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Abstract: The oil and natural gas resources of the Bohai Sea are mainly marginal oil fields, and there
are currently a large number of structures that are approaching or have reached the end of their
service life called aging structures. The interactions between ice and offshore structures could lead to
significant ice-induced vibration. Ice-induced vibrations may evoke fatigue damage in tubular joints,
which results in severe dangers for offshore platforms in the Bohai Sea. Dynamic ice force models
and sea ice fatigue environmental parameters have not been well developed in the current design
codes. It is not accurate to evaluate the fatigue damage of structures only with numerical simulation.
In this paper, a faster method for evaluating fatigue damage on aging structures is proposed. Firstly,
the approximate linear relationship between the fatigue hot spot stress and the vibration response
of the deck structure has been discovered using dynamic analysis for jacket platform of Bohai Sea.
Then, the procedure of the fatigue damage evaluation of the aging structures in the Bohai Sea is
established. Finally, the numerical simulation of the structure is carried out considering ice thickness,
ice velocity, ice direction, and action height of sea ice. Fatigue damage is calculated by the fatigue hot
spot stress and the Palmgren—Miner rule. The measured data on the platform in the Bohai Sea are
selected to obtain the fatigue hot spot stress using a mathematical model. The fatigue damage results
considering the actual ice conditions of a jacket structure in the Bohai Sea are compared using the
proposed method and finite element analysis. The comparison of the results verifies the rationality of
the method proposed in this work.

Keywords: offshore structures; fatigue damage; field observations; ice-induced vibrations

1. Introduction

At present, the Bohai oil field is the most productive offshore oil field in China,
accounting for about 60% of the total offshore oil and gas production in China [1]. The
oil fields in the Bohai Sea are mostly marginal and in frozen areas, where the water depth
is 10-30 m. Hence, the ice-resistant platforms in the Bohai Sea are mostly constructed as
jacket platforms for economic reasons [2]. Jacket platforms have a unique risk, which is
also without precedent internationally. There have been several disasters caused by sea ice
on oil platforms in the history of oil exploration in the Bohai Sea.

The design life of jacket platforms is 15-20 years in the Bohai Sea. Now, many
platforms are approaching or have reached the end of their service life [1,2]. However, the
cost of constructing a new platform is much higher than the cost of maintaining an existing
platform in cost-saving terms. It is more economical to continue using platforms which are
approaching or have reached the end of their service life than to reconstruct new platforms.
Structural safety is the biggest problem for the continued service of the jacket platforms,
where structural fatigue is the main considering factor affecting structural safety [3].

The recommended practice for planning, designing, and constructing fixed offshore
structures in ice environments in American states is that “fatigue damage caused by
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ice loads needs to be evaluated when necessary” [4]. Because the study of dynamic
ice force models and ice-induced fatigue environmental parameters is not mature, the
different design codes lack specific conditions and methods for ice-induced vibration fatigue
analysis [3]. Fang et al. [5] had conducted a lot of study on ice-induced fatigue analysis
of ice-resistant platforms, including the study on fatigue properties of low-temperature
steels, the calculation method of fatigue equivalent stress under ice loads, and ice-induced
fatigue reliability. Because of the lack of fatigue performance analysis under ice loads
in domestic and foreign codes, Fang et al. [6] proposed a new method for the combined
calculation of equivalent stress amplitude, given the fatigue life curve of the tubular
node and its calculation parameters. Braun et al. [7] studied the fatigue strength of butt-
welded normal- and high-strength steel structures for sub-zero temperatures. Fatigue test
results of SAW and MAG welded joints for temperatures down to —50 °C were analyzed.
Bridges et al. [8] had proposed a fatigue design assessment procedure. The procedure
includes ice loads and impact frequencies, structural stresses, fatigue performance at
low temperatures, fatigue damage, etc. Liu et al. [9] calculated the ice-induced vibration
response and fatigue life of the field platforms based on the Maattanen model [10,11] for
ice-induced vibration of platforms. Based on field observations, Yue et al. [12] analyzed
the importance of ice-induced fatigue life assessment for the ice-resistant platforms in the
Bohai Sea and defined the method for the study of fatigue ice loads and ice environmental
parameters on conical platforms. Zhang et al. [13] analyzed the interaction between ice
and vertical-leg structures and proposed a fatigue life analysis procedure for vertical-
leg platforms. Suyuthi et al. [14] proposed a systematic procedure for fatigue damage
assessment in relation to ships navigating in ice-covered waters. The proposed procedure
for fatigue damage assessment reflected the vibration in ice conditions, speed of vessel, and
operational modes. Jeong-Hwan Kim et al. [15,16] applied a two-parameter Weibull model
to describe the probability distribution of the stress amplitude, and the fatigue damage
was obtained using the Palmgren-Miner rule and S-N curves. Wei et al. [17] applied
the Weibull distribution and the three-parameter exponential distribution to approximate
the distribution of the stress ranges due to ice loads actions, and they investigated the
performance of the fatigue damage evaluation based on probabilistic distribution functions
of the stress ranges. Hoyland et al. [18] evaluated the fatigue damage on fixed offshore
structures under the drifting ice. Fatigue damage from a combination of loads from waves,
wind, and ice was investigated by evaluating simulated time-series of the different loads.

