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Summary. In this work, different cable configurations are employed in order to retrofit 

seismically designed steel buildings against progressive collapse. Four manually defined 

cable configurations are proposed. The effectiveness of the assessed configurations is 

evaluated against that of an optimized design. An optimized design is the one which meets all 

applicable requirements and has the smallest cost at the same time, i.e. the design which 

achieves the optimum use of the materials. The “Evolution Strategies” optimization algorithm 

is selected for the determination of the optimum retrofit approach in each damage scenario 

considered. The results yielded are indicative of the effectiveness of each retrofit approach. 
 

1 INTRODUCTION 

The term ‘progressive collapse’ is used to describe the disproportionate extent of damages 

on structural elements within a building in the form of chain reaction, as the result of a 

relatively small initial cause. Strategies to address the issue have been proposed since the 

collapse of the Ronan Point Building1. However, intensive research on the mechanism and 

investigation methods to reduce the potential for progressive collapse has taken place since 

2001, after the collapse of the Word Trade Center towers. Although to the public progressive 

collapse seems to be a problem that high-rise buildings need to address, its effects on low-rise 

or medium-rise buildings have been found to be even more destructive. This is due to (a) the 

reduced number and of structural elements on which the loads can redistribute and (b) the 

limited overstrength available on their structural elements, compared to that on high-rise 

buildings. Design guidelines to increase the overall robustness of buildings, or reduce the risk 

of the initial failure are available2,3,4. However, as they are not compulsory in the design of 

conventional buildings, the majority of existing structures need to be retrofitted in order to 

withstand structural damage with reduced potential for progressive collapse. 

 

Cables are an attractive means to retrofit deficient buildings because of their advantages 
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over the alternatives. They are not susceptible to flexural or lateral-torsional buckling, as they 

receive only tensile forces. Also, their installation in existing buildings and their replacement 

in case of failure is easy thanks to the type of connections realized. Hence, they have been 

extensively used in practice in order to retrofit deficient buildings against (a) increased 

gravitational loads, (b) seismic loads, (c) wind lateral and uplifting forces, etc. 

Existing guidelines2,3 use the Alternate Load Path method in order to address the issue of 

progressive collapse: when structural damage occurs, typically involving the loss of one or 

multiple columns, in order for a building to be able to withstand progressive collapse, there 

should be sufficient alternate load paths which allow for the successful redistribution of the 

loads from the damaged area to the neighboring structural elements. Previous studies5,6 have 

indicated the advantages of diagonal elements (i.e. bracings and cables) used as a means to 

increase the progressive collapse resistance of buildings. The existence of steel bracings in a 

bay neighboring to the location of the initial damage might be sufficient in order to prevent 

the development of large deflections and, consequently, limit the extent of damages within the 

building. Hence, use of cables in order to design a mechanism that can be part of the alternate 

load paths for multiple damage scenarios would be an attractive retrofit strategy for engineers 

in practice. 

2 DESIGN AGAINST EARTHQUAKE AND PROGRESSIVE COLLAPSE 

Unlike progressive collapse, earthquake is a hazard which has been taken into 

consideration in structural design for decades already. Even though the characteristics of each 

seismic excitation differ, the expected magnitude and possibility of occurrence has been 

quantified, resulting in the definition of a ‘design earthquake’ for different regions. All major 

design codes7,8,9 currently in effect in countries with regions of increased seismicity provide 

detailed strategies of earthquake-resistant design of buildings. 

In this work, the coefficient method described in FEMA4408 and the provisions of 

ASCE/SEI 41-0610 regarding the assessment of structural performance under the design 

earthquake have been used. According to the aforementioned, in order for a building to have 

the stiffness and ductility required to withstand the design earthquake, it should be able to (a) 

reach a top displacement equal to Δtarget
8 and avoid the development of interstorey drifts larger 

than the limits defined in ASCE/SEI 41-0610 for the selected limit state. The buildings 

simulated in this study are designed for the Collapse Prevention limit state. 

UFC 4-023-032 and the GSA guidelines3 include provisions in order to assess the 

performance of a building under various damage scenarios. According to the aforementioned, 

the event which causes the initial damage is considered to occur instantly, so it is modelled by 

its effect on the structural system. Elements which have been severely damages are 

considered failed and are removed, defining this way the damaged building model. Then, the 

gravitational loads, typically increased in order to simulate the dynamic effect of the original 

event, are applied on the damaged model and its performance is monitored. The indicator 

often used for the determination of the building’s resistance is the maximum recorded plastic 

rotation at the base of a beam which is connected at one end on an undamaged beam-column 

joint and at the other end at a joint on top of a damaged column. The limits defined in UFC 4-
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023-032 for buildings with steel beams are 6° for high or medium requirements and 12° for 

low requirements on progressive collapse resistance. Here, high or medium requirements are 

considered. 

