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Abstract: In the structure of passenger vehicles there are components that absorb the impact load,
which components are commonly thin-walled square tube. The design of the impact energy absorber
model can be carry-out by experiment, simulation, and analysis. In the design of this impact energy
absorbing component, an elliptical hole was used as a crush initiator to reduce peak loads and set the
start of the bending pattern. Analytical predictions were made to reduce costs and speed up time to
obtain mean load and peak loads values from the same shape model. In this study, a thin-walled
square tubes model is used with an elliptical hole that have ratio of horizontal axis and vertical axis
1s from 3:7 until 7:3. The result of this study showed that the prediction of the peak load and average
load by analytical means has a good conformity with the simulation.

1. Introduction

According to data from the Indonesian Central Statistics Agency (BPS), it was known that there is
an increase in the number of vehicles by around 4.8% every year [1]. So, it is very important to have
criteria from vehicle design to ensure the safety and security of passengers in the event of an accident
/ crushes (crashworthiness). Criteria in crashworthiness are important for application in the design of
motorized vehicles, cars, buses, trains and ships. Where in the design of the vehicle structure there is
a collision energy absorption zone (crumple zone) which functions to protect passengers so that they
remain safe in the passenger compartment when a crushing occurs.

Several factors that affect crashworthiness are the absorptive energy value of a structure including
the load from the impact force, the crash initiator (trigger from the folding direction), the geometry
of the shape of the object, the type of material and the mass of the specimen [2, 3, 4, 5, 6, 22]. The
criteria for the impact energy absorption model include energy absorption (EA), specific energy
absorption (SEA), mean crushing force (MCF), peak crushing force (PCF), and crushing force
efficiency (CFE). The CFE is obtained from a comparison between the MCF and PCF values. The
PCF value is expected not too high, this is to avoid serious injury or death of passengers due to the
influence of high decelerations toward the limits of the abilities human body if the collision was
happened. While SEA is obtained from the comparison between the EA value and the mass of the
material [7].

gk _ge |

y S ——

< a;f..ll

,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 1. Location of the component structure for energy absorption / crashworthiness of the
vehicle [8].
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In the process of analysing energy absorption in structures, which can commonly be carried out
analytically, numerical simulations, and validation processes with experiments. Where on the
experiment need specimen or test objects, sensors, and equipment that do not slightly, while in the
simulation possible more a little equipment, however still need a computer with specification high
specific and also analysis software collisions (ANSYS LS-DYNA, ABAQUS, and Pam Crash), where
both of methods require significant costs. So that analytical calculations were developed to make it
easier in calculating the predictions on the estimated value of the mean load and peak load when the
crushing occurs. This will be faster because the calculation time is relatively fast with the equations
that have been made and it is easier with less resource requirements.

In this paper, analytical prediction was developed on the mean load and peak load calculation
when the static axial impact loads occur in a thin-walled square tube with an elliptical hole. Where is
the elliptical hole as the crush initiator and controls when the first bending occurs. The elliptical hole
consists of a major axis in horizontal position (a) and a minor axis in vertical position (b), with
variations in the size ratio (a/b) that influencing the load impact values. After the results of the
analytical calculations are obtained, then comparing with the simulation to show trend of result.

2. Materials and Methods

In predicting the energy absorption value of static axial load on thin-walled square tube by
analytical calculations, it has started from the basic folding mechanism method presented by
Abramowicz and Wierbicki [10]. Where in modeling the buckling deformation in general there are 2
types of buckling models, namely inextensional collapse modes (mode I) and extensional collapse
mode (II) [11].

In the deformation of modes I for simplifying the calculation amount of energy absorption rate
in terms of the basic folding mechanism in movement of the bent deformation on the square tube
there are 3 different mechanism parts, namely the energy rate on the surface part of the toroidal (E1),
the energy rate in the horizontal bending line (E2), and energy rate in the inclination bending line (E3)
[9, 10]. As for the extensional deformation (mode II) in calculating values of the energy absorption
rate from the bending deformation motion, there are also 3 different mechanisms, namely the energy
rate on the trapezoidal surface (E4), the energy rate on the horizontal bending line (Es), and energy
rate at the inclination bending line (Es) [11,13].

