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Abstract — Progressive collapse is a procedure in which loctdilure of a structural component can cause failureof the overall structure
or a smaller part of it. This phenomenon is the sulgict of intensive investigation by researchers thas$t decade. This work presents a
design of structures against earthquake and progres/e collapse. Cables are used as means to achigkie desired structural
performance when the buildings are subjected to (ageismic excitations, (b) accidents which result ifailure of structural members. The
design strategy is based on the use of cables lamhtin suitable locations in the structure. The eleent sizes and cable topology are
attained by an automatic optimization procedure inan effort to achieve the most effective use of stctural materials. The effect of
various design constraints is evaluated in the pesfmance of the optimized buildings. The analysis redts indicate the promising
potential of cables as a means to increase the hiiiig’s progressive collapse resistance, as well aspromising alternative to typical

bracing sections used in practice.

Keywords — Steel Structur; Earthquake; Progressive @pHe; Steel Cables; Optimization.

|.INTRODUCTION

Progressive collapse, of structures has attracked t
attention of researchers mainly during the pasadecThe
collapse of the World Trade Center (WTC) in New Kor
brought to light a phenomenon which had alreadynbee
indicated almost 40 years earlier, after the cekapf the
Ronan Point apartment building [1]. Researcher® Isince
worked on (a) the definition of the collapse medsanof
buildings, (b) measurement of the overall robustnes
buildings and (c) design of buildings against pesgive
collapse.

The term “progressive collapse” refers to the
disproportionate propagation of structural damaghim a
structure, resulting from relatively minor initidamage. It
begins from the initial failure of structural elemend very
fast expands to the entire structure or a largegdat. This
type of failure is treated as a “brittle” failuras the time
from the occurrence of the initial failure, untigighboring

elements are damaged is particularly small. Addiéity,

the results are devastating if local or globalajpdle occurs.
Hence, it is an undesirable failure mechanism wimebds

to be prevented. Progressive collapse can haveedaug
extreme actions, such as a strong earthquake, Ibktor
impact loading. Such an action cause initially #ufa of
small number of structural elements and this can be
triggering the progressive collapse of the entirecsure.

Design building codes implemented after 2000 give
directions against progressive collapse design. the
Eurocodes, such guidelines can be found in EN 19¢2-
which proposes the increase of the overall robgstraf
structures which are not designed explicitly tohsfand
accidental actions by a suitable tying system wipicivides
alternative load paths after local damage. Guidslin
intended to address specifically the issue of msgjve
collapse are UFC 4-023-03 [3], the GSA guidelirgsand
the CO.S.T. TUO601 guidelines [5]. The general apph
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of the aforementioned is also based on the creafidping
forces within the building which constrain the tala
displacement of structural elements in case otairal dam
age. Additionally, they provide further details protection
methods and the procedure of assessment of theirmigd
performance under such a scenario. The alterndtiad
path should be provided by peripheral ties, inteties,
horizontal column or wall ties, and where requireektical
ties, particularly in panel buildings. Additionallywhen a
building is divided by expansion joints into structlly
independent sections, each section should have
independent tying system.

an

Various retrofit methods can be applied by enginger
increase the overall strength and robustness oétsties in
order to prevent the occurrence of progressiveapst
when a structure is damaged by a severe earthquaha
accidental load. However, when a similar philosophy
adopted during design, an improved structural perémce
can be achieved with the same or reduced costradisal
elements which cannot be retrofitted in existingldings,
can be suitably designed in a new one and, conséyue
increase the building’s inherent robustness sicgifily.

Cables have been extensively researched on iatliter
([6] to [29]). As a retrofit method for masonry Hkiings,
cables are used as horizontal ties to keep togethemtact
vertical walls in two perpendicular directions. rginforced
concrete structures, post-tensioned cables are aked)
beams to increase their stiffness. Alternativedgytare used
as peripheral ties to achieve better load distidouamong
structural elements at the same floor. As diagetehents,
cables can be used as an alternative to typicatirya
sections (i.e. angular sections, hollow sectiorts,) avith
significant advantages. Cables receive only terfsitees,
while they are free to deform under compressioaygmting
them of undesirable types of failure such as flakur
buckling, or various local buckling types which fmigoccur
to the aforementioned section types.

