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1. Background




1.1 About myself

Education background:
« 2011 - 2015 Bachelor in Safety Engineering from China
« 2015 -2017 Master in RAMS from NTNU

— Thesis: Production Availablity Analysis: Implication on Modelling due to Subsea
Conditions (cooperated with DNV GL, with the use of ExtendSim)

Work experience:

« 2018.04 — 2020.08 Safety Engineer in FAW-Volkswagen.
— Management over special equipment (arrange periodical inspections)
— Risk management (data collection, daily inspections)

New Journey

« 2020.09 — present Ph.D. Candidate at MTP, NTNU




1.2 About the project

« NPRA is in charge of a large number of road constructions, while the
complicated geographic conditions in Norway increase the challenge;

« Maintenance cost contributes almost half of the total expenses;
« The proportion of budget allocated to reactive maintenance kept

Increasing.
10 600 1500 23 6 040 13 billion NOK goes to....
km roads km walking and cycling Mountain passes Bridges&
¥ Ny paths constructions
; % Y R T

Major
Maintenance
3 bill.

Maintenance

i <

16 580 350+ | 880 @ 13

Ferry connections tunnels Contracts Employees Bill. NOK

3 bill.

Source: (Trond Andersen, 2020)



2. Maintenance management in
NPRA




2.1 Maintenance Strategy in NPRA

\

| . Requirements
nspections

Described in regulations & handbooks.
- Operation & maintenance actions to
ensure the satisfaction of them.

Findings & Criteria

System
degraded

Periodic Inspections

Through inspections, the road network
would be monitored in order to detect
deviations.

mmm) - Condition Classification

Do Nothing Do Maintaince Yes
Level Degree of damage
1 Small damage
Implement
] 2 Medium damage
Y 3 Major damage
Next Inspection
4 Critical damage

f
‘I‘ General Ins
|
\
\

pection i
(every 1 week) Easy Inspection
(every 1 year)

+ Visual control conducted

on foot / with bicycle

=+ Visual control conducted
on a slow-moving car

\ Function check for
\, selected objects

* Visual Control \‘.‘

+ Automatic |
Measurements |

~_\* Function Check,"‘
L s

+ Material
Investigations

+ Measurements,

ecial Inspection
Surveys P P

Based on results from
other inspections

+ In case of accidents

* In case of special events
* Based on experience
from similar object

S|

Maintenance action

No action

Conducted within 4 -10 years

Conducted within 1 - 3 years

Conducted within half year



2.2 Maintenance Management for bridges

According to NPRA’'s Handbook V441 Inspection Handbook for Bridges and R411
Management, Operation and Maintenance of Bridges.

* Inspections and maintenance actions are recorded in detail for each bridge.

16-0406 Elgeseter 50 - Trendelag 4 Inspections B

Filter:
Overview | Generally = Descriptions |~ Road network connection | Carrying capacity ~ Inspection | Measures
Type of Breeder Perform.  Execution
Vulnerability ~ Archives inspection ans. ans date 7 Int. Status Access  Note Choice
Main inspection  Peter Skjer. 12/20/2023 H Scheduled Brulift =
nspection @ Special @Easy inspection @Easy inspection @Maintenance Easy inspaction RO a Scheduled No need ~ De ree Of d am a e .
inspection S Cneratian .
Easy inspection 16.0¢ 1 Done Neo need =
®Maintenance Showiing 1 to 3 of 3 results (filtered from 15 total results) 1 Sma”
@Maintenance
; ) ) o ) . . ) Show / hide inspection history .
— 2 — Medium
Damage registration
County Trondelag o . Inspection 3 M ajor
Municipality Trondheim .
show
Operating contract 5006 Trondheim 2020-2028 i cveryone 4 C rltl Cal
Main road identity FV6620 S3D1 m664 O Underviater inspection Damage type
(FRA) O Show all items 14 - Cracks /

Main road identity
(on)

Year of
construction

Remaining life

Status / year

FV6690 S3D1 me65

1951

31 years
Trafikkert / 1951

County
responsibility
Reinforcement / /
conversion
Construction Road bridge
category

