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Abstract. In this research, an evaluation of a frontal collision of a tanker with bulbous bow 
against a rigid structure was performed by reproducing experimentally this scenario in 
reduced scale and by numerical modeling using the finite element method. The purpose of this 
analysis was to evaluate the impact force and structural collapse mode of the bulbous bow. A 
model of an oil tanker in a reduced scale of 1:100 was fabricated for the collision test based 
on a simplified geometries of naval structures made of mild steel sheets. Similarity laws, 
developed particularly for structural impact, were presented and employed to predict the 
mechanical response of a real scale collision accident from the reduced scale test results. 
Advantages, challenges and limitations in fabrication and employment of reduced scale 
models were also commented. A finite element model of tanker collision against a rigid wall 
was also presented. The material model took the mechanical properties of naval steel into 
account, under static and dynamic loading. The collapse mode appearance of the bulbous bow 
observed in the numerical modeling resulted to be analogous with experimental results in 
reduced scale. Furthermore, results obtained from experimental and numerical approaches 
were compared with empirical formulae of impact force when a ship collides a bridge pier 
showing a good agreement and demonstrating the potential of using reduced scale ship 
models in collision evaluation. 

 
 
1 INTRODUCTION 

The majority of the most catastrophic accidents of ships occurs due to collision and 
grounding. These accidents are associated with areas of intense ship traffic and offshore 
operations such as oil production rigs. Numerous accidents are caused by human error or 
failure of the ship, but also by harsh environment conditions. The risk of ship collision had 
increased in many places on the world together with the growth of the global ships fleet. Oil 
tankers represent about 48% of the world fleet and they are the maritime segment in which the 
largest ships even made were built. These large sizes vessels are very efficient in the 
transporting oil, but risk a greater amount of oil leakage in a possible collision event. The 
injury caused by a ship collision accident not only can cause permanent damages to the ship 
structure and cargo leakage but also degradation of the marine environment, explosions, 
human losses and blocking of ships traffic [1]. For these reasons, the consideration of 
collision-worth ships is of crucial importance to minimize or prevent potential disasters, 

1015



Miguel A.G. Calle, Roberto E. Oshiro and Marcílio Alves 

 2 

especially due to the increasing world demand for safety at sea and protection of the 
environment.  

Performing experimental impact test in naval structures in actual scale would demand 
heavy financial investment, complicated logistic, intensive labour and heavy-duty equipment. 
For this reason, scaled specimens (models or replicas) are widely used to recreate the physical 
behaviour of real-size structures (prototypes). Scaled models are important in naval 
engineering; they are frequently used to study hydrodynamic aspects of the ship. However, 
structural analyses are much rarer.  

The collision of an oil tanker against a rigid structure is analyzed in this work. The 
collision of a real scale oil tanker against a rigid wall is modelled using finite element method. 
This model was first validated by the numerical modelling an equivalent experimental test but 
in reduced scale. Finally, both numerical results, in real and reduced scales, were compared 
using similarity laws. 

 

2 PRELIMINAR CONCEPTS 

2.1 Similarity 
Actual size of naval structures makes extremely expensive the practice of ship collision 

experiments in real scale. For this reason, models in reduced scale are used to reproduce the 
structural behavior of actual scale structures. The basic scaling factor is defined as the ratio 
between model and prototype 𝛽𝛽 = 𝐿𝐿𝑚𝑚/𝐿𝐿𝑝𝑝 , being L the structure dimension, and m and p 
stands for model and prototype, respectively.  

The standard scaling factors for a structural impact problem are long known and are 
summarized in Table 1. They were generated from a dimensional analysis considering 
materials of both model and prototype identical. However, the standard approach is unable to 
deal with some effects that generate incomplete similarity such as strain rate, material 
distortion, fracture, gravity, etc. Oshiro et al. [2] proposed a method that considers strain rate 
and different materials for model and prototype. 

The corrected scaling factors calculated using this method are shown in Table 1, in which 
𝛽𝛽𝜎𝜎0  is defined as 𝛽𝛽𝜎𝜎0  = 𝜎𝜎0

𝑚𝑚/𝜎𝜎0
𝑝𝑝 , σ0 being the true stress obtained for a fixed plastic strain 

value for the model and prototype materials. 𝑞𝑞 refers the Norton constitutive material equation 
𝜎𝜎𝑑𝑑 = 𝜎𝜎0 𝜀𝜀 /𝜀𝜀 0 𝑞𝑞 , 𝜎𝜎𝑑𝑑  is the dynamic stress, 𝜀𝜀  is the average strain rate and 𝑞𝑞 and 𝜀𝜀 0 are the 
material parameters. 

