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In the field of fatigue crack, crack size is a worthy topic to discuss.+e relationship between crack length and depth is studied based
on the Paris law, and a numerical model is established. +e validity of the model is proved by comparing theoretical data with
experimental data. In addition, the analysis of stress distribution of liquid-storage tank is carried out and the influence of hoop
stress on the liquid-storage tank is considered. Remaining life of the tank is predicted through the numerical model.+e feasibility
of the numerical method is verified by predicting the remaining life of the tank, which provides a simple way for fatigue life
prediction of the liquid-storage tank.

1. Introduction

With the improvement of industrial technology, the liquid-
storage tank has gradually become an indispensable large
cylindrical container in industrial production. As important
storage equipment for chemical raw materials, the safety of
storage tanks has been widely concerned. At present, the
design of tanks and their components can refer to the design
of pressure vessels, which are designed by either elastic-
based failure criteria or plastic-based failure criteria [1, 2].
+e structural design of the liquid-storage tank cannot be
separated from the combination of engineering and me-
chanics, which represents the advanced level of the con-
temporary structural design.

Oil tank is a kind of storage tank. And it is used to store
crude oil, gasoline, kerosene, diesel oil, and other petroleum
products. Petrochemical plants usually check the oil tanks
regularly to ensure safety. +e common test methods are the
ultrasonic test, magnetic particle test, and penetrant test.+e
structure of the tank is changing under the pressure from
ground, strong wind, and liquids. For example, the tank wall
would become thinner, and also the cracks and corrosion
defects may appear on the inner wall surface and the bottom

plate subsides. At this time, it is necessary to detect the
defective parts of the tank to determine whether the tank is
still in a safe state. And the corresponding plan needs to be
formulated according to the test results.+emost commonly
used method is stress analysis, which analyzes the maximum
stress received by each part of the tank and finds out the
dangerous parts and then repairs them. When the stress is
within the reasonable stress range, the tank could be con-
tinued for safety production. When the stress exceeds the
safe range, the tank shall be immediately stopped using or
taking other measures to ensure the safety of the tank. +ere
are two aspects in the safety evaluation of tank with defects:
residual strength analysis and remaining life prediction.
Residual strength analysis is based on the inspection data of
pressure vessel, through rigorous theoretical derivation and
calculation to get the maximum allowable working pressure
of the tank and the critical defect size. Remaining life
prediction of pressure vessel with defects is based on fatigue
theory and linear elastic fracture mechanics or elastic-plastic
mechanics [3–5]. Based on the degradation law of material
properties, the critical state is found and the remaining life of
the tank is given.+e remaining life prediction results can be
used as a reference for the safety production of enterprises
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and provide a scientific basis for the formulation of tank
inspection period.

In the mechanical structure, fatigue crack will occur
under the action of alternating load. For liquid-storage tank,
if the crack occurs, the original stress structure of the tank
would be damaged. Generally speaking, the crack mainly
occurs at the stress concentration center. +ere are several
types of fatigue cracks, such as open crack, split crack, and
tear crack. +ere will be vertical tensile stress on the crack
surface of the tank, which results in the existence of open
cracks. In this case, the displacement in the crack opening
direction is discontinuous. For the split crack, it is mainly to
analyze the shear stress of the tank surface. In terms of the
factors affecting crack growth and fatigue fracture of the
storage tank, the following aspects should be considered.
Actually, the members in the engineering practice are
subject not only to one load but also to variable amplitude
load. In addition, loading frequency is also an influential
factor, which is related to the stress intensity factor. If the
value of the stress intensity factor is large, the change of
loading frequency will have a significant effect on crack
growth [6, 7]. To analyze the crack rule of fatigue fracture for
a liquid-storage tank, it is necessary to analyze the transverse
fracture pattern and the longitudinal fracture pattern. In
general, if there is a transverse crack, it is likely that the
internal pressure of the tank is relatively large. In addition to
the impact of internal processing materials, it is easy to
produce a transverse crack in the tank.

Actually, many scholars have studied the working
condition of the liquid-storage tank. Experimental results
indicate that the dirty water of the oil tank does not have a
remarkable influence on the crack propagation growth rate
of the butt joint of 12MnNiVR [8]. A rotational through-
transmission ultrasonic propagation imaging system is used
to inspect the full thickness of the entire cylindrical section
of filament-wound composite overwrapped pressure vessels
[9]. A mathematical model was introduced that describes all
geometry of the physical characteristics of hollow organs
behaving as pressure vessels based on the physics of ideal
pressure vessels [10]. And a segmented locking ring for shell-
bottom connection is analyzed [11]. For the safe use of a
pressure relief system, some of the parameters are critical,
for example, selection of construction materials, sizing of
relief valves, temperature, and pressure [12].

