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INTRODUCTION 

Fuel assemblies (FA) in light water reactors are highly optimized towards efficient performance in normal 
reactor conditions. At the same time, fuel assemblies are subject of stringent safety considerations 
regarding the capability to shut down the reactor under extreme loads. In particular, reactivity control by 
insertion of control rods needs to be ensured for extreme seismic events with low probability of 
occurrence during the lifetime of the plant. A re-evaluation of this fundamental safety function is required 
in the case of Goesgen NPP because of the highly increased seismic hazard estimates, referred to as 
“ENSI-2015”, see Stäuble-Akcay et al. (2018). 

Fuel assembly row models are widely used for this purpose, i.e. to demonstrate adequate 
performance, as requested in the context of seismic design or beyond-design safety evaluations. The fuel 
assemblies may experience impacts with neighbouring fuel assemblies or with the core barrel. The 
seismic robustness of the fuel assemblies depends on spacer grid buckling. Resulting permanent spacer 
grid deformations at control assembly (CA) positions could slow down or hinder the control rod insertion. 
Therefore, permanent spacer grid deformations should not exceed specific design limits or should be 
excluded by limiting impact forces to remain below the buckling strength. The present paper focusses on 
impact forces. Robustness analyses based on the limitation of permanent spacer grid deformations are 
addressed in Pellissetti et al. (2015, 2017). 

Scope 

Seismic analysis of fuel assemblies is typically based on artificial time histories, matched to design 
response spectra or uniform hazard spectra (UHS) of the ground motion or even of floor response spectra. 
The present paper aims at introducing additional realism in the analysis of the seismic performance, by 
relying on recorded ground motion time histories. Stäuble-Akcay et al. (2018) used in their seismic 
structural analyses UHS-matched ground motion time histories and recorded time histories which are 
compatible with the macro-seismic intensity level VII to VIII and thus correspond to the target seismic 
hazard ENSI-2015 for the Goesgen site. Soil-structure interaction (SSI) analyses have been performed 
with these time histories to obtain in-structure responses. The responses that were calculated with the 
recorded time histories are used as input for dedicated dynamic models of the reactor pressure vessel 
(RPV) internals and, subsequently, of the fuel assemblies (see Figure 1 below). 
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Figure 1: Analysis cascade: reactor building (left); RPV including internals (middle); FA row (right) 

GROUND MOTION 

Stäuble-Akcay et al. (2018) selected from EMSC (2013) a set of 28 recorded time histories (see Table 1), 
compatible to the seismic hazard background at Goesgen: 
• Frequency of exceedance of 10-4/a
• Magnitude Mw = 5.6 – 6.7
• Distance = 11 – 20km
• Hypocentre depth h = 6 – 11km
• Site Intensity VII – VIII

DYNAMIC ANALYSIS OF THE FUEL ASSEMBLY RESPONSE TO SEISMIC EXCITATION 

The loads on the fuel assemblies resulting from the ground motion are obtained via propagation through 
the following sequence of dynamic analysis models (see Figure 1): 

1. 3-D soil-structure-interaction analysis model of the Goesgen reactor building with SASSI, as
described in Stäuble-Akcay et  al. (2013).

2. 2-D horizontal model of the RPV internals with the non-linear dynamics code CESHOCK, as
described in Hilpert et al. (2019)

3. 2-D horizontal models of the fuel assembly rows, as described in Pellissetti et al. (2015).

Model #2 and #3 are two-dimensional models capturing horizontal translation and rotation in the 
associated vertical plane. Therefore two load cases are to be analysed for each ground motion record: 

- Load case “15”: 1 → global X axis in the building model (Figure 1); 5 → rotation around Y
- Load case “24”: 2 → global Y, 4 → rotation around X
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Table 1: Ground motion records from EMSC (2013), used for the present analysis 

Core configuration 

The analysed mixed core of HTP fuel assemblies (FA) is shown in the left part of Figure 2, the spacer 
grid (SG) force-deflection curves in the right part. The core is characterized by the following distribution: 

- Control assembly (CA) positions (small black triangles): HTP FA at begin-of-life (BOL) with SG
material 1 (green squares)

- Non-CA positions: HTP FA at end-of-life (EOL) with SG material 2 (orange squares)

Figure 2: Horizontal section through core (left); force-displacement curves of spacer grids (right) 
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Response quantity of interest 

The response quantity of interest in the present analysis is the maximum impact force experienced by the 
spacer grids (SG) in model #3 during the seismic event. Distinction is made between fuel assemblies at 
control assembly positions (CA) and non-control assembly positions (non-CA). For the success of control 
rod insertion, the fuel assemblies at control assembly positions are relevant. For each ground motion 
record, a total of six impact force data are evaluated given in Table 2. 

