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Abstract 

Capability of thin-walled ship and offshore structures to resist impact loads without punc-
turing in collision situations is important in preventing pollution and destruction of 
coastal and marine ecosystems due to leakage of oil and chemicals. Currently, behavior of 
structures in collision is modeled with finite element method (FEM) which allows effec-
tive simulation of elastic and plastic response of the structure as well as simulation of 
fracture. Fracture propagation is modeled through element erosion whereby elements are 
removed from the mesh once the fracture criterion is satisfied. However, fracture criteria 
are dependent on experimental calibration and validation. Therefore, careful implemen-
tation and analysis of experiments is crucial in assessment of fracture modeling tech-
niques. In this work, quasi-static indentation experiments of stiffened steel panels were 
performed and obtained results were compared to FEM simulations. Comparison of ex-
periments with simulations provided the insight regarding boundary conditions, response 
of panels from small to large deformations up to fracture, as well as fracture propagation 
itself. 

Three indentation experiments produced very equivalent results indicating good repeat-
ability. It was observed that implemented boundary conditions did not completely satisfy 
fully clamped boundary conditions. However, the effect of boundary condition imperfec-
tion could be pointed out by simulations. Moreover, response to bending and membrane 
forces was indicated in the force-indentation curve as was plasticity of the material. Ad-
ditionally, it was discovered how two fracture criteria perform with different mesh sizes 
in fracture simulations. In conclusion, experimental results could not be fully reproduced 
with utilized simulation methods. This sets two directions for future work: first, to assess 
uncertainties related to experiments and simulations more comprehensively and second, 
to further develop fracture estimation methods for improved simulation accuracy. 
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Tiivistelmä 

Merellä tapahtuvat öljy- ja kemikaalionnettomuudet ovat merkittävä uhka herkille meri- 
ja rantavesiekosysteemeille. Onnettomuuksien ehkäisemisessä ohutseinämäisten 
laivojen ja muiden merirakenteiden törmäyskestävyys on merkittävä tekijä. Nykyisin 
suurien ohutseinämäisten merirakenteiden käyttäytymistä törmäyksissä mallinnetaan 
elementtimenetelmällä käyttäen kuorielementtejä. Elementtimenetelmä mahdollistaa 
elastisten ja plastisten muodonmuutosten sekä särönkasvun tehokkaan simuloinnin. 
Särön mallinnus vaatii materiaaliparametrien kokeellisen määrittämisen. Lisäksi kokeita 
tarvitaan simulaatiotulosten validointiin. Siten kokeiden huolellinen toteuttaminen ja 
analysointi ovat oleellisia särönmallinnustekniikoiden arvioinnissa. Tässä työssä 
toteutettiin jäykistettyjen teräspaneelien kvasistaattiset törmäyskokeet, joiden tuloksia 
verrattiin simulaatiotuloksiin. Koe- ja simulointitulosten vertailun kautta arvioitiin 
idealisoitujen reunaehtojen toteutumista, paneelien vastetta muodonmuutosten 
kasvaessa aina murtumaan saakka, sekä itse särönkasvuprosessia. 

Koestettujen paneelien voima-tunkeumavasteissa havaittiin vain pieniä eroja. Tässä 
suhteessa kokeet onnistuivat hyvin. Toisaalta kokeissa havaittiin, että kappaleiden 
kiinnitys ei täysin vastannut ideaalisia reunaehtoja. Reunaehtojen epätäydellisyyden 
vaikutusta voima-tunkeumavasteeseen voitiin kuitenkin arvioida simulaatioiden avulla. 
Voima-tunkeumavasteesta osoitettiin paneelien taivutusvaste, kalvovoimien vaikutus 
sekä materiaalin plastisoitumisen vaikutus. Kahta murtokriteeriä käyttäen työssä 
arvioitiin myös elementtikoon sekä murtokriteerin vaikutusta simulaatiotuloksiin. Työn 
tärkein tulos oli paneelien vasteeseen vaikuttavien tekijöiden erittely ja reunaehtojen 
analyysin tulokset. Tulosten pohjalta kokeissa ja simulaatioissa vaikuttavia 
epävarmuustekijöitä tulisi arvioida entistä kattavammin, sekä särönmallinnustekniikoita 
tulisi kehittää simulaatiotulosten tarkkuuden ja luotettavuuden parantamiseksi. 

Avainsanat ohutlevyrakenteet, törmäyskestävyys, kokeellinen tutkimus, reunaehdot, 

simulointi, FEM, kuori-elementti, murtokriteeri, verkkoriippuvuus 
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1 Introduction 

1.1 Background – Crashworthy ship structures 

Maritime safety is dependent on several factors including ship operation, intact and damage 

stability of ships as well as effectivity of evacuation and rescue operations. Overall maritime 

safety is determined in probabilistic way by assessing and managing risks related to different 

factors. Knowledge of maritime safety has grown and lot of emphasis is put on preventing 

ship accidents. However, number of ship collisions has even increased during the last decade 

(Hogström, Ringsberg 2013). 

In history, there are several examples of ship collision or grounding accidents (Figure 1) 

where the consequences of the accidents have been unbearable. The most disastrous 

accidents have led to significant actions to prevent corresponding events in future. An 

example of such accident was grounding of tanker Exxon Valdez in Alaska 1989. Grounding 

caused rupture of tanker’s single-skin hull which led to extensive oil leakage and pollution 

of large pristine shore areas. Exxon Valdez accident was followed by legislative actions (Oil 

Pollution Act in 1990, OPA90) in the United States that aimed to decrease the risk of oil 

pollution in case of tanker collision or grounding. Use of double-hull tanker design was 

regarded as an effective way to achieve that aim (Wang, Arita & Liu 2000). 

 
Figure 1. Rupture of the side shell of a ship through collision or grounding can lead to severe losses 

economically, environmentally and in human lives. (Ringsberg 2010) 

In case of collision or grounding, outer skin of a double hull can be punctured, inner skin 

still staying intact preventing oil-leakage. Thus, double-hull provides better collision-

resistance compared to single-hull. Enhanced collision-resistance of the double-hull 

structure is based on extra hull plating that can absorb collision energy preventing failure of 

the whole structure. The same idea stands for collision-resistant structures in general; they 

can absorb and distribute collision energy through plastic deformation more efficiently than 

conventional structures. 

For at least twenty years, double-hull bottom and side structures have been implemented in 

ships to increase crashworthiness and survivability of the ships. (Wang, Arita & Liu 2000) 

But only over last ten years collision-resistance of ship structures is considered also in design 

codes of classification societies. Instead of general regulations for ship design, present 

guidelines allow for design and safety verification of an individual ship (Zhang, Egge & 

Bruhns 2004). Updated guidelines accounting for more individual structural design have 
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resulted in new research and development in the field of crashworthy ship structures. A 

variety of different structural configurations have been proposed and researched. Enabled by 

development of laser-welding technique, lightweight thin-walled structures with improved 

collision-resistance capabilities have been developed, for instance X- and Y-core sandwich 

structures (Wolf 2003) (Kujala, Klanac 2005) (Ehlers et al. 2010). Additionally, accurate 

and reliable methods are developed to verify collision-resistance of the ship structures. Since 

fracture of the structure is critical in terms of ship survivability, these methods aim for 

improved capability of predicting fracture initiation and propagation in collision. 

Currently, a lot of effort is taken to develop accurate fracture estimation methods for large 

ship structures (Kõrgesaar 2015). Most accurate methods are based on finite element 

simulations. Use of FEM is reasonable as it is an important tool in ship engineering and 

commonly preferred over analytical methods which cannot handle geometrical and material 

non-linearities present in the collision. Due to complexity of simulations however, there is 

no guarantee that applied simulation methods and parameters correspond with the reality. 

Use of invalid collision and fracture simulation methods can lead to false assessments in 

structural design which can have disastrous consequences in real collision or grounding 

situation. Relying on invalid simulation methods can be especially dangerous if they are 

implemented in collision simulations of new structural concepts that are not experimentally 

tested. Negligent consideration of factors contributing in collision experiments and 

simulations can lead to highly misleading results as was pointed out in (Broekhuijsen 2002). 

Therefore, validation of collision simulations requires thorough consideration of various 

factors in respect to experiments and simulations. 

1.2 State of the art in collision research 

Ship collision or grounding is an extreme situation where ship shell structure is subjected to 

high local impact load. Colliding object can be of various size and shape ranging from flat 

seabed surface to sharp rock or bulbous bow of another ship. Collision speed also varies 

vastly between different collision occasions: stranding or grounding can happen in relatively 

slow velocity whereas in ship-to-ship collision, striking ship can have quite high speed. In 

addition to velocities of colliding objects, available collision energy is dependent on masses 

of the objects. Furthermore, behavior of the structure and material is different in different 

circumstances. For instance, stress-strain relation of material changes in respect to 

temperature and loading rate. 

Collision research has relied on experimental testing since the beginning of the research in 

1960s and 1970s. Some large-scale tests including real ship dynamics have been performed, 

e.g. (Wolf 2003) but full-scale collision tests have been rarely performed due to their cost 

and large number of intangible uncertainties. Instead of full-scale tests, model scale tests of 

ship structures are commonly performed. Advantage of the model-scale experiments is that 

they are performed under environment where uncertainties can be controlled. Behavior of 

the structures in the full scale is then modeled based on the data obtained in model-scale 

experiments. 

During early stage of collision research, dynamic tests were performed to include dynamic 

effects of the collision in the. Mainstream of research then changed to quasi-static collision 

tests to gain more information of each test in controlled conditions. (Wang, Arita & Liu 

2000) In the early model-scale collision experiments (Wang, Arita & Liu 2000) different 

collision scenarios were mimicked to test primary damage mechanisms of structures. Wang 
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et al. indented a double-hull structure quasi-statically with cones of different radii on the 

main structural elements as shown in Figure 2. Purpose was to study effects of cone shape 

and collision location on structural response. Resulting force-indentation curves were 

utilized to derive simple analytical methods for global impact strength calculation of a 

double hull. (Wang, Arita & Liu 2000)  

 
Figure 2. Experimental setup used in (Wang, Arita & Liu 2000) with large cone pressing at the middle 

of the experimental double-bottom structure. 

Design of tested structures has varied from plain steel plates and stiffened plates to scale 

models of ship hull structures. Respectively with the design of tested structure, also the 

emphasis of the research has varied between researches. Wolf (2003) tested collision 

resistance of an X-core structure in large scale including ship dynamics in collision. Ehlers 

et al (2011) simulated those experiments studying effects of ship dynamics and laser weld 

strength. Alsos et al. studied energy-absorption capability of different stiffened plates 

pressed with bulbous indenter (Alsos, Amdahl 2008). Analysis included utilization of real 

material data obtained from tensile tests in simulations while the main focus of work was in 

studying different fracture criteria. 

Karlsson et al. (2009) examined collapse of double-bottom side-shell structure indented with 

bulb-shape object. Material tensile tests and steel sheet impact experiments were used to 

determine parameters for the simulation of double-bottom indentation experiments. 

Contribution of experimental and simulation factors, such as friction and mesh size were 

studied to obtain optimal simulation model. Ehlers et al. (2011) researched experimental 

dynamic collision tests on full-scale X-core structure and compared experimental results to 

quasi-static collision simulations. Especial interest was put on weld modeling that was based 

on experimental test data. Dynamic dropped-object tests on double-hull structure model of 

VLCC (very large crude carrier) has been carried out in (Villavicencio 2013). Different 

aspects of these tests are analyzed and simulated in (Cho 2013). In (Kim et al 2016), 

influence of cold temperature was included in dropped-object tests on both stiffened and 

unstiffened steel plates. 

Reliability of obtained experimental results is affected by several factors. Error caused by 

equipment has been found quite small, a few percent at most (Karlsson 2009) (Ehlers et al. 

2011). Yielding of support structure affects reliability of displacement measuring and 

changes actual boundary condition of the tested structure. These factors have been 

considered in different ways, for instance see (Alsos, Amdahl 2008) and (Karlsson 2009). In 

most model-scale collision experiments tested structure is welded to the support structure on 
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edges, as shown in Figure 3 (Alsos, Amdahl 2008) (Karlsson 2009). Layout of an alternative 

experimental setup where welded structure is fastened with bolts to the basement is shown 

in Figure 4 (Villavicencio 2013). By welding, tested structure can be connected to support 

structure with relatively continuous connection. In theory, all translations and rotations are 

fixed in the weld area. In practice though, stiffness of welds used to weld thin plates is not 

sufficient to restrain rotation around weld bead axis completely. Welds also induce residual 

stresses into material which can have effect on the material behavior. Were the boundary 

conditions implemented by welding or by other technique, imperfections in boundary 

conditions can have a significant effect on the results and should be therefore noticed in 

analysis of experimental results. 

 
Figure 3. Test rig used in (Alsos, Amdahl 2008) shown on the left. Experimental structure is welded to 

support frame consisting of box beams. Picture of the deformed structure during indentation is shown 

on the right.  

 
Figure 4. Double bottom structure used in dropped object experiments in (Villavicencio 2013). Structure 

is very similar to one used by Arita et al. (2000) and Park et al. (2016) 

Behavior of the structure in collision is highly dependent on material behavior under high 

strains and in different stress states. Material testing gives a reliable baseline for assessment 

of simulation techniques and results and reveal possible uncertainty related to material 

properties. For example, Alsos et al. (2008) noticed that yield strength of basic mild steel 

varied as much as 100MPa between sheets from different batches. Such variance can overrun 

all other uncertainties in experiments. Especially advanced ductile fracture modeling in large 

thin-walled structures requires accurate and diverse material testing. Material tests in present 

researches comprise ordinarily standard uniaxial tensile test, for instance (Alsos, Amdahl 

2008). Material anisotropy due to manufacturing is accounted for by performing tensile tests 

with specimens cut in perpendicular directions of the plate. Additionally, different stress-

state specific material tests have been performed, such as forming limit tests in (Hogström 
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2009). Stress-strain data obtained from material testing is utilized in simulations to validate 

the modeling techniques. 

Strain rate dependency of the material is another factor related to material modeling that can 

have significant influence on the results. Material behavior in collision depends on collision 

speed. Table 1 by Johnson (1985) gives a measure to estimate material behavior under 

different collision speeds. Real ship collisions happen in regime of several meters per second 

and thus material behavior is fully plastic. Quasi-static collision tests are performed with 

even lower velocity. Alsos et al. (2008) calculated that with indentation speed of 10mm/min 

strain-rate effect causes 2-4% increase in load compared to fully static loading. Storheim 

(2015) studied effects of strain rate excessively and found out that increase in strain rate 

actually decreases ductility of the material. Conclusion of the research was that neglecting 

strain-rate effects is conservative. Kim et al. (2016) studied strain-rate and temperature 

effects on material behavior. 

Table 1. Johnson’s estimate for impact between metallic bodies. ρ and v are the density and velocity of 

the projectile, respectively. Yd is the yield stress of the impacted body. When relation exceeds 1, inertia 

effects become dominant. (Johnson 1985) 

Regime ρv2/Yd Approximate velocity (m/s) 

Elastic < 10-6 <0.1 

Fully plastic ̴10-3 ̴5 

Limits of shallow indentation ̴10-1 ̴100 

Extensive plastic flow, beginning of hydro-
dynamic behavior (e.g. bullets) 

̴10 ̴1000 

Hypervelocity (e.g. laser beams, meteorites) ̴103 ̴10000 

 

1.3 Scope and objectives of research 

This work focuses on implementation and analysis of quasi-static indentation experiments 

of stiffened steel panels. A couple of experiments are performed to study the reliability of 

the implemented experiments. Study focuses on the force-indentation response of the panels 

and to the derived energy-indentation relation. Additionally, inspection of the fracture paths 

of the panels is presented. Experiments are performed in controlled conditions, in quasi-

static manner and in room temperature. Therefore, strain rate and temperature effects on 

panel behavior are neglected. Additionally, some physical quantities affecting the 

indentation, such as friction, are not determined experimentally, but common values from 

literature are used. 

Indentation experiments are reproduced with nonlinear finite element analysis (FEA) 

simulations. Simulations are carried out using shell elements in explicit finite element 

analysis scheme. Experimentally obtained engineering stress-strain relation of the material 

is used to model the constitutive relation. Fracture is simulated using two different fracture 

criteria, namely equivalent fracture strain (EFS) and modified Mohr-Coulomb (MMC) 

criteria. Sensitivity of the fracture criteria to mesh size effect is studied in the simulations. 

The finite element analysis aims to discover factors contributing to the panel response and 

assess the reliability of the obtained experimental results. First objective is to show 

contribution of load-carrying mechanisms, plasticity and boundary conditions in force-

indentation response of the panels. In this pursuit, experimentally obtained response of the 

panels is compared to the response obtained using prescribed nonlinear FEA and 
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furthermore, to the response obtained using linear-elastic material model in linear and 

nonlinear FEA. Second objective is to assess the reliability of the obtained experimental 

results. This is also done by comparing simulation and experimental results. Third objective 

is to study mesh size effect in case of two different fracture criteria and discuss the fracture 

modeling capabilities of the criteria. Finally, inspected factors are reflected to energy 

absorption capability of the experimental structure and thin-walled structures in general. 
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2 Indentation experiments 

2.1 Experimental methods 

Quasi-static indentation experiments were performed to study force-indentation response 

and fracture behavior of stiffened steel panels. For more detailed presentation of the 

experiments, see Appendix 1. 

2.1.1 Specimens 

Specimens used in quasi-static collision experiments were stiffened steel panels (SP) 

consisting of thin steel plates – called face plates – reinforced with steel stiffeners. Face 

plates and stiffeners were welded together with laser stake welds. Geometry of the panels 

with ideal and measured dimensions are shown in Figure 5 accompanied by a picture of 

piece of laser stake weld. Main dimensions (length and width of the panel) are defined in the 

same figure. Panel dimensions were measured to be utilized in the test setup design. 

Measurement results are fully presented in Appendix 1.1. 

 
Figure 5. Geometry and dimensions of stiffened panels including picture showing a section of laser stake 

weld. Ideal and measured dimensions of the panels are shown in the table. The square grid on the face 

plate is used to refer to certain section of the panel. Grid size is 120x120mm. Holes of the panel ends are 

denoted as Row I and Row II. 

Panels were made of standard structural steel S235JR. Material property requirements are 

defined in standard EN 10025-2. To validate material properties and to obtain actual stress-

strain curve of the material, standard uniaxial tensile tests were performed on specimens 

manufactured from face plate of one stiffened panel. Material properties according to 

standard and measurements are shown in Figure 6 with pictures of tensile test specimens. In 
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addition to base material testing, properties of the laser stake welds were analyzed. Hardness 

gradients of a weld cross-section were measured with Vickers indentation tests reported in 

Appendix 1.3. Purpose of the tests was to find out whether hardness gradients were 

exceptional. Exceptionally high hardness gradients cause welds to behave in brittle way 

decreasing strength of the structures. 

