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Ice Induced Low Temperature Fatigue Crack Propagation
in Offshore Structural Steel A131

DUAN Menglan®, GAO Zhaojie” and LIU Chuntu” *

Abstract — To investigate the low temperature fatigue crack propagation behavior of offshore structural
steel A131 under random ice loading, three ice failure modes that are commonly present in the Bohai Gulf
are simulated according to the vibration stress responses induced by real ice loading. The tost data are pro-
cessed by a universal software FCPUSL developed on the basis of the theory of fatig:e ciack propagation
and statistics. The fundamental parameter controlling the fatigue crack proragaticz induced by random
ice loading is determined to be the amplitude root mean square strzss intensity foctor X, . The test results
are presented on the crack propagation diagram where the crack growtb rate 42/ dN is described as the
function of K. It is evident that the ice failire modes havs great irfluence on the fatigue crack propaga-
tion behavior of the steel in ice-induced vibration. Howevers, some of the experimental phenomena and test
results are hard to be nhysically expliined at present. The work in this paper is an initial attempt to investi-
gate the causz of collavze of offsiiore structures due to ice loading.
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1. Introduction

The exploitation and exploration of offshore oil have been developing since the late 1960s
in China, and more and more offshore fixed platforms have been set up and put into operation
in the Bohai Gulf, South China Sea and East China Sea. Bohai Oil Field is the earliest and one
of the largest offshore oil fields in China. It is located in the high latitude area which is covered
with sea ice in the whole winter. The offshore platforms in the Bohai Gulf experience both ice lo-
ading and low temperature, leading to the collapse of the structures (Duan et al., 1994; Duan
and Liu, 1995a). Ice is a very complex material, and its loading on offshore structures is then
very different from other environmental loads such as wave load, for example, ice load on
strcutures has much more random characteristics and the loaded structures are under two differ-
ent temperatures, the parts in the air under low temperature and the parts emerged in water un-
der sea water temperature (Liu and Duan, 1996; Chung, 1987). Therefore, the vibration of
offshore platforms in sea ice is a random process (Fang and Duan, 1994b; Duan and Liu,
1995d), causing a random stress state in the structure, and the fatigue damage as well as the
crack propagation caused by the random stresses in the structures is either at low temperature
or at water temperature (Liu and Duan, 1996). In order to ensure a sufficient ability of the plat-
form in sea ice to resist not only random ice loading but also low temperature fatigue damage
and crack propagation, many researches on ice-related problems have been carried out in China
(Liu and Duan, 1995). Most of the research projects are financially supported by the National
Natural Science Foundation of China and China National Offshore Qil Corporation. The re-
searches cover the following areas: physical and mechanical properties of ice (Li, 1985;
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Chen and Lin, 1988), ice action on structures (Liu and Duan, 1995; Fang and Duan, 1995a),
ice-induced vibration (Xu, 1983; Fang and Duan, 1994b; Duan and Liu, 1995b~d), low-temper-
ature fatigue and damage of structures under ice loading (Duan et al., 1995; Liu and Duan,
1996; Fang and Duan, 1992, 1994a, 1995b), structural design of offshore structures against ice
loading (Duan et al., 1994; Duan and Liu, 1995a, 1995¢c; Liu and Duan, 1995; Fang and Duan,
1994b, 1995a), etc. Much more widely conducted on ice problems in other countries are such
projects as: ice properties studied as a material (Chung, 1987; Nixon and Smith, 1984), ice loads
on structures (Derradji-Aouat, 1994; Frederking et al., 1992) and ice-induced vibration of struc-
tures (Karna and Turunen, 1989; Sodhi and Morris, 1986; Jones, 1991). And low temperature fa-
tigue of kinds of materials was studied in the last decade (Stephen, 1985). However, researches
on low temperature fatigue and crack propagation of offshore structural steels were seldom re-
ported except the above reviewed, and the ice-induced fatigue crack rropagaiion (IFCP) at low
temperatures has not been published except the only paper by Liu and Duan {1596). This paper
is the extension of that work (Liu and Duan, 1925,

2. Testing Procedure of Fandom: Icc induced FCP at Low Temperatures
2.1 The Purpose of tbe Tesx

Many tests and researches on the FCP behavior of offshore strctural steels under constant
amplitude loads have been conducted by the authors as reviewed above. However, fatigue crack
propagation under constant amplitude loads represents only the physical and mechanical fea-
tures of the material itself, which can not stand for the feature of FCP under loads of variable
amplitude or random loads that are the real environmental load conditions. To reflect the real
FCP behavior under field ice loading, we conduct this test that is to: (1) study the fatigue crack
propagation behavior of offshore structural steels under random ice loading; (2) investigate the
effect of ice breaking modes on the FCP behavior; (3) find out the degree of temperature effect
on ice-induced fatigue crack propagation.

