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A Study on the Fatigue Analysis of High Pressure Feedwater Heater

Jung-Hun Kwon

Department of Mechanical Engineering, Graduate School,

Korea Maritime University

Abstract

The objective of structural analysis is to verify the fatigue life of high pressure
feedwater heater by using the thermo-mechanical analysis due to the operating
pressure and thermal gradients at the event of cold start, warm start, hot start,
shut down and load changes.

The heater consists of tubesheet, shell and hemi-head. There are many
perforated holes in tubesheet to connect U-type tubes.

The tubesheet perforated region (ligament) was modeled as an equivalent solid
plate. The heat transfer coefficients HTC derived from the Dittus-Boelter equation
were given on the surface contacting with feedwater, and the HTC of tube
out-surface in desuper heating zone were given on shell inner surface side. The
three-dimensional, isoparametric elements were used to evaluate the fatigue life in
the perforated region, hemi-head and shell. The appropriate high pressure
feedwater heater operation pressures and temperatures were used for the analysis.

The finite element analysis was used to evaluate stress levels and thermal

gradients for the feedwater heater. Finite element analysis models were constructed



for each analysis and consisted of nodes and elements representing the tubesheet
solid, perforated regions, shell and hemi-head.

The first step of analysis is to determine the internal temperature distribution
(thermal gradients) as a function of time for all operating mode and the internal
stresses were calculated for the critical temperature distributions with operating
pressure.

The second step is to calculate stress levels and evaluate code requirement and
fatigue life. The heater is verified the integrity, became evaluated stresses satisfy

the allowable stress and fatigue usage factors are not exceed 1.0.
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Nomenclature

: W] ¥ (specific heat, W/kgK)
: A}d A E(channel diameter)
: ¥4 A9 (Young's modulus, GPa)

: F8 e A G (effective Young's modulus, GPa)

R S IE S e B RE

(width of ligament at the minimum cross section)

: A IA G (heat transfer coefficient, W/m2K)

A X% (thermal conductivity, W/mK)

Jo
2
o
e

A% % (thermal conductivity of fluid, W/mK)

B
I

j?.

o

o] FAAE AFo]l A=l(pitch)

[H

&£ 4 (Prandtl number)

: dol== 4(Reynold's number)

HAE %7 (thickness of tubesheet)

)

: AW A A (mean linear expansion, m/umK)

AFA| 4= (thermal diffusivity, m2/s)

2
aey

W& & (shearing strain)

o
ol

¥ 3 E(tensile strain)

: Y7PHE g8 (ligament efficiency)
© A& (viscosity, kg/m s)
: Wo}<4n](Poisson's ratio)

. -8 ol H](effective Poisson's ratio)

2

: o1 2" (tensile stress)



: At $#(shearing stress)
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(a) Geometry and dimensions of high pressure feed water heater
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Fig. 3 Applied geometry and FE model
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Table 1 Material properties of SA516-70

Solid region Perforated region
*
k Qy Cp E « E P
OC . v (effective 4
(thermal (thermal (specific (Young's (mean linear o v ) o -
conductivity) diffusivity) heat) modulus) cxpa‘nsion) . O,l:.w)n ¢ m:::lli:) (CffCLIl\"Ct.P()lbﬁ()n ¢
WimK | 10°m%/s | W/kgK | GPa | 10 ‘mmK | " aPa o
25 60.4 18.10 425 202 11.52 38.38
100 58.0 15.68 471 198 12.06 37.62
150 55.9 14.43 493 195 12.42 37.05
0.3 0.42
200 53.6 13.40 509. 192 12.96 36.48
250 51.4 12.42 527 189 13.14 3591
300 49.2 11.48 545 185 13.32 35.15
325 48.1 11.01 554 182 13.41 34.77

Table 2 The history of the temperature and pressure of feed water (channel) with
time.
Time | Temp | Press. Time | Temp | Press.
Event ) o Cycles | Event . o Cycles
(min) 0 (MPa) (min) | (C) | (MPa)
0 110 8.7 0 110 8.7
CS 250 180 8.6 WS 84 180 8.6
(cold 305 208 155 180 (warm 120 208 15.5 1110
start) 330 228 20.8 start) 145 228 20.8
360 249 21.8 170 249 21.8
0 110 8.7 0 249 21.8
HS 50 180 8.6 SD 12 228 20.8
(hot 80 208 15.5 1500 (shut 25 208 15.5 2430
start) 100 228 20.8 down) 55 180 8.6
115 249 21.8 75 110 8.6
LL SL
0 249 21.8 0 249 21.8
(large 25 208 2.6 2625 (small 12 278 20.8 42000
load) load)
ML TT 0 249 21.8
(middle 200 ;TZ f ;2 21000 | (turbine 5 208 15.5 360
load) ’ trip) 20 110 21.8

- 13




Table 3 The history of the temperature and pressure of steam (shell side) with

time.
Time | Temp | Press. Time | Temp | Press.
Event ] o Cycles | Event ] o Cycles
(min) | (°C) | (MPa) (min) | (C) | (MPa)
0 40 0.1 0 40 0.1
CS 250 324 1 WS 84 324 1
(cold 305 309 1.8 180 (warm 120 309 1.8 1110
start) 330 302 2.7 start) 145 302 2.7
360 323 3.6 170 323 3.6
0 40 0.1 0 323 3.6
HS 50 324 1 SD 12 302 2.7
(hot 80 309 1.8 1500 (shut 25 309 1.8 2430
start) 100 302 2.7 down) 55 324 1.0
115 323 3.6 75 40 0.1
LL SL
0 323 3.68 0 323 3.6
(large 25 309 184 2625 (small 12 302 27 42000
load) load)
ML TT 0 323 3.6
(middle 200 ;2)2 ;? 21000 | (turbine 5 309 1.8 360
load) ’ trip) 20 40 0.1
Table 4 Fatigue table for ultimate tensile stress < 552 MPa
No. of cycle 10 20 50 100 200 500 1000 2000
Alternative
stress, 3999 2827 1896 1413 1069 724 572 441
Salt (MPH)
No. of cycle 5000 10000 20000 50000 | 100000 | 200000 | 500000 | 1000000
Alternative
stress, 331 262 214 159 138 114 93 86
Sait (MPH)

- 14 -
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Dittus Boelter W#4

= (kf/D)x

Q.

T
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7z}t
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(0.023)x

B
SRS

( Re)0‘8

Ode
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=
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Hg Hgsu g

=1

X (Pr)0'3

e
12121 HTC(heat transfer coefficient) 32

£l

.

A58 Table 59 YERAATE.
52 npg 39 o=

(3.1)

Table 5 Thermal properties of saturated water for heat transfer analysis

kf At Channel | At nozzle inside
H (thermal Pr HTC 1 HTC 2
°C (viscosity) | conductivity | (Prandtl (heat transfer (heat transfer

kg/ms of fluid) number) coefficient) coefficient)

W/mK W/m2K W/m2K
20 1.00E-03 0.598 7.01 2130 5250
50 5.47E-04 0.644 3.55 2836 6990
100 2.82E-04 0.679 1.75 3828 9440
200 1.34E-04 0.663 0.91 5219 12860
250 1.07E-04 0.616 0.859 5673 13980
300 8.60E-05 0.548 0.902 6129 15110
325 7.55E-05 0.514 0.924 6357 15675

- 18 -




Fig. 8 Thermal solid elements and thermal boundary conditions
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NODAL SOLUTION

STER=9

SUB =33
TIME=21600
TEMP (AVE)
rReYs=0

8MN =239.571
sMx =321.785

L—_— .|
238.571 257.841 z276.11 204,38 3lz.65
z248.700 266.975 285.245 303.515 321.785
hp7
(a) Temperature distribution at 21600 after cold start
NODAL SOLUTIION AN
STEP=6
SUB =33
TIME=10200
TEMP (AVG)
RSYS=0

SMN =237.865
SM¥ =326.139

= — ]
237.865 257.482 277.098 296.715 316.331
247.674 267.29 285.906 306.523 326.139

hp7

(b) Temperature distribution at 10200 after warm start
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NODAL SOLUTION

STED=5

SUB =33
TIME=6200

TEMP (AVE)
RETS=0

SMM =231.944
sMx =320.796

231.944

hp?

