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Introduction
® A lot of bridges from reinforced concrete needs early

® Durability of RC bridge decks are reduced especially
due to corrosion of reinforcement followed by cover
degradation and loss of carrying capacity.

® Deterioration models can help in the identification of

significant parameters in order to build more durable
structures.

® Nature of deterioration problems involves stochastic
parameters. It is a field for application of probabilistic
method such as Simulated-Based Reliability
Assessment (SBRA)




Introduction — Protection against Deicers
® Selected bridge deck has reinforcement

JITOLeCLec J AUIT1C

® Typical protection in Northeastern USA

— Asphalt Overlay

— Waterproof Membrane
— RC Slab

— RC Slab — Non-protected Rebars

— Epoxy-coated Rebars

e.g. Northeastern USA




Introduction — Crack vs. Holidays

® Reinforcing steel corrosion initiation
® Cracks in RC bridge deck

® Flaws in epoxi-coating of reinforcing steel
(mashed and bare areas, holidays)




Objectives of the thesis

® Probabilistic durability assessment of concrete bridges
affected by deicing agents applied to melt snow.

® Study of the potential of SBRA method with respect to
chloride ingress induced corrosion of bridge decks
that have steel reinforcement protected with
epoxy-coating.

® Development of the:

® 2-D FEM diffusion model that can address
the crack effect.

® Software tool for integration of the SBRA method and
commercial FEM package.
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Introduction — Bridge Deck

Bridge Structure
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Introduction — Bridge Deck

Transverse cross-section




Introduction — Bridge Deck

Analyzed element




Introduction — Bridge Deck




Introduction — Bridge Deck




Introduction — Bridge Deck

Element cross—-section




Introduction — Bridge Deck

t=50 years
Efect of transverse crack

on chloride ion ingress

Longitudinal rebar

Holidays on rebar
epoxy-coating
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2D — FEM chloride ingress model

® Chloride ingress is modelled by diffusion using
2.ND Ficks law
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® Acceptable for chloride ingress modelling with regards to

bridge deck crack vs. damaged epoxy-coated rebar system
Interaction.

® ANSYS Program system

- )

Heat transfer / diffusion process analogy
Transient analysis

® Stochastic parameters
® Apparent diffusion coefficient,
® Rebar depth,
® Crack depth,
O

Epoxy-coated rebar damage, etc.




2D — FEM chloride ingress model

o Mesh and boundary conditions

Chlorides “loading” 0.6%

0.25 m

=3500 Elements (Plane55)

)
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2D — FEM chloride ingress model

Petr KONECNY

o Mesh and boundary conditions

Chlorides “loading” 0.6% |

=3500 Elements (Plane55)

Model of bridge deck in ANSYS

L244F—04 133352 26668 LA00008 333336

066688 .200016 333344 LA666772

_ Chloride Diffusion, Concrete Slab with Crack 10 [years], Case 25

0.25 m
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2D - FEM chloride ingress model

o Mesh and boundary conditions

Chlorides “loading” 0.6% |

0.25 m

=3500 Elements (Plane55)

Model of bridge deck in ANSYS

L244F—04 .1323252 26668 400008 .5E33226
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_ Chloride Diffusion, Concrete Slab with Crack 10 [years], Case 25
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2D — FEM chloride ingress model
o Mesh and boundary conditions
1
=
=~3500 Elements S
¥

Model of bridge deck in ANSYS

L244F—04 .1323252 26668 400008 .5E33226
. 066688 .200016 .333344 .ABE6T2
_ Chloride Diffusion, Concrete Slab with Crack 10 [years], Case 25
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P di_2d_d.mac - Notepad
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Rellablllt Anal SlS =IF, crckn, GT, 0, THEND egen, N_N_X_-1,1,1 ! Generates first row of
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ANSYS APDL macro language.
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Introduction — Reliability Assessment

® Safety, Serviceability

® Performance-Based Design
® Durability, Corrosion, Fatigue, Degradation of Materials
® Reliability is expressed by probability of corrosion
Initiation Fx

P. = P(R-S<0)=P(RF <0)




Stochastic Idea of Deterioration Problem
Durability with Regards to Chloride lon Ingress
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Corrosion Initiation Period

Life Span

P =P\C,-C,, <0)=P(RF,<0)



module for ANSYS:
® Probabilistic analysis of systems using universal
FEM software.

® Variables described by both nonparametric
distributions (histograms) and parametric.

