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Abstract: A possible scenario is proposed to put into evidence how the combined effect of fatigue at very high number of cycles and corrosion
could have been responsible for the failure of one of the strands and the subsequent collapse of the so-called balanced system of the Polcevera
Bridge designed by Morandi. The analysis accounts for an actual estimation of the heavy-lorry traffic and load spectrum, as well as for the Eu-
ropean Standards prescription for the fatigue damage accumulation assessment. In addition, the effective construction phases of the viaduct are
considered. The structural analysis is carried out by means of analytical models, in order to simplify the structure complexity without prejudice to
the description of the most relevant aspects of the structural behavior. The main purpose is to warn the scientific community and the public
administrations that the combined effects of low-amplitude fatigue and corrosion can be dangerously underestimated, and that the existing assets
of 20th century bridges deserve special attention in this respect. DOI: 10.1061/(ASCE)BE.1943-5592.0001807. This work is made available
under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Introduction

The present European Standards concerning fatigue assessment in
bridges prescribe to adopt the stress-life approach, and to refer to a
bounded Wöhler’s curve with cut-off in correspondence of 108 cy-
cles (Nussbaumer et al. 2018). Although the existence of the fatigue
limit is still controversial (Bathias and Paris 2004), this approach
looks reasonable, at least when degradation is avoided and when
the load spectrum due to heavy traffic has been estimated correctly
(CEN 2003). The standards also provide methods for the correct es-
timation of the load spectrum (CEN 2003), together with prescrip-
tions regarding the limitation to degradation, the monitoring of
steel tendons, and the possibility of replacement of degraded ele-
ments. The picture is different if existing bridges are considered.
In particular, in the case of 20th century bridges, the corrosion of
metallic parts can be developed more than expected due to both
poor maintenance and underestimation of the aggressiveness of
the environment. At the same time, the load spectrum has dramat-
ically increased in terms of relative and absolute frequency of
heavy lorries. As a consequence, there is a consistent number of
bridges that should be assessed with respect to very high cycle fa-
tigue (VHCF) phenomena, because they have already overcome
more than 108 cycles, or will exceed them soon in the next few
decades. The corrosion of steel elements subjected to cyclic load-
ing in an aggressive environment is known as corrosion fatigue

(Perez-Mora et al. 2015), and the resulting effects include both
the reduction in the resisting cross-section and the downwards
translation of Wöhler’s curve together with the vanishing of the
fatigue limit. When the aggressive environment is combined
with poor maintenance and VHCF, the phenomena interact reducing
the safety margin of the structure much more quickly than expected.
The Polcevera viaduct (Genoa, Italy), a renowned cable-stayed con-
crete bridge designed byMorandi (1968) some five decades ago and
partially collapsed on the August 14, 2018 (Fig. 1), is taken as case
study to show that the effect of corrosion fatigue on existing histor-
ical bridges deserves more attention.

The old viaduct has been completely dismantled and replaced
by a new one, which was opened to traffic on August 3, 2020.

As shown in the following, the cross-section of the cable-stay
close to the antenna is the most critical. This hypothesis is consis-
tent with the image shown in Fig. 2(a), which was taken from a re-
cently declassified video, where it is possible to appreciate the very
first instants of the collapse. First, the cross-section close to the an-
tenna of the South-East (SE) cable-stay suddenly broke apart (A).
Then the bridge-deck and the adjacent Gerber beam (on the right)
collapsed (B). At the same time, due to dynamic rebound and miss-
ing balance, the top of the antenna broke and rotated anticlockwise
(C). The rebound was such that the cable-stay on the left side buck-
led in compression (D), propagating the failure to the left side of the
bridge deck and Gerber beam (E). A key role in the collapse was
certainly played by corrosion. Fig. 2(b) shows part of the corroded
tendons that were considered in the forensic analysis.

Although forensic investigation is still under development, and
without any claim to provide the ultimate interpretation for the fail-
ure, a simplified structural model is presented, which allows for the
determination of the mean stress in the strands. The fatigue load
spectrum is obtained based on the line of influence of the stay
cable axial force traced for vertical loads moving along the bridge
deck and considering some relevant information about the lorries’
statistics. The accumulation of damage is calculated according to
the Miner approach, with reference to different scenarios. In the fol-
lowing, the mechanical behavior of the cable-stay is considered in
detail. Although simple analytical models are used, the complex
construction phases of the stay, the geometrical nonlinearities of
the cables, the stress losses due to prestressing of the concrete cov-
ering of the steel tendons, and the mechanism of stress redistribution
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due to the degradation and corrosion evolution will all be consid-
ered. In this way, not only will the consistency of the decompression
hypothesis be proven, but it will also be shown that the cable-stay
could have retained almost its initial stiffness up to the moment of
failure, therefore resulting in a very brittle condition.

