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Abstract 16 

Undoubtedly, the main advantage of the additive manufacture technology is to allow building 17 

miniature structural parts with a large degree of complexity such as to replicate structural details of 18 

real-scale marine structures. This work presents a new technique for reproducing the structural 19 

response of large-scale thin-walled metallic structures when subjected to crushing loadings by using 20 

scaled-down additive manufactured models. This technique couples scaling laws for strain rate 21 

sensitive materials and a thickness distortion technique based on the structural collapse mode. In 22 

order to validate this coupled technique, the structural response of a large-scale crushing test of a 23 

web girder structure was experimentally replicated by using a 1/40 scale reduction model. The 24 

results and conclusions summarize the prospects and limitations of additive manufacturing of 25 

miniature complex marine structures for structural purposes and crashworthiness verification. 26 

Keywords 27 
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 29 
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 1 

1. Background 2 

Scaled models are important in naval engineering since the ship size makes actual prototypes testing 3 

expensive. Hydrodynamic ship aspects are traditionally evaluated by scaled models but the 4 

structural behavior of the ship during a ship collision event is not a common study in the ship 5 

research community. 6 

However, the evaluation of the structural response of marine structures when subjected to collision 7 

loading has been conducted in the last decades using models with scales larger than 1:10 (Liu et al., 8 

2018). In order to perform ship collision experiments with reduction scales smaller than 1:10, some 9 

authors radically simplified the metallic-deformable ship structure using other materials (such as 10 

foam) to evaluate the hydrodynamic response to collision (Blok and Dekker, 1979; Tabri et al., 2008). 11 

This is because the main difficulty of using smaller reduction scales in marine metallic structures is its 12 

manufacturing. 13 

Some past works focused on the manufacturing of reduced scale marine structures in 1:100 by 14 

appealing to drastic geometry simplifications and by excluding structural details (Calle et al., 2017). 15 

In spite of these simplifications, miniature models were successful in mimicking complex collapse 16 

modes observed in collided marine structures (Oshiro et al., 2017; Calle et al., 2019), but for a 17 

narrow range of structure geometries. 18 

Nowadays, additive manufacturing (AM) techniques emerge as new alternative to build tailored 19 

parts with very complex geometries that cannot be produced by common production processes like 20 

milling or turning. In an AM, or more popularly 3D printing, the desired object is built up by adding 21 

material layer by layer according to a three-dimensional CAD model (ISO/ASTM 52900, 2015). The 22 

applications of AM technology can range from prototypes to end-use parts with operational function 23 

such as industrial spare parts (Chekurov et al., 2018; Mitchell et al., 2018). 24 

In the last few years, the additive manufacturing is being gradually adopted in the maritime industry 25 

for manufacturing small-to-medium size spare parts (Breddermann et al., 2016). Lately, it is also 26 

used for the layer-by-layer construction of larger structural components such as a hollow propeller 27 

blade aiming optimization in terms of efficiency and endurance (3dprint.com, 2017; 3DPMN, 2019). 28 

Thus, currently some shipbuilding divisions are moving portions of their manufacturing processes to 29 

AM tech targeting to reduce manufacturing costs, increase components’ performance and 30 

consolidation of parts (Wärtsilä, 2018). However, the main challenge in this transition is to 31 

guarantee the structural and operational reliability of the components built by the AM processes. 32 
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The aim of this work is to present the first efforts in the development of an experimental technique 1 

to reproduce the mechanical response of marine structures when subjected to collision events by 2 

using reduced scale models built using additive manufacturing. This technique is based on the 3 

principles of mechanical similarity (scaling laws) in dynamic phenomena and thickness distortion of 4 

structural members as presented in Section 2. A broad description of the AM technique, parameters 5 

and specimen preparation as well as the mechanical characterization of the AM material under 6 

diverse structural requirements (printing orientation, plate thickness and strain rate) are reviewed in 7 

Section 3. This technique is validated by reproducing a large-scale crushing test of a web girder 8 

structure in 1:40 reduced scale and the results are detailed in Section 4. 9 

 10 

2. Proposed techniques 11 

2.1. Scaling 12 

Despite substantial advances in theoretical and numerical modeling, regulating authorities still 13 

require comprehensive full-scale experimental tests to certify sophisticated structures such as 14 

airplanes, vehicles etc. Full-scale tests can obviously be quite expensive and time consuming, 15 

demanding for special rigs and instrumentation (Jackson et al., 2004). Clearly, the number of these 16 

experiments can be drastically reduced if scaled models – structures whose dimensions have been 17 

increased or decreased by a single factor – are used not only for certification, but also as means to 18 

improve numerical and theoretical models. 19 

The use of scaled models can be very advantageous when analyzing large structures like trains, 20 

airplanes or ships. Subject a scaled airplane to structural collision, for instance, is much more 21 

practical than a full scale test. However, it is important to be able to infer the behavior of the large 22 

scale structure by using that scaled experiment. 23 

Scaling, similarity or similitude is the technique to reproduce a structure behavior in a different 24 

scale. It is made by replacing a prototype (real-scale structure) by a model (scaled structure). The 25 

correspondence between the structural response of a prototype and its model is given by the scaling 26 

factors. These factors are generated by dimensional analysis and Buckingham π-theorem assuming 27 

that both prototype and model have the same relevant quantities. This traditional approach is 28 

summarized as the MLT approach (based on Mass-Length-Time variables). 29 

However, some works reported lack of similarity in metallic structures subjected to impact loadings 30 

(Booth et al., 1983; Schleyer et al., 2004; Wei and Hu, 2019). Some recent works (Alves and Oshiro, 31 

2006; Oshiro and Alves, 2009) proposed new scaling factors, the so-called VSG (Velocity-yield Stress-32 
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Mass) and VSG-m (Velocity-yield Stress-Mass-material) similarity laws, to scale structures subjected 1 

to impact by amending the influences of the material viscoplasticity and flow stress. 2 

Mazzariol et al. (2016) presented a similar approach called as VSG-D (Velocity-yield Stress-Mass-3 

Density) where not only difference in flow stress and viscoplastic properties can be handled but also 4 

the density of models change dramatically. Hence, it is defined a scaling factor for quasi-static stress 5 

and another for viscoplastic increase. These are accounted by using Johnson-Cook viscoplastic law 6 

