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Overview

Part 1: Review of key physical properties and their statistical analyses

Part 2. Probabilistic physical modelling (PPM): Methodology

Part 3: Cohort hazard prediction by PPM: Results

Part 4: Summary
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Flowchart of pipe risk assessment...
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LiteFature review- dimensions of Cl Pipes
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Part 1. Review of key physical properties
and
their statistical analyses
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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 Cas iy
pipe (Australia Tron & Steel Limited, 1941) entrifugely et fnon Lipce
25
- 20 *
: o ¢
=15 * A
Z . :’” A A = [ | W (Class- A _ _
é 10 s ‘ A ‘.i ------ g 2 Class- B Correlation coefficent:
5 # Class- C 0.98 (Class- A)
0 0.99 (Class- B)
0 100 200 300 400 500 600
Diameter (mm) 0.98 (Class- C)
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Historical data from utility site inspection

‘Wall thickness (mm)

Sydney Water
Pipe site inspection database 2013
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Variation of water pressure at a test site -
Lookout long-term

1. Wate_r pressure at a test site consists of 600 s b I
transient and steady-state pressures. 50 Sev 1216078
560 cov 0.024925
2. Due to large volume of steady-state 0
record data, these peak values L
representing the transient could be €
unrealistically averaged, hence unable §
to characterize the variation. 0
440
420
400
0 4 8 12 16 20 24

3. Itis more realistic to seperate the
transient and operational pressure
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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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same diameter

arlation or water pr in pipe conort o e
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Reference: City West Water data

water-main failures for Monash critical data
since 1997

Observation: Water pressure for pipe cohort
of the same diameter has relatively low
coefficient of variation, typically varying
between 0.15 to 0.20
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Statistics of water

Fit RiskLognorm(1060.3,185.82,Riskshift(-335.23))
Lognorm 8. 220 0.460
Pearson5 834.6220
Weibull 850.5129
InvGauss sra.so2 00257
. R . . Gamma 906.6807
Observation: Coefficient of Variation for Bl | s
Mormal 957.8110  g.pp20 4
operating water pressure in pipelines is ieglc | e W
ogistic - Minimum  170.0000
around 0 25 Triang 1558.6894 Maximum  1250.0000
R 0.0015 4 Mean 7250770
. Uniform 4313.5437 SdDev 1558580
Expon 70319221 Valuzs 4804
Pareto 16366.3340
Betatansral 0.0010 4 == Logrom
Pearsont Minimum  -335.2300
Maximum +m
Mzzn 725.0700
Std Dev 185.8200
0.0005 -
0.0000
Fit Ranking ;I - : : E 3 3 E z 2 I
Fit Comparison for water pressure for 150 mm pipe cohort (SEW) = = = Values in Thous ands - -
Fit | chisg RiskLognorm(1116.0,174.95,RiskShift(-427.19))
Loglogistic  208.8713 0.430 1010
Pearson5 339.9793 i
T Fit Ranki ; " :
00025 e Fit Comparison for water pressure for 150 mm pit cast cohort
InvGauss 367.5986 : Fit Chi-Sg RiskTriang(439.76,910,992.23)
Gamma 388.7946 Triang 443.9007 0.560 0.930
Logistic 596.1409 BetaGeneral  510.1275
BetsGeneral  968.0077  p.gpz0 ExtValue 565.0443
Normal 1025.6994 W e Uniform 577.2551
Weibul 1206.1099 Mimmem 80,0000 Logistic 5394070
Triang 23223820 Masimum 1290,0000 Weibull 535.3856
y M, 688.7868
Uniform o9592,0359  0.0015 S‘ZEBE\. 175.6123 Normal 827.0701
Expon 148269651 Vales 3545 Expon 1417.5472 . Input
Extval 17508.6642 —_—
Px :Due e e Pareto 1834.7527 Vi 430.0000
are . 0.0010 i Maximum  590.0000
Pearsont /A Minmum  <427,1300 Mzzn 761.5482
Maimum +a0 SudDev 1246267
Mazn 688.8100 Values 1027
Std Dav 174.9500
0.0005 — Trang
Minimum  439.7600
Maximum 932.2300
Mean 780.6633
0.0000 SwdDav 1216907
o I = o © o o1 -
3 = 5 s 2 z = =
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Prin SEW CICL Cohort