The Morandi Bridge Conception and Construction

Morandi (1968) conceived the design of the viaduct above the
Polcevera river in order to minimize the interference with the exist-
ing railways and buildings adopting, for the three main spans, the
so-called self-standing structural system. The first construction
phase concerned the erection of the A shaped piles (“antennas”)
and of the inclined support pillars. After this stage, the construction
of the bridge deck began, proceeding by casting the deck segments
in both directions symmetrically with respect to the pile. The use of
extensive scaffolding structures was avoided thanks to temporary
tendons placed at some distance above the deck to increase the in-
ternal lever arm, as shown in Fig. 3(a). Once the hanging points for
the cable-stays were reached, and the construction of the antenna
finalized, the positioning of the inner tendons began. The progres-
sive tensioning of the inner tendons proceeded together with the
removal of the temporary tendons, always taking care to keep the
vertical displacement of the hanging point equal to zero. This initial
phase of construction of the cable-stay will be referred to in the
following as phase 1. Thereafter, the two transverse connection
beams were cast, and the last hanging sections of the deck
launched. Another very peculiar aspect of the Morandi conception
was the idea to replace the ordinary steel cable-stays with pre-
stressed reinforced concrete ones. The objective was twofold:
first, to provide protection against steel corrosion of the cables ex-
ploiting the concrete covering; and, second, to drastically increase
the axial stiffness of the cable-stays. The concrete covering could
not be realized in only one solution, because the change of geom-
etry of the inner tendon catenary could not be sustained by concrete
without severe cracking. Therefore, the covering was first cast in
segments [Fig. 3(b)] that could allow the displacement of the cate-
nary without damage (phase 2). After the curing, the joints among
segments were filled and external strands were placed in the ducts
and prestressed in order to guarantee compression stress state in
the concrete covering (phase 3). Finally, the ducts were injected
and the extremities of the external strands connected to the transverse
beam. The construction of the three self-sustained systems could pro-
ceed at the same time, minimizing the duration of the building site.
The placing of the Gerber beams between the self-standing systems
(phase 4), according to the photographic documentation, took place
during or immediately after the construction of the concrete cover-
ing, dependent on the considered self-standing system. One relevant
advantage of the Morandi structural conception was that the variable

Fig. 1. Three self-standing structural systems of the Morandi Bridge, with details of the structural elements and possible location of initial failure.
(Image courtesy of Wikimedia Commons/Bubici Paolo.)

(a)

(b)

Fig. 2. (a) Triggering of the bridge collapse, which started from the fail-
ure of the SE cable-stay cross-section close to the antenna (image courtesy
of Guardia di Finanza di Genova 2019); and (b) picture of the corroded
strands subjected to forensic analysis (image courtesy of Polizia di
Stato, republished from Bonchi (2020) with permission fromGenova24).
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loads (phase 5) would have been carried by the whole homogenized
concrete cross-section of the cable-stays, in place of the steel tendons
alone, providing very limited oscillating stresses.

Analytical Structural Model

A few studies can be found in the literature concerning the structural
behavior of the collapsed self-standing system, all of them involving
very complex finite element or discrete element calculations. These
analyses were able to provide, starting from the assumption of a
weak section, the kinematics of the collapse with great details. In
contrast, they were quite ineffective in describing the possible mech-
anism that was at the origin of the failure mechanism. Alternatively,
a simplified analytical model can be exploited to gain more insight
about the damage accumulation. The Polcevera bridge was com-
posed of several statically determinate Gerber beams of 36m span
each and three main self-standing structural systems. Each balanced
system designed by Morandi was a quite complicated structure itself
and it is worth, as a first step, limiting the analysis to the bridge deck.
The deck of the self-sustained system was a multicell box girder 4.5
m deep and 18m wide (Fig. 4), which was supported at four points
by inclined piers and two couples of stay cables hung at the top of
the A-shaped antenna. The link of the deck with the piers and the
stay cables is guaranteed by four transverse beams. In other words,
each self-standing structural system is a three-span continuous
beam with two terminal cantilever beams, which sustain the two
lateral simply supported beams by means of Gerber saddles (Fig. 5).
Therefore, in order to simplify the analysis and better understand
the failure mechanism, our attention has been focused exclusively
on the self-standing structural system, which collapsed indepen-
dently of the remaining parts of the viaduct. Furthermore, for each
self-standing structural system, two main substructures can be con-
sidered: the first is the deck of Polcevera bridge; the second is
made up by the two couples of stays. Therefore, in the following sub-
section, a detailed analysis of the two main substructures is proposed
in order to assess the internal reactions and the corresponding
stresses in the deck and, in particular, in the stays.

Static Analysis of the Bridge Deck

According to Morandi’s design concept (Morandi 1967), the 352
inner tendons were supposed to support the permanent loads.
Thus, the stress in the inner tendons was set, such as the vertical

displacement of the deck at the connection point with the stay ca-
bles would vanish. As a consequence, the static scheme shown in
Fig. 6(a) allows for an easy determination of the axial force in the
two couples of stay cables due to the permanent loads (Invernizzi
et al. 2019, 2020b). In fact, the axial force in the cable-stays at the
connection with the deck can be estimated with no special efforts,
given that the cross-section of the main deck is assumed constant,
and considering that the 352 steel strands, which were put in
place, were continuously retensioned during the removal of provi-
sional tendons (Morandi 1967), in order to vanish the vertical dis-
placement of the hanging section [point A in Fig. 6(a)]. At the
same time, the internal actions in the deck can be assessed due
to itself self-weight [Fig. 6(b)].

(a) (b)

Fig. 3. Construction phases: (a) sequential casting of deck segments; and (b) progressive casting of the concrete covering segments around the cable-stays.
[Reprinted from Morandi (1968), under Creative Commons-BY-4.0 (https://creativecommons.org/licenses/by/4.0/).]

Fig. 4. Cross-sections of the deck.

Fig. 5. Lateral view of the self-standing system.

© ASCE 04021102-3 J. Bridge Eng.

 J. Bridge Eng., 2022, 27(1): 04021102 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Po
lit

ec
ni

co
 D

i T
or

in
o 

on
 0

2/
17

/2
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Stress Field in the Post-Tensioned Concrete Stay

In order to evaluate the fatigue damage accumulation in the stay, it is
crucial to our purpose to obtain the cable-stay geometry and distribu-
tion of stresses with sufficient detail and high-precision (Invernizzi
et al. 2020a). This can be achieved exploiting the analytical solution
for the elastic catenary (Irwine 1981), with respect to the different
construction phases of the cable-stay. In addition, a simple but effec-
tive model is introduced in the following to allow for the determina-
tion of the state of stress in the cross-section, even in the case of
corrosion of the steel strands.

