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Resume

The research presented in this article consisted of analysis of the ship
structural accidents at low temperatures and the effect of carbon percentage
in various classifications of carbon steel, compared to the high tensile
strength steel materials. The objective of this research was to fill the
knowledge gap by expanding the understanding of the influence of low
temperature, material, and structure on the axial compression test of tubes.
The simulations as idealization of the compression test were conducted with
variations in temperature, material carbon percentage, and geometry shape,
using Finite Element Analysis (FEA). The results showed that at -100 °C,
the material had the best ability to resist compression energy; high carbon
steel had the highest strength at various carbon percentages, and the square
geometry showed the best ability to absorb energy before failure.

Keywords:

axial compression

low temperature
carbon steel

tube geometry

finite element analysis

ISSN 1335-4205 (print version)

Available online: https://doi.org/10.26552/com.C.2024.036  ISSN 2585-7878 (online version)

1 Introduction maritime traffic accidents. Figure 1 shows the high
frequency and severe consequences of collisions, both
practitioners and researchers have paid attention to

related research, and various types of techniques aimed

Throughout history, people and goods have

moved between continents and across oceans. Ocean

transportation effectively and efficiently moves almost
all goods across a wide range of expedition needs
[1]. Ocean transportation is responsible for moving
thousands of goods daily, contributing to global trade
[2]. Media and scientists predict that an increase in ship
traffic will occur [3]. Results introduced by scholars in
[4-5] indicate that the consequences of large volumes
of global ocean transportation are also associated
with negative environmental impacts on the marine
environment. In pioneer researaches, such as [6-7], it is
also stated that accidents at sea pose significant risks
to individuals and society in various fields, and ship
collisions are one of the main contributors to frequent

at preventing accidents and reducing the risks resulting
from accidents have been developed [8-11].

For the safety of ship structures, predicting the load-
carrying capacity of these types of members is crucial.
There are several methods to estimate the collapse
behavior of ship structures, including experiments,
numerical analysis, analytical methods, and so on
[13-15]. Huhne et al. [16] conducted 4000 tests; the
test results and numerical analysis showed that the
approach used has the potential to provide better
and less conservative designs. This approach is used
in designs that show that imperfect buckling loads
must be maximized to determine a realistic optimal
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Figure 1 Number of marine casualties and incidents [12]

Table 1 Material parameters of the mild steel

Parameter Notation, unit Mild Steel
Density p (kg/m?) 7850
Modulus of elasticity E (N/m?) 203 x 10°
Poisson’s ratio v 0.33
Johnson-Cook flow stress parameters
Initial yield stress A (N/m?) 304.33 x 10°
Hardening coefficient B (N/m?) 422 x 10°
Hardening exponent n 0.345
Strain rate constant C 0.0156
Thermal softening constant m 0.87
Reference strain rate go(s™) 0.0001
Melting temperature T .. K 1800
Transition temperature T, (K) 293
Johnson-Cook fracture strain parameters
Fracture strain constant D, 0.1152
D, 1.0116
D, - 1.7684
D, - 0.05279
D 0.5262

o

design. Another study, conducted by McGregor et al.
[17], showed the success of modelling in numerical
simulation helps in the achievement of good design for
future integration of composites into collision-resistant
structures, good calculations contribute to the design
objectives of the parts safely and efficiently for final
integration into collision structures. Another study, was
presented by Greiner et al. [18], which discussed the
interaction of bending and axial compression. The study

results showed that the interaction behavior of stainless
steel under the load can be represented by interaction
testing of the same structure as for carbon steel. The
study conducted in [18] covers a wide range of practical
sections. However, a number of other parameters have
not been investigated, which suggests that further
research is needed to compare the interaction behavior of
carbon steel to other types of steel. In axial compression
testing, low-carbon steels tend to have lower strength
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Figure 2 Force-Displacement comparison diagram to Pratama et al. [24]; C = Cylinder, S = Square, and T = Triangle

Table 2 Error percentage comparison to research of Pratama et al. [24]

