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Summary. This work addresses the need for buildings to sustain structural damage without 

excessive propagation to the rest of the elements. Four element retrofit strategies are proposed 

and assessed on their effectiveness in increasing the progressive collapse resistance of 

seismically designed steel-concrete composite buildings. The cost-effectiveness of the designs 

determined by the proposed strategies is evaluated by comparison against the solutions defined 

using structural design optimization. The results yielded are indicative of the trade-off between 

total retrofit cost and performance under the considered damage scenario. 
 

1 INTRODUCTION 

Seismically designed buildings possess the necessary properties to withstand the design 

earthquake excitations and limit structural damage to the desired level. This is achieved by 

appropriately defining individual member capacities, interstorey and global stiffness and energy 

dissipation mechanisms based on the provisions of current design codes. However, such 

provisions often do not suffice, in order to protect a structure from disproportional extent of 

damage when a local failure occurs. Hence, in order to increase their progressive collapse 

resistance, existing seismically designed buildings need to be appropriately retrofitted. 

The requirement for progressive collapse resistance is typically handled by applying the so-

called Alternate Load Path method. According to this method, the aim is to form a structure 

that can redistribute the acting loads when local failure occurs, e.g. when a number of structural 

members of a building are lost. Thus, alternate load paths are employed, which utilize 

undamaged members to safely transfer the loads to the ground. In order to implement the 

alternate load path method, an artificial local failure is assumed, which is caused by the notional 

removal of certain structural members. The structure is then assessed with respect to the 

retained load carrying capacity after the occurrence of local damage. More specifically, after a 

‘damaging event’ has occurred, the ‘damaged’ structure is required to sustain the gravitational 
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loads. This requirement is checked by means of a nonlinear static analysis of the ‘damaged’ 

structure under gravitational loads only, which is usually referred to as ‘nonlinear pushdown 

analysis’. All structural analyses are performed using the structural analysis software OpenSees. 

The focus in this work is on multi-storey composite buildings, which have steel-concrete 

columns consisting of steel members with standard I-shaped sections (HEB) fully encased in 

concrete, steel beams with standard I-shaped sections (IPE) and steel bracings with standard L-

shaped sections. Seismically designed composite buildings are obtained with an optimization 

procedure1, which are then retrofitted to enhance their resistance capability against progressive 

collapse. 

According to previous studies2,3, strong beams play a crucial role in establishing effective 

horizontal links between strong columns and thus in offering adequate alternate load paths to 

the ground within a locally damaged structural system. Therefore, four beam upgrade strategies 

are proposed and assessed regarding their effectiveness in increasing the building’s progressive 

collapse resistance. The first two strategies focus on the ‘local’ enhancement of a particular 

beam group (e.g. all beams of the first or top storey). In a different context, the global upgrade 

of the structure’s beams in the other two strategies aims to strengthen the whole structural 

system for the transfer of gravitational loads. 

2 DESIGN AGAINST EARTHQUAKE AND ASSESSMENT OF THE PROGRESSIVE 

COLLAPSE RESISTANCE 

Design against earthquake is compulsory in countries with increased seismicity. So, most of 

the design codes contain extensive provisions from overall design strategies and assessment 

methods to structural details for each individual element. On the contrary, design against 

progressive collapse is a rather novel concept not imposed by existing codes for conventional 

buildings. Hence, existing buildings need to be retrofitted in order to increase their progressive 

collapse resistance. 

In this work, multi-storey buildings composite columns consisting of concrete-encased 

standard I-shaped steel sections (HEB) and longitudinal and transversal reinforcement. 

Standard I-shaped sections (IPE) were selected for the beams and standard L-shaped sections 

for the bracings which are installed in pairs in an X-shaped configuration. All individual steel-

concrete composite structural members are required to satisfy the capacity and performance 

criteria defined in EN 1994-1-14. Steel structural members need to comply with the provisions 

of EN1993-1-15. The buildings’ resistance against the design earthquake is evaluated by the 

means of a pushover analysis up to the targeted top displacement determined by the coefficient 

method defined in FEMA4406. The maximum recorded interstorey drift is used as an indicator 

in order to assess the overall structural performance, checked against the limits defined in 

ASCE/SEI 41-067 for the Collapse Prevention limit state. 

