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Abstract. Design of earthquake-resistant structures according to Eurocod 8 is not based on 
the concept of acceptable/tolerable probability of exceedance of the near collapse limit state. 
Rather than that standard introduces fundamental non-collapse and damage limitation re-
quirements, which are associated with the design seismic action. It is foreseen that the non-
collapse requirement is satisfied when the regular structure does not collapse in the case of 
an earthquake with a return period of 475 years. Probability of such an even in 50 years is 
10%. Therefore it is obvious that probability of failure of structures, which would be designed 
strictly according to the fundamental non-collapse requirement, would be unacceptable for 
society. Due to factors of safety involved in design the structures withstand much stronger 
earthquakes in comparison to an earthquake with a period of 475 years. In order to assess 
which factor of safety have the greatest impact on the overall safety of code-conforming 
buildings, two multi-storey reinforced concrete buildings were investigated. The strength and 
the system ductility of the six variants of the structures were evaluated on the basis of the 
pushover analysis gradually taking into account the requirements of the Eurocode 2 and 8, as 
well as gradually excluding the design assumptions. Safety in design of the buildings was 
evaluated by the difference between the calculated and prescribed behaviour factor, by the 
ratio between the design ground acceleration and that associated with the near collapse limit 
state, which was assessed using the N2 method, and by the escalation of safety in terms of 
probability of exceedance of the near collapse limit state. The results of this analysis are dis-
cussed in the paper. For the investigated buildings it is shown that the design seismic action 
has the greatest impact on the yield strength of the structure and the peak ground accelera-
tion, which cause the near-collapse limit state. On the other hand, the partial factors of mate-
rial strength contribute around 50% to the return period of the near-collapse limit state, 
whereas the contribution of the capacity design principles to overall safety is minor.  
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1 INTRODUCTION 
 

Current standard for earthquake design of buildings Eurocode 8 [1] which is used in Slo-
venia prescribes that buildings should be design to withstand two fundamental requirements: 
no-collapse requirement and damage limitation requirement. It is assumed that the non-
collapse requirement is satisfied when the structure is designed according to Eurocode 8 pro-
visions taking into account an earthquake with a return period of 475 years. Usually design 
procedures involve factors of safety since the design is based on simplified elastic analysis 
method and design acceleration spectrum, which implicitly takes into account the ability of 
inelastic energy absorption of the structural system. Thus, seismic risk of newly designed 
structures is only implicitly controlled through the concept of reduction (behavior) factor and 
capacity design procedure.  

In ATC 19 [2] it is discussed based on ATC-3-06 that the reduction factors were intended 
to reflect reduction in design force vales that were justified on the basis of risk assessment, 
economics, and nonlinear behavior. Therefore determination of the reduction factors is not 
trivial. In the basic formulation of the reduction factor it can be shown that it can be defined 
as the product of equivalent global ductility factor and overstrength factor [3]. However, some 
other authors, as discussed in ATC 19 [2], defined the reduction factor as the product of peri-
od-dependent strength factor, the period-dependent ductility factor, the redundancy factor and 
in some cases also as the product of the viscous damping factor. A comprehensive evaluation 
of proposals for strength reduction factors (Rµ) for earthquake-resistant design was done by 
Miranda and Bertero [4]. They concluded that the ductility-, period- and site-dependent 
strength reduction factors, together with estimates of the overstrength of the structure, can 
lead to a more rational and transparent seismic design approach. 

However, current building code involves different factors of safety which affect structural 
configuration (dimensions of structural elements and corresponding reinforcement). In order 
to identify, which factors have the greatest impact on the seismic safety of code-conforming 
buildings, seismic safety deaggregation was performed for two reinforced concrete frame 
buildings which are located in the region with moderate seismicity and designed for ductility 
class medium. In the paper, the pushover-based method for estimation of the failure probabil-
ity, which were used in the analysis, are briefly described. Then the factor of safety are de-
fined and assessed for two investigated buildings.  