All the above research results have played a certain role in promoting the ice-induced
fatigue damage assessment of structures. However, there are great uncertainties and errors
in the existing fatigue damage evaluation of offshore platforms, including fatigue loadings,
fatigue environmental conditions and analysis of fatigue hot spot stress. Numerical sim-
ulations are used to evaluate fatigue damage of platforms that have reached the end of
their service life but continue to work. Yooil [19] proposed the analysis of fatigue hot spot
stresses for welded joints by using 3D solid finite elements. Xu et al. [20] used numerical
analysis method to study the ice-induced vibration response and fatigue damage of offshore
platforms. Kim [21,22] proposed a simplified numerical simulation method to evaluate the
fatigue of icebreakers. Because the loads of numerical analysis are simplified and assumed,
and platforms that are approaching or have reached the service life cannot be modeled in
detail, the evaluation results using numerical simulation methods cannot accurately reflect
the fatigue damage of the platforms.

The load simplifications and assumptions of numerical analysis can be avoided in
the field-based structural health assessment method. Hence, the fatigue damage of the
field structures is reflected more accurately. The application in land-based engineering
structures such as bridges, subways, tunnels, and foundation pits has become mature [23].
Nevertheless, it is hard to directly measure structural fatigue hot spot stress due to the
challenging operating circumstances of offshore platforms. The hot spots of the platform
structures are typically found at the jacket tubular nodes, which are usually underwa-
ter. Field monitoring suffers from low sensor survival rates, poor durability, and lack
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of system reliability, resulting in direct measurement of structural fatigue hot spot stress
being impossible.

In this paper, the approximate linear relationship between the fatigue hot spot stress
and the vibration response of the deck structure has been discovered. In addition, a fatigue
damage assessment method for aging structures is proposed based on field observation.
This method avoids the uncertainties of the fatigue environment conditions and the load
model in numerical computation and gives more accurate fatigue damage results. Moreover,
it will effectively reduce the technical requirements for field observation and improve the
efficiency of fatigue damage calculation.

2. Dynamics Analysis for Jacket Platforms

There is a typical ice-induced vibration problem on jacket platforms in Bohai Sea,
which requires dynamic analysis. The dynamic equilibrium equation is given as follows:

ma + cv + kx = F(t), 1)

where m is the mass of the structure, c is the viscous damping of the structure, k is the lateral
stiffness of the structure, a is the acceleration, v is the velocity, and x is the displacement.

Based on field observations of several jacket platforms in Liaodong Bay; it is found
that the structural vibration energy subjected to sea ice are mainly concentrated in the
fundamental frequency of the structures, with a very small proportion of high-order
frequency, whether the ice-resistant cone is installed or not. The typical power spectral
density (PSD) of ice-induced vibration response is shown in Figure 1. The first mode shape
of the structures is horizontal vibration, and the structural response is mainly in the elastic
stage. Hence, the equivalent stiffness and equivalent mass can be used to simplify the
complex offshore engineering structures into a cantilever beam system [24,25].
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Figure 1. Power spectrum of ice-induced vibration response: (a) The vertical jacket platforms. (b) The
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conical jacket platforms.

