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ABSTRACT 

In the paper, four procedures for the assessment of seismic performance of buildings at different levels 

of complexity are presented and discussed. They include simple procedures based on the methods 

originally developed in Japan, the N2 method, and the non-linear dynamic analysis (NDA). The 

procedures have been applied for the seismic assessment of two RC frame structures. A considerable 

difference of results between the results of the procedures at the first three levels can be observed, 

whereas the difference between the N2 results and NDA results is small. On the other hand, the 

amount of input data and of the computational work increases with the increasing level of the 

procedure. In practice, the choice of the appropriate method should depend on the available data and 

resources and on the accuracy needed. 

INTRODUCTION 

For the assessment of seismic performance of buildings, procedures of different levels of complexity 

are needed, depending on the aim of the assessment. For a rapid evaluation of a large number of 

existing buildings, simple procedures based on rapid screening can be used. The other extreme is 

represented by the most complex analysis method, i.e. the non-linear dynamic analysis, which is used 

mainly in research and for analysis of some important structures. Several procedures of different levels 

of complexity are in-between these two extremes. The aim of the study presented in the paper is to 

check the applicability and the accuracy of different methods which can be applied to reinforced 

concrete (RC) building structures. Four different procedures have been used for the assessment of two 

test examples, represented by RC frames. The procedures at the first and the second level of 

complexity are based on the procedures developed in Japan (Otani, 2000a, 2000b). Some 

modifications of these procedures have been made by the authors. The procedures at the higher level 

of complexity are the N2 method (Fajfar 2000) and the non-linear dynamic analysis. 
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PROPOSED METHODOLOGY 

The expected seismic performance of a building is estimated by comparing the capacity and the 

demand of the structure in terms of the seismic capacity index IC and the seismic demand index ID. 

The determination of capacity and demand is different in different procedures, as explained in next 

sections. At the lower two levels, both capacity and demand are based on accelerations (forces) and 

checked at the storey level. The most critical storey determines the result for the structure. At the 

higher two levels, demand and capacity are based on deformations and can be checked at the structure 

or at the element level. In this paper, the check has been made by comparing top displacements and 

storey drifts. It is assumed that the structure fails when near collapse (NC) limit state is attained. This 

limit state does not represent a physical collapse of the building (which is extremely difficult to 

predict) but a complete economic failure. 

 

The procedures at the lower two levels 

 

In the simple procedures at the first and the second level the basic ideas behind the Japanese approach 

have been retained. However, in order to make them more suitable for Europe, the determination of 

demand and capacity according to Eurocode 8 has been introduced. The comparison of the seismic 

capacity index IC and the seismic demand index ID is made at the storey level, for each storey which 

can be potentially critical. 

A structure can resist strong earthquake motion without collapse if the structure is provided 

with either (a) sufficient lateral load resistance or (b) combination of lateral load resistance and 

ductility. At the first level, the capacity relies only on strength, whereas the inelastic deformation 

capacity of the structural members is not taken into account. At the second level, the capacities in 

terms of both strength and ductility are taken into account. 

The Japanese approach was developed for RC buildings with both columns and walls. In this 

paper only frames are investigated, so the original Japanese procedure has been simplified and takes 

into account only columns as lateral load resisting elements. Moreover, the configuration index and 

the aging index of the building, considered in the original Japanese approach, have not been taken into 

account in our study. Configuration and aging indices take into consideration detrimental effects of 

structural irregularities and aging process, respectively, on the capacity of the structure. 

 

1
st
 level procedure 

 

The procedure at the first level is intended to detect those RC structures that are evidently provided 

with sufficient lateral resistance to resist earthquakes, by a very simple calculation. Only data on 

geometry of the structure are needed. The lateral strength of a storey is crudely evaluated from the 

shear strength of individual columns, taking into account only their cross-sections without 

reinforcement. In the original method, a crude and conservative shear strength per unit sectional area 

of columns was estimated to be 1.5 MPa for short columns (L/h ≤ 2.0), 1.0 MPa for slender columns 

(2.0 < L/h ≤ 6.0), and 0.7 MPa for very slender columns (L/h > 6.0), where L and h are height of the 

column and depth of column’s cross section, respectively. These values were estimated on the basis of 

the dimensions, materials and reinforcement ratios of columns, which are commonly used in RC 

structures in Japan. The values seem reasonable also for Europe and were used in this study. 

