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Abstract
Understanding the true behaviour of impacted structures is the only way to assess their robustness under
exceptional events such as vehicle collision. The primary objective of this master’s thesis was to perform a
finite element parametric investigation on the influence that some parameters have in steel buildings subjected
to vehicle impacts. The parameters chosen for the study, involved uncertainties in the material definition and
in the load configuration of the bolts used in the impacted column end-connections.
By using the Abaqus software, a finite element model of the structure has been created. The five storey steel
building considered has been modelled in a simplified manner with the exception of the impacted area which,
instead, has been defined in a more detailed fashion.
During the simulations, different preload conditions have been used, comparing cases with and without the
preload force. Regardless its variation, it has not been observed any increase in the structural resistance.
On the other hand, the simulation provided interesting results for what concerns the material variations in the
bolts. Although the changes have been small in magnitude, the effect on the structural response during the
impact was remarkable. For all the cases considered, an increase of the material ductility, achieved by
increasing the ultimate strain at failure, entailed higher resistance of the connections. Various failure modes
have been observed when the material properties have been changed.
Having clarified the influence of the assumptions made, the results provided helpful information in sight of
future studies. Although the model still needs to be validated, the research clarified which of the parameters
investigated are to be collected with more attention.
Keywords: Vehicle collision, steel building, FE model, Abaqus/Explicit, parametric investigation, bolt
preload, bolt material.
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1
INTRODUCTION

1.1

Background

In our society, where the most common transportation systems are primarily designed to run on roads, the
potential risk derived from missteps is of foremost importance. In these circumstances, vehicles crashing into
buildings is a surprisingly common occurrence. It is obvious then, how the stability and robustness of the
structures represent a challenge for the designer. Around this matter, a number of underway studies are trying
to describe the dynamic evolution of damaged structures and understand how this may lead to the progressive
collapse of these.
The effects that impact loads have on structures can vary greatly if compared to those observed in the case of
static (or quasi-static) loads. The energy transferred to the structure tends to destabilise the overall
configuration of the system; the speed with whom the forces in the building redistribute and the magnitude of
the deformations often lead to nonlinear responses.
The use of real scale tests is, most of the times, the best source to collect valuable results and therefore
understand the problem in its peculiarities. However, this procedure entails disadvantages that cannot be
neglected: the high costs and the prolonged time required for the set-up are strong limitations to the study.
In spite of these issues, most regulations are providing guidelines to assess the consequences of impact loads
by means of equivalent static loads; this helps the designers to consider analogue effects. Nevertheless, the
full behaviour of impacted buildings still remains unclear.
A possible approach to assess the resistance of general structures against vehicle collisions, is represented by
the use of numerical models to resemble the impacts conditions. Although most of the commercial simulation
software are becoming more sophisticated and accurate, a number of obstacles often prevent the researcher
from obtaining the complete agreement with reality. The main difficulty to achieve satisfying results, consists
in identifying all the relevant conditions and information. A further limitation comes from the need of
reducing the computational expense in order to meet the timing and budget requirements.
In this regard, focus should be put on identifying the governing parameters – that more than others – affect the
trustworthiness of the proposed models. If these are known, the researcher is then able to target and acquire
the detailed information needed for the model and, in turn, simplify the unimportant parts.
As often happen, the limited resources do not allow the execution of numerous real scale tests. However, to
overcome this issue the researcher could firstly validate a proposed numerical model and thereafter carry out
parametric studies on the parameters of interest.
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1.2

Aim

The main objective of this study consisted in performing a parametric investigation on some parameters –
seen as uncertainties – in the context of vehicle collision into a steel building. The study, carried out by using
the Abaqus/Explicit FE software, has been focused on understanding how small variations made in detail
parts of the model (i.e. fasteners) would affect the rest of the structure under dynamic events.

1.3

Previous studies

Progressive collapse analysis of high-rise building with 3-D finite element modeling method [1]
Feng Fu
Feng Fu studied the progressive collapse of a general 20 storey steel building under sudden loss of columns;
the investigation, performed by means of a 3D finite element model in Abaqus, treated different structural
systems and various scenarios of column removal. The modelling techniques, validated against experimental
tests, proved the correctness of the behaviour when non-linear geometry considerations and non-linear
material characteristics are implemented in the model.
The results collected provided important information for additional design guidance on progressive collapse.
Among the other results, it has been found that the dynamic response of a given structure is strongly related to
the affected loading area after the column removal.
The author finally suggested that further studies are to be carried out in a form of parametric analyses to
examine the detailed structural behaviour under impact of blast forces and therefore the dynamic evolution of
the structure.
Analysis of steel moment frames subjected to vehicle impact [2]
Hyungoo Kang, Jeongil Shin, Jinkoo Kim
This study examines the performances of a 2D and a 3D steel moment frame subjected to a vehicle collision.
The models have been created using LS-DYNA, while the vehicle has been provided by the National Crash
Analysis Centre. Arbitrary column removal scenario is adopted for the 2D model structure, where a nonlinear
dynamic time history analysis is carried out; thereafter, the vertical displacement is compared to that obtained
from the collision analysis. The vertical displacement of the damaged joint obtained from collision analysis
resulted to be significantly larger than the displacement computed based on the arbitrary column removal
scenario. Finally, the analysis results showed that the model structure remains stable when the speed of the car
is 40 km/h, while both the 2D and 3D structures collapse by progressive collapse at the speed of 80 and 120
km/h.
Robust impact design of steel and composite building – Advances in the residual strength method [3]
Jonas Korndörfer, Benno Hoffmeister, Markus Feldmann, Piseth Heng, Mohammed Hijaj
In this paper, six experimental vehicle impact tests on steel columns are presented. The boundary conditions
of the impacted member have been varied throughout the investigation. The influence of various types of
interaction between the column and the surrounding structure has been studied.
Thereafter, finite element models made in LS-DYNA have been created to simulate the laboratory tests.
The numerical models were developed by studying the behaviour of the steel column under impact loading,
considering the restraint from the surrounding building. The models have been finally calibrated in order to be
used for further studies and future works.
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Simplified FE vehicle model for assessing the vulnerability of axially compressed steel columns against
vehicle frontal impact [4]
Haitham Al-Thairy, Y.C. Wang
This study analyses the frontal impact of a vehicle into a steel compressed column. In particular, it aims to
present and validate a simplified vehicle model, developed using the software Abaqus/Explicit. The proposed
model is made by three parts: a rigid body representing the mass of the vehicle, a non-linear spring
representing its stiffness, and a non-deformable massless surface generating contact between the vehicle and
the impacted column. The force-displacement diagram of the spring is assumed to be bilinear; the initial linear
elastic part describes the crushing behaviour of the car, the subsequent part takes into account the vehicle
stiffness when the engine box hits the column. The model has been firstly validated by comparing it with a
full-scale vehicle test impact against a rigid barrier; thereafter, comparison has been done by using a full-scale
numerical vehicle model impact on columns. Finally, an equation has been derived and validated to predict
the equivalent linear stiffness of the vehicle that can be used in a future numerical simulation model.