The jacket platform is simplified into a cantilever beam structure for analysis. Under
the action of dynamic force F(t), the structure has a slight displacement, and the bending
stress generated by the platform at the hot spot stress is as follows:

Ohot spot = SCF-F(t)-y'd /1, )

where F(t) is the force of ice-structure interaction; y is the vertical distance between the
position of the hot spot stress and the force acting position; d is the distance between the
position of the hot spot stress and the neutral axis of the whole jacket; I is the inertia axis of
the cross section to the neutral axis; and SCF is stress concentration factors.

The displacement wy; spor at the hot spot stress of the platform and the displacement
Weck of the deck’s response can be expressed as:

Whot spot = *P(t)'bz(?’a - b)/6EI, 3)
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Waeek = —F(t)-a*(31 — a) /6EI, (4)

where b is the distance between the position of the hot spot stress and the bottom of the
platform; a is the distance of the position between where the ice acts on the structure and
the bottom; [ is the height of the platform; and E is the elastic modulus of the platform.
Weck 1s also the maximum displacement of the platform structure.

Here, the mode shapes factor g is introduced [26]. Within the linear elastic range, the
structural response can be transformed into displacement mode shapes:

{U} = {‘7} Zz 1{4)1}17,, ®)

where {U} = {{ux}T, {uy}T, {G}T} , which is the 3n x 1 order relative displacement
response vector of the structure; g; is the corresponding mode shapes matrix; [®] =

T
{1} 92} Aean}l; i = {9} {90} {9} "} -

Actually, a mode shape of the structure is the vector of characteristic offset shape of the
undamped structure corresponding to a certain frequency under a certain initial condition,
that is, the mode shape is not the displacement of each degree of freedom, but only the
ratio of displacement.

Then, under the first mode shape, the displacement of the jacket platform at the hot
spot stress and the displacement of the deck response can be expressed as:

Whot spot = Wdeck Jhot spot/qdeckr (6)

where qj,¢ spot is the mode shapes factor at the hot spot stress, and g is the mode shapes
factor of the deck response. When i = 1, the mode shapes factor at all points of the structure
are constant.

Combining Equations (2), (4), and (6), w . can be expressed as:

Wdeck = —Ohot spot’l'bz/(6E1'y’d'SCF)'(3l - a)'qhot spot/Qdeck/ @)
Simplify the equation, wy, is as follows:
Waeck = Hopo spots (8)
—(31—q)-2
H= %- q';‘]’dt;]’: °. When the position of the hot spot stress was determined, H is
a constant.

It can be seen from Equation (8) that there is an approximate linear relationship
between the structural hot spot stress and the deck response displacement. The standard
deviation of the deck response displacement and hot spot stress of Equation (8) can be
obtained as follows:

VO (@ -@))/(n 1) = H\ (T (0 —9)%)/(n - 1), )

It can be seen that the statistical analysis of the measured data will not affect the linear
relationship between the response data of the deck part and the hot spot stress.

3. Fatigue Damage Assessment Method of Jacket Platforms

At present, the fatigue analysis in structural fatigue damage assessment is relatively
mature. According to the recommendations of major domestic and foreign design codes,
this method is widely used in fatigue damage and life assessment of offshore engineering
structures. The process of the fatigue analysis is as follows: determining the random ice
force function in different ice conditions, calculating the time history of hot spot stress
in different ice conditions, the rain-flow counting method [27] statistics the stress cycle,
and the cyclic number, and combining with the Palmgren—Miner rule and S-N curves
to study the ice-induced fatigue damage assessment method of offshore platforms with
field observation.
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3.1. Calculation Procedure for Fatigue Analysis from Field Observation

According to the fatigue analysis, the standard deviation oy of hot spot stress and the
cyclic number ng are the key parameters to assess the fatigue damage of the structures.
In order to evaluate the fatigue damage of jacket platforms accurately, it is necessary to
set up an approximate mathematical relationship between the structural response and the
hot spot stress in standard deviation, then obtain the fatigue stress parameters from field
observation of the structure, and finally evaluate the fatigue damage of the structures based
on the Palmgren—Miner rule and S-N curves. The fatigue evaluation process is shown in
Figure 2, and the main steps are as follows:

1.  Set up a finite element model, and a mechanical model is established based on

geometrical and physical properties of the structure, so as to ensure that the stiffness,

total mass, and damping of the model are basically consistent with the field structure

(in service).

