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Introduction – Protection against Deicers
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RC Slab 
Epoxy-coated Rebars

Asphalt Overlay
Waterproof Membrane
RC Slab 
Non-protected Rebars

e.g. Northeastern USA Europe
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Objectives of the thesis
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Introduction – Bridge Deck

�,�0� �,	��-�*(��*�	0�-0=	
��	04.��)7�	)��	)����**

����)�&7)�-.��6-�

��.)7-1*	��	��6-�
�'�;130�-�)��



2D – FEM chloride ingress model
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Mesh and boundary conditions

Chloride concentration after 10 years

Model of bridge deck in ANSYS 

�4.��)7�*	�4.��)7�*	�4.��)7�*	�4.��)7�*	CCCC.�-7)��.�-7)��.�-7)��.�-7)��DDDD E�FGE�FGE�FGE�FG

≈≈≈≈3500 Elements (Plane55)



Page 17

RELIABILITY OF REINFORCED CONCRETE BRIDGE DECKS 
WITH RESPECT TO INGRESS OF CHLORIDES

Petr KONE<<<<NÝ2D – FEM chloride ingress model

0.
25

 m

Mesh and boundary conditions

Concentration of soluble chlorides – 10 years

Model of bridge deck in ANSYS 

�4.��)7�*	�4.��)7�*	�4.��)7�*	�4.��)7�*	CCCC.�-7)��.�-7)��.�-7)��.�-7)��DDDD E�FGE�FGE�FGE�FG

≈≈≈≈3500 Elements (Plane55)



Page 18

RELIABILITY OF REINFORCED CONCRETE BRIDGE DECKS 
WITH RESPECT TO INGRESS OF CHLORIDES

Petr KONE<<<<NÝ2D – FEM chloride ingress model

0.
25

 m

��6-���6-���6-���6-�

Mesh and boundary conditions

Concentration of soluble chlorides – 10 years

Model of bridge deck in ANSYS 

�4.��)7�*	�4.��)7�*	�4.��)7�*	�4.��)7�*	CCCC.�-7)��.�-7)��.�-7)��.�-7)��DDDD E�FGE�FGE�FGE�FG

≈≈≈≈3500 Elements (Plane55)



Page 19

RELIABILITY OF REINFORCED CONCRETE BRIDGE DECKS 
WITH RESPECT TO INGRESS OF CHLORIDES

Petr KONE<<<<NÝ

��.)7-1��.)7-1��.)7-1��.)7-1

2D – FEM chloride ingress model

0.
25

 m

��6-���6-���6-���6-�

Mesh and boundary conditions

Concentration of soluble chlorides – 10 years

Model of bridge deck in ANSYS 

�4.��)7�*	�4.��)7�*	�4.��)7�*	�4.��)7�*	CCCC.�-7)��.�-7)��.�-7)��.�-7)��DDDD E�FGE�FGE�FGE�FG

≈≈≈≈3500 Elements



2D – FEM chloride ingress model

2-D FEM model 
(time-dependant chloride ion 
concentration computation)

Input

Reliability Analysis
(corrosion initialisation)

FEM macro 
scheme
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Introduction – Reliability Assessment
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Stochastic Idea of Deterioration Problem
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SBRA in ANSYS FEM system
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SBRA module for ANSYS

eg. 10k cycles

Random variable-----------
(RV) description---------

Interactive evaluation---------
--------of results

SBRA Module

ANSYS

ANSYS
PDS

Monte 
Carlo 

Simulation

•RV generation

•FEM macro – diffusion model
•Input & Output log

Macro language APDL
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Diffusion Coefficient

0 25*10-12 m2/s

Diffusion Coefficient

0 25*10-12 m2/s
Rebar Depth

0.04 0.11 m

Nominal

0.075

Rebar Depth

0.04 0.11 m

Rebar Depth

0.04 0.11 m

Nominal

0.075
Crack Depth

0
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Likelihood

• 9�	A ��$	04.��)7�	
)����**	:�7�.