Main conclusions from previous works

1.4

Some of the conclusions that can be drawn from the previous studies are:


A simplified numerical vehicle model (the one proposed by Al-Tahiry) can be used in the vehicle-tocolumn frontal impact simulations.



To properly estimate the consequences of an impact loading on structures, the correct boundary
condition of the impacted element, as well as the stiffness and the mass of the surrounding structure
must be taken into account.



Further work on building progressive collapse should be focused on parametric study to examine
detailed structural behaviour.
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2
METHOD

2.1

Master´s thesis methodology

The methodology adopted to perform the study can be idealized in a sequence of steps that involved: the
initial collection of the fundamental information of the issue, the consecutive creation of the finite element
model and the final simulation execution and extraction of the results.
The whole model has been ideally subdivided into two main parts: the simplified vehicle and the building
structure.
In the specific case of the car, no information were provided. We had the freedom to select the vehicle type
that, more than others, is suitable for the investigation. In this regard, we opted to employ the Chevrolet
C2500 Pickup (1994). Since this vehicle has already been used in previous studies, the information found in
the literature granted a more solid background for the present work.
For what concerns the building instead, the full structural design and the technical drawings have been
provided by the Robust impact Design of steel and composite building structures [5], carried out by Nadia
Baldassino, Fabio Freddi and Riccardo Zandonini from the University of Trento.

2.2

Simplified vehicle model

The finite element method has been used in previous researches to assess the outcome of a vehicle impact into
a structure. If the goal of the research is the investigation of the vehicle crashworthiness, a full-scale vehicle
model has to be used. On the other hand, when the response of a given structure has to be examined, the use
of a full-scale vehicle model can be a useless waste of time and resources.
Thereby, since the aim is a better understanding of the structural behaviour of a steel building, a simplified
version of the vehicle has been chosen.
Previous experimental studies and simulations, by Emori [6] and Al-Thairy [4], have shown that the forcedisplacement relationship observed during the vehicle crash can be described by means of a bilinear curve of
the type proposed below (Figure 2.1).
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Force

Force-displacement bilinear curve

Displacement
Figure 2.1 – Spring force-displacement relationship

The first part of the curve, identified by the initial stiffness k1, describes the crushing of the frontal zone of the
vehicle. The second part, identified by k2, describes the force when the engine box – a much more rigid part
than the vehicle frontal area – hits the column.
The simplified model involves a rigid mass, which has the same mass of the vehicle, a bilinear spring that
simulates its deformation during the crash and a massless surface, referred as impactor, which exerts contact
between the vehicle and the impacted structure.
The contact surface is suggested to be designed with a curved shape in order to avoid any sharp corners and
thus the occurrence of local stress concentration.

Figure 2.2 – Simplified vehicle model

According to Al-Thairy [4], the value of the initial stiffness can be calculated using the following equation:

(2.1)
The coefficients A and B, derived by Campbell [7], are:
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(2.2)
(2.3)

Where:
-

Wv
M
Cmax
hc
b1 , b0

vehicle stiffness per unit width
vehicle mass
maximum vehicle deformation
column width calculated perpendicularly to the impact direction
experimental parameters

It has been assumed by Jiang [8] that b0 can be taken as 2.2 m/s while b1 can be determined by:
(2.4)

In the equation, V is equal to the vehicle speed.
For what regards the stiffness k2, it has been considered infinite: Al-Thairy [4] showed how the deformation,
when the engine hits the column, is almost null. Consequently, the behaviour can be approximated as rigid.
For the current project, along with the vehicle type, also its speed (at the moment of the impact) has been
chosen independently. After the whole model has been created, some tests have been performed in order to
identify the velocity value that better than other suited for the investigation. The vehicle speed of 20 m/s
allowed to capture the failure of the structural elements and thus observe their behaviour under stress. A lower
speed could not damage all the critical parts in the connections whereas a higher speed would not allow the
identification of the damage evolution of the failing parts during the whole dynamic event. Therefore,
according to the vehicle mass and the speed at which the impact occurs, the computed value of the initial
spring stiffness k1 used in the present research is equal to 920.2 kN/m.
All the values used in the modelling phase of the car are reported in the table below (Table 2.1):
VEHICLE MODEL
Vehicle type
Speed

Chevrolet C2500 Pickup (1994)
20 m/s [72 km/h]

SPRING STIFFNESS
Initial stiffness k1
Stiffness k2

920.2 kN/m
∞

Table 2.1 – Vehicle summary
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2.3

Building structure

The structure investigated in the present work consists of a five storey steel building. As already mentioned,
the design and the plan of the fabric has been entirely provided by the research paper Robust impact Design of
steel and composite building structures [5].
The size of the building and all the elements types used have been found in the technical report. In the same
way, the information of the materials employed and the loading conditions have been clearly stated
throughout the paper.

Figure 2.3 – Frame with brace elevation

Figure 2.4 – Floor framing plan
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Figure 2.5 – Column-beam joint

However, it is important to notice that no information has been given regarding the columns ground
connection; to bridge this gap, a research of the most common methods to fasten the columns to the ground
has been carried out and a proposed connection (Figure 2.6) has been used.