(Johnson and Cook, 1983). In addition, they introduce a dimensionless number based on mass of 7 

structure and mass of impact that must be equal in model and full size structure. It is shown that the 8 

new loading condition for scaled models must be a combination of a distorted mass impact based on 9 

that dimensionless number and an impact velocity based on reference stress and viscoplastic scaling 10 

factors. 11 

Table 1 presents the scaling formulae to evaluate force reactions and absorbed plastic work (energy) 12 

according to the MLT, VSG, VSG-m and VSG-D approaches. 13 

 14 

Table 1. Scaling factors according to different similarity approaches. 15 

Variable Symbol MLT VSG VSG-m VSG-D 

Length 𝛽 𝛽 𝛽 𝛽 𝛽 

Force 𝛽𝐹  𝛽2 𝛽4(1−𝑞)/(2−𝑞) 𝛽𝜎0

2/(2−𝑞)
. 𝛽4(1−𝑞)/(2−𝑞) 𝛽𝜎0

𝛽𝜎𝑣𝑖𝑠𝑐𝑜
𝛽2 

Energy 𝛽𝐸 𝛽3 𝛽(6−5𝑞)/(2−𝑞) 𝛽𝜎0

2/(2−𝑞)
. 𝛽(6−5𝑞)/(2−𝑞) 𝛽𝜎0

𝛽𝜎𝑣𝑖𝑠𝑐𝑜
𝛽3 

 16 

𝛽 is the dimensional scale factor, 𝛽 = (𝐿)𝑚/(𝐿)𝑝, 𝑞 is a material parameter related to the Norton 17 

model (see Section 3), 𝛽𝜎𝑣𝑖𝑠𝑐𝑜
 depends on the chosen viscoplastic model (see Section 3) and 𝛽𝜎0

 is a 18 

factor that relates the flow stresses of the model and prototype materials in the form 𝛽𝜎0
=19 

(𝜎0)𝑚/(𝜎0)𝑝. 20 

To define the flow stress, most of the researches in the analytical analysis of marine structures 21 

subjected to collision assume that this value should average the full plastic response of the material 22 

until rupture (Wierzbicki and Abramowicz, 1983; Hayduk and Wierzbicki, 1984; Yang and Caldwell, 23 

1988; Abramowicz and Simonsen, 2003; Yamada and Pedersen, 2008; Hong and Amdahl, 2008) by: 24 

𝜎0 =
1

2
(𝜎𝑦 + 𝜎𝑈𝑇𝑆)    [1a] 25 
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where 𝜎𝑦  is the yield stress and 𝜎𝑈𝑇𝑆 is the ultimate tensile strength of the material. 1 

Mazzariol et al. (2016) brought into focus the actual difficulty in choosing an appropriate flow stress 2 

to calculate 𝛽𝜎0
 since this parameter would need to relate the model and prototype curves and, to 3 

do it, the ahead knowledge of an average plastic strain that better describes the overall structure 4 

response need to be assumed. According to Mazzariol et al. (2016), the yield stress (flow stress at 5 

zero plastic strain) would result in a more valid manner to calculate 𝛽𝜎0
 as follows: 6 

𝜎0 = 𝜎𝑦      [1b] 7 

The MLT approach is suitable for quasi-static tests when both prototype and model are made of 8 

identical materials, but it is not suitable for dynamic tests if the mechanical properties of the 9 

material are sensitive to strain rate. The VSG approach is suitable for dynamic tests, when both 10 

prototype and model are made of the same material with sensitivity to strain rate. Finally, the VSG-11 

m approach is suitable if materials have the same density and viscoplastic properties but with 12 

distinct flow stresses. VSG-D is capable of dealing with differences in flow stresses, viscoplastic 13 

properties and mass of structure and suits the present application. 14 

2.2. Thickness distortion 15 

AM of thin-walled metallic structures, such as the miniature reproduction of marine structures, can 16 

encounter current technological constraints related to the minimum printable plate thickness. 17 

In order to deal with this limitation, a thickness distortion technique to increase the plate thickness 18 

of the miniature structural members is here proposed. However, a uniform increase in the 19 

thicknesses of all structural members would not produce a proportional increase in the overall 20 

structural response, i.e., reaction force and absorbed energy. 21 

So, different thickness are adopted in each structural member according to its dominant structural 22 

collapse. In ship collision events, the dominant collapse modes observed in structural members of 23 

collided large-scale marine structures are mainly related to membrane tension and folding (Liu et al., 24 

2018). 25 

Pure membrane tension loading occurs when a rectangular plate or a plate strip is subjected to a 26 

perpendicular out-of-plane force. In accordance with the analytical methods reviewed by Zhang 27 

(1999), this force response is directly proportional to the plate thickness (𝑡) and to the material flow 28 

stress (𝜎0): 29 

�̅�𝑚 ∝ 𝜎0 𝑡     [2] 30 
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In the case of plate folding mechanism, according to various simplified analytical formulae proposed 1 

to evaluate the average force caused by the folding process (Wierzbicki and Abramowicz, 1983; 2 

Zhang, 1999; Simonsen and Ocakli, 1999; Hong and Amdahl, 2008), this force is proportional to the 3 

plate thickness raised to the 5/3 and to the material flow stress: 4 

�̅�𝑓 ∝ 𝜎0 𝑡5/3     [3] 5 

In this technique, it is assumed that: 6 

 The collapse mode of each structural member is known in advance and it can be pure membrane 7 

tension or pure folding, but not a combination of both; 8 

 It is possible to divide the total force response in the partial force contributions of each 9 

structural member.  10 

Therefore, the sum of force contributions given by all structural members under membrane tension 11 

and folding (�̅�𝑚 and �̅�𝑓 respectively) results in the total force as follows: 12 

�̅� = ∑ �̅�𝑚 + ∑ �̅�𝑓    [4] 13 

Considering 𝑖 = 1, …, 𝐼 as the number of structural members subjected to pure membrane tension 14 

and 𝑗 = 1, …, 𝐽 as those subjected to pure folding, then the expression [4] can be rewritten as: 15 

