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In the work the method for determination of diagrams of limiting amplitudes of the cycle of welded joints with steady 
residual tensile stresses is proposed based on the results of tests of small specimens, which can be considered as an ex-
press method for calculation of characteristics of fatigue resistance of welded joints when there is no possibility to carry 
out full-scale investigations and the appropriate computational dependences are presented. The analysis of literature 
data for different types of welded joints showed satisfactory correlation of experimental and calculated values of fatigue 
limits of welded joints of low-carbon and low-alloyed steels of a low strength. It was established that all the diagrams of 
limiting amplitudes of the cycle of welded joints with steady residual stresses are finished on the line, where each point 
at different mean stresses of the cycle corresponds to the minimum limiting amplitude of the cycle of welded joint with 
its value of limiting steady residual stress, which provides realization of limiting stresses of cycle. It was shown that 
if at the low values of steady residual stresses the relative reduction in fatigue limits of butt welded joints of steels of 
different strength is occurred almost for the same value, then with their increase, the reduction of fatigue limit of steel 
with higher mechanical characteristics is more significant. 23 Ref., 1 Table, 3 Figures.
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Numerous investigations indicate, that among the 
whole number of factors which determine the load-car-
rying capacity of welded metal structures of different 
purpose, welding residual stresses (RS) play a signif-
icant role [1, 2]. In the greatest extent the influence of 
tensile RS on the fatigue limits is revealed at symmet-
ric loading cycle and is considerably reduced due to 
a more significant relaxation with the increase in the 
level of operating stresses or the ratio of asymmetry 
cycle Rσ [3–5]. As far as the reduction of RS occurs 
mainly during several tens of cycles of loading to a 
specified value, then the set value of residual stresses 

s
res

s  plays the main role in decreasing the fatigue limit 
of welded joint [6, 7], the method of determination of 
which is presented in the work [8]. This should be re-
flected on the character of diagrams of limiting stress-
es of the cycle (DLSC) [8] or limiting amplitudes of 
the cycle (DLAC). If for welded joints without RS 
the limiting amplitude σa depends on the mean stress 
of the cycle σm, then for all the types of welded joints 
of different strength with high RS such dependence 
is not observed. As the determination of diagrams is 
based, as a rule, only on the stresses from external 
load, not accounting for RS, then the determination of 
DLAC of welded joints, containing different level of 

s
res

s , can be important for artificial control of residual 
stresses during prediction of limiting state of weld-

ed metal structures. Undoubtedly, the most valid data 
can be obtained during tests of full-scale elements of 
metal structures containing the different level of s

res
s . 

However, due to considerable material costs a number 
of experimental investigations of influence of the level 

s
res

s  on fatigue resistance of welded joints is extreme-
ly limited. Therefore, the development of the method 
for determination of DLSC or DLAC of welded joints 
with RS according to the results of tests of small spec-
imens is urgent. Earlier, in the work [9] the method for 
determination of fatigue limits of welded joints with 
high RS was proposed based on the results of tests of 
small specimens considering the established fact of 
intersection of diagrams of limiting stresses of cycle. 
In the works [8, 10] the determination of diagrams 
of limiting stresses of the cycle of welded joints with 
different value of initial RS was proposed based on 
the results of small specimens tests and the level of 
limiting initial residual stress was calculated which 
provides realization of the limiting cycle of stresses. 
At the same time the methods proposed until now can 
not provide an unambiguous answer, where the dia-
grams of limiting amplitudes of the cycle of welded 
joints with different value of steady residual stresses 
are finished and why they are parallel to the diagram 
of limiting amplitudes of the cycle of specimens with-
out RS. Moreover, the proposed methods did not find 
experimental confirmation for different types of weld-© V.A. DEGTYAREV, 2016
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ed joints, and it is unclear whether they can be applied 
to welded joints with different mechanical proper-
ties. In this regard, in the present work the calculated 
method for determination of limiting amplitudes of 
cycle of welded joints with different levels of steady 
residual tensile stresses was grounded based on the 
results of tests of small specimens without RS at their 
comparison with experimental data and the cause was 
revealed explaining why diagrams of limiting ampli-
tudes of the cycle of welded joints with different value 

s
res

s  are finished on the line having the same value of 
minimum limiting amplitude of cycle, independent of 
the mean stress of cycle.

