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Abstract. The mathematical model of transport and pedestrian traffic restricting gate is designed. One section of the
gate restricted the traffic of motor vehicles while the other limited the traffic of pedestrians. The gate was modelled
based on the first-order one-dimensional finite elements taking into account only the resilience of the gate elements
and the impact of soil on the ground-embedded parts of the gate support and auxiliary posts. The potential deforma-
tions of gate elements were determined based on the mathematical model designed. The specific traffic event was in-
vestigated using the mathematical model of gate designed — four situations of motor vehicle-gate interaction were

simulated and investigated.
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1. Introduction

The development of motor vehicle transport is ob-
vioudly a positive point if viewed in terms of social and
economic benefits it brings. The penetration rate of mo-
tor vehicles is increasing every year and, based on the
projections appearing here and there in press, it will only
continue to grow. Though viewed within society as a po-
sitive trend, this growth of motor vehicle penetration ra-
te, unfortunately, brings about a number of negative fac-
tors, too, with the rate of traffic accidents [1-3] standing
as the mogt critical one. Based on the world-wide statis-
tics [1, 2], each year, about 700 thousand people perish
and another 20 million get injured in traffic accidents. In
Lithuania, the Traffic Police record about 6 thousand ro-
ad accidents per year [4] which appear in the official sta-
tistics under any of the following categories:
vehicle striking a pedestrian;
vehicle striking abicyclist;
collision of running vehicles;
vehiclerollover;
collision of vehicle with an obstacle;
vehicle crashing into another standing vehicle;
other road accidents.

According to the same statistical data [4], the col-
lision of vehicle with an obstacle accounts for about

11 % of dl traffic accidents recorded in Lithuania. In
this case, the obstacle may be represented by a road
guardrail, lighting pole, railway switch, tree, gate or
any building structure standing close to the road, etc.

In order to restrict the incoming/outgoing traffic of
vehicles to/from a particular private or safeguarded ter-
ritory, there are being used various gates installed in
yards as well as on street or automobile roads. The pre-
ferences of natural persons and legal entities for one or
another type and style of yard gates depend on the
trends and demands prompted by the modern style of
life. Anyway, whether ssimple or highly sophisticated,
all gates perform the same function — they open or clo-
se access to private estates or safeguarded areas. The
gates themselves may be made of wood, metal, plastic
or acombination of these (Fig 1) [5].

A gate, though viewed as an obstacle subject to
deformation, is not attributed to the category of road
guardrails even if the structure of some gates could be
assumed, based on visual judgment, as corresponding
to that of road guardrails. The function of road guard-
rails is to reduce the probability of motor vehicle viola-
ting the traffic by keeping it within the limits of
roadway and by guiding its travel along the longitudi-
nal axis of the guardrail and/or fully stopping it [1, 2,
6]. To enable the aforementioned functions, the guard-
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Fig 1. The gates erected to restrict transport and pedestrian
traffic

rails are designed in such away as to ensure full or par-
tial absorption of a motor vehicle kinetic energy thanks
to the deformation of guardrail structural elements oc-
curring at certain specific accelerations developed du-
ring an impact [1, 2, 6]. Thus, as mentioned before, the
function of deforming gates is to restrict transport and
pedestrian traffic.

The deformations of gate elements may be inves-
tigated using the same simulation models and software
as employed for testing the deformation properties
exhibited by the elements of road guardrails. The mo-
dels designed for investigating the deformations of be-
am guardrail systems may be also successfully applied.

Further the paper presents the case-study of a par-
ticular traffic event which took place in one of the
Lithuanian cities. As claimed by the participants and
witnesses of the traffic event, the motor vehicle did
crash into the gate erected at the end of the street to
restrict the incoming traffic of motor vehicles and pe-
destrians to a particular territory.

2. Overview of resear ch studies

Worldwide, there exists a great variety of mathe-
matical models and software developed specialy for
the purpose of investigating deformations of various
structural elements. As noted before, the models desig-
ned for testing the deformations of road guardrail and
beam guardrail system elements appear to be most sui-
table for testing the deformation properties of gate ele-
ments, too.