Make sure of the position of the hot spot stress of the platform.

3. Setup an approximate mathematical relationship between the vibration response of
the deck platform and the hot spot stress, considering environmental factors such
as ice thickness, ice velocity, ice drifting direction, and action height of sea ice, and
calculate the ice vibration response (displacement, velocity, acceleration) and hot spot
stress of the structure based on the random ice force function. Using statistical method,
a simplified mathematical relationship between the response of the structure and the
fatigue hot spot stress in standard deviation is obtained.

4.  Fatigue damage assessment: the standard deviation and cyclic number of the struc-
tural response time history is obtained from field observation, the standard deviation
of the structural fatigue stress are obtained according to the mathematical relationship
established in step (3), and the fatigue damage of the structure in this observation
period is analyzed with the Palmgren-Miner rule and S-N curves.

N

| Set up a mechanics model |

| Fatigue hot spot |
analysis

<—| Structural dynamic analysis l

Hot spot stress time history;
Decks response time history

r—l The rain-flow counting method |

Standard deviation of hot spot stress and
displacement by numerical simulation

1 Palmgren-
Miner

Linear relationship between hot The stress range of hot spot

spot stress and upper response stress by measured data l
Measured data Fatigue damage D
| cyclic number of structural | t

response

| The rain-flow counting method |

Figure 2. Calculation procedure for fatigue damage analysis of structures from field observation.

3.2. The Palmgren—Miner Rule

The fatigue damage at the selected point in the structures during a stationary short-
term condition can be evaluated by applying the linear Palmgren-Miner equation, which is
given by the following expression [28]:

k n; .
D:Z;J%:ZﬁUZLZ ...... k), (10)

Its failure criterion is as follows:
1

D:ZE:L (11)
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where D is the fatigue damage accumulated during the stationary short-term condition,
n; is the number of stress cycles for the stress range S;, which is given by the spectrum of
load, and N; is the number of stress cycles to failure for the stress range S;, which is given
by S-N curves.

3.3. 5-N Curves

Based on the known stress range S of the material, the equation for calculating the
fatigue life N of the structure suggested in “Planning, Design and Construction of Fixed
Offshore Platforms-Working Stress Design” is as follows [28]:

—m
N:2><106< AU) , (12)

Oref

where Ac is the stress amplitude. The parameters are shown in Table 1. The curve of X
in Table 1 is applicable to the joints with smooth penetration welding of adjacent parent
metals and control of weld appearance. If the profile control is improper, the curve of X’
is recommended.

Table 1. S-N curves parameters.

Curves A(rn,f(N/mm) m
X 100 4.38
X’ 79 4.74

Theoretically, the stress amplitude Ac is determined by the local stress Aoy, but the
local stress is very difficult to obtain; the hot spot stress 0yt spor is often used instead of
Olocal in engineering. The calculation equation of hot spot stress is [29]:

Ohot spot = SCE-Gominal, (13)

where SCF is stress concentration factors, same as Equation (2); 0,omina is nominal stress.

4. Fatigue Damage Analysis by Field Monitoring

A jacket platform in Jz20-2 sea area of Liaodong Bay, Bohai Sea, China is taken as an
example. This structure is a typical four-leg ice-resistant structure with ice-resistant cones
installed at the waterline of the legs. The finite element model is established with ANSYS,
which is used to calculate the fatigue damage. SHELL181 element is used for the jacket
of the structure, and the model has 22,909 elements. The mesh sizes of 0.05 m, 0.08 m,
0.1 m, 0.3 m, and 0.5 m are considered respectively. The ice force acting on the structure is
1157.1 KN. Table 2 shows the results of the maximum stress and displacement response.
It shows that the results tend to be stable respectively for mesh sizes of 0.05 m, 0.08, and
0.1 m. Therefore, the mesh size of the finite element model is 0.1 m in this paper. Since the
upper decks of the structure do not need to consider fatigue, the upper decks use BEAM188
element, and the weight of upper decks use MASS21 element. The pile—soil interaction is
simulated using an equivalent pile, in which the length of the equivalent pile is six times
the diameter of the pile [30], and the structural damping ratio is 0.02. The platform bottom
constrains all degrees of freedom.

