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stress intensity factor is obtained at 4.52 Mpavm, which still meets the fracture
toughness value of 69.19 Mpavm. The results of the calculation of fatigue analysis,
namely in the form of fatigue life at the defect location at each crack point. The
structure's life span in the most resounding crack is six years, according to the
minimum allowable thickness of DNV RP FO1, which is 70% of its thickness. Cracks will
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Intensity Factor; crack; fatigue operational design period and will be faster with dynamic loads.

1. Introduction

The main structure of the Ferris wheel is a form of steel structure; its strength is directly related
to the safety of passengers. In operation, steel construction will find various problems, such as
problems of corrosion, crack, and fatigue. Corrosion and cracks are the main failure mechanism in
structures. Corrosion arises due to the work of stress and corrosive media simultaneously, which can
cause cracks [1]. The construction is easy to corrode by air pollution and moisture, contaminated
with corrosive substances, and not coated with anti-corrosive [2]. So that the pipe rod installed in
open locations has a significant chance of cracking, it is necessary to do mitigation for prevention.
Corrosion is considered dangerous because it causes cracks. Crack propagation will be faster with the
maximum loading of a corrosive environment.

Ferris wheel construction which is tilted due to the shifting ground contours, will result in friction
between the rim and the supporting rod of the Ferris wheel. The problem will cause scratches/defects
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that are deep enough on the support pipe rod and will continue to increase as the rim rotates. The
structure's slope affects the increase in bending loads on specific constructions, causing them to
break due to overload [3, 4] . Scratches on the pipe are the beginning of the crack. Rift will propagate
faster due to dynamic load and combined with corrosion [5, 6] . The presence of external corrosion
exacerbates the defects in the structure due to the electrochemical interaction of the material with
the environment. These corroded defects can trigger cracks in the pipe and allow the failure of a
structure. The leading cause is external and internal corrosion [7]. Structures deformed by corrosion
during operation have a significant chance of cracking due to dynamic loads [8]. The existence of
corrosion, followed by the existence of pressure on the supporting pipe rod, is called Stress Corrosion
Cracking (SCC) [9, 10]. Structures that experience degradation or thinning of the corroded pipe wall
surface will experience a decrease in strength. Defects will grow cracks that are getting longer and
affect the material's structural strength [11] . So, it is necessary to analyze the crack propagation of
the supporting pipe rod at the point of defect. It aims to be able to determine the rate of crack
propagation that occurs in the defective part.

Based on this research, using A36 material with material specifications maximum yield stress of
167 MPa, maximum tensile stress of 306 MPa, and elongation of 23%. Based on the chemical
composition of C and Mn, the parent metal A36 is carbon steel with a weight % of Mn of 0.4711. In
contrast to the parent metal, the % C is 0.1246%. Surian et al., (2010). Changes in the weight of
carbon (C) and manganese (Mn) elements in metals can increase welding joints' tensile strength and
toughness. Mn content in more significant metals includes increasing strength and hardness, meeting
the critical cooling rate, and binding sulfur to minimize the formation of iron sulfide (FeS), which
causes heat brittle.

Based on the problems in constructing the Ferris wheel, the focus will be on developing a
probabilistic method. It aims to predict the probability of failure and fatigue life of supporting pipe
stems due to corroded defects. Macrographic crack inspection with the Non-Destructive Test uses
the Dye Penetrant Test method at the rusty defect point. Then, an analysis of fatigue crack
propagation is carried out to predict the probability of failure and fatigue life in an integrated manner.
So that further problems can be identified that must be watched out for and prevented, and can
provide more effective and efficient inspection ideas.

2. Methodology

The method used in this research is a field study and experimental methods to obtain the
necessary data. Field studies were conducted to identify problems and complete the data in this
study. Experimental research was conducted to find out and correctly test the hypothesis of this
research. The literature study used comes from related references, books, and journals so that it can
add the necessary information. This research begins by identifying the problems that occur. Data
collection is in the form of non-inspection data, Destructive tests, and operational data. This study
uses NDT and liquid penetrant testing methods to detect crack indications. The inspection results
that have been carried out aim to obtain the relationship between each parameter and variable used
for calculations. Calculation This includes calculating the Stress Intensity Factor (SIF), calculating the
rate of crack propagation, and analysis of the fatigue life of the structure. The results of this
calculation are used to predict the probability of failure and fatigue life of the Ferris wheel supporting
pipe stem due to corroded defects.
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2.1 Inspection Equipment

The equipment used in this inspection includes liquids remover, red penetrant, and developer.
The inspection medium is the Ferris wheel central support pipe rod.