_._ﬁ

3
320.7%¢6

(c) Temperature distribution at 6900 after hot start

NODAL S3OLUTION

3TEP=5

SUB =3¢
TIME=43500

TEMP (avE)
REVE=0

SMN =37.35

SMX =167.Z216

TS 81.764 106.179
BO% S8 93.972

hp7?

1e7.21e

(d) Temperature distribution at 4500 after shut down
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NODAL SOLUTION AN

3TEP=3

SUB =33
TIME=1Z00
TEME (AVE)
REYE=0

HMN =6Z.141
MK =133.237

62,141 92. 62 123.089
i

5 184.057
107. 86 136,339 166,818 R8I0 FE
hp?

(e) Temperature distribution at 1200 after turbine trip

NODAL SOLUTION AN

STEE=2

SUE =21
TIME=720

TEME (ave)

SME =304.93

@ = — |
228 245.095 262.131 275.286 286.382
236.548 253. 643 270.739 287.834 304.93

hp7

(f) Temperature distribution at 720 after small load
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NODAT, SOLUTION A'N

STEDP=2

sUB =29
TIME=1200
TEMP (AVE)
REvE=0

aMHN =Z1lé

aMX =307.426

216 236,317 256.634 276,951 297,268
226.158 246.475 266.792 287.109 307. 426

hp7?

(g) Temperature distribution at 1200 after medium load

NODAL SOLUTION

STEDP=Z

SUE =34
TIME=1500
TEME (AVE)
REYE=0

SMN =Z08

Mz =309.827

Z08 230.628 253.257 275.885 298.513
219.314 241. 842 264.571 287.199 309. 827

hp?

(h) Temperature distribution at 1500 after large load

Fig. 9 Temperature distribution in accordance with time of each event
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Table 6 Detail information for section cuts in Fig. 10

Cut Location Nodes Remarks
Inside Outside
A Head to tubesheet 7948 7946 Solid region
B Fillet 993 1786
C Shell to tubesheet 526 562
D Tubesheet solid rim 274 994 Solid region
E Tubesheet perforated 5382 5119
region Perforated
F Tubesheet perforated 5371 5108 region
region
N Near nozzle 9815 9201 Solid region
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(a) Node numbers around cut A and B

ELEMENTS

(b) Node numbers around cut C
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ELEMENTS

5115 5116 5117 5118 9 346 @ 273 310

(c) Node numbers around cut D and E

: AN

ELEMENTS

54338  S5£942 SHPHS  S514%60

hp7

(d) Node numbers around cut F
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ELEMENTS

(f) Node numbers around cut N

(g) Identification of cuts

Fig. 10 Identification of cuts and node numbers near cuts
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8= 9999 Primary-plus-secondary stress intensity(Pl+Pb+ Q)¢
Hele W 2= ol o5k b FARES] AR wmhE Huigky Hagk
o 2tz AR &3 AU HAage] FHREEe; AREE A9
< Appendix 1°] YA Al %]= Table 73 Appendix 20 UERY

Table 7 Maximum stress intensity range in solid region (Unit: MPa)

Primary and secondary stress
Event / intensity range
Cut | Node Time(sec) Remarks
Value Range Limit
[Si]
Max TT / 160.1
A 7948 732 118.2 414
Min CS / 41.9 Fatigue
1355 factor,
Max TT / 159.8 K.=1.0
B 993 1200 113 414
Min CS / 46.8
3000
Max SD / 585.3
C 526 3300 561.4 423 Ke=1.65
Min CS / 239
7442
Max TT / 141.7
D 274 1200 106.6 414
Min CS / 35.09
9000 Ke=1.0
Max TT / 202
N 9815 1200 189 414
Min WS / 13
3979
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Table 8§ Maximum primary and secondary stress range of SI-r in perforated region

(Unit: MPa)
Primary and secondary stress
T .
Cut Location Event e intensity Remarks
(sec) Range o
Limit
[Su]
B Node 1T | 1200 264.8 K.=1.0
5382 SD 3300 ' ©
P Node D | 3300 194.5 K.=1.0
5119 TT 1200 ‘ i e
E Node SD_| 3300 369.2 K.=1.0
5371 HS 6900 ‘ o
P Node W5 | 8700 269.9 K.=1.0
5108 CS 1355 ' o

Table 9 Maximum primary and secondary stress range of SI-t in perforated region

(Unit: MPa)
Primary and secondary stress
Ti . .
Cut Location Event me intensity Remarks
(sec) Range o
Limit
[Si]
Nod TT 732
E ode 206.6 K.=1.0
5382 HS 1248
P Node | WS | 8700 189.6 K.=1.0
5119 CS 1355 ‘ o
414
E Node oD 1 9309 362.8 K.=1.0
5371 HS | 6900 ‘ “
Nod WS 8700
P oce 976.9 K.=1.0
5108 CS 1355

-31 -




Stress Multiplier for Stress Intensity X

S T T iil | (o) Bl e

(47}

i a
2.0 }Brw—Ur or & wher
Ty o -

i \ | ~124 %) B

o N

1.2

| b

T T . T Ll Foige b b ot
1.0 0.8 0.6 0.4 -0.2 0, +02 04 06 08 1.0

f, Biaxiality Ratio

Fig. 11 Stress multiplier for stress intensity (K)
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Y= g FAEHE 92 72 AFE ANSYSe| 9 #x A & 7}
S ARE9 stress intensitygte] HulZ7F Vo= AIZF 3 HA7F U9 = A
b kel HeE diAlE e 39E Adtste W oeR Frtskglth

A AFOe A GHeE AXEHM 4 AgE Tyl 91d ASME
Section VIII Div. 2.91A AAlE= &@AAG ghe] 71 @417 B A2
grolm& o digk S ST 9% e AT v(Ene okl (3.5)4
o2 Aogtt. 4 AU ALt #2 Table 15 ~ 2090 YERHATH

n
Usage factor(U) U= N (3.4)

n: RTEE Aol 2
585 Aol 2

ELAA%Re] H|(Br) E. = —2=207000/183800 = 1.13 (3.5)

E. @ ASME Section VIII Div. 2.914 AA =& AREA Ao B A 3k
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Table 10 Maximum and minimum stress intensity of each event for cut A

Location Node 7948 Node 7946 No. of

Transient Smax (MPa) Smin (MPa) Smax (MPa) Smin (Mpa) CYC1€S
CS 160.1 38 93 15.4 180
WS 169.5 58.4 106.1 23.6 1110
HS 165.7 474 104.3 23.6 1500
SD 187.2 77.9 82.4 354 2430
LL 154.7 127 69.9 514 2625
SL 187.2 131 80.5 51.5 42000
ML 180.1 131 83.2 51.5 21000
TT 203.9 130.8 98.5 51.5 360

Table 11 Maximum and minimum stress intensity of each event for cut B

Location Node 993 Node 1786 No. of

Transient Smax (MPa) Smin (MPa) Smax (MPa) Smin (MPa) CyCIeS
CS 263.7 78 110 18.7 180
WS 274.8 103.5 125 30.6 1110
HS 270.4 87 119.1 87 1500
SD 293 107 97.6 45.5 2430
LL 234.1 178 83.7 58.3 2625
SL 293 227 97.6 58.8 42000
ML 277 227 97.5 58.8 21000
TT 315.8 227.1 113.1 58.8 360

- 34 -




Table 12 Maximum and minimum stress intensity of each event for cut C

Location Node 526 Node 562 No. of

Transient Smax (MPa) Smin (MPa) Smax (MPa) Smin (MPa) CYCIGS
CS 3394 25.3 249.2 11.1 180
WS 437.2 59.5 315.5 27.9 1110
HS 306.1 41.3 211 22.3 1500
SD 552.1 70.8 279.6 63.9 2430
LL 275.1 71 180.4 63.8 2625
SL 131 71 86.8 63.9 42000
ML 187.6 71 129.2 63.9 21000
TT 206.5 48.9 136 30 360