Table 2. Results of different mesh sizes.

Mesh Sizes (m)  The Maximum Stress (MPa)  Percentage Change  Displacement Response (mm) Percentage Change
0.05 43.07 0% 14.67 0%
0.08 43.07 0% 14.67 0%
0.1 43.07 2.22% 14.67 0.75%
0.3 4211 2.78% 14.78 1.42%

0.5

40.94 - 14.89 -
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Table 3 presents the natural frequencies of the first three modes. The first-order mode
is swing along the X-axis, the second-order mode is swing along the Y-axis, and the third-
order mode is twist around the Z-axis. Figure 3 shows the measured first frequency. The
first frequency is 1.11 Hz in the model, and the measured first frequency is 1.17 Hz. The
error value between them is small, which may indicate the accuracy of the model.

Table 3. Results of the first 3 modes analysis of the structure.

Mode The First The Second The Third
Frequency (Hz) 1.11 1.18 1.22

@ Frequency=1. 17Hz

[
T

Power Spectrum Density

nff Lm . :

! 6 8 10
Frequency (Hz)

[

Figure 3. Vibration acceleration response spectrum of platform in J20-2.

4.1. Find Position of the Hot Spot Stress

The hot spot stress is the maximum value of the stress amplitude under alternating
load. For welded joints, the structural stresses are local stresses calculated immediately
adjacent to the welded front without considering notch effects. The fatigue hot spots of
jacket platforms are mostly found at the welded joints based on the finite element analysis,
which can be regarded as K-type connections. Figure 4a shows a locally enlarged stress
diagram. Fatigue hot spots are located on the outside of the weld on the pile leg and
horizontal and diagonal braces under the waterline. The arrows can be seen in Figure 4b to
show the position of the forces on the model. The axes in Figure 4 are waterline positions.
The hot spot stresses of the structure are calculated directly using shell elements for finite
element modelling. The pile legs of the jacket structure apply SHELL181 element in this
paper, which has been considered for stress concentrations. Therefore, the stress results of
the model are fatigue hot spot stress.

It is necessary to set up the mathematical relationship between the standard deviation
of the fatigue hot spots and the structure response. Due to the variation of ice conditions
in the frozen sea areas in northern China, ice thickness, ice velocity, ice drifting direction,
and action height of sea ice are all taken into account. Then, the mathematical relationship
between them in terms of standard deviation is determined.
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Figure 4. The position of fatigue hot spots: (a) Local zoomed-in stress figure; (b) The position of the
forces on the model.

4.2. Set up the Mathematical Relationships
4.2.1. Ice-Induced Vibration Response Analysis

Under extreme ice conditions, the conical structures can induce severe ice-induced
vibrations. In the structural response, dynamic amplification is observed. Consequently,
the flexural failure frequency of sea ice is near to the natural frequency of the structure
in the typical ice condition, where ice thickness is 0.1 m and ice velocity is 0.08 m/s. The
time history data included displacement, velocity, and acceleration, and the fatigue hot
spot stress of the platform is obtained using a numerical model. The standard deviation
of the fatigue hot spot stress and the structure response are calculated using the rainflow
counting method. Figure 5 shows the relationships between the fatigue hot spot and the
structural response in standard deviation.

R%?=0.95
- : ,
<
[l
S 025¢ ;
a
.8
=
z 020} ;
o
=
<
o
g 0.15} ;
7]
7]
N
=
2 o.10f l
o
o
[75]
2
0.05 : :
0.1 0.2 0.3 0.4

Standard deviation of displacement (mm)

Figure 5. Standard deviation results between decks displacement response and hot spot stress.
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R? is the correlation coefficient, which refers to evaluating the fitting degree of the
regression model. It has been found that the standard deviation fitting R? is 0.95. Iversen
and Gergen [31] showed a strong positive correlation when the fitting R?> was between 0.7
and 1. The fitting R? is between 0.9 and 1 for more accurate fatigue damage assessment
results in this paper. There is a clear linear relationship between displacement and hot spot
stress in standard deviation.