(b)
Fig. 2. Basic folding mechanism, (a). inextensional collapse modes (Mode I) [10,19] (b).
extensional collapse mode (Mode II) [13].

When the collision occurs, there will be deformation in the form of bending on the surface of the
energy absorbing structure. This bending causes a change in length (8) before and after the collision,
as well as a change in angle (o). Referring to Fig. 2.a and 2.b, the relationship between the distance
of the change in length (8) and the change in angle (a) is as follows:

0=2H(l —cosoa) (1)



Engineering Innovations Vol. 11 31

Where, H is a half wavelength of the bending, from Eq.1 it can be seen that when o = 0° then (cos 0°
= 1); which means 6 = 0 (no folds yet), while at o = 90° (cos 90° = 0); means d = 2H (maximum fold).
Meanwhile, the value of the horizontal displacement distance (s) at point C (Fig. 2), is:

s=Hsne (2)
Then from Eq.1 it can be derived to be the axial motion velocity (8), with the following Eq.:

§=2H(sina)a (3)
Meanwhile, from Eq.2 it is derived to be the horizontal velocity (§), with the following Eq.:

v=$s=H(coso)& 4)

For the relationship between corner a, B, v, yo, referring to the type of mode I in Fig. 2.a, are as
following [9][19].

tanVZ%;tanBZm ..... (5)

si sinyg

Where 2yo=EBD; 2a = END; 23 = ENB; 2y = DBN

In the inextensional deformation type (mode I) for the equation of the energy absorption rate consist
of 3 constituent parts [9,10,12], that is,
a. The energy dissipation rate on the toroidal surface (E1), with the following Eq.:

Ei=4NoHbLi=16Mo. 200 (6)
With Eq. I is,

=™
(m—2yo)tan Yo’

Where, I; is integral value on the toroidal section; Ny is fully plastic membrane force; My is fully
plastic bending moment; b is the small radius from toroidal surface.

L f:/z cos a {cos Yy — cos(Py + % e (6a)

b. The energy dissipation rate on the horizontal bending line (E2), with the following Eq.:

E;='2MoC=x (7)
Where, C is length of the horizontal bending line.
c. The energy dissipation rate at the inclination bending line (Es), the Equation is.

2

Es=4Mo—L (8)

Where I 1s,
1 T/2 cosa

Eh— fo prenevs (8a)

2.1 Equation for calculating the internal energy absorption of a basic folding element in a

square tube without holes.
According from reference [11], the absorption energies consist of type I and type II on the square
tube, respectively,

2
EtypeI:M0(16HEII+2HC+4H?I3) ..... (12.2)

2
Egpen=Mo(8=—+2nC+4H) (12.b)

While from reference [10,18] for the average load (Pmean) and peak load (Ppeax) of the square tube
without holes, respectively, are

Ppean = 9,56 go °*¢c* (13.a)
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Ppeak = 2,19 Kg oo wcs (13.b)

Where Kg is geometry coefficient, for square tube without hole is 16,41.

2.2 Energy calculation of the horizontal hinge line on a square tube with 2 elliptical holes
on opposite sides.

The existence of a hole will influence the amount of absorption energy in mode I, where the effect
of around hole on a square tube has been calculated [18, 19]. While here it is studied for the influence
of elliptical holes on 2 opposite sides which affect the horizontal hinge line, with the following
calculations:
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Fig. 3. Geometry model with elliptical holes on square tube.

From Fig. 3 it can be seen that the length of the horizontal line is C, while the horizontal line with
the elliptical hole is Ceq, for A is the area of the field without the elliptical hole, A" is the area of the
field with the elliptical hole, and a is the distance of the horizontal axis on the ellipse, and b is distance
of the vertical axis on the ellipse, so the equation is obtained,

Ceq _ Ar _ A—— _1_n.a.b_ 1_n.a.b
c A A 2A 2CH
m.a.b
Co=(1-%=0C (14)

There is an influence of the elliptical shape factor on the ratio of the length between the vertical
axis and the horizontal axis when the collision occurs, which influence the magnitude of the peak
load value as stated in reference [21]. So that the ratio of the length of the vertical axis to the
horizontal becomes a coefficient.