analysis of obtained results. During tests at a 
single value Rσ the diagram of limiting amplitudes of 
cycle of welded specimens without residual stresses 
(Figure 1, line 1) is usually represented in the form:

 1 ,
a m− s

′s = s −ψ ⋅s
 (1)

where σ–1 is the fatigue limit of welded joint at a sym-
metric cycle of stresses; σm is the actual value of mean 
stress of cycle; ψσ is the coefficient of sensitivity to 
the asymmetry of the cycle of stresses, which is de-
termined at a known value of ultimate strength of the 
material σt by the ratio of σ–1/σf.

According to this dependence the limiting ampli-
tude of stresses σa depends on the mean stress σm. It 
should be noted that in the present work the influ-
ence of the theoretical coefficient of stress concentra-
tion was not considered because of determination of 
DLSC or DLAC, accepted in the work [11], only on 
the action of nominal stresses. The analysis of results 
of tests of different types of welded joints with high 
residual stresses, obtained experimentally, shows that 
σa does not depend on σm in this case (line 3). [4] With 
the growth of mean stress or the asymmetry coeffi-
cient of the cycle, the difference between the limiting 
amplitudes of welded specimens with residual stress-
es and without them is reduced and approximately in 
the point, corresponding to the yield strength σy of the 
material, the lines 1 and 3 are intersected [8, 12]. In 
this case the limiting amplitude reaches its minimum 
value l

à
s  at the mean stress σmY (y, A) and has the 

same value for welded joints without RS and with 
them. Thus, the value l

à
s  may be determined using 

calculation method at the known value of fatigue limit 
of welded joint without RS in the following form:

 1 .
a mY
n

− s
s = s −ψ ⋅s

 (2)

Taking into account that l
a Y mY

s = s −s  having sub-
stituted it to (2), it can be written that

 

1 .1
Y

mY
−

s

s − s
s =

−ψ
 

(3)

Thus, the dependence for determination of l
à

s  can 
be represented as

 `

1 .1
l Y
a

− s

s

s −ψ s
s =

−ψ
 

(4)

The earlier analysis of literature data [12] showed, 
that if we present the results of investigations of differ-
ent types of welded joints of low-carbon and low-al-
loyed steels with the steady residual stresses s

res
s  in 

the form of the sum of the limiting amplitude of the 
cycle σRD of such a joint and the steady residual stress, 
which is considered as a static component, i. e. (σRS = 
= σRD + s

res
s ), and the mean stress, respectively, in the 

form of σmS = σm+ s
res

s , then independently of the lev-
el of residual stress all the points are satisfactorily lie 
on DLSC of welded joints without residual stresses, 
described by the dependence of Goodman [11]

 
'

max 1 (1 ) .m− s
s = s + −ψ s

 (5)

Moreover, when the sum of the initial residual 
stresses and stresses from external load, i. e. the fa-
tigue limit, does not reach the yield strength of the 
material, the steady RS correspond to the initial ones 
and in this case the summed stresses are located at the 
inclined area of a diagram. After σRΣ reaches the yield 
strength of the material, the relaxation of the initial 
RS to the steady level (maximum level) occurs and, in 
spite of the different values s

res
s , obtained depending 

on the stresses from external load, the realization of 
a single limiting cycle of stresses is provided. In this 
case, the results of tests of specimens with different 
value of the steady residual stresses can be appropri-
ately described by the equation in the form:

 1 (1 ) ( ).s
m resRS − s
′s = s + −ψ ⋅ s + s

 
(6)

