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A B S T R A C T

This study aims to develop a novel efficient procedure for determining the fragility function of nuclear 
containment structures under internal pressure. This procedure can substantially reduce the computational cost 
by optimizing the required number of nonlinear structural analyses, which is initially unclear in the pressure 
fragility analysis. The core principle of the proposed procedure is to monitor the changes of the mean (Pm) and 
standard deviation (βS) of ultimate pressure at failure while gradually increasing the number of structural an
alyses. The process is terminated when the changes in Pm and βS between two consecutive steps drop below a 
prescribed threshold. The proposed procedure was applied to the pressure fragility analysis of an existing type of 
containment structure. Since the proposed procedure involves the random selection of additional value sets of 
the uncertainty parameters at each step, it was repeated 10 times to ensure a fair evaluation. The fragility curve 
obtained from as small as 40 analyses was nearly identical to that from 100 analyses. On average, over the 10 
repeated cases, the computation time was reduced by approximately 47 % compared to the case of 100 analyses. 
The results confirm that the proposed procedure not only significantly reduced the computational demand but 
also ensured the reliable generation of the pressure fragility function.

1. Introduction

Fragility analysis of nuclear containment structures under internal 
pressure is a critical procedure to evaluate nuclear safety and engi
neering. It involves assessing the probability of failure of containment 
structures due to internal pressure loads that might occur during severe 
accident conditions. Containment structures are important components 
of nuclear power plants, designed specifically to enclose radioactive 
materials in the case of an accident, thereby preventing their release into 
the environment [1]. Particularly after the 2011 Fukushima earthquake 
in Japan, the safety of containment structures under internal pressure 
has been the subject of extensive research worldwide [1–4].

Several studies related to the safety of nuclear containment struc
tures under internal pressure are noteworthy. Huang et al. [5] evaluated 
the performance of a containment structure under both service load and 
a hypothetical beyond-design level internal pressure. Hu et al. [6] 
developed a numerical model to estimate the ultimate pressure capacity 
and the failure mode of a prestressed concrete containment, later 
extending their research to include long-term prestressing loss [7]. 

Wang [8] formulated an analytical model for the dome-cylinder inter
face of a nuclear containment, focusing on its response to internal 
pressure and thermal load. However, these studies predominantly 
employed deterministic analysis methods, without considering un
certainties in material properties (e.g., rebar, concrete), boundary con
ditions, or loading inputs (e.g., prestress).

In conducting the pressure fragility analysis of containment struc
tures, the probabilistic method has been widely adopted [9–12]. This 
methodology involves performing numerous nonlinear structural ana
lyses under the influence of uncertainty parameters such as concrete or 
rebar properties, which are selected and generated using the Monte 
Carlo simulation [13] and/or Latin Hypercube sampling (LHS) [14]. The 
main concern in this context is determining the optimal number of 
samples for uncertainty parameters (i.e., the number of pressure ana
lyses) that should be generated to ensure accuracy and computational 
efficiency. The numerical model of a nuclear containment structure is 
sophisticated [15], leading to a substantial computational demand for 
each analysis. This is especially true in the pressure analysis, where the 
internal pressure is increased until the containment structure reaches 
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the specified failure criteria (e.g., the maximum strain of steel liner 
plate, tendon, rebar, or concrete).

In previous studies on the pressure fragility analysis of nuclear 
containments, Barbat et al. [16] used 100 samples through the Monte 
Carlo method to establish the probability density curve of ultimate 
pressure at failure that was used to derive the fragility curve, assuming 
the ultimate pressure follows the normal distribution. Zhou et al. [9] 
also generated 100 samples for the main materials of a containment 
structure using the Monte Carlo simulation to develop the fragility 
function of the structure subjected to internal pressure. Meanwhile, the 
Korea Atomic Energy Research Institute (KAERI) [17] employed the 
Monte Carlo simulation with LHS to generate 30 sets of uncertainty 
parameters, and used them to estimate the ultimate pressures and 
develop the fragility curve. Jin and Gong [10] explored the impact of 
varying sample sizes - 100, 500, and 1000, generated using the Monte 
Carlo simulation with LHS - on the fragility curves of containment 
structures under internal pressure.

