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1 Metis Case Study Site, and Ground Motion Rec-
ord Selection 

The numerical models developed within the Metis project to represent the Zaporizhzhia Nuclear Power 
Plant (NPP) were assumed to be located in Tuscany, Italy. Ground motions from Work Package 5 (WP5) 
were utilized to reflect the site-specific conditions accurately. These ground motions from WP5 are 
organized into ten distinct intensity measure levels (IMLs), each corresponding to a different return 
period. For the site response analysis, five of these IMLs (5, 6, 7, 8, and 9) were selected Table 1.1. In 
conducting the site response analysis, uncertainties were systematically accounted for. Consequently, 
the final results of WP5 are classified into two main categories: Best Estimate (BE) and Best Estimate 
with Uncertainties (BEU), representing ground motion at the surface level with and without considera-
tion of uncertainties on site properties, respectively Fig 1.1.  

Table 1.1 IML values for different return periods 

IMLs 5 6 7 8 9 

Return Period (yrs) 2500 5000 10000 20000 50000 

IM*=PGA (g) 0.132 0.191 0.27 0.377 0.565 

 

(a) 

  

(b) 

Figure 1.1 Shear Wave Velocity (Vs) Profile for two IML 5 and 9: (a) Best Estimate (b) 
Best Estimate with Uncertainties 
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The ground motions used in the fragility assessment for both scalar and vector intensity measures 
correspond to intensity measure levels (IMLs) 5, 6, 7, 8, and 9 for the BEU case. This selection results 
a total of 500 ground motions and ensures that uncertainties are thoroughly addressed. 

2 Description of the Developed Simplified Model 
and Structural Uncertainties 

To address the high computational demands associated with determining the optimal combination of 
intensity measures and propagating uncertainties, a simplified model of the Diesel Generator Building 
(DGB) was developed. 

2.1 Diesel Generator Building (DGB Model) 
The Diesel Generator building at the Zaporizhzhia NPP, consists of three identical block-cells, each hous-
ing a diesel generator. 1DGB-1 is in a separate block-cell, while 1DGB-2 and 1DGB-3 share a three 
block-cell structure (Figs 2.1 and 2.2). 

The DGB foundation is a 700 mm thick monolithic reinforced concrete slab made of M200 concrete, with 
a base elevation of -7.900 m. The external and internal load-bearing walls are constructed from three-
layer prefabricated monolithic reinforced concrete blocks. The prefabricated concrete is 80 mm thick, 
with overall wall thicknesses of 900 mm (external) and 600 mm (internal). The reinforcement is A I and 
A III grade, and the concrete is M200 and M300. The floors are prefabricated monolithic slabs made of 
M200 and M300 concrete, 600 mm thick, with permanent formwork and bottom reinforcement. The 
channel covers are made of VSt3kp2 steel. The roof slab is also prefabricated monolithic, with a total 
thickness of 900 mm, reinforced with spatial reinforcement cages. The building is equipped with over-
head cranes and hoists. The roofing consists of a three-layer roll material made of RM-350 roofing felt 
on bitumen mastic, over foam concrete insulation (80 mm) and a cement-sand screed (15 mm). 

 

Figure 2.1 Diesel Generator Building (1DGB-2,3) plan, elevation -3,000; -7,000 
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                                   (a)                                                              (b) 

Figure 2.5 (a) Comparison between the simplified and complex models' capacity curves 
(b) Deformation of the complex DGB model at the final step of the pushover analysis 

 
This comparison, illustrated in Fig 2.5, demonstrates the alignment of the simplified model's response 
with that of the complex model, confirming its accuracy in capturing essential structural characteristics. 

3 Fragility Based on Single-Parameter Intensity 
Measures 

This section outlines the workflow used to determine the optimal intensity measure, beginning with the 
uncertainties incorporated into the studied simplified model. It covers the selection of intensity 
measures, the various fragility methodologies employed, and the range of engineering demand param-
eters (EDPs) and structural behavior stages considered. The goal is to identify an intensity measure that 
minimizes uncertainty, providing a baseline for comparison with the vector fragility approach presented 
in the following section. 