Figure 2.6 – Ground connection

For the sake of clarity, it is worth mentioning that the loads considered for the structure – obtained from the
structural design – are the dead loads accounted for the material weight and the external loads prescribed from
the code regulation (Eurocode1).
The choice of the impacted zone and the direction of the vehicle collision have been made in accordance to
the on-going “Robust Impact” study project earlier mentioned.
Summary of the building structural elements. The table below (Table 2.2) presents a general summary of
the various parts of the building, the materials used and the sources from where their characteristics have been
found.
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PARTS OF THE BUILDING
STRUCTURAL ELEMENTS

MATERIAL

Columns HEB 220
Beams IPE 240

Steel S355

End-plates
Bolts M20/M27
Steel grade 10.9
Washers M20/M27
Bedding grout
Concrete C 30/37
Slabs
MATERIALS SOURCES
MATERIAL

SOURCE
Test report CIP-

Steel S355

INDUSLAB-R-12903-1

Steel grade 10.9

Eurocode 3 , Part: 1-8

Concrete C 30/37

Eurocode 2 , Part: 1-1
Table 2.2 – Structural elements summary

2.4

FE analysis procedure

The finite element model planning involved the foresight of the strategy and fundamental concepts to
maximize the efficiency of the work. In this regard, the primary decision involved the choice of the solver to
be used; as a matter of fact, the simulation outcome can be significantly affected if the wrong approach is
used.
By keeping this in mind, we started by identifying the solver type that better suited our conditions. In support
of the users, the software manual provides an extensive documentation that explains the reasons why a given
solver behaves better than others according to the specifics of the problem at hand.
The simulation has been subdivided into two phases: the first one (static analysis) involved the application of
all the static loads on structure, the second instead (dynamic analysis) dealt with the actual collision.
The Abaqus/Standard solver has been adopted for the static analysis. Its use has been primarily motivated by
rapidity in the computational time. This solver allows to perform static analyses that involve linear (and
nonlinear) responses of the structure with robustness of the solutions.
The second part dealt with the computation of the dynamic event. The results obtained from the static analysis
have been imported into the subsequent dynamic analysis in the form of Predefined field. This means that the
structure, at the moment of the impact, is already in its loaded configuration.
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There are two different methods, available in Abaqus, to perform a dynamic simulation. These are identified
as: explicit procedure and implicit procedure.
From the theory, [9] and [10], we know that the conditionally stable explicit method is considered to be
suitable for high speed dynamic events. These include: crash tests and general collisions, bullets impacts,
explosive events and more.
Since it uses the central-difference operator, the velocities and displacements represent known quantities at
the beginning of a given increment; as a consequence, the global mass and stiffness matrices are not formed
nor inverted, allowing for increments that are relatively inexpensive. However, to obtain reliable results, the
time increments are required to be small enough to avoid rapidly growing errors.
On the other hand, the unconditionally stable implicit method requires the reconstruction of the stiffness
matrix for each iteration but has no limit for the largest time increment and therefore generation of errors.
Nevertheless this can be computationally costly.
The explicit solver has therefore been chosen for the simulation of the vehicle impact. Its computational
efficiency for analyses of extremely discontinuous events with relatively short dynamic response time makes
it suitable for the case under investigation.
For the project, the automatic time increment (based the highest element frequency of the whole model) has
been preferred as it accounts for changes in the stability limit with a global time estimator.
To conclude, the table below (Table 2.3) presents the framework of the analysis procedure:
SOLVER

STEP ACTION

STEP TIME [s]

TIME INCREMENT

Bolt Preload

1

Automatic

Loads application

1

Automatic

Vehicle collision

0.08

Automatic

Abaqus/Standard
ANALYSIS
Abaqus/Explicit

Table 2.3 – Analysis procedure

2.5

Finite element model

The choice of the types of elements used to discretize the model aimed to enhance the computation
performances and achieve a compromise between accuracy in the results and analysis running time.
Since the model is meant to be run by the use of both the static and explicit solver, the elements selected are
found in the Abaqus/Explicit elements library. These elements are also present in the Abaqus/Standard
library.
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2.6

Vehicle

Description of the parts. As shown in section 2.2, the simplified vehicle model is featured by a rigid body
(mass), a rigid massless surface (called impactor), and a connecting spring.
The rigid mass has a square cross section with a side dimension of 0.5 m that has been extruded by a length of
1 m. The impactor has a curved shape cross section, with a radius of 0.25 m. It has been extruded by a length
of 0.66 m. It is worth mentioning that the rigid mass can be of any size since it represents only the mass of the
vehicle, the impactor instead should resemble (with its height) the frontal surface of the car.

Figure 2.7 – FE vehicle model

For both the rigid bodies, R3D4 elements have been used. In Abaqus, these elements can be found in the
discrete rigid element family and are 4-node three-dimensional bilinear quadrilaterals rigid elements. Given
that the rigid bodies are introduced to only exert the physical contact and transmit kinetic energy, the elements
used are not considered in the computation of stresses and strains.
The two rigid parts of the simplified vehicle are to be connected in such a way that their relative displacement
is constrained. For this purpose, Abaqus provides a number of elements (connectors) specifically created to
model discrete (point-to-point) physical connections between deformable or rigid bodies and to impose
kinematic constraint between them.
Among these elements, we opted for the axial connector; it provides a link between two nodes that acts along
their connecting line. Since bilinear spring behaviour is needed, this type of connector results to be the
optimal choice.
The nodes selected for the definition of the connector are: the reference point of the impactor and the
reference point of the rigid mass. These have been featured by defining their mass; the rigid body has been
characterized by the vehicle mass (2013 kg), while the rigid massless surface has been set to a value of 1 kg
since the software needs any value different from zero.
After the nodes have been identified, it has been required to specify the connector properties which are: a
reference length (in-rest position), an initial stiffness k1 and a stop length (limit after which the connector
behaves as uncompressible and therefore rigid). The spring length has been modelled to a length of 0.8 m to
emulate the frontal zone of the vehicle; the stop length instead, fixed at a value of 0.65 m, considered the
crushed part of the car before the engine block steps in.
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Boundary conditions and predefined field. As for the simplified vehicle model, boundary conditions have
been defined to allow only kinematic translational movements in the direction of the impact. The degrees of
freedom of the reference points (for both the impactor and the rigid-mass), which are identifying the vehicle
motion, have been restrained against rotations and translations with exception for the speed direction (i.e.
impact direction – U1).
Simplified vehicle overview. A summary of all the information regarding the FE model of the simplified
vehicle have been reported in the table below (Table 2.4).

