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The Corrosion Phenomenon: Background and Developments

In the past century, the prestressing construction technique has been widely
used and nowadays several structures and infrastructures are beyond their
service life.

Mainly due to lack of maintenance, a significant part of existing bridges is
subjected to deterioration phenomena induced by corrosion.

Hazard (H) Exposition (E)
Vulnerability (V)

Ref. Making Critical Infrastructure Resilient, 
2020 UNDRR, Shutterstock, Unsplash

Ref. Linee guida per la classificazione e gestione del rischio,
la valutazione della sicurezza ed il monitoraggio dei ponti 
esistenti. 2022

The risk of durability issues 
increases over the time.

R = [H] x [E] x [V]
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Italian Guidelines

MIT, “DM. 01 July 2022. Guidelines for the classification and risk Management, safety assessment
and monitoring of existing bridges,” Italian High Council of Public Works (in italian), 2022

Italian Guidelines
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In several countries, guidelines for bridges management propose defect-
based index to provide a qualitative measure of bridge vulnerability.

Level1

•According to practices 
adopted during visual 
inspections, corrosion levels 
are defined in terms of 
extension and intensity

Level 2

•Classification of the level of deterioration 
•The classification of the level of 

deterioration reached in each component is 
finally obtained after combining the gravity 
attribute to the noted defects, together 
with their extension and intensity levels

Level 3

•Load analysis and comparisons of 
demand calculated according to the 
actual traffic load values and the 
traffic load values adopted for the 
original design

Level 4

•Higher accuracy in the measurement 
of the corrosion level can be achieved, 
after accurate inspections, useful also 
for the assessment of the bridge safety 
according to Level 4 and via numerical 
calculations
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Visual inspection: Level 1 

According to practices adopted during visual inspections, corrosion 
levels are defined in terms of extension and intensity. 

The classification of the level of deterioration reached in each 
component is finally obtained after combining the gravity attribute to 
the noted defects, together with their extension and intensity levels.
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Initiation PropagationVisual inspection: Level 1 

It results that the same defect - that is in this presentation is related to
the corrosion of pre-tensioned strands or wires placed in the bottom
flange of the cross section - at different phases of propagation could
be described, during the visual inspection, by noting different types of
defects.

Ø 12

0.2

 Ø0.6" strands

 Stirrups Ø12/250

Cracking and surface damage induced by corrosion are not
differentiated from cracking induced by rheological phenomena,
loads, etc.
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Cascading effects form Level 1 

Corrosion induced defects need different actions than other defects in terms of:

o in-situ measurement related to the initiation phase (such as chloride content profile, carbonation depth, cover thickness) 
and propagation phase, such as electrochemical measurements (potential corrosion mapping, Ecorr, corrosion rate, icorr, 
resistivity, etc), surface damage mapping (opening widths of splitting cracks, w, cover spalling), cross section loss in bars, 
pith depth, etc.

o frequency of bridge’s inspections
o modelling strategies to be adopted in Level 4 
o planning of proactive and reactive repairing interventions
o Etc.

Improving the capability of defect’s detection in Level 1 could allow to save time and 
money in further steps required for the bridge management and could allow to 

optimise the maintenance process
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Proposal of a defect-based index suitable for the multi-level approach

Intensity level, kint, 
Extension level, kext

o The parameters adopted to identify the extension and the intensity levels of corrosion in prestressing strands during  visual inspections 
(Level 1) should be coherent and suitable also for applications of analytical and numerical models in Level 4

o The proposed procedure allows to assign a severity to the defect-based index after visual inspections – according to Level 1 and Level 2 
- based on the same engineering criteria adopted during numerical assessment - in Level 4 - to account for the effects of corrosion

o Only the dependency of the flexural capacity on the extension and intensity of corrosion in prestressing strands is evaluated in this 
presentation

1 − 𝑘௜௡௧,ଶ ȉ 𝑘௘௫௧
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Based on visual inspection

Level 4
Based on structural assessment

SOME NOTES:



THE CASE STUDY: 
A PC GIRDER OF AN EXISTING BRIDGE DECK

9



10

Gallo, P.C. and Petrangeli, M.P. 1983. The viaduct crossing of the Calabria divide 
between Gioiosa Jonica and Rosarno. Industria Italiana del Cemento 53, pp. 309–332.