Table 2: Quantities of interest – maximum of spacer grid impact forces in the core 

All SG at CA positions All SG at non-CA positions All SG 
Load case 15 F15,CA F15,Non-CA F15,tot 
Load case 24 F24,CA F24,Non-CA F24,tot 

CORRELATION ANALYSIS  

Correlation between ground motion intensity measures 

Figure 3 shows the estimates of the correlation coefficients between pairs of quantities 𝜉, 𝜂  

ϱ𝜉𝜉 =
𝐸��𝜉−𝜇𝜉��𝜉−𝜇𝜂��

𝜎𝜉𝜎𝜂
(1) 

where 𝜇𝜉 and 𝜇𝜉 are the mean values and 𝜎𝜉 and 𝜎𝜉 are the standard deviations of ξ and η. Intense red and 
blue colours indicate high positive and negative correlations, respectively. 

Several observations can be made with the colour map of the correlations: 

There are two groups of intensity measures where the group members exhibit a strong positive 
correlation. These two groups are clearly visible in the correlation map, in the form of two large red 
squares. The two groups include the following intensity measures: 

- Group 1: peak ground acceleration, velocity and displacement (PGA, PGV, PGD); cumulative
absolute velocity (CAV) and Arias intensity (IA)

- Group 2: T5, T75, T95 (time at which 5%, 75% and 95% of the IA are reached); TUS (strong motion
duration used in the US, T75-T5), TF (strong motion duration used in France, T95-T5)

The remaining intensity measures are on one hand the average number of (upward) zero crossings (ν0) 
and maxima (ν1), per unit time, respectively. These form a group of strong mutual correlation. However, 
they can be also viewed as members of an “extended Group 2”, because a clear negative correlation 
pattern with the members of Group 2 is visible. This pattern is represented by the blue rectangles to the 
right and below the “Group 2 square”. 

Finally, the average peak factors Epeak (one for each direction) essentially form a group by themselves. 

Within the groups of intensity measures, there is significant correlation between the different directions 
(e.g. PGAX, PGAY and PGAZ). The cross-direction correlation is somewhat lower for the PGD. 
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Correlation between ground motion intensity measures and impact forces 

Figure 3 can be further inspected for the correlation between the intensity measures and the effects of the 
ground motion on the FA, more specifically on the maximum impact forces (recall Table 2). The 
corresponding columns of the correlation matrix are the six rightmost columns in Figure 3.  

The correlation map clearly indicates the there is a strong positive correlation between the peak ground 
accelerations, velocities and displacement and the maximum impact forces. In contrast, there is very little 
correlation between the Group 2 intensity measures (duration) and the impact forces. 
The two intensity measures for which there is the strongest correlation with the maximum impact forces 
(around 90%) are the PGV (load case 15) and the Arias Intensity (load case 24).  

Figure 3: Colour map of the correlation matrix between intensity measure variables and impact forces 

Spacer grid 
impact forcesVariables characterizing ground motion
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Linear regression in log-space 

The maximum impact force F15,tot is plotted versus the PGV (X-direction) in Figure 4 below. Linear 
regression was applied in log-space, as described by Zentner et al. (2017), 

ln𝑌 = ln 𝑏 + 𝑐 ln𝛼 + 𝜎𝜎 (2) 

In this case, Y represents the maximum impact force of a given time history, α represents the used 
intensity measure. The parameters b and c define the regression line, 𝜎 defines the standard deviation and 
𝜎 is a standard normal random variable. 

There are several ground motion records for which no impacts occur at all. These samples are plotted in 
red colour in Figure 4. Obviously these data cannot be used in determining the regression parameters, 
which are hence exclusively based on the data plotted in black. 

The upper limit of the range of the vertical axis is given by the buckling strength. The results show that 
large margins exist, even for the two extreme events (records 15903 and 103). 

It is important to keep in mind that the variability represented by 𝜎 - and hence by the ±𝜎 uncertainty 
band in the regression diagram – is entirely due to the ground motion variability. Indeed, the 28 ground 
motion records are propagated through the same model. No simultaneous sampling of model parameters, 
such as stiffness or damping of ground, building or components, is performed. Using the fragility 
terminology, the epistemic uncertainties associated with the analysis models are not included in the data 
shown in Figure 4. 

Figure 4: Maximum impact force F15,tot (normalized with respect to buckling resistance) vs. PGVX, 
logarithmic axes (left) and linear axes (right) 
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SCALING OF INPUT EXCITATION (FUEL ASSEMBLY ROW MODEL) 

For each of the 28 ground motion records, the last step of the analysis cascade in Figure 1, that is the fuel 
assembly row model, is repeated with amplified input excitation. More specifically, the input excitation is 
amplified by a scaling factor of 2, 4 and 8, respectively. The purpose of this analysis is twofold. Firstly, it 
is possible to estimate for which scaling factor the maximum impact force reaches the buckling resistance 
of the spacer grids. Secondly, it provides insight as to whether the maximum impact force is somewhat 
proportional to the amplitude of the input excitation. 