PARTS

SIMPLIFIED FE VEHICLE MODEL
MESH
MASS [kg]
BOUNDARY
ELEMENTS
CONDITIONS

Rigid mass

R3D4

2013

U2=U3=UR1=UR2=UR3=0

20

Rigid massless surface

R3D4

1

U2=U3=UR1=UR2=UR3=0

20

CONNECTOR
TYPE

STIFFNESS
k1 [kN/m]

REFERENCE
LENGTH [m]

STOP
LENGTH [m]

Axial

920.2

0.8

0.65

Spring

VELOCITY
[m/s]

Table 2.4 – Simplified vehicle model summary
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2.7

Building

In order to use an effective procedure and to reduce the computational time, the building has been subdivided
in two different parts. The impacted area has been modelled more in detail than the rest of the structure which
instead has been simplified. The structure is depicted in the following image (Figure 2.8):

Figure 2.8 – FE building model with detailed frame highlighted

The detailed frame is made by: the impacted column, the connections and the three welded beams.
2.7.1

Detailed frame

Impacted column. The upper part of the column, connected to the above structure, has been modelled by
using solid elements, while the rest of the column is made by shell elements.
Indeed, a solid part has been used in order to avoid issues generated by the automatic shell thickness reduction
[9], which could lead to a wrong evaluation of the stresses. The thickness reduction, automatically
implemented by the software, would have had the detrimental effect of misrepresent the contact interaction
between the parts and therefore falsify the solutions reliability.
The shell part is 3.34 m long, made by S4 general-purpose shells, which are 4-node quadrilateral
stress/displacement elements.
These belong to the conventional shell category, and are therefore suitable to model structures in which the
thickness is significantly smaller than the other dimensions.
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S4 shells, in quality of finite-strain elements, account for finite membrane strains and arbitrarily large
rotations; these elements are suitable for large-strain analysis.
For the remaining 0.26 m, the column has been modelled using a three-dimensional deformable solid shape
section, with a height of 220 mm.
This part has been modelled using C3D8 solid elements. These are continuum stress-displacement threedimensional 8-node linear hexahedral elements (brick). As first-order hexahedral solids, the strain operator
provides constant volumetric strain throughout the element. Mesh locking is thus prevented when the material
response is approximately incompressible.
Horizontal beams. The entire beams have been created by using a 3D deformable shell shape method. The
mesh features are the same as the shell part of the column of the frame.
Upper connection. The technical drawing of the connection is shown in detail in the Appendix. The
connection between the beams and the column is made by a bolted steel end-plate.
The beams are welded to the steel plate, which is then connected to the column by means of bolts and
washers, as shown in Figure 2.9.

Figure 2.9 – Upper connection FE model

The bolts are made by using C3D8 and C3D6 elements. The C3D6 solid is a continuum stress-displacement
three-dimensional 6-node linear triangular element (wedge). In this model, the shank and the heads of the
bolts are modelled as one unique body. In Abaqus, these solid elements can be used to perform linear and
complex nonlinear analyses involving contact, plasticity, and large deformations.
The element type C3D8 is used for the washers and plates mesh as well.
For what regards the welding, for the sake of simplicity it has not been modelled, using a constraint instead, as
explained in Paragraph 2.7.4.
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Ground connection. The ground connection of the impacted column has been modelled in detail; the column
is welded to a base plate, as shown in Appendix, which is then anchored to the foundation by means of eight
bolts. The connection is shown in Fig. 2.10:

Figure 2.10 – Ground connection FE model

The column is connected to the base plate by using a constraint, since, as in the upper connection, the welding
has not been modelled. The steel plate is modelled by using C3D8R elements.
The bolts have been modelled in the same manner of the upper connection; in this case the diameter is larger,
since the bolts are M27. The same applies to the washers. The bolts are then anchored to the concrete
foundation, establishing a constraint between the shank surface and the concrete surface, as later explained in
Paragraph 2.7.4.
The concrete bedding grout, instead, has been modelled by using C3D8 and C3D6 elements.
As for the model as a whole, the elements size have been varied in order to catch the precise behaviour in
locations where detailed and more accurate information were required; in the other parts of the model, where
no special information were of interest, the mesh has been defined in a coarser way.
Summary of the detailed frame. The elements used in the detailed frame are summarized in the following
table (Table 2.5); a clarifying image (Figure 2.11) instead depicts the parts modelled in detail.
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DETAILED FRAME
PARTS

MESH ELEMENTS

Impacted column – HEB 220

Shell – S4

Beams of the frame – IPE 240

Shell – S4

Steel end-plates , base-plate

Solid – C3D8

Washers (M20 , M27)

Solid – C3D8

Bolts M20

Solid – C3D8 , C3D6

Bolts M27

Solid – C3D8 , C3D6

Bedding grout

Solid – C3D8 , C3D6
Table 2.5 – Detailed frame summary

Figure 2.11 – Detailed frame FE model

2.7.2

Rest of the structure

As a consequence of the simplifications made in the rest of the structure, the connection between the slabs and
the beams as well as for the joints in the structure have not been specifically reproduced.
Steel members. The elements employed for the beams, bracings and columns are: B31 beams, 2-node linear
beam elements in space (the only available in the explicit solver).
The B31 beam element follows the Timoshenko theory and thus it allows for transverse shear deformations. It
can be used for thick and slender beams; Abaqus assumes that the transverse shear behaviour of Timoshenko
beams is linear elastic with a fixed modulus and, thus, independent of the response of the beam section to
axial stretch and bending.
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Slabs. The slabs of the building have been simply modelled by using conventional S4 shell elements. A
thickness value has been assigned (according to the design) and the material property has been defined.
For the current model, the choice of using the slabs has been motivated by the need of restraining the motion
of the different structural members of the building. Among the other simplifications of the model we reputed
important the use of the slabs in order to obtain more reliable solutions.
Summary of the rest of the structure. A brief summary of the elements used in the mesh is presented in the
table below (Table 2.6).
REST OF THE STRUCTURE
PARTS

