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Abstract: Seismic vulnerability for a structure represents the susceptibility to be affected by an 
event with a given intensity. The vulnerability of a structure can be influenced by the design 
methods or by different problems that may appear during the execution process.  
This paper shows a case study for the vulnerability increase of a reinforced concrete frame structure 
in 2 different situations: 

a) modification produced due to code changes, meaning P100-2006 respectively P100-2013; 
b) modifications produced the structure taking into account the errors which have occurred 

during the execution process; 
For both cases, capacity curves were plotted considering the nonlinear analysis, also called push-
over. The numerical simulation was performed in SAP2000 software. These curves were compared 
with the response spectrum corresponding to the site conditions in order to obtain the performance 
point.  For accurate results, fragility curves were plotted for both considered situations, according 
to previous research of the authors. 
The paper emphasizes the importance of each stage during the execution of a structure. More over 
the differences in the vulnerability index show the importance on the overall behavior of the 
structure. Solution to increase strength and safety for the structure are also given at the end of the 
paper. 
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1. Introduction  

A good overall behavior for a structure is determined by a correct design process and rigorous 
execution stages. There are several factors that can influence the bearing capacity of a structure 
and sometimes an evaluation of the building vulnerability is required. Usually, this analysis is 
realized if, for example, a destination change is desired or if some problems are encountered in 
one of the major stages – design codes are change, if design process is considered or if some 
inconsistencies are encountered between design and erection process, Fig. 1. 

In the situation of structures that cannot fulfill all the general rules of construction details, due to 
special architectural requirements or due to unexpected execution problems, it is important to be 
able to evaluate how the seismic vulnerability increases. The paper shows an example where the 
seismic vulnerability was evaluated for one structure in 2 situations, emphasizing the influence 
of code modification and erection problems on the overall behavior of the structure. 

The analyzed example represents a typical reinforced concrete frame structure with 4 floors 
designed according to P100-2006 regulations. During execution some problems were 
encountered and major errors were found in almost all the columns from the ground floor level 
under the first floor slab, leading to plastic hinges development. By the time the problem was 
identified the execution has reached the 2nd floor. The work was stopped and the reevaluation of 
the structure was done according P100-2013. Additional walls were introduced in order to take 
over the additional stresses due to inappropriate execution [15]. 
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Fig.1 - Example of bad engineering [14] 

2. Vulnerability assessment methodology 

The damages produced by natural disasters in the last 30 years reveal the necessity to reevaluate 
the built environment. The current trend is to assess the vulnerability and risk of the building 
stock, not only for a single action, but for a complex loading represented by more natural hazards 
in order to diminish human and financial losses. The physical seismic vulnerability, which is of 
interest for this paper purpose, can be evaluated: by qualitative descriptors or variables [6]; by 
means of physical vulnerability indices [2] and by means of capacity curves.  

The capacity curve is widely used in recent research projects concerned with risk assessment, like 
HAZUS, Risk-UE and CAPRA. The theoretical model is called Capacity Spectrum Method and operates 
with simplified mechanical models [5], [4], (HAZUS 99-SR2), (RISK-UE), (ERN-AL. CAPRA).  

The paper evaluates the seismic vulnerability using the deterministic methodology proposed in 
Risk-UE project. This method defines building vulnerability from the capacity spectrum and 
evaluates the expected seismic performance of the structure by comparing the capacity spectrum 
with the demand spectrum of the seismic hazard [3]. Four damage states are considered in this 
paper for a building, defined according to Risk-UE handbook specifications, obtaining the 
damage expressed as probability matrices [7]. Even though the used approaches have been 
improved significantly, the uncertainties in the structural characteristics and in the damage state 
thresholds have a great influence on the results.  

In order to evaluate the building behavior, capacity curves can be obtained through nonlinear 
analysis. The pushover analysis is a nonlinear static incremental procedure able to describe, in a 
simplified way, the structural behavior when subjected to earthquake loading [9], (FEMA-273, 
1997). It allows the identification of weak structural members and the failure mechanisms. The 
capacity curve is in fact the graphical representation of the relation between the base shear and 
the displacement at the roof of the structure (ATC-40, 1996), [11], [12].  