3.1 Uncertainty Modelling and Sampling Approach 
To address the propagation and quantification of uncertainties in the structural response, uncertainties 
related to structural properties were incorporated, assuming a log-normal distribution. A total of three 
variables were sampled using a Latin Hypercube Sampling Design [8]. Notably, uncertainties associated 
with the structure's fundamental period are inherently included when accounting for uncertainties in 
structural capacity, due to the characteristics of the Hysteretic material used in the model. 

Table 3.1 Incorporated Uncertainties within the Simplified Model [9,10] 

Variables Definition  Standard Deviation 
Mpy Moment Capacity in Y directions  0.15 

 Damping  0.3 
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3.2 Selected Intensity Measures for Scalar and Vector 
Fragility study  

Intensity measures are parameters used to represent the ground motions inputs, these intensity 
measures could be categorized into several categories such as structure and non-structure specific.  

In the context of steel moment frames, a study assessing seismic fragility identified effective intensity 
measures (IMs) for frames ranging from 2 to 20 stories in height. By evaluating 20 IMs with maximum 
interstory and roof drifts as demand parameters, the study concluded that Housner intensity (HI), peak 
ground velocity (PGV), and spectral pseudo-acceleration at the fundamental period (PSa(T1)) were par-
ticularly effective. Specifically, HI was optimal for interstory drift in frames between 2 and 12 stories, 
PGV was preferable for 12-20 story frames, and PSa(T1) was most suitable for roof drift across all 
frames. Conversely, peak ground acceleration (PGA) was found unsuitable for these steel structures 
[11]. 

Research on seismic demand models for circular tunnels in soft soil employed time history analyses to 
evaluate 18 IMs, indicating that peak ground acceleration (PGA) was optimal for shallow tunnels, while 
peak ground velocity (PGV) was better suited for deeper tunnels [12]. 

A study on base-isolated nuclear power plant (NPP) structures revealed that the effectiveness of IMs 
varies according to the engineering demand parameters (EDPs) considered. For maximum floor dis-
placement (MFD) and maximum isolator displacement (MID), velocity spectrum intensity, Housner in-
tensity, peak ground velocity, and spectral velocity were identified as the most effective IMs. Meanwhile, 
peak ground acceleration and acceleration spectrum intensity proved optimal for maximum floor accel-
eration (MFA). Cumulative absolute velocity, however, was deemed unsuitable for predicting exceed-
ance of the operating basis earthquake level [13]. 

Another analysis focusing on the APR1400 nuclear plant's reactor containment building (RCB) evaluated 
seismic performance using 90 ground motions and 20 IMs. Spectral acceleration, spectral velocity, and 
effective peak acceleration emerged as the most efficient IMs, whereas peak ground displacement and 
velocity spectrum intensity exhibited weaker correlations with performance outcomes [14]. 

Another investigation into the seismic response of a Canada Deuterium Uranium (CANDU) containment 
structure found that spectral acceleration (Sa) and spectral displacement (Sd) at the fundamental period 
(T1) were the most effective IMs for assessing seismic damage [15,16]. 

In summary, based on these studies and the findings from deliverable 6.3, the commonly used intensity 
measure, peak ground acceleration (PGA), is suitable for structures with a high dominant frequency, 
providing a good correlation with their response. However, in other cases, PGA was found to be less 
effective. For structures with intermediate fundamental frequencies, peak ground velocity (PGV) is a 
more suitable measure. Conversely, peak ground displacement (PGD) is better aligned with structures 
dominated by low-frequency structural fundamental mode.  

