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ABSTRACT

Building structures are designed to withstand various unforeseen impacts and loads —
impact, explosion, derailment, etc. The design must limit the possibility of structural failure
due to an unknown cause. Shock impacts are characterized depending on the intensity and
duration of the impact. Therefore, the elements of the structure can demonstrate different
behavior and failures under different concentrated external impacts, including local failures or
those on the whole structure.

Depending on local legislation, different structural design codes apply. This paper
explores the difference between the design codes for the impact loads. A comparative analysis
is made at high speed on the road, as well as at low speed when parking.

1. Introduction

The occurrence of accidental loads of significant value can lead to severe consequences
unless special measures are taken. Impact loads are those that can arise from human action.
Impact loads are not a consequence of normal use and are not desired. Considerable efforts are
made to avoid the impact, for example barriers are put in place. As a result, the probability of
an impact occurring is small, while the consequences can be severe.

The basic principle is that the maximum resultant dynamic interaction force is
proportional to the velocity at the moment of the impact. In its entirety, the design code
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procedures include many other conditions, the most important of which are: mass of the
colliding object, distance to the structure, deceleration, vehicle stiffness, etc. The velocity
depends mainly on the location area of the moving vehicle: highway, urban area, courtyard or
garage.

Eurocodes [1] are mandatory for the specification of European public works. According
to Art. 127 of the Bulgarian regulation [2], when calculating building structures and the effects
on them, reference is made to the Eurocode. Yet, many countries outside the European Union
do update their National Standards for structural design of building and infrastructures, based
on Eurocodes [1, 3].

Design results vary even in countries using Eurocode. Differences are due to the
specificities inherent in National Annexes. Among the specified features, different permissible
speeds, different normative masses of the vehicles, etc. can be indicated.

2. Eurocode — Dynamic impact design, according to BDS EN 1991-1-7
[1], Annex C

According to the procedure written in [1], impact is an event of interaction between
moving objects and construction, in which the kinetic energy of the object is suddenly
transformed into deformation energy. In order to determine the dynamic interaction forces, it is
a necessity for the mechanical characteristics on the object and the structure to be known.
Equivalent static forces are usually used in the designing process.

Nowadays, structural design for impact forces may include some of the following
aspects — dynamic effects and nonlinear material behavior.

Criteria for classification of impacts are given in Appendix C of [1]. An impact can be
characterized as hard or soft. A definition of high impact is used if the energy is dissipated
mainly by the impacting body. The soft impact definition is used if the structure is designed to
deform in order to absorb the energy of the impact.

2.1. Eurocode — Hard impact

According to the definition of “hard impact” in Eurocode, the structure is assumed as
rigid and fixed, and the hitting object deforms linearly during the impact. The maximum
resulting dynamic interaction force is obtained as follows:

F =v,vkm, (1)

where v; is the object velocity at impact; k is the equivalent elastic stiffness of the object, which
represents the ratio between the force and total deformation; m is mass of the colliding object.
The force from the impact can be presented as a rectangular pulse on the surface of the
structure.

FAt=mv. 2)
In this case the pulse duration is:
At=+m/k. ®)

When the colliding object is modelled as an equivalent impacting object of uniform
cross-section the used equations are:
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k=EA/L, (4)
m=pAL, (5)
where L is the length of the impacting object; A is the cross-section area; E is the modulus of

elasticity; p is the mass density of the impacting object.
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Figure 1. Impact model, F — dynamic interaction force, [1]

2.2. Eurocode — Soft impact

Eurocode defines “soft impact” where the structure is considered as elastic and the
colliding object as rigid. In this case, the equations given for the hard impact can be applied,
and it can be used k value to be equal to the stiffness of the structure.

If the structure is designed to absorb the impact energy by plastic deformations,
provision should be made so that its ductility is sufficient to absorb the total kinetic energy

lmVIr2 of the colliding object.
2

In the limit case of rigid-plastic response of the structure, the above requirement is
satisfied by the condition of expression:

1
5 mVr2 <FyYo (6)

where Fy is the plastic strength of the structure, i.e. the limit value of the static force F; yo — is
its deformation capacity, i.e. the displacement of the point of impact that the structure can
undergo.