 
Figure 6. On the left, tensile test specimen shown before test, in the MTS machine during the test and 

after the test. Pictures of the specimen before and after are in equal scale to illustrate stretching of the 

specimen. Material properties according to standard (EN 10025-2) and experiments are summarized in 

the table. Engineering stress-strain curves obtained from tensile tests shown on the lower right corner 

with an arrow showing the measured elongation after fracture. 

2.1.2 Test setup 

Test setup was designed to perform indentation experiments of stiffened panels. Components 

of test setup are shown in Figure 7 and briefly described in the following. Details of the test 

setup components are reported in Appendix 1. Manufacturing drawings of components (1) 

and (6) are presented in Appendix 1.4. 

Support structure (1) was designed to provide fully clamped boundary condition for the 

specimens. Support structure consists of standard I beams and 30mm and 40mm thick steel 

plates and blocks that were fastened together with grade 10.9 steel bolts of size M24. 

Fastening of the specimens was also based on bolt connections. Panel was clamped between 

the steel blocks and the top support with 62 bolts installed to the panel holes (Figure 5). 

Implemented boundary condition allowed control of clamping force as well as flexible 

installation and removal of the specimens. Bolts were fastened to torque of 800Nm. 

Calculated clamping force achieved with current arrangement was almost 9MN (Appendix 

1.5). 

Loading frame (2) was installed on two loading plates, each having load-carrying capacity 

of 1MN. Force cylinder (3) was mounted to the loading frame. Force was measured with 
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1MN force transducer (4) and transferred to the panel with spherical bulb indenter (6) that 

had radius of 140mm. Adapter (5) was used to install the indenter to the force transducer. 

Displacement transducers (7) comprised 500mm main transducer used to measure 

displacement of the indenter and two smaller transducers. Strains were measured with strain 

gages (8) and DIC system (11). Force, displacement and strain measurements were managed 

with amplifier (9) and control system (10). 

 
Figure 7. Overview picture of the test setup with following components: support structure (1), loading 

frame (2), force cylinder (3) and force transducer (4), adapter (5), bulb indenter (6), displacement 

transducers (7), strain gages (8), amplifier system (9), measurement control system (10) and DIC system 

(11). 

2.1.3 Test procedure 

Four stiffened panels, denoted as SP2, SP4, SP5 and SP6 were tested in experiments. All 

panels were indented at the centroid of the plate. Main quantities measured in the 

experiments were the displacement of the indenter and the force resulting from contact 

between indenter and the specimen. Force and displacement transducers were zeroed before 

every experiment. Indentation was displacement controlled. Maximum indentation was set 

to 300mm and indentation velocity was 10mm/min. Experiment was stopped after the panel 

had fractured. Strains were measured as reported in Appendix 1. It was assumed that panels 

would deform on boundary areas due to high membrane forces. Therefore, lengths and 

widths of the panels and diameters of the holes at the ends of the panels were measured 

before and after experiments. These measurements are fully reported in Appendix 1.2. 
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2.2 Experimental results and observations 

2.2.1 Force-indentation response 

Force-indentation curves from SP4, SP5 and SP6 experiments are presented in Figure 8. 

Force-indentation curve from SP2 experiment is not since shape of the curve indicated failed 

experiment. SP2 results can be found in Appendix 1. Curves in Figure 8 are divided to 

following five stages: 

1) Linear response (0…5mm) 

2) Transition (5…50mm) 

3) Stable almost linear section from 50mm until fracture 

4) Peak (about 180mm) 

5) Softening (180mm…) 

These five stages have been chosen since they represent characteristic behavior in observed 

panel response. Panel response is linear at first 3…5mm of indentation which is referred as 

Stage 1. After the linear stage, response softens slightly and starts to stiffen again. This 

transition is called Stage 2. Stiffening stabilizes at about 40mm indentation followed by 

almost linear response in Stage 3. Response of the panel softens slightly before peak (Stage 

4) is reached. After the peak, panel loses its load carrying capacity abruptly. This 

phenomenon is called softening and called Stage 5. 

Force-indentation curves show very fine correlation with each other. Curves are practically 

identical until blue curve presenting SP5 turns below the other two curves during Stage 3. 

Curves show fine correlation in Stage 4, peak displacements and forces being within 1 

percent limit from average. Sample standard deviations are small, 1.5% for force and 2.2% 

for displacement at peak. After Stage 4, curves behave differently. Softening is fastest in 

SP4 and shape of the curve differs from the other two curves. Shapes of the SP5 and SP6 

curves are substantially equivalent. 

 
Figure 8. Comparison of force-indentation curves reveals fine correspondence between SP4, SP5 and 

SP6 experiments. Major differences between curves are observed in stage 5. 
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Accuracy of the measured force and displacement was assessed by measuring loading frame 

deflection and by calculating calibrated values for force and displacement. Magnitude of the 

loading frame deflection was 0.7mm at most while calibration affected the results by less 

than 1mm and 1kN (Appendix 1 and 1.6). 

2.2.2 Absorbed energy 

In collision, kinetic energy of the colliding object is consumed by elastic straining and plastic 

deformations of the structure and by friction and other losses. In quasi-static indentation, 

losses are considered negligible. Energy absorbed by the structure can be evaluated by 

integrating the force-indentation curve in respect to indentation. If the loading cycle is 

closed, i.e. indenter is returned to its initial position after fracture of the panel, and force and 

indentation are measured during the whole cycle, elastic energy can be subtracted from the 

total consumed energy and plastic energy absorbed by the structure can be obtained. In 

present experiments, force and indentation were not measured during lift-off of the indenter. 

Therefore, elastic and plastic energy are not separated but energy consumed by the structure 

in indentation is referred simply as absorbed energy. 

Energy absorbed by the stiffened panels SP4, SP5 and SP6 is calculated as integral of the 

force-indentation curve. Obtained energy-indentation curves are presented in Figure 9. 

Curves are very well in-line with each other. The greatest difference between energy-

indentation curves is in the absorbed energy before the fracture occurrence. Results are 

consistent in sense that highest energy at fracture is observed in the experiment with largest 

indentation at the fracture. Dispersion of the results is small since difference between the 

largest (SP5) and the lowest (SP6) energy at fracture is 3.5% in respect to the largest value. 

In conclusion, differences between the experiments observed in the force-indentation 

response are reduced when absorbed energy in respect to indentation is considered. 

 
Figure 9. Energy-indentation curves obtained from the experiments. Thick lines represent the energy 

absorbed by the structure until fracture whereas thin lines show the energy absorbed by the structure 

after the fracture. Absorbed energy at the point of fracture is shown in table in respect to indentation at 

fracture for each experiment. 
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2.2.3 Fracture path 

Collage of pictures taken from the final fractures of the panels is shown in Figure 10. All 

panels have initially fractured in direction parallel to the stiffeners. First fracture has 

occurred close to the centerline of the panel in the contact zone and propagated in both 

directions parallel to the stiffeners. Therefore, the most severe strains have developed in face 

plate subjected to contact with the indenter. SP4 fracture features moderate second branch 

and a broken stiffener that was not observed in SP5 or SP6. Final fracture of SP5 comprises 

a large single crack in the direction parallel to stiffeners without side branches. SP6 features 

a side branch that goes through the weld seam. SP4 and SP6 had fractured on the “weighted” 

side of the stiffener, i.e. on the side where center of the indenter was positioned. Fracture 

paths are analyzed below in more detail. Figure 11, Figure 12 and Figure 13 feature images 

captured with high-speed cameras positioned below the specimen in SP4, SP5 and SP6 

experiments, respectively. 

 
Figure 10. Fracture has initiated in face plate in all experiments. Final fracture of SP4 features two 

branches (1 and 2). SP5 features single smooth crack. SP6 fracture comprises main (1) and side (2) 

fractures. 

Six images taken in SP4 experiment are shown in Figure 11. Primary fracture has initiated 

outside the image field of view and reached the field of view in Figure 11.1, highlighted with 

an arrow A. At the meantime, necking is observed between the middle stiffener and the face 

plate (arrow B). Figure 11.2 has been taken just before neck develops into secondary fracture 

below the stiffener. In Figure 11.3, fracture has propagated to a point where it starts turning 

towards the main fracture. Necking of the stiffener can also be noticed. Figure 11.4 has been 

taken right before primary and secondary fracture merge in the face plate. Simultaneously 

with merger of fractures in face plate, excessive neck of the stiffener in Figure 11.4 develops 

to fracture breaking the stiffener. Result of the prescribed fracture propagation is shown in 

Figure 11.5. Figure 11.6 features final fracture before indenter liftoff. 

 
Figure 11. Pictures taken with high-speed camera during SP4 experiment show fracture propagation at 

the middle of the panel. Main crack (A) and secondary crack (B) propagate and finally merge (last two 

pictures). 
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Six images featuring the initiation and propagation of fracture in SP5 experiment are shown 

in Figure 12. In Figure 12.1, there is only diffuse necking in the plate that is barely visible. 

In Figure 12.2, a visible localized neck has developed. Figure 12.3 has been taken just before 

fracture which was managed to be recorded in motion in Figure 12.4. Figure 12.5 shows 

fracture immediately after primary crack. 

 
Figure 12. Images taken during SP5 experiment show localized necking before fracture and rapidly 

extended final fracture. 

Figure 13 features development of fracture in SP6 experiment shown in similar way as in 

case of SP4 and SP5. In Figure 13.1, localized necking is barely visible. In Figure 13.2, first 

fracture (arrow) has occurred. Figure 13.3 has been taken an instant before secondary branch 

diverges from the primary fracture. Secondary branch is highlighted with a circle in the 

figures. In Figure 13.5, indenter is in its lowest position, just before liftoff of indenter. In 

Figure 13.6, indenter has been lifted off. 

 
Figure 13. With wider field of view lenses, whole fracture area was managed to be captured in SP6 

experiment. Fracture initiation is shown with an arrow. Developed second fracture branch is shown with 

circle. 

2.2.4 Panel deformations on boundaries 

Length and width of each panel was measured after experiments on grid coordinates 1 to 10 

and a to j, respectively (Figure 5). Complete measurement report is shown in Appendix 1.2. 

Purpose was to discover whether lengths and widths of the panels were changed in 

experiments. Measurement results with error bounds are shown in Figure 14 and Figure 15 

for length and width, respectively. Length and width profiles of the panels after experiments 

are illustrated with trendlines corresponding to average dimensions and upper and lower 

bounds for 95% confidence level. Average of the dimensions measured before the 
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indentations is shown with horizontal black line. In Table 2, comparison of length and width 

of the panels before and after the experiments has been shown. 

Although standard deviation is high in length measurements, it is conclusive from the 

trendline of the Figure 14 that panels have shortened at the middle cells. Table 2 value for 

the shortening is consistent with the trendline in Figure 14 which implies that the trendline 

is quite a good estimate for the shapes of the panels after the experiments. Difference in 

width (Table 2) does not confirm narrowing, i.e. change in width direction, since only 

comparable values were only available from the panel edges where deformations were 

smallest. However, it is assumed that the trendline in Figure 15 estimates shape of the panel 

well in width direction. Inspection of the figures (14 and 15) and the table (2) reveals that 

narrowing is not as severe as shortening. This is reasonable since stiffeners transfer the loads 

in longitudinal direction of the panels. 

 
Figure 14. Columns present average length of the panels after experiments on cells. Dimensions were 

measured after experiments and average values were calculated corresponding to each cell. In addition, 

upper and lower limits of 68% and 95% confidence intervals are presented. Trendlines (4th order 

polynomial) illustrate length profile of the panel corresponding to the confidence intervals. 

 
Figure 15. Column diagram created with same principle as Figure 14 shows average width of the panels 

and standard deviation of the measured values after experiments. Width was measured at ten locations 

on each panel. Despite high deviation, it is obvious from the shapes of trendlines that width of the panels 

changed in the experiments. 
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Table 2. Average width and length of the panels and difference between measurements after and before 

experiments. 

Dimension (mm) Ideal Before After Difference 

Width (at the end) 
(transverse to stiffener) 

1200 1198.50 ± 1.2 1198.50 ± 0.80 0.0 ± 1.83 

Length (at the middle) 
(parallel to stiffener) 

1200 1199.30 ± 1.00 1198.50 ± 0.80 0.75 ± 0.45 

Deformations of the panel end holes were inspected by measuring the diameters of Row I 

and II holes before and after the experiments (Figure 5). Average measurement results are 

shown in Figure 16. Complete results can be found in Appendix 1.2. Correspondingly to 

panel length, deformation of the holes was found to be higher at the middle of the panel end. 

Moreover, largest deformations were observed in row I holes, i.e. holes further from the 

panel edge. Holes were deformed at most 0.80±0.42mm. This is actually more than change 

in panel length at the middle. Deformations of the holes are significant only on few holes 

close to the middle stiffeners. Therefore, panel deformations on clamping areas have 

concentrated on limited area near the center line of the panel. Relatively large deformations 

of the holes compared to the change in panel length also indicate that the panels have strained 

significantly in the clamping area. 

 
Figure 16. Hole deformations, i.e. difference between hole diameter measured before and after 

experiments in x and y directions, are significant only in cells 4, 5, 6 and 7 in x direction in row I. Other 

results are flooded by uncertainty which is shown with scatter bands of 95% confidence level. 

2.3 Summary 

Quasi-static indentation experiments were performed and reported. Properties of the 

specimens were inspected through tensile testing of the material, hardness measurements of 

the welds and measurements of the panel dimensions. Specimens, test setup and the test 

procedure were briefly presented while comprehensive reports are given in the appendices. 

Force-indentation response of three panels were the most important results of the 

experiments. Presentation of the responses were supplemented with an inspection of the 

fracture paths which was done utilizing pictures captured during the indentation 

experiments. Force-indentation curves obtained in the experiments were integrated in respect 
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to the indentation to inspect energy absorbed by the stiffened panels. Finally, length and 

width of the panels and diameters of the panel end holes were measured to inspect 

deformations of the panels. Deformations indicate that there was some slipping in the 

boundary conditions, i.e. fully clamped boundary conditions were not fully satisfied. Effect 

of this boundary condition imperfection on force-indentation response will be analyzed 

through finite element analysis. Obtained experimental results will also serve as baseline for 

the assessment of fracture simulation techniques. 
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3 Numerical simulation methods 

3.1 Theoretical aspects 

3.1.1 Response of fully clamped plate to transversal loading 

In classical structural mechanics there are two basic load types: concentrated loads and 

distributed loads. Although spherical indenter subjects the panel to distributed load, in the 

following inspection, concentrated load model is assumed. Additionally, fully clamped 

boundary conditions around the plate edges and linear-elastic stress-strain relation are 

assumed in this inspection. 

Classical linear plate theories, e.g. Kirchhoff plate theory, are based on the assumption of 

small deflections (Ikonen 1990). These theories account for bending of the plate which is 

appropriate in small deflections. However, when deflection increases, bending assumption 

is not valid due to membrane stresses developing in the plate. In nonlinear plate theories, 

such as von Karman (Ikonen 1990), membrane forces are considered and plate behavior is 

predicted also in large deflections. Force-indentation response of a fully clamped plate 

predicted by linear and nonlinear plate theories is presented in Figure 17. When displacement 

increases, membrane forces become dominant in force-indentation response, which 

increases the plate stiffness exponentially. 

Response of real plate structure is dependent on geometry of the plate, implemented 

boundary conditions and material behavior. In case of fully clamped plate, response of the 

plate corresponds to linear plate theory in small displacements. Response of the plate to 

nonlinear membrane forces is dependent on the ability of the boundary conditions to sustain 

in-plane forces. If boundary conditions are fully satisfied, response of the plate follows 

nonlinear theory as far as material behavior is linear. In common engineering materials, 

linear behavior is however restricted to small strains. In case of steels or other ductile 

materials, material stiffness is reduced after yield due to plastic flow. Consequently, stiffness 

of the plate decreases making the response to differ from prescribed theoretical models. 

 
Figure 17. A schematic figure showing the behavior of stiffened plate under concentrated force. 

Differences in force-indentation response between linear (bending) and nonlinear (membrane forces) 

assumptions are shown with curves in the F-d graph. 

Analytical equations have been developed to estimate contribution of plasticity to plate 

response. An example of equation considering plastic flow of the material in transversely 

loaded fully clamped plate is written in general form as follows (Zhang 1999) 

𝐹𝑝 =
2

√3
𝜎0𝑡𝑝𝛿 ∙ 𝑈    (1) 
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where Fp is the resistance of the plate at deflection δ, σ0 is flow stress, tp plate thickness and 

U deformation function of the plate. Deformation function is a function of plate dimensions 

and loading velocity. Considering a square stiffened plate with side length of 2a and area of 

A (Figure 17) loaded at slow speed, equation gets a form 

𝐹𝑝 =
1

3

2

√3
𝜎0𝑡𝑝𝐴𝛿

𝑡𝑝𝑥+𝑡𝑝𝑦

𝑎2
=

1

3

8

√3
𝜎0𝑡𝑝𝛿(𝑡𝑝𝑥 + 𝑡𝑝𝑦)  (2) 

where tpx and tpy correspond to equivalent plate thicknesses obtained by taking stiffening 

effect of stiffeners into account in x and y directions, respectively. Zhang’s equation is based 

on assumption of static flow stress which is calculated simply as an average of yield stress 

and ultimate strength of the material. Equation does not consider bending and membrane 

resistances separately but accounts for membrane resistance by product of flow stress and 

effective plate thickness. 

3.1.2 Obtaining solution to finite element problem 

Response of a plate subjected to lateral concentrated load can be evaluated with finite 

element method. Finite element method (FEM) is based on element discretization of the 

analyzed structure. Approximate solution to response of the structure is obtained by solving 

equilibrium equations in each element. Formulation of the equilibrium equations based on 

principle of virtual work allows for effective solution of linear and nonlinear structural 

problems. According to (Reddy 2007), virtual work equation for virtual displacements 𝛿𝒖 is 

given by 

∫ 𝑭
Ω

∙  𝛿𝒖 𝑑𝑣 =  ∫ 𝒇 ∙ 𝛿𝒖 𝑑𝑣
Ω

+  ∫ 𝒕 ∙ 𝛿𝒖 𝑑𝑠
Γ𝜎

  (3) 

where F presents the actual forces acting in a body Ω, f are the body forces per unit volume 

and t corresponds to the tractions, or forces per unit area, over a part of the boundary Γ𝜎 

where stresses are specified. Volume and surface elements of the body Ω are denoted by 𝑑𝑣 

and 𝑑𝑠, respectively. In finite element solution procedure, virtual work equation is solved 

numerically in an element, providing an approximate solution for the equilibrium equation. 

