
METIS
Research and Innovation Action (RIA)

This project has received funding from the European
Union's Horizon 2020 research and innovation programme

under grant agreement No 945121

Start date : 2020-09-01 Duration : 57 Months

Fragility curves for METIS case study

Authors : Mohamed ZOUATINE (TUK)

METIS - D6.8 - Issued on 2025-05-28 22:39:17 by TUK

Ref. Ares(2025)4358235 - 30/05/2025



METIS - D6.8 - Issued on 2025-05-28 22:39:17 by TUK

METIS - Contract Number: 945121

Project officer: Katerina PTACKOVA

Document title Fragility curves for METIS case study

Author(s) Mohamed ZOUATINE

Number of pages 49

Document type Deliverable

Work Package WP6

Document number D6.8

Issued by TUK

Date of completion 2025-05-28 22:39:17

Dissemination level Public

Summary

In this report, we present a detailed fragility analysis of the chosen structures, systems, and components (SSCs) of the
Zaporizhzhia Nuclear Power Plant (NPP). A total of six finite element (FE) models were developed: Reactor Building (RB),
Diesel Generator Building (DGB), Filter Containment Venting System (FCVs), Transformer, Control Monitor Cabinet (CMC),
and Service Water Pump (SWP), as identified in Task 6.1. These models utilized advanced FE techniques, including multilayer
shell elements to capture shear wall behavior and fibre-based methods for piping response. Nonlinear behavior was modelled
using Popovics material for concrete, and the OpenSees open-source software was used to construct and validate these
models with real data from the Zaporizhzhia NPP and other relevant NPP reports. To incorporate soil-structure interaction
(SSI), the models were enhanced with spring elements, capturing key SSI parameters such as stiffness and damping. For the
fragility analysis, the cloud-regression method was chosen, enabling parameter estimation (median and dispersion) of fragility
curves based on responses from nonlinear dynamic simulations without the need for ground motion scaling. This method aligns
with previous work packages (e.g., WP5 on ground motion development) and is particularly suited for NPP structures, which
are designed to remain largely linear under seismic events, because the used fragility method enables the estimation of failure
probabilities even when no or limited failure data is available. Throughout this task, uncertainty propagation was integrated,
with key uncertainties integrated from the source, through soil characteristics, and into structural responses. Soil parameter
uncertainties were incorporated through the spring methodology, while material and damping uncertainties were included in the
numerical models. For the threshold definition, the failure in the structures (Reactor Building, Diesel Generator Building) was
defined as the exceedance of the compressive strength of the concrete. The failure of the remaining components, however, is
determined based on their respective failure mechanisms. The engineering demand parameter (EDP) was selected to be the
drift in terms of structure and displacement in terms of components, the intensity measure (IM) was selected to be peak ground
acceleration (PGA). For the specified threshold, the fragility analysis indicates the NPP-structure, namely the Reactor Building
and Diesel Generator Bu...
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Disclaimer 
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Summary 

In this report, we present a detailed fragility analysis of the chosen structures, systems, and components 

(SSCs) of the Zaporizhzhia Nuclear Power Plant (NPP). A total of six finite element (FE) models were 

developed: Reactor Building (RB), Diesel Generator Building (DGB), Filter Containment Venting System 

(FCVs), Transformer, Control Monitor Cabinet (CMC), and Service Water Pump (SWP), as identified in 

Task 6.1. These models utilized advanced FE techniques, including multilayer shell elements to capture 

shear wall behavior and fibre-based methods for piping response. Nonlinear behavior was modelled 

using Popovics material for concrete, and the OpenSees open-source software was used to construct 

and validate these models with real data from the Zaporizhzhia NPP and other relevant NPP reports. 

To incorporate soil-structure interaction (SSI), the models were enhanced with spring elements, cap-

turing key SSI parameters such as stiffness and damping. For the fragility analysis, the cloud-regression 

method was chosen, enabling parameter estimation (median and dispersion) of fragility curves based 

on responses from nonlinear dynamic simulations without the need for ground motion scaling. This 

method aligns with previous work packages (e.g., WP5 on ground motion development) and is particu-

larly suited for NPP structures, which are designed to remain largely linear under seismic events, be-

cause the used fragility method enables the estimation of failure probabilities even when no or limited 

failure data is available. 

Throughout this task, uncertainty propagation was integrated, with key uncertainties integrated from 

the source, through soil characteristics, and into structural responses. Soil parameter uncertainties were 

incorporated through the spring methodology, while material and damping uncertainties were included 

in the numerical models. 

For the threshold definition, the failure in the structures (Reactor Building, Diesel Generator Building) 

was defined as the exceedance of the compressive strength of the concrete. The failure of the remaining 

components, however, is determined based on their respective failure mechanisms. The engineering 

demand parameter (EDP) was selected to be the drift in terms of structure and displacement in terms 

of components, the intensity measure (IM) was selected to be peak ground acceleration (PGA).  

For the specified threshold, the fragility analysis indicates the NPP-structure, namely the Reactor Build-

ing and Diesel Generator Building, exhibit high median capacity values with moderate dispersion. In 

contrast, components and systems display low to moderate median capacities. The highest dispersion 

is observed in the Filter Containment Venting System (FCVs) model, primarily due to its multi-support 

configuration across various elevations of the Reactor Building, which introduces significant variability 

to the system’s response. 

 

Keywords 

Fragility analysis, structure, system, components, uncertainty propagation, finite element modelling, soil 

structure interaction, Engineering Demand Parameter, intensity measure. 
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Introduction 
The objective of Deliverable D6.8, titled “Fragility computations for METIS Case Study,” is to evaluate 

the performance of selected nuclear power plant (NPP) structural system components (SSCs) subjected 

to seismic ground motions provided by WP5. This performance assessment is presented through fragility 

curves, which represent the probability of SSCs failure under specified ground motion intensities. 

 

Data for modelling the SSCs were sourced from a real case study at the Zaporizhzhia NPP. Where 

additional information on certain SSCs was required, supplementary data from reports, such as those 

by EPRI and other relevant reports, were utilized to ensure detailed and accurate modelling. The devel-

oped models were validated based on the dynamic characteristics and nonlinear performance of the 

SSCs provided in these reports. Soil-structure interaction (SSI) effects were also incorporated by mod-

elling springs and dashpots with input values reflecting the local soil conditions for the structures. To 

account for uncertainties in the structural and component responses, findings from Deliverable 6.4 were 

applied. These findings demonstrated that the Latin Hypercube method provides reliable results com-

pared to other rigorous approaches, making it the chosen method for fragility analysis. 

 

The current state of the art offers a variety of methodologies for performing fragility analysis. Some of 

these are numerical simulation-based, including Cloud Analysis, Incremental Dynamic Analysis (IDA), 

Multiple Stripe Analysis (MSA), Bayesian Updating, and factor combination-based methodologies, such 

as the Method of Separation of Variables (SOV) (EPRI Approach). In the context of seismic fragility 

assessment of nuclear power plant (NPP) structures, the SOV method is the prevailing approach. This 

method estimates fragility parameters by accounting for various capacity-related factors, such as 

strength and inelastic energy absorption, as well as demand and response parameters, including spectral 

shape, soil-structure interaction, and modal combinations. A key advantage of the SOV method is its 

efficiency in developing fragility curves without the computational expense associated with numerical 

simulation-based approaches. However, it is important to acknowledge that the SOV method assumes 

linear relationships between these parameters. In contrast, numerical simulation methods address this 

limitation by capturing nonlinear effects and enabling the propagation of uncertainties throughout the 

model. For this task, the cloud-regression methodology was chosen as it was found to be the most 

suitable for NPP facilities applications. This method is particularly advantageous as it allows for the 

estimation of failure probability even when no failure is observed from nonlinear dynamic analysis 

(NLDA). 

