA, when a vehicle undergoes a collision, energy is transferred to its structural elements,
leading to metal deformation. Depending on the intensity and type of collision, the metal changes its hardness,
serving as the so-called "material memory" [3].

In conclusion, determining the energy of deformation in the structural elements of vehicles during
RTAs through changes in metal hardness is an important step in understanding the mechanisms and
consequences of accidents. This information assists in assessing the extent of damage, estimating collision
force and vehicle speed, and developing measures to enhance the safety and stability of vehicles.

The purpose of this work is to develop a methodology for determining the deformation energy of
vehicle structural elements deformed as a result of a traffic accident, as well as a methodology for determining
the parameters of vehicle airbag deployment.

Research results
Determination of deformation energy of vehicle structural elements in road accidents
According to the methods described in [1, 3, 4], the costs of plastic deformation and fracture of vehicle
structural elements were determined by measuring the hardness using a portable hardness tester "Temp-3" and

calculated using the formula
Inky/D

Wep = Wo exp——, (1)
2
where W, — is the specific potential energy in J/cm?, W, = %— is the elastic specific potential

energy in J/cm®, o, , — yield strength of the material in MPa, E — is the modulus of elasticity of the I degree in
MPa.

D and C in formula (1) are the coefficients of the curve approximation kyt = f(kw).

The value W, was also calculated using the formula

Wep = foe oydey, (2)

where 0y, —is the stress intensity in MPa, &, — deformation intensity (dimensionless value).
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The curve g, = f(&,) in the theory of plasticity is called the only flow curve that does not depend on
the type of stress state. It is approximated by the equation
o, = Agll. 3)

Then, substituting (3) into (2), we obtain
Wep =A[, elde, = A

entt

N
n+1’

(4)

where A, n are the coefficients of approximation of the flow curve that have a physical meaning:
A —yield stress (in MPa) at strain intensitye, = 1, n — the degree of deformation corresponding to the maximum
load on the conditional tensile diagram.

The value &, in formula (4) was determined in each case either by hardness (ku) or by the diagram

of plasticity and stability [1, 3].

The data on material properties were obtained by identifying the material properties following [4].

According to this work, the initial yield strength co2 (MPa) is put in accordance with the initial
hardness Hro, following the equation

6o02= B + 0,33Hry, (5)

where the coefficient B when measuring hardness with the Temp-3 hardness tester is equal to B =

176. The initial yield strength oo is put in accordance with the coefficient of approximation of the material
flow curve, following the equation

A = 1000exp(-0,0008 c0.), (6)

where A is the approximation coefficient of equation (3).

The coefficient n in formula (3) for various materials used in the automotive industry is in the range
0of 0.1 £n<0.35 and can be found from the equation

n = 0,35exp(-0,0008A). @)

The value of Wy, obtained by formulas (1) and (2) was multiplied by the volume of the deformed
metal of the structural element, which made it possible to calculate the value of the total potential deformation
energy

Weer = Z(Wsp)i- Vi (8)

The influence of the velocity effect on the plastic deformation was taken into account according to the
methodology described in the work [3].

This paper shows that a significant increase in the deformation rate for structural elements made of
different steel grades leads to an increase in energy consumption. A material model sensitive to velocity effects
was used in the study. Thus, the approximation coefficient of the flow curve A (see formula (3)) can vary
depending on the deformation rate, following the equation

A, =4 [11045 N In(0,0027+&,)
135

The coefficient n in formula (3) varies with the deformation rate, following the relation

ny =nexp[ —0,1273In(1+ &,)]. (10)

In formulas (9) and (10), A, — the approximation coefficient of the flow curve that takes into account

the effect of the deformation rate; &, — the rate of deformation intensity; n,, — the degree index that takes into

account the effect of the deformation rate; A and n are the approximation coefficients of the flow curve
constructed without taking into account the deformation rate (quasi-static deformation).

(9)

Determining the parameters of airbag deployment in vehicles
In a collision with a fixed barrier

The main physical phenomenon in a car collision during an accident is an impact, in which there is an
instantaneous change in the velocities of different points of a solid body (system of bodies). The reason for this
change is the immediately applied force F(t). The duration of the impact is denoted by  (Fig. 1).

The action performed by a force on a body is determined by its shock impulse

s =[7TF(bdt. (11)

The impact process is usually divided into two phases. The first phase is the compression phase, which
lasts from the moment t = t, of the beginning of the impact to the moment t = t,, in this phase the impact force
F(t) monotonically increases from zero to its maximum value. The second phase is the recovery (restitution)
phase, which lasts from time t = t, to time t = t’, = t, + 7, in this phase the force F(t) decreases to zero (at the
end of the period 7).