Table 13 Maximum and minimum stress intensity of each event for cut D

Location Node 274 Node 994 No. of

Transient Smax (MPa) Smin (MPa) Smax (MPa) Smin (MPa) CYC1GS
CS 114.3 20.7 193.4 67.2 180
WS 117.8 46.5 197.9 81.5 1110
HS 103.6 42.6 195.2 75.7 1500
SD 156.8 50 VAW, 83.8 2430
LL 119.6 46.1 179.3 124.5 2625
SL 120 55.7 217.2 179.8 42000
ML 120 44 .4 203 179.8 21000
TT 178.8 49.5 264.3 179.8 360
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Table 14 Maximum and minimum stress intensity of each event for cut N

Location Node 9815 Node 9201 No. of

Transient Smax (MPa) Smin (MPa) Smax (MPa) Smin (MPa) CYCIGS
CS 66.9 17.1 110.8 37 180
WS 61.5 13.2 114.1 37 1110
HS 53.3 174 125.6 37 1500
SD 129.9 56.1 914 6.9 2430
LL 102.7 78.1 914 5.4 2625
SL 129.9 102.2 91.4 594 42000
ML 66.9 17.1 110.8 37 21000
TT 223.5 102.2 91.4 12.3 360

Table 15 Usage factor counting of cut A(node 7948)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke*Er*Salt
(MPa)
1 TT-CS 93.2 180. 500000 0.0004
2 TT-WS 154 180 infinite 0.0
Total 0.0004

Table 16 Usage factor counting of cut B(node 803)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke*Er*Salt
(MPa)
1 TT-CS 134.4 180 9.67E+04 0.0019
2 TT-HS 129.3 180 1.15E+05 0.0016
3 SD-HS 116.4 1320 1.89E+05 0.0070
4 SL-WS 107.1 1110 2.82E+05 0.0039
5 SL-SD 105.1 2430 3.07E+05 0.0079
6 SL-LL 65.0 2625 infinite 0.0
Total 0.0223
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Table 17 Usage factor counting of cut C(node 838)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke*Er*Salt
(MPa)

1 SD-CS 297.6 180 6.76E+03 0.0150
2 SD-HS 288.6 1500 7.45E+03 0.1197
3 SD-TT 284.3 360 7.82E+03 0.0281
4 SD-WS 278.3 390 8.37E+03 0.0294
5 WS-WS 2134 720 2.19E+04 0.0329
6 WS-SD 207.0 390 2.35E+04 0.0166
7 WS-SD 151.8 180 5.92E+04 0.0030
8 HS-SD 132.9 1500 1.02E+05 0.0148
9 WS-SD 1154 360 1.97E+05 0.0018
10 LL-LL 115.3 1000 1.98E+05 0.0051

11 TT-LL 76.5 360 infinite 0.0
Total 0.2664

Table 18 Usage factor counting of cut D(node 801)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke*Er*Salt
(MPa)
1 TT-CS 89.3 180 6.57E+05 0.0003
2 TT-HS 77.5 180 infinite 0.0
Total 0.0003

Table 19 Usage factor counting of cut N(node 9815)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke* Er* Salt
(MPa)
1 TT-WS 118.8 360 1.71E+05 0.0021
2 SD-WS 65.9 750 infinite 0.0
Total 0.0021
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Table 20 Summary of evaluation of usage factor at solid region

Cut Location Usage factor Remarks
A Node 7948 0.0004
B Node 803 0.0223
C Node 838 0.2664 All OK
D Node 801 0.0003
N Node 9815 0.0021
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S, = Yl%al-l- Yg%ag (3.6)

Y ¢t Y,© Fig. 129 o] F&g oy weo wel FojA|= stress
multipliers ©]t}.

0,7 0,5 571 £l md® AE S8 glolt),

A7E Qofet ¢ oFg Table 217 Ztl.

FATPOSTE o]&3F A4S Appendix 40| UE glom zkzbel tia] A
3 A3}= Table 22~259] e} Q)

Table 21 Summary evaluation of usage factor at perforated region

Cut Location Usage factor Remarks
E Node 5382 0.143
Node 5119 0.037

All OK
F Node 5371 0.235
Node 5108 0.077
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Table 22 Usage factor counting of cut E(node 5382)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke*Er*Salt
(MPa)

1 TT-SD 243.9 360 12737 0.028
2 SD-SD 209.3 1980 21339 0.093
3 ML-LL 119.0 2625 169995 0.015
4 ML-CS 113.2 180 204865 0.001
5 ML-HS 111.3 1500 220765 0.007
6 ML-WS 111 1110 226031 0.005
7 ML-ML 34.4 15585 infinite 0.000

Total 0.149

Table 23 Usage factor counting of cut E(node 5119)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke*Er*Salt
(MPa)

1 WS-CS 164.3 180 44837 0.004
2 WS-SD 148.7 930 68734 0.014
3 HS-SD 145.9 1410 75619 0.019
4 HS-HS 139.2 90 95430 0.001
5 SL-LL 63.3 2625 infinite 0.000
6 SL-TT 62.7 360 infinite 0.000
7 SL-ML 62.7 21000 infinite 0.000

Total 0.038

Table 24 Usage factor counting of cut F(node 5371)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke*Er*Salt
(MPa)

1 SD-HS 242.1 1500 13064 0.115
2 SD-TT 230.8 360 15377 0.023
3 SD-SD 230.8 480 15377 0.031
4 LL-ML 164.1 2625 44999 0.058
5 CS-ML 121.7 180 156786 0.001
6 WS-ML 114.0 1110 198361 0.006
7 ML-ML 82.9 17085 infinite 0.000
Total 0.234
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Table 25 Usage factor counting of cut F(node 5108)

Load Stress Required Allowed cycles, | Usage factor,
combination range, cycles, n N n/N
Ke*Er*Salt
(MPa)

1 WS-CS 181.6 180 32957 0.005
2 WS-SD 176.5 930 36006 0.026
3 HS-SD 175.0 1410 36977 0.038
4 HS-HS 160.2 90 48428 0.002
5 SL-LL 95.1 2625 454188 0.006
6 SL-TT 51.4 360 infinite 0.000
7 SL-ML 51.4 21000 infinite 0.000

Total 0.077
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Appendix 1. History of Stress intensity in all transient event

# Stress intensity history in all transient events—CUT C

PORTZ6

hp?

(x10%*1)

1000
1250
TIME

1500

1750

2000

2250

2500

(a) History of stress intensity plot of C node 526 for cold start

POST26

hp7?

(x10%*1}

875

1000

ol i

1250

(b) History of stress intensity plot of C node 526 for warm start
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POSTZ26

VALU

o 1600 3200 4800 6400 &anoo0
800 2400 4000 5600 Jz00
TIME

hp?

(c) History of stress intensity plot of C node 526 for hot start

POST26

VALU

o 1000 2000 3000 4000 5000
500 1500 2500 3500 4500
TIME

hp7?

(d) History of stress intensity plot of C node 526 for shut down
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POSTZ26 AN

WVALU

L} 250 500 750 1000 1zs0
125 375 625 875 1125

hp?

(e) History of stress intensity plot of C node 526 for turbine tripe

POST26 AN

VALU

80 240 400 560 720
TIME

hp7

(f) History of stress intensity plot of C node 526 for small load
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125 375 625 &73 1125

(g) History

of stress intensity plot of C node 526 for medium load
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o 400 800 1200 1600 2000
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(h) History of stress intensity plot of C node 526 for large load
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# Stress intensity history in all transient events—CUT F
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(a) History of stress intensity plot of F node 5108 for cold start
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TIME
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(b) History of stress intensity plot of F node 5108 for warm start
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POSTZ26
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200 2400 4000 5600 7200
TIME

hp7

(c) History of stress intensity plot of F node 5108 for hot start

POSTZ26

a 1000 zooo 3000 2000 5000
500 500 500 4500
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hp7?

