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Abstract

Critical transport infrastructure, such as tunrestsl bridges, is designed to withstand a broaderarig
loading conditions. However, critical load-bearimgmbers of these structures are typically visibiyosed or
accessible, making them more vulnerable to tefromitacks. Such structures therefore require specia
consideration and protection. Being able to pretheteffects of explosions on structural integcigyn aid both in
determining conditions for safe usage and in deietp proper protective countermeasures. Devising an
applying techniques for quantitatively assessirgidueal load-bearing capacity of such structuresnadeemage
has occurred and what degree of damage constittitesal damage is very important and is the foofishe
described study.

In order to evaluate the criticality of differenbgsible detonation scenarios, several componenphysical
structures are analyzed using various state-oithenethods. Reinforced concrete components und#ér b
contact and close-in detonation loading are exatinirsing validated engineering tools. The preseetaduation
processes enable thereby the definition of degrestwality of different loading scenarios in ation to different
reinforced concrete components. Global failure raetdms are investigated by a combination of pardwly
developed engineering tools, which facilitate #af#e appraisal for internal detonation scenarios.

For the bridge cables a stepwise analysis procemhgteding mesomechanical simulation of cables)esta
validation experiments and different types of peest descriptions in finite-element simulations presented.
The observed influences on the response and extfeda@mage are highlighted. The above mentionedstygbe
structures and components are not comparable év tyihes of critical infrastructure (embassies, imistrations
and ministries, high-rise buildings), which are lbuising reinforced concrete walls, columns andsomay.
Therefore, they require new analysis and classifineapproaches, which are addressed and summanizad
proposed paper.
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1. Introduction

As in many other modern societies, roads in Geymaake up a crucial part of the national
transport system and take the largest share inmgg@eople and goods. They also play an indispensibl
role to other transport modalities such as shippiig 2006 attempted attack against the Hohenroller
Bridge in Cologne shows that even Germany is natume to acts of terrorism.

In order to better protect critical infrastructun@zards must first be identified., The risk mbsint be
analyzed in order to be able to give a quantitatiseessment of the threat and to prescribe possible
preventive measures.

An important step within this risk analysis consisf examining the degree of damage caused to



individual structural components of, in this cawsggges and to the bridges themselves.

An all-hazard-approach identifying a wide rangetokat scenarios against bridges and tunnels has
been undertaken in the project SKRIBT (www.skrittf)oThe demands on the structures, the user and
the surroundings are considered, and counter-mesisue being developed. With these demands in
mind, the vulnerability to terrorist threats ane ttriticality of bridge structures are the focusttud
described study.

To assess the possible threat of terrorist attagist critical infrastructure, it is necessaramalyze

the history of terrorist attacks. There are sevaathbases containing terrorist events availabtaédn
internet. As the possibilities for analyses areitbioh to the available non-classified databases,Sa M
Access database was set up at the Fraunhofer Maudt-Institute (EMI). Publicly available data
served as the basis for the in-house Terror Evatdtiase (TED). To extract helpful information from
TED, an analysis software was developed. Thisafiows a fast filtration of the dataset. Descriptiv
statistics, time series analyses like trend anglygicle detection and comparison of time series ar
implemented within this tool. The analysis is basedhree steps: data selection, method selectidn a
visualization.

Figure 1 shows a percentage break-down of thectacsed in terrorist events against bridges and
tunnels. The TED analysis has shown that most ksttaccur with an explosive scenario. Hence,
different explosive scenarios as decisive scenakiese chosen to investigate the vulnerability of
bridges in case of terrorist attacks. A furtheuhesf the database evaluation was to determingltdue

on the building where the attacks can occur. Figushows also the places of the bridge prone to
terrorist activities with explosive devices. Foilistlreason, the investigation will focus on these
locations.

By using the TED event analysis, different standareharios can be ascertained. The next step is to
characterize the structure behavior in responsthdee scenarios. The estimation of each bridge
component gives an answer to the criticality ofhesaenario.

Many relevant bridge constructions include pre- aad-prestressed reinforced concrete box-girders,
steel box-girders and high-strength steel susperebles. Here, the combined prestress loads in the
MPa range and shock pressures of several GPaimgstidm a blast differ by several orders of
magnitude. This combination is a challenge for ragiing and design principles.

In the presented study, the dynamic load-bearitgier of each of these bridge components is first
investigated individually. These results will semg&a basis for examining the dynamic response of a
complex bridge assembly under blast loading. Inttedl accomplished investigations either by the
means of experimental model tests or by the mefnsroerical simulations, the result is represented
by a local degree of damage in the regarded bddggonent or assembly. This local damage enables a
classification and evaluation of the residual logdtapacity of the bridge construction applyingals
several investigation methods, which are not ptteskinm the paper.