In the case of a car hitting a stationary barrier, the loss of speed is calculated by the formula
N
AV =— (12)
or
Ay =Dt HaerT (13)
am

m
where Fy,, = Fy,,, @ — shifting of the front part of the car, W, — energy consumption of a
longitudinal impact, T — time of the shock pulse, which varies within 0,07 < 7t < 0,14.
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- = t
: t

Fig. 1. Diagram of speed change when T ar comes into contact Wiu: uic varrier

The limit value for the loss of speed AVCp above which the airbags are triggered is 4V, = 5,6 m/s.

Some automobile manufacturers take the deceleration of the vehicle (acceleration of the reverse sign)
as a parameter for airbag deployment.

The deceleration j of a car is determined by the following relationship

= (14)

T
The limit value of vehicle deceleration at which the airbags must deploy is j = 3g = 29.5m/s?.

Determining the direction of impact in case of an accident
To determine the direction of the main deforming force, the data on the hardness of the car hood were
processed.
Fig. 2 shows the isolines of equal hardness, stress intensity, and strain intensity found by us from the
hardness distribution [1, 3, 4]. Consider the isohardness line whose value corresponds to the hardness Hr = 420
units.

g
\ B
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N ‘
/] ’\\ \L_L ‘ iy H=a20|  H=480
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~—— )/
\ | ,) /
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4 4 \
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Fig. 2. Hardness isolines on the car hood

According to the graduation chart we built for steels used in the automotive industry (the correction
for initial hardness allows us to link to the material used to make a car hood), this hardness number corresponds
to a strain rate of ¢,=0,16.

The line perpendicular to the tangent to the isohardness line Hr = 420 units determines the direction
of the main displacements of the hood metal.

This determines the direction of displacement (normal to the isohardness line of accumulated strain
intensities) a..

However, this does not mean that the main deforming force acted at the specified angle.

Due to the fact that the hood material acquires strain anisotropy as a result of plastic deformation, it
is necessary to take into account its effect on the degree of misalignment of the vector & (stress vector,

coinciding in our case with the vector of the main deforming force) with the deformation vector E (deformation
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vector, in our case corresponding to the angle o). To find the angle of misalignment v, between these vectors,
we refer to [1, 3].

In work [3], a methodology for calculating the angle of misalignment of the vectors @ and E, based
on the postulates of A. A. llyushin, was developed. Following this work

\/§< /1+§tg2¢6—1>

tgy, = : (15)
7 143 [143tg2 5
where ¢, is the angle between the major axis and the vector o
tgd, = =, (16)

Ou

where T, — intensity of tangential stresses at the degree of deformation e, = const = 0,16 accepted by
us as the main isolation of the accumulated deformations of the hood material, @,, — stress intensity (equivalent
stress for a material with anisotropic strengthening). In our case, the flow curve of an isotropic material is
described by equation (3).

For an anisotropic material, the approximation of the flow curve is as follows [3]
— _ (14Bm)+(1—Bm) exp(=100gy) n
Oy = Agll, @an

u

2
where £, is the Bauschinger parameter determined experimentally in [3] and for steels of type 08kp,
as well as a number of other materials, it is 8,,= 0.3.
Thus, the direction of the deforming force is determined by the angle
Ay = g + Y5 (18)
If the direction of the main deforming force falls within £30° of the longitudinal axis of the vehicle,
this should ensure that the front airbags in the vehicle deploy.
Conclusions
A methodology for determining the deformation energy of vehicle structural elements deformed as a
result of a traffic accident has been developed, and a methodology for determining the parameters of vehicle
airbag deployment, namely, loss of speed, deceleration, and direction of impact, has been presented. The limit
values of these parameters are given, which should ensure the opening of airbags.

Jlitrepatypa

1. TlepnoB B. €. Eneprisi miacTH4HOro JIeOpMyBaHHS €JIEMEHTIB KOHCTPYKLIH TPaHCIOPTHHX
3aco0iB ipu JTTI [Tekcr] / B. €. [epnos, 1. 0. Kupuns / Bicuuk MmammHoOynyBaHHs Ta TpaHcnopTy. - 2015.
-Ne 2. - C. 69-75.

2. NHTSA, Washington D.C. 2023. https://www.nhtsa.gov/press-releases/nhtsa-2024-crash-test-
vehicles-5-star-safety-ratings

3. OropomHikoB B. A. KepyBaHHS TEXHOJOTIYHOIO CITaJKOBICTIO IPHU JHCTOBOMY INTAMITYBaHHI 3
METOI0 MiABHUIICHHA Oe3nexu KoHcTpyKuiit [Tekcr] / B. A. Oropoasikos, B. €. Ilepmos, C. B. BoiiTkis //
BicHnk HamioHanpHOTO TeXHIYHOTO yHiBepcHTETy YKpaiHu «KWiBChKHI MONITEXHIYHHN iHCTHTYT». Cepis
"MamuHoOynyBanHs". - 2010. - Ne 60. — C. 133-137.