+e paper is organized as follows: firstly, the charac-
teristics of fatigue crack growth and its influencing factors
are represented. Next, it introduces the research status of
domestic and foreign researchers with examples and puts
forward the research focus of this paper. +en, the rela-
tionship model between crack length and depth is estab-
lished based on the Paris law, and the feasibility of the model
is verified by the comparison of theoretical data and ex-
perimental data. +e remaining life of the storage tank is
predicted based on the inspection results. And the theo-
retical results show that the predicted results are in good
agreement with the actual service life.

2. Methods and Models

+e application of fracture mechanics in fatigue research,
especially in the field of fatigue crack growth, has made a
great progress. According to the Paris law, the relation
between (da/dN) and K can be described as follows:

da

dN
� C(ΔK)

m
. (1)

It does not describe the R-effect on crack growth, neither
the asymptotic behavior in regions I and III. Several alter-
native functions have been proposed in the literature to
overcome this problem. For example,

da

dN
�

C(ΔK)
m

(1 − R) Kc − Kmax( 
. (2)

Because of the term (Kc − Kmax) in the denominator,
(da/dN) will become very large if Kmax is approaching Kc.
+e effect of the stress ratio R is also accounted for by the
term (1 − R) in the denominator. But the ΔKth asymptote is
not yet included.

da

dN
� C
ΔK − ΔKth

Kc − Kmax
 

m

. (3)

+e value of ΔKth in such equations is supposed to be a
function of R [13]:

ΔKth � A(1 − R)
n
. (4)

+e Paris law is widely used in engineering to describe
the fatigue crack growth characteristics of materials [14, 15].
+e fatigue life of mechanical components has been eval-
uated, which is considered an elasticity-based load spectrum
[16]. And a modified quality loss model of service life
prediction has been established [17, 18]. Although the Paris
law ignores the influence of the threshold region and the
instantaneous fracture region, it is still widely used in en-
gineering structures because of its simplicity.

In equation (1), (da/dN) is the crack growth rate, which
refers to the average increment of crack length per cycle. It is
a function of crack length, stress amplitude, or strain am-
plitude, reflecting the fatigue performance of components.
+e higher the expansion rate, the shorter the fatigue life and
the worse the fatigue performance. C and m are the crack
growth parameters, which are related to the material. And
ΔK is the range of stress intensity factor. It is defined as

ΔK � cΔS
���
πa

√
, (5)

where c is the shape factor, ΔS is the stress range, and a is the
crack length.

c � b1 + b2
a

W
  + b3

a

W
 

2
+ b4

a

W
 

3
. (6)

In the engineering structure, W is the width of the test
piece. bi(i � 1, 2, 3, and 4) is constant, where b1 � 1.12.
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Generally, the value of c is about 1.12, and the value of
(a/W) is very small.

Integrating equation (1) to obtain crack propagation life

N �
1

C(cΔS
��
π

√
)
m 

ac

a0

da

a
(m/2)

, (7)

where a0 is the initial crack size and ac is the critical crack
size. +eir expressions are as follows:

a0 �
1
π

KIC

σb

 

2

, (8)

ac �
1
π

KIC

ΔS × c
 

2

. (9)

KIC is the fracture toughness, which is not related to the
shape of the crack or the magnitude of the external stress
but an inherent characteristic of the material. Many
scholars express the form of surface crack as elliptical or
semi-elliptical crack. In order to explore the relationship
between crack length and depth, according to reference
[19], equation (7) is introduced.

a � 0.75 ab( 
1.43

, (10)

where ab is the depth of surface crack, as shown in Figure 1.
In the experimental study of surface crack growth, it is

necessary to measure the change of crack depth and the
growth of crack in the surface direction at the same time.+e
surface length of crack can be measured directly by online
reading microscope. +e depth of the crack is usually
measured by the Hook method. After the fracture of the
specimen, the size of the crack is measured by the
microscope.

In addition to the analysis of elastic fracture mechanics,
elastic–plastic fracture mechanics can also be considered.
According to the elastic-plastic fracture mechanics, the crack
growth rate can be expressed as follows:

da

dN
� C(Δδ)

m
, (11)

where δ is the crack tip opening displacement and it could be
expressed as δ � (σ2πa/Eσs). σs is the yield strength of the
material.

