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Abstract —Steel cables are an attractive means of retrofit wh various engineering applications. They have beeextensively used to
strengthen deficient buildings against gravitation& or earthquake-induced loads. This work investigags the use of steel cables as a
means of retrofitting steel-concrete composite budings against progressive collapse. The effect ofettbuilding’s characteristics on the
total retrofit cost is studied. A fair assessmentfodesigns defined for different requirements is acleved by definition of the most cost-
effective solution for each scenario. This is achied by an optimization algorithm, i.e. the EvolutionStrategies, which is employed to
define the solution with the desired performance am, at the same time, the minimum cost. For this pyose, a total number of 144
optimizations have been performed. The results yided reveal the different properties of each retrofi scenario.

Keywords— Steel-Concrete Composite; Retrofit Methods; Progressive Collapse; Steel Cables; Optimization.

. INTRODUCTION

In the past decade, engineering researchers hauvsdd
on the topic of progressive collapse of structurdthough
this issue has been pointed out and researchedinoa the
collapse of the Ronan Point building [1],
investigation took place after the collapse of Werd Trade
Center towers in 2001. The term “progressive cekdpefers
to the disproportionate propagation of structuramdge
within a structure, as the result of relatively ominnitial
damage. It is an undesirable failure mechanism Iynaine to
its destructive results, as well as the fact thattime required
from the occurrence of the initial failure until iéaches its

intensive

full extent is particularly small. Extreme actiorsjch as a
strong earthquake, or an accident can cause sdaerage or
even total failure to load-bearing elements, trigyg the

progressive collapse of the structure.

The phenomenon has been related mainly to high-rise

buildings, as the results are more prominent, wtiie
number of structural elements is adequate in dalaiow for
the observation of the damage propagation fronmdbation
of the initial damage to the neighboring elemehtswever,
the same applies on low-rise buildings, where mioss of
structural integrity could cause partial collap$¢he building,
as there is limited number of structural elementséctv could
receive the loads from the failed elements andstedute
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them within the structure. Hence, unless specifizvigions
have been taken into account during the designepiure, the
majority of buildings constructed until today anesseptible
to this type of failure.

Design against progressive collapse is not compylso
current building codes. However, relative guidedinexist,
such as UFC 4-023-03 [2] and the GSA guidelinesdBhing
to address the issue of progressive collapse.
aforementioned guidelines, the general philosoplsy i
described in order to increase the inherent rolegstrof the
buildings, as well as criteria in order to assehsirt
performance under various damage scenarios. Theagp
adopted in these guidelines is the developmeniesfwithin
the building which constrain the relative displaesin of
structural elements in case of loss of particulamiers ([2],
[3], [4]). This is achieved by elements which penfioin
tension after the initial damage, even though tihmignded
load-bearing mechanism in the undamaged buildirghtrie
significantly different.

optimization procedure are combinations which aghi¢he
most efficient use of the building materials: theeet all
requirements and have the minimum cost at the samee

Il. STRUCTURAL MODELLING

The OpenSEES software [85] was used for the pugpoke
structural simulation in this work. Only three-dinsgonal

le th models were used, as plane frames fail to captusonal

effects on the buildings due to stiffness and mass
eccentricities. Additionally, the structural elenterunning in
the direction vertical to the plane of the asse$satie have
been found to have a beneficial effect on the psha
resistance of the building, which might exceed the
contribution of the elements of the main frame,at&fing on
the properties of the elements and the type of bezlomn
connections realized. The individual structuralneats (i.e.
beams, columns, bracings and cables) were disedetizing
distributed plasticity elements (fiber elementshich have
been found to capture the post-elastic behaviostiafctural

Numerous retrofit methods have been proposed andlements better than lumped plasticity elementpea@ally

evaluated by engineers in order to enhance themeaahce of
buildings against earthquakes. The major approaahega)
improvement of the structural performance by inticttbn of
new members in the system ([5] to [23]) and (b3rsgthening
of individual existing members ([24] to [52]) whidib not
necessarily have to be deficient when evaluatedinsga
typical load combinations. However, literature ogtrofit

when large deflections develop. The structural elets
which affect the behavior of the frames, but arpidgily
designed independently, such as composite slabam-be
column connections and column bases, were not cbkpli
defined in the structural model. Their contributiomas
indirectly simulated based on their effect on st
behavior. In particular, rigid diaphragms were dedl at each

methods intended to enhance the progressive cellapsstorey to model the effect of composite slabs, &l as

resistance of existing structures is relativelyitéd ([53] to
[60]).