Based on (Zienkiewicz 1971) and (Bathe 1996), equilibrium equation for the structure is 

expressed in discrete form over the element domain by 

∑ 𝒌𝒆𝒖𝒆
𝑛
𝑒=1 = ∑ 𝑭𝒆𝒙𝒕    (4) 

where n is total number of elements, ke and ue being stiffness and displacement vectors of 

the elements, respectively and Fext representing external forces. Stiffness over an element is 

calculated by 

𝒌𝒆 = ∫ 𝑩𝒆
𝑻𝑪𝑩𝒆𝑑𝑉

𝑽𝒆     (5) 

where Be contains relation between displacement components (ue) and strains (εe) for certain 

element and C contains constitutive relation, i.e. relation between stresses and strains. 

Stiffness matrix of the element domain is obtained as a sum of element stiffness matrices 

𝑲 = ∑ 𝒌𝒆.𝒏
𝒆=𝟏     (6) 

Consequently, system of equilibrium equations over element domain can be expressed as 

𝑲𝑼 = 𝑭     (7) 
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where K is the stiffness matrix of the system, U is a vector containing node displacements 

and F is vector containing nodal forces corresponding to nodal displacements U. 

Solution procedures for linear system are commonly based on direct methods where 

displacements are solved for each node by manipulating the equations e.g. with Gauss 

elimination. Knowing the nodal displacements, strains and stresses can be calculated in 

every element using matrices Be and C. Following presentation of the solution procedure is 

based on (Zienkiewicz 1971) and (Bathe 1996). 

When system of equilibrium equations is nonlinear, solution cannot be obtained directly. 

Instead, solution is developed incrementally. There are several methods that can be used to 

obtain solution at each increment. Usually solution procedure is based on Newton’s method. 

In Newton’s method, solution to nonlinear equation is found in iterative way by 

approximating solution with Taylor series. Solution procedure of Newton’s method is 

illustrated in Figure 18. Solution, i.e. value of U at incremental force 1F is approximated by 

𝑲𝟏 𝟎 𝑼𝟏 𝟎 = 𝑭𝟏     (8) 

Solution 𝑈1 0 is approximation of the solution 1U to equilibrium equation 1K1U=1F and 

results in error in respect to 1F that is quantified by residual force 1R1. Convergence of the 

solution is estimated by comparing the residual force to the incremental force at each 

iteration. When the residual is under given limit, e.g. 5% of F, solution is said to converge. 

In nonlinear problem, several iterations are usually required to obtain a converged solution. 

Solution to first iteration round gives new estimate for U which is utilized in next iteration 

round. Iteration procedure in full Newton method is as follows 

𝑲𝒊−𝟏∆𝑼𝒊 = 𝑭 − 𝑹𝒊−𝟏    (9) 

where 

∆𝑼𝒊 = 𝑼𝒊 − 𝑼𝒊−𝟏    (10) 

In each iteration round, stiffness matrix K is recalculated and new estimate for U at F is 

obtained. In current presentation, external load F was incremented. However, in forced 

excitation problem for instance, displacement of certain node could be gradually increased 

and displacement of other nodes could be solved in increments. From nodal displacements, 

strains and stresses in elements are solved using interpolation matrices between displacement 

and strain and strain and stress. (Bathe 1996) 
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Figure 18. Principle of solution procedure for Newton’s method in nonlinear static problems. Solid dark 

blue curve represents accurate solution. Stiffness calculated in each iteration round is shown with solid 

red line. Horizontal dashed blue lines represent force increments. Yellow vertical lines show iteration of 

displacement until convergence. Green vertical lines show residual force at each iteration. 

3.1.3 Shell elements in FEA 

Accuracy of the solution to the equilibrium equations is dependent on properties of the 

elements used in the FE analysis. Element properties define available degrees of freedom, 

i.e. displacement components of ue, and constitutive relation C. Thus, selection of the 

elements for an application is dependent on the element’s properties to model deformations 

and material behavior realistically. Other criteria for selection of the element is available 

computational resources. Basically, compromises need to be done between accuracy of the 

solution and time required to obtain the solution. 

Large thin-walled structures such as ships are commonly modeled using shell elements 

(Figure 19). Shell elements are in plane stress state by definition which is a good 

approximation for thin plates. Neglecting stresses in thickness direction saves computational 

time making shell elements effective in analysis of large thin-walled structures. 

Conventional shell elements discretize the represented volume by reference surface. 

Curvature of the reference surface is represented with unit normal and element thickness is 

defined through section property. Internal virtual work due to virtual displacements 𝛿𝒖 

(Equation 3) is defined through virtual strain energy density 𝛿𝐼 as follows (Reddy, 2007) 

𝛿𝑊𝐼 = 𝛿𝐼 = ∫ 𝝈
𝛀

∶  𝜹𝜺 𝑑𝑣   (11) 

where 𝝈 contains actual stresses and 𝛿𝜺 presents the virtual strains due to virtual 

displacements. Relation between strains and displacements for shell elements is described 

for instance in (Reddy, 2007).  

Conventional four-node shell element illustrated in Figure 19 features six degrees of freedom 

per node. Discrete nodal displacements and rotations are interpolated on the element 

reference surface using interpolation functions (isoparametric mapping). Isoparametric 

mapping allows calculation of the integrals in quadrilateral elements in regular rectangular 

geometry (𝜉𝜂-coordinates in Figure 19). Evaluation of the integrals is simpler over regular 
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geometry which makes interpolation effective as elements can have irregular shapes in 

element space (xyz-coordinates). Coordinate transformation from (x,y,z) to (𝜉, 𝜂) system 

results in complicated expressions of the integrands and hence, numerical integration is 

applied. By denoting the element matrix function to be integrated with P, principle of 

numerical integration is written as (Bathe 1996) 

∫ 𝑷 (𝜉, 𝜂) 𝑑𝜉 𝑑𝜂 =  ∑ 𝛼𝑖𝑗𝑷(𝜉𝑖, 𝜂𝑗)𝑖,𝑗    (12) 

where 𝛼𝑖𝑗 are weight coefficients corresponding to sampling points (𝜉𝑖, 𝜂𝑗) where P is 

evaluated. There are several procedures to determine the weight coefficients and locations 

of the sampling points. An effective and widely used method is Gauss numerical integration 

in which both weight coefficients and locations of sampling points are optimized (Bathe 

1996). Gauss numerical integration is an established integration method in FEM software. 

Numerical integration is used to evaluate stiffness matrices, mass matrices, body forces, 

initial stresses and surface loads. (Reddy 2015, Zienkiewicz 1971) 

Instead of full integration over the shell element volume, in this thesis element stiffness is 

calculated with reduced integration. In reduced integration, stresses and strains are calculated 

at points that provide optimal accuracy (Barlow 1976). In case of four-node quadrilateral 

shell element, integration is performed at the middle of the element (Figure 19). In nonlinear 

analyses, section properties are calculated at multiple integration points through thickness, 

thickness change being a function of the membrane strain and Poisson’s ratio.  

Reduced integration improves accuracy of the analysis results and reduces CPU time 

compared to full numerical integration. Drawback of reduced integration is that it enables 

deformation modes (hourglassing) that contribute artificial deformation energy in 

simulations (Figure 19). In commercial FEM codes this is controlled by applying extra 

stiffness in the element that prevents these deformations. In Abaqus, additional stiffness is 

also added into shell elements to account for drill deformations (rotations around unit normal 

axis). 

 
Figure 19. Shell element model of a ship section, a four-node shell element in physical (x, y, z) coordinates 

and the same element in isoparametric (ξ, η) coordinates with illustration of hourglass modes (dashed 

lines), an integration point and sampling points. 
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3.2 Material modeling 

3.2.1 Plasticity model 

There are various ways to model material plasticity. In this work, plasticity was modeled 

with power law model. Hardening curve was obtained by fitting power law equation to the 

post-yielding part of true stress-strain curve. For this purpose, true stress-strain relation of 

the material was calculated from engineering stress-strain data obtained from standard 

material tensile test (Chapter 2.1.1). 

True stress is calculated from engineering stress by 

𝜎 = 𝑠(1 + 𝑒)    (13) 

where s and e are engineering stress and strain, respectively. True strain is defined before 

necking by 

휀 = ln (
𝐿

𝐿0
)     (14) 

where L and L0 are current and initial lengths of the tensile test specimen, respectively. After 

necking, true strain is calculated with equation 

휀 = ln (
𝐴0

𝐴
)     (15) 

Where A0 and A are cross-sectional areas of the specimen initially and currently, respectively. 

(Hosford 2009) Unless cross-sectional area of the tensile test specimen is monitored during 

tensile test with e.g. full-field photogrammetric technique, true strain after necking cannot 

be determined. Since this information was not available, true strain and stress were 

determined for pre-necking plastic region only. 

To model plasticity of the material, shape of true stress-strain curve was reproduced with 

power law equation 

σf = Kεp
n     (16) 

which was combined with Hollomon-type power law rule accounting for yield plateau 

(Alsos 2009): 

σf = {
Y  if εp ≤ εplateau

Kεp
n  if εp > εplateau

    (17) 

Fitted to plastic part of stress-strain curve where wrinkles of yield plateau are neglected, 

constants K and n receive values of K=613.5MPa and n=0.1826. Plateau strain 

εplateau=0.0135 is obtained by estimating the crossing of power law curve and yield plateau 

line. Hardening curve obtained by fitting power law equation to true stress-strain data is 

shown in Figure 20. Before plastic zone, material behavior is assumed linear-elastic with 

elastic modulus of 200GPa. 
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Figure 20. Stress-strain relation obtained by calculating true magnitudes for stress and strain from 

experimentally determined engineering stress-strain curve is shown in blue. Power law hardening curve 

with yield plateau is shown in orange. 

3.2.2 Ductile fracture 

In sheet metals, plastic strain localization or necking is the governing phenomenon leading 

to fracture of the material. First stage of necking is diffuse necking which occurs as thinning 

of the sheet. It is also noticed as the summit of engineering stress-strain curve (Figure 21) 

(Lee, Wierzbicki & Bao 2004). Diffuse necking is followed by localized necking. Localized 

necking appears as severe thinning in the middle of the diffuse necking zone. In metals the 

width of the local neck is roughly equal to the thickness of the sheet. When localized necking 

occurs deformation stops in the rest of the sheet leading to fracture at the center of the neck. 

Figure 22 presents geometries of the diffuse and localized necks. (Korgesaar, Remes & 

Romanoff 2014) (Storheim 2015) 

Necking causes cross-sectional area of the specimen to change making engineering strain 

improper measure for strains at large displacements. Change of geometry additionally 

changes the stress state in the material. Consequently, plane stress assumption does not hold 

beyond localized necking (Lee, Wierzbicki & Bao 2004). Necking phenomenon has been 

studied by Hill (1952). Hill’s study on necking has worked as basis for an important fracture 

criterion known as Bressan-Williams-Hill (BWH) instability criterion (Alsos, Amdahl & 

Hopperstad 2008). BWH criterion assumes that fracture in the material occurs rapidly after 

necking which is a practical assumption in modeling of fracture in structures (Storheim, 

Amdahl & Martens 2015). 
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Figure 21. Force-indentation curve from tensile test of flat steel specimen on the left. Onset of diffuse 

necking is observed at the summit of the curve. On the right, true stress-strain curve obtained from 

tensile test. (Lee, Wierzbicki & Bao 2004) 

 

Figure 22. On the left: Diffuse necking appears as slendering of the specimen whereas localized necking 

is local thinning of the specimen (Broekhuijsen 2002). On the right: A 3mm thick plane strain specimen 

pictured during tensile test features a visible localized neck at the middle of the notched section. 

Necking is the governing phenomenon leading to fracture in sheet metals subjected to 

tension. In different loading conditions and geometries, material behavior is controlled by 

different mechanisms. Besides necking, material failure due to shear and void coalescence 

are the main damage mechanisms for metals. These mechanisms have been verified with 

material tests for example in (Bao and Wierzbicki 2004). 

Damage mechanisms feature specific stress states in the material characterized by stress 

triaxiality T 

𝑇 =
 𝜎ℎ

𝜎𝑒𝑞
     (18) 

where σh is hydrostatic stress and σeq is the equivalent stress. (Alsos, Amdahl & Hopperstad 

2008) Hydrostatic stress or average normal stress is defined as follows: (Dowling 1993) 

𝜎ℎ =
𝜎𝑥+𝜎𝑦+𝜎𝑧

3
    (19) 

Definition of equivalent stress varies depending on applied fracture criterion. Usually von 

Mises stress is used, also in this thesis, alternatively maximum principal stress. (Bao, 

Wierzbicki 2004) (Roth, Mohr 2016) Correspondence between theoretical values of stress 

triaxiality, damage mechanisms and stress states of the material is shown in Table 3 (Alsos, 

Amdahl & Hopperstad 2008) (Roth and Mohr 2016). Stress triaxiality is used to determine 

relation between stress state and critical fracture strain of the material. Many researches have 
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been conducted to develop effective methods for estimation of dependency between fracture 

strain and stress state, for instance (Urban 2003, Alsos, Amdahl & Hopperstad 2008, 

Kõrgesaar 2015). 

Table 3. Values for stress triaxiality and corresponding fracture mechanism (Alsos, Amdahl & 

Hopperstad 2008) (Roth and Mohr 2016). 

Stress triaxiality Fracture mechanism 

>1/3 Controlled by void nucleation and growth 

1/3 Pure uniaxial tension 

0 Pure shear 

0…-1/3 Controlled by shear 

 

3.2.3 Fracture modeling with shell elements 

Analysis of large thin-walled structures is commonly performed with large shell elements 

due to the limits of computational capacity. However, size of the large structural shell 

elements imposes restrictions on how the fracture initiation and propagation can be modelled 

in large structures. In other words, the governing challenge is how to represent micro-scale 

phenomena of fracture initiation with large plane-stress shell elements. Initiation and 

propagation of fracture are phenomena that can be simulated with shell elements only by 

averaging damage due to fracture over a representative area, i.e. large shell element, as 

shown in Figure 23 (Kõrgesaar, Romanoff 2013). When damage reaches critical level 

element is removed from the element mesh, thus effectively simulating the fracture 

propagation process. However, averaging fracture strain and stress state over shell element 

area makes fracture modeling with shell elements dependent on element length. Element 

length dependency is in simplest way accounted for by scaling fracture strain in respect to 

element length with Barba’s relation presented for instance in (Hogström 2009). More 

advanced method to account for element length and stress state dependency is introduced by 

Kõrgesaar (Kõrgesaar 2015). 

 
Figure 23. Principle of averaging damage due to fracture on representative volume element (RVE), 

corresponding to a shell element. Represented volume can comprise solid element model as in this 

presentation, finally though representing crack propagation in real material. (Kõrgesaar, Romanoff 2013) 

Fracture in the material was modeled by deleting element when critical strain was exceeded. 

Two fracture criteria were used in this thesis: equivalent fracture strain (EFS) and modified 

Mohr-Coulomb (MMC). With equivalent fracture strain criterion (EFS), element removal 

was controlled only by fracture strain neglecting stress state. Fracture strain was scaled with 

the element size. There are several equations developed for this purpose. Usually they are 

based on Barba’s relation that is formulated by Yamada as follows (Hogström 2009) 
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휀𝑓 = ln (𝑒𝜀𝑛 + 𝑐
√𝑊𝑡

𝐿𝑉𝐸
)    (20) 

Parameters in the equation with values used in this thesis are: εf is the fracture strain, εn 

(0.24) equals to necking strain of the material estimated from engineering stress-strain curve, 

c (0.164, determined from fit on data) is Barba parameter and W (15mm) and t (3mm) 

represent original width and thickness of flat tensile test specimen, respectively. LVE is length 

of virtual extensometer (VE) over which fracture strain is measured in tensile test. In current 

study, fracture strain scaling in respect to element length is performed by iterative procedure 

where uniaxial tensile test is simulated with various element lengths. Procedure is presented 

for instance in (Marinatos, Samuelides 2015). Element lengths and respective fracture strains 

used in simulations are presented in Table 4. 

Table 4. Fracture strain in respect to element length obtained from tensile test simulations and from 

calculations with Yamada’s scaling law. Fracture strains used in indentation simulations are bolded. 

LVE (mm) εf (obtained from simulations) εf (calculated by Yamada’s law) 

0.5 1.2 1.24 

1 0.9 0.86 

2 0.6 0.60 

3  0.49 

4 0.5 0.44 

5  0.40 

10  0.32 

15  0.30 

 

Kõrgesaar et al. (Kõrgesaar, Remes & Romanoff 2014) recently showed that mesh size 

dependence of the fracture strain is different at different stress triaxialities. Analytical 

formulation for adjusting fracture strain based on both, stress triaxiality and mesh size was 

provided by Walters (Walters 2014). The underlying idea is replacing the terms in Equation 

15 with their stress-state dependent counterparts. 

휀𝑐𝑟 = 𝑛 + (휀𝑛 − 𝑛)
𝑡𝑒

𝑙𝑒
    (21) 

The approach has been shown to provide more consistent results in crash simulations of large 

thin-walled structures and their components than other criteria that account for stress states 

(RTCL, BWH and GL) – for additional details see (Kõrgesaar, Romanoff 2014), (Kõrgesaar, 

Kujala 2016). 

As an input the approach requires a lower and upper bound. The lower bound is applicable 

to large shell elements and the upper bound applicable to small elements in local scale. In 

between the fracture strain is adjusted according to le /te ratio. In this study, as an upper 

bound we use Modified Mohr-Coulomb (MMC) plane stress fracture criterion defined in the 

space of stress triaxiality and equivalent plastic strain, and Swift (Swift 1952) diffuse 

necking criterion as a lower bound. MMC criterion is given as (Li et al. 2010) 

�̅�𝑓 = {
𝐾

𝐶2
𝑓3 [√1+𝐶1

2

3
𝑓1 + 𝐶1 (𝜂 +

𝑓2

3
)]}

−1/𝑛

  (22) 

𝑓1 = cos {
1

3
arcsin [−

27

2
𝜂 (𝜂2 −

1

3
)]}   (23) 
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𝑓2 = sin {
1

3
arcsin [−

27

2
𝜂 (𝜂2 −

1

3
)]}   (24) 

𝑓3 = 𝐶3 +
√3

2−√3
(1 − 𝐶3) + (

1

𝑓1
− 1)   (25) 

where K and n are Swift law hardening parameters and C1 , C2 and C3 are material constants 

that must be calibrated. Equations 16-19 provide the fracture locus based on which the 

fracture strains in respect to different stress states are determined in simulations. In this 

thesis, Equations 16-19 were calibrated with a procedure that utilizes FE analysis to simulate 

experimentally obtained stress-strain relation of the material under different stress states. 

The procedure is described in Appendix 2. Following values were obtained for the constants 

through calibration: K = 613.5, n = 0.1826, C1 = 0.026, C2 = 340 and C3 = 0.98. The fracture 

locus created using these parameters is presented in Figure 24 with points corresponding to 

fracture strain values obtained with prescribed procedure. 