The elastic catenary scheme is represented in Fig. 7, whereas the
parametric solution of the deformed elastic line and of the axial force,
as a function of the curvilinear coordinate s, are given by the follow-
ing equations:

x(s) = H

EA0
s+ HL0

W
sinh−1 V

H

( )
− sinh−1 V −Ws/L0

H

( )[ ]
(1)

y(s) = W

EA0
s

V

W
− s

2L0

( )

+ HL0
W

������������
1+ V

H

( )2
√

−
����������������������
1+ V −Ws/L0

H

( )2
√⎡

⎣
⎤
⎦ (2)

T (s) =
��������������������
H2 + V −Ws

L0

( )2
√

(3)

According to the construction phases, at the end of phase 1, the
352 inner steel strands (Fig. 8) hung at the top of the antenna were
set up to constrain the vertical displacement of the deck in corre-
spondence of the transverse girder beam [point A in Fig. 6(a)].

Therefore, the kinematic boundary conditions for the elastic cat-
enary equation are known at both extremities of the cable, whereas
the vertical component V–W of the axial force is known at the lower
end of the cable, because it must be equal to the vertical reaction at
point A [Fig. 6(a)] obtained from the previous analysis of the deck.
It is, thus, possible to assume the initial length of the cable L0 and
the horizontal component H of the reaction of axial force T as un-
known discrete parameters, to be obtained by solving the corre-
sponding nonlinear algebraic system (Irwine 1981). Those values
can be finally substituted into the general solutions [Eqs. (1)–(3)]
that provide both the axial force diagram, T(1)(s), and the elastic
line as functions of the curvilinear coordinate, s, at the end of
phase 1 (Fig. 9, thick continuous line). Therefore, the normal stress
in the cross-section of the 352 inner strands, Ainn st, at the end of
phase 1 is calculated as follows:

σ(1)inn st =
T (1)(s)

Ainn st
(4)

At the second stage of the cable-stay construction (phase 2), the
concrete covering was cast in several distinct segments in order to
allow for the sensible change of the elastic line without cracking
of the concrete. In this phase, the concrete segments act as an exter-
nal load on the 352 inner steel tendons, without providing effective
bending stiffness to the cable-stay. The new elastic line can thus be
obtained again by solving the catenary equation, simply accounting
for the increased dead weight per unit length of the cable due to both
the self-weight of the inner steel strands and of the concrete seg-
ments. The elastic line of phase 2 is shown in Fig. 9 with a dotted
line. Fig. 10 shows the normal stress in the steel strands depending
on the considered construction phase , which are given by the fol-
lowing equation:

σ(2)inn st =
T (2)(s)

Ainn st
(5)

where T(2)(s) is the axial force at the end of phase 2. This mechan-
ical quantity is assessed according to (3), once that the horizontal
force H and L0 have been calculated by the Eqs. (1) and (2)

(a)

(b)

(c)

Fig. 6. (a) Simplified static scheme of the right half of the bridge deck;
(b) bending moment; and (c) shear force in the deck.

Fig. 7. Structural scheme for the elastic catenary problem.
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by considering the self-weight of the concrete covering and the
inner tendons.

After curing of the concrete segments and filling of the joints,
the 112 outer tendons were added and prestressed to provide a neg-
ative stress state to the concrete covering and ensuring protection of
the steel elements against aggressive environment (phase 3).

During post-tensioning, the outer strands are looped over the top
of the antenna, and equal pretensioning is provided in correspon-
dence to the transverse girder beam at the bridge deck. The strands
are disposed symmetrically with respect to the cable-stay cross-
section. The post-tensioning of the concrete covering does not af-
fect the elastic line configuration because the contraction of the

concrete can take place independently of the inner tendons because
the relative axial displacement are not yet constrained, so that the
normal stress in the inner strands is not affected by the concrete
pretensioning:

σ(3)inn st = σ(2)inn st (6)

In Table 1 the principal mechanical properties of the construc-
tion materials used to make the stay-cables, such as the elastic mod-
ulus, the characteristic ultimate tensile strength, and the
characteristic compression strength of steel tendons and concrete,
are reported.

On the other hand, the stress state of the outer tendons is not uni-
form nor constant with time. The stress losses due to relaxation and
friction along the curved axis of the cable-stay can be assessed
according to the European Standards (CEN 2011). The initial pull-
ing stress of 1,200MPa at the bridge deck connection (Morandi
1967), σp 0 max, is thus reduced to 900MPa due to long-term phe-
nomena. In addition, the prestress losses due to friction can be as-
sessed, being known as the curvature of the elastic line in phase
2. Therefore, the tensile stress in the prestressing outer tendons
can be evaluated as follows:

σ(3)out st = σ p0(s)− Δσ p,c+s+r(s) (7)

The term σ p 0(s) is the prestressing stress along the curvilinear co-
ordinate by considering the friction loss, whereas Δσp,c+s+r(s) takes
into account the stress losses due to the long-term phenomena, that
is, creep and shrinkage of concrete and the relaxation of steel ten-
dons. The negative stress state induced in the concrete covering can
be calculated, for each section of the cable state, thanks to the com-
patibility equation for deformation, namely:

σ(3)c = σ(3)out st(s)
Aout st

Ac
(8)

where Aout st is the cross-section area of the outer tendons, whereas
Ac is the reacting cross-section area of the concrete covering.

