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Proposal of fatigue assessment method for piping under seismic loading
(About the use of effective strain range for loading sequence effect)
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Abstract A loading sequence effect on fatigue life was investigated for piping under seismic loading. A
fatigue assessment method which can consider the loading sequence effect conservatively was proposed using
the effective strain range. Variable strains in the pipe wall were obtained by finite element analyses. A seismic
loading was applied to a system of pipes in the analysis. Fatigue tests were conducted using strains obtained
by the analysis. Damage factors at failure calculated by Miner’s rule were less than 1.0 and the minimum
value was 0.43. It implies that Miner’s rule predicted non-conservative fatigue life. Crack growth tests were
also conducted to examine the reduction of the fatigue life. It was shown that a single overload strain
decreased crack opening strain and increased the effective strain range. The increment of the effective strain
range accelerated the crack growth rate after the overload and reduced the fatigue life. The damage factor for
the strain under seismic loading was recalculated using Miner’s rule and the strain ranges which added the
maximum increment of the effective strain range. The recalculated damage factors were larger than 1.0 under
most conditions. The proposed procedure is available to predict the fatigue life of piping under seismic
loading.
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(a) Pipe configuration
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(b) Analysis mesh

Fig. 1 Pipe configure for finite element analysis.
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(a) 1st order mode (7.60 Hz) (b) 2nd order mode (10.2 Hz) (c) 3rd order mode (13.7 Hz)
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Fig. 2 Results of modal analysis for the piping system
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Fig. 4 Acceleration response spectrum for input acceleration. The damping constant assumed to be 1%.
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Table 1 Analysis parameter

Component Specifications

JIS 100A Sch40
Geometry (Outer diameter 114.3 mm,
Thickness 6mm)
. Young’s modulus 203 GPa
Pipe - -
Poisson’s ratio 0.30
Yield strength 310 MPa
Secondary stiffness 2.03 GPa
Weight Mass 600 kg

Table 2 Analysis parameters for supporting structures.

Specifications Element type
Vertical . s .
vertica Spring constant 5.99 X10° N/mm Spring element
direction ~ “
Primary stiffness 591 MPa
Horizontal Yield strength 117 MPa Truss element
direction
Secondary stiffness 127 MPa
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Fig. 5 Distribution of maximum equivalent plastic strain during
84.34s.
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Fig. 6 Circumferential strain at the position of the maximum
equivalent plastic strain.
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Fig. 7 Strain history applied for fatigue tests. The strain
was derived from the transient strain shown in Fig. 4
obtained by simulating the seismic load.
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Fig. 8 Step up and down strain applied for fatigue tests.
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Fig. 9 Periodic overload strain applied for fatigue tests.

FlE - JEME &), (b) BIEROAR (+), (o) JEMEDOH (=)
3RS L. BROTHDOKRE K go ITEFLEIROO
TR 4e/2 D 2 {5 & 45D 2 F8#5E (LA, %4 %O0LR =
2, OLR =4 LEf) & L7z F72, \BKROTHEMFET
DA B —=rSVDYA T IV N b RN L S H T2,

3. EHHER
31 RBAZE
HRERICHE 316 AT L RSO LSRR AT 3 1,

B E A 3R 4 13 HURAR X e ERE O3 & B fif
T B AR AT 720, €10 @I st

MERBR A 2 U, BB RmlE, N7HEBH LT e L
7. F£17, Mﬁﬁmﬁﬁﬁfi RFIROGH 2 L, i
OFTHRZRE LT BEUEN SEOTH GO )
e DRI, &t%ﬁwt

I D,Y
g = ln(ZJ— ln(gj )

ZIT, LIIERRIOES, [ IIEREHEOES, Dot W%
AIDERR, DIXERZEOERZTHY, EE—EDIREIC

Y LD?=ID* DERZ VW=, —7, Hﬁxﬁ’ﬂf}*ﬁﬁ)ﬂwﬁ
INEVEBRTIE, 10 (O0WRTIEB IR A A L
7.



INSS JOURNAL Vol. 29 2022 NT-2

Table 3 Chemical content of test material (wt %).

Fe C Si Mn P S Ni Cr Mo

Bal. 0.05 | 023 | 1.29 | 0.036 | 0.028 | 10.05 | 1698 | 2.01

Table 4 Mechanical properties of test material

0.2% proof strength | Tensile strength | Elongation | Reduction of area
284 MPa 617 MPa 0.61 0.80
Unit: mm
S
vids
o 0
b4 | OO O RSP RS RS, S R -
-e- l
(26.5)
126

(b) Plane specimen

Fig. 10 Geometry of test specimen for fatigue tests.
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Table 5 Summary of fatigue tests (Constant amplitude strain).

Ag2 (%) | Specimen type N
.0.20 Plane L2108
0.21 Plane 415.358
023 _ Plane 319.975
0.25 ~ Plane 172,500
0.30 Plane 59,025
0.40 Plane 26.390
0.50 Plane 8.970
0.60 Plane 3.720
0.70 Plane 3.333

1.0 ‘Hourglass 830
1.5 Hourglass 301
2.0 Hourglass 175
2.5 Hourglass 101
3.0 Hourglass 73
3.5 Hourglass 57
4.0 Hourglass 45

.45 | Hourglass | 38
5.0 Hourglass 30
235, Hourglass .23
6.0 Hourglass 22

7.0 Hourglass 18
8.0 Hourglass 13

Table 6 Summary of fatigue tests (Strain under seismic loading).
One block consists of 1713 cycles.