 

2 SUMMERY OF PUSHOVER-BASED METHOD FOR ESTIMATION OF 
FAILURE PROBABILITY OF BUILDING STRUCTURES 

 

The basic pushover-based methods are often used to approximately assess risk of near-
collapse state of the building (e.g. [5, 6]), which is expressed by the mean annual frequency of 
exceedance as follows:  
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where | g gP NC A a =  is the fragility, i.e. the conditional probability of violating the near-
collapse limit state for a given level of ground motion intensity ag, ( )gH a is the hazard func-
tion approximately representing the probability of exeedance of ag per year, and NC stands for 
the near collapse limit state, which can be defined in various manners. The fragility is often 
defined by assuming lognormal distribution of ground motion intensity which causes the near-
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collapse limit state. In this case the fragility can be expressed by using standard normal prob-
ability integral ( )Φ ⋅ : 
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where ag,NC is the median value of ground motion intensity causing the violation of NC limit 
state and NCβ is the logarithmic standard deviation of ag,NC. In the case if the fragility is de-
fined by means of Eq.(2) and if the hazard is assumed linear in log-log domain, the Eq.(1) can 
be solved in closed-form [7, 8]: 
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where kNC is the slope of the hazard curve associated with the near-collapse limit state.  
In general case the fragility parameters (ag,NC , NCβ ) are estimated by using nonlinear re-

sponse history analysis. Such approach is computationally demanding, especially if used in 
the designs process, which requires several iterations in order to obtain the final structural 
configuration. Therefore approximate methods are often employed for estimation of the fra-
gility parameters [5, 6, 9]. In the simplest approach, the ag,NC is determined according to the 
N2 method [10], which involves pushover analysis, often performed by assuming the invari-
ant distribution of lateral forces corresponding to first vibration mode. Based on the results of 
pushover analysis, the equivalent SDOF model is defined utilizing the transformation factor Γ 
and the mass of the equivalent SDOF model m∗ [10]: 

1,
2 1

1,
1

,
n

j jn
j

j j
j

m m m
m

φ
φ

∗
∗

=

=

Γ = =∑
∑

       (4)  

where mj is the jth storey mass of the structure and φ1,j is the jth component of the first natural 
vibration mode, which is normalized to a roof displacement equal to 1. In order to determine 
the force-displacement relationship of the equivalent SDOF model, the pushover curve has to 
be idealized. There are many options how the pushover curve is idealized. Recently a web-
based application was developed, which enables quadrilateral idealization of the pushover 
curve and prediction of the approximate relationship between the ground motion intensity 
measure and the displacement of the equivalent SDOF model [11]. In the most basic case, the 
pushover curve is idealized by elasto-plastic force-displacement relationship. This approach 
enables use of inelastic spectra. Consequently the reduction factor due to ductility ,NCRµ , i.e. 
due to the hysteretic energy dissipation of ductile structures [10], corresponding to the near-
collapse ductility NCµ  can be rapidly estimated as follows [10]: 
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where NCD and yD  are, respectively, the displacement corresponding to the near-collapse lim-
it state and displacement at yielding of the idealized pushover curve, T ∗ is the period of the 
equivalent SDOF model and CT  the period between the range of the constant acceleration and 
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constant velocity of the acceleration spectrum. The reduction factor ,NCRµ  and the period 
T ∗ are defined as follows [10]: 
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where ,a yS , ,a NCS , yF are, respectively, the spectral acceleration causing ‘yielding’ of the 
equivalent SDOF model, the spectral acceleration causing the near-collapse limit state, and 
the yield displacement of the idealized force-displacement relationship.   

When fragility parameters are assessed by using the above-described procedure, the NCβ  
has to be predetermined according to previous studies (e.g. [6, 9, 11]). However, the ag,NC can 
be calculated based on the shape of the elastic acceleration spectrum used for the assessment 
of the ,a NCS , which is determined for the known NCµ  and by employing Eq.(5) and Eq.(6).  

 

3 FACTORS OF SAFETY ASSOCIATED WITH EARTHQUAKE-RESISTANT 
DESIGN OF BUILDINGS 

 

The objective of this study is deaggregation of the seismic safety against near-collapse per-
formance of buildings designed according the Eurocode 8 [1]. It is worth to emphasize that 
discussion regarding the adequacy of seismic safety of code-conforming buildings is not the 
topic of this study. Therefore it is assumed that the reinforced concrete buildings designed in 
compliance with all provisions of Eurocode 2 [12] and Eurocode 8 are safe, although this is a 
subject for debate.  

