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ABSTRACT: The submitted paper presentsinvestigationmethodologyfor measures to protect reprea-
tive types of bridge structures from severe locad global loading conditions. It is based on aeysittic
evaluation of relevant scenarios such as progradsticwind loads and floods caused by increasinbadjlo
temperatures as well as accidental and intentiosal of structural members caused by impact, firexplo-
sions. In a first step these scenarios are cakulliat a finite element bridge model to be subsetlyieom-
pared with a standard bridge design. Dynamic impeaeharios such as the sudden member loss areinumer
cally simulated in a dynamic time step integratidine degree of deterioration is finally classifialdng
national and European guideline classification.segiently the effectiveness of measures is evaluatte
same model to provide a comparison to the referstate. The structural evaluation is attended byrapre-
hensive evaluation including the impact on thefitafituation to determine a generic classificatadrvulne-
rability and criticality. The investigations havedn conducted within the comprehensive researdhitgct
called “SKRIBT — Protection of critical bridges atuhnels in the course of roads” coordinated byGee-
man federal highway institute.

1 RESEARCH ACTIVITY CONCEPT evaluated and recommendations for future bridge
structures are derived.

The investigation of bridge resilience subjected tc
hazardous incidents such as natural hazards, igrror

attacks and large scale accidents is conductelkin t
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framework of a research study (SKRIBT — Protec:
tion of critical bridges and tunnels in the coude

roads) coordinated by the German federal highwa
institute (BAST) with contributions from a consor-
tium of universities, research institutes, end-siser
and related experts such as Schuessler-Plan en
neering consultants. The three-year project is dase
on a comprehensive approach (see figure 1) fc
bridges as structures and parts of an overalli¢raff
system. The presented paper however is focused
the resilience of bridge structures as a part of th
general analysis and the relevance and efficieficy
protective measures under severe loading condition
The main objective is the development of a metho
dology for evaluation of bridges and appropriate
measures to enhance the structural safety andisect
ty. To prepare the reasonable allocation of measur:
a vulnerability study of a representative variety o
bridge structures is conducted comparing action
caused by threats to the bridge resistance. Beir

technically proven the effectiveness of measures ibEigdure 1. Structure of the research project witgard to
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— Adjustment of freeboard to predicted flood inci-
In the presented paper the methodology is shown us- dents due to climate changes.
ing an example of a generic stay cable river bridge — Mitigation of large scale accidents caused by deck
icing by using an innovative geothermal heating
technology instead of conventional de-icing me-
2 CATALOGUE OF MEASURES thods.
The security of a bridge structure is generally in-Category 2: Compensation of local failure (Indirect
fluenced by the choice of material, the design conProtection IP)
cept, the intensity of the individual scenario dhe

implementation of specific technical equipment and The increase of the local resistance (DP) might be
installations. The development of additional pretec jimited due to functional, ethical or aestheticeh+

tive measures for a bridge structure is dominated bsons. However a local damage or failure of a struc-

the following principles: tural component does not necessarily lead to a loss
) ) of integrity of the global structure or a complpte-

- Prevention of progressive collapse of the globalyression of damage. The following design criteria

structure induced by local failure. Developmentyre suitable to keep the local failure localised.
and application of new design concepts including

alternate load paths and/or segmentation prin=

| The “design criteria” requires alternate load paths
ciples.

to compensate the failure of a single structural

— Ultimate limit state design approach for extreme
and exceptional scenarios like storms, floods,
earthquake and impact (probabilistic approach) as
well as scenarios with a low event risk but a high
risk of collapse such as explosions.
Implementation of innovative materials, such as-
micro-reinforced High Performance Concrete
(HPC), fire resistant concrete and energy absorb-
ing concrete

member. Consequently the criteria implicate re-
dundancy elements which provide a redistribution
of loads to compensate the effect of local failure.
Statically undetermined systems can be classified
as indirect protective measures.

Alternatively a local failure might be localized by
a segmentation of the structure which is able to
isolate the effect in a local section of the bridge
structure.