4.2.2. Analysis of Environmental Factors

Due to the freezing situation in northern China in winter, it is necessary to consider
the influence of ice thickness, ice velocity, ice drifting direction, and action height of sea ice
on the relationship between displacement and hot spot stress.

Current study found that the ice thickness is less than 20 cm, and the maximum ice
velocity is generally less than 70 cm /s based on the field observation over several years in
Liaodong Bay. Therefore, the ice thickness is chosen as 0.08 m, 0.15 m, and 0.2 m, the ice
velocity is chosen as 0.04 m/s, 0.1 m/s, 0.3 m/s, 0.6 m/s, and 0.8 m/s, respectively, and the
15 groups of data are obtained. Every ice condition only has a group of data.

The jacket platform has four legs, and the legs are arranged symmetrically. The
direction of sea ice is 0°to the north and rotates 180°clockwise to the south. Thus, the
direction of sea ice is chosen as 0°, 30°, 45°, 60°, and 90°, ice thickness is chosen as 10 cm,
and ice velocity is chosen as 10 cm/s. Ten groups of data have been obtained. Every ice
direction has two groups of data.

Based on field observation over several years, it is found that the action height of sea
ice in winter is close to 4 m, which leads to the change of the interaction position between
ice and structure. Action height of sea ice selects the position, where the design waterline
moves up by 1 m and down by 1 m, and the eight groups of data are obtained. The four
groups of data are selected in every action height of sea ice.

Based on the numerical computation, the hot spot stress and vibration response
displacement of the structure are obtained, and the standard deviation of data is calculated.
Combining all the above-mentioned influence analysis in Sections 4.2.1 and 4.2.2, 43 groups
of data are summarized. The standard deviation relationship between hot spot stress and
displacement is shown in Figure 6.

y =0.6297x +0.0412 R2=0.97
1.5 T T T

0.5f

Hot spot stress standard deviation (MPa)

n

0.0 0.5 1.0 1.5 2.0

The standard deviation of displacement (mm)

Figure 6. The results between standard deviation of response displacement and hot spot stress.
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It is found that the standard deviation fitting R? of displacement-stress is 0.97. As
such, the relationships between the displacement of the structural response and hot spot
stress are linear under the action of different ice direction, ice thickness, ice velocity, and
action height of sea ice. This study also shows that ice condition, ice direction, and action
height of sea ice have no significant influence on the relationship.

All data are summarized and fitted into linear equations. The mathematical equation
is given as follows:

ys = 0.6297x; + 0.0412, (14)

where y; is the standard deviation of hot spot stress (MPa) and x; is the standard deviation
of the displacement (mm).

For complex stress states, the equivalent stress can be used to evaluate the fatigue
damage of the structure [32]. Combined with the code [33], the equivalent stress amplitude
of the hot spot is obtained by applying SHELL elements to model the tubular nodes
based on finite element analysis. As this stress is generally positive and cannot reflect the
alternating stress during vibration with positive and negative values, the stress range for
fatigue is twice the stresses calculated. This paper establishes a linear relationship between
the standard deviation of the platform vibration displacement response amplitude and
the standard deviation of the hot spot stress amplitude by numerical simulation. In this
paper, it is considered that the cyclic number of platform vibration response and the cyclic
number of fatigue stresses are approximately equal.

4.3. Fatigue Damage Analysis of Platform
4.3.1. Decks Response of Field Observations

In the winter of 2020-2021, structural vibration sensors and one camera are arranged
on the platform decks, as shown in Figure 7. The sensors are arranged in the horizontal
direction and are installed vertically to each other on the top deck. Y-axis is the main sea
ice direction, as shown in Figure 7. The sensors are used to collect the vibration data. The
camera installed on the bottom floor of the deck is used to record the ice thickness and
ice velocity.

Central server

Figure 7. Field arrangement.

4.3.2. Results of Fatigue Damage and Discussion

With the measured data in winter of 20202021 (sampling rate at 10 Hz), the ice
vibration fatigue damage assessment of jacket platform structures is carried out. Each set
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of data corresponds to typical ice conditions: the ice thickness is 16-20 cm, the ice velocity
is 40 cm/s, and each set of data lasts approximately 10 min. The standard deviation and
cyclic number of the vibration time history data are calculated using the rainflow counting
method. Fatigue damage of the structure is calculated based on the cyclic number of
structural vibration response and the stress range of the equivalent stress. Table 4 shows
the results.