However, the conclusions about the optimal intensity measures (IMs) from these studies were primarily 
based on observing the dispersion, or the coefficient of variation (COV), of the fragility curves generated 
from the case studies. To gain a more comprehensive understanding, it may be beneficial to include 
additional statistical parameters to evaluate the goodness of fit. For this sake, a total of 19 intensity 
measures presented in Table 3.2 were selected, for the investigation of the optimal scalar IM while the 
optimal vector IM was assessed based on the performance of different IM combinations. This analysis 
was conducted using the simplified model of the Diesel Generator Building as a case study. 
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(b) 

Figure 3.4 Variation of AIC parameter with Respect to Spectral Acceleration at Different 
Periods: (a) Using Drift as EDP, (b) Using Acceleration as EDP 

 
 

 
(a) 

 
(b) 

Figure 3.5 Variation of AUC parameter with Respect to Spectral Acceleration at Different 
Periods: (a) Using Drift as EDP, (b) Using Acceleration as EDP 

 
From the dispersion plot, it can be observed that the dispersion values obtained when using acceleration 
as the EDP are generally higher across all cases of spectral acceleration periods compared to using drift. 
Notably, the dispersion is lower when the spectral acceleration period is close to the translational fun-
damental period of the structure (Y Dir). Specifically, at the fundamental period Sa(T1) both drift and 
acceleration display their lowest dispersion with values of 0.17, 0.3 respectively.  
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The previous plot serves as a basis input for the likelihood function used to determine the optimized 
fragility parameters, specifically the median and dispersion. Following this, the variation in dispersion 
across different spectral acceleration periods for both EDPs is illustrated in the Fig 3.8. 

 
(a) 

 
(b) 

Figure 3.8 Variation of Dispersion with Respect to Spectral Acceleration at Different Peri-
ods: (a) Using Drift as EDP, (b) Using Acceleration as EDP (Cloud-MLH) 

 
Similar to the case of Cloud-regression, the figure 3.8 indicate that the lower dispersion is observed 
when an IM of a spectral acceleration around the fundamental with optimal to be the spectral acceler-
ation at the fundamental period Sa(T1) with dispersion values of 0.27 and 0.36 for drift and acceleration 
as Engineering Demand Parameters, respectively. However, it is important to note that the dispersion 
observed from the MLH estimation is generally higher compared to the regression case. 
 

Table 3.4 Summary of Intensity Measure Performance for Drift and Acceleration as EDPs 
(Cloud-MLH) 

 Case 1: Drift as an EDP Case 2: Acceleration as an EDP 
IM Dispersion  Dispersion  

PGA  0.58 0.73 
Sa(T1) 0.27 0.36 

SaAvg (0.1-0.2s) 0.42 0.55 
SaAvg (0.1-0.4s) 0.72 0.94 

SaAvg (0.05-0.15s) 0.31 0.43 
PGV  3.28 4.56 
CAV / / 
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(b) 

Figure 3.11 Variation of Dispersion with Respect to Spectral Acceleration at Different Pe-
riods: (a) Using Drift as EDP, (b) Using Acceleration as EDP (IDA-LR) 

 
 

 
(a) 

 
(b) 

Figure 3.12 Variation of AIC parameter with Respect to Spectral Acceleration at Different 
Periods: (a) Using Drift as EDP, (b) Using Acceleration as EDP (IDA-LR) 
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emerges as the optimal intensity measure, demonstrating the strongest correlation. Additionally, a lower 
discrepancy is observed between the dispersions for EDPs (drift and acceleration) in the IDA approach 
compared to the Cloud approach. 
 

 
 

(a) 

 
(b) 

Figure 3.15 Variation of Dispersion with Respect to Spectral Acceleration at Different Pe-
riods: (a) Using Drift as EDP, (b) Using Acceleration as EDP (IDA-MLH) 

 

Table 3.6 Summary of Intensity Measure Performance for Drift and Acceleration as EDPs 
(IDA-MLH) 

 Case 1: Drift as an EDP Case 2: Acceleration as an EDP 
IM Beta  Beta  

PGA  0.26 0.30 
Sa(T1) 0.14 0.11 

SaAvg (0.1-0.2s) 0.34 0.34 
SaAvg (0.1-0.4s) 0.37 0.42 

SaAvg (0.05-0.15s) 0.25 0.24 
PGV  0.65 0.67 
CAV 0.80 0.80 

SCAV 0.89 0.88 
SI 0.75 0.78 
HI / / 
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AI 1.02 1.03 
HD / / 
TD  / / 
RE 0.82 0.70 