Output Geometry Pratama et al. [24] Current Study Error (%)
. ‘ Cylinder 90.53 91.00 0.519165
Mammuntn?ﬁlacement Square 103.54 103.14 0.386324
Triangle 111.39 111.32 0.062842
Cylinder 2707.64 2665.86 1.543041
Total Energy Absorption (J) Square 2271.06 2285.92 0.65432
Triangle 2031.69 2036.89 0.255945
Cylinder 60.09 60.10 0.016642
Peak Force (kN) Square 64.40 64.40 0
Triangle 72.62 72.58 0.055081
Cylinder 29.66 28.48 3.978422
Average Force (kN) Square 21.10 21.29 0.900474
Triangle 17.62 17.68 0.340522
Average 0.726
o
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Figure 3 Geometrical design; (A) Cylindrical Tube, (B) Figure 4 Dimensions of geometrical design; in (mm)

Square Tube, (C) Triangular Tube, and (D) Impactor
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Figure 5 Comparison of engineering stress-strain curve to results introduced by Paik et al. [19]; (A) at 20 °C, (B) at -40 °C,
and (C) at -160 °C

Table 3 Variation of the AH32 input parameters at low temperature [19]

Temperature (°C)

Property
20 -40 -80 -100 -130 -160
Yield strength, o, (MPa) 359.65 369.06 381.01 386.22 387.20 411.51
Fracture strain, ¢, 0.376 0.423 0.430 0.448 0.409 0.336

Table 4 Material parameter of used steels ASTM A36 [31-33]; AISI 1045 [34-36] and AISI 52100 [34, 36]

Parameter Notation ASTM A36 AISI 1045 AISI 52100
. p (kg/m?) 7850 7850 7810
Density
. E (N/m?) 200 x 10° 205 x 10° 200 x 10°
Modulus of elasticity
Poisson’s ratio v 0.26 0.29 0.3

Johnson-Cook flow stress parameters

Initial yield stress A (N/m?) 250 x 108 506 x 108 774.48 x 10°
Hardening coefficient B (N/m?) 477 x 106 320 x 108 134 x 10¢

Hardening exponent n 0.18 0.28 0.37
Strain rate constant C 0.012 0.064 0.018
Thermal softening constant 1 1.06 3.171

Reference strain rate &o(s™h) 0.0001 0.0001 0.0001
Melting temperature oK) 1811 1733 1424
Transition temperature T,(K) 300 300 300

Johnson-Cook fracture strain parameters

Fracture strain constant D, 0.403 0.1 0.0368
D, 1.107 0.76 2.34

D, - 1.899 - 157 -1.484

D, 0.00961 0.005 0.0035

D, 0.3 -0.84 0.411

with good ductility; medium-carbon steels balance the
strength and ductility, while the high-carbon steels
have high strength but may lack ductility. Paik et
al. in 2020 conducted tests experimentally for ship
structural requirements, the test database developed in

this study can be used to validate computational models
for structural accident analysis under low temperature
conditions, [19]. The researchers recommended further
studies in computational models for structural accident
analysis at low temperatures, since then the high tensile
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strength steel materials tend to decrease in strength and
elastic modulus, which can affect the increase in material
stress at low temperatures. At low temperatures, ship
structures need to be designed, taking into account the
material’s potential fragility, dimensional changes, and
the need for thermal insulation to ensure optimal safety
and performance.

The Northern Sea Route (NSR) is one of the sea
trade routes connecting Asia and Europe. According to
studies, for examples [20-21], the NSR cuts emissions,
fuel consumption by around 40 %, and shipping distances.
The location is unsuitable for maritime transit due to
the exceptionally low temperatures, which also pose a
hazard to ships [22-23]. Consequently, a more thorough
analysis of ship structural mishaps at low temperatures
is required. The impact of low temperatures on the
strength of materials suitable for use in ship structures
is explored in this study. Furthermore, the authors delft
into the impact of carbon percentage on every carbon
steel classification, drawing comparisons to high tensile
strength steel material.

In the available literature, there
research on the effect of low temperature, material,
and structure on the axial compression test of tubes.
So far, several studies have focused on the effect of low
temperature but on tensile testing, as well as studies
focusing on axial compression tests but with different test
variations such as corrosion and test angle. Therefore,
there is still a significant lack of information on the
reaction of tubes when exposed to axial compression
loads. Thus, the objective of this research was to fill the
testing gap by expanding the understanding of the effect
of temperature, material composition, and geometry on
the strength of a structure.

