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ABSTRACT

In the event of an airplane crash (APC) the structures, systems, and components (SSCs) of a nuclear power
plant (NPP) can be subjected to high-frequency vibrations. These impact-induced vibrations can propagate
through the structure, potentially affecting the structural integrity and functionality of installed safety-
related electrical and instrumentation & control (I1&C) equipment.

This paper examines key assumptions commonly adopted in numerical simulations of vibration
propagation through structures to evaluate acceleration response spectra at the equipment location. To
assess the validity of commonly adapted modelling assumptions for reinforced concrete (RC) structures,
finite element (FE) simulations using both linear and non-linear analyses are compared with experimental
vibration tests on the RC mock-up from the IRIS Phase 3 project (NEA 2025). Additionally, a realistic APC
scenario on a reinforced concrete wall supported by two back-walls is studied using linear analysis to assess
the influence of different element types (shell vs. solid elements). The results indicate that linear modelling
does not always yield conservative estimates of structural response. Furthermore, shell-element models of
the structure may underestimate structural responses in certain frequency ranges, highlighting the
importance of element selection in high-frequency vibration analyses.

INTRODUCTION

High-frequency vibrations induced by an impact or APC event and propagating from the impact location
through the structure to the systems and components of an NPP can affect the structural integrity and
functionality of safety-related electrical and instrumentation & control (I&C) equipment, such as electrical
cabinets. The current practice for the generation and processing of in-structure response spectra (ISRS) of
high-frequency vibration at cabinet locations to be used for integrity and functionality verification has been
reviewed by Ghadimi et al. (2023).

While non-linear structural modelling is typically employed for directly impacted RC members,
the propagation of impact-induced vibrations through the remaining structure is usually evaluated using
linear structural modelling to compute acceleration time-histories and corresponding response spectra at
the equipment locations. In some cases, such as preliminary analysis or proof-of-concept studies for local
vibration isolation, linear modelling of the entire structure is employed. The linear modelling approach is
generally considered conservative for deriving ISRS at cabinet locations; however, its conservatism
depends on assumptions regarding effective stiffness and energy dissipation. Furthermore, shell elements
are frequently used to represent the reinforced concrete structure in linear structural modelling and analysis.
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This paper discusses the differences in numerical results obtained using linear and non-linear
analyses for determining in-structure acceleration time-histories and their response spectra. Additionally,
this study examines how modelling choices (shell vs. solid elements) affect vibration propagation,
particularly at structural interfaces (e.g., edges) that connect impacted and supporting walls.

NUMERICAL SIMULATIONS

Linear and nonlinear FE analysis methods are applied in this study to investigate vibration propagation in
structures. The FE model used here is calibrated using results from impact tests on reinforced concrete
structures, such as Nuclear Energy Agency’s (NEA) IRIS Phase 3 experiments (NEA 2025, Ghadimi et al.
2019). Simulations are then extended to analyse a realistic APC scenario on a reinforced concrete wall
supported by two back-walls. Numerical simulations of APC impact and resulting loads on reinforced
concrete structures are performed using three-dimensional models, employing using explicit solver of LS-
DYNA for nonlinear analysis and SAP2000 with an implicit solver for linear analysis.

Simulation of Experimental Studies

Several RC mock-ups were subjected to impact loading from projectiles as part of the IMPACT III project,
organized by VTT in Finland. These tests were conducted to study the vibration propagation through RC
slabs. Results from these experiments are published in Saarenheimo et al. (2018) and Borgerhoft et al.
(2019). The latter compared acceleration response spectra obtained from linear and nonlinear numerical
simulations of an impact test and concluded that linear analysis generally provides conservative estimates.

The IRIS Phase 3 international benchmark project, organized by NEA (EDF 2017, NEA 2025), is
another experimental campaign that aimed to investigate the vibration propagation in RC structures from
the impact location to the building interior and its critical components. The test RC mock-up (Figure 1) was
impacted from three deformable projectiles, each with a mass of 50 kg, at impact velocities of 91.8 m/s
(Test 1), 93.5 m/s (Test 2), and 167 m/s (Test 3). To simulate equipment inside a reactor building, two
cylindrical “pseudo-equipment” units, each with a mass of 60.7 kg, were mounted on the front surface of
the backwall. These cylinders were attached to steel beams, which were connected to steel baseplates
embedded in the rear concrete wall using two different anchorage types: one bolted to the steel baseplate
and the other welded. Benchmark results revealed significant discrepancies in acceleration predictions
among participants’ FE simulations, raising concerns about the reliability of acceleration response spectra
for the design and re-evaluation of components. According to the benchmark conclusions, displacement
was found to be the most reliably predicted response quantity, see NEA (2025).

ed equipfen

———
Figure 1. IRIS Phase 3 mock-up (left); “pseudo-equipment” mounted on the rear wall (right), NEA (2025)
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The location of the acceleration sensors used for experimental and numerical comparisons in this
study are marked as orange points in Figure 1.

