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Abstract 

Structural integrity analysis of ships in collisions and groundings requires a realistic idealization of environmental and operational 
conditions within computational models. In essence, the problems are solved as Fluid-Structure-Interaction problems in which 
structural mechanics has an important role by modeling the contact. The accuracy of structural predictions in as-built and as-
operated structures can only be improved by properly understanding the phenomena present in full- and laboratory-scale. This 
paper investigates experimentally the modeling uncertainties with quasi-static experiments on single-sided stiffened and double-
skinned steel sandwich panels. Results reveal the importance of uncertainties associated with the panels' boundary conditions on 
how they affect the roles of membrane and bending load-carrying mechanisms and loading, material, and structural gradients that 
affect the initiation of the final fracture.  
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1. Introduction 

Structural integrity analysis of ships in collisions and groundings requires a realistic idealization of environmental 
and operational conditions within computational models. In these Fluid-Structure-Interaction problems, structural 
mechanics has an important role in modeling the contact. The classical division treats the external mechanics 
associated with ship motions during the collision and the internal mechanics related to the structural deformations as 
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two separate analyses (see for example Pedersen, 2010). Recently, also fully coupled models have been introduced in 
which the Finite Element Method is used as the main tool for structural analysis, while Computational Fluid Dynamics 
and Multi-Body Dynamics software can be used to assess the fluid mechanics and contact mechanics, respectively 
(see for example Pill et al., 2011; Bulgen et al., 2012; Le Sourne et al., 2012; Kim et al., 2021). These advances in 
computational tools make simulation-based design very attractive for engineers which also allow the post-accident 
simulations (Ruponen et al., 2010; Schreuder et al., 2011). However, as the problems get more complex and coupled 
with various non-linearities interacting in transient events, it becomes more critical to ensure that the individual parts 
of such simulations are realistically simulated. As contact force is an essential part of the analysis, the paper focuses 
on uncertainties associated with the structural analysis. We approach the problem experimentally and reflect on the 
simulation-based design.  

The focus is on the sources of uncertainties identified in the experimental work of Kõrgesaar et al. (2016, 2018a,b) 
and Romanoff et al. (2020). The uncertainties associated with load and boundary conditions modeling are investigated 
with stiffened panels made from steel. These panels have been shown to have excellent statistical performance when 
load and boundary conditions remain constant and the variations in load-deflection curves and final opening shapes 
remain constant. Thus, we extend the previous investigations here to the effect of varied boundary and load conditions. 
The uncertainties associated with load-, material- and structural gradients within the structure are investigated with 
web-core panels. It has been shown by Romanoff et al., (2020) that when these occur at the same place in the plane of 
the plate, significant uncertainties are observed in the results. However, it has also been observed that the panels are 
curved initially into different directions. Thus, the variation may occur because the panel is concave or convex before 
the experiment. Therefore, we expand here the investigations to include the effect of pre-distortion. To get more insight 
into the problem, we exploit here the high-fidelity scans after the experiments and try to derive from the scans the first 
and second differentials of the out-of-plane deformations to identify the role of membrane stretch due to von Karman 
strains and bending moments due to the curvature. These strains are indications of the load-carrying mechanism.  

 
Nomenclature 

 Strain 
u,v In-plane displacements 
w Deflection 
Qx, Qy Shear forces in stiffener direction and opposite to that 
X,Y,Z The coordinates measured 
x,y,z Coordinates 
 
Subscripts 
0 Plate mid-plane values 
i Initial 
p Permanent 
xx,yy,xy Subscripts for strain measures 

2. Test Description 

The details of the design of the tests have been given in Kõrgesaar et al. (2016, 2018a,b). Quasi-static experiments 
are considered in terms of load introduction, but previous experiments have shown that in web-core panels, the final 
failure is sudden and occurs with the speed of sound (Kõrgesaar et al., 2018b, Romanoff et al., 2020). Stiffened and 
web-core sandwich panels were selected to model the two typical structural elements in shipbuilding. Stiffened panels 
represent the most common structural unit in the ship structures. In contrast, web-core panel is similar to the double 
bottom and side structures used as collisions and grounding barriers. The panels are manufactured from plate 
thicknesses 1.5 mm and 3 mm by Koneteknologiakeskus in Turku, Finland, by laser-welding, resulting in similar 
welds in both panels. Material of specimens is standard structural steel S235JR (SSAB) with measured yield strength 
= 280 MPa (and 295MPa measured for lower and upper yield limit respectively), ultimate strength = 370MPa, and 
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elongation after fracture of 26%. Stiffener spacing is about 120mm for both panels. Both stiffened and web-core panels 
have the same magnitude of linear-elastic membrane stiffness at the start of tests both in the direction of stiffeners and 
opposite to that. Thus, any differences in the responses are simply due to how the mechanisms activate during the 
experiments and it is known that the web-core panels are significantly stiffer in bending at very low load levels and 
thus, the membrane mechanism activates later than in the stiffened panel (Romanoff et al., 2020).  

