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Topic 9:
Applications of DOProC method

* Probabilistic calculation of fatigue damage prediction in cyclically loaded steel structures

* Reliability assessment of arch supports in underground and mining workings
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Usage of DOProC method

* Probabilistic assessment of load combinations,

* Probabilistic reliability assessment of cross-sections
and systems of statically (in)definite load-bearing
constructions,

* Probabilistic approach to assessment of mass concrete
and fibrous concrete mixtures,

* Reliability assessment of arch supports in underground
and mining workings,

* Reliability assessment of load-bearing constructions
under impact loads,

* Probabilistic calculation of fatigue damage prediction
in cyclically loaded steel structures.

28/2/23 Applications of DOProC method 2



Fatigue crack propagation

Fatigue crack propagation using linear fracture mechanics

: da :
Paris-Erdogan law: == C-AK™ where C,m are material constants

(determined experimentally),

_ - a is fatigue crack length,
Having modified: N is number of fatigue loading cycles,
a da N> AK  isrange of the stress intensity factor.
= C-Ac™ dN _
f m f AK = Ao -\m-a-
i (\/T[ -a- f(a)) " f(a)

where number of fatigue cycles from N; to N, is needed to increase the fatigue crack length
from the a; to a,,
Ao is constant stress range,
f(a) is the calibration function - represents the course of propagation of the crack

(e.g. from the edge or from the surface, determined experimentally).
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Probabilistic calculation of fatigue crack propagation

Resistance of the structure:
where Ry =

jd da
m
ay s initial fatigue crack length, ag (Vr-a fw)

a, is detectable length of the fatigue crack, “ac da
a,. is acceptable length of the fatigue crack. e = m
ac © g g J (, T a- f(a))

N
Cumulated effect of loads: Sy = j C-Ag™dN = C-Ag™ - (N — Ny)
where N is total number of fatigue loading No

cycles of constant stress range Ao needed to increase the crack from ay to a; or a,.,

N, is total number of fatigue loading cycles of constant stress range in time of fatigue
crack initialization.

Safety margin, probability of failure: Grgi 50 = R, —Ew
where X is vector of random physical
properties. Pr =P (Gfail(x) < 0) = P(R(aac) —Emw) < 0)
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Probabilistic growth of the fatigue crack in time

a

ac
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Probability distribution of increased fatigue crack in time
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Probability of defined random events

Probability of crack undetection in time t: P(Uy) = P(aq < aq)
where a4 is minimal detectable length of the crack.

Probability of crack detection in time ¢, crack size a) is less than acceptable
length of the crack a,: P(D(y) = P(ag < agpy < agc)

Probability of crack detection in time t, crack size a is equal or greater than
acceptable length a,,: P(Fi) = P(aw = aqc)

P(F(t)) = P; — inspection
All of these three events creates full space of random events, which can come
in time t, can be applied: P(Uw) +P(Dy) +P(Fp) =1
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Bayes’ theorem

Bayes’ theorem describes the probability of an event, based on prior
knowledge of conditions that might be related to the selected event.

P(B|A) - P(A)

P(B) P(B) >0

P(A|B) =

Probability of event F in time T with respect to the results of structural
inspection intimet; < T :

P(Fery) = P(Feepy) = P(Diep) - P (Fery [Peen )
P(Uwp)

P (F(T) ‘D(tl)) _ P(F(T)) — P(F(tl))P_(g((tZ()tl)) - P (F(T) ‘U(tl))
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Design of structural inspections

plk
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',.-"P (F (r)llj(:!))
"' ',."‘P(Er}llj(rfj))
P (F (r)ltj(i m))
S PE| Uy fV]) . . .
P, Design of structural inspections based
on probability of failure P,
i conditional probability and required

~ Y

I, s t';.r Zlm tlnf l SETT
degree of reliability P;.
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Rellablllty assessment of steel flange in tensmn

Look to the reviewed road

; bridge, photo: Assoc. Prof.
J. Odrobinak

Detail of solved steel
bridge’s flange,
photo: Assoc. Prof.
J. Odrobinak
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Fatigue damage danger’s concentration

Crack’s propagations from the edge or from the surface are possible to monitor
according to initial crack position.

from edge from surface

\
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Detail "B" —=<

Detail "B"

Weakness of the same flange increased from the edge is quicker then from the surface.
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Crack’s propagations from the edge

Steel railway bridge near Hodonin
built in 1929,
photo: prof. V. Tomica, 1998.