Cables are extensively used by engineers in peaetica
means to retrofit buildings, thanks to their adeget over the
alternatives: they are not susceptible to flexurad
lateral-torsional buckling, since they receive oribnsile
forces. Furthermore, they can be easily installeexisting
buildings thanks to the type of connections uselijentheir
replacement in case of failure is also straightBmdv The
existing literature is rich of papers which propoaad
evaluate analytical models for the simulation ofe th
performance of cables and wire strands ([61] to])[84
However, their application as a retrofit method hased
mainly on the engineer's previous experience and th
intended performance of the strengthened buildidg.
thorough investigation of the method’s potentiaraguired.
In order to define the range of applicability ahé efficiency
of the method, the most cost-effective solutiondseto be
determined for each application. The designs yeeliem an

secondary beams in the performance of the buildinder
horizontal loads. Moment-restrained connections ewer
modelled as fixed connections, while simply suppdtheams
were simulated using hinges at their ends. Coluaseb were
considered to be either fixed or pinned, based fogir t
moment resistance.

OpenSEES contains a library of numerous material
models, suitable for the simulation of various mate and
elements. In this work, the material models werkected
based on their effectiveness on the simulatiorhefltehavior
of an actual structure, as well as their effecttba time
required for the structural element to converge &o
compatible force-displacement pair. Due to the igppbn of
structural design optimization, the analysis pragedis
particularly time-demanding. Material models whicked a
large number of iterations until they converge eampatible
force-displacements might result in a substantiataase to
the required computational time without further noyement
in the accuracy of the simulation. Additionallygetbotential
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of analysis failure if the desired accuracy is ashieved
increases. Such a failure would result in considesd design
infeasible, even though in practice it is able ¢ézeive all
applied load safely. Hence, simple yet efficienttenal
models were selected. Concrete in steel-concretgpasite
columns was simulated with the ‘Concrete01’ materia
Unconfined concrete was distinguished from the ioeaf
concrete using reduced strength and ductility. Anéar
material model, i.e. ‘Steel01’ was used for thedation of
the steel core of the columns, as well as the beanus
bracings. The longitudinal and transversal reirdarent of
the columns was simulated using the ‘ReinforcinglStgteel
material. Cables were not modeled using a typidakls
material, as the available options can receive Iputitive
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and negative stresses, so they would receive casigee
forces as well. Instead, the ‘ElasticPP’ model wsed, which
creates a material with a linear elastic branch,donsiders
zero post-elastic stiffness. The advantage of miéderial is

the option to define the position where the cue&ches zero
stress (or strain). So, using the appropriate SEE8in

combination, the user can define an initial possten or

sagging of the cable. To ensure that the resutislgil do not
overestimate the capacity of the steel materidlsir tstrain

was monitored, so that it would not exceed the 208shold

set as the ultimate strain in this work. Fiber isectefinition

and material model assignment for each structueshent

group are illustrated in Fig. 1.

Steel01

swain (b)
ElasticPP

(c)

Stress (WPa)

(d)

Figure 1. Structural element material modeling ardiscretization into fibers: (a) composite columrh)(steel beam, (c) bracing, (d)

steel cable.