Elastic-plastic fracture has occurred as the size of plastic
zone is close to or significantly larger than the crack size.
When the crack opening displacement reaches the critical
size, the crack will develop unsteadily.

3. Analysis of Cases

3.1. Relationship between Crack Depth and Fatigue Life.
In engineering practice, pressure vessels have many failure
modes mainly because of decay, fatigue, and vessel wall
defects. +erefore, in the process of pressure vessel design
and acceptance, it is necessary to carry out specific analysis
and amendment according to the strength condition. For
example, when the tank has defects, the remaining life of the
tank should be estimated according to the fatigue crack

growth theory. For the high-temperature pressure vessel, the
theoretical strength should be improved. +ere are many
difficulties in the design and life estimation of vessels, which
need sufficient theoretical basis and experimental support.

It can be seen from the Paris law that the fatigue life
increases with the increase of crack size. Table 1 shows the
test data of a tensile rod at different crack depths [20], and
Table 2 shows the theoretical life data obtained from
equation (7). It can be seen that the data obtained with
equation (7) is in good agreement with the test data.

We assume that ab � 0.9ma [21], regard it as a linear
model, and combine it with equation (7) to get the data in
Table 3. Compared with the data in Table 2, the error be-
tween test data and data from the linear model is larger.

+e data in Tables 1–3 are fitted into curves; as shown in
Figure 2, it can be seen that the growth rate of fatigue life
slows down with the increase of crack size. +e results from
the nonlinear model are closer to the experimental results.

3.2. Life Prediction of Liquid-Storage Tank. Under hydro-
static pressure, the storage tank will generate internal stress.
Components’ self-weight and internal medium mass will
cause bending stress or tensile stress and give the support for
the reaction that the tank will generate local stress [22–24].

Many scholars have carried out in-depth research on the
crack growth, among which the research on the fatigue crack
growth model will directly affect the accuracy of calculation
and prediction [25–27]. +e crack growth prediction models
could roughly divide into two categories: one is the rela-
tionship between material parameters and crack growth rate
with static parameters and the other is the energy parameter.
When the cumulative damage of the surrounding micro-
elements reaches a certain critical point, the crack will ex-
pand forward. +e crack in the wall of the tank is produced
after plastic deformation, which is often related to the
pressure on the tank. When the pressure is small, the wall of
the tank will produce elastic deformation and no fatigue
crack will occur at this time. When the pressure reaches the
yield limit of the material of the wall, the plastic deformation
will occur on the tank wall, and the fatigue crack will form
slowly.

Fatigue fracture is a common failure form of pressure
bearing parts of the liquid-storage tank. Although the
pressure does not reach the yield limit of thematerial, fatigue
cracks will still occur on the surface of the parts [28]. For the
cylindrical vessel, due to the hydrostatic pressure of the
liquid, hoop stress shown in Figure 3 will be generated on the
surface of the wall of the tank. Because of the effect of hoop
stress, the strength of the tank wall will gradually decrease
and produce cracks, leading to fatigue failure of vessel
[29, 30]. Additional bending stress will be produced under
the action of wind, and machining residual stress will be
produced in the metal due to machining deformation. Some
of these stresses are constant, and some are evenly dis-
tributed along the wall thickness. +eir effects on the
components are different. Here, the research object is the
wall of the tank, and only the hoop stress caused by hy-
drostatic pressure is considered. Table 4 shows the tank
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parameters. And the stress diagram of the wall of the tank is
shown in Figure 3.

In Figure 3, σ is the hoop stress, and σ � (qR/t). R is the
radius of the cylinder, and t is the thickness of the cylinder.

q � ρgh, where q is the hydrostatic pressure. ρ is the density
of liquid, g is the acceleration of gravity, and h is the depth of
liquid. +e tank has been in service for about 10 years.

Actually, most of the liquid-storage tanks have been
treated with anticorrosion to reduce the impact of chemical
raw materials and extend their service life. In addition, most
of the impurities sink into the bottom of the tank, and the
most serious part of the tank corrosion is the bottom of the
tank [8]. In this manuscript, the life prediction is based on
the cracks of the tank wall. +erefore, the influence of
corrosion on the life prediction is not considered here.

Table 5 shows the detection data of the first and second
layers of the storage tank, and the defect location is shown
with the T-shaped port in Figure 4.

For the smooth specimen, its fatigue life is mainly
composed of crack initiation life. In the tank, the hoop stress
level is high. As the crack initiation life is a part of the total
life, the crack propagation life plays a significant role.

a

ab

Figure 1: Schematic diagram of crack surface length and depth.