Let us overview several scientific studies carried
out on the subject of deformations:

e The response of a G4(1S) strong post steel W-
beam guardrail system to pendulum impacts has
been investigated in a series of full-size physical
tests and in simulated experiments using the ex-
plicit finite element analysis code DYNA3D. The
physical tests were conducted at the Federal Out-
door Impact Laboratory at the Turner Fairbank
Highway Research Center of the Federal Highway
Administration in McLean, Va. In the pendulum
tests, an 880 kg mass was used to strike the rail
perpendicular to its face. The rail section was at-
tached to stedl posts and blockouts and supported

by a specialy designed fixture. Initial velocities of
the pendulum at impact were 9.25, 20, 30, and
35 km/h. Acceleration, force, velocity, and dis-
placement histories of the impact event were ob-
tained from accelerometer data taken during the
testing. Data from the DY NA3D simulations of the
impact tests compared well with the data obtained
from the full-scale testing. Displacement plots of
the deformed shapes of the rails at 25 ms intervals
compared favorably with high-speed film images.
Force versus displacement histories showed good
agreement with those obtained from quasi-static
experiments. The use of pendulum impact tests for
screening and evaluation of alternative guardrail
systemsis recommended [7].

A mathematical model of a deforming road guard-
rail is presented in the paper. Beam metal guardrail
is simulated by first order one-dimensional finite
elements. Studying the deformation process of the
guardrail poles, the impact of soil is taken into
consideration. Referring to the mathematical
model of a guardrail it is possible to investigate
beam metal guardrails mostly used on the automo-
bile roads of Lithuania, to design new guardrails of
such type, and also to investigate different trans-
port traffic situations (e.g. the interaction between
a motor vehicle and road guardrail). Referring to
the model of the guardrail, the bending deflections
of deforming elements (metal band, metal poles) of
guardrail areinvestigated [6].

The authors of this paper focus on the simulation
of the motor vehicle movement (taking into con-
Sideration motor vehicle dynamics, motor vehicle
hydraulic brake system influence on motor vehicle
movement, interaction between its wheels and road
pavements, road guardrail characteristics, interac-
tion between motor vehicle and road guardrail) on
acertain road section and propose their specific so-
[ution to this problem. The presented results illus-
trate the motor vehicle movement trgjectories (mo-
tor vehicle braking and interaction between motor
vehicle and road guardrail at various initial condi-
tions and at various certain pavement surface of
the road section under investigation) and work of a
motor vehicle hydraulic brake system. Taking into
consideration the presented general mathematical
model and computer aided test resultsit is possible
to investigate various road transport traffic situa-
tions as well as to investigate various transport
traffic safety problems[8].

Guardrail posts made of recycled plastics are be-
coming candidates for use in roadside safety fea-
tures due to the nature of exhibiting properties that
are useful in absorbing energy. Relatively few stud-
ies have specifically addressed the performance of
recycled guardrail posts in strong-post guardrail
systems. Few have reported success in this area. In
this study, a detailed computer smulation study is
performed to evaluate the crashworthiness of the
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recycled content guardrail posts. Results of a full-
scale crash test are also used to verify the accuracy
of the finite element models used in the simulation
study. Based on the investigation, it is demonstrated
that computer simulations can effectively model the
dynamic response behaviour of a crash event and
provide valuable information about the impact per-
formance of recycled content guardrail posts. Crash
simulation results indicate that when proper quality
recycled posts are used the guardrail system has the
potential for meeting the Nationa Cooperative
Highway Research Program Report 350 recom-
mendations [9].

A procedure for reconstructing run-off-road acci-
dents into longitudinal W-beam guardrail systems
was developed by estimating energy dissipation
during an impact. Correlations were developed be-
tween the vehicle's departure angle, velocity, type
of vehicle, and the energy dissipated. Energy
losses are due to barrier—vehicle friction; post/soil
deformations; guardrail beam deformations, and
vehicle energy losses attributed to the vehicle (this
is composed of actual vehicle damage and tire—
ground friction, with vehicle damage being pre-
dominated). Barrier—vehicle friction losses were
found to range from about 5 to 36 %, depending
upon speed and impact angle. The energy to cause
permanent deflection of the guardrail posts in a
system was found to be roughly equivalent to the
amount of energy dissipated by the rail deforma-
tion of that system. Comparisons with full-scale
crash test results showed that the developed itera-
tive reconstruction procedure accurately estimated
impact velocities within 3 % [10].