The Case Study: a PC girder of an Existing Bridge Deck

Viaduct designed in 1976 and executed in 1988
Location of the case study viaduct
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PC girder with pre-tensioned 7-wire strands

Top pier cap

Hollow 
circular

piers

Bridge deck with simply
supported beams

Gallo, P.C. and Petrangeli, M.P. 1983. The 
viaduct crossing of the Calabria divide between
Gioiosa Jonica and Rosarno. Industria Italiana 
del Cemento 53, pp. 309–332.

0.8 2.96 0.8 2.96 0.8 2.96 0.8
12.08

13.250.5 0.5
14.25

2
.2

3

The Case Study: a PC girder of an Existing Bridge Deck
Geometrical and mechanical features

In this work, corrosion scenarios are assumed and applied to 
the selected case study without any reference to the actual 

situation of the viaduct, which is unknown to Authors. 
Therefore, the selected case study represents only an 

example for the application of a general procedure that 
Authors are presenting for prestressed bridge girders.
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Ø 12
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 Stirrups Ø12/250
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Ø 26

0.2

 Stirrups Ø8/250

PC girder with pre-tensioned 7-wire 
strands:
• Simply supported PC girders
• Span Length L =34.4 m
• Height of PC beam: 2.23 m.
• RC slab thickness: 30 cm.

Section A-A Section B-B
Material properties

44 
strands

26 
strands

18 
strands

Quotes in [m]

The Case Study: a PC girder of an Existing Bridge Deck

Gallo, P.C. and 
Petrangeli, M.P. 1983. 
The viaduct crossing of 
the Calabria divide 
between Gioiosa Jonica 
and Rosarno. Industria 
Italiana del Cemento 53, 
pp. 309–332.

ValueParameterMaterial

45
fck,cube [MPa]:

Concrete PC beam

35Concrete RC slab

430fyk [MPa]:
Mild reinforcement

0.135εu [-]:

1670fp0.1k [MPa]:

Prestressing strands 1860fptk [MPa]:

0.05εpu [-]:

Geometrical and mechanical features

RC slab
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THE CORROSION MORPHOLOGY AND THE 
SCPS MODEL
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Lognormal distribution: 
It is possible to determine the 

average penetration depth and the 
related maximum penetration depth 

(Fractile value)

In-situ Inspection

by using a 
pit depth gauge instrument
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Measuring the damage in corroded prestressing strands

𝑤 =
1

𝑁
෍

∑ 𝑤௡
௠
௜ୀଵ

𝑚

ே

௝ୀଵ

“DIRECT MEASURE OF THE DEFECT”
pit depth

“INDIRECT MEASURE OF THE DEFECT”
crack width/superficial deterioration

Starting from the observation of the 
superficial deterioration, some assumptions 
about the pit depth values have been made
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Scanner 3D at UNIPR X-ray tomography

Collecting data about the damage in corroded prestressing strands helps 
to interpret the measured data in-situ

Statistical distribution

• TO DEFINE MODEL UNCERTANTIES
• TO APPLY MACHIN LEARNING TECHNIQUES
• TO MANAGE MONITORING DATA
• ETC.
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https://www.fib-international.org/commissions/databases.html

fib DATABASE

Important to collect and 
extend the current data

The fib DATABASE on corroded strands
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Measuring the damage in corroded prestressing strands
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3D-scan and devices

Scanned 
strand

Scanning pits 
along strand
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Steps for the probabilistic distribution of the 
corrosion morphology obtained from the 3D-scan:

1) The 3D-scan is performed, and for each strand,
several cross sections - 10 mm spaced - are
identified;

2) At each j-th cross section - 10 mm spaced - the
maximum pit depth of each external wire, Pmax_w,i,
is measured, and the maximum pit depth of the
most corroded wire at the j-th section is identified
as Pmax_sect,j=max(Pmax_w,i)i=1,6. The ratio
Pmax_sect,j/rout, is the input parameter of the SCPS
model (used for Level 4), for the assessment of
the tensile capacity of corroded strands at the j-th
cross section;

3) The maximum value of the variable Pmax_sect,j/rout,
measured along the entire length of the strand, is
calculated as Pmax,p/rout =max(Pmax_sect,j)/rout