Four analysis types were used for each buildingaa
elastic analysis under gravitational loads, (b) two
eigenvalue analyses, (c¢) two nonlinear static pusho
analyses and (d) a nonlinear static pushdown asalgs
each damage scenario considered. The elastic @alys
under gravitational loads was performed in ordedesign
structural members according to the provisions of E
1993-1-1 [86] and EN 1994-1-1 [87]. Eigenvalue gsab
were performed in order to define the fundamentaloul
of the buildings. Two displacement controlled pusdro
analyses, one in each horizontal direction, weréopmed
in order to assess the performance of the buildaggsnst
seismic loads. A load pattern was defined and awmd
incrementally, until the control node at the top tok

building reached the targeted top displacemen4f)
defined in FEMA-440 [88]. To ensure the desirable
performance of the steel-concrete composite colunines
maximum interstorey drift limit defined in ASCE/SEL-
06 [89] for reinforced concrete buildings was usedall
designs, as it is more conservative than the ofieedefor
steel buildings. Finally, one pushdown analysisgammnage
scenario considered was performed for each buildiing
criteria defined in UFC 4-023-03 [2] for buildingsith
steel beams were selected for the steel-concretpasite
buildings evaluated in this work.
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Ill. CONFIGURATION OF THE OPTIMIZATION PROBLEM

The determination of the most cost-effective design
this work is achieved using the “Evolution Stratsji
optimization algorithm ([90], [91]), which imitatethe
evolution of a population in time. The particuldgaithm
was selected for (a) its stochastic search proeedund (b)
its general applicability. The stochastic transitioom one
generation to the next, as well as the mechanistishw
introduce randomly selected members to the populati
reduce significantly the probability of the algbrit being
trapped near a local optimum. The algorithm wasfbto
be effective in a wide variety of engineering pebs,
which makes it suitable for the purposes of thigkwd
concise description of the optimization procedusediis
described in [92].

In the optimizations performed, the properties loé t
cables were set as independent variables, i.e. thbéies
were selected by the optimization algorithm. Theimam
number of cables was set equal to the number of by
each building. The diameter of the cables was sa&ldcom
a range from 20mm to 32mm using a step of 1mm. &3abl
with diameter up to 78mm could be used if availaliee
strands are taken into account. However, such el@mme
have been found to develop bending moment andottaki
effects, so a more accurate modelling than theaoiopted
in this work is required. The option of not instad) a cable
in a specific location was also available in thetisa
database. It was found in a previous investigaiti®)j that
the cables could be installed most cost-effectivelythe x-

z and y-z plane. Hence, the algorithm was resttiftem
installing cables on other directions, as this wobé less
efficient and, consequently, not an overall optimum

The constraints of the optimization problem corogsp
to the provisions of the design codes imposed, rdigg
the capacity of individual structural members, &l as the
overall performance of the building under the cdestd
actions. In particular, all structural members dtiomeet
the requirements on their capacity in axial fodggar and
bending moment, as well as their interaction where
applicable. Additionally, provisions were considére
against flexural, shear and lateral-torsional bingkl in
addition to various forms of local buckling whichight
occur. Steel elements were designed according ¢ th
provisions of EN 1993-1-1 [83] and steel-concrete
composite members according to EN 1994-1-1 [84].
Seismic design of buildings was performed using the

provisions of FEMA-440 [85] and ASCE/SEI 41-06 [86]
for typical building usage and type of soil. Thadglines
of UFC 4-023-03 [2] were used for the assessmerthef
progressive collapse resistance of the simulatéidibgs.
The maximum plastic rotation at the end of the bearas
used as an indicator of the building’s progressiobapse
resistance: the smaller the plastic rotation is, libtter the
expected performance of the building is.

The objective function of the optimizations perfetn
was defined as the overall cost of the retrofitcedure.
The retrofit cost typically includes (a) the rembwaf
existing partitions or external walls, in order atbow for
the installation of the cables, (b) the materiastcof the
cable and the connections, (c) the realization lod t
connections and (d) the cost of restoration ofé&ffected
bay and the corresponding labor cost. Cost typean@ (d)
are the same for all cable diameters, so they anstant
and should be removed from the objective function.
Additionally, when a second cable is installed idifferent
bay, there is an abrupt increase in the total castthe
minimum diameter is 20mm. So, this increase inttial
cost is adequate to simulate the effect of costgy@) and
(d) on the selection procedure during the optindzat
Furthermore, the cost of the connections is relatethe
maximum force they can receive which is a functibithe
cable area. Considering all aforementioned, theatie
function can be defined as the total steel arediplied by
the length of the cables. In buildings where beangth is
the same in x- and y-direction, while all storeysleding
the ground floor have the same height, the totdlleca
length is a constant value. Taking into account tadles
are installed in pairs, the objective function is:

Ceor = anbles 2-[(m/4)- DLZ] l

ity (Egn . 1)

To ensure the desired performance of the optinarati
algorithm, the database needs to be properly seinuine
particular problem, this is straightforward: incsed cable
diameter results in corresponding increase in tijeative
function. However, as illustrated in Fig. 2, in icaus cases,
the total cost of an increased number of cables wie
minimum diameter is reduced compared to that o$ les
cables of the maximum diameter, so a solution with
multiple cables is found to be more attractive tbaa with
a single strong cable. This is in accordance torémark
made in [59] that a better distribution of struetur
robustness should be favored when possible, as it i
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expected to achieve improved structural performaimce
multiple damage scenarios. Hence, the objectivetioim

defined in Eqgn. 1 is considered to be fit for thegmses of
this investigation.

5000

4500

4000
3500
3000
2500
2000
1500
1000

500

Figure 2. Database evaluation: cable diameter wstal area.

IV. APPLICATION

Four damage scenarios (DS1 to DS4, illustratedign F
3) were determined in order to simulate the resilt
various accidental actions. All scenarios consttercause
of the damage to be located on the ground flooilewts
effect on the structural integrity might involve Hiple
storeys. DS1 simulates the effect of an accidepicafly

taken into

consideration

when

designing

against

progressive collapse, i.e. the collision of a hetngded

DS1

DS2

W

{)

DS3

o

@)

it

truck at a corner column on the building. The corne
columns at the base of the building are the elesneratinly
exposed to such a hazard, while the number of beigg
elements on which the loads will be redistributed i
relatively small (there are twice as many elemédatsan
internal column). A similar scenario, i.e. loss af
peripheral column at the base of the building, axleted in
DS2. Another hazard associated with design against
progressive collapse is an explosion originatirigegifrom

the interior of the building, or from the surroungiarea.
Depending on the characteristics of the explosion
(explosive substance, intensity of the explosiaoximity

to the building, etc.), the effect might range frdimited
damage on a single element to immediate failure of
multiple elements which leads to partial collapgethe
building. Two scenarios considering the effect of a
explosion near the corner of the building were aered

in this work. DS3 simulates the explosion of a gaw in

at the corner bay of the ground floor. The explosis
considered to have damaged severely three colurhithw
are considered failed and removed from the modkllew
the neighboring elements including the beams offitis¢
floor were adequately protected to be considered
undamaged. DS4 simulates the effect of a largele sca
explosion which has damaged also the beams asasvétile
corner column of the first floor. Fig. 3 shows simulated
damage scenarios applied on a typical 5x5-bay imgjld
[TT]
HEN

=S

]

o

e

4

b—n——a_—n

a. a.

\2" storey
| |
|
L]

DS4

b

1% storey

(b)

Figure 3. Simulated (a) single-column and multipleslumn damage scenarios and (b) three-dimensionahthge scenario.

Three buildings were

initially optimized against

earthquake as described in [92], considering typsoal

type and increased seismic hazard. The main diféere
between the buildings is the total beam span whaciges
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from 5m up to 9m with a step of 2m. They consisstekl-
concrete composite columns, steel beams and bsacing
installed externally in the middle bay of each fadethe
building. All buildings consist of five by five bayand nine
storeys. Three beam groups were considered: on®rsec
group for three consequent storeys. Four groupse wer
defined for the columns based on their locationrenfloor
layout: (a) corner, (b) peripheral in x-directiotic)
peripheral in y-direction and (d) internal columrgach
group was further divided into three new groupsrglknto
account the storey on which the columns are irestall
defining a total number of twelve column groups.orw
section groups were defined for the bracings, du¢he
limited number of elements, one group for eachatioe.

