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Abstract. The attack of environmental aggressive agents progressively reduces the structural reliability of
buildings and infrastructures and, in the worst exposition conditions, may even lead to their collapse in the
long period. A change in the material and sectional characteristics of a structural element, due to the
environmental damaging effects, changes its mechanical behaviour and varies both the internal stress
redistribution and the kinematics through which it reaches its ultimate state. To identify such a behaviour,
the evolution of both the damaging process and its mechanical consequences have to be taken into account.
This paper presents a computational approach for the analysis of reinforced and prestressed concrete
elements under sustained loading conditions and subjected to given damaging scenarios. The effects of the
diffusion of aggressive agents, of the onset and development of the corrosion state in the reinforcement and
the corresponding mechanical response are studied. As known, the corrosion on the reinforcing bars
influences the damaging rate in the cracking pattern evolution; hence, the damage development and the
mechanical behaviours are considered as coupled phenomena.

The reliability of such an approach is validated in modelling the diffusion of the aggressive agents and
the changes in the mechanical response of simple structural elements whose experimental behaviour is
reported in Literature.

A second set of analyses studies the effects of the corrosion of the tendons of a P.C. beam and explores
potentially unexpected structural responses caused by corrosion under different aggressive exposition. The
role of the different types and of the different positions of the damaging agents is discussed. In particular, it
is shown how the collapse mode of the beam may switch from flexural to shear type, in case corrosion is
caused by a localized chloride attack in the shear span.

Keywords: corroded R.C. and P.C. beams; time-variant bending and shear capacity; carbonation; chloride
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The last decades showed how the R.C. and P.C. structures are susceptible to environmental
aggressive agents and how, over time, these phenomena lead to a significant reduction of the load
bearing capacity and even to structural collapse.

Large buildings and infrastructures are particularly critical from this point of view, because
they are usually exposed to severe environmental conditions (Malerba 2014, Malerba and Sgambi
2014, Sgambi 2014, Koli6 et al. 2014, Paul i et al. 2016).

For this type of structures, it may happen that a local collapse, starting from some damaged
detail, leads to sudden and more severe consequences. The collapses of the Berlin Congress Hall
(1980) (Isecke 1983), of the Ynys-y-Gwas Bridge in Wales (1985) (Woodward and Williams 1988)
and of the Pedestrian Bridge at Lowe’s Motor Speedway in North Carolina (2000) (Goins 2000)
are known and well-documented examples of failures caused by those degradation phenomena.

The request of an evaluation of the safety level, of the residual bearing capacity and of the
expediency and the effectiveness of repairing/refurbishment actions is continuously increasing, for
the most important and strategic structures (Biondini et al. 2006, Garavaglia et al. 2012). Such
type of evaluations involves both the analysis of the damaging process evolution and of its
mechanical.

This paper presents a computational approach suitable to be used for the analysis of R.C. and
P.C. concrete elements subjected to the diffusion of environmental aggressive agents and to the
consequent mechanical effects due to corrosion of steel bars and/or tendons.

After a short review of the main physical phenomena that cause the degradation of the concrete
structural elements, the first part introduces the analytical models assumed to describe the
diffusion of the aggressive agents, the reduction of the steel sections due to corrosion and the
mechanical behaviour of R.C. with corroded reinforcement.

In the second part, the criteria to analyse the mechanical behaviour of damaging R.C. and P.C.
beams through Finite Element (F.E.) are recalled. Such structural elements are modelled as
membranes structures, having non-linear behaviour and susceptible to cracking, according to the
hypotheses and the biaxial stress-strain relationships assumed by the Modified Compression Field
Theory (M.C.FT.) (Vecchio and Collins 1986). Special attention has been paid to study the
coupling between the damaging acceleration and the cracks widening and propagation. The finite
element analysis has been improved, in order to take into account the effects of the corrosion on
the reinforcing bars and the dependence of the damaging rate on the cracking pattern evolution, in
widening and spacing, under long-term loads.

The third part of the paper is aimed at assessing the reliability of the proposed approach in
reproducing the diffusion of the aggressive agents and the changes in the mechanical response of
simple structural elements. A set of basic experimental tests reported in Literature and concerning
R.C. elements subjected to singular and specific damage actions along time have been selected and
comparative numerical analyses have been carried out. The benchmarks regard the modelization of
the penetration rate of carbonation and of chlorides into R.C. elements at different levels of
cracking and the progression of corrosion and its influence on the ultimate load carrying capacity
of slender beams with artificially corroded reinforcement.

The fourth and last part studies the effects of the corrosion of the tendons of an actual P.C.
beam and explores potentially unexpected structural responses caused by corrosion. As known, the
overall static behaviour and load bearing capacity of R.C. structural element depends on its
material characteristics (concrete and steel), on its sectional properties, on the reinforcement layout
and on the loading distribution. A change in one or more of these characteristics, due for instance
to some damaging cause, determines a change in the element behaviour too. The method is applied
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in modelling the load path for P.C. beams under a different aggressive exposition. The role of the
different types and of the different positions of the damaging causes is discussed. A result, which is
worth outlining, concerns the case of a localised chloride attack in the shear span of P.C. beams.
For such a case, it is shown how the corrosion could switch the collapse mode from a flexural
collapse to a shear one.

The paper concludes in outlining the modelling capabilities of the proposed approach and in
presenting its wide range of application.

2. Characterisation of the damaging environment
2.1 General aspects

Degradation affects both concrete and steel and it is highly dependent on the processes by
which the water and the potential aggressive agents (carbon dioxide, chlorides, sulphates, etc.)
migrate from the external environment into the concrete mass (Coronelli et al. 2009, Lu et al.
2016, Michel et al. 2016).

