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Research on the Low Cycle Fatigue Strength of

Discontinuous Parts in Ship Structures

1. Introduction

Recently, damages due to low cycle fatigue are of great concerns in ship structures and the in-
vestigation into this is of importance, The 46th Research Committee of The Shipbuilding Research
Association of Japan was engaged in a series of research on this problem and presented valuable
information,  Furthermore, the 62nd Research Committee took over the research program from
1958 and continued the investigation for three years,

The Research Committee consisted of several research groups that belonged individually 1o aca-
demic institutions or ship yards and these groups performed their own alloted programs of the inves-
tigation. The materials which were supplied to the experiments were mild steel (the notation MS
will be used in the report) and several kinds of high tensile strength steels (the notation HT 60
etc. will be used). The fatigue strengths of the materials and of their welded joints were expér-
imentally investigated on the following subjects:

1) Effects of mean stress on the fatigue strength

2) Effects of the shape of the stress variation curve and frequency of the stress variation

3) Effect of pre-strain

4) Fatigue strength at low temperature

5) Corrosion fatigue

6) Notch sensitivity

7) Low cycle fatigue strength of welded joints and structures
2. Research on Fatigue Strength of High Tensile Strength Steels
2.1 Influence of the Shape of the Stress Variation Curve upon the Low Cycle Fatigue Strength

In order to investigate the influence of the shape of the stress variation curve and the frequen-
cy of stress variation upon the fatigue life, smooth specimens of 8 mm and 4.5mm in thickness
were tested under alternating tension. Three kinds of combinations of the shapes and frequencies
were selected for the test, One of these was triangular in the shape of cycle curve with Aa fre-
quency of 20to 30c. p. m. and the others were trapezoidal, holding the load at its maximum for 3
seconds and 10 seconds with a frequency of 5 to 10 and 1 to 3 c. p. m., respectively, In the tes--
ts, the elongation of the specimens, the cyclic creep of the specimens etc, were also observed.
The materials supplied were MS (SS-41). YES-36 A (equivalent to HT 55), HT 55 and HT 60.
The chemical compositions and mechanical properties of the materials and the details of the Speci-

mens were shown in Table 1.1 and Fig. 1.1, respectively.
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The results obtained were summarized in the followings:

1) The shape of the stress variation curve and the frequency of cycle affect considerablly the
fatigue life of the materials. The number of cycles required to produce fracture decreases as
the frequency decreases and the duration of the maximum stress becomes larger.

2) The stages of fatigue process that were observed in the tests are:

(1) At the first cycle of loading, the considerable amount of elongation of thespecimen oc-
curs. (2) In the following, the stationary cyclic creep proceeds and finally (3) the state of the
uniform extention (em) is reached. After this state necking occurs and sudden elongation of
the specimen leads to fracture,

3) The relation between the final elongation (&) and the number of cycles required to produce
fracture (N) is almost independent of the shape and frequency of the cycle and the final elon-
gation shows its miximum value approximately at N=10%, The increase in the final elongation
is greater for mild steel than for high tensile strength steels,

4) For the range of N>10* an abrupt reduction in the final elongation is found and it may be
estimated that the transition of low cycle fatigue to high cycle fatigue exists around N=10%

5) Instead of the final elongation, an average elongation (em) prior to the occurence of necking
is related to the number of cycles (N), In this relation, closely similar tendeucies are recog-
nised to those mentioned in the above items 3) and 4).

6) After a few cycles of loading, the increment of plastic strain for a cycle (4ep) is approxi-

mately related to the number of cycles of straining by the following equation.
dep » N=k

where k is a parameter mainly dependent upon the absolute temperature and is slightly in-
fluenced by the properties of materials, the size of specimens, various testing conditions etc,,
and this parameter is inversely proportional to the testing temperature (in absolute temper-
ature).
2.2. Effect of Mean Stress on Fatigue Strength
In general, indivisual members of ship structures are subjected to static loads in still water and
alternating loads in waves, Accordingly, these loads cause static mean stress and alternating
stresses in the members, In the case when high level of the mean stress is maintained, there is a
possibility to produce fatigue cracks at discontinuous parts of the structure, In this respect, the
effect of the magnitude of the mean stress was studied on the fatigue life of smooth and notched
specimens of mild steels (KAM and SS41) and high tensile strength steels (HT50, HT 60 etc. ).
The experiments were conducted under various levels of the mean stress, The mechanical prop-
erties of the materials are shown in Table 2.1, the testing conditions in Table 2,2, and the shapes
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of the specimens in Fig. 2.1. From the results of the experiment, the S-N curves shown in Fig,
2.3 to 2.13 and the 6a—om-N diagrams in Fig, 2.14 to 2.23 were obtained, and the following
information are drawn:

1) The omax-N curve is represented by two straight lines, one of which is pallarel to the N-
axis and the other inclined. In the range indicated by the former, the maximum value of the
stress mainly determines the fatigue life and in the other range, the life is proportionally re-
lated to the level of the mean stress (om). The intersection of these two lines moves to the side
of short life of fatigue as the factor of stress concentrations (@) becomes greater and the mag-
nitude of the mean stress smaller,

2) The a-N curve shows similar tendencies to the omax~N curve (oa is stress amplitude),

3) Based on the oa-0m-N diagram, it is possible to evaluate fatigue life for various values of
the mean stress,

This diagram is approximately represented by two straight lines as seen in the omax-N
curve,
2.3 Low Cycle Fatigue Strength under Particular Conditions

As the structural members are subjected to the action of cyclical stresses under various conditions,
the fatigue strength at low temperature, the effect of cold working and the corrosion fatigue of
welded connections were investigated and the properties of materials at extremly low temperature
(about -200°C) were also studied with the aid of the results of the investigations carried out not
only in Japan but also in foreign countries,

2.3.1 Effect of Pre-strain

The materials used in the tests were MS (SM 41) and HT50 (SM50), of which chemical composi-
tions are given in Table 3. 1. The specimen shown in Fig. 3, 1 (b) was manufactured for the
fatigue test.  The magnitudes of strain imposed to the specimens in advance were 5,10 per cent
for SM 41 and 5,10, 15, 20 per cent for SM 50. In addition to these, the specimens were also tested,
which' had been subject to compressive strains of 1.5 and 3.0 per cent. All the specimens were
subjected to a heat treatment before the fatigue test such as by keeping the specimens at a tem-
perature of 250°C for 15 minutes, and cooling them in air,

The experiment was made under alternating tension for a constant load. The results of the
experiment are summarized in Fig. 3.2 to 3.8 and the following information is obtained ; the fa-
tigue strength of the materials under alternating tension is improved due to pretension or pre-compres-
sion, and the more improvement may be expected for a material subject to the larger amount of
straining,

2.3.2 Temperature Effect
Three kinds of steels such as MS (SS41), YND 33 and HT60 were supplied for the test and their
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chemical compositions are given in Table 3.2, The effects of the testing temperature and the
shape of a specimen were studied upon the fatigue strength of the materials. The specimens are
of three kinds; (1) an unnotched round bar, and (2) two kinds of round bars with a groove notch
of V-shape, of which values of « are 2and 3.

The results of the static and impact tests are represented in Fig. 3.10 and those in the endurance
tests in Fig. 3.11 to 3.14. A comparison between the statical and fatigue strengths of the materi-
als is made in Fig 3,15 to 3. 20.

On the basis of the above results, the following information is obtained :

1) Generally speaking, the fatigue life of the materials increases at low temperature, depending

on the kind of material and the factor of notch sensitivity,

2) The materials have a tendency to be more sensitive to a notch with décrease in [temperature
and, on the other hand, less sensitive under higher stress,

3) The temperature effect is not appreciable on the fatigue strength ratio ¢./os. However,
this ratio is reduced by the existance of a notch and a large amount of reduction in this ratio
is observed for HT 60.