The capacity spectrum method requires the following steps: (1) perform the pushover analysis of 
the building; (2) plot the capacity curve of the building; (3) represent it in a ADRS format, that 
is, as a capacity spectrum; (4) calculate and plot the bilinear representation of the capacity 
spectrum; (5) plot the demand spectrum of the considered earthquake; and finally (6) intersect 
capacity and demand spectra to obtain the performance point, and thus the expected spectral 
displacement. Even though there are a variety of methods to evaluate the behavior of the 
structure, it is considered that the pushover analysis is an accurate approximation in comparison 
with the nonlinear dynamic analysis. The performance point is calculated using the equal 
displacement approximation described in ATC-40 [8], [4].  

In order to evaluate the seismic risk of a building, damage fragility curves are used. Fragility 
curves define the probability that the expected global damage d of a structure exceeds a given 
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damage state dsi, as a function of a parameter quantifying the severity of the seismic action. 
Thus, for each damage state, the corresponding fragility curve is completely defined by plotting 
P[d≥dsi] in the ordinate and the spectral displacement Sd in the abscissa. For a given damage 
state dsi, a fragility curve is well described by the following lognormal probability density 
function [1]: 

 
dsidsi

1 Sd
P dsi | Sd ln

Sd



     

          (1) 

where Sd is the spectral displacement (seismic hazard parameter), is the median value of spectral 
displacement at which the building reaches a certain threshold of the damage state dsi, βdsi is the 
standard deviation of the natural logarithm of the spectral displacement of the damage state ds 
and Φ is the standard normal cumulative distribution function. The considered approach 
proposes four damage states: slight – the damage is considered negligible, moderate – slight 
structural damage and moderate non-structural damage, severe – moderate structural damage and 
heavy non-structural damage and collapse when structure is in imminent danger of collapse. 
Table 1 shows a summary of the used parameters for the damage state thresholds, as functions of 
the yielding displacement, dy, and the ultimate displacement, du, of the structure [7].  

Table 1 
Damage state thresholds 

Damage 
state dsiSd values 

Graphical representation of the damage 
thresholds in the bilinear capacity spectrum 

Slight 0.7dy 

 

Moderate dy 

Severe dy + 0.25(du-dy) 

Collapse du 

A further step is given by obtaining the vulnerability curve which describes the seismic structural 
damage. These curves are useful in risk analyses of urban areas, in which case, a library of 
curves covering all the existing building typologies can be realised. They quantify the damage as 
a function of a parameter characterizing the seismic action, for example the spectral 
displacement, Sd. From a theoretical point of view, they represent the normalized mathematical 
expectation of the damage states in each spectral displacement [10]: 

n

i i
i 1

1
DI x p

n 

 
         (2) 

where DI is the mean damage index, xi is the damage state number which varies from 1 to 4, and 
pi is the probability of corresponding damage state. The probability of damage is computed from 
the fragility curves. 

3. Case study 

3.1. Stucture description 

The analyzed structure is a reinforced concrete frame structure design initially as a structure with 
2 underground levels (upper one is more than 50 % above the natural ground level) + ground 
level + 4 floors. The height of the ground floor is 4.90m and the rest of the floors are of 3.70 m. 
The plan dimensions of the construction are 42.30m by 18.30m. 
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The first problem encountered by the designer were that after construction work has started, an 
additional level was requested by the owner, Fig 2. Another problem was found during 
execution. As shown in Fig. 3 major errors were found in almost all the columns under the first 
floor slab, therefore plastic hinges have already appeared. In that moment the execution has 
reached the 2nd floor.  

    
Fig.2 - Initial and final layout of the analyzed building 

    
Fig.3 - Ground floor columns 

When the reevaluation started, the designer encountered another challenge. If initially the 
structure was considered in the 3rd class of importance according to national Code P 100 / 2006, 
in the same period, proposal for new code appeared. In the new edition of the code it is settled 
that any building which may cover at least 100 persons should considered in the 2nd class of 
importance, so a 20% increase of the seismic force had to be considered for the damaged 
structure. Also, the peak ground acceleration for the region has increased from 0.16g to 0.20g, so 
another 25% should be added for the seismic force. 

In this situation the structural system had to be reconsidered, and the designers proposed a mixed 
structure solution made of reinforced concrete walls and frames. Two major challenges were 
encountered at this stage: how to position the concrete walls without affecting the layout of the 
ground floor lobby, and, -more important- the holes for all types of installations and how to 
connect the new walls in the ground and first floor with the already casted concrete columns 
(which have only 35 cm width). The considered solution for the connection was represented by 
the use of chemical anchors. 