Standards for earthquake-resistant design of structures involve several provisions, which 
have an impact on the seismic safety of the structure. Additionally, the actual amount of rein-
forcement in structural elements is larger than that obtained from design. However, it has 
been assumed that the following factors have a direct or indirect impact on the seismic safety 
of the facility: 

a) seismic design action 
b) minimum requirements of Eurocode 2 for detailing and dimensioning of structural el-

ements  
c) minimum requirements of Eurocode 8 for detailing and dimensioning of structural el-

ements  
d) ratio between the actual (mean) and design strength of material 
e) ratio between the actual and required amount of reinforcement in structural elements 
f) capacity design principles prescribed in Eurocode 8. 

In order to quantify how the above-mentioned factors affect the seismic safety of the code-
conforming building, the overall factor of safety and so-called partial factor of safety are de-
fined as follows: 
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where ally  is the parameter of the code-conforming structure or its seismic performance, 0y is 
the same parameter but assessed for the case when the seismic design action is the only con-
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sidered factor which affects structural configuration, and the iy  corresponds to the case when 
first kth number of factors from the list above are considered in the design of a building. Ac-
cording to this definition the overall factor of safety is defined as the product of the partial 
factor of safety: 
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where n is number of all factors which affect the seismic safety of the code-conforming build-
ings.  

For simplicity reasons, the above-defined factors of safety are assessed for the global struc-
tural parameters ( yF , NCµ ), which are obtained from the idealized pushover curves, and for 
factors of safety associated with structural performance, such as ,g NCa , NCP (or , 1R NC NCT P= ) 
and NCq , which can be understood as actual (realized) behaviour factor (Eurocode 8). The 

NCq  is herein defined according to Fischinger and Fajfar [3] as follows: 

 ,NC s NCq R Rµ= ⋅         (10)  

where sR  is the reduction factor due to overstrength and ,NCRµ  the reduction factor due to the 
hysteretic energy dissipation of ductile structures (Eq.(6)). Note that a value of a global struc-
tural parameter and a value of performance parameter depend on the safety measures, which 
are considered in the design. However, the overstrength reduction factor is defined as ratio 
between actual Fy and design lateral strength Fd: 

 y
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Design lateral strength Fd is herein determined according to the modal analysis taking into 
account the effect of first vibration mode { }1φ  and corresponding spectral acceleration ( )1aS T :   

 [ ] { } ( )1 1d aF M S Tφ= ⋅ ⋅Γ ⋅                     (12)  

 

4 VARIANTS OF PARTIALLY CODE-CONFORMING STRUCTURES 
 

Six variants of partially code-conforming structures were defined (Table 1) in order to 
gradually take into account some of factors, which have an impact on the seismic safety of 
buildings designed according to Eurocodes. The variant 0 ideally satisfy only the fundamental 
‘non-collapse’ requirement associated with the design seismic action. This is actually artificial 
variant of the structure, since it is assumed that it does not have redundancy and overstrength, 
but only the available ductility, which is equal to the behaviour factor assumed in the design. 
Consequently, this structure meet the near-collapse limit state in the case of the reference 
seismic action associated with a reference probability of exceedance, which is herein assumed 
10% in 50 years. 