2.3.3 Corrosion Fatigue of Welded Zone

Experiments were performed on low cycle corrosion fatigue of welded zone of a plate with reinforce-
ment of weld.  The materials used in the experiments were SM 41 and HT 60, of which chem-
ical compositions and mechanical properties are given in Tables 3.5 and 3.6 respectively. In Table 3.7
the conditions of welding applied to the specimens are indicated. And the specimen is shown in Fig.
3.20. The tests were conducted by using a machine of Schenck type and the specimens were sub-
ject to plane bending.  The test results are represented in Fig. 3. 22 to 3. 29 and summarized as
follows :

1) For the range where the number of cycles required to fracture is less than 10° there is no

appreciable difference between the fatigue lives of the parent and welded material for MS, and

lfor HT the welded material is recognized lower than the parent one in the fatigue life. In this
range of the cycles or the period of time spent for the tests, the effect of corrosion is not ob-
served.

2) The electric potentials at the parent material, heat affected zone, and deposite metal are not
equivalent each other.  These relationship is not consistant under the influence of various fac-
tors of the condition.

2.3.4 Survey on properties of Materials at a Very Low Temperature

In these years, liquid gas is being transported by L. P.G. tankers, owing to its great demand. The
liquid gases supplied are mainly propane and butane which are -40°C and -10°C in liquid. For these
liquid gases, the properties of the materials of containers etc. are necessary to be investigated in the
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range of a temperature to ~50°C. In a near future, liquidized methane gas is expected to be supplied
and efforts are exerted to develope material to be used at a super-low temperature of about -160°C.

The literature survey was carried out on the low temperature characteristics of materials prospec-
tive to this purpose. A detail of the survey is not presented in the article. As a general ten-
dency, high strength steels (oB=60~80 kg/mm?2) and Al-killd steels are used for propane and butane:
and Cu-alloy, Al-alloy and Ni-steel are considered suitable for a very low temperature.

The following three conditions are required to satisfy for a material to be used at a very low tem-
perature and Ni-steel (for example, 9 % Ni-steel) is considered one of the best material to be su-
pplied. The conditions are:

1) To show a good feature in low temperature characteristics

2) To have good qualities in weldability and workability

3) To be low at cost
3. Fatigue Strength of Materials at Discontinuities
3.1 Notch Sensitivity at Low Cycle Fatigue

The relationship between theoretical values of stress concentration and notch sensitivity of speci-
mens was studied, conducting fatigue tests on different materials under various types of strain cy-
cling. With the S-N curves of the materials, obtained from the test results, the correlation of the-
oretical value of elastic stress concentration (&) to plastic notch sensitivity factor (4) was obtained
and the applicability of high strength steels to discontinuities was studied.

3.1.1 Low Cycle Fatigue Strength under Constant Alternating Load (Specimen with Side Notches)

The fatigue strength of HT60 was tested by the specimens with side notches of V or U shape un-
der alternating tension of constant load. In the tests, the value of « is 2.4 for U notch and 8.2
for V notch.

The test results are represented in Fig 4.1 to Fig 4.7 and present the following brief conclusions:

1) As the value of « increases, the number of cycles at the intersection in the omax —N curve(N)

decreases and the fatigue life-shown by a oblique line decreases more rapidly.

2) The value of # becomes greater with increase in the value of o and the number (N), explained

above, and for smaller values of omn.
3.1.2 Low Cycle Fatigue under Constant Alternating Load (Specimen with a Center Notch)

Plates of mild steel (KAM) and HT 50 with a central circular or oval hole, were supplied to fa-
tigue test under constant alternating load with variation of the mean stress which were designed to
be approximately 55,65 and 80 per cent of the value of og. The values of @ of the specimens were
2.75 for a central circular hole and 5.2 for an oval, respectively.

The results of the test are similar to those in 3.1.1 and stated in the following :

1) As the value of « increases, the number of cycles at the intersection becomes smaller than
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that in case of side notches for the same value of «.

2) The value of § becomes greater with an increase in the value of @ and the number of cycles
(N). Further increment was obtained for a smaller value of om. In the range of om/op =
0.5 more reduction in fatigue strength is observed for HT 50 than MS.

3.1.3 Low Cycle Fatigue under Constant Complete Reversing Load (Specimen with a Center Notch)

Very few endurance tests of a plate under complete reversing load have been conducted for many
years owing to the occurance of buckling of the specimen under compression. An apparutus was
especially designed for the above mentioned test, which prevents the specimen from buckling.

