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Abstract: Several studies have been conducted on dynamic impact crushing testing on a steel tube with a square cross-section to 

investigate the dynamic effect on the crushing behavior of a plate structure under dynamic loads. We focused on the effect of dynamic 

material strain on the dynamic crushing behavior of steel structures subjected to impact loads, such as ship-to-ship collisions and ship-

to-bridge impacts. The authors proposed optimized finite element models and compared the results with experimental results to obtain 

accurate simulation results. To consider the dynamic effect of dynamic yield strength with loading speed, the yield strength was calcu-

lated by the strain rate considering the loading speed applied in the actual experiment and implemented in the simulations. The results 

of this study showed the importance of considering the variation in yield strength according to the strain rate in dynamic crushing 

simulations to evaluate the crushworthiness of steel structures. 
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1. Introduction 

Accidental loads, such as collisions of ships and automobiles, 

are not only applied dynamically, but also have a changing load 

speed. Therefore, it is important to investigate the dynamic ef-

fects of such loads for the basic design purposes of ships and au-

tomobiles [1][2][3].  

Previous studies on dynamic crushing characteristics exam-

ined the crushing behavior of structures under quasi-static load 

conditions and estimated average crushing strength by consider-

ing the dynamic effect. 

Abramowicz and Jones [1][5], Yang and Caldwell [6], Jones 

and Birch [7], Jones [8], and Lehmann and Yu [9], evaluated the 

mean crushing strength of structures by considering the dynamic 

effect on the material deformation rate based on the strain rate. 

The following are some of the dynamic effects that have been 

studied in relation to the crushing behavior of structures: 

1) Material deformation effect 

2) Friction effect 

3) Inertia effect 

 

Chung [10] conducted an impact crushing test on a square tube 

section steel test specimen using a free-falling object and a dy-

namic actuator to investigate the dynamic effect on crushing fail-

ure behavior. The dynamic effects, such as friction, inertia, and 

material deformation rate, on the test specimens were analyzed 

under dynamic external loads as follows: 

1) Material deformation effect 

The material properties are significantly affected by the strain 

rate for the dynamic impact external loads. As the speed of the 

external load increases, both the internal energy absorption ca-

pacity and dynamic mean crushing load increase. 

 

2) Friction effect 

The effect of friction on the dynamic failure behavior of a ma-

terial during crushing may depend on the size of the contact area 

between the colliding and collided objects. However, when an 

impact load is applied in the longitudinal direction of a square 

tube steel specimen, the contact surface area is relatively small. 

In this case, the effect of dynamic friction on the dynamic crush-

ing behavior may be minor. 
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3) Inertia effect

The strain of a test specimen subjected to dynamic impact 

loads may change over time because of the stress levels caused 

by the inertia of the impact. Chung [10] found that the absorbed 

energies resulting from fixed loading speed conditions using a 

loading actuator and free-fall conditions using a drop hammer 

were similar. Therefore, for practical purposes, the effect of iner-

tia on dynamic crushing failure can be considered minor. 

In this study, we focused on the effect of dynamic material 

strain on the dynamic crushing behavior of steel structures sub-

jected to impact loads. Optimized finite element (FE) models are 

proposed by varying the factors that influence the dynamic crush-

ing simulation, such as the FE mesh size, initial imperfection, and 

material model, and comparing the results with experimental re-

sults to achieve accurate simulation results. Finally, we calcu-

lated the yield strength according to the strain rate, considering 

the loading speed applied in the actual experiment, and applied 

the value to the simulation to investigate the crushing behaviors 

based on the strain rate. 

2. Dynamic crushing experimental works

Chung [10] conducted a dynamic impact crushing test on a 

steel tube with a square cross section to investigate the dynamic 

effects (strain rate effect on the material, friction effect, and iner-

tia effect) on the crushing behavior of a plate structure under dy-

namic load using a falling object.  

Figure 1: Schematic view of the dynamic crushing by drop ham-

mer test setup 

Figure 1 and Table 1 show a schematic view of the dynamic 

crushing test setup and the test specimens, respectively. The ex-

perimental tests were conducted under the conditions shown in 

Figure 1 (a), and the shapes of the test specimens are shown as 

(b) and (c). The test specimens were named based on the thick-

ness (t), weight (mg), and height (h), of the falling object during 

the dynamic impact compression tests. 

Table 1: Dynamic crushing test specimen 

Spec. 
No. 