— Securing global redundancy by a separation of the

~ Two major categories of objectives can be classi- syperstructure/global structure for each traffic di
fied to enhance the resilience of a single or rpidti rection.

structural members [2, 3]:

Table 1 Additional measures to enhance bridgeieesi
Category 1: Increase local resistance — internatlan pescription
external protection (Direct Protection DP)

Scenario Category

Structure User
. . . .Micro Reinforced
These measures aim at increasing the local resigpc E. I DP P
tance of a single structural component to bettén-wi Energy Absorbing E, I DP IP
stand a specific scenario. Alternatively measuffes dConcrete
this category provide external protection to inegea Barriers E, | bp 1P
the local resistance. Table 1 shows a list of getey Fortification E, | DP IP
. . Wind deflector W - DP
protective measures and the eff_ect of the protlsectloDesign criteria E.LW.SF DP P
on the structure and the user. Different measues arjre protection Fi DP T=
addressed to different single or multiple scenamlos Freeboard F DP IP
even combination of events. Alternate load paths E, I, Fi IP IP
Segmentation E,ILS Fi IP P
- Strengthening of important structural member%epara“On ofstructure  ELA - - P
. . . . : eothermal heating I IP DP
against impact or explosions by highly ductilegeilance = P P
and/OI’ energy abSOI’bIng ma'[el‘la|S. Ear|y Warning system E, I, Fi - DP
— Strengthening of important structural members byrraffic guidance system E,W,F - DP
design, new ultimate limit state design criteria islllumination E - DP
to be defined- see chapter 4 and 5. gggigre?ae;ee‘;“on ,Eifhzgr o [I’PP
Restriction of accessibility to the most vulnerable- " & . 5.0 Al hazards DP

components by barriers, direct access control as
well as fortification. Legend of Abbreviations: E — Explosion, | — Impér, ship),

— Fire protection measures for fire exposed strucs — Seismic, W — Wind, F — Floods, Fi — Fire, CBz@ircal
tural components. Material immanent or externapiological, DP — Direct Protection, IP — IndirecbRection
protection.



Apart from the direct or indirect protection of the
bridge structure the implementation of technicalTable 2 Relevant Scenarios and possible approach
equipment and installations are suitable to improv®escription Method
the bridge resilience especially with respect te th Probabilistic  Deterministic
user and the first responders._ In contrast to tis_snne Explosion by intensity
bridges are in present rarely fitted with such tech \an-carried bomb

3 SZENARIO DEFINITION AND ANALYSIS Large-seale Fire

X

cal equipment. Useful measures are illustrate@dn t car bomb X

ble 1. Truck bomb X
Fire by intensity

Car Fire X

Truck Fire X

X

X

. ) ] . Mechanical impact

A large variety of threats is considered and invesNatural Hazards
tigated under the aspects of their possible impact Floods/Underwashing X
the structure, the user and the organisations asch Heat X
first responders. With respect to the bridge stmect \év'.”d o X

S : eismic incidents X

the most severe incidents are potentially caused by
natural and man-made hazards. Each threat has to be
investigated and classified qualitatively and gilant
tively to generate a representative scenario fliuea 4 C|LASSIFICATION IN EUROCODE SAFETY
lation and evaluation purpose. ~ CONCEPT

Natural hazards are standardized based on statis-

tical data which has been collected over the past The European standards are based on a probabil-
decades. Prognosis for future developments caus@gic method for the combination of natural hazards
by climate changes are indicated by research iRvesiith standard dead loads and life loads [4, 21 Th
gations of insurance companies [23] and weathegafety level is controlled by the choice of safiaty-
forecast institutes [24]. The resu!tln_g increase Oiors for the calculations of structural integrityLS
loads caused by natural hazards is implemented i yjtimate limit state) and serviceability (SLS erS

the semi-probabilistic approach which ensures thgjceapility limit state). A reliability indexB pre-
applicability of the state-of-the-art design stgas  gcripes the effective safety margin (combination of
in Eurocode 1 (see chapter 4). Thus the probabilist eyent risk and failure probability) dependant oe th
character of the investigation strategy is ensured. frequency of an event and the resistance of tie-str

Man-made hazards can hardly be classified byyre under an individual loading combination [18].
statistical data especially with respect to tesmori

Existing database such as the Terror Event Databasgple 3 Operative failure probability and according reliabili-
(TED) collected and updated by the Fraunhofer EMty indexp dependant on the frequency of an event

[22] contain a diversity of events which lead tsta |, 100 102 10° 100 10° 10°
tistical validation for selected incidents. HoweverB (Iyean 128 232 300 372 427 475
many scenarios have individual attributes impossiblpg (sgyearsy - 021 1.67 255 321 3.83
to be generalized and classified in a basic popula-

tion. Furthermore the resulting probability forea-t Based on the reliability indeR a generalization

roristic incident is lower by order of magnitude inof the probabilistic approach leads to a simplified

comparison to natural hazards so that a differpht aand broadly applicable semi-probabilistic model.

