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ABSTRACT 

 
In the last decades, a new generation of seismic design codes has been 

developed with the aim of providing practitioners with better control of the seismic 
performance of structures. This control is mainly carried out through the definition of 

several performance levels, seeking to ensure that structures exhibit adequate 
performance at different seismic intensity levels. Currently, this is achieved through the 
adoption of codified seismic force modification factors (or behaviour factors) combined 

with the application of capacity design procedures. Therefore, the behaviour factor, 
which allows for the consideration of nonlinear structural behaviour in the design 

process, plays a major role in determining the seismic performance of the structure. 
During the last few years, a new seismic design code is being developed for the 

Hong Kong Special Administrative Region, with the aim of introducing the most recent 

developments in seismic design of structures. Hong Kong, as other regions in the world, 
such as Portugal, is a region that can be characterised for being of low to moderate 

seismicity. Therefore, it is of relevance to understand the implications of adopting 
seismic design criteria that are often envisaged for structural systems subjected to high 
seismic demands. Furthermore, in modern seismic design codes few references are 

made to seismic design in regions of low to moderate seismicity. 
In this paper a set of 30 archetype steel moment resisting-framed buildings are 

designed according to Eurocode 8 (CEN, 2005a), for regions of low to moderate 
seismicity with the following objectives: 1) to evaluate the consequences of choosing 
code recommended behaviour factors and 2) to assess the expected direct economic 

losses and its disaggregation, using the PEER-PBEE methodology (Ramirez and 
Miranda, 2012), for the seismic intensity levels considered in Part 3 of EC8 (CEN, 

2005c), the European standard for the seismic assessment of existing buildings. 
The results obtained in this research enable a better understanding of the 

seismic behaviour of steel MRFs designed according to EC8 for regions of low to 

moderate seismicity, whilst also demonstrating the critical influence that the selection of 
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the behaviour factor has on the seismic performance of the structures levels and the 

expected direct losses. 
 

 
1. INTRODUCTION 

 

During the last decades a new seismic design philosophy designated by 
“Performance-Based Seismic Design” (PBEE) has emerged aiming at better control of 

structures under seismic loads. In PBEE design, the structure is designed to meet pre-
defined damage levels (acceptable performance) for pre-defined earthquake design 
intensities, which are based on the occupancy or expected consequences of its failure. 

Although the PBEE concept and application procedures are well defined 
nowadays, its application by practitioners proves to be difficult. This is due to the 

complexity of the modelling techniques, analysis procedures, hazard analysis and 
ground motion record selection procedures. Moreover, this design philosophy has been 
steadily introduced in modern seismic design codes. The concept of performance level 

is already present in Eurocode 8 (EC8-1), which is designated by limit state. Two limit 
states are considered in EC8-1: i) no-local collapse, termed as Ultimate Limit State 

(ULS), which aims to protect human life under rare seismic intensity earthquakes by 
avoiding collapse of any structural member, and ii) damage limitation, termed as 
Serviceability Limit State (SLS), which targets damage control of non-structural 

elements when the structure is subjected to more frequent seismic events. The design 
process involved in the verification of these limit states is straightforward and follows 
well-established force-based design approaches. For the SLS, the designer should 

demonstrate that the building deformations (inter-storey drift ratios) for reduced seismic 
intensity levels comply with code-prescribed limits, which are function of the ducti lity of 

the adopted non-structural elements. Regarding the ULS, the first step of the design 
procedure concerns the definition of the level of ductility that the designer expects from 
the structure, followed by the selection of a value for the behaviour factor (q). Therefore, 

the selection/definition of the behaviour factor plays a key role in the design process 
since it can be interpreted, in its essence, as the design performance evaluator, since it 

provides designers with an understanding of the seismic response of the structure and 
its capability for dissipating energy through inelastic behaviour. Moreover, the selection 
of the value of the behaviour factor is a crucial step in the design process since the 

ductility demands and detailing specifications of dissipative members are governed by 
that choice. Additionally, the assessment of the bui lding’s sensitivity to second-order 

effects, according to EC8, is also function of the adopted behaviour factor for the 
evaluation of the inelastic displacement (Peres and Castro, 2010). 