The capacity of a storey in terms of shear strength can be determined as a sum of shear 

capacities Vsu of individual columns i, determined by multiplying cross-sectional area As and 

corresponding unit shear strength τ. Considering the simplifications mentioned above (bare frame, 

configuration and aging index neglected), the seismic capacity index ICj, which represents the non-

dimensional shear capacity of storey j, can be determined as 
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where W is the total weight of the structure. Note that there is a conceptual change compared to the 

original Japanese approach, where the decreasing seismic demand with the increasing storey level is 

taken into account in the capacity rather than in the demand, as in the case of our study. 

Seismic demand can be determined from the elastic acceleration spectrum Se. In the proposed 

methodology it is defined in accordance with Eurocode 8, Part 1 (EC8-1, 2005a) as 

 

 )T(SS Ie β⋅⋅α⋅γ=  (2) 

 

where γI is importance factor, α is the ratio between peak ground acceleration ag and acceleration of 

gravity g, S is the soil factor, β(T) is the spectral factor, and T is the period of a structure. Formulas for 

a rapid approximate estimate the period of the structure are provided in EC8-1. The period of a bare 

frame can be estimated as 
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where H is the height of the building, in m, from the foundation or from the top of a rigid basement. 

The seismic demand index IDj, which represents the non-dimensional seismic demand for storey 

j, can be determined as 
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where n is the number of storeys. Eq. (4) was developed by assuming the uniform distribution of 

masses along the height of the building and a linear deformation shape. 

 

2
nd

 level procedure 

 

At the 2
nd

 level of complexity, the deformation capacity of vertical load-bearing elements in the 

inelastic range is considered in addition to strength.  Consequently, data on the reinforcements are 

needed. The computation is performed first at the element level. Based on the results obtained for 

individual elements, the capacity and demand for each storey are determined and the most critical 

storey is detected. 

 Based on the same idea as the ductility factor approach with reduction (behaviour) factors, used 

in codes, the seismic capacity index IC is determined as a product of strength index C  (lateral strength 

expressed in terms of base shear coefficient, i.e., lateral force capacity divided by the total weight),  

and ductility index F (index of inelastic deformation capacity) 

 

 FCIC ⋅=  (5) 

 

First, the type of failure should be determined by comparing shear strength Vsu with the shear 

force at flexural yielding Vu. The determination of shear strength is discussed in a separate section. 

The shear force at flexural yielding is determined as Vu = Mu/Lv, where Mu is the flexural strength and 

Lv is the shear span of the column. It is assumed that the point of contraflexure is at the half length of 

the column, i.e. Lv = 0.5·L. In our study, at the 2
nd

 level, Mu was determined based on Japanese 

standard for seismic evaluation (2001), by using formulas 
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where the axial force N is associated with all gravity loads appearing in the combination of actions 

∑Gk,j “+” ∑ψE,i⋅Qk,i according to EC8-1, Nmax = bhfc + Atotfy is maximum axial compressive strength, At 

is the cross sectional area of tensile reinforcing bars, Atot is total cross sectional area of reinforcing 
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bars, b and h are columns width and depth, fy is the yield strength of reinforcing bars and fc is the 

compressive strength of concrete. 

If the shear strength Vsu is smaller than the shear force at flexural yielding Vu, a shear failure is 

expected and there is no inelastic deformation capacity. In such a case, the strength index is equal to  

C = Vsu / W and ductility index F is equal to 1. 

If Vsu > Vu, flexure controls, and C = Vu / W. Available ductility can be calculated as µ = θum / θy, 

by using the empirical expressions for the chord rotation at yielding θy and ultimate chord rotation θum 

provided in Eurocode 8, Part 3 (EC8-3, 2005b) (Originally, the formulas for θy and θum were proposed 

by Panagiotakos and Fardis (2001)) 
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For the meaning of symbols and for different reductions of capacity for elements designed according 

to out-of-dated codes please consult EC8-3. Since best estimates are used, no safety factor γel is 

included in Eq.(8). According to the original version of EC8-3, for the RC members without detailing 

for earthquake resistance, the value in Eq.(8) is multiplied by a factor of 0,825 and in members with 

smooth (plain) longitudinal bars without lapping in the vicinity of the end region where yielding is 

expected, the ultimate chord rotation θum is further multiplied by a factor of 0,575. The ductility index 

is equal to ductility F = µ, if the fundamental period of the structure is in the moderate or long period 

range (T ≥ TC, where TC is the corner period between the short- and medium period range of the 

ground motion spectrum, see also TC in EC8). If the fundamental period is smaller than T < TC, the 

ductility index can be calculated as F = (µ – 1) ⋅ T / TC + 1. 