Ag2 (%) Specimen type Nt
0.4 Plane 797.354
0.5 Plane 274,297
0.6 Plane 161,690
0.7 Plane 69,033
1.0 Hourglass 21,287
1.5 Hourglass 7,832
2.0 Hourglass 3,903
2.5 Hourglass 2,426

Table 7 Summary of fatigue tests (Step up and down strain).
One block consists of 50 cycles.

Ae (%) Specimen type N¢
2.0 Hourglass 6.024
3.0 Hourglass 1,872
4.0 Hourglass 1,174
5.0 Hourglass 774
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Table 8 Summary of fatigue tests (Periodic overload strain).

Over load type Specimen type eoL (%) | Ag2 (%) Nint Nt
Hourglass 210 4 05 14 4,661
Hourglass =15 | 075 49 966
Hourglass | 20 | 1.0 | 49 | 817
‘Hourglass Z23 112 1.9 302
Hourglass + 1.0 0.5 1.765
OLR=#£2 |  Hourglass +1.0 0.5 5 2.418
R Hourglass | *£1.0 | 0.5 ... 10| . 2.794
‘Hourglass +1.0 0.5 30 4,395
Hourglass +1.0 0.5 100 4.745
Hourglass | +10 | 05 | 500 | 6879
Hourglass += 1.0 0.5 1000 6.231
Hourglass + 1.0 0.25 49 11.551
Hourglass + 1.5 0.375 49 4,225
,,,,,,,,,, Hourglass | 20 | 05 | 49 | 2350
Hourglss | *25 | 063 | 49 | 1302
Hourglass +1.0 0.25 1.984
OLR =+ 4 ‘ Hourglass + 1.0 0.25 5 3.889
R Hourglass | *£1.0 | 0.25 | . 10| . 5.688
Hourglass | 1.0 | 025 | 30 8.961
Hourglass | *=1.0 0.25 100 13.938
‘Hourglass += 1.0 0.25 500 22.794
Hourglass +=1.0 0.25 1000 32,641
Hourglass 1.0 0.5 2 3.777
_Hourglass 1.0 0.5 10 5.624
OLR=+2 | Hourglass | 1.0 | 0.5 . 100 | 7.494
‘Hourglass | 1.0 0.5 300 8.640
Hourglass 1.0 0.5 1000 7.031
. Hourglass | 1.0 | .. 0.25 | . 2. 10.881
. Hourglass | 1.0 025 | 10 17.754
OLR =+4 Hourglass 1.0 0.25 100 43.279
Hourglass | 1.0 | 025 | 500 | 83548
Hourglass 1.0 0.25 1000 71.382
Hourglass —1.0 0.5 2 3.408
B Hourglass | —1.0 | . 0.5 . |.. . 10| 4.089
OLR =—2 | Hourglass .............. —10 | L 50 1. 5.754
 Hourglass | —1.0 | 05 | 100 | 6458
Hourglass —1.0 0.5 500 6.994
Hourglass —1.0 0.5 1000 7.436
Hourglass —1.0 0.25 2 9.198
‘Hourglass | —1.0 025 | 10 11,000
OIR=—4 | Hourglass | —1.0 | 025 |50 . |. 19.278
Hourglass | —10 | 025 | 100 | 16.675
Hourglass —1.0 0.25 500 31.747
Hourglass — 1.0 0.25 1000 35.916
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Fig. 11 Fatigue curve obtained by constant amplitude fatigue
tests
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Fig. 12 Calculated fatigue damage for strain under seismic
loading. DF for many cases was less than 1.0. It implies that
Miner’s rule could not predict the fatigue life conservatively.
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Fig. 13 Calculated fatigue damage for step up and down strain
and periodic overload strain. Periodic overload strain rather than
step up and down reduced fatigue life. DF for OLR =4 was
smaller than that of OLR =2.
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Fig. 14 Calculated fatigue damage for periodic overload strain.
DF for all the cases was less than 1.0 and changed with Niy. DF
for compressive overload was smaller than that of tensile
overload when the ratio of overload was the same value.
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Fig. 15 Geometry of a plate specimen for crack growth test and configuration of strain gauge and clip gauge.
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Fig. 16 Single overload strain applied for crack growth tests.

Table 9 Summary of test conditions for crack growth tests.

Load type aoL (%) | Ag2 (%)
Constant amplitude — 0.25
+05 0.25

+ 0L £075 | 025
+1.0 0.25
—05 0.25

— oL =075 | 025
— 1.0 0.25

overload (— OL)
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Fig. 17 Relationship between crack length and number of cycles. A single overload was applied when crack length reached 3

mm. The inclination of the crack growth curve changed at 3 mm.
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Fig. 18 Relationship between crack growth rate and strain intensity factor range. The crack growth rates for the cases of constant

amplitude correlated well with the strain intensity factor range. The crack growth rate increased after a single overload.
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Fig. 19 Relationship between normalized effective strain range and crack length. Aa is the increment of the crack length after
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overloading. Jees//e increased abruptly after the overload and decreased gradually.
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Fig. 21 Schematic drawing explaining variation of effective
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strain range after overload and during constant amplitude test,
respectively. The loading sequence effect is caused by the
increment of Aeemor)y—Aéetmca)-

117

N ]

e Test results
— Eq. (10)

A

0 2 4 6 8 10
Ael2 [%]
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loading sequence effect and Ae/2. enmaxy de decreased with Ae/2.
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Fig. 23 Relationship between normalized stress and strain for
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normalized by fluctuation ranges. The ratio of the plastic strain
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Fig. 24 Calculated fatigue damage for periodic compressive
overload strain. DF, were values obtained by the proposed
assessment method.
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Fig. 25 Calculated fatigue damage for strain under seismic
loading. DF;, were larger than 1.0 except one case.
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