Recently, the Federal Emergency Management Agency (FEMA) proposed the 

FEMA P-695 framework that allows quantifying the building seismic performance 
factors, namely evaluating the validity of the behaviour factors for existing and new 

structural systems. Without questioning the great usefulness of the proposed 
framework, the procedure of validation of the behaviour factors only ensures that 
structures exhibit adequate margins against collapse, not having any reference to the 

economic losses resulting from the selection/definition of behaviour factors.  
Furthermore, application of the FEMA P-695 framework is not straightforward since it 



  

requires complex modelling techniques and advanced analysis procedures. Moreover, 

the application of the procedure for sites outside the United States may require careful 
ground motion record selection since the proposed suits of ground motions have been 

selected according to the seismicity of the United States territory. 
 
Hong Kong is a low to moderate seismicity region. With the consideration of the 

safety/economic and social impact, Hong Kong Special Administrative Region had 
decided to impose seismic resistant provision for all new buildings/structures. A new 

seismic code is now being prepared and should be ready by 2018/2019. As the 
seismicity of Hong Kong is not high, besides safety, the compatibility of the new seismic 
code to existing codes is one the main concern. It is suggested to adopt 475 years 

return period as the hazard level for ultimate limit state. With strong wind nature in 
Hong Kong, buildings only required limited ductility at performance level. Therefore,  it is 

expected that the new Hong Kong seismic code would be close to DCL/DCM of EC8. 
 
The research reported in this paper is part of a more extensive study conducted 

by Macedo (2017) which aims at evaluating the expected direct economic losses of 
steel moment-resisting frame structures located in in low-to-moderate seismic regions 

designed according to Eurocode 8 using the recommended behaviour factors 
prescribed by the European standard. To this end, the PEER-PBEE methodology was 
used to evaluate the expected economic losses and its disaggregation were evaluated. 

 
 
2. DESCRIPTION OF THE STUDIED BUILDINGS 

 
Despite the significant number of buildings that have been evaluated by 

Macedo (2017), in this paper only bui ldings with 8 storeys designed with code 
recommended behaviour factors are presented. Fig. 1 shows the elevation and plan 
views of one of the building configurations, in which the analysed frame is also 

identified. Seismic resistance was considered to be provided by the MRFs in the 
longitudinal (x) direction and by a bracing system in the transversal (y) direction. In this 

research study, only the internal longitudinal frames were examined.  The buildings are 
located in Lisbon for which, according to the Portuguese National Annex of EC8, the 
peak ground acceleration associated to a 475 years return period, is equal to  0.15g. 

Soil type of class B, as defined in EC8, has been considered. 

 

 

a) b) 



  

Fig. 1 Building configuration a) Elevation; b) Plan view. (Macedo, 2017) 

The steel moment-resisting frames were initially designed for gravity loads in 
accordance with the provisions of Part 1-1 of Eurocode 3 (EC3-1-1) (CEN, 2005b) for 

sectional resistance, stability checks and deflection limits. Seismic design was then 
performed in accordance with the provisions of Part 1 of Eurocode 8 (EC8-1) (CEN 
(2005b)), considering the two upper limits for the behaviour factor recommended by the 

standard, q=6.5 and q=4, corresponding to ductility class high (DCH) and medium 
(DCM), respectively. The serviceability inter-storey drift ratio (IDR) was limited to 1% 

and the stability coefficient, θ, as defined in EC8-1, was limited to 0.2. Capacity design 
of the non-dissipative members was conducted according to the requirements of EC8-1, 
with the modifications proposed by Elghazouli (2009). Steel buildings designed using 

the EC8-1 recommended behaviour factors for medium and high ductility class were 
mostly controlled by lateral stiffness requirements associated with the control of P-Delta 

effects. 
The member sizes and the dynamic characteristics of the two 8-storey bui ldings 

are listed in Table 1. 