The seismic capacity index for each element in the structure can be determined as a product of 

the strength index C and ductility index F (Eq.(5)). The seismic capacity index ICj for the j
th
 storey can 

be obtained as a sum of seismic capacity indices of all columns in the storey. ICj is then compared with 

the seismic demand index IDj, which is defined in the same way as at the 1
st
 level (Eq.(4)). 

 

The procedures at the higher two levels 

 

N2 method – 3
rd

 level procedure 

 

N2 method is a simplified non-linear method for the seismic analysis of structures, which combines 

the non-linear static (pushover) analysis of a multi-degree-of-freedom (MDOF) structure and the 

response spectrum analysis of an equivalent single-degree-of-freedom (SDOF) system. It has been 

formulated in the AD format (acceleration - displacement), which allows a comparison between 

capacities and seismic demand in a graphical form, which helps  to a better understanding of the 

problem and of the influence of various parameters on the seismic response of structures. 

When using the N2 method, seismic performance assessment of a RC frame building can be 

performed both at the global and at the local level. At the global level, the capacity and demand in 

terms of the displacement at the top of the structure and in terms of storey drifts can be checked. At 

the local level, in the case of frame structures, a convenient quantity is the member rotation. In this 

paper, only the global checks are presented. The Near Collapse (NC) limit state of the structure is 

defined as the state when the first column attains its NC limit state. The top displacement at the NC 

limit state, DNC and the corresponding storey drifts ratios, δNC, j (relative displacement in storey j 

divided by the storey height Hj), represent capacities (i.e. seismic capacity indices IC in the 

terminology used in this paper), whereas the same quantities corresponding to the seismic design 

action, Dt and δt, j represent demand (i.e. seismic demand indices ID). 
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Non-linear dynamic analysis – 4
th
 level procedure 

 

Non-linear dynamic analysis is supposed to be the most accurate analysis procedure. A set of 30 

accelerograms was selected (Vukobratovic and Fajfar, 2013) with the mean elastic acceleration 

spectrum similar to the EC8 spectrum, used in other procedures in this paper (Figure 2). All analyses 

were performed on the same MDOF structural model as the N2 analysis. Stiffness degrading hysteretic 

behaviour was used (material »Hysteretic« in OpenSees). The parameter β, which controls the 

unloading stiffness, was equal to 0.8. Rayleigh damping (ξ = 5%), proportional to mass and 

instantaneous stiffness was aplied (considering the first two vibration periods). Seismic assessment is 

based on the same global quantities as in the case of the N2 analysis. The same capacity as in the case 

of N2 is used. Seismic demand is represented by median values determined by NDA. 

 

Assessment of shear strength of columns 

 

In the mathematical model used in this study, an unlimited elastic shear behaviour of elements has 

been assumed. The results should be checked in order to identify possible shear failures of elements, 

especially columns. Several empirical formulas for shear capacity of columns have been proposed by 

different authors, e.g. Priestley et al. (1994), Kowalsky and Priestley (2000), Sezen and Moehle 

(2000), Biskinis et al. (2004). The latter formulas have been implemented in the EC8-3. In order to be 

consistent with the determination of the flexural capacity, our intention was to use the EC8-3 shear 

capacity model. However, the comparison with other models revealed a large difference between 

different models. In the majority of cases, the EC8-3 model is much more conservative than the other 

models, especially if the percentage of reinforcement is low (Figure 3). For this reason, we suggest to 

use different models and to make a decision on the possible shear failure based on average shear 

capacity obtained from several models. 

ASSESSMENT OF SEISMIC PERFORMANCE OF 4-STOREY RC FRAME 

Description of the example building and mathematical modelling 

 

Seismic performance assessment was performed for the 4-storey RC building that was designed on the 

basis of the design practice and codes which were prescribed in Italy between the 1950s and the 1970s 

(Celarec et al., 2012). The structure is double-symmetric with storey height 3.0 m. In Figure 1 the plan 

view of the 3
rd

 storey is presented. Note that the cross-sections of the columns are decreasing along the 

height of the building. The masses amount to 129.7t in the first three storeys, and 137.0t in the top 

storey. The total weight of the building is W = 5161kN.  