Fit Ranking :I

Fit Comparison for water pressure for 150 mm spun cast cohort (SEW)
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Statistical analysis of Cl tensile strength 1

= Statistics of tensile strength for an isolated test pipe
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Statistical analysis of Cl tensile strength 2

= Tensile

Fit Ranking |

0.1579
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

-50

Fit Comparison for Pit Cast Yielding Stress (Scott, 2007)
RiskNarmal{136.289,58.504)
38.7 230.1

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

strength for cast iron pipe cohorts (Scott 2007)

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

— Normal
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Statistical analysis of Cl tensile strength 3

Fit Ranking hd|

Fit [ chisq

Loglogistic 8.3191
Gamma 9.0000
InvGauss 9.0000
Pearson5 9.0000
ExtValue 9.6809
Logistic 11.0426
Triang 13.0851
Weibull 15,8085
Normal 25.0000
Unifarm 36.9149
Expon 56,3191
Pareto 85.5957
BetaGeneral NA
Pearsont NA

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0.000

Fit Comparison for pit cast
RiskLognorm(316.60,75.746,Riskshift{-127.24))

-100

0.0%

0.2%

= =} =1 =1 =1 o =1 =}

[} 8 ) =1 ) =1 Il 8
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Std Dev.
values

33.0835
347375
189.3580

764034

47

— Lognom

Minimum
Maximum
Mean
Std Dev

-127.2400

+m
189,

3600
757480

» Tensile strength for cast iron pipe cohorts (Rajani 2012)

Fit Ranking -

Fit

Triang 10.164%
BetaGeneral 11.9794
1959

Uniform 39.8763
Logistic 46.9072
ExtValue 53.0309
Expon 123.5670
Pareto 197.0515
Gamma NA
InvGauss NA
Loglogistic N
Lognorm NA
Pearsons N
Pearsont N
Weibul N4

0.010

0.008

0.006 §§ Vel
— tomal
0.004 §

0.002 Y
7
0.000 i : " T
o 2 o 2 o
2 2 2 2 2
2 o & 4

Fit Comparison for spun cast
RiskNormal(239.445,45.819)
6 298.2

Minimum  115.2625
Maximum 304.8572
Mzzn 1354448
StdDev 45,8192

Minimum -
Maximum +a
Mzzn 135.4450
StdDev  45.8190
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Statistical analysis of Cl tensile strength 4

» Tensile strength for cast iron pipe cohorts (Seica & Packer, 2004)

e[| Comparison for Cast Iron Tension Strength Reported by Seica (2004)

Fit | RMS Error| RiskLognorm(113.46,49.535,RiskShift(1 1256))
LogLogistic 0.0115 30.0 275.0
Pearson5 0.0118 3
InvGauss ooz 0127
ExtValue 0.0127
Gamma 0.0132
BetaGeneral  0.0133 0010
Weibul 0.0153 -
Triang 0.0233 \ R nper
Expon 0.0244 0008 Minmom  0.0000
. Maximum 275.0000
Logistic 0.0310 Mean 1232447
Normal 0.0333 StdDev 515438
Uniform 0.0405  0.006
Parato N = Lognom
FPearsont N Minimum 11,2560
0.004 Maximum +oo
: Mzan 1247160
\ SidDev 45,5350
M,
0.002 \
[ uw
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Summary of pipe physical statistics - 1
= For analysis of individual pipes:

— Water pressure: mean value varies from 500 kPa to 1100 kPa,
coefficient of variation is 0.15
— Tensile strength

« Australia large diameter CI pipes: mean value is 100 MPa for
pit cast, and 130 for spun cast materials. Both are subject to
coefficient of variation of 0.15

* For overseas: average tensile strength seems to be higher by
30 to 50%. What are the implications of this?