These processes are not instantaneous; they occur gradually over a period of time and are
influenced by the characteristics of the ambience and of the materials.

With respect to the ambience, we can distinguish between physical factors (the seasonal ranges
of temperature and of humidity conditions), and the chemical ones (Ekolu 2016). Among these, in
particular, the CO, percentage present in the air and the chloride and sulphates concentration in
exposed surfaces are considered.

As regards to the materials, the durability of the concrete is strongly influenced by the water-
cement ratio and by the cement content. The steels durability depends on their type and grade,
being known that the stress corrosion phenomenon makes the prestressing steels more vulnerable
to corrosion with respect to the ordinary ones (Tuutti 1982, Nirnberger 2002, Bertolini et al.
2004). Special additives may improve the basic characteristics of the concrete. In some
applications, special surface protections, like resins and zinc coatings, may improve the steels
performance over time.

Other damaging phenomena are of mixed type (physical/chemical/mechanical), as in the case
of the relative influence among alkali-silica reactions, freezing and thawing cycles, repeated
loading effects and crack propagation. Such kind of processes widens the preferential paths
through which the aggressive agents diffuse in the concrete mass and accelerates corrosion and
damage of the structural element (Vesikari 1988, Breysse 1997, Voiechovska 2009).

In the development of these damaging processes, two different phases must be identified and
clearly distinguished: the incubation time, during which the external aggressive agents penetrate
into the concrete cover and cause a progressive destruction of the protective film formed around
the bars in an alkaline environment, and the onset and the propagation of corrosion (Tuutti 1982).

2.2 Definition of damaging environment

In the following, the typical microclimate conditions, which surround the bridges girders, will
be considered. The external surfaces of the structural elements of a girder are exposed to the
carbon dioxide present in the atmosphere, which, interacting with the calcium hydroxide of the
concrete, triggers the carbonation. The exposure conditions may be different, but the carbonation
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process must be considered always active on any sort of concrete surface exposed to the air.

Another source of damaging is the chloride penetration. Since the middle of last century, de-
icing salts have been used in order to make the runability of the main roadways safer during the
cold season. The washing and the percolation of salted water feed the penetration of chlorides into
the concrete mass, frequently fostered by the action of freezing and thawing cycles. The chloride
penetration may surround the whole exposed surfaces or may be localised around some particular
sections, as, for instance, those in proximity of the ducts of the drainage system.

Both phenomena are influenced by the actual state of the concrete surface. A high concrete
porosity, a low quality of the road construction as well as unfavourable curing conditions
accompanied by a wide initial microcracking enhance the propagation phenomena and accelerate
the onset of corrosion.

The evolution of these aggressive agents within the concrete volume can be analysed through
analytical equations and suitable computational models, corroborated by wide comparisons with
the results of experimental tests and of a posteriori controls on bridges in service.

A specific study was focused on coupling between the damaging acceleration and the cracks
widening and propagation. Being mainly interested in the analysis of the mechanical effects of
corrosion, the propagation of the damage causes over time is modelled through analytical
equations suitable to deal both with sound and cracked concrete.

2.3 Definition of damaging environment

2.3.1 Carbonation model

The hydration of cement paste gives origin an alkaline environment, having approximately
pH=12+13, which protects steel from corrosion. However, this protection is destined to vanish
over time as the carbon dioxide in the atmosphere reacts with calcium hydroxide, producing
calcium carbonate and water. This reaction results in a lowering of pH. When pH drops below
10+11, the steel is no longer protected against oxidation. This pH limit is defined as the point of
steel depassivation.

The carbonation reaction begins on the external surfaces and, over time, penetrates into the
concrete element. We are interested in evaluating the penetration depth of the carbonation over
time and in computing the time required by the chemical reaction to carbonate the entire concrete
cover. We distinguish between penetration in sound and in cracked concrete.

Uncracked concrete. Many models of carbonation penetration exist. For uncracked concrete,
they can all be synthetically resumed in following equation

X(t) =K 7 &)

where x(t) is the thickness of the carbonated layer (mm), K is the carbonation coefficient
(mm/year™?) and t is the time (years). For the more common types of concrete, the index n has an
approximate value of 2.0, so carbonation depth grows with a parabolic progression

X(t) =Kt 2)

In low-porosity compact concrete, n is greater than 2.0 and the penetration velocity decreases
(Bertolini 2004). The coefficient K depends on environmental factors (humidity, temperature and
contents of CO, in the air) and on concrete characteristics (type and contents of cement,
water/cement ratio, curing conditions, porosity). Usually, following values are assumed: 2<K<5



Influence of corrosive phenomena on bearing capacity of RC and PC beams 121

for compact concretes, with a cement contents greater than 3.50 kN/m® 5<K<8 for medium
compactness concretes; K>8 for poor concretes, with cement contents below 2.50 kN/m®.

Cracked concrete. When the tensile stress exceeds the corresponding strength, concrete cracks.
The total tensile stress may be the result of different contributions: mechanical, due to the acting
loads; distortional, due to creep and shrinkage; environmental, due to temperature exposition or to
freezing-thawing cycles.

Carbonation penetration is higher through cracks. According to Vesikari (1988), the carbonation
depth is computed through the following equation, which also takes into account the crack width

x(t)=50-vw- 4t 3

In this relationship x(t) is the thickness of the carbonised layer (mm), w is the width of the
crack (mm) and t is the time (years). If no aggressive agents are present, the cracking reduces the
stiffness of a structural element, but it does not influence its ultimate bearing capacity. In the
service ambience, cracks foster the penetration of carbon dioxide and reduce the corrosion
initiation time of steel. Hence, a sound evaluation of carbonation depth and carbonation velocity
has to take into account the mechanical response of the structure.

