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Presentation Overview

• This part of the worked example covers:

– Concrete deterioration mechanisms for different bridge components;

– Service life design of concrete elements:

• Mitigation methods for concrete components;

• Full probabilistic service life design for chloride-induced corrosion;

• Requirements for concrete mix designs;

• Development of concrete specifications.
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Concrete Deterioration

• Concrete deterioration mechanisms considered:
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– Alkali-Aggregate Reaction (AAR)

– Sulfate attack



Concrete Deterioration

• Concrete deterioration mechanisms considered:
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– Freeze-thaw damage

– Salt scaling



Concrete Deterioration

• Concrete deterioration mechanisms considered:
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– Chloride-induced corrosion

– Carbonation-induced corrosion

– Delayed Ettringite Formation (DEF)



Concrete Deterioration 
for Bridge Components
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Exposure 
zone

Examples of 
elements for piers
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ISO 12944-2
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Buried

Pi le cap, wing wall, abutment wall.

Limited chloride exposure in soil. Limited O₂. 
Freeze-thaw above frost l ine. Sulfates.

S1, C1, F1 x x x x
Face of steel casing for tangent piles 
permanently buried, piles.

Im3: soil

Atmospheric 

Cast-in-place deck bottom surface, 
wing wall.

Atmospheric O₂ and CO₂. Some airborne 
chlorides. Temperature and humidity 
variations, including freeze-thaw.

F2 x x x x

Face of steel casing for tangent piles 

facing the precast concrete full height 
wal l.

C3: Temperate zone, 
atmosphere with low salinity

Indirect 
Deicing Salts

Areas under or within 10 ft. 
horizontally of expansion joints, zone 
within 6-20 ft. vertically of a roadway: 
upper part of pier columns, pier cap, 
abutment wall.

Alternating wetting and drying. Atmospheric 

O2 and CO₂. Freeze/thaw with indirect 
exposure to de-icing salts, leakage from deck 
joints, temperature and humidity variations.

C2, F3 x x x x

Girders.
C4: Temperate zone, 

atmosphere with moderate 
sa linity

Direct 
Deicing Salts

Top surface of decks, barriers, pier 
columns within 6 ft. vertically of a  
roadway.

Alternating wetting and drying. Atmospheric 
O2 and CO₂. Freeze/thaw with direct 
exposure to de-icing salts applications, 
temperature and humidity variations.

C2, F3 x x x x x

Decorative fence.
C5-I: Temperate zone, 

aggressive atmosphere 

No Exposure Infi ll concrete for steel piles. No exposure to external envi ronment.



Exposure Categories 
According to ACI 318-14

• Exposure categories of concrete according to ACI 318-14:
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Mitigation Methods for 
Concrete Components

• Alkali-Aggregate Reaction (AAR):

8

Deterioration mechanism Alkali-Aggregate Reaction (AAR)

Design strategy Avoidance of deterioration or deemed to satisfy.

Considerations
Use non-reactive aggregates.   
Local non-reactive aggregates may not be available or long-term test data may not 
be available.

General mitigation 
methods

Mitigation methods include:
- Avoidance:  Use non-reactive aggregate
- Deemed to satisfy:  Limit the alkali contribution by the Portland cement  to the      
concrete;  and/or
- Use a sufficient amount of effective supplementary cementitious materials 

Requirements in U.S. 
codes and standards

Guidance from AASHTO R80-17 can be used.

Required testing

The following testing is required based on AASHTO R80-17:
- Petrographic analysis per ASTM C295.
- Expansion testing in accordance with ASTM C1260 or ASTM C1293 in order to 

determine aggregate-reactivity class. 
If aggregates are shown to be reactive, additional mitigation measures as per 
AASHTO R80-17 can be implemented.



Mitigation Methods for 
Concrete Components

• Delayed Ettringite Formation (DEF):
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Deterioration mechanism Delayed Ettringite Formation (DEF)

Design strategy Avoidance of deterioration.

Considerations
Only applicable if there are high temperatures during curing:  precast or mass 
concrete components.