« To fill the gap, we need to conduct more experiments to
Investigate the Australia Cl pipe tensile strength

— Wall thickness and pipe diameter: mean value depends on the
diameter, coefficient of variation is 0.1

% MONASH University
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Summary of pipe physical statistics - 2

= For analysis of pipe cohorts in the network:

Water pressure: mean value varies from 500 kPa to 1100 kPa,
coefficient of variation is 0.25

Australia large diameter CI pipes Tensile strength: mean value is
100 MPa for pit cast, and 130 for spun cast materials. Both are
subject to coefficient of variation of 0.4

Pipe diameter: mean value depends on the cohort, coefficient of
variation is 0.1

Wall thickness: mean value depends on the diameter, coefficient
of variation is 0.25
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Part 2: Probabilistic Physical Modelling:
Methodology

(Bottom-up approach)
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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 (a) D=900 mm, t=15 mm (d) D=600 mm, t=7 mm

(a) D=300 mm, t=14 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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Effect of Patch Corrosion in Pipe Stress

Non-Linear regression model for 35 -

stress concentration factor (circular) 5
£ 25
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------- g 15 -

a 0.5 -
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Corrosion pit depth v.s. pipe ageing

Newcastle Model

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

Oy

0 50 100 150 200 250 300 350
Buried period (year)
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= Bilinear corrosion model

% MONASH University
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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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- PanzPobabiisicPhysical odeling

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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Standard pipe thickness for Sydney Water

Water Main Pipe Thicknesses

300 300 375 375 450 450 500 500 600 600
Cl CL 100 150 200 250 ClassB | ClassC | ClassB | ClassC | ClassB | ClassC | ClassB | ClassC | ClassB | Class C 750 900
1880's
1890's 17 1457 21 16 17.5 24
1900's 17.5 24
1910's 17.5 24 22.6
1920's 1457 16 18.5 7 20.3 " 24.9 30.5
1930's 10.3 1197 13.57 15.1 7
1940's 1357 14.02
1950's 7.9 8.7 11.9 1357 15.17 20.3"
1960's 17 * 15.1
1970's 18.9"
1980's
Data Sources - Class B (CI BS 1938) - British Standard Specification for Cast Iron Pipes BS78, 1938, British Standard Institution
- Class B (CI AIS 1941) - Cast Iron Pipes, 1941, Australian Iron & Steel Ltd

- Class B (AS 1723 1967);

Correlation between thickness and diameter for Cast Iron
pipe (Australia Iron & Steel Limited, 1941)

=)
G

2
g .+ ¢
P -
g * ".’ A : m B M Class- A
£10 t A 1 B AClass-B
E 5 ‘ # Class- C

0 t

0 100 200 300 400 500 600

Diameter (mm)
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- PanzPobabiisicPhysical odeling
Cohort-based failure prediction by PPM

= A series of charts for failure prediction have been developed for cohorts

= Various scenarios of operating water pressure and corrosion rate are
included

= Case combinations:

— Average cohort diameter 300, 375, 450, 500, 600 mm
— Average operating water pressure 500, 700, 900, 1100 kPa
— Average corrosion rate 0.08, 0.12, 0.16 mm/year which

respectively denote weak, moderate, and strong corrosion
circumstances.

% MONASH University
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Part 3: Cohort hazard prediction by PPM:
Results
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Hazard prediction for spun cast cohorts
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300 mm spun cast iron pipe cohort
(Class C)
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= Subjected to
weak corrosion
r = 0.08 mm/year

= Subjected to
moderate corrosion
r=0.12 mmlyear

= Subjected to
strong corrosion
r=0.16 mm/year

% MONASH University
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375 mm spun cast iron pipe cohort
(Class C)
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= Subjected to
weak corrosion
r = 0.08 mm/year

= Subjected to
moderate corrosion
r=0.12 mmlyear

= Subjected to
strong corrosion
r=0.16 mm/year
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450 mm spun cast iron pipe cohort
(Class C)
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= Subjected to
weak corrosion
r = 0.08 mm/year

= Subjected to
moderate corrosion
r=0.12 mmlyear

= Subjected to
strong corrosion
r=0.16 mm/year
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500 mm spun cast iron pipe cohort
(Class C)

@ MONASH University CPP Progress Presentation 22-Jun-15 |36




= Subjected to
weak corrosion
r = 0.08 mm/year

= Subjected to
moderate corrosion
r=0.12 mmlyear

= Subjected to
strong corrosion
r=0.16 mm/year
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600 mm spun cast iron pipe cohort
(Class C)