 
Figure 24. Fracture strain dependency on stress triaxiality is approximated by curves obtained with the 

calibrated Equations 16-19. Points represent fracture strains obtained from simulations of stress-state 

specific material tests. Data corresponding to 1.5mm (blue) and 3mm (red) thick specimens is presented. 

3.3 Finite element model 

Finite element analyses of indentation experiments were carried out to study how boundary 

conditions, load-carrying mechanisms and material behavior contribute in force-indentation 

response of the stiffened panels. Thus, a series of simulations was run where different 

simulation parameters and modeling techniques were applied. Simulations were run using 

Abaqus/Explicit version 6.13-3. 

3.3.1 Structural model 

Four different boundary conditions were applied in the simulations. Three of them were 

based on fully clamped boundary conditions whereas one was based on modeling of the 

experimental support structure. Modeling of the structure and the components was based on 

the real geometries of the experimental structure (Chapter 2.1.1 and Appendix 1.4). 

Following simplifications were made in the modeling of the structure: 
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 Beams of the support structure and loading frame were not included in the model. 

 Bolts were not included into the model. 

 Bolt holes were not modeled. 

 Welds of the stiffened panels were not modeled. 

 Irregularities in the dimensions of the panels were not accounted for. 

 Indenter, bottom support, top support and steel blocks were modeled as rigid bodies. 

 Components were modeled with shell elements. 

Dimensions used in the modeling of the stiffened panel with shell elements are shown in 

Figure 25. Stiffened panel was modeled mainly with quadrilateral S4R elements that feature 

linear shape functions and reduced integration. Specifically 5 Gauss integration points 

through thickness was used and element deletion was conducted when critical strain was 

exceeded in all integration points. Hourglass control was default in the elements preventing 

energy contribution from hourglass deformation modes. 

 
Figure 25. Some stiffened panel dimensions were modified for simulations. Elements overlapped in 

locations where they were transversely connected, as shown in detail A. 

3.3.2 Boundary conditions 

Model based on fully clamped boundary conditions featured only the stiffened panel and the 

indenter (Figure 26). Fully clamped boundary conditions were applied on stiffened panel 

edges, shown transparent in Figure 26. These sections of the panel were defined rigid 

whereas rest of the panel was modeled deformable. Indenter was modeled with discrete rigid 

elements and it was given a constant downward velocity of 1 m/s, while all other degrees of 

freedom of the indenter were fixed. The indenter was initially positioned in contact with the 

stiffened panel surface. 

Fully clamped boundary condition model was modified with simple variations on the 

boundary conditions. Objective of boundary condition variations was to simulate sliding of 

the panel at the boundaries that was observed in the experiments. Modified boundary 

condition models were denoted as “end sliding” and “full sliding”, describing the properties 

of the boundary conditions. In varied boundary condition models, translations in horizontal 

plane and rotation around vertical axis were allowed on boundaries (Figure 26). 
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Figure 26. Release of rotation around vertical (y) axis and translations in horizontal (xz) plane were 

applied in “end sliding” and “full sliding” models. Sections of the panel subjected to fully clamped 

boundary conditions are shown with transparent. Sections where sliding was allowed are illustrated with 

blue color. 

The “supports” model featured shell element models of bottom support, top support and steel 

blocks of the experimental support structure (Figure 27). All these components were 

modeled as rigid bodies. Fully clamped boundary conditions were applied on the bottom 

support and all steel blocks (16 pieces of the short and two of the long model), creating rigid 

base for the stiffened panel. Stiffened panel was modeled fully deformable and it was placed 

between the steel blocks and the top support plate. Clamping of the stiffened panel was 

simulated by applying forces corresponding to the bolt forces (see Chapter 2.1.2 and 

Appendix 1.5) on areas of the top support representing bolt holes (Figure 27).Vertical 

translations of the panel boundaries were therefore prevented by the clamping forces. 

Horizontal translations were prevented by the force and friction that was modeled through 

contact definition. 

 
Figure 27. The dark red area illustrates the deformable stiffened panel. Indenter (grey) was rigid in all 

models. Bottom support (blue), top support (yellow) and steel blocks (grey and black) were also rigid. 

Bordered figure shows bolt locations subjected to clamping force, illustrated with red arrows. 
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3.3.3 Contact definition 

Contact was defined to transfer contact force between indenter and stiffened panel. In the 

“supports” model, contact definition covered also the boundaries. Same contact definition 

was used in all models. Contact definition included tangential and normal behavior. 

Tangential behavior between surfaces was modeled with classical isotropic Coulomb friction 

formulation which states that no relative motion occurs if the equivalent frictional stress 𝜏𝑒𝑞 

is smaller than the critical stress 𝜏𝑐𝑟 = 𝜇𝑝, i.e. 𝝉𝒆𝒒 < 𝝁𝒑. 

Implementation of normal and tangential contact models into a finite element code requires 

use of penalty or Lagrange multiplier techniques (Bathe 1996). Here, penalty formulation 

provided in Abaqus/Explicit was used with friction coefficient of 0.3. 

Contact behavior in normal direction of the surfaces was modeled with “hard” pressure-gap 

relationship that is determined with pressure p between surfaces and gap function g as 

follows (Bathe 1996) 

{
𝑝 = 0 𝑓𝑜𝑟 𝑔 > 0
𝑔 = 0 𝑓𝑜𝑟 𝑝 > 0

    (26) 

Hard contact implies that surfaces transmit contact pressure only when nodes of the slave 

surface contact the master surface. In selecting the slave and master surfaces in contact 

definition, there are two simple rules: 

1) the slave surface should be more finely meshed surface; and 

2) if the mesh densities are similar, the slave surface should be the surface with the 

softer underlying material. 

Hence, rigid indenter was defined as master surface and deforming plate as slave surface. 

Hard contact can induce abrupt changes in contact force between surfaces resulting in 

oscillations in contact zone. Hence, damping was included in the contact model. Damping is 

directly proportional to the relative velocity between contact surfaces. Magnitude of 

damping is controlled with critical damping fraction which was set to 0.5 after testing several 

values. 

3.3.4 Summary 

In finite element analysis, prescribed models are combined in different ways to bring forward 

certain factors that contribute to the force-indentation response of the stiffened panel. These 

factors are boundary conditions, material behavior, load-carrying mechanism, fracture 

criterion and element length. Analyses are performed by using simulation arrangements and 

parameters summarized in Table 5. Analysis results are presented in the next chapter. 

Table 5. List of utilized simulation arrangements and parameters. 

Boundary conditions Material FE procedure Fracture criterion Element length 
(mm) 

Fully clamped Linear-elastic Linear EFS 2 

End-sliding Elastic-plastic Nonlinear MMC 3 

Full-sliding 
   

5 

Supports 
   

10     
15 
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4 Finite element analysis results 

4.1 Comparison of experimental and simulation results 

In this chapter, finite element analysis results are presented and compared to experimental 

results. Basis for comparison is presented in Figure 28. Figure features force- indentation 

response obtained from SP4 experiment and from simulations utilizing equivalent fracture 

strain criterion (EFS) and modified Mohr-Coulomb (MMC), both with fully clamped 

boundaries. As a reference, analytical solution is shown according to Zhang (1999) (Chapter 

1.4.1). 

Experimental and simulation curves are analyzed in five stages presented in Chapter 2.2.1. 

A brief inspection of curves reveals good agreement in Stage 1 whereas in Stage 2, curves 

deviate. In Stage 3, simulation curves show slight stiffening compared to experimental curve. 

Fracture initiation (Stage 4), is underestimated by EFS model whereas MMC model succeeds 

better in predicting indentation at fracture. Shapes of the curves in Stage 5 are similar as is 

the force level after the collapse. Objectives of inspection were: first, to reveal contribution 

of bending response, membrane forces, plasticity and boundary conditions in force- 

indentation response and second, to show reasons for differences between experiments and 

simulations in different stages of the curves. 

 
Figure 28.Force-indentation response recorded in experiment SP4 and obtained from simulations 

featuring EFS and MMC with fully clamped boundary conditions and 5mm mesh. Numbers 1-5 refer to 

stages introduced in Chapter 2.2.1. 
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4.2 Response to bending, plasticity and membrane forces 

Force-indentation response of the panel obtained from experiments and simulations in Stage 

1 is shown in Figure 29. In addition, panel behavior is presented as predicted by linear and 

nonlinear FEM simulations with linear-elastic material as well as according to analytical 

equation by Zhang (1999). Fully clamped boundary conditions were used in all models. 

Comparison reveals that response of the panel, both in experiments and simulations, 

corresponds to bending response presented with linear curve in first couple millimeters of 

indentation. Analytical model instead cannot account for different load carrying 

mechanisms, i.e. linear and nonlinear models at low indentation. 

Letters A and B highlight deviation of experimental and simulation curves from theoretical 

curves and separation of curves presenting linear and nonlinear FE simulations, respectively. 

Separation B indicates that membrane forces start to act in the panel. Membrane forces 

increase the stiffness of the panel significantly when fully clamped boundaries and linear-

elastic material are used in simulations. This stiffening does not occur for simulation (red) 

and experimental (black) curves. Reason for this can lie in boundary conditions or in material 

behavior. As boundary conditions were same in all simulations, reason for softening 

behavior of the red curve can lie only in material behavior. 

Occurrence of plasticity is illustrated in Figure 30 where von Mises stress and equivalent 

plastic strain in the middle stiffener are presented for first millimeters of indentation in the 

simulations. It is noticed that the area subjected to high stresses grows quickly as indentation 

increases. First plastic strains exist at 3mm of indentation. Consequently, stiffness of the 

panel presented with red curve decreases compared to the nonlinear simulation curve. Based 

on this deduction, it appears that plasticity softens the panel, damping the stiffening effect 

of the membrane forces in the response. 

Material model of the red curve is created by fitting power law curve on uniaxial tensile test 

data (Chapter 3.2.1). Therefore, material behavior in simulations and experiments should 

correlate in low indentation when plastic strains are moderate and concentrated on a small 

area. If material is modeled accurately, simulations and experiments should correlate, 

provided that the experimental boundary conditions are equivalent to the fully clamped 

boundary conditions of the simulations. Fine correlation between the simulation (red) and 

the experimental (black) curve indicates that material behavior was modeled successfully 

and that experimental boundary conditions fulfilled the fully clamped conditions in the first 

millimeters of indentation. 
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Figure 29. Average experimental force-indentation response is compared to reference curves presenting 

estimates for the panel behavior according to linear and nonlinear FEM and analytical equation (Zhang 

1999). Simulation with actual material model (red) and experiments agree well with the bending 

response predicted by linear model until point A. Point B highlights the deviation of linear and nonlinear 

models, i.e. introduction of the membrane forces. 

 
Figure 30. Yielding of middle stiffener below indenter is illustrated with contour plots of von Mises stress 

(up) and equivalent plastic strain (below) at indenter displacements of 2, 3, and 4mm. Yielding appears 

first in between 2mm and 3mm displacement. Screen captures are from EFS model with 5mm mesh size. 

4.3 Influence of boundary conditions 

Simulations presented above featured fully clamped boundary conditions on panel edges. 

Force-indentation curves obtained using other boundary conditions models are shown in 

Figure 31. Behavior of the curves is not directly comparable close to the peak since supports 

model utilized MMC fracture model whereas the other simulations used EFS model. 

Relaxation of the boundary conditions causes stiffness to decrease compared response 

obtained with fully clamped boundary conditions. Effect of softening correlates to the 

amount of relaxed degrees of freedom, full sliding model (green) showing the softest 

response and end sliding model (magenta) settling approximately in the middle of the fully 
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clamped and full sliding models. End sliding model correlates well with experimental curve 

until about 60mm indentation. After that, response softens considerably. Full sliding model 

instead shows clearly softer behavior from the beginning of the indentation. Interestingly, 

response obtained with full sliding model is close to the response predicted by linear FEM. 

If sliding models are compared to fully clamped boundaries, fracture initiation is delayed 

and failure force is reduced. Finally, supports model shows best agreement with the 

experimental results, except for oscillations at low indentation. 

Behavior of the curves is explained by ability of different boundary conditions to carry 

membrane forces. In fully clamped model, all degrees of freedom are fixed at boundaries 

and thus slope is determined purely by joint effect of membrane forces, plasticity and contact 

between indenter and stiffened panel. End sliding model allows horizontal translations at the 

panel ends which seems to correspond well with experimental boundary conditions until 

60mm indentation. Full sliding model allows horizontal translations all around the panel 

edges removing resistance to membrane forces. Consequently, panel behavior is determined 

by resistance to bending (linear model). 

 
Figure 31. Force- indentation plots from simulations with different boundary conditions show how 

relaxed translational degrees of freedom affect panel response. Relaxation decreases the slopes of curves 

and shifts point of fracture. EFS with 5mm mesh was used in simulations, except for simulation with 

supports modeled that utilized MMC with 10mm mesh. 

A closer look at the beginning of the curves reveals how sliding at panel boundaries is related 

to response of the panel. Figure 32 shows force-indentation curves at the first 50mm of 

indentation with a graph presenting pull-ins at the sides and ends of the panel in respect to 

indenter displacement. Solid line presents sliding at the end and dashed line represent sliding 

at the side. End sliding model goes practically on top of experimental curve in this 

displacement range while full sliding model deviates from the experimental curve already 

before 10mm mark. Supports model separates from the others right after Stage 1 but returns 

close to experimental curve when indentation increases. 

In case of end-sliding and full-sliding models, pull-ins seem to explain the force-indentation 

response. Pull-ins of end-sliding and full-sliding models are equivalent at the ends of the 
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panel but due to additional sliding at the sides, force-indentation response of the full-sliding 

model is softer. Correlation between force-indentation response and pull-ins is not obvious 

for the supports model. Pull-in is zero at the end whereas it is moderate at the side. Force-

indentation response however is softer than others until 25mm indentation. This behavior 

can result from contact problems in boundaries. In conclusion, end-sliding model provides 

the best agreement with the experimental results at indentations from zero to 50mm. 

 
Figure 32. First 50mm and 120kN of force-indentation curves representing experiments (black), 

simulations with fully clamped boundary conditions (red), with supports modeled (blue) and with 

boundary conditions allowing sliding either at the ends (magenta) of panel or all over the boundaries 

(green). 

4.4 Mesh size effect 

Mesh size was varied to study effect on fracture initiation and propagation. In EFS model, 

fracture strain was scaled in respect to mesh size with Yamada’s scaling law. In MMC 

model, fracture strain scaling with element size was automatically determined in material 

subroutine. Mesh size effect on force-indentation response and fracture path using EFS and 

MMC model are inspected in the following. 

Force-indentation results obtained using different mesh sizes with the EFS criterion are 

shown in Figure 33. Deviation of fracture curve peaks is large. Error to experimental peak 

value is smaller than 10% only using very fine 2mm mesh. With the largest meshes (10mm 

and 15mm), error is over 20%. Mesh size affects also the softening stage of the curve. Coarse 

mesh seems to estimate shape of softening better. With finer mesh, fracture is estimated to 

occur closer to the experimental value but shape of softening is incorrect. 

Force-indentation results obtained using different mesh sizes with MMC fracture model are 

shown in Figure 34. Deviation of fracture curve peaks is smaller than in case of EFS. In 

contrast to EFS, point of fracture initiation is overestimated. However, with 15mm mesh, 

fracture initiates at the same indentation as in average in the experiments. Effect to softening 

stage is not as strong as in case of EFS. Despite better consideration of element length in the 
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fracture estimation, results obtained with different mesh sizes contain deviation that makes 

prediction of fracture challenging without experimental reference. 

 
Figure 33. Force-indentation curves obtained from simulations with different mesh sizes show large 

deviations in peak force and indentation at fracture. Fracture strain εf, peak force and peak indentation 

corresponding to element length LVE are presented in the table. 

 
Figure 34. Force-indentation curves obtained with different meshes using MMC criterion. Fracture 

strain εf, peak force and peak indentation corresponding to element length LVE are presented in the table. 
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4.5 Energy absorption 

Energy absorption curves from experiments and simulations studied in pursuance of 

boundary condition inspection are shown in Figure 35. The curve representing experiments 

is created by taking the average of the curves shown in chapter 2.2.2. Absorbed energy before 

fracture is shown with thick line whereas energy absorbed after fracture is presented with 

thin line. Two aspects are highlighted in the figure: First, how relaxation of boundary 

condition affects energy absorption capability and second, how consideration of relation 

between stress-state and fracture strain in material modeling increases energy absorption 

capability. 

Energy absorption capability of the structure changes drastically when different boundary 

conditions are used. Energy absorption capability is decreased slightly compared to fully 

clamped boundary conditions if boundary conditions allow limited sliding (end sliding, 

supports modeled). However, energy absorption capacity grows significantly if boundary 

conditions allow unlimited sliding (full sliding model). It is important to notice that in end 

sliding and full sliding models, there is no friction or other mechanisms able to absorb 

energy. Therefore, all energy is either transferred to elastic strain energy or absorbed in 

plastic deformations of the structure. Hence, higher energy absorption in full sliding model 

is possible only because larger part of the structure is subjected to plastic deformations. 

With fully clamped boundary conditions, deformations are localized close to the contact 

area. This relates to remarkable principle in design of energy absorbing structures, e.g. in 

crashworthy ship structure design. Rupture of the structure can be delayed by mobilizing as 

much structure as possible to deformations. In contrast, Figure 35 illustrates how higher 

ductility of the material increases energy absorption capacity of the structure through plastic 

deformation. Use of stiffer material would probably increase energy absorption rate of the 

structure, i.e. slope of energy absorption curve. 

 
Figure 35. Energy absorbed in experiments and simulations with fully clamped and relaxed boundary 

conditions. Energy absorbed before fracture is shown with thick line and thin line presents accumulated 

energy after fracture. Models presented by red, magenta and green curves utilize EFS fracture criterion 

whereas blue and cyan curve are obtained using MMC.  
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5 Discussion 

In this work, factors contributing to force-indentation response of stiffened steel panel were 

studied with full-scale quasi-static indentation experiments and simulations. Indentation 

experiments with spherical bulb were performed on three stiffened panels. Experiments were 

simulated with FEA using Abaqus/Explicit software. 

Fine correlation between the force-indentation curves was observed in the experiments. 

Response of the panels recorded in different experiments correlated with great accuracy until 

fracture occurred. After fracture occurred, different softening behavior and fracture paths 

were observed. Stiffness of SP4 and SP6 panels close to the fracture was equal, SP6 

fracturing a little bit earlier than SP4. SP5 instead showed slight softening before fracture 

and fracture path was respectively different. Whether this was affected by the strips of 

speckle pattern applied on the top surface of the face plate (see Figure 10 and Appendix 1) 

poses a question on how friction conditions affect the panel response and fracture 

propagation. When inspecting energy-indentation curves, differences between the 

experiments were noticed minor. 

