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Abstract — Steel cables are an attractive means of retrofit with various engineering applications. They have been extensively used to 
strengthen deficient buildings against gravitational or earthquake-induced loads. This work investigates the use of steel cables as a 
means of retrofitting steel-concrete composite buildings against progressive collapse. The effect of the building’s characteristics on the 
total retrofit cost is studied. A fair assessment of designs defined for different requirements is achieved by definition of the most cost-
effective solution for each scenario. This is achieved by an optimization algorithm, i.e. the Evolution Strategies, which is employed to 
define the solution with the desired performance and, at the same time, the minimum cost. For this purpose, a total number of 144 
optimizations have been performed. The results yielded reveal the different properties of each retrofit scenario. 
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I. INTRODUCTION 

In the past decade, engineering researchers have focused 
on the topic of progressive collapse of structures. Although 
this issue has been pointed out and researched on since the 
collapse of the Ronan Point building [1], intensive 
investigation took place after the collapse of the Word Trade 
Center towers in 2001. The term “progressive collapse” refers 
to the disproportionate propagation of structural damage 
within a structure, as the result of relatively minor initial 
damage. It is an undesirable failure mechanism mainly due to 
its destructive results, as well as the fact that the time required 
from the occurrence of the initial failure until it reaches its 

full extent is particularly small. Extreme actions, such as a 
strong earthquake, or an accident can cause severe damage or 
even total failure to load-bearing elements, triggering the 
progressive collapse of the structure. 

The phenomenon has been related mainly to high-rise 
buildings, as the results are more prominent, while the 
number of structural elements is adequate in order to allow for 
the observation of the damage propagation from the location 
of the initial damage to the neighboring elements. However, 
the same applies on low-rise buildings, where minor loss of 
structural integrity could cause partial collapse of the building, 
as there is limited number of structural elements which could 
receive the loads from the failed elements and redistribute 
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them within the structure. Hence, unless specific provisions 
have been taken into account during the design procedure, the 
majority of buildings constructed until today are susceptible 
to this type of failure. 

Design against progressive collapse is not compulsory in 
current building codes. However, relative guidelines exist, 
such as UFC 4-023-03 [2] and the GSA guidelines [3], aiming 
to address the issue of progressive collapse. In the 
aforementioned guidelines, the general philosophy is 
described in order to increase the inherent robustness of the 
buildings, as well as criteria in order to assess their 
performance under various damage scenarios. The approach 
adopted in these guidelines is the development of ties within 
the building which constrain the relative displacement of 
structural elements in case of loss of particular members ([2], 
[3], [4]). This is achieved by elements which perform in 
tension after the initial damage, even though their intended 
load-bearing mechanism in the undamaged building might be 
significantly different. 

Numerous retrofit methods have been proposed and 
evaluated by engineers in order to enhance the performance of 
buildings against earthquakes. The major approaches are (a) 
improvement of the structural performance by introduction of 
new members in the system ([5] to [23]) and (b) strengthening 
of individual existing members ([24] to [52]) which do not 
necessarily have to be deficient when evaluated against 
typical load combinations. However, literature on retrofit 
methods intended to enhance the progressive collapse 
resistance of existing structures is relatively limited ([53] to 
[60]). 

Cables are extensively used by engineers in practice as a 
means to retrofit buildings, thanks to their advantages over the 
alternatives: they are not susceptible to flexural or     
lateral-torsional buckling, since they receive only tensile 
forces. Furthermore, they can be easily installed in existing 
buildings thanks to the type of connections used, while their 
replacement in case of failure is also straightforward. The 
existing literature is rich of papers which propose and 
evaluate analytical models for the simulation of the 
performance of cables and wire strands ([61] to [84]). 
However, their application as a retrofit method is based 
mainly on the engineer’s previous experience and the 
intended performance of the strengthened building. A 
thorough investigation of the method’s potential is required. 
In order to define the range of applicability and the efficiency 
of the method, the most cost-effective solution needs to be 
determined for each application. The designs yielded from an 

optimization procedure are combinations which achieve the 
most efficient use of the building materials: they meet all 
requirements and have the minimum cost at the same time. 