 

The report is organized into four sections. Section 1 outlines the methodology used to develop numerical 

models for the selected SSCs, as specified in Task 6.1, including structural data (architectural drawings, 

material properties) and the finite element approaches applied. It also presents the validation of these 

models using real data from the Zaporizhzhia NPP. Section 2 details the ground motions used to develop 

the fragility curve. Section 3 describes the fragility analysis method, the SSI approach employed, and 

the specific uncertainties considered in structural modelling. It also presents the fragility results, includ-

ing the median capacity and dispersion of the analysed components. The final section, Section 4, dis-

cusses and evaluates the outcomes of the work, leading to a conclusion based on the findings.  
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1 Overview of SSCs and Finite Element Models 

1.1 General Description 

Nuclear power plants (NPPs) are considered highly sensitive structures due to the significant risks as-

sociated with the failure of their components. In addition to their critical importance, NPPs are among 

the most complex structures to assess risks related to seismic activity. This complexity arises from the 

need to ensure the integrity of various structures, systems, and components that must function correctly 

throughout the plant’s design life. 

The structure of an (NPP) includes numerous components, all of which must operate reliably over the 

plant’s lifetime. These components include, but are not limited to Auxiliary Building, Turbine Building, 

Pump House, 400kV/27kV transformers, 10kV switchgear, 200V DC cabinets, solenoid valves, shutdown 

panels, storage tanks, heat exchangers, filter containment systems, and motor-operated valves. These 

components are typically housed in critical areas of the NPP, such as the Diesel Generator Building or 

the Reactor Building, to ensure their proper functioning and safety during operation [1]. 

One of the key steps in conducting a risk assessment is calculating the probability of structural failure 

due to an induced hazard, such as an earthquake. This process is known as fragility analysis [2]. Given 

the complexity and critical importance of the structures within a nuclear power plant (NPP), selecting 

the most critical components for seismic risk assessment can be particularly challenging. However, 

despite these challenges, it is possible to select Structures, Systems, and Components (SSCs) based on 

specific criteria that prioritize those most critical to the plant’s safety and operational integrity. These 

criteria might include the components’ roles in ensuring the plant’s safe shutdown, their impact on 

preventing radioactive releases, or their importance in maintaining the overall functionality of the NPP 

during and after a seismic event.  

Following these criteria, the relevant Structures, Systems, and Components (SSCs) were selected for 

their critical roles in the functioning of the nuclear power plant. These SSCs include the Reactor Building 

(RB), Diesel Generator Building (DGB), Filter Containment System (FCVs), Transformer, Control Monitor 

Cabinet (CMC), and Service Water Pump (SWP). Each of these components plays a vital role in the safe 

and efficient operation of the NPP (more details on main contributors to risk for METIS cases study can 

be found in deliverable METIS D6.1 [3]):  

1- Reactor Building (RB): As the containment structure for the nuclear reactor, the Reactor 

Building is essential for housing the reactor core and protecting against the release of radioac-

tive materials. It also provides physical protection to the reactor from external hazards.  

2- Diesel Generator Building (DGB): The Diesel Generator Building houses the backup power 

supply systems. In the event of a power outage, the diesel generators ensure that critical sys-

tems, including cooling systems and safety mechanisms, continue to function, preventing a 

potential meltdown. 

3- Filter Containment Venting System (FCVs): is used to prevent overpressure in the reac-

tor’s security containment. It primarily consists of a dirty gas pipe, a Venturi scrubber, and a 

clean gas pipe. The dirty gas pipe carries gases from the reactor containment, passing over 

buildings like CD and the Machine House 2F/3F, leading to the venting building ZX. Along this 

path, the pipes are supported by various structural supports attached to different buildings. 

4- Transformer 6kV-380V: The transformer is responsible for converting the electrical output 

from the reactor to a suitable voltage level for distribution. It plays a key role in the power 
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generation process and in maintaining the electrical stability of the plant. The 6kV-380V trans-

formers are oil-filled units with 800 kVA electrical power ratings. They are anchored by clamps. 

The weight of each transformer is 2420 kg. 

5- Control Monitor Cabinet (CMC): The Control Monitor Cabinet houses the essential control 

and monitoring systems that manage the reactor’s operation. It allows operators to monitor 

reactor conditions in real time and to take necessary actions to ensure safe operation. The 

cabinet is anchored to the floor via expansion anchors that secure angles to the floor and are 

bolted to the cabinet base. 

6- Service Water Pump (SWP): The Service Water Pump is essential for providing cooling water 

to various systems within the NPP, including the reactor and auxiliary systems. It ensures that 

these systems do not overheat, which is vital for maintaining the plant’s safety and operational 

efficiency. 

As far as Zaporizhzhia NPP is concerned, the characteristics of the selected SSCs (including geometry, 

materials, etc.) were based on the specifics of the Zaporizhzhia NPP. However, due to the sensitivity of 

the documents, which are confidential, it was challenging to obtain all the necessary information for 

modelling purposes. To address this challenge, supplementary information was sourced from other doc-

uments, such as those from the Electric Power Research Institute (EPRI) and documentation from other 

nuclear power plants, to fill the gaps in data. 

Some of the selected SSCs are located in both the Diesel Generator Building and the Reactor Building 

such the transformer. Table 1.1 provides detailed information about the location and position of these 

selected SSCs at Zaporizhzhia NPP:  

 

Table 1.1 Location of the Selected SSCs at Zaporizhzhia Nuclear Power Plant (NPP) 

Reactor Building  Diesel Generator Building 

SSCs Elevation SSCs Elevation 

FC Venting System Supported at differ-

ent elevation 

Transformer 6kV-380V     0 

Transformer 6kV-380V 20.4 Service Water Pump      -7 

Control Monitor Cabinet 13.2 

 

Following the introduction to the selection of SSCs, the next section will offer a detailed description of 

the properties of the selected SSCs, the modelling approach used to develop the mathematical model, 

capturing the nonlinear behavior and the validation of the developed models. 
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1.2 Structural Characteristics and Finite Element Model-

ling of NPP Structures 

1.2.1 Reactor Building 

The reactor building at the Zaporizhzhia NPP is composed of three primary sections: the outer building, 

the containment structure supported by a common foundation (Figure 1.1). Most key components, such 

as the reactor internals, are housed within the containment structure. This containment ensures the 

reactor is isolated from the environment and, in the event of potential accidents, confines radioactive 

substances within it. 

 

Figure 1.1 Reactor Building 

The containment is positioned on a foundation at a height of 13.2 meters to supply and unload the 

active and spent nuclear fuel from the transport corridor to level 0 through the containment bottom 

containment hatch. The cylindrical section of the containment is prestressed with each tendon consisting 

of 456 high strength wires 5 mm in diameter. The cylindrical part has 96 tendons, and the dome part 

has 36 tendons. The cylindrical section has a diameter of 45 meters (Figure 1.2) and a total height of 

53.35 meters, covered with a spherical dome. The thickness of the containment cylindrical part is 1.2 

m, and the containment dome part is 1.1 m.  

The outer structure encloses the containment on a common foundation set at an elevation of 13.20 

meters. This structure is a multi-story rectangular design, incorporating stairwells and elevator shafts 

at its corners. The foundation is a rectangular reinforced concrete structure with plan dimensions of 66 

x 66 meters (Figure 1.2) and a height of 20 meters, extending from the base level at -7.2 meters to the 

top at 13.2 meters. It is important to note that the foundation serves as the only connection between 

the outer building and the containment parts. 
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Figure 1.2 Reactor Building Plan View at Elevation 0 m (left) and 3.6 m (right) 

For the seismic fragility task, the open-source software OpenSees [4], integrated with the STKO [5] 

interface, was used. Given that shear walls are the primary structural component responsible for resist-

ing horizontal loads, specifically seismic forces in this context, the multilayer shell element was employed 

to accurately model the nonlinear response of the structure. This method has demonstrated its effec-

tiveness in capturing the nonlinear behavior of shear walls, as previously validated in the literature, for 

example references [6–8]. This approach models the different materials within the wall cross-section, 

such as concrete and steel, as distinct layers, as illustrated in Figure 1.3. The thickness of the steel 

layers is calculated based on the steel reinforcement ratio within the concrete. 

 

Figure 1.3 RC Shear Wall Modeling Using Multilayer Shell Element [7] 

To accurately capture the hysteresis behavior of both concrete and steel, the materials from the Open-

Sees library were used. Specifically, the DamageTC3D material model, which represents the 3D behavior 

of concrete, and the Steel02 model for steel were employed. The corresponding stress-strain relation-

ships are illustrated in the following figures:  
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(a)                                                                               (b) 

Figure 1.4 Schematic Uniaxial Stress–Strain Curve of the Adopted Material Models: (a) 

Concrete Model; (b) Steel Reinforcement Model [7] 

As previously mentioned in this section, the reactor building includes prestressing tendons within the 

containment structure. To accurately represent this effect, specific materials and elements were utilized: 

the Initial Stress Material was applied to introduce stress in the elements, and the fiber section was 

employed to model the tendons [9].  