(d) History of stress intensity plot of F node 5108 for shut down
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(e) History of stress intensity plot of F node 5108 for turbine tripe
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(f) History of stress intensity plot of F node 5108 for small load
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(g) History of stress intensity plot of F node 5108 for medium load
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(h) History of stress intensity plot of F node 5108 for large load
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Appendix 2. Stress Linearization for Operating Condition at Cut C

# Maximum stress intensity of operation condition (Solid)

CUT C

PRINT LINEARIZED STRESS THROUGH A SECTION DEFINED BY PATH= C_MAX

sk POST1 LINEARIZED STRESS LISTING s

INSIDE NODE = 526
LOAD STEP 7 SUBSTEP=
TIME= 3300.0 LOAD CASE=

0

OUTSIDE NODE = 562

THE FOLLOWING X,Y,Z STRESSES ARE IN THE GLOBAL COORDINATE SYSTEM.

oo
o
o
S
S

o —
=)
=)
S
=3

oo~
|
[\
&
(@]
—

oo
_
=N
X
I

oo
|
©
3
o
{3

o—
I
e
w
©

372.3
205.3
33.74

oo—

#x MEMBRANE #x*

Kk

£

SY SZ SXY SYZ
154.7 —209.4 47.60 11.73
S2 S3 SINT SEQV
—34.34 —209.8 376.8 326.6
#% BENDING #x I=INSIDE C=CENTER O=0OUTSIDE
SY SZ SXY SYZ
276.6 56.69 —-29.14 0.4572

0.000 0.000 0.000 0.000
—276.6 —56.69 29.14 —0.4572
S2 S3 SINT SEQV
56.69 —23.46 302.9 271.9

0.000 0.000 0.000 0.000
—56.69 —279.5 302.9 271.9
#x MEMBRANE PLUS BENDING
SY SZ SXY SYZ
431.4 —-152.7 18.46 12.18
154.7 —209.4 47.60 11.73
-121.9 —266.0 76.74 127
S2 S3 SINT SEQV
—43.82 —153.0 585.3 539.1
—34.34 —209.8 376.8 326.6
—158.1 —267.3 302.8 265.6
PEAK #* [=INSIDE C=CENTER O=O0OUTSIDE
SY SZ SXY SYZ
—60.02 —26.87 —34.16 0.5843
28.34 9.243 24.58 —0.5296
—32.98 22.11 —28.44
S2 S3 SINT SEQV
—26.87 —74.93 93.22 80.74
9.244 —21.84 62.23 53.89
22.11 —44.86 79.99 74.34
TOTAL =+ I=INSIDE C=CENTER O=0OUTSIDE
SY SZ SXY SYZ
371.4 -179.5 —15.70 12.77
183.1 —200.1 72.18 11.20
—154.9 —243.9 48.30 11.93
S2 S3 SINT SEQV
—40.34 —-179.9 552.1 497.3
—54.07 —200.5 405.8 356.0
—165.3 —245.9 279.6 249.3
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SXZ
—2.158

SXZ

0.8449
0.000
—0.8449

[=INSIDE C=CENTER O=0UTSIDE

SXZ
-1.313

—2.158
—3.003

SXZ
—0.3299
0.2077

0.6644 —0.1253E-01

DSYS=

0



# Minimum stress intensity of operation condition (Solid) CUT C

PRINT LINEARIZED STRESS THROUGH A SECTION DEFINED BY PATH= C_MIN

sk POST1 LINEARIZED STRESS LISTING s

INSIDE NODE = 526 OUTSIDE NODE = 562
LOAD STEP 6 SUBSTEP= 1
TIME= 7442.5 LOAD CASE= 0

THE FOLLOWING X,Y,Z STRESSES ARE IN THE GLOBAL COORDINATE SYSTEM.

#x MEMBRANE #x

SX SY SZ SXY SYZ SXZ
—5.066 —9.941 —26.15 1.637 2.279 —0.3241
S1 S2 S3 SINT SEQV
—4.562 —10.12 —26.47 21.91 19.73
#% BENDING #+ I=INSIDE C=CENTER O=0OUTSIDE
SX SY SZ SXY SYZ SXZ
I —-1.094 0.8884 —3.073 —2.259 0.2066E—-01 —0.2359E-01
C 0.000 0.000 0.000 0.000 0.000 0.000
O 1.094 —0.8884 3.073 2.259 —0.2066E-01 0.2359E-01
S1 S2 S3 SINT SEQV
[ 2.364 —2.570 -3.073 5.438 5.204
C 0.000 0.000 0.000 0.000 0.000
O 3.073 2.570 —2.364 5.438 5.204
#x MEMBRANE PLUS BENDING #* I=INSIDE C=CENTER O=0UTSIDE
SX SY SZ SXY SYZ SXZ
[ —6.161 —9.052 —29.22 -0.6223 2.300 —0.3476
C —5.066 —9.941 —26.15 1.637 2.279 —0.3241
0 —=3.972 —10.83 —23.07 3.896 2.258 —0.3005
S1 S2 S3 SINT SEQV
I —6.003 —8.948 —29.48 23.48 22.15
C —4.562 —10.12 —26.47 21.91 19.73
0 —-2.190 —12.16 —23.53 21.34 18.49
#% PEAK #% [=INSIDE C=CENTER O=0UTSIDE
SX SY SZ SXY SYZ SXZ
I —-1.079 —2.874 —2.307 —1.276 0.03063 —0.01417
C —0.5486 0.9497 0.7685 1.033 —0.02760 0.01485
O 0.9025 —0.3569 —0.07933 —1.320 0.03938 —0.01156
S1 S2 S3 SINT SEQV
I —-0.4158 —2.307 —3.537 3.121 2.723
C 1.477 0.7684 —-1.076 2.553 2.283
O 1.736 —0.07919 —-1.191 2.927 2.559
# TOTAL #+ I=INSIDE C=CENTER O=0UTSIDE
SX SY SZ SXY SYZ SXZ
[ —7.240 -11.93 —-31.53 —1.898 2.330 —0.3618
C —5.615 —8.991 —25.38 2.670 2.252 —0.3092
0 —3.070 —-11.19 —23.15 2.576 2.298 —0.3120
S1 S2 S3 SINT SEQV TEMP
[ —6.516 —-12.38 —31.80 25.29 22.92 175.5
C —4.112 -10.17 —25.70 21.59 19.29
0 —2.315 —11.48 —23.61 21.29 18.50 172.6
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Appendix 3. Calculation of Stress Range at Perforated Region

# Primary plus secondary stress intensity at node 5371 in cut F

cond

(ON)
(ON)
(ON)
(ON)
CS
CS
CS
CS
CS
CS
CS
CS
CS
CS
CS
CS
CS
HS
HS
HS
HS
HS
HS
HS
HS
HS
WS
WS
WS
WS
WS
WS
WS

time sig—r
0.0 —25.89
1355.2 —30.64
3000.0 —29.50
44437 —27.71
6000.0 —25.69
74425 —23.89
9000.0 —21.83
10420.0 —19.74
12000.0 —17.18
13459.0 —14.57
15000.0 —11.63
16574.0 —21.48
18300.0 —32.96
18970.0 —41.59
19800.0 —51.24
20664.0 —52.11
21600.0 —52.87
0.0 —25.89
1248.2 —32.27
3000.0 —23.22
3864.0 —27.04
4800.0 —36.82
5376.0 —44.57
6000.0 —51.38
6432.0 —58.12
6900.0 —58.20
0.0 —25.89
1206.9 —16.55
3000.0 —14.32
3979.2 —14.69
5040.0 —15.21
6079.8 —24.80
7200.0 —35.99

sig—t

—25.51
—30.10
—29.01
—27.25
—25.26
—23.50
—21.48
—19.44
—16.93
—14.38
—11.53
—-21.11
—-32.31
—40.66
—50.10
—50.98
—51.72
—25.51
—31.52
—22.75
—26.59
—36.04
—43.57
—50.25
—56.65
—56.69
—25.51
—16.41
—14.12
—14.43
—-14.91
—24.31
—35.22

beta K
0.99 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.99 1.00
0.99 1.00
0.99 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.99 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.97 1.00
0.97 1.00
0.99 1.00
0.99 1.00
0.99 1.00
0.98 1.00
0.98 1.00
0.98 1.00
0.98 1.00
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SI-t