is limited

2 Benchmark particulars
2.1 Model references
Before conducting research wusing numerical
analysis, it is necessary to conduct methodology
verification to ensure the fidelity of the deployed
numerical method. Therefore, benchmark analysis is
performed with an objective to obtain numerical method
that results similar output compared to the benchmark
reference. In this study, numerical model was built by
adopting same methodology as in the reference, i.e.,
model size, FEA configuration, and loading conditions.
The research geometry variation was equalized with the
study conducted in [24], namely cylinder of a diameter of
40 mm, square of a length of each side of 35.45 mm, and
triangle of a length of each side of 53.87 mm, each tube
has the same height of 200 mm, using the direction of the
impactor load angle adjusted to 0 ° as an illustration of
deformation caused by ship collisions. The use of a mesh
was also adjusted to a value of 1 mm. Table 1 shows that
in this study were used the material parameters adapted

to [24], as well. The research aim was to comprehend
how the mild steel materials, which are frequently used
in shipbuilding, behave when subjected to compression.
The computational methods were employed to investigate
thin-walled metal tubes response to static and dynamic
loads. The three-dimensional computational models
were used to examine the thin-walled metal tubes with
varying sizes and forms, under the static and dynamic
loads. The ABAQUS software was employed to create
the model, and the impact response of the tube was
examined in terms of its diameter and form. Simulations
were run to comprehend the tube‘s deformation and
energy absorption under varied load situations. The
research method was carried out using the design
of empty tube structure, validation of the numerical
method, variation of tube design, and explicit dynamic
simulation. The parametric study was conducted by
varying the geometric shape of the tube, load angle, and
corrosion location to understand the axial deformation
and energy absorption. Results showed that round tubes
had the best resistance.

The Johnson-Cook model [25] can be used to
characterize the material of the model to be used in the
simulation. In this model the material flow is made as
a combination of the linear thermo-elasticity, von Mises
yield criterion, isotropic strain hardening, strain rate
hardening, and softening due to adiabatic effects. The
equivalent von Mises stress o of the Johnson-Cook model
is expressed as:

=(apl sl ) — aplY? é_p[)]_
o(e" & T)=1[A+ B(e )][1+Cln<é0 M
[1—177],

where, A, B, n, C and m are material parameters obtained
from various tensile tests. & is the reference strain
rate, £” is equivalent plastic strain, £” is equivalent to
plastic strain rate, and 7 is dimensionless parameter.
The equivalent fracture strain in the Johnson-Cook
model is given as:

éfJ(%,é”’, T) = [D1 + Dzexp<D3 o(_jf” )] .

& . (2)
[1 + D41n<€—0>][1 + D5 T,
where D,, D,, and D, represent the stress triaxiality
parameters, D, is the parameter of strain rate-dependent
damage, D, is temperature-dependent fracture strain
parameter, %ﬁ" is the stress triaxiality ratio, 0, is the
mean stress, and & is the equivalent von Mises stress.

2.2 Benchmark results

As validation was needed in this research, the
results conducted by [24] on the output of maximum
displacement, peak force, average force, and total energy
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absorption, were compared. The result comparisons,
as a validation step, are shown in Figure 2 where the
comparison of the Force-Displacement diagram had
conformity with the reference, and Table 2 shows a
comparison of output values with an average percentage
error of 0.72 %.

3 Methodology
3.1 Geometrical model

In this numerical analysis-based research, the
component design consists of two parts, namely the
tube and the impactor. Shown in Figures 3 and 4, the
tube used had three geometry variations: Cylinder,
Square, and Triangle, with their respective dimensions,
equated with those of reference. In this research, the
three geometries used the same material properties; the
variation was conducted to analyze the effect of tube
geometry on material strength. The impactor is defined
as a rigid object that would not deform.

3.2 Applied material
3.2.1 Low variations

In this study, validation of applied material in
numerical analysis with previous testing was also
carried out by comparing the output of the last
experimental testing results to production of the results
in the numerical analysis corresponding to this test.
Specifically, as shown in Figure 5, a comparison was
made between the Engineering Stress-Strain output
of the experimental test conducted in study by Paik et
al. [19] and the output obtained from this numerical
analysis. Comparisons were made between several
tests since they were considered representative of the
numerical analysis results. Temperature variations were
performed on the AH32 Steel material by adjusting the
experimental testing of reference, namely 20 °C, -40 °C,
-80 °C, -100 °C, -130 °C, and -160 °C. Table 3 shows that
for each temperature variation performed, the difference
in parameter input is adjusted to experimental testing,
as well, namely in the yield strength and fracture strain.