 

 

 

 

 

 

 

         (a)                                                                      (b) 

 

 

Figure 1.5 (a) Effect of Initial Stress (b) Tendons Fiber Section 
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The following figure compares the modelling of tendons between the numerical model and Zaporizhzhia 

NPP reactor building:  

 

                  

                

                            (a)                                                      (b) 

Figure 1.6 (a) Tendons in the FE Model (b) Tendons in the Reactor Building 

 

The Mechanical properties of the concrete used in this study are given in Table 1.2. 

Table 1.2 Materials Properties of the Reactor Building 

Material 
Density 

(kg/m3) 

Young’s Modulus 

(MPa) 
Poisson’s Ratio Stress (MPa) 

Concrete 01 2800 17000 0.2 fc=25 

Concrete 02 2800 50000 0.2 fc=25 

Reinforcement 7850 200000 0.3 fy=500 

Steel cable / 190000 / fyp=1335 

InitStressMat / / / p0=624 (Initial 

Stress)  

By integrating all the gathered information and numerical modelling approaches, a numerical model 

with 145.000 DOF was developed: 
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                            (a)                                                       (b) 

Figure 1.7 (a) Finite Element (FE) Model of the Reactor Building with Detailed Internal 

Structures (b) Top View of the Reactor Building's FE model 

 

1.2.2 Diesel Generator Building 

The Diesel Generator building of Unit No.1 at the Zaporizhzhia NPP consists of three identical reinforced 

concrete structures, each housing a diesel generator. 1DGB-1 is in a separate block-cell, while 1DGB-2 

and 1DGB-3 share a three block-cell structure (Figures 1.8 and 1.9). 

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 using pre-

fabricated permanent reinforced concrete formwork. The formwork is 80 mm thick, with overall wall 

thicknesses of 900 mm (external) and 600 mm (internal). The reinforcements are A I and A III grades, 

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 overhead cranes and 

hoists.  

 

Figure 1.8 Diesel Generator Building (1DGB-2,3) Plan Elevation -3,000 -7,000 



D6.8 Fragility curves for METIS case study   

GA N°945121  18 

          

                   (a)                                                                             (b) 

Figure 1.9 Diesel Generator Building (1DGB): (a) Section Cut 1-1 (b) Section Cut 2-2 

To develop a comprehensive numerical model the same modelling options as described for the reactor 

building (previous section) is used here (Material Nonlinearity, elements type). For the sake of reduced 

computational effort and since the three DG Buildings are almost identical, only the DGB with reference 

1 was developed. 

The mechanical characteristics of the materials used for DGB development are presented in Table 1.3. 

Figure 1.10 shows the 3D finite element model of the reactor building and its inside.  

Table 1.3 Materials properties of the DG Building 

Material Density 
(kg/m3) 

Young’s Modulus 
(MPa)  

Poisson’s 
Ratio 

Stress (MPa) 

Concrete 01 2500 25000 0.2 fc=19 

Reinforcement 7850 210000 / fy=235 

 

 

 

 

 

 

 

 

 

 

 

                            (a)                                                                                 (b) 

 
Figure 1.10 (a) Finite Element (FE) model of the Diesel Generator Building (b) Cross-

sectional view of the Diesel Generator Building’s FE model 
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1.2.3 Filter Containment Venting System  

One of the critical piping systems in a nuclear power plant is the Filter Venting Containment System 

[10]. It plays a vital role in preventing overpressure within the reactor's containment structure. However, 

developing a comprehensive seismic fragility model for this system was challenging due to the limited 

availability of essential data, such as geometry, cross-section, and support types. To overcome these 

difficulties, data from an external source from German NPP was utilized. The reference model primarily 

comprises the dirty gas pipe, venturi scrubber, and clean gas pipe, all constructed from X6CrNiTi18-10 

(Nr. 1.4541, Austenitic) material [11]. The structure predominantly uses DN 300.0 profile pipes, with 

certain sections having different cross-sections. The system also includes insulation for pipe protection, 

which was accounted for as additional mass distributed in isolated areas. The developed numerical 

model is shown in Figure 1.11. 

 

Figure 1.11 FCV System Numerical Model 

Since the FCV System passes through different floor levels in the reactor building, different parts of the 

model are supported by different support condition .Table 1.4 and Figure 1.12 summarize the infor-

mation on the 31 different supports: supports stiffness, its type and the location of their location within 

the developed model. 

Table 1.4 Supports Types Used in the FCVs System 

Support type Nr. Stiffness (N/mm) 

Fixed point (FP) 3 Fixed 

Sliding bearing (GL) 16 2e5 

Sliding bearing – GL-X STOP 2 2e5 

Sliding bearing with dirs (GLF) 2 2e5 

Wall duct (FUE - Ya) 2 2e5 

Wall duct (FUE – all sides) 2 2e5 

Spring hanger (FH) 4 33.6 and 66.6 
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Figure 1.12 Support Locations Within the System 

 

As far as the nonlinear behavior of the system is concerned, the fiber method [9] was utilized on a 

different section of piping, this is illustrated in Figure 1.13 along with pipe sections in Table 1.5.  

        

 

                                                                 

                                                                               Table 1.5 Cross-Section Dimensions 

Profile Outside diameter 

D (mm) 

thickness          

t (mm) 

DN 300.0 323.9 5.0 

DN 300.1 323.9 7.1 

DN 300.2 323.9 4.5 

 

  

 

 

1.2.4 Transformer 6kV-380V 

One of the key power generation components in the nuclear power plant is the transformer. We consider 

transformers situated in the reactor building and the diesel generator building. Similar to the FCVs 

model, the necessary data for developing the numerical model was obtained from external resources 

[12]. The transformers are clamped and anchored, weighing 2420 kg with a center of gravity at a height 

of 850 mm. The distance between the clamp’s measures 710 mm, and the supporting clamped connec-

tion has dimensions of C100x50x8. An example of the component is shown in Figure 1.14 

Figure 1.13 Fiber Section of the Piping 

System 
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Figure 1.14 Transformer Component located at Zaporizhzhia Nuclear Power Plant (NPP) 

The numerical model was developing focusing on capturing the potential failure of the component, as 

discussed later. To this end, nonlinearity was only modelled in the C100x50x8 elements, which are 

responsible for carrying both vertical and horizontal loads. The system was simplified to ensure that the 

forces act in a manner consistent with the expected real behavior, while maintaining the accuracy of 

the model in representing the critical load-bearing elements. The simplified numerical model is shown 

in the following figure:  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15 Simplified FE model of the Transformer Component 



D6.8 Fragility curves for METIS case study   

GA N°945121  22 

1.2.5 Control Monitor Cabinet 

The Control Monitor Cabinet, located in reactor buildings, plays a major role in ensuring and monitoring 

the safe operation of the reactor. Cabinets are anchored to the floor via expansion anchors and bolted 

to the cabinet base at the four edges. The cabinet weighs 227 kg, with a center of gravity (CG) posi-

tioned at a height of 1125mm. The distance between the clamps used for securing the cabinet is 310mm 

[12]. The illustration of this component is shown in the following figure:   

 

Figure 1.16 Control Monitor Cabinet located at Zaporizhzhia Nuclear Power Plant (NPP) 

In the process of numerical modelling, the focus was on capturing the failure mode of the CMC model. 

To achieve this, a nonlinear analysis was performed on the anchoring steel angle (40x40x3 mm) to 

determine its capacity. The characteristics extracted from this analysis were then applied to the prop-

erties of the hinges, which were modelled at locations where higher internal forces were anticipated. 

 

                         

                                (a)                                                   (b) 

Figure 1.17 (a) Anchoring Steel Angle (CMC support) (b) Simplified Model for CMC Com-

ponent 
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1.2.6 Service Water Pump 

The service water pump is a long-column vertical pump anchored to the concrete operating floor of the 

pump structure using expansion bolts. The properties of the component were assumed to have the 

same properties as the pump in  EPRI report [1] . The complete pump model includes the pump column, 

pump shaft, motor stand, and motor, all of which were modelled as beam elements (Figure 1.18). 