With the aid of the newly designed apparutus, the endurance test was conducted on specimens
with a center notch of three kinds and without notch under constant complete reversing load.  Ma-
terials used for the specimens were MS and several kinds of HT. The theoretical values of static
stress concertration, «, are 2.21, 4.0 and 7.2 for the three kinds of notches. @ The experimental
results are shown in Fig. 4.17 to 4,23 and Tables 4.1 and 4. 2. And the following information is
obtained :

1) The S-N curve is genel-'ally represented by two straight lines in the logarithmic co-ordinates
and, in this case, the result have no tendency to be indicated by a straight line parallel to the
N-axis.

2) The fatigue life of the plain specimen is proportional to the value of the altimate strength of
a material (oB).

3) The value of g reduces as op increases. On the other hand, it becomes greater for a larger
number of N and a greater value of «. It should be pointed out that the value of 2 may reach
asymptotically to a value when « is greater than a certain value, even for the specified number
of N.

It is indicated from the test results that the value of g for matarials MS to HT 60 is enumer-

ated by the following equation in the range of low cycle fatigue, which is
gB —L = — — 1 2 ¢ -4 H 2
2 (1~ ) = (4log N—2. 5){1.0 (0. 55d)}>\10 oB, E in kg/mm2

3.1.4 Low Cycle Fatigue under Constant Complete Reversing Displacement (Specimen with a Center

Notch)

The same specimens as described in 3.1.3 were tested under constant complete reversing displace-
ment for two kinds of materials, MS and HT 60.
The results obtained in the tests are represented in Tables 4. 3 and 4.4 and Fig. 4. 44 to 4. 53.
They are summarized as follows :
1) When the amplitude of displacement 8, and N curve is represented in a logarithmic co-ordi-
nates, it is indicated by a straight line for the range to the point where 8. corresponds to stat-
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ical fracture. The fatigue life diminishes with an increase in the value of «.

2) p§ from the §a-N curve and fo from the S-N curve increase for larger value of @ The
increment in the values is greater for MS than for HT. There is a difference between these
values of 83 and fo and different tendencies in these values are observed for a variation of N.

3.1.5 Comparison of the Test Results between Constant Reversing Load and Constant Reversing Dis-
placement

The results of the experiments presented in the precceeding two articles are compared as illustrated

in Fig. 4.54 to 4.57. From the figures, it is seen that the characteristics of the curves are very

similer to each other except some differences between the absolute of the curves.
3.1.6 Low Cycle Fatigue Strength under Constant Alternating Displacement with Mean Stress

Endurance test was performed under constant alternating displacement, imposing a certain amount

of mean stress on the specimens.  The loading condition in this test is considered to be equivalent
to the test on a specimen subjected to pre-tension instead of mean stress. The specimens are of MS
(KAM), and a notch provided to the specimens is circular shape at center and V shape at the sides,
of which value of @ is 2.6 or 7.0.

From the test, Fig. 4.58 to 4.65 and the following information are obtained :

1) The number of cycles required to initiate a crack and that to produce the first four cracks (at
corner) have a constant ratio independently of the amount of pre-strain and amplitude of dis-
placement,

2) In the endurance test under a constant displacement, creep is observed at the begining of the
cycling and the stationary state of straining is set in, In this latter state, the histeris loop area
and the amplitude of the displacement is linearly co-related,

3) The effect of the mean stress upon the fatigue strength is not noticiable in this test compared
with the test under a constant load.

3.1.7 Effect of Reinforcement of High Strength Steel around a Circular Notch

Using high tensile strength steel, the specimen explained in 3.1.3 was reinforced around a circular
notch and the effect of the reinforcement was examined by the test. The results are shown in Fig.
4.66 to 4.75 and explained briefly in the following :

1) The low cycle fatigue strength of the reinforced specimen is proportional to the ultimate
strength of the high tensile strength steel and the ratio of the width of reinforcement to the
entire width of the specimen for the range of N> 10%

2) The effect of the reinforcement is usually increasing for a larger number of cycles, When HT
80, quenched and tempered steel, is supplied for reinforcement, the effect is not expected so much
in comparison with the others, since this steel is sharp in notch sensitivity for a larger number
of cycles,
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3.2 Fatigue Strength of Welded Joints and Structures
3.2.1 Plane Bending Fatigue Strength of Fillet Welded Joint

In order to obtain a fundamental knowledge on failures which occur at the weldment of stiffeners
of ship structures, plane bending fatigue test was performed on such materials as MS (8S41), HT
50, YES36A, HT 60 and HT 80.

