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Abstract — Buildings of critical transport infrastructure, suafitunnels and bridges, often reside on spedadtbearing members and
conditions. The vulnerability concerning terroistiireats and the criticality for such buildinge #re focus of the described study.

In order to evaluate the criticality of differenbgsible detonation scenarios, several componenisfiafstructural buildings are
analyzed using different state-of-the-art methdisinforced concrete components under contact arsg-@todetonation loading are
examined using validated engineering tools. Theqreed evaluation processes enable thereby thatabefiof criticality of different
loading scenarios in relation to different reinfedcconcrete components. Global failure mechanisménaestigated by a combination
of partly newly developed engineering tools, whiatilitate a confirmed appraisal for internal degtian scenarios too.

For the bridge cables a stepwise analysis procedaheding mesomechanical simulation of cables|estaalidation experiments and
different types of prestress descriptions in fi@tement simulations are presented. The obsenfkegtintes on the response and extend
of damage are highlighted. The above mentionedtnmi®ns and components are not comparable teeoffiuildings of critical
infrastructure (embassies, administrations and stiies, tower buildings) such as reinforced comcrealls, columns and masonry.
Therefore, they require new analysis and classifinaapproaches, which are addressed and summaniziee proposed paper.

1. Introduction combined prestress loads in the MPa range and shock

Roads make up a crucial part of the German trahspoPressures of several GPa resulting from a blasérdify
system and take the largest share in moving peapte several orders of magnitude. This combination is a
goods. They also play an indispensible role to rothechallenge for engineering and design principles.
transport modalities such as shipping. So, tunraeld
bridges are an essential part of road traffic. D®6
attempted attack against the Hohenzollern Bridge ir
Cologne has shown that terrorist acts also havéeto Risk mitigation
considered in Germany. seiet getene

In order to protect critical infrastructure, hazamiust
first be identified and then the risk must be apatly in
order to be able to give an assessment of thettlareh

Menace

o Y

Protection of Risk identification
critical -]
infrastructure

Risk analysis
« vulnerability analysis
Risk assement —«mmmmmm - failure analysis

« incident analysis

possible preventive measures.
An important part of the risk analysis consists of

examining the degree of damage caused to structur. P

components of, in this case here, bridges andetbtitiges

themselves. FiG. 1: Process scheme for the protection of critical
An all-hazard-approach identifying a wide range of infrastructure

threat scengrios aga?nst bridges and tunpels has be |4 the presented study, the dynamic load-bearing
undertaken in the project SKRIBT (www.skribt.orfhe  pehavior of each of these bridge components ig firs
demands on the buildings, the user and the surmgsd jnyestigated individually. These results will seaga basis
are considered, and counter-measures are beintpgede ¢, examining the dynamic response of a compleBgi
The vulnerability to terrorist threats and the icality of assembly under blast loading. In all the accomptish
bridge structures are the focus of the describedyst investigations either by the means of experimentatiel
Many relevant bridge constructions include pre- andests or by the means of numerical simulationsyésit is

n_on—prestres;ed reinforced concrete bo_x-girdeee] $tox- represented by a local degree of damage in thadega
girders and high-strength steel suspension caler®, the  prigge component or assembly. This local damagelesa



a classification and evaluation of the residualding based on three steps: data selection, method iseleuttd

capacity of the bridge construction applying alewesal visualization.

investigation methods, which are not presentedha t  Figure 3 shows the tactics how terrorist eventinsga

paper. bridges and tunnel were arranged. The TED anahass
In order to evaluate the criticality of differenbgsible  shown that most attacks occur with an explosiveage.

detonation scenarios in combination with the sdveraHence, different explosive scenarios as decisienatos

components of infrastructural buildings mentionéd\ve, were chosen to investigate the vulnerability ofdgés in

various state-of-the-art methods in terms of madsts, case of terrorist attacks.

engineering tools and finite methods are used and

presented in the following sections. 3% H car-bomb

= car-bomb (remotely detonated)

explosive

* m explosive (remotely detonated)
74% = unknown
FiG. 2: Typical construction of a cable-stayed bridge
conjunction with possible detonation locations FiG. 3: Tactics against bridges and tunnels worldwide

A further result of the database evaluation was to
determine the place on the building where the kstaan

ase occur. Figure 2 shows the places of the bridge grmn
2. Terror Event Datab (TED) terrorist activities with explosive devices. Foistiheason,

To assess the possible threat of terrorist attagkinst he investigation will focus on these locations.

critical infrastructure, it is necessary to analylze history With the aim of the TED event analysis, different
of terror attacks. There are several databasesio@ld  standard scenarios were appointed. One result has t

for analyses are limited to the available non-tf&ss \yere the places of the bridge where these defierge
databases at the Fraunhofer Ernst-Mach-InstitubIX& \yeights could occur.