Main building type

Material

Length

Beam bridge, space-produced, constant

height w / cooperation
Concrete

200.90 m

Tighten the number 9/22.50 m

/ largest
Worst damage
Lastdata

utility load /
Regulatory load
Road group

Classification year

o8

Bk 10/50 /

nNOT
2019

IS NIDELVA 228V
st
ova
Wstarbakken
Wostsedaen
s 2
% N
%, oo
%,)“

© NUDB, oy ek the .qymaoa‘ax.esmsmn

Open Street Map @rhutoﬁ(cufgqj Sorway)

domike Sigling | ¢

» 1-1Filling
* 1-1 Slope protection
» 1-1 Landkar

1 - 1 Bearing w / bearing
ledg,

FrTe—

+ Beam type:
Rectangular beam
Number of sideways:
s

Material: Concrete

Surface treatment:
Nene

1 - 10 Bridge deck (sec.
Support system)

1 - 10 Wear layer /
moisture insulation

» 1-10 Railings

1 - 10 Water dram.
drainage s

»1-10s

» 2-2 pillar

» 3-3pillar

Cracks (4B)

14 - Cracks /

Cracks (4B)

14 - Cracks /

Cracks (4B)

14 - Cracks /

Cracks (48)

14 - Cracks /

Cracks (48)

14 - Cracks /

Cracks (48)

14 - Cracks /

Cracks (48)

14 - Cracks /

Cracks (4B)

14 - Cracks /

Cracks (1B)

Begree of damage

Change log

Damage consequence:
B — Structure capacity

T — Traffic safety

V — Maintenance cost

M — Environment



2.3 Problem Statement

* With such large stock of bridges, it is sometimes difficult to follow all inspection
plans due to limited budget and resources. NPRA is suffering from many

backlogs and would like to investigate a more efficient inspection strategy.

L Modelling of condition-based inspections

« Currently, NPRA adopts condition-based delays before the implementation of

repairs.

L Modelling of deterministic maintenance delays




3. Modelling process




3.1 Modelling Assumptions ‘et Short

interval

1.

The system IS subjected
homogeneous poison process.

P(t + At) = P(t) - e44t

The inspections are condition-based, the intervals between inspections are either t; , T, or
Tg, where T, = kLTS and Ty = kMTS'

All inspections are perfect.

There are condition-based deterministic delays before the implementation of repairs, D,, D3,
D, for system in state 2, 3, 4.

All repairs are perfect and conducted instantaneously.

If the system is found at a more deteriorated state during an inspection but the repair from
the original plan is earlier than the rescheduled repair, the system will follow the original plan
to avoid a long waiting time.

tl tz trepairl trepairz



3.2 Modelling of condition-based inspections

Inspection

« Based on lecture notes from e e B B : .
. - . 1) B B () B () )H:Er PR, PR (2n), PP (o
Maintenance Optimization pu i L PR B R B
»  Consider only the deterioration pL2 § | i ;
« We define several P-vectors to pL3 | =
simulate different inspection regimes | '
My . . o
P]; (t) = Pr(system in state i N current regime is 71
M le i ! v
cyc €18 m) [P'l\‘(IL)- P;(HJ; P: (1), P; ()] H
> | ] 1 | |
P:d’”(t) = Pr(system in state 2 N current regime is 7u p? ' ' ‘ ' ! ! I I _
N cycle is n) I . R nt
Ty=kyXxXtg T =k X1 In this example, ky =2, k; = 3.
P3(t) = Pr(system in state 7 N current regime is 75) For long inspection regime, when

. t= —1)1g,2 — D1, ..., k
L, M, S denote long, medium and short T+ (m=1D1e, 27, + (m =Dt W

inspection regimes respectively. (m — D Pl,m () = - (),

m=[1,k] , n=[1ky] , distinguish PY () =P T) + Py (), () = PL ().
different long and medium P-vector. PS(tT) =PS(t )+ PL™ (¢ ) PL it — o
= [1,4], represent different state, 3 (t7) =0,
() =0