Il. STRUCTURALMODELLING

Many software packages use the finite element nadetho
in order to simulate structural elements and their-linear
behavior. For the purposes of structural simulafiorihis
work, the OpenSEES software [30] was used.

Three-dimensional models were defined consisting of
plane frames in two vertical directions. Use of iwo
dimensional models ignores the effect of beams and
bracings lateral to the investigated frames onréuaiction
of vertical deflections, which can be significabDistributed
plasticity elements were selected over lumped iglast

elements, as the latter consider linear shape ®fbam
between the two joints, so it might underestimdte t
deflections that develop on the beams of the dadhage
building when the gravitational loads are appliedtoem.
Composite slabs and secondary beams were not define
their effect on the structural behavior was modeisitg the
‘RigidDiaphragm’ command which was found to be zbié
for the analyses performed. It defines a rigid dragm at
the defined direction (here it is on x-y plane)t twhen large
deformations in the lateral direction(s) occur,ytlee not
constrained. Beam-column connections and colummreshas
were simplified as fixed or hinged connections, eohsn
their properties.

The database of OpenSEES software contains numerous
material models, suitable for the simulation ofaiety of
materials and elements. Two criteria were used tfar
selection of the material models: the effectivenessthe
simulation of the behavior of an actual structurel @ahe
required convergence time. Because structural desig
optimization is used, a lot of combinations and etoaos of
iterations for each combinations are required, nkhe
analysis procedure particularly time-demanding. @lem
material models require much iteration until theynwerge
to a compatible constitutive law, while they hawereased
potential of failure to define suitable stress-isti@airs when
the desired level of accuracy is high. Such a failduring
structural simulation might be misinterpreted asicttral
failure (e.g. due to local collapse), so desigrat thave
highly desirable characteristics might be considere
infeasible. So, simplified material models whicthigwe the
required level of accuracy were used. The bilineaterial
model ‘Steel01’ was used for the simulation of $keel core
of the columns, as well as the beams and bracings.
‘ReinforcingSteel’ material was used to simulatee th
longitudinal and transversal reinforcement of tlsdumns.
Cables were modeled using the ‘ElasticPP’ modeliclwh
creates a material with a linear elastic branch,cousiders
zero post-elastic stiffness. The user can haveoftien to
define an initial post-tension or sagging of théleausing
the appropriate stress-strain combination.

In order to simulate the behavior of structure four
analysis types were used for each building. Firsttyelastic
analysis under vertical loads, secondly, modal yeesl,
thirdly, two nonlinear static pushover analyses finally, a
nonlinear static pushdown analysis for each damage
scenario considered. The elastic analysis undeitgtianal
loads was performed in order to design structuramimers
according to the provisions of EN 1993-1-1 [31]. ddb
analysis was performed in order to define the dynam
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characteristics of the buildings such as the furetaai
period and corresponding mode shape. Non-linedic sta
analyses were also performed. Two displacementalted
pushover analyses, one in each horizontal directicere
performed in order to assess the performance of the
buildings against seismic loads. A horizontal |qzattern
was defined and increased incrementally, until ¢batrol
node at the top of the building reached the tacyetp
displacementXqe) defined in FEMA-440 [32]. For design
purposes the maximum inter-storey drift limit defihin
ASCE/SEI 41-06 [33] for steel buildings was usedeT
criteria defined in UFC 4-023-03 [3] for buildingsth steel
beams were selected for the steel-concrete coneposit
buildings evaluated in this work. In order to céddte the
vertical displacement and the redistribution of theernal
forces for each scenario, pushdown analysis peragam
scenario considered was performed for each builditg
pushdown analysis was initiates with initial coratis the
final state of each pushover analysis with horiablatads.