2.3.2 Chloride diffusion model

The time required to reach a critical chloride concentration C. on the reinforcement surface
depends on the chloride concentration on the concrete external surfaces, on the cement matrix
characteristics, on the thickness of the concrete cover, and on the cracking state. The critical value
C. ranges from 0.4% to 1% in mass with respect to the cement contents. An average value for well
compacted concretes is 0.6%.

Uncracked concrete. Considering uncracked concrete as a porous material and chloride
propagation as a diffusion process, a close approximation of chloride concentration profiles over
time is predicted by Fick’s second law, according to the differential equation that follows

oc(x,t) o 9C(x,1)
0. £ g e

where x is the penetration depth, measured from the reference external surface (mm), t is the time
(years), C(x,t) is the chloride concentration (mass % with respect to the cement contents) and
D(x,t) is the diffusion coefficient (mm?/sec).

An analytical solution of Eq. (4), can be obtained if we assume that the chloride content on the
external surface Cs remains constant over time and that the diffusion coefficient D(X,t)=Dayp
remains constant over time and in the space. Under these hypotheses, the concentration of
chlorides at the depth x and at the time t is given by following equation

X
C(x,t)=C,|1—erf (WJ (5)

where erf is the Gauss error function and Dapp=10’7+10’5 (mm?/s) is the so called apparent
(effective) diffusion coefficient. This equation can be used to determine when the critical chloride
concentration is reached and steel corrosion starts.

Cracked concrete. In the design practice, the diffusion coefficient may be assumed as constant,
even if it actually depends on many chemical, physical and mechanical phenomena, which vary
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over time and influence the chloride penetration process.

Many studies have been performed regarding the parameters that affect the initiation of steel
corrosion in cracked concrete (Malumbela 2009, El Hassan et al. 2010). As noted before, the
cracks constitute preferential pathways for chloride penetration, thus reducing the time required for
the onset of corrosion (Otsuki et al. 2000). When the width of the cracks is relatively small, even if
corrosion has been triggered, the corrosion products can seal the cracks, at least in the areas closer
to the reinforcement, and even re-establish some protective film on the reinforcement bars
(Jacobsen et al. 1996, Schiessl and Lay 2005).

In truth, studies performed at the L.M.D.C. Lab (Toulouse) have shown that the influence of
cracks on the corrosion process is not significant as long as the crack width is below 0.3 mm
(Vidal et al. 2007). On the contrary, wider cracks markedly modify the diffusion process.

Dealing with R.C. and P.C. cracked elements, Fick’s second law can still be used if, according
to Boulfiza et al. (Boulfiza et al. 2003), the apparent diffusion coefficient D,p, is replaced by an
average diffusion coefficient D,

D, =Dy +— Dcrk (6)

av app
S
mé

where w is the crack width, s, is the crack spacing and D=5-10" mm?/s is a new diffusion
coefficient (Boulfiza et al. 2003) to be adopted in the cracked zones. Substituting the average D,
to D4pp in EQ. (5), one obtains

C(x1t)=Cq .{1—erf (ﬁﬂ where d=,/D,, -t @

In the following, the apparent diffusion coefficient Dy, is used, in accordance with Eq. (5),
either in uncracked zones of the structure or where the crack opening is below 0.3 mm. In the
cracked zones having w>0.3 mm, the average diffusion coefficient D, and Eq. (7) is used.

2.4 Steel corrosion model

When the carbonation front and/or the critical chloride concentration reaches the surface of the
reinforcing steel and when suitable quantities of water and oxygen are present, the corrosion
process starts. The main consequences of steel corrosion are:

* A reduction of the sectional area of the bars and, hence, of the bearing capacity of the
reinforcement.

* The onset of further damages in the concrete volume due to the expansive oxides produced by
the corrosion. As known, the oxides produced by the corrosion are subjected to a volumetric
expansion from 1 to 4+5 times that of the ferrous material from which they are generated. Such an
expansion produces further cracking, reduces the bonding of the reinforcement in the concrete and
causes spalling at the corners of the section and delamination of the concrete cover (Bertolini et al.
2004).

The corrosion processes in normal and prestressing steels are quite different. In normal steel,
the corrosion involves the whole circumference of the bar. In prestressing steel, the corrosion is
usually localised (pitting).

2.4.1 Corrosion model for standard reinforcement
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Fig. 1 Geometry of the corroded reinforcing bar, (a) uniform corrosive attack and (b) corrosive attack
on one side only

By reinforcement degradation we mean a reduction of the cross-sectional area of the bars
without changes of their Young’s modulus. Moreover, the corrosion phenomenon depends on the
aforementioned environmental conditions, on the material characteristics and on the integrity of
the concrete volume.

Several models are presented in the RILEM Report 14 (Sarja and Vesikari 1996). The most
widely used gives the effective area of reinforcement Ay(t) (mm?), reduced by corrosion, as follows

2
W it t<t,
A = . 2 (8)
N,-z-[D,—n-d(t
Sl °4 (®)] if t>t

where N; is the number of reinforcing bars, Dy is their initial diameter (mm), d’(t) is the depth of
corrosion (Fig. 1) (mm), t, is the time of corrosion initiation (years), n=(1, 2) is a coefficient that
takes into accounts the possibility of the attack coming from one or two sides of the reinforcing
bar.