2.2 Study case 
 A Suezmax oil tanker of 159,500 DWT size, dimensions of 254 m length, 46 m width 
and 12 m draft (24 m height) and considering 40% loaded (total mass of 63,810 tons), was 
conceived for the collision test and considered as the prototype [3]. The real scale tanker, 
prototype, is considered to be fabricated using only 25 mm thickness plates made of 
shipbuilding steel DH-36 characterized quasi statically and dynamically [4]. The reduced 
scale model was fabricated in a 1:100 scale, β = 1/100. Metallic plates of 0.25 mm thickness 
made of SAE 1008 steel was used for the construction of the reduced scale model. The SAE 
1008 steel was also characterized statically and dynamically [3]. The principal dimensions of 
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the reduced scale model (considering β = 0.01) are: 2.54 m length, 460 mm width and 240 
mm height. As for scaled mass, 𝛽𝛽𝐺𝐺 =  𝛽𝛽3 =   0.01 3, results in a total mass of 63.81 kg. 

 
Table 1: Scaling factors following the MLT and VSG-m approaches [2] 

 
Variable Units Symbol MLT factor VSG-m factor 
length m 𝛽𝛽𝐿𝐿 𝛽𝛽 𝛽𝛽 
mass kg 𝛽𝛽𝐺𝐺  𝛽𝛽3 𝛽𝛽3 
force N 𝛽𝛽𝐹𝐹  𝛽𝛽2  𝛽𝛽𝜎𝜎0𝛽𝛽2(1−𝑞𝑞) 2/(2−𝑞𝑞) 
time s 𝛽𝛽𝑡𝑡  𝛽𝛽  𝛽𝛽𝜎𝜎0

−1𝛽𝛽2 1/(2−𝑞𝑞) 
velocity m/s 𝛽𝛽𝑉𝑉  1  𝛽𝛽𝜎𝜎0𝛽𝛽−𝑞𝑞 1/(2−𝑞𝑞) 

strain rate s-1 𝛽𝛽𝜀𝜀  𝛽𝛽−1  𝛽𝛽𝜎𝜎0𝛽𝛽−2 1/(2−𝑞𝑞) 
energy J 𝛽𝛽𝐸𝐸  𝛽𝛽3  𝛽𝛽𝜎𝜎0

2 𝛽𝛽6−5𝑞𝑞 1/(2−𝑞𝑞) 
 

2.3 Materials 
The mechanical properties of the SAE 1008 steel plate used in the fabrication of the reduced 
scale tanker model were evaluated [3]. Typical elastic properties of steel were considered as 
the Young modulus of 210 GPa, the Poisson coefficient of 0.3 and density of 7800 kg/m3. The 
plastic hardening behavior of the SAE 1008 steel was described using the Voce model: 
𝜎𝜎0 = 𝑘𝑘 + 𝑅𝑅0. 𝜀𝜀𝑝𝑝 + 𝑅𝑅∞ .  1.0 − 𝑒𝑒𝑥𝑥𝑝𝑝 −𝑏𝑏. 𝜀𝜀𝑝𝑝  , and the strain rate sensitivity using the Cowper 
Symonds model: 𝜎𝜎𝑑𝑑 = 𝜎𝜎0 1 +  𝜀𝜀 /𝐶𝐶 1/𝑝𝑝 , where 𝑘𝑘, 𝑅𝑅0, 𝑅𝑅∞ , 𝑏𝑏, 𝐶𝐶 and p are material parameters 
evaluated experimentally [3]. These parameters resulted in: 𝑘𝑘 = 213.59 MPa, 𝑅𝑅0 = 425 MPa, 
𝑅𝑅∞  = 125.18 MPa, b = 18.7567, C = 15673.5 s-1 and p = 6.7874. 
 

 
Figure 1: Stress vs. strain curves for SAE 1008 and DH-36 steels 
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Figure 2: Dynamic increment factor vs. strain rate curves for SAE 1008 and DH-36 steels 

  
 The mechanical properties of the shipbuilding steel DH-36 considered for the simulation 
were extracted from the work of Choung et al. [4]. The stress strain curve of the DH-36 steel 
was adjusted to the one of the SAE 1008 steel with a factor of 1.555, as shown in Fig. 1. The 
scaling factor for stress in this case is 𝛽𝛽𝜎𝜎0  = 1/1.555 = 0.643087. This correction resulted in 
the following set of material parameters for the DH-36 Voce model: 𝑘𝑘 = 332.12 MPa,              
𝑅𝑅0 = 660.88 MPa, 𝑅𝑅∞  = 194.65 MPa and 𝑏𝑏 = 18.7567. For the strain rate sensitivity of the 
DH-36 steel, the Cowper Symonds model was also considered [4] so resulting in the material 
parameters of 𝐶𝐶 = 38607.6 s-1 and 𝑝𝑝 = 4.73. 
 The similarity method [2] used the Norton constitutive equation to describe the dynamic 
behavior of the material. However, material parameters were obtained for Cowper-Symonds 
model. Therefore, it was necessary to adjust Cowper-Symonds curve to Norton equation in 
order to use scaling factors of Table 1. Figure 2 shows the adjusted curves for strain rate 
ranging from 1.0 to 5000 s-1, so resulting in q = 0.047957. 