In this study to determine the coefficient of an elliptical shape similar with a circle, where the
calculation of area of the circle is influenced by the dimension r (radius) while for the ellipse it is
influenced by the dimensions a (major axis) and b (minor axis). So that r square is equivalent to a
times b. When viewed from the calculation of the circumference, the circle is influenced by the
diameter (2r) while for the ellipse the size of the circumference is influenced by the summission of a
and b. The equation is as follows,

Area of circle = Area of ellipse
nr’=n.ab

so > r’=ab

can writtentoo 2 r;.n~a.b

Circumference of the circle ~ Circumference of the ellipse

n.2r=mn.(a+b)

can writtentoo 2 ri +trn~a+b

If, i1=rn=r 2>so, atb=2r

2r=atb
_atb

2
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—(atbo

2= (LY

2 (a+b)2
=
The quantity Area of circle = Area of ellipse = When is given constanta multiplier, is obtained
2
kmr’=m (a2+—2b) >If, =
__(a+b)?> _a®?+2ab+b?

k= = e (15)

Where according on reference data [21] it is known that the influence of dimensions of the
horizontal axis (a) is about 10 times greater than the vertical axis (b) for the result of peak loads. By
using the weighting coefficient on the values of a and b, where a=0.1 and b=0.01. So, the coefficient
ais different with b. Another effect for the elliptical hole on 1 side is related to the energy dissipation
with the horizontal hinge line effect is 2/16 or 1/8. To estimate the elliptical shape coefficient (k) is
as follows:

_ (0,1a™ +0,01b)2
22.8

k
Then, the effect of Ceq for the energy rate dissipation (E2) on the horizontal hinge line with the
condition of 2 elliptical holes on the opposite sides, so that the value of E» on the square tube is

composed of 12 horizontal hinge lines C and 4 horizontal hinge lines Ceq. So, the following equation
is obtained:

E=12M,.C.a+4 M, Ceq. a (16.a)
Simplified to be,

E,=4.M,. 3C+ Ceq).d ..... (16.b)
By substituting Eq.14 into Eq.16.b, we get,

Y _mab .

E,=4.M,. 3C+(1 SCH e L (17.a)

N _ T a.b .

E,=4.M,. (4 v y.Cee (17.b)

Where the value of & is from 0 to g, so when integrated, the energy dissipation value obtained is,

E,=4.M, 4-22.¢f%de L (18.2)

E,=2M,.m@-2Hc (18.b)

E=Mo.m(8=23%.C (18.c)
2.3 Symmetric collapse mode with 2 elliptical holes on opposite sides.

For calculation of the mean load (Pm) from the absorption energy in symmetric collapse mode
where the external energy balance is equal to the internal energy, so the external energy value is 4
times energy of type I [10, 11]. So, the absorption energy equation for symmetric collapse on a square
tube with 2 elliptical holes is obtained, by the following equation is,

Eext=4 Etypel ..... (193.)
Eext: Pm .2H ..... (19b)
Pw.2H=4E1+E+4E L (19.¢)

By substitution Eq.6, 18.c, and 8 into Eq.19.c, hence the result,
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Pm. 2H=Mo[64 1. H. ) + . e (20.2)
renLE+B-Zeo+sn(y) L (20.b)
m.a.b

If,. A1=321 ,Az—n[4— ] ;A3=813

The Eq.20.b can be 31mp11ﬁed with these coefficients. So, the following form of the equation is
obtained, namely,

MO — AL ()+A2. (5)+ As. (%) ..... 1)

Where according to reference [10] for a square tube (yo = /4), the value of I, = 0.58, and I3=1.11
are obtained. Whereas for,

b C
®=072>7 L (22.2)
H=0983YC2h (22.b)
b=0.6873CRZ (22.¢)