3.2.2 Carbon steel classifications

The American Iron and Steel Institute (AISI) defines
carbon steel as a steel that has no specified minimum
content or requirements for chromium, cobalt, niobium,
molybdenum, nickel, titanium, tungsten, vanadium, or
zirconium, or special requirements for other elements.
The low-carbon steel contains up to 0.30 % carbon; it
has high formability due to its shallow carbon content.
The medium carbon steels are similar to low carbon

steels except that they contain from 0.30 % to 0.60
% carbon, and the increase in carbon content allows
medium carbon steels to be used in quenched and
tempered conditions. The high-carbon steel contains
carbon from 0.60 % to 1.00 %; it is used for some hand
tools, spring materials, high-strength wires, etc. The
high-strength low-alloyed (HSLA) is a micro-alloyed
steel designed to improve mechanical properties. It
may also have more excellent resistance to atmospheric
corrosion and low temperatures than the conventional
carbon steels. The HSLA steels have low carbon content
(0.05 % - 0.25 %) to produce adequate formability
and weldability [26].

In this study, the ASTM A36 steel was used as the
applied material in the low-carbon steel classification,
because it has a carbon content of 0.25 %, as stated by
[27]. The AISI 1045 steel is in the medium carbon steel
classification because it has a carbon content of around
0.312 %, as stated by [28]. The AISI 52100 steel is in the
high carbon steel classification because it has a carbon
content of around 0.95 %, as [29] stated. The AH32
steel is in the HSLA steel classification because it has
material characteristics by this classification and has a
carbon content of around 0.12 %, as stated by [30]. Table
4 shows the used material parameters.

3.3 Finite element setting

In this study, the placement and setting of boundary
conditions were critical to ensure the reproduction
of physical test conditions, prevent unwanted wave
reflections, maintain the numerical stability, enable
correlation with experimental data, and support
structural design optimization. Displacement/rotation
and encastre boundary conditions were the boundary
conditions used. Encastre boundary conditions were
placed on the side of the hollow tube that had no
contact with the impactor. Displacement/rotation
boundary conditions were placed on the side of the tube
that contacted with the impactor. Figure 6 shows the
boundary condition setup. The loading is carried out
using an impactor in an axial direction towards the tube.

The mesh arrangement in the hollow tube model
uses the S4R shell element settings in the ABAQUS
software. The mesh used in the simulation is 1 mm.
As presented in Figure 7, the first and second major
peaks are shown in the convergence study a starting
from mesh size 2.5 mm and larger, which is noted by
the limit line. Based on stability criteria for the mesh
convergence, i.e., (1) the fluctuation between two closest
mesh sizes is less than 10%, and (2) no rise or decline on
the results more than one mesh size; it can be concluded
that the recommended mesh sizes are in the range of
0 - 2.5 mm. The indication of the recommended mesh is
highlighted by red lines in Figure 7.

The displacement/rotation boundary condition
restricts the movement of the selected degrees of
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Figure 7 Mesh convergence diagram

Table 5 Scenario of simulations

Material Temperature (°C) Geometrical
Low carbon (ASTM A36) 20 Cylinder, square, and triangle
Medium carbon (AISI 1045) 20 Cylinder, square, and triangle
High carbon (AISI 52100) 20 Cylinder, square, and triangle
HSLA (AH32) 20 Cylinder, square, and triangle
-40 Cylinder, square, and triangle
-80 Cylinder, square, and triangle
-100 Cylinder, square, and triangle
-130 Cylinder, square, and triangle
-160 Cylinder, square, and triangle

freedom. The degrees of freedom are in the Y-axis
direction and parallel to the impact axis direction. The
encase boundary condition allows structural degrees of
freedom on the side of the tube without contact with the
impactor to be considered fixed. The interaction between
the tube and the impactor is constrained and coupled at
one geometric point. The contact between the impactor
and the tube is modelled with a friction coefficient
of 0.05, as shown by previous research conducted
in [37]. The impact velocity was set with a constant
velocity value of 5 m/s since in [38] was mentioned
that ship collisions can be assumed with this value.
Table 5 shows the finite element simulation variations

were conducted on tube geometry, temperature, and
material.