—110.99
—130.97
—126.22
—118.58
—109.91
—102.26

—93.46
—84.57
—73.67
—62.57
—50.13
—91.88
—140.64
—176.99

—218.08
—221.89
—225.10

—110.99
—137.22

—99.03

—115.70
—156.85
—189.65
—218.73
—246.62
—246.81
—110.99

—71.38
—61.45
—62.81
—64.88
—105.78
—153.28



WS
WS
WS
WS
TT
TT
TT
TT
TT
SD
SD
SD
SD
SD
SD
SD
SD
SD
LL
LL
LL
ML
ML
ML
SL
SL
SL

7920.0
8700.0
9420.0
10200.0
0.0
100.1
300.0
732.0
1200.0
0.0
312.8
720.0
1094.4
1500.0
2364.0
3300.0
3794.6
4500.0
0.0
683.5
1500.0
0.0
617.7
1200.0
0.0
358.4
720.0

—43.24
—50.05
—52.93
—53.01
—54.25
—33.74
—5.84
—11.86
—28.71
—54.25
—44.64
—37.56
—28.03
—18.70
2.46
26.59
20.74
—-1.33
—54.00
—22.71
3.22
—54.25
—35.39
—25.23
—54.25
—43.65
—37.56

—42.32
—49.00
—51.77
—51.81
—53.18
—34.53
—8.42
—13.37
—29.32
—53.18
—44.44
—37.62
—28.16
—18.93
2.59
26.67
20.15
—1.66
—52.93
—22.98
2.63
—53.18
—35.47
—25.43
—53.18
—43.51
—37.62

range of SI-r is
range of SI—t is

0.98
0.98
0.98
0.98
0.98
0.98
0.69
0.89
0.98
0.98
1.00
1.00
1.00
0.99
0.95
1.00
0.97
0.80
0.98
0.99
0.82
0.98
1.00
0.99
0.98
1.00
1.00

369.02
362.80
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1.00
1.00
1.00
1.00
1.00
1.00
1.02
1.01
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.01
1.00
1.00
1.01
1.00
1.00
1.00
1.00
1.00
1.00

—188.18
—217.84
—230.38
—230.73
—236.12
—146.88
—25.79
—51.87
—124.96
—236.12
—-194.11
—163.30
—-121.91
—81.36
10.70
115.63
90.32
—5.84
—235.02
—98.80
14.11
—236.12
—153.88
—109.73
—236.12
—189.82
—163.30

—184.20
—213.28
—225.32
—225.51
—231.46
—150.32
—37.19
—58.46
—127.61
—231.46
—193.26
—163.58
—122.46
—82.33
11.29
115.99
87.74
—7.31
—230.35
—99.95
11.55
—231.46
—154.21
—110.62
—231.46
—189.21
—163.58

SD 3300.00 — HS 6900.00
SD 3300.00 — HS 6900.00



Appendix 4. Fatigue Evaluation at Perforated Region by using FATPOST

# Fatigue evaluation at node 5371 in cut F

peak stress intensity for hole pattern theta = 1

cond

CS
[ON)
[ON)
[ON)
CS
CS
CS
[ON)
9 CS
10 CS
11 CS
12 CS
13 CS
14 CS
15 CS
16 CS
17 CS
18 HS
19 HS
20 HS
21 HS
22 HS
23 HS
24 HS
25 HS
26 HS
27 WS
28 WS
29 WS
30 WS
31 WS
32 WS
33 WS
34 WS
35 WS
36 WS
37 WS
38 TT
39 TT

X NN DD U AW N

time

0.00
1355.20
3000.00
4443.70
6000.00
7442.50
9000.00
10420.00
12000.00
13459.00
15000.00
16574.00
18300.00
18970.00
19800.00
20664.00
21600.00

0.00
1248.20
3000.00
3864.00
4800.00
5376.00
6000.00
6432.00
6900.00

0.00

1206.90
3000.00
3979.20
5040.00
6079.80
7200.00
7920.00
8700.00
9420.00
10200.00
0.00

100.12

phi= 1 phi= 2 phi= 3 phi= 4

—88.35
—103.70
—100.12
—94.07
—87.20
—81.17
—74.23
—67.25
—58.71
—49.98
—40.35
—72.81
—110.95
—138.86
—-171.15
—174.35
—176.78
—88.35
—107.54
—78.08
-91.75
—123.36
—148.82
-171.76
—192.40
—192.32
—88.35
—57.50
—48.99
—49.77
—-51.12
—83.43
—120.50
—144.88
—167.83
—-176.94
—176.85
—182.54
—-127.71

—99.51
—116.93
—112.85
—106.03
—98.28
—91.48
—83.65
=75.76
—66.10
—56.25
—45.33
—82.08
—125.20
—156.88
—193.35
—196.92
—199.68
—99.51
—121.53
—88.12
—103.42
—139.30
—168.13
—194.02
—217.64
—217.61
—99.51
—64.60
—55.16
—56.11
=57.70
—94.15
—136.08
—163.60
—189.49
—199.87
—199.83
—206.01
—141.83

—122.64
—144.44
—139.29
—130.86
—121.30
—112.88
—103.19

—93.41
—81.44
—69.23
—55.61
—101.36
—154.89
—194.54
—239.74
—244.04
—247.52

—122.64
—150.77
—109.05
—127.67
—172.56
—208.48
—240.51
—270.54
—270.63

—122.64
—79.21
—67.93
—69.28
—71.42

—116.50
—168.61
—202.66
—234.69
—247.75
—247.84
—254.90
—169.91

—-126.71 —-119.93
—149.62 —141.96
—144.17 —136.68
—135.43 —128.39
—125.53 —119.00
—-116.78 —110.68
—-106.73 —101.13

—96.56 —91.44
—84.10 —79.57
—71.41 —67.49
—57.16 —53.84
—104.95 —99.54
—160.73 —152.74
—202.40 —192.80
—249.39 —237.53
—253.72 —241.53
—257.39 —245.08

—126.71 —=119.93
—156.94 —149.57
—113.19 —107.59
—-132.15 —125.30
—179.32 —170.64
—216.88 —206.58
—250.12 —238.16
—282.22 —269.48
—282.48 —269.87
—-126.71 —119.93

—81.38 —76.62
—70.14 —66.34
—-71.74 —68.05
—74.16 —=70.51
—120.90 —114.91
—175.25 —166.80
—210.59 —200.38
—243.83 —231.96
—257.65 —245.33
—257.90 —245.71
—264.54 —251.42
—169.84 —155.77
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phi= 5 phi= 6

phi= 7

—-111.91 -91.36
—132.63 —108.31
—-127.64 -104.23
-119.90 —97.90
-111.13 —90.75
-103.35 —84.39
-94.42 -77.09
—85.35 —69.68
—74.23 —60.60
-62.92 —51.36
-50.11 —40.89
—92.98 —75.93
—142.83 —116.66
—180.53 —147.48
—222.39 —181.69
—226.07 —184.68
—229.42 —187.42
—111.91 -91.36
—140.08 —114.45
-100.63 —82.19
-117.02 —95.56
—159.68 —130.44
—193.42 —158.02
—222.96 —182.14
—252.66 —206.47
—253.10 —206.83
—111.91 —91.36
-71.28 —58.17
-61.88 —50.52
-63.57 —51.91
-65.95 —53.87
-107.46 —87.77
—-156.11 —127.52
—187.52 —153.18
—217.05 —177.30
—229.67 —187.62
—230.09 —187.98
—235.13 —192.05
—142.77 —-116.18

—100.43
—118.95
—114.51
—107.56
—99.70
—92.72
—84.71
—76.59
—66.62
—56.49
—45.03
—83.40
—128.05
—161.73
—199.25
—202.57
—205.56
—100.43
—125.48
—90.21
—104.98
—143.10
-173.29
—199.77
—226.21
—226.56
—100.43
—64.07
—55.55
—57.02
—59.12
—96.33
—139.89
—168.05
—194.52
—205.78
—206.13
—210.78
—129.30