® Direct Monte Carlo simulation.




SBRA module for ANSYS
ANSYS

(SBR A Module) Random variable = #.. .
(RV) description

Macro language APDL
eg. 10k cycles
| RYV generation

(" )

Monte

Carlo
_ Simulation Input & }ltPUt_ log

FEM macro - diffusion model

Interactive evaluation
of results N
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Example
® Response to the considered “Ioadlng” b

'] rl' y 4 y | y VN Y i
ﬂﬁttdeilicompu e umﬁl Fick’s second Law
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® Reliability is expressed using probability of
corosion initiation, that is time-dependent.
® P, =P(RF,<0)[m7]

® Reliability function: RF = C,, - C

® C, ,,~chloride ion concentration in the

most exposed loaction of the reinforcement

® C - chloride threshold
[% by mass of total cementitious materials]

X, ),




Example — Input Parameters

® Random variables are described based on field
date and engineering judgement using histograms
and parametric distributions.

® Histograms - field date

Rebar Depth

Diffusion Coefficient

25%10712 m?/s 0.04

®Apparent coefficient of diffusion ®Depth of reinforcement

240 cores taken from 77 bridge spans: (SOHANGHPURWALA et al., 1998)
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~Example — Input Parameters

= = = A _ = _
- U JU U — APIOX U
@

0.2

I Crack Deth

0.25 u=0.7 1.15m 0 Deck Depth

®Relative position of first holiday - Uniform <0,1>

® Relative position of first crack - Uniform <0,1>

®Deterministic parameters

®Surface Soluble Chloride Concentration - 0.6 [%]
®Depth of Slab - 0.23 [m]




Example — FEM Macro

® FEM model is used with Monte Carlo
simulation within the SBRA module
framework in ANSYS environment.

® FEM model is repeated 10 000 times with
variable input parameters.
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Example - Chloride Concentration

Histogram
Result Set MONTE CARIO

Exposure 10 years

MEAN 0, 22332E+00
STOEV 0. 18354E+00
SEEW  0.81001E+00
KURT —0.17630E+04
MIH 0. 00000E+00
MR (0. 60000E+00
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Example — Corrosion Initiation

Histogram
Result Set MONTE CARIO

Corrosion started

P(RF, < 0)=28.2%
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Example - Sensitivity Analysis

Rank—0Order Correlation Sensitivities
Result Set MONTE CARLO
04

Rebar Depth

-0.7 -

Output Parameter SF 10
2D chloride diffusion RFXVIO [%]




Example - Probability of Corrosion

Probability of Corrrosion Initiation - Py [%.m"']

e.g. P4,=50%

m— Xy t

Black bar

—eo— 1D Reference

— =— Pd - Tikalsky

Age [years] 90 100




Parametric Study — Effect of Holidays

Probability of Corrosion Initiation - P, [%.m™]
com19-dcl-¢d0.2-m100-cs1

m— Cx yt-m-100
'Cxyt-m-10
Cxyt-m-1
Black bar

Reference

100 times reduced

Holiday frequency

70 Age [years] 90 100




Parametric Study — Effect of Diffusion

Probability of Corrosion Initiation - P, [%.m™]
com16-dcl-cd0.2-m10-cs1

Cxyt-de-1
m— == (Cxyt-dc-0.1
Black bar-dc-1
— — Black bar-dc-0.1

Reference-dc-1

— —Referenge_—dc—O.l > ]O times rEdUCEd
0w Diffusion coefficient




Summary

® Probabilistic approacn 1or estimation O:T’IP corrosion

initiation of bndge deck reinforcing steel with by
method SBRA using 2-D FEM model in ANSYS is

presented.

® SBRA module for ANSYS is used for application of
random variables described by bounded histograms
in Monte Carlo.

® Chloride ingress is modelled by 2.ND Fick’s Law for
diffusion using 2D FEM application with regards to
stochastic interaction of bridge deck crack vs.
damaged epoxy-coated rebar system.

® The probability of corrosion initiation is used in order
to qualitatively compare various scenarios with
respect to durability.
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Conclusions

® Probabilistic approach can be used to study effect of
crack and holiday interaction with regards to bridge
deck durability.

® The most important variable is diffusion coefficient
(mix design).

® The effect of epoxy-coated reinforcement improves
durability under proper handling and construction
practices.

® The research in the area of reliability of RC bridge
deck is valuable and deserves further attention.
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