All additional structural variants were indeed designed and its performance was assessed 
with the N2 method (Section 1). Therefore the effect of redundancy is automatically consid-
ered in the assessment of factors of safety. Note that each subsequent structural variant takes 
into account the additional design safety measure, as presented in Table 1. Such escalation of 
safety measures was defined in order to achieve gradual increase of buildings strength and 
near-collapse ductility between most of structural variants. 
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The largest difference between the reinforcement in the columns and beams was observed 
for variants 1 and 2 due to significantly greater requirements of the Eurocode 8 for minimum 
amount of longitudinal and transverse reinforcement in the columns and beams. The differ-
ence in the reinforcement of columns due to capacity design principles was observed only for 
transverse reinforcement in bottom stories of the building, since the minimum amount of the 
reinforcement was adequate for most parts of columns of the 8-storey and 11-storey building. 
This was not the case of the beams, as expected, since consideration of the capacity design 
principles caused larger amount transverse reinforcement in all stories. Additional observation 
was made for variants 3 and 4. In this case the difference in the amount of reinforcement in 
the columns of the structural variants is practically negligible since the utilization rate (i.e. the 
ratio between the actual and calculated amount of reinforcement) of the columns was almost 
equal to 1. However, utilization ratio for the beams was slightly smaller. Therefore actual 
amount of reinforcement in the beams slightly exceeded the amount of required reinforcement.  
 

 
Variant of 
structure 

Design safety measures 
a)  

design 
seismic  
action 

b) 
minimum 

requirements 
Eurocode2 

c) 
minimum 

requirements 
Eurocode 8 

d) 
actual 

material 
strength 

e) 
actual 

amount of 
reinforcement 

f) 
capacity 
design 

principles 
0 x      
1 x x     
2 x x x    
3 x x x x   
4 x x x x x  
5 x x x x x x 

 

Table 1: Description of structural variants associated with gradual consideration of design safety measures. 
 

5 EXAMPLES 
 

5.1 Description of buildings and structural models 
 

The 11-storey and 8-storey reinforced concrete frames (Figures 1 and 2) were designed ac-
cording to provisions of Eurocode 2 and 8. Both buildings were designed for ductility class M 
and reference peak ground acceleration of 0.25 g. It was assumed that the 11-storey and the 8-
storey building are located on soil type B and C, respectively. The behaviour factor was as-
sumed 3.9. The quality of reinforcing steel was S500B, whereas the concrete C35/45 and 
C30/37 was used, respectively, for the 11- and 8-storey building. Some global characteristics 
of structures and design parameters are presented in Table 2. 

The structural model in general follows the Eurocode 8 requirements for the modelling of 
structures as discussed elsewhere [13]. The beam and column flexural behaviour is therefore 
modelled by one-component lumped plasticity elements, composed of an elastic beam and 
two inelastic rotational hinges (defined by a moment-rotation relationship). The element for-
mulation is based on the assumption of an inflexion point at the midpoint of the element. The 
gravity load is represented by the uniformly distributed load on the beams, and by the concen-
trated loads at the top of the columns. For the beams, the plastic hinge is used for major axis 
bending only. For the columns, two independent plastic hinges for bending about the two 
principal axes are used. The moment-rotation relationship before strength deterioration is 
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modelled by a bi-linear relationship. A linear negative post-capping stiffness is assumed after 
the maximum moment is achieved. The axial force due to gravity loads is taken into account 
when determining the moment-rotation relationship for the columns, while in the case of the 
beams zero axial force and the rectangular cross-sections were assumed. The ultimate rotation 
Θu in the columns and beams at the near collapse (NC) limit state, which corresponds to a 
20% reduction in the maximum moment, was estimated by means the EC8-3 formulas [14]. 
The parameter γel was assumed to be equal to 1.5. For the structural variant 1 (no seismic de-
tailing), the ultimate rotations were multiplied by a factor of 0.825 [14]. Post-capping nega-
tive stiffness was calculated by assuming the ratio between the rotation at zero strength and 
the rotation corresponding to the maximum moment equal to 3.5. For structural variants No. 3, 
4 and 5, the seismic performance assessment based on actual (mean) strength of material. For 
these variants the mean concrete strength was assumed 8 MPa greater than the characteristic 
compressive strength, whereas for the steel, the mean strength (570 MPa) was assumed 14 % 
greater than the characteristic steel strength. 

 

 
 

Figure 1: The elevation, plan view and reinforcement in typical columns and beams of code-conformed 11-
storey buildings (variant 5). 