By substituting the values A1, A2, and Az with Eq.22a, 22b, and 22c¢ into Eq.21, so the following
equation is obtained,
/3
02)(3 ) ..... (23)

It’s known that My, = ¥ oo h%, then the value of the mean force (Pm) is

Pm

= (26.05).(5 )1

mab

Pim=0,[(6.513).C1/3.h5/3 + ([4 — —1m). (0.255) . c/3.mn¥3 L (24)

Based on reference [11] for the effective crushing distance (8) in symmetric collapse mode, is

0.73 = S (25)

2H

By dividing Eq.24 by Eq.25 and inserting the effect of the ellipse shape coefficient (k) from Eq.15a,
so the value of mean static force (Pmean) is,

Prnean = 0 [(8.922). CY/3. h5/3+ ([4 — ] n). k. (0.349).CY/3, h%/31 . (26)

The peak crushing force is the instantaneous peak value at the collision, with a value above of the
mean static force (Pmean) S0 it is necessary to have a peak collision force coefficient (Ko), and geometry
coefficient (Kg) where from reference [18] the value of Ko =2.19. So that is obtained,

Ppeak = 2.19. KG. Prmean

Ppeak = 2.19. Ka. 0 [(8.922). C1/3. h3/3+ ([4 —

Based on reference [ 18] for the calculation of Kg is

K - _1/A1 AZ A3 ..... (28)

For the values A and A3 related to the value of the apeak angle when peak crushing was occur. So,
the equation is
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A= 32VZ Ot pen J | F; al (29.

2 ,2 tan?apeqr +1 2 (2 tan?apeqr +1
A, = 8cotapeak - /1 +sinfapeac L (29.b)

Whereas for A; it is influenced by the value of Ez on the horizontal hinge line and also the influence
of elliptical shape was affecting the weight values on a and b. so we get the equation,

m.a.b
_ (8 ~CH )
A2 =(0.001) preo— T e (29.¢)
2.4 Size and dimensions of models

As for size of the model specimen was based on reference [20]. With a square tube cross section
size 1 36.55 mm x 36.55 mm; Side width (C) is 36.55mm; square tube wall thickness (h) is 0.85 mm;
the total length of the specimen model (L) is 200 mm. Then in this study using 2 ellipse holes which
are located on 2 opposite sides with the distance between the center point of the ellipse and the tip
(H) 1s 20 mm, for illustration can be seen in Fig.4. While shape of the elliptical hole is made with
varying sizes on the horizontal axis (a) and the vertical axis (b) with sizes shown in Table 1.

J%r 4

Q

_lsess |

Fig.4. Size of square tube with crush initiator.

Table 1. Size variation of the horizontal and vertical axis on the elliptical holes.

Size of axis et Size of
. Horizontal Vertical atio
No Specimen models axis (2) axis (b) a/b areaz
[mm] [mm] [mm’]
1 |[Square tube without holes 0 0
2 With elliptical 3:7 3 7 0.43 65.94
3 | Mol 4:6 4 6 067 | 7536
4 5:7.5 5 7.5 0.67 117.75
5 5:6 5 6 0.83 94.2
7 With elliptical 6:5 6 5 1.20 94.2
g | foleseb 6:4 6 4 150 | 75.36
9 ™ 7.5:5 7.5 5 1.50 117.75
10 7:3 7 3 2.33 65.94

2.5 Simulation with the Finite Element method

In this study the analytical results were compared with the simulation results obtained from the
LS-Dyna software. A thin-walled square tube model was created in the LS-Dyna software with the
size and dimensions as previously described (section 2.4). The crushing simulation model consists of
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2 components, namely a thin-walled square tube as a specimen model and the beam model as an
impactor.