�̅� = ∑ �̅�𝑚,𝑖
𝐼
𝑖=1 + ∑ �̅�𝑓,𝑗

𝐽
𝑗=1     [5] 16 

Then, rewriting �̅�𝑚 and �̅�𝑓 as a function of the plate thickness and flow stress of each structural 17 

member, 18 

�̅� = ∑ 𝑘𝑚,𝑖 𝜎0,𝑖  𝑡𝑖
𝐼
𝑖=1 + ∑ 𝑘𝑓,𝑗 𝜎0,𝑗  𝑡𝑗

5/3𝐽
𝑗=1    [6] 19 

where 𝑘𝑚,𝑖  and 𝑘𝑓,𝑗  are constants dependent mainly on the structure geometry, loading application 20 

form and expected/dominant collapse mode of each structural member. 21 

In the distorted model, the thickness (𝑡) of all structural members that undergo pure membrane 22 

tension (𝑚 index) is distorted by a factor 𝜂𝑡,𝑚 and all that undergo pure folding (𝑓 index) by a factor 23 

𝜂𝑡,𝑓, then, as a consequence, the force will also be distorted by a factor 𝜂𝐹  so resulting: 24 

𝜂𝐹  �̅� = ∑ 𝑘𝑚,𝑖  𝜎0,𝑖  (𝜂𝑡,𝑚 𝑡𝑖)
𝐼
𝑖=1 + ∑ 𝑘𝑓,𝑗  𝜎0,𝑗(𝜂𝑡,𝑓  𝑡𝑗)

5/3𝐽
𝑗=1   [7] 25 

Besides, aiming to use the same material in all structural members of the distorted model, a 26 

reference flow stress, 𝜎0, is considered for all distorted members and introduced in equation [7] so 27 

obtaining: 28 
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𝜂𝐹  �̅� = ∑ 𝑘𝑚,𝑖  𝜎0  (
 𝜎0,𝑖

 𝜎0
) (𝜂𝑡,𝑚 𝑡𝑖)𝐼

𝑖=1 + ∑ 𝑘𝑓,𝑗 𝜎0  (
 𝜎0,𝑗

 𝜎0
) ( 𝜂𝑡,𝑓  𝑡𝑗)

5/3𝐽
𝑗=1  [8] 1 

In order to get a proportional increase in the partial force contributions of all structural members, 2 

subjected to membrane tension or folding, the thickness increase would need to comply with:  3 

(
 𝜎0,𝑖

 𝜎0
) 𝜂𝑡,𝑚 =  (

 𝜎0,𝑗

 𝜎0
) ( 𝜂𝑡,𝑓)

5/3
             

∀ 𝑖 = 1, … , 𝐼
∀ 𝑗 = 1, … , 𝐽

   [9] 4 

Both (
 𝜎0,𝑖

 𝜎0
) and (

 𝜎0,𝑗

 𝜎0
) are here called as the flow stress ratios in structural members under 5 

membrane tension and folding loadings respectively. 6 

Then, the resulting force is given by: 7 

𝜂𝐹 =  (
 𝜎0,𝑗

 𝜎0
) ( 𝜂𝑡,𝑓)

5/3
    [10] 8 

One of the structural members subjected to folding collapse (member 𝑗) is considered the reference 9 

member with reference flow stress 𝜎0,𝑗 = 𝜎0 and thickness distortion factor 𝜂𝑡,𝑓 =  𝜂. 10 

Thus, the thickness distortion (thickness increase) of each structural member, depending on its 11 

dominant collapse mode, can be defined as a function of 𝜂 as shown in Table 2.  12 

 13 

Table 2. Factors for thickness distortion in each structural member. 14 

Dominant Collapse mode Symbol Factor 

Membrane Tension 𝜂𝑡,𝑚 (
𝜎0,𝑖

𝜎0
)

−1

𝜂5/3 

Folding 𝜂𝑡,𝑓 (
𝜎0,𝑗

𝜎0
)

−3/5

𝜂 

Folding (reference) 𝜂 𝜂 

 15 

The resulting force and absorbed energy can be also presented as a function of 𝜂 as seen in Table 3. 16 

In this technique, no alterations are considered for the structure dimensions (Table 3), barely for the 17 

plate thicknesses. The absorbed energy is defined as the work expended to move through a distance 18 

against a force. As the thickness distortion does not affect this distance, both the reaction force and 19 

the absorbed energy increase in the same proportion. 20 
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Whereas this technique allows to distort the thickness of miniature structural members to AM 1 

printable dimensions and using the same material, it seriously affects other physics variables, e.g., 2 

the levels of stresses and/or strains. One can clearly observe this influence in the strain levels of 3 

plastic hinges in folded structural members. In this sense, the use of this technique is restricted to 4 

predict the kinetic response of collision experiments in marine structures and the collapse mode. 5 

 6 

Table 3. Resulting factors obtained from thickness distortion technique. 7 

Variable Symbol Factor 

Length 𝜂𝐿 1 

Force 𝜂𝐹  𝜂5/3 

Energy 𝜂𝐸 𝜂5/3 

 8 

3. AM material 9 

3.1. Manufacture generalities 10 

The stainless steel 316L (an austenitic high chromium steel), also referred to as EN 1.4404 and 11 

X2CrNiMo17-12-2, was preferred for the additive manufacturing of the reduced scale marine 12 

structures. Its stress-strain curve is ‘comparable’ to that observed in shipbuilding steels, i.e., this 13 

material presents a short linear elastic response followed by a larger (and predominant) strain 14 

hardening deformation as well as a considerable plastic elongation before rupture.  15 

All parts were manufactured in TTU (Tallinn University of Technology) using the Selective Laser 16 

Melting (SLM) technology, in which a laser beam brings the metal powder close to its fusion point 17 

layer by layer in order to produce the part. The SLM process belongs to Powder Bed Fusion (PBF) 18 

process category according to standard terminology (ISO/ASTM 52900, 2015). The equipment used 19 

for this purpose was a SLM 280 2.0 machine and the main printing parameters used in this work are 20 

listed in Table 4. This process is very accurate for stainless steel 316L because of the fine coating 21 

resolution and laser's accuracy. Furthermore, among all printing techniques, the PBF process 22 

generates stainless steel 316L parts with mechanical properties close to isotropy (Tolosa et al., 2010; 23 

Mertens et al., 2014; Buchanan et al., 2017). However, the resulting mechanical properties are 24 

strongly dependent on the printing machine’s parameters (Table 4). 25 
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Metallic parts manufactured by the SLM process (SLM 280 2.0 machine) require adding support 1 

structures in order to attach the part during the printing process, to bring physical support to 2 

overhanging geometries and to dissipate heat into the building platform. The support structures are 3 

made of the same powder as the part and need to be removed after printing. 4 

The resulting surface quality of the AM parts is directly related to the printing machine’s parameters 5 

and orientation. Among these parameters, one of the most important is the layer thickness, which 6 

has a strong influence on the surface roughness, Table 4. In general, a smaller layer thickness 7 

reduces the surface roughness while a larger layer thickness turns noticeable a stair stepping effect 8 

particularly in inclined or curved surfaces. It is worth mentioning that when no particular surface 9 

finishing process is applied afterwards, normally, the as-built printed part gets a granular and coarse 10 

appearance.  11 

 12 

Table 4. Additive Manufacturing machine’s process parameters used in this work. 13 