 

 
 

Figure 2: The elevation, plan view and reinforcement in typical columns and beams of code-conformed 8-storey 
buildings (variant 5). 
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Total mass [t] Period [s] ag,d,R Soil factor Fb/W Fb,1/W 

8-storey 2326 1.45 0.25 1.15 6.5% 6.0% 
11-storey 10218 1.92 0.25 1.2 4.6% 3.9% 

 

Table 2: The mass, the first vibration period, the reference peak ground acceleration of on type A ground, the 
soil factor S, the ratio between the design base shear and the weight and the ratio between the ‘first-mode’ base 

shear and the weight of 8-storey and 11-storey buildings.  
 
All the analyses were performed with OpenSees [15], using the PBEE toolbox [13], which 

is a simple yet effective tool for the seismic performance assessment of reinforced concrete 
frames by using simplified nonlinear models. The PBEE toolbox includes different functions 
for the calculation of the moment-rotation relationship of the plastic hinges in the columns 
and beams, functions for the generation of the tcl input code for OpenSees, functions for the 
post-processing of the analysis results, and functions for structural performance assessment. 
More details regarding the PBEE toolbox can be found elsewhere [13]. 

It should be emphasized that the ultimate rotations in the beams and columns as modelled 
in this comparative study are lower than the mean values since γel was assumed to be equal to 
1.5. Consequently, the deformation capacity is also underestimated. Additionally, the strength 
and the stiffness of the beams are also underestimated since the slab effective width was ne-
glected (rectangular sections). Therefore, the expected strength, deformation capacity and the 

,g NCa of the investigated buildings are likely to be greater than those obtained in this study. 
 

5.2 Pushover analyses 
 

The pushover analyses were performed for X (longitudinal) direction (Figure 1 and 2) us-
ing the invariant force vector were which corresponded to product of the storey masses and 
the first vibration mode (Φ1,X,11-storey=[0.12 0.24 0.37 0.49 0.60 0.70 0.79 0.86 0.92 0.96 1], 
Φ1,X,8-storey=[0.11 0.28 0.44 0.60 0.73 0.84 0.91 1]). The pushover curves and corresponding 
idealized force-displacement relationship are presented in Figures 3 and 4. Note that the ideal-
ized force-displacement relationship ends at displacement which corresponds to the near-
collapse limit state, which is obtained when all the rotation in all the columns or beams in one 
storey exceeds the corresponding ultimate rotation. It should be emphasized that the pushover 
curve for variant 0 is not available, since it is assumed that variant 0 does not have redundan-
cy and the overstrength, but only the ‘available’ ductility, which is equal to the behaviour fac-
tor assumed in the design. 

For the investigated buildings it can be observed that the capacity design principles do not 
have the impact on the buildings’ strength and just small influence on the deformation capaci-
ty. On the other hand, it seems that the greatest factor-of-safety can be associated with the ma-
terial safety factors (see difference between pushover curve corresponding to variant 2 and 3).  
Moderate impact on the buildings’ strength is observed due to the minimum requirements for 
reinforcement according to Eurocode 8 (variants 1 and 2) and the ratio between the actual (se-
lected) and required (calculated) amount of reinforcements (variants 3 and 4).  
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Figure 3: The pushover curves and corresponding idealized force-displacement relationship of the six variants of 
the 11-storey building. 

 

 
 

Figure 4: The pushover curves and corresponding idealized force-displacement relationship of the six variants of 
the 8-storey building. 

 

5.3 Seismic hazard and risk calculation 
 

The seismic hazard at the location of buildings was assessed according to EZ-FRISK [16, 
17], which is well-known software for conducting the probabilistic seismic hazard analysis. 
However, it includes only simplified seismicity model for the central European region (Eu-
rope III). This is not consistent with the seismicity models used for the calculation of the 
seismic hazard maps [18] prescribed by Eurocode 8. Note, that the EZ-FRISK provided great-
er exceedance rate in this range of peak ground accelerations, whereas the peak ground accel-
eration associated with the 475-year return period were almost equal to that prescribed for 
design, which is consistent with the hazard map for 475-year return period. However, since 
the objective of this study is deaggregation of the seismic safety, the discussion regarding the 
absolute values of hazard and risk will be omitted.  