After post-tensioning of the outer strands, the ducts containing the
tendons were injected, and the 112 tendons were linked to the trans-
verse beams of the deck. From this stage on (phase 3) the cable-stay
performed as a unique solid prestressed concrete element.

Subsequently, the Gerber beams were put in place,as well as
New Jersey barriers, and the flexible road pavement was made
(phase 4). At the end of this stage, the normal stress in the three re-
sisting elements is given by the following expressions:

σ(4)inn st = σ(3)inn st + n
ΔTdl
Aequi c

(9a)

Fig. 8. Cross-section of the stay.

Fig. 9. Deformed configuration of the cable: 352 inner steel strands
only (phase 1) and after the casting of the concrete segments (phase 2).

Fig. 10.Variation of the normal stresses in the inner tendons during the
different construction phases.
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σ(4)out st = σ(3)out st + n
ΔTdl
Aequi c

(9b)

σ(4)c = σ(3)c + ΔTdl
Aequi c

(9c)

where ΔTdl is the increment in the axial force of the stay cable due
to the dead load, the term Aequi c is the equivalent area of the section
in terms of concrete, whereas n is the modular ratio.

The effects of variable loads on the bridge deck is considered in
phase 5 according to European Standards (CEN 2003), which are
evaluated similarly to what has been done above, that is,

σ(5)inn st = σ(4)inn st + n
ΔTvl
Aequi c

(10a)

σ(5)out st = σ(4)out st + n
ΔTvl
Aequi c

(10b)

σ(5)c = σ(4)c + ΔTvl
Aequi c

(10c)

where ΔTvl is the increment in the axial force of the stay cable due
to the variable load.

It is worth noting that a comparison with the variable loads
adopted by Morandi at the design time provided no significant dif-
ference as far as the amplitude of the loads is concerned.

Figs. 10–12 show the normal stress in the inner strands, in the
outer strands, and in the concrete for the five different construction
phases, respectively. It appears evident how the stress losses dimin-
ish both the stress level in steel and in the concrete. On the other
hand, nonstructural permanent loads increase the level of stress
in steel and decrease the absolute value of stress in concrete.

It is worth noting that the structural system conceived by
Morandi would have been effective, although not everywhere at
the same extent, if only the degradation could be carefully avoided.

Degradation Damage Evaluation of the Stay Cable

In the previous section, it has been shown how the cable-stay con-
ceived by Morandi was able to provide protection against corrosion
and high stiffness, in addition to the fact that the variable load cycles
were almost completely redistributed to the compressed concrete
cross-section of the stays. In this way, the steel fraction of the stay
cross-section was practically unaffected by stress oscillations that
are at the basis of fatigue damage accumulation phenomena. Unfortu-
nately, at the time of Polcevera bridge construction, the concepts of
durability and degradation were not so well-known as nowadays.
Even at the end of the 1970s, Morandi was rather worried about
the acceleration in the degradation process of the bridge, possibly
due to a combination of marine environment and pollution from
the nearby steelworks (Morandi 1979).

More recently, some investigations (MIT 2018) have high-
lighted the nonperfect injection of the ducts with the grout, thus

allowing airborne chlorides and sulfides to penetrate inside the
ducts and corrode the steel tendons. This degradation process has
likely triggered a redistribution of the stresses among concrete
and steel of the stays with the consequent decompression of the
stays themselves, especially in the region close to the antenna,
where the prestressing compression of concrete was less effective.

Concrete Covering Decompression

In order to evaluate the effect of corrosion in terms of redistribution
of stresses among concrete and steel in the closest section to the an-
tenna, we developed a simple but effective model where the cross-
section of the cable-stay (Fig. 8) is schematized by three springs in
parallel (Fig. 13), representing the 352 inner strands, the concrete
covering, and the 112 outer strands, respectively.

The model provides the overall secant stiffness per unit length
of the cable-stay or, in other words, of the cross-section. The calcu-
lation is performed increasing step by step the amount of corrosion
of the steel tendons. At each step, the model is updated to account
for the steel area reduction and the normal stress in each reacting
component can be assessed as follows:

σinn st(%C) = σ(5)inn st + T (s)
Kinn st(%C)

Ktot(C%)
(11a)

σout st(C%) = σ(4)out st + T (s)
Kout st(C%)

Ktot(C%)
(11b)

Table 1. Principal mechanical properties of the construction materials used
to make the stay-cables

Elastic Ultimate Compressive
modulus tensile strength strength

Material (MPa) (MPa) (MPa)

Prestressing steel 195,000 1,700 —
Concrete 35,000 — 35

Fig. 11.Variation of the normal stresses in the outer tendons during the
different construction phases.

Fig. 12. Variation of the normal stresses in the concrete covering dur-
ing the different construction phases.

© ASCE 04021102-6 J. Bridge Eng.

 J. Bridge Eng., 2022, 27(1): 04021102 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Po
lit

ec
ni

co
 D

i T
or

in
o 

on
 0

2/
17

/2
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



σc(C%) = σ(5)c + T (s)
Kc(C%)

Ktot(C%)
(11c)

where Kinn st(C%), Kout st(C%), and Kc(C%) are the secant stiffness
per unit length of the inner tendons, the outer tendons, and the con-
crete covering, respectively, for increasing corrosion level. Moreover,
the total cable-stay stiffness, Ktot(C%), according to the parallel
spring scheme (shown in Fig. 13), is the sum of each term.

