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Probabilistic physical modelling
(PPM) of cast iron pipe

(bottom-up approach)
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Flowchart of risk assessment
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LiteTature review- dimensions of Cl Pipes
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Correlation between pipe diameter and
thickness

Historical data from manufacturer, AIS, 1941

Standard Specification for

Super DeLavaud
Correlation between thickness and diameter for CastIron . . .
Centrifugally Ca; iy
pipe (Australia Tron & Steel Limited, 1941) entriuggliytme Sron. Lije
25
- 20 *
: o ¢
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é 10 s ‘ z ‘.i ------ g 2 Class- B Correlation coefficent:
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Historical data from utility site inspection

Sydney Water Hunter Water
Pipe site inspection database 2013 failure report No. 001-088
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Variation of water pressure at a testing
site - Lookout long-term

600

Average  487.903 Site 10 (13/07/2013)
580 StDev 12.16078

1. Water pressure at a testing site consists B ov | oo
of transient and steady-state pressures.

540

2. Due to large volume of steady-state 5
record data, these peak values ™y
representing the transient could be
unrealistically averaged, hence unable
to characterize the variation.

(kPa)

480

Pressure

460

440

420

400

3. Itis more realistic to group the transient
and steady-state pressure to describe
the variation of water pressure
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ariation of water pr in pipe cohort o e
same diameter

23 : Average: 762.1 kPa D300 Cohort 12 9 Average: 739.0 kPa D375 Cohort
StDev: 130.2 kPa 10 - StDev 1351 kPa
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Average. 720.1 kPa D450 Cohort
10 | Sthev 101.1 kPa Reference: City West Water data
COV: 0.14
8 - water-main failures for Monash critical data
a- .
§ . since 1997
g
(9 4 i
2 - l Observation: Water pressure for pipe cohort
0 , , I , of the same diameter has relatively low
294 431 568 706 843 980  More coefficient of variation, typically varying
Operating pressure (kPa) between 0.15 to 0.20
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Statistics of water pr in CICL Cohort

Observation: Water pressure for pipe cohort of the same material but mixed diameter has
relatively larger coefficient of variation, typically varying up to 0.42; Several statistical
distributions may be fitted to the data, including Triangular, Weibull, Normal or LogNormal. It
seems there is no priority of one to others. For simplicity, Normal or LogNormal is sufficient
for probabilistic physical modelling

FitRanking ¥ Fit Comparisan for Water Pressure for CWW_CICL e = Fit Comparison for Water Pressure for CWW_CICL
Fit RiskWeibull(5.7481,1370.4,Riskshift(-64105)) Fit RiskNormal(624.23,263.01)

Logistic 718158 0.137 0.980 Logistic 718158 0.137 0.980
Triang 73,1053 5.0% Triang 73.1053 5.0%
. 3.8% Weibull 75.8684 305
BetaGeneral 86,1842 0027 ] BetaGeneral 86,1842 U002 ]
ExtValue 89.1316 ExtValue 89,1316
Normal 90,7835
Uniform 102.9474  0.0020 4 Uniform 1029474 0.0020 4
Expon 146.9737 § Input Expon 1469737 Inpet
Pareto 312.0263 Winmum 17,6000 Pareto 312.0263 Minimem 1176000
Gamma A Maximum 1264.2000 Gammsa A Maximum 1264.2000
Logl ogistic A Vales 152 Logl agistic M Vahses 152
Logrorm M Logrorm Wz
Pearsons MA p.o010 4 — Wbl Pearsons VA po010d \ —Hormal
Pearsont A / Minimum  -641,0500 Pearsoné A / Miimum —=
- Maximum +m Maximum +oo

5 Mezn 627.2607 i Mzan £24.2300

; Sgg SiEDev 2556625 : SwDev  263.0100

0.0005 4 I 0.0005 - ! \
! § |
"-ﬁ”‘jﬂflu M
0.0000 — Lo 0.0000 KR x>
- oy = o + o o = o - o o =} I =
‘? ‘_T' [=3 (=] (=3 (=] (=3 o o (=] (=] (=1 — — —
alues in Thousands Values in Thousands
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Statistical analysis of Cl yielding stress

= Statistics of yielding stress for pipe cohorts

Fit Ranking |

0.1579 38.7

Normal

InvGauss 1.0000

Logistic roooo 007

LogLogistic 1,0000 0.008 4

Lognorm 1.0000

Pearson5 1.0000 0.008 4

Weibull 1.0000

Triang 3.1053  g.0074

Uniform 3.1053

Expon 6.0526  0.006 4

BetaGeneral 10.0526

Pareto 11,5263 0.005 4

Gamma NA

FPearsons A 00044
0.003 4
0.002
0.001 4
0.000

=
'y}

RiskNarmal{136.289,58.504)