 

 
Figure 1: Plan view of the 3rd storey and typical reinforcement in cross sections of beams and columns. 

 

The mean value of concrete compressive strength amounted to fcm = 33MPa and the yield 

strength of the steel reinforcement amounted to fym = 370MPa (smooth reinforcement). In RC columns 

and beams shear reinforcement Asw/s = Φ6/30cm was used, which was at the time of building 

construction a usual requirement for shear reinforcement. The amount of longitudinal reinforcement in 
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the individual columns and beams for the 3
rd

 storey is shown in Figure 1. In this paper, the results are 

shown only for the X direction. 

All the analysis were performed with OpenSees (2013), using the PBEE-toolbox (2010), which 

is a simple yet effective tool for the seismic analysis of RC frames by using simplified non-linear 

models. A simplified non-linear 3D model of RC frame structure was made. The effective width of the 

beams was considered according to Eurocode 2, Part 1-1 (EC2, 2002). Fixed supports of columns at 

the bottom level were assumed. The RC slabs were assumed to be rigid in their planes and completely 

flexible out of plane. Masses were concentrated in the centre of mass CMi at each storey. Accidental 

eccentricity was not taken into account. Second order (P – ∆) effect was considered. 

The inelastic flexural behaviour of beams and columns was modelled by one-component 

lumped plasticity elements. Plastic hinges were defined by moment-rotation relationship schematically 

shown in Figure 4. For beams, the plastic hinge was used for major axis bending only. For columns, 

two independent plastic hinges for bending about the two principal axes were used. The interaction 

between axial force and bending moment was not considered. Yield moment My was determined for 

each element by analysing the cross-section of the element. Cracked sections were modelled according 

to EC8-1 by using the elastic flexural properties of elements equal to one-half of the corresponding 

stiffness of the un-cracked elements. The ultimate chord rotation θum was determined according to 

Eq.(8). 

 

Seismic performance assessment at the 1
st
 and 2

nd
 level 

 

Seismic demand is defined by EC8-1 for the design ground acceleration ag = 0.29g (α = 0.29), for soil 

type B (S = 1.20) and for 5% damping. Importance class II (γI = 1.0) is considered. The EC8-1 elastic 

spectrum is presented in Figure 2. The fundamental period of the building T = 0.48s was estimated by 

using Eq.(3), and the corresponding spectral factor β(T) amounts to β(0.48) = 2.5. According to Eq.(2), 

the value of the elastic spectral acceleration for this building is equal to Se = 1·0.29g·1.2·2.5 = 0.87g. 

Seismic demand for different storeys is determined with Eq.(4). For the investigated building, 

comparison of capacity and demand indicated that the 3
rd

 storey is the critical one. Only results for this 

storey will be shown in following text. The seismic demand index for the 3
rd

 storey is equal to          

ID.3 = (7/10)⋅0.87 = 0.61. 

 

 
Figure 2: The EC8-1 elastic acceleration spectrum for ag = 0.29g and for soil type B, spectra for individual accelerograms and 

mean spectrum. 
 

For the determination of capacity, the columns of the RC frame building were divided, based on 

geometry of their cross sections and based on different levels of axial force N, into 4 groups: corner 

(C1-COR), exterior (C1-EXT and C2-EXT) and interior (C2-INT) columns. The groups of columns 

and the number of columns in each group are shown in Table 1. Seismic capacities were determined 

for each storey, whereas only results for the critical 3
rd

 storey are shown in Table 1. At the 1
st
 level, the 

capacity was determined for a particular storey as the sum of capacities of the individual RC columns, 

where for very slender columns (Lv/h > 3.0) the value of shear strength τ = 0.7MPa was assumed. At 

this level, the ductility (F3 = 1.0) was not taken into account. In the 2
nd

 level procedure, the capacity of 

columns was determined by using the strength of the columns in flexure Vu = Mu/Lv, where Lv = 0.5·L 
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was assumed. Since the approximate period of the structure (T = 0.48s) is very near to TC = 0.5s, it was 

assumed that F = µ = θum / θy, where θum and θy are determined according to Eq.(8) (with reduction 

factor 0,825×0,575=0,474) and Eq.(7), respectively. 

 
Table 1: The strength and the ductility of columns in the 3rd storey of the 4-storey RC frame building for assessing seismic 

performance in X direction at the 1st and 2nd level.  