II. STRUCTURAL MODELLING 

The OpenSEES software [85] was used for the purposes of 
structural simulation in this work. Only three-dimensional 
models were used, as plane frames fail to capture torsional 
effects on the buildings due to stiffness and mass 
eccentricities. Additionally, the structural elements running in 
the direction vertical to the plane of the assessed frame have 
been found to have a beneficial effect on the collapse 
resistance of the building, which might exceed the 
contribution of the elements of the main frame, depending on 
the properties of the elements and the type of beam-column 
connections realized. The individual structural elements (i.e. 
beams, columns, bracings and cables) were discretized using 
distributed plasticity elements (fiber elements), which have 
been found to capture the post-elastic behavior of structural 
elements better than lumped plasticity elements, especially 
when large deflections develop. The structural elements 
which affect the behavior of the frames, but are typically 
designed independently, such as composite slabs, beam-
column connections and column bases, were not explicitly 
defined in the structural model. Their contribution was 
indirectly simulated based on their effect on structural 
behavior. In particular, rigid diaphragms were defined at each 
storey to model the effect of composite slabs, as well as 
secondary beams in the performance of the building under 
horizontal loads. Moment-restrained connections were 
modelled as fixed connections, while simply supported beams 
were simulated using hinges at their ends. Column bases were 
considered to be either fixed or pinned, based on their 
moment resistance. 

OpenSEES contains a library of numerous material 
models, suitable for the simulation of various materials and 
elements. In this work, the material models were selected 
based on their effectiveness on the simulation of the behavior 
of an actual structure, as well as their effect on the time 
required for the structural element to converge to a 
compatible force-displacement pair. Due to the application of 
structural design optimization, the analysis procedure is 
particularly time-demanding. Material models which need a 
large number of iterations until they converge in compatible 
force-displacements might result in a substantial increase to 
the required computational time without further improvement 
in the accuracy of the simulation. Additionally, the potential 
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of analysis failure if the desired accuracy is not achieved 
increases. Such a failure would result in considering a design 
infeasible, even though in practice it is able to receive all 
applied load safely. Hence, simple yet efficient material 
models were selected. Concrete in steel-concrete composite 
columns was simulated with the ‘Concrete01’ material. 
Unconfined concrete was distinguished from the confined 
concrete using reduced strength and ductility. A bilinear 
material model, i.e. ‘Steel01’ was used for the simulation of 
the steel core of the columns, as well as the beams and 
bracings. The longitudinal and transversal reinforcement of 
the columns was simulated using the ‘ReinforcingSteel’ Steel 
material. Cables were not modeled using a typical steel 
material, as the available options can receive both positive 

and negative stresses, so they would receive compressive 
forces as well. Instead, the ‘ElasticPP’ model was used, which 
creates a material with a linear elastic branch, but considers 
zero post-elastic stiffness. The advantage of this material is 
the option to define the position where the curve reaches zero 
stress (or strain). So, using the appropriate stress-strain 
combination, the user can define an initial post-tension or 
sagging of the cable. To ensure that the results yielded do not 
overestimate the capacity of the steel materials, their strain 
was monitored, so that it would not exceed the 20% threshold 
set as the ultimate strain in this work. Fiber section definition 
and material model assignment for each structural element 
group are illustrated in Fig. 1. 
 

 

 

Figure 1. Structural element material modeling and discretization into fibers: (a) composite column, (b) steel beam, (c) bracing, (d) 

steel cable. 

Four analysis types were used for each building: (a) an 
elastic analysis under gravitational loads, (b) two 
eigenvalue analyses, (c) two nonlinear static pushover 
analyses and (d) a nonlinear static pushdown analysis for 
each damage scenario considered. The elastic analysis 
under gravitational loads was performed in order to design 
structural members according to the provisions of EN 
1993-1-1 [86] and EN 1994-1-1 [87]. Eigenvalue analyses 
were performed in order to define the fundamental period 
of the buildings. Two displacement controlled pushover 
analyses, one in each horizontal direction, were performed 
in order to assess the performance of the buildings against 
seismic loads. A load pattern was defined and increased 
incrementally, until the control node at the top of the 

building reached the targeted top displacement (∆target) 
defined in FEMA-440 [88]. To ensure the desirable 
performance of the steel-concrete composite columns, the 
maximum interstorey drift limit defined in ASCE/SEI 41-
06 [89] for reinforced concrete buildings was used for all 
designs, as it is more conservative than the one defined for 
steel buildings. Finally, one pushdown analysis per damage 
scenario considered was performed for each building. The 
criteria defined in UFC 4-023-03 [2] for buildings with 
steel beams were selected for the steel-concrete composite 
buildings evaluated in this work. 
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III.  CONFIGURATION OF THE OPTIMIZATION PROBLEM 

The determination of the most cost-effective design in 
this work is achieved using the “Evolution Strategies” 
optimization algorithm ([90], [91]), which imitates the 
evolution of a population in time. The particular algorithm 
was selected for (a) its stochastic search procedure and (b) 
its general applicability. The stochastic transition from one 
generation to the next, as well as the mechanisms which 
introduce randomly selected members to the population 
reduce significantly the probability of the algorithm being 
trapped near a local optimum. The algorithm was found to 
be effective in a wide variety of engineering problems, 
which makes it suitable for the purposes of this work. A 
concise description of the optimization procedure used is 
described in [92]. 