When the stress in concrete becomes positive, the concrete
cross-section and the corresponding stiffness are immediately set
to zero. For increasing level of corrosion, when the stress in the
steel tendons overcomes the tensile strength, also the steel cross-
section and the corresponding stiffness is set to zero. This moment
corresponds to the potential failure of the cable-stay under static
loading. Therefore, the secant stiffness per unit length of the
inner tendons, the outer tendons, and the concrete covering should
be assessed in the following way:

Kinn st(C%) = Ainn st(C%)Es, if σinn st < σu

0, if σinn st ≥ σu

{
(12)

Kout st(C%) = Aout st(C%)Es, if σout st < σu

0, if σout st ≥ σu

{
(13)

Kc(C%) = AcEc, if σc < 0

0, if σc ≥ σu

{
(14)

Note that, according to the sequence of the construction phases,
the cable-stay is not subjected to sensible bending moments, thus
its structural behavior is assimilated to a truss element, and each
component is subjected to uniform stress and strain conditions.
Therefore, the stress field redistribution in the three components
can be worked out very easily, once that the axial force in a certain

cross-section, together with coaction stresses, are known from the
previous calculations. In addition, the adopted parallel spring sys-
tem implicitly assumes perfect bonding between concrete and steel.

The following three different scenarios are considered (Invernizzi
et al. 2020a): scenario A, conjecturing that the corrosion pro-
gresses starting from the outer strands; scenario B, conjecturing
that the corrosion advance starting from the inner strands; sce-
nario C, conjecturing that the corrosion advances equally both
in the inner and outer strands. The analysis is carried out referring
to a cross-section close to the antenna (at the origin of the curvi-
linear abscissa), where the concrete precompression is less effec-
tive due to the stress losses in the tendons.

The normal stress variation in the inner and outer tendons are
shown, respectively: in Fig. 14 for scenario A; in Fig. 15 for sce-
nario B; and in Fig. 16 for scenario C. In addition, Fig. 17 shows
the normal stress variation in concrete, which is identical for the
three considered scenarios.

In all the three considered scenarios, in the sections close to the an-
tenna, the concrete decompression occurs with rather low level of cor-
rosion, equal approximately to 7% (Fig. 17). As soon as the concrete
decompresses, the concrete area is set equal to zero, the concrete stiff-
ness Kc vanishes, and the redistributed stress σc becomes null.

As a consequence, the stress in steel tendons (Figs. 14–16) for
each scenario, shows a sudden increase in correspondence of corro-
sion equal to 7%, both for inner and outer tendons. The discontinu-
ity is followed by gradual increase in stress, due to the progressive
reduction of the steel area.

In scenario A (Fig. 14), the cross-section of outer tendons is
completely eroded by corrosion progression at a level equal to
about 24%. Hence, it is assumed that corrosion proceeds in the

Fig. 13. Simplified structural scheme used to evaluate the unit-length
stiffness of the stay cable and redistribution of the normal stresses
among the three components.

Fig. 14. Variation of the normal stresses in the inner and outer tendons
as a function of the corrosion level (C%) for scenario A.

Fig. 15. Variation of the normal stresses in the inner and outer tendons
as a function of the corrosion level (C%) for scenario B.
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inner tendons. When the total percentage of corrosion (calculated
with respect to the initial steel area) is about 55%, the stress in the
steel overcomes the ultimate tensile strength (1,700MPa) and
the cable-stay, according to the present hypotheses, collapses under
the effect of applied loads (without considering fatigue effects).

In scenario B (Fig. 15), the corrosion proceeds starting from inner
tendons. The stress in steel, after the discontinuity around to 7% cor-
rosion, increases gradually and reaches the ultimate limit strength in
the outer tendons of around 50%, before the inner tendons are
completely corroded. At that point, the area of outer tendons is put
equal to zero, and the axial force redistributed to the remaining
part of inner tendons. As the resulting normal stress exceeds the ten-
sile strength, the cable-stay collapses immediately.

In scenario C (Fig. 16), it is assumed that corrosion proceeds
contemporary in inner and outer tendons. After concrete decom-
pression (at 7% corrosion), the stress in steel tendons increases
gradually. At around 47% corrosion, the area of outer tendons
is completely eroded, and the stress drops to zero. Analogously
to the previous scenario, when the corrosion level approaches
55%, the stress in the inner tendons overcome the tensile strength
and the cable-stay collapses.

It is worth noting that a corrosion level between about 50% and
55% is the value obtained also from independent study available in
the literature (Calvi et al. 2019), on the basis of complex explicit
finite element modeling (FEM) numerical simulations. Further-
more, the described scenarios refer to very critical cross-sections
close to the antenna, where the precompression of the concrete cov-
ering is particularly ineffective. The same calculation performed at
a section at cable-stay mid-span provided 26% corrosion for de-
compression and about 55% for collapse. At the connection with

the deck, the corrosion level for decompression is even higher
(43%) but the collapse takes place quite soon after.

Stiffness of the Cable-Stay

Eventually, it is essential to assess the decrease in the cable-stay axial
stiffness due to the decompression of concrete along the length of the
stay. In fact, if decompression had caused a sensible decrease in the
cable-stay stiffness, anomalous deflections and localized damage of
the main bridge deck would have been detectable, in contrast to what
was observed before of the collapse of Polcevera bridge. In fact, a
post hoc analysis for the assessment of possible prefailure bridge de-
formations (Milillo et al. 2019), based on synthetic aperture radar
(SAR) observations, has revealed maximum deflections of the
deck lower than about 120–150mm, although the authors have re-
vealed that the bridge was undergoing an increased magnitude of de-
formations over time prior to its collapse.