Effect of boundary condition imperfections on the force-indentation response was 

investigated by measuring loading frame deflection during the experiments and 

deformations of the panels resulting from slipping of the panel ends at the boundaries. 

Length and width profiles of the panels and deformations of the holes provided indisputable 

information about shortcomings of implemented boundary conditions. Amount of shortening 

and narrowing of the specimens could be pointed out with measurements. If shortening and 

narrowing of the panels measured in the experiments (chapter 2.2.4) is compared to pull-ins 

obtained from simulations (chapter 4.3), it can be discussed what makes end-sliding model 

agree with experiments in low indentation range. It has to been remembered that panels were 

measured after the experiments and therefore pull-ins and deformations of the panels are not 

directly comparable. Therefore, presented analysis of the boundary conditions does not fully 

explain the differences between force-indentation responses of experiments and simulations. 

Other probable boundary condition imperfections lie in deflections of the support structure 

and loading frame. Deflections of the loading frame implied that similar deflections of the 

support structure – were they significant or negligible – could explain the observed behavior. 

In conclusion, present boundary condition analysis gives insight of the limitations of the 

obtained experimental results. 

Experimentally determined response of the stiffened panels was contrasted to analytical 

estimation and response obtained from different finite element simulations. Overall 

agreement between experiments and simulations was fine. Comparison between 

experimental, theoretical and simulation responses revealed that experimental setup satisfied 

theoretical boundary conditions completely in part of bending resistance. However, response 

to membrane forces was not perfect due to sliding and other boundary condition 

imperfections. Compared to previous studies, implemented fastening technique of the panel 

was maybe not as functional as boundary conditions obtained by welding, e.g. in (Alsos, 

Amdahl 2008, Alsos, Amdahl & Hopperstad 2008). Imperfect boundary conditions were 

simulated by allowing horizontal translations at the boundaries. Modification of the 

boundary conditions was motivated by similar approach by (Broekhuijsen 2003). In addition 

to boundary condition properties, contribution of plasticity was pointed out in the panel 

response by comparing experiments to simulation results. Discovered contributions of 
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different factors in the force-indentation are summarized in Figure 36. Present study 

resembles the research by Wang et al. (Wang, Arita & Liu 2000) where experimentally 

obtained response was analyzed and reproduced with analytical equations. However, 

previous collision studies do not contain as thorough consideration of the load-carrying 

mechanisms, plasticity as well as boundary conditions. 

 
Figure 36. Effect of geometrical and material uncertainties summarized in force-indentation curve 

obtained from experiments and simulations of quasi-static indentation of stiffened steel panel. 

Influence of fracture criterion and mesh size on fracture initiation and propagation was 

studied in finite element simulations using two fracture criteria: equivalent fracture strain 

(EFS) and modified Mohr-Coulomb (MMC). EFS was calibrated with material data obtained 

from tensile test whereas MMC utilized material tests featuring various stress states. Use of 

stress-state dependent fracture criterion increased simulated load carrying capacity of the 

panel significantly and overall brought simulation response closer to experimental 

counterpart. Discovered mesh size dependency was consistent with study by Storheim et al. 

(Storheim, Amdahl & Martens 2015) where mesh size sensitivity of several fracture criteria 

was studied in different loading scenarios. Fracture parameters were calibrated successfully 

in respect to mesh size in uniaxial tensile test but results of simulations that featured various 

stress states and complex geometries did show great sensitivity to mesh size. In this respect, 

accounting for mesh size dependency in different stress states with shell elements requires 

development of more advanced methods. 

Fracture path analysis of fractured specimens cannot answer how fracture has initiated and 

propagated in respect to strain and stress state history. This kind of analysis has been 

performed in simulations before (Kõrgesaar, Romanoff 2014), but comparison to 

experiments is missing from the literature. This is mostly because reliable measuring 

techniques have not been implemented or have not existed so far. Modern full-field 

photogrammetric techniques could provide a method to perform such analysis. In this sense, 

analysis of strain paths with DIC data recorded in current experiments would provide 

fundamental insight for further research. 
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Energy absorption analysis revealed how redistribution of forces in the structures through 

boundary condition relaxation increases energy absorption capability of the structure. In stiff 

structures, stresses concentrate in very local areas which leads to rapid plasticization and 

fracture of the material. Hence, structures that are able to engage large areas to deformations 

can absorb significantly more energy in collision. This is inconsistent with common linear-

elastic design principle as stated in (Kim et al. 2016) and for this reason, new concepts for 

crashworthy ship structures have been proposed in the past, e.g. by Tautz (Tautz 2007). New 

structural concepts require advanced fracture modeling techniques since the new structures 

often feature more complex geometries producing diverse stress states in the material in 

collision. Moreover, energy absorption capability of the structure is increased by using 

material that is capable of going through high plastic deformations. Therefore, performing 

the indentation experiments on panels made of different steel grades would provide an 

interesting insight of relation between ductility of the material and energy absorption 

capability of the structure. 

Behavior of ship structure in collision event is dependent on many factors related to external 

mechanics of collision. External mechanics refers mainly to available kinetic energy in 

collision resulting from velocities and masses of colliding objects as well as to size, shape 

and stiffness of the impacting object. Kinetic energy is first of all dependent on velocity. In 

chapter 1.2, it was discussed how material behavior is dependent on collision velocity in 

impacts between metallic bodies (Johnson 1985). In this thesis, strain-rate effects were not 

studied but the decreased ductility of the material due to strain-rate effects (Kim et al. 2016) 

contains an important factor to consider in development of modeling methods for ship 

collision and in design of collision resistant structures. 

Geometry of the impacting object affects the area subjected to contact and local deformations 

resulting in different force-indentation response. In an artificially bounded experimental 

structure, highly deformed area can cover the whole structure. Consequently, effect of 

boundary conditions on the response of structure increases. Therefore, variation of the 

geometry of striking object would give more information about the struck structure’s 

sensitivity to implemented boundary conditions. Subjecting structures to different loading 

scenarios will also induce more diverse stress states in the structure. Diverse stress states are 

not considered in many state of the art fracture criteria, e.g. BWH and RTCL. As a 

consequence, variation of external mechanics present in the collision can make the fracture 

prediction more challenging for state of the art fracture criteria and give a reason for further 

development of the fracture criteria. 

Besides external mechanics, environmental circumstances change behavior of the structure 

in collision. In this thesis, environmental circumstances were kept constant. However, 

modeling of collision behavior and fracture of thin-walled structures in cold temperatures 

deviates from the behavior observed in normal temperatures. Increased interest in the 

northern sea routes has made the subject topical as can be concluded based on recent study 

by Kim et al. (2016). Probably there will be further research on this topic in the future. 
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6 Conclusions 

Quasi-static indentation experiments of stiffened steel panels were performed and compared 

to numerical simulations. Force-indentation response was studied in respect to contribution 

of boundary conditions and material behavior. Study was based on comparison of 

experimental results and finite element simulation results. Contribution of different 

mechanisms on panel behavior was inspected by varying the arrangement and parameters of 

the simulations. Purpose of the simulations was also to assess sensitivity of the EFS and 

MMC fracture criteria to mesh size effect. 

Results of the panel experiments were very satisfactory since the force-indentation curves 

obtained from the three experiments showed only little dispersion. Major differences were 

observed in the softening stage, i.e. after the occurrence of fracture caused load-carrying 

capacity of the panel to collapse. In context of energy-indentation curve, differences between 

the experiments were negligible. Bending response observed in the experiments was verified 

to correspond with the theoretical response to bending simulated by FEM using linear 

geometric assumption. Response to membrane forces in the experiments was however found 

imperfect which was described by sliding that occurred in the boundaries of the panels. 

Magnitude of the slipping was inspected by measuring panel deformations in length and 

width directions as well as the deformations of the panel end holes. Sliding at the boundaries 

was simulated by modifying fully clamped boundary conditions. Simulations corresponded 

to experiments in some sense although full agreement between experiments and simulations 

was not found. 

It is assumed that boundary conditions of the stiffened panels did not fully answer for the 

difference between experimental and simulation results. Measured deflection of the loading 

frame implied that deflections of the test structure affected the force-indentation response. 

Besides boundary conditions, response observed in the experiments is dependent on material 

behavior under excessive straining caused by the large deformations and high contact forces. 

Fracture simulation results obtained with EFS and MMC were divergent illustrating how 

more realistic consideration of stress states affects the analysis results. The stress-state 

specific MMC model provided results that represented experimentally observed force-

indentation results in great accuracy compared to EFS that relies simply on calibration of the 

fracture strain with uniaxial tensile test. However, both models showed sensitivity to mesh 

size effect. 

This thesis presented an approach to analyze factors contributing to panel response in 

indentation through comparison of experiments and simulations. Based on the numerical 

simulation analysis, the boundary condition of the setup used in the present indentation 

experiments corresponds satisfactorily to the fully clamped boundary conditions. However, 

the discovered limitations should be considered if accurate analyses are going to be done 

based on the experimental results. 
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1 Introduction 

Stiffened steel panels were indented quasi-statically with a spherical steel bulb to simulate 

collision of thin-walled structure, e.g. ship hull with rigid object. Experiments were part of 

research where fracture modeling methods for thin-walled steel structures were developed. 

Experiments functioned as a benchmark for collision simulations. This report includes 

detailed description of the specimens, test setup and test procedure of the experiments. 

Results comprise force-indentation response of the panel and applicable strain gage results. 

2 Equipment and methods 

2.1 Specimens 

Specimens used in quasi-static collision experiments were steel panels (SP) consisting of 

face plates reinforced with steel stiffeners. Stiffeners were welded to face plates with laser 

stake welds through the face plate. Panels were manufactured by Koneteknologiakeskus in 

Turku, Finland from steel sheets produced by SSAB. Geometry, material and weld properties 

of the specimens are presented in this chapter. 

2.1.1 Geometry 

Geometry and dimensions of panels as well as section of laser stake weld are shown in Figure 

. Figure 1 features different indexing systems: First, ends are denoted by End A and End B. 

Second, stiffeners separate panel to cells denoted by 1 to 10 and grid pattern is completed 

by division from a to j in perpendicular direction to stiffeners. Finally, Cartesian coordinate 

system is placed on one corner of the panel. Indexing systems are utilized in different 

measurements. 

Length and width of face plates, height of the panel, distance between stiffeners and 

thicknesses of face plates and stiffeners were measured and analyzed to determine 

dimensional tolerances. Measurements are reported in Appendix 1.1 where more detailed 

information about dimensional variation can be found. In addition to dimensional variations, 

geometrical defects in form of distortion of face plates, misalignment of welds etc. were 

observed. These defects were not measured. 

 

Figure 1. Geometry and dimensions of stiffened panel including picture showing section of laser stake 

weld. 
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2.1.2 Material 

Material of specimens is standard structural steel S235JR with following minimum values 

for mechanical properties defined in standard EN 10025-2: ReH = 235MPa, Rm = 

360…510MPa and elongation after fracture 26%. To get an understanding of material 

properties of the steel used in stiffened panels, standard uniaxial tensile tests were performed 

on specimens cut from face plate of the panel, shown in Figure 2. Resulting engineering 

stress-strain curve from tensile test is shown in Figure 3. Based on the test, elastic modulus 

of the material is 197GPa, the upper yield limit being 295MPa while the lower yield limit is 

about 280MPa. Ultimate strength is 370MPa. Therefore, material fulfills standard 

requirements presented above. Engineering stress-strain curve obtained from standard 

tensile test was utilized to calculate real stress-strain relation to be used in collision 

simulations. 

 
Figure 2. Tensile test specimen shown before test, in the MTS machine during the test and after the test. 

Pictures are scaled to illustrate magnitude of stretching. Lowest picture features tensile test specimen 

after the test showing thinning of the specimen. 

 
Figure 3. Engineering stress-strain curve obtained from standard uniaxial tensile test performed on 

specimen made of stiffened panel face plate. 
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2.1.3 Welds 

Welds cause changes in microstructure of the material and can induce residual stresses in 

the material. Changes in microstructure in form of heat affected zone (HAZ) and difference 

between base material and weld can have significant effect on behavior of the structure in 

terms of ductility. Therefore, hardness measurements were performed on stake weld cross-

section to examine whether hardness gradients are exceptional. Complete hardness 

measurements and determined hardness profiles are reported in Appendix 1.2. Welding 

process of sandwich panels is same as stiffened panels, thus results can be applied on 

stiffened panel welds. Based on Classification Societies’ Guidelines for the Approval of 

CO2-Laser Welding, welds are not exceptionally brittle and their behavior can therefore be 

assumed ductile (BV, DNV, GL etc., 1996). 

2.2 Test setup 

Test setup used in experiments is shown in Figure 4. Test setup consists of tested specimen 

and support structure (1), loading frame (2), force cylinder (3) and sensor (4), bulb indenter 

(6), displacement sensors (7), strain gages (8), amplifier system (9), measurement control 

system (10) and DIC system (11). Test setup components and equipment are described below 

in more detail. 

 
Figure 4. Overview picture of the test setup. Test setup consists of test specimen and support structure 

(1), loading frame (2), force cylinder (3) and sensor (4), bulb indenter (6), displacement sensors (7), strain 

gages (8), amplifier system (9), measurement control system (10) and DIC system (11). 

2.2.1 Support structure and loading frame 

Support structure was designed to provide fully clamped boundary condition for the 

specimen and allow for change of the specimen enabling multiple experiments. Support 

structure was placed on two loading plates with load-carrying capacity of 1MN each. 

Loading frame was built of HE300B and HE600B beams fastened together with grade 8.8 
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M24 steel bolts. Loading frame was fastened to same loading plates where support structure 

was placed on. Support structure parts were made of standard structural steel S355. 

Manufacturing drawings of the components are shown in Appendix 1.3. Exploded view of 

the support structure shown in Figure 5 reveals the components of support structure. 

Support structure components are presented starting from the basis of the structure which is 

built of standard I beams (3 and 5 in Fig. 5) defined in standard for European wide flange 

beams (DIN 1025/EN 10034). Beams were connected together with triangle supports (9). 

Additional spacing plates (10) were added to adjust the beams in correct positions in respect 

to each other. Bottom support plate (2) was assembled on top of the beams. All components 

were fastened together with grade 10.9 steel bolts of size M24. Bottom support functioned 

as basis for clamping of the specimen. On top of bottom support, steel blocks (7 and 8) were 

placed between bottom support and stiffened panel (6). Finally, top support (1) was placed 

on top of stiffened panel. Clamping of stiffened panel was implemented with 62 pieces of 

10.9 grade M24 bolts going through top support, stiffened panel and steel blocks. Bolts were 

fastened to threaded holes of bottom support using tightening torque of 800Nm. Correct 

torque was achieved by using Stahlwille 730/80 hand wrench. Total clamping force achieved 

with this configuration was calculated to be almost 9MN. Bolt connection calculations are 

presented in Appendix 1.4. 

 

Figure 5. Exploded view of stiffened plate setup including support structure components except from 

fasteners. 

2.2.2 Force input system 

Hydraulic force cylinder with capacity of 1MN was mounted with M24 bolts on the middle 

of loading frame. Applied indentation force was measured with 1MN tube-model force 

sensor connected to bottom end of the force cylinder. Bulb indenter was mounted on force 

sensor using adapter in between. Adapter was used to get initial position of indenter closer 

to the stiffened plate since travel of force cylinder is limited. Indenter was allowed to rotate 

during indentation to protect force sensor from bending moments. Ball joint allowing 

rotations consists of two separate parts that are not fixed in axial direction. Four springs were 

installed between indenter and force sensor to prevent movement of indenter in unloaded 

position. Manufacturing drawing of the indenter can be found in Appendix 1.3. 
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2.2.3 Displacement and strain measuring 

Indenter displacement was measured with HBM WA500 displacement transducer mounted 

between piston and cylinder. Accuracy of 500mm sensor was tested with HBM WA100 

sensor using this 100mm sensor as reference at small displacements. Vertical deflection of 

the loading frame was measured with 10mm HBM WA10 displacement transducer. 

Strains were measured with strain gages and digital image correlation system (DIC). Strain 

gages were attached on top and bottom surface of the face plate and on the stiffeners. Strain 

gage instrumentation plan used in the experiments is shown in Figure 6. In gage notation G1 

denotes number of gage; T,B or S stands for top or bottom surface or stiffener, respectively; 

1,2 or 3 denote wire number of certain gage and last letter tells position of the gage in (x,y,z) 

coordinates of the panel. Two types of Kyowa strain gages were used: uniaxial KFG-5-120-

C1-11L3M2R and triaxial KFG-5-120-D17-11L3M2S. Gage cement CC-33A was used to 

glue the gages. 

 
Figure 6. Strain gage instrumentation plan used in experiments. Positive z-axis goes downwards from 

top surface. Circle in the middle of the plate shows indenter in respect to the panel. 
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Employed amplifier system was modular device MGCplus made by HBM. The device had 

an AB22A display and control panel, a CP 32B communications processor, 16 AP01 

connection boards and 16 ML55B amplifier plug-in modules. Signal was transferred to PC 

via DT9834 digital-analog converter. Amplifier system settings were managed with 

MGCplus Assistant software. Strains were measured in half bridge using excitation voltage 

of 1V. With current strain gages and settings, maximum strain of 33000μm/m can be 

measured which is equivalent to 3.3% strain. Force, displacement and strain data was 

transferred to another PC used to control force cylinder and to register and save measurement 

data. In addition to PC, measurement control system comprised servo amplifier KK2011 SA 

Mk1 that could be used to drive force cylinder either manually or from PC. 

Movement of force cylinder was displacement controlled in the indentation. Movement of 

the cylinder was defined with V-shaped amplitude, maximum displacement being 300mm. 

Total time was set to 3600s resulting in indenter velocity of 10mm/min. Number of 

registered data points was set to maximum of 8192. Thus, force, displacement and strain 

values were registered 2.3 times in a second. With these settings, an experiment would take 

an hour. However, indentation was stopped in all experiments after fracture of the specimen 

since fracture caused indenter to rotate and subjected force sensor to undesirable bending 

moments. 

2.2.4 DIC system 

In addition to strain gage measurements, also digital image correlation system (DIC) was 

utilized to analyze strains. DIC system consisted of two high-speed cameras, PC and LED 

lights. DIC rests on comparison of images of same object at different steps of time. Through 

image processing, it can be found out how single pixels have translated between images. By 

knowing displacements of single pixels, deformations of the object surface can be solved. 

When deformations of surface are known in respect to time, strain field can be calculated on 

the surface. 