In the optimizations performed, the properties of the 
cables were set as independent variables, i.e. their values 
were selected by the optimization algorithm. The maximum 
number of cables was set equal to the number of bays of 
each building. The diameter of the cables was selected from 
a range from 20mm to 32mm using a step of 1mm. Cables 
with diameter up to 78mm could be used if available wire 
strands are taken into account. However, such elements 
have been found to develop bending moment and torsional 
effects, so a more accurate modelling than the one adopted 
in this work is required. The option of not installing a cable 
in a specific location was also available in the section 
database. It was found in a previous investigation [59] that 
the cables could be installed most cost-effectively on the x-
z and y-z plane. Hence, the algorithm was restricted from 
installing cables on other directions, as this would be less 
efficient and, consequently, not an overall optimum. 

The constraints of the optimization problem correspond 
to the provisions of the design codes imposed, regarding 
the capacity of individual structural members, as well as the 
overall performance of the building under the considered 
actions. In particular, all structural members should meet 
the requirements on their capacity in axial force, shear and 
bending moment, as well as their interaction where 
applicable. Additionally, provisions were considered 
against flexural, shear and lateral-torsional buckling, in 
addition to various forms of local buckling which might 
occur. Steel elements were designed according to the 
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. The guidelines 
of UFC 4-023-03 [2] were used for the assessment of the 
progressive collapse resistance of the simulated buildings. 
The maximum plastic rotation at the end of the beams was 
used as an indicator of the building’s progressive collapse 
resistance: the smaller the plastic rotation is, the better the 
expected performance of the building is. 

The objective function of the optimizations performed 
was defined as the overall cost of the retrofit procedure. 
The retrofit cost typically includes (a) the removal of 
existing partitions or external walls, in order to allow for 
the installation of the cables, (b) the material cost of the 
cable and the connections, (c) the realization of the 
connections and (d) the cost of restoration of the affected 
bay and the corresponding labor cost. Cost types (a) and (d) 
are the same for all cable diameters, so they are constant 
and should be removed from the objective function. 
Additionally, when a second cable is installed in a different 
bay, there is an abrupt increase in the total cost, as the 
minimum diameter is 20mm. So, this increase in the total 
cost is adequate to simulate the effect of cost types (a) and 
(d) on the selection procedure during the optimization. 
Furthermore, the cost of the connections is related to the 
maximum force they can receive which is a function of the 
cable area. Considering all aforementioned, the objective 
function can be defined as the total steel area multiplied by 
the length of the cables. In buildings where beam length is 
the same in x- and y-direction, while all storeys excluding 
the ground floor have the same height, the total cable 
length is a constant value. Taking into account that cables 
are installed in pairs, the objective function is: 
 

���� = ∑ 2 ∙ �	
/4 ∙ ��
�� ∙ ��

�������
���      (Eqn . 1) 

 
To ensure the desired performance of the optimization 

algorithm, the database needs to be properly set up. In the 
particular problem, this is straightforward: increased cable 
diameter results in corresponding increase in the objective 
function. However, as illustrated in Fig. 2, in various cases, 
the total cost of an increased number of cables with the 
minimum diameter is reduced compared to that of less 
cables of the maximum diameter, so a solution with 
multiple cables is found to be more attractive than one with 
a single strong cable. This is in accordance to the remark 
made in [59] that a better distribution of structural 
robustness should be favored when possible, as it is 
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expected to achieve improved structural performance in 
multiple damage scenarios. Hence, the objective function 
defined in Eqn. 1 is considered to be fit for the purposes of 
this investigation. 

 
Figure 2. Database evaluation: cable diameter vs. total area. 

IV.  APPLICATION 

Four damage scenarios (DS1 to DS4, illustrated in Fig. 
3) were determined in order to simulate the result of 
various accidental actions. All scenarios consider the cause 
of the damage to be located on the ground floor, while its 
effect on the structural integrity might involve multiple 
storeys. DS1 simulates the effect of an accident typically 
taken into consideration when designing against 
progressive collapse, i.e. the collision of a heavy loaded 

