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This work presents a revision of the structural similarity technique developed for the experimental modeling of
marine structures subjected to collision, grounding or similar catastrophic events via miniature models with
drastic scale reduction. This revision involved basically the inclusion of combined collapse modes to predict the
mechanical behavior of structural members and the redefinition of the flow stress range. The revised technique
was validated through numerical simulations of the miniature modeling of nine large-scale marine structures’
experiments found in literature and here presented in the form of nine study cases. Each study case evaluates the
accumulated effects of scale reduction, thickness distortion and material distortion in the miniature model as part
of the similarity technique. In general, a reasonable-to-good correspondence was observed between the force and
absorbed energy responses obtained from reference large-scale structures and their miniature models once
brought to the same dimensional scale. Discrepancies between structural responses were quantified by evaluating
the normalized root mean square error. By these means, most of the study cases presented errors below 12.5% in
terms of force response and below 4.5% in terms of absorbed energy response. On the other hand, lower
agreement was encountered when reproducing experiments strongly ruled by progressive buckling or crack
initiation/propagation together with severe reduction scales. In these cases, better results are achieved when

implementing a more accurate material failure model or by moderating the reduction scale.

1. Background

Structural aspects of ship collision and grounding accidents have
been continuously investigated in the last decades due to its key rele-
vance in marine safety studies (Soares and Garbatov, 2015; Kaminski
and Rigo, 2018). With this aim, experimental collision tests in
large-scale marine structures are constantly undertaken because they
preserve the same construction aspects of actual structures so bringing
more reliable results (Liu et al., 2018). This is why these tests are
commonly used as reference to calibrate numerical/analytical modeling
approaches for predicting the structural behavior of actual marine
structures subjected to collision accidents (Ringsberg et al., 2018; Zhang
et al., 2019; Marinatos and Samuelides, 2015). The finite element
method is probably the most important tool among these numerical
approaches. Despite the recent improvements in finite element codes,
some aspects remain challenging to include in the modeling, for example
the interaction with diverse types of cargo (Calle et al., 2017; Zhang and
Suzuki, 2007), hydrodynamic effect of the surrounding water (Kim

* Corresponding author.
E-mail address: mcallegonzales@gmail.com (M.A.C. Gonzales).

https://doi.org/10.1016/j.apor.2021.102653

et al., 2021; Zhang and Suzuki, 2007), oil spill occurrence, ship explo-
sion accidents (Qiankun and Gangyi, 2011; Liu et al., 2018) among
others.

Most of the ship collision/grounding experiments available in liter-
ature employed reduction scales in the range of one-half to one-fifth of
the actual size of marine structures so yet resulting in large-scale
structures requesting huge experimental setups (Liu et al., 2018). The
use of models with severe reduction scales (between 1:50 and 1:100)
complicates the construction of the marine structures because original
construction aspects and materials cannot be preserved or, sometimes,
strong simplifications need to be adopted (Calle et al., 2017; Oshiro
et al., 2017). In spite of these limitations, these simplified miniature
structures were successful in reproducing coarsely the structural
collapse mode of oil tanker structures subjected to collision and
grounding (Calle et al., 2017) and, at the same time, used as reference to
calibrate failure criteria purposely developed for ship grounding events
(Calle et al., 2019).

In this respect, a new experimental technique to miniaturize marine
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structures, with the aim to create models to reproduce their structural
responses when subjected to collision or grounding events, was pro-
posed in recent works (Calle et al., 2020, Calle et al., 2020). This tech-
nique combines structural similarity concepts, thickness distortion of the
structural members of the model and material distortion.

Through similarity hypotheses, it is possible to correlate the struc-
tural behavior of a large-scale marine structure with that of equivalent
miniature model (Barenblatt, 2003). However, when a marine structure
is radically scaled down, its manufacture becomes a challenge in view of
the resulting extremely thin plates in the structural members (Calle
et al., 2017). So, a thickness distortion correction needs to be coupled to
the technique to make the miniature structure able to be built using
additive manufacturing technologies consequently involving also the
material modification (Mazzariol et al., 2016).

This technique was previously verified via the experimental repro-
duction of the structural collapse of two large-scale marine structures in
miniature (Calle et al., 2020; Calle et al., 2020). Regardless of the good
overall correspondence of these miniature experiments with their
large-scale references, especially in terms of internal energy absorption,
some aspects remained not well completely clarified. For instance, some
divergencies in the force responses and in the collapse modes of some
specific structural members of the miniature models are still not fully
well understood.

This work presents the revised version of this similarity technique
and its validation through the numerical reproduction of nine large-
scale ship collision/grounding tests in miniature using drastic reduc-
tion scales (50 to 100 times). All these nine experiments are available in
literature and each one is here presented in the form of study case.
Initially, the revision of the similarity technique is presented in Section 2
and some basic considerations for the study cases are then described in
Section 3. Nine study cases ranging from perforation tests of simple
panel structures to more complex ship sections subjected to collision and
grounding are presented, one by one, in Section 4. Diverse aspects

extracted from all study cases are summarized and discussed in Section 5
and, finally, some conclusions are presented in Section 6.

2. Similarity technique (revised)

In this section, a revision of the similarity technique presented in
previous works (Calle et al., 2020, Calle et al., 2020) is here proposed. As
previously commented, this similarity technique is proposed to model
experimentally the structural response of marine structures when sub-
jected to ship collision or ship grounding accidents. The similarity
technique is based on the use of scaled down replicas of marine struc-
tures built using additive manufacturing. To make possible their addi-
tive manufacture, the plate thickness of the structural members needs to
be distorted/increased to printable values (Calle and Kujala, 2019). The
distortion of the plate thickness depends on the collapse mode of each
structural member.

Originally in this technique, the collapse modes of each structural
member needed to be selected strictly among three categories (mem-
brane tension, folding or tearing) (Calle et al., 2020; Calle et al., 2020)
and, if two or more simultaneous collapse modes were expected in one
structural member, only the most relevant could be adopted.

In this revised version, one or two collapse modes can be attached to
each structural member. To amend this aspect, formulations for thick-
ness distortion in structural members that undergo a combination of two
collapse modes were appended to the original set. The factors to distort
the thickness of each structural member according its expected collapse
mode are evaluated in a similar manner as in Refs. (Calle et al., 2020;
Calle et al., 2020) as better described below.

According to analytical models on structural collapse, the reaction
force of a thin-walled structural member when subjected to pure
membrane tension (Fy,) is directly proportional to its thickness, when
subjected to folding (Ff), to its thickness raised to 5/3, and when sub-
jected to tearing (F.), to its thickness raised to 3/2 as thoroughly
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Table 2
Factors for dimensional scaling, thickness distortion and material change.
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explained in Refs. (Calle et al., 2020, Calle et al., 2020). In this work are
also proposed some combined collapse modes, that is, middle-ground
solutions of these three basic collapse modes. So, it can be argued that
when a structural member is subjected to a combination of membrane
tension and tearing (F,..), the reaction force can be considered directly
proportional to its thickness raised to 5/4 (average of 1 and 3/2) while
when subjected to a combination of membrane tension and folding
(me), to its thickness raised to 4/3 (average of 1 and 5/3). At the same
time, these reaction forces are also directly proportional to the flow
stress (0¢) in all cases (flow stress defined here as the average of the yield
stress and ultimate tensile strength). The reaction force of each one of
the original structural members can be expressed uniquely in terms of its
flow stress and its plate thickness as shown in Table 1 - column I. The
reaction forces of all structural members are organized by collapse mode
and summed as shown in Table 1 - column IIL.

