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Abstract. The impact behaviour of a reinforced structure, similar to the ones found in ships, was 
studied both experimentally and numerically. The model was experimental and numerically tested 
while the prototype was investigated numerically only. The scaled impact mass was calculated 
according to a special formulation which takes into account the distortion of scaling laws due to the 
material strain-rate sensitivity. Experimental results were used to corroborate the theoretical model, 
also probed by a numerical simulation of the impact event. 
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1 INTRODUCTION 
Ship collision events and ways to mitigate their consequences have been studied by many 

authors (ISSC, 2003; 2006). The inherent difficulties of real-scale experiments made 
numerical simulation an important tool to evaluate structural integrity of existent ships as well 
as different construction techniques in order to improve their safety. Despite powerful 
numerical simulation techniques it is always necessary experimental tests to corroborate a 
new design. 

These experiments should be performed in models of reduced scale in face of the large size 
of a prototype. Laws that correlate the behaviour of a scaled model to a prototype are called 
for here. For example, Blok et al. (1983) developed experiments involving scaled model of 
lateral ship collision against a protected jetty focusing only on the analyses of the 
hydrodynamic water mass surrounding the ships. Tabri et al. (2008) developed experiments 
involving scaled model of a  ship collision focusing on the ship hydrodynamics. The Froude 
scaling law of similarity was followed but it resulted in non scaling of some forces. The 
external shapes of the ship models were similar to the large-scale ships, but not the materials 
involved as the struck ship was made of solid steel and the striking ship made of polyurethane 
foam. 

Given all the technical and economical difficulties to develop full-scale ship collision tests 
(Carlebur, 1995) some researches analyse the ship structure behaviour in a collision event by 
performing experimental tests on some ship structural parts. Hagbart and Amdahl (2009) 
analysed the structural response of a stiffened hull structure when penetrated by a steel 
indenter analogous to a ship stranding event. It was demonstrated that the resistance of the 
stiffened structure is increased while its ductility is decreased. The plate-stiffener intersection 
introduces stress concentration so controlling the global resistance of the structure. For this 
reason it is important to study not only the external mechanics but also the mechanics of ship 
structural members. 

The aim of this paper is to compare classical similarity procedure with a different approach 
that takes the strain-rate sensitivity of a tested component into account. The chosen geometry 
is a stiffened plate made of mild steel. Experimental and numerical simulation were 
performed so to compare the validity of the adopted scaling procedure. 

In Section 2 details of the similarity procedures are described. Material characterization 
tests over a wide range of strain-rates and parameters fitting are presented in section 3. 
Section 4 presents experimental tests setup, data acquisition and results. Numerical analyses 
of the experiments are presented in Section 5, with Section 6 discussing the main findings and 
concluding in Section 7. 

 

2 SIMILARITY 
The technique in which a structure scaled by a factor β (model) is used to reproduce the 

real size structure (prototype) is termed similarity or similitude. This method has been 
extensively studied (Baker et al., 1991; Skoglund, 1967) and widely applied in many works 
(Neuberger et al., 2007; Jones, 1995). For the impact phenomena, the scaling factors for the 
main variables are long known and summarized in Table 1. In order to achieve the perfect 
similarity, the Π  theorem asserts that all predominant dimensionless numbers of the model 
must be equal to the corresponding prototype dimensionless numbers (Fox and McDonald, 
1998) 
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 ( ) ( )i im pΠ Π=  (1) 

where the subscripts m and p stand for model and prototype, respectively. 
Nevertheless, it is also known that structures under dynamic loads usually do not follow 

scaling laws. It is due to effects such as material strain-rate sensitivity, material failure, 
material thermal response, gravity, etc. When a model cannot be related to the corresponding 
prototype by a single geometric scaling factor, it is assigned as imperfect similarity or a 
distorted model. Many works have reported this behaviour for scaled models (Drazetic et al., 
1994; Gregory, 1995; Booth et al., 1983; Oshiro and Alves, 2004). 