It can be observed that there is no solid principle for selecting the 
number of samples for the pressure fragility analysis of nuclear con
tainments using the probabilistic method. An optimal number of 
nonlinear structural analyses could significantly reduce the computa
tional cost in this method. Given that, this study aims to address this 
research gap by proposing a novel efficient procedure to determine the 
optimal number of numerical analyses for the generation of the pressure 
fragility function. Specifically, this procedure monitors the changes in 
two critical parameters (i.e., the median and logarithmic standard de
viation of ultimate pressure) that define the fragility curve, while 
increasing the number of numerical analyses stepwise. To demonstrate 
the efficacy of the proposed procedure, we applied it to the pressure 
fragility analysis of an existing type of containment structure.

The structure of this paper is outlined as follows. Section 2 presents 
the background research on probabilistic analysis methods. Section 3
introduces the proposed procedure for the fragility analysis of nuclear 
containment structures subjected to internal pressure. The imple
mentation of the proposed procedure through a case study of a 
containment structure is demonstrated in Section 4. Finally, the prin
cipal findings derived from this research are discussed in Section 5.

2. Probabilistic method for pressure fragility analysis of nuclear 
containment structures

In general, the probabilistic analysis methodology is used to examine 
the fragility analysis of nuclear containment structures against internal 
pressure. This approach can be divided into six essential steps outlined 
in the following. 

Step 1 - Development of structural model: This initial step in
volves the development of a detailed structural model that represents 
specific characteristics and complexities of the nuclear containment 
structure.
Step 2 - Selection of uncertainty parameters and generation of 
samples: In this step, key uncertainty parameters, such as the 
properties of concrete and steel, are selected. Then, n different value 
sets (i.e., samples) of the parameters are generated. Generally, the 
Monte Carlo simulation, occasionally combined with LHS, is used to 
generate the samples for uncertainty parameters.
Step 3 - Definition of failure criteria: This critical step involves 
defining the failure criteria for nuclear containment structures under 
internal pressure. The failure criterion is assigned to an engineering 
demand parameter (EDP) and its threshold (e.g., the strain of rebars 
with a threshold of 0.8 % or the strain of tendons with a threshold of 
0.8 % [18]).
Step 4 - Determination of ultimate pressure: The ultimate pres
sure is determined when the containment structure reaches the 
defined failure criteria. Ultimate pressure values are determined for 
n value sets of uncertainty parameters, i.e., n different analyses.

Step 5 - Calculation of input parameters for constructing the 
fragility curve: This step involves determining the median (Pm) and 
logarithmic standard deviation (βS) of the n different ultimate pres
sures of containment structures, utilizing Eq. (1) and Eq. (2)
respectively.
Step 6 - Construction of fragility curve: The final step involves 
developing the fragility curve using Eq. (3), where P(p) represents 
the probability of failure due to the internal pressure p. The fragility 
curve illustrates the probability of failure of nuclear containment 
structures at various levels of internal pressure.
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3. Proposed procedure for pressure fragility analysis of nuclear 
containment structures

In this study, an optimal procedure was proposed to mitigate the high 
computation cost for the pressure fragility analysis of nuclear contain
ment structures. The core operation of the proposed procedure is to 
monitor the two main parameters (i.e., Pm and βS) that are used to 
construct the fragility curve based on the probabilistic method in Section 
2.

Fig. 1 illustrates the main concept of the proposed procedure. The 
initial step, denoted as START in the figure, begins with the random 
selection of m sets from the total n value sets of uncertainty parameters; 
this will be discussed in detail in Section 4.2. From the numerical ana
lyses, m ultimate pressure values corresponding to the m sets of uncer
tainty parameters are determined. Then, Pm0 and βS0 are calculated 
using Eq. (1) and Eq. (2), respectively.

In Step 1 (k = 1), i sets from the (m-n) remaining value sets are 
randomly selected, and i ultimate pressure values are determined from 
the numerical analyses. Subsequently, Pm1 (median of ultimate pressure 
at Step 1) and βS1 (logarithmic standard deviation of ultimate pressure at 
Step 1) are computed for the m ultimate pressure values from the initial 
step plus the i ultimate pressure values from Step 1. Then, the discrep
ancies in Pm (ϵPm1 ) and βS (ϵβS1 ) between Step 1 and the initial step are 
checked. If both ϵPm1 and ϵβS1 are less than a predefined value (ϵD), the 
analysis process can be terminated. Otherwise, the procedure will 
continue to Step 2, and it will be continued until Step k where the dis
crepancies (i.e., ϵPmk and ϵβSk ) of two consecutive steps are smaller than 
ϵD. Fig. 2 illustrates the graphical description of monitoring changes in 
Pm and βS to determine the required number of analyses based on the 
proposed procedure.