Strong-post  round-wood  W-beam  guardrail,
G4(RW), is a common longitudinal barrier used in
Texas. Recent crash tests on the system demonstrate
its effectiveness in containing and redirecting a
2000 kg pickup truck. Even though the guardrail
performed satisfactorily according to National Co-
operative Highway Research Program Report 350
requirements, there were concerns about the stabil-
ity of the vehicle due to excessive wheel snagging
on the posts. In this study, a modification to the ex-
isting design is evaluated to improve the stability of
an impacting vehiclee. LSDYNA, a dynamic,
nonlinear, large deformation finite eement model-
ling code is used to analyze and compare the per-
formance of alternate designs. A baseline finite ele-
ment mode of the existing system is developed to
replicate the observed crash test behaviour of the
GA(RW). The fidelity of the baseline model is veri-
fied against full-scale crash test results. To improve
the vehicle stability, the current design was modi-
fied to include guardrail posts with shorter embed-
ment depth. An optimum post embedment depth
was determined and used in the second smulation
study. Finite element analysis results show that an
improved G4(RW) system eliminates whedl snag-

ging on posts, reduces sudden vehicle deceleration
and therefore improves the stability of an impacting
vehicle significantly [11].

Pavement mow strips are being used to combat
growth of vegetation around guardrail posts. How-
ever, the effect of pavement post encasement on
crashworthiness of strong post guardrail systems
has not been investigated. In this paper, perform-
ance of these systems is examined using experi-
mental testing and numerical simulation. Mow
strip dimensions, materials, and depths are consid-
ered in addition to the presence of “leave-out” sec-
tions around posts. Seventeen configurations using
wood and stedl posts embedded in various mow
strip configurations and confinement conditions
were subjected to dynamic impact testing with a
bogie vehicle. Dynamic impact tests were numeri-
caly simulated and full-scale mow strip system
models were assembled using the subcomponent
models. A concrete mow strip with grout leave-
outs was designed based on predictive numerical
simulations. This design was subsequently con-
structed and subjected to full-scale crash testing.
With reference to nationally accepted criteria,
crash tests of a strong post steel guardrail system
and a wood post guardrail system encased in the
selected mow strip configuration were considered
to be successful. Recommendations for implemen-
tation are provided [12].

This article presents results from numerical simu-
lations of bumper beam systems, important struc-
tures of an automobile that provide passenger pro-
tection from front and rear collisions. This
investigation explores bumper beam — longitudinal
systems that are subjected to 40 % offset impact
loading. The numerical simulations use the non-
linear finite element code LS-DYNA to observe
system behaviour. In addition, a comparative study
of an industria-like modelling procedure is per-
formed that includes user-defined material such as
state-of-the-art aniosotropic plasticity, an isotropic
strain, a strain rate hardening rule, and ductile frac-
ture criteria. Numerical crash results agree with the
experiments, regarding overall deformation mode
and energy dissipation. The simulations give rela-
tively accurate predictions of the collapse mode
found in the experimenta tests. An exception oc-
curs with one bumper beam — longitudinal system
that has AA7003-TI longitudinals. The research
also includes sensitivity studies that consider both
physical (e.g., strain-rate effects, heat-affected
zone) and numerical (e.g., adaptive meshing) pa-
rameters[13].

For longitudinal barriers, it is common practice to
use standard W-beam guardrail along the required
highway segments and to use a stiffened Thrie-beam
guardrail in a transition region near the end of a
bridge. As a result of the differences in rail geome-
tries, a W-beam to Thrie-beam transition element is
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typically used to connect and provide continuity be-
tween the two rail sections. However, the W-beam
to Thrie-beam transition element has not been
evaluated according to current impact safety stan-
dards. Therefore, an approach to guardrail transition
system, including a W-beam to Thrie-beam transi-
tion element, was constructed and crash tested. The
transition system was attached to Missouri’s Thrie-

beam and channel-bridge railing system [14].

The studies covered in the above overview,
however, represent only a very small share of al the
extensive research efforts existing world-wide and de-
voted to herein addressed subject. Some studies are
conducted using very costly hardware and software
whereas others require the performance of ordered on-
scene experiments which, too, are very expensive.