Fit Comparison for Pit Cast Yielding Stress (Scott, 2007)

230.1

W

Minimum 38,7000

Vahoes 13
m— Normal

Minimum —a
Maximum +a

Fit Ranking |

Fit
ExtValue 0.0909
Logistic 0.0908

[Normal | 0.0%09
Triang 0.0909
Weibull 0.0908
BetaGeneral 0.4545
Uniform 2.2727
Expon 7.3636
Pareto 9.1818

Gamma N4
IvGauss Ny
Logl ogistic Ny
Lagnom N4
Pearsons N4
Pearsons N

0.00%

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0.000

Fit Comparison for Yielding Stress of Spun Cast (Scott, 2007)
RiskMormal(157.800,66.572)
10.5 245.0

W
Minimum 10,5000
Maximum  245.0000
M=zn 157.5000
Std Dav 66,5720
Vales 11
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Statistical analysis of Cl yielding stress

= Statistics of yielding stress for an isolated pipe

Fit Ranking |
Mormal 1.0000
Triang 1.8421
Logistic 2.2032
ExtValue 3,1053
Uniform 4.3684
BetaGeneral | 7.0000
Expon 9.4211
Pareto 17.1053
Gamma N
InvGauss N
Loglogistic N
Lognorm N
Pearsons N
Pearsont N

Wbl A

Fit Comparison for Yielding Stress of Pit Cast (Ben & Suranji 2014)
RiskNormal(93.008,13.185)
639 11055

[ B
Minimum  63.9295
Maximum 110.4692

Conclusion:

When analyzing a
single pipe failure,
use small c.o.v.
ranged 0.1 t0 0.2

When analyzing
pipe cohort, use a
bigger c.o.v.
ranged 0.3 to 0.5
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Pipe stress prediction on pitting corrosion pipes
Type of corrosion

» Pitting corrosion (Type — III) refers to localised regions of metal
loss that can be characterised by pit geometry.

Sydney Water data Hunter Water data Sydney Water data Hunter Water data

Sydney Water data Hunter Water data

(a) D=450 mm, t=21 mm (d) D=375 mm, t=13.7 mm (d) D=600 mm, t=7 mm

(c) D=375 mm, t=13 mm

(b) D=375 mm (6) D=375!mm, =45 mm (b) D=500 mm, t=15 mm (e) D=500 mm, t=15 mm

(b) D=300 mm, t=14 mm (d) D=500 mm, t=14.2 mm

(c) D=500 mm, t=15 mm (f) D=900 mm, t=8.2 mm

(c) D=450 mm, t=21 mm (f) D=500 mm, t=22.5 mm
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Corrosion pit depth v.s. pipe ageing

Newcastle Model

45
—_ o
g 40
L /
< 30 rs= 0.12
E i //
g 20 T*= 15
2 15 ~
E 10 /
$ s -

Oy

0 50 100 150 200 250 300 350
Buried period (year)
@@;‘7 MONASH University CPP Progress Presentation 4-Mar-15 | 13



Effect of Patch Corrosion in Pipe Stress

Non-Linear regression model for 35 -

stress concentration factor (circular) 5
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Coupling the pitting corrosion to uniform
wall thickness loss

Corrosion patch

Actual pipe

U
/l Idealised nominal
pipe. Guom
Idealisation of pitting
corrosion pattern
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Typical statistical information of physical properties in pipeline analysis

Pipe physical
properties (cast iron)

Corrosion

Pit size

% MONASH University

Elastic modulus, Es

Unit weight

Elastic modulus

Yielding stress

wall thickness

Pipe diameter
Surface load (traffic)
Operating water
pressure

Cs
s

0.8 m
25 MPa

20 kN/m3

100 GPa

100 MPa

12 to 35

Varying

50 kN

1000 kPa

6 mm
0.12 mmly

15y
5*pit_depth
mm
5*pit_depth
mm
4*pit_depth
mm
4*pit_depth
mm

0.25
0.3

0.1

0.05

0.1

0.3

0.15

0.3
0.3

0.01
0.5

0.5

0.5

0.5

Normal
LogNormal

LogNormal

LogNormal

Normal

Normal

Normal

Normal

Normal

LogNormal
LogNormal

Normal
Normal

Normal
Normal

Normal

Physical parameter Mean value | COV Distribution Source of data
(Others)