4) The probability density function of the variable
Pmax_sect,j/rout, is plotted. The mean value,
μ(Pmax_sect,j)/rout, and the standard deviation value,
σ(Pmax_sect,j)/rout, of the probability density function
of the variable Pmax_sect,j/rout are calculated;

5) A correlation between the mean value, the
standard deviation value, and the maximum
measured value, Pmax,p/rout is established by fitting
the measured data of the scanned strands

𝜇൫𝑃max  _𝑠𝑒𝑐𝑡 ,𝑗 ൯

𝑟𝑜𝑢𝑡
= 0.4113 ∙

𝑚𝑎𝑥൫𝑃max  _𝑠𝑒𝑐𝑡 ,𝑗 ൯

𝑟𝑜𝑢𝑡
 

𝜎൫𝑃max  _𝑠𝑒𝑐𝑡 ,𝑗 ൯

𝑟𝑜𝑢𝑡
= 0.2238 ∙

𝑚𝑎𝑥൫𝑃max  _𝑠𝑒𝑐𝑡 ,𝑗 ൯

𝑟𝑜𝑢𝑡
 

Ref. Franceschini L., Belletti B., Tondolo F., Sanchez J. 2022. Study on the Probability Distribution of Pitting for Naturally Corroded Prestressing Strands Accounting for Surface Defects. Buildings 12(10), Article number 1732
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Simplified model for Corroded Prestressing Strands (SCPS): some 
assumptions about corrosion morphology

𝑃௔௩_௦௘௖௧,௝

𝑟௢௨௧
= 0.378

𝑃୫ୟ ୶ _௦௘௖௧,௝

𝑟௢௨௧

ଶ

+ 0.25
𝑃୫ୟ _௦௘௖௧,௝

𝑟௢௨௧

Pmax_sect,j
Pav _sect,j

Pmax _w,7

rin

rout

Pmax_sect,j
Pav_sect,j

j-th section 
of the strand

(d)

Steps for the probabilistic distribution of the corrosion morphology obtained 
from the 3D-scan:

6) at the j-th section, the same pit depth for the remaining five outer wires,
Pav_sect,j/rout, is assumed and calculated as a function of the pith depth of the
most corroded wire, Pmax_sect,j/rout

σw

εw

σw

εwσw

εw

Uncorroded wire

Uncorroded wire

Uncorroded wire

Most corroded 
wire

Remaining 
corroded wire

Inner wire

SCPS model is an equivalent 
spring model

based on only one parameter that 
is the 

𝑃୫ୟ _௦௘௖௧,௝

𝑟௢௨௧

L. Franceschini, B. Belletti, F. Tondolo, and J. Sanchez Montero, “A simplified stress-strain relationship for the mechanical behaviour of 
corroded prestressing strands: the SCPS-model,” Structural Concrete, vol. 24, no. 1, pp. 189–210, 2022
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Decay in cross-section area of 
wire

Simplified model for Corroded Prestressing Strands (SCPS): some 
assumptions about corrosion morphology

L. Franceschini, B. Belletti, F. Tondolo, and J. Sanchez Montero, “A simplified stress-strain relationship for the mechanical behaviour of 
corroded prestressing strands: the SCPS-model,” Structural Concrete, vol. 24, no. 1, pp. 189–210, 2022
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Pmax_w,i

Aloss_w,i

Pmean_w,i

The 3D-scan of the section loss of each wire, Aloss_w,i, allows to
directly relate the maximum pit depth of each wire, Pmax_w,i, with the
residual cross-sectional area of the corroded wires

𝐴௥௘௦_௪,௜

𝐴௪,௜
= 1 − 0.33 ȉ

𝑃୫ୟ _௪,௜
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= 0.9 − 0.539 ȉ

𝑃୫ୟ _௪,௜

𝑟௢௨௧
− 0.33      for 

𝑃୫ୟ ୶ _௪,௜

𝑟௢௨௧
> 0.33



20

Simplified model for Corroded Prestressing Strands (SCPS): tensile 
resistance of corroded strands
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wire, εpu,corr



21

Simplified model for Corroded Prestressing Strands (SCPS): tensile 
resistance of corroded strands

Since prestress value ranges around 0.5 – 0.6 fpt, it results that, for 
pits dept of the wire higher than the value given by the following 

equation cause a premature and brittle rupture of the wire only due 
to the applied prestressing force 