Setting of a thin-walled square tube model for mesh of the wall column using Belytschko-Lin-
Tsay-4-nodes with a mesh size of 2x2 mm, it gives optimal and convergence results, so the
phenomenon of plastic deformation in the form of indentation in the square tube wall during crash
can be properly simulated. In material behaviour a piecewise linear plasticity model is used. As for
its material properties are Young's modulus (E) is 195 GPa, density(p) is 7850 kg/m>, and the value
of yield stress (oy) is 265 Mpa [20].

Boundary condition at the bottom end of the square tube is set in fix, there is no displacement (x=0,
y=0, and z=0). While the direction of impactor movement is only in the downward Z direction (x=0,
y=0, and z= -1). Loading is given by the impactor with a constant speed of 0.5 mm/second in line
with the axis of the square tube. This condition in static axial loading simulation. For illustration can
be seen in Fig.5.

As for the impactor beam model, it is made more rigid than square tube, for material type using
rigid bodies models. The relation between the surface of square tube and the impactor uses an
automatic node to surface contact, where this type of contact prevents penetration and sliding between
the impactor wall and the square tube when loading contact occurs. The internal surface relations on
the square tube uses automatic-single-surface-contact where this type of contact prevents penetration
from between the indentation of square tubes wall when progressive buckling occurs [21].

F [] 1. Force direction H E

SO
LT T [T }—2. Impactor

3. Ellips hole

4, Square Tube

5. Fixend
constrain

Fig. 5. Loading model with an impactor on a square tube.

3. Results and Discussion

3.1 The comparing results between simulation and analytical calculations of square tube
without hole.

In the first row of Table 2 and Table 3 is a comparison between analytical and simulation results
of a square tube without hole. For the average force (Pmean) Of analytical calculation is obtained
7944.07 N, while at the peak load (Ppeax) is 29863.29N, where for Pmean and Ppeak when compared to
the simulation there have deviation 0,9% and 0.3% respectively. While the peak load (Ppeak) of
simulation is 29942 N, when compared to the experimental results on reference [20] there is a
difference of 2.7%.

3.2 The comparing results between simulation and analytical calculations of square tube
with eliptical holes.

For analytical calculations of the peak load (Ppeak) on square tube with elliptical holes, the angle
value of apeak 1S 23.38° according to reference [18], the calculation results are obtained as follows in
Table 2 and Table 3. Analytical calculations have been carried out on several elliptical size variations
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of the ratio 3:7, 4:6, 5:7.5, 5:6, 6:5, 6:4, 7.5:5, 7:3. The results of the comparison between the
simulation and analytical values for the average load (Pmean) of several elliptical hole size models
obtained an average difference of about 3.02% with a range between 0.9% to 5 %. The Pmean result as
in the Table 2.  While the comparing results for the peak load (Ppeax) between the simulation and
analytical calculation of several elliptical hole size models obtained an average difference of about
3.4% with a range between 0.3% to 9.4%. The Ppeak result as in the Table 3.

The graph of Fig. 6 shows the influence the ratio of elliptical holes size on the peak load value.
The highest Ppeak value is on a square tube without holes or the ratio a/b is zero, both by simulation
and analytical calculations, namely 29942 N and 29863.3 N respectively, (for detailed numbers in
Table 3). The lowest Pyeax value is in an elliptical shape with a ratio of 1.5 with a size of 7.5:5 (a>b)
with simulated and analytical values is 24303 N and 26592.93 N respectively. So that from graph of
Fig. 6 showed that the greater ratio a/b of the elliptical holes, the trend of peak load (Ppeak) value will
be decrease. The square tube with elliptical holes size a<b or the ratio a/b less than 1, the Ppeax
values is higher than with elliptical holes size a>b.

Table 2. The comparing results between simulation and analytical calculations on the Pmean values.