All buildings were subjected to the damage scesario
illustrated in Fig. 3, in order to assess theirgoessive
collapse resistance. To simulate the dynamic efiéche
cause of the element loss, during the pushdowrysisahe
dead loads of the building are multiplied by a Dyia
Increase Factor (DIF = 2.0).

Two more buildings were defined for each beam span:
three-storey and a six-storey building, in order to
investigate the effect of the number of storeysulteng to
nine buildings total. The additional buildings cst®f the
same sections as the respective elements at thetdogys
of the nine-storey buildings. Hence, the six-stdoeilding
consists of column groups 5 to 12, beam groupsd 3an
and bracing groups 1 and 2, while the three-stbralgling
consists of column groups 9 to 12, beam group 3 and
bracing groups 1 and 2. All buildings were rettefit using
steel cables. A topology optimization problem wafirted:
structural performance should be optimized usirgjvan
number of cables with standard diameters, whicHdcbe
installed at any location in the building. Cablé®@d be
installed in pairs at each bay. Four cable diarsetegre
defined from 5mm to 20mm with a 5mm step. A total
number of 144 optimizations were performed. Setkécte
results are illustrated in Figs. 4 to 7.

The Paretto-type cost-versus-rotation curves iihist
the performance of the building retrofitted withetimost
cost-effective cable layout at each case. The aptim
solution for each case is defined by the damagaasite
simulated and the desired level of improvement-igs. 4
to 7, cost is calculated in kilograms of steel. itgfly, the
slope of the curves increases for smaller maximiastio
rotations, as a result of the need to ensure thdteams

rotate up to that maximum, so multiple cables neebe
increased or rearranged. In particular cases,dbés not
seem to apply. This is the effect of the uniforrandeter
used for all cables. The same maximum plastic iostat
could be achieved using smaller cable diameters in
particular cables if such an option was availalilshould

be noted that, while vertical drifts recorded reaeiues
even higher than 50%, the total strain of the ni@tedoes

not exceed the ultimate strain defined.

The curves shown in Fig. 5 indicate two damage-
scenario pairs, i.e. DS1-DS2 and DS3-DS4, the tewil
which can be assessed against each other. Typically
structural behavior under DS2 is expected to berdmgd
compared to DS1, as illustrated in Fig. 5(c), asdhernate
load path utilizes the catenary action of the beams-
direction. However, for beam spans 5m and 7m, ¢kelts
defined for DS1 and DS2 are very close to eachrpthe
limiting the significant variance between the twases to
the 9m-beam-span building. Comparison between the
results yielded for retrofit against DS3 and DS4g(F)
does not indicate which damage scenario can beesskehl
more cost-effectively. Depending on the building
characteristics, DS3 might yield larger plasti@twins than
DS4 or the opposite, while there is a case (i.e.ttee-
storey building with 5m beam span) in which iniaDS4
is retrofitted with reduced cost over DS3, but thés
reversed below a maximum plastic rotation of 15.2%.
Nevertheless, the results yielded for DS3 and D&gtnsto
be comparable, as the defined cost-versus-rotationes
are similar to each other, while in some cases #reyalso
very close.

For large maximum plastic rotations developed ia th
non-retrofitted buildings, the level of improvemesgems
to be relatively higher. This can be partially esteel, since
it is infeasible to achieve very small or no raiatiat the
end of the beam, so all cost-versus-rotation curves
approach the vertical axis asymptotically. The $mnahe
maximum plastic rotation developed in the non-ffites
building is, the sooner the curve will reach thaitibelow
which further improvement to structural behavior is
particularly expensive. However, this limit is e same
for all buildings, as it seems to be related toiows
structural characteristics, such as the numbetooégs and
the beam span, as well as to the damage scenario
investigated.
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Figure 4. Total retrofit cost (in kg of steel) vs.
maximum recorded plastic rotation under DS1; beam

span = (a) 5m, (b) 7m, (c) 9m.
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Figure 5. Total retrofit cost (in kg of steel) vs.
maximum recorded plastic rotation — 3-storey

building; beam span = (a) 5m, (b) 7m, (c) 9m.
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Figure 7. Total retrofit cost (in kg of steel) vs.

maximum recorded plastic rotation under DS1 — (a) maximum recorded plastic rotation under DS4 — (a)

3-storey, (b) 6-storey, (c) 9-storey building; beam

span = (a) 5m, (b) 7m, (c) 9m.