This study is on the FCP behaviors of offshore structural steel A131 under different field
ice loadings at the lowest environmental temperature in the Bohai Gulf.

2.2 Material and Test Specimen

ASTM A131 is an offshore structural steel that has not only high strength limit but high
toughness, and has good weldability as well. However, it is developed not for use at low tempera-
tures, so we choose it for this test. The mechanical properties and the chemical compositions are
described in a previous paper of Liu and Duan (1996).

The test specimen is chosen to be the compact tension specimen, cut out from A131 steel
plates in the L-T direction, the dimensions and configuration of which are shown in Fig. 1. All
specimens are precracked to a desired initial length of 2 mm under constant-amplitude loading
at room temperature.

2.3 Loading Conditions

For the reason that the stress history of 2 CT specimen is in agreement with its loading his-
tory, the stress response of the hot spot in the platform is taken as the loading history of the test



Ice Induced Low Temperature Fatigue Crack Propagation 277

75!0.|2
.03
320.0l
18.5%0!
18.5%0!

Fig. 1. Dimensions erd configuratior: or the tested specimen.

of FCP in the speciimen. ['rom field investigation, the main ice modes in the Bohai Gulf can be
divided as crushing, bending and buckling respectively according to the ice breaking conditions
when it meets the structures. Different ice modes induce different stress states in the structrue,
and such induced fatigue and crack propagation behaviors are therefore very different. For de-
termination of the loading conditions of the test, ice-induced vibrations of fixed platforms are an-
alyzed (Duan and Liu, 1995b; 1995d), and the corresponding stress responses are calculated
(Duan et al., 1996). The calculated hot spot stress responses of the platform are employed for
the fatigue loading spectra of ice as required by the principle that the stress near the crack tip of
the tested specimen is equal to or commensurate with the ice-induced hot spot stress of the plat-
form. Such simulated loading histories in this test are presented in Fig. 2 respectively for crush-
ing ice loading, bending and buckling ice loading, the data on the vertical axis omitted as re-
quired by China National Offshore Oil Corporation.

2.4 Test Procedures and Data Processing Software

The authors developed a testing system for low temperature FCP under random loading,
having solved two key technical problems in the test (Duan et al., 1995; Liu and Duan, 1996),
one being the accurate low temperature control, and the other the measurement of crack length
in the hermetically- sealed chamber. The testing system is described respectively by Duan et
al. (1995) and Liu and Duan (1996). Here the schematic diagram of the system is given, as
shown in Fig. 3. The test temperature is set to be 248 K, as indicated above, for each ice loading
history. The test data are processed as described by Liu and Duan (1996) by a special-purpose
software named FCPUSL developed according to the FCP theory and the theory of statistics.
The software has the following functions:

(1) Searching for the maximum and minimum values of the random loads;

(2) Finding and storing the peak and valley values of the random load history, forming the
data file of the peak and valley values including the corresponding time;
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Fig. 2. Ice loading histories for FCP test at 248 K.
(a) crushingice  (b) bendingice  (c) buckling ice

(3) Calculating the mean value, mean square value, root mean square value, variance and
standard deviation of the random load history, all these parameters being called the statistical
characteristic values or functions of the random loads;

(4) Calculating the statistical characteristic values of the peak values and the valley values,
and the differences of the characteristic values of the peak values and those of the valley values;

(5) Calculating the characteristic values of the amplitudes (the differences between the near-
est peak and valley values) of the random loads;

(6) Calculating the stress intensity factors (SIF) for any given characteristic value of the ran-
dom load history as defined by the above items, such calculated SIF are called characteristic
stress intensity factors;

(7) Calculating, by regression analysis, the coefficients of the polynomial relationship be-
tween the crack length and the number of blocks of the load history:
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N=j(a)=iCiai m

i=0

where, N is the number of blocks, a is the crack length, and C; the polynomial coefficient;

(8) Calculating the crack growth rate da / dN = [dN / da] "', AN / da is given from Eq.
(1)

(9) Calculating the experimental constants in the Paris Equation for a given characteristic
stress intensity factor, and the corresponding FCP life;

(10) Determining the optimum controlling parameter for FCP called the fundamental
parameter controlling FCP under random loads.
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Fig. 3. The low temperature FCP testing system.