In addition to the hazard curve, the logarithmic standard deviation NCβ  of the ag,NC and the 
slope of the hazard curve kNC associated with the near-collapse limit state has to be assumed. 
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In this study the standard deviation NCβ  was assumed equal to 0.6 [9], whereas the the hazard 
parameter kNC=2.9 was obtained by fitting the hazard curve in log-log coordinates using the 
method of least. 

 

5.4 Results and discussion 
 

The structural parameters and the performance parameters of the variants of the investigat-
ed buildings are presented in Tables 3 and 4, while the corresponding overall factor of safety 
and the partial factor of safety are presented in Tables 5. The strengths of the structure and the 
yield displacements gradually increase with respect to the number of safety measures exclud-
ed in the performance assessment. However, the gradual increase of structural parameters be-
tween the two variants is not general. For example, the available ductility µNC reduces 
between the variant 3 and 4, since the increment of the yield displacement is greater as the 
increment of displacement corresponding to the near-collapse limit state (Figures 3 and 4). 
However, the effect of the ratio between the actual and the required reinforcement causes pos-
itive effect on the strength of the structure and slightly negative effect on the deformation ca-
pacity, since the storey drifts associated with the near-collapse limit states of variant 3 
(required amount of reinforcement) are more uniformly distributed along the building’s height 
that those corresponding to variant 4. The greatest difference in storey drifts occurred in the 
central part of the building between 3th and 8th storey and 6th and 7th storey, respectively, 
for 11-storey and 8-storey building.  

The variation of Sa,NC and the ag,NC is the consequence of the variation of the overstrength 
factor and ductility at the near-collapse limit state, since the variation of the estimated period 
due to the six variants of the structure is almost negligible, and the vibration period exceed TC. 
Consequently, the overall factor of safety, if expressed as the ratio between the ground-motion 
intensity which causes the near-collapse limit state and the intensity associated with the de-
sign seismic action, can be determined as the product of the FSRs and FSRµ, which amounted 
to 2.47 and 2.07, respectively, for the 11-storey and the 8-storey building.  

 

y 
Variant 

0 1 2 3 4 5 
Fy [kN] 3961 4620 5119 7036 7592 7591 
Dy [cm] 6.1 6.7 7.8 11.4 11.7 11.7 
T* [s] 2.02 1.96 2.01 2.08 2.02 2.02 
Rµ,NC=µ,NC 3.90 5.59 5.83 5.26 4.97 5.03 
Rs 1.00 1.17 1.29 1.78 1.92 1.92 
qNC 3.9 6.5 7.5 9.3 9.5 9.6 
Sae,NC [m/s2] 1.80 3.01 3.49 4.32 4.40 4.46 
ag,NC [g] 0.30 0.48 0.58 0.76 0.73 0.74 
PNC [10-4] 95.7 24.1 14.5 6.4 7.2 6.9 
TR,NC 105 416 692 1550 1392 1441 

 

    Table 3: The global structural parameters and performance parameters of the six variants of the 11-storey 
building. 
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y 
Variant 

0 1 2 3 4 5 
Fy [kN] 1370 1620 1685 2267 2458 2458 
Dy [cm] 5.3 6.3 6.5 8.9 9.5 9.5 
T* [s] 1.50 1.50 1.51 1.52 1.50 1.50 
Rµ,NC=µ,NC 3.90 4.24 4.71 4.53 4.22 4.49 
Rs 1.00 1.18 1.23 1.65 1.79 1.79 
qNC 3.9 5.0 5.8 7.5 7.6 8.1 
Sae,NC [m/s2] 2.82 3.62 4.18 5.41 5.46 5.82 
ag,NC [g] 0.29 0.37 0.43 0.56 0.56 0.59 
PNC [10-4] 95.7 46.1 30.1 14.0 14.0 11.7 
TR,NC 105 217 333 715 714 857 

 

     Table 4: The global structural parameters and performance parameters of the six variants of the 8-storey 
building. 