 1
st
 level 2

nd
 level 

Storey 

[ j ] 
Column 

(b/h = 30/30) 
# 

τ 
[kN/cm2] 

Vsu 
[kN] 

∑Vsu 
[kN] 

Mu 
[kNm] 

Vu 
[kN] 

θum 
[%] 

θy 
[%] 

F = µ 
[θum/θy] 

Vu·µ 
[kN] 

∑Vu·µ 
[kN] 

3 

C1 – COR 4 0,07 63 

1512 

27 18 2,88 0,97 2,97 53 

1951 
C1 – EXT 4 0,07 63 33 22 2,83 0,97 2,91 64 

C2 – EXT 8 0,07 63 43 29 2,83 0,97 2,92 83 

C2 – INT 8 0,07 63 55 36 2,73 0,97 2,81 103 

 

Shear strength Vsu of columns was estimated according to different formulas proposed by 

different authors, as described in the section Assessment of shear strength of columns. Vsu determined 

by different formulas varies significantly for all columns as it can be seen in Figure 3 for two columns 

in the 3
rd

 storey: the exterior column C1-EXT (Vsu = 30kN – 117kN) and the interior column C2-INT 

(Vsu = 37kN – 121kN). According to all models shear capacity is larger than the flexural capacity, with 

the only exception of the model by Biskinis et al., which in the case of the interior columns C2-INT 

predicts a combination of shear and flexural behaviour. Based on the presented results, it can be 

reasonably assumed that behaviour of all elements is controlled by flexure and that shear failures will 

most probably not occur. 
 

 
Figure 3: Comparison of shear strengths Vsu based on different shear capacity models and shear force Vu = Mu/Lv for:            

(a) exterior column C1-EXT and (b) interior column C2-INT in the 3rd storey in X direction. 

 

Seismic capacity index at the 1
st
 level is equal to IC.3 = ∑Vsu / W = 0.29 (Eq.(1)), whereas for the 

2
nd

 level this index is equal to IC.3 = ∑Vu⋅µ / W = 0.38 (Eq.(5)). The results show that the capacity 

estimated at the 2
nd

 level is larger than the capacity at the 1
st
 level. In both cases the resistance is 

insufficient, since seismic performance index IC/ID is smaller than 1 (see Table 2). 

 

Seismic performance assessment at the 3
rd
 and 4

th
 level 

 

In the N2 method, the mathematical model described at the beginning of this chapter was used. The 

lateral loads for the pushover analysis were determined based on the first mode shape, for which the 

effective mass amounts to 77% of the total mass. The pushover curve for equivalent SDOF system is 

shown in Figure 4(a), where the NC limit state of the building, defined as the state where the first 

column attains its NC limit state, is marked. The results of the pushover analysis indicate that the 

interior column C2-INT in the 3
rd

 storey is the first column that fails in flexure at the displacement 

DNC.SDOF = 7.3cm. The corresponding top displacement of the MDOF structure is equal to DNC.MDOF = 

DNC.SDOF × Γ = 9.4cm (Γ = 1.29), and the corresponding storey drift ratio of the 3
rd

 storey is equal to 

δNC.3 = (9.0cm – 0.7cm) / 300cm = 0.0276. Inelastic shear behaviour is not included in the structural 

model. Shear capacities have to be checked after the analysis is made. As discussed at the lower two 

levels, we assumed that all columns have adequate shear capacity. 

Demand is based on the EC8-1 elastic spectrum presented on Figure 2. The fundamental 

effective period amounts to Teff = 0.54s, resulting in elastic spectral acceleration Se = 0.81g. The target 
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displacement of the SDOF system Dt,SDOF = 5.8cm is defined by the intersection point of the line 

representing the period and the elastic demand spectrum (see Figure 4(a)). The corresponding target 

displacement of the MDOF structure is equal to Dt.MDOF = Dt.SDOF × Γ = 7.5cm, whereas the storey drift 

ratio of the 3
rd

 storey is equal to δt.3 = (7.1cm – 0.8cm) / 300cm = 0.0211. All damage is concentrated 

in the 3
rd

 storey (Figure 4(b)), leading to a storey plastic mechanism. Nevertheless, comparison of 

capacity and demand both in terms of top displacement and in terms of critical storey drift ratio 

suggest that building is able to survive the design earthquake (Table 2). 