CAD 1.49 1.53 
SV 1.49 / 
Np / / 
EPA 0.41 0.45 
PGD 2.11 2.14 

 
The results in Table 3.6 continue to support previous findings, showing that Sa(T1) is the best choice 
when it comes to minimizing variability across both EDPs (drift and acceleration). With the lowest Beta 
values in both cases, Sa(T1) proves effective in reducing uncertainty, making it a consistently reliable 
intensity measure. This table also shows a slight advantage for using acceleration as the EDP, particu-
larly in terms of minimizing variability. Additionally, although the IDA approach is more computationally 
intensive than the Cloud approach, the dispersion results for different intensity measures are notably 
lower in IDA analysis. 
 
The fragility comparison in the case of the IDA approach between LR and Maximum Likelihood is shown 
in the following figure. 
 

 
                                   (a)                                                                   (b) 

Figure 3.16 Fragility Comparison Based on Cloud LR and MLH Approaches: (a) PGA as In-
tensity Measure (IM), (b) Sa(T1) as Intensity Measure (IM) (IDA MLH) 

 

3.5 Seismic Fragility Analysis for High-Damage States 
Based on Scalar IM 

Previous studies indicated that selecting spectral acceleration at the fundamental period can be an 
optimal intensity measure for reducing response uncertainties compared to other intensity measures. 
Additionally, the findings suggested that, when using a Cloud approach, drift as an engineering demand 
parameter (EDP) result in lower dispersion. However, when scaling of records is introduced, using ac-
celeration as the EDP may yield slightly lower dispersion than drift. 
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It is important to note that the 3.4 results focused solely on linear responses. Therefore, in this section, 
the performance of the intensity measure selected in Section 3.2 is further evaluated. Unlike the previ-
ous Cloud analysis, which was restricted to the linear response case, this section exclusively presents 
the IDA approach using Maximum Likelihood Estimation, as the Linear Regression method assumes a 
constant dispersion across the intensity measure (IM) levels of interest. 

 

3.5.1 Maximum Likelihood Estimation for Incremental 
Dynamic Analysis (IDA) 

After scaling the ground motions to achieve an extensive nonlinear response range, the threshold for 
estimating the fragility parameter was set within this nonlinear range. For evaluation purposes, different 
thresholds at various stages of nonlinearity were considered, with a representative case shown here.  

Figure 3.17 illustrates a comparison of fragility curves for two Engineering Demand Parameters (EDPs): 
Drift (Figure a) and Acceleration (Figure b) in the context of nonlinear response, analyzed using the 
IDA-MLH (Incremental Dynamic Analysis with Maximum Likelihood Estimation). It appears that higher 
dispersion is associated with the Acceleration as an EDP (Figure b) compared to Drift (Figure a) in the 
nonlinear response range. This suggests that using acceleration as the EDP at nonlinear response levels 
introduces greater variability in the collapse assessment. 

 

                                   (a)                                                                   (b) 

Figure 3.17 Collapse Assessment with Respect to PGA and Fragility Curve Estimation for 
Nonlinear Response: (a) Using Drift as the EDP, (b) Using Acceleration as the EDP (IDA-

MLH) 
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(a) 

 

(b) 

Figure 3.18 Variation of Dispersion with Respect to Spectral Acceleration at Different Pe-
riods of the non-linear response: (a) Using Drift as EDP, (b) Using Acceleration as EDP 

During the evaluation of dispersion variation with respect to spectral acceleration at different periods, a 
recurring non-convergence issue was observed in the nonlinear case, unlike the linear case. This issue 
is mainly due to data scarcity around the parameter of interest in the optimization process. However, 
as shown in Figure 3.18, greater variation in dispersion is expected when uncertainty analysis is con-
ducted at a single spectral acceleration, in contrast to the linear response case, where variation was 
much lower. The figure also indicates that using spectral acceleration at the fundamental period still 
results in the lowest dispersion. Additionally, selecting drift as the EDP significantly reduces dispersion 
in the fragility curve. 