Size of axis P Values
- - - - Size of area mean
No Specimen models HD'TE"S'O" of | Dimension of | Ratio Ellips _ ) ) deviation %
ab orizontal axis | Vertical axis a/b ] Simulation |Analytics N] deviation
(a) (b) [mm’] [N] [N]
[mm] [mm]
1 Square Tube without holes 0] 0 7871 7944.07 73.07 0.9%
2 With elliptical holes 3:7 3 7 0.43 65.94 7744 7473.88 270.12 3.5%
3 a<b 4:6 4 6 0.67 75.36 7849 7459.93 389.07 5.0%
4 % 5:7,5 5 7.5 0.67 117.75 7608 7485.29 122.71 1.6%
5 5:6 5 6 0.83 94.2 7805 7461.23 343.77 4.4%
6 With elliptical holes 6:5 6 5 1.20 94.2 7585 7449.03 135.97 1.8%
7 a>b 6:4 6 4 1.50 75.36 7631 7437.68 193.32 2.5%
8 7.5:5 7.5 5 1.50 117.75 7814 7450.78 363.22 4.6%
9 7:3 7 3 2.33 65.94 7646 7429.32 216.68 2.8%
Average 3.02%

Table 3. The comparing results between simulation and analytical calculations on the Ppeak values.

Size of axis . " Ppeak Values
No Specimen models HDiTe”Si"” °f Dimension _°f Ratio |zeE|cI>ip:rea ) ) ) deviation %
ab orizontal axis | Vertical axis a/b > Simulation |Analytics IN] deviation

©) (b) [mm?] [N] [N]

[mm] [mm]
1 Square Tube without holes 0 0 29942 29863.3 78.71 0.3%
2 |Withelliptical holes 3.7 3 7 0.43 65.94 27878 |26755.52| 1122.48 4.0%
3 l a<b 4:6 4 6 0.67 75.36 27223 26691.07 531.93 2.0%
4 5:7,5 5 7.5 0.67 117.75 26329 26716.09 387.09 1.5%
5 5:6 5 6 0.83 94.2 26435 26666.62 231.62 0.9%
6 With elliptical holes 6:5 6 5 1.20 94.2 25698 26623.03 925.03 3.6%
7 a>b 6:4 6 4 1.50 75.36 25841 26611.47 770.47 3.0%
8 7.5:5 7.5 5 1.50 117.75 24303 26592.93| 2289.93 9.4%
9 7:3 7 3 2.33 65.94 25093 26595.98| 1502.98 6.0%

Average 3.40%
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COMPARISON ON Ppgnx RESULTS BETWEEN
SIMULATION AND ANALYTIC TOWARD THE RATIO
OF ELLIPSE SIZE (A/B)

Ppeak of simulation result Ppeak of analytical result

31000 T
29000 +
27000 T
= 25000 1
E 23000 +
o 21000 +
19000 +

17000 +

15000 } } } } } } } {
0 0.43 0D.67 0.57 0.83 1.20 1.50 1.50 2.33
RATIOA/B

Fig. 6. Graph of comparison on Ppeak results between simulation and analytic toward the ratio of
ellipse size (a/b).

COMPARISON ON Pyeay RESULTS BETWEEN
SIMULATION AND ANALYTIC TOWARD THE RATIO
OF ELLIPSE SIZE (A/B)

Pmean of simulation result Pmean of analytical result
8500 I
3000
7500 T
E 7000 +
H
= 6500 +
o
6000 T
5500 +
5000 } } } } } } } {
o 0.43 0.67 0.67 0.83 1.20 1.50 1.50 2.33
RATIO A/B
Fig. 7. Graph of comparison on Pmean results between simulation and analytic toward the ratio of
ellipse size (a/b).
COMPARISON ON Pyga RESULTS BETWEEN SIMULATION AND
ANALYTICTOWARD THE AREA OF THE ELLIPSE
30000 T
28000 +
= 26000 T Simulation result with a<b
"1;4 Analytical result with a<b
o 24000 + Simulation result with a=b
—+— Analytical result with a=b
22000 T

20000

65,94 75,36 94,2 117,75
AREA OF ELLIPS {MM2)

Fig. 8. Graph of comparison on Ppeak results between simulation and analytic toward the area of the
ellipse.
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COMPARISON ON P ey RESULTS BETWEEN SIMULATION AND
ANALYTIC TOWARD THE AREA OF THE ELLIPSE

8000
7500 +

7000 1
Simulation result with a<b

6500 T Analitic result with a<b

PracaniN}

Simulasi result with a>b

6000 T Analitic result with a>b

5500 1T

5000

65,94 75,36 94,2 117,75

AREA OF ELLIPS (MM2)
Fig. 9. Graph of comparison on Pmean results between simulation and analytic toward the area of the
ellipse.