 
Table 1 – Properties of the 8-storey buildings 

Floor Beams 
External 
Columns 

Internal 
Columns 

 
T1 (s) q 

1 HEA 600 HEM 500 HEM 650  

1.16 6.5 

2 HEA 600 HEM 500 HEM 650  

3 HEA 600 HEM 500 HEM 650  

4 IPE 600 HEM 450 HEM 600  

5 IPE 500 HEM 450 HEM 600  

6 IPE 500 HEM 450 HEM 600  

7 IPE 400 HEB 450 HEB 600  

8 IPE 360 HEB 450 HEB 600  

1 IPE 600 HEB 400 HEB 600  

1.5 4 

2 IPE 600 HEB 400 HEB 600  

3 IPE 550 HEB 400 HEB 600  

4 IPE 500 HEB 360 HEB 550  

5 IPE 500 HEB 360 HEB 550  

6 IPE 400 HEB 360 HEB 550  

7 IPE 400 HEB 340 HEB 500  

8 IPE 360 HEB 340 HEB 500  

 

As shown by the table, the building designed with the larger value of the 
behaviour factor (q=6.5) resulted in stiffer/stronger members. This is justified with the 
fact that the criterion currently established in EC8 for the treatment of P-Delta effects, 

namely the inters-storey drift sensitivity coefficient, , is dependent on the value 

adopted for the behaviour factor (Peres and Castro, 2010).  

 
  



  

3. NUMERICAL MODELLING AND NONLINEAR ANALYSIS 

 

The assessment of the structures was carried out through nonlinear response 

history analyses conducted with the nonlinear finite element analysis program 
OpenSEES (PEER, 2006). The material nonlinear behaviour was considered through a 
concentrated plasticity approach considering strength, stiffness, and deterioration 

effects (Lignos and Krawinkler, 2011, Araújo et al., 2017). The influence of axial load on 
the flexural capacity of the columns was taken into account in an approximate manner  

reducing the bending moment strength according to interaction equations proposed in 
EC3-1-1, whilst no modification of the stiffness and deterioration parameters was 
considered (Zareian et al., 2010). The behaviour of panel zones was represented with a 

beam-column joint element considering the tri-linear moment-distortion model proposed 
by Krawinkler (1978). Furthermore, the panel zones were designed assuming a 

“balanced” design methodology (Castro et al., 2007), and no strength degradation was 
considered. Fig. 2 illustrates the adopted modelling strategy for the modelling of the 
panel zones. 

 

 
Fig. 2 Numerical modelling overview of the beams/columns elements and panel zones 

(Macedo, 2017). 
 

Ground motion record selection was performed based on distance and 

magnitude parameters from disaggregation results for Lisbon and average shear wave 
velocity for the first 30 meters of soil. A suite of 40 ground motion records were 
selected and scaled in order to obtain an appropriate matching between the median 

spectra of the suite and the EC8 elastic spectrum, for the range of periods of interest. A 
similar technique was applied in FEMA P-695 (FEMA, 2009). The ground motion record 

selection was conducted using the SelEQ tool (Macedo and Castro, 2017), an 
advanced ground motion record selection and scaling framework. Fig. 3 shows the 
response spectra of the selected ground motion records for the site location under 

study and the corresponding mean and median. 



  

 
Fig. 3 Response spectra of selected ground motion records and EC8 for Lisbon. 

 

The seismic performance of the buildings was assessed through incremental 
dynamical analysis (IDA) (Vamvatsikos and Cornell, 2002). The 5 % damped first mode 
spectral acceleration, Sa(T1), was considered as the seismic intensity measure, IM, and 

three engineering demand parameter, EDP, were considered, namely the maximum 
inter-storey drift ratio (ISDR), the peak floor acceleration (PFA) and the maximum 

residual inter-storey drift ratio (RISDR). Fig. 4 shows an example of the maximum 
values of the EDPs along the building height, for several seismic intensity levels. 