—124.83
—147.73
—142.24
—133.62
—123.85
—115.19
—105.25
-95.17
—82.82
—70.25
—56.05
—103.59
—158.94
—200.61
—247.15
—251.32
—255.01
—124.83
—155.62
—111.96
—130.40
—177.56
—214.95
—247.82
—280.37
—280.76
—124.83
=79.76
—69.05
—70.82
=73.37
—119.57
—173.56
—208.51
—241.38
—255.28
—255.66
—261.64
—162.35

phi= 8 phi= 9 phi=10

—130.60
—154.55
—148.81
—139.79
—129.57
—120.51
—110.12

—99.57

—86.65

=73.50

—58.66
—108.38
—166.27
—209.83
—258.51
—262.87
—266.73
—130.60
—162.77
—-117.12
—136.42
—185.73
—224.83
—259.21
—293.22
—293.62
—130.60

—83.48

—72.25

—74.09

=76.75
—125.08
—181.54
—218.10
—252.48
—267.01
—267.41
—273.69
—170.14



40 TT 300.00 —45.88 —47.54 —48.49 —38.31 —25.97 -—18.91 —14.65 —19.39 —27.49 —29.33
41 TT 732.00 —56.85 —61.42 —69.32 —64.19 —54.26 —47.27 —38.09 —43.95 =56.76 —59.75
42 TT 1200.00 —108.03 —120.07 —144.06 —144.28 —132.57 —121.64 —99.00 —110.10 —138.16 —144.77
43 SD 0.00 —182.54 —206.01 —254.90 —264.54 —251.42 —235.13 —192.05 —-210.78 —261.64 —273.69
44 SD 312.75 —156.85 —175.93 —215.05 —220.14 —206.57 —191.81 —156.47 —172.57 —215.07 —225.13
45 SD 720.00 —134.20 —150.18 —182.73 —186.06 —173.71 —160.85 —131.14 —-144.92 —-180.91 —189.41
46 SD 1094.40 —100.93 —112.84 -137.01 —-139.17 —-129.64 —119.88 —97.71 -108.08 —135.02 —141.38
47 SD 1500.00 —68.70 -76.59 —92.49 -93.35 -—86.42 -79.63 —64.87 —71.92 -90.03 —94.30
48 SD 2364.00 10.03 11.04 12.96 12.64 11.30 10.21 8.28 9.32 11.80 12.38

49 SD 3300.00 95.37 106.67 129.66 131.87 122.98 113.80 92.77 102.57 128.08 134.11

50 SD 3794.60 68.00 77.03 96.02 100.48 96.21 90.34 73.85 80.82  100.09 104.66

51 SD 4500.00 —7.98 —8.44 —9.06 —7.80 —6.01 —4.91 —3.90 —4.72 —6.32 —6.69
52 LL 0.00 —181.62 —204.97 —253.65 —263.27 —250.25 —234.05 —191.17 —209.81 —260.41 —272.41
53 LL  683.51 —=83.34 —92.93 —-112.26 —113.33 —104.95 —-96.73 —78.80 —87.36 —109.34 —114.53
54 LL 1500.00 5.77 7.32 11.05 13.79 15.11 15.17 12.54 13.13 15.64 16.25

55 ML 0.00 —182.54 —206.01 —254.90 —264.54 —251.42 —235.13 —192.05 —210.78 —261.64 —273.69
56 ML 617.74 —126.61 —141.66 —172.31 —175.38 —163.68 —151.53 —123.53 —136.54 —170.46 —178.48
57 ML 1200.00 -91.71 —-102.39 —124.00 —125.57 —116.62 —107.66 —87.73 —97.15 —121.48 —-127.22
58 SL 0.00 —182.54 —206.01 —254.90 —264.54 —251.42 —-235.13 —192.05 —210.78 —261.64 —273.69
59 SL  358.38 —153.89 —172.54 —-210.72 —215.47 —201.99 —187.46 —152.90 —-168.70 —210.32 —220.16
60 SL  720.00 —134.20 —150.18 —182.73 —186.06 —173.71 —160.85 —131.14 —144.92 —180.91 —189.41

peak stress intensity for hole pattern theta = 2

cond time phi= 1 phi= 2 phi= 3 phi= 4 phi= 5 phi= 6 phi= 7 phi= 8 phi= 9 phi=10
1 CS 0.00 —94.45 —105.19 —126.76 —127.61 =117.84 -108.44 —88.31 —-98.01 —-122.78 —128.63
2 CS 1355.20 —-112.30 —124.95 -150.26 —150.89 —139.01 -127.74 —104.00 —115.53 —144.85 —151.76
3 CS 3000.00 —-107.97 —-120.17 —144.60 —145.32 —133.99 —-123.18 —100.30 —111.39 —139.61 —146.27
4 CS 4443.70 -101.40 —112.87 —-135.82 —136.51 =—=125.88 —115.73 —94.23 —-104.65 —131.16 137.41
5 CS 6000.00 —93.99 —104.62 —125.90 —126.53 —116.67 —107.27 —87.34 —97.00 —-121.57 —127.37
6 CS 7442.50 -—87.38 —97.26 —-117.07 —-117.70 —108.55 —99.82 —81.28 -90.25 —113.11 —118.50
7 CS 9000.00 —79.80 —88.84 —106.96 —-107.55 —99.22 —91.25 -74.30 —82.50 —103.39 —108.31
8 CS 10420.00 -72.08 —80.26 —96.68 —97.27 —89.79 —82.60 —67.26 —74.67 —93.55 -98.01
9 CS 12000.00 -62.61 —69.75 —84.08 —84.67 —78.23 -—-72.01 -—58.64 —65.07 -—-81.51 —85.39
10 CS 13459.00 —52.99 -59.06 -71.26 —-71.85 —-66.46 —61.21 —49.85 —55.30 —69.24 —72.53
11 CS 15000.00 —42.01 -46.88 —56.74 —57.41 —53.27 —49.16 —40.06 —44.37 —55.50 —58.12
12 CS 16574.00 -78.70 —87.57 —105.34 —105.82 —97.52 —89.63 —72.98 —81.06 —101.62 —106.47
13 CS 18300.00 —121.20 —134.76 —161.83 —162.24 —-149.23 —137.00 —-111.52 —123.97 —155.51 —162.94
14 CS 18970.00 —153.68 —170.71 —204.57 —204.58 —187.72 —172.10 —140.05 —155.84 —195.65 —205.02
15 CS 19800.00 —189.29 —210.27 —252.01 —252.06 —231.31 —212.08 —172.59 —192.04 —-241.08 —252.63
16 CS 20664.00 —192.29 —213.65 —256.18 —256.36 —235.38 —215.87 —175.69 —195.44 -245.31 —257.06
17 CS 21600.00 —195.20 —216.86 —259.97 —260.10 —238.77 —218.95 —178.19 —198.25 —248.84 —260.77
18 HS 0.00 —94.45 —-105.19 —126.76 —127.61 —117.84 —-108.44 —88.31 —-98.01 —122.78 —128.63
19 HS 1248.20 —119.33 —132.52 —158.75 —158.68 —145.53 —133.38 —108.54 —120.80 —151.68 —158.95
20 HS 3000.00 —85.43 —94.97 —-114.02 —-114.27 —105.08 -96.45 —78.51 —87.29 —109.50 —114.74
21 HS 3864.00 —99.00 —110.18 —132.57 —133.22 —-122.82 —112.90 -91.93 —-102.10 —127.97 —134.08
22 HS 4800.00 —135.75 —150.85 —180.94 —181.15 —166.39 —152.64 —124.23 —138.18 —173.41 —-181.71
23 HS 5376.00 —164.65 —182.89 —219.19 —219.21 —201.16 —184.42 —-150.08 —167.00 —209.65 —219.70
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peak stress intensity for hole pattern theta

HS
HS
HS
WS
WS
WS
WS
WS
WS
WS
WS
WS
WS
WS
TT
TT
TT
TT
TT
SD
SD
SD
SD
SD
SD
SD
SD
SD
LL
LL
LL
ML
ML
ML
SL
SL
SL

cond

~N O O = W N

[ON)
CS
CS
CS
CS
CS
[ON)