In present DIC system, two high-speed cameras were installed under the panel to measure 

displacements at the lower surface of the stiffened plate. By using two cameras, three-

dimensional surface deformations can be captured which is necessary as plate is loaded 

perpendicularly to its plane. Cameras used in experiments featured camera body Basler 

acA2000-340km and lenses Edmund Optics Techspec #59-870 with 16mm focal length and 

#63-243 with 8mm focal length. Cameras were positioned to capture deformations of the 

middle of the plate directly under the indenter. Cameras were focused so that sharp images 

were formed on supposed indentation depth. Depth of field, i.e. sharpness of the image on 

different distances is affected also by aperture. Smaller the aperture, higher the depth of field. 

On the contrary, more light is needed for sufficient exposure when small aperture is used. 

Since depth of field and sharpness of image are to be maximized, smallest possible aperture 

of the lens (f/16) is used. To provide enough lighting for the cameras, LED lights are 

assembled inside the support structure. 

Based on the intended camera position and properties of cameras and lenses it was calculated 

that effective stereo field of view at the beginning of the experiment is about area of an A4 

sheet for 16mm lenses. Thus, DIC pattern was applied on two spans of stiffeners on length 

of an A4, i.e. 297mm. For 8mm lenses, applied pattern area was approximately double in 

respect to that used with 16mm lenses. 
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A special optimized speckle pattern shown in Error! Reference source not found. was 

printed on suitable deformable film, i.e. tattoo paper that is applied on the plate surface. 

Uncertainties related to strain measuring with DIC follow from applied pattern attachment 

technique. Tattoo paper can follow deformations of the steel surface with good accuracy 

until fracture occurs. However when fracture occurs, paper can stretch over crack hiding it 

and resulting in unrealistic high local strains. Alternatively paper can break before material 

breaks again causing error in results. 

 
Figure 7. Optimized speckle pattern used in DIC imaging attached on bottom surface of a stiffened 

panel. 

2.3 Test procedure 

Four stiffened panels, called SP2, SP4, SP5 and SP6 were indented in experiments. Test 

procedure was same in all experiments. Strain gages were glued on the specimen before 

specimen was installed to the support structure. Before stiffened panel was installed, DIC 

system was setup, i.e. cameras were adjusted and calibrated. After specimen was installed, 

strain gages were calibrated and zeroed. Force sensor was zeroed when indenter was not in 

contact with the specimen. Displacement sensor was zeroed using zeroed force sensor and 

strain gage signals as reference. Indenter had passed zero position when increase in force 

and strains was registered. Location of the stiffened panel in respect to the indenter was 

verified by pushing the indenter against a piece of Blue-Tack placed on the stiffened panel. 

Location of the imprint in respect to the middle of the stiffened panel was measured. 

Measured offsets of the indenter in respect to stiffened panel is shown in Table 1. 

Table 1. Indenter offset in respect to the center of the specimen. Negative value means that indenter is 

shifted towards the origin corner of the plate. 

Stiffened panel Δx (mm) Δy (mm) 

SP2 +3 -5 

SP4 -2 -7 

SP5 -3 -8 

SP6 -3 -7 

In addition to indenter location in respect to the specimen, experimental setup was slightly 

different in each experiment which is shortly described in the following. 

SP2 First collision experiment was performed on stiffened plate SP2. Experiment functioned 

as a trial for the test arrangement. Accuracy of the 500mm displacement sensor was verified 



Appendix 1 (9/16) 

 

using 100mm displacement sensor as reference in indenter displacement measurement. 

Strains were measured only with strain gages. 

SP4 In SP4 experiments, DIC system with 16mm lenses was used and strain gage 

instrumentation was revised. Support structure was reassembled after SP2. 

SP5 Experimental setup for SP5 experiment featured 10mm displacement sensor measuring 

loading frame deflection. Strain gage instrumentation was again slightly different to previous 

experiment. 16mm lenses were used in DIC measurements. Strips of speckle pattern were 

applied on the top of the face plate, partly on the area that was subjected to contact with the 

indenter. 

SP6 No strain gages were used in SP6 experiment. In DIC measurements, larger field of 

view was captured using 8mm lenses. 
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3 Results 

3.1 Force and displacement results 

Force and displacement results measured in experiments are shown in Figure 8. 

Additionally, maximum force and displacement results are presented. Force-indentation 

responses of SP4, SP5 and SP6 are identical until fracture occurs at peak of the curve. 

Response of SP2 differs totally from the others at low displacement and the peak force and 

indentation at fracture of SP2 differ from the other experiments.  

 

Figure 8. Force-indentation response of SP2, SP4, SP5 and SP6 with peak values showing good 

correspondence between SP4, SP5 and SP6 and kink in the SP2 curve. 

Measurement error was estimated in experiments by measuring reference displacements for 

indenter and force cylinder. 100mm displacement sensor was used to confirm accuracy of 

the 500mm displacement sensor. No significant difference between displacements could be 

registered as can be seen in Figure 9. Loading frame deflection in vertical direction was 

measured with 10mm displacement sensor in SP5 and SP6 experiments. Sensor was mounted 

on vertical loading frame beam to measure vertical displacement of force cylinder flange. 

Reference displacements in respect to indentation are shown in Figures 10 and 11. Accuracy 

of utilized force and displacement sensors was confirmed from calibration certificates of 

both equipment, shown in Appendix 1.6. Calibration certificates give equations for 

calculation of true values for measured data. Difference between uncalibrated and calibrated 

data was less than 1 unit of either displacement or force. 
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Figure 9. SP2 displacement results measured with 100mm and 500mm displacement sensors. 

 
Figure 10. Force cylinder reference displacement plotted against indentation as measured in SP5 

experiment. 
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Figure 11. Force cylinder reference displacement-indenter displacement curve from SP6 experiment. 

3.2 Strains 

Strain measurements were unsuccessful in SP2 experiment and are thus not presented. Strain 

results from SP4 and SP5 experiments also contain false results because of strain gages 

tearing off. Results from gages that were not torn off are presented in Figure 12. Strains from 

the corresponding gages of SP4 and SP5 experiments are shown in Figures 13 and 14 in 

respect to displacement and force, respectively. Strain gage arrangements of SP4 and SP5 

are presented in Figure 15. All strain gage data for SP4 and SP5 are shown in Figures 16 and 

17, respectively. In strain gage notation SP4/SP5 tells the number of experiment; G1 denotes 

number of gage; T,B or S stands for top surface, bottom surface and stiffener, respectively; 

1,2 or 3 denote wire number of certain gage and last letter tells direction of the gage in (x,y,z) 

coordinates. 

Maximum measurable strain was 33000μm/m which corresponds to 3.3% strain. As can be 

seen, one gage – located at the bottom surface of the face plate – reached that limit. In SP2, 

measuring system was set up with false amplifier settings and strains could be recorded only 

to the limit of 8000μm/m. Therefore, those results are not presented. Strain measurement 

data from SP4 and SP5 should also be interpreted cautiously. Inspection on strain gages after 

experiments revealed that many gages were detached from the surface. Presumably small 

drops in strain curves imply that gluing has failed. Gages showing smooth response in time 

have probably instead stayed in contact with the surface. Gages stayed in contact show fold 

or drop in strains at displacement of 180mm, i.e. at the moment of fracture initiation. 

Strain data from DIC measurements was not available when report was written. 
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Figure 12. Figure showing strain results from gages that did not tear off in SP4 and SP5 experiments. 

 
Figure 13. Strain gage data from SP4 experiment is presented with solid line. SP5 experiments are 

presented with dashed line. Corresponding gages in SP4 and SP5 are shown in same color. 
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Figure 14. Strain-force curves from SP4 and SP5 experiments represented with same logic as in figure 

13. 



Appendix 1 (15/16) 

 

 

Figure 15. Strain gage arrangements of SP4 and SP5 experiments corresponding to strains presented in 

Figures 13 and 14. Table also includes information whether gage was torn off during experiment. 
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Figure 16. Strain-displacement results from SP4 experiment. 

 

Figure 17. Strain-displacement results from SP5 experiment. 
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1 Introduction 

Sandwich panels and stiffened panels were measured as part of indentation experiments of 

the panels. Information of panel dimensions was required in test setup design. Additionally, 

data can be utilized in simulations to study effects of dimensional variations. Statistical 

analysis was performed on measurement results to improve usability of data. 

2 Equipment and methods 

Measured sandwich panels are shown in figure 1. Figure 2 features dimensions in interest, 

grid indexes and coordinate systems for both panels. In total, 5 sandwich panels and 6 

stiffened panels were measured. SP states for stiffened panel and SW for sandwich panel. 

Dimensions were measured with Mitutoyo 500-311 caliper shown in figure 3. Caliper shows 

measurement result with accuracy of 0,01mm. Accuracy of the caliper is considered 

sufficient so that final accuracy of 0,1mm can be trusted. This accuracy is also used in 

analysis of results. 

Main dimensions of the panels were measured once: length of the top face plate at the 

centerline of the plate and width of the face plate(s). Height and width of cells of the 

sandwich panels were measured three times at locations shown in figure 2. Thicknesses of 

face plates and stiffeners were measured just a couple of times since dimensional variation 

was diminutive. Dimensions of stiffened panels were measured just once. Thicknesses of 

face plates and stiffeners were measured on each cell on both ends. 

 
Figure 1. Sandwich panels shown. Distortions of the panels are clearly visible. 
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Figure 2. Geometry and dimensions of sandwich panel (left) and stiffened plate (right). Given dimensions 

are ideal dimensions. 

  
Figure 3. Mitutoyo 500-311 caliper was used in measurements. 

Results were analyzed with standard statistical analysis of random variable based on 

reference Mittaustulosten kasittely (HUT). Sample mean value xi was taken for measured 

values xi at each cell and again for cell mean values, resulting in sample mean value for a 

panel end x. Sample standard deviation s was calculated with equation 

𝑠 = √
∑(𝑥𝑖 − �̅�)2

𝑁 − 1
 

Where bar refers to sample mean value and i is the index for the random variable ranging 

from 0 to N. The radicand of sample standard deviation is known as variance and it is denoted 

by σ. Sample standard deviation s describes scatter which covers 68% of the deviation of the 

random variable xi, here measured dimension. For wider coverage, 2s covers 95% of the 

random variable deviation which is commonly used value for dimensional tolerance (Pere, 

2004). 
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3 Results 

Complete measurement results for stiffened panels and sandwich panels are shown in annex 

A and B, respectively. Summary of results is presented in figure 4 where dimensions are 

presented with average of measured values and symmetric tolerances indicating 95% 

confidence interval. 

 

Figure 4. Measured dimensions and dimensional tolerances for stiffened panels and sandwich panels. 

Sandwich panel plate thicknesses were not measured excessively and thus tolerances are not shown. 

Stiffened panel 

Distributions of measured values for stiffened panel heights, cell widths and plate 

thicknesses are shown in figures 5-7, respectively. 

Sandwich panel 

Distributions of measured cell height and width values of sandwich panels are shown in 

figures 8 and 9, respectively. 
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Figure 5. Measured stiffened panel heights illustrated with columns presenting certain dimensional 

range. 

 
Figure 6. Measured stiffened panel widths corresponding to certain dimensional range. 

 
Figure 7. Distribution of stiffened panel plate thickness values. 
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Figure 8. Sandwich panel cell height distribution illustrated with columns presenting number of 

measurements corresponding to dimension range. 

 
Figure 9. Sandwich panel cell width distribution.  
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Appendix A Stiffened panel measurements 

Table 1. Stiffened panel width and length, height and width of the cells. 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SP1 

A 

1200,00 1199,00 1   32,90   116,05 116,08 116,08 
    2   32,92   116,55 116,57 116,55 
    3   32,92   116,66 116,65 116,65 
    4   32,86   116,67 116,66 116,66 
    5   32,90   116,58 116,60 116,60 
    6   32,87   116,38 116,36 116,36 
    7   32,90   116,60 116,59 116,58 
    8   32,88   116,80 116,81 116,80 
    9   32,85   116,70 116,71 116,70 
    10   33,04   116,67 116,66 116,67 

End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

B 

1200,00 1199,00 1   32,90   116,05 116,08 116,08 
    2   32,92   116,55 116,57 116,55 
    3   32,92   116,66 116,65 116,65 
    4   32,86   116,67 116,66 116,66 
    5   32,90   116,58 116,60 116,60 
    6   32,87   116,38 116,36 116,36 
    7   32,90   116,60 116,59 116,58 
    8   32,88   116,80 116,81 116,80 
    9   32,85   116,70 116,71 116,70 
    10   33,04   116,67 116,66 116,67 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SP2 

A 

1199,00 1198,00 1 33,11 33,16 33,10 116,03 116,02 116,05 
    2 32,95 32,93 32,95 116,68    
    3 32,90 32,93 32,90 116,73    
    4 32,95    116,54    
    5 33,11    116,64    
    6 33,13    116,34    
    7 33,09    116,66    
    8 33,11    116,47    
    9 33,04    116,60    
    10 32,95     116,55     

End Length Width Cell 
Cell height     Cell width     

1 2 3       

B 

  1198,00 1   33,06   115,50    
    2   32,97   116,55    
    3   32,92   116,55    
    4   32,69   116,65    
    5   32,68   116,78    
    6   32,93   116,27    
    7   33,00   116,70    
    8   32,80   116,60    
    9   32,75   116,60    
    10   32,85   116,25     

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SP3 

A 

1200,00 1197,00 1   33,10   116,18    
    2   33,00   116,62    
    3   33,08   116,59    
    4   33,00   116,78    
    5   32,82   116,22    
    6   32,78   116,75    
    7   32,86   116,75    
    8   33,13   116,50    
    9   33,80   116,45    
    10   34,23   114,63     

End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

B 

  1198,00 1 33,58 33,54 33,59 116,52    
    2 33,57 33,45 33,55 116,66    
    3 33,55 33,46 33,54 116,45    
    4 33,51 33,16 32,95 116,75    
    5 32,92 33,02 33,21 116,25    
    6 33,30 33,33 33,42 116,72    
    7 33,40 33,58 33,81 116,58    
    8 33,88 33,96 34,00 116,55    
    9 33,98 34,05 34,00 116,65    
    10 33,96 33,45 33,06 115,69     

Panel End Length Width Cell Cell height     Cell width     
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1 2 3 1 2 3 

SP4 

A 

1199,00 1198,00 1 33,15 32,89 32,92 116,10    
    2 32,89 32,72 32,92 116,60    
    3 32,91 32,77 32,96 116,55    
    4 32,96 32,83 32,98 116,79    
    5 32,96 32,80 32,92 116,32    
    6 32,92 32,78 32,86 116,62    
    7 32,86 32,71 32,83 116,63    
    8 32,86 32,80 32,86 116,40    
    9 32,86 32,70 32,77 116,47    
    10 32,80 32,78 32,99 115,88     

End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

B 

  1199,00 1 33,14 33,17 33,19 116,65    
    2 33,15 33,13 33,13 116,55    
    3 33,10 33,21 33,31 116,40    
    4 33,29 33,14 32,99 116,67    
    5 32,95 33,01 33,05 116,18    
    6 33,07 33,03 32,90 116,73    
    7 32,87 32,83 32,88 116,45    
    8 32,86 32,84 32,80 116,53    
    9 32,81 32,80 32,80 116,50    
    10 32,87 33,02 33,17 116,10     

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SP5 

A 

1200,00 1198,00 1 33,15 32,97 33,04 116,02    
    2 33,02 32,99 33,30 117,22    
    3 33,36 33,23 33,27 116,99    
    4 33,23 32,95 32,86 116,74    
    5 32,84 32,76 32,94 116,33    
    6 32,96 32,85 32,91 116,63    
    7 32,90 32,74 32,89 116,60    
    8 32,96 32,90 33,14 116,67    
    9 33,19 33,31 33,75 116,64    
    10 33,96 33,78 33,71 115,70     

End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

B 

  1198,00 1 33,34 33,16 33,07 116,09    
    2 33,04 32,88 32,89 116,67    
    3 32,94 33,02 33,13 116,49    
    4 33,10 32,97 32,91 116,73    
    5 32,88 32,91 33,06 116,25    
    6 33,10 33,12 33,12 116,63    
    7 33,08 33,03 33,20 116,55    
    8 33,21 33,20 33,33 116,72    
    9 33,31 33,36 33,50 116,54    
    10 33,51 33,38 33,34 115,77     

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SP6 

A 

1199,00 1198,00 1 32,96 32,91 32,98 116,36    
    2 32,91 32,72 32,84 116,55    
    3 32,91 32,81 32,96 116,60    
    4 32,96 32,85 32,90 116,60    
    5 32,87 32,82 32,94 116,35    
    6 32,97 32,80 32,81 116,58    
    7 32,77 32,74 32,94 116,52    
    8 32,97 32,90 32,96 116,61    
    9 32,93 32,83 33,01 116,63    
    10 33,07 33,22 33,82 116,02     

End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

B 

  1199,00 1 33,11 32,93 32,91 116,69    
    2 32,88 33,00 33,10 116,63    
    3 33,15 33,22 33,26 116,40    
    4 33,26 33,14 33,07 116,68    
    5 33,03 33,06 33,17 116,34    
    6 33,15 32,99 32,90 116,62    
    7 32,88 32,82 32,88 116,60    
    8 32,86 32,85 32,89 116,63    
    9 32,88 32,97 33,13 116,57    
    10 33,21 33,56 33,83 116,27     
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Table 2. Thicknesses of face plates and stiffeners of stiffened panels. 