The simple model introduced above provides the unit-length or
cross-section stiffness as a function of the level of corrosion. With
the axial force diagram from the equation of the elastic catenary
being known, it is thus possible to obtain the diagram of axial
strains and, by integration along the curvilinear abscissa, the re-
sulting vertical component of the displacement at the cable-stay
extremity in correspondence of the bridge deck. It is assumed
that corrosion takes place uniformly along the cable-stay length.
This hypothesis is conservative in the sense that provides an over-
estimation of the vertical displacement, with respect to what can
be obtained assuming more localized (e.g., pitting corrosion)
and likely corrosion patterns.

The origin of the curvilinear coordinate frame is assumed in cor-
respondence to the antenna. Fig. 18 shows the variation of the local
axial stiffness with the stay length for increasing corrosion level
from 0% up to 35%, with discrete steps of 3.2%. The discontinuity
in the stiffness takes place at the boundary between the regions of
decompressed and of intact concrete. It can be observed that in-
creasing the corrosion level, the length of the decompressed region
increases, whereas its stiffness decreases. This is even more clear
from Fig. 19, which shows the evolution of the decompressed re-
gion length as a function of the uniform corrosion percentage.

Fig. 20 shows the elongation of the cable-stay due to the axial
stiffness decrease, obtained by integration of the axial strain. The
magnitude of the stay elongation, and the corresponding vertical
displacement becomes appreciable only for uniform corrosion lev-
els above about 30%.

Fatigue Accumulation in the Bridge Stays

Moving Loads and Fatigue Load Spectrum

In general, the fatigue load spectrum can be obtained computing the
stress range and the corresponding number of cycles that the struc-
ture will withstand during its service life. In particular, the Euro-
pean Standards (CEN 2003) provide five different fatigue load
models, which require increasing levels of knowledge about the
traffic statistics. Unfortunately, the fatigue model FLM5 could
not be adopted, due to the lack of information about registered traf-
fic data during the service life of the Polcevera bridge. Therefore,
the fatigue model FLM4, that subdivides the heavy traffic on the
basis of a set of five equivalent lorries and disregards the interaction
among lorries, is used to assess the stress–amplitude time history.
The amplitude of the axial force cycle in the cable-stay owing to
the transit of each lorry of a given category is obtained from the in-
fluence line of the vertical reaction in point A (due to the unit

Fig. 17. Variation of the normal stresses in the concrete covering as a
function of the corrosion level (C%) for the three different scenarios.

Fig. 16. Variation of the normal stresses in the inner and outer tendons
as a function of the corrosion level (C%) for scenario C.
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vertical moving load). Assuming that the lorries travel only on the
slow lane, and accounting for the safety distance between lorries, it
appears that each heavy vehicle passage corresponds to one main
load cycle (CEN 2003). The ratio of the load cycle amplitude to
the weight of the lorry, which is equal to about 1.3, corresponds
to the difference between the highest peak and the lowest valley
values in the influence line, as shown in detail in Invernizzi et al.
(2019). Finally, assuming that the heavy truck is entirely supported
by the nearby stay, the amplitude of the load cycle in the stay can be

obtained projecting the vertical reaction variation at the point A onto
the cable. The total number of heavy lorries traffic has been esti-
mated based on a report by Autostrade per l’Italia (MTE 2011).
The first reported evidence is that the number of heavy vehicles
crossing the bridge has increased by a factor of four since the con-
struction time. The second information is that 2,150,945 lorries have
crossed the bridge in both directions during the year 2007. Assum-
ing, for the sake of simplicity, a linear increment in time of the traf-
fic, it is possible to calculate the total number of load cycles. Finally,
the relative frequency of each typology of lorries, compared to that
of the total traffic, can be assessed according to the European Stand-
ard (CEN 2003) indications. The numbers of cycles for each axial
load range are summarized in Table 2.

Wöhler’s Curve Assessment

The design of new bridges with respect to the fatigue phenomenon
can be carried out according to the European Standards (CEN
2006), which basically assume the so-called stress-life approach
with a Wöhler’s curve that attains an asymptotic fatigue limit when
the number of cycles exceeds 108 (Nussbaumer et al. 2018). Further-
more, in correspondence of 2 ×106 cycles, Wöhler’s curve adopted
by EC3 (CEN 2006) shows a change of slope when the transition
from the high cycle fatigue (HCF) to the VHCF regime occurs,
which varies from 4 to 6 (Sonsino 2007). Note that, although the Eu-
ropean Standards define the presence of a horizontal asymptote at
108, a further decrease in the fatigue strength has been experimentally
observed in the VHCF regime (Bathias and Paris 2004). Moreover,
the Wöhler’s curve adopted in CEN (2006) refers to the current
steel tendons used nowadays in civil constructions. In order to
check whether this could be reasonably assumed for the steel strands
used for the construction of the Morandi viaduct, we carried out a his-
torical survey of the fatigue strength tests results obtained at the
Politecnico di Torino between the mid-1950s and the end of the
1960s on steel tendons. In each collected data sheet, the ultimate ten-
sile strength, the relaxation reduction coefficient, as well as the fatigue
life under constant amplitude fatigue loading are reported. Note that,
because the tests were carried out at a mean stress of 900MPa, differ-
ent from a mean stress of 1,100 and 1,200 MPa currently used, the
mean stress correction was performed with the Goodman linear equa-
tion (Schijve 2014). The corrected historical data are represented in
Fig. 21 versus the Wöhler’s curve adopted in CEN (2006), showing
a reasonable agreement.

Fig. 18. Variation of axial stiffness of the cable along its length for different corrosion levels.

Fig. 19. Decompressed length of the cable versus corrosion level.