truck at a corner column on the building. The corner 
columns at the base of the building are the elements mainly 
exposed to such a hazard, while the number of neighboring 
elements on which the loads will be redistributed is 
relatively small (there are twice as many elements for an 
internal column). A similar scenario, i.e. loss of a 
peripheral column at the base of the building, is modeled in 
DS2. Another hazard associated with design against 
progressive collapse is an explosion originating either from 
the interior of the building, or from the surrounding area. 
Depending on the characteristics of the explosion 
(explosive substance, intensity of the explosion, proximity 
to the building, etc.), the effect might range from limited 
damage on a single element to immediate failure of 
multiple elements which leads to partial collapse of the 
building. Two scenarios considering the effect of an 
explosion near the corner of the building were considered 
in this work. DS3 simulates the explosion of a gas tank in 
at the corner bay of the ground floor. The explosion is 
considered to have damaged severely three columns which 
are considered failed and removed from the model, while 
the neighboring elements including the beams of the first 
floor were adequately protected to be considered 
undamaged. DS4 simulates the effect of a larger scale 
explosion which has damaged also the beams as well as the 
corner column of the first floor. Fig. 3 shows the simulated 
damage scenarios applied on a typical 5x5-bay building. 

 

 DS4 

  

\2nd storey 

  

1st storey 

(a) (b) 

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

Three buildings were initially optimized against 
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from 5m up to 9m with a step of 2m. They consist of steel-
concrete composite columns, steel beams and bracings 
installed externally in the middle bay of each face of the 
building. All buildings consist of five by five bays and nine 
storeys. Three beam groups were considered: one section 
group for three consequent storeys. Four groups were 
defined for the columns based on their location on the floor 
layout: (a) corner, (b) peripheral in x-direction, (c) 
peripheral in y-direction and (d) internal columns. Each 
group was further divided into three new groups taking into 
account the storey on which the columns are installed, 
defining a total number of twelve column groups. Two 
section groups were defined for the bracings, due to the 
limited number of elements, one group for each direction. 
All buildings were subjected to the damage scenarios 
illustrated in Fig. 3, in order to assess their progressive 
collapse resistance. To simulate the dynamic effect of the 
cause of the element loss, during the pushdown analysis the 
dead loads of the building are multiplied by a Dynamic 
Increase Factor (DIF = 2.0). 

Two more buildings were defined for each beam span: a 
three-storey and a six-storey building, in order to 
investigate the effect of the number of storeys, resulting to 
nine buildings total. The additional buildings consist of the 
same sections as the respective elements at the top storeys 
of the nine-storey buildings. Hence, the six-storey building 
consists of column groups 5 to 12, beam groups 2 and 3 
and bracing groups 1 and 2, while the three-storey building 
consists of column groups 9 to 12, beam group 3 and 
bracing groups 1 and 2. All buildings were retrofitted using 
steel cables. A topology optimization problem was defined: 
structural performance should be optimized using a given 
number of cables with standard diameters, which could be 
installed at any location in the building. Cables should be 
installed in pairs at each bay. Four cable diameters were 
defined from 5mm to 20mm with a 5mm step. A total 
number of 144 optimizations were performed. Selected 
results are illustrated in Figs. 4 to 7. 

The Paretto-type cost-versus-rotation curves illustrate 
the performance of the building retrofitted with the most 
cost-effective cable layout at each case. The optimum 
solution for each case is defined by the damage scenario 
simulated and the desired level of improvement. In Figs. 4 
to 7, cost is calculated in kilograms of steel. Typically, the 
slope of the curves increases for smaller maximum plastic 
rotations, as a result of the need to ensure that all beams 

rotate up to that maximum, so multiple cables need to be 
increased or rearranged. In particular cases, this does not 
seem to apply. This is the effect of the uniform diameter 
used for all cables. The same maximum plastic rotation 
could be achieved using smaller cable diameters in 
particular cables if such an option was available. It should 
be noted that, while vertical drifts recorded reach values 
even higher than 50%, the total strain of the materials does 
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 results of 
which can be assessed against each other. Typically, 
structural behavior under DS2 is expected to be improved 
compared to DS1, as illustrated in Fig. 5(c), as the alternate 
load path utilizes the catenary action of the beams in x-
direction. However, for beam spans 5m and 7m, the results 
defined for DS1 and DS2 are very close to each other, 
limiting the significant variance between the two cases to 
the 9m-beam-span building. Comparison between the 
results yielded for retrofit against DS3 and DS4 (Fig. 5) 
does not indicate which damage scenario can be addressed 
more cost-effectively. Depending on the building 
characteristics, DS3 might yield larger plastic rotations than 
DS4 or the opposite, while there is a case (i.e. the three-
storey building with 5m beam span) in which initially DS4 
is retrofitted with reduced cost over DS3, but this is 
reversed below a maximum plastic rotation of 15.2%. 
Nevertheless, the results yielded for DS3 and DS4 seem to 
be comparable, as the defined cost-versus-rotation curves 
are similar to each other, while in some cases they are also 
very close. 