3 ENHANCEMENT OF THE PROGRESSIVE COLLAPSE RESISTANCE 

Design guidelines against progressive collapse2,3 propose the creation of ties within the 

building, which aim to reduce the deflections developed. The assessment of the building’s 

progressive collapse resistance is handled using the Alternate Load Path method. According 

to this method, a damage scenario is considered to have taken place, resulting in failure of 

load bearing elements, typically columns. The failed elements are removed from the model 

and the gravitational loads are incrementally applied on the damaged building. In order to 

simulate the dynamic effect of the actions which cause the initial damage, e.g. an explosion, 

the gravity loads are multiplied by a Dynamic Increase Factor. A DIF equal to 2 has been 

found to be fit for this purpose. 

Retrofitting an existing building, the determination of the most cost-effective design is 

achieved by a trial-and-error procedure where the engineer installs the retrofit components 

based on previous experience, assesses the building performance and then alters their size or 

topology in order to achieve reduced cost and increased efficiency. When retrofitting against 

earthquake, the procedure is relatively straightforward. However, when progressive collapse 

resistance is taken into consideration, the most cost-effective design might vary depending on 

the simulated damage scenario(s). To simplify manual search for the optimum solution with 

generic application, four strategically defined cable configurations (Fig. 1) are proposed. The 

effectiveness of these configurations in enhancing the progressive collapse resistance of the 

buildings is assessed.  

An effective method to increase the progressive collapse resistance of steel buildings is the 

creation of a strong zone horizontally by installation of steel bracings5. It has the advantage of 

acting as a bridge for loads originating from storeys above, while loads from storeys below 

the enhanced zone are suspended from it making use of the tensile capacity of the steel 

columns. This method is particularly effective, as the stiffness of this zone is significantly 

increased, so deflections are respectively limited. Apart from the typically undesired aesthetic 

effect, i.e. a full storey is blocked due to the installation of these components, its main 

disadvantage is the creation of a non-consistency in the interstorey stiffness which results in 

unwanted behavior of the structure under lateral loads. Application of this method using steel 

cables with strategically selected properties can alleviate this negative effect. Cables can be 

installed with an initial sagging which is higher or equal to the maximum interstorey drift 

expected to occur under seismic excitations. So, when an earthquake with intensity equal or 

less than the design earthquake takes place, the cables remain ineffective and the performance 

of the structure is not altered. Typically, the maximum admissible interstorey drift, even in the 

collapse prevention limit state is less than 5%10, while the desired maximum plastic rotation 

of steel beams under damage scenarios is 6° (i.e. 10% vertical drift) for medium or high 

requirements on progressive collapse resistance2. Hence, there is an adequate margin between 

the range of drifts for seismic excitations and those resulting from damage scenarios in order 
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to allow for the incremental introduction of the cable’s force in the system. 

The first configuration investigated is that of the creation of ‘belt’ around a storeys of the 

building, applied on the top storey and an intermediate one. Both enhanced areas allow the 

suspension of the loads from the damaged bays up to the location of the cables and their 

redistribution to undamaged structural elements. The top belt can participate in the alternate 

load path formed under any simulated damage scenario, while the intermediate belt is closer 

to the bottom storeys where the possibility of an accident such as the collision of a vehicle on 

a column is increased. In high-rise buildings, this could be applied on the storeys occupied by 

mechanical equipment.  

A similar configuration to the ‘belt’ is the installation at the form of a ‘chessboard’. Instead 

of installing cables on a single storey, the bay they are installed in alternates between the 

selected storey and the one below. This configuration can be applied on buildings where all 

storeys are used. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 1: Indicative installation of the proposed (a) ‘belt’-, (b) ‘chessboard’-, (c) ‘X’-, and (d) ‘V’-shaped 

configurations (cables illustrated with red color to distinguish from existing bracings). (e) configuration defined 

by the optimization algorithm 

An alternative cable configuration is that of an ‘X-form’. Starting from the corner bays at 

the top storey and moving inwards and downwards at each step, cables are installed until they 

reach the bay at the opposite corner or the first storey above the ground. This option has the 

advantage of being the least invasive on a single storey, as cables are distributed on multiple 

storeys instead. Additionally, cables might reach as low as the first storey, increasing the 

effectiveness of the installed cables when destructive events take place at the base of the 
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building6. 