σ

ε

fpp

fpy

fpt

εpp εpy
εpu

Ep

E’
p

E’’
p

Uncorroded

εpu,corr

Corroded

(a)

fpp = 0.7 fpt

fpy = 0.882 fpt, 

while εpp = fpp/Ep and εpy = 0.01

𝑃୫ୟ _௪,௝

𝑟௢௨௧ ௣଴

≥ 0.33 +
1

0.599
1 −

𝜀௣଴

𝜀௣௬

As the applied prestressing force increases - and consequently as the value of εp0 increases -, as the corrosion level, defined in terms of 
Pmax_w,j, that cause premature and brittle wire’s rupture decreases.
Therefore, the fragility of PC members is not only related to the corrosion level but also to the value of the prestressing strain applied in 
strands.

𝜀௣௨,௖௢௥௥

𝑃୫ୟ _௪,௜

𝑟௢௨௧
 = 𝜀௣଴
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(εpu,corr,1; Fpt,1) (εpu,corr,2; Fpt,2)

(εpu,corr,3; Fpt,3)

F

ε
SCPS model

Experimental

Simplified model for Corroded Prestressing Strands (SCPS): tensile 
resistance of corroded strands

The relation tensile resistance vs strain of the strand, instead of being
characterised by 7 softening steps corresponding to the sequential failure
of the 7 wires, is characterised by 3 steps corresponding to:

1) The failure of the most corroded wire (point 1),
2) The failure of the remaining five outer wires (point 2),
3) The failure of the inner wire (point 3)
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THE INTENSITY LEVEL, kint
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The first approach to define the intensity level, kint,1

The second approach to define the intensity level, kint,2
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The first approach to define the intensity level, kint,1

3 - 4: 100% cross-section loss of 
some wires in strands

kint,1 = 1

2 - 3: concrete cover spalling and 
visible section loss in corroded wires

kint,1 = 0,5

1 - 2: Visible splitting cracks

kint,1 = 0,25
0 - 1: Initiation phase

25

Time

C
o

rr
o

si
o

n
le

ve
l

Initiation period Propagation period

D
ep

a
ss

iv
a

tio
n

kint,1=0.25
Splitting 
cracks

kint,1=0.50
Cover spalling / 
corroded wires

kint,1=1
Wires

rupture

o Three different levels of
intensity are assumed in
correspondence of three
different damages that
can be qualitatively noted
during visual inspections
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3 - 4: 100% cross-section loss of 
some wires in strands

Assumed value for the example:
2 wires having 100 % section loss

selected quite arbitrarily

2 - 3: concrete cover spalling and 
visible section loss in corroded wires

Assumed value for the example:
w = 1.5 mm

A range of value could be selected

1 - 2: Visible splitting cracks

Assumed value for the example:
w = 0.3 mm

A range of value could be selected

0 - 1: Initiation phase
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𝑤 = 0.16
𝑒

ఙ೛బ
௙೛೟

൘

𝑅௪ ௖⁄
𝑃௦௨௠_௦௘௖௧,௝ − 𝑃଴

For low and medium intensity levels, the relation between corrosion in strands and crack opening width 
proposed by Ahmed et al. has been modified to be directly implemented in SCPS model.

Assumptions: prestress σp0 =0,5 fpt, the water-cement ratio Rw/c = 0.5, the cover-diameter ratio, c/ϕp = 3.3

P0 the sum of the pit depths in external wires corresponding to splitting crack initiation:

𝑃଴ = 0.036
𝑅௪ ௖⁄

𝑒
ఙ೛బ

௙೛೟
൘

𝑐

𝜙௣

ଶ

+ 0.128

The sum of the pit depth in external wires, 𝑃௦௨௠_௦௘௖௧,௝, is obtained, according to the SCPS model, as given

𝑃௦௨௠_௦௘௖௧,௝ = 𝜇 𝑃௠௔௫_௦௘௖௧,௝  + 5 ȉ 𝑃௔௩_௦௘௖௧,௝ ௉ౣ౗ ౮ _ೞ೐೎೟,ೕ

Pmax_sect,j
Pav _sect,j

Pmax _w,7

rin

rout

Pmax_sect,j
Pav_sect,j

j-th section 
of the strand

(d) 𝑃௔௩_௦௘௖௧,௝ ௉ౣ౗ ౮ _ೞ೐೎೟,ೕ
= 𝑟௢௨௧ 0.378

𝑃୫ୟ _௦௘௖௧,௝

𝑟௢௨௧

ଶ

+ 0.25
𝑃୫ୟ _௦௘௖௧,௝

𝑟௢௨௧

Being: 