Figure 2 shows the ISRS (3% damping) derived from the measured acceleration time histories of
IRIS Phase 3, corresponding to Test 1 (first impact). The ISRS illustrate the acceleration amplification from
the baseplate (blue curves, A9 & A9'") to the equipment mass (black curves, A10 & A10") in both horizontal
and vertical directions. The comparison between bolted (solid curves) and welded (dotted curves)
equipment configurations highlights the influence of attachment conditions on vibration transmission. In
the horizontal direction (left graph), both the welded and bolted configurations exhibit comparable vibration
transmission to the equipment masses. In the vertical direction (right graph), a different trend is observed.
The strongest amplification occurs around 50 Hz, with peak accelerations exceeding 70 g for the welded
equipment (dotted black curve, A10'V). The baseplate accelerations (blue curves, A9V & A9'V) remain
significantly lower, confirming that vertical vibration transmission is more dominant at lower frequencies,
whereas horizontal vibration transmission exhibits stronger amplification at higher frequencies.
Additionally, in the vertical direction, the bolted configuration (solid black curve, A10V) consistently
exhibits significantly lower acceleration amplitudes than the welded configuration (dotted black curve,
A10'V) in the frequency range up to ~120 Hz. At frequencies above 120 Hz the welded configuration
exhibits lower accelerations.

Horizontal Acceleration Response Spectra, D=3% Vertical Acceleration Response Spectra, D=3%
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TestAIOV ~ ====- TestA10'V

Test A10H Test A10'H
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Bolted equipment: A9 (full blue curve) at baseplate, and A10 (full black curve) at equipment mass.
Welded equipment: A9' (dotted blue curve) at baseplate, and A10° (dotted black curve) at equipment mass.

Figure 2. ISRS (D = 3 %) obtained from measured acceleration data of the IRIS 3 equipment (Test 1).

Figure 3 illustrates the FE model of consecutive projectile impacts on the IRIS mock-up, developed
using LS-DYNA (2019). Calibrated with experimental measurements of the IRIS tests, this model is applied
to evaluate the influence of linear and nonlinear modelling assumptions on accelerations results. The RC
mock-up structure was modelled using a nonlinear concrete material constitutive law formulation, as
described in Ghadimi et al. (2019), where simulated results demonstrated good agreement with
experimental data.

For the current study, the same model is adopted, but with the concrete represented using a linear
material behaviour, while all other parameters remained unchanged.
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Figure 3. FE model of the IRIS Phase 3 mock-up in LS-DYNA, simulating consecutive projectile impacts
(Test 1, Test 2, Test 3, and Test V2), representing varying impact scenarios, see Ghadimi et al. (2019)
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Figure 4. Comparison of measured and simulated ISRS for Test 1 of IRIS Phase 3 mdck-up at five sensor
locations (A10H, A10V, A10'H, A10'V, and A7).
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Figure 4 presents the calculated ISRS at three acceleration sensor locations: two on the equipment

masses in both vertical and horizontal directions (A10H/A10V and A10°H/A’10°V) and one on the

cantilever part of the back wall (A7) in the horizontal direction (direction of impact loading). The results

from both linear and nonlinear analysis of Test 1 compared against experimental measurements. The linear

analysis (red curves) predicts higher acceleration amplitudes, particularly in the high-frequency range,

suggesting an overestimation of structural response. In contrast, the nonlinear analysis (blue curves) better

captures the measured spectral characteristics, aligning more closely with experimental data (dotted

curves). These differences highlight the importance of incorporating nonlinear material behaviour to

accurately model vibration propagation in reinforced concrete structures. The simulations underestimated
the vertical response of the equipment compared to the welded one.
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Figure 5. Comparison of simulated ISRS for Test 1 of the IRIS Phase 3 mock-up at three sensor locations
(A10°H, A10’V, and A7H), obtained from linear (red) and nonlinear (blue) analyses for the frequency
range up to 100 Hz, which is typically relevant in practice

Test 1 simulation results indicate that spectral accelerations from the linear analysis are generally
higher, especially at higher frequencies. However, as expected, Figure 5 reveals a frequency shift in the
lower frequency range, where the linear model exhibits resonance at higher frequencies compared to the
nonlinear model, confirming that the linear system is stiffer. Although the linear analysis predicts a higher
peak acceleration, it underestimates spectral accelerations in the lower frequency range, making it non-
conservative in this region. This must be considered when analysing vibration propagation using linear
analysis methods.