As illustrated in Fig, 5.1 the specimens consist of three kinds, which are plain specimen (Type
“P”), un-symmetrical fillet welded (Type “T”) and symmetrical fillet welded (Type “C™).

The results obtained are breifly stated as follows:

1) The fatigue life of the specimen of Type “P” increases with an increase of on. On the con-
trary with this, the fatigue life of Type “C” decreases for larger value of op and this tendency
is remarkable for a “quenched and tempered” material. It should be noted that the fatigue
life of the quenched and tempered material is weaker than mild steel for a long life range.
The fatigue life of Type “T” has intermediate value between Types “P” and “C”.

2) The shape of bead affects the fatigue life of the materials and the variation in thermal in-
put of welding does hardly.  The quenched and tempered shows a marked notch sensitivity.

3.2.2 Plane Bending Fatigue Strength of Butt Welded Joint

Plane bending fatigue test was conducted on butt welded specimens of the materials used for the

test in 3.2.1, except HT 80.  The test results are presented in the following :

1) The shape of the ¢a~N curve obtained in the test is similar to that of the curve for the fillet
welded.

2) The fatigue life is approximately equivalent to that of Type “T”.

3) For the higher in o of high strength steels, the less in fatigue life is obtained.

3.2.3 Low Cycle Fatigue Strength under Constant Reversing Load of Butt Welded Joint

Applying the same method of testing and supplying the same material as used in 3.1.3, endur-

ance test was carried on butt welded under constant reversing load.

The properties of the materials and the conditions of welding are shown in Table 5.3 to 5.5.

The results are represented in Fig. 5.15 to 5.18 and summarized as follows:

1) The low cycle fatigue strength of the butt welded joints does not decrease remarkably, com-
pared with that of the plain material and the equivalent stress concentration is considered about 2.

2) It should be noticed that as long as the high strength steel is concerned a decrease in fatigue
strength is seen more for the range of longer life. = On the contrary, the high strength steel
is advantageous for the range of N<{10%, since the ratio of fatigue strength to oB is greater than
that of mild steel.

3.3 Low Cycle Fatigue Strength of Welded Joints of Structures
There are various types of welded connections which are used in ship structures. Among them,
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three types were selected to the test of low cycle fatigue strength.

-8:3.1 - Stiffeners under Repeated Shearing Forces

++ The specimens for the test are shown in Fig. 6.1.  The repeated load was applied in the longi-

tudinal direction of the specimen and the effect of the length of fillet weld on the low cycle fatigue

strength was studied. =~ The materials used to the specimens are shown in Tables 6.1 and 6. 2.
The test results are illustrated in Fig. 6.2 to 6.6 and it is summarized that the fatigue life of the

end portion of stiffeners under repeated shearing force are not increaseng proportionally to the length

of the fillet weld since the stress at the end is not proportional to the length.

3.3.2 Fatigue Strength of Pad and its Connecting Structures under Repeated Force

" The endurance test was conducted on the models, illustrated in Fig. 6.7 under repeated vertical

force, supplying the same materials as the preceeding test.

From the test results, the fatigue strength of the models was studied at the relation of the width

of the pad and represented in Fig. 6.8 to 6. 11.

The brief conclusions are as follows :

1) Two kinds of the loading are considered to apply, one of which is to impose a certain amount
of force and the other is a certain magnitude of deformation. Accordingly, the construction of
the models should be designed with consideration of the type of loading. In the case where the
force is specified, the fatigue life increases as the width of the pad increased so as to allow the
larger deformation. When the displacement is limited, the width of the pad should be smaller
and reinforced so as to stand for the a large amount of load.

2) The fatigue life of the model is mainly influenced by the action of bending, when width of the
pad is more than five times of the thickness.