General mitigation 
methods

Mitigation methods include:
- Application of a maximum temperature of 160°F during curing.
- Use of fly ash (FA) or ground granulated blast furnace slag (GGBS).

Requirements in U.S. codes 
and standards

N.A.  (Guidance in ACI 207)

Required testing

If precast or mass concrete is used:
- Limit curing temperatures to 160oF.
- To be measured using temperature sensors.
- Thermal control plan needed.



Mitigation Methods for 
Concrete Components

• Sulfate attack:
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Deterioration mechanism Sulfate attack

Design strategy Deemed to satisfy.

Considerations

Geotechnical measurements indicate that the soil surrounding the abutments is 
contaminated and has a sulfate content of 0.14%. 
ACI 318-14 states that sulfate attack is not applicable when the sulfate content is 
below 0.1% in soil - therefore sulfate mitigation methods must be identified.

General mitigation 
methods

Mitigation methods include:
- Using Portland cement with a low alkali content and C3A-content (sulfate resistant 
cement, Type II or V);
- Providing a concrete with low permeability and a low water-cement ratio; and
- The use of supplementary cementitious materials. 

Requirements in U.S. codes 
and standards

Requirements according to ACI 318-14 for concrete classified as S1: 
- Maximum water-cementitious ratio of 0.50 and a minimum compressive strength of 
4000 psi (28 MPa).
- ASTM C150 Type II or V cement is allowed. Types I and III are also allowed if the C3A 
content is less than 8%.

Required testing No testing required. Implement limits on cementitious materials as per ACI 318-14.



Mitigation Methods for 
Concrete Components

• Freeze-thaw and scaling:
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Deterioration 
mechanism

Freeze-thaw and scaling

Design strategy Deemed to satisfy.

Considerations
All parts of the concrete structure except the infill for the tangent piles will be exposed to freeze-thaw cycles. 
In addition, concrete exposed to both freeze-thaw cycles and de-icing salts is subject to scaling.

General 
mitigation 
methods

Mitigation methods include:

- Using freeze-thaw resistant aggregates; and

- Providing air-entrainment in the concrete.

- The supplementary cementitious materials content should be limited for concrete with a risk of scaling. For decks and 
barriers, a limit of 25% fly ash by total mass of cementitious is typically used.

Requirements in 
U.S. codes and 
standards

Requirements according to ACI 318-14:
- F1: w/cm < 0.55; f’c > 3500 psi (24 MPa). Plastic air content = 4.5% for max aggregate size of 1’’.

- F2: w/cm < 0.45; f’c > 4500 psi (31 MPa). Plastic air content = 6% for maximum aggregate size of 1’’.

- F3: w/c < 0.40; f’c > 5000 psi (35 MPa). Plastic air content of 6% for maximum aggregate size of 1’’.

Required testing

The following testing is required (includes more than required by ACI 318-14 to demonstrate that the concrete has 
sufficient resistance):

- Plastic air content of freshly mixed concrete tested. ACI requirement: see above.

- Air-void system of hardened concrete in accordance with ASTM C457. ACI guideline: spacing factor < 0.008 inch. 

- Freeze-thaw resistance per ASTM C666. Recommendation: minimum durability factor of 90 after 300 cycles.

- Resistance to scaling for deck and barrier concrete in per ASTM C672. Requirement: visual rating < 3 after 50 cycles, 
this means that moderate scaling (visible coarse aggregate) is allowed at the end of the test. Alternatively: test CSA 
A23.2-22C can be used, a maximum mass loss of 0.16 psf (0.8 kg/m2) can be used as a passing criterion. 



Mitigation Methods for 
Concrete Components

• Carbonation-induced corrosion:
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Deterioration mechanism Carbonation-induced corrosion

Design strategy Deemed-to-satisfy.

Considerations
Mitigation methods for chloride-induced corrosion also prevent carbonation-induced 
corrosion and will govern. 

General mitigation 
methods

Mitigation methods for carbonation-induced corrosion include low concrete 
permeability and adequate concrete cover.