2.2 Research Procedure

Inspection is done directly on constructing a Ferris wheel in Alun-alun Kota Batu on the part of
the Ferris wheel support pipe that has defects/scratches. At that point, two semi-elliptical cracks
(Figure 1) with external corrosion attacked. Further liquid penetrant testing was carried out to
identify the presence of cracks on the surface of the defect. The discontinuity of crack detection is
indicated by the presence of red spots of penetrant that appear [12]. The penetrant test used is the
visible type of penetrant liquid with the removable solvent method [13]. Penetrant testing of liquids
is carried out by ASME Section V standards [14].

After the Non-Destructive Testing (liquid penetrant) is completed, calculate the stress on the
Ferris wheel supporting pipe stem due to internal and external pressure. The following is the
formulation used in calculations based on ASME B 31.3 [15-17]:

_ (Pi—Pe)D
2t

Hs = (Mpa) (1)
Next, calculate the value of the Stress Intensity Factor (SIF or Kl )in the case of cracks that occur
on the surface of the pipe using the following equation formulation [5]:

K|=Hs\/:% = (Mpavm) (2)

Before calculating the SIF value, it must determine the defect parameters according to the
conditions at 4 points where defects and cracks occur.
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Fig. 1. Semi-elliptical Crack [5]

The Q value is obtained from the flaw shape parameter Q graph, as shown in Figure 2, by
connecting the values 2 and — [5].
2¢ oys

64



Journal of Advanced Research in Applied Mechanics
Volume 111, Issue 1 (2023) 62-73

0.50  — T T T
0.45
0.40 |-
0.35 |-

0.30
Intermal Flaw

= -
wm|s] 0.25 2C

a
External Flaw

0.20
0.15 -
0.10 |-
0.05 |-

1 L 1 1 I L I 1 1 1 1
0.7 08 09 10 11 12 13 14 15 16 1.7 1.8 19 20 21 22 23
Q

Fig. 2. Crack defect parameters in surface crack conditions

Based on the Paris-Erdogan law, the AK value is obtained from the difference between the K value
at maximum loading and the K value at minimum loading. SIF ranges between maximum and
minimum loading [5, 18].

AK 1= K jmax - K imax = (Mpa\/m) (3)

Crack propagation began to occur. Crack propagation speed can be calculated using the Paris-
Erdogan law, which describes the relationship between fatigue crack propagation and stress intensity
factor. [5]:

da/dN = C (AK)™ = (m/cycle) (4)

Calculate the fatigue life of deformed and corroded support pipe stems with crack indications by
incrementing the corrosion depth until it reaches the depth permitted by DNV RP FO1 [19].

Propagation rate of fatigue crack (da/dN) versus intensity of strength (AK) and their trend line
that As welded A 36 have Cis 2.161 E*! - 6.171E'! and nis 4.112 — 4.127 Failure occurs when K, =
Kic. In this case, Kiis the driving force for fracture, and Kic is a measure of material resistance. As with
Gc, the property of similitude should apply to Klc. That is, Kic is assumed to be a size-independent
material property. (Subeki 2017, subki 2017). Figure 3 shows the location pipelines.

ll? . ! e ' ‘
Fig. 3. Location pipelines

Form construction Ferris the high, rotating wheel, is also very prone to burden dynamic. It can
trigger happening propagation cracked fatigue due to external corrosion cracks, as in Figure 4.
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support pipe that causes happening
scratches/flaws

Figure 5 forms from defects that occur consequence tilt of the Ferris wheel so that the rim and
rod pipe support experience friction. It resulted from the formation of a disabled semi-elliptical.
Especially aggravated with exists suitable corrosion with indication exists propagation cracks that
occur.