Fatigue crack propagation
from the edge in the wall of
longitudinal beam

28/2/23 Probabilistic calculation of fatigue damage prediction in cyclically loaded steel structures 11



Crack’s propagations from the edge

Fatigue crack in the weld
of the connected
crossbeam

Fisher at al,
A Fatigue Primer for Structural
Engineers, 1998.
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Crack’s propagations from the edge

View of the fatigue crack,
propagating from the edge,
arising at the left edge of the weld

(60x magnification)

Corrosion Testing Laboratories, Inc., 2007
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Crack’s propagations from the surface

Section of the load-bearing element with an example of fatigue crack growth from the surface
Fisher J.W. at al. (1998) A Fatigue Primer for Structural Engineers

28/2/23 Probabilistic calculation of fatigue damage prediction in cyclically loaded steel structures 14



Crack’s propagations from the surface

Semi-elliptical fatigue crack from the surface of a propeller
Sanford R.J. (2003) Principles of Fracture Mechanics
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Overview of variable input quantities

Some of input values - no way to obtain using measurement, can be approximate

only. List of random input variables
Quantity Type.of |.aara.metric Parameters
distribution Mean Value Standard Deviation
Oscillation of stress peaks Ao [MPa] Normal 30 3
Total number of oscillation of stress peaks per year N [-] Normal 108 10°
Initial size of the crack a, [mm] Lognormal 0.2 0.05
Smallest measurable size of the crack a, [mm] Normal 10 0.6
Yield stress of material /, [MPa] Lognormal 280 28
Nominal stress in flange o [MPa] Normal 200 20
Quantity Mean Value
Constant of material m 3 Real values
Constant of material C [MPa"m/2)*1] 2.2.10-1
Flange width b, [mm] 400 List of constant Approximate values
25 input variables

Flange thickness ¢, [mm]
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Program FCProbCalc

Probabilistic calculation of fatigue crack propagation in flange in tension of the cyclic loaded structures (Version1.2.1.0) | = | B |=5s|
Function Setup Help
[t 2/m
Input data | Results | Iltspactions|
Fatigue crack progression from the edge - Parameter epsilon for bounded parametric histogram
Wumber of years n starting # step £ end values : D |, 1 |;|150 1E-8
Design value of the limit probability pd 2.277E-2 Mumber of intervals
Width of the flange in tension bf [mm ] 400 Thickmess of e fange in fensicn § [ mm ] 25. 100
Constart of material C 22E-13 Constant of material m 3
Parameiic / Raw data Parameinic diskibulion M Sigma N int
Oscilation of stress peaks DeXaS [ MPa | Parametric > Nomal - 0 3 100
Total number of oscillation of stress peaks per year Parametric ~  Nomal - 1E6 1E5 100
Yield stress of material Fy [ MPa | Parametric + LlogNomal 2P = 280 28 100
Nominal stress in flange in tension Sigma [ MPa ] Parametric ~ MNomal - 200 20 100 Fc P ro bCa Ic
Inttial size of the crack al [mm ] Parametric + LogMomal_2P - 02 0.05 98
Detectable size of the crack ad [mm ] Parametric - Momal - 10 06 .'Iﬂﬂ p rogra m des kto p
- = - entry of input
11:02:14 guantities
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Cumulated load effect

Determined for each year
of the bridge operation using time step
equals 1 year.

FCProbCalc : Graph of histogram, reliability

=

i

Histogram : C*DeltaS*m™n ( C=2.2E-13, m=3, n=43 )

(2642012 ,11:47:52)

0,0085
0,008
0,0075 4
0,007
01,0065 |
0,006
10,0055 4
0,005
0,0045 |
0,004
0,0035 4
0,003 4
0,0025 4
0,002
0,0015 4
0,001
10,0005

-

1.71291E-2 1.9037E1

T
JE1G49E-1  SF2025E1  TE2200E-1 9523TEE1 111388 1.24606

- ]
INT 2} pi{2) >

o |} . i1

1 | 1.84M7E2 6.05333E-10

2 | 187342E-2 J.67905E-08

3 | Z10388E-2 4. 88110E-13

4 | 2.233%4E-2 1.84525E08

5 | 2.36420E-2 1.30240E-08

6 | 2.48445E2 4 18003E-11

7 | 26M7IE2 5.23440E08

8 | 2.7H57E-2 5.03933E-08

9 | 2.B8522E-2 1.0147T1EDS

10 | 3.0138E-2 5.62264E09

11 | 3.14574E-2 6.11808E-08

12 | 3.27600E-2 3.91024E08

13 | 3.40623E-2 2.95368E-08

14 | 3.53651E-2 3.00885E07

15 | 3.66677E-2 4 .45624E-08

16 | 3.79702E-2 299332608

17 | 3.92728E-2 33TIBELT 7
Numiber of intervals
Min 1.71281E-2
Max 1.34575
Probabifity summaton 1.00000
Frequency summalion 8.16577E+27

