Deterioration/Damage Process
Spatial and Temporal Variability

Most analyses assume homogeneous material,
dimensional and environmental properties

e.g., concrete surface is either

(i) perfect or (ii) completely cracked/spalled
rust stains, cracking not homogeneous across concrete surface
e.g., rebar corrosion is never uniform

not realistic!
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... Deterioration/Damage

Increase in capacity
Resistance eg. f'c =fnit)

4 Loss of Agy

highly localised ’

Ro
spatially distributed
time-dependent

Reduction of bond

Spalling
Delamination

Accelerated deterioration

" ’
hldden F——~Corrosion Propagation -

concrete, steel, timber, ... B

Initiation
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N4m
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Time

Cover Variability for
Bridge Deck
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Corrosion Damage

(Stewart & Mullard 2007, 2009, 2011)

Corrosion Damage

corrosion-induced cracking of concrete cover
crack Initiation
crack propagation
w/c ratio and cover are important factors

corrosion rate reduces with time (e.g., due to the formation of corrosion products on
the steel surface)

Need to predict likelihood and extent of damage

J
X

4 \
\ _’/; &

N

“Cover Cracking

Random field modelling of deterioration
Spatial time-dependent reliability analysis




Spatial Time-Dependent Reliability Analysis

2D Random Field

Typical spatial variables:
concrete quality and cover
caused by different concrete batches and variability of workmanship

exposure to aggressive agents (chlorides)

caused by different exposure conditions (e.g., sheltered, not sheltered, or
splash areas)

Corrosion initiation and propagation are spatially variable

Need to model complex time-dependent interactions
subject to high uncertainty when predicting over many years
need new or updated information!
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... opatial Time-Dependent Reliability Analysis

(Stewart & Mullard 2007, 2009)

Predict two measures of performance

Prior distributions (no inspection data)
1. Proportion of a concrete surface subject to cracking

n[t>T +T

oo () == = w0l 1000

Ti; = time to corrosion initiation of element
Tep() = time to excessive cracking of element
k = number of elements

Monte-Carlo simulation analysis £ ( d t)
distribution of dae(t) deraek \ ™ crack 2

2. Probability that at least x% of a concrete surface has cracked

%

10
Pr(d, . (t)= x%) = f fdmk(d

crack ’t) dd crack

X %
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Reliability of RC Beams with Pitting Corrosion

(Stewart 2004, 2009, 2011)

Pitting factor R=p/P,,
Max R for rebar of length L

R increases as L, increases

R obtained from accelerated corrosion tests
Indicative only...
Many problems obtaining such data from real structures

Gumbel distribution

Pitting Gumbel

Factor Parameters
R
Diameter mean COV u, a,

Specimen L

(mm)  (mm) p(t)=0.0116Xi__ XR Xt

(0]

COIT

Y10 100 10 565 022 508 1.02
Y16 100 16 62 0.18 556 1.16
Y27 100 27 71 0.17 655 1.07




. Reliability of RC Beams with Pitting Corrosion

Corrosion loss Q. =Api/A;omX100%

Ductile ==> Brittle as corrosion increases
Ductile behaviour: Q.,,<20%
Brittle behaviour: Q.,,>20%

Assume loss of capacity occurs over length L
L =500 mm

Tensile
Capacity

|
fyOAstnom :

Reinforcingbar
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... Reliability of RC Beams with Pitting Corrosion

Discretisation of RC beam

element j

k rebars

critical flexure limit state

Gy, (X)= min (M;(t)=S;(t))

S;=bending moment at mid-point of each element
M = flexural resistance

cumulative probability of failure
pi(0,)=1-Pr[Gy, (X)>0NG,, (X)>0N...NGy, (X)>0]

K annual load events NEWCASTLE
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Example Application: RC Bridge Deck

RC beam
simply supported
L=10m
400 mm x 900 mm cross-section
n,=6 main rebars (Y27) e
element length {¥]=L =500 mm
N = 20 elements

Corrosion occurs from exposure to coastal sea-spray
Damage limit state (1 mm crack width)