 

 

Fig. 1. (top) the tests set up with shear force, Qy, distribution causing the load-gradient; (bottom) description of the specimens causing the 
structural and material gradients. 
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Hydraulic force cylinder with a capacity of 1MN was mounted to the loading frame with 1MN force transducer 
connected to the bottom and further a half-sphere indenter on the force transducer. The indenter could rotate during 
indentation to protect the force sensor from bending moments. The experiment displacement was controlled, and 
movement was defined with a V-shaped amplitude profile, with maximum displacement being 300 mm and indenter 
velocity 10mm/min. The indentation was stopped in all experiments after the fracture of the specimen. The unloading 
process was manual. A clamping assembly consists of inserts and bolted connections to the support frame (HE600B, 
DIN 1025/EN 10034). The variation of boundary conditions is performed at the longitudinal edges by relaxing the 
pull-in and later the rotation constraint by removing the bolted connections and further the longitudinal inserts, 
respectively. Details of the stiffness of the support system and relative movement of the panels during the experiments 
can be found from Kõrgesaar et al. (2016, 2018a,b). The load was introduced at the mid-span of the panel, resulting 
in initially symmetric shear force, Qx and Qy, distribution along the panel in stiffener direction and opposite to it 
respectively. This shear force is known to cause secondary bending in the unit cells of the sandwich panels, and 
therefore to expose the laser-stake welds to significant bending that reduces the strength of the welds (see, for example, 
Romanoff et al., 2006, 2007a,b; Frank et al., 2013). 

It should be noted that as the panels fail, the load-carrying mechanism will change. The external impactor load is 
carried out at low load levels by the internal stress resultants, bending moments and shear forces. In orthotropic panels 
these are different along stiffener and opposite to this direction. How much they differ, depends on corresponding 
stiffness in these directions. Especially in shear the panels are orthotropic and therefore the amount of shear force 
carried out in these two directions will be significantly different. At higher load levels, the membrane forces start to 
carry the loads as well. Due to this orthotropy, and the non-linear von Kármán strains, the membrane and bending 
loading will also be affected as load increases. In the stiffened panel, the membrane load-carrying mechanism activates 
at very low load levels compared to sandwich panels where the bending stiffness is significantly higher and resulting 
in a bending-dominated load-carrying mechanism. After the tests, the panels are scanned by Atos 12M for the first 
gradient and second gradient of out-of-plane coordinates with respect to the in-plane coordinate in the transverse 
direction to the stiffeners. The idea of these scans is to identify how much of the load is carried out by membrane 
stretching and curvature related to bending. The total strain, including the axial stretch, von Karman membrane strains, 
and associated bending deformations, are assumed to follow classical plate theory and related by 

 

𝜖𝜖𝑥𝑥𝑥𝑥 = 𝜖𝜖0 + 𝜖𝜖𝑏𝑏 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥 +

1
2 (

𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥)

2
+ 𝑧𝑧 𝑑𝑑

2𝑑𝑑
𝑑𝑑𝑥𝑥2    (1) 

 
where the von Karman strains are the non-linear strains coupling the membrane and bending actions at large 

deflections, w, to in-plane displacement, u. This expression can also be derived for the yy-direction to account for the 
coupling between shear strains and twisting moments in xy-direction. We assume here that the initial imperfections 
are substantially smaller than the out-of-plane displacements (wi5mm, while wp160mm) giving us the possibility to 
at least qualitatively characterize the damaged specimens from scans by taking 
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where X and Z are the final measured x and z coordinates of the damaged specimen. So, the idea is to post-process 

from the scans these differentials and investigate differences in them between different load- and boundary-conditions. 
The geometry was measured with the Gom ATOS compact scan, equipped with a 1200 x 1000 mm measurement 
volume. The measured geometry was smoothed with a radius of 4 mm to remove noise, and the exported geometries 
contained approximately 1.6-2.1 million datapoints. The average spatial resolution of the datasets is 1 - 1.5 mm 
depending on location, defined as the distance to the nearest neighbour for each datapoint. The surface curvature was 
analyzed in Matlab by finding the 24 nearest neighbours at each datapoint, and then the gradients dz/dy and d2z/dy2 
were determined from a local quadratic surface fit within +-0.5mm of the datapoint in the y-direction. 
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3. Results 

At least, three repetitions were carried out per test, and experiments were carried out until fracture occurred, 
resulting in a dramatic drop in the contact force (see Figure 2).  
 

