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Agenda
Part I: Introduction 

• Durability 
• Code-based vs performance-based design

Part II: Chloride-induced corrosion
• Review of corrosion mechanism
• Introduction of service life modeling

Part III: Service life evaluation
• Diagnostic phase
• Prognostic phase

Part IV: What’s next?
• Artificial intelligence and digital twins



Part I



Durability   

Durabilĭtas = Ability to last for a long time

ACI definition:



Concrete durability 

(Millman and Giancaspro, 2015)

Various mechanisms of deterioration
• Freeze and thaw
• Abrasion
• Carbonation
• Chlorides
• Sulfates
• Alkali-silicates
• Etc.



Concrete durability 

Code-based, 
prescriptive design  



Concrete durability 

Performance-based design  
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Part II



Chloride-induced corrosion

Anode Cathode

Ion flow

Electron flow

Metal 

Solution 



Service life model
Corrosion initiation (or depassivation of the steel reinforcement)

Environmental exposure

Concrete 
porosity Cover 



Service life model
Corrosion initiation (or depassivation of the steel reinforcement)
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Service life model
Corrosion propagation



Service life model
Corrosion propagation



Service life model
Corrosion propagation



Service life model
Corrosion propagation



Service life model

Time 
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Extent of 
damage

Tuutti, K., 1982, Corrosion of Steel in Concrete, Swedish 
Cement and Concrete Research Institute, Stockholm, Sweden
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Part III



Service life evaluation 

https://www.newyorker.com/cartoons/daily-cartoon/friday-june-29th-heres-your-problem

Goal: provide a holistic assessment from limited data points



Visual 
survey

Service life evaluation 
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Service life evaluation 

Materials 

Design

Environment

Execution



Diagnosis 
Are there any sign of deterioration?



Diagnosis
Are there any construction defects?



Diagnosis
What is the source of chlorides?



Diagnosis
What type of protection do we have?



Diagnosis
Has corrosion initiated?



Diagnosis
Sounding and impact echo testing
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Diagnosis
Half-cell potential testing

ASTM D 876
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Diagnosis
Concrete electrical resistivity testing (Rilem, AASHTO) 
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> 100 Negligible



Diagnosis
Artificial intelligence, drones and laser scanning



Diagnosis
Damage mapping



Diagnosis
Color-coded map of test results



Prognosis 
Corrosion initiation

Environment 

Geometric 
properties

Material 
properties



Prognosis 
Corrosion initiation modeling

Environment 

Geometric 
properties

Material 
properties Modeling Corrosion-Related Service Life of Existing 

Concrete Materials Performance Magazine 
October 2019 (bluetoad.com)



Prognosis 
Time to corrosion initiation

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7288091/
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Prognosis 
Ground penetrating radar (ASTM, AASHTO, ACI)



Prognosis 
Concrete apparent diffusivity (ASTM C 1556)



Prognosis 
Chloride content threshold 

https://www.germann.org/TestSystems/RCT%20&%20RCTW/rct_3.6.pdf

ACI 318 chloride limits:
• Exposure class C0
• Exposure class C1
• Exposure class C2



Prognosis 
Probabilistic analysis 
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(Biodini and Frangopol, 2020)



Prognosis 
Evaluation of residual service life
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Prognosis 
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Prognosis 
Evaluation of residual service life

Time 
(years)

Damage 
level (%)

Observed 
damage

Age of the 
structure at 
time of survey

Calculated time to 
corrosion initiation 

% damage / year

Predicted 
additional 
service life

Acceptable damage level
Challenges:
• Coatings 
• Cracking
• Repairs 



Part IV



What’s next?



Big picture goal 

MONITORING

PROGNOSISDIAGNOSIS

DIGITAL 
TWINS



Big picture goal 

MONITORING

PROGNOSISDIAGNOSIS

DIGITAL 
TWINS

PREVENTATIVE MAINTENANCE 
EARLY TREATMENT 



Digital twins

https://www.ttwiin.com/news/onscale-launches-project-breatheasy-digital-twins-of-lungs-to-improve-covid-19-patients-outcomes



Digital twins



Preventative maintenance  
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Preventative maintenance  

Time (years)

Damage

Early monitoring is key 

Do nothing

React 

Prevent  

End of service life / failure

Reactive maintenance 
is the state of the art 

Strive for 
preventative 
maintenance



Monitoring 

Source: M. Gastaldi , M. Messina, “Corrosion propagation in 
carbonated reinforced concrete structures,” 2021



Machine learning  

https://jisajournal.springeropen.com/articles/10.1186/s13174-018-0087-2



Proof of concept
Analogy

Independent variables:
• Age
• Chest pain type
• Resting blood pressure
• Serum cholesterol
• Max heart rate achieved
• Etc.

Can ML be used to predict if 
the patient has a heart 
condition or not?

https://thecleverprogrammer.com/2020/11/10/heart-disease-prediction-using-machine-learning/



Proof of concept
Analogy

Independent variables Dependent variable

Linear Regression RMS Error= 0.33 or 33%
determines goodness of fit for the model

Logistic Regression Confusion Matrix

Error=0.15 or 15%



Machine learning for service life evaluation

Year 1 Year 2 … Year i … Year n

ID 1

ID 2

…

ID i

…

ID n

Type
Age

Condition 1
Condition 2

…
Amount of damage

Rating 
Repair Y/N

Dataset from inspection reports



Conclusions

• Focus on chloride-induced corrosion of steel 
reinforcement

• Review of service life modeling

• Overview of state-of-the-art methodology for diagnosis 
and prognosis of reinforced concrete structures

• Discussion on how innovation can add value to 
evaluating the residual life of existing structures
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