The performance of the alternative intensity measures discussed in Section 3.2 is evaluated across 
different EDPs using these parameters. The table below presents a summary of the findings. 

Table 3.7 Summary of Intensity Measure Performance for Drift and Acceleration as EDPs 
for nonlinear structural behavior 

 Case 1: Drift as an EDP Case 2: Acceleration as an EDP 
IM Beta  Beta  

PGA  0.39 0.63 
Sa(T1) 0.18 0.19 

SaAvg (0.1-0.2s) 0.60 0.64 
SaAvg (0.1-0.4s) 0.72 1.02 

SaAvg (0.05-0.15s) 0.41 0.38 
PGV  2.10 2.73 
CAV 2.69 2.70 

SCAV 2.78 2.86 
SI 2.74 3.82 
HI / / 
AI 2.59 2.82 
HD / / 
TD  / / 
RE 1.62 0.83 

CAD / / 
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illustrate the probability of collapse as a function of two selected intensity measures (IMs).  
 
 

  
             (a)                                                                 (b) 

Figure 3.23 Fragility Surface using vector IMs: (a) Spectral Acceleration and Squared Ve-
locity (b) Aria Intensity and Peak Ground Acceleration 

                   
Similar to the previous section, a total of 171 combinations were evaluated based on the resulting 
dispersion from the Vector-MLH fragility analysis for both Drift and Acceleration as EDPs. The results 
are visualized in the following heatmaps. 

 

 
(a) 
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(b) 

Figure 3.24 Dispersion Heatmap for Optimizing IM Combinations Vector-MLH Cloud: (a) 
Drift as an EDP (b) Acceleration as an EDP 

The results from the V-Cloud MLH analysis indicate that using drift as the engineering demand param-
eter leads to lower uncertainties in the response. This is clearly observed in the analysis, where the 
optimal dispersion for the drift case is 0.22, compared to 0.3 for the acceleration case. Furthermore, 
consistent with findings from the scalar analysis, incorporating Sa(T1) as one of the intensity measures 
(IM1, IM2) generally results in reduced dispersion. In this study, the combination (Sa(T1), Np) was 
identified as the optimal pairing for both EDPs. 
 
When comparing these findings with the scalar analysis results, it appears that the vector-based ap-
proach achieves a lower dispersion. For the Vector-Drift-Case, an optimal dispersion of 0.22 was ob-
tained, compared to 0.27 for the scalar approach, reflecting a reduction of approximately 20%. In the 
Vector-Acceleration-Case, this difference is slightly greater, at around 23%. To illustrate this, the com-
parison between the fragility curve of the scalar case and a slice of the fragility surface for the vector 
case is presented below for PGA and Sa(T1). 
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(a)                                                                   (b) 

Figure 3.25 Fragility Curve Comparison using Cloud MLH approach: (a) Vector-Based and 
Scalar-Based for PGA, (b) Vector-Based and Scalar-Based for Sa(T1)                                 

 

3.6.3 Incremental Dynamic Analysis - Multiple Linear 
Regression (MLR) 

For the sake of comparison, an incremental analysis on a vector scale was also performed. By employing 
Multiple Linear Regression (MLR), the logarithmic relationship between the Engineering Demand Param-
eter (EDP) and the two intensity measures was established. The figure below illustrates this relationship, 
along with a plot of the structural response and the corresponding iso-probability lines derived from the 
vector-valued fragility function. 