2.3. Eurocode — impact from aberrant road vehicles

In case of a truck (lorry) impacting a structural element, the velocity of impact is
calculated by a set formula taking into account the following factors (with their mean values):
e vehicle velocity;

e average deceleration of the vehicle after leaving the trafficked lane (design value
for all cases is 3 m/s?);

e vehicle mass;
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e vehicle stiffness (mean value 300 kN/m);
e angle between the trafficked lane and the course of impacting vehicle;

e the braking distance, the value of which changes depending on whether the slope
is uphill or downhill.

It is expressly stated that the derived forces are intended to be used with an elasto-
plastic dynamic structural analysis. The design values (in Table C.2 of [1] — vehicle velocity,
deceleration, mass, etc.) correspond approximately to the average plus or minus standard
deviation, given in Table C.1 of [1]. Different values may be chosen, depending on the target
safety, the traffic intensity and accident frequency. In addition, a dynamic impact force may be
modified on the basis of a risk analysis taking into account the potential consequence of the
impact. In absence of a dynamic analysis, the dynamic amplification factor for the elastic
response may be assumed to be equal to 1,40 [1].

3. German standards

According to code [4] (for Accidental actions), there are different types of impacts
caused by vehicles, depending on the type of street or location where the impact occurs and, in
some cases, differentiates between variety of masses and speeds of the impacting vehicle. For
car parks (parking lots), the static force depends on the mass of the vehicle for which they are
intended. For vehicles with a mass below 2,50 t, the equivalent static load in the direction of
the road is 40 kN, while for vehicles with a greater mass, this load is 100 kN.

4. British standards

The first UK national standard for highway bridge loading was introduced by the
Ministry of Transport in 1922 [5]. This comprised a standard loading train of vehicles, with a
50 per cent allowance for impact [6]. A brief overview of the development of British norms in
dynamic effects is provided in [5]. Summary includes introducing a loading curve for bridges,
reduction of impact allowance (because of improvements being made in vehicle suspension
systems). In 1954, the impact allowance was reduced (again) to 25 per cent. Greater attention is
paid to dynamic effects under normal exploitation. Common to all of these models is that the
difference between the effects of moving and stationary vehicles are referred to as ‘impact’
effects and the impact allowances were selected deterministically to represent a typically large
effect that would apply to all bridges.

Concern is expressed in [5] that it may become more common for procurement
authorities to specify performance criteria rather than to specify the means of meeting those
criteria.

According to [7], in the design of bridge superstructures, bearings, substructures,
retaining walls and wing walls, the following nominal impact loads shall be applied at the top
of the traffic face of high level of containment parapets only:

e asingle horizontal transverse load of 500 kN;

e asingle horizontal longitudinal load of 100 kN;

e asingle vertical load of 175 kN.
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The loads should be applied uniformly over a length of 3 meters measured along the
line of parapet. According to [7]:
e the vehicle collision loads on bridge supports and structures over highways shall
be in accordance with the requirements of the relevant authority;

e the vehicle collision loads on foot/cycle track bridge supports and
superstructures over highways shall be in accordance with the requirements of
the relevant authority.

On the front page [8] it is written that the European Standard has the status of a British
Standard. Its clause 4.7.2.1 (Collision forces on piers and other supporting members) states that
for stiff piers the following minimum values are recommended:

e impact force: 1000 kN in the direction of vehicle travel or 500 kN perpendicular
to that direction;

e height above the level of adjacent ground surface: 1,25 m.

A part of the British Standard gives dead and minimum recommended imposed loads
for use in designing buildings. According to [9], for vehicle barriers for car parks is considered.
The horizontal force F (in kN), normal to and uniformly distributed over any length of
1,50 meters of a barrier for a car park, required to withstand the impact of a vehicle is given by:

B 0,5mv?
% +%

where m is the gross mass of the vehicle, in kg; v — is the velocity of the vehicle, normal to the
barrier (in m/s); ¢, — is the deformation of the vehicle (in mm); &, — is the deflection of the

barrier (in mm).
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Figure 2. Colliding force vs vehicle mass in tons according to [9]

In cases where the car park has been designed on the basis that the gross mass of the
vehicles using it will not exceed 2500 kg, the following values are used to determine the force
F:m=1500 kg; v = 4,50 m/s; &, =100 mm unless better evidence is available.

