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Abstract 

Code-conforming buildings designed against earthquake have an inherent robustness against 

horizontal loads. However, when they are subjected to member-loss scenarios, typically they 

develop particularly large deflections. To avoid such an undesirable behaviour, various meth-

ods have been employed to increase the buildings’ progressive collapse resistance. Such a 

method is the installation of steel cables in strategically selected bays of the building. As de-

scribed in existing works, it is possible to properly define the cable properties so that they do 

not affect the seismic performance of the structures when assessed using the applicable design 

codes up to the design earthquake, but they are effective in element loss scenarios. This paper 

investigates the effect of different cable configurations in the seismic performance and collapse 

potential of steel buildings retrofitted against progressive collapse. It aims to identify the alter-

ation in the structural behaviour and propose an approach in order to optimize the beneficial 

effect of the installed components.   

 

Keywords: Progressive collapse assessment, steel cables, steel buildings, seismic performance. 

 

mailto:pnevma@uniwa.gr


Georgios S. Papavasileiou and Nikos G. Pnevmatikos 

1 INTRODUCTION 

Buildings designed against earthquake are able to withstand seismic excitations up to the 

Design Base Earthquake, while their response is within the limits of the defined performance 

level. To achieve that, the individual member capacities need to be large enough to receive the 

loads induced by all considered actions. At the same time, the total energy dissipation capacity 

of the structural system should be adequate to sustain the earthquake excitation, without exten-

sive damage that would cause undesirable performance, or even collapse of the system. How-

ever, when a damage occurs which causes the partial loss of strength or total failure of a load 

bearing element which transfers the loads vertically, typically a column, systems designed only 

against earthquake do not necessarily possess the required mechanisms to receive the extra 

loads from the failed elements safely. Hence, as the internal stresses of the neighbouring ele-

ments, typically the beams, increase significantly, they develop large deflections and fail to 

restrict the disproportionate extent of structural damage. To increase the progressive collapse 

resistance of such buildings, they need to be retrofitted appropriately. 

Design guidelines such as [1] and [2] use the Alternate Load Path method as a means to 

design buildings against progressive collapse. The aim of this method is to design a structure 

which is able to redistribute the loads applied on it when local failure occurs, e.g. when one or 

multiple structural members of the building are lost. In such a case, loads from the damaged 

elements are received by neighbouring elements and transferred through alternative load paths 

safely to the ground. In order to apply the alternate load path method, an artificial local failure 

is modelled, which is simulated with the removal of certain structural members. The structure 

in its ‘damaged’ state is required to receive the applied loads and its response is assessed against 

defined performance criteria. The same procedure is used to assess the progressive collapse 

resistance of an existing structure. 

According to previous studies ([3] [4] , that strengthening elements which transfer loads 

horizontally or in a diagonal direction, taking into account the structural performance against 

earthquake as well, can significantly enhance a building’s progressive collapse resistance, as 

they play a significant role in the alternate load paths employed. In a previous work by the 

authors [5] it was illustrated that it is possible to install steel cables in a structure without af-

fecting its earthquake response. This is achieved by introducing an initial sagging to the cables. 

Sagging cables do not interact with other structural elements and so they do not alter the load 

paths used to transfer gravitational loads to the ground while the building is at rest. For the 

cables to be activated, large displacements between the two ends need to develop. If the length 

of the cables is large enough, these cables can be disabled during an earthquake and, so the 

building’s performance is not affected. An adequate cable length for that would be equal to 

(1+IDRmax,i,DBE)·L0, where L0 is the distance between the two ends of the cable at the rest state 

of the building and IDRmax,i,DBE is the maximum interstorey drift developed in storey i where 

the cables are installed during the Design Base Earthquake. Alternatively, IDRmax,i,DBE can be 

substituted by the maximum admissible interstorey drift at the desirable performance level. 