1D random field:
concrete cover

t _ , - Corrosion initiation
concrete compresswe S reng - and propagation are
surface chloride concentration

oit depth spatially variable

element j

Monte-Carlo methods

TTTTTTTTTTTTTTT
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Statistical parameters

Parameter

C, (surface Cl concentration)

C; (threshold Cl concentration)

Model errors for D and igq,;

Model error: ts (wiim = 0.3 mm)
tsp(w“m = 1.0 mm)

Model error: Flexural capacity

Shear capacity

Cover

Reinforcement yield strength fo
Concrete cylinder strength fc’yl
K (fc/ — ]<uvf(;/y1)

Concrete tensile strength f,
Concrete elastic modulus E]

Mean

3.05 kg/m’>
2.4kg/m?
1.0

1.09

1.05

1.02

1.075

+1.6 mm
467.5 MPa
F/ + 7.4 MPa
0.87

0.53 (fC/)O.S
4600 (f/)°°

very high uncertainties with

deterioration model and parameter estimates

€
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Spatial Variability of Pitting Along a Rebar
(typical Monte-Carlo realisation)

1
1
1
1

3 -
2
1
0
9
8
7
6
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... Results
Mean Proportion of Corrosion Damage d., (1)

100 -
NE
E
70 3
E
50 3
40 3
30 -
E
HE
E

0 10 20 30 40 50 60 70 80 90 100 110 120

Time t (years)

variability
Of dcrack(t)

(V)

crack

Percentage of Surface Cracking
d

|'\""
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Mean Flexural Capacity (kNm)

13

... Results

Mean of Resistance

1300 —feeeerwbvve b bieenlvee b b bbb
- Nc:damage detected
1280 —— i
1260 [
12404 , i
| — No Updating SRR
— -Inspection Scenario IS1 NN
1220 — — -Inspection Scenario IS2 E S
1 ----- Inspection Scenario IS3 SN A \
--------- Inspection Scenario 1S4 SOt
1200 ~{rrsrrererrmrrsrrrrrmrmr————————ees
0 10 20 30 40 50 60 70 80 90 100

Time t (years)
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Life-Cycle Costs (LCC)

r ESF(T)

Total life-cycle cost:

LCQ(T) = C,, + Ce + Cqy + Ci(T)-

repair

repair

dcrack (t - At) < Xrepair)

ALL results stem from knowing likelihood and extent of damage
dcrack(t)

Expected damage costs
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Maintenance Strategy
Patch Repairs

Repair threshold (Xgp,ir)

Proportion of damage before repair
Delayed repairs v increased repair area

Inspection Interval (Dt)

Regularity of inspection
Reduced inspection costs v possible large repair area

Efficiency of repair
Corrosion initiation (D)
Improved permeability, incomplete chloride removal
Corrosion rate (Y,corr)
Corrosion inhibitors, incipient anodes

TTTTTTTTTTTTTTT
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... Maintenance Strategy

Repair techniques

M1 - Patch repair
Repairs the damage area only

M2 - Preventative patch repair
Repairs area adjacent to damaged area also

damaged elements
-/ (repaired in techniques M1 and M2)
- \ adjacent to damaged elements

(repaired in technique M2 only)

M3 - Complete rehabilitative overlay e

Removal and replacement of the entire RC surface overthe M)
reinforcingbars ~ Tuau
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M1

?}‘
5
2
5
5
&

... Maintenance Strategy

first repair
dcrack (tl) > Xrepair

dcrack (tl'At) < Xrepair

Xrepair

deterioration of
original concrete

-—>
At first repair
inspection interval (m=1) at time t;

deterioration of
original + repaired
concrete

continued deterioration of
original unrepaired concrete

deterioration of
repaired concrete

second repair
(m=2) at time t;

€
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... Maintenance Strategy

Repair Efficiency

Repair Durability Specification

Yicorr

(%)

Baseline case (patch repair same as original construction)

Concrete surface treatment
Corrosion inhibitor
Cathodic Protection”

Increased time to corrosion initiation

reduced corrosion rate

€
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Summary of Maintenance Options