At the time t, the depth of the corrosion of the corroded reinforcing bar d’(t), which appears in
Eq. (8), is estimated through Faraday’s law

d'(t)=0.0116-i,, -(t—t,) 9)

where i is the corrosion current per unit area (uAlcm?), t is the total time (years) since the
completion of the building and 0.0116 is a conversion factor from xA/cm? to um/year. According
to this formulation of Faraday’s law and in the case of steel, a corrosion current of 1 uAlcm?
corresponds to a diameter decrease of 11.60 x«m/year.

Then, reinforcing bar diameter d(t), as function of time, can be estimated as

d(t)=D,—n-d'(t) (10)

and results linear over time.

2.4.2 Corrosion model for prestressing reinforcement
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Fig. 2 Geometry of localised corrosion of prestressed steel

Prestressing steel is prone to many forms of corrosion, such as stress corrosion, hydrogen
embrittlement, corrosion fatigue, and fretting corrosion (Nurnberger 2002).

The corrosion triggered by chloride attacks produces localised cavities (pits) and its action is
usually called pitting.

Being the diameters of the wires (5+7 mm) relatively small in comparison to the diameters of
the reinforcing bars, a decrease of the sectional area of the wires produces disproportional loss of
the bearing capacity and, over time, it may cause sudden failures with catastrophic consequences.

The maximum depth of corrosion (pmax) due to pitting in a wire or in a bar is usually greater
than the average depth measured for generalised corrosion p,,=d’(t). The ratio

— pmax — pmax

P, d'(t) (D

is called pitting factor. Various methods and criteria have been used to assign a numerical value to
the pitting factor: for Gonzalez et al. (Gonzalez et al. 1995) the value of R ranges from 4 to 8; for
Darmawan and Stewart (2007), R=8+11; for Tuutti (1982), R=4~10.

In addition, the cavity generated by the pitting attack may have different geometries. For the
sake of simplicity, Val et al. (1998) model this cavity through a hemispherical surface, as shown in
Fig. 2. For a depth of the pit at time t equal to p(t)=d’(t) -R, the sectional area of a wire or of a bar
is

2
n- Dy

A (D)= A=A (=75~ A (1) )

where A, is the initial area and Ai(t) results from geometry, as shown in Fig. 2 and detailed in the
Appendix 1.

3. Mechanical behaviour. Recall of the modified compression field theory
The mechanical behaviour of R.C. and P.C. elements is now considered.

3.1 Concrete biaxial stress-strain relationships
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Fig. 3(a) Stress-strain relationship for cracked concrete in compression (g=0.002), (b) maximum
compressive stress as function of the principal tensile strain, (c) average stress-strain relationship for cracked
concrete in tension (E.=2 feomax/€o)

By means of the F.E.M., R.C. and P.C. beams are modelled as membranes structures, having
non-linear behaviour and being susceptible of cracking. The general hypotheses and the biaxial
stress-strain relationships according to the Modified Compression Field Theory (MCFT) are
assumed (Vecchio and Collins 1986, Vecchio 1989, Bontempi et al. 1996, Sgambi 2004, Sgambi et
al. 2006, Zhang et al. 2012, Palermo et al. 2014, Sgambi et al. 2014).

The MCFT considers a constant thickness membrane element, made of a matrix of concrete and
reinforced by two orthogonal orders of bars. No overall slip between reinforcement and concrete is
considered. The element has finite size, but it is treated as an infinitesimal: within the element, the
stress field is constant and, during deformations, the boundary edges move and rotate remaining
straight. For a given membrane state of stress or strain, the relationships between the stresses
acting on the edges and the corresponding strains comply with following hypothesis:

1. The R.C. is a non-linear composite elastic material.

2. Equilibrium and compatibility are formulated in terms of average stresses and average
strains, referred to areas which are sufficiently wide to contain a defined crack pattern.

3. In a general biaxial state, the direction of the principal compression strain & and that of the
principal compression stress f; are correlated in a narrow band (6=+10°). Therefore, we assume
that the principal strain axes and the principal stress axes coincide.

4. Prior to the cracking strain &, the principal tensile stress f;; is linear with €1 and with an
initial tangent modulus E.. After &, in order to take the tension stiffening effects into account, f
decreases with the increasing values of &;, as shown in Figs. 3(a) and 3(b).

5. The principal compressive stress f,, corresponding to the principal strain &,, depends on the
strain softening effect, due to the principal tensile strain &. The strength f., nax diminishes with &
and the stress-strain relationship changes in affinity with e, max, 8s shown in Fig. 3(c).

6. For the reinforcement, bilinear elastoplastic stress-strain relationships are assumed.

7. The possibility of transmitting the average tensile stress f,; across the cracks has to be
verified.

3.2 Tension stiffening in the membrane states

In a cracked R.C. element (Fig. 4(a)), the tensile stress at a crack is zero in the concrete, and it
is maximum in the reinforcement (fo=fcr; fs,=fscr). Between the cracks, the tensile stresses are
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transferred from the steel to the concrete by the bond action that develops along the bars. In this
way, concrete contributes in carrying the tensile forces and in increasing the overall stiffness of the
structure (tension stiffening).

