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Abstract

Several cracks were found on some actual floatodsrof the crude oil tanks in a southern Japanegf. It was
assumed that one of the causes is due to therreabsturing the day. In order to figure out whetherthermal
stress could cause damage on the floating ro@finséind temperature were measured on the actadinfiproof
by using optical fiber gauges. Furthermore, thersti@ss analysis and fracture possibility estinmati@re also
carried out as additional analysis. As a resudirttal stress on the floating roof turned to betinatly small and
could not cause the initial crack. However, the gerature fluctuation in a day could affect the krac
propagation.
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1. Introduction

An oil storage tank equipped with a floating rogfcalled a floating roof tank [1]. The floating foo
covers the oil surface in order to prevent voladifion and contamination. The single-deck type
floating roof is mainly composed of a thin deck amdpontoon maintaining buoyancy. The deck
thickness does not depend on tank size and appatediyn5mm thick steel plate is used even if the
diameter is as much as 100m. Therefore, the flgaiiof is vulnerable to the external load such as
earthquake motion. For example, the Tokachi-okihemrake ground motion hit Tomakomai city in
Hokkaido in Japan in 2003 and around 200 tankstmadiamage in Hokaido at that time. One of them
in Tomakomai city suffered serious damages onltagifg roof. The roof lost the buoyancy from the
pontoon and sank completely. As a result, the teark on a whole surface fire for 44 hours [2].

According to the recent investigation conductedhsy authors, several cracks were found on
the floating roof of the crude oil tank in a southelapan refinery [3]. The tank has 100,000 kL
capacity, 80m diameter, and 22m height. The geticapfeatures are that the refinery is located in
the area where several big typhoons tend to passy grear and that the temperature difference
between day and night is relatively large. In ortterprevent the potential serious incident, it is
necessary to investigate causes of the crackseoftiodting roof.

In this study, it was assumed that one of the causes due to thermal stress on the floating
roof tank during the day. Strain and temperaturethen floating roof were measured by using an
optical fiber gauge in order to comprehend thetitgaroof during the day. Thermal stress analysis
was also conducted by using the finite element otet(FEM) in order to compare with the
measurement results on the actual floating roo&ddition to that, the fracture possibility of tteck
plate due to cyclic thermal stress was estimatedm@ans of probabilistic fracture mechanics
approach.

2. Measurement on the Actual Floating Roof

In order to figure out whether the thermal stremglat cause damage on the floating roof, strain and
temperature were measured on the actual floatimf ky using optical fiber gauges. The
measurements were conducted on March, June andsAing2008 and on August in 2009.

2.1 Sensor layout

The floating roof on which several cracks were fbis the single-deck type floating roof with an
additional center pontoon. The tank has a dianete30m and height of 22m with a 100,000 kL
capacity. The thickness of the deck plate is 4.8ime. tank was built in 1980.

In order to measure thermal stress amplitude dutiegday, optical fiber gauges equipping
with the explosion-proof were adhered to the ramfface. Figure 1 and Figure 2 show the actual
floating roof and layout optical fiber gauges toasre strain and temperature amplitude. “STR#” in
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Table 1 shows the distance of strain gauges frenwtll of the center pontoon. Temperature gauges
were set in between STR2 and STR3 beside the fitteecstrain gauge sensor.

Central potoou

Figure 2 Layout of optical fiber
gauges adhered to the floating roof.

Figure 1 Actual floating roof
equipped with pontoon and center
pontoon.

Table 1 Sensor location on the floating roof.
Distance from the wall of the center pontoorin each direction (m)

o0 90° 180° 270°
STR1 11.€ 12.1 12.C 12.C
STR2 18.C 18.C 18.C 18.C
STR3 24.1 24.C 24.C 24.C
STR4 29.8 29.5 29.5 29.5

2.2 Measurement results

Figure 3 and Figure 4 show strain and temperatomglifude history in 0 direction during the day
respectively. The origin of the time in both figarmeans 12A.M. Figure 3 shows that g$&ain
amplitude occurred in 12 hours around at STR 1 vibewperature amplitude was 56 degree Celsius.
If Young’'s modulus is 206GPa, 83MPa stress ampditudl occur. This value is less than that of
yield stress of general structure steel (245MPhR)A4 for the result of STR4 in Fig. 3, the bucklin
could occur in 9 hours. This will be discussedhe section 3.3.
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thickness of each part was equivalent to the dasighkness. The number of nodes and elements was
348 and 60 respectively. Table 2 shows the matedattants. The material was supposed to be the
general structural steel, SS400 [4].

Atmosphere side
Center
[] L]

pontoon Qil side sTRq Pontoon
Figure 5 Two dimensional axial model.