The second approach to define the intensity level, kint,2

𝑤 =
1

𝑁
෍

∑ 𝑤௡
௠
௜ୀଵ

𝑚

ே

௝ୀଵ
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Experimental

The second approach to define the intensity level, kint,2

𝑘௜௡௧,ଶ = 1 −
𝐹௣௧,ଵ

𝐹௣௧,଴

The assigned values of the intensity level result as follows:
a. visible splitting cracks: kint,2 = 0.06
b. concrete cover spalling and visible section loss in corroded wires: kint,2 = 0.20
c. 100% cross-section loss of some wires in strands: kint,2 = 0.56

ONLY FOR THIS EXAMPLE!

the value of the intensity level, kint,2, is
adopted to propose a suitable defect-
based index for the simplified calculation of
the resistant moment of PC bridge girders



THE EXTENSION LEVEL, kext
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# corroded strands / 
# external strands

B-BA-Akext

4/163/1225%

8/166/1250%

16/1612/12100%

The approach to define the extension level, kext

Since in this paper the capacity of the analysed prestressed beam is correlated to the damage detected via 
visual inspection, no assumptions about the corrosion of internal layers are made. Therefore, internal 

strands are considered uncorroded. 

Consequently, the extension levels of corrosion are established based on the ratio between the corroded 
and “visible” strands to the total number of external strands. 



PROBABILISTIC ASSESSMENT OF THE 
FLEXURAL CAPACITY OF THE PC GIRDER
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Probabilistic assessment of the flexural capacity of the PC girder

Start End
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Statistical material uncorroded properties
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+ Statistical variation of load distribution

Shear vs curvature
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V
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Strands/
wires

Rebars/
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OUTPUT

PDF

Mmax

PDF

VR

+ failure modes + percentiles 
+ design moment and shear 

resistances

Focus of the current study: assessment of the
flexural resistance of the PC girder

FLOW-CHART
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Results: Flexural Resistance vs Corrosion Scenarios

Moment, M

Curvature, χ

• Flexural resistance in terms of moment vs
curvature.

• Degraded strands at bottom flange of the PC
beam.

• Curvature-controlled diagram
• Decay of the prestressing force is assumed

proportional to the cross-section loss of the
strand

𝑁௣,଴,௖௢௥௥ = 𝐴௥௘௦_௦௘௖௧,௝ 𝐴௦௘௖௧,௝⁄ ȉ 𝑁௣,଴
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Results: Flexural Resistance vs Corrosion Scenarios
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• INCREASING CORROSION 
INTENSITY

• EXAMPLE of SECTION B-B
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Results: Flexural Resistance vs Corrosion Scenarios
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The design value of resistant moment, MRd, is estimated by intersecting the related cumulative distribution functions 
(CDF) with percentiles calculated by assuming a Generalised Extreme Value (GEV) distribution, a consequence 
class 3, a target reliability index is equal to 3.7 and - for a reference period of 1 year - a sensitivity factors equal to 0.7
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Results: Flexural Resistance vs Corrosion Scenarios
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Required a proposal for a 
Defect-based index for a 
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the resistant moment 
based on a 

QUANTITATIVE evaluation 
of the intensity index 

Observations:
• Decay of the resistant

moment till 30 %
• Decrease in the sectional

ductility

dependency of the decay of the
design value of the resistant
moment on the intensity and
extension levels of corrosion
observed during visual in-situ
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DEFECT-BASED INDEX TO CALCULATE 
THE RESISTANT MOMENT 
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Defect-Based Index to calculate the Resistant Moment 

ோ ோ௣,௜

ேିே೐ೣ೟

௜ୀଵ
ோ௣,௜

ே೐ೣ೟

௜ୀଵ
ோ௕,௜

ே್

௜ୀଵ

෍ 𝑀ோ௣,௜

ே೐ೣ೟

௜ୀଵ
= 1 − 𝑘௜௡௧,ଶ ȉ 𝑘௘௫௧ ȉ ෍ 𝐹௣௧,଴ ȉ 𝑧௜

ே೐ೣ೟

௜ୀଵ

PC girder with strands’ and reinforcement internal level arms Calculation of the Resistant Moment MR