The main disadvantage of the aforementioned is that, if an accident occurs at a corner bay 

at the storey above the location of the last bay with cables, the alternate load path would need 

to employ all columns up to the top of the building. In previous studies11 it was found that 

when the column loads are increased, while column sections reduce in size on upper storeys, 

this might lead in failure of the columns under tension. This is an undesirable failure, as the 

installed cables are rendered ineffective. In order to address this issue, a fourth configuration 

is proposed where cables are installed as ‘chevrons’, forming two ‘V-form’ shapes. So, 

regardless the damage scenario considered, the maximum column length that will be used in 

the alternate load path is that between two storeys with cables at the same bay. 

4 STRUCTURAL MODELLING AND SIMULATION 

The OpenSEES12 software was used for all structural analyses. Only three-dimensional 

models were used, in order to allow for the simulation of three-dimensional damage scenarios. 

Additionally, plane frames were found unable to capture the contribution of the elements on 

the lateral direction in the collapse resistance of the buildings, so even in single column-

removal scenarios, a simplified two-dimensional model would underestimate the overall 

robustness of the structural system. The Steel02 material model which creates a Giuffré-

Menegotto-Pinto Model with isotropic strain hardening was used for steel beams, columns 

and bracings. Steel cables were simulated using the ElasticPP (elastic perfectly plastic) 

material. The selected material model has two main advantages over its alternatives: (a) 

positive and negative deformations can be handled independently and (b) it is possible to shift 

the elastic branch of the curve, so an initial post-tensioning or sagging can be simulated. Fiber 

elements were defined for all structural components. Four types of analyses were performed 

for each assessed design: 

(a)  A force-controlled linear static analysis under gravitational loads, allowing the checks 

against individual member capacity criteria defined in EN1993-1-1 for steel elements. 

(b) An eigenvalue analysis, for the definition of the fundamental period of the buildings, 

required for the determination of the targeted top displacement. 

(c) A displacement-controlled static pushover analysis, for the evaluation the performance of 

the building under the design earthquake. 

(d) A force-controlled static pushdown analysis, in order to assess of the progressive collapse 

resistance of the buildings. 

5 APPLICATION 

To assess the efficiency of the aforementioned cable configurations, four damage scenarios 

were simulated. Two damage scenarios simulate the collision of a heavy loaded truck on a 

column at the base of the building, while the other two are the result of an explosion that took 

place externally and affected multiple structural elements. Two locations were selected for the 

occurrence of the damage scenarios: (a) at the corner bay and (b) at another peripheral bay of 

the building. The considered damage scenarios are illustrated in Fig. 2. 
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 1st storey 2nd storey 3rd storey 

DS1  
DS2 

    
 1st storey 2nd storey 3rd storey 

DS3  
DS4 

 Figure 2: Investigated damage scenarios 

A medium-rise nine-storey building with a symmetric layout of seven by seven bays was 

selected. It has steel columns consisting of wide-flange (HEB) sections, universal IPE 

sections for the beams and standard L-shaped bracings which are placed in an X-shaped 

configuration and are located in the middle bays at all external sides of the building. The total 

beam span in both directions is 8m. The building is designed against earthquake using a 

suitable optimization procedure13, in order to attain as reduced element sizes as possible, as 

this is related to reduced overall robustness as well. All individual steel structural members 

are required to satisfy the capacity and performance criteria defined in EN 1993-1-14. 

The damage scenarios were applied on the initial building, in order to assess its 

performance before retrofit. In both single-column damage scenarios, the maximum plastic 

rotation recorded for the non-retrofitted building is relatively low compared to that when 

multiple-element scenarios were applied. Nevertheless, they are significantly large (27.21% 

for DS1 and 14.97% for DS3), so that retrofit is required in order to meet the criteria defined 

in UFC 4-023-03 for high or medium requirements on progressive collapse resistance. When 

multiple-element damage scenarios are applied, the plastic rotations developed are 

particularly large (98.27% for DS2 and 114.56% for DS4), which indicate a potential local 

collapse. Even though failure was not monitored in the model, in practice various components 

such as the beam-column connections are expected to fail before such large deflections 

develop, unless they are designed explicitly for this purpose. 