4. Application of proposed procedure to a case-study 
containment structure

4.1. Numerical modeling of the considered structure

This section demonstrates the efficiency of the proposed procedure 
by its application to a case-study structure, the APR1400 reactor 
containment building [19]. The numerical model of the containment 
structure was developed using ABAQUS software [20].

Fig. 3 shows the 3-dimensional (3D) finite element model of the 
considered containment structure used in this study. It consists of a 
cylindrical wall, a hemispherical upper dome, three vertical buttresses, a 
foundation slab, a liner steel plate, reinforcing bars, and prestressed 
tendons placed in the foundation slab, dome, and wall. The prestressed 
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tendons are embedded in both the wall and the dome, and the tendons in 
a hoop direction are supported by the three buttresses. Furthermore, 
inverted U-shaped tendons in a meridional direction, which extend 
across the wall and dome, are anchored within the tendon gallery of the 
foundation slab. Fig. 4. Shows the geometry and main components of the 
APR1400 reactor containment building.

The cylindrical wall has multiple penetrations, which include large- 
scale penetrations like an equipment hatch and personal airlock, as well 
as several small-scale electrical and mechanical penetrations. It was 
assumed that there would be no leakage from the seals around these 
penetrations. The cylindrical wall was modeled using six layers of solid 
elements in the wall-depth direction to simulate the behavior of the wall 
under internal pressure. The wall portion and the foundation slab 
portion are cast with concrete separately during construction, but 
reinforcing bars and prestressed tendons tie the wall and the foundation 
together. Moreover, prestressing forces provide additional load-carrying 
capacity against internal pressure. Therefore, the wall-foundation 
interface was assumed to be completely closed or sealed for the pur
pose of pressure analysis. Further details on the nuclear containment 
structure used in this study are available in the referenced literature 
[17].

The materials used in the containment structure include concrete, 
steel rebar, steel liner, and prestressed tendon. Table 1 summarizes the 
statistical characteristics of the materials considered in this study. Fig. 5

shows the uniaxial stress-strain relationships of the four materials based 
on their mean values. For concrete, a damaged plasticity model was 
employed to define the stress-strain behavior, referring to the method
ology proposed by Alfarah et al. [21]. The uniaxial behavior of rein
forcing bars was defined following the model proposed by Mansour and 
Hsu [22]. Furthermore, the behaviors of steel liner and prestressed 
tendons were defined in accordance with the KAERI guidelines [17].

In the finite element model in ABAQUS, the concrete members were 
represented by 8-noded hexahedral elements (C3D8R). The rebars and 
prestressed tendons were modeled with fully integrated 2-noded truss 
elements (T3D2), while the steel liner was modeled using 4-node 
quadrilateral surface elements (S4R).

Another important step in the pressure fragility analysis of nuclear 
containment structures is to define the failure criteria to establish the 
ultimate pressure. During the numerical analysis in ABAQUS, the in
ternal pressure is statically applied over the entire liner plate, and is 
increased by small increments. In this study, we assumed that the ulti
mate pressure of a nuclear containment structure is reached when the 
steel liner in the global free field undertakes the maximum strain of 0.4 
% on average [23]. Fig. 6 shows an example to determine the ultimate 
pressure corresponding to the maximum strain of 0.4 % based on the 
results obtained from the ABAQUS analyses under incremental internal 
pressures.

Fig. 1. – Schematic of the proposed procedure.

Fig. 2. – Illustration to determine the required number of analyses monitoring Pm and βS
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4.2. Considered uncertainty parameters

The selection of uncertainty parameters and the generation of their 
value sets are required for the probabilistic fragility analysis of nuclear 

containment structures. In this investigation, the selection of uncer
tainty parameters incorporated insights from previous studies [9,10,14,
15]. Jin and Gong [10] and Jin et al. [11] considered 11 uncertainty 
parameters related to material properties for the fragility analysis and 

Fig. 3. – 3D ABAQUS model of the considered structure, APR1400 reactor 
containment building.