3. Optimization Results of the Controlling Parameter
for FCP under Random Ice Loading

The optimization of the controlling parameter for FCP requires a great amount of calcula-
tion. To reduce the length of this paper, we omit the procedure of optimization. By comparing
the crack growth rates calculated by every characteristic SIF through the Paris Equation, ma-
rked by R,, with the tested da/ dN values, marked by R,, the amplitude root mean square SIF,
K, ., is determined to be the fundamental parameter for all types of ice loading histories. Table
1 is the comparison for crushing ice loading, in which o, is the standard deviation of R, and R,
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where the units of R, and R, are m/ cycle, n is the selected number of corresponding R, or

R, for every characteristic SIF, the unit of which is M PaN'm . Evidently, the standard deviation

calculated from the amplitude root mean square SIF, K, .. is the smallest. For the other two ice
loads, i.e., bending and buckling, the same conclusion is obtained.

Table 1 Assessment result of the fundamental controlling parameter of FCP for crushing ice loading
Parameter K, K., K Korm AK,, AK,
o, %1073 0.963594 0.642718 0.643299 0.616969 0.640736 0.642351

K, — mean stress intensity factor, K, — root mean square stress intensity factor, A, -— amplitude mean stress
intensity factor, K,,, — amplitude root mean square SIF, AK,, — pcak mexun stress intenstv fuctor range, AK,, — peak
root mean square stress intensity factor range.

4. Resulés and Discussion

In the theory of fatigue crack propagation, the fatigue crack growth rate da/ dN is general-
ly expressed as a {unction of stress intensity factor K or its range AK. It is well confirmed that
da/ dN and K or AK take the form of the Pairs Equation for almost all materials and loading
conditions, not only for constant amplitude loading but also for variable amplitude or random
loading, that is, on the FCP diagram, In (da/ dN) is linearly related with In (X) or In (AK) in
most of the propagation stage, as shown in Fig. 4.
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Fig. 4. Schematic show of the typical FCP under constant amplitude loading.
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In this study, the test data of In (da/ dN) and In(AK) are processed by regression analysis
and presented on the FCP diagram. For a better view of the difference of the FCP behaviors ex-
pressed by different ice breaking modes, the three FCP curves corresponding to the three ice bre
aking modes are presented in the same diagram as shown in Fig. 5. Evidently, the difference is
large, and the following FCP behaviors can be concluded from the diagram.

For constant amplitude fatigue crack propagation, there are the evident propagation
stages, i. e., threshold stage (crack initiating stage), stable propagation stage (Paris linear region)
and unstable propagation stage (fast fracture). The schematic representation of the typical FCP
behavior under constant amplitude loading is shown in Fig. 4. Comparing Fig. 5 and Fig. 4, we
can see that there is no crack initiating stage, i.e., crack threshold stage, in the i2z—induced FCP
for any ice breaking mode, and except for buckling ice, there is no fast fracture stage on the FCP
curves for both crushing ice and bending ice. For tnese twr ice modes, cracks propagate in the
form of the Paris law once they are initiated, and stab’c propagation lasts very long. The frac-
ture takes place not during the time of tne last and high 2cceleration of crack propagation as
shown in Fig. 4, but happens« at (ke time of graduzl increase of the growth rate after the curve de-
viates from the lincar stage. The tiracture does not have any evident sign as expected in Fig. 4
where the fracture occury soon after fast accelerated propagation takes place. However, for
crushing ice, there seems to be an indication of fracture on the FCP curve that the crack growth
rate remains almost unchanged for some time before the fracture occurs. The comparison of the
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Fig. 5. FCP diagram of steel A131 under random ice loading at 248 K.
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shapes of the curves for crushing ice and bending ice with the one in Fig. 4 leads to another con-
clusion that during non-linear propagation, the slopes of the curves for ice loading in Fig. 5 are
inclined to decrease with the increase of K,,,, while the slope of the late fast unstable propaga-
tion in Fig. 4 tends to increase with the increase of AK. This is also an evident difference be-
tween the ice-induced FCP and the typical FCP by other kinds of loads. For buckling ice, be-
sides the absence of the threshold stage, there is no stable linear propagation region. The curve
takes the form of ”( J”, and has the unstable propagation stage after some time of slow crack
growth. The unstable propagation has the same form as in Fig. 4, but it seems that the crack
growth rate is much smaller compared with that shown in Fig. 4. It is very strange that the crack
should propagate in the case of deceleration after it is initiated. It is slowed down straight to a
minimum growth rate, then begins to accelerate to an unstable fast propagziion, to fracture.
There must exist some inner cause for this unusual phenomenon. Uiiforwunately. we have not
conducted the macroscopic to microscopic studies of the FCP behavior under such a loading
condition, leaving the physical nature of such phenoinenon undisclesed.