Even though, up to the DBE (or an earthquake that causes an IDRmax,i equal to the selected level) 

retrofitted buildings perform as designed initially, if the ground motion is strong enough to 

exceed this limit, retrofitted buildings can become irregular due to the additional stiffness pro-

vided by the cables installed. The effect such an intervention might have to a building’s collapse 

potential needs to be investigated before the application of any retrofit method. 
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2 STRUCTURAL MODELLING AND ANALYSIS 

In this work, a prototype building was designed against earthquake, using the optimization 

procedure described in [6] The procedure was selected so that the designed building will have 

the desirable performance against earthquake, while at the same time the additional over-

strength will be limited, as its structural members will have the minimum feasible sizes. The 

building is a six-storey residential steel building, comprising by five bays in each direction. The 

total height of the first storey is 4.2m, while in all other storeys it is 3.5m. The total beam span 

is 5m in both directions. In x-direction beam-column connections are moment restrained, so 

that Moment Resisting Frames (MRFs) are formed, while in y-direction, beams are simply sup-

ported. In both directions, steel bracings are installed in the middle bay of each side of the 

building. Standard HEB sections were used for the columns, IPE sections for the beams and L-

shaped sections for the bracings. All columns were grouped in (a) corner columns, (b) periph-

eral in x-direction, (c) peripheral in y-direction and (d) internal columns. Every two storeys a 

different element group was defined for beams and columns. Bracings were grouped based on 

the plane they are installed on (x-z or y-z plane). Element grouping is shown in Fig. 1. 

  

 
 

Figure 1: Assessed building - 3D model and section grouping (top slab removed for visualization purposes). 

 

All individual structural members were designed according to EN1993-1 [7] The building 

was designed against earthquake using the provisions of EN1998-1 [8] , at the Collapse Pre-

vention performance level. A maximum admissible interstorey drift of 4% was assumed, ac-

cording to [9] Following, the building was retrofitted against progressive collapse using steel 

cables. The cables were installed according to the ‘belts’ method described in [4] The particular 

cable layout was selected as it concentrates all cables in particular storeys of the building. Hence, 

when the buildings exceed the selected drift level for the sagging cables, it will be highly irreg-

ular in height due to the additional stiffness. The provisions of UFC 4-023-03 [1] , to assess the 

progressive collapse resistance of buildings also described in the GSA guidelines [2] , were 

used. The building was subjected to four damage scenarios and its performance was assessed. 

The simulated damage scenarios include the loss of (a) a corner column at the base of the build-

ing, (b) a peripheral column in y-direction at the base of the building, (c) a corner column at the 

third storey and (d) the loss of multiple neighbouring elements (i.e. three columns and two 

beams at the corner in the first storey and a corner column in the second storey). The cable size 

was selected so that the maximum developed plastic rotation at any beam of the damaged build-

ing does not exceed 6° for High Level of Protection against progressive collapse, according to 

[1]  
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The assessed buildings were simulated using the OpenSEES software [10] . Three-dimen-

sional models were used in order to take into account the contribution of the elements in the 

perpendicular direction on the building’s seismic response and progressive collapse resistance. 

Structural elements were simulated using force-based distributed plasticity ‘fiber’-elements. 

Bilinear elastoplastic stress–strain behaviour was assumed for beams, columns and bracings. 

Cables were modelled using the ‘Elastic – Perfectly Plastic’ material, the properties of which 

were defined so that it will account for the initial sagging of the cables, while it will have no 

compressive resistance. The modified Ibarra-Krawinkler model [11] was used to capture stiff-

ness and strength deterioration at the end of the beam, near the flange reinforcing plates. Five 

types of analyses were employed: 

a) A force-controlled linear static analysis under gravitational loads, to check against the indi-

vidual member checks according to EN1993-1-1. 

b) An eigenvalue analysis to define the fundamental period of the buildings. 

c) A displacement-controlled Static PushOver analysis in each horizontal direction to evaluate 

the performance of the building under the design earthquake during the initial design proce-

dure. 

d) A force-controlled Static PushDown analysis for each simulated damage scenario, allowing 

the assessment of the progressive collapse resistance of the retrofitted building. 

e) Multiple Nonlinear Time-History Analyses to perform the required Incremental Dynamic 

Analyses for each earthquake considered. 