3.3 Modelling of deterministic maintenance delay

State 1

1 t Mt
» The IM vectors, R matrices and W vectors e
L’l(t )= PL’I(t ) T lMiyl(f)
Inspection Riz(m 7 Lf IR S
regime 4 - ‘ IR s Rzz(zmﬂz (zm Rijen) |
[ pp (r B (r Dl (ri) P ()] s | O
pLi . N ‘L i M {P“(’ w). ’e“(v P (). P )
" : s \ ‘ ‘ s s
i | \ ‘ | | ky, | M)
i | i | | ~
pL2 X I ;
L3 “ : | |
p w : ! M2, _ pM2
| . : Ri3 (FL)*Pg (ty)-
’ 1 U
| : |
i | | t M*
[Pls(?:L) st(TL)i Py (1) (fafi(TL))] R§4(rL):Ff(rfL)-Rf,,,(rL)-RZSA(rL) N
P* ! : ‘ I 1 ! — N TH ()
: ' : 1 S
ITS ZTS 3'[S ...... nTS t
3tg | IM3(E)
In this example, ky, =2, k; = 3.
ktg

IHO
\

State 2

State 2

RU1
State 3

L,
Ry3(0)

L1
RY3(E)

Ry3(0)

Ry3 (1)

RS

State 3

State 4

L,
Ry4(D)

L1
R (D)

Ry ()

Ry L (D)

State 4

wh1

L1 )
Wi

L1
Wy ()

Wi (1)

W)

A
W&'
O
W ()
w3 (6)

w3 (t)

W ()




3.3 Modelling of deterministic maintenance delay

» Modelling process, example with long inspection regime.

« At each inspection

Whent =1, + (im — D1g, 21, + (Im — D14, ...,
kt;, + (m — 1)1, we have:

M () =1

Due to the assumption of perfect inspection

Derive probability
mass to repair R(t)

*Derive the value at each
inspection

«Update at each integration At each integration

E—1
Ry () =Py (1) — Y RYT(D)
u=0

WiEtH =W(iEt )+ A, VIM(t ) =1

Count waiting time To model system deterioration while waiting for
W(t) maintenance

R(t + At) = R(t) - A2

*Update each integration




3.3 Modelling of deterministic maintenance delay

 Treatment of Special case

FR-™ (i)

0 Total
deterioration

W™ (tT) > D2 — D3

(tT) = R 5(t7) W™ (t+) > Dy —Dg
R, s 0 W™ (t+) < D2 — D3

Pz (TL)

=

e
[ AN B )l Bt (). B ()]
pLly i - I

W™ (tT) < D2 — D3

Y L1 -
p (ZTL) Rlz(er) I By & b

{P“(’ )’f’ ('> ) Pg“(’ W), P (:rL)]

N ! ! )
| | !
! : i

I1g 21g 3t e ntg

o 1_)2_ _ D4
|”‘-— I:’:XEN‘I
| I |
tl t2 trepairl trepai:r'z
P]i. ﬂ'l{i—l-} — P]...,ﬂl{i—} . L,m{t+}_

Pﬁ“”{t ) =Py (t7)

(1-g5™ ("))

P-Id—-.nl{t—i—} =P]4-1n1{i—) -qdﬂn{t—l‘}:
. . — L.
P () = Py () - (L= g™ ()
RLA
t ’MLI W"‘l
State 1  State 2 State 3 State 4

-~ ~ - ~N
o [ Mk RIV®) RM(®)  READ) wh(t)
e

TTan | M Ry () Ryt Ryt Wi (6)
>

3 | My () R5;(1) R33(®) Ry || wi')

R Res®  Ra® /) | W

k| IMPY(E)
-



3.3 Modelling of deterministic maintenance delay

« Count waiting time and conduct repair
, . [ P (81, B H(8ey), Pyt (8t), Py (81y)]
nspection ) ,
,,eg"jme TR ) B ) B () Dy '1 / D
Prlp——
Ry (81s) b Ri‘j(&its)
| P OV I
L3 (B Qu) BAQw), B 2r), B (2w
P , N 1 ~ 1 1 !
T i
ltg 21g 314 41g 5tq 614 Tty 8t ...l ntg
Pli"m(f—i_) :P]i,m(t_) L.m L.m
- — M () =0, RyT(T) =0
+ Z R:,;,T'n (t_)ni: [11 _]33: [214] L.m
; I L YW " (t7) = D2
W (t=)=Dy