Layer thickness 

Power 

Laser scan 

Fill pattern type 

Track width 

Enable hatching 

Hatch offset 

Hatch distance 

70 μm 

275 W 

700 mm/s 

Stripes 

10 mm 

Yes 

0.08 mm 

0.12 mm 

 14 

However, a crucial limitation in the design of miniature marine structures to be made by the SLM 15 

technique is the minimum wall thickness. According to AM machine provider’s guidelines, the 16 

minimum printable wall thickness should be between 0.3-0.4 mm. However, the size and geometry 17 

of the thin wall affect to achievable minimum thickness. In this work, a minimum thickness of 0.5 18 

mm is all-purpose adopted. 19 

Flat specimens for uniaxial tensile test were made of stainless steel 316L considering a nominal flat 20 

area of 36 × 10 mm. In order to analyze the influence of the printing orientation and part thickness 21 

in the mechanical properties of the printed stainless steel 316L (Leicht et al., 2018), different printing 22 

orientations (0°, 45°, 90°) and specimen’s thicknesses (1.0 mm, 0.5 mm) are considered, Table 5.  23 
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As SLM processes involve the melting and cooling of each layer of the part, residual stresses are 1 

inherently introduced during the manufacturing process (Liu et al., 2016; Barlett and Li, 2019) and 2 

their magnitude augment with the printing height (Yadroitsev and Yadroitsava, 2015). If not 3 

considered during the design stage, the AM structures can potentially undergo geometric 4 

distortions, cracks and delamination problems depending of the structure geometry and orientation. 5 

Moreover, for thin and high structures, the lack of rigidity of these thin parts during printing make 6 

them prone to geometric distortions that can consequently reduce their mechanical properties and 7 

dimensional accuracy. Unfortunately, this is the case of the flat tensile test specimens.  8 

The flat dog-bone specimens (able to be printed) and their analysis purposes are depicted in Table 5 9 

and listed as follows: 10 

 TTS-0°-1mm: Specimens printed in horizontal orientation (0°) with 1.0 mm thickness are used for 11 

general mechanical characterization of the material in quasi-static regime, i.e., evaluation of the 12 

true stress-strain curve at low velocity test; 13 

 TTS-45°-1mm: Specimens printed in angular orientation (45°) with 1.0 mm thickness are used to 14 

evaluate the influence of the printing orientation in the mechanical properties; 15 

 TTS-0°-0.5mm: Specimens printed in horizontal orientation (0°) with 0.5 mm thickness are used 16 

to evaluate the influence of the structure thickness in the mechanical properties.  17 

 18 

Table 5. AM stainless steel 316L specimens for tensile tests. 19 

 

  Printing  

Orientation 

→ 

 

Specimen  

thickness  ↓ 

 
Planar warping mode 

 

 

P.O. 0° 

 

P.O. 45° 

 

P.O. 90° 

1 mm TTS-0°-1mm TTS-45°-1mm × 

0.5 mm TTS-0°-0.5mm × × 

 20 

 21 
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Some of the specimens (marked with × in Table 5) were disregarded of the analysis. This is due to 1 

the resulting acute problems of geometric distortion generated by warping during their manufacture 2 

as usually observed when printing slender structures (Leicht et al., 2018). Thus, all tensile test 3 

samples presented a small, but perceptible with the unaided eye, planar warping (warping mode 4 

depicted in Table 5) as a result of the residual stresses relief once the sample is removed from the 5 

building platform. 6 

 7 

3.2. Specimens preparation 8 

In general, the preparation of the specimens for tensile tests involves the following steps: manual 9 

removal of the support structure built during AM process, smoothen of the edges using a file and a 10 

manual fine grinding of the surfaces using medium-to-fine sandpapers (from 80 to 120 grit sizes). 11 

As commented previously, once finished the printing process, this support structures need to be 12 

removed from the printed part. The resulting surface quality in the areas previously in contact with 13 

the support structures is very poor. This aspect needs to be taken into account during the design of 14 

the AM parts. 15 

Besides, the printing parameters have a strong influence in the surface quality of the AM parts, 16 

particularly in the edges of thin-walled parts. Figure 1 presents the specimen TTS-0°-0.5mm before 17 

and after tensile test preparation. Magnified views of the specimen’s lateral edges shows clearly 18 

(opposite edge to the support structure, Fig. 1) severe micro surface irregularities that can 19 

potentially induce an early crack initiation in the specimen edge during loading application. 20 

 21 

(a)

 

(b)

 

Fig. 1. Tensile test specimens (a) before and (b) after test preparation: overall view and magnified 22 

lateral view. 23 
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No heat treatment was performed in the structures after additive manufacturing. 1 

 2 

3.3. Stress-strain curve 3 

Three TTS-0°-1mm specimens were subjected to tensile test to evaluate the mechanical properties in 4 

quasi-static regime. The tensile test velocity was set to 0.02 mm/s. 5 

The engineering stress-strain curves are obtained from the force-displacement responses of the 6 

tensile tests according to: 7 

𝑆 = 𝐹/𝐴0      [11] 8 

𝑒 = 𝛿/𝐿0     [12] 9 

where 𝑆 and 𝑒 are the engineering stress and strain, 𝐹 and 𝛿 are force and displacement obtained 10 

directly from the testing machine, 𝐴0 is the initial section area of the specimen and 𝐿0 is the initial 11 

length of the flat area of the specimen.  12 

The engineering values of yield stress, ultimate tensile strength and maximum elongation of the AM 13 

stainless steel 316L are evaluated based on the engineering stress-strain curves and presented in 14 

Table 6. 15 

The true stress and true strain are evaluated as follows: 16 

𝜎 = (1 + 𝑒) 𝑆     [13] 17 

𝜀 = 𝑙𝑛(1 + 𝑒)     [14] 18 

The local true strain at failure are evaluated using the Digital Image Correlation (DIC) technique. To 19 

do this, the flat area of the specimens were painted using a speckle black/white pattern and digital 20 

photos were recorded along the test using a high-resolution camera, Prosilica GC2450, at 1.0 frame 21 

per second, see Fig. 2. Local strains are extracted through post-processing of the digital photos in the 22 