Fig. 20. Vertical displacements of the deck for different corrosion
levels.
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Unfortunately, in the case of Polcevera bridge, the corrosion
of metallic parts developed faster than expected, due to both
underestimation of the aggressiveness of the environment and
difficult maintenance, so that Wöhler’s curve adopted in CEN
(2006) must be modified in order to account for the phenomenon
of corrosion fatigue.

The term corrosion fatigue refers to the combined action of cyclic
loading and corrosive environment. In fact, if an aggressive environ-
ment is present during the total life of a structure subjected to fatigue
loading, the crack initiation period and crack growth period will de-
crease enormously due to the synergy of corrosion and fatigue acting
together (Stephens et al. 2000). In fact, the repeated loading
allows the diffusion of aggressive media between the crack faces to-
ward the crack tip, resulting in an accelerated corrosive action. On
the other hand, the corrosion action increases the fatigue damage
(Stephens et al. 2000). In more detail, corrosion increases the sur-
face roughness due to the presence of corrosion pits. As a conse-
quence, stress concentration takes place at the root of corrosion
pits, which act as cracks nucleation sites accelerating the process
of crack initiation at surface flaws (Suresh 2008). In addition, the cy-
clic loading could determine the rupture of the protective surface of
the oxide film, enhancing the electrochemical attack of the aggres-
sive medium at these preferential locations (Suresh 2008). Moreover,
corrosion is responsible for various chemical processes, cyclic slips,
and rupture mechanisms at the crack tip, which boost the crack prop-
agation rate (Schijve 2014; Lotsberg 2016).

Nakamura and Suzumura (2013) conducted cyclic tests on cor-
roded steel galvanized wire specimens under wet conditions and
noted that the fatigue crack propagation is accelerated by the hydro-
gen produced from the chemical reactions. The same authors ob-
served that corrosion influences the ductility of the galvanized
steel wires, whereas the actual ultimate tensile strength does not de-
crease with the corrosion (Nakamura and Suzumura 2009). In gene-
ral, corrosion causes a dramatic degradation in fatigue life of steel
components, as observed by Li et al. (2012), who carried out fatigue
tests on corroded wires used in a cable-stayed bridge in China
that had been in service for 18 years. Jiang et al. (2018) observed

modifications of Wöhler’s curve of corroded steel wires. In the HCF
regime, the curve in the bilogarithmic diagram is translated down-
wards maintaining the same slope. In the VHCF regime, there is a
change in the slope of the S–N curve, which increases considerably
beyond 2×106, if compared with the slopes obtained for noncorroded
specimens (Pfennig et al. 2013). In general, corrosion has a more
drastic effect in the VHCF regime (Bandara et al. 2015). As a conse-
quence, when fatigue tests are carried out in the range below 107 cy-
cles, they may lead to a large overestimation of the corrosion fatigue
resistance in the case of a simplistic extrapolation of the curve in the
VHCF regime (Perez-Mora et al. 2015). In particular, the most crucial
change in the presence of corrosion is the vanishing of the fatigue
limit (Nussbaumer et al. 2018).

Note that an analogous modification in Wöhler’s curve must be
considered if the influence of structural size is considered (Carpinteri
and Montagnoli 2019; Montagnoli et al. 2020; Carpinteri et al. 2020).

In the following, for the sake of simplicity, the model proposed
in Lotsberg (2016) is used, which considers a linear S–N curve
translated rigidly downwards in the HCF regime, without any
change in the slope in the VHCF region, according to the experi-
mental data reported in Perez-Mora et al. (2015).

Fatigue Damage Accumulation and Different Collapse
Scenarios

Wöhler’s curve in European Standards is obtained for constant-
amplitude fatigue loading, which means cyclic loading with a cons-
tant amplitude and a constant mean load (Schijve 2014). On the
other hand, various civil and mechanical structures in service are sub-
jected to variable-amplitude (VA) loading, as in the case of Polcevera
bridge. Therefore, because the stress range is not constant, a rule for
the damage accumulation must be adopted (CEN 2005, 2006).

The damage increment per load cycle depends not only on the
amplitude of the load cycle, but also by the damage caused by pre-
ceding cycles (Schijve 2014). Unfortunately, the available informa-
tion about the traffic is poor, and no measurements were performed
on the actual loads’ sequence. Therefore, we assumed the Palm-
gren–Miner rule (Miner 1945), which is a simple linear cumulative
fatigue damage rule for fatigue life prediction in the presence of VA
loading, that completely disregards the sequence effects of loading
cycles (Mayer et al. 2009).

Let us assume that Ni is the number of cycles to failure when the
constant stress range Δσi is applied until collapse. If Δσi is a certain
applied stress range with the absolute frequency ni, the partial damage
due to each stress range is given by the ratio ni/Ni. The fatigue failure
occurs when the accumulated damage reaches the unity. First, know-
ing the variation in the axial force of the stay, it is necessary to eval-
uate the corresponding stress range acting on the material.

According to designer’s conception, the precompression of the
stays would have guaranteed that the structure had been less prone
to the fatigue damage accumulation, because the cyclic loading
would have been almost fully supported by the concrete covering,
and the stress ranges in the steel elements would have been negligible.

Vice versa, the previous analyses have shown how the decompres-
sion of the concrete covering at sections close to the antenna has
likely occurred quite soon after the bridge construction. As a conse-
quence, even in correspondence with only one decompressed section,
the load cycles were supported by the steel tendons alone, while keep-
ing the rigidity of the entire tie-rod practically unchanged.