I1l. CONFIGURATIONOF THE OPTIMIZATIONPROBLEM

To attain automatically the most cost-effectiveiges,
an optimization algorithm needs to be employed.idler
optimization algorithms have been proposed andiegh
engineering problems. In this work, the “Evolution
Strategies” optimization algorithm was selected.isTh
algorithm was initially proposed by Rechengerg [24id
Schwefel [35] and is based on the natural mechamtm
evolution of a species. During transition from one
generation to the next one, there is a higher pitibathat
the fittest members will succeed in passing on rthei
characteristics.  Additionally, stochastic mecharsism
(mutation, reordering and crossover) attribute abristics
to the offsprings which make them different tharith
parents, so the algorithm can scan the search spilce
reduced probability of being trapped near a logalnoum.
This algorithm has been found to successfully yield
optimized designs in a variety of engineering aggtions.
In the work of Papavasileiou and Charmpis [36] an
analytical description of the algorithm’s charasttics takes
place, as well as its configuration for applicatiam
structural design optimization of steel-concretenposite
buildings against earthquake is proposed. This wseés a
modified version of the aforementioned in order to
incorporate the use of cables as an alternativeypal
bracing sections. The optimization problem solvedai
mixed sizing and topology problem. In particulahet
optimization algorithm is allowed to define (a) thections
of the linear structural elementse. columns, beams and

cables, (b) the locations where cables are installed (c)
the level of post-tensioning that is applied onhecable.

A database of standard wide-flange HEB sections was
used for the steel columns. Use of different sectay each
column would render the solution of the problem
cumbersome, while the assembly of the frames wabeald
particularly difficult, as different connections ald be
realized at each splice point. Hence, columns sovepged in
order to allow for a level of prefabrication in the
construction process, as well as to reduce thepewent
variables of the optimization problem. On the flptan four
distinct section groups are defined: (a) corneurwls, (b)
peripheral columns in x- direction, (c) periphesalumns in
y-direction and (d) internal columns. In [36], gping of
sections on multiple storeys is also proposed. tBe,
definition of a section group for each two or three
consecutive storey would reduce significantly thenber of
variables, while it is not expected to result inrtjgalar
increase of the total material cost. Beams weregded
using standard IPE sections. Grouping of beams al&s
considered to be required. Since the gravitatidpads
received depend mainly on the direction in whichythun,
one section group was selected for each direction.
Additionally, same sections were used for the samaber
of consecutive storeys that was defined for columns

The cable database consists of solid circular @esti
with diameters ranging from 20mm to 32mm, roundpdau
1mm. Multiple cables were also considered to allimw
increased stiffness to be provided by the cableghto
building. Contrary to the typical approach selected
bracings,i.e. specific bays are selected and bracings are
installed on all storeys at these bays, cabledis work
were allowed to be installed at any location oedfiion. To
prevent the concentration of cables around spdoifiations
[37] and to avoid stiffness irregularities, whiclowld result
in undesirable seismic performance of the builditigg
following constraints were used:

(a) two distinct groups of cables are defined: (i) ealithat
are intended to be used against lateral loads bnd (
cables that take part mainly in the alternate lpaths
and contribute only to the building’s collapse
resistance

the number of cables on each of
aforementioned groups is fixed

(c) the storey on which the cables of the first groug a
installed is standard, but the bay may vary

the cables of the second group can be freely Ipstal
in any location

the two

(b)

(d)
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(e) cable sections and post-tensioning ratios migHedif
but the total interstorey stiffness provided by tables
on one level should be less than that providechén t
level below.