 

 
Figure 4: (a) The graphical presentation of the N2 method with target displacement of (SDOF) system Dt = 5.8cm and the NC 

limit state of (SDOF) system at DNC = 7.3cm and (b) the damage in plastic hinges at the NC limit state of the structure. 

 

Non-linear dynamic analysis method has been used for seismic performance assessment at the 

4
th
 level. A set of 30 accelerograms with the mean spectrum similar to the EC8 elastic acceleration 

spectrum was used (Figure 2). Mean and median values of displacements DX and storey drift ratios δX 

were determined. The results of individual analyses, the mean and the median values and the values of 

16
th
 and 84

th
 percentiles are shown in Figure 5. By chance, the mean values agree very well with the 

median values. In the comparison of capacity and demand (Table 2), the same values for capacity were 

considered as in the case of the 3
rd

 level procedure. The comparison indicates that the building can 

survive the design earthquake. 

 

 
Figure 5: Seismic demand in terms of displacements DX and storey drift ratios δX in X direction of the 4-storey building. 

 

Comparison of capacity and demand for all levels 

 

The results are summarized in Table 2. In order to enable an additional comparison of results between 

the lower two levels and the upper two levels, seismic demand index at the lower two levels was 

calculated also for the period of the structure T = 0.54s, which applies to the 3
rd

 level procedure. In this 

case, the index amounts to ID.3 = (7/10)⋅0.81 = 0.57. By using this value of the seismic demand index, 

the influence of different periods of vibration on the demand is eliminated. 
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Table 2 : Comparison between the results of seismic performance assessment of the 4-storey building in X direction at all 

levels. Median values of demand are used at the 4th level. The results are shown for the 3rd storey. 
Level of 

procedure Demand Capacity IC.3/ID.3 
 

Level of 

procedure Demand Capacity IC.3/ID.3 

1
st
 

ID.3 = 0,61 (T1=0.48s) 
IC.3 = 0,29 

0,48 
2

nd
 

ID.3 = 0,61 (T1=0.48s) 
IC.3 = 0,38 

0,62 

ID.3 = 0,57 (T1=0.54s) 0,52 ID.3 = 0,57 (T1=0.54s) 0,67 
 

Level of 

procedure 
The comparison of top displacements 

 

Level of 

procedure 
The comparison of storey drift ratios 

Demand Capacity DNC/Dt Demand Capacity δNC.3/δt.3 

3
rd

 Dt = 7,5 cm DNC = 9,4 cm 1,26 3
rd

 δt.3 = 0,0211 δNC.3 = 0,0276 1,31 

4
th

 Dt = 7,4 cm DNC = 9,4 cm 1,28 4
th

 δt.3 = 0,0173 δNC.3 = 0,0276 1,59 

 

Data in Table 2 indicate that the capacity/demand ration in the case of the investigated building 

increases with increasing level of analysis procedure. The procedures at the first two levels suggest 

that the building would fail in the case of the design earthquake, whereas the higher level procedures 

predict survival. 

ASSESSMENT OF SEISMIC PERFORMANCE OF 7-STOREY RC FRAME 

The 2
nd

 example building is a 7-storey RC frame building, built in the second half of the 1970s in 

southern Italy in a high seismic hazard area, by using the seismic code from that time. The geometry 

and the reinforcement are presented in Figure 6. The dimensions of the beams in the first storey are 

b/h = 30/70cm, whereas in all other stories they are b/h = 30/60cm. The masses amount to 377t in all 

stories and the corresponding total weight of the building is W = 25890kN. The mean value of 

concrete compressive strength amounted to fcm = 22MPa, and the yield strength of the steel 

reinforcement amounted to fym = 430MPa (rebar reinforcement). For details, see (Fiore et al., 2012). In 

this paper, the seismic performance assessment of the bare frame in the X direction is discussed. 

 

 
Figure 6: The geometry of the building, typical cross-sections of the columns and reinforcement. 

 

Seismic assessment has been performed in the same way as for the 4-storey RC building. The 

results of analyses indicate that there are two potentially critical storeys, i.e. the 1
st
 and the 5

th
 storey 

where the size of the columns is significantly reduced. Only results for these two storeys will be 

shown in this paper. 

For analysis at the first two levels, the columns of RC frame building were divided based on 

geometry of its cross section into 3 groups: columns A, B and C. Each group was then represented 

with columns 9A, 5B and 11C, respectively, since these columns are loaded with the highest axial 

force N. It should be noted that the cross section of column 5B does not change with the height of the 

building, whereas all other structural elements have variable cross section. 