28/2/23

Probabilistic calculation of fatigue damage prediction in cyclically loaded steel structures

FCPrabCalc: Graph of histogram, reliability

=

E=8 ECR =™

Histogram : C*DeltaS*n™Mn
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e

T T T T
385124E-2 4121881 5240831 17195 145736 17437 203179 231760 2.6

INT f{z ] -
o | 3
1 | 423144E-2 3.TT401E-D8
2 | 451185E-2 5.10919E-10
3 | 479185E-2 2.28366E-16
4 | 5.07T207E-2 7.20600E-09
5 | 5.3527E-2 7.70492E-08
6 | 5.6328E-2 7 88805E-16
T | 591268E-2 8. T83ED9
3 | 6.19290E-2 4.78530E-08
9 | 6.4730E-2 5.13322E-12
10 | 6.753ME2 3.50091E-09
11 | 70335262 6.65215E-08
12 | 73373E2 5.80020E-10
13 | 7.58383E-2 4. T5248E-08
14 | TATAM4E2 3. MT08E-07
15 | 8.13435E-2 2. B52T6E-08
16 | 3.43455E-2 2.01696E-09
17 | 8.71476E-2 JIMTEELT T
Number of intervals
Min 3.851ME-2
Max 289783
0621 2.8920] | Probabiity summason 1.00000
Frequency summagon T.55219E+27

Total number oscillation of stress peak

per 110 years

Total number oscillation of stress

peak per 49 years
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Structural resistance —

NT | i@ pifz) -
. Histogram : Resistance Rad 0 | g240E2 |
Yet possible to select (42012 17.5315) e
2| 288471E2  T.7E284E-11
. . 0,045 ] 3| 381%51E2  6.01702E-11
5 types of integration methods | imoes e
0,04 5| STM2E2  1.4B482E-10
6 | BEMIEZ  4BISETE0
0,035 | 7| 7ElE2  358588E.40
8 | asea12E2  113218E00
0,037 9 | 9.54003E-2  B.B0SHME-10
FCProbCalc : Graph of histogram, reliability EI@ 0 1.05039E-1 118343808
0,025 1 11| 1458861 160S2SELS
| @ _ 12 | 12413764 505878E09
= — — 0.0 13 | 133888E4 3912526409
Histogram : Resistance Had o | : 5eE3 (WD) 0,015 iy 1432351 5 HIEN
(26.4.2012 ,11:52:47 ) 1 | 1.433138F2 4 ATII8E07 15 | 1.52784E-1 717852608
T T 2 | ZAS008E2  3.11990E07 o | JON 16233301 | 957356000
0,055 f--------r----om--- % 3 | 2.8BET9E2 4 3657IE07 17 | 1.71882E1 1.30367E06 7
PP I S R U SR TR S 4 | 3semsE2  sa0eMEWT 0,005 1 Numberofmervds Lo
: 5 | 430018E2  7.00445E47 Min 9.54903E-3
0,045 f---mmmrn s ; 6 | SO1688E2  9.0169EL7 0 Max 243500
i B e OE0IES I24667E-1  BTORIE-D  LOODGE 124137 149965 17ITHD 188620 225447 Probablity summason | 1 00000
L : o s | 1o Frequency summasion | 4.30480E+27
TR EEET S ! 9 | 7M89TE2  1.BB407E0S
: 10| T82TE2  235034E06 .
Ll R : 11| B60037E2  287768E05 P ro p a ga t I O n Of t h e
(TR SR S 12| 93707E2  6.32507E-06
: 13 | 1.00338E-1  3.58137E06
e - | o e crack from the surface
i A ____________________________ 15 | 114872E-4  6845TIELT
: 16 | 121838E4 535172606
] R 17| 179008E1 5230105 T
0,008 - - == === < == << - AT, ) - - - - - -- Number of intervals [ o
- - == | Propagation of the crack
0 - ; - - ; : Max 1.82758
TABBATE-3 243677E-1  5.08955E-1  TEGBREE-1 100338 118255 136669 155523 174157 Probablity summaéon | 1.00000

Frequency summafion | 4 58843E+27 from the edge
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Probability of defined random events