Panel End Cell Face thickness [mm] Stiffener Thickness [mm] 

SP2 

A 

1 2,99 1 2,96 
2 2,96 2 2,92 
3 2,92 3 2,95 
4 2,96 4 2,94 
5 2,94 5 3,00 
6 2,97 6 3,01 
7 2,97 7 2,98 
8 2,95 8 2,98 
9 3,02 9 2,96 
10 2,98 10 2,99 
    11 3,00 

End Cell Face thickness [mm] Stiffener Thickness [mm] 

B 

1 2,94 1 3,01 
2 3,04 2 2,98 
3 2,98 3 3,00 
4 3,06 4 3,01 
5 3,03 5 2,96 
6 2,99 6 2,95 
7 3,01 7 2,93 
8 3,01 8 2,93 
9 3,01 9 2,94 
10 2,99 10 2,94 
    11 2,95 

Panel End Cell Face thickness [mm] Stiffener Thickness [mm] 

SP4 

A 

1 2,98 1 3,05 
2 2,98 2 2,96 
3 2,94 3 2,94 
4 2,95 4 2,94 
5 2,97 5 2,95 
6 2,97 6 3,01 
7 2,97 7 2,98 
8 2,97 8 2,99 
9 2,97 9 2,99 
10 2,97 10 3,00 
    11 2,95 

End Cell Face thickness [mm] Stiffener Thickness [mm] 

B 

1 2,99 1 2,99 
2 3 2 3,01 
3 3,01 3 2,98 
4 2,99 4 2,98 
5 2,99 5 2,98 
6 2,99 6 2,98 
7 2,98 7 2,96 
8 2,99 8 2,93 
9 2,99 9 2,95 
10 2,97 10 2,95 
    11 2,95 

Panel End Cell Face thickness [mm] Stiffener Thickness [mm] 

 

A 

1 2,95 1 2,94 
2 2,97 2 2,93 
3 2,97 3 2,93 
4 2,99 4 2,95 
5 2,97 5 2,97 
6 2,97 6 2,97 
7 2,98 7 2,98 
8 2,96 8 2,95 
9 2,97 9 2,96 
10 2,97 10 2,94 
    11 2,95 

End Cell Face thickness [mm] Stiffener Thickness [mm] 

B 

1 2,97 1 3,01 
2 3 2 2,97 
3 3 3 2,94 
4 3 4 2,95 
5 3,01 5 2,96 
6 3,01 6 2,96 
7 2,99 7 2,97 
8 2,99 8 2,98 
9 2,99 9 2,97 
10 2,97 10 2,98 
    11 3,00 
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Panel End Cell Face thickness [mm] Stiffener Thickness [mm] 

SP6 

A 

1 3,01 1 2,96 
2 2,99 2 2,97 
3 3 3 2,98 
4 2,99 4 2,99 
5 2,99 5 2,95 
6 2,94 6 2,98 
7 2,97 7 2,98 
8 3,04 8 3,00 
9 2,97 9 2,97 
10 3 10 3,01 
    11 3,01 

End Cell Face thickness [mm] Stiffener Thickness [mm] 

B 

1 2,99 1 3,01 
2 2,92 2 2,97 
3 2,95 3 3,01 
4 2,93 4 2,96 
5 2,95 5 2,97 
6 2,95 6 2,96 
7 2,95 7 2,96 
8 3 8 2,97 
9 2,96 9 2,97 
10 2,96 10 2,98 
    11 2,95 
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Appendix B Sandwich panel measurements 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW2 A 1199,00 top 1 20,58 20,52 20,41 116,29 116,29 116,29 

     1199,00 2 20,21 20,26 20,24 116,62 116,61 116,62 

     middle 3 20,07 20,14 20,11 116,43 116,42 116,43 

     1198,00 4 20,06 20,09 20,10 116,61 116,65 116,67 

     bottom 5 20,02 20,06 20,01 116,63 116,57 116,58 

     1198,00 6 20,22 20,25 20,22 116,55 116,52 116,56 

       7 20,25 20,26 20,26 116,46 116,46 116,47 

       8 20,80 20,83 20,83 116,43 116,40 116,46 

       9 20,38 20,34 20,40 116,73 116,73 116,73 
        10 19,91 19,95 19,97 116,13 116,13 116,14 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW2 B   top 1 20,71 20,71 20,70 116,37 116,38 116,37 

     1199,00 2 19,90 19,92 19,94 116,68 116,68 116,68 

     middle 3 20,22 20,22 20,22 116,41 116,41 116,40 

     1197,00 4 20,76 20,80 20,76 116,16 116,17 116,16 

     bottom 5 20,00 19,97 19,96 116,45 116,44 116,44 

     1197,00 6 19,77 19,80 19,76 116,52 116,52 116,53 

       7 19,89 19,92 19,95 116,21 116,21 116,21 

       8 19,72 19,72 19,71 116,55 116,54 116,56 

       9 20,14 20,16 20,13 116,57 116,56 116,56 
        10 20,15 20,13 20,17 115,71 115,73 115,74 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW3 A 1199,00 top 1 20,71 20,92 20,97 115,15 115,17 115,15 

     1198,00 2 18,60 18,71 18,72 116,26 116,26 116,25 

     middle 3 19,84 19,84 19,89 116,55 116,54 116,55 

     1197,00 4 19,88 19,90 19,80 116,63 116,63 116,63 

     bottom 5 19,90 19,97 19,95 116,63 116,63 116,63 

     1199,00 6 19,84 19,86 19,89 116,14 116,15 116,16 

       7 19,86 19,86 19,85 116,92 116,93 116,95 

       8 19,85 19,87 19,88 116,26 116,26 116,26 

       9 20,12 20,06 20,15 116,50 116,54 116,56 
        10 19,89 19,93 19,89 116,51 116,50 116,46 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW3 B   top 1 18,80 18,89 18,89 116,04 116,04 116,05 

     1199,00 2 19,99 20,08 20,09 116,40 116,40 116,37 

     middle 3 19,81 19,83 19,89 116,74 116,72 116,71 

     1199,00 4 20,10 20,11 20,08 116,61 116,61 116,62 

     bottom 5 20,44 20,44 20,44 116,68 116,68 116,68 

     1198,00 6 20,01 19,99 20,05 116,42 116,39 116,43 

       7 20,13 20,15 20,15 116,61 116,63 116,65 

       8 20,15 20,16 20,20 116,38 116,39 116,39 

       9 20,05 20,05 20,08 116,66 116,60 116,60 
        10 19,90 19,93 19,89 116,31 116,32 116,32 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW4 A 1199,00 top 1 20,55 20,56 20,57 116,13 116,14 116,14 

     1198,00 2 20,12 20,11 20,16 116,85 116,85 116,84 

     middle 3 21,22 21,21 21,22 116,61 116,62 116,62 

     1197,00 4 20,01 21,07 21,04 116,57 116,53 116,55 

     bottom 5 20,24 20,26 20,25 116,33 116,32 116,35 

     1198,00 6 20,39 20,38 20,37 116,58 116,60 116,61 

       7 20,23 20,25 20,27 116,47 116,5 116,48 

       8 20,29 20,25 20,3 116,39 116,39 116,4 

       9 19,85 19,84 19,85 116,31 116,31 116,31 
        10 20,74 20,77 20,71 115,36 115,36 115,37 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW4 B   top 1 19,99 20,00 20,00 116,28 116,30 116,31 

     1199,00 2 20,06 20,05 20,08 116,49 116,49 116,48 

     middle 3 20,07 20,05 20,05 116,77 116,77 116,77 

     1198,00 4 19,98 19,94 19,98 116,41 116,40 116,40 
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     bottom 5 19,93 19,96 19,97 116,63 116,62 116,64 

     1199,00 6 20,04 20,08 20,05 116,81 116,82 116,82 

       7 20,08 20,12 20,07 116,19 116,19 116,19 

       8 20,07 20,04 20,09 116,49 116,43 116,48 

       9 18,65 18,67 18,67 116,66 116,65 116,66 
        10 19,87 19,99 19,99 115,85 115,84 115,86 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW5 A 1200,00 top 1 20,00 20,00 20,00 115,92 115,91 115,92 

     1199,00 2 20,54 20,50 20,53 116,48 116,49 116,48 

     middle 3 20,85 20,87 20,91 116,64 116,64 116,64 

     1198,00 4 20,13 20,04 20,12 116,36 116,37 116,35 

     bottom 5 20,17 20,17 20,18 116,61 116,62 116,61 

     1199,00 6 20,25 20,19 20,22 116,74 116,74 116,74 

       7 20,41 20,33 20,31 116,49 116,49 116,49 

       8 20,03 20,06 20,06 116,68 116,69 116,70 

       9 20,03 20,02 20,03 116,65 116,65 116,63 
        10 19,93 19,90 19,94 116,10 116,15 116,13 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW5 B   top 1 19,25 19,25 19,23 116,27 116,29 116,28 

     1199,00 2 19,93 19,95 19,94 116,19 116,21 116,22 

     middle 3 19,95 19,94 19,93 116,64 116,63 116,63 

     1198,00 4 20,03 19,98 20,00 116,66 116,65 116,65 

     bottom 5 19,97 19,91 19,95 116,41 116,42 116,20 

     1199,00 6 19,90 19,90 19,91 116,61 116,64 116,64 

       7 20,08 20,05 20,07 116,60 116,62 116,63 

       8 19,83 19,82 19,84 116,53 115,86 116,56 

       9 19,92 19,93 19,94 116,64 116,65 116,65 
        10 19,83 19,90 19,84 116,17 116,17 116,18 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW6 A 1199,00 top 1 18,95 18,94 18,95 115,95 115,94 115,95 

     1198,00 2 20,04 20,10 20,09 116,45 116,46 116,46 

     center 3 19,97 19,96 19,92 116,97 116,96 116,97 

     1197,00 4 19,55 19,56 19,55 116,57 116,55 116,56 

     bottom 5 20,14 20,11 20,10 116,19 116,13 116,13 

     1198,00 6 20,37 20,35 20,35 116,40 116,40 116,38 

       7 19,72 19,80 19,77 116,63 116,64 116,64 

       8 20,07 20,08 20,05 116,66 116,66 116,67 

       9 19,95 19,95 19,97 116,57 116,59 116,57 
        10 19,66 19,67 19,69 116,32 116,32 116,30 

Panel End Length Width Cell 
Cell height     Cell width     

1 2 3 1 2 3 

SW6 B   top 1 20,52 20,60 20,56 115,43 115,43 115,44 

     1199,00 2 20,11 20,15 20,07 116,49 116,47 116,50 

     middle 3 20,46 20,45 20,47 116,65 116,65 116,66 

     1197,00 4 20,42 20,42 20,40 116,47 116,46 116,46 

     bottom 5 19,85 19,87 19,84 116,26 116,25 116,25 

     1198,00 6 20,13 20,11 20,14 116,56 116,57 116,58 

       7 20,15 20,18 20,17 116,72 116,71 116,70 

       8 20,10 20,13 20,10 116,81 116,82 116,83 

       9 20,09 20,11 20,12 116,50 116,50 116,47 
        10 20,05 20,06 20,02 116,10 116,10 116,10 
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Appendix 1.2 Dimensions of deformed stiffened panels 
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1 Introduction 

Stiffened panels were highly deformed in indentation experiments (Figure 1). In indentation 

experiment, bulbous indenter was driven against stiffened panel using hydraulic force 

cylinder. Panel deformed due to high contact force between indenter and stiffened panel. 

Panels were intended to be fully clamped from boundaries using bolt connections and a 

clamping frame plate (Fig. 1 A). However, due to high forces subjected to boundaries it was 

assumed that implemented boundary condition may not have worked perfectly but had 

allowed some sliding. Therefore, some dimensions of stiffened panels were measured after 

experiments.  

 
Figure 1. A) Stiffened panel in indentation experiment. Notice boundary condition configuration. 

Indenter is the rotated bulbous block of steel. B) Deformed stiffened panel. 

2 Equipment and methods 

Measured dimensions are presented in Figure 2. Lengths and widths of the panels were 

measured by using a tape measure with length of 3m. Panel dimensions were nominally 

1200x1200mm, thus length of the tape measure was sufficient. Lengths and widths were 

measured as described in Figure 2. Diameters of stiffened panel holes were measured with 

Mitutoyo 500-311 caliper in longitudinal and transversal directions as described in Figure 2. 

Measurements were taken both before and after the experiments and difference between 

dimensions was used as a measure for deformation of the holes. Average values and 

confidence intervals were calculated for the measured values to summarize the results. 

 
Figure 2. Lengths of the stiffened panels were measured at each cell, indexed from 1 to 10. Respectively, 

widths of the stiffened panels were measured at each section, indexed from a to j. Additionally, diameters 

of holes were measured in x and y directions before and after the experiments to see whether the holes 

had deformed in the experiments. Rows were on two rows, denoted as Row I and Row II. 
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3 Results 

Length and width of the panels 

Measurement results for length and width of the stiffened panels after experiments are 

illustrated in figures 3 and 4, respectively. Dimensions of four indented stiffened panels were 

measured. Measured lengths and widths are presented in Tables 1 and 2, respectively. 

Deformations of the holes 

Hole diameter measurement results are illustrated by showing differences between original 

and deformed diameters in Figure 6. Complete measurement results are shown in Appendix 

A. 

 
Figure 3. Column diagram showing average of the measured lengths at cells of the stiffened panels after 

experiments supplemented with columns showing confidence intervals as well as trend lines illustrating 

length profile of the panel. 

 
Figure 4. Columns show average widths measured at different locations a to j of the panel and respective 

confidence intervals. Trend lines illustrate width profile of the panel after experiments. 
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Table 1. Measured lengths of four stiffened panels and averages in respect to panels and cells. 

Length Before After 

Panel 

  

Cell 

1 2 3 4 5 6 7 8 9 10 average 

SP2 1199,0 1199,0 1199,0 1199,0 1198,5 1198,5 1198,5 1198,5 1199,0 1199,5 1199,5 1198,9 

SP4 1199,0 1199,5 1199,0 1198,5 1198,5 1198,0 1198,0 1198,0 1199,0 1199,5 1199,0 1198,7 

SP5 1200,0 1199,0 1199,0 1199,0 1199,0 1199,0 1199,0 1199,0 1199,0 1199,0 1199,5 1199,1 

SP6 1199,0 1199,0 1199,0 1199,0 1198,5 1198,5 1198,5 1198,5 1199,0 1199,5 1199,0 1198,9 

average 1199,3 1199,1 1199,0 1198,9 1198,6 1198,5 1198,5 1198,5 1199,0 1199,4 1199,3 1198,9 

 

Table 2. Measured widths of the four stiffened panels. 

Width Before After 

Panel avg a b c d e f g h i j avg 

SP2 1198,0 1198,5 1198,5 1198,5 1198,5 1198,5 1198,5 1198,5 1198,5 1198,5 1199,0 1198,6 

SP4 1198,5 1198,5 1198,0 1198,5 1198,0 1198,5 1198,0 1198,5 1198,5 1199,0 1198,5 1198,4 

SP5 1198,0 1199,0 1198,5 1199,0 1198,5 1198,0 1198,0 1198,0 1198,0 1198,0 1198,5 1198,4 

SP6 1198,5 1198,5 1198,0 1198,0 1197,5 1197,5 1197,5 1197,5 1197,5 1197,5 1198,0 1197,8 

avg 1198,25 1198,6 1198,3 1198,5 1198,1 1198,1 1198,0 1198,1 1198,1 1198,3 1198,5 1198,3 

 

 

Figure 6. Deformations of holes in x and y direction in rows I and II illustrated with columns. Confidence 

intervals for deformations are shown with capped lines. 
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Appendix A Hole deformation measurements 

Table 1. Table contains measured hole diameters in x and y directions for SP4 stiffened panel. Rows I 

and II are shown separately. Difference between original and deformed values is presented. 

Plate 
Plate 
end 

Hole I Aver-
age 

SP4 A 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,92 25,91 25,98 25,86 25,93 25,83 25,99 25,87 25,91 

y - After 25,96 25,97 25,95 26,13 26,11 26,08 25,93 25,88 26,00 

After-Before 0,04 0,06 -0,03 0,27 0,18 0,25 -0,06 0,01 0,09 

x - Before 25,89 25,92 25,90 25,88 25,99 25,87 25,94 25,86 25,91 

x - After 26,02 26,20 26,49 26,95 26,63 26,46 25,95 26,02 26,34 

After-Before 0,13 0,28 0,59 1,07 0,64 0,59 0,01 0,16 0,43 

Hole II Aver-
age 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,93 25,96 25,92 25,87 25,81 25,88 25,76 25,92 25,88 

y - After 25,83 25,87 25,87 25,89 25,92 25,85 25,90 26,02 25,89 

After-Before -0,10 -0,09 -0,05 0,02 0,11 -0,03 0,14 0,10 0,01 

x - Before 25,90 25,83 26,00 26,01 25,67 25,89 25,93 25,89 25,89 

x - After 26,00 25,83 26,04 25,96 26,07 25,92 25,84 25,94 25,95 

After-Before 0,10 0,00 0,04 -0,05 0,40 0,03 -0,09 0,05 0,06 

Plate 
Plate 
end 

Hole I Aver-
age 

SP4 B 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,89 25,87 26,02 25,97 25,97 25,96 25,96 25,94 25,95 

y - After 25,87 25,98 26,09 26,16 26,15 26,06 25,92 25,92 26,02 

After-Before -0,02 0,11 0,07 0,19 0,18 0,10 -0,04 -0,02 0,07 

x - Before 25,95 25,94 25,86 26,00 25,74 26,02 25,90 25,61 25,88 

x - After 26,06 26,01 26,46 26,50 26,83 26,34 25,95 25,93 26,26 

After-Before 0,11 0,07 0,60 0,50 1,09 0,32 0,05 0,32 0,38 

Hole II Aver-
age 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,93 25,94 25,97 25,96 26,00 25,96 25,94 25,92 25,95 

y - After 25,95 25,97 25,93 25,93 25,92 25,91 25,90 25,96 25,93 

After-Before 0,02 0,03 -0,04 -0,03 -0,08 -0,05 -0,04 0,04 -0,02 

x - Before 25,98 26,03 25,85 25,73 26,03 25,98 26,01 26,07 25,96 

x - After 26,01 26,01 25,98 25,95 25,87 25,94 25,99 25,96 25,96 

After-Before 0,03 -0,02 0,13 0,22 -0,16 -0,04 -0,02 -0,11 0,00 
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Table 2. Table contains measured hole diameters in x and y directions for SP5 stiffened panel. Rows I 

and II are shown separately. Difference between original and deformed values is presented. 

Plate 
Plate 
end 

Hole I 
Mean 

SP5 A 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 26,04 25,94 25,89 25,91 25,92 25,94 25,92 25,94 25,94 

y - After 25,99 26,00 26,02 26,01 26,14 26,11 26,01 26,01 26,04 

After-Before -0,05 0,06 0,13 0,10 0,22 0,17 0,09 0,07 0,10 

x - Before 25,90 25,89 26,02 25,82 25,86 25,98 25,83 25,89 25,90 

x - After 25,99 26,14 26,41 26,55 26,87 26,54 26,21 26,21 26,37 

After-Before 0,09 0,25 0,39 0,73 1,01 0,56 0,38 0,32 0,47 

Hole II 
Mean 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,95 25,93 25,86 25,89 25,84 25,89 25,91 25,94 25,90 

y - After 26,01 25,99 25,94 25,95 25,96 25,98 26,01 26,04 25,99 

After-Before 0,06 0,06 0,08 0,06 0,12 0,09 0,10 0,10 0,08 

x - Before 25,95 25,90 25,84 25,91 25,90 25,88 25,86 25,94 25,90 

x - After 26,16 26,07 26,05 26,18 26,15 26,14 26,16 26,18 26,14 

After-Before 0,21 0,17 0,21 0,27 0,25 0,26 0,30 0,24 0,24 

Plate 
Plate 
end 

Hole I 
Mean 

SP5 B 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,92 25,99 26,04 25,99 25,97 25,94 25,93 25,92 25,96 

y - After 25,88 26,00 26,19 26,08 26,15 26,06 26,02 25,97 26,04 

After-Before -0,04 0,01 0,15 0,09 0,18 0,12 0,09 0,05 0,08 

x - Before 25,99 25,98 25,83 25,96 26,03 26,00 25,92 26,06 25,97 

x - After 26,05 26,03 26,44 26,85 26,64 26,02 26,06 26,03 26,27 

After-Before 0,06 0,05 0,61 0,89 0,61 0,02 0,14 -0,03 0,29 

Hole II 
Mean 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,98 25,99 25,99 25,98 25,95 25,99 25,96 25,97 25,98 

y - After 25,89 26,04 26,03 26,02 26,01 25,94 25,97 25,93 25,98 

After-Before -0,09 0,05 0,04 0,04 0,06 -0,05 0,01 -0,04 0,00 

x - Before 25,87 25,90 26,04 25,94 25,89 26,02 26,05 26,08 25,97 

x - After 26,09 25,99 25,94 25,98 26,00 26,09 26,07 26,06 26,03 

After-Before 0,22 0,09 -0,10 0,04 0,11 0,07 0,02 -0,02 0,05 
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Table 3. Table contains measured hole diameters in x and y directions for SP6 stiffened panel. Rows I 

and II are shown separately. Difference between original and deformed values is presented. 