• ����	:�7&.�	,��	
�����	���	

��()���:���

• �;-:'.�

Diffusion Coefficient

0 25*10-12 m2/s

Diffusion Coefficient

0 25*10-12 m2/s



Example 
� ��*'��*�	��	��*'��*�	��	��*'��*�	��	��*'��*�	��	�4�	0��*)7���7�4�	0��*)7���7�4�	0��*)7���7�4�	0��*)7���7 CCCC.�-7)��.�-7)��.�-7)��.�-7)��DDDD 61	61	61	61	
04.��)7�*04.��)7�*04.��)7�*04.��)7�* )*	0�:'&��7	&*)��	�)0=)*	0�:'&��7	&*)��	�)0=)*	0�:'&��7	&*)��	�)0=)*	0�:'&��7	&*)��	�)0=IIII*	*�0��7	�->	*	*�0��7	�->	*	*�0��7	�->	*	*�0��7	�->	
�,	7),,&*)���,	7),,&*)���,	7),,&*)���,	7),,&*)������

� ��.)-6).)�1	)*	�;'��**�7	&*)��	'��6-6).)�1	�,	

0���*)�� )�)�)-�)��/	�4-�	)*	�):�37�'��7����
� ����,/�	,/�	,/�	,/�	H�	?	H�	?	H�	?	H�	?	������������ ≤≤≤≤ E	@	E	@	E	@	E	@	J:J:J:J: 33339999KKKK

� ��.)-6).)�1	,&�0�)��+	��	H	��4 - C;/1/�

� ����;;;;/1/1/1/1/�/�/�/�3333 04.��)7�	)��	0��0����-�)��	)�	�4�	04.��)7�	)��	0��0����-�)��	)�	�4�	04.��)7�	)��	0��0����-�)��	)�	�4�	04.��)7�	)��	0��0����-�)��	)�	�4�	
:�*�	�;'�*�7	:�*�	�;'�*�7	:�*�	�;'�*�7	:�*�	�;'�*�7	.�-0�)��	.�-0�)��	.�-0�)��	.�-0�)��	�,	�4�	��)�,��0�: ����,	�4�	��)�,��0�: ����,	�4�	��)�,��0�: ����,	�4�	��)�,��0�: ���

� �����4�4�4�4AAAA 04.��)7�	�4��*4�.704.��)7�	�4��*4�.704.��)7�	�4��*4�.704.��)7�	�4��*4�.7
JG	61	:-**	�,	���-.JG	61	:-**	�,	���-.JG	61	:-**	�,	���-.JG	61	:-**	�,	���-.0�:���)�)�&*0�:���)�)�&*0�:���)�)�&*0�:���)�)�&* :-���)-.*K:-���)-.*K:-���)-.*K:-���)-.*K

RELIABILITY OF REINFORCED CONCRETE BRIDGE DECKS 
WITH RESPECT TO INGRESS OF CHLORIDES

Petr KONE<<<<NÝ



Page 28

RELIABILITY OF REINFORCED CONCRETE BRIDGE DECKS 
WITH RESPECT TO INGRESS OF CHLORIDES

Petr KONE<<<<NÝ

Example – Input Parameters

� �-�7�:	(-�)-6.�* -��	7�*0�)6�7	6-*�7	��	,)�.7	

7-��	-�7 ���)����)��	8&7��:���	&*)��	4)*����-: *	

-�7 '-�-:���)0	7)*��)6&�)��*�

Diffusion Coefficient

0 25*10-12 m2/s

Diffusion Coefficient

0 25*10-12 m2/s

Rebar Depth

0.04 0.11 m

Nominal

0.075

Rebar Depth

0.04 0.11 m

Rebar Depth

0.04 0.11 m

Nominal

0.075

9LE	9LE	9LE	9LE	0���*	�-=��	,��:0���*	�-=��	,��:0���*	�-=��	,��:0���*	�-=��	,��: MM	MM	MM	MM	6�)7��	*'-�*6�)7��	*'-�*6�)7��	*'-�*6�)7��	*'-�*++++ (SOHANGHPURWALA et al., 1998)