FCProbCalc : Probability Charts of Events U, D, F =5

Graf 1| Graf2 | Grar 3 N l_p{U) p(D) e(F) |‘
R4 PP liaby |

SOMATED  1.16501E04 5.76EMEAS
Probabilty Charts of Everts U, D) F in calculstion of first inspection time (ears: 0, 1,... 800

i o ome Probability of the event U, D and F,
Fatigue crack progression from the edge b= 400 mm, tf= 25 mm, m= 3

[}
1
2
3
4 992025601 1.28774E06 7.5733ME03
3 Q9MBE0  IATEMELT 7.57632E03
B
7
&
9

. smecoligaeci e depending on years of operation

as Q924ME01  1.62988E07 7.58011EA3 M
DJ7 10 992418601  1.58305E07 7.58142E43 O e r I g e
i

1 Q92TE01 120785607 7.58797E03

UIEHT 12| 89015801 862072808 7 SB4B1E-03
0,5 13 992413601 1.44836E08 7.58653E03
i S 16 | 89011E01 7873B3E08 7 568B4E-03
0,3 15 | 9.92409E-01 101520607 7.59093E-03
0 16 | 9.92407E-01 -163758E07 7.59347E-03

17| 992404601 230739607 7.59625E-03
01 18 | 9.92401E-01 284437E07 7.59919E-03

0

B 8 DS 19 | 9.92398E-01 223471E07 7.B02406E-03
FCProbCalc: Probability Charts of Events U, D, F
02468 11141720 24 25831 35 3942 46 5053 57 6164 6871 75 79 2 N E0t £ T E1n o .4 | ity EI

Graf 1| Graf2 | Graf 3 N e(l) #{D) B(F) =

T h e C ra C k fro m t h e e d ge O to 8 O ye a rS | ‘:D:il)ﬂyirtf ElﬁmJUﬁfF%alion of first inspection tine (Vears : 0,1,..150) o et s

9.93190E01 4.5078TE-05 6.76535E-03
9.926TE01  1.680310E05  7.35663E03
. Fatigue crack progression from the surface bf= 400 mm, tf= 25 mm, m= 3
of operation T L
1 >
- **

]
1
2
3
4 992535601 3.20665E-06 7.46070E-03
5 9.92521E01 9.87533E07 7.47809E03
[]
I
8
L]

9.92518E01 4.20406E-07 7.48235E.03
9.92517E01 3.24M42E08 7.48303E03
99251TE01  264743E-09 74832503

992517E01  2.90549E-09 7.48334E03

N 10 | 992517E01 282780E08 748337E-03
o 11 | 9.92517E01 -144328E09 748339E-03
CrCh ' 12 | 992517601 508245608 748339E-03
0,5 13 9.92517E01  1.13449E-09 7.48340E-03
041 14 | 9.92517E01 -2.233E-10 7.48340E-03

The crack from the surface 0 to 150 | = R

L]
e r Of O e r t I O n % LA R L L P A R R R R B ) 19 9.92517E01  284125E-10 748342603
a S a 0359131925 3137434955 6167 73 79 85 91 97104 113 122 131 140 149
y p 20 | 99SI7EQ1 3TIS0SE-I0 TABMELS -

28/2/23 Probabilistic calculation of fatigue damage prediction in cyclically loaded steel structures 20



Estimation of inspection’s times

F at | g ue crac k ¥4 Probabilistic calculation of fatigue crack propagation in flange in tension of the cyclic loaded structures (Version1.2.1.0) | = | & |[s£3]
Function Setup Help

from the edge MEB [ (2 @
Im Results | Inspections

Choice of integration method : Adaptive integration (toll = 0.0001 )

Firzt inzpection time Chartz

Fatigue crack progression from : the edae Fatigue crack progression from the edoe 5
Resistance Rad S e e e e e | B
HESiStanCEHEEC DJS----I-l--I---II--II-----

0 asd e e b ;
Total number of oscillation of stress peaks Mn per n years ; i

ST 0,z 1 i 0

Cumuiated effect of Loads Sn = C * { DetaS"m ) * Nn ;
Reliability function U { RF = Rad - Sn ) St R S
Reliabilty function F ( RF = Raac - n ) T

| SRR G R SR RN S R

0 B e e e e e e e ,r-fj‘ /fﬁsﬁ"
Year I:IE 5812 1? 22 2? 32 3? 4247 52 57 52 67 7e F"T-"

p U IREEEEGM
80 ~ |p(D) 1.0228E01
p{F} 2798ME01

Time of the first inspection -
between years : 49 - 50

FCProbCalc program | P
desktop 11:42:53
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FCProbCalc code - application