The approximate fundamental period is equal to T1 = 0.76s and the corresponding seismic 

demand indices for the 1
st
 and 5

th
 storey are equal to ID.1 = (1)⋅0.57 = 0.57 and ID.5 = (9/14)⋅0.57 = 0.37, 

respectively.Φ 
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The capacity at the first two levels was determined as the sum of capacities of individual 

columns for particular storey. The capacity of the columns was assumed to be equal in 1
st 

– 2
nd

, 3
rd 

– 4
th
 

and 5
th
 – 7

th
 storey, respectively. Elastic ∑Vu and inelastic ∑Vu·µ capacities for two storey ranges is 

shown in Table 3. 

 
Table 3: The strength and the ductility of columns in 1st – 2nd and 5th – 7th storey of the 7-storey RC frame building for 

assessing seismic performance in X direction. For the determination of θum the reduction factor of 0,825 was used. 

 1
st
 level 2

nd
 level 

Storey 

[ j ] Column # 
τ 

[kN/cm2] 

Vsu 
[kN] 

∑Vsu 
[kN] 

Mu 
[kNm] 

Vu 
[kN] 

θum 
[%] 

θy 
[%] 

F = µ 
[θum/θy] 

Vu·µ 
[kN] 

∑Vu·µ 
[kN] 

5, 6, 7 

9A (30/40cm) 12 0,07 84 

3250 

597 91 3,22 0,89 3,63 331 

13308 5B (55/55cm) 9 0,07 212 528 231 2,99 0,72 4,15 957 
11C (40/30cm) 4 0,07 84 255 51 4,01 1,14 3,53 181 

1, 2 

9A (40/80cm) 12 0,10 320 

6642 

137 299 2,44 0,66 3,72 1110 

22709 5B (55/55cm) 9 0,07 212 346 264 2,62 0,83 3,14 829 
11C (80/40cm) 4 0,07 224 77 127 4,09 1,08 3,80 484 

 

Shear strength Vsu determined by different formulas varies significantly for all columns, like in 

the first example. It was assumed that the behaviour of all elements is controlled by flexure, although 

the shear capacity model by Biskinis et al. predicts a shear failure for columns in 1
st
 storey and a 

combination of flexure and shear behaviour for column 5B in the 5
th
 storey. All other checks clearly 

suggest a ductile flexural behaviour. Based on this assumption, the seismic capacity indices at the 1
st
 

level are equal to IC.1 = ∑Vsu / W = 0.26 and IC.5 = ∑Vsu / W = 0.13, respectively, whereas for the 2
nd

 

level they are equal to IC.1 = ∑Vu⋅µ / W = 0.88 and IC.5 = ∑Vu⋅µ / W = 0.51, respectively. The 

capacity/demand ratios shown in Table 4 indicate that the 5
th
 storey is the critical one, although the 

difference compared to the 1
st
 storey is not large. The results at the 1

st
 level suggest that the structure 

would not survive the design earthquake. On the other hand, the 2
nd

 level procedure indicates a 

considerable safety margin. 

At the 3
rd

 level, the NC limit state of the building corresponds to the flexure failure (NC) of the 

most critical column, which is column 9A in the first storey (Figure 7). The failure appears at the 

displacement of the equivalent SDOF system DNC.SDOF = 36.7cm, which corresponds to the top 

displacement of the MDOF structure DNC.MDOF = DNC.SDOF × Γ = 49.4cm (Γ = 1.35). The corresponding 

storey drift ratio of the 1
st
 storey is equal to δNC.1 = 10.1cm / 400cm = 0.0253. These values represent 

the capacity of the structure. 

 

 
Figure 7: (a) The graphical presentation of the N2 method with target displacement of (SDOF) system Dt = 13.2cm and the 

NC limit state of (SDOF) system at DNC = 36.7cm and (b) the damage in plastic hinges at the NC limit state of the structure. 
 

For the determination of seismic demand, the equivalent period of the structure Teff = 1.22s was 

used. The target displacement of the equivalent SDOF system Dt.SDOF = 13.2cm was defined with the 

intersection point of the line representing Teff and the elastic demand spectrum (Figure 7). The 
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corresponding top displacement for the MDOF structure is equal to Dt.MDOF = 17.8cm, whereas the 

corresponding storey drift ratio in the 1
st
 storey amounts to δt.1 = 3.0cm / 400cm = 0.0074. 