The authors of this publication tried to carry out the
investigation of the selected traffic event and the analysis
of potential deformations on the elements of transport
and pedestrian traffic restricting gates developed during
motor vehicle-gate interaction as least-cost and accurate
as possible. The models applied for investigating this
particular case are presented in the [2, 6, 8] papers.

3. Brief record of traffic event

As will be mentioned in Introduction, a particular
traffic event took place in one of the Lithuanian cities.

While examining the traffic event, the authors of
this publication identified the presence of some contra-
dictory facts.

On the street road concerned, there was installed a
gate restricting the traffic of motor vehicles and pedest-
rians. The scheme of the gate is presented in Fig 2. The
gate was of the type which could rotate around the pi-
vot of the gate support post and rest against the
auxiliary post while in closed position. The gate su-
pport and auxiliary posts were erected on the street pa-
vements (Fig 3). One section of the gate (the longer
one) restricted the traffic of motor vehicles while the
other (the shorter one) limited the traffic of pedestrians.
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Fig 2. The scheme of the gate concerned

Neither the gate nor the posts were found in place
after the traffic event. Later, the gates were found and
they appeared to contain some queer deformations. The

Fig 3. The scheme of motor vehicle—gate interactions

O
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Fig 4. Deformations identified on the section of gate
which restricts the traffic of motor vehicles (the top-view)

section restricting the traffic of motor vehicles was
found with its arch symmetrically deformed (Fig 4).
The ground-embedded remains of the posts stayed in
place but the posts themselves were missing producing
the effect as if they had been accurately truncated (they
were not found on the scene). The section of the gate
which restricted the traffic of pedestrians was not
found, either.

4. Mathematical model of gate

The potential deformations of gate elements were
investigated using the Finite Element Method. The ma-
thematical gate model was developed based on the ma-
thematical model of road guardrail [2, 6, §].

The gates were modelled using the first-order one-
dimensional finite elements (Fig 5) [2, 6]. At the mo-
ment of an impact, the nodes of finite elements change
their position within the system of X =Y —Z coordina-
tes (a gate develops deformations). Therefore, while
modelling, only the resilience of gate elements as well
as soil impact upon the ground-embedded parts of the
gate support and auxiliary posts were taken into consi-
deration [2, 6].

Since a gate is a mechanical system, the system of
finite element movement equations was drawn based
on the Langrangian second-order equations[2, 6, 8].
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Fig 5. The first-order one-dimensional finite element:
a—the scheme within the system of X—Y—Z coordinates;
b —the deformations on X-Y plane

Considering the fact that a displacement on afinite
element is approximated:

{u(e)}: [N]{q(e)}

where: {u(e)}—finiteelement displacement; [N] — fini-
te element shape functions; {q(e)} — vector of finite
element generalized displacements.

The following expressions were entered for the fi-
nite element:

e thekinetic energy;

e thepotential energy;

o thedissipative function;

e the vector of external forces of impact on the

gate finite element.

By entering the above-listed expressions into the
Langrangian second-order equation, we obtained the
following matrix pattern for the system of finite ele-
ment movement equations:

i)+ e} b - )

where: lM (e)J, [C(e)J, lK (e)J — matrixes of finite ele-
ment masses, mechanical energy damping and stif-
fness; {q(e>}, {q(e)}, {q(e)} — vectors of finite element
eneralized accelerations, velocities and displacements;
iF (e)} — vector of finite element generalized forces.

Further, al systems of finite element movement
equations were combined together to form the
following general system of gate movement equations:

[M gate ]{q gate }"’ [C gate ]{q gate }+
[K gate ]{q gate } = {Fgate}’

where: [M gate]v [Cgate]i [Kgate]
masses, mechanical energy damping and stiffness;

{qgate}, {qgate}, {qgate} — vectors of accelerations, ve-

locities and displacements for all gate nodes; {Fgate} -

— matrixes of gate

vector of generalized forces of impact on the gate:

Moo= £ L o) )

[K gate]: NZE;[K (e)]; {Fgate}= NzEl{F (9)};
{qgate}: i{q(e)}; {qgate}: i{q(e)};
{qgate}: i{q(e)}’

where: NE — number of finite elements.