Test Numbers 
L 

[mm] 
B 

[mm] 
T 

[mm] 
A 

[mm2] 

B-D1 
~ D5 

Impact 
test 

5EA 150 50 1.7 340 

C-D1 
~ D5 

Impact 
test 

5EA 150 50 1.4 280 

D-D1 
~ D5 

Impact 
test 

5EA 150 50 1.4 280 

E-D1 
~ D5 

Impact 
test 

5EA 150 50 1.4 280 

L: drop height, b: specimen width, t: specimen thickness, and A: cross-

sectional area of the specimens 

Table 2 presents a list of test specimens categorized by the 

weight of the dropped object and the drop height. The table also 

includes the test results in terms of crushing lengths and dynamic 

mean crushing loads. 

Table 2: Test results of dynamic crushing by drop hammer 

Specimen 
ID 

 𝒎𝒈 
[kgf] 

 𝒉 
[m] 

 𝝈𝒀 
[MPa] 

  𝜹𝒎𝒂𝒙 
[mm] 

  𝑷𝒎𝒅 
[kN] 

B-D1 

59.0 

2.0 

260.8 

20.2 57.31 

B-D2 2.5 31.4 46.08 
B-D3 3.0 37.3 46.55 
B-D4 3.5 38.5 52.62 

B-D5 3.95 39.9 57.30 
C-D1 

60.5 

1.5 

311.2 

18.8 47.35 

C-D2 2.0 28.2 42.09 
C-D3 2.5 36.6 40.54 
C-D4 3.0 40.5 43.96 

C-D5 3.5 46.7 44.48 
D-D1 

78.0 

1.5 27.6 41.59 
D-D2 2.0 38.0 40.27 

D-D3 2.5 48.1 39.77 
D-D4 3.0 59.6 38.52 
D-D5 3.5 76.5 35.01 

E-D1 

94.0 

1.5 29.5 46.89 
E-D2 2.0 50.6 36.45 
E-D3 2.5 61.9 37.24 

E-D4 3.0 67.5 40.98 
E-D5 3.5 84.0 38.42 

mg: weight of the drop object, h: drop height, σy: yield strength, δmax: 

crushing length, Pmd: mean dynamic crushing load 

Figure 2 shows the crushing lengths of test specimens B, C, 

D, and E, for each drop height of the drop hammer, based on the 
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experimental results. The crushing length is the total distance 

over which the test specimen was crushed by the falling object. 

As the drop height increased, the crushing length also in-

creased for all test specimens. However, Figure 3 shows that the 

dynamic mean crushing loads, which are obtained by dividing 

the internal energy by the crushing length, for different drop 

heights were almost the same. It is suggested that as the drop 

height of the falling object increases, the impact internal energy 

and the crushing length increase simultaneously, leading to sim-

ilar dynamic mean crushing loads. 

Figure 2: Crushing length by drop height of the drop hammer – 

experimental works 

Figure 3: Dynamic mean crushing stress by drop height of the 

drop hammer – experimental works 

Error! Reference source not found. shows the test specimens 

after testing at different drop hammer heights. The test specimen 

prior to the test is shown  

on the left, and moving to the right, the test results of the experi-

ment conducted with increasing drop heights are shown. 

Figure 4: Test specimen after the drop test for drop height 

3. Numerical simulations by FE methods

3.1 General 

The dynamic crushing behavior of a material involves compli-

cated nonlinearities, such as contact boundaries and nonlinear 

material properties, which depend on the strain rate and large de-

flections. To accurately determine the dynamic crushing capaci-

ties, it is important to carefully calibrate the nonlinear FE assess-

ment using experimental results. In this study, the commercial FE 

code ABAQUS was used for FE simulations [10]. The specifica-

tions of the numerical calculations are listed in Table 3, which 

were determined based on a previous study by Park et al. [10]. 

Table 3: Specification of the FE analysis 

Note 

FE solver 

ABAQUS standard 
For eigenvalue as-

sessment 

ABAQUS explicit 
For nonlinear dy-

namic crushing as-
sessment 

Material type 
Homogeneous 

isotropic material 

Boundary condition Fixed type 
Elastic modulus 205,800 MPa 
Poisson’s ratio 0.3 

3.2 Mesh size sensitivity assessment 

The results of the FE analysis, specifically the average stress 

level, were significantly affected by the element size. In the dy-

namic crushing simulations, the element size had a significant 

influence on the simulation results. In this study, a series of FE 

analyses were conducted using different element sizes to study 

dynamic crushing failures, using the crushing length and mean 

crushing load as parameters. The results, shown in Figure 5 and 

Table 4, indicate that the crushing length and mean crushing load 

become stable for element sizes of 1.5 mm and 2.0 mm. There-

fore, an element size of 1.5 mm was selected for further analyses. 