3-storey, (b) 6-storey, (c) 9-storey building; beam

span = (a) 5m, (b) 7m, (c) 9m.
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When retrofitting is required in buildings whereeth
plastic rotations that develop are small, additicedrofit
techniques might be required. Such techniques @ke:
installation of cables without initial sagging oithvpost-
tensioning [59], (b) installation of bracings [58](c) beam
strengthening techniques [60], etc. Particularnsibe is
required during the design of a retrofit schemduitiog
the aforementioned, as they affect the buildingifngss,
so the retrofitted building’s seismic performanaeds to
be re-evaluated.

Typically, buildings with increased number of stge
are expected to perform better under the loss tifad-
bearing element, or multiple elements. This is heeahe
number of structural elements above the locatiorthef
damage which participate in the alternate load path
developed is increased. However, this does notssacdy
apply on the total retrofit cost. Comparison betweke
optimized retrofits illustrated in Fig. 4 indicatessteeper
decent of the cost-versus-rotation curve for thmedtstorey
than for the six-storey buildings. The reason & there is
a limited number of bays above the location ofdaenage
where cables can be installed. When they have edhb
occupied, the rest of the cables are installeceighboring
bays, so they are not as effective as the onesllett
directly above the damaged bay(s) [59]. Henceh@ndix-
storey building, the cables can be used more cost-
effectively. The opposite is observed comparingrésilts
yielded for the six-storey and the nine-storeydinis. The
cost-versus-rotation curves defined are either tjmalty
parallel, or a steeper decent occurs in the nioeegt
building. This is related to the number of baysaad, but
in this case, there is an excess of bays, so theheu of
cables that are installed does not suffice in otdetover
all the available storeys, so the alternate patsome of
these bays consists only of the beams and the atbspe
columns.

Comparison between the maximum plastic rotations
illustrated in Fig. 7 for the non-retrofitted buibds
indicates increased deflections for larger beanmspéhis
is the effect of the change to the beam suppomsbated
with the initial design parameters. In the undandage
building the beams are designed as moment restrire
direction so that together with the columns theymfo
moment resisting frames and the section size isctal
mainly based on the maximum moment in the mid-ggfan
the beam. On the damaged building, the beams perésr
cantilever so the bending moments developing are

significantly larger, while the relative deflectia the free
end of the beam increases exponentially by itstleng

V. CONCLUDING REMARKS

Unless their installation is disallowed, e.g. when
particular architectural or usage limitations appsfeel
cables offer an easily applicable retrofit solutfon steel-
concrete composite buildings, which provides a
considerable level of improvement of the building’s
collapse-resistance with limited cost. A signifitan
advantage of the method is the potential to dediménitial
sagging of the cables which is larger than the mari
interstorey drift expected to occur under seisroads, so
that the building’s seismic response is not afféc®ince
deflections developing under structural damage are
typically large, this feature does not hinder tlwdution
from being effective. When the requirements against
progressive collapse or the desired level of improent
are particularly high, alternative retrofit methqf8], [60])
might need to be employed. Buildings with large bpgns
are expected to develop significant deflections ,and
consequently, be particularly vulnerable to lossla#d-
bearing elements, unless the building is desigxgtiogly
against progressive collapse. Extended initial dgndoes
not necessarily lead to increased maximum plastation,
as a better redistribution of the unbalanced loai@ht be
achieved. The same might not apply for damage dause
intentionally, such as multiple columns destroyed @
single storey.
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