Moreover, a sliding resistance occurs between the crack interfaces, due to the aggregate
interlock. This action may be accounted for by a relationship between a containment stress f;,
normal to the crack, and a corresponding shear stress v;=w(fs) (Fig. 4(c)). On the other hand,
adopting constitutive laws dealing with average values, the stresses on sections parallel to the
cracks are those shown in Fig. 4(b). Between these two sets of stress, following conditions of static
equivalence are required

Py Ty -sinG+f -sind=p, - f, ., -singd—f;-sing-v, -cosI (13)

SX,Cr

py - £, -cosd+f,-cosd=p, - -cosd—f;-cosd-v,-sing (14)
These equations limit the average tensile stress f.;=f.1(&). The limits arise from the yielding of
the steel reinforcement (fi=f, fs,=f,,) and/or from the limited shear transfer capacities deriving

from the aggregate interlock.
3.3 Check of equilibrium in the cracked state

The average tensile stress in the concrete f.;, corresponding to a given principal strain &, satisfy
the equilibrium and the yielding conditions, if a combination of the shear and of the compressive
stresses 1, and f;; is found, compatible with an assumed interface shear transfer law. Otherwise, f.
has to be reduced until a solution is possible (Vecchio and Collins 1986). More simply, if one
assumes that, independently of the value of fg, a balancing shear stress 1;; may develop, then fy
can be transmitted across the cracks, if following upper limit is respected (Vecchio 1989)

fou < py (= fy)-sin® 0+ p, - (f, T, )-cos’ 0 (15)

4. Coupling damage evolution and mechanical behaviour

The Finite Element analysis based on the Modified Compression Field Theory has been
modified in order to take into account the effect of corrosion on the reinforcing bars and the
dependence of the damaging rate on the cracking pattern evolution, in widening and spacing,
under long-term loads.

4.1 Incremental formulation of the carbon dioxide and chloride propagation

The onset of cracks and their propagation widen the preferential paths through which the
aggressive agents diffuse in the concrete mass and accelerate the corrosion of steel elements. As
stated before, damage evolution and mechanical behavior are coupled phenomena. This means
that, in dealing with the carbon dioxide and chloride propagation, the parameters that condition the
penetration of these aggressive agents change. Therefore, they should be updated according to the
new damaged state of the media.
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Expanding in Taylor’s series the equations that compute the carbonation depth and the chloride
concentration over time, with respect to the time t, we obtain following result from Eq. (3)

(0180 =x(0)+ S atro(t) - x(0 ZS.yvlv((tt))%+§'JZvF? Atro(t’)  (16)

and, from Eq. (7)

C(x,t+At):C(x,t)+dC((j:(’t)-AHo(tz):

D, -w'(t)-t+D,_ -w(t)+D,_ -S,, |
_C(xt)ec, 2 [ D, -w'(t)-t+D, -W(t)+ Dy, Sy |- £ (174)

N w(t)

4-t[ D, -w(t)+ D,y -S,, |- D+ gDy | t
mé
where
-

E,.=exp|— X -At+o(t?) (17b)

2'\/(Dapp + W(t) : Dcr]'t
Sme

The rate of cracking w’ is difficult to determine. Moreover, sensitivity analyses showed that its
influence on the updated values of x(t+At) and on C(x, t+At) is little. Hence, it has been neglected
in these computational model.

4.2 Criteria for sampling the structural behavior over time

From the mechanical point of view, the measure of damage is given by the reduction of the
bearing area of reinforcing and prestressing steel. During the analysis, these areas are updated over
time according to the evolution of the influence of the aggressive agents causing corrosion.

The sequence of the analysis is organized as follows:

» Environmental and material data, necessary to define the constant K in Eqg. (2) and the
constants C,, Dapp and Der in Eq. (7), are given.

» The structure is completely defined in geometry, mechanical materials characteristics and
prestressing intensity.

* A sustained constant load is assumed. The load intensity is a percentage of the ultimate one,
close to the permanent load in a bridge structure (for example 60%).

* The analysis starts and is repeated over time, according to assumed time intervals. For each
step of analysis, displacements, cracking patterns, compressive and tensile stress are stored and
filtered for significant control sections.

Further details will be given for the cases studied in the following.

5. Validation of the model
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Fig. 5 LMDC beams. Type A (a) and type B (b) beam geometries

Table 1 Material properties (the values in brackets are not explicitly reported in the references, but assumed
for computations)

f. (MPa) f., (MPa) &, (%) E, (MPa)
Concrete
-45 4.7 (-0.002) 32000
f, (MPa) f (MPa) % E. (MPa mm?
Steel (top layer) Y u £q, (%) s (MPa) A (mm?)
500 (700) 16 (196000) 56.55
f, (MPa) f (MPa % E. (MPa mm?
Steel (bottom layer) Y s (MP3) &4, (%) s (MPa) A, (mm°)
500 (700) (16) (196000) 226.19

Table 2 Dimensions, cover thickness and load levels for beams Al, A2 and B1, B2

Beam Type A Beam Type B
e 3000x280x150 3000x280x150 (mm)
Cover Ci ca=40 cg=10 (mm)
Load Level 1 1 135 135 (KNm)
Load Level 2 2 21.2 21.2 (KNm)

With reference to specific experimental tests reported in Literature, the present approach is
validated in modelling the diffusion of the aggressive agents and the changes in the mechanical
response of simple structural elements. Each test concerns a single and specific damage action
acting over time. With reference to slender R.C. beams, tested after artificial corrosion processes,
the benchmarks regard the capacity of this F.E. modelling approach (a) the rate of carbonation
penetration and of chlorides into R.C. elements at different levels of cracking, (b) the progression
of corrosion, (c) the influence of corrosion on the loading path, on the crack propagation and on
the ultimate load carrying capacity.
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Type B sample
Upper surfaces 1 cm concrete cover

Type A sample
4 cm concrete cover

Bottom surfaces
Fig. 6 LMDC beams (Castel et al. 1999). Loading system in three-points flexion

5.1 Modellization of the carbonation and chloride penetration

In the ‘80/°90 of the past century, a wide experimental program on the effects of the aggressive
environmental agents on the mechanical behaviour of R.C. beams had been carried out (Castel et
al. 1999, Castel et al. 2000, Vidal et al. 2007) at the Laboratoire Matériaux et Durabilité des
Constructions (LMDC), Tolouse (France). Within the LMDC tests, we consider a set of
rectangular beams having the same overall dimensions, but different cover thickness (Fig. 5), and
subjected to constant concentrated loads, sustained for 13 years under different exposure
conditions. Tables 1 and 2 summarize, respectively, the characteristics of the materials and the
beam dimensions.