Table 1: Tensile round bar test data.

ΔP (159MPa) Deviation of ab

No.1 ab(mm) 2.16 3.03 3.52 4.05 4.24 6.37 1.70
N (104) 0 9.60 17.10 20.10 22.40 24.70

No.2 ab(mm) 1.52 3.12 3.42 3.87 6.53 2.64
N (104) 0 10.60 14.30 22.00 27.60

No.3 ab(mm) 1.84 2.97 3.47 3.87 6.75 2.67
N (104) 0 9.00 15.60 20.0 34.70

No.4 ab(mm) 2.22 3.04 3.65 4.20 6.43 2.02
N (104) 0 10.10 16.80 21.80 30.70

No.5 ab(mm) 2.38 3.24 3.58 4.09 4.43 0.51
N (104) 0 12.50 17.10 21.60 24.30

Table 2: +eoretical data of tensile round bar (nonlinear model).

ΔP (159MPa)

No. 1 ab (mm) 2.16 3.03 3.52 4.05 4.24 6.37
N (104) 0 8.80 12.30 15.50 16.50 24.60

No. 2 ab (mm) 1.52 3.12 3.42 3.87 6.53
N (104) 0 19.70 21.90 24.70 35.40

No. 3 ab (mm) 1.84 2.97 3.47 3.87 6.75
N (104) 0 12.80 16.50 19.00 30.20

No. 4 ab (mm) 2.22 3.04 3.65 4.20 6.43
N (104) 0 8.10 12.40 15.50 24.10

No. 5 ab (mm) 2.38 3.24 3.58 4.09 4.43
N (104) 0 7.70 10.10 13.10 14.80

Table 3: +eoretical data of tensile round bar (linear model).

ΔP (159MPa)

No. 1 ab (mm) 2.16 3.03 3.52 4.05 4.24 6.37
N (104) 0 6.40 9.20 11.60 12.40 18.90

No. 2 ab (mm) 1.52 3.12 3.42 3.87 6.53
N (104) 0 14.30 16.00 18.10 26.60

No. 3 ab (mm) 1.84 2.97 3.47 3.87 6.75
N (104) 0 9.40 12.20 14.10 23.00

No. 4 ab (mm) 2.22 3.04 3.65 4.20 6.43
N (104) 0 6.00 9.30 11.70 18.50

No. 5 ab (mm) 2.38 3.24 3.58 4.09 4.43
N (104) 0 5.80 7.60 9.90 11.20
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+rough practical observation, the failure of the pressure
vessel often occurs at the defect.

Figures 5 and 6 are the measured figures of no. 10 and no.
12 cracks, respectively.

According to reference [31], set the high and low liquid
level cycle period as 5 days. And the theoretical service year
of the tank is shown in Table 6. It can be seen that the total

theoretical service life of the tank is about 20 years, which is
consistent with the design service life of the tank.

4. Conclusions

In this paper, the relationship between crack length and
crack depth is explored based on the Paris law. And the

q

R

O Y

X

Z

Figure 3: Schematic diagram of circumferential stress of the
cylinder.
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Figure 2: Relationship between crack depth and crack growth life.
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Figure 4: Crack defect location.

Figure 5: Actual measurement of crack no. 10.

Figure 6: Actual measurement of crack no. 12.

Table 4: Parameters of liquid-storage tank.

Size (mm) Storage media Material
Φ28000 × 20907 Gas Gr 60

Table 5: Crack defect parameters.

Defect location Crack size (mm)
1–3 7
1–13 20

Table 6: Service life of the first and second layers.

Initial size
(mm)

Critical size
(mm)

Propagation life
(cycle)

Service time
(year)

7 20 674 9.2 (service life)

20 1223 697 9.5 (remaining
life)
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lifetime of the liquid-storage tank is predicted by the nu-
merical model. +en, the following conclusions could be
drawn:

(1) +e relationship between fatigue crack length and
crack depth is studied, and the lifetime data of round
bar with linear and nonlinear models are obtained.
+e results show that the nonlinear model is more
suitable for describing the relationship between
crack length and depth.

(2) +e rationality of the model is verified by the pre-
diction of the service time of the tank.+e remaining
life of the tank is obtained by a numerical model,
which is consistent with the actual service condition.

(3) Considering the effect of crack size on the fatigue life
of the tank, the critical size of the crack is obtained. It
is found that crack depth is related to the fatigue life,
which provides a new numerical method for the
liquid-storage tank life prediction.
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