The results of this analysis are shown in Figure 5. Two curves are shown for each of the 28 ground 
motion records, one for each horizontal direction. In addition, Figure 5 shows the same results for the two 
time histories that are representative of the 50% and the 84%-fractile of the floor response spectra based 
on the uniform hazard spectra (UHS) for 10-4/a. Several observations are suggested by the data: 

1. The impact forces indeed scale more or less linearly with the amplitude of the input excitation. It
is reiterated that in this analysis only the last step of the analysis cascade is repeated. Hence, the
term input excitation refers to the motion of the upper and lower supports of the fuel assemblies
in this case.

2. For all ground motion records, the maximum impact forces remain below the buckling resistance
of the spacer grid if the fuel assembly input excitation is scaled by a factor of four or less. For
almost all ground motion records, the maximum impact forces remain below the buckling
resistance even if the fuel assembly input excitation is scaled by a factor of eight. An exception is
represented by the two “outliers” in Figure 4 (records 15903 and 103). For record 1590, the
impact force exceeds the buckling resistance for a scaling factor below eight for both horizontal
directions; for record 103 this is the case only for the horizontal direction Y (load case “24”). It is
noted that for the outlier records 15903 and 103, the permanent deformation resulting for a
scaling factor of eight has been evaluated and found to be still in the admissible range.

3. The variability of the maximum impact forces is mainly driven by ground motion variability. This
is suggested by the fact that the maximum impact forces corresponding to the 50% and
84%-fractiles of the UHS floor response spectra are relatively close to each other. The variability
of the UHS is entirely due to the epistemic uncertainty of the soil-structure interaction model
(damping and stiffness of soil and reactor building). This variability obviously translates to a
smaller variability of the impact forces, compared to the ground motion variability, reflected by
the curves corresponding to the 28 ground motion records.

4. The impact forces corresponding to the UHS excitations are enveloping the vast majority of the
ground motion records, mostly by a large amount. Exceptions are the above-mentioned outliers.
This is in line with the comparison of floor response spectra performed by Stäuble-Akcay et al.
(2018).
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Figure 5: Maximum impact force versus scaling factor applied to the input excitation of the fuel assembly 
row model 

CONCLUSIONS 

Framatome had successfully performed demonstrations of safe control rod insertion for Goesgen even in 
case of permanent spacer grid deformations resulting from increased seismic hazard ENSI-2015. These 
demonstrations were based on ground motion time histories compatible with uniform hazard spectra 
(UHS) corresponding to a frequency of exceedance of 10-4/a.  

In the present paper, the seismic performance of fuel assembly rows is analysed for historical 
ground motion records of seismic events in Europe that are compatible with the seismic hazard 
background of Goesgen NPP, at the same frequency of exceedance of 10-4/a. The resulting maximum 
impact forces between fuel assembly spacer grids show that there are ample margins with respect to the 
buckling resistance of the spacer grids. Hence the buckling resistance can be used as a more conservative 
criterion.  

The correlation analysis of the ground motion intensity measures and the impact forces shows 
that there are two groups of strongly correlated intensity measures: one including the peak ground 
accelerations, velocities, displacements, the CAV and the Arias intensities; the other one including the 
parameters relevant for the duration. The impact forces strongly correlate with the first group, in 
particular with the PGV and the Arias intensity. This is reflected by the linear regression (in log-space) of 
the impact forces on an individual intensity measure. 

Amplification of the input excitation of the fuel assembly row model by scaling factors 2, 4 and 8 
is performed. The maximum impact forces scale more or less linearly with the amplification factor. The 
application of the scaling factors confirms the large margins: For all considered ground motion records, 
the maximum impact forces remain below the buckling resistance of the spacer grids even if the input 
excitation is scaled by a factor of 4. Furthermore, the allowable deformation is not exceeded even if the 
input excitation is scaled by a factor of 8. 

The results also show that the impact forces corresponding to UHS are significantly larger than 
those resulting from most of the selected ground motion records.  
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Finally, it is remarked that the variability of the maximum impact forces is mainly driven by 
ground motion variability. In comparison, the effect of the epistemic uncertainty associated with the soil-
structure interaction model is marginal.  

The presented analysis of fuel assembly performance for recorded ground motion at Goesgen is a 
novel approach that is pursued by Framatome in order to add realism to the safety evaluation of fuel 
assemblies and identify additional, previously unquantified, margins at plants with challenging seismic 
conditions. 

NOMENCLATURE 

CAV Cumulative Absolute Velocity, CAV = ∫ |𝑎(𝑡)|𝑇
0 𝑑𝑡 

IA Arias Intensity, I𝐴 = 𝜋
2𝑔 ∫ 𝑎(𝑡)2𝑇

0 𝑑𝑡 
PGA Peak Ground Acceleration 
PGD Peak Ground Displacement 
PGV Peak Ground Velocity 
ν0 Average number of (upward) zero crossings per unit time 
ν1 Average number of maxima per unit time 

HTP is a trademark or a registered trademark of Framatome or its affiliates, in the USA or other countries. 
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