"ﬂ FCProbCalc: Probability Charts of Events U, D, F

(‘1:11'(‘1212 Graf 3 N p{U)

Fatigue crack from the surface

The resulting probabilities and
times of construction inspections

Probabilistic calculation of fatigue crack propagation in flange in tension of the cyclic loaded structures (Version1.2.1.0) EI [=]
Function Setup Help

@) [v]w (2] [f

Probabilties of U,D,F events in calculation Table of probabilities of D,F,Fi events in calculation
Year of inspection of the first inspection time of the selected 2th inspection time (p(U)=0)
| In=pection between e years L] p{U]} p(D} P{E) ||| N p(D) B(F} F2 B
i PR [ o B 50a01E05 342732604 (RIS 1.00000EO0 0. 0DDODEAO0 ol
2 123 - 124 1 9.95581E01 8.83990E05 3.33062E-03 111 938015601 6.10848E02 930032604
3 131 - 132 2. 993190E01 4.50787E05 6.76535E-03 112 §.87852E01 1.12148E-1  2.06056E03
4 137 - 138 5 9.92627E01 16031005 7 .35553E03 113 8.27680E01  1.72310E-01  3.14432E03
5 142 - 143 |4 982536601 3.20665E06 7 .46070E-03 114 TTIMTENT  2.28553E-01  4.33300E-03
[ 147 - 148 | 5, 9925211E01 9.87538ELT7  7.47809E-03 115 7.28553E01 2T1447E-M  5.72885E03
7 not calculated (] 992518601 4. 20406E07 7.48235E-03 116 B.84520F01 3 1MTIEDT  7.13385E03
§ not calculated 7 QE2SITEDT  324042E08 748303603 117 GA81S3E0  3HB0TEM  8.72668E03
9 not calculated 8 992517EQ1  2B4TA9E00 T4AB325E03 118 6.18161E-01 38183801 1.05204E02
10 not calculated ) S9251TE01 2.90545E09  7.48334E-03 119 586515601 4 1348501  1.23498E-02
10 S82517E01  282780E09 74833TEL3 120 5.55518E-01  4.4448F01  1.41581E02
1 SEZHTEQT -1.44328E08 7.48339E-03 121 5.27885E-01  4TAOSEM  1.62183E02
| 12 Q821TE01  5.08245E08 7.48339E03 122 499782E01  S.00218E01  1.82961E02
13 | 982517ED1 1A3449E08 TARMOED} ~ || 123 | 48MEIEQ1 519518601 206319E02 ~ |

Project |

p(D}

=3 EcE

p(F} -

2 9.92517E-01

0 9.99631ED
|0$pﬁ@|ﬁﬂ@ 1| 9.5S1EN
2 9.93150E-01
Probabilty chatt of event F for inspections times calculation ¢ design value of the limit probahbility pd =2 277E-2 ) 2 e
Fatigue crack progression from the surface bf= 400 mm, tf= 25 mm, m=3 4 982536501
- — — - T 5 9.92521E-01
Bpon 5 | 9ssEEl
[ e e R e 1| ewsiEnt
Rl 8 | swsiEm
Ch 3 | swsuEm
0,124--
0,111 10 9.92517E-M
0,11 f 22l 11 9.92517E01
0,004 - 12| 9.92517E01
0,081 13 | 9.92517E01
0,071 14 | 9.92517EM
0,06 f 15 9.92517E-01
0,051 el 15 9.92517TE01
0,04 fedeedend A 7| eestEn
0,031 ; ; 5 5 e 18 | 9.92517EM
L s e ensmas a5

2 9.92517EM
2 8.92517EM

L T LARRLAAL RS LAt auiaasasnass T T T T
036914 202632 3844 5056626574 8058692 058 106 115 124 133 142

B0401ETD5
8.83999E05
4. S0T8TEDS
1.60310E05
3. 20665E-06
9.87538E07
-4 20406E07
3. 20942608
2 BAT45E08
2 S0545E-08
2 B2T80E-09
-1.84328E09
5.06245E-08
113449608
-2.23321E-10
1.94005E-10
-1.97057E-11
39783E1
1.26564E-10
2 BA125E-10
3 71905E-10
STTTME0
6.73368E-10

333062603
6.76536E-03
7.35663E-03
7.46070E-03
7.4T809E03
7.48235E03
748303603
748325603
7 48334603
7 48337E-03
7.48339E03
7.48339E03
7.48340E03
7.48340E03
7.48340E03
TA8MED3
TARMEDI
TASMIED3
T 48342603
T 48342603
748343603
TAMIEDD .