𝑧 ௜
=

𝑑
௜

−
0

.2
5

ȉ
𝑡 ௦

௟௔
௕

• N: total number of prestressing strands
• Next: total number of external prestressing strands
• Nb: total number of mild rebars

Neutral axis depth ≈ 0.5·tslab

Contribution of inner strands’ 
layers unaffected by corrosion

Contribution of the strands at the first layer affected by corrosion

Contribution of 
mild steel bars

Proposed defect-based index
adopted to calculate the resistant
moment

Uncorroded moment 
contribution

Simplified calculation of the resistant moment
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Defect-Based Index to calculate the Resistant Moment 

Proposal of a Defect-Based Index for a simplified
calculation of the resistant moment

Proposed defect-
based index
adopted to
calculate the
resistant moment

Simplified calculation of the resistant moment
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= 1 − 𝑘௜௡௧,ଶ ȉ 𝑘௘௫௧ ȉ ෍ 𝐹௣௧,଴ ȉ 𝑧௜

ே೐ೣ೟

௜ୀଵ

𝑘௜௡௧,ଶ = 1 −
𝐹௣௧,ଵ

𝐹௣௧,଴

QUANTITATIVE evaluation of the intensity index 
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𝜇 𝑃୫ୟ୶_ୱୣୡ୲,௝

𝑟௢௨௧
= 0.14

𝜇 𝑃୫ୟ୶_ୱୣୡ୲,௝

𝑟௢௨௧
= 0.43

𝜇 𝑃୫ୟ୶_ୱୣୡ୲,௝

𝑟௢௨௧
= 0.82

A: (0; 𝐹௣௧,଴ = 𝑓௣௧ ȉ 6 ȉ 𝐴௪,௜ + 𝐴௪,௜௡ );
A’: (0; 𝐹௣௧,଴ = 𝑓௣௧ ȉ 4 ȉ 𝐴௪,௜ + 𝐴௪,௜௡ );

B: (0.33; 𝐹௣௧,ଵ = 𝑓௣௬ ȉ 5.68 ȉ 𝐴௪,௜ + 𝐴௪,௜௡ );
B’: (0.33; 𝐹௣௧,ଵ = 𝑓௣௬ ȉ 3.83 ȉ 𝐴௪,௜ + 𝐴௪,௜௡ ); 

C: (0.86; 𝐹௣௧,ଵ = 𝑓௣௣ ȉ 4.67 ȉ 𝐴௪,௜ + 𝐴௪,௜௡ ); 
C’: (0.86; 𝐹௣௧,ଵ = 𝑓௣௣ ȉ 3.24 ȉ 𝐴௪,௜ + 𝐴௪,௜௡ );    

NEW INTENSITY 
INDEX

Tensile resistance of 
the corroded strand

Tensile resistance of 
the uncorroded strand

Decay of the tensile resistance of corroded strands



40

Defect-Based Index to calculate the Resistant Moment 
Comparisons with the probabilistic results
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calculated from the 
probabilistic
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Source of uncertainties must be recognized in the path

In-situ Inspection

o The superficial defect (ex crack opening) can be measured with different 
tools having different tolerances and levels of accuracy

o The crack opening values adopted to describe different propagation 
phases need a statistical distribution, not considered in this example

o The geometrical uncertainties, 
o The model uncertainties (for example to move from crack opening to pit depth),
o The model uncertainties were considered in previous studies to calibrate partial safety factors for corroded strands, 

but for a more comprehensive evaluation of all the involved uncertainties, additional studies are required. 

 
,

2 2 2 2
mod arg mod

exp( 1.645 )

exp

s
m corr

a R t et a s R
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μmod and Vmod stand, respectively, for the mean
value and the coefficient of variation of the
uncertainty related to the analytical predictions
obtained by using the SCPS-model.
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𝑀ோௗ

Time t𝑡ଵ𝑡଴ 𝑡ଶ 𝑡ଷ

FUTURE RESEARCH, PERSPECTIVES:

o To calibrate models, DATA from existing structures, are needed.

o Co-operation between universities, engineering associations, stockholders, etc. is needed to validate models that are recognized
suitable for the assessment of corroded existing structures.

Conclusions, Future Research and Perspectives
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Thank you for the attention!