 
 

variable factor variable factor 

length, L  β  time, t  β  

displacement, δ  β  velocity, V  1 

mass, G  3β  strain rate, ε  1 β  

strain, ε  1 acceleration, A  1 β  

stress, σ  1 force, F 2β  

Table 1: Factors relating model variables to the prototype 

Recently, Oshiro and Alves (2009) proposed a method that takes the strain-rate effect into 
account. The initial impact velocity is changed so that the increase of yield stress due to 
strain-rate is compensated, according to 

 ( )2β β −= q q
V , (2) 

where V m pV Vβ = and q is the material constant of the Norton equation (Lemaitre and 
Chaboche, 1991) that defines the dynamic yielding stress, dσ  dependence to strain rate, 

 ( )d 0 0σ σ ε ε=  

q . (3) 
Here, 0σ  is the quasi-static yielding stress, 0ε  the strain rate at 0σ . In the present study, an 

adaptation of this method is made; instead of changing the impact velocity, the impact mass 
factor is altered in order to take the strain rate into account, i.e. 1β =V  and 3β β≠G . First, the 
indirect similitude technique was employed (Drazetic et al., 1994). Instead of mass-length-
time, the basis is comprised by initial velocity, 0V , dynamic yielding stress, dσ , and impact 
mass, G . The analysis of the main variables of the phenomena impact generates (Oshiro and 
Alves, 2004) 

 ( )3 4
1 d0Π σ=   A G V , (4) 

 [ ]3
2 d 0Π σ= t V G , (5) 

 [ ]3 2
3 d 0Π δ σ= GV , (6) 

 ( )1 31 3
4 d 0Π ε σ =  G V  and (7) 

 [ ]5 dΠ σ σ= . (8) 
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The mass factor is obtained from equation (6), 

( ) ( )
3

3 3 2m p 1σβ βΠ Π
β β

= → =
G V

. 

 
For the correction through the impact mass, 1β =V , but 3β β≠G . As a result, 

 3
σβ β β=G . (9) 

From equation (7), 

 ( ) ( ) ( )1 3
4 4m p Gε σΠ Π β β β= → =



. (10) 

Moreover, equation (3) generates 

 ( )
( )

( )
( )

( )d 0 m 0m m

pd 0 p 0p
σ ε

σ σ ε ε εβ βεσ σ ε ε
 = = = = 
 



 





 

q q
q

q , (11) 

and by inserting equation (11) into equation (10) one obtains 

 ( )
1 3

31 σ
σ σ

ββ β ββ
− = → = 

 
q qq

G
G

. (12) 

Finally, the ratio between the model and prototype mass is generated by inserting equation 
(12) into equation (9) 

 ( )33 3β β β β β− −= → =q q q
G G G . (13) 

Equation (13) relies only on the scaling factor, β , and the material parameter, q . The 
structure material is rigid perfectly plastic and dσ  is given by equation (3). Being m  the 
structure mass, equation (13) is valid for the condition >>G m . This limitation arises from a 
characteristic of similarity technique: it does not distinguish variables with the same 
dimension. As a result, if the impact mass is changed, the method considers that the structure 
mass is modified by the same factor. In fact, it cannot be done in real experiments. In spite of 
that, even when the mass structure is not changed, equation (13) can be applied within small 
errors if >>G m . 