Table 4. Results of the time history data.

Time History Data Cyclic Number of Structural
Numb?’r Stress Range (MPa) Y Vibration Response
1 128.3 471
2 90.66 472
3 145.36 827
4 49.5 806
5 62.96 1001

Then, based on the Palmgren—-Miner rule and the S-N curve data, the accumulated
fatigue damage of the structure for each set of vibration time history data is calculated and
can be found in Table 4. The spectral analysis method is widely used in fatigue evaluation
of offshore engineering structures. The spectral analysis method is mainly used to obtain
the stress range probability density distribution of fatigue hot spots by calculating the hot
spot stress response spectrum [34]. To verify the reliability of results evaluation method
based on field observations, the ice conditions corresponding to the measured time period,
with the average ice thickness of 18 cm and the ice velocity of 40 cm/s, the fatigue damage
of the structure within 10 min is 1.6 x 10~ by the spectral analysis method, and the result
is shown in Table 5.

Table 5. Results of structural fatigue damage.

Time History Data Method Proposed in this Article Spectral Analysis
Number Fatigue Damage Fatigue Damage
1 7.02 x 1074
2 154 x 1074
3 212 x 1073 1.60 x 107°
4 1.85 x 107>
5 6.59 x 107>

It is obviously shown that the results of this method are consistent with the method
of spectral analysis. The main reasons why the fatigue damage evaluation results by field
observation are greater than the spectral analysis are as follows: (1) In spectral analysis, the
cyclic number of hot spot stress is estimated based on the natural frequency of the structure,
which is less than the real cyclic number under high ice velocity. (2) There is a certain degree
of resistance attenuation in the field structure. (3) The fatigue damage evaluation method by
field observation considers the differences in the structural ice-induced vibration response
caused by ice condition, ice direction, and action height of sea ice. (4) The sea ice load has
great randomness. In this paper, the ice condition of the spectral analysis methods is ice
thickness of 18 cm and ice speed of 40 cm/s; the ice condition of the methods proposed
in this paper is ice thickness of 16-20 cm and ice speed of 40 cm/s. The differences of ice
thickness lead to some error between the results of the methods proposed in this paper and
the results of the spectral analysis methods. (5) The action direction of sea ice is random.
The spectral analysis method considers the forces of two pile legs; however, there may be
more than two pile leg forces in field observation. The spectral analysis method may not be
able to take into account some uncertainties, and these will lead to smaller fatigue damage
results obtained from spectral analysis calculations. Hence, the structural fatigue damage
proposed in this paper is more accurately reflected than by spectral analysis.
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5. Conclusions

In this study, an ice-induced fatigue damage evaluation method for aging structures
based on field observation is proposed in Bohai Sea. A simplified linear relationship be-
tween structural vibration response and fatigue hot spot stress is set up based on numerical
simulation. Then, fatigue damage evaluation of structures using measured data by field
observation and the Palmgren-Miner rule is carried out. This method avoids the uncertain-
ties of the fatigue ice loads models, sea ice fatigue parameters, and numerical simulations,
and gives more accurate results of the hot spot stress in the field structure. Eventually, an
example analysis is carried out using a typical jacket platform in Bohai Sea; the results
show the following:

(1) There is an obvious linear relationship between the displacement response at the deck
and the hot spot stress for standard deviation.

(2) A series of numerical simulations are carried out for the various analysis cases con-
sidering the ice thickness, ice velocity, ice direction, and action height of sea ice. As a
result, these factors do not have a significant effect on the linear relationship.

(38) The fatigue damage results calculated with the proposed method are compared with
the results obtained by the spectral analysis method. In this paper, the method
has considered the real ice conditions and structural conditions. Therefore, it more
accurately reflects extent of fatigue damage to the aging structure.

(4) The discovery of the linear relationship can effectively avoid errors in numerical
simulations, calculate the fatigue damage of the structure more quickly, and evaluate
the safety performance of the structure. Furthermore, the research provides a basis
for achieving the systematic management of sea ice.
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