4 Results and discussion

The content of this research discusses the effect
of different shapes and material compositions on axial
compression testing as a numerical analysis intended as
a ship structure material. The research is also intended
to determine the effect of temperature on the material.
The output of numerical analysis results in the form of
maximum displacement, total energy absorption, peak
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Table 6 Finite element simulation output with temperature variations; C = Cylinder, S = Square, T = Triangle,

and Av = Average

Temp. (°C) Maximum displacement (mm) Total energy absorption (J)
C S T Av Cc S T Av
20 84.10 97.33 92.16 91.20 2731.89 2394.67 2582.49 2569.68
-40 82.79 98.49 93.55 91.61 2799.91 2382.42 2545.22 2575.85
-80 81.11 97.35 92.97 90.48 2798.40 2399.74 2567.45 2588.53
-100 82.08 97.33 86.81 88.74 2785.68 2413.91 2642.51 2614.03
-130 82.61 96.98 87.08 88.89 2776.13 2404.35 2586.82 2589.10
-160 79.73 94.94 87.14 87.27 2826.91 2455.39 2658.75 26417.01
Av 82.07 97.07 89.95 2786.49 2408.41 2597.21
Temp. (°C) Peak force (kN) Average force (kN)
C S T Av C S T Av
20 68.27 73.36 85.03 75.55 31.37 23.03 26.93 2711
-40 69.65 74.85 86.85 7717 32.67 22.93 26.04 27.21
-80 71.56 76.89 89.37 79.27 33.45 23.21 26.54 27.73
-100 72.18 71.55 90.18 79.97 32.65 23.36 28.33 28.11
-130 72.32 7171 90.37 80.13 32.29 23.30 2741 27.67
-160 75.88 81.57 95.09 84.18 33.99 24.09 29.14 29.07
Av 71.64 76.99 89.48 32.74 23.32 27.40
Table 7 Tube deformation contour of cylindrical geometry at several temperatures
Temp. (°C) Cylinder Geometry Temp. (°C) Cylinder Geometry
3&«?«‘,&?@” -10) ghmscsffmm =-10)
(Avg: 75%) (Avg: 75%)
49.255e+08 554e+08
b= e
beoatd i
et R
Bl e
20 - 100 =
] i
Ely Ely
e ey e e
-40 - -130
S, Mises S, Mises
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%)
R e
e i
R feiem
+4.733e408 +5.578e408
1R BRI
-80 il 160 B

+4.282407

+7.133407
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Table 8 Tube deformation contour of square geometry at several temperatures

Temp. (°C) Square Geometry Temp. (°C) Square Geometry

s, Mises s, Mises
SNES, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%)
+1.004e+09 +1.028e+09
182210108 18a35et0
)3e- +8.595e+08
+7.584e+08 +7.755e+08
+6.766e+08 +6.915e+08
159470408 160750408
15129e408 1572358108
133110108 125940108
perian] 1E3deres
12674011 1271401
20 1118550408 -100 118740408
+110376+08 +1034e+08
121856407 115408407
s, Mises s, Mises
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 153;% 0 P (Avg: 75%)
+1.050e+
110508109 +1.032e409
96480108 4914760408
188 +8.633e+08
1)53etee +7.7900408
ef L] +6:9465+08
1E5iee 4611030408
13070108 4512600408
15850108 13417er08
+2.794e+08 +3.574e+08
-40 +1.937e108 -130 +2.731408
4110802408 +1.8882+408
122348407 4110452408
— 42,0176+
20176407
S, Mises S, Mises
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 15;/;)0 0 (Avg: 75%)
+1.010e+
4912770408 +103de+09
+9.277e+0 +9.597¢+08
+7:6316+08 +8.756e+08
Fre3terss +7.9152408
15.808er08 +7.0742+08
1231835108 +6.2332+08
+4.340e+08 +5.392e+08
+3.517e+08 +4.550e+08
+21634e+08 +3709e+08
-80 Y1871e108 -160 +2.868e+08
+11048e+08 4210270408
+2.250e+07 +1.186e+08
+3.4482+07

Table 9 Tube deformation contour of triangle geometry at several temperatures

Temp. (°C) Triangle Geometry Temp. (°C) Triangle Geometry

S, Mises S, Mises

(Avg: ) (Avg: )
+1.033e+09 +1.095e+09
185i6et08 110116100
1818570108 152560108
178780108 Ts07et08
170600408 175580108
162410408 +57092+08
18476108 158600408
13608c10 186110108
137850108 141670108
176580108 133158508