Bury depth,

Backfill soil sur-
rounding pipelines

ACA&PFPP
Common assumptions

Common assumptions

Seica and Packer
(2004), ACA&PFPP

AIS (1941), ACA&PFPP

ACA&PFPP

ACA&PFPP

Newcastle

Typical values inferred
from Hunter Water
pipeline failure report,
ACA&PFPP
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Probabilistic physical modelling of pitting
corrosion pipe

= Stress prediction of cast iron pipe by finite element analysis
= Stress concentration factor of corrosion pit
= Bilinear corrosion model from activity 3

= Time-dependent limit state function:

g(X,t) = o, —onom(X,t) - SCF(t)

= Probability of pipe failure:
P{g(x,t) <O} = P{c, — cron(X,1) - SCF (1)}
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Weibull parameters inferred by PPM

Correlation between thickness and diameter for CastIron

pipe (Australia Iron & Steel Limited, 1941)

y=00252x+ 6888

*
A A B Class-A
L
A Clss-B
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= Linear (Class- C)
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Three parameter Welbull functions

Failure functions (= 1- Reliability Function) with respect to failure age/time, T

F(T:a, fB)=1— o {(T-To)/ A}

Hazard rate function

H(T:a,p) =

1-F(T:a,8) B\ B

where T, is the location parameter, a the shape parameter and S the scale parameter.

@ MONASH University CPP Progress Presentation
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Weibull parameters inferred from probabilistic physical modelling
when wall thickness increases with pipe diameter

Corroded Weibull arameters
pipe o

cohorts

300 mm 200 5833 21.19 0.998
2.07 68.72  32.44  0.999
pipe
1.61 8357  46.94 0.998
pipe
2.12 9269 52.78  0.999
pipe

% MONASH University

CPP Progress Presentation 4-Mar-15 | 20



- @000 ===

Weibull parameters inferred by PPM

Sydney Water Hunter Water
Pipe site inspection database 2013 failure report No. 001-088
] e e e
B3, . . 3" +
 FR . b e
%:g;.a?il!“ RIS i
100 — 010 1171
A D=300mm ——D=300mm 7
090 + @ D=400mm 009 + ...... D =400 mm
080 + A D=500mm 008 /. — D=500mm
o o D=600mm =« ~D=600mm £
3 070+ — \Weibull functional fitings 0.07 ST >
© . .
_Lgo.eo % 0.06 7
> 0.50 005 oA
= g SV
5 0.40 £ 004 S22
2 0.30 S
0.03 7
0.20 0.02 4
/7
0.10 . 0.01 b
. B
0.00 e 000 et

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Pipeline Elapsed Life T in Years

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Pipeline Elapsed Life T in Years
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Weibull parameters inferred from probabilistic physical modelling

when wall thickness is fixed to be 15 mm

% MONASH University

Corroded Weibull parameters Fitting

pipe o
cohorts

300 mm 1.95
pipe
pipe
pipe

p

59.26

61.92

60.22

64.17

TO
24.99
20.66
20.07

12.55

index
RZ

0.999
0.995
0.992

0.999
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Parametric study:
operating pressure v.s. failure probability

- L. 1.00
Symbol Description Mean cov | | | |
w 1-fraffic load 50 kN 0.3 0.90 AP =1000 kPa 2
-S0i F's
Es 2-soil modulus 2.50E+04 Kpa 0.3 0.80 5P =700 kPa L
¥ 3-unit weight 20 kN/m3 0.1 e, N
k 4-lateral earth p 04 0.15 o 070 &
E,  Sppemoduus 100E+08 Kpa 003 | = g0 X P=400kpa il
[T
P 6-operating pressu 4.00E+02 Kpa 0.15 S 4 § K
D 7-pipe diameter 0400 m o005 | £%°° . T
t 8-efwal hkness  13.97 mm 0.05 R 0.40 | " : i
4
h 9-bury depth 0.8 m 0.25 s 030 Al §
Sy 10-tension strength 1.00E+05 Kpa 0.1 ' 4 i v !
corrosion cs 11-corrosion: ¢s 6 mm 03 0.20 4 L1g 1® &
.
rs 12-corrosion: rs 0.12 mmyy 0.3 0.10 A | 8 T = 4
13-corrosion: T* 15 year 0.1 ‘ BT, i % % ¥
e o.oo..eé‘—_z-é-ZX.........
pit top diameter 75.00 mm 05
top damekr 75 00| mm 05 0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
pRlop diame - ! ‘ Pipeline Elapsed Life T in Years
pit btm diameter 60.00 mm 05
pit btm diameter 60.00 mm 05
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Indications