��''-����	0��,,)0)���	�,	7),,&*)�� ���'�4	�,	��)�,��0�:���

� �)*����-: *	�)*����-: *	�)*����-: *	�)*����-: *	3333 ,)�.7	7-��	



Example – Input Parameters
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���.-�)(�	'�*)�)��	�,	,)�*�	4�.)7-1	A ��),��:	NE/OP

� ��.-�)(�	'�*)�)��	�,	,)�*�	0�-0=	A ��),��:	NE/OP

������:)�)*�)0	'-�-:����*�����:)�)*�)0	'-�-:����*�����:)�)*�)0	'-�-:����*�����:)�)*�)0	'-�-:����*
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Crack Depth

0 Deck Depth

Chloride Threshold

0.2 0.4 %

ACI CEB

Crack Spacing

0.25 
m

1.15 mµ=0.7

Frequency of 
Holidays

0 100 m-1

(SOHANGHPURWALA et al., 1998)
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Example – FEM Macro

� ��$ :�7�.	)*	&*�7	>)�4	$����	�-�.�	
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Cxy10 [%]
0.0 0.6

Crack influence

Chloride Concentration - Cx,10 [%]

Fr
eq

ue
nc

y

Exposure 10 years

Exposure 
[years]

20

30

50

100

10 

Cth,ACI=0.2%
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Corrosion started

Age
[years]
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Diffusion Coefficient

Chloride Threshold

Rebar Depth

Crack Depth

Holiday Frequency

0.0

-0.7

0.4

RFxy10 [%]
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 Probability of Corrrosion Initiation - Pft  [%.m-1]

54

65

73
79

84
88 90

11

39

51

62

70
76

82

40

53

63

72
78

83
87

90 92

28

42

93

31

25

85

2
0

25

50

75

100

10 20 30 40 50 60 70 80 90 100Expozition [years]

Cxyt

Black bar

1D Reference

Pd - Tikalsky

Example - Probability of Corrosion 
Initiation 

����	�7HREG

9S Age [years]
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 Probability of Corrosion Initiation - Pft  [%.m-1]
com19-dc1-cd0.2-m100-cs1

61
69

75
80 83

27
32

36 40 42

78
83

87 90 92

11

25

39

51

62
70

76
81 85

25

39

51

11

44

2
7

14
21

72

63

52

40

0

25

50

75

100

10 20 30 40 50 60 70 80 90 100Age [years]

Cxyt-m-100

Cxyt-m-10
Cxyt-m-1
Black bar
Reference OE	�):�*	��7&0�7	

4�.)7-1	,��T&��01

OEE	�):�*	��7&0�7

��.)7-1	,��T&��01
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 Probability of Corrosion Initiation - Pft  [%.m-1]
com16-dc1-cd0.2-m10-cs1

25

39

51

61
69

75
80 83

7 8 9 10

72
78

83
87 90

23 24 25 25 26 27

11

25

51

62
70

76

85

11 11
4 5 63

92

63

52

4028

28
22

21

81

39

2
0

25

50

75

100

10 20 30 40 50 60 70 80 90 100Age [years]

Cxyt-dc-1
Cxyt-dc-0.1
Black bar-dc-1
Black bar-dc-0.1
Reference-dc-1

Reference-dc-0.1 OE	�):�*	��7&0�7OE	�):�*	��7&0�7OE	�):�*	��7&0�7OE	�):�*	��7&0�7

�),,&*)��	0��,,)0)����),,&*)��	0��,,)0)����),,&*)��	0��,,)0)����),,&*)��	0��,,)0)���
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