MESH ELEMENTS
Shell – S4

Slabs
Beams – IPE 240

Beam – B31

Bracings – L 140x140

Beam – B31

Columns – HEB 220

Beam – B31

Table 2.6 – Rest of the structure summary

2.7.3

Material properties

The material properties assigned to the various parts reflect the expected behaviour during physical loading
and interaction between bodies.
Two types of material models have been employed for the steel elements: one for beams, end-plates and
columns and another one for bolts and washers. The former describes the behaviour of the steel S355, the
latter instead is used to reproduce the 10.9 fastener strength class.
A third material model has been adopted for what regards the concrete parts (bedding grout and slabs).
In order to emulate the true response of the overall structure, the material properties employed in the model
have been obtained from: real lab-tests in the case of S355 steel, manufacturers’ brochures in the case of steel
grade 10.9 for fasteners and Eurocode 2 standard for the concrete. In all the cases the data set of each material
included: density, Poisson’s ratio, linear behaviour and plastic deformation curve (for the steel elements).
Steel S355 – Beams, end-plates, columns. For the current model, the information of the steel S355 have
been provided by the Henri Tudor Department of Advanced Materials and Structures in Luxemburg in the test
report CIP-INDUSLAB-R-12903-1. The results have been obtained from rectangular tensile tests performed
at room temperature (in accordance with EN ISO 6892-1 standard). The tests consisted in the application of a
tensile stress until the rupture of the samples.
The reference sample from which the material values have been extracted has been the HEB140B profile with
an initial length – between the gauges – of 90mm. Hence, the information collected are: the engineering
stress-strain curve, position of rupture, yield strength and ultimate tensile strength.
In order to assign correct values to the material model, it has been necessary to convert the engineering stressstrain curve to the true stress-strain curve. In general, for any plastic analysis in FEM, the uniaxial true stressstrain function is required along with the Young’s modulus E and the Poisson’s ratio ν.
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Various authors proposed different methods to describe the true behaviour of metals when subjected to
stresses exceeding the yield strength. For the current case the Ludwik’s equation [11] has been used; this
method allowed us to consider the strain hardening phenomenon and thus obtain the entire trues stress-strain
curve for the material.

(2.5)
where:

σ
σ0





true stress

K

yield stress
strength index



ε

true strain



n

strain hardening index, set equal to eu = 0.23

The curve obtained has been finally corrected in order to adjust the true strain values resulted from the test,
considering that these values did not match with the expected behaviour of the material in the linear elastic
range. Hence, the strain value at the yielding point has been computed by using the linear stress-strain
relationship. From there onwards, the curve has been drawn by adding, to the yield point, the difference
between the values of the real plastic strain at each point – measured in the lab – and the yield strain just
calculated.
Finally the true stress-strain curve has been obtained and presented here below (Figure 2.12):
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Figure 2.12 – Steel true stress-strain relationship

The material mass density defined is the average value of the steel: 7800kg/m 3. This input value has been
defined constant regardless any variations in the temperature. Its distribution has been defined as uniform
throughout the material. The general material definition has also been featured with a Poisson’s ratio
equivalent to ν = 0.3, a typical value for steel.
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The material elasticity defined in Abaqus uses its simplest form: linear elasticity. The material is
homogeneous and the linear elastic model is isotropic at any point. The value used for the Young’s modulus is
210 GPa.
To define the metal plasticity and, therefore, prescribe the material inelastic flow after the yielding point has
been reached, the classic metal plasticity model has been chosen. This model offers a number of different
hardening behaviours; among these, the isotropic material behaviour has been imposed. As plastic straining
occurs, the stresses will be uniformly distributed in all the directions.
Finally, it has been required to define the ultimate strain the material is able to withstand before the breakage
initiates. In order to do so, Abaqus has been given the command to remove, from the computation, those
elements that exceed the ultimate strain specified; this approach allowed us to avoid excessive and unrealistic
distortion of the elements and therefore simulate the failure of the material in the over-stressed elements.
Grade 10.9 Steel – Bolts and washers . For both the bolts and the washers, the material type used is the
high-strength 10.9 steel grade. Metric bolts with this material exhibit high tensile strength and good wear
resistance. The yield strength of the bolts is somewhere near 900 MPa and the tensile strength is about 1000
MPa.
The properties used as input in the material definition are the same already prescribed in the steel S355 case
with the exception of the yield strength, ultimate tensile strength and damage initiation criteria (ultimate strain
before the breakage).
Since no information has been provided about the stress-strain curve of the steel used in the bolts, the Epl postyield modulus has been prescribed to be equal to a certain fraction of the initial Eel elastic modulus. More
information regarding this topic are provided in Paragraph 3.1.2, as it has been part of the parametric study.
Concrete grade C30/37 – Bedding grout, slabs. For both the slabs and the bedding grout, the concrete
strength class used is the C30/37. Information about the properties of this concrete type, have been found in
the Eurocode 2 standard.
The material definition has been characterized in such a way that the actual behaviour is linear-elastic, with a
Young’s modulus of E = 30 GPa, density of 2800 kg/m3 and a Poisson’s ratio of ν = 0.2.
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Figure 2.13 – Concrete stress-strain relationship