The thicknesses of all structural members are distorted according
each collapse mode by modifying them by a factor #,. Then, the reaction
forces of each structural member with distorted thickness can be easily
expressed simply by multiplying thickness by the factor 7, as shown in
Table 1 - column III. A flow stress ratio was also included to detach the
influence of a different material of the structural member as shown in
the column III (if all structural members have the same mechanical
properties, all flow stress ratios will be equal to 1.0). These additional
terms can be extracted from the summations to isolate the original forms
as seen in Table 1 - column IV. To induce proportional increase in the
reaction force of each structural members (and, consequently, in the
total force), all terms in column V need to be equated as follows:

0. — (L0, s _ (Cok), 32 _ (00 5/4
(6())'7{,”1 (60)’7[,[’ (O'())n"k 0o '7r.m+r

0 m
_ ( 0, )”r.n1+f4/3 =, = i

0o

Finally, the thickness distortion factors can be expressed as a func-
tion of 5 and their flow stress ratios as presented in column VI. So, the
total reaction force of the whole structure is multiplied by a factor 7,
(#%/®) when a thickness distortion 7, is applied in all structural members
according their collapse modes.
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Besides, the size scaling effect on the resulting force response in
miniature model is evaluated based on the traditional similarity laws as
revised in Ref. (Oshiro et al., 2017).

Table 2 summarizes all the similarity factors considering three cases:
a miniature model, a miniature model with thickness distortion, and a
miniature model with thickness distortion and material distortion.
Miniature model only takes into account the size reduction and tradi-
tional similarity law for structural analysis. The miniature model with
thickness distortion also considers the thickness distortion of the struc-
tural members of the model according their collapse modes. Finally, the
miniature model with thickness distortion and material distortion adds
the influence of changing the original material of the structural members
of the model by a unique material for all of them considering that it will
be additively manufactured. where Fp,, Fy, F, F.r and Fy, ¢ are the
average force responses in structural members that undergo collapse
modes of membrane tension, folding, tearing, a combined membrane
tension with tearing and a combined membrane tension with folding
respectively; F is the total force response; kn, kf, k¢, kmyc and ky, ¢ are
constants dependent on the structural members’ geometries and con-
straints that undergo collapse modes of membrane tension, folding,
tearing, a combined membrane tension with tearing and a combined
membrane tension with folding respectively; o is the flow stress of the
material; #, is the thickness factor due to thickness distortion; 7 is the
force factor due to the thickness distortion; 7 is the distortion factor; and
i, j, k, l and m are indexes used to identify each structural member that
undergoes collapse modes of membrane tension, folding, tearing, a
combined membrane tension with tearing and a combined membrane
tension with folding respectively.

The scale factor defined by p = Ly,/L, relates the dimensions of the
model, L, with the corresponding dimensions in the prototype, L,.

The thickness distortion factor for each structural member are named
according their expected collapse mode in the form 7,,, (membrane
tension), 7, i (folding), 7, , (tearing), #, ,,,. (combined membrane tension
and tearing) and 7, , if (combined membrane tension and folding). The
factor n is a common variable used to express the thickness distortion
formulations.

The flow stress ratios relate the flow stress of each structural member
with a reference flow stress (6o) with the aim to uniform the materials of
all structural members of the prototype to change them all to only one
material of the model (material to be used in AM). The indexes i, j, k, L,
and m are used to number each structural member according their
collapse mode (see Table 1).

The material factor, 3, , is a non-dimensional factor that relates the
flow stresses of the model and prototype materials in the form g, =
(60)m/(00),. However, this factor strongly depends on how this flow
stress is calculated. Through the analysis of the study cases, it was
concluded that this factor correlates both materials (of the prototype and
the model) more appropriately when expressed as a range instead a
single factor (Calle et al., 2020; Calle et al., 2020). So, the upper and
lower bounds for the flow stress can be defined as:

LB UB
|:6ﬂow } [aﬂnw]
m < ﬂon < m
i ]
flow » flow »
where
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Table 3
Intermediate numerical analyses performed in each study case.
Numerical Marker  Description Size Thickness Material
analysis scaling distortion distortion
XP [ Reference - - -
experimental
real-scale test
FEA ref - FE modeling of No No No
reference real-
scale test
FEA B FE modeling of Yes No No
miniature model
FEA B+ _— FE modeling of Yes Yes No
miniature model
with thickness
distortion
FEA _— FE modeling of Yes Yes Yes
B+n-+poo miniature model

with thickness
distortion and
material
distortion

Oy +Ourr

uB _ B _
0o = Ourr and Uﬁaw = 5

These upper and lower bounds for the flow stress were defined in
previous works as the yield stress (¢,) and the average of the yield stress
and ultimate tensile strength (% [6y + ours]) respectively (Calle et al.,
2020; Calle et al., 2020) based on similarity works (Oshiro et al., 2017)
and past analytical works in marine structures (Liu et al., 2018). In this
revised technique, these upper and lower bounds are amended to the
average of the yield stress and ultimate tensile strength (% [oy + ours))
and the ultimate tensile strength (oyrs) respectively. As a result, this
amendment in the flow stress definition made it closer to the structural
behavior of the material when large plastic deformations are induced or
rupture occurs.

3. Numerical analysis of study cases

In this work, the efficacy of the similarity technique is numerically
verified by the miniature modeling of a set of large-scale experimental
tests performed in diverse types of marine structures collected from
scientific and technical literature. In short, the structural response

Applied Ocean Research 111 (2021) 102653

obtained from these large-scale experimental tests were compared
against the equivalent response obtained from their miniature versions.
The miniature modeling of each large-scale experiment was organized in
study cases.

For each study case, this evaluation comprises some intermediate
numerical analyses to move from the large-scale experiment to its
miniature replica. In this sense, four numerical models were proposed in
each study case with the aim to gain a better understanding of all
encompassed aspects as long as large-scale structures are transformed
into reduced scale reproductions.

The first model (called here as FEA ref) consists in the numerical
modeling of the large-scale experiment in its original size. Since nu-
merical modeling can bring itself with an uncertainty degree of accuracy
that depends on diverse factors, this first model aims to generate an
original-size structural response to be used as reference for the next
models.

The second model (FEA ) consists in an exact copy of the first model,
but in reduced scale. All dimensions were uniformly reduced according a
determined scale factor whilst preserving the same material in each
structural member. The scaling factor was chosen in a way that the
miniature structure could gain convenient dimensions for additive
manufacturing (AM) as a single consolidated part.

The third model (FEA p+n) is similar to the second model, but the
thicknesses of the structural members were also increased in such a way
as to make them manufacturable by AM, i.e., the minimum plate
thickness should be, at least, between 0.3 and 0.4 mm. In spite of the
artificial increase of the thickness, the original material of each struc-
tural member is preserved with the aim to evaluate exclusively the
thickness distortion effect in the structural response.

The fourth and last model (FEA B+n+pog) involves both the scale
reduction and thickness distortion together with the material distortion.
The material distortion consists in changing the original material of all
structural members to that chosen for AM. Since the miniature structure
is projected to be additively manufactured and, at the same time, the
new material should produce an equivalent structural response, it is
essential that the new material has analogous elasto-plastic and failure
behaviors when compared against traditional steel materials used in
shipbuilding. For this reason, the 316L austenitic steel was chosen for
additive manufacturing of the miniature models as already mechanically
characterized in a previous work (Calle and Kujala, 2019).