For large maximum plastic rotations developed in the 
non-retrofitted buildings, the level of improvement seems 
to be relatively higher. This can be partially expected, since 
it is infeasible to achieve very small or no rotation at the 
end of the beam, so all cost-versus-rotation curves 
approach the vertical axis asymptotically. The smaller the 
maximum plastic rotation developed in the non-retrofitted 
building is, the sooner the curve will reach the limit below 
which further improvement to structural behavior is 
particularly expensive. However, this limit is not the same 
for all buildings, as it seems to be related to various 
structural characteristics, such as the number of storeys and 
the beam span, as well as to the damage scenario 
investigated.  
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(b) (b) 

  

(c)  (c) 

Figure 4. Total retrofit cost (in kg of steel) vs. 

maximum recorded plastic rotation under DS1; beam 

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

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 6. Total retrofit cost (in kg of steel) vs. 

maximum recorded plastic rotation under DS1 – (a) 

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

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

Figure 7. Total retrofit cost (in kg of steel) vs. 

maximum recorded plastic rotation under DS4 – (a) 

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 where the 
plastic rotations that develop are small, additional retrofit 
techniques might be required. Such techniques are: (a) 
installation of cables without initial sagging or with post-
tensioning [59], (b) installation of bracings [58],), (c) beam 
strengthening techniques [60], etc. Particular attention is 
required during the design of a retrofit scheme including 
the aforementioned, as they affect the building’s stiffness, 
so the retrofitted building’s seismic performance needs to 
be re-evaluated. 

Typically, buildings with increased number of storeys 
are expected to perform better under the loss of a load-
bearing element, or multiple elements. This is because the 
number of structural elements above the location of the 
damage which participate in the alternate load path 
developed is increased. However, this does not necessarily 
apply on the total retrofit cost. Comparison between the 
optimized retrofits illustrated in Fig. 4 indicates a steeper 
decent of the cost-versus-rotation curve for the three-storey 
than for the six-storey buildings. The reason is that there is 
a limited number of bays above the location of the damage 
where cables can be installed. When they have all been 
occupied, the rest of the cables are installed in neighboring 
bays, so they are not as effective as the ones installed 
directly above the damaged bay(s) [59]. Hence, in the six-
storey building, the cables can be used more cost-
effectively. The opposite is observed comparing the results 
yielded for the six-storey and the nine-storey buildings. The 
cost-versus-rotation curves defined are either practically 
parallel, or a steeper decent occurs in the nine-storey 
building. This is related to the number of bays as well, but 
in this case, there is an excess of bays, so the number of 
cables that are installed does not suffice in order to cover 
all the available storeys, so the alternate path in some of 
these bays consists only of the beams and the respective 
columns. 

Comparison between the maximum plastic rotations 
illustrated in Fig. 7 for the non-retrofitted buildings 
indicates increased deflections for larger beam spans. This 
is the effect of the change to the beam supports combined 
with the initial design parameters. In the undamaged 
building the beams are designed as moment restrained in x-
direction so that together with the columns they form 
moment resisting frames and the section size is selected 
mainly based on the maximum moment in the mid-span of 
the beam. On the damaged building, the beams perform as 
cantilever so the bending moments developing are 

significantly larger, while the relative deflection at the free 
end of the beam increases exponentially by its length. 

V. CONCLUDING REMARKS 

Unless their installation is disallowed, e.g. when 
particular architectural or usage limitations apply, steel 
cables offer an easily applicable retrofit solution for steel-
concrete composite buildings, which provides a 
considerable level of improvement of the building’s 
collapse-resistance with limited cost. A significant 
advantage of the method is the potential to define an initial 
sagging of the cables which is larger than the maximum 
interstorey drift expected to occur under seismic loads, so 
that the building’s seismic response is not affected. Since 
deflections developing under structural damage are 
typically large, this feature does not hinder the solution 
from being effective. When the requirements against 
progressive collapse or the desired level of improvement 
are particularly high, alternative retrofit methods ([38], [60]) 
might need to be employed. Buildings with large bay spans 
are expected to develop significant deflections and, 
consequently, be particularly vulnerable to loss of load-
bearing elements, unless the building is designed explicitly 
against progressive collapse. Extended initial damage does 
not necessarily lead to increased maximum plastic rotation, 
as a better redistribution of the unbalanced loads might be 
achieved. The same might not apply for damage caused 
intentionally, such as multiple columns destroyed on a 
single storey. 
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