For a rigid barrier, for which ¢, may be taken as zero, the force F appropriate for
vehicles up to 2500 kg gross mass is taken as 150 kN, see Fig. 2.
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If the car park has been designed for vehicles whose gross mass exceeds 2500 kg, the
following values are used to determine the force F: m = the actual mass of the vehicle for
which the car park is designed, in kg; v = 4,5 m/s; g, =100 mm, unless better evidence is

available.

5. Spanish standards

According to [10], “Loading for Buildings”, paragraph 4.3.2, the requirements given in
this document correspond to those in Eurocode. The following significant difference is
observed when calculating the static impact force in a parking lot: while the Eurocode limits
the maximum speed of the vehicle to determine the type of road and the equivalent static load,
the Spanish Norms limit the maximum mass of the vehicle for which the respective parking lot
is designed [11]. In the same study [11], a basic case of an impact caused by a vehicle with a
mass of 3000 kg at a speed of 20 km/h in the direction of the road on a building structure
located in a parking lot is considered. In this case the dynamic interaction force F = 167 kN, by
including the stiffness value k = 300 kN/m according to [1].

6. American Society of Civil Engineers (ASCE) Standard

ASCE Standard 7-10 [12] provides requirements for general structural design and
includes means for determining dead, live, soil, flood, wind, snow, rain, atmospheric ice, and
earthquake loads, and their combinations that are suitable for inclusion in building codes and
other documents.

According to “Minimum design loads for building and other structures”, [12 and 13],
vehicle barrier systems for passenger vehicles should be designed to resist a concentrated load
of 26,7 kN.

According to [14], piers or other guideway support elements which are situated on less
than 3 m from the edge of an adjacent street or highway should be designed to withstand a
horizontal force of 1000 kN.

7. AASHTO Load and Resistance Factor Design (LRFD)

AASHTO LRFD Bridge Design Specifications [15] is the general governing design
code for bridges and other highway structures in the United States. According to its paragraph
3.6.5.2 “Vehicle and Railway Collision with Structures” [15], unless specified protection,
abutments and piers shall be designed for an equivalent static force of 400 kip (about
1780 kN), which is assumed to act in any direction in a horizontal plane, at a distance of 4 ft
(about 120 cm) above ground. The equivalent static force of 400 kip is based on the
information from full-scale crash tests of barriers for redirecting 80 kip tractor trailers and from
analysis of other truck collisions. The 400 kip train collision load is based on physically
unverified analytical work [16], see Fig. 3. For individual column shafts, the 400 kip load
should be considered a point load.
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Figure 3. Impact model for cars according to [16]

According to [17], piers of “heavy construction” and crash walls adjacent to railroad
tracks shall be designed for a minimum railway collision load of 600 kips (about 2670 kN),
applied at an angle up to 15 degrees from the tangent to the railway, see Fig. 4.
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Figure 4. Impact model for trains according to [16]

8. Canadian standards

This topic is covered in paragraph “C3.15 Vehicle collision load* of [18] and
recommendations are given. To prevent collapse, highway bridge piers near the edge of the
road surface must be designed to withstand the maximum dynamic force due to such collisions.
If the distance between the edge of the road and the pier is 10 meters or more, the probability
of a severe collision is considered to be negligible.

Pedestrian bridge piers should be protected by vehicular barriers and need not be
designed for the specified collision load. Their consequences of collapse could be minimized
during critical periods. The numerical value of the specified collision load is based on the loads
used in the German Standard DIN 1072 (1972). It was verified by considering the load and
performance factors and maximum lateral impact force due to a 450 kN vehicle.
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9. Indian standards

According to [19], in road traffic the requirement that the structure shall be able to resist
collision may be assumed to be fulfilled if it is demonstrated that the structural element is able
to stop a fictitious vehicle. It is assumed that the vehicle strikes the structural element at a
height of 1,20 m in any possible direction and at a speed of 10 m/s (36 km/h).

The fictitious vehicle shall be considered to consist of two masses m; and my which
during compression of the vehicle produce an impact force increasing uniformly from zero,
corresponding to the rigidities ki and k. It is assumed that the mass m; is broken completely
before the breaking of mass m, begins.

The following values should be used:

m1 =400 kg, k; = 10 000 kN/m the vehicle is compressed.

mz = 12 000 kg, k2 = 300 kN/m the vehicle is compressed.