12:04:44

The dependence of the probability of
failure Pr and years of operation of
the bridge

(adaptive numerical integration method
chosen with a parameter tol, = 1-107%)
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Estimation of inspection’s times

Fatigue crack
from the edge

FCProbCalc program
desktop
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Probabilistic calculation of fatigue crack propagation in flange in tension of the cyclic loaded structures (Version1.2.1.0) = B |[wE3m]

Function Setup Help

Mg () [2/m) 5

|Inputv|hta Results | Inspections

Fatigue crack progression from : the edge

Choice of integration method : Adaptive integration (toll = 0.0001 )

First inspection time Charts
Fatigue crack progression from the edge

- Pd
Resistance Rad tisz T ' R
Hﬂmﬂanceﬁaac 013-....:.;..'.'...'...-..'...|..-..:...l...'...|...l...l...'...'...'.......
Total number of oscillation of stress peaks Nn per n years g ! ¥ : ' P oA
Cumulated effect of Loads Sn =C * ( DeftaS™m ) * Nn 02 I o e el e e i
Reliabiity function U ( RF = Rad - Sn ) Lot R s
Reliabilty function F ( RF = Raac - 5n ) S T S
/75 | SRR o i . ‘
l:l 'II R LA I i I D O -m-f'ﬂ fjl/fi?:l‘r
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Estimation of inspection’s times

Fatigue crack from — —
the surface Ro¢oPDHann :

Probahbility chart of event F for inspections times calculation { design walue of the limit probakbility pd =2 277E-23
Fatigue crack progression from the surface bf= 400 mm, tf= 25 mm, m=3
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Numerical integration
1. Rectangular method (default number of diferences 1000)

2. Simpson method (default number of diferences 1000)

1,6

3. Romberg method (default £

Integration points in the Gauss quadrature

parameter n = 10)

4. Adaptive method (default +l

value of tolerated inaccuracy | :

_ —4
toly = 1077)
5. Gaussian quadrature
—f{(a)
0a ® f(a) subinterval 1
’ ¢ f(a) subinterval 2
© f(a) subinterval 3
0,2
Gaussian quadraturewith | ,| ~ "—TSOoo"roo .
. . . 8%8%%8?‘3&'S&‘SS3ﬂ?33%%%3222%88833‘6%%&&%%8%3Qggﬁﬁﬁﬁﬁﬂﬁggé
Selected Integratlon pOII’]tS p g T Bl i Bl BBt S o e Bl B S St R S et e S S e B R e = i
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Numerical integration

Comparison of the calculated 15t time inspection

Calculated times of the 1%t
inspection of the bridge
construction with a
particular attention on used
numerical integration
method

28/2/23

Fatigue crack from the edge

58

56

54

52

50

48

46

Calculated times of the first inspection L

.
- -
.—' — . Fd

o -
- = e i

- .'-_—'
r.— —“%-
f

-
-

'4.-'—-—----—-—."_’

Numbers of intervals for in input variable quantities

300 200 100 50 25

« ol « Rectangular method
== =Simpson method
==¢ » Romberg method
=@ Adaptive method

=@ =Gauss quadrature
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Numerical integration

Time of the calculation

Calculation time for each
type of numerical
integration and the specified
number of intervals of input
random variables

Fatigue crack from the edge

60:00:00

hours

48:00:00

36:00:00

24:00:00

12:00:00

0:00:00

Machine time needed for the probabilistic calculation

X
y « <l - Rectangular method
* \ ==h =Simpson method
.\ " —¢ - Romberg method
-'. \ =@= Adaptive method

.'.‘ =@ =Gauss quadrature

u'...’
o ‘/

¢ —

300 200 100 50 25
Numbers of intervals for in input variable quantities
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Numerical integration

Comparison of the calculated 15t time inspection Fatigue crack from the edge
100 § Simpson method: »
Calculated times of 1st inspection - fatigue crack from the edge _/,’
N P
. number of intervals of input random variables ':,’/
. A
Calculated times of the 15 | ’..f/'(
inspection of the bridge | _ X
construction for Simpson | _ i
method of numerical | S ,"
integration and the specified | _ — e — o :"."«'_-3'/
number of intervals of input | | :: - - e
random variablesand | | " Number of diferences
number of diferences 1000 | 500 | 20 | 100 | . |
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Numerical integration

Comparison of the calculated 15t time inspection

Calculated times of the 15t
inspection of the bridge
construction for Romberg
method of numerical
integration and the specified
number of intervals of input
random variables and
specified parameter n