 

3 REDUCED SCALE COLLISION TEST 

3.1 Experimental test 
 A Suezmax oil tanker structure was fabricated in reduced scale. A bulbous bow 
configuration was chosen due to its larger capacity of energy absorption in collision. Given 
that the bow structure absorbs practically all kinetic energy as plastic deformation in real 
collision events, it was constructed as deformable structure and the tanker body as rigid 
structure. The tanker body in reduced scale of 1:100 was fabricated employing scale model 
techniques with typical materials such as fiber glass and wooden pressboards joined with steel 
nails and glue [3]. Wooden pressboard reinforcements as bulkheads were also mounted along 
the length of the ship model to guarantee general structural stiffness. 
 On the other hand, the bulbous bow was fabricated as a deformable metallic structure, 
trying to reproduce techniques for naval structures construction but in reduced scale [5]. Due 
to the original character of this type of construction, different construction techniques needed 
to be tested to evaluate their efficacies and costs. The geometrical simplification of the 
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metallic bow structure was mandatory due to the enormous complexity of a real scale 
structure when reproducing in reduced scale and, principally, the limitation in the welding 
process for some internal parts of the structure owing to the small dimensions. 

 

   
 

Figure 3: Bulbous bow: internal reinforcements, external plating and fabricated model 

 

 
Figure 4: Reduced scaled tanker model mounted for collision test 

 
 The final version for the bulbous bow structure was conceived as a geometric composition 
of a pyramidal base with a truncated cone, Fig. 3. The final bulbous bow geometry kept all 
external plates and deck, principal internal frames and the keel to guarantee a structural 
behavior similar to actual structures, Fig. 3. Secondary stiffening structures, small detailed 
connections and cutouts were not considered in this final geometry. 
 All the structural parts were made of SAE 1008 steel plate with 0.25 mm thickness, cut 
by laser, and joint by laser welding. The metallic bulbous bow was connected to the ship body 
using bolts and nuts. Additional metallic masses were fastened in the ship body so the entire 
tanker model structure achieved a total mass of 63.81 kg.  A rail system was used to restrict 
the tanker movement only on surge direction (Fig. 4). The velocity propulsion was induced by 
the vertical movement of a falling mass in a drop weight rig machine. The mass, which freely 
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falls by the gravity force, was connected by a cable to the ship to accelerate the tanker along 
the rail guides for 1.46 m achieving a final velocity of 1.91 m/s. 

The experimental measurement of the bulbous bow motion during the collision test was 
performed using a non-contact photogrammetric technique. The test was filmed using a high 
speed camera Photron which allowed an image acquisition at a rate of 20000 frames per 
second. A digital image correlation software (7D software) was used to evaluate the structure 
motion along the test time. The time spent for the plastic deformation of the bulbous bow was 
about 15 ms so resulting in the analysis of 300 digital images for evaluation of the bow 
displacement. By deriving this signal, velocity, acceleration and force can also be evaluated. 
As consequence of the bulbous bow collision against the rigid wall, a maximum bow 
penetration of 13.6 mm and a maximum peak force of 57.3 kN were detected. 