 

      (a)                                                (b) 

Figure 1.18 (a) Original Model of the Service Water Pump (b) Simplified Motor Stand 

Model per EPRI (2018)                          

The developed simplified model is designed to ensure the capture of the critical failure mode. It is a 3-

dimensional stick model featuring an elastoplastic rotational spring at its base, which provides a repre-

sentation of the failure mode of the water pump motor, identified as the most critical aspect. The 

simplified model and its expected behavior are illustrated in the following figures: 

 

                                       (a)                                                (b) 

Figure 1.19 (a) Pump Motor Stand Model (b) Hysteretic Behavior of the Model Under 

Static Cyclic Loading 

The upcoming section will present the validation of these numerical models, specifically focusing on the 

reactor building model, the diesel generator building model, and the filter venting containment system. 

The validation is limited to these three models due to their comprehensive and sophisticated modelling 

nature. The remaining structures were modeled in a simplified manner, which already aligns with the 

established validation process. 
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1.3 Numerical Models Validation 

During the validation of the numerical models, the modal analysis information related to Zaporizhzhia 

NPP, along with other resources, was used as a reference for comparison with the modal results ob-

tained from the finite element (FE) models. Additionally, a gravity analysis was conducted to ensure the 

integrity of the structural elements and to verify the correct assignment of additional masses and vertical 

loads. This section shows this comparison in terms of structure and system, for the reason of the com-

prehensive modelling and the necessity of the model verification, as far as the components are con-

cerned, the simplified modelling was performed insuring the capture of modal analysis characteristics.   

1.3.1 Reactor Building - FE Model 

Eigenvalue analysis of structure is performed to obtain its modal characteristics using the available 

module in OpenSees (-genBandArpack). Figure 1.20 presents the first six vibration mode shapes and 

the corresponding natural frequencies of the FE model. It can be noticed that the first two modes are 

both translational modes x, y with low to medium frequencies, while the remaining have some rotational 

contribution. 

        

           f1= 3.85 Hz                                        f2= 3.91Hz                        f3= 4.64Hz 

    

           f4= 4.72 Hz                                           f5= 5.37 Hz                        f6= 5.56 Hz 

Figure 1.20 Mode Shapes and Natural Frequencies of the Reactor Building FE Model 

The final step of the validation process involved comparing the obtained results with the fixed base data 

of the Zaporizhzhia NPP. This comparison (Table 1.6) demonstrated a good agreement between the 

numerical model and the reference data, showing less than 5% of deviation in the dominant modes, 

confirming the accuracy of the model. The modal analysis including the effects of soil-structure interac-

tion (SSI) is presented in the last column. Introducing the soil springs leads to a drop of approximately 

half in the first frequency compared to the analysis without SSI. 
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Table 1.6 Comparison of Target and Model Natural Frequencies for the Reactor Building 

for Modal Validation, with and without SSI 

Mode Shapes Target Frequency (Hz) FE Model Fre-

quency (Hz) 

Variation (%) Including 

SSI 

1 3.85 3.89 1.04 2.01 

2 3.91 4.02 2.81 2.09 

3 4.64 4.14 10.78 3.39 

4 4.72 4.86 2.97 3.64 

5 5.37 5.07 5.59 4.29 

6 5.56 5.89 5.94 4.49 

7 5.79 6.28 8.46 4.94 

8 5.79 6.29 8.64 5.10 

9 5.8 6.67 15 5.56 

10 5.85 6.95 18.8 5.81 

 

1.3.2 Diesel Generator Building - FE Model 

Using the same modal analysis module in OpenSees as employed in the previous section, the first six 

mode shapes are presented below. When compared to other dynamic characteristics of the NPP struc-

tures, the Diesel Generator Building demonstrates a stiff structural response, with modal frequencies 

ranging from 12 Hz to 28 Hz for the specified mode shapes. In the first two modes, translational behavior 

predominates, whereas rotational contributions become more significant in the subsequent modes. 

        

 

 

 

 

 

f1= 12.00 Hz                                        f2= 16.27Hz                              f3= 18.67 Hz 

 

 

 

 

                                    

 

 

f4= 26.35 Hz                                        f5= 28.19 Hz                              f6= 28.88 Hz 

 

Figure 1.21 Mode Shapes and Natural Frequencies of the Diesel Generator Building FE Model 
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The comparison between the obtained modal analysis results and Zaporizhzhia NPP data is presented 

in Table 1.7, including the influence of soil-structure interaction (SSI). The finite element (FE) model's 

modal analysis accurately captured the target eigenfrequencies from the reference Zaporizhzhia NPP, 

with a discrepancy of less than 5% for the dominant modes. The impact of SSI, which is expected to 

reduce the system's frequencies, is evident in the table, showing a decrease of approximately 30% in 

the first mode frequency. 

Table 1.7 Comparison of Target and Model Natural Frequencies for the DG Building for 

Modal Validation, with and without SSI 

Mode 
Shapes 

Target Frequency 
(Hz) 

FE Model Frequency 
(Hz) 

Variation (%) Includ-
ing SSI 

1 12.06 12.00 0.48 8.45 

2 16.57 16.27 1.79 9.69 

3 17.43 18.67 7.10 13.55 

4 19.15 26.35 37.59 16.43 

5 19.8 28.19 42.38 24.61 

6 20.45 28.88 41.23 26.22 

7 21.38 30.76 43.86 27.70 

8 21.57 32.73 51.74 28.47 

9 22.58 34.61 53.28 29.29 

10 23.45 36.09 53.90 29.39 

 

1.3.3 Filter Containment Venting System - FE Model 

In contrast to the diesel generator building, the filter containment venting system is considered the 

most flexible structure compared to other SSCs. This is primarily due to the large dimensions of the 

system. The frequencies for this system range from 0.957 Hz in the first mode to 4.404 Hz in the sixth 

mode, as illustrated in the figure below. 

 

 

 

 f1= 0.957 Hz                                                   f2= 1.349 Hz 
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 f3= 1.691 Hz                                                 f4= 2.576 Hz 

 

  

 f5= 3.172 Hz                                              f6= 4.404Hz 

Figure 1.22 Mode Shapes and Natural Frequencies of the Filter Containment Venting Sys-

tem 

Comparing the modal results with the German NPP report [10], the FE model demonstrates a good 

agreement in capturing the first mode shapes. However, considerable discrepancies are observed in 

higher modes. These deviations can be primarily attributed to modelling assumptions made in the ab-

sence of complete data, such as the characteristics of the support system and other relevant parame-

ters. 

Table 1.8 Comparison of Target and Model Natural Frequencies for the FCVs Model for 

Modal Validation 

Mode 

Shapes 

Target Natural Frequency 

(Hz) 

Model Natural Frequency 

(Hz) 

Variation 

(%) 

1 0.93 0.95 2.75 

2 1.28 1.34 5.36 

3 1.55 1.69 9.01 

4 2.21 2.57 16.11 

5 2.28 3.17 38.99 

6 2.59 4.40 69.59 

7 3.05 5.21 70.39 

8 4.04 5.24 29.75 

9 4.29 5.79 34.86 

10 5.14 8.18 59.25 
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2 Metis Case Study Site and Ground Motion Rec-

ord Selection 

Both finite element (FE) structural models (Reactor Building and Diesel Generator Building) were theo-

retically situated in Tuscany, Italy. Ground motions developed in the previous work package (WP5) were 

used to represent the site-specific conditions (more details in METIS D5.4).  

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 considered for SSCs’ fragility computations (Table 2.1). In addition to the ground motion 

variability, uncertainties in the properties of soil profiles were accounted for when conducting the site 

response analysis to obtain site-specific soil surface ground motion. The final results of WP5 are classi-

fied into two main categories: BE (Best Estimate) and BEU (Best Estimate with Uncertainties), repre-

senting ground motion at the surface level with and without consideration of uncertainties on site prop-

erties, respectively (Figure 2.1).  