GOM correlate software (Fig. 2) using a virtual mesh with 1.0 mm size elements. 23 

 24 



13 
 

    1 

Fig. 2. Strains field analysis by DIC technique. 2 

 3 

Both true stress and strain at failure are evaluated just before crack initiation as follows: 4 

𝜀𝑓𝑎𝑖𝑙 = 𝜀𝑓𝑎𝑖𝑙
𝐷𝐼𝐶      [15] 5 

𝜎𝑓𝑎𝑖𝑙 = 𝐹𝑓𝑎𝑖𝑙/𝐴𝑓𝑎𝑖𝑙    [16] 6 

where 𝜀𝑓𝑎𝑖𝑙
𝐷𝐼𝐶  is the local true strain obtained by DIC analysis (measured in an element in the middle of 7 

the necked section) just before crack initiation, 𝐹𝑓𝑎𝑖𝑙 is force measured at the same time and 𝐴𝑓𝑎𝑖𝑙 is 8 

the ruptured section of the specimen measured after the test. 9 

The final true stress-strain (S-S) curve can be extrapolated for larger plastic strains (Fig. 3) using both 10 

true stress and strain at failure (𝜀𝑓𝑎𝑖𝑙, 𝜎𝑓𝑎𝑖𝑙) and a Power law model (see adjusted parameters in 11 

Table 6) in the form: 12 

𝜎 = 𝐾(𝜀 + 𝜀0)𝑛    [17] 13 

 14 

Table 6. Mechanical properties of the AM stainless steel 316L. 15 

Yield stress 

Ultimate tensile strength 

Maximum elongation* 

𝐾 (Power law) 

𝑛 (Power law) 

𝜀0 (Power law) 

Area reduction 

520 MPa 

650 MPa 

32 ± 0.5 % 

1120 MPa 

0.21 

0.03 

39 ± 2 % 
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True strain at failure** 

Local strain at failure (DIC)*** 

27.7 ± 0.5 % 

59.2 ± 0.9 % 

*Yield stress, ultimate tensile strength, flow stress and maximum elongation evaluated from 1 

engineering stress strain curve, **True strain at failure evaluated from true stress-strain curve and 2 

***Local strain at failure evaluated from DIC analysis in the rupturing area just before crack 3 

initiation. 4 

 5 

 6 

Fig. 3. Stress-strain curves of AM stainless steel 316L. 7 

 8 

Figure 4 compares the true stress strain curves obtained from tensile tests in specimens TTS-0°-1mm 9 

and TTS-45°-1mm in order to evaluate the influence of the printing orientation in the AM stainless 10 

steel 316L. These curves are also compared against the power law model so presenting a good 11 

correspondence in terms of stress level, but a slight difference in failure strain. The failure strains of 12 

the specimens manufactured at printing orientation (P.O.) of 45° are somewhat smaller than that 13 

printed at 0°. Furthermore, a negligible difference in the form of the strain-hardening curve was also 14 

detected. 15 

 16 
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 1 

Fig. 4. Comparison between true stress-strain curves of AM stainless steel 316L manufactured at 2 

printing orientations of 0° and 45°. 3 

 4 

To evaluate the influence of the part thickness in the general mechanical strength of the AM 5 

stainless steel 316L, true stress strain curves from tensile tests of specimens TTS-0°-1mm and TTS-0°-6 

0.5mm are presented in Fig. 5. For both thicknesses, the resulting curves showed a good 7 

correspondence in terms of strain-hardening form when compared against the power law curve.  8 

However, the failure strains showed a clear decrease and a lack of consistency (from 27.7 ± 0.5 % to 9 

18.6 ± 2.7 %) when the plate thickness is reduced from 1.0 to 0.5 mm, Fig. 5. This discrepancy 10 

occurred mainly due to the different forms of fracture development. On the one hand, the 1.0 mm 11 

thick specimens presented a very clear, but short, necking formation before crack initiation, Fig. 6a. 12 

On the other hand, the 0.5 mm thick specimens presented almost no necking development, but 13 

abrupt crack initiation in different edge locals of the specimen so leading the specimen to an abrupt 14 

earlier fracture, Fig. 6b.  15 

However, in spite of the earlier non-localized fracture of the thinner specimens, occurrence of 16 

ductile fracture is found in both specimen thicknesses (fracture angled near 45°) as seen in the 17 

magnified lateral views of the fractured samples, Fig. 6. 18 
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 1 

Fig. 5. Comparison between true stress-strain curves of AM stainless steel 316L obtained from 2 

specimens with different thicknesses. 3 

 4 

(a)  

 

 

(b)  

 

 

   
 

Fig. 6. Fracture in (a) 1.0 mm and (b) 0.5 mm thickness flat specimens: fracture location, magnified 5 

top and lateral views. 6 

 7 
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3.4. Viscoplasticity 1 

The viscoplasticity describes the strain rate influence on the inelastic behavior of the material. In 2 

order to analyze the viscoplasticity (or strain rate sensitivity) of the AM stainless steel 316L, uniaxial 3 

tensile tests at diverse velocities were performed.  4 

Tensile and compression tests were carried out using different machines and specimen geometries 5 

so enabling three different ranges of strain rate: 6 

 Low strain rate tension tests: Universal testing machine, Instron model 3369, covering strain 7 

rates from 0.0004 to 0.16 s-1 by tensile tests; 8 

 High strain rate tension tests: Split Hopkinson pressure bar to achieve strain rates around 930 s-1 9 

through tensile tests; 10 

 High strain rate compression tests: Split Hopkinson pressure bar to achieve strain rates between 11 

5,000 and 6,000 s-1 through compression tests. 12 

The geometry of the flat specimens, used for tensile tests, was based on the tensile coupon for a 13 

Hopkinson bar machine developed by Verleysen et al. (2008) which has a flat area of 4 mm width × 5 14 

mm length (Verleysen et al., 2009) and 1 mm of thickness. Moreover, the specimen geometry for the 15 

compression tests in Hopkinson bar is a flat disc with nominal dimensions of 8 mm diameter and 1.5 16 

mm thickness. 17 

The resulting true stress strain curves obtained at low and high strain rate tests are evaluated by 18 

equations [18-20] and summarized in Fig. 7. The high strain rate compression tests induced larger 19 

plastic deformations than that obtained by tensile tests because the compressive loading did not 20 

lead the specimens to fracture as the tensile loadings. Due to the dynamic loadings induced in 21 