3.2 Numerical validation 
 The numerical modeling of the tanker collision model in reduced scale was performed to 
validate the methodology used in this work. The LS-Dyna code was used for the model 
processing. Shell elements were exclusively used in the entire mesh of the tanker model. A 
homogeneous quadrilateral meshing of 2 mm size was adopted for the bulbous bow, Fig. 5. 
The elastic plastic material adopted for the bulbous bow was based on mechanical properties 
of the SAE 1008 [3] described in detail in section 2.3. The rest of the ship body was 
considered as a rigid body with a homogeneous quadrilateral meshing of 20 mm size, Fig. 5. 
The maximum plastic strain to failure for the SAE 1008 steel, considering a 2.0 mm mesh size 
and 0.25 mm thickness, was set in 0.520919 [3].  
 In general, the comparison between experimental and numerical results showed a good 
agreement. It is worth mentioning that the experimental collision test in reduced scale 
presented a slight inclination of the bow face with respect to the rigid wall so resulting in a 
non-complete initial plane contact of the bow face and the wall. This initial partial contact 
forced a slight adjustment of the bow direction, just after the first contact, until a complete 
contact of the bow face with the rigid wall is achieved. This adjustment generates a sensible 
difference in the beginning of the collision when the force application initiates, but this effect 
weakens as long as the bow crushing evolves. The effect of this misalignment is evidenced in 
the velocity displacement curve where the rotation in the bow structure generates an abrupt 
increment on the velocity in the first 5.0 mm bow penetration, Fig. 6, but, after that, the 
velocity regulates to correspond with the numerical response. 
 As mentioned before, the bow displacement history was obtained experimentally using a 
non-contact photogrammetric technique by analyzing the digital images shot by the high 
speed camera. When acceleration is evaluated by deriving two times the displacement signal 
with respect to time, a vibratory pattern is generated in the force history. This effect is related 
to the elastic waves induced by the impact force reaction. However, a clear correlation in 
force and maximum bow penetration between experimental and numerical model can be 
recognized. A force history pattern can be observed in the experimental response which 
comprises an initial peak force, an abrupt fall in the force just after the peak and an flat and 
constant force along the remaining bow penetration, Fig. 7. It is worth mentioning that an 
analogous force history pattern was obtained in the experimental collision test of a bulbous 
bow performed by Woisin [6]. 

1020



Miguel A.G. Calle, Roberto E. Oshiro and Marcílio Alves 

 7 

 
 
 
 
 
 

 
 

Figure 5: Complete numerical model and detail of the metallic bulbous bow 
 

 
Figure 6: Velocity versus displacement curves from experimental and numerical tests 

 
The collapse mode of the bulbous bow during the collision in the reduced scale 

experimental test and the numerical model were compared as shown in Fig. 8. A complete and 
progressive inward folding of the first ring section of the bulbous bow can be observed in 
both experimental test and numerical modeling. Folds are located, principally, between the 
reinforcements which divide the ring section. Localized joint failures were also detected in 
both experimental and numerical tests caused by the stress concentration in the reinforcement 
intersections during the folding process. 
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Figure 7: Force versus displacement curves from experimental and numerical tests 

 

     

   

Figure 8: Comparison of collapsed structures obtained at different test times: 0, 7.5 and 15 ms 
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4 REAL SCALE COLLISION TEST 

4.1 Numerical models 
Once developed the numerical model of the reduced scale collision test, a numerical model 

of the real scale collision test was also analyzed. Then the force penetration response obtained 
from the real scale numerical model was also compared with the response of the reduced scale 
numerical model corrected by similarity laws considering the corrected scaling factors from 
Table 1. The geometry of the real scale model was based on the same geometry of the reduced 
scale numerical model but 100 times larger. A homogeneous quadrilateral meshing of 0.2 m 
size was adopted for the bow structure and of 2.0 m size for the rigid tanker body. The elastic 
plastic material adopted for the bow structure was based on mechanical properties of the 
shipbuilding steel DH-36 [4] described better in section 2.3. The maximum plastic strain to 
failure was also set in 0.520919 (similar to the SAE 1008 [3]). For the comparative analysis, 
the collision velocity of the real scale tanker was evaluated by correcting the velocity of the 
reduced scale experiment using the corrected similarity approach (𝛽𝛽𝑉𝑉  = 0.89313) so resulting 
in a corrected velocity of 2.138 m/s for the real scale test. 

 

 
Figure 9: Comparison of force penetration responses of numerical model in real and reduced scales 

 
The force penetration response obtained from the real scale numerical model was 

compared with the response of the reduced scale numerical model corrected by similarity 
(Table 1) in a factor of 𝛽𝛽𝐹𝐹 = 0.0000797682 for force and 𝛽𝛽 = 0.01 for displacement. As a 
result of this correction, a good agreement can be observed in the magnitude of forces (Fig. 9) 
and a slight difference in the bow shortening. While real scale model showed a maximum 
bow shortening of 1.431 m and an average force of 99.27 MN, the corrected reduced scale 
model gave 1.358 m and 105.25 MN respectively. Furthermore, similar collapse modes were 
identified in the real scale model when compared with its reduced scale equivalent. 
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4.2 Empirical formulations 
The average force induced by a tanker when collides a rigid structure is a traditional 

parameter investigated in researches about bridge protection against ship collisions. In this 
respect, some empirical formulations were formulated by different authors to evaluate the 
mean collision force. Among the most relevant researches, Woisin and Gerlach [7] developed 
a prediction based on the work on Minorsky [8] dependent only on the vessel's velocity (𝑣𝑣) in 
m/s and its length (𝐿𝐿) in m: 𝐹𝐹 = 𝑣𝑣2/3𝐿𝐿2/1100. When introducing the parameters considered 
in the study case of this work, it results in a mean force of 90.6 MN. 