Requirements in U.S. codes 
and standards

N.A.

Required testing N.A.



Mitigation Methods for 
Concrete Components

• Chloride-induced corrosion:
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Deterioration mechanism Chloride-induced corrosion

Design strategy Full probabilistic modelling approach following fib Bulletin 34.

Considerations
The probabilistic model in fib Bulletin 34 is based on Fick's second law of 
diffusion and contains improvements to yield a good approximation of 
chloride distribution in concrete. 

General mitigation 
methods

Mitigation methods include:
- Use of low permeability concrete;
- Adequate concrete cover thickness;
- Use of corrosion-resistant reinforcing (not used in this example); and
- Effective control of cracking per applicable structural design code and 
construction specifications.

Requirements in U.S. 
codes and standards

Requirements according to ACI 318-14 for concrete classified as C2:
- w/cm < 0.40 and f’c > 5000 psi (35 MPa).
- Maximum water-soluble chloride content in concrete of 0.15 mass-% of 
cement (this limit is reduced to 0.1 mass-% of total cementitious materials for 
acid-soluble chloride). 

Required testing

The following testing is required:
- The chloride migration coefficient per NT Build 492 at 28 days.
- Water-soluble chloride (ASTM C1218) or acid-soluble chloride (ASTM C1152)
Test criteria will be determined by the modeling.



Modelling of Chloride-Induced 
Corrosion

• Chloride-induced corrosion:

– For non-replaceable components, the limit state 

is to achieve 75-year service life with a target 

confidence level of 90% (reliability index of 1.3). 

The confidence level is based on guidance from 

fib.

– Parameters are modelled in accordance with 

guidance and algorithm provided by fib Bulletin 

34.
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Modeling of Chloride-Induced
Corrosion 
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- Service life is considered equal to corrosion initiation time: 

SLS

ULS



• Chloride ingress – Fick’s 2nd law of diffusion to corrosion initiation:

• Red – Environmental Loading

– Co & Cs are the Chloride Background and Surface Concentrations

– Treal is the annual mean Temperature at the project site

• Green – Material Resistance

– DRCM,0 is the Chloride Migration Coefficient, α is the Aging Exponent, both 
are functions of the concrete mix design

– a is the Concrete Cover thickness

• Δx is the Transfer Function A is the Age Factor

Ccrit ≥ C x = a, t = 𝐂𝐨+ (𝐂𝐬, 𝚫𝐱
− 𝐂𝐨) ∙ 1 − erf

𝐚 − Δx

2 Dapp, C
∙ t

Dapp,C = ke ∙ 𝐃𝐑𝐂𝐌,𝟎 ∙ kt ∙ A(t)

A t =
to
t

𝛂

fib Bulletin 34 Chloride-Induced 
Corrosion Model



fib Bulletin 34 
Input Parameters

Variable Symbol Short description Fib Bulletin 34 recommendations

Used in example for direct de-icing salt exposure zone

Distribution Unit Mean

Standard 
deviation 

and 
function 

parameters

Cover a
Concrete thickness measured 
from concrete surface to the 
surface of the outermost steel 
reinforcement.

Fib Bulletin 34 recommends that the distribution function for large cover depths be 

typically chosen as a normal distribution whereas for small cover depths, distributions 

excluding negative values should be chosen, such as the lognormal function. 

For this example, covers from AASHTO LRFD are used as starting point. It is assumed 

that 90% of the cover is within the construction tolerance of ± 0.5 inches. For a normal 

distribution, this means that the standard deviation is found by dividing the tolerance 

by a z-value of 1.645.

Normal
mm 
(in)

70
(2.75)

7.6
(0.3)

Temperature Trea l
Temperature of the structural 
element or the ambient air.

Fib Bulletin 34 recommends that Treal can be determined by using available data from  

a weather station nearby the structure. 

The data used for this example is based on public data for monthly averages for New 

York City. A mean value of 11.5⁰C is determined as the annual average temperature. 