28/2/23

Fatigue crack from the edge

68

64

60

56

52

48

Years

Romberg method:

Calculated times of 1st inspection - fatigue crack from the edge

<:B- 200 =A=100 =4« 50 =@ 25 ®
number of intervals of input random variables Pad
e L
7.7 L
s s -
/ . / .
7z
- . / ...
s
St s 7
g . 7
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— < 7 -
e —_ VAR
F - " " ".
-7 A/ ’
- - o
- - .-
.- AR L
L - et
- ’ .....
- Tt
’ S
e
T
10 9 8

parameter n
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Calibration functions for short edge cracks

Calibration functions for short edge cracks under selected loads

w is width of rectangular cross-section,
fy is yield stress.

A A

=
Y .Y VYVY

E aT_|
£(;) 3 E/ \ﬁ
275 | Tension N
25 No=n=——
2.25 w - h
2
1.75 N = Nn-w- h
15
N
1.25
a,- = h —
1 ac w - fy
0.75
0.5 a a a\2 a3
0 0.1 0.2 03 04 % 05 f (E) = +1.1082 + 0.6956 - (ﬁ) +1.2486 - (ﬁ) +8.415 - (E)
tension
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Calibration functions for short edge cracks

Calibration functions for short edge cracks under selected loads
w is width of rectangular cross-section,

fy is yield stress. C - . D
a

15 M M

) i i
. | Bending s 6
- M
Ao =
13
w - h?
12
11 6-M
; Age = h —
Q:D"D ______ {r - aC
1 o-.o_'__s-___o.—'—o W.fy
09 --0-=- 4PBT-S/W=4 --0O-- 4PBT-S/W=8
—-o-- 3PBT-S/W=4 - -O - 3PBT-S/W=8
08 PURE M a a a 2 3
' a — =41.114 — 0.8975 - (— 2.752 -{=) —1.1323-(-—
0 01 02 03 04 4 o5 f (h)pure + 0.8975 (h) +2.75 (h) (h)
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Calibration functions for short edge cracks

Calibration functions for short edge cracks under selected loads
3-Point Bending .
f(z)

1/2 1/2, 3PBT%=2

— +1.0259 — 1.4659 - (%) +4.9318 - (%)2 — 24637 - (%)3

[
lF3PB f (%)SPBT%=4 = +1.0691 - 13496 () + 5.1865 - (%)2 — 33509 (%)3
A h f (%)WT%:8 = +1.0963 — 1.3052 - (%) +5.2829 - (%)2 _35977. (%)3

2 3

?FM ny f (%)31337%:16 = +1.1079 — 1.2328 (%) +5.0551 - (%) ~3.2837 - (%)
Y| 72 176,

a 2 a3
| —_
).
3PBT=80

= +1.118 — 1.1964 - (%) +5.0176 - (%) —3.3127 - (E)

3 F3pp -l _ 3 Fs3pp -l w is width of rectangular cross-section,
Ao = 2 Yy = L
2-w-h 2-w-fy fy is yield stress.
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Calibration functions for short edge cracks

Calibration functions for short edge cracks under selected loads
4-Point Bending

%

-

l¢
<

‘e

lF 4PB

»le 3 »l

e .

lF 4PB ‘
h

[ S
al |

?F 4PB
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FG)
PG,
PG,
PG
Gy

a 2

— +1.2505 — 1.7928 - (h

h

4-PBTH=2

a 2
— +1.1535 — 1.2847 - (E

h

4PBTE=4-

a 2
= +1.1202 — 1.1634 - (E

h

4-PBTH=8

a 2
= +1.1222 — 1.2277 - (E

4PBT+=16 h

h

a 2

= +1.1179 — 1.1235 - (h

h

4-PBTH=80

w is width of rectangular cross-section,
fy is yield stress.
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) +5.1957 - (9) ~3.5502 -

) +63295 - (3) 44497 . (E)
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3
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) + 4.8443 - (E) —3.0085 - (_)

h

) +5.2654 - (5) —3.7958 - (5)

h

) +45993- () —25619- ()

h

33

3

3



Overview of variable input quantities

Quantity Type.of |.:>ara.metric Parameters
distribution Mean Value Standard Deviation
Total number of fatigue loading cycles per 1 year N Normal 106 10°
Initial size of the crack a, Lognormal 0.2 mm 0.05 mm
Smallest detectable size of the crack ay Normal 10 mm 0.6 mm
Yield stress of material f,, Lognormal 280 MPa 28 MPa
Loading force in three-point bending test F3pp Normal 6 kN 0.6 kN
List of random input variables
Quantity Mean Value
Constant of material m 3
Constant of material C 2.2 - 10713 MPamm(m2)! 3-Point Bending
Height of the rectangular cross-section h 0.1m
Width of the rectangular cross-section b 0.01m
Span of the element [ 0.4 m List of deterministic input