= The probability of failure resulted from physical modelling can be well
fitted by Welibull functional curves

= |tis possible to derive hazard rates from Weibull functional fittings

» Hazard rate indicates the conditional probability of failure in next year

1.00 T T T T 0-03 I I I I
A P=1000kPa —&—P = 1000 kPa
090 + @ P=700kPa —@—P =700 kPa
A P=500kPa - ——P =500 kPa
0.80 o p=400kPa —0—P =400 kPa
g | ——Weibull functional fittings /
5070 0.02
£ 0560 £ (
>.0.50 // (] y B / i
5 0.40 yd 6 8 f
182 0.30 / /T/ )/ 0.01 / &
a
0.20 ,44 V /

& i
010 A

0.00 A4 —————— — 1 0.00
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Pipeline Elapsed Life T in Years Pipeline Elapsed Life T in Years
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Indications

= Maintain the hazard rate and/or failure rate, for example, probability
of failure in next year not exceeding 1%, by adjusting operating
pressure over servicing time

0.50

045 | P=1000kPa

0.40 -

w w
S o
1

S
o
! !

P =400 kPa

/

Probability of Failure
o o o o o
= N
ol ol

0.10

V

} 4

0.05
0.00 A——h——dtrd

0 10 20 30

40 50 60 70 80 90 100 110 120 130 140 150
Pipeline Elapsed Life T in Years
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Hazard rate

0.03

0.02 -

0.01 -

0.00

P = 1000 kPa

P =400 kPa

<

A

S

A

i

=1

NA

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Pipeline Elapsed Life T in Years
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= Superimposition of P; curves from various case studies of water
pressure

1.00 —_—
A P =1000 kPa
090 T @ p=700kPa
080 + A P=500kPa
% 0.70 + © P =400kPa
2 0.60 == Capped Pf by reducing water pressure

B :
? 0.30 . < /
0.20 ,44

(3

Pipeline Elapsed Life T in Years
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Parametric study:
corrosion rate (mm/y) v.s. failure probability

Symbol Description Mean cov 0.50 ! ! ! ! .

W 1-faficload 50 kN 03 045 | Dr=0.06mm/y R

E, 2-soil modulus ~ 2.50E+04 Kpa 0.3 Ar=0.12 mm/y

y 3-unit weight 20 kN/m3 0.1 0407 . r=0.16 mmyy T

k 4-lateralearth p ¢ 0.4 0.15 o 0.35 + Xr=0.24 mm/y . g

Ep 5-pipe modulus ~ 1.00E+08 Kpa 0.03 ‘—Eu 0.30 N

P 6-operating pressu 1.00E+03 Kpa 0.15 % X 4 =)

D 7-pipe diameter 0.400 m 0.05 202 X

t Befwallfiness 1457 mm 005 | 8459 4 0

h 9-bury depth 08 m 0.25 6.9 N\ N

Sy 10-tension strength 1.00E+05 Kpa 0.1 0.15

corrosion cs 11-corrosion: cs 6 mm 0.3 0.10 » 7y 4 3 y

rs 12-corrosion: rs 0.12 mmly 0.3 0.05 44 & =

T* 13-corrosion: T* 15 year 0.1 A 4 T = T .
pittop diameter 60.00 mm 0.5 0.00 "'—i—'—é—ﬁ—:—"""-‘” T T
pittop diameter 60.00 mm 05 0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
oit bim diameter r 48.00 mm 05 Pipeline Elapsed Life T in Years
pit bim diameter 48.00 mm 05
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= Bilinear corrosion model

% MONASH University

Corrosion depth (mm)

[
»

H
~

2 e
o

N

o N OB~ OO ©

= = 0.24 mmly

ey =0.16 mmly

=1 =0.12 mmly

=1 =0.06 mm/y

10

& .
20

Buried period (year)

30

40
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—
Findings

= Corrosion rate is a key parameter influencing the

. .y 0.06
failure probability g o
= QOver time, failure rate increases almost g 00 J*
0 2 4

exponentially with corrosion rate o o1 02 os

Corrosion rate (mm/y)

1.00 . . . : . . 0.03 T T T 1
A 1=0.24 mmly —i—r = 0.24 mmly
090 +~ @ r=0.16 mmly ——r=0.16 mmly >
A =012 mmly F——r=0.12 mmly
° 080 T o r=006 mm/y —0—r=0.06 mm/y
5 0.70 - —— Weibull functional fitings 0.02 | )
= o 0
L 0.60 E
G / o°
>0.50 = i
E N
§ 0.40 / P! £ oot
Q .
£ 0.30 / /{ /
0.20 / I
0.10 /
0.00 g9 00— — T 0.00
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Pipeline Elapsed Life T in Years Pipeline Elapsed Life T in Years
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Prediction of pipe remaining life