@ MONASH University CPP Progress Presentation 22-Jun-15 |38




0.50 T T T 1 ] 0.05 T

w45 A P=100KP ——P=1100kPa
. B P=000kka | | | 1T 1 1 eeeeeee ;f%tgg
A P=T00KP .= = P=
L% o posokea 001 = ~P=500kPa
E 0.35 - —— Weibull functional fittings
= Subjected to g o 300
=]
i z 0.25 E
weak corrosion P de
£015
—_ = Py — 0
r = 0.08 mm/year T
0.05 |
0.00 L s B B B R B R B R T T Q.00 " T T T —‘T K .I"E-.“I..H“.THI .‘."-Hf..
0 10 20 30 40 S50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120
Pipeline Elapsed Life T in Years Pipeline Elapsed Life Tin Years
0.50 T 1 T ] R e e m———
A P=1100kPa 8 ——P=1100kPa
0.45 - = Ez%tga )' ....... ﬁf?ggtgz
. A P= a i T
; 0.40 Cpecie % / 0.04  _ . _p=500kPa
- 0.35 - —— Weibull functional fittings
L b d g
Subjected to 2 o0 // 200
. =]
moderate corrosion g° g
3 020 A/,‘a(/ﬁ . Z 0.02
r=0.12 mm/year  os 29 -
0.10 s 0.01 2 il
0.03 T -:’f:" T
0.00 | T T T T T T T T T T 0.00 " T T ﬁ-.r -\ T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120
Pipeline Elapsed Life T in Years Pipeline Elapsed Life 7 in Years
0.50 5 0.05
s D pstiowa /4% ——P=1100kPa
5 = P=900kPa /(/}( ....... Pfg(]{]kpa
040 A P=700kPa 004 — — P=700kPa
. o © P=500kPa /' {7( — - —P=500kPa ,
n Sub Jected to £ 035 —Webul fuction ftings y. / / .,
. = 0.30 / E 0.03 7 #
strong corrosion 023 : /
_ Z 020 = 0.02 g
r=0.16 mm/year %, Y fé - i
£ U . <{2d
0.10 - ?(? 0.01 //,/5
g LT
005 _ ﬁ"/.::’ll -
0.00 o — 0.00 = T

% MONASH University 0 10 20 30 40 50 60 70 80 9 100 110 120 0 10 20 30 40 50 60 70 80 0 100 110 120

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



- Pan3Cohothamdpredctonby PP

Hazard prediction for pit cast cohorts
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450 mm pit cast iron pipe cohort
(Class C)
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= Subjected to
moderate corrosion
r=0.12 mmlyear

= Subjected to
strong corrosion
r=0.16 mm/year
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Comparison between pit and spun CI pipe
cohorts
(450 mm, Class C)
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= Pit cast iron pipe

Subjected to

r=0.12 mm/year

= Spun cast iron pipe

Subjected to

r=0.12 mml/year
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Part 4: Summary
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Conclusions

= For large diameter pipe cohorts ( D >= 300 mm), the initial of pipe
failure (water leak) have been successfully studied using the
probabilistic physical modelling technique (PPM). The lifetime failure
probability, hazard rate were developed at specified cohort levels.

= The average water pressure is a significant factor. Higher operational
pressure pipe cohorts have bigger failure rates at early servicing
periods.

* Pipe tensile strength, lateral corrosion rates, wall thickness need to
refined further for accuracy improvement.

= Corrosion rate is the most dominant factor influence the lifetime failure
probability prediction.
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Limitations and future work

= Corrosion patches are currently subject to circular shapes. The stress
concentration factors tends to be under-estimated. Improvements will
be made of the use of elliptical corrosion patches.

= |ateral corrosion rate is just assumed. More work is necessary urgently.

= Uniform corrosion rate is just assumed. More work is necessary
urgently.

= The machine-learning approaches (e.g., the support-vector-machine)
will be adopted to develop the limit state function of pipe failure.

= Spreadsheet models will be delivered to utilities, to analyze the failure
data, and to estimate the time to failure probability.

= Updating the physical parameters are under investigation.
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