20 +2147¢108 -100 +21263e108
+13200408 +16150+08

+5.101e+07 +7.655e+07

S, Mises S, Mises

SNEG, (fraction = -1.0) X

(Avg: 75%) :75%)
+1.063e+09
+6.792e+08
+8.955e+08
+8.118e+08 9
+7.282e+08 3
+6.445e+08 .
+5.609e+08 !
147720108 .
133382188
150%8ek

- +2.263e+08 -
40 +1.426e+08 13 0
+5.896e+07
e +3.565e+07

, Mises S, Mises
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Figure 8 Force-displacement diagram of finite element simulation results
with temperature and geometry variations
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Table 10 Finite element simulation output with carbon content variations; C = Cylinder, S = Square, T = Triangle,
and Av = Average

Class Maximum displacement (mm) Total energy absorption (J)
C S T Av C S T Av
HSLA 84.10 97.33 92.16 91.20 2731.89 2394.67 2582.49 2569.68
Low 81.60 90.50 103.02 91.71 2782.38 2597.08 2354.95 2578.14
Medium 55.56 67.64 80.29 67.83 2824.38 2823.34 2722.20 2789.97
High 44.49 46.16 62.39 51.01 2818.60 2772.72 2785.53 2792.28
Av 66.44 75.41 84.46 2789.31 2646.95 2611.29
Class Peak force (kN) Average force (kN)
C S T Av C S T Av
HSLA 68.27 73.36 85.03 75.55 31.37 23.03 26.93 2711
Low 70.98 74.12 83.89 76.33 32.67 26.97 22.20 217.28
Medium 91.44 100.01 114.08 101.84 37.48 38.41 31.61 35.83
High 120.21 135.78 153.24 136.41 37.73 38.08 38.59 38.13
Av 87.72 95.82 109.06 34.81 31.62 29.83

Table 11 Tube deformation contour of cylinder geometry at

material types

at material types

Table 12 Tube deformation contour of square geometry
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Table 13 Tube deformation contour of triangle geometry at material types

Material Type Triangle Geometry
s Miss
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force, and average force are obtained in each simulation
variation performed.

4.1 The effect of low temperatures

In this numerical analysis, the material selected in
the test with low temperature variation was AH32 steel,
because such is considered in accordance with previous
study conducted by Suryanto et al. [39]. The numerical

simulation was varied by inputting different material
characteristics according to the material characteristics
when subjected to temperatures of 20 °C, -40 °C, -80
°C, -100 °C, -130 °C, and -160 °C. This test was also
validated on different geometries. As shown in Figure
8, it is found that at -100 °C, there are the most peaks
and valleys in the force-displacement graph, which can
be interpreted that the material can withstand greater
compression energy at that temperature. Table 6 shows
the output of the finite element simulation results,
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where at Maximum Displacement the highest value
was at -40 °C namely 91.61 mm, which indicates that at
that temperature the specimen can absorb more energy
before reaching the failure point. The Total Energy
Absorption had the highest value at -160 °C namely
2647.01 J, indicating that at that temperature the
material had good resistance to deformation and failure.
The Peak Force highest value was at -160 °C namely
84.18 kN, which indicates that at that temperature
the material had good strength and can withstand
significant external loads before failure. The Average
Force highest value was at -160 °C namely 29.07 kN,
which indicates that at that temperature the material
underwent consistent deformation. Table 7 to 9 shows a
comparison of the final deformation contour shape of the
tube with temperature variations.

4.2 The effect of carbon content

In this research, the materials used in the finite
element simulation were ASTM AH32 in HSLA
classification, ASTM A36inlow carbon steel classification,
AISI 1045 in medium carbon steel classification, and
52100 in high carbon steel. The simulation was also
validated using several geometries. Figure 9 shows that
it was found that the HSLA steel had the most peaks and
valleys in the force-displacement graph, which can be
interpreted that at that temperature the material is able
to withstand greater compression energy. In Table 10,
one can see the output of the simulation results, where
the highest Maximum Displacement value was found in
the low carbon steel, namely 91.71 mm, indicating that
the simulation specimen was able to absorb more energy
before reaching the failure point. The highest Total
Energy Absorption value was found in the high carbon
steel, namely 2792.28 J, indicating that the material had
good resistance to deformation and failure. The highest
Peak Force value was found in the high carbon steel,
namely 136.41 kN, indicating that the material had
good strength and can withstand significant external
loads before failure, and the highest Average Force value
was found in the high carbon steel 38.13 kN, indicating
that the material underwent consistent deformation.
Tables 11 to 13 shows a comparison of the final
deformation contour shape of the tube with temperature
variations.