Fig. 5. Locations A and B of scratches/defects and corrosion on steel pipes buffer Ferris
wheel consequence friction with rims
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3. Results

Ferris wheel construction that has problems and has gone through inspection will be processed
into the testing phase. Non Destructive Test with Liquid Penetrant Test method on corroded defect
points. After that, a probabilistic method was developed to predict the probability of failure and the
fatigue life of the Ferris wheel supporting pipe stem due to corroded defects. Then calculate, the
value of the Stress Intensity Factor and analysis of fatigue crack propagation to predict the probability
of failure and fatigue life in an integrated manner. The results of the testing and analysis of the
calculations that have been carried out will then be discussed as follows:

3.1 Liquid Penetrant Test Results

They did Liquid Penetrant Test because it can detect open macro cracks from the material's
surface. This test aims to detect the presence of cracks at the point of defect. The following is a
macrographic image and table of Liquid Penetrant Test results on defects A and B at the inspection
point.

From inspection, The Liquid Penetrant Test and macrographic results above obtained data from
the inspection point, as shown in Figure 6 and Table 1. From the inspection results Non the
Destructive Test with the Liquid Penetrant Test method at location points, the defect is visible with
indications of cracks at 4 points at defect locations A and B. The most extended crack indication
occurs at point 3 along 8.3 mm. Meanwhile, the shortest c rack happens at point 4 along 5.5 mm.
With the above test, it was obtained that the initial crack sides were visible, then the crack
propagation was indicated by the beach mark. An indication of crack propagation occurs, namely the
presence of beach marks around the location of the crack indication [9, 20].

Point Crack 1 Point Crack 2 Point Crack 3 Point Crack 4

Fig. 6. Macrographic results from penetrant testing at the defect inspection point

Table 1
Inspection Data Liquid Penetrant Tests
Crack Point  Crack Location Crack Length (mm)  Presence of Cracks

1 A handicap 6,4 Crack
2 A handicap 7,5 Crack
3 B defects 8,3 Crack
4 B defects 5,5 Crack
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3.2 Results of Calculation of Stress Intensity Factor (SIF or K 1)

After reviewing the results of the crack data, proceed to calculate the SIF value by determining
the defect parameters according to the crack conditions that occur at 4 points. The following are the
defect parameters at each point as described in the Table 2 and Table 3 below:

Table 2

The price of Q with a maximum loading of Hs/Sys = 0.3
Crack Point Crack depth (a)(m) Crack Length (2¢c)(m) a/2c Q
1 0.99 x 1073 0.0064 0.15 1.19
2 1.28 x 1073 0.0075 0.17 1.21
3 1.35x 103 0.0083 0.16 1.20
4 0.75x 103 0.0055 0.13 1.12

Table 3

The price of Q with a minimum loading of Hs/Sys = 0.2
Crack Point Crack depth (a)(m) Crack Length (2c)(m) a/2c Q
1 0.99 x 103 0.0064 0.15 1.20
2 1.28 x 1073 0.0075 0.17 1.22
3 1.35x 103 0.0083 0.16 1.21
4 0.75x 103 0.0055 0.13 1.13

Table 2 and Table 3 show that a different Q value is obtained for each crack variation at the
maximum and minimum loading. The Q price received is the highest at the maximum loading of 1.21
and the smallest at 1.12. At minimum loading, the most significant Q value is 1.22, and the smallest
is 1.13. After the Q value is obtained, the SIF value calculation results at each crack point with
maximum and minimum loading can be seen. The following results in calculating the SIF value are
shown in Table 4 and Table 5.

Table 4

SIF calculation results with maximum loading
Crack Point Mpavm

1 3.88

2 4.36

3 4.52

4 3.48

Table 5

SIF calculation results with minimum loading
Crack Point Mpavm

1 2.06

2 2.32

3 2.40

4 1.85

The SIF calculation shows that the largest SIF is 4.52 MpaVvm at maximum loading, and the largest
SIF at minimum loading is 2.40 Mpavm. The SIF value will decrease in proportion to the more minor
the crack length. On the other hand, it continues to increase crack variation as the size of the crack
depth increases and the length of the crack grows. At this stage, the SIF value still meets Fracture
Toughness (KIC ), where the Fracture Toughness (KIC )for ASTM A36 material is 69.19 Mpavm. SIF
values that exceed fracture toughness will cause failure [21].
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3.3 Calculation Results of Range Stress Intensity Factor (AK)

Based on the Paris-Erdogan law, the AK value is obtained from the difference between the K value
at maximum loading and the K value at minimum loading. The following results are obtained from
the SIF range between maximum and minimum loading.