The described fictitious collision corresponds in the case of a non-elastic structural
element to a maximum force of 630 kN for the mass m; and 600 kN for the mass m;
irrespective of the elasticity. It will, therefore, be on the safe side to assume the static force to
be 630 kN.

In addition, the breaking of the mass m; will result in an impact wave, the effect of
which will depend to a great extent on the kind of the structural element concerned.
Consequently, it will not always be sufficient to be designed for the static force.

10. Conclusion

The main and expected conclusion is that there is a relatively large inconsistency in the
results obtained from different codes. In the Eurocode, a clear definition of impact is given, and
the value of the vehicle stiffness is fixed there at 300 kN/m. The same value is used in the [19],
but in a more complicated two-vehicle model. The British design code [9] in general refers to
[1]. In most design codes norms, the design is based on the relationship (1), but in some of
them, a fixed value of the collision force is simply determined depending on the vehicle type
(i.e. for trucks — 1780 kN).

The values obtained according to the Spanish norms do not vary depending on the mass
and speed of the car, but these parameters are essential in the definition of impact [11].
Unfortunately, it is impossible to predict how high speed can be developed in parking lots, and
in fact, in such cases, the risk of a collision is higher.

In different countries, different values are set for high speeds, not only in parking lots,
but also on roads, near constructions and bridges. Predictions of the standard in some sections
are not very conservative [20] and, therefore, its application could result in damage of the structure.

Design standards have so far paid little attention to the complexity of the problem, while
modern engineering increasingly takes into account all incidental loads, as well as natural and
man-made disasters — hazards and their impact on buildings and the environment [21].
Considering that impact loads cannot be predicted with certainty, their effects on structures
should be minimized by appropriate design and construction.
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OIMIPEAEJISIHE HA YAJAPHOTO HATOBAPBAHE, IPUMUHEHO OT
IMPEBO3HU CPEJACTBA CBI'JIACHO PA3JIMYHU HOPMMU 3A
ITPOEKTUPAHE

A. Taymanos!, E. Cnacosa?

Kniouoeu oymu: yoap, ounamuxa, umnyic, yOapHo HAmoeapeaue, cKOpocm npeso3Ho
Ccpeocmao, HOpMU 34 NPOEKMUpaHe

PE3IOME

CrpoutenHHTE KOHCTPYKIMH Ca NPOCKTHPAHH Ja W3IBPXKAT Ha  PasINIHU
HEeMpeIBUJICH! BB3ACHCTBUS M HATOBApBaHUS — YAap, EKCIUIO3UA, JAepailiupaHe H Jp.
[IpoexThbT TpsAOBa 1a orpaHuvaBa BH3MOXKHOCTTA 3a pa3pyllaBaHe Ha KOHCTPYKIUATA MOPaau
HEW3BECTHA MPUUYMHA. Y JapHUTE BH3JCHCTBUS Ce XapaKTepU3UpaT ¢ TPH BUa B 3aBUCHUMOCT OT
WHTEH3UTETA W MPOJIBIDKUTENIHOCTTa Ha BB3AeHCTBUETO. CJeloBaTENHO elNeMEHTHTEe Ha
KOHCTPYKIIUATA MOTaT Ja JEMOHCTPHpAT paziUdHO TMOBEJIECHUE M OTKa3W MpPH pa3IuuHu
KOHIIEHTPUPAHU BBHIIHU BB3ACUCTBUS, BKIIOYWTENHO JIOKAJHU TOBpPENM WIM TaKuBa Ha
sTaTa KOHCTPYKITHSA.

B 3aBucHMOCT OT MECTHOTO 3aKOHOJATEICTBO C€ TMpPHJIAraT pasiINdHd HOPMH 32
MPOEKTHpaHe Ha KOHCTPYKIHHU. Ta3u cTaTHs M3CIeIBa Pa3indusITa MEXy POCKTHUTE HOPMHU
[0 OTHOIICHWE Ha yJapHUTE HATOBapBaHWsA. HampaBeH ¢ cpaBHHTENICH aHAJHW3 IPH BHCOKA
CKOPOCT Ha ITbTS, KAKTO U IPH HUCKA CKOPOCT MPH MapKHUpaHe.
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