Repair

Inspection  Repair Renai efficiency
Maintenance interval  threshold Maintenance cpair Repair User
strategy technique Cost Delay Ari icorr
At (Krepai) method T ¥
(vears) (%)
1 1 year 2 % M1 None $440/m°  $61,000 0 0
2 1 year 2% M2 None $440/m>  $122,000 0 0
2 $1.9
3 1 year 12 % M3 None $440/m million 0 0 _ _
Different Effectiveness
4 1 year 2% Ml Silane  $461/m>  $61,000 15 0 Different Costs
5 1 year 2% M2 Silane  $461/m*>  $122,000 15 VI Different Times to Repair
$1.9 27?77
6 1 year 12 % M3 Silane $461/m’ - 15 0
million
i LCC to assess optimal
7 1 year 2 % M1 CI‘l’lrlr.g?lon $458/m>  $61,000 7 -50 : P
Inhibitor maintenance strategy
Corrosion 5
8 1 year 2% M2 hibiop  458/m”  $122,000 7 -50
Corrosion 2 $1.9
0 -
9 1 year 12 % M3 Inhibitor $458/m million 7 50
10 1 year 12 % M3 Cathodic ¢/ 2 S19 ~100" @

Protection million THE UNIVERSITY OF
NEWCASTLE

AUSTRALIA
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Example Application: RC Bridge Deck

RC bridge deck 20000 mm
A=400 m?, ®16 mm rebars
cover =50 mm, F’ . = 40 MPa
120 year service life

Corrosion occurs from exposure to coastal sea-spray
Damage limit state (1 mm crack width)
2D random field:

Element size = 0.25 m2, number of elements = 1,600
Spatial variability:

concrete cover Corrosion initiation
concrete compressive strength ~ |——f - 4 propagation are
surface chloride concentration spatially variable

Monte-Carlo methods (Q

TTTTTTTTTTTTTTT
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element size =0.5x 0.5 m
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esults
Number of Maintenance Actions

Maintenance Strategy M 1

Patch repair

(average = 8.5 m? Large variability

Probability

6 8 10 12 I . .
Number (m) of Mainte Preventative patch repair
(average = 54.5 m?)

Probability

2 4 8 10 12 Rehabilitative overlay

Number (m) of Mair

>
~
=
O
<
el
o
—
=5

0 2 4 6 8 10 12 14 16 18 20
Number (m) of Maintenance Actions



... Results
LCC - 90% confidence interval

Single asset
= risk averse decision-maker
= more concerned about large

th i
* Mean LCC (including 5™ and 95™ Percentiles) costs (upper 95 percentlle)

~ =
w2 n
@) @)
~ o
=

select M1_CI
(patch repair, corrosion inhibitor)

Many assets
= risk neutral decision-maker
large number of assets

@
=
=
<
n
=
S
=
b=
=
)
b=
<
o
®,
-
E
S
=

o use mean (expected values)
S =
Maintenance Strategy select M3_Cl .
(complete rehabilitative overlay, corrosion
inhibitor)
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Table 2: Random field parameters®.

Parameter Mean cov Scale of fluctuation 6 (m) Distribution

Concrete cover Tables 3 & 4 Table 3 2 Truncated normal
Concrete strength f (28) Tables 3 & 4 Table 3

Truncated normal

1
Diffusion coefficient D, Table 4 0=0.15 2 Lognormal
2

Binding capacity a Eq.(3) 0.3 Lognormal

Table 3: Statistical parameters for corrosion parameters, material properties and dimensions.