Fig. 4. – Geometry and main components of APR1400 reactor containment building.

Table 1 
– Information on considered uncertainty parameters.

No Uncertainty parameter Mean Cov References

1 Concrete compressive 
strength

41.37 MPa 0.15 Jin and Gong [10]

2 Concrete tensile strength 4.329 MPa 0.15 Jin and Gong [10]
3 Modulus of elasticity of 

concrete
30441.7 
MPa

0.08 Rajashekhar and 
Ellingwood [25]

4 Yield stress of rebar 413 MPa 0.05 Zhou et at [9].
5 Modulus of elasticity of 

rebar
220 GPa 0.03 Rajashekhar and 

Ellingwood [25]
6 Yield stress of steel liner 205 MPa 0.05 Zhou et at [9].
7 Modulus of elasticity of 

steel liner
220 GPa 0.03 Rajashekhar and 

Ellingwood [25]
8 Yield stress of tendon 1297 MPa 0.025 Zhou et at [9].
9 Modulus of elasticity of 

tendon
196 GPa 0.03 Rajashekhar and 

Ellingwood [25]
10 Density of concrete 2400 kg/ 

m3
0.03 Balomenos and Pandey 

[16]
11 Density of rebar 8050 kg/ 

m3
0.03 Balomenos and Pandey 

[16]
12 Density of steel liner 8050 kg/ 

m3
0.03 Balomenos and Pandey 

[16]
13 Density of tendon 8050 kg/ 

m3
0.03 Balomenos and Pandey 

[16]
14 Prestressing load in 

horizontal direction
850 MPa 0.10 KAERI [17]

15 Prestressing load in 
vertical direction

1000 MPa 0.10 KAERI [17]

Cov: Coefficient of variation.
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probabilistic performance evaluation of nuclear containment structures 
under internal pressure. Balomenos and Pandey [16] included the 
densities of materials (i.e., concrete, rebar, steel liner, and tendon) as 
uncertainty parameters. In addition, KAERI [17] reported that the 
prestress loadings in both vertical and horizontal directions also greatly 
affect the pressure capacity of nuclear containment structures. Hence, a 
total of 15 uncertainty parameters in Table 1 were considered in this 
study. It is noted that the mean values were obtained from the report by 
Kwak and Kwon [24] on the APR1400 reactor containment building, 
and the Cov values were taken from the references listed in Table 1.

4.3. Fragility analysis results and discussions

Following the proposed procedure in Section 3, n total value sets of 
uncertainty parameters should be prepared at the beginning. Jin and 
Gong [10] reported that differences in the fragility curves of nuclear 
containment structures under internal pressure, derived from 100, 500, 
and 1000 samples, were insignificant. Based on this finding, this study 

employed 100 value sets (n = 100 in Fig. 1) for 15 considered uncer
tainty parameters (Table 1) as the reference case, using Monte Carlo 
simulation with Latin Hypercube Sampling. At the START step, a total of 
10 sets (m = 10 in Fig. 1) from the pool of 100 value sets were randomly 
selected and analyzed. In the subsequent steps, additional two sets (i = 2 
in Fig. 1) were randomly selected and analyzed. In this study, a value of 
0.5 % was used for ϵD to check the discrepancies between two consec
utive steps (i.e., ϵPmk and ϵβSk ) and stop the analysis.

Fig. 7 displays the results acquired by the proposed procedure for a 
random selection case of additional value sets of the uncertainty pa
rameters (case no. 7 in Table 2). Specifically, Fig. 7a shows the changes 
of Pm and βS at each step, and indicates when the analysis was termi
nated. In this case, the required number of analyses was 40 (k = 15 in 
Fig. 1) for a discrepancy threshold of 0.5 %. Fig. 7b compares the 
fragility curve acquired by the proposed procedure (i.e., 40 analyses) 
with those derived from 10 to 100 analyses. The results demonstrate the 
high efficacy of the proposed procedure by showing that the fragility 
curve from 40 analyses is nearly identical to that from 100 analyses. In 
contrast, the fragility curve from 10 analyses is much different from that 
from 100 analyses.