In the absence of RS the equation (6) acquires the 
form (5). It should be noted that the given expression 
is valid under the condition that the influence of the 
steady residual stress and mean stress from the ex-

figure 1. Scheme for determination of diagrams of limiting am-
plitudes of cycle of welded joints with steady residual stresses: 
1 — diagram of limiting amplitudes of cycle of welded specimens 
without residual stresses; 2 — calculated diagram of limiting am-
plitudes of cycle of welded specimens with steady residual stress; 
3 — diagram of minimum limiting amplitudes of cycle
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ternal load on the fatigue resistance of welded joints 
is identical. Consequently, the sensitivity of welded 
joints with different value of steady residual stresses 
to the loading asymmetry must also be the same. In ad-
dition, one should bear in mind that the expression for 
determination of steady residual stress bears an ideal-
ized character and provides an approximate calcula-
tion [8]. It is connected with the fact that during cyclic 
deformation, when total stresses, as a rule exceed the 
elastic limit of material as a result of accumulation 
of inelastic deformations, the cycle-by-cycle reduc-
tion of the initial RS occurs. Therefore, to determine 
it more accurately, the additional experimental infor-
mation or information about inelastic deformation of 
the investigated material [13] or the diagrams of the 
limits of cyclic creep at the preliminary specified tol-
erance for residual deformation, providing reduction 
of RS to the predetermined value, are required [14]. 
However, in practice the widespread use of the men-
tioned dependence is connected with the accessibility 
of rapid determination of values included in it.

The fact of presence of a single diagram allows, 
firstly, selecting the required modes of loading the 
welded structure to achieve the preset s

res
s  in it, and, 

secondly, determining the diagrams of limiting stress-
es of the cycle or limiting amplitudes of the cycle of 
welded joints with the preset value σs

res based only 
on the stresses from external load using the results of 
tests of welded joints without RS. Taking into account 
that σaD = σRS – σmS, the dependence for determination 
of DLAC of welded specimens with a preset value 
of steady residual stresses (Figure 1, line 2) can be 
written as

 1 ( ),s
aD m res− s

′s = s −ψ ⋅ s + s
 

(7)

or

 
1

?
(1 ).

s
m res

àD −

′s + s
s = s −

s  
(8)

In this case, the inclined area of the diagram af-
ter the joint solution of equations (1) and (7) is dis-
placed to the value ∆σ = ψσ

s
res

s  in parallel relatively 
to DLAC of welded specimens without RS.

The mean stress from the external load, under the 
action of which the preset value s

res
s  remains in weld-

ed specimen, can be easily determined by solving the 
equation (7) relatively to σm, taking into account that 

1( ) /l
a mYs −

ψ = s −s s

 

1 .saD
m res

−

s

s − s
′s = − s

ψ
 

(9)

Particularly interesting is the answer to the ques-
tion, where DLAC of welded joints with the preset 
value s

res
s  is finished. After conversion of the equa-

tion (2) relatively to σmY and the combined solution 
of equations (2) and (9) we shall obtain finally that 
the mean stress for welded specimens with the steady 
residual stress, which in this case will be limiting, and 
thus σaD = σl

a is displaced along the line 3 to the val-
ue Dσm = σmY – σm = σs

res (p∙B). Thus, each point at 
this straight line at different mean stresses of the cycle 
corresponds to the minimum limiting amplitude of the 
cycle of welded joint with its value of limiting steady 
residual stress, which provides finally the realization 
of the limiting cycle of stresses.

As an example, in the Table for different types of 
welded joints made of steels of different strength, the 
literature data are given experimentally obtained on 
the basis of 2×106 cycles of fatigue limits at a sym-
metric loading cycle at different values σs