So, the numerical validation was performed thru the miniature

Table 4
Proposal for analysis of study cases.
Case Description Ref. Experiment Miniature Total Approx. quantity =~ Membrane Folding Tearing Rupture of
study scale scale scale of structural tension collapse collapse structural
members collapse members

1 Aalto stiffened (Korgesaar 1:5% 1:12 1:60 15 [ [
panel perforation et al., 2018)
test

2 CENTEC stiffened (Liu et al., 1:5 1:12 1:60 11 [ ) ()
panel indentation 2015)
test

3 Chalmers stiffened (Karlsson et al., 1:3 1:15 1:45 13 [ ) [ )
panel crushing test ~ 2009)

4 NMRI bulbous (Yamada, 1:2 1:30 1:60 20 [ )
bow crushing test 2007)

5 TUHH bulbous (Martens, 1:3 1:30 1:90 16 [ ]
bow crushing test 2014)

6 ASIS web girder (Ohtsubo et al., 1:2 1:40 1:80 44 [ ] [ ] [ ]
crushing test 1994)

7 ASIS ship bottom (Ohtsubo et al., 1:3 1:30 1:90 47 [ [ ) [
raking test 1994)

8 TNO ship collision (Peschmann, 1:3 1:25 1:75 64 [ ] [ ] [ J [ ]
test 2001)

9 NSWC ship (Rodd, 1996) 1:5 1:20 1:100 72 [ [ ] [ ] [

grounding test

" Approximate scale based on general dimensions
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Table 5

Evaluation of nominal thicknesses for individual structural members of miniature stiffened panel structures
Structural Dominant Prototype YS UTS Average FS Thickness Model Failure Model Failure Model Failure
member collapse thickness [FS1] (MPa)  [FS2] ratio  distortion thickness strain thickness strain thickness FEA strain

mode FEA ref (MPa) (MPa) factor FEA B FEA ref FEA B+n FEA B-+n+poo (mm) FEA
(mm) (mm) FEA (mm) B+n B+n-+poo
Panel Membrane 3.0 275 370.7 322.8 1.0 1.516 0.25 0.66 0.5 0.754 0.5 0.754
plate

Stiffener Membrane 3.0 275 370.7 322.8 1.0 1.516 0.25 0.66 0.5 0.754 0.5 0.754

modeling of large-scale experiments using these four numerical models
with increasing level of complexity for each study case. Hence, Table 3
depicts the main characteristics of these four numerical models
(together with the experimental reference), their abbreviated names and

600
ceeees EXP
500 - ——FEA ref
a0 | —FEAB
——FEAB+n

——FEA B+n+Bo,

Force (kN)
w
o
o

N
o
o

100

0 40 80 120 160 200
displacement (mm)

markers’ designation to identify them in the graphs.

In sum, nine study cases were carried out to corroborate the effec-
tiveness and limitations of the similarity technique. Each study case
utilized as reference an experimental test performed in a large-scale

60

ceeees EXP

50
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340 | ——FEAB
@
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$30 | B
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Fig. 1. Numerical modeling of perforation test of a stiffened panel structure: a) reaction force responses of real-scale and miniature tests, b) absorbed energy re-
sponses of real-scale and miniature tests, c) collapse evolution of the miniature FEA p+n+pso model, d-e) perforated plates obtained from experiment and miniature

FEA B+1+pso model
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Fig. 2. Numerical modeling of indentation test of a stiffened panel structure: a) reaction force responses of real-scale and miniature tests, b) absorbed energy re-
sponses of real-scale and miniature tests, c) collapse evolution of the miniature FEA p+n-+ps0 model, d-e) bottom view of indented plate in experiment and miniature
FEA B+1+Poo model



M.A.C. Gonzales and P. Kujala

Applied Ocean Research 111 (2021) 102653

Table 6

Evaluation of nominal thicknesses for individual structural members of miniature stiffened panel structures.
Structural Dominant Prototype YS UTS Flow FS Thickness Model Failure Model Failure Model Failure
member collapse thickness (MPa) (MPa) stress ratio distortion thickness strain thickness strain thickness FEA strain

mode FEA ref (MPa) factor FEA B FEAref  FEA p+n FEA B+n+poo (mm)  FEA
(mm) (mm) FEA (mm) p+n p+n-+poo
Panel Membrane 3.0 200 296 248 1.0 2.0 0.25 0.226 0.5 0.262 0.5 0.262
plate

Stiffener Membrane 5.0 248 368 308 1.242 2.0 0.417 0.833 0.671

marine structure collected from literature. The selected set of study cases
aimed to encompass a wide variety of potential structural collapse
modes commonly found in marine structures that undergo ship collision
and ship grounding accidents, that is, membrane tension, folding,
tearing or a combination of them. For each study case, the scale
reduction was selected in such a manner that the total scale reduction be
between 1:50 and 1:100 from its real size reference. All the study cases
are listed and briefly described in Table 4.

In all study cases, the models were conceived to be run in quasi-static
conditions so disregarding the influence of the strain rate on the me-
chanical properties of the structure as commonly assumed in diverse
numerical researches in this subject (Liu et al., 2018). The Abaqus/Ex-
plicit code was wholly used for all FE models together with the mass
scaling technique so to reduce the processing time of lengthy-time tests.
All FE models in this work were discretized using quadrilateral shell
elements (S4R) with reduced integration and five integration points
through thickness which is ideal for general purpose applications
(Smith, 2009). Shell elements allow modeling large thin-walled struc-
tures (such as marine structures) with fewer elements than solid ele-
ments so leading to substantial reductions in processing times (Calle and
Alves, 2015). The mesh size in all reference models (FEA ref) were
evaluated one by one based on reference researches (as better detailed in
Supplementary material) and then its parameters were adequately
extrapolated to the reduce scaled models FEA B, FEA p+n and FEA
B-+n-+poo.

In order to simplify the conception of the models, the failure plastic
strain and its sensitivity to the element-length-to-thickness ratio (Calle
and Alves, 2015) was generally employed to model the material rupture
in all study cases. So, in each study case, the first model (FEA ref) was
initially used to calibrate the failure plastic strain iteratively considering
barely its sensitivity to the element-length-to-thickness ratio adopted
from Calle et al. (Calle et al., 2019). Some study cases also required the
adoption of the damage evolution option to achieve a structural
response closer to the experimental reference. Therefore, all failure
parameters calibrated for the FEA ref model were then properly
extrapolated to the respective miniature models within the same study
case (models FEA B, FEA p+n and FEA B+n-+poo).

The effectiveness of the similarity technique was evaluated quanti-
tatively by measuring the discrepancy in the structural responses

(reaction force or absorbed energy) generated by the reference model
(FEA ref) and by the reduced scale model with thickness and material
distortions (FEA p+n+poo). This discrepancy is quantified by the stan-
dard deviation of the residuals (gaps between curves) measured between
points of analyzed curves (root mean square error). With the aim of
making comparable this error information from within diverse study
cases (different scale sizes), the normalized root mean square error
(NRMSE) is employed in all study cases. NRMSE formulae is detailed in
Appendix.

4. Study cases
4.1. Adlto stiffened panel perforation test

With the aim to evaluate the effectiveness of FE modeling of marine
structures, Korgesaar et al. (Korgesaar et al., 2018) performed perfora-
tion tests in stiffened square plates. The panel structure consists in a 3.0
mm thick square plate of 1.2 x 1.2 m stiffened by nine flat strips equally
spaced. The stiffened panel was screw-mounted in a supporting base
(with a 0.96 x 0.96 m hollow) and hydraulically perforated in its center
point by a spherical rigid indenter. The experimental test presented a
reasonable amount of plastic deformation as membrane tension in the
middle area of the square plate before the abrupt crack occurrence. A
significative fall in the force level occurred as a consequence of the plate
rupture. At the same time, the stiffening strips underwent tension
stretching together with the plate deformation. For this reason, the
collapse of all structural members is assumed as membrane tension as
depicted in Table 5.

A general reduction scale of 1:12 was used for all miniature models.
All in all, the force and absorbed energy responses obtained from the
FEA B, FEA p+n or FEA p+n-+pc0 models attained a good agreement to
that obtained from FEA ref model when brought to the same dimen-
sional scale (NRMSE = 3.03% in force and NRMSE = 1.3% in absorbed
energy) as shown in Fig. 1. Just a slight difference of 4.1% in the
maximum penetration before plate rupture was observed when plate
thickness is distorted (FEA p-+n model), but this difference was reverted
when material model is modified (FEA p+n+pc0 model).