proach has to be found. The resulting safety factogsandy (see equations 1-
For exceptional loading cases Eurocode 1991-1-3) include the reliability indel@ implicitly for dif-

[5, 13] provides with a half-deterministic approachferent load situations and frequencies.

which enables the user to define a major loading

situation by choice. Thus an apparently relevant Permanent and temporary load combination

event can be determined and defined as a nominal

value for the major load situation being statidlyca Vi G Oy (RO Yy Q0 Yo Wy 1,

combined with secondary loads. The resistance of z G T IR AT Z © OEQ((l

the structure is evaluated in the conventional semi  Extraordinary load combination

probabilistic approach in conformity with the geader

Eurocode definitions. Details of the applicatior ar Ver G O Yo (RO A, Oy 0Y @, Q,

demonstrated in chapter 4 and 5. 2. Ve By 0 Ven RO A D900 2 0 [(%
The scenarios considered in the research project

are documented in table 2.



Seismic load combination With the help of a structural dynamical analysis
of this dynamical incident including the initiak#s-
szj ORDOyAU Z‘/’zi Qs cal) internal forces and deformations the maxima
(3) and minima of internal forces can be determined. In
contrast to a possible simplified method using-(fac
with G — permanent (dead) loads, Q — live loadstorized) equivalent statical loads for the masstiae
A - extraordinary loads, P — Loads induced by Preeffect the structural dynamical calculation leads t
stressing, i,j — control variableg] - “combined improved (more realistic) results [3, 14]. The adtru
with” loss of a cable is a short-time and momentary inci-
dent which can adequately be investigated using a
The load situations for the investigated scenarioime step integration method to solve the equation
are characterized by an extremely low repetiti@a fr motion. The dynamic response of the structure is de
guency and are therefore assigned to the extraordiermined for all cable loss scenarios respectively.
nary or the seismic load combination. Man-made hafhe analyses and evaluation of the structure is ob-
zards are analyzed by a determined dominarthined by comparing the dynamic response (incident)
scenario A in the sense of the probabilistic metho-with the static response of the structure referting
dology as event risk values can hardly be defihed. the state of pre-incident.

fact the event risk is statistically set equal he @and A common simplification method for cables in
the extraordinary load combination is chosen fer th statical calculations is the discretisation by beam
combination with other load cases. elements with an additional internal pre-stressing.

This method delivers appropriate results as long as
the dominant loads do not cause significant changes
5 CRITICAL SCENARIO ANALYSIS in stress-state. For structural dynamical problems
with varying stress-states during the bridge sviaxgy t
The criticality of a scenario for a structure is de nonlinear stress-strain behavior of the cablestbas
termined by an individual analysis comparing ac-be taken into account to achieve appropriate iatern
tions and resistance of the structure. This method forces [6, 7, and 10].
shown exemplary for a generic stay cable bridge.
Results
Scenario selection, spatial and time discretisation
Figure 3 illustrates the generic bridge structure
The abrupt loss of a cable group can potentiallyvith six cable groups carrying a 350 m (1150ftefre
cause failure of further structural elements. Tid-s span between the inverse Y-shaped Pylon and the
den failure of structural elements might lead te th neighboring riverside column.
collapse of large structural sections or the entire
structure. A significant mass inertia effect ofsthi
bridge section evokes supplementary loads in th
comparatively short time frame of oscillation (see
figure 2).

S /Sh
MaX Sy
S, Figure 3. Analyzed (exemplary) stay-cable bridgecitire in
S global Finite-Element model with six stay cableups
1 0 minS, damaged structure
. yn _inci . .
intact post -incident The cable group loss is investigated for each ca-
System Scenario ble group as the initial scenario to determine the
Cable - grouploss most severe effect on neighboring (intact) cable
groups, superstructure and Pylon respectively. For
0 — —» the neighboring cable groups and the superstructure
«— Oscillation —» time t[s] it was found that the loss of group three leadthéo

highest increase of internal forces. The extra@gin
Figure 2. Maxima and minima of internal forces eauipy a  10ad combination (Eq. 2) with reduced safety festor
sudden loss of a structural member is used to compare the internal forces with theireg