2.7.4

Constraints

In our model it has been necessary to define constraint conditions when separate parts have been joined
together. The MPC multi-point constraint and the tie constraint have been employed. These have been used,
without any change in configuration, for both the static and explicit analyses.
The multi-point constraint has been used to connect the beams and column of the detailed frame to the beams
and columns of the rest of the structure. MPC allows constraints to be imposed between different degrees of
freedom of the model and can also be employed in any type of mechanical analysis (both linear and
nonlinear).
To define the MPC condition at the joints between the columns and the beams, the nodes of interest have been
identified and a linking formulation between them has been assigned.
In order to assure fixity in the connection between the different elements, the MPC Beam type has been
adopted. It provides a rigid beam link between the nodes by constraining both the displacements and the
rotations at the first node selected to the displacement and rotation of the second node.
The tie constraint has been used to create the bond between anchor bolts and bedding grout, to reproduce the
fillet welding (connecting the beams to the end-plates), to stick the solid-end-part of the HEB220 column to
the rest of the shell section and to create a constraint between the slabs and the supporting beams.
Due to its formulation it allows to tie two surfaces for the whole duration of the simulation. It makes the
translational and rotational motion, as well as other active degrees of freedom, equal for the pair of surfaces
(or node regions) involved in the constraint.
To prescribe the tie constraint condition, it has been required to define a master surface and a slave surface.
By doing so, the nodes on the slave surface are forced to follow the motion of the closest point on the master
surface.
A summary of the choices adopted, for both the master and slave surfaces, is reported in the table below
(Table 2.7).
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TIE CONSTRAINT
PARTS INVOLVED

MASTER SURFACE

SLAVE SURFACE

HEB220 – Solid end part/Shell body

Shell cross-section

Solid end part cross-section

Fillet welding – HEB220/Base plate

HEB220 Cross-section

Base plate surface

Fillet welding – IPE240/End plate

IPE240 Cross-section

End plate surface

Slabs/Beams

Slabs edges

Beams

Anchor bolts/Bedding grout

Bolts shanks

Bedding grout surface in
contact with the bolts shank

Table 2.7 – Constraints summary

2.7.5

Interactions definition

The current model is made by a set of different interacting parts. In order to ensure that physical contact
among them is taken into account, a contact algorithm has to be assigned.
In Abaqus/Explicit two algorithms are available to model interaction problems: the general contact algorithm
and the contact pair algorithm. By defining a contact interaction it is possible to handle complicated problems
involving multiple three-dimensional bodies and solve extremely discontinuous forms of nonlinearity.
For the current model, the general contact algorithm has been chosen. It allows few restrictions on the types of
surfaces involved, providing ease in the contact definition stage and robustness during the computation. Its
accuracy and performances are as good, or even better, than the contact pair algorithm while using the explicit
solver, especially for large models where it results to be considerably faster [9].
As a single unified contact algorithm, all types of contact interactions can be prescribed to the model. For our
model the contact inclusions have been defined by selecting the All* with Self option in the contact domain
section; this allows to span multiple bodies by means of a single command. However, it is possible to
manually include or exclude surface pairs in the case it is needed.
The next step involved the definition of specific attribute assignments; the contact algorithm has been detailed
by adding user-defined contact property options. Both the hard contact mode (as normal behaviour) and
isotropic friction (as tangential behaviour) have been chosen to be considered for the analysis. The friction
coefficient has been set equal to 0.3 since the interactions occur between steel elements.
Clarification. It is worth noting that, to facilitate the general contact algorithm and thus achieve better
solutions, some considerations for the mesh refinement are needed. In our case, to achieve a better symmetry
in the response of the impacted column, the mesh on both the impactor and the column have been defined in
such a way that the nodes are closely matching (with respect to the vertical axis). This allowed us to avoid
large non-symmetrical response behaviour of the column (e.g. torsional effects) which is not to be expected in
FEA symmetric simulation.
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2.7.6

Boundary conditions and loads

Boundary conditions. After all the parts of the model have been assembled, the boundary conditions have
been applied.
The whole building is supported at the bottom, at the idealized ground level, by enforcing the Encastre
boundary condition. Each end-node of the columns of the structure (with exception for the impacted column)
has been fixed by rigidly constraining all its degrees of freedom (i.e. U1 = U2 = U3 = UR1 = UR2 = UR3 =
0). By doing so, the structure is entirely blocked on the ground and no displacements or rotations will occur at
the specified points.
This is obviously a simplified approach; the choice to enforce fixity at the end of the columns comes with the
assumption that the connections to the ground are supposed to be strong enough to keep the columns firmly
linked to the ground.
The same condition has been defined on the end-part of the anchor bolts (supposed to be buried in the
concrete foundations.
By default, all the boundary conditions defined in the initial step of analysis are propagated to the subsequent
steps. No changes have been made with regard to this setting: the fixed condition has been used during the
whole duration of the analysis.
Loads. The external loads applied to the structure consist in the distributed surface loads on the slabs and the
preload condition in the bolts.
On the slabs, the load has been applied using the surface traction command. For the first four storey it has
been calculate by [5] as 6.2 kN/m2. On the top storey instead, the snow load has to be considered as well, thus
there will be a total load of 8.6 kN/m2 [5].
The bolt preload has been defined in the connection model by using the built-in Bolt Load command,
available in Abaqus/Standard. By choosing a displacement control definition, a more stable solution is
achieved. This method allows to produce the desired initial tension value in the bolts shank.

27

Figure 2.14 –Building boundary conditions and loads

Figure 2.15 – Ground connection boundary conditions
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Assumptions and simplifications – summary

2.8

In this paragraph, a summary of the main assumptions and simplifications is presented:


No rotational springs in the connections; except for the detailed connections, everything is fixed. It
has to be said though, that this assumption is compensating the absence of the shear walls, which
have not been modelled. These structural members would have increased the rigidity of the structure,
especially for what concerns the impacted area.



The fillet welding of the ground connection has not been modelled. It has been assumed that it is not
the weak part of the connection; therefore, the failure will be in another structural member of the
connection.



Simplified bond force definition between bedding ground and anchor bolts.



Simplified concrete material model. A linear stress-strain curve has been employed to describe the
concrete behaviour.
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3
PARAMETRIC STUDY

As stated in the introduction chapter, the present research has been focused on understanding how
assumptions made on small parts of the model would affect the behaviour of the structure when subjected to a
vehicle impact.
In this context, Feng Fu [1] clearly pointed out how further research – in terms of parametric study – is
needed with respect to the detailed structural behaviour of similar structures under heavy dynamic events.
The three cases treated in our parametric investigation involved assumptions on the material definition and the
load configuration of the fasteners (i.e. preload) used in the connections. The choice of the parameters to be
studied is motivated by the uncertainties related to their behaviour in the case of dynamic events.
For the building considered, no information have been provided with regard to the preload condition. The
understanding of its influence, on the overall response of the structure under the vehicle impact, is of interest.
In the same way, only few information are provided when it comes to the behaviour of the bolts beyond their
ultimate resistance; the failure mode and the governing parameters in different cases are therefore
investigated.
In order to obtain reliable results, the strategy chosen involved a number of analyses where the different
conditions have been varied. The aim of the various tests has been to isolate and, therefore, specifically
identify the influence of the parameter examined.