Hopkinson bar tests, oscillations in the true stress strain curves were generated. 22 

 23 
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Fig. 7. True stress-plastic strain curves obtained at different test velocities to evaluate the strain rate 1 

sensitivity of the AM stainless steel 316L. 2 

 3 

These results can be interpolated for intermediate strain rates by adopting viscoplasticity models to 4 

include the strain rate influence in the material constitutive model: Cowper-Symonds (Cowper and 5 

Symonds, 1957), Johnson-Cook (Johnson and Cook, 1983) and Norton-Hoff (Johnson, 1972). 6 

According to these three models, the increase in the material strength due to dynamic effect can be 7 

expressed as a function of the strain rate as follows: 8 

Cowper-Symonds:  𝜎𝑑𝑦𝑛 = 𝜎𝑞−𝑠 [1 + (
�̇�

𝐷
)

1/𝑝
]  [18] 9 

Johnson-Cook:  𝜎𝑑𝑦𝑛 = 𝜎𝑞−𝑠 [1 + 𝐶 𝑙𝑛 (
�̇�

�̇�0
)]  [19] 10 

Norton-Hoff:  𝜎𝑑𝑦𝑛 = 𝜎𝑞−𝑠 (
�̇�

�̇�0
)

𝑞
  [20] 11 

here 𝜎𝑑𝑦𝑛 is the true stresses evaluated under dynamic conditions, 𝜎𝑞−𝑠 is the true stress evaluated 12 

under quasi-static conditions, 𝜀̇ is the strain rate, 𝐷 and 𝑝 are material parameters of the Cowper-13 

Symonds model, 𝐶 and 𝜀0̇ are material parameters of the Johnson-Cook model and 𝑞 and 𝜀0̇ are 14 

material parameters of the Norton model. These parameters are calibrated from the true stress-15 

strain curves obtained experimentally at different strain rates. In this work, a reference plastic strain 16 

of 10% was used to evaluate dynamic effect on stress level. 17 

Figure 8 presents the strain-rate sensitivity models calibrated from the experimental tests. The 18 

Cowper-Symonds model (𝑝 = 5.156; 𝐷 = 200,000 s-1) presented a better fitting to the all-range 19 

experimental data when compared against the Johnson-Cook model (𝐶 = 0.032; 𝜀0̇ = 0.0025 s-1) and 20 

Norton model (𝑞 = 0.026; 𝜀0̇ = 0.002 s-1). 21 

 22 
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 1 

Fig. 8. Evaluation of the strain rate sensitivity models through experimental data. 2 

 3 

4. Web girder experiment 4 

4.1. Reference large-scale test 5 

In 1991, the Association for Structural Improvement of Shipbuilding Industry (ASIS) of Japan started 6 

the 7-years research project on “Protection of Oil Spills from Crude Oil Tankers” with support from 7 

the Japanese Ministry of Transport (Ohtsubo, 1992). As part of this project, collision tests in large-8 

scale marine structures were performed with the aim to observe the energy absorption capacity and 9 

the failure mechanism of the structural members (including welded joints) when subjected to ship 10 

collision events (Ohtsubo et al., 1994; Kuroiwa et al., 1994). 11 

One of these ASIS large-scale tests, a quasi-static crushing test of a web girder structure, was used as 12 

the reference test in this work. This structure corresponds to a section of a VLCC tanker’s side 13 

structure made of mild steel plates for shipbuilding, but in a reduced scale of 1:2, as schematized in 14 

Fig. 9 (Ito, 2001 apud Törnqvist, 2003). The web girder, also called as structural unit model, consists 15 

in one space of longitudinal stiffeners and three spaces of transverse webs (6.0 m length × 1.635 m 16 

height). The collision scenario of the web girder test consists in a bulbous bow of the colliding ship 17 

striking the lateral side of a double hull tanker between two transverse webs.  18 

Therefore, the test setup involves the application of a vertical crushing load by a bow-like rigid 19 

structure (cylindrical indenter of 1.0 m diameter) at quasi-static regime (low velocity). The lateral 20 

ends of the structural unit model were constrained by welding to rigid support structures and the 21 

bottom plate was fixed to the test bed by bolts (Ito, 2001 apud Törnqvist, 2003). 22 
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    1 

Fig. 9. (a) The collision scenario of the web girder test and (b) experimental setup. 2 

 3 

The mechanical properties of each one of the structural members of the large-scale web girder 4 

structure are presented in Table 7. The difference in mechanical properties of each one of the 5 

structural members is small, but not negligible. The ultimate tensile strength is evaluated from 6 

engineering stress-strain curves which in turn were obtained from the strain hardening parameters 7 

(power law model) given by Törnqvist (2003). The flow stress for each structural member is 8 

evaluated by Eq. [1a]. According to the mechanical properties presented by Törnqvist (2003), the 9 

side shell member presents a larger critical damage parameter (RTCL failure criterion) when 10 

compared against other structural members, yet no source data is presented to calibrate any other 11 

failure criterion. 12 

 13 

Table 7. Material parameters for the ASIS web girder reference test. 14 

# Structural 

member 

Plate 

thickness 

(mm) 

Yield stress  

 

(MPa) 

Ult. tensile 

strength 

(MPa) 

Flow stress 

 

(MPa) 

1 

2 

3 

Side shell 

Stringer deck 

Transversal web 

10 

7 

8 

324.0 

314.0 

324.0 

442.1 

450.7 

452.1 

383.1 

382.3 

388.1 

(a)    (b) 
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4 

5 

S. deck stiffener 

T. web stiffener 

7 

7 

314.0 

314.0 

450.7 

450.7 

382.3 

382.3 

 1 

4.2. Model concept 2 

The model was conceived to be manufactured in 1:40 reduction scale when compared with the 3 

reference test. It actually corresponds to a reduction scale of 1:80 from the actual-scale VLCC 4 

tanker’s side structure (considering a 1:2 reduction scale practiced in the reference test). As detailed 5 

in Table 8, it can be observed that a geometrical reduction of 40 times would result in a structure 6 

with plate thicknesses between 0.175 and 0.25 mm.  7 

In order to increase the plate thicknesses to printable values (minimum printable thickness = 0.5 8 

mm), a thickness distortion is employed according to the predominant collapse mode and flow stress 9 

of each structural member. To be consistent with the resultant structural collapse of the large-scale 10 

web girder reported by Ohtsubo et al. (1994), it is assumed that the predominant collapse mode of 11 

nearly all structural members is folding, with the exception of the side shell that underwent 12 

significant membrane tension before fracture. 13 

Each plate thickness is evaluated using formulae in Table 2 and data in Table 8. Flow stress ratios are 14 

evaluated considering equation [1a]. The resultant plate thickness after thickness distortion, for each 15 

structural member of the model, is also presented in Table 8. 16 

 17 

Table 8. Thickness distortion. 18 

# Structural 

member 

Dominant 

collapse 

mode 

Prototype 

thickness 

(mm) 