The beams were tested in couples (Al with B1, A2 with B2), according to the setup shown in
Fig. 6. One couple of specimens was exposed to natural weather conditions, but protected from
rain, in order to study the development of carbonation. Another couple was maintained in a
confined environment containing chloride, in order to study the influence of this specific chemical
agent on the corrosion of the reinforcement.

In the following, the experimental results will be compared with the numerical ones, developed
according to the model proposed in the previous paragraphs.

5.1.1 Penetration of carbonation in a progressive cracking pattern

We consider the couple of beams A2 and B2, exposed to natural weather conditions and
subjected to the same load for the same time (13 years). Under these conditions, we expect that the
different cover thicknesses (c,=40 mm, cg=10 mm), the different response to cracking and the
different distribution of cracking along the span cause perceptible differences in the penetration of
the carbonation. The depth of carbonation was experimentally measured every 20 cm along the
intrados of beam B and along the extrados of beam A, in the fields between the couples of stirrups,
in order to avoid local interferences from the steel bars.

The F.E. models of the beams are shown in Figs. 7(a), (b). Based on the characteristics of the
cement paste and of the concrete mix, a coefficient of carbonation K=3.3 mm/year”? and a
corrosion rate ic,=0.055 mm/year have been assumed in the analysis.

The results are shown in Figs. 7(a) and 7(b). Each figure shows: (i) the comparison between
carbonation depths measured along the beam and obtained respectively from the experimental
measurements and the F.E. analysis; (ii) the comparison between the corresponding crack patterns.
In both beams the F.E. model is suitable to foresee how the depth of carbonation increases from
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Fig. 7 LMDC beams. Numerical and experimental carbonation depth and cracking extension after 13
years for A-type beam (a) and B-type beam (b)

the support to the middle and how such an increase is higher for beam B (+58%) with respect to
beam A (+35%). The numerical results show slightly higher crack widths and wider crack
propagation in beam B, which has a thinner cover depth than beam A.

5.1.2 Penetration of chloride in a progressive cracking pattern

Other LMDC tests were carried out on couples of beams type A and B in a climate room; the
beams were loaded as before and surrounded by a saline fog (Fig. 8). The salt concentration was
35 g/l of NaCl, nearly equal to that of sea water. The experiment lasted 17 years. In the first six
years, the beams were continuously sprayed. From the sixth to the ninth year, they were sprayed
every second week, alternating weeks of wet and dry conditions. During those years, the beams
were kept indoor at a temperature of 20°C. After the ninth year, the climate room was placed
outdoors and exposed to temperatures ranging from -5°C to 35°C. The weekly alternating spraying
continued until the seventeenth year (Vidal et al. 2007).
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Fig. 9 Variation per years of chloride content at the depth of the reinforcement (16 mm) in the
compression zone (a) and in the tension zone (b) of the corroded beam. Comparison between the
numerical analysis and the experimental results obtained by Castel et al. (2000)

The chloride content was measured at midspan and at the depth of the compressed and
tensioned fibres, i.e., at the level of the reinforcement bars.
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Table 3 Main characteristics of the beams tested by Almusallam et al. (2001)

Length Height Width Span Cover Reinforcement
lo (mm) h (mm) b (mm) I (mm) ¢ (mm) As (mm?)
812 63.5 305 711 9.5 5x0.2827/57

Table 4 Mechanical properties of the beam tested by Almusallam et al. (2001) (the values in brackets are not
explicitly reported in the references, but assumed for computations)

f(MPa) f . (MPa) g, (%) E. (MPa)
Concrete
-30 (1.81) (-0.002) (30000)
Steel f, (MPa) f, (MPa) &, (%) E, (MPa) A, (mm?)
475 (750) (14) (200000) 141

The F.E. models of the beams are shown in Figs. 9(a), (b). In the analysis, following parameters
were assumed: (a) surface chloride content C=0.35%, (b) effective diffusion coefficient of
chloride of D,=5x10" m?/sec, (c) diffusion coefficient in the cracked zone of D.=1x10° m’/sec,
(d) corrosion rate i.,=0.122 mm/year. The results are shown in Figs. 9(a) and 9(b).

The figures show: (i) the comparison between the total content of chlorides (CC, weight
percentage, with respect to the cement content), measured at the depth of the reinforcement (16
mm) in the compression zone (a) and in the tension zone (b); (ii) (b) the comparison between the
corresponding crack patterns.

In the compression zone, the agreement between numerical and experimental chloride contents
along time is good. For the tension zone, the agreement is good towards the end of the experiment,
while the intermediate measurement at the fifth year differs sensibly. This gap can be mainly
ascribed to the measurement technique used in the early years of the experimental test, which was
less precise than the one used at the end, as reported in (Vidal et al. 2007). After 3+4 years, it can
be observed that CC exceeds the level assumed as critical by ACI-1985 (0.3%) and by RILEM-
1994 (0.5%). Between the fourteenth and the seventeenth year, CC tends to stabilize, by reaching
the saturation limit (maximum chloride content in the concrete). The comparison between the
corresponding crack patterns results fairly good as it concerns both depth and horizontal
distribution.