3 APPLICATION 

To investigate the effect the applied retrofit approach has on the building’s structural re-

sponse their collapse potential needs to be assessed. This is achieved through the definition of 

suitable fragility functions. To construct the fragility functions, 15 strong ground motions were 

strategically selected so that their characteristics vary particularly. A larger number of earth-

quakes could provide more accurate results regarding the buildings’ expected performance. 

However, as the purpose of this work is to perform an initial investigation of the retrofit ap-

proach’s effect on the building’s seismic response, the selected set of earthquakes is considered 

to be adequate. Both buildings were submitted to a series of appropriately scaled earthquakes 

at multiple intensity levels. Specifically, all earthquakes were scaled from 0.01g up to a maxi-

mum intensity of 10g, at a step of 0.01g. The maximum interstorey drift was recorded for each 

storey, as well as the total roof drift. Collapse is assumed to occur at a maximum interstorey 

drift of 8% according to [12] . Fig. 2 shows the maximum recorded interstorey drift at each 

intensity level versus the intensity level for the unretrofitted and the retrofitted building. It can 

be noticed that, up to a maximum interstorey drift of 4%, the performance of both buildings is 

the same: for each earthquake, at every intensity level, the same maximum interstorey drift is 

developed. However, in the retrofitted building, for larger intensity levels where larger maxi-

mum interstorey drifts develop (so the installed cables contribute to the structural performance) 

the curves seem to deviate from those corresponding to the unretrofitted building. In particular, 

the gradient of the curves seems to reduce, i.e. the same maximum interstorey drift is achieved 

in the retrofitted building at a lower intensity level than in the retrofitted building due to the 

same earthquake. Hence, an overall deterioration of the performance is observed for larger 

earthquake intensities. This is the result of the additional stiffness attributed to particular storeys. 

While two storeys become quite stiffer than before, developing much smaller drifts, other sto-

reys remain the same and, eventually develop larger displacements. To visualise the overall 

effect in the building’s collapse potential, the respective fragility curves were defined. As in 
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both buildings there are cases where buildings do not exceed the selected interstorey drift for 

collapse, the method described in [13] for results yielded by truncated incremental dynamic 

analyses was used. Fig. 3 shows the fragility curves for the two buildings.[12]  

 

  
Figure 2: IDA curves for (a) the unretrofitted building and (b) the retrofitted building. 

 

 

 
 

(a) (b) 

Figure 3: Fragility curves for (a) the unretrofited building and (b) the retrofitted building. 
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Comparison between the two curves shows that, while the building’s performance is altered 

and, in general, the building tends to collapse in smaller intensity levels for the same earthquake, 

this effect is not significant enough to alter the fitted fragility function substantially. Hence, the 

detrimental effect of the irregularity in height being the result of the installation of cables as a 

retrofit means against progressive collapse, seems to be within acceptable limits. However, to 

make the decision whether to retrofit or not against progressive collapse using such a method, 

an engineer needs to weight the benefits gained from the enhanced progressive collapse re-

sistance of the building, against the losses due to deteriorated seismic performance in high in-

tensity levels. 

4 CONCLUDING REMARKS  

In this work, the issue of possible adverse results in the building’s seismic response when 

trying to enhance structural performance against an additional hazard, i.e. progressive collapse, 

was presented. Buildings not designed explicitly against progressive collapse do not possess 

the required robustness to avoid disproportionate damage due to a relatively small-scale initial 

cause. Hence, retrofit methods are employed to enhance their progressive collapse resistance. 

An effective method is the installation of steel cables in strategically defined bays of the build-

ing, which can be installed with an initial sagging, so that they do not interfere with its seismic 

performance. However, for high seismic intensities, these buildings become irregular in height, 

which results in deterioration of their overall performance. In the assessed building, the level 

of deterioration was found to be limited enough to allow an engineer to apply the particular 

method, provided that the long-term benefits are more than the respective losses. As this was 

an initial investigation of the issue, to provide more accurate results, a more detailed investiga-

tion is required, which will take into account (a) additional ground motions, (b) more cable 

layouts and (c) more levels of initial sagging. 
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