In order to evaluate the criticality of differenbgsible detonation scenarios in combination with th
several components of infrastructural buildings tivered above, various state-of-the-art methods in
terms of model tests, engineering tools and finitethods are used and presented in the following
sections.
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Fig. 1: Typical construction of a cable stayed Beidig conjunction with possible detonation locatidiledt side)
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2. Investigations of the Dynamic Response of Bridge Componentsunder explosive effects

The sketch in Figure 1 shows a typical construabiosmcable-stayed bridge. In addition to the beidg
cables, the structure consists of reinforced caecparts and several steel parts. In the following



sections, the dynamic bearing behavior of thessetkind of bridge components is analyzed precisely.
2.1 Local and Global Loading Cases on Seel Components

Before discussion of the reinforced concrete comeptsin the following paragraphs, the steel
components of a bridge construction will be theufoof the described investigations. Because of the
large variety of the different steel alloys, noigtated engineering tool is available to calculdte t
effects of the detonation scenarios on the stawtoaction elements. Due to the lack of availapitit
these tools, the dynamic bearing behavior of thanémed component is analyzed using the
well-established combination of numerical simulatioand accompanied scaled model tests. All
numerical simulations mentioned in this paper wawee using a program code based on the finite
method using finite-volume differences. The usedecAUTODYN belongs to the class of the so-called
hydrocodes.

After the successful validation of the simulatioof the model test against the results of the
experiments, the numerical model can be transfeorfudl-scale dimensions. In these full scale msde

a profound prediction of the possible loading om steel components of the bridge due to the various
imaginable loading scenarios can be calculated.

Focus of this paper section is the research oflyimamic bearing behavior of the high-strength steel
bridge cables. In a further section the dynamiabir of normal-strength steel plate type constonct
elements is outlined.

211 Sed Bridge Cables

In the model tests, scale M1:10 to 1:50, a coldvdrhigh-strength steel strand cable is stressed by
a contact detonation. The Hopkinson-Cranz scabmg[ll] is applied for cable as well as explosive
charge to allow upscaling of the results to reald® dimensions.
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Fig. 3: Model test setup for prestressed and nestmssed bridge cables (left);
Associated mesomechanical numerical model for lericiples (right)

The damage resulting from the detonation of thelosipe is quantified by both analyzing the
destructed wires of each strand and by determitiiggstatic residual strength in a tension test
procedure. In contrast to other structural elemevits a static preload, the prestress of the cables
affects the degree of damage in a negative samske Imodel tests, a pre-stress of 30 % of théléens
strength, in turn, leads to a damage increaseafté®0 %.A significant sensitivity on the geomedtic
placing of the explosive could also be identifiedhie model tests. This dependency results in tretw
case in approximately 25 to 30 % more damage fertdlsted explosive quantities. The diagram in
Figure 4 presents the results of the conducted hteslieseries. In order to evaluate the reprodlityibi

of the results, each defined loading scenariogteteseveral times. The derivation of these ressllts
visualized in the diagram. To fill remaining gapadull-scale experimental analysis, numericatiss

are also carried out. The expected damage to nzuaéd- and full-scale bridge cables with different
diameters and explosive masses can be calculated fisite-element simulations. The main
characteristics of a steel-strand cable, sucheagrtide of steel, the stranding and fill factothef cable
therefore have to be modeled. Another importantiaeical characteristic of a cable is the fact tisat
load-bearing capacity is limited to tension forc&ecause cables in general are very slender
constructions, with a high variety of constructiomsthods, the pre-assigned qualities are modeled by
mesomechanical approach presented in Figure 3.



The numerical model demands that several wiressamglified to one steel bar. In addition, the
stranding of the rope is modeled by the combinatfdhe frictional contact between strands arethad
use of an outer shell with a thickness of one wir€he steel components are characterized by the
Johnson-Cook material strength model in combinatiith a shock equation of state. The strength
model takes into account the temperature and staé@dependent material strength and the nonflinea
kinematic hardening of the steel.