The factors for the other variables are obtained from equations (4) to (8) 

 ( )3 1/ 3
1 4

d0

11A G q
A G A

A G
V σ

β βΠ β β β
β βσ

−= → = → = → = , (14) 

 ( )
3

d 0 1/ 3
2

q
t G t

t V
G
σΠ β β β β−= → = → = , (15) 

 ( ) ( )
1/31 3

1/ 3
4

d 0

11G q
G

G
V ε ε ε

σ

βΠ ε β β β β
σ β β

− = → = → = → = 
 
  

  and (16) 

 5 3
d

1G
qσ σ

βσΠ β β
σ β β

= → = → = . (17) 

Consequently, the factors used to transpose the model response to the prototype are given 
by equations (13) to (17). As can be noticed, they are different from the factors shown in 
Table 1. It is because Table 1 does not consider the yielding stress increase due to strain rate 
effect and the scaling factor, as can be seen in the fifth relationship in the first column, 1σβ = . 
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3 MATERIAL CHARACTERIZATION TESTS 

3.1 Low strain rate material properties 
 
The material properties of the mild steel used to manufacture the components were 

obtained from standard tensile tests. The tensile specimens were cut from the main lamination 
direction of the 1 mm thickness plate and their dimensions are according to the ASTM sheet-
type Rectangular Tension Test Specimen. A universal testing machine, Instron 3369 model, 
was employed for the tests under different frame velocities. The crosshead velocity of 0.2 
mm/min was used as quasi-static reference curve. The other frame velocities employed were 
1, 30, 150 and 300 mm/min which results in strain rates in the range of 0.0001 to 0.05 s-1. See 
Figure 1. 

 
 

  

Figure 1: True strain-stress curves of mild steel obtained for low strain rates. 

 

3.2 High strain rate material properties 
 

The high strain rate properties of the mild steel were obtained from Split Hopkinson 
Pressure Bar tests. The 6 mm diameter disc specimens were cut also from the 1 mm thickness 
plate. The experiments were carried out for pressures of 0.8, 1.2 and 1.6 bar, resulting in 
strain-rates in the range from 3000 to 9000 s-1. The resultant true strain stress curves are 
shown in Figure 2. 
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(b) 

Figure 2: (a) Split Hopkinson Pressure Bar. (b) Representative true strain-stress curves of the mild steel obtained 
for each pressure. 

3.3 Calibration of strain rate sensitivity parameters 
 
The Norton parameters of the mild steel were obtained from the experimental data, 

including the low and high strain rates results considering a total strain of 20%. In Figure 3 it 
can be seen two groups of points which represent the two natures of the tests. The resultant 
Norton parameters were calculated as q = 0.049 and 0ε  = 0.0009. Table 2 summarises the 
material parameters. 

 

  
Figure 3: Calculated Norton parameters. 

Young 
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coefficient Density Yield 

stress Hardening 
Norton-Hoff 
parameter 

q 
0ε  

[GPa] [-] [kg/m³] [MPa] [MPa] [-] [1/s] 

200 0.3 7850 154 402 0.049 9×10-4 

Table 2: Mild steel mechanical properties. 
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4 EXPERIMENTS 
Experiments involving marine structures may be complex to carry out in real scale, not 

only due to cost issues, but also because it is important to control most test parameters. On the 
present study, both the dimensions of the real-scale structure and the difficulty to precisely 
control a heavy indenter positioning led to a reduced scale approach. As a result, the 
dimensions of the model were scaled 20 times smaller than the prototype. The calculation of 
mass correction is presented on item 4.1. 

In order to represent a ship component the chosen structure (Figure 4a) was clamped on 
both ends and struck at mid span by a mass. Steel parts (blocks) were bolted to a box to reach 
the specified mass value. The striker was made with 1045 steel; defined by a combination of a 
cylinder of 50mm diameter, with a conical lower part with apex angle of 50º, fitted in a 
12.5mm radius sphere nose (see Figure 5b). This assembly is attached between two linear 
guides. 

The stiffened panel was painted in white with black dots in random pattern to aid 
visualization. That panel was bolted to a support and then to the anvil (Figure 5b). 

Indenter velocity was recorded by a laser doppler vibrometer made by Polytec with 
controller model OFV-3020 and laser model OFV-323, sampled at 500kHz . The laser device 
was put under the anvil, and the light beam passed through 12mm diameter holes until it 
reached a special reflexive 3M tape that improves the quality of the reflected light. Tests were 
also recorded with a Photron APX-RS High Speed Camera at 4500fps using a 50mm lens. 