Table 7
Evaluation of nominal thicknesses for individual structural members of miniature stiffened panel structures.
Structural Dominant Prototype YS UuTs Flow FS Thickness Model Failure Model Failure Model Failure
member collapse thickness [FS1] (MPa) stress ratio distortion thickness strain thickness strain thickness FEA strain
mode FEA ref (MPa) (MPa) factor FEA FEAref  FEA p+n FEA B+n+pog (mm) FEA
(mm) (mm) FEA B (mm) B+n B-+n-+poo
Upper Membrane 5 282 395.5 338.7 1.0 3.175 0.333 0.190 1.058 0.236 1.058 0.236
plate
Lower Membrane 5 282 395.5 338.7 1.0 3.175 0.333 0.190 1.058 0.236 1.058 0.236
plate
Vertical Folding 3 282 395.5 338.7 1.0 2.00 0.200 0.170 0.40 0.197 0.40 0.197
plate
L-profile Folding 4 282 395.5 338.7 1.0 2.00 0.267 0.181 0.533 0.209 0.533 0.209
T-beam Folding 3 282 395.5 338.7 1.0 2.00 0.200 0.170 0.40 0.197 0.40 0.197
web
T-beam Folding 5 282 395.5 338.7 1.0 2.00 0.333 0.190 0.667 0.217 0.667 0.217

flange
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Fig. 3. Numerical modeling of crushing test of stiffened panel: a) reaction force responses of real-scale and miniature tests, b) absorbed energy responses of real-scale

and miniature tests, c) collapse evolution of the miniature FEA B+n+ps model, d) experimental setup and e) collapsed panel obtained from miniature
FEA B+n+Pso model
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Fig. 4. Numerical modeling of crushing test of stiffened panel using a stress triaxiality-based failure criterion: a) reaction force responses of real-scale and miniature

tests, b) absorbed energy responses of real-scale and miniature tests

4.2. CENTEC stiffened panel indentation test

With the aim to validate a simplified analytical method to examine
the energy absorbing mechanisms of stiffened plate specimens, Liu et al.
(Liu et al., 2015; Liu and Soares, 2016) performed quasi-static punching
tests in stiffened rectangular plates. The panel structure consists in a 3.0
mm thick rectangular plate of 0.96 x 0.8 m stiffened by five 5.0 mm
thick flat strips equally spaced. The specimens were conceived to
represent a one fifth scaled tanker side panel structure. The experi-
mental setup included a stiff frame to fix the specimen and fully
constraint all its perimeter. The stiffened plate was centrally punched by
arigid flat edge indenter moved with a hydraulic cylinder at a rate of 10
mm/min.

The experimental test presented a moderate amount of plastic
deformation as membrane tension before crack initiation. Two cracks
initiated simultaneously in the plate areas in direct contact with the
indenter corners because of the flat geometry of the indenter. The
cracks’ initiation was followed by a gradual fall of the force level since
the both cracks grew slowly, but not evolved to a complete rupture of the
stiffened plate. As observed in Fig. 2, it was not possible to reproduce
completely the force response after the crack initiation in the FEA ref
model (Liu et al., 2015). The FEA p model considered a uniform scale
reduction of 1:15 and the force response attained a good agreement with
that of the reference. To be coherent with the previous study case, the
collapse of all structural members is also assumed as membrane tension
as shown in Table 6. However, the force response obtained from FEA
p+n and FEA p+n+po0 models diverged moderately from that of the
reference model (NRMSE = 7.72%) with an accentuated discrepancy in
the crack initiation moment (25% difference in displacement point
where crack initiated) as seen in Fig. 2. In spite of this, an acceptable
correlation was found in terms of absorbed energy (NRMSE = 3.37%).

4.3. Chalmers stiffened panel crushing test

Karlsson et al. (Ringsberg et al., 2018; Karlsson et al., 2009) performed
a quasi-static perforation test in a double plate panel using bulb rigid
indenter with the aim to calibrate the finite element procedure to model
ship collision events. The panel structure was designed to represent an
actual side shell structure scaled down by a factor of 3. The main di-
mensions of the panel are 1.5 x 1.09 m with a height of 0.3 m. The panel

basically consists in outer and inner side shells, web plates to carry axial
loading and L-profiles stiffeners to carry lateral loading, Table 7. The test
was executed in a press machine that projected the bulb indenter
perpendicularly, at a velocity of 4 mm/s, to the center of the panel
surface. A reinforcing frame was built around the panel structure to
create clamped boundary conditions.

An acceptable agreement was obtained between the experiment
(EXP) and the reference model (FEA ref) in the replication of the overall
structural response likewise other research efforts (Ringsberg et al.,
2018). Both miniature models, FEA p and FEA +n models (reduction
scale of 1:15), also achieved a good correspondence with the FEA ref
model when compared in the same size scale. However, when modifying
the structure’s material (FEA p+n+pc0 model), an early fall in the first
peak force (24% fall) was provoked so prejudicing drastically (from this
point forward) the compatibility with the reference in terms of force
response (NRMSE = 12.7%) and absorbed energy response (NRMSE =
11.5%) so spreading a gap in energy level around 25 kJ as seen in Fig. 3.
This early fall in the peak force (in the FEA p+n+pc0 model) occurs due
to the premature crack formation in the T-beam web below the outer
plate during its plastic stretching. This premature crack formation is
caused by numerical inaccuracies related to the strain-based failure
criterion as the crack formation got retarded when a stress
triaxiality-based failure criterion is implemented instead as seen in
Fig. 4. Despite that, the error in force response remained almost the
same (NRMSE = 12.5%) above, but the discrepancy in the absorbed
energy was slightly reduced to NRMSE = 9.75%. In this analysis, the
stress triaxiality-based failure criterion was calibrated using a different
material (Calle et al., 2019), a more precise calibration was not feasible
since original data is not available.

4.4. NMRI bulbous bow crushing test

To investigate the collapse mechanism of various bulbous bow con-
figurations, experimental crush tests in buffer bow models were carried
out by Yamada (Yamada, 2007; Endo et al., 2002; Yamada and Peder-
sen, 2008). The BC-G bow is a reproduction in almost half scale of a real
bulbous bow of an actual VLCC tanker (2.48 m height and 2.9 m
diameter of the base). The bow has a conical body with a spherical nose
geometry and its internal structure consists basically in two crossing web
structures together with five transversal stiffening rings. A rigid plate
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real-scale and miniature tests, c¢) collapse evolution of the miniature FEA p+n+fs0 model, d-e) crushed bulbous bow obtained from experiment and miniature
FEA B+1+pso model
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was hydraulically moved to compress the bow structure.

The structural collapse of the BC-G bulbous bow consisted in a pro-
gressive inward folding of each section as the sectional diameter
expanded with test penetration as shown in Fig. 5. So, the collapse mode
of all structural members is assumed as folding as described in Table 8.
The reference model (FEA ref) replicated reasonably all experimental

Failure strain
FEA p-+n+poo

é force peaks in magnitude and position. The FEA  model also achieved a
“2’ e good correspondence with the FEA ref model when compared in the
ZE same size scale. But when using a thickness distortion (FEA +n and FEA
g g o~ % B-+n+po0 models), a slight shift in the positions of the force peaks (about
BT |88 & BR 20% shift) as well as an alteration of their shapes (30% reduction in
=& |8e S ©=° force peak breadths) are induced so leading to an error of NRMSE =

< 16.2% when FEA ref and FEA B+n+po0 are compared (Fig. 5). In spite of
o B that, there is an evident compatibility in the resulting collapse mode of
Té; § = the whole bow structure and in the absorbed energy (NRMSE = 2.8%).
maal| . o

b 4.5. TUHH bulbous bow crushing test

L] ~
o} _;EJ g_ «® . @ Crushing tests in deformable bulbous bows driven against a rigid flat
SELISSE 3 &8 plate were performed by Martens (Martens, 2014, Tautz et al., 2010).