When using the NDA method, the same seismic capacity as in the case of the N2 method was 

used. Seismic demand was determined as the median value of top displacement Dt = 17.8cm and the 

median value of storey drift ratio at the 1
st
 storey δt.1 = 0.0059. The displacement shapes and storey 

drift ratios along the height of the building, as well as comparison with the N2 results, are shown in 

Figure 8. 

Capacity/demand ratios for both higher level procedures presented in Table 4 indicate a 

considerable margin of safety, which is larger than in the case of the second level procedure. Larger 

capacity/demand ratios apply for storey drift than for the top displacement. The results (not shown 

here) also suggest that the 5
th
 storey is the second most critical storey. 

 

 
Figure 8: Seismic demand in terms of displacements DX and storey drift ratios δX in X direction of the 7-storey building. 

 

The results of seismic performance assessment for all four levels are summarized in Table 4. In 

order to enable an additional comparison of results between the lower two levels and the upper two 

levels, seismic demand index at the lower two levels was calculated also for the period of the structure 

T = 1.22s, which applies to the 3
rd

 level procedure. In this case, the seismic demand indices for the 1
st
 

and 5
th
 storey amounts to ID.1 = (1)⋅0.36 = 0.36 and ID.5 = (9/14)⋅0.36 = 0.23, respectively. Comparison 

of results shows that the first level procedure provided overly conservative results. The results of the 

second level procedure are similar to the N2 and NDA results (based on top displacement), provided 

that the same fundamental period is used in all cases. The lower and the upper level procedures 

suggest different critical storeys. However, the differences between the capacity/demand ratios for 

different storeys are relatively small. 

 
Table 4: The comparison between the results of seismic performance assessment of the 7-storey building in X direction at 

all levels. Median values of demand are used at the 4th level. The results are shown for the 1st and 5th storey. 

Level of 

procedure 
1st STOREY 5th STOREY 

Demand Capacity IC.1 / ID.1 Demand Capacity IC.5 / ID.5 

1
st
 

ID.1 = 0,57 (T = 0,76s) 
IC.1 = 0,26 

0,45 ID.5 = 0,37 (T = 0,76s) 
IC.5 = 0,13 

0,34 

ID.1 = 0,36 (T = 1,22s) 0,72 ID.5 = 0,23 (T = 1,22s) 0,55 

2
nd

 
ID.1 = 0,57 (T = 0,76s) 

IC.1 = 0,88 
1,54 ID.5 = 0,37 (T = 0,76s) 

IC.5 = 0,51 
1,40 

ID.1 = 0,36 (T = 1,22s) 2,47 ID.5 = 0,23 (T = 1,22s) 2,25 
 

Level of 

procedure 
The comparison of top displacements The comparison of storey drift ratios 

Demand Capacity DNC / Dt Demand Capacity δNC.1 / δt.1 

3
rd

 Dt = 17,8 cm DNC = 49,4 cm 2,77 δt.1 = 0,0074 δNC.1 = 0,0253 3,42 

4
th

 Dt = 17,8 cm DNC = 49,4 cm 2,76 δt.1 = 0,0059 δNC.1 = 0,0253 4,29 

CONCLUSIONS 

The procedures at different levels of complexity are available. They differ both in regard to input data 

needed and to the accuracy of results. 

The simplest method (1
st
 level) needs only data on geometry of the structure. The capacity relies 

only on strength. It is supposed to yield very conservative results, which can be used for identifying 

the buildings which are evidently able to survive the expected earthquakes. However, in the case of 

bare frame structures which have non-ductile columns with very low flexural strength, the 1
st
 level 
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method, which is based on shear strength, may yield un-conservative results. The first level method is 

appropriate mainly for quick assessment of a large number of buildings. 

The procedure at the 2
nd

 level needs data on reinforcement. It takes into account both strength 

and ductility of columns. It is based on a number of simplifying assumptions, so an analysis of a 

MDOF model is not needed. The main assumptions (which are not used at the higher level methods) 

are: (a) Demand is determined based on a crude formula for the period of the structure. (b) 

Deformation shape is linear and the mass distribution is uniform. (c) Shear span length is equal to a 

half of the storey height. The method proved to be conservative for test examples. However, additional 

research is needed to make more general conclusions. 

The procedures at the 3
rd

 and 4
th
 level have been well established. Research is still needed on the 

definitions of capacities. 
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