MS Access database was set up. Publicly availaata d A next step is to characterize the structure befnaie
was used as basis for the in-house Terror Everdtidae o these scenarios. The estimation of every bridge

(TED). component gives an answer to the criticality of heac

The sources for the database were collected fréferéint  gcenario.

media. Main sources when collecting the data weaks

[1-5], publicly available online newspapers [6-Bfd the . .

data that was available at the Terrorism KnowleBgse 3. Dynamlc Response of B”dge

of the Memorial Institute for the Prevention of fiagism Components

[18]. The terroristic events were stored in theatlase with Figure 2 shows a typical construction of a cabégret

the following information: date of the event, numted  bridge. Besides the bridge cables, the structunsists of

injuries and fatalities, country, where the incidéook reinforced concrete parts and several steel pdrie

place, terrorist group, target object and the uaetic. dynamic bearing behavior of these three kind otidpi
The target objects are grouped into three maicomponents is analyzed percisely in the followiagti®ns.

categories (governmental, civil and industrial) dacdher

in sub-categories (e. g., military, media, tourigmycation

etc.). Presently the database includes approxima&000 3.1  Reinforced Concrete Components

incidents from 1968 to 2007. 179 countries and 104%einforced concrete components play a significaté m
known terrorist groups are stored. 101 tacticsg(e.car ihe bridge’s global load-bearing capacity. As dyitam
bomb) were captured and also 469 target objectshdtie  analysis of reinforced concrete is a standard ffefdthe
grouped in the above-named categories. The datatiise assessment of building security, the load-bearisigalsior

be continuously enlarged and completed. Hence, thigng capacity are already well understood [19, 20].
database offers a good basis for risk analysis. Consequently, simplified engineering approaches g

the dataset. Descriptive statistics, time seriedyans like  gection [21-23].
trend analysis, cycle detection and comparisonimg t
series are implemented within this tool. The analys



1)

Building components in general show different rewsgo

loading, the structural response of reinforced oetecwill
be critical shearing in combination with crateriog the
front side and spalling on the rear side, see Eigur

These complex processes are not easily to describe.

patterns depending on the blast-loading intensity-0nnavist[31] and Gebekken [32] showed that they can

Depending on charge weight W and distance R, theze

reasonably be captured by empirical approaches for

local and global deformation modes such as criticaiéinforced concrete The local loading cases orforiad

bending or shearing of the structural componenighvban
occur. The scaled distance Z allows a differemtrati
between local and global loading, see equationmallS
values result in shear loading, large scaled distatead to
a bending response [23].

In this paragraph, the focus will be on the caeiagy
slab, the columns and a reinforced concrete balegiof a
bridge. With respect to different explosive scemgrithe
calculations predict the failure behavior of diffat
structural elements.

Depending on the bridge design, three categorig¢beof
carriageway slabs and four different types of tbkimns
have been investigated.

For each structural component, the critical valuetiie

scaled distance was determined. Meaning, for value

smaller than the critical value, complete faillsexpected.

It has been determined that for local loading cates
percentage of reinforcement has only a small Siamt
influence on the structural resistance [24, 25]t Buthe
case of global loading, the structure reacts withding.
Therefore, the percentage of reinforcement is ¢issdar
the structural resistance. With a higher percentafe
reinforcement, the structure has a higher resistagainst
global loading cases.

311 Local
Components

Contact detonations or detonations at very smallesc
distances result in a deformation phenomenologyciwis

Loading Cases on R/C Bridge

concrete bridge components were evaluated witheifiere
mentioned validated engineering tools. Figure Sashthe
residual cross section of a bridge component AFigdre
6 the same results for a bridge component B fdemint
explosive charge weights.
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FiG. 5: Residual cross section of the reinforced ostecr
bridge component A

The results of component A clarify that only foreth
smallest explosive charge a complete residual @estson
can be accomplished by a scaled distance of 0.&hwh
also represents the maximum limit for the localufai
phenomenology. Larger quantities of explosive charg
lead in the regarded scaled distance range touadsitoss
sections which are less than 90%. A non-totallytrdeted
cross section is only archived for the biggest esipk
charge for scaled distances greater than 0.38'fh/kg

very complex. An extremely sharp shock front with Concerning the bridge component B, the explosive

pressures in the range of 10 GPa or more is tréiegmi
from the explosive into the structure.