The provisions of UFC 4-023-038, also included in the GSA guidelines9, in order to assess 

the progressive collapse resistance of buildings were used. In the aforementioned, the Alternate 

Load Path method is applied. A single or multiple load-bearing structural elements, including 

at least a column, are considered to have sustained substantial damage which results in the loss 

of their ability to receive any load. The damaged elements are removed from the model and the 
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gravitational loads are applied on the new model incrementally. The loads previously carried 

by the damaged elements are redistributed to the undamaged elements, forming a new load 

path. In order to possess the required level of progressive collapse resistance, a building must 

be able to restrict adequately the deformations of its structural elements. The limits defined in 

UFC 4-023-03 for high and medium level of protection against progressive collapse were 

considered. 

All structural analyses were performed using the OpenSEES10 software. Structural elements 

were simulated using fiber-elements. Three-dimensional models were used in order to take into 

account the contribution of the elements on the perpendicular direction on the progressive 

collapse resistance. Four types of analyses are required for each assessed design: 

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

individual member checks defined in EN1993-1-1 and EN1994-1-1 for steel and composite 

steel-concrete elements respectively. 

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

(c) A displacement-controlled static pushover analysis, in order to evaluate the performance 

of the building under the design earthquake. 

(d) A force-controlled static pushdown analysis, allowing the assessment of the progressive 

collapse resistance of the buildings. 

3 ENHANCEMENT OF THE PROGRESSIVE COLLAPSE RESISTANCE 

Designing against progressive collapse is a procedure which seems to be controversial to 

design against earthquake: an engineer needs to focus on strengthening elements which 

transform loads horizontally rather than vertically. Hence, when retrofitting an existing building 

against progressive collapse, the designer needs to re-assess the seismic performance of the 

enhanced building to ensure it has not deteriorated. The determination of the most cost-effective 

design is a trial-and-error procedure during which element sections are reduced in order to limit 

the total cost of the materials, but also increased when a feasibility criterion is violated. If only 

provisions against earthquake are imposed, the procedure is straightforward. However, when 

progressive collapse resistance is also considered, the search for a cost-effective design 

becomes cumbersome and computationally demanding. 

To simplify manual search for the optimum solution, four beam retrofit strategies (Fig. 1) 

are proposed and assessed based on their effectiveness in increasing the progressive collapse 

resistance of seismically designed existing buildings, as well as the total cost of materials. In 

the first two strategies, the operations are focused on a relatively limited area of the building, 

as they affect only the beams of a single storey. The first strategy is the design of a strong 

‘bridge’ mechanism above the affected bay, which receives the loads and transfers them safely 

to the neighboring elements. This strategy achieves the most effective use of materials when a 

specific damage scenario is expected, but is ineffective if another accident occurs on a storey 

above the enhancement. The second strategy is the creation of such a bridge-type mechanism 

on the top storey of the building. The alternate path employs the columns of the building, 

through which the damaged bays are suspended by the enhanced zone at the top of the building. 

This strategy is effective for any damage scenario that might occur. The third strategy considers 
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a ‘global strengthening’ of beams in the building. This way, a better distribution of the 

building’s robustness is achieved. Finally, a ‘hybrid local-global’ strategy is considered, which 

aims to combine the increased effectiveness of i.e. the ‘bridge’ with the improved distribution 

of structural robustness achieved by a uniform beam retrofit. The beams are strengthened 

following a pyramid-like pattern. Initially, the beams directly above the damaged bay(s) are 

strengthened using the minimum retrofit size (e.g. the minimum plate thickness). If this is not 

adequate, the beams of both the aforementioned storey and the one above are enhanced using 

the next size of the components. This is repeated, involving one more storey at each step, until 

the top storey is reached. After that, all retrofit components (e.g. steel plates) are increased 

uniformly by one size at each step. 

 
Figure 1: Illustrative representation of the proposed beam retrofit strategies 

In all aforementioned strategies, the enhanced buildings are re-evaluated against both 

earthquake and the considered damage scenario(s). Hence, where columns need to be increased 

as a result of the respective increase to the beams’ sections, this is achieved by realizing suitable 

retrofit methods11. Beam strengthening aims to increase the beams’ stiffness and, consequently, 

reduce the deflections developed when damage scenarios are simulated. One of the most 

common methods used in order to increase an I-shaped beam’s flexural stiffness is the 

installation of steel plates at its flanges, because these are the parts of the section with the largest 

distance from the section’s centroids and, therefore, they provide almost of its stiffness about 

the major axis. Increasing the flanges’ area results in a significant enhancement to the beam’s 

flexural capacity. In the same context, instead of installing a flange plate, an additional I-shaped 

section can be connected at the bottom flange of the existing beam, as illustrated in Figure 2. 