Table 2 Material constants

. 21101
Young's modulus Nm?)
Foissan's ratio 0.3(-)
Thermal expansion 1.13= 105 (1°C)
Thermal conductivity JL60WmT)
Heat transfer coefficient of the wall -
inside the pontoon 10(WmC)
Heat transfer coefficient of the .
back side of the deck plate 33 (Wim™C)

3.2 External load and constrain condition

Figure 6 shows the numerical temperature data basetheasurement results and Fig. 7 shows
temperature and constrain conditions. Temperatfitheodeck surface around the stiffener ring was
around 10 degree Celsius smaller than that of atinea because stiffener rings worked as a heat
release fin. Even in the pontoon, the heat wadylite release from the inside wall of the pontoon.
Therefore, temperature amplitude histories wereryigs two types of curves shown in Fig. 6. The
circled numbers 1 and 2 in Fig. 7 correspond tantln@bers in Fig. 6. This means that the temperature
data of the circle number 1 in Fig. 6 was giverthe deck surface excluding the surface above the
stiffener rings. Also, the temperature data of ¢irele number 2 in Fig.6 was given to the pontoon
surface and the surface above the stiffener riAgsfor the inside wall of the pontoon shown as the
line of the circle number 3 in Fig. 7, the initi@mperature amplitude which was 32 degree Celsius
was given. Regarding the constrain conditions,hivézontal translation was fixed on the center line
and the vertical on the outer pontoon as showngn#
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Figure 6 Numerical data of
temperature amplitiede Tistory.

3.3 Numerical results

Figure 8 shows the strain amplitude history obtaibg the numerical simulation. According to Fig. 8,
the strain amplitude history was subject to theptemature history and that the maximum strain
amplitude occurred at around maximum temperatungliarde. Compared with Fig. 3, corresponding
curves in Fig. 8 show almost the same amplitudeegixdor STR 4. Regarding STR 4, the
measurement result could show Snap-back. It isideredd that imperfections in the actual floating
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roof affected the deformation. The numerical madethe ideal model without imperfections, while
the actual floating deck involves welded parts additional pieces attached to the deck surfacestwhi
could be considered the origin of the buckling [5].

Figure 9 shows the effective stress history. Curfhestuated within 8 to 18 hours. The
maximum stress occurred at STR 4 in 10 hours. Th&imum stress was at most 27.4MPa. In
comparison with tensile strength of the generaicstre steel (400MPa) [4], the value of the maximum
stress was fairly small. Furthermore, the maximtnass was less than the fatigue limit that is adoun
100MPa in the case of the general structure stdéeFfom these results, thermal stress on theifigat
roof was unlikely to lead to the fracture on thauatfloating roof.
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Figure 8 Strain amplitude history of the Figure 9 Effective stress amplitudeistory ol
numerical simulation. the numerical simulation.

4. Fracture Possibility due to Thermal Stress

From the numerical results, cracks were unlikelytour on the intact floating roof due to thermal
stress. Next, initial cracks which occurred frony @ause were discussed as to whether thermal stress
allowed cracks to propagate or not. However, tlaelcoccurrence involves a variety of uncertainties.
Therefore, the fracture probability due to the mhalr stress was estimated by using probabilistic
fracture mechanics approach [7].

4.1 Fracture probability

The fracture probability Fis shown in Eq.(1). In this study; Ras calculated by means of Monte
Carlo Method that is the way to estimate the prdibplof a certain event subject to the probability
density function [8]. Mf and Ndescribe the total number of the fracture andethent respectively.
The event was randomly given according to the ramfimction [9].

Pr = Mi/N; (1)

4.2 Flow chart to estimate fracture probability

Figure 10 shows the flow chart to estimate thetén@gcprobability. As for an initial crack,at shall be
defined as a two dimensional surface crack showfign1l. The crack length a and thickness of the
deck plate h have a dimension in mm. Details offthe chart are described as follows:

1) Initial crack: An initial crack @ shall be subject to the probability density fuaotp in Eq.(2) is

the mean of the crack length in mithree casequEh/3=1.6mm, h/4=1.2mm, and h/5=0.96mm) were
considered. The number of the initial cracks gitethe calculation was 1,000 in each case. Alhef t
cracks were passed through the inspection prot@hssrelatively large cracks that could be detected
by the inspection were rejected and replaced. Tabgbility function B(a), which describes that the
inspection fails to detect the cracks, is giverem(3) [10]. The coefficienta andp are 0.113 and
0.005 respectively.