Procedure

3.1
3.1.1

Bolt preload

It is already well known how the preload in the bolts enhances the performances in some specific cases, what
remains unclear is the effect during heavy dynamic situations. Under different preload conditions, the
behaviour of the connections and eventual differences in their response are investigated.
As stated in the Eurocode [11], the preload force has been set equal to:
(3.1)
Where:
-

fub

ultimate bolt strength

-

As

area of the bolt shank

30

Therefore, the preload force has to be equal to 70% of the bolt nominal tensile resistance. Since the ultimate
bolt strength is 1000 MPa, after the preload the stress in the bolt shank has to be:
(3.2)
Nevertheless, if no preload force is prescribed, there is a tightening force that has to be considered. A
common assumption suggests a value around half the preload and thus about 350 MPa.
3.1.2

Post-yield modulus – bolts

The next phase aimed to observe whether any variation in the response of the structure occurs when two
different values of the post-yield modulus are employed.
Indeed, to describe the stress strain relationship of the bolt material, a bilinear curve has been used. Since the
bolts material has been provided (steel grade 10.9) the yield strength and the ultimate stress are known.

𝐸pl=?

s [MPa]

900

𝐸

1 𝐺

0
0

e=0.004286

e

eu=?

Figure 3.1 – Bolt stress-strain bilinear curve

No information has been provided about the ultimate strain, when the material fails. In this context, different
stiffness inclinations (of the plastic part of the curve) have been proposed by different authors.
Van Der Vegte and Makino [12] suggested an inclination of Epl=1/100 Eel, while Chan and Teng [13] stated
that Epl might to be equal to 1/10 of Eel.
Therefore, the two different possible curves display a more ductile response, for the former case, and a more
brittle response for the latter one (Figure 3.2):
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Figure 3.2 – Bolt curve cases considered

Hence, we decided to carry out a comparison between the proposed values in order to extract general
information of the consequences that this choice has on the structural behaviour.
Even in this case, for each material model used, the tests have been performed with any possible preload
combination.
3.1.3

Failure strain – bolts

The final stage of the study involved the understanding of how the strain at failure in the bolts material affects
the outcomes; indeed, no information has been given regarding how and when the material in the bolts fails.
When the material reaches the maximum stress, the stress-strain curve will decrease slightly, until it gets to a
point, where the material rapidly loses its load capacity.
For example, if the material model given by [12] is considered, after the maximum stress is reached, the
stress-strain curve can resemble the following diagram (Figure 3.3):
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Figure 3.3 – Bolt material model – Possible failure mode

Therefore, it is necessary to make an assumption on the value of ef. We have firstly chosen a reasonable value
of ef equal to 0.059.
Afterwards, this value has been increased, by extending the distance between the failure strain (point B) and
the ultimate strain (point A) by a factor of 3.
Indeed, before we had:
1

1

(3.3)

Therefore, in the second case, the failure strain is equal to:
1

1

(3.4)

To conclude, the following diagram depicts the two curves compared; it has to be underlined that when any
steel element in the model reaches the stress of 0 MPa, it is deleted and not considered anymore by Abaqus.
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Figure 3.4 – Failure strain: cases considered

Thus, in this parametric study, it has been compared the material with the failure strain 1 and the material with
a more ductile behaviour, having the failure strain 2. Using in both cases the material with E pl=1/100 Eel. Even
in this case, for each of the two material models used, the tests have been performed by considering all the
preload combinations.
3.1.4

Axial force in the impacted column

After the parametric study and the extraction of its results, the axial force in the impacted column has been
evaluated. Indeed, in this research it was not possible to validate the FE model with a real test; therefore, it
has been checked that the trend of the axial force along the time is reasonable.
Specifically, an initial negative value is expected, since the column is in compression; afterwards, it has to be
followed by an ascending curve, which takes the column in tension, due to the impact. Eventually, observing
the final value of the force, which can be either in compression or in tension, it is possible to understand if the
column is still supporting the upper floors or not.

Results selected

3.2

In order to get valuable information on the response of the structure, the following results have been chosen to
be observed:


Vertical displacement of the top point of the impacted column



Horizontal displacement of the impacted point in the column



Axial force in the impacted column
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Axial force evaluation

Figure 3.5 – Results extracted

There are two sections where the axial force has been evaluated. The first one is located 0.76 m from the top
point of the column, while the lower one is located 0.20 m above the connection to the ground.

Parametric study – cases explanation

3.3

This paragraph gives a brief introduction on the cases treated in the parametric study. For what concerns the
preload influence evaluation, all the possible combinations have been assessed.
In each connection it is possible to either apply or not apply the preload force; therefore, since only two
connections have been modelled in detail, there are four possible combinations. These are:


Preload applied on both the connections



Preload not applied in any of the connections



Preload applied only on the ground connection



Preload applied only on the upper connection

Furthermore, since two different values of post-yield modulus have been tested, to evaluate the influence of
both the preload and post-yield modulus assumption, eight cases are at hand (Table 2.8):
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MATERIAL 1 CASES

PRELOAD
CONDITION

MATERIAL 2 CASES

CONNECTION

1

2

3

4

5

6

7

8

GROUND

No

Yes

Yes

No

No

Yes

Yes

No

UPPER

Yes

Yes

No

No

Yes

Yes

No

No

Table 2.8 – Cases considered summary

For what concerns the failure strain study instead, the comparison has been done by using only the material
with Epl=1/100 Eel. Therefore, the cases used will be from 1 to 4, evaluated with the two failure strains.
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4
RESULTS