The standard deviation is estimated from the expected value over a period of 100 

years. A value of 2⁰C is assumed. Can be calculated if sufficient data are available.

Normal
oC

(oF)
11.5

(52.7)
2

(35.6)

Ini tial chloride 
concentration Co

Initial chloride content in 
concrete at time t = 0.

Fib Bulletin 34 states that the initial chloride content in the concrete is not only caused 

by chloride ingress from the surface, but can also be due to chloride contaminated 

aggregates, cements or water used for the concrete production.

The total amount of chlorides present in the concrete mix will be determined during 

the construction phase and will be specified to be less than the assumed value.

Deterministic

Mass-% of 
total    

cementitious       
materials 

0.1 -

Surface 
concentration Cs ,∆x Chloride content at the depth ∆x.

Fib Bulletin 34 states that it depends on material properties and on geometrical and 

environmental conditions. 

Ideally, data is gathered from similar structures. In this example, the surface 

concentration is based on interpretation of measured in-situ chloride surface 

concentration of bridge decks from the literature.

Lognormal

Mass-% of 
total    

cementitious       
materials

4 2

Chloride 

migration 
coefficient

DRCM,0

Chloride migration coefficient 
measured from NT Build 492 at     
t = 28 days. 

Fib Bulletin 34 recommends the standard deviation of the chloride migration 

coefficient to be 0.2 times the mean value. The mean value is assumed in the model 

such that the desired reliability index is obtained.

Normal x 10-12 m2/s 7 1.4
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fib Bulletin 34 
Input Parameters

Variable Symbol Short description Fib Bulletin 34 recommendations

Used in example for direct de-icing salt exposure zone

Distribution Unit Mean

Standard 
deviation and 

function 
parameters

Ageing factor α
The age factor describes the 

time-dependent change of the 

migration coefficient as 

concrete matures.

Fib Bulletin 34 and fib Bulletin 76 recommend the following ageing factors for concrete 
with an equivalent water-cement ratio between 0.40-0.60:

µ = mean value; σ = standard deviation; a and b are the upper and lower bounds.

Beta - 0.6
0.15

a=0; b=1

Transfer 

function
∆x

Capillary action leads to a rapid 

transport of chlorides into the 

concrete up to a depth Δx from 

the surface. Beyond this depth, 

chloride ingress is controlled by 

diffusion.

Fib Bulletin 34 recommends the following values for the transfer function:

- For water level, direct and indirect de-icing salts zones: beta distribution with a 

mean value of 8.9 mm, standard deviation of 5.6 mm with parameter a = 0.0 and b 

= 50.0.

- For buried, submerged, and atmospheric zones: deterministic value of 0.

Beta
mm

(in)

8.9

(0.35)

5.6

a=0; b=50

Critical 

chloride 

concentration

Ccr

Concentration required to 

break down the passive layer 

protecting the steel 

reinforcement. 

Fib Bulletin 34 recommends using a beta distribution with a mean value of 0.6% by 

mass of cementitious materials (based on uncoated carbon steel reinforcement), a 

standard deviation of 0.15, a lower bound of 0.2, and an upper bound of 2.0.

Beta

Mass-% of 
total    

cementitious       
materials

0.6
0.15

a=0.2; b=2

Transfer         

parameter kt
- Fib Bulletin 34 assumes kt as a constant value equal to 1. Deterministic - 1 -

Regression    

variable be
-

Fib Bulletin 34 recommends using a normal distribution with a mean value of 4800K 

and a standard deviation of 700K.
Normal K 4800 700

Reference 

time t0
- Fib Bulletin 34 assumes t0 as a constant value equal to 28 days = 0.0767 years. Deterministic years 0.0767 -

Standard test 

temperature Tref
- Fib Bulletin 34 defines Tref to be constant with a value of 293K (= 20⁰C). Deterministic

⁰C

(⁰F)

20

(68)
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Ageing Factor
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Chloride Surface Concentration
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Transfer Function
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Concrete Mix Designs

• Concrete mix designs:

– Two types of mix designs, both containing 590 lbs/yd3 (350 kg/m3) of 

cementitious materials, are assumed based on availabilities of local 
materials:

• OPC: Portland Cement Type I or Type II only.