The VV1 bow structure consists in a cylindrical with a bulge nose con-
struction of 1.8 m height and 0.813 m diameter. The bow was provided
with a central longitudinal bulkhead, stringers and ring stiffeners
equally spaced, Table 9. The complete bow structure was made of
=l . ! Co grade-A steel plate (5.0 mm thick). A hydraulic system was employed to
crush the bow structure vertically against a flat rigid plate. The exper-

Failure strain
FEA ref FEA

é imental collapse of the VV1 bow exhibited a progressive folding collapse
8 _ of the bow structure starting from the bow bulge as also seen in Fig. 5. In
e % E ®® @ 2@ view of this, all structural members are assumed to collapse by folding
o -2 = o« N o NN . . .
=fa|css S oS mechanism as described in Table 9.
During the numerical modeling of the reference test (FEA ref), it was
necessary to adopt a failure criterion with damage evolution to allow
| 88 modeling the small cracks occurrence in folded regions without the
53 55 ~ . sudden deletion of elements after their rupture. These small cracks had a
‘Q gE£8|23 2 IS significant role in the configuration of the structural force response. By
-
@ doing so, it was possible to numerically reproduce the oscillating force
% ) b= b= peaks at the same position as shown in Fig. 6. All the miniature models
Dl wn g s < ~ e e . . . .
g|= & ik I B I were created considering a reduction scale of 1:30 and its structural
2 response was nearly identical to the reference model once brought to the
A N same size scale. However, the thickness distortion in the FEA p+n and
g & =73 FEA B+n+po0 models ended up modifying drastically the force peak
= =Y .y . . . . .
g :ﬁ E2|2 § § § E positions mainly due to slight alterations in the folding pattern and,
e consequently, in the absorbed energy. As a result, the discrepancy be-
ks = tween FEA ref and FEA p+1-+pc0 resulted in NRMSE = 20.1% in terms of
g E S By B §A crushing force response and in NRMSE = 7.96% in terms of absorbed
=) ~ . .
E energy response. A folding pattern closer to that obtained from the
Elg experimental reference can be induced in the model by presetting a
g E § 28 T 889 warping in the external shell of the bow model, analogous to the ex-
g| ™= MmN ® ad pected folding pattern, considering a warping amplitude of about 50% of
2 the plate thickness. In spite of reproducing the reference collapse mode
E 3 successfully (and reducing the error in reaction force response to
TE g = NRMSE = 14.7%), the error in the absorbed energy slightly increased
‘E’ z ;.:’ E (NRMSE = 9.86%) as can be seen in Fig. 7. On the other hand, a better
5 g 250 =T reproduction of the collapse mode, force level and absorbed energy are
- — —
E achieved when employing not so drastic reducing scales as verified
& 3 when using instead a 1:15 scale model (without relying on a preset
% = £ warping in the structure geometry) so reducing the divergence between
£ g ::,; R P OBE FEA ref and FEA $+1+po0 models in terms of reaction force (NRMSE =
ElE CRCI- 10.9%) and, practically, eliminating the discrepancy in absorbed energy
g
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Table 9
Evaluation of nominal thicknesses for individual structural members of miniature bulbous bow structures.
Structural Dominant Prototype YS UTS Average FS Thickness Model Failure Model Failure Model Failure
member collapse thickness [FS1] (MPa) [FS2] ratio distortion thickness strain thickness strain thickness FEA strain
mode FEA ref (MPa) (MPa) factor FEA B FEAref  FEA f+7 FEA p+n+poo (mm)  FEA
(mm) (mm) FEA B (mm) p+n p+n-+poo
Outer Folding 5.0 325 466.2 395.6 1.0 3.0 0.167 0.286 0.5 0.362 0.5 0.362
shell
Bulkhead Folding 5.0 325 466.2 395.6 1.0 3.0 0.167 0.286 0.5 0.362 0.5 0.362
Stringer Folding 5.0 325 466.2 395.6 1.0 3.0 0.167 0.286 0.5 0.362 0.5 0.362
Rings Folding 5.0 325 466.2 395.6 1.0 3.0 0.167 0.286 0.5 0.362 0.5 0.362
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Fig. 6. Numerical modeling of crushing test of bow structure: a) reaction force responses of real-scale and miniature tests, b) absorbed energy responses of real-scale

and miniature tests
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Fig. 7. Numerical modeling of crushing test of bow structure considering a preset collapse mode in the model: a) reaction force responses of real-scale and miniature

tests, b) absorbed energy responses of real-scale and miniature tests

(NRMSE = 2.02%) as shown in Fig. 8.

4.6. ASIS web girder crushing test

Collision tests in large-scale marine structures were performed by the
Association for Structural Improvement of Shipbuilding Industry (ASIS)
(Ohtsubo et al., 1994). One of these tests, a quasi-static crushing test of a
web girder structure built in a half scale of an actual structure was here