 
 

4.1 Calculation of mass correction 
The geometry of prototype is a T-shaped panel made of 20mm-thick mild steel. Main plate 

is 1 m wide by 4 m in length, with 0.4 m height reinforcement welded on both sides on the 
central line. Impact load is provided by a 120 tons indenter at 3 m/s. The dimensions of scaled 
models are obtained by reducing the prototype by a factor β=1/20, resulting in stiffened panel 
with 1mm thickness, 50mm wide, 200mm in length, with 20mm height. These geometries 
were cut with laser in the lamination direction and welded with laser (Figure 4a and Figure 
4b). 

 

 
(a) 

 
(b) 

Figure 4: Stiffened panel model dimensions (a). Laser weld details (b). 

Mass is associated to scaled dimensions according to a cubic rule, i.e., a reduction of β  in 
all dimensions gives a 3β reduction in mass. From 120 ton in prototype’s indenter, 15kg or 

41, 25 10G xβ −=  is obtained for classic scaled model’s indenter, or MLT-Model (MLT stands 

12mm 
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for mass-length-time similarity approach). Furthermore, inserting β factor and 0.049q =  
(Norton parameter) obtained in Section 3, in equation (13), VSG-model’s (initial Velocity-
Dynamic Yield Stress – Impact Mass similarity approach) mass factor 41, 45 10G xβ −=  is 
obtained. Table 3 summarizes the scaling factors and test conditions. 
 

Geometry Scaling 
factor β [-] 

Impact Mass 
[kg] 

Mass Factor βG 
[-] 

Velocity 
[m/s] 

Prototype 1 120x103 1 3,0 

MLT-Model 1/20 15.0 1.25x10-4 3,0 

VSG-Model 1/20 17.4 1.45x10-4 3,0 

Table 3: Load and initial conditions applied in experiments 

 
(a) 

 
(b) 

Figure 5: (a) Illumination, Camera and test apparatus. (b) Component and support after test 
 

4.2 Experimental results 
The obtained velocity signal was filtered using moving average and then differentiated to 

obtain the acceleration and then, force. Integrating, displacement was obtained. Plots on 
Figure 6a shows the treated velocity signal for both experiments and Figure 6b and c, the 
calculated variables force and displacement. The abrupt change on velocity in the initial 
instant of impact causes the force to rise to 20kN on both specimens. 
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(c) 

Figure 6: Velocity (a), force (b) and displacement results of experiments 

5 SIMULATIONS 
Numerical model was created using Altair Hypermesh 9.0 and LS-dyna 971 R4.2.1 

Revision 53450 was used as explicit dynamics numerical solver. 
The stiffened panel was modelled using shell elements with squares of 0.5mm to properly 

reproduce the folds. Both main plate and stiffener were modelled as one-point-integrated 
Belytschko-Tsay shell elements with five integration points through thickness. That 
formulation was preferred due to a better computational efficiency if compared to Hughes-Liu 
shell (Lsdyna, 2007a). Material model used for panel was bilinear elasto-plastic with strain-
rate sensitivity curve according to Norton equation, with the properties listed in Table 2. In 
addition, viscoplastic formulation for rate effects was also defined (Lsdyna, 2007b). The 
assembly of indenter was simplified removing masses, box and linear guides, reducing 
numerical geometry to indenter and flange, as shown in Figure 7a. Then those were modelled 
as rigid body with density calculated to match de impact mass. Contact between indenter and 
panel was defined with friction of 0.1 and stiffness penalty factor equal to 10.0. Also, critical 
time step scale factor was set to 0.3. 