Table 2.1 IML values for different return periods 

IMLs 5 6 7 8 9 

Return Period 2500 5000 10000 20000 50000 

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

 

(a) 

  

(b) 

Figure 2.1 Shear Wave Velocity (Vs) Profile for two IML 5 and 9: (a) Best Estimate (b) 

Best Estimate with Uncertainties 
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It is important to note that the developed numerical models, with refined mesh sizes, contain a large 

number of degrees of freedom (DOFs), resulting in high computational costs. For this reason, the ground 

motions used in the fragility assessment of the METIS case study models were limited to the last three 

intensity measure levels (IMLs 7, 8, and 9) for the BEU case, resulting in a total of 250 GMs (50 from 

IML 7, and 100 each from IMLs 8 and 9). This ensures that uncertainties are adequately accounted for 

while also including high-intensity ground motions, which allow for the exploration of the structural 

response under more extreme loading conditions. 

3 Fragility Analysis Approach  

Fragility analysis is a crucial component of the risk assessment process, as it quantifies the conditional 

probability that a structure will exceed a specified threshold given a particular hazard level. Various 

approaches are available in literature to conduct fragility analysis. One approach is Cloud Analysis, which 

involves generating a "cloud" of data points through numerous nonlinear dynamic analyses, with each 

point representing a different seismic event and the corresponding structural response [13]. Another 

widely used method is Incremental Dynamic Analysis (IDA), where structures are subjected to a series 

of ground motion records scaled to increasing intensity levels to assess their seismic performance [14]. 

Additionally, Multiple-Stripe Analysis (MSA) evaluates structural performance by analysing responses to 

ground motion records at different pre-selected or scaled intensity levels, referred to as "stripes," dif-

fering from IDA, which uses incrementally scaled motions [15].  

As far as nuclear power plants are concerned, Multiple-Stripe Analysis (MSA) faces significant limitations 

in fragility analysis. The high median capacities of SSCs (Structures, Systems, and Components) in these 

facilities often result in few, if any, observable failures within the MSA stripes, making it challenging to 

derive accurate fragility parameters. This is particularly problematic in realistic scenarios, where seismic 

demands usually fall below the failure threshold, reducing the effectiveness of MSA. Also, the limited 

number of results per stripe affects the robustness of the failure probability estimations per stripe. On 

the other hand, the IDA approach seems to be a suitable method for this task because it enables us to 

explore the structural behavior under extreme loading, but with a high computational cost. 

In contrast, the cloud regression method [16] offers a more practical and reliable approach for nuclear 

applications. It allows for useful visualization of structural behavior as a function of ground motion 

intensity and extrapolation to higher values, even when there is limited failure data, making it feasible 

to generate meaningful fragility estimates. By utilizing a lognormal model, the regression method effec-

tively handles the high-capacity values typical in nuclear systems, ensuring that the analysis remains 

both accurate and applicable. This makes the cloud regression method a more robust and suitable tool 

for fragility analysis in the nuclear industry, especially when compared to the challenges associated with 

MSA. For this reason, the cloud regression method is used as the basis for the fragility analysis in this 

report. 

The cloud regression method utilizes nonlinear time history analysis to create a data sample for fragility 

curve evaluation. This involves representing the seismic load with a set of N triplets of ground motion 

histories tailored to the site-specific seismic hazard [16]. In conjunction with the regression method, 

Latin Hypercube Sampling is employed to account for variability at the structural level, including factors 

such as strength, stiffness, and damping, as well as soil parameters like stiffness and damping in the 

soil model. This approach effectively propagates uncertainty through the mechanical model and opti-

mizes the exploration of the entire space of possible parameter values. 

The regression method requires a sample of N input-output pairs, (𝛼𝑖 , 𝑦𝑖) , i=1,….,N , where the input 

is the ground motion indicator or seismic intensity level 𝛼𝑖 (such as PGA) and the output is the contin-

uous damage measure 𝑦𝑖, The continuous damage measure variable Y is modelled as lognormal random 

variable :  
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𝑌 = 𝑏 𝛼𝑐𝜂                                                                                (𝐸𝑞. 1) 

where η is a lognormal random variable with a median of 1 and a logarithmic standard deviation σ. It 

is assumed that the structure fails or reaches a certain damage level when the variable Y exceeds a 

threshold DS such that Pf(α)=P(Y>DS∣α). The parameters b, c, and σ can be conveniently determined 

by linear regression in log-space: 

      ln 𝑌 = ln 𝑏 + 𝑐 ln α + 𝜎ε             (𝐸𝑞. 2) 

where  𝜎ε = ln 𝜂, is a centered normal random variable with standard deviation s, the latter is obtained 

as the standard deviation (std) of the regression error. Moreover, defining Ds=b𝐴𝑚
𝑐 , we have:  

𝐴𝑚 = exp (
ln(

𝐷𝑠

𝑏
)

𝑐
)                                                    (𝐸𝑞. 3) 

In consequence, the fragility curve is described by a lognormal distribution with a median equal to the 

seismic capacity Am and the lognormal standard deviation β=𝜎/c such that: 

𝑝𝑓(𝛼) = 𝛷 (
𝑐 ln (

α
𝐴𝑚

)

𝜎
) = 𝛷 (

 ln (
α

𝐴𝑚
)

𝜎/𝑐
)                                               (𝐸𝑞. 4) 

One key advantage of the linear regression approach is its ability to be utilized even when no or few 

failures are observed. It doesn't inherently require the scaling of accelerograms and remains effective, 

even with smaller sample sizes. Although linear regression can be applied to any dataset, it does involve 

extrapolating the behavior in cases where no failures are observed. 

3.1 Reactor Building Model Fragility  

To accurately assess the failure probability of structural components, it is essential to examine the 

seismic response of the structure in which these components are situated. The reactor building is one 

of the most critical, if not the most critical, structure in nuclear facilities due to the significance of the 

components it contains. The reactor building, typically characterized by a medium-frequency response 

(Table 1.6), consists of three primary elements: the containment structure, the outer building, and the 

foundation (Figure 1.1). To take into consideration soil-structure interaction, the widely recognized 

methodology of distributed springs was employed to model the soil response for each degree of free-

dom, which proved its efficiency with respect to the other rigorous methods [17]. The spring and dash-

pot parameters were calculated based on guidelines provided in the FEMA code [18]. The following 

tables summarize the input values for the springs and dashpots along with coefficient of variation (COV). 
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Table 3.1 Stiffness Characteristics of Soil Springs for the Reactor Building Model (Median 

Values and Standard Deviation) Based on the Considered IML 

 
IML 7 IML 8 IML 9 

Median COV Median COV Median COV 

Horizontal x (N/m) 5.86E+10 0.347 5.50E+10 0.353 4.96E+10 0.416 

Horizontal y (N/m) 5.86E+10 0.347 5.50E+10 0.353 4.96E+10 0.416 

Vertical z (N/m) 7.98E+10 0.363 7.47E+10 0.371 6.70E+10 0.438 

Rotation about the x axis 
(N·m/rad) 

6.45E+13 0.399 6.01E+13 0.408 5.34E+13 0.481 

Rotation about the y axis 

(N·m/rad) 
6.45E+13 0.399 6.01E+13 0.408 5.34E+13 0.481 

Torsion (N·m/rad) 7.40E+13 0.387 6.90E+13 0.394 6.17E+13 0.462 

 

Table 3.2 Damping Characteristics of Soil Springs for the Reactor Building Model (Median 

Values and Standard Deviation) Based on the Considered IML 

 IML 7 IML 8 IML 9 

 Median COV Median COV Median COV 

Horizontal x (N.s/m) 3.88E+09 0.187 3.87E+09 0.189 3.66E+09 0.235 

Horizontal y (N.s/m) 3.88E+09 0.187 3.87E+09 0.189 3.66E+09 0.235 

Vertical z (N.s/m) 9.37E+09 0.163 9.29E+09 0.164 8.93E+09 0.199 

About the x axis (N.s/m) 2.14E+12 0.157 2.13E+12 0.162 2.17E+12 0.166 

About the y axis (N.s/m) 2.14E+12 0.157 2.13E+12 0.162 2.17E+12 0.166 

About the z axis (N.s/m) 2.17E+12 0.188 2.18E+12 0.192 2.25E+12 0.206 

To account for the effect of uncertainties propagation, uncertainties in both the structure and the soil 

were considered. For the structure, uncertainties were included in the yielding point, maximum concrete 

compressive and tensile strengths, concrete elastic modulus, steel yield strength, steel elastic modulus, 

and structural damping. For the soil, uncertainties were addressed in each of the defined stiffness and 

damping parameters, which were calculated based on different soil profiles (Figure 3.1). A lognormal 

distribution [1,19] was assumed for the structural uncertainties, with the following standard deviations 