 

 
Fig. 4 Maximum ISDR, PFA and RISDR along building height for 8-storey building 

designed with q=6.5. 
 
In the evaluation of the collapse fragility curve of each building, aleatory and 

epistemic uncertainties, were taken into account. The total uncertainty was computed 
assuming that both uncertainties are lognormally distributed and independent. The 

value of total system uncertainty was taken as 0.53 (Macedo, 2017). The median 
collapse capacity was adjusted in order to account for the spectral shape effect, in 
accordance with Method 2 proposed by Haselton et al. (2011). Fig. 5 shows the IDA 

curves and the corresponding collapse fragility curves for the 8-storey building 
designed with q=4.0. 



  

  

a) b) 
Fig. 5 a) IDA curves; b) Collapse fragility curve. 

 
 

4. ECONOMIC SEISMIC LOSSES AND RESULTS 

 

The economic seismic losses were computed using the PBEE methodology 

developed by the Pacific Earthquake Engineering Research (PEER) Center (Cornell 
and Krawinkler, 2000; Porter, 2003). A detailed description of the economic loss 
calculation procedure can be found in Macedo (2017). 

The expected total economic losses in buildings can be due to three mutually 
exclusive events: i) the building does not collapse and can be repaired; ii) the building 

does not collapse but needs to be demolished and rebuilt; iii) the building collapses and 
needs to be rebuilt (Ramirez and Miranda, 2012). Therefore, the expected value of total 
economic losses in a building can be computed as shown in Eq. (1): 
 

T NC R NC D CL L L L  
     (1) 

 

where LT is the expected value of total loss in the building, LNC∩R is the expected value 
of loss in the bui lding given that collapse does not occur and the structure is repaired, 

LNC∩D is the expected value of loss in the building when there is no collapse but the 
building is demolished and LC is the expected loss in the building when collapse occurs. 

According to Ramirez and Miranda (2012) and Hwang et al. (2015), the expected value 
of economic losses for a given ground motion intensity can be estimated as  shown in 
Eq. (2): 
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where, E[LT|NC∩R,IM], E[LT|NC∩D,IM] and E[LT|C,IM] are the expected value of losses 

for IM=im given that collapse does not occur and the bui lding is repaired, the expected 
value of losses for IM=im when there is no collapse but the building is demolished and 

the expected value of losses for IM=im when collapse occurs, respectively. P(D|NC,IM) 
and P(C|IM) are the probability that the building will not collapse but it will be 
demolished due to large residual deformations and the probability that the building will 

collapse given that the ground motion intensity is IM=im. 
The expected value of losses given that collapse does not occur and the 

building is repaired was calculated using the storey-based building-specific loss 
estimation method proposed by Ramirez and Miranda (2009). Each storey components  
were grouped into three categories linked to the corresponding EDP (drift-sensitive 

structural components (LS|IDR), drift-sensitive non-structural components (LNS|IDR) 
and acceleration-sensitive components (LNS|PFA)). Moreover, according to current 

construction price ratios in Europe, weights of 25%, 55% and 20% were adopted for 
each category respectively.  

The probability that the building will not collapse  but will be demolished due to 

large residual deformations, given that the ground motion intensity is IM=im, can be 
computed as shown in Eq. (3): 

 

     
0

| , | | ,P D NC IM P D RIDR dP RIDR NC IM



    (3) 

 
where, P(D|NC,IM) is the probability of having to demolish the structure conditioned on 

the maximum residual inter-storey drift ratio (RIDR) from all stories in the building and  
P(RIDR|NC,IM) is the probability of experiencing a certain level of RIDR in the building 

given that it has not collapsed and that it has been subjected to  an earthquake with a 
given ground motion intensity IM=im. According to Jayaram et al. (2012), the probability 
of demolition conditioned on the RIDR follow a lognormal distribution with a median of 

0.0185 and standard deviation of 0.3. 
Fig. 6 depicts the vulnerability curves for two 8-storey buildings designed with 

code recommend behaviour factors and the corresponding losses for four different 
intensities. In this research study four different intensity levels were examined: 1) SLS-1 
– EC8-1 damage limitation, 2) SLS-3 – EC8-3 damage limitation 3) ULS – EC8-3 

significant damage or design intensity and 4) CLS – EC8-3 Near collapse. 