3.3.3 Beam Ends and Brackets

Damages at beam ends and brackets are often reported due to repeated loading.  And, their fa-
tigue strength was investigated. For endurance tests, models shown in Fig. 6.12 were made of two
kinds of materials, MS and HT 60 of which properties are indicated in Table 6.3. The test was
conducted under the condition of reversing amplitude of constant deflection and the influences of vari-
ation in the length of the leg of fillet weld (L) and the width of the flange (B) upon the low cycle
fatigue strength were investigated :

The result of the statical tests is shown in Fig. 6.13 and those of the endurance tests in Fig. 6.14

to 6.24. The following important information was obtained from the results.

1) Statical strength
a) When the model is subjected to tensile force, a crack initiates from the root of the weld

and leads to the fracture.  The larger size of the weld enforces the statical strength of the
model to a certain degress and the effects of the breadth of the flanée, the kind of the mate-
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rials and the electrodes are not recognized.

b) When compression is applied to the model, the buckling of the bracket is observed and then
the model of high strength steel proves to maintain higher load.  The effect of the width of
flange is not clarified.

2) /Fatigue strength
a) The type of fracture of the model is similar to that in the statical test under tension. The

propagation of crack is not abrupt as often seen in the endurace test of constant displacement.

b) The size of the fillet weld seams to have no influence on the fatigue life.

¢) The initiation of a crack is observed for the wider flange at an earier stage—of the cycling
and for the model without flange at the latest stage. For the model fitted with the flange,
the fatigue life is decreasing for wider flange and for mild steel.

4. Concluding Remarks

The results of the investigations into low cycle fatigue strength were presented in this report and
this committee succeeded in obtaining important and useful fundamental information on the low cycle
fatigue to prevent fatigue failures in ship structures.

As this information is a basic knowledge, further investigation ia desirable to apply the results to
actual structures and obtain a standard practice of construction to prevent from fatigue damages.
The suggested important subjects of the further investigation are presumably as follows:

1) Effect of the interference between notchs or welds on the fatigue strength (When there exist
several notches or weldments, the interferences between them are produced and this affects the
fatigue strength of the materials in a different manner).

2) Fatigue strength of welded connections of different types from those which were studied in this
report

3) Effect of cold working on the fatigue strength of materials

4) Size effect of specimens and the study on the process of propagation of the initiated crack

5) Review of the laws of fatigue damages

6) Dynamic loads to ship structures and the response of the structures and their elements
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Tadle 21 Chemical Camposition and Mechanical Properties of Base Metal

Kinds of Steel Chemical Composition (%) Mechanioal Properties
I l o [m
! i Yielding |Tensile ong —
( )indicate ) v Stress [Strengsa|ation ::::
‘hiokness c $i | Mn , P 8 | we ® ey %
(o/nd) | (o) %
KAM (127am) 617 | 005 | 068 |001 002 - - 204 YY) 278 geod
sg41  (4Sem) a17 { aos | a8o o014 jamrs | - - 319 458 a2 .
R T-50(02 nmn) 017 | aas | 14 {ao2 joo1s | - - 39 538 21 -
R T-40(10 am) Q14 0431 114{0026 |0018 | 003 [ tr ‘59 6 31 .
Table 22 Testing Conditions
Test University | Osaka Nippon Mitsubishi
conducted of Tokyo University |IXaij1i Kyokai| Heavy
. by Industry
Kinds of 8841 s841 HT 60 KAM
Stesl HTSO
Testing Low—cyocle Low—cycle Low—cycle Low—cycle
Machine Patigue Patigue Fatigue Patigue
Testing Testing Testing Testing
Machine Machin Machine, Machine
¢ . Amsler
Pulsator
Pulsating 10~20 N>100
Speed 1~30 10~30 } 25
(o-p-m) 260,520 |y q49g
1 (Manual)
Kinde of Const. Const. Const. Const.
Test Load Load Load Load
Mean O<s Tension, |Alternating | O--Tension | O« Tension
Stress 20,25,30 Load fain=20,40! ea=0803,
35 (w/md (v nd 04503 05503
in Tension in Tension |in Tension
Kinds of Plain Plain
Test Platn Plain Notoched Notohed
Specimen (0 =2,482) |(e=27552)
Fig., NO.of .
Test Fig.21 (a) [ P1g. 21 (a) | Pag.21 (®) [Pig. 21 (o)
Specimen
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Table. 52 Mechanical Properties of Materials
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Table 43 Mechanical Properties of
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