4.1

Bolt preload

The first results presented are those regarding the preload variation considering the first material model with
Epl = 1/100 Eel.
In the following graph (Figure 4.1) the vertical displacements of the top point of the impacted column are
presented:
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Figure 4.1 – Vertical displacements cases 1-4
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The horizontal displacements instead, are shown in Figure 4.2:
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Figure 4.2 – Horizontal displacement cases 1-4

In the following image (Figure 4.3) instead, there is a visual comparison of the results between two opposite
cases, having case 2 on the left, with the preload both on the upper and ground connection, and case 4 on the
right, without preload in any connection:

Figure 4.3 – Case 2 and case 4 visual comparison

For what regards the preload variation with the second material model, with E pl = 1/10 Eel, the vertical
displacements are (Figure 4.4):
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Figure 4.4 – Vertical displacement cases 5-8

While the horizontal displacements are shown in Figure 4.5:
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Figure 4.5 – Horizontal displacement case 5-8

4.2

Post-yield modulus – bolts

In order to evaluate the influence of the post-yield modulus choice, the response of the structure has been
assessed by comparing the results with the same preload condition and a different choice of the material.
For example, in the following diagram (Figure 4.6), the vertical displacement is plotted along the time. The
red curves have the more ductile material model, with E pl=1/100Eel, while the blue ones have the more brittle
material model:
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Figure 4.6 – Material model variation, vertical displacements

Furthermore, in order to have a more detailed picture, in the same diagram (Figure 4.7) are plotted the vertical
displacement of case 1 and case 5, with the preload applied only on the upper connection:
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Figure 4.7 – Vertical displacement case 1 and case 5

In the following images instead, there is a comparison between case 2, on the left, and case 6, on the right. It
is then possible to better understand the influence of the post-yield modulus assumption.
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Figure 4.8 – t = 2.00 s

Figure 4.9 – t = 2.02 s

Figure 4.10 – t = 2.05 s
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Figure 4.11 – t = 2.06 s

Figure 4.12 – t = 2.08 s

Figure 4.13 – t = 2.12 s
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Figure 4.14 – t = 2.16 s

Figure 4.15 – t = 2.19 s

Figure 4.16 – t = 2.21 s
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Figure 4.17 – t = 2.26 s

Figure 4.18 – t = 2.32 s

Figure 4.19 – t = 2.35 s
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Figure 4.20 – t = 2.37 s

Figure 4.21 – t = 2.40 s

Figure 4.22 – t = 2.43 s
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Failure strain – bolts

4.3

In the following diagram, the vertical displacement along with time is depicted. The red curves have the lower
failure strain while the blue ones have the larger one:
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Figure 4.23 – Failure strain comparison, vertical displacements
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Figure 4.24 – Failure strain comparison, horizontal displacements

Visually instead, focusing on the ground connection, there is the following situation, having on the left the
strain 1 and on the right strain 2:
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Figure 4.25 – Failure strain comparison, ground connection detail

Axial force in the impacted column

4.4

For the sake of shortness, only case 1 has been considered to show the trend of the axial force; indeed, the
behaviour of the curve is the same in cases from 2 to 4.
In Figure 4.26, the axial force in the upper section is depicted:
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Figure 4.26 – Axial force upper cross section
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In Figure 4.27 instead, is shown the force in the bottom section:
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Figure 4.27 – Axial force lower cross section
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5
CONCLUSIONS AND DISCUSSION

For what concerns the preload variation, the conclusion that can be drawn from Figure 4.1 and Figure 4.2 is
that it does not affect the results. In all the cases compared, the curves trend is basically the same.
It is also possible to observe, from Figure 4.3, that even visually, the behaviour of the ground connection is
not changing in spite of two opposite preload combinations.
Furthermore, if figures 4.2 and 4.5 are compared, although the pattern of each graph is the same regardless the
preload combination, it is possible to see that the magnitude of the horizontal displacement is extremely
different. This suggests that the post-yield modulus variation significantly affects the results.
Indeed, if the figures from 4.8 to 4.22 are observed, it can be seen that the post-yield modulus variation
changes the failure mode of the column. If the more ductile material model is employed, the failure of the
column happens in the impacted area. On the other hand, when using the more brittle material model, the
bolts in the ground connection cannot withstand the impact; therefore, the connection fails.
For the last investigation, the one regarding the failure strain, the vertical displacement pattern of the curves is
the same in all the cases. There is a small variation in the maximum initial displacement, where the more
ductile material leads to a smaller value.
Visually instead, for the ground connection in Figure 4.25, regardless the preload combinations, a difference
in the bolts failure can be observed. Thanks to the larger strain before the failure, two more bolts are able to
withstand the impact. We can therefore say that the failure strain has a certain influence, but unfortunately we
are not able to state if this influence is significant or not since it directly depends on the structure considered,
the loads applied on the column and so on.
Finally, checking the force in the column, we can notice that both the cross sections start with an axial
compressive force, which magnitude is around 800 kN. This value is in agreement with the one that has been
calculated, as maximum axial force due to the static loads, by [5] during the design of the building.
After the initial compression, the force rapidly goes into tension, due to the impact of the vehicle; afterwards,
the column oscillates, around its equilibrium position and so does the force, around a value close to 0 kN. This
means that, even though in cases from 1 to 4 the ground connection is not pulled away as in the cases from 5
to 8, the supporting capability of the column is very low.
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6
FUTURE WORKS

During this work, by using a parametric study, the effect of different uncertainties has been evaluated; as
already pointed out in Chapter 5, the material definition of the bolts has a great influence on the results.
Therefore, in future works, more focus should be put on the post-yield modulus and the failure strain, in order
to correctly evaluate the material characteristics and have reliable results.
Furthermore, during the creation of this model, it has been necessary to make some assumptions, as shown in
Paragraph 2.8. Consequently, further studies should be focused on understanding their importance, in order to
check their influence on the outcomes.
Finally, it was not possible to validate the FE model with any real test, since it was not available. Even though
the results that have been obtained seem reasonable, the validation of the model is an important step during
any computer simulation. Therefore, as further works, we suggest to validate at least some small but
important parts of the model by means of real scale tests.
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