Based on the results of the description presented In Table 6, the value of the Range Stress
Intensity Factor (AK) is greatest shown at crack point 3, equal to 2.12 MpaVvm. This most significant
value is partly obtained with the longest and deepest crack among the other crack points. The larger
the crack size, length, and depth, the greater the AK value obtained. Likewise, the magnitude of the
tensile axial load that affects the opening mode the greater the value of the Range Stress Intensity
Factor [22].

Table 6
Range Stress Intensity Factor (AK)
Crack Point K (Mpavm) AK 1 (Mpavm)
Maximum Minimum
1 3.88 2.06 1.82
2 4.36 2.32 2.04
3 4.52 2.40 2.12
4 3.48 1.85 1.63

3.4 Calculation Results of Crack Propagation Rate

The results obtained from calculating the crack propagation rate at each crack point due to
defects that occur with compounded corrosion are shown in Table 7 according to the da/dN
calculation as follows:

Table 7

Crack Propagation Rate

Crack a0 (mm) KI (Mpavm) AKI (Mpavm) da/dN (m/cycle)
Number Kmax Kmin

1 0.99 3.88 2.06 1.82 2.17E-09

2 1.28 4.36 2.32 2.04 3.06E-09

3 1.35 4.52 2,4 2.12 3.43E-09

4 0.75 3.48 1.85 1.63 1.56E-09

Based on the table above, the crack propagation rate at each point is known. The crack
propagation rate expressed by da/dN experienced the most critical propagation speed at crack 3,
3.43E-09 m/cycle. At this point, it becomes the weakest area and will develop as the loading cycle
progresses. Metals subjected to repeated stresses and loads will break down under stress with
specific processes leading to fracture and failure. This failure is marked with a defect/crack [6].

3.5 Fatigue Age Calculation Results
The calculation data for the fatigue life of the Ferris wheel structure is carried out by incrementing
the corrosion depth until it reaches the depth permitted by DNV RP FO1 [19]. It discusses the

maximum allowable criteria due to defects that occur with corrosion. The critical crack propagation
rate and fatigue life at each crack point can be seen in the following Table 8 to 11:
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Table 8
Fatigue life at crack point 1 to the allowable thickness
da/dN (m/cycle) Cycles/Year Year AF(m)
2.17E-09 1000 1 0.79x 103
2.17E-09 1000 2 1.58 x 103
2.17E-09 1000 3 2.38x 103
2.17E-09 1000 4 3.17x 103
2.17E-09 1000 5 4x103
2.17E-09 1000 6 4.75x 1073
2.17E-09 1000 7 5.55x 103
2.17E-09 1000 8 6.34x 103
2.17E-09 1000 9 7.13x103
Table 9
Fatigue life at crack point 2 to the allowable thickness
da/dN (m/cycle) Cycles/Year Year AF(m)
3.06E-09 1000 1 1.16x 103
3.06E-09 1000 2 2.23x 103
3.06E-09 1000 3 3.35x 103
3.06E-09 1000 4 4.46 x 103
3.06E-09 1000 5 5.58 x 103
3.06E-09 1000 6 6.69 x 103
Table 10
Fatigue life at crack point 3 to the allowable thickness
da/dN (m/cycle) Cycles/Year Year AF(m)
3.43E-09 1000 1 1.25x 103
3.43E-09 1000 2 2.5x10°3
3.43E-09 1000 3 3.76 x 10’3
3.43E-09 1000 4 5.01x 103
3.43E-09 1000 5 6.26 x 103
3.43E-09 1000 6 7.51x103
Table 11
Fatigue life at crack point 4 to the allowable thickness
da/dN (m/cycle) Cycles/Year Year AF(m)
1.56E-09 1000 1 0.57x103
1.56E-09 1000 2 1.14x 103
1.56E-09 1000 3 1.71x 103
1.56E-09 1000 4 2.28x103
1.56E-09 1000 5 2.85x 103
1.56E-09 1000 6 3.41x103
1.56E-09 1000 7 3.98x 103
1.56E-09 1000 8 4,55 x 103
1.56E-09 1000 9 5.12 x 103
1.56E-09 1000 10 5.69 x 10’3
1.56E-09 1000 11 6.26 x 103
1.56E-09 1000 12 6.83x103