12

reproduced. This structure corresponds to a section of a VLCC tanker’s
side structure which is crushed by a rigid bow-like indenter in midspan.
The main dimensions of the web girder structure are 6.0 m length x 1.6
m height. Both the lateral ends and the bottom plate were attached to
rigid supporting structures by welding. The crushing experiment pro-
voked a longitudinal stretching of the side shell structural member
during the direct contact with the rigid indenter while the rest of the
structural members underwent folding and buckling. For these reasons,
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Fig. 8. Numerical modeling of crushing test of bow structure considering a 1:15 scale reduction: a) reaction force responses of real-scale and miniature tests, b)
absorbed energy responses of real-scale and miniature tests, ¢) collapse evolution of the miniature FEA p+n+pc0 model, d-e) two partially crushed bow configu-
rations obtained from experiment and miniature FEA p-+n+pc0 model
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. the collapse mode chosen for the side shell structure was membrane
§ % tension and folding for the other structures as listed in Table 10.
2 This experiment was first numerically reproduced in the real size
Té; E § § E § § (FEA ref) where the collapse modes of all structural members seemed to
B Ssss o be properly simulated. Furthermore, the FEA  model also attained good
< correspondence with the FEA ref model when brought to an equivalent
E scale. The FEA p+n and FEA f+n+pc0 models also achieved a good
é’g‘ agreement in terms of absorbed energy, but with some slight di-
E 50 vergences in the structural force response (rise in peak force of about
= ciL o o 5.8% just before rupture initiation) as show in Figure 9. This higher
BT |[$unBu value of the initial peak force was produced in these miniature models
== “eee <° (as also observed in the miniature experiment (Calle et al., 2020)) which
< was probably caused by the thickness distortion that ended up altering
o B the mechanical conditions to trigger buckling, i.e., to initiate the folding
%E; g = § § g § § process. In spite of this, a reasonable compatibility in terms of crushing
Healooceo o force response (NRMSE = 12.4%) and a good compatibility in terms of
absorbed energy response (NRMSE = 2%) are obtained when comparing
é R both FEA ref and FEA p+1+po0 models.
35z é WE L. 4.7. ASIS ship bottom raking test
SEd|S5csss S
This experimental test was also part of the set of tests in large-scale
< marine structures performed by the Association for Structural
g = g N Improvement of Shipbuilding Industry (ASIS) (Ohtsubo et al., 1994). A
%’ E ﬁ; BRI8 3 quasi-static raking test of a bottom structure of a VLCC tanker was
N performed in a 1:3 scale of an actual structure. The test consists basically
< in a ship bottom structure laterally torn by a sharp rigid indenter. The
= aim of this experiment was to reproduce experimentally the structural
g~ collapse of ship bottom structures subjected to a ship grounding acci-
E: E PO SO dent. The bottom structure consists in a single outer shell structure and a
SEE|INA N — 8
Z2falcdss < transversal web, both reinforced with longitudinal stiffeners. The gen-
eral dimensions of the structure are 4.5 m width x 2.0 m height
(Torngvist, 2003). Analogously to the web girder structure, the lateral
. é é N N ends and bottom of the ship bottom structure were also constrained to
8|2 % g 888 2 rigid supporting structures by welding.
g|F= Elvdada o The outer shell was progressively torn by the sharp edge of the
g o - indenter so showing minor material stretching before rupture. A tearing
; o % 8o8s o collapse mode was chosen for the outer shell as depicted in Table 11. On
=1l oo - the other hand, the transversal web was also hit by the sharp edge of the
%0 indenter, but this structural member showed a significant amount of
i o stretching before rupture occurrence. A combination of membrane
E g 5 glae,2 @ tension and tearing collapse modes was adopted for the transversal web
g|< 23838 & structural member (Table 11) in view of a better correspondence ach-
k= ieved for miniature models with thickness distortion, i.e., FEA f+n and
“i o Gl S53y 5 FEA B+n+po0 models. The folding collapse mode was chosen for the rest
8|5 g |¥2ve 2 of the structural members related with structural stiffening. In spite of
E|l_ these considerations, an evident lack of compatibility in the force level
E 8o (NRMSE = 14.6%) was observed when the rigid indenter starts touching
g 5 % N ; E ; the transversal web member as seen in Fig. 10. As a consequence, a
g reasonable correspondence in terms of absorbed energy (NRMSE =
7 10%) was also observed between FEA ref and FEA $+n+pc0 models’
E é responses. One of the potential sources of error is the inaccuracy of the
E ggg plastic strain-based failure criterion to model properly the pure tearing
E g EE process (bottom shell) since this phenomenon is highly dependent on the
5| &£ E S0~ ~ stress triaxiality (Calle et al.,, 2019). So, when stress triaxiality depen-
g . dence is introduced into the failure criterion, the discrepancy in the
§ . 'é o force response remains nearly the same (NRMSE = 13.3%) while the
3 5 o E w0000 00 discrepancy in the absorbed energy response is strongly reduced
S|E & 2 é § § § (NRMSE = 2.63%) as seen in Fig. 11. Despite that numerical improve-
BT Sgee & ment, the lack of compatibility in force response persists at the moment
.E - when rigid indenter touches the transversal web member.
5 52 3 5 N
=l = =T §0 50§ 4.8. TNO ship collision test
©S|E5B 2508 w8 ;
“E|f2 |F%z555¢E48
% = g é 31’: B E ::: @ ;5 B = Ship collision experiments, in 1:3 scale, were carried out by the
£ & Organization for Applied Scientific Research (TNO) in Netherlands
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Fig. 9. Numerical modeling of quasi-static crushing test of web girder structure: a) reaction force response of real-scale and miniature tests, b) absorbed energy
responses of real-scale and miniature tests, c) collapse evolution of the miniature FEA p+n+pc0 model, d-e) crushed web girder obtained from experiment and
miniature FEA $4n+pso model
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Table 11

Evaluation of nominal thicknesses for individual structural members of miniature ship bottom structures.

Failure strain

Model thickness FEA

p+n+poo (mm)

Failure

Model

Failure

Model

Thickness
distortion
factor

Average FS

[FS2]

UTS

Prototype YS [FS1]
(MPa)

Dominant

Structural
member

FEA p+n+poo

strain FEA

p-+n

strain FEA thickness FEA

ref FEA B

thickness FEA

p (mm)
0.233
0.2

(MPa) ratio

thickness FEA
ref (mm)

collapse mode

p-+n (mm)

(MPa)

0.291

0.574
0.44

0.29

0.56
0.44

0.24

2.49
2.2

0.964
1.0

348.6
361.5

295 402.1
408

315

7.0
6.0

Tearing
Folding

Bottom shell

0.276

0.276

0.231

Longitudinal

stiffener web
Longitudinal

0.299

0.656

0.299

0.66

0.254

0.3

2177

1.011

435.6 365.3

295

9.0

Folding

stiffener flange
Transversal ring

0.281

0.477

0.221 0.477 0.281

0.166

361.5 1.0 2.401

408

315

5.0

Tearing and
Membrane

Folding

web
Transversal ring

0.26

0.33

0.26

0.33

0.215

0.15

2.2

1.0

408 361.5

315

4.5

stiffener
Transversal ring

0.314

0.851

0.858 0.314

0.254

0.3

435.6 365.3 1.011 2.376

295

Tearing and
Membrane

face
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within the scope of an international cooperation to gain technological
basis for further researches to enhance collision safety (Peschmann,
2001; Lehmann and Peschmann, 2002). The perpendicular ship collision
test, carried out in waters, was used as reference in this study case. Two
inland waterway vessels (80 m length each) were adapted for these tests.
The striking ship was assembled with a rigid bulbous bow and a
measuring system to acquire the contact force during the collision. The
struck ship was adapted with a lateral frame to accommodate a
double-plate hull of 4.2 m height x 7.5 m length. The velocity of the
striking ship was 2.5 m/s while the struck ship stayed still. Aiming to
reproduce rigorously the experiment, the impact point of the bow was
shifted from the center of the double-plate hull in {Z =-0.27 m; X = 0.45
m} and the collision angle deviated 3° from perpendicularity.

The resulting force response presented two peak values, the first
related with the rupture of the outer plate and, the second, with the
inner one. An increase of the force level also occurred after the outer
plate rupture and as long as the test progresses, Fig. 12. Both outer and
inner plates underwent membrane tension while stretched during the
contact with the rigid bow, but, once the crack initiated, further bow
penetration provoked the tearing of the cracks’ plate. For this reason,
and taking into account the better results obtained in models with
thickness distortion (FEA f+n and FEA B+n+poc0 models), the collapse
mode of both outer and inner shells is chosen as a combination of
membrane tension and tearing as shown in Table 12. The collapse mode
for the rest of the structural members was chosen as folding. Having
regard to all these considerations, both FEA p+n and FEA
B-+n+po0 models showed a reasonable success in modeling the force and
absorbed energy responses as seen in Fig. 12. When comparing the FEA
ref and FEA $+n+pc0 models’ responses, barely a slight difference of
about 9% was detected in the magnitude of the second peak force while
no difference was detected in the first force peak so resulting in
reasonable-to-good correspondence in terms of force reaction (NRMSE
= 6.77%). It ended up also generating a small difference in the absorbed
energy responses (NRMSE = 4.49%).

4.9. NSWC ship grounding test

Ship grounding experiments were conducted by the Naval Surface
Warfare Center (NSWC) and reported by Rodd (Rodd, 1996). These tests
aimed to simulate experimentally the grounding of a ship bottom
structure when torn by a pinnacle rock. The ship bottom structures were
conceived to correspond to that of an oil tanker of about 30,000 to 40,
000 DWT, but built in a scale of 1:5. The experimental setup consisted in
the ship bottom mounted to a railway car of 223 ton that run down a hill
to gain kinetic energy to finally run over an artificial rock. The reaction
contact forces applied to the rock during the test were experimentally
measured in vertical and horizontal directions. The general dimensions
of the ship bottom structure are 7.2 m length x 2.54 m width and a
height of about 0.4 m. The inclination of the sample structure to the
horizontal is so, that the rock tip starts penetrating the outer shell and
ends penetrating the inner shell so ensuring the tearing rupture of both
shells.