6000.00
6432.00
6900.00

0.00

1206.90
3000.00
3979.20
5040.00
6079.80
7200.00
7920.00
8700.00
9420.00
10200.00

0.00

100.12
300.00
732.00
1200.00

0.00
312.75
720.00

1094.40

1500.00
2364.00
3300.00
3794.60

4500.00

0.00
683.51

1500.00

0.00
617.74

1200.00

0.00
358.38
720.00

time

0.00
1355.20
3000.00
4443.70
6000.00
7442.50
9000.00

phi= 1 phi= 2 phi= 3 phi= 4

—83.86
—98.49
—95.07
—89.32
—82.80
—77.07

—70.48

—119.26
—140.54
—135.51
—127.31
—118.00
—109.80

—100.37

—189.71 —210.76 —252.65
—215.79 —239.45 —286.36
—216.30 —239.98 —286.86
—94.45 —105.19 —126.76
—59.73 —66.67 —80.72
—-52.18 —58.13 —70.09
—53.80 —59.87 —72.01
—-56.01 —62.26 —74.73
-91.20 —101.40 —121.75
—132.74 —147.50 —176.89
—159.40 —177.14 —212.48
—184.46 —205.00 —245.94
—195.42 —-217.10 —260.25
—195.93 —-217.61 —260.74
—199.56 —221.88 —266.41
—115.12 —130.09 —161.39
—-4.85 —9.27 -20.73
—32.89 —39.07 -53.11
—98.36 —111.056 —137.52
—199.56 —221.88 —266.41
—159.95 —178.82 —217.15
—133.17 —149.22 —182.04
—98.92 —110.96 —135.65
—65.12 —73.26 —90.08
7.91 9.06 11.52
94.07 105.46 128.78
77.45 85.84 102.41
—2.67 —3.48 —5.46
—198.68 —220.88 —265.19
—79.14 —89.02 —109.42
15.03  15.97 17.32
—199.56 —221.88 —266.41
—125.39 —140.52 —171.48
—88.46 —99.36 —121.81
—199.56 —221.88 —266.41
—156.11 —174.60 —212.22
—133.17 —149.22

—252.76
—285.66
—286.01
-127.61
—81.70
—70.61
—72.34
—74.88
—122.04
—177.06
—212.73
—246.27
—260.37
—260.71
—267.05
—167.99
—32.27
—60.66
—142.85
—267.05
—220.59
—185.90
—138.87
—92.82
12.32
131.68
101.87
-7.01
—265.79
—-112.71
15.15
—267.05
—175.20
—125.09
—267.05
—215.80

—182.04 —185.90

—110.59
—130.68
—125.89
—118.26
—109.61
—101.97

—93.19

3

—79.56
—94.01
—90.56
—85.07
—78.85
—73.35
—67.04

—232.01
—261.47
—261.65
—117.84
—75.86
—65.25
—66.67
—68.83
—112.24
—162.60
—195.41
—226.27
—239.00
—239.18
—245.59
—160.09
—40.02
—62.47
—135.89
—245.59
—205.50
—174.06
—130.32
—87.64
12.03
123.43
92.97
—7.84
—244.41
—106.39
11.94
24505,
—164.10
—-117.73
—245.59
—201.23
—174.06

phi= 5 phi= 6

—110.64
—130.75
—125.95
—118.32
—109.67
—102.02

—93.23
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—212.75
—239.36
—239.46
—108.44
—70.02
—60.07
—61.27
—63.17
—103.04
—149.14
—179.26
—207.59
—219.16
—219.25
—225.45
—149.93
—42.24
—60.90
—-127.14
—225.45
—190.05
—161.43
—121.02
—81.67
11.42
114.54
84.97
=7.93
—224.35
=99.12
9.90
—225.45
—152.22
—109.51
—225.45
—186.20
—161.43

—122.54
—145.17
—139.73
—131.25
—121.66
—113.14
—103.37

—-173.14
—194.74
—194.81
—88.31
—57.05
—48.92
—49.89
—51.42
—83.87
—121.38
—145.90
—168.96
—178.36
—178.42
—183.52
—122.49
—35.22
—50.11
—103.85
—183.52
—154.91
—131.65
—98.72
—66.66
9.35
93.42
69.11
—6.57
—182.62
—80.90
7.90
—183.52
—124.15
—89.36
—183.52
—151.79
—131.65

-89.11
—105.90
—101.83

—95.64

—88.65

—82.41

—75.27

—192.64
—216.92
—217.03
—98.01
—63.18
—54.28
—55.41
—57.18
—93.24
—135.02
—162.28
—187.91
—198.44
—198.55
—204.02
—134.31
—35.69
—53.47
—113.95
—204.02
—171.34
—145.33
—108.88
—73.35
10.16
103.08
77.07
—6.84
—203.03
—89.03
9.45
—204.02
—137.02
—98.44
—204.02
—167.82
—145.33

phi= 7 phi= 8 phi= 9

—113.88
—134.96
—129.89
—122.00
—113.09
—105.16

—96.08

—241.80 —253.39
—272.54 —285.64
—272.73 —285.85
—-122.78 —128.63
—79.02 —82.76
—-67.98 —71.22
—69.47 —72.78
—-71.73 —=75.17
—116.97 —122.56
—169.46 —177.58
—203.65 —213.40
—235.80 —247.09
—249.09 —-261.02
—249.28 —261.23
—255.94 —268.17
—166.57 —174.22
—41.23 —42.62
—64.79 —-67.51
—141.40 —147.91
—255.94 —268.17
—214.03 —224.12
—181.25 —189.74
—135.69 —142.03
—91.23 —95.46
12.51  13.07
128.52 134.53
96.92 101.60
—8.10 —8.41
—254.70 —266.88
—110.75 —115.89
12.53 13.25
—255.94 —268.17
—170.87 —178.87
—122.57 —128.28
—255.94 —268.17
—209.58 —219.45
—181.25 —189.74
phi=10
—110.49 —83.86
—130.16 —98.49
—125.51 —95.07
—-117.92 —89.32
—109.30 —82.80
-101.71 —-77.07
—92.98 —70.48



CS 10420.00
CS 12000.00
CS 13459.00
CS 15000.00
CS 16574.00
CS 18300.00
CS 18970.00
CS 19800.00
CS 20664.00
CS 21600.00

HS
HS
HS
HS
HS
HS
HS
HS
HS
WS
WS
WS
WS
S
S
WS
WS
WS
WS
WS
TT
TT
TT
TT
TT
SD

SD

SD

SD

SD

SD
SD
SD
SD

LL

LL

LL
ML
ML
ML
SL

0.00
1248.20
3000.00
3864.00
4800.00
5376.00
6000.00
6432.00
6900.00
0.00
1206.90
3000.00
3979.20
5040.00
6079.80
7200.00
7920.00
8700.00
9420.00
10200.00
0.00
100.12
300.00
732.00
1200.00

—63.84 —90.85 —84.29 —-60.64 —84.33 —93.45
-55.71 —=79.18 —73.40 —52.80 —73.43 —81.28
—47.42 —-67.30 —62.30 —44.82 —62.33 —68.91
—38.25 —54.02 —49.83 —35.84 —49.84 —54.91
—-69.14 -98.61 —91.65 —65.93 —91.70 —101.78
—105.42 —150.78 —140.44 —101.03 —140.52 —156.30
—132.02 —189.49 -176.97 —127.32 —177.09 —197.47
—162.72 —233.51 —218.04 —156.87 —218.19 —243.27
—165.74 —237.66 —221.80 —159.57 —221.94 —247.31
—168.06 —241.06 —225.02 —161.89 —225.17 —250.97
—83.86 —119.26 —110.59 —79.56 —110.64 —122.54
—102.26 —146.88 —137.24 —-98.74 —137.34 —153.22
—-7419 -106.16 —98.91 —-71.16 —98.97 —-110.11
—87.13 —124.21 —-115.40 —83.02 —11546 —128.11
—117.25 —-168.03 —156.74 —112.77 —156.84 —174.70
—141.49 —203.06 —189.63 —136.42 —189.76 —211.58
—163.29 —234.24 —218.67 —157.32 —218.81 —243.90
—183.05 —263.68 —246.92 —177.65 —247.11 —276.26
—183.00 —263.80 —247.18 —177.84 —247.37 —276.71
—83.86 —119.26 —110.59 —79.56 —110.64 —122.54
—54.50 -76.93 -70.93 -51.02 -—-70.95 —78.13
—46.49 —66.05 —61.21 —44.03 -—-61.23 —67.77
—47.26 —67.41 —62.66 —45.07 —62.69 —69.58
—48.58 —69.54 —64.81 —46.62 —64.85 —72.16
—79.27 —113.40 —-105.64 —76.00 —105.71 —117.59
—114.54 —-164.19 —153.20 —110.21 —153.30 —170.78
—137.71 —197.34 —184.07 —132.43 —184.19 —205.15
—159.51 —228.52 —213.11 —153.32 —213.25 —237.47
—168.21 —241.29 —225.25 —162.05 —225.40 —251.24
—168.15 —241.41 —225.50 —162.24 —225.66 —251.68
—173.45 —248.14 —231.16 —166.30 —231.30 —257.29
—120.30 —163.99 —147.00 —105.68 —146.89 =157.21
—41.67 —44.59 —-30.87 —22.08 —30.53 —22.52
—52.77 —65.80 —54.40 —39.06 —54.21 —-52.90
—101.81 —139.10 —124.93 —89.82 —124.85 —133.90