Parameters Mean cov Distribution Reference

Concrete cover Crom®+6 mm | 0=11.5 mm | Truncated normal® | *®

Compressive strength f:(28)
25 1.05F", 0.156 Truncated normal®
32 1.06F'; 0.152 Truncated normal”
40 1.07F', 0.151 Truncated normal®

Tensile strength f; 0.53(fo)"" 0.13 Normal

Elastic modulus E- 4600(f.)°> 0.12 Normal

Age factor nqg Table 4 0.12 Normal

Model error ME(rerack) 1.04 0.09 Normal

Thickness of pore zone 0o 15 um 0.1 Normal

Correction factor Ksite
Urban area 1.14 0.08 Truncated normal®
Suburban area 1.07 0.06 Truncated normal®
Rural area 1.05 0.04 Truncated normal®

Corrosion rate icorr(ref) 0.172 pA/cm2 0.5 LognormalCl Q

Notes - truncated at 8 mm. °: truncated at 0 MPa. ° truncated at 1.0. ©:1 yA/cm” = 0.0116 mm/year. ° Cpom is the

UNIVERSITY OF

nominal or design cover. " F' is the nominal design concrete compressive strength. WCASTLE

AUSTRALIA
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Sydney

OCorrosion not initiated. ClCorrosion initiated. B Crack initiated. B Severe corrosion damage.
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China

|:]Corrosion not initiated. I:lCorrosion initiated. .Crack initiated. .Severe corrosion damage.

Figure 5-8. Simulation of spatially distributed corrosion process showing three typical Monte
Carlo realisations for cast in-situ sheltered RC slab in Kunming, RCP 8.5 (Peng & Stewart,
2014b).
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Adaptation Strategies
C1 —increase cover by 5 mm
C2 - increase cover by 10 mm
S1 — increase concrete strength from 32 MPa to 40 MPa
S2 — increase concrete strength from 32 MPa to 50 MPa

Table 5: Costs of four adaptation strategies and damage for RC structural elements in Australia.

Structural element C1:+5mm | C2:+10mm | S1:+1grade | S2: + 2 grades
Siabs —smal
Cadapt($/m )

o )|
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(a) Sydney
I I |

e

(b) Canberra
| |

0

—— ‘ =
2020 2040 2060
Year

T
2080

2100 2000

(c) Brisbane
L

2020 2040 2060
Year

0

2000

2020

T T = ‘ T
2040 2060
Year

T ‘
2080 2100

Figure 5: Mean extent of surface corrosion damage of BAU and four adaptation strategies for
RC buildings in Sydney, Canberra and Brisbane under RCP 8.5 and RCP 4.5 emission scenarios.

THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA




29

Brisbane

5

($/m")
($/m2)

damage

damage

Mean E

=
=
<
>
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0 T T | T T T"’:?{ T | T — I — T | T T T
2000 2020 2040 2000 2020 2040 2060 2080 2100
Year Year

Figure 6: Expected damage costs ($/m?) of BAU and four adaptation strategies for RC buildings
in Sydney and Brisbane under RCP 8.5 emission scenario.
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Table 6: Mean NPV of four adaptation strategies for RC slabs and beams in three cities.

[ [ sebisomm | sebssomm | beam
| |RCPG5|ROP 45| Vear 015 | RGP 65| RGP 45 Vear 2075 | RGP 85| RCP 4.5 Vear 2015
o1 | ®0 | 81 | B2 | 45 | 46 | 47 | 72 [ 73 | 74

6yiney | C2_| 163 | 64 | t66 | 05 | o4 | 96 | 149 | 450 | 152 |
ST [ 00 | 00 | -1 | 08 | -08 | -08 | -20 | 20 | 21

o1 | 82 | 83 | 84 | 47 | -48 | 48 | 74 | 75 | 76
ool G2 | M6 | 167 | 168 | o7 | %7 | %8 | 63 | 53 | -i54 |
—so | 05 | 05 | 06 | 22 | 22 | 23 | 48 | 49 | 60

o1 | 7 | 78 | 78 | 42 | 45 | 44 | 68 | 70 | A

ipana | C2 | A58 | 760 | 165 | B8 | 80 | -85 | -145 | as | -t4s
ST [ 02 [ o1 | 01 | 06 | 07 | 07 | -ts | -1 | 19 _
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(b) Change in corrosion initiation probability due to climate change

Figure 5-4. Projections of carbonation-induced corrosion initiation probability and its
change due to climate change by 2100
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Thank you!

Centre for Infrastructure Performance and Reliability
School of Engineering
The University of Newcastle, Australia
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