Designed probability of failure P,

0.02277 (B4 = 2)

variables
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Calibration functions for short edge cracks

Calibration functions for short edge cracks under selected loads

3-Point Bending

Inspection No. Time of inspection [years]
1 35
2 46
3 48
4 50
5 51

Calculated times for the first five inspection of
the structural element

1.0 =

0.1 4 EP(F) oPD) OP(U)

0_0IJIIIIIIII\IIIIIII\IIII

|||||||||||||||||||||||

(=] w o w (=] w (= w (=] w (=] w
-— -~ o~ o~ ™ ™ - < w w

(=]
©w

0.038°
0.0247
0.032°

0.03°
0.028"
0.025°
0.024°
0.022

0.02°
0.018-
0.016"

Probability  pf {z)

0.014~
0.012°

0.04°
0.008°
0.005-
0.004~
0.0027

AR ASIE AN 427 0850 OS50S 0270 D065 025306 051004 07602 10118 1230

Value f(z)

Resulting histogram of the calculation for t = 35 years
of structural operation: safety margin Gr;; .

Resulting probabilities of random events U, D and F
for the first 60 years of operation under various load.
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Parallel computing

DOProC method is able to parallelize the calculation (tested on supercomputer,
used only 12 cores yet).

IT4Innovations National Supercomputing Center,
VSB-Technical University of Ostrava, rank 69t worldwide in Top500 list (2021)
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Parallel computing in MatLab

Results of the probabilistic reliability assessment of the element under 3-point
bending in Matlab 128 intervals in each histogram

0.07

x 1073 0.051
ok 0.04 ¢
5
: 1
Load Effect E 0.5 Resulting histogram of the calculation
s for t = 35 years of structural
Probability of failure: Pr = 0.01641 operation: safety margin Gr;;.

28/2/23 Probabilistic calculation of fatigue damage prediction in cyclically loaded steel structures 37



Parallel computing in MatLab

Number of 1024
intervals
T|me Probability Time Probability Time |Probability of| Time Probability
Core count
min] of failure [min] of failure [min] failure [min] of failure
0.39 0.013495 2.71 0.01641 21.91 0.018427
3 0.13 0.013495 0.90 0.01641 7.10 0.018427 - -
6 0.08 0.013495 0.50 0.01641 3.77 0.018427 - -
9 0.07 0.013495 0.36 0.01641 2.62 0.018427 - -
12 0.06 0.013495 0.32 0.01641 2.03 0.018427 88.03 0.019917

Comparison of calculation time depending on the number of cores and the number of
classes in input histograms including the resulting probability of failure
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Parallel computing in MatLab

1400

1200 ‘

=

o

o

o
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o
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: \
s 800
&
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160 \ g
— 140 \ g
g 120 \ 200
* 100
o0 0
£ 30
= \ 0 2 4 6 8 10 12 14
Q.
g 60 Number of cores
O 40
20
0
0 2 4 6 8 10 12 14

Number of cores

Parallel algorithm scaling: decrease of computing time with increasing number of
processor units, input histograms described by 128 classes (left) and 256 classes (right)
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Reliability assessment of existing structures

Reliability aassessment of old crane tracks in a
metallurgical company after 85 years of operation
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Reliability assessment of arch supports in underground and mining workings
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Anchoring the reinforcement of underground works
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Anchoring the reinforcement of underground works
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Anchoring the reinforcement of underground works

Design of anchor reinforcement required for the conditions determined in

particular:

* length of anchors (bolts),

* their number and location around the mine or underground work,

e anchors parameters (type, material, diameter, etc.) for determining the
structural resistance,

° | 03 d anc h ors. SELF DRILLING ANCHORS )
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Software utility for probabilistic design

Using the empirical-analytic methods and a set of input random variables was
developed SW Anchor for probabilistic designing and assessment of the anchor

reinforcement using DOProC method.

Output:
e length of bolts [
e numbern

e resistance @, of anchor reinforcement

P vy
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Software utility for probabilistic design

Results: Length of bolts | @ Sl )

Délka 1 svorniku [m]
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Software utility for probabilistic design

ol

Results: Bolt loading ——
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Software utility for probabilistic design

. . E S W
Results: Loading capacity
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Software utility for probabilistic design
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