The force response presented a progressive and subtle increase as
long as the rock tip penetrates the shells (Simonsen, 1997; Simonsen,
1997). Following the procedure used in previous study cases, this
experiment was numerically reproduced in the reference model (FEA
ref) attaining good correspondence in force response, Fig. 13. Similarly,
its exact miniature version in 1:20 scale, the FEA p model, also achieved
a good agreement the FEA ref model when brought to an equivalent
scale. On the other hand, the force responses obtained with the models
with thickness distortion (FEA p+n and FEA p+n+po0 models) only
showed good correspondence with the reference model (as seen in
Fig. 13) when it was assumed that all structural members that were,
somehow, cut by the rock tip, undergo a combination of tearing and
membrane tension collapse modes (Table 13). Bearing the above in
mind, a combination of tearing and membrane tension collapse modes
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Fig. 10. Numerical modeling of raking test of ship bottom structure: a) reaction force responses of real-scale and miniature tests, b) absorbed energy response of real-
scale and miniature tests, c) collapse evolution of the miniature FEA p-+n-+pc0 model, d-e) torn ship bottom structure obtained from experiment and miniature
FEA p4n-+Bs0 model
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Fig. 11. Numerical modeling of raking test of ship bottom structure considering a failure criterion dependent on stress triaxiality: a) reaction force responses of real-
scale and miniature tests, b) absorbed energy response of real-scale and miniature tests

was selected for both outer and inner shells as well as the transversal
webs and bulkheads. The collapse mode for the rest of the structural
members was considered to be folding in view of their structural
collapse mode observed in the experiment. In the end, when comparing
FEA ref and FEA p+n+pc0 models, a reasonable agreement is observed
in terms of the grounding horizontal force response (NRMSE = 6.98%)
and the absorbed energy response (NRMSE = 6.86%).

5. Discussion of results

In this work, the effectiveness of the similarity technique to repro-
duce the collapse of large-scale marine structures in miniature when
subjected to collision or grounding events presented in past works (Calle
et al., 2020, Calle et al., 2020) was here numerically verified.

In order to do that, various experimental tests of large-scale marine
structures found in literature were FE modeled in miniature to evaluate
separately the accumulative effects of the size reduction (FEA p), size
reduction and thickness distortion (FEA f+n) and size reduction,
thickness distortion and material distortion (FEA p+n+pc0) on the
general structural response (force response and absorbed energy capa-
bility). Each experimental reference used for the analysis was here
organized in study cases.

5.1. Examination of study cases

Some study cases presented significative discrepancies between
experiment and FE reference model responses. This is because some
particular characteristics of the experiments were not properly modeled
by the simplified FE strategy used in this work due to two main reasons:
limitations of the selected FE model and the lack of complementary
information about the experiment. For these reasons, the numerical
modeling of the experiment in real scale (FEA ref) is used as reference for
comparative purpose in each study case while the experiment (EXP) is
barely used as a starting point.

In general, it was observed that a perfect size reduction of the
structure (FEA B) produces a nearly identical structural response when
compared against that obtained by the real scale model (FEA ref) once

18

brought to the same scale size using traditional similarity laws (Calle
et al., 2020; Barenblatt, 2003).

On the other hand, the application of the thickness distortion in the
models (FEA B-+n) induced slight deviations in the structural response
when compared against the reference model (FEA ref) in nearly all study
cases carried out in this work (all except study cases #3 and #9). So far,
it could be identified three main factors that determine these deviations
when using thickness distortion related basically to: alteration of
collapse mode, alteration of rupturing progress and lack of accuracy of
FE modeling as better described below.

The collapse modes of some structures are more prone than others to
alterations depending on their geometries. For instance, a specific
buckling shape of a cylindrical shell structure subjected to axial
compression is sensitive to its plate thickness (study case #5). In real
structures, the buckling shape is also sensitive to diverse other factors
such minor geometrical imperfections, residual stresses, eccentricity
deviations in the force application point, etc. The analysis of an alter-
native model with a preset warping in the external shell ended up
fostering a global collapse mode closer to the experimental real-size
reference, but at the cost of a decrease in the force level. Besides, to
avoid lack of accuracy with respect to collapse/buckling appearance,
less drastic scale reductions should be employed as verified by the sec-
ond alternative model. The collapse mode of the second alternative
model showed to be quite identical to the real-scale structure using a
moderate reduction scale of 1:15. On the other hand, the buckling shape
of a conical shell body is less affected by these factors because its own
geometry fosters a determined folding pattern as clearly seen in study
cases #4.

Also, when thickness distortion is adopted, some structures showed
to be particularly prone to bear alterations in rupturing progress. In
other words, in spite of the structural members be consistent with their
reference structural collapse modes, the crack initiation occurs a little
later as observed in the study cases #1, #2, #6 and #8. Particularly,
these study cases involved the rupture of plates that underwent mem-
brane tension and tearing. A contrary effect (earlier occurrence of crack
initiation) was also observed when changing material from an A-grade
shipbuilding steel to a 316L austenitic steel. In most of the cases, both
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Fig. 12. Numerical modeling of ship collision large-scale test: a) reaction force responses of real-scale and miniature tests, b) absorbed energy responses of real-scale
and miniature tests, ¢) collapse evolution of the miniature FEA $+1+f00 model, d-e) collapsed configurations of outer and inner shell structures obtained from
experiment and miniature FEA p+n-+po model
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Table 12
Evaluation of nominal thicknesses for individual structural members of miniature hull structures.
Structural Dominant Prototype YS UTsS Average  FS Thickness Model Failure Model Failure Model thickness  Failure
member collapse thickness [FS1] (MPa) [FS2] ratio distortion thickness strain FEA thickness strain FEA strain FEA
mode FEA ref (mm) (MPa) (MPa) factor FEA f (mm) ref FEAB FEA B+n FEA p+n  p-+n-+pop (mm) B+n-+poo
(mm)
Outer shell Tearing and 5.0 314 460 387 1.0 4.605 0.2 0.166 0.679 0.232 0.679 0.232
Membrane
Inner shell ~ Tearing and 5.0 314 460 387 1.0 4.605 0.2 0.166 0.679 0.232 0.679 0.232
Membrane
Stiffening Folding 5.0 314 460 387 1.0 25 0.2 0.169 0.5 0.219 0.5 0.219
flat bars
Vertical Folding 6.0 314 460 387 1.0 25 0.24 0.176 0.6 0.226 0.6 0.226
web
Horizontal  Folding 5.0 314 460 387 1.0 25 0.2 0.165 0.5 0.215 0.5 0.215
stringer

opposite effects compensate each other so resulting in a good corre-
spondence in terms of absorbed energy (as seen in study cases #1, #6
and #8).

It is worth mentioning that the lack of accuracy of a simplified FE
modeling ended up affecting the resulting structural response when
thickness or material are changed. An example of this are experiments
that involved interaction with sharp indenters (study cases #2 and #7)
that would need to employ a refined mesh in the contact areas to
enhance the structural response accuracy for comparative purpose.
Other example is related to the failure criterion. A simple failure crite-
rion based on maximum plastic strain with sensitivity to element-length-
to-thickness ratio was adopted in this research, but, sometimes, this
criterion can be very imprecise when material failure strongly depends
on the stress triaxiality (see study case #3 and #7), particularly to deal
with a combination of membrane tension and tearing modes as evi-
denced in Ref. (Calle et al., 2019). This numerical limitation can be
evidenced when errors in force and energy responses are reduced when
implementing stress triaxiality-based failure criteria (with material pa-
rameters extracted from mild steel (Calle et al., 2019)) to reevaluate
models of study cases #3 and #7 (Figs. 4 and 11). However, these
reevaluated models can be only used to give an idea of the numerical
shortcomings, but stress triaxiality-based failure criteria cannot be
implemented in all nine study cases since most of these cases lacks in
appropriate experimental testing and materials data (Calle and Alves,
2015) to be able to evaluate the criteria parameters.

5.2. Selection of collapse mode

As previously mentioned, the similarity technique involves an in-
crease of the thickness of structural members to make they all able to
build by AM. The evaluation of the thickness distortion is individual for
each structural member according to its expected collapse mode. In this
work, the selection of each collapse mode was aided with the available
data of the experiment.