[20]: 

Table 3.3 Uncertainties Incorporated into the Reactor Building Model 

Properties logarithmic standard deviation 

Concrete Elastic Modulus 0.15 

Maximum Compressive Concrete Strength 0.12 

Maximum Tensile Strength 0.13 

Steel Yielding Strength 0.11 

Steel Elastic Modulus 0.15 

Damping 0.30 
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                       (a)                                                                     (b) 

Figure 3.1 Examples of Uncertainties included in Soil Calculations from soil profile IML8: 

Histograms and empirical density for (a) Horizontal Stiffness and (b) Horizontal Soil 

Damping 

To define the threshold for fragility analysis, it is important to identify the most critical structural com-

ponent to study. According to design codes for nuclear power plants, the reactor containment is the 

most critical part of the reactor building structure [21–24] . This was evaluated by analysing the non-

linear behavior under horizontal and gravity loadings (pushover analysis) [25,26], with the lateral forces 

distributed according to the dominant mode shape pattern. This behavior is shown in the following 

figure:  

         

                         (a)                                                                     (b) 

Figure 3.2 (a) Pushover Curve for Reactor Building (b) Strain Distribution at the Final 

Stage of Pushover Analysis 

The results of the pushover analysis revealed that strain and stress concentrations occurred first in the 

reactor building containment, followed by the outer building. Consequently, the threshold for the reactor 

building was defined as the point where the maximum compressive strength was exceeded [21], leading 

to concrete crushing. Figure 3.3 illustrates the strain development at the stage where concrete failure 

occurred at the base of the reactor containment. This failure was estimated to occur at a drift of 0.08% 

of the total height of the containment structure. 
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Figure 3.3 Deformation of Reactor Building at Initial Exceedance of Maximum Compres-

sive Strength 

Regarding the nonlinear time history analysis, it is important to note that due to the complexity and 

detail of the modelling, running the analysis with a set of 250 ground motion records would be highly 

time-consuming. Therefore, a study was conducted to determine the optimal mesh size for accurately 

capturing the results (by comparing a smaller mesh size with a more refined one).  

In this study, the damage index was chosen to be the drift of the containment (top node) combined 

using the geometric mean definition as illustrated in the Eq.5. This engineering demand parameter 

(EDP) already demonstrated its effectiveness in accurately capturing the structural response  [14,27–

29]. 

𝐺𝑒𝑜𝑀𝑒𝑎𝑛 𝐷𝑟𝑖𝑓𝑡 = √𝐷𝑥 . 𝐷𝑦                                              (𝐸𝑞. 5) 

For the definition of the intensity measure (IM), the peak ground acceleration (PGA) was selected and 

combined using the geometric mean approach as the engineering demand parameter (EDP). The PGA 

has demonstrated great efficiency compared to other intensity measures [30–36]. The nominal spectral 

acceleration used is defined based on the following formula1: 

𝐺𝑒𝑜𝑀𝑒𝑎𝑛 𝑃𝐺𝐴 =√𝑃𝐺𝐴𝑥 . 𝑃𝐺𝐴𝑦                                                             (𝐸𝑞. 6) 

Given this definition of Engineering Demand Parameter (EDP) and Intensity Measure (IM) and based on 

the cloud regression fragility methodology discussed in Section 3, the following Figure 3.4 illustrates the 

relationship between the IM and EDP: 

 
1 For METIS case study the hazard and record selection has been performed for rotd50 and not geomean of 
horizontal ground motion components. For simplicity’s sake, here we work with geomean instead which gener-
ally close to rotd50. 
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                                (a)                                                  (b) 

Figure 3.4 (a) Reactor Building Response Versus Peak Ground Acceleration (PGA) (b) Log-

arithmic Relationship Between Engineering Demand Parameter (EDP) and Intensity 

Measure (IM) 

Each blue dot in Figure 3.4(a) represents the results of a single nonlinear time history analysis, account-

ing for uncertainties in structural parameters (Table 3.3), soil properties (Tables 3.1 and 3.2), and site 

response. After establishing the relationship between the Intensity Measure (IM) and the Engineering 

Demand Parameter (EDP) through nonlinear history analysis, linear regression in the logarithmic space 

(Figure 3.4 (b)) was applied to determine the parameters required for deriving the fragility curve ele-

ments, namely the median and dispersion. 

 

Figure 3.5 Fragility Curve of the Reactor Building Structure 
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3.2 Diesel Generator Building Model Fragility  

As discussed in Section 1.1.2, the diesel generator building is primarily constructed with thick shear 

walls, resulting in high dynamic characteristics, with the first six mode shapes exhibiting frequencies 

ranging from 12 Hz to 28 Hz (Figure 1.21). To account for the effect of soil-structure interaction on the 

response of the diesel generator building, a simplified approach was employed. This approach involved 

modelling distributed springs at the base of the structure, representing the stiffness and damping prop-

erties of the underlying soil. The values for these springs were calculated based on the guidelines pro-

vided in FEMA [18] .  

Table 3.4 Stiffness Characteristics of Soil Springs for the Diesel Generator Building Model 

(Median Values and Standard Deviation) Based on the Considered IML 

 
IML 7 IML 8 IML 9 

Median COV Median COV Median COV 

Horizontal x (N/m) 1.94E+10 0.407 1.82E+10 0.430 1.74E+10 0.445 

Horizontal y (N/m) 2.00E+10 0.407 1.88E+10 0.430 1.80E+10 0.445 

Vertical z (N/m) 1.98E+10 0.495 1.83E+10 0.527 1.74E+10 0.542 

Rotation about the x axis 
(N·m/rad) 

1.55E+12 0.520 1.44E+12 0.551 1.36E+12 0.568 

Rotation about the y axis 
(N·m/rad) 

2.68E+12 0.491 2.48E+12 0.519 2.37E+12 0.532 

Torsion (N·m/rad) 2.89E+12 0.435 2.70E+12 0.459 2.59E+12 0.474 

 

Table 3.5 Damping Characteristics of Soil Springs for the Diesel Generator Building Model 

(Median Values and Standard Deviation) Based on the Considered IML 

 
IML 7 IML 8 IML 9 

Median COV Median COV Median COV 

Horizontal x (N.s/m) 4.29E+08 0.192 4.17E+08 0.200 4.02E+08 0.221 

Horizontal y (N.s/m) 4.30E+08 0.192 4.18E+08 0.200 4.04E+08 0.221 

Vertical z (N.s/m) 1.43E+09 0.123 1.40E+09 0.127 1.37E+09 0.144 

Rotation about the x axis (N.s/m) 3.82E+10 0.049 3.85E+10 0.051 3.85E+10 0.073 

Rotation about the y axis (N.s/m) 1.16E+11 0.079 1.15E+11 0.084 1.14E+11 0.109 

Torsion (N.s/m) 5.59E+10 0.143 5.51E+10 0.149 5.43E+10 0.171 

 

To accurately propagate uncertainties to the SSCs response, uncertainties were accounted for both in 

the structure and the soil. For the structure, uncertainties were considered in the yielding point, maxi-

mum concrete compressive and tensile strengths, concrete elastic modulus, steel yield strength, steel 

elastic modulus, and structural damping. For the soil, uncertainties were considered in each of the 

defined stiffness and damping parameters (Table 3.4 and 3.5) and were derived from each soil profile. 

The probability distributions of the structural uncertainties were assumed to be lognormal [1]. The 

following table summarizes the logarithmic standard deviations associated with the selected uncertain-

ties:   
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Table 3.6 Uncertainties Incorporated into the Diesel Generator Building Model 

Properties logarithmic standard deviation 

Concrete Elastic Modulus 0.15 

Maximum Compressive Concrete Strength 0.12 

Maximum Tensile Strength 0.13 

Steel Yielding Strength 0.11 

Steel Elastic Modulus 0.15 

Damping 0.30 

 

To conduct the fragility analysis, it is essential to define the threshold, which represents the limit state 

at which the structure is considered to have failed. To accurately establish the limit state for the diesel 

generator building, a pushover analysis combined with a gravity analysis was performed. This static 

approach provides insights into both the linear and nonlinear performance of the building under applied 

loads. The applied loading pattern was specifically designed to align with the building's dominant mode 

shape. The resulting pushover curve (Figure 3.7 (a)) illustrates the relationship between the normalized 

base shear and the roof drift. 