Two objective functions have been used separately i
this work: (a) the building’s progressive collapssistance
and (b) the total material cost. The structuralfgpenance
against progressive collapse is typically assesssidg
indicators of the extent of the damage in the lngdafter
the initial failure has occurred and the loads hé&esn
applied on the damaged building. UFC 4-023-03 Eauthe
maximum plastic rotation developing at the end loé t
beams as such an indicator, also employed in tbi&.\lrhe
larger the maximum plastic rotation is yielded by a
pushdown analysis, the higher the probability padf total
collapse will occur in the actual building. Theatlomaterial
cost used as an objective function, is that ofitigividual
elements related to the defined independent vasabl
columns, beams, cables. All elements have purel stee
sections, so the total cost can be calculatedeatothl steel
mass required, considering that an average pripkeapon
all steel members during construction. Varying edata
such as the connections between the linear stalctur
members should be properly taken into account & th
objective function. In this work, the total cost tifie
connections is considered to be directly relatethad of the
connecting members: the larger the individual mesbee,
the larger the connections need to be. So, buidinigh
increased values of the objective function arecsity not
expected to be more costly compared to ones witledo
values of the objective function, even if the casft
connections is explicitly taken into account.

All feasible designs need to comply with
requirements of the applicable codes for (a) irtiiad
element capacity, (b) overall structural perforreagainst
earthquake and (c) progressive collapse resistaraehis
end, EN 1993-1-1 [31] was used to define the capadi
steel columns, beams and cables, as well as fatehign of
the connections. The building’s behavior under reis
loads was assessed using the provisions of FEMAF32D
and ASCE/SEI 41-06 [33] for steel buildings, typica
building usage and type of soil. The overall cdlap
resistance of each building was assessed using the
guidelines of UFC 4-023-03 [3] for buildings withesl
beams.

the

IV.APPLICATION

To investigate how the most cost-effective desiam loe
determined for various design characteristics;pact} six-
storey building was designed using structural desig

optimization as described in the previous secti®he
building has five bays in each horizontal directiwith a
total beam span of 7m. The height of the firstesgas 4.0m,
while all storeys have a total height of 3.2m. Ascdssed
previously, there are no bracings used, as they are
substituted by cables.

UFC 4-023-03 [3] proposes the use of multiple dagnag
scenarios in various storeys of the building ineprih assess
its overall robustness. Similarly, to achieve irsed overall
robustness, such damage scenarios can be used doein
initial design of a building. In this work, multgldamage
scenarios were simulated involving the loss of rglsi
column. The location of the damage is at the coaighe
building to create the most unfavorable loadingdittons
for the beams which would force the algorithm tthex
increase them resulting in significant increaseh® total
cost, or find an alternative using cable which wioathieve
the desirable performance. The damage is considereé
the result of an accident during typical buildirgeue.g. the
explosion of a gas tank) so it may occur at anyagien.
Hence, the number of damage scenarios requireguisl ¢o
the number of storeys of the building. six.

Definition of one variable for each of the
aforementioned independent variables could possibly
provide the most cost-effective design for the otye
function and the constraints set, as the optinomati
algorithm would be allowed to change each of them
independently seeking for the optimum value of the
objective function. However, in engineering praettbis is
not preferred. On the one hand, the computatiomaé t
required would be particularly increased, as thmber of
independent variables would be very large, so th&siple
combinations would be practically infinite. On tlether
hand, using different sections for each elemendeenthe
design process cumbersome, as a different connegtald
have to be designed for each pair of structurahetgs and
the construction more complex and expensive, as the
advantages of prefabrication in steel structuresnaived.

To reduce the number of variables, the following
constraints apply:

(a) Columns consist of the same section from grdontp

floor.

(b) Beams have the same section in both directions.

(c) Cables are installed in pairs and symmetricadlypoth

parallel faces to avoid possible stiffness asymiemtr
Additionally, the cable pattern defined for oneedtion is

repeated for the other, so for the definition ofblea
topology, this needs to be determined for one tadg and

the others are automatically defined.
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(d) There is at least one cable-pair at each stet@gh as
substitute for typical bracing sections.

(e) There is at least one more cable-pair for estohey
which is used only to improve the building’s proggive
collapse resistance. However, they can be instatedny
storey or bay.