• OPC+20-35%FA: Portland Cement Type I or Type II with 20%-35% 

Type F fly ash by mass of total cementitious materials.
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Concrete Mix Designs

• Input parameters for the chloride-induced corrosion model for all structural 

elements and all exposure zones for both types of concrete mix design 

(OPC and OPC+20-35% FA):
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Structural 

element

Descrip-

tion

Exposure 

zone 

Cover 

Surface concentration, 

CS,∆x

[mass-% of cem. mat.l]

Ageing factor, a Transfer function, ∆x

[mm]

Distr.

OPC OPC+20-35%FA

Distr. Mean
Std. 

dev.
Distr. Mean

Std. 

dev.
Mean Std. dev. Mean Std. dev. Distr. Mean Std. dev.

Piers

Pile cap Buried Normal
76 mm 

(3.0 in)

15.2 mm 

(0.6 in)
Lognormal 0.5 0.25 Beta 0.3

0.12

a=0; b=1.0
0.6

0.15

a=0; b=1.0
Deterministic 0 -

Bottom 

part of 

column

Direct   

de-icing 

salts

Normal
76 mm 

(3.0 in)

15.2 mm 

(0.6 in)
Lognormal 4 2 Beta 0.3

0.12

a=0; b=1.0
0.6

0.15

a=0; b=1.0
Beta 8.9

5.6

a=0; b=50

Column 

and pier 

cap

Indirect 

de-icing 

salts

Normal
76 mm 

(3.0 in)

15.2 mm 

(0.6 in)
Lognormal 2 1 Beta 0.3

0.12

a=0; b=1.0
0.6

0.15

a=0; b=1.0
Beta 8.9

5.6

a=0; b=50

Abut-

ments

Wing w all Buried Normal
64 mm

(2.5 in)

15.2 mm 

(0.6 in)
Lognormal 0.5 0.25 Beta 0.3

0.12

a=0; b=1.0
0.6

0.15

a=0; b=1.0
Deterministic 0 -

Abutment 

w all

Indirect 

de-icing 

salts

Normal
76 mm 

(3.0 in)

15.2 mm 

(0.6 in)
Lognormal 2 1 Beta 0.3

0.12

a=0; b=1.0
0.6

0.15

a=0; b=1.0
Beta 8.9

5.6

a=0; b=50

Cast-In-

Place 

Deck

Top of the 

deck

Direct 

de-icing 

salts

Normal
70 mm 

(2.75 in)

7.6 mm 

(0.3 in)
Lognormal 4 2 Beta 0.3

0.12

a=0; b=1.0
0.6

0.15

a=0; b=1.0
Beta 8.9

5.6

a=0; b=50

Underside 

of the 

deck

Atmosphe

ric
Normal

44 mm 

(1.75 in)

7.6 mm 

(0.3 in)
Lognormal 1.5 0.75 Beta 0.65

0.15

a=0; b=1.0
0.65

0.15

a=0; b=1.0
Deterministic 0 -



Example of 
Time to Corrosion Modelling

• Example of chloride-induced modelling for concrete in deck:

– This example considers the concrete used for the deck exposed directly to      

deicing salts.

– Two combinations of cementitious materials are considered: ‘OPC’ and 

‘OPC+20-35%FA’.

– A Monte Carlo simulation with 50,000 runs is performed to determine the 

required chloride mitigation coefficient for both mix designs to obtain a reliability 

index of 1.3.