In the case of 40 analyses, the internal pressures at failure proba
bilities of 5 %, 50 %, and 95 % were 0.7499 MPa, 1.1957 MPa, and 
1.8840 MPa, respectively. Meanwhile, the corresponding values from 
100 analyses were determined at 0.7501 MPa, 1.1527 MPa, and 1.7713 
MPa, respectively. The largest difference among the three failure points 
was only 6.359 %, which is considered negligible. Moreover, the 
computation time was significantly reduced by 60 % in this specific case 
compared to the case of 100 analyses.

To ensure a fair evaluation, the proposed procedure was repeated 10 
times using different value sets of the uncertainty parameters, as the 
results depended on the random selection at each step. Table 2 sum
marizes the required number of analyses acquired by the procedure, the 
internal pressures at failure probabilities of 5 %, 50 %, and 95 % 
determined based on the analyses, and the differences of internal pres
sures at the three failure probabilities between the considered case and 
the case of all 100 analyses. Across the 10 cases, the proposed procedure 
resulted in around 53 required analyses on average. In other words, the 

Fig. 5. – Normal stress-strain relationships of materials: a) concrete (in compression), b) steel rebar, c) steel linear, and d) prestressed tendon.

Fig. 6. – Example for determining the ultimate pressure.
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computation time was reduced by approximately 47 % on average, 
compared to the case of 100 analyses. Moreover, among 10 repeated 
cases, the average differences of internal pressures between the 
considered cases and the case of all 100 analyses at failure probabilities 
of 5 %, 50 %, and 95 % were only 1.298 %, 1.660 %, and 3.083 %, 
respectively.

Of the 10 cases, the minimum required number of analyses was 40, 
with a variation ranging from 40 to 70 analyses. Therefore, for the initial 
random selection of m value sets at the START step (Fig. 1), setting m 
close to 40 would save the computational effort at the beginning, and an 
i value (Fig. 1) of 2 is deemed appropriate.

Overall, based on these results, the proposed procedure demon
strates the potential to reduce the computational cost for the nonlinear 
pressure analysis of nuclear containment structures while yielding reli
able results for their fragility analysis regarding internal pressure.

5. Conclusions

This study proposed a novel efficient procedure designed to mitigate 
the computational burden associated with the fragility analysis of nu
clear containment structures under accidental internal pressure. The 
core principle of the proposed method is to progressively increase the 
number of analyses at each step while monitoring the changes of two 
critical parameters (Pm and βS) that shape the fragility curve. The 
analysis process is terminated once the changes in both Pm and βS fall 
below a predefined threshold. The proposed procedure was applied to 
the pressure fragility analysis of an existing type of containment struc
ture, the APR1400 reactor containment building. The numerical model 
for the containment structure was developed and analyzed using the 
ABAQUS software. In this application, a total of 15 uncertainty param
eters comprising material (i.e., concrete, rebar, steel liner, and tendon) 
characteristics and prestress loading conditions were considered, and 
100 value sets for them were initially generated using Monte Carlo 
simulation with LHS. The investigations lead to the following findings 

and conclusions. 

• The proposed procedure not only significantly reduces the compu
tational demand of nonlinear pressure analyses but also ensures the 
reliable generation of fragility functions. In the considered case 
study, the results demonstrate the high efficacy of the proposed 
procedure, showing that the fragility curve obtained from as small as 
40 analyses was nearly identical to that from 100 analyses.

• For a fair evaluation, the proposed procedure was repeated 10 times 
using different random value sets of the uncertainty parameters, and 
the results were compared with those from 100 analyses. In the 10 
repeated cases, the process was terminated at 40 to 70 analyses. On 
average, the computation time was reduced by approximately 47 % 
compared to the case of 100 analyses.

• Between the 10 repeated cases and the case of 100 analyses, the 
average differences in internal pressures corresponding to failure 
probabilities of 5 %, 50 %, and 95 % were only 1.298 %, 1.660 %, 
and 3.083 %, respectively, which are minimal.

The findings indicate that the proposed procedure has a high po
tential for optimizing the computational cost in the pressure fragility 
analysis of nuclear containment structures. However, the results of the 
proposed procedure may depend on the random selection of additional 
value sets of uncertainty parameters at each step. Hence, implementing 
a method (e.g., hierarchical clustering) to optimize this random selec
tion process could enhance the effectiveness of the procedure. Further
more, appropriate threshold values of the median and the standard 
deviation (i.e., 0.5 % in this study) to stop the analysis should be 
investigated more thoroughly in future studies.
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