 
According to definition of the variants, the FSRs significantly exceeded the FSRµ. The FSRs 

was estimated equal to 1.92 and 1.79 for the 11-storey and 8-storey building, whereas corre-
sponding FSRµ amounted 1.29 and 1.15, respectively. The overall factors of safety can be fur-
ther decomposed due to the effect of each safety measure. In this case the effect of each safety 
measure is assessed by the partial factor of safety. Based on results presented in Table 5, it 
can be concluded that the partial safety factor due to the redundancy and the minimum design 
requirements according to Eurocode 2 δFS1,Rs is around 1.18, whereas the greatest impact on 
the partially safety factor was observed due to the effect of the ratio between the mean and 
design strength of material (δFS3,Rs ≈1.35). However, it should be emphasized that the values 
of partial factors of safety can be different if sequence of safety measures corresponding to the 
variants of structure would be changed. 

The factors of safety, which are incorporated in the design process in addition to that corre-
sponding the design seismic action, actually reduces the probability of exceednace of the 
near-collapse limit state for a factor of around 10 (i.e. FSTR,NC is 13.8 in the case of 11-storey 
building and 8.2 in the case of 8-storey building). The major increment of safety is the conse-
quence of the redundancy, minimum requirements for reinforcement and the partial material 
factors.  

Deaggregation of yield strength, ground acceleration causing near-collapse limit state and 
the return period of the near-collapse limit state, are presented in Figure 5 and 6. It is obvious 
that the major contribution to the strength of the building is the consequence of the design 
seismic action, follows the contribution of the mean material strength in conjunction with the 
ratio between the actual and required amount of reinforcement or the contribution of the re-
dundancy in conjunction with minimum requirements of Eurocode 2, whereas the capacity 
design principles practically does not contribute to the yield strength or the ag,NC. However, 
deaggregation of TR,NC shows different image, since around 50% of safety is controlled by the 
the partial factors of strength of material and the other 50% is the consequence of other fac-
tors of safety.  
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11-storey 
building 

δFSi FS 1 2 3 4 5 
Rµ,NC=µNC 1.43 1.04 0.90 0.94 1.01 1.29 
Rs 1.17 1.11 1.37 1.08 1.00 1.92 
qNC 1.67 1.16 1.24 1.02 1.01 2.47 
ag,NC [g] 1.61 1.19 1.32 0.96 1.01 2.47 
PNC [10-4] 0.3 0.6 0.4 1.1 1.0 0.07 
TR,NC 3.98 1.66 2.24 0.90 1.04 13.78 
 
8-storey 
building 

δFSi FS 1 2 3 4 5 
Rµ,NC=µNC 1.09 1.11 0.96 0.93 1.06 1.15 
Rs 1.18 1.04 1.35 1.08 1.00 1.79 
qNC 1.29 1.15 1.30 1.01 1.06 2.07 
ag,NC [g] 1.29 1.16 1.30 1.00 1.07 2.07 
PNC [10-4] 0.5 0.7 0.5 1.0 0.8 0.12 
TR,NC 2.08 1.53 2.15 1.00 1.20 8.20 

Table 5: The partial safety factors and the overall safety factor for the global structural parameters and per-
formance parameters of the variants of the 11-storey and 8-storey building. 

 

 
 

Figure 5: Deaggregation of yield strength, ground acceleration causing near-collapse limit state and the return 
period of the near-collapse limit state of the 8-storey reinforced concrete building. 

 
 

Figure 6: Deaggregation of yield strength, ground acceleration causing near-collapse limit state and the return 
period of the near-collapse limit state of the 11-storey reinforced concrete building. 
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6 CONCLUSIONS  

 

Deaggregation of seismic safety in design of two reinforced concrete frame building is in-
vestigated in this study on the basis of the pushover analysis gradually taking into account the 
requirements of the Eurocode 2 and 8, as well as gradually excluding the design assumptions. 
For these buildings it was shown that the design seismic action has the greatest impact on the 
yield strength of the structure and the peak ground acceleration which causes the near-
collapse limit state. On the other hand, the partial factors of material strength contribute 
around 50% to the return period of the near-collapse limit state, whereas the contribution of 
the capacity design principles and the design seismic safety to overall safety is minor. Based 
on this observation it is argued that it would be better to make the nonlinear model of the 
building and explicitly design the building for tolerable risk based on several iterations rather 
to use current standards for earthquake-resistant design, which based on capacity design ap-
proach in conjunction with elastic intensity-based assessment.  