 

 
(a) 

 
(b) 

Figure 7: (a) Components. (b) Detailed mesh for stiffened panel 

The panel support was simplified applying constraints directly on ‘T’ sections boundaries 
in all degrees of freedom (Figure 7a). Indenter was allowed to move only towards the panel. 
Both experiments were slightly displaced (2 mm) from stiffener projection line, what was also 
considered in simulation set-up. Velocity in simulation was obtained from as rigid body 
information. 
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Figure 8: Experiment and simulation comparison for MLT model. Images at 0.0s, 0.002s and 0.0095s. 

 

 
      (a) 

 
    (b) 

Figure 9: Simulation and experiments results for MLT (a) and VSG (b) scaled models. 

Simulation and experiment velocity results are plotted in Figure 9a and Figure 9b. In a 
similar procedure used for data treatment in experimental curves, force (acceleration) and 
displacement were obtained and are plotted in Figure 10a,b and Figure 10c,d , respectively. 
As can be seen, plots show a reasonable correlation between simulation and experiments, 
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however VSG simulation curves are closer to the experiments than MLT curves. 
 

 
(a) 

 
(b) 

 
        (c) 

 
        (d) 

Figure 10: Simulation and experiment comparison on forces and displacement for MLT(a, c) and VSG (b,d) 

 
In order to be compared to the prototype, scaled model results must be multiplied by a 

factor depending on the similarity approach used. Thus, time, displacement and force from 
MLT-model were multiplied by factors from Table 1. For the VSG-model, time and 
displacement follow the same rule, however force requires a different factor 2 q

Fβ β −= , which 
is obtained from eq. (13) and (14). Scaled forces were plotted in Figure 11 and displacement 
in Figure 12. 
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(a) 

 
(b) 

 

 
Figure 11: Experiment (a) and Simulation (b) force results scaled in reference to prototype simulation 
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Figure 12: Experiment (a) and Simulation (b) displacement results scaled in reference to prototype simulation. 

 

6 DISCUSSIONS 
The applied similarity method was intented to scale structures modelled as rigid perfectly 

plastic. However, experimental material tests showed that a bilinear model represents better 
the real material behaviour. Although this mild steel does not match the required conditions 
for the applied similarity procedure, the method was employed to the model since the plastic 
deformations are predominant in the phenomena. 

The differences of the maximum displacement between simulations and corresponding 
experimental tests are of 4,9% and 3,58% for MLT-model and VSG-model, respectively. As 
for the forces at maximum displacement, the difference is of 6,5% and 1,0%, respectively. 
Part of that discrepancy in scaled models can be atributed to an overestimation of support 
stiffeness in numerical analysis, since it was implemented as campled edges. Nevertheless, in 
the slow motion video it was observed that the support bent towards centre and slips for the 
MLT model. Also, that stiffer behaviour (Figure 10a and b) may be atributed, in part, for 
simple material numerical modeling. 

Although results of VSG and MLT models are similar, the VSG curves are closer to the 
real size structure simulation. This can be observed mainly in simulation results (Figure 11b), 
where scaled forces of VSG simulation model at 300 mm of displacement reduces 
discrepancy from 12,44% of MLT simulation model to 1,8%. This can also be noticed in 
displacement curves (Figure 12), where the difference is reduced from 9,2% to 0,8%. 

As discussed in section 2, the correction method that changes the impact mass requires the 
condition >>G m . In the present work, the mass striker is 17.4kg and the structure mass is 
0.170kg, i.e., m G = 0.0098. Therefore, the structure inertia is negligible while compared to 
the striker one. 

 

7 CONCLUSIONS 
This paper presented a different approach for scaling of structures subjected to impact load. 

Via experiments and simulations of scaled models in addition to similarity laws, it was shown 
that the behaviour of a real-scale structure can be predicted. And, for this method, no further 
information of structure response was needed to calculate the correction of impacted mass, 
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whilst it depends only on the Norton material parameter q and scale factor β . 
Even though the presented method corrects only plastic portion and does not evaluate 

plastic hardening, reasonable results could be achieved for the present case. Further 
improvement on material model will aid experiment to simulation correlation. 
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