However, the fill factor and the steel grade cqroesl exactly to the modeled type of cable. Using th
method, the depicted model configuration represamtsmpromise between numerical simplifications
and correct reproduction of the rope phenomenagldegy this reason, the quality of the numerical
results is validated against the experimental ditathis validation, the influence of the chosen
simplifications is analyzed by the use of a paraimetudy, which is also discussed in the following
section.
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Fig. 4: Results of the model tests: measured dedré@mage in terms of lost cross section in cotigao explosive mass,
prestress and location

In the numerical model, each element row in cablegthwise direction represents one wire of the
modeled test cable. The number of cylindrical Halirethe numerical model corresponds exactly ¢o th
number of strands in the cable. By choosing thimemical composition and resolution, the degree of
damage can be compared very precisly to the expatahresults. The number of the destructed wires
can be identified with this methodology as wellthsse, which are already plasticized due to the
loading. In this way, the residual tension strerggth be derived from the non-plasticized cableasare
and can thereby also be compared with the expetahessults.
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The possible stranding of a cable is modeled, astioreed before, by a combination of a frictional
contact between the several barrels and the shiflése barrels.

In order to gather the effect of the friction coaéint, the same loading scenario was calculatéld avi
friction coefficient p = O compared to another diaion with a coefficient p = 0.6. The observed
deviation in the friction coefficient produces tightly higher degree of damage. For this reaatin,
simulations were calculated using the friction ot 0.6, well knowing that this does not regeis
the physical steel to-steel-contact behavior. It fathe friction coefficient represents the
strand-to-strand frictional interaction.

Another simplification made in the numerical moblusing the shell is to simulate the confinemént o
the strands resulting from the stranding. The teds of this shell is set equal to the diametemef
cable wire, which enlaces the cables and servasanceptual construct.
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Fig. 6: Numerical calculated degree of damage mparison to the experimental results (left)
Predicted degree of damage for prestresses angrestressed bridge cables in full scale

That this is a valid approach is underscored bypdmametric study presented in Figure 5 (left-hand
side). In the simulations with either no or onlyeaty thin shell, the barrels spread out widely tuthe
loading. In contrast, the barrels with a thickeglslre confined in such a way that the deformatind
the damage figure is very comparable to the experiat results. In addition, a further increasehef t
shell thickness decreases the calculated degréamége which is not realistic and can lead to an
unsafe design approach (see diagram in Figure 5).

Another point that was investigated in the numérpraliminary calculations was the approach to
modeling the pretension in the prestressed caflles. alternative to modeling this pretension is to
simulate both the direct and correct complete pgesing process. The numerical simulation of this
process requires significant computational effort.

Another alternative to take into account the effeicthe prestressing of the cable indirectly is the
modification of the material stress-strain relasioip in the material description of the high-stréng
steel. Due to the prestress, the elastic stressnsgegion of the cable is reduced, maintaining th
stiffness of the cable. The difference betweerptlstressed and non prestressed material desongtio
visualized in the diagram in Figure 5 (right-hardgs.

Comparing the results of the direct method withitftgrect method, it can be seen that similar rtssul
are calculated with the numerical models. Becalseridirect method is computationally much more
efficient, this method was chosen in all furthengliations.

In the next step, the numerical results of the rhade its previously discussed simplifications are
validated against the experimental data.

The comparison in Figure 6 points out a very reabtenreproduction of the loss in cross -section for
prestressed and stress-free cables — even if theasion is not fully comparable to the experinant
results due to the chosen modeling approach. Merethe dependency on the geometrical location of
the explosive mass is also replicated in good ageeé with the experimental observations.

A benefit of the model and its simplifications etfact that it can be easily transferred to fodile
without any further assumptions. Because of theessful validation of the numerical model against
the experimental data, the model can be transféorélte full-scale in order to calculate and evidua
the effects of different possible detonation scesai he diagram in Figure 6 shows the correspandin



results. Analyzing both, the results of the modsitd and the full-scale simulations, the degree of
damage seems to be describable for both scalesiayteematical approach using a power function. In
further ongoing investigations, it will be examinefithe degree of damage can be specified by a
mathematical analytical power-function basing omitiput parameters cable diameter, prestress level
and explosive charge.

Nevertheless, with the presented numerical apprdadh now possible to predict and evaluate the
degree of damage of a bridge cable, which is lodgem detonation scenario.

2.1.2 Sed Plates

The model test set-up for steel plates, whichéated in a scale M of 1:10, shows Figure 7. Thel ste
plate is fixed on four-sides in a rigid steel frarhibe clamp of the plate is applied in order tovpré a
pull-out of the steel plate during the loading phakhe also scaled explosive charges are pladcie in
intended distance to the plate surface using afstym spacer. Figure 7 (right side) visualizes the
results of the test for a defined scenario.
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Fig. 7: Model test set up for the steel plates
Results of the experiments and the numerical stualaight for the front and backside

This model test set-up is simulated using agaimitefelement hydrocode. The comparison of the
numerical results with the results of the simulasi@re presented in Figure 7, too. The size of the
disrupted area arrived at by calculation is in vgopd agreement with the numerical simulation for
both front side as well as the backside of theeplatirthermore, the deformation figure of the gase
also computed in good agreement to the experirfrenitn this observation, it can be concluded that the
numerical description of the dynamic steel behagér be has been validated.