5.2 Corrosion propagation and ultimate bearing capacity

The reinforcement corrosion reduces the section of the bars and the bearing capacity of a R.C.
structural element. In the following we refer to a set of slender prismatic beams tested by
Almusallam et al. (Almusallam et al. 1996, Almusallam 2001) and designed to collapse in bending
under uniformly distributed load. Table 3 summarizes the dimensions of the beams. Table 4 lists
the characteristics of the materials.

The specimens were subjected to a particular damaging process. Before the mechanical tests,
the beams were immersed in a 5% NaCl solution and the bars were maintained at a different
electrical potential. Then, when the chloride percentage in the concrete mass of a beam reached a
certain value, the beam was loaded by an increasing distributed load until the collapse.

In the numerical modelling, the specimen was exposed to a uniform external chloride
concentration equal to 5%. Due to the self-weight, the simply supported beams are bent and
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Experimental tests; (b) numerical analysis

b)

slightly cracked in the middle.

The numerical simulation of the chloride diffusion and of the corrosion process started from
this initial condition. When the corrosion degrees reached one of the different levels considered in
the experiments, the load was progressively increased until collapse.

Fig. 10(a) shows the experimental load-displacement curves at different percentages of
reinforcement corrosion. Fig. 10(b) shows the corresponding curves obtained through the
numerical analyses.

The model agrees with the experiments in representing how the progressive corrosion of the
bars causes a corresponding reduction of the overall ductility and of the bearing capacity of the
beams. In addition, the corresponding maximum load levels appear well approximated as well.
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Table 5 Mechanical properties of materials (the values in brackets are not explicitly reported in the

references, but assumed for computations)

f. (MPa) f (MPa) &, (%) E, (MPa)
Concrete
-54.7 6.88 (-0.0025) 40400
N f,(MPa) f, (MPa) &, (%) E, (MPa)
Reinforcing steel /
294 (460) (20) (196000)
f (MPa) f (MPa) £ (%) E. (MPa)
Prestressed tendon y u st s
1610 (1800) (5) (196000)

At high corrosion levels, a relevant mechanical effect was detected both in the experimental
and numerical analyses: failure modes, in fact, changed from flexural to shear type. Such a switch
has some relevance for R.C. beams, in particular for those with small shear reinforcement, but it is
critical for the prestressed concrete beams, in which the corrosion reduces both the sectional area
of the strands and the compression action due to prestressing.

6. Analysis of prestressed concrete beams damaged by corrosion

Prestressed concrete beams subjected to uniform carbonation and localized chloride attack are
now studied. The analyses are aimed at exploring the influence of these damaging agents and of

their localization on the overall mechanical behaviour.
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We refer to a prestressed concrete beam, called RI 5, belonging to a set of prestressed beams
tested by Radogna (1965) at “La Sapienza”, Universita di Roma (Rome) in 1960s. The geometry
of the beam, the reinforcement layout and the tendon profile are shown in Fig. 11. The
characteristics of the materials shown in Table 5 have been used.

6.1 Undamaged beam

Initially, the beam was studied without damage alterations in order to check the reliability of
the mechanical solver only. Under an increasing loading, a systematic comparison among the
numerical and experimental results was carried out. Comparisons regarded displacements, the
onset and the propagation of cracking, the load deflection curve and the ultimate load. Fig. 12
shows a comparison between the experimental and numerical crack patterns and collapse
mechanism at the ultimate load (P,=82 kN)

6.2 Corrosion scenarios

We refer to the typical microclimate conditions surrounding a bridge girder and to the data
recorded during years of survey activity on existing bridges. The external surfaces of the structural
elements are considered as uniformly exposed to the carbon dioxide present in the atmosphere and
hence the carbonation process is considered always active.

As noticed during the surveying activities, the worse damages on a bridge beam frequently
happen in proximity of certain particular sections, where joints, niches or ducts belonging to the
drainage system allow infiltration and stagnation of water or liquids containing deicing salts. So,
the chloride attack is assumed as localised in narrow bands, where the chloride concentration is
assumed to be distributed according to a bell distribution, having vertical axis at the middle of the
band and given by Eqg. (18)
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Table 6 Damaging scenarios

Damaging scenario Carbonation Chloride attack
Ds1 Uniform at both sides At both sides near the bearing support
DS2 Uniform at both sides At both sides in the middle of the shear zone
DS3 Uniform at both sides At both sides at midspan

Table 7 Diffusion and corrosion parameters

K [mm/ \/ye?] D, [mm?/year] D, [mm?/year] IC(Er(r:artE:rrlr;/t i):r?)r] I°°rr(CrE:2:é )Sar]
8 1.6-10" 3.2.10" 0.05 0.122
2
1 X—
f(X)=——="exp —(—'uz) (18)

a/z.ﬁ.G? 2-0

where u and o° are the average value (0) and the variance (0.16) of the bell distribution. The three
different scenarios reported in Table 6 are investigated:

The concentration of chlorides on the surface was set at 2%, while the critical concentration for
reinforcement is stated to be 0.5% of the cement weight. Diffusion and corrosion parameters are
summarised in Table 7.

A concentrated load, equal to 0.60 Py is assumed.

6.2.1 Corrosion scenario CS1 (uniform carbonation and chloride attack near the bearing
support)

The carbonation is assumed as uniform, while the band attacked by chloride is about 200 mm
wide and localised at a distance of 230 mm from the support. Fig. 13 shows the crack patterns and
a macrodivision of the shearing strain yy, at the onset of the collapse.