crater diameter

gap
diameter

ToE
Lcrater
depth

sesidual cross section
Jddamaged or intact)

spalling
depth

spalling rear side

FiG. 4: Potential damaged zones in a reinforced coacre
component due to a contact or close-in detonation

Reflections from the rear surface cause scabbimy a
ejecta. At the same time, a crater of fully andtlpar
damaged material is created on the front. If betians
coalesce, total perforation will occur. So, due ldogal

masses W W, and W, lead to a residual cross section
larger than 82 % for a scaled distance of Z = G@r

Z = 0.4 and charge weight \he residual cross section of
the component is larger than 50 %.
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3.1.2 Global Loading Cases on Bridge Components The user of ,TuBlaC* has the option to define an

After the analysis of the local loading cases, glob arbitrary number of gauge points in the room. Tbel t
loading due to internal and non-internal explosivedelivers time histories of the pressure and impuigaes at
scenarios is analyzed in the following subparagraph these defined points as well as the maximum pressod
evaluate structure behavior due to global blastiigg IMpulse values occurring at each wall.
simplified Single-Degree-of-Freedom models aretésts- The combination of the developed iso-damage curves
practice” [27, 28]. Figure 7 illustrates the pripieis of the ~resulting from the Single-Degree-of-Freedom modedl a
SDOF model. The external force appears as a pragfuct the results of the calculations with ,TuBlaC* allow
the structural area A and the blast loading shqpje fhe ~ determination of the size of the damaged and ireteez in.
structural resistance force R(x) reacts againstitection the reinforced concrete box-girder. With increasing

of the external force and tries to bring the stimitmass m  distance to the charge position, the peak-overpressnd
in the unloaded starting position. blast-impulse are calculated. Figure 8 shows thg@ach.

With the additional information of a damage criveri High values are closer to the explosion positiothgbox-
(e.g. critical deflection) and the correspondingcéy an 9girder. If the calculated ,TuBlaC* point is belowet iso-
iso-damage curve in a so-called pressure-impulsgrain ~damage curve, the structure will not fail.
can be derivated. This pressure-impulse diagramtiites ~Furthermore, Figure 8 shows two iso-damage curves
the overall structure behavior for an arbitrary ichoof ~ With different percentages of reinforcement. Dugyibal

peak-overpressure and blast impuls; see [29-30] fdPading, the structural response is bending andéehe
percentage of reinforcement is essential for thecsiral

example. f
This approach is also used, as mentioned before, f§Sistance. o _
evaluate explosive scenarios in a box-girder ofridge. The calculations in this subparagraph exploredcgjpi

The structural properties of the reinforced coretatdge ~Scenarios against reinforced concrete componertie T
components and the degree of reinforcement are knowesults can be used to enhance such elements @gains
and, hence, the resistance of these componentsioumk typical terroristic threats like improvised exphsidevices

are the values of the internal blast loading foragitrary ~ (IEDS) or vehicle-borne IEDs (VBIEDSs).

explosive scenario. In the following, a new engiiege

tool is introduced to calculate the pressure expantor -

internal blast and hence a scenario in a box-girder =l A T

X e measured values left side
-« i = .
F(t) Measured values right side

—
R(x)
structural Blast load
resistance force

force
R(x) Ap(t)
—_— | —

Pressure [kPa]

X(t) Impulse [Pa-s]

FiG. 8: Iso-damages-curves in conjunction with the

A: area of the structure numerical calculated pressure and impulse values
m: mass of the structure

Fic. 7: Fundamentals Single-Degree-of-Freedom 3.2 Local and Global Loading Cases on
function Steel Components

At Fraunhofer EMI, the expert tool ,TuBlaC“ for  After the reinforced concrete components in the
calculation of the propagation of a blast wave tormel or ~ following paragraphs, the steel components of aderi
closed room was developed. Dimensions of the roem &onstruction will be the focus of the described
well as charge weight and position are the fundaahen investigations. For the variety of the differergedtalloys,
input parameters for the tool. In a first step, soétware No validated engineering tool is available to ckitaithe
calculates the detonation process and the firglestd a  effects of the detonation scenarios on the stestoaction
free expanding blast wave. This calculation ocdénrene  €lements. For the lack of these tools, the dyndearing
space dimension, i.e., the charge is assumed to [p&havior of the regarded component is analyzedyusie