     

                                (a)                                                  (b) 

Figure 3.6 (a) Pushover Curve for Diesel Generator Building (b) Strain Distribution at the 

Final Stage of Pushover Analysis 

Given that the building's horizontal resistance relies on shear walls (both interior and exterior in each 

direction), the structure is considered to experience local failure when the applied stresses in the interior 

shear walls reaches the maximum compressive strength of the concrete [37]. This is expected to occur 

at roof drift ratio of 0.04%. 

After conducting the nonlinear time history analysis, the relationship between the IM and EDP of the 

DGB response is illustrated in Figure 3.8 (a), from where the parameter of the DGB-fragility was derived. 

It is important to note that the NLTHA results from DGB show more outliers compared to the RBM 

results. This is mainly due to uncertainties in damping (low values), which lead to an amplification of 

the response. 
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(a) (b) 

Figure 3.7 (a) Diesel Generator Building Response Versus Peak Ground Acceleration (PGA) 

(b) Logarithmic Relationship Between Engineering Demand Parameter (EDP) and Inten-

sity Measure (IM) 

 

 

Figure 3.8 Fragility Curve of the Diesel Generator Building 

3.3 Filter Containment Venting System Model Fragility  

The filtered containment venting system (FCVs), located within the reactor building, is classified as a 

soft structure based on the modal analysis results (Figure 1.22), in comparison to other components 

studied in this report. The time history analysis for the FCVs presents a challenge, as the model spans 

multiple floor levels within the reactor building. This requires extracting time history responses from 

several floors of the reactor building model to serve as input excitations for the system. 

The different support locations of the FCVs model within the reactor building are outlined in the table 

below: 
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Table 3.7 Location of FCV Model Supports within the Reactor Building 

Support type location 

Fixed point (FP) / Sliding bearing (GL) 45.6 m 

Fixed point (FP) 13.2 m 

Wall duct (FUE - Ya) 36.6 m 

Sliding bearing with dirt (GLF)/ Sliding bearing – 

GL-X STOP 
29.4 m 

Wall duct (FUE – all sides) / Spring hanger (FH) 19.2 m 

 

Uncertainties in the elastic modulus and strength of the pipe steel, and structural damping were ac-

counted for. The standard deviations of the assumed lognormal distribution for these uncertainties are 

0.13, 0.15, and 0.17, respectively [10]. 

The failure of a piping system is typically defined either by the failure of the supports (such as FUE-Ya, 

GLF, etc.) or by the failure of the pipe itself when it exceeds a predefined strain threshold [38]. In this 

analysis, the second failure mode was considered, where the pipe is deemed to fail if the developed 

strain exceeds 0.2%. To identify the most critical element that exhibits this deformation first, a series 

of analyses were performed using time history data in the x, y, and z directions. The results revealed 

that element-106 near the lower base support (node 78) was the first to exhibit the critical deformation, 

as shown in the following figure: 

 

Figure 3.9 Example of Developed Strain in FCV system under the 3D excitation 

After identifying the failure modes of the studied piping system, the displacement of the base node was 

selected as a damage indicator for the fragility analysis. It is expected that the developed strain will 

reach the critical threshold when the support point undergoes a deformation of 0.1 meters. 

After extracting the reactor building responses at the floor levels shown in Table 3.7, dynamic nonlinear 

analyses were conducted. Figure 3.11 shows the strain developed at the critical element 106. Although 

the system exhibited nonlinear behavior, the element of interest did not reach the defined strain thresh-

old of 0.2%.  
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Figure 3.10 Strain Distribution in FCVs-Element 106 from Time History Analysis 

The resultant responses from the multi-support three-directional time history analysis are illustrated in 

the figure below, alongside the corresponding fragility curve.  

  

                                (a)                                                  (b) 

Figure 3.11 (a) Filter Venting Containment System Response Versus Peak Ground Acceler-

ation (PGA), (b) Logarithmic Relationship Between Engineering Demand Parameter (EDP) 

and Intensity Measure (IM) 

 

Figure 3.12 Fragility Curve of the Filter Containment Venting System 
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3.4 Transformer Model Fragilities  

3.4.1 Assessment of Transformer Model Fragility Within 

Reactor Building 

We first consider a transformer model located in the reactor building. This simplified transformer model 

has a natural frequency of 7.5 Hz, accurately reflecting the characteristics of the on-site transformer. 

The floor response at an elevation of 20.4 m, corresponding to the transformer's location within the 

reactor building, was utilized as input for the seismic fragility study. Transformer failure was defined by 

the failure of the supporting elements, specifically the extended C-section with dimensions C100x50x8, 

subjected to combined loading. To capture the nonlinear behavior of the C-section, it was modelled 

using a fiber section approach. Following a moment-curvature analysis and the combination of forces 

from different directions, the component's failure was estimated to occur at a displacement of 0.01 m. 

The uncertainties in the transformer model were considered in terms of the capacity of the C-section, 

damping, and the fundamental period, with values 0.21, 0.18, and 0.15 respectively [12]. 

After extracting the response at the location of interest and conducting the nonlinear time history anal-

ysis, the performance of the transformer component is shown in the figure below:  

  

                                (a)                                                  (b) 

Figure 3.13 (a) RB-Transformer Response Versus Peak Ground Acceleration (PGA), (b) 

Logarithmic Relationship Between Engineering Demand Parameter (EDP) and Intensity 

Measure (IM) 

After defining the threshold, the failure probability of the transformer component was determined using 
the same method described earlier. 

 

Figure 3.14 Fragility Curve of Transformer located in Reactor Building 



D6.8 Fragility curves for METIS case study   

GA N°945121  41 

3.4.2 Assessment of Transformer Model Fragility Within 
DG Building      

The second transformer considered here is located in the diesel generator building at elevation level 0. 

As with the previous model, the floor response at this location was extracted and used as input to 

analyse the seismic response of the transformer model. This transformer model shares the same dy-

namic characteristics and structural capacity as the model previously discussed. The same values for 

input uncertainties and threshold definitions, as previously established, were applied in this analysis. 

The component response based on the input from the diesel generator building is presented below: 

                                                                                  

        

                         (a)                                                                    (b) 

Figure 3.15 (a) DGB-Transformer Response Versus Peak Ground Acceleration (PGA) (b) 

Logarithmic Relationship Between Engineering Demand Parameter (EDP) and Intensity 

Measure (IM) 

As previously outlined in this section, the cloud regression method was employed to estimate both the 

median and the dispersion related to the specified failure of the component. 

 

Figure 3.16 Fragility Curve of Transformer located in Diesel Generator Building 



D6.8 Fragility curves for METIS case study   

GA N°945121  42 

3.5 Control Monitor Cabinet Model Fragility  

After conducting the nonlinear time history analysis of the reactor building—specifically focusing on the 

component located within it, the response at an elevation of 13.2 meters was extracted and used as 

input to study the component's failure. The simplified model of the CMC, which falls within a medium 

frequency range of approximately 7.5 Hz, was modelled to accurately capture the failure of the compo-

nent. In this context, the failure is determined by the failure of the supporting element, specifically the 

anchoring steel angle (40x40x3 mm). This failure occurs when the anchoring steel angle [39,40] reaches 

its maximum capacity under combined loading conditions, which is estimated to happen when the com-

ponent reaches a displacement of 3 mm. 

To account for the impact of uncertainties on the structural response, the analysis considered key un-

certainties in the main component characteristics, including the horizontal and vertical capacities of the 

anchoring steel angle, damping, and fundamental period. The uncertainties were modelled using lognor-

mal distribution with the following values: 0.11 for horizontal/vertical capacity, 0.26 for damping, and 

0.28 for component period [12]. 

After performing the analysis, the response of the CMC component is illustrated in the figure below, 

alongside its fragility curve. 