0.00 —173.45 —248.14 —231.16 —166.30 —231.30 —257.29

312.75
720.00
1094.40
1500.00
2364.00
3300.00
3794.60
4500.00
0.00
683.51

—148.54 —208.68 —191.69 —137.87 —191.72 —210.35
—126.93 —-177.10 —-161.80 —116.36 —161.79 —176.55
—95.42 —132.72 —120.95 —86.98 —120.93 —131.64
—64.85 —89.46 —80.99 —58.24 —80.96 —87.54
9.40 12.44 10.87 7.81 10.85 11.29
90.18 125.64 114.64 82.44 114.63 124.94
64.74 93.65 87.98 63.30 88.05 98.73
—7.33 —8.47 —6.46 —4.63 —6.42 —5.61
—172.57 —246.92 —230.06 —165.51 —230.20 —256.10
—78.68 —108.59 —98.34 —-70.71 —98.31 —106.33

1500.00 5.85 11.26 12.55 9.05 12.62 16.25

0.00
617.74
1200.00

0.00

—173.45 —248.14 -231.16 —166.30 —231.30 —257.29
—119.74 —-166.99 —152.49 —109.67 —152.48 —166.33

—86.64 —120.03 —109.04 —78.41 —109.01 —118.29
—173.45 —248.14 —231.16 —166.30 —231.30 —257.29
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—68.00
—59.08
—50.01
—39.68
—74.21
—114.25
—144.78
—178.34
—181.19
—183.91
—89.11
—112.41
—80.52
—93.36
—127.92
—155.12
—178.74
—203.19
—203.65
—89.11
—56.42
—49.23
—50.73
—52.79
—85.96
—125.08
—150.21
—173.83
—184.12
—184.57
—188.10
—109.47
—6.34
—32.14
—93.48
—188.10
—151.21
—126.05
—93.69
—-61.77
7.57
89.06
72.88
—2.75
—187.26
—75.06
13.83
—188.10
—118.69
—83.84
—188.10

—86.85
—75.54
—64.03
—51.00
—94.62
—145.33
—183.66
—226.26
—230.01
—233.41
—113.88
—142.51
—102.39
—119.08
—162.46
—196.78
—226.83
—257.02
—257.45
—113.88
—72.56
—62.97
—64.68
—67.10
—109.33
—158.82
—190.78
—220.83
—233.66
—234.08
—239.24
—145.52
—19.70
—48.40
—123.96
—239.24
—195.28
—163.79
—122.09
—81.13
10.42
115.89
91.89
—5.05
—238.13
—98.54
15.35
—239.24
—154.31
—109.66
—239.24

—84.16
—73.36
—62.36
—50.08
-91.33
—139.61
—175.40
—216.15
—220.01
—223.15
—110.49
—135.95
—98.29
—115.04
—155.56
—187.96
—216.83
—243.99
—244.09
—110.49
—71.32
—61.20
—62.43
—64.38
—105.00
—152.00
—182.69
—211.56
—223.36
—223.46
—229.75
—152.53
—42.57
—61.75
—129.36
—229.75
—193.55
—164.37
—-123.21
—83.12
11.60
116.62
86.63
—8.02
—228.63
—100.89
10.18
—229.75
—154.99
—111.48
—229.75

—63.84
—55.71
—47.42
—38.25
—69.14
—105.42
—132.02
—162.72
—165.74
—168.06
—83.86
—102.26
—74.19
—87.13
—117.25
—141.49
—163.29
—183.05
—183.00
—83.86
—54.50
—46.49
—47.26
—48.58
—79.27
—114.54
-137.71
—159.51
—168.21
—168.15
—173.45
—120.30
—41.67
—52.77
—101.81
—173.45
—148.54
—126.93
—95.42
—64.85
9.40
90.18
64.74
—7.33
—172.57
—78.68
5.85
—173.45
—119.74
—86.64
—173.45



59 SL 358.38
60 SL 720.00

—145.71 —204.43
—-126.93 —-177.10

—187.58
—161.80

—134.91 —-187.60
—-116.36 —161.79

—205.62
—176.55

—147.62
—126.05

—190.86
—163.79

max. cumulative usage factor on the point 1 is 0.2632, and occurs when theta= 1 and phi=10

peak SI causing the max. cumulative usage factor

cond

CS
CS
CS
[ON)
[ON)
[ON)
[ON)
[ON)
[ON)
[ON)
[ON)
[ON)
Cs
[ON)
[ON)
[ON)
[ON)
HS
HS
HS
HS
HS
HS
HS
HS
HS
WS
WS
WS
WS
WS
WS
WS
WS
WS
WS
WS
TT
TT
TT
TT
TT
SD

time

0.00
1355.20
3000.00
4443.70
6000.00
7442.50
9000.00

10420.00
12000.00
13459.00
15000.00
16574.00
18300.00
18970.00
19800.00
20664.00
21600.00

0.00
1248.20
3000.00
3864.00
4800.00
5376.00
6000.00
6432.00
6900.00

0.00
1206.90
3000.00
3979.20
5040.00
6079.80
7200.00
7920.00
8700.00
9420.00

10200.00

0.00

100.12
300.00
732.00
1200.00
0.00

peak SI

—18.94
—22.42
—21.58
—20.28
—18.79
—17.48
—15.97
—14.44
—12.57
—10.66

—8.51
—15.72
—24.12
—30.43
—37.49
—38.13
—38.69

—18.94
—23.61
—16.99
-19.79
—26.94
—32.61
—37.60
—42.53
—42.59
—18.94
-12.11
—10.48
—10.75
—-11.13
—18.14
—26.33
—31.63
—36.62
—38.73
—38.78
—39.70

—24.68
—4.25
—8.67

—21.00
—39.70
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—189.63
—164.37

—145.71
—126.93



SD
SD
SD
SD
SD
SD
SD
SD
LL
LL
LL
ML
ML
ML
SL
SL
SL

312.75
720.00
1094.40
1500.00
2364.00
3300.00
3794.60
4500.00
0.00
683.51
1500.00
0.00
617.74
1200.00
0.00
358.38
720.00

—32.65
—27.47
—20.51
—13.68
1.80
19.45
15.18
-0.97
—39.51
-16.61
2.36
=39.70
—25.89
—18.45
—39.70
—31.93
—27.47

breakdown of calculation of max. cumulative usage factor

maximum occurs when theta= 1 and phi=10
modulus of elasticity taken to be 26500.000 ksi
Er = 30000. ksi divided by mod. of elas. = 1.132

cond

SD 3300
SD 3300
SD 3300
LL 1500
CS 15000
WS 3000.

total

& time

. — HS
. =TT
. — SD
. — ML
. — SL
- SL

6432.

S o2

SImax SImin
134.11 —293.62
134.11 —273.69

134.11 —273.69
16.25 —273.69
—58.66 —273.69
=72.25 —273.69

cycles

Salt  Kex*Er=Salt
213.87 242.11
203.90 230.83
203.90 230.83
144.97 164.11
107.51 121.71
100.72 114.02
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required allowed

cycles

usage
factor
13064. 0.115
15377. 0.023
15377. 0.006
44999. 0.117
156786. 0.001
198361. 0.002
0.2632
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