spherical. In a next step, the calculated blastewsil be ~ Well-established combination of scaled model temtsl
remapped into a three-dimensional finite volumeaccompanied numerical simulations. After the vaiafaof

calculation. Subsequently, the calculation of thethe simulations of the model test against the tesilthese
propagation of the blast wave in the tunnel oretbsoom  tests, the numerical model can be transferred ltes¢ale
occurs. dimensions. In these models, a profound prediabibthe

possible loading on the steel components of thdgkrdue



to the various imaginable loading scenarios can b8.22  Stee Plates

calculated. Figure 9 shows the created model test set-up, wisich
In the first subparagraph, the dynamic behavior Ofyeated in a scale M of 1:10. The test specimepinised
normal-strength steel plate type construction efémes four-sidedly in a rigid steel bracket. The clamptie plate
outlined. _ o is conceived, so that a pull out of the steel pthteng the
Focus of this paper section is the research of thaging phase is avoided. The also scaled explosive
dynamic bearing behavior of the high-strength sberlge charges are placed in the intended distance topkike
cables. surface using a styrofoam spacer. Figure 10 vizeslthe
results of the test for a defined scenario.
3.2.1 Fundamentals of the Numerical Simulations
All numerical simulations mentioned before and he t
following were done using a program code basinghen

tyrof - A
finite method using finite-volume differences. Theed
code AUTODYN belongs to the class of the so-called ; ]

hydrocodes.
Characteristic of this class of numerical codeghis :
explicit time integration scheme in conjunction twithe
solution process, which solves the equitation oé th
conversations of mass, momentum and energy
simultaneously. Another fundamental characterisfithe
hydrocodes is the distinction in hydrostatic andiateric FiG. 9: Model test set up for the steel plates
stress components in the material law descriptibime
code enables the interaction of Lagrangian meshagem  This model test set-up is simulated in the hydrecod
for structural dynamic calculations with Euleriatuid  Mentioned above. The results of the simulations are
mesh domains. This combination offers the possjhiff a presented in Figure 10, too. As well for the freidake as for
fully coupled calculation of a detonation scenaaial the the backside of the plate, the size of the disdijatea is
linked blast wave propagation in conjunction withe t calculated very sufficiently in the numerical co@esides,
structural response of the construction to thetitesling. ~ the deformation Figure of the plates is also comguin
The medium air is described in all simulations gsine good agreement to the experiment. So, the numerical
ideal gas equation of state. In this thermo-dynamiglescription of the dynamic steel behavior can tyanded
equitation the pressure of the gas is correlatethéogas as Validated.
density and the internal energy, which is alsoteeldo the
gas temperature (see Eqgn. 2 and 3)

p=(—1pe (2)
e=c,T (3)

The numerical material model of the explosive is
governed by the Jones-Wilkinson-Lee equation ofesta
This equation enables the numerical calculationthef
detonation process in the explosive and is traresfeinto
the before mentioned ideal gas equation of statr #ie
phase transition and expansion of the explosive.

_ @\ RV @ gy | @E

p=A4 (1 “1‘*’) ¢ +B (1 “2"*’) ¢ Y “) FiG. 10: Results of the experiments (left) and the

numerical simulation right for the front (top) abdckside
(bottom)

The steel components are characterized by the dohns
Cook material strength model in combination witehack
equation of state.

The strength model takes into account the temperatu
and strain-rate-dependent material strength andntive

linear kinematic hardening of the steel.

In Figure 11, an application of the consecutivésable
numerical model is presented.

Summarizing it can be diagnosed, that with the
presented numerical approach of normal-strengil she
effects on the steel components due to explosfeetsfcan
be predicted reliably. This can be done for several
explosive charges at several arbitrary locationghersteel

Y (ep.€p,T) =[A + B €3] [1+4C logep] [1-T¥] (5) plate components



[ s ]
intact failed

Fic. 11: Numerical prediction of the damage on a full
scale steel plate for a given scenario

3.2.3 Steel Cables

In the model scale tests (M1:10 to 1:50), a colaaar
high-strength steel strand cable is loaded by atacon

detonation. The Hopkinson-Cranz scaling law [33] i
obeyed for both cable and explosive charge to allow

upscaling of the results to real bridge dimensiofise
damage resulting from the detonation of the exptoss
quantified by both counting the destructed wiresea€th
strand and by determining the static residual gttern
tension. In contrast to other structural elemeritls & static
preload, the prestress of the cables affects tlyeedeof
damage in a negative sense. In the model testsnmonly
used pre-stress of 30 % of the tensile strengthtutin,
leads to a damage increase of about 30 %.