res and their 
calculated values. The Table presents also the ex-
perimental values of fatigue limits of welded joints 
without residual stresses. The comparison of results 
of calculated evaluation of the influence of steady RS 
on fatigue limits of welded joints according to the 
proposed methods and experimental data showed a 
good correlation for welded joints of low-carbon and 
low-alloyed steels of a low strength. It is seen that 
the difference is within the range of 3–11 MPa, which 
corresponds to the error of 6–20 %. Concerning the 
welded joint of low-alloyed steel 10KhSND, it is seen 
that due to a low fatigue limit, a small difference in 
the calculated and experimental values leads to a no-
ticeable error. Moreover, the analysis of Table data 
showed that for high-strength steels (14KhMDFR) 
the proposed methods of calculation lead to a signifi-
cant error. This is apparently connected with the fact 
that, having an elongated character of the diagrams 
of limiting amplitudes in welded joints of such steels, 
such processes are probably developed at the increase 
in mean stress with the accumulation of cycles, which 
can increase not only the strength of metal, but also in-
crease the limiting value of stresses amplitude in this 
case. In this regard, the diagrams of limiting stresses 
or amplitudes may have a hyperbolic character [23]. 
It shows once again that hypothetical dependences 
of the type of Smith or Hay, describing the behavior 
of diagrams of the investigated materials, which are 
often used in the literature, should be considered as 
approximate, not reflecting the whole complexity and 
multifactorial nature of fatigue of the welded joints. 
Nevertheless, the analysis of the results allows con-
cluding that under certain difficulties in carrying out 
fatigue tests or absence of experimental data the pre-
sented methods can be used as an express method for 
calculation determination of fatigue characteristics of 
welded joints of low-carbon and low-alloyed steels 
with a different value s

res
s .
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To determine the asymmetry coefficient of cycle at 
which the residual stresses are relaxed completely, it 
is enough to write that

 

2
.1

l
a

D YR R
s

s
s = = s

−
 

(10)

Substituting the expression (2) to (10), after some 
transformations it can be established that intersection 
of diagrams of limiting amplitudes of the cycle of 
welded joints without residual stresses and with the 
steady level of residual stresses (Figure 1, lines 7 and 
3) will occur at

 
12( )

1 .mY

Y

R − s
s −ψ s

= −
s  

(11)

It is easy to determine the asymmetry coefficient 
of the cycle, at which intersection of diagrams of lim-
iting amplitudes of the cycle of welded joints with the 
set value of residual stresses occurs with the line 3, 
knowing that σaD = l

à
s  and σRD = σaD + σm = σY – σmY + 

+ σm. Substituting the expression (7) to (10), it can be 
written that

 
12( )

.1

s
res m

Y mY m R
− s s

′s −ψ s −ψ s
′s − s + s =

−  
(12)

After some transformations we will obtain that

 

12( )
1 .mY

s
Y res

R − s
s −ψ s

= −
s −s

 
(13)

Thus, the higher the value s
res

s , the lower the value 
Rσ at which intersection of diagrams of limiting am-
plitudes of the cycle of welded joints occurs with the 

line 3. It should be noted that the degree of influence 
of RS on fatigue resistance of welded joints depends 
not only on their level, but also on the parameters of 
external load as well as mechanical characteristics of 
the used materials. The mentioned calculated ratios 
allow evaluating not only the influence of RS on fa-
tigue limits, but also calculating the fatigue strength 
of welded elements of metal structures at artificial 
regulation of residual stresses in them.

As an example of calculation according to the pro-
posed methods, Figure 2 presents a series of diagrams 
of limiting amplitudes of the cycle of butt weld-
ed joints of low-carbon steel St.3 (killed) (σy = 300 
MPa) and low-alloyed steel 09G2S (σy = 340 MPa) 
with different level of steady residual stresses. It is 
seen that the diagrams are parallel not only between 
themselves but also DLAC of welded joints without 
RS. Moreover, their displacement relatively to each 
other occurs for the value equal to ∆σa = ψσ

s
res

s . All 
the diagrams are finished at the points located on a 
straight line 6, which is parallel to the mean stress of 
the cycle. It means that regardless of the level of the 
steady residual stresses, all the diagrams of limiting 
amplitudes of the cycle have the same value of the 
minimum limiting amplitude l

à
s  equal to 56 MPa for 

low-carbon and 64 MPa for low-alloyed steels at dif-
ferent value of mean stress of the cycle, and it does 
not contradict to the literature data [10]. In this con-
nection it can be noted that in reality the mentioned 

Comparison of experimental and calculation values of fatigue limits of different types of welded joints produced of different strength 
materials (MPa)