 

                                (a)                                                          (b) 

Figure 3.17 (a) Control Monitor Cabinet Response Versus Peak Ground Acceleration (PGA) 

(b) Logarithmic Relationship Between Engineering Demand Parameter (EDP) and Inten-

sity Measure (IM) 

 

Figure 3.18 Control Monitor Cabinet Fragility Curve 
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3.6 Service Water Pump Model Fragility  

The pump model located in the diesel generator building at elevation -7 was analysed, with the floor 

response at this specific location extracted and used as input excitation to assess the component's 

failure probability. The simplified pump model, with a frequency of approximately 9.9 Hz (≈ 10 Hz), is 

considered to have failed when the pump motor fails (anchorage failure). This failure was estimated to 

occur at a ductility level of 1.25. Consistent with previously defined components EDP, displacement was 

used as the damage indicator. Based on information from the EPRI report [1], the component's capacity 

(Vyield = 37.79kNm, Myield = 19.91kN) was used to estimate the displacement at which failure occurs, 

calculated to be 2.9 mm (Figure 3.20). 

 

Figure 3.19 Service Water Pump Simplified Model and Threshold Definition 

The uncertainties on the structural elements such as the moment capacity of the component, damping 

and the fundamental time period were considered. The uncertainties were modelled using lognormal 

distribution with the following values: 0.18 for moment capacity, 0.16 for damping, and 0.12 for time 

period. Based on these definitions, the three-directional time history analysis was conducted, and the 

response of the SWP component, along with its fragility curve, is illustrated below. 

 

(a)                                                  (b) 

Figure 3.20 (a) Pump Motor Stand Model Response Versus Peak Ground Acceleration 

(PGA) (b) Logarithmic Relationship Between Engineering Demand Parameter (EDP) and 

Intensity Measure (IM) 
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Figure 3.21 Pump Motor Stand Model fragility curve 

3.7 Summary of the SSCs Fragility Results 

The fragility assessment of the structures, systems, and components (SSCs) under consideration indi-

cates a diverse range of seismic performance. Among the assessed SSCs, the Reactor Building emerges 

as the most robust structure, exhibiting the highest median seismic capacity. However, it also demon-

strates relatively higher variability in its response when compared to the diesel generator building. 

Conversely, the Filter Containment Venting System (FCVs) exhibits the highest variability (0.8), at-

tributed to its support being located at different elevations within the reactor building. This multi-support 

excitation introduces significant uncertainty in its seismic response, as components anchored at varying 

elevations are subjected to differential seismic forces and motions, in addition to the sensitivity of the 

system to the vertical excitation. 

The remaining components—Transformers, Control Monitor Cabinet (CMC), and Service Water Pump 

(SWP)—exhibit low to medium median fragility values and moderate variability in seismic response.  

Among these, the SWP component is the most vulnerable of all the considered Structures, Systems, and 

Components (SSCs). However, a marked discrepancy has been observed in the fragility-median capacity 

of the transformers located in the reactor and diesel generator buildings, despite their identical charac-

teristics. This disparity can be attributed to the floor response, as the diesel generator building exhibits 

a high-frequency response that closely aligns with the transformer's natural frequency, whereas the 

reactor building has a lower frequency response. The results of the SSCs' fragility parameters are sum-

marized in Table 3.8, alongside the High Confidence Low Probability of Failure (HCLPF) values, calcu-

lated using the following formula: 

𝐻𝐶𝐿𝑃𝐹 = 𝐴𝑚 .  𝑒−2.3 .  𝛽𝑐                                     (𝐸𝑞. 7) 

where Am and  𝛽𝑐 are the median capacity (in terms of PGA) and the logarithmic standard deviation 

(dispersion) respectively. 
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Table 3.8 Summary of SSCs fragility curves parameters 

SSCs Median Capacity PGA (g)  𝜷𝒄 HCLPF (g) 

Reactor Building 2.23 0.45 0.79 

Diesel Generator Building 1.68 0.39 0.69 

FCVs 1.16 0.80 0.18 

Transformer / RB 1.38 0.48 0.46 

Transformer / DGB 0.50 0.35 0.22 

Control Monitor Cabinet 0.57 0.56 0.16 

Service Water Pump 0.24 0.33 0.11 

 

For comparison purposes, Table 3.9 presents the ZNPP fragility parameters of the selected SSCs and 

those reported in the EPRI study [41,42]: 

 

Table 3.9 Fragility Data from Various Sources 

 

4 Conclusions 

This deliverable presents the development of six numerical models representing the representative 

structures and equipment of the Zaporizhzhia Nuclear Power Plant (NPP) using the open-source software 

OpenSees. Advanced finite element modeling techniques were employed to accurately capture the be-

havior of these structures. The developed FE models were subsequently validated against data related 

to the Zaporizhzhia NPP and other relevant NPP studies. Additionally, this report outlines the fragility 

assessment methodology used to evaluate the probability of failure of the NPP models, incorporating 

relevant uncertainties and selected ground motions.  

 ZNPP 
EPRI 

Am (g)  HCLPF (g) 

SSCs 
Am 
(g) 

βc 
HCLPF 

(g) 
Ground 
Level 

Ad-
justed 

βc 
Ground 
Level 

Ad-
justed 

Reactor Build-

ing 
0.73 0.46 0.25 2.00 / 0.46 0.68 / 

Diesel Genera-

tor Building 
0.91 0.46 0.31 1.50 / 0.46 0.51 / 

Transformer 

/RB 
0.97 0.46 0.33 2.00 1.00 0.46 0.68 0.34 

Transformer 

/DGB 
1.49 0.46 0.51 1.50 1.50 0.46 0.51 0.51 

Control Moni-

tor Cabinet 
1.17 0.46 0.40 2.00 1.00 0.46 0.68 0.34 

Service Water 

Pump 

2.69 0.46 0.92 

2.00 2.00 0.46 0.68 0.68 
2.31 0.46 0.79 
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The validation process for the FE models against the Zaporizhzhia NPP data and an external report 

included a gravity analysis to confirm the structural integrity of the models and a modal analysis to 

ensure they accurately capture the intended dynamic characteristics. The gravity analysis results closely 

matched the target values, as did the modal analysis outcomes. However, a minor discrepancy of less 

than 5% was observed in the dominant modes of structures (Reactor Building, Diesel Generator Build-

ing, and Filter Containment Venting System) following calibration of the numerical models. It is also 

noteworthy that this discrepancy increased in higher modes, primarily due to assumptions made where 

data were insufficient for some modelling parameters. 

The results from the fragility analysis (median capacity, dispersion) revealed that the main structural 

elements, such as the Reactor Building and Diesel Generator Building, exhibit high median capacities 

with moderate dispersion values (0.45 and 0.39, respectively), indicating strong resistance to seismic 

forces and relatively low variability in response. In contrast, systems like the Filter Containment Venting 

System (FCVs) show lower median capacity with a higher dispersion value (0.80), suggesting a greater 

vulnerability to seismic activity and increased variability in response, this is mainly due to its multi-

support configuration at various elevations within the Reactor Building, which introduces additional var-

iability. A notable difference has been observed in the fragilities of the transformers in the reactor 

building and the diesel generator building, despite their identical characteristics. This was mainly due to 

the floor response at the location of the component, as the diesel generator building exhibits a high-

frequency response that closely aligns with the transformer's natural frequency, whereas the reactor 

building has a lower frequency response. On the other hand, the most vulnerable component among 

the selected SSCs was the service water pump. 

In summary, this deliverable presents the development and validation of six finite element models of 

structures and equipment at the Zaporizhzhia Nuclear Power Plant (NPP) using OpenSees, incorporating 

advanced modelling techniques to replicate structural behavior accurately. Validation against the Za-

porizhzhia NPP report and other studies involved gravity and modal analyses, which confirmed structural 

integrity and accurate dynamic characteristics, with minor discrepancies in dominant modes attributed 

to modelling assumptions. Fragility analysis results demonstrated that in this case study main structures, 

such as the Reactor Building and Diesel Generator Building, possess high seismic resistance with mod-

erate response variability. In contrast, systems like the Filter Containment Venting System exhibit 

greater variability due to their complex support configurations while other components showed moder-

ate resilience. 
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