lar pre-incident design forces (Eg. 1) enlarged by

safety factors for permanent and momentary loads.
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Figure 4 shows that such comparison does not lea limit state indicating for failure [16], as eiipe
to an exceedance for the neighboring cable groups. EC3 does not allow for a plasticity approach for
closed but slender box girders (Cross-section class
12 T 3). However experiments in current research activi-
iR N Nkst ties show a significant increase in failure load
1 <0.96 beyond the vyield strength [9]. Together with the
il 0,82 strain rate effect [25] the ultimate strength oé th
/> " steel cross section provides bearing capacityveser
which could be taken into account if the yield
. 17 5 _ strength was exceeded. A detailed analysis of the
0.4 /‘5" ) / 048 critical cross section in the superstructure wiik t
help of a 3D-Finite-Element Model including local
0.2 damage caused by an internal explosion (see figure
6) allows for a comparison of the maximized effec-
~ . - = o - tive stresses and the yield strength of the high
Cable Group strength steel S355 directly.

0.8 0,77

0,6

gé sso| dnoif siqen

Figure 4. Relation between internal forces causgdunden
cable group loss to design forces in neighboririgecgroups '|

An analog comparison for internal forces in the i

superstructure reveals different results. Due ® th ==
doubling of span-width the bending moments caused e «4./1
by the cable group loss exceed the design values . |

(figure 5). However this quick comparison still un- o e otk e oo o L 0 i =t ea ga
derestimates the “true” limit state of failure fibre sEEEEsEsEsEEEessEs
superstructure as the following aspects are n@ntak rigure 6. Effective stresses caused by internalerafter a
into account: The pre-incident static design isebas sudden cable group loss — material’s yield streimgéxample:
on a large variety of load cases for the finalestatd 35.5 MPa.
often of several intermediate states of constractio
where higher internal forces often occur. The tesul ~ The bearing capacity reserves with respect to the
ing “design corridors” (e.g. for a bending moment -global longitudinal loading are quite high. The su-
see figure 5 grey color) are defined by the dontinarperposition with additional local forces especially
set of internal forces considering all relevanessr tandem loads lead to an increase of the effective
states. stresses up to 94% of the yield stress. As thel yiel
The result of the design is a discrete material disstress is not exceeded neither by global nor by-a s
tribution in longitudinal direction which can besev perposition with maximized local effects, the super
luated by its ultimate strength and compared to thétructure’s integrity is ensured and a progressfon

maximized internal forces (see figure 5 red and yelcollapse does not occur. _
low color). The Pylon is also affected by the scenario “sud-

den cable loss” as it serves as the upper anchofage
the cable groups. The structural dynamic analysis
discloses a significant sway of the Pylon (seerégu
7) with a maximum deflection amplitude of 0,40 m.
However the maximum deflection caused by stat-
ic loads is even larger than the structural dynamic
effect. A comparison of the maximized stresses with
the ultimate bearing capacity of the pylon compmosit
cross-section [15, 17] proves that the pylon i€ abl
withstand the scenario of a sudden cable group loss
in the generic example. In contrast to the cabkk an
superstructure the most severe scenario for thenpyl
A R RN R L is the loss of the upper cable group 1 (see fire

Distance to Pylon X [ m ]

My [ KNm ]

Figure 5. Relation between internal forces (blacklsed by
sudden cable group loss to design level (blue) magimum
bearing capacity (red) in superstructure

For the exemplary steel bridge superstructure the
yield strength of steel is suitable to be considexe



120 The overall criticality and vulnerability howevearc

only be evaluated together with supplementary and
secondary/indirect effects of damage. A large warie

of parameters has to be considered for a comprehen-
sive view. Apart from purely analytical invariaricf

tors a number of subjective variant parameters have
to be taken into account. Figure 8 gives an overvie
over the full set of aspects to be considerednallfy

80 generate the overall criticality.
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] Figure 8. Matrix of aspects to be considered fa tompre-
Figure 7. Relation between maximum deflection cdubg  hensive evaluation of criticality
sudden cable group loss (red, green) to maximurfeatiafn
under maximized static loading conditions (blue)tfee pylon In contrast to the deterministic analysis of man-
made hazards with respect to the structure many pa-

After the incident a supplementary post failurerameters which influence the overall criticalityear
analysis is conducted to compute the remaining-loadietermined by the means of risk assessment. The su-
ing capacity for live loads. It can be shown theist  perposition requires weighing factors partially ope
ture is capable to carry 60% of the original t@ffi to the choice of individual priorities [see also, 19
load at the demanded safety level of permanent argb]. To provide objectivity a sensivity study is-im

momentary loads (Eq. 1). plemented.
6 DEFINITION OF DAMAGE STATE 7 EVALUATION OF MEASURE
EFFECTIVENESS