1:40 scaled 

thickness 

(mm) 

Flow 

stress 

ratio 

Thickness 

distortion 

𝜂𝑡 

Model 

thickness 

(mm) 

1 

2 

3 

4 

5 

Side shell 

Stringer deck* 

Transversal web 

S. deck stiffener 

T. web stiffener 

Membrane 

Folding 

Folding 

Folding 

Folding 

10 

7 

8 

7 

7 

0.25 

0.175 

0.20 

0.175 

0.175 

1.002 

1.0 

1.015 

1.0 

1.0 

5.753 

2.857 

2.832 

2.857 

2.857 

1.44 

0.5 

0.57 

0.5 

0.5 

*Structural member used as reference for thickness distortion evaluation 19 
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4.3. Model design/manufacture 1 

The 1:40 scale marine structure is conceived to be manufactured considering an individual/specific 2 

thickness increase of each structural member to printable dimensions according thickness distortion 3 

technique as outlined in Table 8. The initial concept of the miniature web girder as a thin-walled 4 

structure is shown in Fig. 10a. 5 

For the manufacture design, Fig. 10b, the miniature web girder structure is conceived considering an 6 

extra surrounding frame structure with the aims of:  7 

 Allowing the physical constrain of the lateral and bottom edges of the web girder structure in 8 

the rig structure; 9 

 Giving extra overall structural rigidity in order to prevent/reduce the geometry distortion during 10 

additive manufacturing process; and  11 

 Facilitating the part manipulation along the entire process. 12 

The web girder frame is designed to be clamped between a two-part stiff rig structure by bolts. The 13 

frame also counts on draw beads to avoid structural slipping of the side shell member induced by 14 

the high membrane tension forces during the crushing test. 15 

The printing orientation of the miniature web girder structure was defined bearing in mind to 16 

minimize the physical damage produced during the removal of the support structure (created during 17 

AM process). At the same time, a bottom support structure with larger density is considered to 18 

avoid/reduce thermal distortion during manufacturing. So, an efficient printing configuration of the 19 

miniature structure is selected in an upside-down position then inclined 35° from vertical axis as 20 

shown in Fig. 10c to minimize the structural damage induced by the support removal process. 21 

However, this printing orientation ended up compromising the surface quality of the side shell 22 

member due to the direct contact with the support structure (Fig. 10c). Additionally, the whole 23 

structure presented a slight warping (Fig. 10d) then straightened when clamped by the two-part rig 24 

structure (Fig. 10e). 25 

A 0.5 mm fillet radius was used for general smoothing of all plate intersections. No pre-folded 26 

pattern is introduced in the design of the structural members as to intentionally induce determined 27 

collapse modes (Yang et al., 2016). Likewise, no misalignment in welded connections or in load 28 

application are included because of lack of information about these particulars (Ohtsubo, 1992; 29 

Ohtsubo et al., 1994; Kuroiwa et al., 1994; Törnqvist, 2003).  30 

 31 
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plate thickness 
definition 
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Manufacturing 
design: 
structure + 
frame 
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support 
structure   

d) 

Additively 
manufactured 
structure, after 
support 
removal  

 

e) 

experimental 
setup 

 

 

Fig. 10. Design-to-manufacture process of 1:40 reduced-scale web girder structure. 1 

 2 

 3 

 4 
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4.4. Experiment 1 

The crushing test of the miniature web girder was performed in a universal testing machine (Instron, 2 

model 3369) at quasi-static regime (test velocity of 0.1 mm/s). A metallic solid ∅25 mm cylindrical 3 

indenter was used for application of the vertical crushing load as shown in Fig. 10e. The overall 4 

structural collapse of the web girder was recorder during the test using the same camera (Section 3) 5 

at 2.0 frames per second. 6 

It can be clearly corroborated by the images of the test progress (Fig. 11), the predominant role of 7 

the membrane tension of the side shell and the folding of the stringer deck in the overall structure 8 

collapse. The stringer deck plate bulges out of the original plane and folds to both sides in turn as 9 

observed in the real-scale experiment (Gao et al., 2014). However, an early ductile fracture of the 10 

side shell structure was induced in the intersection of the side shell, deck stringer and lateral web 11 

members. Once initiated, this crack propagates vertically downwards alongside the intersection of 12 

the transversal web and the stringer deck. From rupture onwards, the side shell strip bent subtly 13 

backwards probably due to the residual stresses influence induced during the manufacture process 14 

(Barlett and Li, 2019). 15 

The influence of the early rupture of the side shell member is notable when comparing the structural 16 

collapse of the reduced scale model against that of the reference large-scale structure, Fig. 12. 17 

Nearly no folding occurrence was observed in the transversal web structure due to this early 18 

collapse in the intersection joint. A similar structural collapse was also detected in the crushing tests 19 

of scaled web girders performed by Chen et al. (2019). Furthermore, it can be also corroborated its 20 

good correspondence in the progressive folding mechanism of the stringer deck plate (rear view of 21 

the collapsed model, Fig. 12b) and membrane tension of the side shell, when compared against the 22 

large-scale reference (Fig. 12a), at least up to the moment of the fracture occurrence in the side 23 

shell. No crack was induced by folding in the stringer deck. 24 

 25 

 26 

 27 
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 1 

 2 

 3 

Fig. 11. Crushing collapse of miniature web girder. 4 

 5 

(a) 

 
Frontal view 

(b) 

   
Frontal and section view 

 
Top view 

   
Rear and section view 

Fig. 12. Collapsed configurations from (a) ASIS large-scale web girder test used as reference 6 

(Ohtsubo et al., 1994) and (b) reduced-scale model test. 7 

 8 
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4.5. Structural response of large- and small-scale experiments 1 