For the initiation of cracks. it is also very clear thzt che critical K :m at which the crack is

initiated is much smalle:r for crushing ice than that for bending ice or buckling ice as well, the
one for buckling heing the largest. However, the corresponding crack growth rate for buckling
ice is not the largcst; it is smaller than that for bending ice which induces the highest rate. That is
to say, the crack can be initiated much more easily by crushing ice loading than by the other two
ice loadings, and the crack initiating rate for bending ice is the highest. For the same characteris-
tic SIF, in most of the crack propagation stage, the crushing ice induces the fastest crack propa-
gation compared to the other two ice sheets, with the buckling ice inducing mush slower crack

growth. On the other hand, for crushing ice, the critical K ﬁm at which the fracture takes place

is the smallest in comparison with that for the other two ice loads. In this paper, we simply call
this critical value fracture SIF.

If the crack growth rate is described by means of the Paris Equation, the da/ dN expres-
sions for crushing and bending ice modes can be written as follows, which are the result of linear
regression of the test data:

423991 x 10 2

da/ dN =0.923064(K _) , for crushing ice loading 3)

da/ dN =0.936866(K )" " ", for bending ice loading @)

where the units of da/ dN and K, arem/ cycleand M PaNm respectively. From the expo-
nents of the above expressions, it can be seen that crushing ice results in much faster
acceleration of crack propagation due to the higher value of the exponent, usually called the
Paris exponent, compared to bending ice.

According to the above discussions on the FCP behaviors for the three ice loadings at
Bohai lowest temperature, the following cognition can be obtained: the crack in steel A131 can
be most easily initiated under crushing ice loading, and it propagates at the highest acceleration
and at the highest growth rate for a given characteristic SIF, and moreover, it has the smallest
fracture SIF, therefore, we can conclude that crushing ice results in the worst fatigue crack prop-
agation in steel A131 at low temperatures. Unfortunately, crushing ice is the most common ice
type in the Bohai Gulf (Duan and Liu, 1995a). However, although buckling ice induces a much
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better low-temperature FCP behavior, it excites the worst vibration responses of the structures
(Fang and Duan, 1994b). Therefore, joint investigation of ice-induced FCP behavior and dynam-
ic ice-induced vibration has to be conducted for the safety of offshore structures in ice environ-
ments.

5. Concluding Remarks

Low-temperature fatigue crack propagation under constant amplitude loads has been wide-
ly studied, and the FCP behavior under variable amplitude loads at low temperatures has also
been studied (Stephen, 1985), but most of the investigations are focused on the materials used in
ground vehicles, civil structures, pipelines, aircraft and aerospace structures. Studies on ice-in-
duced fatigue crack propagation have not been reported except the work conzuacted by the au-
thors (Liu and Duan, 1996). The work reported here as well as tha: by Liu and Duan (1996) is
just an initial attempt, however, the results are meaningful. Ice-induced FCP is not only an aca-
demic area but also a practical engineering problem. Tlere are raary challenging problems to be
solved. Duan and his group are conducting studies of terxperature related FCP behaviors under
various kinds of random ice loading for differsut offshore structural steels, hoping that more
and more scientizts and engineers get interested in this area and resolve the problems.

As a conriusion, tae main points can be drawn as follows from the present work:

(1) The amplitude root mean square SIF is optimized to be the fundamental parameter of
fatigue crack propagation in Steel A131 under all selected ice conditions at low temperatures;

(2) Generally, there are two stages of crack propagation in ice-induced fatigue, one is the
linear propagation stage in which the Paris Equation can be applied to the description of crack
growth rate, and the other the non-linear propagation stage in which unstable fast propagation
as occurs in most environmental conditions for almost all materials does not take place;

(3) To a large extent, the ice breaking modes affect the crack initiation, the FCP behavior
and the Paris constants as well, some specific features of which are presented;

(4) The FCP diagram for buckling ice takes the form of ”| J”, which represents very differ-
ent FCP behavior from either the other two ice loads of crushing and bending or constant
amplitude load or other random loads. The physical nature of such phenomenon remains
unknown;

(5) The ice that excites much greater dynamic response of structures may induce much bet-
ter low temperature FCP behavior, then joint investigation of ice-induced FCP and dynamic

ice-induced vibration is strongly recommended to be conducted for the evaluation of the safety
of the structures in ice conditions.
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