  

a) 

 
 

b) 

 
 

Fig. 6 Vulnerability curves and normalized expected losses at several seismic intensity 
levels for: a) q=6.5; b) q=4. 

 

In general, it may be observed that for damage limitation limit states (SLS-1 and 
SLS-3), as expected, most of the losses result from the non-structural repair losses with 

a slight contribution of structural repair losses. Values of expected losses of 12 to 18% 
of building initial cost can be found respectively. Moreover, similar performance was 
observed for the design level intensity (ULS), with most of expected losses resulting 

from the non-structural repair losses. Finally, for the near collapse intensity level, CLS, 
minor demolition losses appear but it should be mentioned the absence of losses due 

to collapse of the buildings. 
It is worth mentioning that similar expected losses were obtained for the DCM 

building (q=4.0) and DCH building (q=6.5). 

Another interesting aspect that could investigated is to evaluate the normalized 
losses as a function of the return period obtained from the hazard analysis of the site of 



  

interest. Fig. 7a) and 7b) show the hazard curves for Lisbon corresponding to the two 

8-storey buildings designed with q=6.5 and q=4, respectively. A detailed description of 
the derivation of the hazard curves can be found in Macedo (2017). 

 

  
a) b) 

Fig. 7 Hazard curves corresponding associated to the 8-storey structures designed for 

a) q=6.5; b) q=4 
 

Consideration of site specific hazard analysis allows more realistic evaluation of 
the expected losses, associating building performance and site hazard. Fig. 8 shows 
the vulnerability curves as function of the return period for two 8-storey buildings 

designed with code recommend behaviour factors. 
 

 

Fig. 8 Vulnerability curves. 
 



  

As it can be concluded from the figure, similar value of expected losses are 

achieved independently of the adopted behaviour factor. Comparing the results shown 
in Fig. 6 and Fig. 8 a reduction in the expected losses can be observed when 

considering the site specific hazard analysis with losses at ULS (TR=475 years) below 
10% of building initial cost. 
 

 
5. CONCLUSIONS 

 

In this paper, a research study is conducted to evaluate the consequence of 
choosing EC8 recommended behaviour factors in the collapse and earthquake losses 

of steel moment-resisting frames designed according to Eurocode 8 in low to moderate 
seismic zones. The PEER-PBEE methodology procedure with the improvements 

proposed by Ramirez and Miranda (2012) using a story-based building-specific loss 
estimation methodology was adopted to compute the economical seismic expected 
losses.  

Firstly, it should be mentioned that the steel MRF archetypes designed in 
accordance with the requirements of EC8-1 comply with the non-collapse criteria 

defined in the code for the design level intensity since no losses due to collapse were 
observed for the design and near collapse intensities. Moreover, reduced values of 
expected losses resulting from demolition due to excessive inter-storey residual drifts 

were obtained. Comparing the performance of buildings designed with different code 
recommended behaviour factors, it can be concluded that the seismic economical 
expected losses are similar. Nevertheless, the building designed for a value of q equal 

to 4 is associated with lower steel quantities in comparison to the building designed for 
higher ductility class (q=6.5). This observation highlights the importance of a critical 

selection of the behaviour factor in the design process, particularly in countries of low to 
moderate seismicity, such as Portugal and Hong Kong. 

Finally, it is worth highlighting that the consideration of the site-specific hazard 

resulted in a reduction of the expected seismic losses.  
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