Lacking for more detailed information, it is feasible to assume
that the corrosion degradation of the steel tendons increased line-
arly from 0% at the construction time to the collapse critical
value due to the combined effect of corrosion and fatigue. Since be-
fore 1979 the concrete was likely not decompressed, therefore no

Table 2. Fatigue load spectrum of the stay cable

Type of vehicle Axial force range (kN) Number of cycles

1 651.84 15,815,775
2 1010.35 3,953,944
3 1597.01 39,539,438
4 1271.08 11,861,831
5 1466.63 7,907,888

Fig. 21. Comparison between EC3 S–N curve and experimental data
from the Politecnico di Torino database.
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fatigue damage accumulation in the steel tendons took place before
that time. Vice versa, as soon as the steel tendons alone began to
support the fatigue loads, the fatigue damage accumulated up to
the final collapse of the bridge.

It is worth emphasizing that the degradation of the steel tendons
must be considered from two different points of view. On one side,
corrosion induces fundamental modifications in Wöhler’s curve, in-
cluding the translation downwards of the curve and the disappearance
of the horizontal asymptote (Lotsberg 2016). On the other hand, cor-
rosion erodes the steel resisting cross-section, causing an increase in
the stress range because of the induced redistribution mechanisms.
Therefore, the stress range in the outer and the inner tendons due to
each different vehicle category has to be assessed considering the pro-
gressive cross-section reduction due to the corrosion, namely:

Δσs(C%, lorry cat) = ΔT (lorry cat)

As(C%)
(15)

The critical percentage of corrosion, necessary to trigger the col-
lapse of the Polcevera bridge, cannot be obtained explicitly and
must be worked out by iterative calculation.

It is worth noting that, even for a certain lorry category, the stress
amplitude is not constant with respect to time due to the corrosion
cross-section reduction. In addition, the frequency of cycles is not
constant with respect to time, due to the increase of heavy lorry traffic.
Therefore, the Palmgren–Miner rule must be discretized in time, in
order to define time intervals, Δti (equal to 1 year), where the stress
range,Δ �σs(ti), and the heavy lorry frequency, ni(ti), are approximately

constant. Consequently, the fatigue damage accumulation, D, was
assessed by using the following expression:

D =
∑
i

ni(Δ �σs(ti))

Ni(Δ �σs(ti))
(16)

where Ni(Δ �σs(ti)) is the fatigue life for a constant applied stress
range level.

The final level of corrosion, which provides a unit fatigue damage
accumulation in the year 2018, is approximately equal to 33%
(Fig. 22). It is worth noting that the obtained final corrosion, together
with the assumption of linear evolution of corrosion, provides that the
corrosion level of 7% would have been reached in 1979, in perfect
agreement with the assumption made above for the decompression
of concrete starting from the end of the 1970s. In Fig. 23, the five load-
ing cycle amplitudes, corresponding to the typology of the five lorries
adopted by FLM4 (Table 2), are represented in the S–N diagram to-
gether with the European Standard Wöhler’s curve for full cross-
section steel tendons (CEN 2006), and the Wöhler’s curve for steel
in marine environments (Lotsberg 2016). Note that the load cycle am-
plitude for each category increases due to the above-mentioned reduc-
tion in steel cross-section and consequent stress redistribution.
Moreover, as far as the mean stress is concerned, note that both Wöh-
ler’s curve for intact steel tendons (CEN 2006) andWöhler’s curve for
steel in marine environments (Lotsberg 2016) are obtained for values
of the mean stress around 1,100MPa, which is comparable to the
stress obtained in the stay strands after concrete decompression.

Conclusions

On August 14, 2018, the pioneering bridge over the Polcevera
conceived by Morandi collapsed suddenly. The collapse of the
self-standing system 9, which together with the two nearby
Gerber beams was rather brittle, lead to the bridge design being
blamed for the lack of robustness and structural redundancy
(Bazzucchi et al. 2018). On the other hand, thanks to the presence
of the Gerber beams, the collapse did not propagate dispropor-
tionately to the entire viaduct.

The brittleness of the collapse, as well as the considerable in-
crease in the traffic frequency since the construction time, suggested
a careful check with respect to fatigue damage accumulation. In this
paper, a detailed quantitative fatigue analysis has been presented,
carried out exploiting simplified although effective analytical
models, and accounting for the combined effect of fatigue damage
accumulation and corrosion. The obtained failure triggering mech-
anism, due to the brittle failure of one of the cable-stays close to
the antenna, is in good agreement with the explicit finite element
calculations carried out in order to reproduce the debris configura-
tion after failure (Calvi et al. 2019; Domaneschi et al. 2020). It is
worth noting that the level of corrosion needed to trigger the fatigue
failure in the critical section is rather low, especially if compared
with the corrosion level required to trigger the collapse with respect
to static loading only. In particular, the latter is almost twice as high
as the corrosion level required for the fatigue failure, regardless of
the adopted corrosion scenario. In the presence of aggressive envi-
ronments, the modification in Wöhler’s curve compromises the
common concept of fatigue limit, similarly to the case of structural
size effects on the fatigue limit (Carpinteri et al. 2020; Carpinteri
and Montagnoli 2020; Invernizzi et al. 2021). In fact, if VHCF is
approached, even rather limited loading cycles can cause a substan-
tial amount of damage accumulation. The described phenomenon
deserves further investigations also in the case of existing steel
bridge structures that were built during the 20th century.

Fig. 23. Application of the Palmgren–Miner rule according to fatigue
load spectrum with a corrosion level equal to 33%. Note that, for the
sake of clarity, each marker is representative of an almost 6-year
time interval.

Fig. 22. Palmgren–Miner rule fatigue damage accumulation and linear
increment in corrosion up to 33% as a function of time.
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