R A A A PR AT s
~traction piston

explosive charge

FiG. 12: Experimental test set up for the bridge cable

Furthermore, a significant sensitivity on the getrinal
placing of the explosive could be identified in tmedel

To fill remaining gaps of the experimental reseastko
numerical studies are carried out. The expectedagaron
model-scale and full-scale bridge cables with défe
diameters and explosive masses can be calculaiad us
finite-element  simulations  Therefore, the main
characteristics of a steel strand cable have tmbeeled.
These are, besides the grade of steel, the stghadih fill
factor of the cable. Another main mechanical chiaréstic
of a cable is the very limited compression stiffnes

Because of the reason that cables in general ase ve
slender constructions, whit a high variety of dasig
variations, the pre-assigned qualities are moddlgda
mesomechanical approach presented in Figure 14.

S

FiG. 14: Mesomechanical numerical model for bridge
cables

In the numerical model, several wires are simplifie
one steel bar. The stranding of the rope is cagtbsea
frictional contact between them and a circumfesdnti
coating shell tube.

The fill factor and the steel grade correspond #yac
the modeled type of cable. The depicted model
configuration represents a compromise between ricater
simplifications and correct reproduction of the eop
phenomenology. Also for this reason, the qualitytiod
numerical results is validated against the expertaiedata
and the influence of the chosen simplificationsuiglyzed
by the use of a parametric study, which are bosbwdised

tests. This dependency generates a deviation damagethe following.

variation of about 25 to 30 % for the tested expks

In the numerical model each element row in cable

quantities. The diagram in Figure 13 summarizes thgangthwise direction represents one wire of the ehoelst

results of the conducted model test series. Eaabirig
scenario is tested several times in order to etaltize
reproducibility of the results. The derivation bktresults
is therefore also visualized in the diagram.

|
1

90% @ prestressed cable, model test
6

-
20% non prestresses cable, model test

70% non prestressed inappropriate location
6

60% ?

50%

degree of damage

40%
30%

6 : .
Bo . >
10% T

20%

0% . .
normalized explosive mass [-]

cable. The number of cylindrical barrels in the euical
model corresponds exactly to the number of stramdise
cable. By choosing this numerical model build-upd an
resolution, the degree of damage can be comparéueto
experimental results. Besides the number of th&ukted
wires, with this methodology also wires can be tidied,
which are already plasticized due the loading. e,
residual tension strength can be derivated fromnie-
plasticized cables areas and can thereby also hpared
with the experimental results.

As mentioned before, the possible stranding oftdecia
modeled by a combination of a frictional contactwaen
the several barrels and the coating of these Isarrel

In order to gather the effect of the friction caaént,

Fic. 13: Measured degree of damage in terms of lost the same |Oading scenario was calculated with cidn

cross section depending on explosive mass, presires
location

coefficient p of 0 compared to another simulatiothva
coefficient p of 0.6. The observed derivation ia fhiction
coefficient produces the slightly higher degreelafmage.



For this reason all simulations were calculatechgighe 2000
friction coefficient 0.6, well knowing that this ds not /
represent the physical steel to steel contact hehav 1eeo

The other simplification in the numerical modeltie H oo /
use of a coating in order to simulate the confinenoé the g /
strands resulting from the stranding. The thicknasthis s00
coating is set equal to the diameter of one calte,w NS b
which enlaces the cables notionally. o ) } -
That this is a valid approach underlines the patame v o vt v

study presented in Figure 15. FiG. 16: Stress-strain correlation for a prestresbége}

and non prestressed (red) steel

g Because of the reason that the indirect method is
£ * - computationally much more efficient, this methocswiaed
g . N in all further simulations.
g i » In the next step, the numerical results of the rhadd
) its previously discussed simplifications are vaidh
0,00 0,40 0,80 120 1,60 against the experimental data.
coating thickness [mm} The comparison in Figure 17 points out a very

reasonable reproduction of the lost cross section f
prestressed and stress-free cables — even if thention
is not fully comparable to the experimental resdite to
the chosen modeling approach. Also, the dependency

;,fx X the geometrical location of the explosive masgsicated
i ,;'9" in good agreement with the experimental observation
N An advantage of the model and its simplificationishie

FiG. 15: Results of the parameter variation of thetinga fact that it can be easily transferred to full scalithout

thickness (top); deformation figure for a thin caottom  any further assumptions. After the successful wditioh of
left) and a thick coat (bottom right) the numerical model against the experimental restiite

) ) ) model is transferred to the full scale in ordercédculate
With no or a very thin coating, the barrels spread  ang evaluate the effects of different possible nition

widely due to the loading. With a thicker coatirthe  scenarios. The diagram in Figure 18 shows the
barrels are confined in that way that the deforam®nd  corresponding results.

the damage Figure is very comparable to the exgertah
results. The diagram shows that further increasahef 100%
coating thickness decreases the calculated degfee 0 ™ s crosone mm oo
damage which is not realistic and also on the @nsiafe of o
the design approach.