3.4 Verification with Monte Carlo Simulation

« Monte Carlo Simulation * Result comparison

; Time-dependent state probabilities
\ T T T T T

\ State 1
Start State 2
08 ' State 3 | |

State 4
State 1),
[ l. Setinitial system state and inspection regime } 06 - \ State 2,
AN — N N State 3,

N\

l \ State 4y,

04r
Il. Generate time for first system deteriotation taeieromte, ime

for next inspection fi,.z.=, and time for next repair t..q.;

. 02_ /M/ /V“V W

P(t)
7

N  / Q \I\\ \\\/ ™

III. trest event = MIN (tdstsliarsts, tinspsﬂ, ttspsir, tsimu) |‘ 0 B
0 5 10 15 20 25 30 35 40
time (in years)
tyeteriont . Time-dependent state probabilities difference - 50,000 simulations
stere=te | V.. System deteriorated 0.02 ‘ ‘ ‘ ' ' ‘ ‘
(update tumeims) State 1
r 0.015 State 2|+
State 3
finspeat i 0.01F State 4| |
t -9 P V. System inspected
et event T (update tue:, tomes)
- ,» 0.005F
= o N’\M
_ I T A Y, A e
. IV. System repaired @ Vo, i W el / m\»\
imu foos (Update tumwiss o & Lo ) © oosk Ny i
epair -U.
|: V. End :| -0.01 - B
-0.015 - b
002 , , , . . , ,
0 5 10 15 20 25 30 35 40

time (in years)




3.4 Verification with Monte Carlo Simulation

length of step

P(t + length of step) = P(t)[e*2Y]®  where At =

a
« Step length =730 hour « Step length =73 hour
002 Time-dependent state probabilities difference - 50,000 simulations 002 Time-dependent state probabilities diff - 20,000 si ion
T T T T T T T T T T T
State 1 State 1
0.015 State 2|
State 3 0015 State 2| _
State 4 State 3
State 4
@
®
3 K
% g
o ‘B
-0.005 / )
‘ o
-0.01 - v A
-0.015 - y -0.01 4
0.02 . . . L L . . -0.015
Q 5 10 15 20 25 30 35 40
time (in years) 002 L L L L | L
0 5 10 15 20 25 30 35 40
time (in years)
0.02 Time-dependent state probabilities difference - 100,000 simulations 002 Time-dependent state probabilities difference - 50,000 simulations
. T T T T T T T A T T T T T T T
State 1
0.015 - State 2| -
State 3
0011 State 4] |
0.005 b
] 8 4 W™\
= A
3 =] A VN MY Wil %
g S R e
o 14
-0.005 - L 1 -0.005 4
-0.01 - = -0.01 b
-0.015 = -0.015 - B
_0.02 . L L L L . L 002 . . . . . . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

time (in years)

time (in years)



3.5. Support in decision-making

Critical Damage Probabili
0.02 T 9 T ty

0.018 - ioT,M: ZZ,:TS =7
« Evaluate critical damage 00161 750y =47 =19
probability for different | |
maintenance strategies S o01)
0.008 |- “,«""1 4
0.006 - "! 1
0.004 - Vi ! s J A
0.002 | | /C' / VH/‘“V /) /A /ﬁ/ | w /u//‘% /\///W
07 1 1 \ L
« Evaluate expected cost: ’ ° " tme (n yoars) » * )

C(t) = COStInspections + COStCritical repair + COStMedium repair + COStSmall repair
= C;+ Ny + Ccr * Negr + Cypr - Nur + Csg - Nsg

Where N; = accumulated probability mass in different states at each inspection,
N.r = accumulated probability mass moved from state 4 to state 1,
Ny = accumulated probability mass moved from state 3 to state 1,
N¢r = accumulated probability mass moved from state 2 to state 1.




4. Conclusion and Future works

« Conclusion

— The proposed approach is capable of modelling both condition-based inspections and
deterministic maintenance delay.

— Different maintenance strategies can then be evaluated with regard to probability of
critical damage and the total expected cost.

 Future works

— In this paper, the inspections and repairs are all perfect, imperfect inspections and different
levels of repairs can be further investigated later.

— With access to NPRA's database, investigate a better estimation of the parameters.




Questions / comments?