Steel, type of joint σy, MPa s
res

s , MPa l
à

s , MPa sm, MPa
1

e
−

s , MPa
1

ð
−

s , MPa Δ Reference

St. 3, cruciform 300 0 
127

21.5 
–

278.5 
151.5

40 
28.5

 
31.5

 
–3 [15]

M16S, butt 237 0 
160

72 
–

165 
0

116 
76

 
72

 
4 [16]

14KhMDFR, butt 600 0 
450

20 
–

580 
0

110 
70

 
40

 
30

[17] 
[4]

Low-carbon, butt 300 0 
230

56 
–

244 
15

108 
69

 
59

 
10 [8]

09G2S, with deposits 317 0 
150

60 
–

257 
107

120 
95

 
85

 
10 [18]

Low-carbon with transverse fillet welds 240 0 
175

68 
–

172 
0

80 
60

 
68

 
–8 [19]

St.3, welding-on of transverse stiffeners 260 0 
220

40 
–

220 
0

80 
40

 
38

 
2

[20] 
[4]

10KhSND, welding-on of transverse stiffeners 442 0 
410

30 
–

412 
0

99 
20

 
30

 
–10

[21] 
[4]

09G2S, butt 339 0 
270

64 
–

276 
0

136 
75

 
64

 
11

[22] 
[4]

09G2, butt 343 0 
160

67 
–

276 
–

155 
99

 
105

 
–6 [9]

St. 3(killed), overlapped with flange weld and 
welding around the contour 230 0 

195
27 
–

203 
–0

54 
35

 
28

 
7

[1] 
[4]

Note. Upper value is for specimens without residual stresses, lower value is for specimens with steady residual stresses.
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straight line 6 is not the diagram of limiting ampli-
tudes of the cycle of welded joints with high RS, as it 
is usually called at the present time in the literature [4] 
but most probably the diagram of minimum limiting 
amplitudes of the cycle (DMLAC), where each point 
on the mentioned straight line is nothing else than a 
totality of fatigue limits of welded joint with its value 
of limiting steady residual stress, which provides the 
realization of the limiting cycle of stresses. Regarding 
the diagrams of limiting stresses of the cycle, then it 
is better to call such a straight line as the diagram of 
minimum limiting stresses of the cycle with its value 
of limiting s

res
s .

The sensitivity of butt welded joints of steels of 
different strength to the value s

res
s  is illustrated in 

Figure 3. Taking into account the experimental and 
calculated data, the Figure presents the dependences 
of changes in their fatigue limits at symmetric load-
ing cycle on the value of steady residual stresses in 
relative coordinates. From the analysis of Figure it 
follows that at low values s

res
s  the relative reduction 

of fatigue limits of welded joints σ–1D occurs almost 

to the same value. However, with increase in s
res

s , 
the reduction of fatigue limit of welded joints of steel 
with higher mechanical characteristics is more sig-
nificant as a result of which the curves diverge. For 
example, at the value s

res
s  equal to 0.5 σy, the reduc-

tion in fatigue limit of welded joint of low-carbon and 
high-strength steel occurs at 30 and 43 %, respective-
ly. If the twice reduction of fatigue strength of weld-
ed joint of steel 14KhMDFR is achieved at the value 

s
res

s  equal to 0.6 σy, then for the welded joint of steel 
St. 3(killed) it is achieved almost at 0.85σy. It can be 
noted that the practical value of the Figure consists 
in the presented possibility to determine the selection 
of steel at the presence of steady residual stresses in 
the elements of metal structures of the known value 
without additional labor consuming investigations of 
large-sized specimens.

Thus, the presented methods can be considered as 
an express method for calculation of characteristics of 
fatigue resistance of welded joints, containing differ-
ent level of steady residual stresses when there is no 
possibility for full-scale experimental investigations.

conclusions

1. The method for determination of diagrams of lim-
iting amplitudes of cycle of welded joints of low-car-
bon and low-alloyed steels of low strength with the 
steady residual stresses was proposed and experimen-
tally confirmed.

2. The regularity of change in fatigue limits of butt 
welded joints of different strength steels was estab-
lished based on their mechanical characteristics and 
steady residual stress.
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