4. TlepnoB B. €. YTouHeHHs Koe]illieHTIB €HEPronorIMHaHHI KOHCTPYKIiH TPaHCIIOPTHUX 3ac00iB
s cepenosuia PC-Crash [Enexrponnuii pecypce] / B. €. Iepiaos // Marepianu XLV HaykoBo-TexHi4HOT
koH(pepenuii BHTY, Binnuus, 23-24 6epesns 2016 p. - Enekrpon. tekct. nani. - 2016. - Pexxum gocrymy :
http://conferences.vntu.edu.ua/index.php/all-fmt/all-fmt-2016/paper/view/1299.

5. Peddi S. R. N., Raghu V. Prakash, Srinivas G., Kanugula R. Equivalent energy absorption — a
methodology for improved automotive crash safety design. ASME Open J. Engineering. Jan 2022, 1: 011050
(10 pages). https://doi.org/10.1115/1.4056011

6. Ofochebe, S.M., Ozoegwu, C.G. & Enibe, S.0. Performance evaluation of vehicle front structure
in crash energy management using lumped mass spring system. Adv. Model. and Simul. in Eng. Sci. 2, 2 (2015).
https://doi.org/10.1186/s40323-015-0020-1

7. World Steel Association AISBL. World Auto Steel. Application Guidelines. Crash Management.
https://ahssinsights.org/forming/structural-performance/crash-management/

8. Chen, X., Mahmood, H., Wagner, D., and Baccouche, M., "Aluminum Subframe Design for Crash
Energy Management," SAE Technical Paper 2004-01-1775, 2004 (11 pages). https://doi.org/10.4271/2004-01-
1775

References

1. Perlov V. Ye. Enerhiia plastychnoho deformuvannia elementiv konstruktsii transportnykh zasobiv pry DTP [Tekst] / V. Ye.
Perlov, I. Yu. Kyrytsia // Visnyk mashynobuduvannia ta transportu. - 2015. - Ne 2. - S. 69-75.

2. NHTSA, Washington D.C. 2023. https://www.nhtsa.gov/press-releases/nhtsa-2024-crash-test-vehicles-5-star-safety-ratings

3. Ohorodnikov V. A. Keruvannia tekhnolohichnoiu spadkovistiu pry lystovomu shtampuvanni z metoiu pidvyshchennia
bezpeky konstruktsii [Tekst] / V. A. Ohorodnikov, V. Ye. Perlov, S. V. Voitkiv // Visnyk Natsionalnoho tekhnichnoho universytetu
Ukrainy «Kyivskyi politekhnichnyi instytut». Seriia "Mashynobuduvannia". - 2010. - Ne 60. — S. 133-137.

350 Herald of Khmelnytskyi national university, Issue 5, Part 1, 2025 (357)


javascript:;
javascript:;
javascript:;
https://doi.org/10.1115/1.4056011
https://ahssinsights.org/forming/structural-performance/crash-management/
https://doi.org/10.4271/2004-01-1775
https://doi.org/10.4271/2004-01-1775

TexHiuHi HayKu ISSN 2307-5732

4. Perlov V. Ye. Utochnennia koefitsiientiv enerhopohlynannia konstruktsii transportnykh zasobiv dlia seredovyshcha PC-
Crash [Elektronnyi resurs] / V. Ye. Perlov // Materialy XLV Naukovo-tekhnichnoi konferentsii VNTU, Vinnytsia, 23-24 bereznia 2016 .
- Elektron. tekst. dani. - 2016. - Rezhym dostupu : http://conferences.vntu.edu.ua/index.php/all-fmt/all-fmt-2016/paper/view/1299.

5. Peddi S. R. N., Raghu V. Prakash, Srinivas G., Kanugula R. Equivalent energy absorption — a methodology for improved
automotive crash safety design. ASME Open J. Engineering. Jan 2022, 1: 011050 (10 pages). https://doi.org/10.1115/1.4056011

6. Ofochebe, S.M., Ozoegwu, C.G. & Enibe, S.O. Performance evaluation of vehicle front structure in crash energy management
using lumped mass spring system. Adv. Model. and Simul. in Eng. Sci. 2, 2 (2015). https://doi.org/10.1186/s40323-015-0020-1

7. World Steel Association AISBL. World Auto Steel. Application Guidelines. Crash Management.
https://ahssinsights.org/forming/structural-performance/crash-management/

8. Chen, X., Mahmood, H., Wagner, D., and Baccouche, M., "Aluminum Subframe Design for Crash Energy Management,"
SAE Technical Paper 2004-01-1775, 2004 (11 pages). https://doi.org/10.4271/2004-01-1775

Herald of Khmelnytskyi national university, Issue 5, Part 1, 2025 (357) 351