 

 

Fig. 2. (top) stiffened panel under different load and boundary conditions and b) web-core sandwich panel with convex and concave shape 
pointing upward. 

Results reveal the importance of uncertainties associated with the load and boundary conditions in the stiffened 
panel; we also observe that the repetitions between different panels result in almost identical behavior until the crack 
formation. When bolted connection is removed along longitudinal edges, the edges are allowed to pull in as straight 
lines, and the maximum load is reduced, but the maximum displacement does not. This is resulting in reduced absorbed 
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energy for similar penetration to failure. When the stiffening edge profile is removed, the maximum load and energy 
are reduced even more as the straight edges are relaxed and the longitudinal edge is allowed rotate more freely. In 
web-core panels four experiments performed to convex and three tests to concave side indicate much worse 
repeatability of the experiments. The direction of initial imperfections does not explain the differences in the load-
displacement curves. Instead, Romanoff et al. (2020) confirmed that the main reason is the coincidence of the loading, 
material, and structural gradients meeting at the same spatial location. In other words, at the center of the specimen 
where the panel experiences the highest shear force (load gradient) the material properties change from base to weld 
material (material gradient) and the internal rotation support of the web plates is active (structural gradient). When 
these interacting phenomena occur at the same time, it is challenging to predict the consequences. The analysis of 
gradient in stiffened panels is studied next (Figure 3).  

 

Fig. 3. Differentials of the deformations at the end of the test. (Top two rows) fully fixed specimen; (bottom two rows) free in-plane to pull-in as 
a straight edge. The first column is the out-of-plane deflection, the second column first derivative with respect to y-coordinate (von Karman 

strain), and the third column is the curvature (bending strains). Iso view for a general description and top view for details of the opening shape.  
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As can be seen, the fully fixed case results in more even dZ/dy-distribution, especially at the end of the stiffeners, 
which indicates more uniform membrane stretch in the panels due to von Karman strains. At the same time, we see 
that the curvature associated with bending deformations is less and much more localized, to the center region of the 
panels. When longitudinal edges are allowed to pull in straight lines, the membrane stretch is less uniform, and bending 
is activated more. In this case, the projected area of the opening is more extensive, which would mean in the ship 
collisions or grounding a larger inlet, leading to more rapid flooding of the damaged compartments. 

4. Conclusions 

This experimental campaign showed that it is essential to consider the influence of actual boundary conditions and 
welds in the strength modeling of steel structures. The boundary conditions contribute directly to the load-carrying 
mechanism and how much external loading is carried out by membrane and bending actions. The consequences are 
seen both at the absorbed energy levels and at the shape of the opening the penetrator makes. In addition, it was shown 
that the initial imperfection shape seems not to explain much to the actual outcome of quasi-static collision tests on 
web-core panels. Still, the influence of loading, material, and structural gradient explain why these advanced 
structures, which are very effective on carrying loads especially at linear range, become unpredictable and absorb less 
plastic energy under accidental loads. The investigations also show the importance of time in the assessment of both 
load and response of structures. In web-core panels where the gradients occur spatially at the same place, the failure 
may be rapid even though the loading is quasi-static and slowly applied.  

The presented investigation was limited to measurements at room temperature and scanning the specimens only 
after the experiment. In case of lower temperatures, the failures could become even more sudden. Also, as the 
experiments show, it would be very useful to measure the deformations and strain during the experiment, and this way 
trace better the load-carrying mechanism of the panels as it evolves. This is not an easy task as the scanning takes time, 
and the oscillations of the displacement-controlled impactor will affect the quality of scanning. On the other hand, 
Digital Image Correlation measurements for strains are not easy due to the test setup and significantly deforming 
specimens, leaving very little space for the measurements below the indenter. In order to remove these deficiencies, 
the test set-up would need modifications. Therefore, these issues are left for future work.  
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