4.3 The effect of geometry

Inthisresearch, the geometries used in the numerical
simulation were cylinder, square, and triangle. Figures
8 and 9 show that the cylinder geometry had the most
peaks and valleys on the force-displacement graph,
which can be interpreted that at that temperature the
material can withstand greater compression energy.
Table 14 shows the output of the numerical simulation

results, where in Maximum Displacement the highest
value was in Triangle geometry, namely 87.2 mm, which
indicates that in that geometry the simulation object
was able to absorb more energy before reaching the
point of failure. The Total Energy Absorption highest
value was in Cylinder geometry, namely 2787.9 J, which
indicates that in that geometry the material had good
resistance to deformation and failure. The highest
Peak Force value was found in the Triangle geometry
namely 99.27 kN, which indicated that in that geometry
the material had good strength and can withstand
significant external loads before failure, and the
highest Average Force value was found in the Cylinder
geometry, namely 33.77 kN, which indicates that in
that geometry the material was consistently deformed.
Tables 7 and 9 show the comparison of the contour
shape of the final deformation of the tube with geometry
variations.

5 Conclusions

In this research, the authors examined the
impact of low temperature and carbon percentage,
validated by geometry variation, on the strength of
materials used in ship structures, focusing on numerical
idealization and analysis of axial compression testing.
Then, investigations were conducted using a numerical
approach to understand how low temperature, carbon
percentage variation, and geometry shape affect the
material’s response to axial compression. Based on
this understanding, this study could contribute to
development of knowledge about material behaviour
and helps to formulate safer and more efficient design
strategies for future ship structures.

The results of this study using a numerical approach
through ABAQUS software found that overall, in terms
of the effect of low temperature effects, the displacement
value decreases with decreasing temperature. In these
terms, it means that the lower the temperature or the
closer to the low temperature (-160 °C) will cause an
increasein the strength of the material used. On the other
hand, this results in an insignificant increase in total
energy absorption, peak force, and average force. Then,
regarding the effect of the percentage of carbon content,
the HSLA-type material is the least strong. This is
indicated by the many peaks and valleys produced in the
force-displacement graph. Meanwhile, the more robust
materials are high, medium, and low-carbon steels.
In addition, the effect of the compression numerical
specimen‘s geometric shape was also examined in this
study. The square shape was the least strong because it
experienced the most considerable deformation, followed
by the triangular and cylindrical shapes.

This study has limitations related to the simplified
representation of the mathematical model and factors
that may occur in actual experimental testing, such
as temperature changes during the testing process

VOLUME 26

COMMUNICATIONS 3/2024



B212 AL KAUTSAR et al.

Cylinder

160000 HSLA

140000 v = = 'Low
Medium|

=  =High

120000

100000

80000

Force (kN)

60000

40000

T T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Displacement (mm)

Square
160000

p====HSLA

140000 : = = Low
] ! Medium

120000 i , = =High

100000

80000

Force (kN)

60000

40000

20000

o~

T T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Displacement (mm)

Triangle
160000

pr=HSLA
Low

= = Medium

=  =High

140000

120000

100000

80000

Force (kN)

60000

40000

/l

20000

0

-20000

-40000

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Displacement (mm)

Figure 9 Force-displacement diagram of finite element simulation
results with carbon content and geometry variations
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Table 14 Finite element simulation output with geometry variations; C = Cylinder, S = Square, and T = Triangle

Maximum displacement (mm)

Total energy absorption (J)

C S C S T
Temperature 82.07 97.07 89.95 2786.49 2408.41 2597.21
Carbon 66.44 75.41 84.46 2789.31 2646.95 2611.29
Average 74.25 86.24 87.20 2787.90 2527.68 2604.25

Peak force (kN) Average force (kN)

C S C S T
Temperature 71.64 76.99 89.48 32.74 23.32 27.40
Carbon 87.72 95.82 109.06 34.81 31.62 29.83
Average 79.68 86.40 99.27 33.77 2747 28.61
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