Summarizing, it can be diagnosed that with thegwesl numerical approach of normal-strength steel
the effects on the steel components due to ex@adfects can be predicted reliably. This can beedo
for several explosive charges at several arbit@ations on the steel plate components.

2.2 Local and Global Loading Cases on Reinforced Concrete Components

Reinforced concrete components often constitutegkements in the bridge’s global load-bearing
capacity. Because the dynamic analysis of reintbocomcrete already regarded as astandardfieltidor t
assessing building safety, the load-bearing behand capacity are already well understood [2],[3].
Consequently, simplified engineering approachesh sas Single-Degree-of-Freedom models or
empirical engineering formula can be used and aseribed in this section [4],[5],[6].

Z :i 1)
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Construction components in general exhibit diffenesponse patterns, depending on the explosive
loading intensity. Depending on charge weight W amgbaration distance R, local and global
deformation modes such as critical bending or shgaof the structural component can be
distinguished. The parameter of the scaled distZradiows a differentiation between local and globa
loading according to equation 1. Small values irdsicear loading, large scaled distances lead to a
bending response [6].

In this paragraph, the focus will be on the caeisgy slab, the columns and a reinforced concrete



box-girder of a bridge. With respect to differerpsive scenarios, the calculations predict thiara
behavior of different structural elements.

Depending on the bridge construction, differenegaties of the carriageway slabs and differentgype
of the columns have been investigated.

In the examination of each structural componeng, ¢hitical value for the scaled distance was
determined; for values smaller than the criticdlgacomplete failure is expected.

It has been determined that for local loading catbespercentage of reinforcement has only a minor
influence on the structural resistance [7],[8]. Batthe case of global loading, the structure tebg
bending. Therefore, the percentage of reinforcersenssential for the structural resistance. With a
higher percentage of reinforcement, the structaseahhigher resistance against global loading cases

2.2.1 Local Loading Cases on R/C Bridge Components

Contact or close-in detonations result in a defdionaphenomenology, which is very complex. An
extremely sharp shock front with pressures in taye of several Giga Pascal is transmitted from the
explosive into the structure.
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Fig. 8: Potential damaged zones in a reinforcedmaa component due to a contact or close-in détna

Reflections from the rear surface cause scabbidgegection of debris. At the same time, a crater of
fully and partly damaged material is created orfritvet. If the two regions meet, a breach will fésso,
due to local loading, the structural response affoeced concrete will be critical shearing in
combination with cratering on the front side andlspg on the rear side, see Figure 8.

These complex processes are not easily descrildesholvist [9] and Gebekken [10] showed that they
can reasonably be captured by empirical approdonesinforced concrete So, the local loading cases
on reinforced concrete bridge components were ateduwith the before mentioned validated
engineering tools. The diagrams in Figure 9 viathe calculated residual cross section of a bridg
component A (left-hand side) and the same results for a briclwaponent B (right-hand side) for
different explosive charge weights.
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Fig. 9: Residual cross section of the reinforcedcoete bridge component A (left) and B (right)

The results of bridgeomponent A confirm that only for the smallest explosive clea@ complete

residual cross section can be accomplished by ledschistance of 0.5, which also represents the
maximum limit for the local failure phenomenologparger quantities of explosive charges lead in the
regarded scaled distance range to residual cresisrsg® which are about 90%, or less. A non-totally



destructed cross-section is only achieved for iggdst explosive charge for scaled distances greate
than 0.38 m/k§®.

Concerning the bridgeomponent B, the explosive masses W1, W2 and W3 lead to aluaki
cross-section larger than 82 % for a scaled distah@ = 0.2. For Z = 0.4 and charge weight W4, the
residual cross section of the component is stifjdathan 50 %.

2.2.2 Global Loading Cases on R/C Bridge Components

In this subsection, the global loading due to imdand non-internal explosive scenarios is andlyze
after the above exemplified analysis of the loocalding cases. To evaluate structure behavior due to
global blast loading, simplified Single-Degree-at&dom (SDOF) models are “state-of-practice”
[11],[22]. In the SDOF-models the external forc@egqrs as a product of the structural area A and the
blast loading shape p(t). The structural resistdoeee R(X) reacts against the direction of theemdl
force and tries to bring the structural mass nihéunloaded starting position.

With the additional information of a damage criberi(e.g. critical deflection) and the corresponding
force, an iso-damage curve in a so-called pressysalse diagram can be derived. This
pressure-impulse diagram illustrates the overallicttire behavior for an arbitrary choice of
peak-overpressure and blast impulse, see [13]ft4xample.