The damage state of a structure under a specific

scenario is technically defined based on the aigalys Once a comprehensive evaluation system for the
of actions and resistance of the most severe evengsticality and vulnerability is established, thariety
that potentially occur. The resulting damages aref measures (see table 1) can be evaluated usng th
classified in a five step category along the estabsame methodology. The implementation of measures
lished bridge investigation guideline EBW Pruf [8] result in an adjustment of the category of crittgal
and Eurocode 1-1-7 [13] respectively. Table 4 showgsee table 3) for the individual scenario. For éxe
the steps and definition for each category. emplary case of a cable group loss initiated by an
explosion the following potential measures can be

Table 4 Categories for the definition of damagéesta3] identified in table 1:

Category Description of damage state

1 very low - Enlargement of the distance between cable and

2 low explosive by a fortification (fence, casing of el

3 mean etc.).

‘5‘ 2'egvhere - Strengthening of cables by a protective layer of
energy absorbing concrete or micro-reinforced con-

Partial or complete damages require repair, restd”€te
ration or a complete abridgement and new building.



The impact analyzed in chapter 5 would be cateeollapse of the global structure as detailed arslys
gorized between level 2 and 3 without any protectiv of maximized dynamical internal forces shows. The
measures. Apart from the local damage to cablegnalysis is based on safety factors analog to xhe e
superstructure and bridge equipment and installaraordinary load combination in Eurocode 1 and
tions the traffic has to be reduced until repairknis compared to the materials” yield strength. Against
finished. this background the components remain linear elas-

The suggested measures lead to an enormous te. It can be shown that damage stays localizetl an
duction of damage to the structural elements as cuonly local damages caused by the explosion have to
rent experimental investigations of the Fraunhofebe reconstructed. The resulting bearing capaarty li
Institute for High-Speed Dynamics conducted inits the allowable traffic loads to 60% of the onigl
context with the presented research program shovoads until the bridge is fully restructured.

The intensity of impact forces caused by an explo- The described damages are classified in a five
sion is reduced exponentially with increasing dis-step categorization of damage and evaluated in a
tance to the structural component. The strengtigenincomprehensive approach together with all relevant
of the cables provides significant supplementanaffected aspects for the user and the environment.
damage mitigation [26]. As a consequence the loss Once the comprehensive evaluation system for
of a cable group can be excluded reducing the danthe criticality and vulnerability is establishedetva-

age and thus the category of criticality to level 1 riety of measures (see table 1) can be evaluaiad us

Apart from these comparatively cost-efficient me-the same methodology. Thus the procedure enables
thods of the direct protection of stay cables asd r for the evaluation of the relevance and efficienty
lated anchorages, the adjustments of design methogdsotective measures for bridge structures under se-
in normative regulations are also potentially approvere loading conditions.
priate to reduce the damage category significantly.

Either the direct strengthening of cables or the de
sign of a dynamic loading case “cable group loss”
with potential measures: alternate load path, en-
hanced robustness) are suitable to enhance thgebrid
resilience and lead to a robust structure. A compre
hensive evaluation algorithm is developed withia th
forthcoming work in the research project to compare
such measures in an objective way.

8 CONCLUSIONS

The research project SKRIBT (Protection of criti-
cal bridges and tunnels in the course of roads) is
concerned with the development and demonstration
of a comprehensive methodology for the evaluation
of infrastructure subjected to severe natural and
man-made hazards. The presented paper is focused
on the resilience of bridge structures as a patthisf
general analysis and the relevance and efficieficy o
protective measures under severe loading conditions

Starting with a thorough investigation of potential
and available measures and an identification & rel
vant scenarios the extraordinary loading casesare
tegrated in the semi-probabilistic design approach
provided in the current Eurocode standards. The
subsequent analysis of those actions and structural
resistance is demonstrated by means of a stay cable
bridge example.

Albeit the loss of a single cable has to be taken
into account in regular bridge design neither thes|
of a cable group nor the significant additional dy-
namical effects possibly caused by man-made ha-
zards are covered in European standards. The pre-
sented analysis shows that this scenario does not
necessarily lead to an abrupt failure or progressiv
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