Following, the building was retrofitted with the proposed cable configurations and its 

performance was re-assessed. An initial sagging was assumed in order to allow for an axial 

tensile strain of 5% to develop on the cables’ direction before they start receiving loads. It 
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should be noted that, after the application of the proposed configurations, the enhanced 

buildings were re-evaluated against earthquake to ensure that their performance was not 

affected by the installation of cables. Application of the cable configurations as illustrated in 

Fig.1 might not be suitable for damage scenarios such as DS2 and DS4 where multiple 

elements on the non-retrofitted internal frames of the building are damaged, as their 

contribution to the alternate load path for the loads originating from these bays seems to be 

significantly reduced. Hence, large deflections develop in the retrofitted building as well, 

which cannot be reduced by increasing the cable diameters. To capture such deflections, 

cables need to be installed in bays internally as well. A total number of 10 additional cables 

was installed in strategically defined locations in order to ensure that the structural 

performance internally will be at least similar to that on the external frames. Three cases were 

considered for each configuration, simulating the installation of a single cable and 2 or 3 

cables parallel to each other in each bay. The results are illustrated in Fig.3 in total cost versus 

maximum plastic rotation curves for each damage scenario simulated. 

  
(a) (b) 

  
(c) (d) 

Figure 3: Total retrofit cost (steel mass in tn) versus plastic rotation: (a) DS1, (b) DS2, (c) DS3, (d) DS4. 

Comparison between the four figures reveals that the optimum cable configuration depends 

on the scenario considered. As the proximity of the cables to the location of the damage has 

been found to affect the effectiveness of the cables installed6, the most cost-effective 

0%

5%

10%

15%

20%

25%

30%

0.0 5.0 10.0 15.0

Belts

Chessboard

X-shape

V-shape

Optimized

0%

20%

40%

60%

80%

100%

120%

0.0 5.0 10.0 15.0

Belts

Chessboard

X-shape

V-shape

Optimized

0%

5%

10%

15%

20%

0.0 5.0 10.0 15.0

Belts

Chessboard

X-shape

V-shape

Optimized

0%

20%

40%

60%

80%

100%

120%

0.0 5.0 10.0 15.0

Belts

Chessboard

X-shape

V-shape

Optimized



 

 8 

configuration is the one with the most direct participation to the alternate load path developed. 

In general, the improvement on structural performance the assessed configurations provide is 

comparable, as the recorded maximum plastic rotations were found to be similar. There are 2 

main exceptions: (a) Configuration 3 retrofitting against DS4, where the maximum plastic 

rotation is 12.57% reduced compared to the second best and (b) Configuration 4 applied on 

DS2, where it is 5.39% improved. 

Retrofitting against the single-column damage scenarios, the desired performance can be 

attained rather inexpensively using small cable diameters. In both damage scenarios, a 

maximum recorded plastic rotation less than 10% can be achieved without the need to install 

multiple cables in each bay. The improvement on vertical drifts using a single cable is 72.86%  

to 76.21% for all configurations. The same does not apply in scenarios modelling the effect of 

large scale initial damage. In these scenarios, the limitation of developed deflections, achieved 

by installation of 3 parallel cables in each bay is from 54.93% up to 65.53%, which might be 

significant, but is not adequate enough to meet the defined criteria. In order to achieve that, 

installation of cables in additional bays might be required. 

To assess the efficiency of the proposed configurations, the building was also retrofitted 

using an optimization procedure13 which was properly adjusted. The topology of a total 

number of 14 cable pairs at each face of the building was determined by the optimization 

algorithm, in order to maximize their effectiveness. Cables that were installed in bays 

considered to be affected in a damage scenario, were removed along with the rest of the 

structural elements. The algorithm placed the cables very close to the location of the damage, 

as illustrated in Fig.1e, while one cable-pair was installed in a bay that is damaged in DS2. 

This topology is expected if the algorithm is not properly constrained in order to avoid it, as 

the cables are directly above the damage and receive a considerable proportion of the loads. 

However, as explained already, such a configuration is ineffective if a damage occurs on 

storeys above the location of the cables. The maximum recorded vertical drift for this 

configuration is reduced compared to its counterparts, with the most prominent reduction to 

take place for DS4. However, the deviation is particularly limited, indicating that the 

proposed configurations can achieve a performance similar to that of an optimized design. 

 

6 CONCLUSIONS 

In this work, cables were used in order to retrofit steel buildings against progressive 

collapse. Four cable configurations were proposed based on their individual advantages and 

existing literature. Their effectiveness in retrofitting against different damage scenarios was 

assessed and compared to that of a solution determined by an optimization algorithm. All 

configurations were found to increase the collapse resistance of the building substantially. 