The graph of Fig. 7 shows the effect of the ratio (a/b) at elliptical hole toward the average load.
For the highest Pmean value in the square tube without holes both in simulation and analytical
calculations, namely 7871 N and 7944.07 N, respectively (for detailed numbers in Table 2). The
lowest Pmean value for a square tube with elliptical holes at the ratio a>b where in the simulation at a
ratio of 6:5 is 7585 N, while in the analytic calculation at a ratio of 7:3 is 7429.32 N. On the simulation
graph the difference between the highest and lowest values is 286 N or 3.6%, while on the analytical
chart the difference between the highest and lowest values is 514,75 N or 6.5%. So that the presence
of holes can reduce the Pmean value. Meanwhile, the ratio a/b have relatively small effect on the
average load value.

The graph from Fig. 8 and 9 showed the Ppeak and the Pmean value, respectively consists of 4 types
of graphs that shows the comparing of the results by simulation and analytic, each consisting of
elliptical ratio a<b and a>b. The graph of Fig. 8 showed the effect of the elliptical area size on the
peak load. The highest Ppeax value is in an elliptical shape with a size ratio a<b (3:7) with an area of
65.94 mm?, namely the simulation results are 27878N, while the analytical results are 26755.52 N
(for detailed number in Table 3). The lowest value for Pyeax on an ellipse with a size ratio a>b (7.5:5)
with an area of 117.75 mm?, namely the simulation results are 24303N, while the analytical results
are 26592.93 N. On the simulation graph the difference between the highest and lowest values is
3575 N, from this value there is a significant difference, while on the analytical chart the difference
between the highest and lowest values is 162.59 N. So that from graph of Fig. 8 showed that the
influence of the area in elliptical hole with the size orientation a>b toward the Ppeax values, where the
wider of the elliptical area, so the Ppeak value to be lower.

The graph of Fig. 9 shows the effect of the size of the elliptical area on the average load. For the
highest Pimean value from the simulation results is on elliptical shape with a size ratio a<b (4:6) with
an area of 75.36 mm? the value is 7849 N, while the lowest value is in elliptical size ratio a>b (6:5)
with an area of 94.2 mm? the value is 7585 N, for the difference between the highest and lowest values
1s 264 N or 3.4%, (for detailed numbers in Table 2). For analytical calculations the highest Pmean
results are in elliptical shapes with a size ratio a<b (5:7.5) with an area of 117.75 mm? the value is
7485.29 N, while the lowest is in elliptical size ratio a>b (7:3) with an area of 65.94 mm? the value is
7429.32 N, for the difference between the highest and lowest value is 55.97 N or 0.7%. The difference
in the size of elliptical area with a range from 65.94 mm? until 117.75 mm? has no significant effect
on the average load.

4. Conclusion

Analytical calculations have been carried out on a square tube with 2 elliptical holes on opposite
sides with variations in the size of the elliptical ratio of 3:7, 4:6, 5:7.5, 5:6, 6:5, 6:4, 7.5:5, 7 :3 with
static axial impact loads, then compared with the simulation results it shows that the difference
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between the analytical calculations and the simulation for Ppeak and Pmean i1s 3.4% and 3.02%
respectively.

The formula for predicting the load from a thin-walled square tube with a static axial impact loads
for the prediction of the average load (Pmean) 1s in equation 26, while the Ppeax prediction formula is
in equation 27. From the comparison of the analytical calculations and simulations results showed
a good conformity.

The influence of the orientation of the a/b ratio and the size of the area on the elliptical hole has a
significant effect on the Ppeak value. Where the greater of ratio a/b and the wider of area, so the Ppeak
value to be lower.
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