(f) One post-tensioning ratio is selected for albbles against
earthquake. Cables against progressive collapse inéial
sagging larger than the maximum admissible integgto
drift, so they do not participate in the buildinglsad-
bearing mechanism under seismic excitations.

(g) One section is used for all cables, so onlyttmology
of the cables needs to be determined by the opmitioiz
algorithm.

Based on the aforementioned:

(a) Four variables need to be defined: one for exctine

four aforementioned column section groups.

(b) One beam group needs to be defined for all keam
model.

(c) The number of cables installed against eartkeua

equal to the number of storeys. So, the total nundfe
cables installed is equal to two times the numlistareys.

For a six-storey building, this results in 17 indedent
variables: 4 column section groups, 1 beam secfionop, 6
cable topologies for post-tensioned cables (ireflaiigainst
horizontal actions) and 6 cable topologies for gaggables
(installed for progressive collapse resistancek ploblem
constraints are outlined in the previous section.

Two distinct problems were defined. In the first
problem, the intended maximum plastic rotatiorixed and
the objective function is the building’s total castpressed
in total steel mass. Beams and columns are sel&ctexthe
aforementioned databases.
tensioning ratio can be freely selected, whiletdrget is to
define the most cost-effective design that doesexaeed

Cable diameters and post-

the maximum admissible vertical drift. Three lim@lues
were selected for the vertical drifte. 7.5%, 5.0% and
2.5%, defining this way three design cases (D1 3). Dhe
post-tensioned cables could be installed in any bag at
each storey, while the sagging cables can be fiastglled
at any bay and/or storey. All cables installed asgfai
progressive collapse have an initial sagging of 8#ich is
equal to the maximum admissible interstorey duffimed in
ASCE/SEI 41-06 [33] for steel buildings. Buildings
exceeding this drift in the pushover analyses aresidered
infeasible, so in all feasible designs these cablesnot
interfere with the building’s earthquake responSe
investigate the effect to the total cost of thelding if
cables has a fixed section, three more designstgDa6)
were optimized for cable diameter 10mm and theicart
drift limits previously outlines.

In the second problem, the optimization algoritheeds
to reduce as much as possible the maximum vertiGl
(which corresponds to the maximum plastic rota@drihe
end of the beams). Cable diameters are the samallfor
cables,i.e. 10mm, 14mm and 21mm. Beam and column
sizes are selected by the algorithm from a datab&$E
sections for the beams and HEB sections for thencos.
Two post-tensioning ratios were defined: (a) 0% &)
40% for cables installed against horizontal actiaiesining
a total number of six designs to be optimized (B'D12).
This ratio is the same for all cables in each desgge. The
designs yielded are presented in Table 1.

The designs defined for D7, D8 and D9 have the same
topology as those defined for D10, D11 and D12
respectively, so they have been grouped in Tabl&hk.
reason for this is that, the post-tensioned cabhtesaway
from the location of the damage, so the alternaael Ipath
employs only the sagging cables.

TABLE 1. CHARACTERISTICS OF THE OPTIMIZED DESIGNS YIELDED.

. Qable PQSI'. Column Beam Vertical Verqoal Maximum interstorey Total Steel
Design ID  Diameter  Tensioning . - ; Drift X
. Section Section Drift drift Mass (tn)
(mm) Ratio Target
D1 10 40% HE400B  IPE220  7.216% 7.500% 3.501% 177.300
D2 14 40% HE400B  IPE220  4.649% 5.000% 4.028% 177.735
D3 21 40% HE400B  IPE220  2.454% 2.500% 4.846% 178.844
D4 10 5% HE400B  IPE220  7.305% 7.500% 3.612% 177.300
D5 10 -5% HE550B IPE450 4.906% 5.000% 4.297% 337.300
D6 10 5% HE1000B  IPE600  3.993% 2.500% 4.215% 531.726
D7 /D10 10 0%/40%  HEL000B _ IPE600  3.997%  minimum 4.3260215% 531.726
D8/ D11 14 0%/40%  HE1000B  IPE600  3.235%  minimum 4.491B72% 532.161
D9 / D12 21 0%/40%  HE1000B  IPE600  2.054%  minimum 4.9969548% 533.270
217
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D6 does not achieve the vertical drift target Betwever, as

the maximum column and beam sections have been used
while the cable diameter is fixed, it is safe tswame that
this is the design closer to the target, so theetais
infeasible under the constraints defined. Comparigith