(a) (b) 

Figure 5: Dynamic crushing lengths and dynamic mean crushing 

loads by FE element sizes: (a) crushing length, (b) mean crushing 

load 
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3.3 Initial imperfection 

Since no initial imperfection measurements were taken during 

the experimental work, the effects of initial imperfection levels 

on the dynamic crushing simulations were investigated through 

a series of FE analyses. Using the following equation, sixteen 

different maximum imperfection levels were used in the FE anal-

ysis. 

𝑤௫ = 𝑎𝑚𝑝 ∙ 𝛽ଶ ∙ 𝑡  (1) 

Here, 

𝑤= maximum initial imperfection. 

𝛽 =


௧
ට

ఙೊ

ா

Here, 

 β = slenderness ratio; E = elastic modulus; and amp = 0.025, 

0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.225, 0.25, 0.275, 

0.3, 0.325, 0.35, 0.375, 0.4. 

Table 5, Figure 6, and Figure 7, show the effect of the initial 

imperfection levels on the crushing length and dynamic mean 

crushing load. As the initial imperfection level increased, the 

crushing length increased, and the dynamic mean crushing load 

tended to decrease. However, the maximum differences were less 

than 1%, indicating that the effect of the initial imperfection on 

the crushing length and dynamic mean crushing load was negli-

gible. In this study, the maximum initial imperfection level of 

“amp = 0.1” was used in the dynamic simulations. 

Table 5: Dynamic crushing lengths and dynamic mean crushing 

loads by different maximum initial imperfections 

𝒂𝒎𝒑  𝜹𝒎𝒂𝒙 [mm]  𝑷𝒎𝒅 [kN] 

0.025 23.8 18.8 

0.050 24.0 18.6 

0.075 24.2 18.5 

0.10 24.3 18.4 

0.125 24.4 18.3 

0.150 24.5 18.3 

0.175 24.6 18.2 

0.200 24.6 18.2 

0.225 24.7 18.1 

0.250 24.9 18.0 

0.275 24.8 18.1 

0.300 24.9 18.0 

0.325 24.9 17.9 

0.350 25.0 17.9 

0.375 25.1 17.8 

0.400 25.3 17.7 

Table 4: Dynamic crushing deformed shape by FE element size 

Element size Deformed shape Element size Deformed shape 

3.5 mm 3.0 mm 

2.5 mm 2.0 mm 

1.5 mm 
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Figure 6: Crushing length by different maximum initial imper-

fections 

Figure 7: Dynamic mean crushing loads by different maximum 

initial imperfections 

3.4 Dynamic yield strength by strain rate 

The yield strength of a material increases with an increase in 

the strain rate of the structure. The Cowper-Symonds equation 

[10], shown in Equation (2), is widely used to calculate the dy-

namic yield strength of a material. In this study, the material of 

the experimental specimen was high tensile steel, and the coeffi-

cients used for the Cowper-Symonds equation were C = 3200 sec-

1 and q = 6 [13]. Figure 8 shows the variation in dynamic yield 

strength with strain rate calculated using the Cowper-Symonds 

formula. 

In this study, yield strength was calculated according to the 

strain rate by considering the loading speed applied in the actual 

experimental work, and this was applied to the FE simulations. 

1/

1.0
q

Yd

Y C

 


    
 

  (2) 

Here, 

Yd = dynamic yield strength; 
Y = yield strength determined 

by tensile test; 𝜀̇ = strain rate; 𝐶, 𝑞 = test coefficients. 

Figure 8: Dynamic yield strength calculated by the Cowper-Sy-

monds equation 

3.5 Dynamic FE series simulation 

A series of dynamic FE assessments was conducted using the 
same test conditions as those described in  

Table 2 presents a list of test specimens categorized by the 

weight of the dropped object and the drop height. The table also 

includes the test results in terms of crushing lengths and dynamic 

mean crushing loads. 

Table 2. 

Figure 9 compares the deformed shapes obtained from the ex-

perimental results and the numerical simulations obtained in this 

study. The deformed shapes in the numerical simulations agreed 

well with those in the experimental studies. 

(a) 

(b) 

Figure 9: Comparison of the experimental (a) and simulated (b) 

deformation of the test specimens by different drop heights of the 

drop hammer 
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Figure 10 and Table 6 show the simulation results that do not 
consider the variation in dynamic yield strength with strain rate 
in the material, whereas Figure 11 and  

Table 7 show the results that take this into account. 

The analysis model that did not consider the strain rate showed 

a maximum error of 63% in the crushing length compared with 

the experimental results, which is a large difference. 

Figure 10: Crushing lengths by drop height of the drop hammer 

for the fixed yield strength condition 

Figure 11: Crushing lengths by drop height of the drop hammer 

for yield strengths with strain rate by loading speed 

Although there was a case where the maximum error was 26% 

for the analysis model that considered the strain rate, it showed a 

small difference of less than 10% error from the experimental re-

sults. 