3.2. Results of the static linear and nonlinear analysis 

For the pushover analyzis we have chosen one transversal and one longitudinal frame, with the 
same layout and load. The capacity curves obtained through SAP2000 computer software for the 
initial and damage situation were compared, Fig 4. On the capacity curve the plastic hinges are 
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indicated in the order they appear. The blue dot is for the life safety level, the green one for the 
collapse prevention level and the red one for the totally damaged level. In the moment when the 
plastic hinges start to appear, the structure has the capacity to redistribute the efforts towards 
other elements, until the moment when the structure becomes a mechanism and the bearing 
capacity is exceeded. For the damaged structure, the plastic hinges start to appear for lower 
displacements and lower shear force values. The structure goes to plastic behavior at a shear 
force with 30 % less in the damaged cased compared with the initial design structure. The 
maximum displacement at the top of the considered models is of 21 cm for the damage case, in 
comparison with 23 cm for the initial structure.  

  

Fig. 4 - Capacity curves for models 1 and 2 

3.3. Vulnerability assessment 

Based on the capacity curves obtained through the nonlinear analysis performed in SAP2000 and 
on the methodology presented in chapter 2, the damage matrix for each damage state was 
computed for four considered cases. The pushover results were considered on x and y axis 
respectively, in two situation – initial and damaged situation.  

In table 2 the damage probability for each considered state is presented, in case of the four 
situations. The last column, Dsm, represents an average damage index. These probabilities are 
computed for the spectral displacement corresponding to the performance point. The 
performance point was established by comparing the capacity spectrum with the demand 
spectrum obtained for Vrancea earthquake from 1977. 

Table 2 

Damage state probabilities 

Structure name 
Damage state probabilities 

None Slight Moderate Severe Collapse Dsm 

initial structure_ox 0,1366 0,4334 0,4254 0,0045 0,0000 0,2596 

damaged structure_ox 0,0271 0,3360 0,5891 0,0478 0,0000 0,3315 

initial structure_oy 0,6109 0,2735 0,1117 0,0038 0,0000 0,1017 

damaged structure_oy 0,5640 0,3087 0,1163 0,0109 0,0000 0,1148 

In it noticed an increase of the damage index on both direction for the damaged structure – the 
structure with hinges at the ground floor level. 

Detailed representation on x and on y respectively are presented in Figures 5 and 6. In ox 
direction is noticed the major differences appear in the moderate and severe damage state. 
Meanwhile in oy direction the differences appear in the slight and severe damage state.  
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Fig.5 - Damage stages considering push_ox  

 

Fig.6 - Damage stages considering push_oy 

Fig. 7 presents a detailed representation for the fragility curves for the pushover of the initial 
structure, when pushover on ox direction is computed. These curves are very important for the 
vulnerability and risk assessment process, but unfortunately are very difficult to analyze. They 
give the probability of damage for each damage state at each spectral displacement value. In 
order to ease the understanding process and to facilitate the solution process, vulnerability curves 
can be plotted. 

 

Fig .7 - Fragility curves representation 
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Fig. 8 and 9 are vulnerability curves on ox and on oy respectively. The results are similar as for 
the damaged index computed for the performance point, meaning the hinges in the bottom 
column lead to a significant increase of the vulnerability of the structure. In order to reduce the 
effect introduced in the initial design, by the errors that appeared in the execution process, the re-
evaluation of the structure is required, along with improving solutions. 

  

Fig. 8 - Vulnerability curves for ox direction  

 

Fig. 9 - Vulnerability curves for oy direction  

4. Conclusions 

The paper shows a fast and easy to handle method to evaluate the vulnerability of structure, 
which can be applied to existing old structures, or to new structures which occurred problems 
during execution. Following this method one can calculate the probability of damage stages in 
several situations of the structure. In our example, we show a comparison of the damage index 
for the 2 stages of the structure. The authors will continue this study by taking into account the 
strengthening solution with concrete walls, and applying the method also to this 3rd situation. As 
the position of the strengthening elements will never be according to the demands of the 
structural rules, it results the necessity of more complex analysis of some areas. They can be 
carried out using a very detailed model of the structure and taking into consideration the 
propagation of the concrete cracks. 
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