Plate Plate end Hole I 
Mean 

SP6 A 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 26,03 25,92 25,91 25,89 25,94 25,93 25,97 25,98 25,95 

y - After 26,01 25,97 25,98 26,10 26,12 26,05 25,92 25,88 26,00 

After-Before -0,02 0,05 0,07 0,21 0,18 0,12 -0,05 -0,10 0,06 

x - Before 26,11 26,14 26,03 25,99 26,06 26,07 25,97 26,04 26,05 

x - After 26,14 26,20 26,56 26,89 27,01 26,36 25,98 26,06 26,40 

After-Before 0,03 0,06 0,53 0,90 0,95 0,29 0,01 0,02 0,35 

Hole II 
Mean 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,99 25,87 25,94 25,94 25,88 25,87 25,88 25,91 25,91 

y - After 26,02 25,92 25,90 25,90 25,96 25,88 25,83 25,95 25,92 

After-Before 0,03 0,05 -0,04 -0,04 0,08 0,01 -0,05 0,04 0,01 

x - Before 25,99 26,02 26,01 26,01 26,16 25,98 26,11 26,08 26,05 

x - After 26,11 26,05 25,96 26,07 26,11 26,07 26,01 26,02 26,05 

After-Before 0,12 0,03 -0,05 0,06 -0,05 0,09 -0,10 -0,06 0,01 

Plate Plate end Hole I 
Mean 

SP6 B 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,89 25,91 25,98 25,99 25,88 25,91 25,93 25,96 25,93 

y - After 25,77 25,82 26,10 26,12 25,99 25,84 25,76 25,85 25,91 

After-Before -0,12 -0,09 0,12 0,13 0,11 -0,07 -0,17 -0,11 -0,03 

x - Before 26,06 25,91 25,96 25,95 26,07 26,05 26,04 25,97 26,00 

x - After 25,96 26,07 26,59 26,64 26,56 26,22 26,11 26,04 26,27 

After-Before -0,10 0,16 0,63 0,69 0,49 0,17 0,07 0,07 0,27 

Hole II 
Mean 

Cell -> 2 3 4 5 6 7 8 9 

y - Before 25,93 25,96 25,95 25,91 25,86 25,86 25,85 25,87 25,90 

y - After 25,86 25,96 25,95 25,90 25,90 25,85 25,75 25,87 25,88 

After-Before -0,07 0,00 0,00 -0,01 0,04 -0,01 -0,10 0,00 -0,02 

x - Before 25,98 26,07 26,01 25,96 25,98 26,07 26,07 25,96 26,01 

x - After 26,06 26,01 25,99 26,05 26,02 26,04 26,08 26,05 26,04 

After-Before 0,08 -0,06 -0,02 0,09 0,04 -0,03 0,01 0,09 0,03 
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Appendix 1.3 Weld hardness measurements 
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1 Introduction 

Hardness measurements on laser stake weld were performed to find out if weld region 

contained unexceptional hardness gradients. Test specimen – shown in Figure 1 – is cut from 

steel sandwich panel shown in figure 2. Laser stake weld connects 1,5mm thick face plate to 

3mm thick stiffener. Material of plates is mild structural steel S235JR. Abrupt differences in 

hardness between base material and weld region can make the connection behave in brittle 

way which is undesirable. 

 
Figure 1. Hardness measurement specimen mounted in epoxy resin on the left and a section of sandwich 

panel on the right. 

 
Figure 2. A pile of sandwich panels. Laser stake weld connects webs to face plates on whole panel length. 
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2 Equipment and methods 

Laser stake weld section was precut from sandwich panel with steel-band saw. Panel was 

cooled with cooling liquid to prevent the material from heating. Heating can cause 

transformations in weld region microstructure causing unreliable results. Hardness 

measurement specimen was then prepared in Aalto University material laboratory. Actual 

specimen was cut from precut panel section with liquid-cooled abrasive cutter. Cutting was 

followed by grinding and polishing of the specimen. Grinding was started with sandpaper of 

grade P320, continued with P800, P1200 and P2000 papers. After grinding specimen was 

polished with 3µm and 1µm diamond paste. Postgraduate student Pauli Lehto prepared the 

specimen. 

Hardness measurements are performed with semi-automatic hardness testing equipment. 

Testing equipment shown in figure 3 consists of the testing device itself and positioning 

system including control panel and a PC. Testing device includes positioning table; revolver 

with two objectives and indenter; ocular; controls for indentation measurement; and a screen 

that shows measurement results. Positioning system is used to place the indenter on correct 

point. Indenter is positioned with joystick with help of the PC screen that shows the 

microscope vision. Indentations can be positioned with an accuracy of 5µm which is 

equivalent to 1 pixel. Testing device automatically creates an indentation but it needs to be 

measured manually using controls and ocular. Results – horizontal (D1) and vertical (D2) 

dimensions of indentation and corresponding HV value – are read from screen of testing 

device and entered in notebook. 

 
Figure 3. Hardness measurement system. Measuring device on the left, control panel with joystick and 

a PC. Microscope view including one indentation can be seen on the screen. 

Vickers hardness was measured with 1000gf force. Distance between indentations was 

300µm for all measurements which is sufficient to prevent plastic deformations of an 

indentation affecting to other indentations. ISO standard defines distance between 

indentations to be at least three times indentation diagonal. Measurements were done in three 

lines as shown in figure 4. Lines 1 and 2 are parallel to the face plate, spaced 0,5mm from 

surfaces. Line 3 is placed on the centerline of the weld, first indentation 0,3mm from top of 

the weld cap. Number of indentations i.e. lengths of measurement lines is decided based on 

measurements. When a few measured values settle down to hardness of the base material, 

measurements are discontinued. Indentation diagonals are measured once but in case of 

inconsistent result, measurement is repeated to minimize errors. 
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Figure 4. Schematic picture of cross-section of specimen with lines where measurements were taken. 

3 Results 

After measurements were done, specimen was etched to make microstructural differences 

visible. Microscopic picture of the specimen in figure 5 shows specimen after etching. 

Measurement results for each measurement line are plotted in figures 6-8, respectively. Base 

material (BM), heat affected zone (HAZ) and weld material (WM) zones are separated with 

vertical lines. Boundary values for different zones are shown with yellow lines. Boundary 

between BM and HAZ is HV130 and boundary between HAZ and WM is HV240. 

Measurement data is shown in tables 1-3. Measurements are indexed so that number before 

dot relates to measurement line and number after dot is the ordinal of the measurement. Peak 

values are highlighted with red and lowest values are bolded. 

In total of 62 indentations were done, three of those measured twice, summing to 65 

measurements. Most indentations were performed on measurement line 1, 23 measurements 

on distance of 6,6mm. On line 2 it was noticed 21 measurements or 6mm to be enough. On 

line 3, 18 measurements were taken. Measurement line 3 was positioned on the center of the 

weld, 2,9mm from starting points of lines 1 and 2. Indentation lines 1 and 2 are not perfectly 

parallel with face plate which is probably result of misalignment of the specimen in respect 

to the positioning table. Indentation 1.6 was positioned incorrectly but measured hardness is 

in line with that of point 2.6. 

 
Figure 5. Microscopic photo of indented surface after etching. 
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Figure 6. Vickers hardness profile on measurement line 1 separated to zones representing different 

material characteristics. 

 
Figure 7. Vickers hardness values on measurement line 2. 
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Figure 8. Vickers hardness values on measurement line 3. 

References 

Classification Societies' Guidelines for the Approval of CO2-Laser Welding 1996, , 7th May 

1996 edn, Bureau Veritas, Det Norske Veritas, Germanischer Lloyd, Lloyds Register 

of Shipping, Registro Italiano Navale.  

 



  Appendix 1.3 (7/7) 

 

Appendix A Hardness 
measurement results 

Table 1. Indentation dimensions and hardness 

values at measurement points on line 1. D1 

means horizontal dimension and D2 vertical 

dimension. 

Measurement line 1 

1.
X 

Position 
(μm) 

D1 
(μm) 

D2 
(μm) 

HV Zone 

1 0 122,2 124,8 121,5 

BM 

2 300 121,1 124,0 123,4 

3 600 121,8 123,9 122,8 

4 900 120,5 121,5 126,6 

5 1200 119,3 121,3 128,1 

6 1650 118,4 120,1 130,4 

HAZ 
7 1800 110,0 112,4 149,9 

8 2100 101,7 102,4 178,0 

9 2400 88,0 87,8 240,0 

10 2700 83,8 83,8 274,1 

WM 11 3000 83,7 85,1 260,3 

12 3300 84,8 84,8 252,1 

13 3600 100,1 102,5 180,7 

HAZ 

14 3900 108,7 110,7 154,0 

15 4200 114,8 113,7 142,0 

16 4500 117,5 116,9 135,0 

17 4800 117,8 120,2 130,9 

18 5100 121,3 119,6 127,8 

BM 

19 5400 121,0 121,0 126,6 

20 5700 124,3 121,3 122,9 

21 6000 123,4 123,7 121,4 

22 6300 120,9 123,0 124,6 

23 6600 122,8 124,3 121,4 

Table 2. Indentation dimensions and hardness 

values at measurement points on line 2. Points 

2.2 and 2.3 were measured again because of 

inconsistencies. 

Measurement line 2 

2.X 
Position 
(μm) 

D1 
(μm) 

D2 
(μm) 

HV Zone 

1 0 120,2 122,5 125,9 

BM 

2 300 120,0 119,6 129,2 
    120,5 12,1 127,6 

3 600 117,9 120,7 130,2 

   120,0 122,3 126,3 

4 900 124,3 121,6 122,6 

5 1200 121,7 122,7 124,1 

6 1500 120,7 119,2 128,8 

7 1800 115,2 115,0 139,9 

HAZ 8 2100 106,7 106,6 163,0 

9 2400 92,9 90,4 220,7 

10 2700 85,3 83,7 259,7 

WM 11 3000 87,6 86,6 244,4 

12 3300 85,3 86,1 252,4 

13 3600 101,0 102,6 178,9 

HAZ 

14 3900 109,4 108,2 156,6 

15 4200 115,7 115,7 138,5 

16 4500 119,8 119,8 131,2 

17 4800 118,1 119,2 131,7 

18 5100 120,6 120,5 127,6 

BM 
19 5400 120,0 123,1 125,5 

20 5700 119,7 124,0 124,8 

21 6000 119,4 124,9 124,2 

 
 
 
 
Table 3. Indentation dimensions and hardness 

values at measurement points on line 3. Point 

3.9 was measured twice. 

Measurement line 3  

3.X 
Position 
(μm) 

D1 
(μm) 

D2 
(μm) 

HV Zone 

1 0 85,7 86,4 250,4 

WM 

2 300 86,9 85,1 250,7 

3 600 88,1 88,2 238,6 

4 900 84,2 84,1 261,8 

5 1200 82,6 83,4 269,1 

6 1500 83,9 84,8 260,6 

7 1800 83,0 83,0 269,1 

8 2100 87,2 85,4 248,9 

9 2400 112,9 112,6 145,8 

HAZ 

    113,0 111,7 146,9 

10 2700 104,0 106,2 167,8 

11 3000 111,5 112,6 147,6 

12 3300 114,6 114,5 141,3 

13 3600 118,1 119,5 131,3 

14 3900 120,8 119,9 128,0 

BM 

15 4200 120,8 120,7 127,1 

16 4500 124,8 123,7 120,1 

17 4800 120,2 120,2 128,3 

18 5100 121,3 119,2 128,2 
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Appendix 1.4 Manufacturing drawings 

 

Figure 1. Manufacturing drawing of long HE600B beam with 40mm thick end plates welded to 1720mm 

long beam. 
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Figure 2. Manufacturing drawing of short HE600B beam. 



  Appendix 1.4 (3/8) 

 

 

Figure 3. Manufacturing drawing of triangle support. 
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Figure 4. Manufacturing drawing of bottom support plate. 
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Figure 5. Manufacturing drawing of top support plate. 
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Figure 6. Manufacturing drawing of short steel block used in clamping of stiffened panel. 
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Figure 7. Manufacturing drawing of long steel blocks used in clamping of stiffened panel. 
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Figure 8. Manufacturing drawing of the bulb indenter. 
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Appendix 1.5 Bolt calculations 

  
M24 10.9 bolt specifications 

 

 

Basic minor diameter of external thread 

 

Basic pitch diameter of external thread 

 

Pitch 

 

Cross sectional values 

 

 

 

Elastic torsional resistance 

 

Plastic torsional resistance 

 

 

 

 

Shear resistance per shear plane 

 

 

R_m 1000MPa
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d
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 mm
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 mm
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F_vRd
_v f_ub A_s

_M2
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5
 N
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Bearing resistance per bolt 

 Distance between hole center and edge parallel to force direction 

 

 Ultimate strength of weaker part connected 

 

 

 

 

Slip resistant connections 

 
 

 

Number of friction surfaces 
 

slip factor (EN 1090-2) 
 

Dry steel-steel thread 

Friction coefficient of the thread (dry steel-steel) (Lavi 2004 p.144)  

 

 

 

 

Largest allowed tensional stress when tightening (elastic torsional resistance) 
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Largest allowed tensional stress when tightening (plastic torsional resistance) 

 

Largest allowed axial force per bolt 

 

Axial force of the bolt 

 

Friction moment of the thread 

 

Torsional stress (at the narrowest section of the bolt) 

 

Tightening moment of bolts  
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 diameter of the hole 

 
Diam. of DIN 931 M24 bolt bearing surface: 36mm, outer dia. of DIN 125 washer: 44mm 

 

Pretightening force of a bolt 

k is tightening coefficient (σ _M/R) 

 

 

Friction moment between nut or bolt and surface 

 

 

Friction moment between bolt and hole thread 

 

Tightening torque per bolt with theoretical pretightening force 

 

Lubricated thread 

 

Friction coefficient of the thread (lubricated steel-steel) (Lavi p.144) 

Largest allowed tensional stress when tightening (elastic torsional resistance) 

 

Largest allowed tensional stress when tightening (plastic torsional resistance) 
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Largest allowed axial force per bolt 

 

Axial force of the bolt 

 

Friction moment of the thread 

 

Torsional stress (at the narrowest section of the bolt) 

 

Tightening moment of bolts, lubricated thread 

Preload force per bolt 

k is tightening coefficient (σ _M/R) 

 

 

 

Tightening torque per bolt 

 

Tightening moment of 800Nm is going to be used: 

 

Dry steel-steel thread 
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Total clamping force with 62 bolts 

 

Safety to reference clamping force 1MN used in simulations 

 

Lubricated steel-steel thread 

 

 

 

 

 

Total clamping force with 62 bolts 

 

Safety to reference clamping force 1MN used in simulations 

 

Comparison of dry and lubricated connections 

 

 

Lubrication increases axial force and decreases tightening torque by 20%  
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Minimum length for bearing thread (Lavi 2004, p.153) 
Calculated because clamping bolts are fastened to threaded holes of bottom support. Material of bot-
tom support is S355JR structural steel 
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Ultimate strength: 
 

Shear ultimate strength 

 

Nominal diameter of the bolt 

 

 

Minimum thread length is therefore 

 

Relation between minimum thread length and thread diameter (1.3) is looked from table 

presented in (Lavi 2004, p. 153). 

This is just enough. With 100mm bolts, available thread length is 32mm 

for stiffened panel and 40mm for sandwich panel configuration. 

f_um 470MPa

f_usm 0.6f_um 282MPa

d_m 24mm

m_min

d_m
1.3

m_min

m_min 1.3d_m 31.2mm
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Appendix 1.6 Calibration certificates for force and 
displacement transducers 
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Appendix 2 Simulations of the stress-state specific tensile 
tests 

Tensile tests were performed on specimens designed to represent specific stress states. 

Specimens were called standard uniaxial tension (UA), central hole (CH), plane strain (PS) 

and shear specimens. CH specimen was designed to represent material fracture behavior in 

uniaxial tension throughout the loading that UA specimen does not actually capture (Bao 

2004). Plane strain and shear specimens represent stress states of pure plane strain and pure 

shear strain. Geometries of the specimens are shown in Figure 1. Two pieces of each type 

specimens were tested. The tests were performed with standard material tensile test machine. 

Loading velocity was kept in quasi-static region. Force and elongation were recorded in the 

experiments and obtained force-elongation curves were used as a reference for the 

simulation results. The purpose of the simulations was to obtain a good correlation between 

force-elongation curves obtained from experiments and simulations. This was achieved by 

varying the element-specific fracture strain in simulations until optimal correspondence was 

reached. 

 
Figure 1. Tensile test specimens used in stress state specific material tensile tests. UA, CH and PS 

specimens are presented roughly in same scale. Shear specimen is shown in double scale compared to 

the other specimens. 
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All FE simulations were performed with FE software Abaqus 6.13-3/Explicit using reduced 

integration solid elements (C3D8R). In developing the FE models symmetry of the specimen 

geometry and loading was exploited as much as possible – 1/8 symmetry (mid-width, mid-

span, and the mid-thickness) in UT, PS and CH models, and ¼ symmetry in shear specimen. 

To further reduce the computational time, mass of the entire model was scaled in the 

beginning of the analysis by a factor of 14. Despite this large factor, comparison with non-

mass scaled solution indicated that changes in the mass and consequent increases in the 

inertial forces did not alter the solution accuracy nor did it increase the kinetic energy over 

the suggested limit value of 5% of total internal energy. 

The typical mesh refinement included fine mesh in the expected fracture location that 

successfully coarsened when moving outside of that region. Fine mesh in the center of the 

gauge was designed such that elements featured nearly the same in-plane dimensions of 0.4 

mm. In through thickness, most models employed 6 elements with the exception of shear 

specimen that featured 8 elements. A constant velocity was uniformly imposed to the upper 

boundary whereas symmetry condition was applied on other three (or two in case of shear) 

planes. 

 
Figure 2. Force-elongation results obtained from experiments and simulations for different specimens. 
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