In conclusion, it is critical to consider the variation in yield 

strength with strain rate in dynamic crushing simulations. 

Table 6: Summary of the experimental and numerical tests for 

all specimens for the fixed yield strength condition 

Specimen 
ID 

𝜹𝒎𝒂𝒙 [mm] 𝑷𝒎𝒅 [kN] Differences 

EXP FEM EXP FEM 𝜹𝒎𝒂𝒙 𝑷𝒎𝒅 

B-D1 20.2 32.6 57.3 36.0 0.61 0.37 
B-D2 31.4 39.6 46.1 37.1 0.26 0.20 
B-D3 37.3 46.9 46.6 37.6 0.26 0.19 

B-D4 38.5 53.9 52..6 38.2 0.40 0.27 
B-D5 39.9 63.1 27.3 36.8 0.58 0.35 
C-D1 18.8 29.1 47.4 30.6 0.55 0.35 

C-D2 28.2 43.8 42.1 27.4 0.55 0.35 

C-D3 36.6 51.3 40.5 29.2 0.40 0.28 
C-D4 40.5 57.5 44.0 31.2 0.42 0.29 
C-D5 46.7 65.8 44.5 31.8 0.41 0.28 

D-D1 27.6 40.9 41.6 28.4 0.48 0.32 
D-D2 38.0 53.0 40.3 29.3 0.39 0.27 
D-D3 48.1 61.3 39.8 31.6 0.28 0.21 

D-D4 59.6 72.1 38.5 32.2 0.21 0.16 
D-D5 76.5 91.4 35.0 29.8 0.20 0.15 
E-D1 29.5 48.0 46.9 29.4 0.63 0.37 

E-D2 50.6 60.8 36.5 30.9 0.20 0.15 
E-D3 61.9 74.3 37.2 31.6 0.20 0.15 

E-D4 67.5 92.3 41.0 30.5 0.37 0.26 
E-D5 84.0 111.2 38.4 29.7 0.32 0.23 

Table 7: Summary of the experimental and numerical tests for 

all specimens for yield strengths with strain rate by loading speed 

Specimen 
ID 

𝜹𝒎𝒂𝒙 [mm] 𝑷𝒎𝒅 [kN] Differences 

EXP FEM EXP FEM 𝜹𝒎𝒂𝒙 𝑷𝒎𝒅 

B-D1 20.2 22.1 57.3 51.8 0.09 0.10 

B-D2 31.4 28.1 46.1 51.1 0.11 0.11 
B-D3 37.3 36.0 46.6 48.2 0.03 0.03 
B-D4 38.5 45.2 52..6 44.9 0.17 0.15 

B-D5 39.9 50.1 27.3 45.8 0.26 0.20 
C-D1 18.8 19.3 47.4 45.4 0.03 0.04 
C-D2 28.2 25.8 42.1 45.7 0.09 0.09 

C-D3 36.6 35.0 40.5 42.3 0.04 0.04 
C-D4 40.5 42.4 44.0 42.0 0.05 0.04 
C-D5 46.7 48.1 44.5 43.2 0.03 0.03 

D-D1 27.6 25.2 41.6 45.3 0.09 0.09 
D-D2 38.0 36.9 40.3 41.5 0.03 0.03 

D-D3 48.1 45.0 39.8 42.7 0.06 0.07 
D-D4 59.6 52.6 38.5 43.9 0.12 0.14 
D-D5 76.5 60.9 35.0 44.2 0.20 0.26 

E-D1 29.5 32.9 46.9 42.3 0.12 0.10 
E-D2 50.6 43.9 36.5 42.4 0.13 0.16 
E-D3 61.9 52.9 37.2 44.0 0.15 0.18 

E-D4 67.5 63.2 41.0 44.2 0.06 0.08 
E-D5 84.0 79.1 38.4 41.3 0.06 0.07 

4. Conclusion

This study was conducted to provide basic research on dy-

namic crushing capacities for evaluating the collision perfor-

mance of ships. 

As nonlinear dynamic FE simulations require a high level of 

uncertainty, several sensitivity analyses were performed and cal-

ibrated using previous experimental test results.  

Based on previous dynamic experiments, the effects of inertia 

and friction on the dynamic crushing behavior of steel tubular 

members were found to be relatively small. Thus, a series of non-

linear FE simulations was performed to investigate the effect of 

dynamic material strain on the dynamic mean crushing behavior 
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of steel structures. Consequently, the model to which the yield 

strength according to the strain rate was applied showed better 

results than the model to which it was not applied. 

We concluded that it is critical to consider the variation in yield 

strength with strain rate in dynamic crushing simulations, and 

special care should be taken to evaluate the crushworthiness of 

steel structures. 
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