D9 shows that it is possible to achieve even smatdues

of the maximum recorded vertical drift by allowiteyger
cables to be selected by the optimization algorithm

There is a minimum size of beams and columns
defined by the gravitational loads when applied the
undamaged building and the strength/performanderiziof
EN 1993-1 [31] for steel members. So, increasedecab
diameters would not result in respective reductidrthe
beam/column sizes, but they can change the builkling
response under seismic loads or accidents.

Increased post-tensioning ratio provides improved
behavior against progressive collapse when thesesare
installed over the damaged bays. Additionallyeduces the
maximum interstorey drift developing under seismic
excitations. However, with the constraints defiriadthis
problem, this creates stiffness asymmetries inbtliéding,
so its performance in earthquake is deteriorating.
Additionally, as cables are intended to performsitally,
the maximum strain of the cables needs to be dé&iedn
beforehand, so that it does not exceed the yieldirgn of
the cables.

For increased requirements on progressive collapse
resistance, the total cost is inevitably increasgdvell. The
more demanding the performance constraints bectime,
higher the rate of this increase is as well.

Use of small cable diameter (D4 to D6) forces the
algorithm to increase beam sections in order topeoTsate
for the required strength of the elements neighigptthe
location of the damage so that the loads from Hiked
elements are redistributed safely through them.

To achieve very small deflections, as required ht®
D12, the algorithm tends to install all cables muted for
earthquake-induced loads at corner of the buildivfych is
the location where damage occurs in all modellechatge
scenarios. The reason for this design is that sabktalled
against progressive collapse have initial saggngrder to
avoid altering structural performance under horiabn
actions. They start participating in the alterniated paths
only after the deflection of the beams is largeanttthe
initial sagging. So, their strength contribution time load
bearing mechanism is significantly low comparedhat of
cables without sagging or with significant postdiening. It
should be noted that, while the building’s perfonoa
under horizontal actions is affected, as rotatioaiécts
develop due to the non-symmetric placement of calile

deterioration is not large enough to render theigtes
infeasible, as the contribution of the columnsuffisient to
counteract.

Based on the beneficial effect of the installatioin
cables in various bays, it is safe to assume tifathe
diameter of the cables was not fixed for designst® D6,
but was handled as an independent variable, aithiéorm
for all cables, or one variable for each cable protine
optimization algorithm would ultimately use the rmamm
available cable diameter in order to achieve thetnoost-
effective use of structural steel. Large cable isast can
receive larger loads and relieve the neighborirenisefrom
them under damage scenarios. So, use of strongescabl
allows the reduction of beam sections as low asiples

V.CONCLUDINGREMARKS

To ensure that cables remain elastic throughotit the
use as part of the alternate path, the engineatsnieepay
attention to the maximum strain expected to devdloghis
exceeds the yielding strain, the cables will yiebd, even
though post-tensioning has a beneficial effect e t
building’s collapse resistance, their use againgh bhazards
should be

In extent of the remark made on the use of strong
cables, using cables with increased diameter aitéhlin
sagging can allow buildings with very weak beamshéo
designed, which would be expected to develop large
deflections without cables, while at the same tithey
easily conform to the “weak beam — strong columiié rfor
ductile behavior during earthquakes. These buikliogn
achieve the desirable performance under both asaie
and progressive collapse and have particularly qedcost
than buildings designed conventionallyg. with increased
beam stiffness.

When the location of the damage cannot be detethmine
before construction, a generic approach with paissibned
cables spread on the face of the building can gdeovi
significant robustness, improving the overall coda
resistance of the building.
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