As mentioned before, this approach is also usedy#atuate explosive scenarios in a box-girder of a
bridge. The structural properties of the reinforcedcrete bridge components as well as the dedree o
reinforcement are known and, hence, the resistahtteese components. In contrast, the values of the
internal blast loading for an arbitrary explosiveeario are not known. In the following, a new
engineering tool is introduced to calculate thespuee expansion for internal blast and to model a
scenario in a box-girder.

The expert tool ,TuBlaC* for calculation of the pagation of a blast wave in a tunnel or closed room
was developed at Fraunhofer EMI. Fundamental ipptameters for the tool inlucde the dimensions of
the room, charge weight and position. The softiiase calculates the detonation process and tise fir
stage of a free-expanding blast wave. This caliculas carried out in one dimension, i.e., the ghas
assumed to be spherical. In the next step, thelesdd blast wave is remapped into a three-dimeasio
finite volume calculation. The third step consittsalculating the propagation path of the blastevia

the tunnel or closed room.
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Fig. 10: Iso-damges-curves in conjunction with tlkenerical calculated pressure and impulses values

The tool ,TuBlaC* offers the user the option to idef an arbitrary number of gauge points in the
specified room. The tool delivers time historieslod pressure and impulse values for each of these
defined points as well as the maximum pressurarapdise values calculated at each wall.

The combination of the developed iso-damage curesglting from the Single-Degree-of-Freedom
model and the results of the calculations with ,JaB' allow a determination of the size of the
damaged and intact area in the reinforced conbietegirder. As a matter of principle with increasin
distance to the charge position, the peak-overpressd blast-impulse are calculated. Figure 1@/sho



this approach. High values are closer to the eigoigzosition in the box-girder than lower valudshe
calculated ,, TuBlaC" pressure-impulse point is bekbw iso-damage curve, the structure will not fail.
Figure 10 shows furthermore two iso-damage cunids different percentages of reinforcement. Due
to global loading, the structural response is bampdind hence the percentage of reinforcement is
essential for the structural resistance.

The calculations presented in this subsection eggltypical detonation scenarios against reinforced
concrete components. The results can be used @neatsuch elements against typical terroristic
threats like improvised explosive devices (IEDsyehicle-borne IEDs (VBIEDS).

2.3 Dynamic Response of Integrated Complex Bridge Component Assemblies

In the foregoing paragraph, each construction coarapbwas investigated separately regarding its
dynamic response to explosive effects. Basing esehesults in the following paragraphs, the dynami
resilience of more complex component assembliegsepting bigger parts of a bridge construction is
investigated. In the investigations, again the micaé simulations are utilized. In addition to the
previously mentioned material laws, the RHT-mo@li$ chosen to describe the material behavior of
the concrete elements in the simulations. Theaoeieiment of the concrete is modeled by using discre
rebar elements. Figure 10 shows a non-criticallréstua chosen detonation scenario for a reinfdrce
concrete box-girder construction and a steel boaegiconstruction. In the reinforced concrete model
the bridges cables as well as their anchoragenahedied in the numerical model set-up. With these
more complex models, it is possible to calculateoae global effect of a localized detonation scienar
in order to give an accurate appraisal of crittgatif the regarded damage scenario to the bridge
stability.

intact failed
N [ .

Fig. 10: Results of the numerical simulation forahle stayed reinforced concrete box-girder bridgestruction (left)
and for a steel box-girder bridge construction(igh

3. Summary

All the research activities described in this papgestigated the dynamic bearing behavior of singl
construction elements or groups of these elemaftiith the knowledge about the local degree of
damage, it is thereby possible to evaluate theaglogaring behavior of the bridge by the use oéoth
not further specified numerical methods. An exanfiptesuch a global stability analysis is preserited
[15].

Based on the described research, the critical ei@amass for bridge cables can be defined with
respect to the cable diameter, the prestress antbtlation of explosive application. In addition, a
numerical model for the cables has been developddoeesented, which allows, on the one hand, a
good reproduction of the model tests and, on therdiand, a validated damage prediction in fullesca
Fast predictions with engineering tools helped tasgify critical reinforced concrete bridge
components. The vulnerability has been assesdenitigalues depending on the scaled distance. More
complex structures have also been analyzed irefgl#dment simulations. This numerical approach
enables a superposition of the static and highmjnads. Thereby, the total stress resultantdbean
calculated and evaluated.

In summary, the methods and results presentedsmpéper allow a classification of the criticalify



damage to different bridges and their specific congmts. This work builds the basis for enhanced
measures countering terroristic threats.
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