This approach aims to increase the distance between the additional steel and the 
 

Local Increase: Bridge Local Increase: Suspension

Global Increase Hybrid Local-Global Increase
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Figure 2: Cross-section of a steel beam connected to composite slab, retrofitted with additional I-shaped steel 

section 

beam’s centroids even further, improving the effectiveness of the steel used. Wide flange steel 

beams have also been used by Ren & Zhou12 in order to retrofit a reinforced concrete beam. 

4 APPLICATION 

In this section, the aforementioned retrofit strategies are applied on a six-storey building 

which has experienced a three-dimensional damage scenario. The building has symmetric 

layout with five by five bays with a total beam span of 6m in both directions. Bracings are 

installed at the middle bays of each external side. The building is designed against earthquake 

using a suitable optimization procedure1. An explosion has occurred externally near the corner 

of the building, which has severely damaged particular structural elements, i.e. a corner column 

at two storeys and the neighboring beams of the first storey (Figure 3). 

 

 

2nd storey 

 
1st storey 

 Figure 3: Investigated three-dimensional damage scenario 
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This scenario was selected as it was noticed in a previous investigation13 that earthquake-

resistant buildings designed according to the provisions of EN1993-1-1 and EN1994-1-1 

possess an inherent robustness which might suffice in order to sustain small scale damage, such 

as the loss of a single column. 

When the damage scenario is applied on the seismically designed building, the maximum 

recorded vertical drift is 14.6%, which exceeds the 10% limit defined in UFC 4-023-03 for 

buildings with steel beams, i.e. the deflection normalized by the beam length corresponding to 

6° plastic rotation of the beam. The beam retrofit strategies are applied for a range of steel plates 

from 5mm up to 35mm and various IPE sections which could be connected to the existing 

beams. Where columns needed to be retrofitted, they were strengthened in order to meet the 

requirements of the capacity design. Because the column retrofit methods considered use both 

steel and concrete, the total cost of each design is calculated in equivalent steel mass, using the 

cost ratio of concrete over steel11. The retrofitted buildings were assessed against earthquake 

and progressive collapse. The results yielded are illustrated in Figure 4. 
 

 
Figure 4: Total mass vs. maximum recorded vertical drift for the designs determined by the beam upgrade 

strategies (green and red points) and the optimization procedure (blue point); blue and green points correspond to 

designs satisfying all requirements; red points correspond to designs that violate the requirement on earthquake 

resistance or the requirement on progressive collapse resistance or both requirements 

As the proposed retrofit strategies are based on a trial-and-error iterative procedure, the 

performance of the determined designs does not necessarily meet the requirements defined. It 

can be noticed in Figure 4 that multiple designs with limited retrofit cost violate the maximum 

vertical drift criterion. Furthermore, as buildings are not explicitly retrofitted against 
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earthquake, because columns are strengthened only as a result of the respective enhancement 

of beams, various designs seem to violate the respective performance criteria defined. This is 

expected, as the effectiveness of the manual retrofit strategies relies on the iterative procedure 

followed until a design with the desired performance is determined. Nevertheless, feasible 

designs with the desired performance or even better can be determined. It is of particular interest 

that the design defined by an optimization procedure is on the same curve as the designs yielded 

by the manual retrofit strategies. This is an indicator that an engineer can define retrofit 

solutions defined can be very close to the overall optimum without the need to apply an 

optimization algorithm. 

4 DISCUSSION AND CONCLUSIONS 

Strengthening of beams, as well as columns where required, improves the performance of 

the buildings against progressive collapse. The application of the proposed strategies is simple 

and straightforward. Both ‘local’ retrofit strategies are effective for limited enhancement of the 

beams’ stiffness and can provide the most cost-effective solutions. However, when significant 

stiffness asymmetry occurs between consecutive storeys, this results in undesirable behavior of 

the building under earthquake. The ‘global’ and ‘hybrid local-global’ increase strategies have 

a significant increase to the total cost compared to the two aforementioned, but seem to provide 

better solutions, as very few of those design were found to be infeasible. Hence, they are more 

preferable for cases where the building’s performance need to be considerably improved, so 

extensive retrofit operations cannot be avoided. The cost of the automatically selected optimum 

is reduced compared to that of the most cost-effective design defined by the manual strategies. 

Still, it is difficult to estimate how far these two values are before both designs have been 

assessed. 
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