2) Crack propagationAs for the crack propagation criteria, Paris [g@iwen in Eq.(4) was applied [7].
AK is stress intensity factor range in MPa(fn)Constant numbers C and m are 5.21%1and 3.0
respectively [11]. The crack shall propagate inectmatAK is larger than thresholdKth equal to
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2MPa(mf?[11]. The stress intensityK is given as difference between maximum stressnsity
factor Kmax and minimum intensity factor Kmin in ). The stress intensity factor K is determined
by using the cubic stress function shown in Eq{8]. The variable is shown in Fig. 12 as the ratio

of the crack length a to the deck thickness h. fimefts Ai in Eq.(6) were decided to fit the sses
distribution. According to Fig. 9, maximum effeaistress was 27.4MP on the deck surface attached
with the stiffener ring #1. Also, the effective ets on the opposed side of the deck surface was
13.2MPa. Here, the stress function was simply @effias the linear function showing in Fig. 12. The
stress intensity factor K is given as Eq.(7) basedhe principle of superposition. The coeffici&

and F1 are give as Eq.(8) and Eq.(9) accordingdadtio a/t [12, 13]. Also, the periodic inspentio
subject to the probability function shown in Eq.6jall be conducted every several years. In this
simulation, the four cases (no periodic inspect@rery 5 years, every 8 years and every 10 years)
were tested.

3) Fracture probability Fracture probability was calculated by Eq.(1)eTracture condition refers to
the status that the initial crack lenggb@comes equivalent to the plate thickness h.

p=(1/p)exp(— ao/1) (2)
B(a)=p+(1- B)exp(~ca) (3)
da/dN=C(AK)™, AKyu< AK (4)
AR=Knax—Kmin (3)
o(E) = A0+ A 18+ AE" + A58 (6)
K=(na)"(AFo+2£A Fy/7) (7)
Ata't<=0.7
Fg=0.68208*1.82838°+3.4051£7+0.0209E+1.1215 (8)

F1=1.2402£"-2.2730£+2.57185%-0.05785+1.0727

At at=0.7

Fo=4729.3333-17919.6364+27100.4530-20442.3042+7692.5106-1153.4967 > (9)

F1=2688.0000-10106.3636+15174.8303-11369.3741+4250.9351-633.0513

International Conference on Sustainable Built Envionment (ICSBE-2010)
Kandy, 13-14 December 2010



Crack propagation
AR AR

FEM # Stress function: o{£)

Sirass intensiry
factor ranze: AK

w Inspection

Fracmre probabiline: B

Figure 10 Flow chart for estimating

fracture probability.

5. Fracture Probability Results
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Figure 11 Two dimensional surface
crack.
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Figure 12 Coordinate system and
stress function along the crack.

Figure 13 shows the fracture probability in casat thverage crack lengths are h/3, h/4, and h/5
without any of the initial inspection or the periodAccording to Fig. 13, the larger the averageckr
length is, the earlier the fracture begins to octuthe case of h/3, the fracture begins to causge2
years and the fracture probability could attai®.#b in 30 years. Similarly, in the case of h/dcture
would begin to occur in 12.8 years and the fracpumbability could attain to 0.39 in 30 years. e t
case of h/5, the fracture probability could attai®.21 within 18.8 years to 30 years.

Next, Figure 14 shows the fracture probability édesng the periodic inspection (every 5, 8
and 10 years) in case of h/3. Figure 14 illustréites the fracture probability can be approximately
zero right after the periodic inspection. This tesioes not depend on the period of the inspection.
The shorter the interval of the inspection is, ltheer the maximum value of the fracture probability

becomes.

The actual tank shall be inspected every 8 yeaase® on the period of service (about 30
years), the fracture probability was supposed td.Be-2 when the cracks on the floating roof were

detected.

1.0

TR -h/3

- = h/4

06 h/5

Fracture prehability (-}

04 - _——

2

)

8] 5 10 '3 20 z5
Tlme [Year)

Figure 13 Fracture probability
(average crack length: h/3, h/4, h/5
without any of inspections).
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Figure 14 Fracture probability
considering the periodic inspection
(average crack length: h/3)
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6. Conclusion

In order to investigate the cause of the crack weoge on the floating roof, the measurement on the
actual floating roof, the numerical simulation, athé fracture probabilistic estimation were carried
out. Conclusions are shown as follows:

(1) Strain and temperature amplitude history onfkbating roof were measured by using optical
fiber gauges. The maximum strain around the seffaimgs was around 4Q8train. However, the
value of the estimated maximum stress was muchlanthlan the value of tensile strength of the
general structure steel.

(2) Thermal stress analysis was conducted by usingwbedimensional axisymmetric model.
Compared with the measurement results, the nunhegsalts showed adequate value. The value of
effective stress around the stiffener rings was@dt 30MPa, which was less than the fatigue limit a
the tensile strength of the general structure steel

(3) The initial cracks which occurred from any causeaewndiscussed by probabilistic fracture
mechanics approach. It is considered that thealniiack could propagate and penetrate by cyclic
thermal stress over time, while the cracks unliledgur on the intact deck due to thermal stress.

(4) Considering the case in this study, the fractu@bability can be estimated to be 4.3e-2.
Generally, this probability would be small, whilket results depend on the probability function.
Therefore, other factors such as Typhoon shoulddmdiscussed in the future.
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