 
                                   (a)                                                                   (b) 

Figure 3.26 (a) Logarithmic Relationship Between Structural Response and Intensity 
Measures Using MLR (b) Iso-probability lines corresponding to some examples of vector-

valued fragility function 

 
Following the selection of Intensity Measures (IMs), Multiple Linear Regression (MLR) was utilized to 
identify the combination of IMs that minimizes dispersion. The resulting analyses for drift and acceler-
ation, considered as Engineering Demand Parameters (EDPs), are depicted in the two heatmaps below:  
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(a) 

 

 
(b) 

Figure 3.27 Dispersion Heatmap for Optimizing IM Combinations Vector-MLR IDA: (a) 
Drift as an EDP (b) Acceleration as an EDP 





D6.5 Report on scalar and multi-dimensional (vector based) fragility evaluation 
 methods  

GA N°945121  45 

 
(a) 

 

 
(b) 

Figure 3.29 Dispersion Heatmap for Optimizing IM Combinations Vector-MLH IDA: (a) 
Drift as an EDP (b) Acceleration as an EDP 
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The results from all cases of structural linear response (scalar and vector) align consistently, leading to 
the conclusion that selecting the spectral acceleration at the fundamental period effectively reduces 
dispersion. Regarding the selection of EDPs, employing the Cloud approach suggests that drift yields 
lower dispersion, whereas in the case of IDA, acceleration demonstrates the lowest uncertainties in the 
response. 
 
As the final example in this section, the comparison between vector and scalar intensity measures for 
IDA using the maximum likelihood approach is illustrated below. 
 

 
                                   (a)                                                                   (b) 

Figure 3.30 Fragility Curve Comparison using IDA MLH approach: (a) Vector-Based and 
Scalar-Based for PGA, (b) Vector-Based and Scalar-Based for Sa(T1) 

3.7 Seismic Fragility Analysis for High-Damage States 
Based on Vector IM   

The results from the previous section indicated that selecting spectral acceleration at the fundamental 
period as one of the intensity measures minimizes the fragility parameter (dispersion). However, this 
conclusion is specific to the case study involving linear structural response. Therefore, this section aims 
to evaluate the validity of this conclusion under different conditions. 

As previously mentioned, the responses obtained from the Cloud approach (without ground motion 
scaling) correspond to linear structural responses. Consequently, this section focuses on results derived 
using the IDA approach, employing Maximum Likelihood (MLH) method along with two different EDPs: 
displacement and acceleration. 

 

3.7.1 Incremental Dynamic Analysis - Maximum Likeli-
hood Estimation (MLH) 

After scaling 30 ground motions to achieve the desired deformation, a limit state incorporating structural 
nonlinearity was selected. Based on the definition of Maximum Likelihood (MLH) for vector fragility 
(outlined in Section 3.6.2), the following 3D fragility plot was generated, illustrating the relationship 
with respect to different intensity measures. 
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         (a)                                                                 (b) 

Figure 3.31 Fragility Surface using vector IMs: (a) Spectral Acceleration and average 
spectra (0.1-0.4s) (b) Peak Ground Velocity and Peak Ground Acceleration 

To further assess the selected Intensity Measures (IMs) for the nonlinear behavior, Maximum Likelihood 
Estimator (MLH) was applied to examine various IM combinations, focusing on minimizing the associated 
dispersion. Heatmaps below illustrate the outcomes for drift and acceleration, which were used as En-
gineering Demand Parameters (EDPs) in the analysis. 
 

 
(a) 



D6.5 Report on scalar and multi-dimensional (vector based) fragility evaluation 
 methods  

GA N°945121  48 

 
(b) 

Figure 3.32 Dispersion Heatmap for Optimizing IM Combinations Vector-MLH Non-Linear 
Response: (a) Drift as an EDP (b) Acceleration as an EDP 

Considering the nonlinearity in the structural response, an increase in dispersion values is expected. 
This is evident in Figure 3.32, where the dispersion values are compared to those in Section 3.6.4. In 
the nonlinear analysis, the optimal dispersion for drift is 0.14, compared to 0.12 in the linear case. For 
acceleration as an engineering demand parameter, the difference in dispersion becomes more noticea-
ble. 
 
The findings from the nonlinear analysis align closely with the conclusions drawn from the linear re-
sponse analysis. Specifically, selecting Sa(T1) as one of the intensity measures continues to yield a 
significant reduction in dispersion. A comparative analysis of the nonlinear fragility curves, derived from 
both scalar and vector approaches using two different intensity measures, is illustrated in the figure 
below. 
 