When scenarios which simulate large scale damage are considered, cables installed internally 

are required in the retrofit solution so that large deflections of beams in these locations are 

captured. If the desired performance cannot be achieved with the proposed configurations, 

either cable-pairs are installed in additional bays, or beams and columns need to be 

strengthened adequately to reduce large deflections. However, when existing elements are 
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enhanced, the structural response under earthquake is altered, so a suitable strategy needs to 

be defined. Use of optimization algorithms allows the determination of the most cost-effective 

solution, but in order for the desired topology to be attained, the algorithm should be directed 

towards it by implementation of suitable penalty functions. 

7 ACKNOWLEDGEMENTS 

The first author would like to gratefully acknowledge the financial support received by the 

State Scholarships Foundation within the framework of the “IKY Fellowships of Excellence 

for Postgraduate Studies in Greece – Siemens Programme” for post-doctoral research in 

Greece. 

REFERENCES 

[1] C. Pearson and N.Dellatte. “Ronan point apartment tower collapse and its effects on 

building codes”, Journal of Performance of Constructed Facilities, 19, pp. 172-177 

(2005). 

[2] Department of Defense (DoD). “Unified Facilities Criteria (UFC) – Design of buildings 

to resist progressive collapse”, UFC 4-023-03, USA, (2009). 

[3] G.S.A. ‘Progressive Collapse Design Guidelines Applied to Concrete Moment-Resisting 

Frame Buildings’, General Services Administration, Nashville, Tennessee. (2004). 

[4] CO.S.T. TU0601 – Canisius T.D.G. (Editor). Structural Robustness Design for 

Practicing Engineers (2011). 

[5] G.S. Papavasileiou and D.C. Charmpis Optimized retrofit of seismically designed 

buildings to withstand progressive collapse. In Proceedings of the 5th International 

Conference on Computational Methods in Structural Dynamics and Earthquake 

Engineering (2015). 

[6] G.S. Papavasileiou. Assessment of the effectiveness of cabling system configuration in 

retrofitting steel-concrete composite buildings. In Proceedings of the 6th International 

Conference on Computational Methods in Structural Dynamics and Earthquake 

Engineering (2017). 

[7] EN1998-1 ‘Eurocode 8: Design Provisions for Earthquake Resistance of Structures’. 

Brussles, Belgium: Comité Européen de Normalisation (CEN) (2003). 

[8] Federal Emergency Management Agency (FEMA). “Improvement of nonlinear static 

seismic analysis procedures”, FEMA-440, Washington DC, USA. (2005). 

[9] Japanese Ministry of Land, Infrastructure and Transport. Notification No. 1457-2000, 

Technical Standard for Structural Calculation of Response and Limit Strength of 

Buildings. Japan: Japanese Ministry of land, Infrastructure and Transport (2000). 

[10] American Society of Civil Engineers (ASCE). “Seismic rehabilitation of existing 

buildings”, Standard ASCE/SEI 41-06 (incl. suppl. 1), Reston, Virginia, USA, 2006. 

[11] G.S. Papavasileiou. Optimized seismic design and retrofit of collapse-resistant steel-

http://www.eccomas.org/cvdata/cntr1/spc10/dtos/img/mdia/compdyn-2015-vol-2.pdf
http://www.eccomas.org/cvdata/cntr1/spc10/dtos/img/mdia/compdyn-2015-vol-2.pdf
http://www.eccomas.org/cvdata/cntr1/spc10/dtos/img/mdia/compdyn-2015-vol-2.pdf
http://lekythos.library.ucy.ac.cy/handle/10797/13775


 

 10 

concrete composite buildings. Nicosia, Cyprus: University of Cyprus. (2013). 

[12] Mazzoni S., McKenna F., Scott M., Fenves G.L. “Open System for Earthquake 

Engineering Simulation (OpenSees)”, PEER Center, California, USA, (2006). 

[13] G.S. Papavasileiou and D.C. Charmpis, “Seismic design optimization of multi-storey 

steel-concrete composite buildings”, Comput. Struct., 170, 49-61 (2016). 

[14] EN 1993-1-1. “Eurocode 3: Design of steel structures – Part 1-1: General rules and rules 

for buildings”, Brussels, Belgium: CEN, (2005).  

http://lekythos.library.ucy.ac.cy/handle/10797/13775