Another point that was investigated in the numérica
preliminary calculations was the way of modeling th

A non prestressed cable, simulation

709% M non prestresses cable, model test

—0-&

.
i Q
\

60%

50% 1
40% #
| 3

degree of damage

— e

pretension in the prestressed cables. One way dElng s0%
this pretension is to simulate the direct and airre 20%
prestressing process. 10%
The simulation of this process is numerical, coratdin o normalized explosve mass [

with great computational costs. Another way to take
account the effect of the prestressing of the cataligectly
is the modification of the material stress-stratationship
in the material description of the high-strengrettDue to Analyzing the results of the model tests and the fu
the prestress, the elastic region of the cableethiced scale simulations, the degree of damage can beildedc
perpetuating the stiffness of the cable. The difiee for both scales by a mathematical approach witlowaep
between the prestressed and non prestressed rmatefimction. In further ongoing investigations, it Wwibe
description is visualized in the diagram in Figlife examined, if the degree of damage can be spedifjed

Comparing the results of the direct method with themathematical analytical power-function basing am itiput
indirect method, similar results are calculated tie  parameters cable diameter, prestress level andsxel
numerical models. charge.

Fic. 17: Comparison of experimental an numerical
results



100000 With these more complex models, it is now possible
calculate a more global effect of a localized datmm
scenario in order to give an appraisal of critigatf the
regarded scenario to the bridge stability.

75%

" e 4, Summary
All the research activities described in the foiago
©Fraunhofer EMI sections investigated the dynamic bearing behawibr

single construction elements or groups of thesmeids.

By knowing the local degree of damage, it is theasible
Fic. 18: Numerical damage prediction for a full scale to evaluate the global bearing behavior of thedwitly the
cable (points) and derivated analytical failure$n use of other not further specified numerical methfs#].

An example for such a global stability analysisafip
shows Figure 19. The picture visualizes a possible
deformation Figure which can occur if a cable araup

of cables fail.

Based on the described research, the critical sixgo
mass for bridge cables can be defined with resfette
cable diameter, the prestress and the locatiorxmlbsive
application. In addition, a numerical model for thables

Based on the results of the foregoing paragrapies, tnas peen developed, which allows, on the one kagdpd
dynamic resilience of more complex component asiemb reproduction of the model tests and, on the otledha
representing bigger parts of a bridge constructisn zjidated damage prediction in full scale.
investigated in the following. In the investigatioragain Fast predictions with engineering tools helped to
the numerical simulations are utilized. In addititnthe classify critical reinforced concrete bridge comeuots.
before mentioned material laws, the RHT-model [B0] The vulnerability has been assessed as limit values
chosen to describe the material behavior of thecrede depending on the scaled distance. More complextsiies
elements in the simulations. The reinforcement lé t paye also been analyzed in finite-element simuiatid his
C(_)ncrete is modeled by usin_g discrete rebar elenent, merical approach enables a superposition of thiic s
Figure 19 shows the non-critical results for a €ms 5nq high dynamic loads. Thereby, the total stressltants
detonation scenario for a steel box-girder and #r 5n be calculated and evaluated.

reinforced concrete box-girder construction. In the |n symmary, the methods and results presentedisn th
reinforced concrete model, also the bridges calnestheir  paper allow a classification of the criticality dffferent
anchorage are included in the numerical model get-u bridges and their specific components. This workdsu
the basis for enhanced measures countering teicoris
threats.

normalized explosive mass[+10' ]

Nevertheless, with the presented numerical apprdach
is now possible to predict and evaluate the degke
damage of a bridge cable, which is loaded by ardion
scenario.

324 Integrated Complex Bridge Component
Assemblies

FiG. 18: Numerical model and results for a Steel box-
girder bridge construction (top) and results faahle
stayed reinforced concrete box-girder construction
(bottom)

FiG. 19: Exaggerated deformation Figure of a cable
stayed bridge after failure of a cable group © Seler
Plan Ingenieurgesellschaft mbH 2009
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