Fig. 16(a) shows the decrease of the tendon section over time. Corrosion starts after 24 years.
Since then, the section of the tendon gradually decreases until the 35" year, when it abruptly
vanishes. Fig. 16(b) shows the corresponding increase of the displacement at midspan. This
displacement starts to increase after five years, as a consequence of the initial crack propagation
and of minor corrosion effects, and goes on growing slowly. The breaking of the tendon after 35
years does not affect sensibly the time-deflection curve, which continues until the 60" year. The
breaking of the tendon does not even influence the evolution of the shear strains and the crack
pattern remains quite similar to that of the undamaged beam. In conclusion, a localized attack
triggering corrosion near the support does not change the failure mode of this beam with respect to
that in the undamaged state.

6.2.2 Corrosion scenario CS2 (uniform carbonation and chloride attack at the middle of the
shear zone)

The carbonation is assumed to be uniform, while the band attacked by chloride is about 200
mm wide and localized at a distance of 630 mm from the support. Fig. 14 shows the crack patterns
and a macrodivision of the shearing strain y,, at the onset of the collapse.
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Fig. 16(a) shows how, as in the previous case, the corrosion starts after 24 years, while the
tendom section decreases until the 36" year, when it reaches its breaking point (Fig. 16(a)). The
displacement at midspan starts to increase after five years (Fig. 16(b)). However, in this case,
when tendon breaks, the displacement diverges and the beam fails suddenly. The failure mode is
not yet flexural, as in the undamaged beam. In the shear span, large shearing strains occur and the
crack pattern shows newly-formed cracks, with a 45° orientation in the shear zone. Hence, a
localized attack causing the corrosion of the tendon at the shear span changes the failure mode of
the beam, which switches from flexural to shear type.
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for different corrosion scenarios CS1, CS2, CS3
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6.2.3 Corrosion scenario CS3 (uniform carbonation and chloride attack at the midspan)

The carbonation is assumed to be uniform, while the band attacked by chloride is about 200
mm wide and localized across midspan. Fig. 15 shows the crack patterns and a macrodivision of
the shearing strain y,, at the onset of the collapse.

As shown in Fig. 16(a), corrosion starts after nine years and the tendon section vanishes in at
the 18" year. The displacement at midspan starts to increase after five years. After the 9" years,
the displacement rapidly increases until the beam collapse, which occurs after 18 years. As one can
see from Fig. 15, the failure mode remains flexural.

6.3 A comparison among the mechanical behavior in the three scenarios

As already shown, Fig. 16(a) summarizes the reduction over time of the sectional area of the
prestressing tendon and Fig. 16(b) summarizes the increment over time of the mid-span
displacement for the different scenarios CS1 CS3.

The onset of corrosion and the collapse caused by corrosion happen quite early when the attack
occurs at midspan. Such a behavior can be attributed to the presence of more severe flexural cracks
in the middle of the beam when a localized attack takes place. This accelerates the reinforcement
degradation process with respect to the other scenarios, in which the attack occurs in areas not yet
exhibiting cracks.

It is also important to compare the different collapse modes. Beam RI 5 was designed so that
the collapse mechanism would be flexural. The macro division of the shearing strain zones, shown
in Figs. 13-15, contributes in highlighting how the corrosion of the tendon may contribute in
switching the failure mode from flexural to shear.

7. Conclusions

This paper presents a computational approach to the analysis of reinforced and prestressed
concrete elements under long-term loading conditions, and subjected to given damaging scenarios.
The effects of the diffusion of aggressive agents, of the onset and the development of the corrosion
state in the reinforcement and the corresponding mechanical response are studied. As known, the
corrosion on the reinforcing bars influences the damaging rate in the cracking pattern evolution;
hence, the damage development and the mechanical behaviors are considered as coupled
phenomena.

The model reliability is validated in studying the diffusion of the aggressive agents and the
corresponding changes in the mechanical response of simple structural elements against
experimental data is reported in Literature. These elements consist of simply supported reinforced
concrete beams, subjected to carbonation and chloride. The benchmarks show how the analysis is
able to reproduce the penetration rate of carbonation and chlorides at different levels of cracking,
the progression of the steel corrosion process, the evolution of the cracking pattern and the
influence of all those factors on the ultimate load carrying capacity.

A second set of applications concerns the behavior of a P.C. beam exposed to the attack of
chlorides and carbonation. At first, the beam is studied in its sound state, for which the result of the
experimental test are available. Then, the same beam is analyzed in damaged states, described by
three different attack scenarios. The analyses highlight the influence of the degradation process on
the non-linear response of the structure and on its failure mode. In particular, it is shown how,
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depending on where the corrosive attack occurs, a beam designed for a flexural collapse in the
sound state may switch to an earlier shear type collapse due to corrosion.

In synthesis, such modelling technique has proved to be able to catch the effects of the
propagation of environmental aggressive agents, their evolution over the time and the time steps
corresponding to the onset of critical service and/or ultimate states and the collapse mode.

Since many bridges that are more than 40-50 years old are clearly affected by damaged states,
this approach may result in a useful contribution in assessing the structural reliability, the
evolution of the residual bearing capacity and of the expediency, as well as the effectiveness of
repairing actions. These are the reasons why it could play an important role in the infrastructure
management.
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Appendix: Sectional area reduction due to pitting

Referring to Fig. 2, the following geometrical relationships between pit depth and reduced
cross-sectional area of a rebar come out.
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