The matrixes of finite element masses, mechanical
energy damping and stiffness were set considering the
performance of finite element deformation on the planes
X-Y (Figbh) and X-Z as well as the relation
between the local and global systems of coordinates[2].

5. Outcomes of computer-run simulation

The computer-run simulation was performed on a
personal computer using the Maple [15] and Compaq
Visual Fortran software [16]. The matrixes of finite
element masses, mechanical energy damping and stif-
fness were generated in the Maple software environ-
ment whereas the mathematical model of gate was de-
veloped using the Compaq Visual Fortran software.

As noted before, the mathematical model was de-
signed specially for the purpose of investigating the
particular traffic event.

We determined the force of impact upon the gate
Fgae Dased on the available speed value of the motor
vehicle concerned and then added this force at certain
nodes of the gate finite elements.

The following four situations of motor vehicle-
gate interaction were simulated and investigated:

e The motor vehicle and the horizontal beam

of the gate interact on the horizontal plane
along the transverse axis of the gate (Fig 3 a,
the gate is tightly closed). The computational
scheme and the outcomes of computer-run
simulation are presented in Fig 6 below.

e The motor vehicle and the vertical beam of
the gate (fixed between the two horizontal
beams) interact on the vertical plane along the
transverse axis of the gate (Fig 3 a, the gate
is tightly closed). The computational sche-
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Fig 6. The computational scheme and the outcomes of
computer-run simulation

—e— before deformation
—e— after deformation

—e— before deformation
078 -9 —o— after deformation -

0.70 — 8
0.60 — 7
0.50 - 6 $— Foue/8
040 - 5 $— Foue/8
0.30 — 4
020~ 3

0.10- 2

00 -1

Fig 7. The computational scheme and the outcomes of the
computer-run simulation

Y

mo40 41 42 43 44 46 47 48 49 50 51 52
0.78— r N —
S 39
8'230‘50’27 284 294 30g 31 324 33§ 3444 350e 360¢ 370e 38 Fuui2
“U026— 149 15¢ 169 179 184 19¢ 209 2149 2208 2394 2498 25 5o Feael2
00 — 5 .

1] zJ 3| 4‘ sI 2 7‘ 8‘ 9‘ llo 1‘1 127213 X before deformation
! I 5
0.0 042 082 122 1.62 202 242 282 3.22 3.62 4.02 442 484 m o ier deformation

Fig 8. The computational scheme and the outcomes of the
computer-run simulation

1.12
1.00
0.90
0.80
0.70
0.60
0.50 — Fga!e 2

040 — Fpue/2
030 —

0.20
0.10
0.0

-0.17 —

| I |

—e— before deformation

—6— after deformation 034 —

-0.50 —

Fig 9. The computational scheme and the outcomes of the
computer-run simulation

me and the outcomes of the computer-run
simulation are presented in Fig 7 below.

e The motor vehicle and the gate interact on
the vertical plane along the longitudinal axis
of the gate (Fig 3 b, the gate is wide open).
The computational scheme and the outcomes
of the computer-run simulation are presented
in Fig 8 below.

e Themotor vehicle and the gate auxiliary post
interact on the vertical plane (Fig 3 c, the
gate is wide open). The computational scheme
and the outcomes of computer-run simulation
are presented in Fig 9 below.

6. Conclusions

1. The mathematical model of transport and pedestrian
traffic restricting gate is designed.

2. The gate was modelled based on the first-order one-
dimensional finite elements taking into account only
the resilience of the gate elements and the impact of
soil on the ground-embedded parts of the gate su-
pport and auxiliary posts.

3. The potential deformations of gate elements were de-
termined based on the mathematical model designed.

4. The specific traffic event was investigated using the
mathematical model of gate designed. Based on the
investigation results, it was concluded that the im-
pact of motor vehicle on the gate had not actually
occurred.

5. The mathematical model of gate presented may be ap-
plied (alone or in combination with other models) for
investigating and simulating other traffic events, too.

6. The computer-run simulation (for the purpose of
working out the mathematical model of gate) was
performed using specially developed Maple and
Compagq Visual Fortran Professional software-based
applied programs.
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