The American Association of State Highway and Transportation Officials (AASHTO) 
formula [9] was based on the Woisin's work [6] when investigating protection of nuclear 
powered ship reactor and was proposed for bulk carriers traveling at velocities in the range of 
4.11 to 8.23 m/s: 𝐹𝐹 = 0.122 𝑣𝑣  𝐷𝐷𝑊𝑊𝑇𝑇, where DWT (deadweight tonnage) is in tones. For this 
study, the AASHTO formulation gave a force value of 103.5 MN. 

Knott and Bonyun [10] postulated a formulation also based on the work of Woisin [6]: 
𝐹𝐹 = 0.88  𝐷𝐷𝑊𝑊𝑇𝑇  𝑣𝑣/8 2/3 𝐷𝐷𝑎𝑎/𝐷𝐷𝑚𝑚𝑎𝑎𝑥𝑥  1/3, where the terms 𝑣𝑣/8 and 𝐷𝐷𝑎𝑎/𝐷𝐷𝑚𝑚𝑎𝑎𝑥𝑥  are used to 
include the influence of the collision velocity and loading rate respectively. When considering 
a loading rate of 40% (see section 2.2), the mean force resulted in 107.2 MN. 

The European Committee for Standardization (ECS) proposed the formulas based on the 
work of Pedersen et al. [11] for head-on collisions dependent on the ship velocity (𝑣𝑣) in m/s, 
ship mass (𝑀𝑀) in kg, kinetic energy (𝐸𝐸) in J and longitudinal ship length (𝐿𝐿) in m so the mean 
force is given by: 𝐹𝐹 = 210 𝐸𝐸 𝐿𝐿 2 +  5 − 𝐿𝐿  𝐿𝐿 2.6 for  𝐸𝐸 ≥ 𝐿𝐿 2.6 and 𝐹𝐹 = 210 5𝐸𝐸 𝐿𝐿  for 𝐸𝐸 < 𝐿𝐿 2.6 
where 𝐿𝐿 = 𝐿𝐿/275, 𝐸𝐸 = 0.5𝑀𝑀𝑣𝑣2 and 𝐸𝐸 = 𝐸𝐸/1425, so resulting in a mean force of 145.3 MN. 
ECS also proposed the Eurocode simplified formula [12], 𝐹𝐹 = 𝑣𝑣  𝐾𝐾. 𝑀𝑀, which gave a lower 
force value (92.8 MN) for this study case. 

 

 
Figure 10: Comparison of mean forces predicted by different empirical formulations 
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117.6 MN after the initial peak force. These limits are shown in Fig. 10 as a shadowed area. A 
clear agreement between the numerical model response and the empirical predictions 
(considering the simplified geometry of the metallic bulbous bow) can be observed. 

 

5 CONCLUSIONS 
 The numerical modeling of a frontal collision of a tanker against a rigid structure was 
presented in the present study. The simulations were previously validated by an experimental 
test of a 1:100 ship model. Overall, the results showed to be compatible with most of the 
presented empirical formulations. For instance, when average force is compared, in some 
cases this difference resulted to be lower than 2% [9, 10]. 
 The results were also used to analyze the scaling laws in the case of reduced model ships 
collision. The prototype was solved numerically and compared to the corresponding replica. 
The corrected similarity was able to predict the structural behavior of the full-size structure, 
even when the prototype material (DH-36 steel) is different from the model (SAE 1008 mild 
steel). In this case, the difference was of 6.02% for average force and 5.1% for maximum bow 
shortening. 
 As for the experiments in reduced scale of naval structures many limitations were noticed 
during the specimen fabrication. The major restriction is the small dimensions of the 1:100 
model, which makes impossible the replication of all details of a real vessel [13]. It justifies 
the use of a model with simplified geometry.  
 However, there are many advantages in the use of replicas; the most prominent of all is 
that a collision test of a full-size ship of 250 m length is near impossible to be performed. 
Therefore, a reduced scale test can be useful to validate the material behavior, similarity laws, 
setup conditions, etc., and numerical simulations can be employed to study the complete full 
ship response. Furthermore, complex variables, somewhat difficult to model numerically, can 
be evaluated experimentally using reduced scale models as failure in base material and 
welding joints, physical effect of the surrounding water, cargo sloshing among others. 
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