In order to corroborate the efficacy of the additively manufactured miniature marine structures to 2 

reproduce the structural response of real-scale marine structures, the crushing force and energy 3 

absorption response of both, large- and reduced-scale web girder tests, are compared. To do that, 4 

the structural responses of the miniature test is brought to its large-scale equivalence by coupling 5 

both the scaling laws and the thickness distortion considerations (Section 2). 6 

The scaling factors for force and absorbed energy, according to the VSG-D model, are presented in 7 

Table 9. In order to evaluate the influence of the flow stress assumption on the resulting scaled 8 

response, an upper and lower bounds approach was adopted in this analysis to evaluate 𝛽𝜎0
. By this 9 

approach, the flow stress is assumed to be the yield stress (lower bound) and as the average of yield 10 

stress and ultimate tensile strength (upper bound).  11 

Considering that Cowper-Symonds model presented a better fit of the experimental data and based 12 

on VSG-D approach (Mazzariol et al., 2016), 𝛽𝜎𝑣𝑖𝑠𝑐𝑜
 can be evaluated in the form: 13 

𝛽𝜎𝑣𝑖𝑠𝑐𝑜
=

1+(
�̇�𝑚
𝐷𝑚

)
1/𝑝𝑚

1+(
𝛽�̇�𝑚

𝛽𝑣𝐷𝑝
)

1/𝑝𝑝
    [21] 14 

where (𝑝𝑚 = 5.156; 𝐷𝑚 = 200,000 s-1) and (𝑝𝑝 = 5.5; 𝐷𝑝 = 3600 s-1) are the Cowper-Symonds 15 

parameters for model (Section 3.4) and prototype (reference test – Törnqvist, 2003) respectively, 𝛽 16 

= 1:40 = 0.025, 𝛽𝑣 is the scaling factor for velocity (it is assumed no velocity distortion, 𝛽𝑣 = 1.0) and 17 

𝜀�̇� is the average, or representative, strain rate in the model structure which is assumed to be 18 

around 0.0025 s-1.  19 

From these data, 𝛽𝜎𝑣𝑖𝑠𝑐𝑜
 results to be 0.991, i.e., the influence of the material viscoplasticity on the 20 

structural response when testing in quasi-static regime is very low (~1%), so one can make 𝛽𝜎𝑣𝑖𝑠𝑐𝑜
 = 21 

1.0. 22 

Table 9. Scaling law factors for miniature web girder. 23 

Variable Symbol 
VSG-D 

lower bound 

VSG-D 

upper bound 

Length 𝛽 0.025 0.025 

Force 𝛽𝐹  10.25 × 10-4 9.48 × 10-4 

Energy 𝛽𝐸 2.56 × 10-5 2.37 × 10-5 



27 
 

Table 10. Thickness distortion factors for miniature web girder. 1 

Variable Symbol Factor 

Length 𝜂𝐿 1.0 

Force 𝜂𝐹  5.753 

Energy 𝜂𝐸 5.753 

 2 

Then, the VSG- D scaling laws (Table 9) and the factors derived from the thickness distortion (Table 3 

10) are used to scale the force and energy responses of the miniature model test to its large-scale 4 

equivalents. Both crushing force and absorbed energy, obtained from the reference large-scale test 5 

(Ito, 2001 apud Törnqvist, 2003) and the miniature test, are compared in Fig. 13. A higher initial peak 6 

force is observed in the model because it is initially loaded in compression, but it later falls to a 7 

compatible-to-reference-test force level when the folding process of the stringer deck starts. 8 

Then, as expected, the premature fracture of the side shell structure during the crushing test dealt 9 

to a notable divergence between large- and reduced scale responses. However, the structural 10 

responses before this point showed a good correspondence, especially in terms of overall absorbed 11 

energy. 12 

  13 

   14 

Fig. 13. Comparison of a) force and b) absorbed energy responses of large-scale reference (Ito, 2001 15 

apud Törnqvist, 2003) and reduced-scale model of the web girder test. 16 
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5. Conclusions 1 

A new technique that couples scaling laws and thickness distortion is proposed in this work to 2 

reproduce experimentally collision tests in large-scale marine structures by reduced-scale models 3 

built using additive manufacturing. In order to validate this coupled technique, a large-scale crushing 4 

test of a web girder structure made in Japan (Ohtsubo, 1992) was reproduced in 1:40 reduced scale.  5 

The use of AM technique enables the manufacture of complex miniature marine structures, which 6 

would be difficult, or even unfeasible, to build by traditional methods. In order to ensure the 7 

functional quality of the AM structure, diverse considerations need to be accounted before, during 8 

and after its manufacture. Some relevant ones can be listed: printing machine parameters, material 9 

selection (stainless steel 316L), minimum printable plate thickness, influence of thin plate thickness 10 

in mechanical properties, frame structure design, support structure (created during printing 11 

process), structure preparation process among others. 12 

Based on the true stress-strain curves obtained from tensile tests in specimens built at different 13 

printing orientations, it can be stated (for structural analysis purposes) that the as-built AM stainless 14 

steel 316L can be considered as a isotropic material, at least for printing orientations up to 45°. 15 

Yet, the reduction of the plate thickness (from 1.0 to 0.5 mm) of the AM stainless steel 316L did not 16 

affect significantly the stress-strain curve, but lead to a clear reduction of the material ductility, i.e., 17 

the maximum plastic deformation before rupture. At the same time, the minimum plate thickness of 18 

the structure needs to be at least a SLM printable thickness (0.5 mm). As miniature marine 19 

structures are basically thin-walled metallic structures, the undesirable influence of the thin 20 

thickness on the mechanical ductility is probably the most critical restriction when using AM 21 

technologies. 22 

In spite of this material limitation, a reasonable-to-good correspondence between the large-scale 23 

reference test and the reduced-scale model test was obtained in terms of resulting collapse mode 24 

and equivalent structural responses (thus including crushing force and absorbed energy). 25 

Future works would need to focus on the improvement of the structural performance of the AM 26 

material by employing post-processing techniques for surface finishing (media blasting), material 27 

densification (hot isostatic pressing), heat treatment (stress relief treatment) among others (Salmi et 28 

al., 2018). Also, industry view point as one main technical challenges for utilizing metal AM parts is 29 

post-processing (Kretzschmar et al., 2018). Furthermore, the mechanical influence of these 30 

techniques would need to be analyzed as well. 31 

 32 
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