ACKNOWLEDGMENT  
The results presented in this paper are based on work supported by the Slovenian Research 

Agency. This support is gratefully acknowledged 

REFERENCES  
[1] Eurocode 8: Design of structures for earthquake resistance. Part 1: General rules, seis-

mic actions and rules for buildings. 

[2] Applied Technology Council. ATC-19: structural response modification factors. ATC 
report, Redwood City, CA, 1995. 

[3] M. Fischinger, P. Fajfar, On the response modification factors for reinforced concrete 
buildings. Proceedings of Fourth U.S. National Conference on Earthquake Engineering, 
Palm Springs, California, May 20-24, 1990. 

[4] E. Miranda, V.V. Bertero, Evaluation of strength reduction factors for earthquake re-
sistent design, Earthquake Spectra, vol. 10, no. 2, 357–379, 1994. 

[5] M. Dolšek, P. Fajfar, Simplified probabilistic seismic performance assessment of plan-
asymmetric buildings. Earthquake Engineering & structural dynamics, vol. 36, no. 13, 
2021-2041,  2007. 

[6] P. Fajfar, M. Dolšek, A practice-oriented estimation of the failure probability of build-
ing structures. Earthquake Engineering & structural dynamics, vol. 41, no. 3, 531-547,  
2012. 

[7] C.A. Cornell, Calculating building seismic performance reliability: a basis for multi-
level design norms. Proceedings of 11th World Conference on Earthquake Engineering, 
New York: Elsevier, Acapulco, Mexico, 1996. 

[8] R.K. McGuire, Seismic hazard and risk analysis. Earthquake Engineering Research In-
stitute, MNO-10, 2004. 



J. Žižmond and M. Dolšek 

[9] M. Dolšek, Simplified method for seismic risk assessment of buildings with considera-
tion of aleatory and epistemic uncertainty. Structure and infrastructure engineering, vol. 
8, no. 10, 939-953, 2012. 

[10] P. Fajfar, Nonlinear analysis method for performance-based seismic design. Earthquake 
Spectra 16:3, 573-592, 2000. 

[11] I. Peruš, R. Klinc, M. Dolenc, M. Dolsek, A web-based methodology for the prediction 
of approximate IDA curves. Earthquake Engineering & structural dynamics, vol. 42, no. 
1, 43-60, 2013. 

[12] Eurocode 2: Design of concrete structures – Part 1-1: General – Common rules for 
building and civil engineering structures. 

[13] M. Dolšek, Development of computing environment for the seismic performance as-
sessment of reinforced concrete frames by using simplified nonlinear models. Bulletin 
of earthquake engineering, vol. 8, no. 6, 1309-1329, 2010. 

[14] Eurocode 8: Design of structures for earthquake resistance. Part 3: Assessment and ret-
rofitting of buildings. 

[15] Open system for earthquake engineering simulation (OpenSEES). Pacific Earthquake 
Engineering Research Center (PEER), University of California, Berkeley, CA. 
http://opensees.berkeley.edu 

[16] EZ-FRISK, Software for Earthquake Ground Motion Estimation, version 7.62, Risk 
Engineering, Inc., Louisville, Colorado, USA, 2012. 

[17] J.W. Baker, Seismic hazard assessment for Ljubljana using EZ-FRISK. Personal com-
munication, July 2011. 

[18] J. Lapajne, B. Šket Motnikar, P. Zupančič, Probabilistic seismic Hazard assessment 
methodology for distributed seismicity. Bulletin of the Seismological Society of America, 
vol. 93, no. 6, 2502–2515, 2003. 

 

 

http://opensees.berkeley.edu/

	1 INTRODUCTION
	2 summery of pushover-based method for estimation of failure probability of building structures
	3 factors of safety associated with earthquake-resistant design of buildings
	4 VARIANTS OF PARTIALLY CODE-CONFORMING STRUCTURES
	5 ExampleS
	5.1 Description of buildings and structural models
	5.2 Pushover analyses
	5.3 Seismic hazard and risk calculation
	5.4 Results and discussion

	6 Conclusions