However, this technique aims to predict experimentally the struc-
tural response in testing configurations without necessarily having a
previous experimental reference. It is worth mentioning that the choice
of an erroneous collapse mode, for a specific structural member, leads to
a different thickness distortion and that consequently results in a
structural response different from that expected. Sometimes this choice
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is obvious, sometimes it is not. In this sense, it is strongly suggested a
preliminary numerical analysis to select correctly the collapse mode of
each structural part.

On the other hand, the set of study cases evaluated in this work
permitted to gain a better understanding of how the collapse modes are
induced in each structural member and some considerations can be
made.

For instance, the study cases let evident that the tearing mode is
difficult to occur unless under specific conditions such as when a sharp
rigid indenter cuts laterally a plate structure as seen in study case #7.
However, when modeling a typical tearing collapse that results from a
ship grounding event (study case #9), it was verified that it is necessary
to take into account the overlapping of the tearing and membrane ten-
sion collapse modes. Once the inner and outer plates of marine struc-
tures stretched both perpendicularly and laterally by a rigid obstacle, a
large amount of plastic stretching occurs before and simultaneously with
the tearing of the plates. At the same time, a combination of membrane
tension and tearing represents better the structural collapse of a collided
double-plate hull (study case #8) that undergoes membrane tension in a
first stage and, once the crack is initiated, the most relevant collapse
mode becomes tearing as long as the crack is being opened.

However, sometimes, the overlapping of collapse modes occurs
temporarily and quickly as seen in the web girder test described in the
study case #6. In the beginning of the contact, the stringer deck is
vertically compressed so achieving an instable peak force that suddenly
fall when it starts to fold. But, when its thickness is increased, the
stringer deck gets more stable to vertical compression so achieving a
higher peak force before it starts to fold. In spite of that, the stringer deck
cannot consider a combination of collapse modes because the
compression stage is very short and less relevant for plates when
compared against the folding response.

6. Conclusions

A structural similarity technique for experimental modeling of ship
collision, grounding and similar events via miniature models with
drastic scale reduction (50 to 100 times reductions) was here investi-
gated through numerical analyses and revised. The revision of the
similarity technique involved the definition of new combined collapse
modes and the redefinition of the flow stress concept.
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Table 13

Evaluation of nominal thicknesses for individual structural members of miniature ship bottom structures.

Failure strain

Model thickness FEA

p+n+poo (mm)

Failure

Model

Failure strain
FEA ref FEA

Model

UTS Average FS Thickness
distortion
factor

YS [FS1]
(MPa)

Prototype

Dominant

Structural
member

FEA p4+n+poo

strain FEA

p-+n

thickness FEA
p-+n (mm)

thickness FEA

f (mm)
0.157

ratio

[FS2] (MPa)

(MPa)

thickness FEA
ref (mm)

collapse mode

0.258

0.832

0.258

0.832

0.170

345 314 1.0 5.314

283

3.13

Tearing and
Membrane

Outer shell

0.258

0.832

0.258

0.832

0.157 0.170

345 314 1.0 5.314

283

3.13

Tearing and
Membrane
Folding

Inner shell

0.219

0.399 0.219 0.399

0.153

0.114

3.5

1.0

345 314

283

2.28

Longitudinal

web
Transversal

0.232

0.505

0.232

0.505

0.095 0.144

345 314 1.0 5.314

283

90

1.

Tearing and
Membrane

web
Transversal

0.258

0.832

0.258

0.832

0.157 0.170

5.314

345 314 1.0

283

3.13

Tearing and
Membrane
Folding

bulkhead
Bulkhead

0.236

0.548

0.236

0.548

0.170

0.157

345 314 1.0 3.5

283

3.13

stiffener
Outer shell

0.219

0.399

0.219

0.399

0.114 0.153

3.5

1.0

345 314

283

2.28

Folding

stiffener
Inner shell

0.242

0.614 0.242 0.614

0.176

0.176

3.5

1.0

283 345 314

3.51

Folding

stiffener
Reinforcing

0.256

0.800

0.256

0.800

0.229 0.190

3.5

1.0

57 283 345 314

4.

Folding

rings
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The main shortcoming of the similarity technique with thickness
distortion was the selection of barely one of the most relevant collapse
modes for each structural member. It is worth mentioning that some of
the structural members are subjected simultaneously or sequentially to
two collapse modes in different proportions and different moments:
membrane tension and tearing (,,,,.) and membrane tension and
folding (77, ). The selection of one collapse mode implies the exclusion
of the other. This exclusion, in most of the cases, lead to significant
similarity errors depending on the thickness distortion factor, for
example: membrane tension or folding leads to a difference of #%/3 (=
i’
7'%/). By considering two combined collapse modes, a compromise
approach is achieved and similarity errors from the exclusion of one of
them are then minimized.

Another goal of this work was the redefinition of the flow stress, not
by taking into account the whole shape of the stress-strain curve, but
laying greater emphasis to the plastic straining (which is more associ-
ated to the material collapse). This emphasis is attained by considering
the portions of the true stress-strain curves in full plastic deformation for
both materials (prototype and model), i.e., right in the middle of the
stress-strain curve before necking occurrence. This redefinition came
with a reduction in similarity errors caused by large discrepancies in the
overall shape of the stress-strain curves of prototype and model mate-
rials (when comparing the range from yield stress to ultimate tensile
strength) once they are now compared in a more focused full plastic
regime.

The numerical analysis comprised the evaluation of nine study cases
in which destructive tests performed in large-scale marine structures
were reproduced in reduced scale. With all these amendments in the
similarity technique, in general, it was possible to obtain numerically a
reasonable correspondence between the prototypes (reference large-
scale structures) and the models (miniature structures) in terms of re-
action force and absorbed energy responses. This agreement can be
easier observed in more complex structures with a large quantity of
structural members such as the ship collision and grounding tests also
modeled here.

As a limitation, the similarity technique also revealed to be prone to
fail reproducing the exact buckling collapse of some particular geome-
tries that showed, to some extent, sensitivity to thickness distortion. This
limitation is amended when using less drastic scale reductions as in the
case of evaluating the structural performance of partial structures. Be-
sides, some miniature structural members subjected to pure and com-
bined membrane tension also presented some divergences related to
early or late crack initiation induced by the thickness distortion and
material distortion respectively.

In this sense, future works aim to focus dealing with these limitations
through geometrical alterations of the models, numerical analyses and,
especially, experimental miniature tests. Finally, the aim of next studies
is to verify the accuracy of this experimental modeling tool and to
simulate more complex ship collision and grounding events which are
challenging to reproduce numerically using finite element method.

/3 — ) while membrane tension or tearing leads to 7%° (= 1% —
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Appendix. Normalized root mean square error (NRMSE) formulae

NRMSE for structural reaction force response

1 SV (Fui = Fpinepai)

j N
A

NRMSE =

where Fp.s; and Fp, .4, ; are the reaction forces at point i in the reference model (FEA ref) and in the reduced scale model with thickness and material
distortions (FEA p-+n+poo), respectively, once brought to the same dimensional scale; N is the sample size; F™% and Fi" are the maximum and

minimum force values obtained from the FEA ref model; Fs,,,, is evaluated as the average of its upper and lower bounds.

NRMSE for structural absorbed energy response

SV (Everi = Epinipi)
N

NRMSE =

1
£ — B

where E.; and Ej. .4, are the absorbed energies at point i in the reference model (FEA ref) and in the reduced scale model with thickness and
material distortions (FEA f+n+pco), respectively, once brought to the same dimensional scale; N is the sample size; E;;* and ,e}” are the maximum and
minimum absorbed energy values obtained from the FEA ref model; E;., ., is evaluated as the average of its upper and lower bounds.
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