From the results obtained in Table 10, the crack propagates very quickly at crack point 3 with a
critical crack depth of 0.0075 meters which occurred in the 6th year from the start of the initial crack.
Reference used according to DNV RP F101 criteria [19]. The assumptions used are the number of
cycles /year, which is 1000 cycles, and the allowable depth of defects, up to a depth of 0.0065 meters
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or up to 70% pipe thickness. When the crack has passed the permissible tolerance, the material must
be replaced immediately to anticipate failure that will occur. Cracks that start at critical locations can
cause the failure of the structure if its presence is not known. Moreover, it is exacerbated by the fact
of corrosion [23].

Table 12 shows that the life of the shortest Ferris wheel support pipe stem from the 4 points of
defects/ cracks that are corrupted, reaching 70% of the pipe thickness, is six years, and the most
extended life is 12 years. This shortest life is not much different from the maximum design life
determined at the beginning of planning, namely 15 years. Based on the behavior of the fatigue life
in the table below, it is clear that the fatigue strength and fatigue limit at each crack point is very
different. This is due to the effect of stress concentration on the defects A and B that occur. The
defects will deepen due to the rim and support rods rubbing each time the Ferris wheel operates at
full load. This is due to the steel construction structure, which has been tilted due to the soil shifting.
The position of the structure dramatically determines the performance of steel structures.
Construction shifts can cause an increase in loads on certain sides and will also interfere with
components that experience rotation [24].

Table 12
Calculation of Fatigue Life at Each Crack Point
Crack Number  Pipe Thickness(mm) Residual Thickness(m) Age (years)
1 12.76 5.63x103 9
2 12.76 6.06 x 10’3 6
3 12.76 5.24x 103 6
4 12.76 5.93x 103 12

When the loading is too large, it can produce cracks due to fatigue, and cracks are initiated from
the maximum stress. If the crack spreads to the defective part of the structure, the risk of failure will
continue to increase. Total failure of the structure is certain to occur. Therefore, if the structure has
passed its operational design period, it must be replaced immediately. Mainly to be considered is
fatigue and pipe breakage in the defective section due to friction of the rim and support rod of the
Ferris wheel. Pantazopoulos states that the age of construction with dynamic loads is seven years,
after which it is prone to fracture [25]. He explained that in steel construction, structures fail due to
dynamic loads.

In this research, a die penetrant test (Non-destruction test) was carried out on the surface of
various important part locations on the Ferris Wheel. At various part locations, it was observed that
cracks appeared along with corrosion. Over time, crack-induced corrosion accumulates on the
surface and begins to press against the steel surface (concrete cover). Corrosion has a volume
between 4 and 6 times the initial volume of the steel. The additional volume due to corrosion will
cause compression and tension in the concrete. If the tensile stress exceeds the tensile strength of
the steel, a crack will occur. Tracing the production process found that the anticorrosive treatment
only relied on painting and no other anticorrosive treatment. This study recommends the importance
of adequate anticorrosive treatment in the construction process of the Ferris Wheel.

4. Conclusions
From the results of the Non-Destructive Test with the Liquid method, Penetrant Test at the point
where there is a defect, it is clear that there are indications of cracks at 4 points at the location of

defects A and B. Crack indications that occur at points 1 6.4 mm long, point 2 7.5 mm long, point 3
8.3 long mm, and point 4 5.5 mm long. The most significant Stress Intensity Factor (SIF) value with a
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known maximum loading of 4.52 MpaVvm. This SIF value is still too far from fulfilling fracture
toughness, equal to 69.19 Mpavm, a critical SIF value. So that the pipe stem still meets the design
criteria. If viewed from the point of the most resounding crack, the result is obtained from the
remaining fatigue life of 6 years. This fatigue life refers to the minimum allowable pipe thickness
tolerance of DNV RP F101, which is 70% of the pipe thickness. So the pipe supporting the Ferris wheel
must be mitigated immediately. This aims to replace the entire structure if it has passed its
operational design period. This research recommends the importance of adequate anticorrosive
treatment in the construction process of the Ferris Wheel.
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