= Concept of risk-based remaining life prediction

— Risk = Pf x (Consequence of failure)

— Depending of pipe and location, there will be some consequence
of a pipe failure, for example, a consegence = $$$ 500,000.00

— If we like to tolerate a risk at $$$ 100,000.00, then the threshold of
tolerable failure probability is

Pf (threshold) = 100/500 = 20 %.
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Prediction of pipe remaining life

= Remaining life chart w.r.t three scenarios of corrosion rate

% MONASH University

120
[ Threshold P; = 20 %
100 | |
. ——r =0.06 mm/y
’g —r =0.12 mm/ly
o 80
> ———1=0.16 mm/y
2
3
5, 60
g )
£ I
©
£ 40
22 I \
20 + \\
0 20 40 60 80 100 120

Pipeline Elapsed Life T in Years

Note: operating pressure P = 1000 kPa

CPP Progress Presentation
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Statistical analysis of utility
fallure data (top-down)
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Principle

» The basis of top-down assessment of pipelines is the gathering
of failure data. According to Hunter Water, there are 831 cast
iron cement lined (CICL) water main failures due to various
reasons, as recorded from 1998 to 2012. Similarly, there are
1556 CICL water main failures recorded by Sydney Water from
2000 to 2012. These broken pipes were installed in last century
ranging from 1900 to 1978.

» By sorting the observed data by pipe failure age, the probability
mass function, PMF, against time is first explored. For the
convenience of mathematical comparison, the so obtained PMF
Is transformed to hazard rate which is well-known in studying the
time-to-failure systems.

» The comparison here is made between the observed failure data
and the probabilistic physical modelling with a mean value of
pipe wall thickness of 15 mm subjected to pitting corrosions
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831 CICL failures between 1998-2012

Note: The number of classes can be roughly determined by Sturges’ rule: k = 1+3.3log,(N
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Hunter Water:

g

& 8 7
(=] 8 o
1

Number of Faulure

g

w
=]
I

Hunter Water failure data

o

20 35 50

65 80 95
Pipe Age of Failure (Year)

110

125

140
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Hazard rate

0.07 -

0.06

0.05

0.04 4

0.03

0.02

0.01 4

Hunter Water failure data

20

—

35

50

65 80 95
Pipe Age of Failure (Year)

110

125

140
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Sydney Water:

1556 CICL failures between 2000-2012

Sturges’ rule: k = 1+3.3log;oN
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Sydney Water Failure Data

Sydney Water Failure Data

450 0.12
400
0.1
£ 350
F 300 % 008
o
% 250 < 0.06
g 200 g ]
£ 150 2 0.04
=
Z 100 0.02
50
U T U T 1
qurmmhmmg:go wammhmmgzgo
= =
Age of pipe failure (Year) Age of pipe failure (Year)
@ MONASH UﬂIVGI'SIJ[y CPP Progress Presentation 4-Mar-15 | 36



- @000 ===

Comparison between bottom-up and top-down
analyses in terms of hazard rate

>

0.1

Hazard rate, which is a commonly referred parameter in
time-dependent reliability engineering analysis, is
adopted here for comparing the top-down and bottom-up
results for critical pipe failure study.
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Estimating the number of failures/y/100km

The failure rate, in terms of number of failures per 100 km per year,
IS commonly recognized by water utilities as a basis for failure
prediction for their assets. The hazard rate as obtained from
probabilistic physical modelling as well as the statistical failure data
analysis can be easily converted into this practically conceptual
failure rate. Assuming statistical independence between pipes’
failure, the following relationship holds

Q(T) = H(T) xN;

where Q(T) denotes failure rate, in unit of number of failures per
100 km per year, H(T) is hazard rate for a typical pipe (section),

and N is the number of pipes (sections) for a 100 km cohort in a
particular year T.
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Hazard Rate

Hazard Rate
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Summaries and Conclusions

» Physical modelling provides a good understanding of the mechanics of
pipe behaviour. It can reveal the relationship between pipe failure and
relevant physical properties.

= As the basis of risk assessment and strategy planning, the lifetime
failure probability can be obtained from physical modelling, by taking all
uncertain factors into account.

= The hazard rate obtained from physical modelling agrees well with the
observed failure data, and updating of some key physical parameters is
possible by such comparative studies, more detailed works are
ongoing.

= The spatial variation of corrosion pits, as observed from condition
assessment, was not considered yet, and shall be included in the future
work.
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