Simulation of APC Impact on a RC Wall

The FE program SAP2000 was used to model and predict the response of a RC target subjected to APC
induced impact loading. The basic modelling assumptions align with the IRIS 2010 bending test
simulations, as documented in Moore et al. (2011). The analyses were conducted using direct integration
time-history analysis, an implicit integration scheme. A linear constitutive law was used for concrete
modelling, and Rayleigh damping was introduced to ensure damping remained below 4% within the
frequency range of 1 to 100 Hz. Two different models developed, as shown in Figure 6:

e Model 1: Concrete is represented using solid elements,
e Model 2: Concrete is modelled using shell elements.

Both models used a 25 cm element size. A predefined impact load time history was applied to the
wall surface over an equivalent area representing the aircraft fuselage impact zone.
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Figure 6. FE models of RC wall subjected to APC impact: Model (left and middle) with solid elements
and Model 2 (right) with shell elements. Sensor locations are indicated in both models

The acceleration time histories (THs) and corresponding ISRS at the impact location on the front
wall (Am) and the mid-span of the supporting back wall (Bn) are shown in Figure 7 for both the solid
element model (Model 1) and the shell element model (Model 2). The ISRS results obtained using different
element types are not identical. At the impact location An, the shell element model predicts higher spectral
acceleration amplitudes. At the evaluation point B, on the back wall, a leftward frequency shift is observed
in the ISRS of the shell element model, leading to lower spectral acceleration values around 80 Hz.
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Figure 7. Comparison of acceleration THs and corresponding ISRS at the impact location (An) and the
mid-span of the supporting back wall (Bn) for the investigated target, using Model 1 (solid elements) and
Model 2 (shell elements)

The acceleration THs and corresponding ISRS for Model 1 (solid elements) are shown in Figure 8
for different locations through the thickness of the wall. The locations of the evaluated points are indicated
in the middle diagram of Figure 6. While spectral accelerations at the impact location vary by up to 20 %

through the wall thickness for frequencies above 25 Hz, this variation is nearly negligible in the supporting
back wall.
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Figure 8. Comparison of acceleration THs and corresponding ISRS at different locations through the
thickness of the RC wall for Model 1 (solid elements)

The influence of mesh refinement at the impact location was also investigated for both models by
reducing the mesh size to 12.5 cm (half of the original size). Since the calculated acceleration results
showed no significant dependency on the chosen element sizes, the results are not presented in this paper.

The IAEA Safety Report No. 87 (2018) provides guidelines on minimum element sizes for different
structural elements when simulating impact-induced vibrations, based on the wave propagation velocity of
concrete. It further recommends performing sensitivity studies on mesh size to ensure sufficient accuracy
in dynamic analysis results. For the investigated wall, the smallest suggested element size for the initial
iteration, based on the IAEA guidelines, was 100 cm, whereas the coarser mesh used in this study had an
element size of 25 cm.

CONCLUSIONS

Numerical analyses methods were applied to investigate vibration propagation through reinforced concrete
structures subjected to impact loading. Finite element (FE) calculations, calibrated with the IRIS Phase 3
vibration tests, showed that linear calculations generally yield more conservative results in terms of
maximum acceleration values in ISRS at structural elements connected to the impacted slab distant from
the impact location. However, linear analysis methods exhibited frequency shifts and underestimated
accelerations for frequencies below 100 Hz. Therefore, it was concluded that linear modelling may not
always provide conservative results for impact- and APC-induced vibrations, contrary to common
perception.

Furthermore, the study highlighted the differences in acceleration response spectra (ISRS) obtained
from numerical models using solid and shell elements for a RC target structure subjected to APC loading.
The ISRS results from these models were not identical. At the impact location, the model with shell
elements produced higher acceleration amplitude. At the centre of the back wall, a spectral shift was
observed, leading to lower spectral acceleration values around 80 Hz in the shell element model. Neither
modelling approach could be definitely identified as governing or conservative in terms of acceleration
values based on the current study. The influence of different element types (solid vs. shell) on the wave
propagation should therefore be further investigated.
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