– A spreadsheet for the performance of such full probabilistic modelling with 5,000 

runs can be downloaded from the SHRP2 website:  

https://www.fhwa.dot.gov/goshrp2/Solutions/Renewal/R19A/Service_Life_Design

_for_Bridges
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Example of 
Time to Corrosion Modelling

• Concrete mix OPC+20-35%FA used in deck exposed to direct de-icing 

salts:

– Input to spreadsheet based on values previously defined

– Output is calculated values to obtain a reliability index greater than 1.3:
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Example of 
Time to Corrosion Modelling
• Concrete mix OPC+20-35%FA used in deck exposed to direct de-icing 

salts:

– Output from spreadsheet showing the last six simulations:

– The reliability index is greater than 1.3 for a maximum allowable chloride 

migration coefficient of 7 x 10-12 m2/s. 26



Example of 
Time to Corrosion Modelling

• Concrete mix OPC used in deck exposed to direct de-icing salts:

– Input to spreadsheet based on values previously defined

– Output is calculated values to obtain a reliability index greater than 1.3:
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Example of 
Time to Corrosion Modelling
• Concrete mix OPC used in deck exposed to direct de-icing salts:

– Output from spreadsheet showing the last six simulations:

– The reliability index is greater than 1.3 for a maximum allowable chloride 

migration coefficient of 1.3 x 10-12 m2/s. It is, however, not possible to design an 

OPC concrete mix which such low chloride migration coefficient and therefore 

this concrete mix design will not be allowed for deck concrete.
28



Normally Anticipated 
Migration Coefficients

• fib Bulletin 34 provides a summary of normally anticipated values for the 

chloride migration coefficient, DRCM,0, for different types of cement:
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DRCM,0 [x 10-12 m²/s] Equivalent water-cement ratio*

Cement type 0.35 0.4 0.45 0.5 0.55 0.6

OPC N.A 8.9 10 15.8 19.7 25

OPC + FA (k = 0.5) N.A 5.6 6.9 9 10.9 14.9

OPC + SF (k = 2.0) 4.4 4.8 N.A N.A 5.3 N.A

OPC+66-80% GGBS** N.A 1.4 1.9 2.8 3 3.4

* Equivalent water cement ratio, considering FA (fly ash) or SF (silica fume) with the

respective k-value (efficiency factor). The considered contents were: FA: 22 wt.-

%/cement; SF: 5 wt.-%/cement.

** GGBS = ground granulated blast-furnace slag.



Requirements for 
Concrete Mixes

• Requirements for concrete mixes based on the full probabilistic service life design:

30

All concrete mix designs (except for piles) will have a maximum allowed water-cementitious material ratio of 0.40 in order to 

achieve the service life. 

Structural 
element

Description 

Cover
Governing 
exposure 

zones

Min. 
compressive 
strength (psi)

Cement
(ASTM C150)

Type of concrete and max. allowable 
chloride migration coefficient NT 
BUILD492 at 28 days (x 10-12 m2/s)

Plastic 
air 

content 
(%)

Freeze-thaw tests

Spacing 
factor 
(ASTM 
C457)

Durability 
factor 
(ASTM 
C666)

Resistance to 
scaling 

(ASTM C672)Specified  (in)
Construction 
tolerance (in)

OPC OPC+20-35%FA

Pi les 
With 

permanent 
steel casings

3 0.5 -
As  per 
des ign

No Requirement

Piers

Pi le cap 3 1 Buried 3500 Type II 15 10 4.5 <0.008 in. >90 -

Bottom part 
of column

3 1
Direct de-
i cing salts

5000 Type I-I I Not a l lowed 7 6 <0.008 in. >90 -

Upper part 
of column 

and pier cap
3 1

Indirect de-
i cing salts

5000 Type I-I I Not a l lowed 10 6 <0.008 in. >90 -

Abutments

Wing wall 2.5 1
Buried /

Atmospheri
c

4500 Type II 15 10 6 <0.008 in. >90 -

Abutment 
wal l

3 1
Buried / 

Indirect de-
i cing salts

5000 Type I-I I Not a l lowed 10 6 <0.008 in. >90 -

Cast-In-
Place Deck

Top of the 
deck

2.75 0.5
Direct de-
icing salts

5000 Type I-I I Not a l lowed 7 6 <0.008 in. >90 <3
Underside 
of the deck

1.75 0.5
Atmospheri

c


