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Abstract

Corrosion reduces the area of reinforcement steel, affects its mechanical
properties, the bond properties, and produces concrete cracking. Thus, reduc-
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tion of the bearing capacity and stiffness, increments of deflections and redis-
tribution of stresses and internal forces, in statically indeterminate structures,
take place. In addition, the efficiency of strengthening systems of corroded
structures depends on their state of stresses, strains and damage previously to
strengthening. In this paper, a nonlinear and time dependent step by step anal-
N . ysis model for reinforced and prestressed concrete frames is presented. The
Funding information

Ministerio de Ciencia e Innovacién,

Grant/Award Number:
RTI2018-097314-B-C21

model is capable of capturing the structural effects of corrosion and the effects
of strengthening interventions, necessary to adequately assess corroded and
strengthened structures. Several cases of corroded and strengthened structures
are analyzed and the results discussed.
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1 | INTRODUCTION

cover. As the reinforcement becomes more exposed, the
corrosion rate increases, accelerating the deterioration pro-

Corrosion of steel is one of the most frequent and relevant
deterioration processes suffered by reinforced concrete
structures. Steel corrosion causes a reduction of the rein-
forcement area, changes in the reinforcing bars mechanical
properties’ and loss of bond properties between steel and
concrete.>> In addition, volumetric expansion of corrosion
products causes splitting stresses along corroded reinforce-
ment, leading to cracking and eventually spalling of the

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

cess.* As a consequence of these phenomena, a reduction in
the service performance and strength takes place.

When a statically determinate structure undergoes steel
corrosion, the reduction of steel area in the most corroded
region may result in the formation of a plastic hinge and
eventually evolve into a collapse mechanism. However, stat-
ically indeterminate structures, due to their redundancy,
have the capacity to redistribute internal forces between the
most and the least damaged regions, so that the formation
of a plastic hinge does not necessarily lead to structural col-
lapse.” As a consequence, they are more capable to accom-
modate the effects of higher corrosion levels than statically
determinate structures. However, the capacity of internal
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forces redistribution and the higher stiffness associated with
redundant structures (i.e., continuous vs. simply supported
bridge decks) can hide the actual level of damage of the
structure in such a way that it might not be adequately esti-
mated by visual inspections.

In prestressed concrete (PC) structures, the high
stress level in the tendons radically modifies the steel cor-
rosion process. The stress corrosion is characterized by
the coupling between the conventional corrosion (pitting
attacks in chloride environment) and the steel micro-
cracking, the latter induced by the high stress level and
hydrogen embrittlement.® Consequently, for a low corro-
sion level of the tendon and under normal service loading,
the steel micro-cracking can lead to brittle failure. How-
ever, studies regarding the structural response of PC struc-
tures affected by corrosion are still rather limited, if
compared to the literature about corroded RC elements.”®

Many corroded structures must be strengthened in order
to ensure the required levels of serviceability and safety along
their service life. For this purpose, it is necessary to realisti-
cally assess the structural response before and after the inter-
vention. The capacity and serviceability performance of the
strengthened structure depend on the previous state of
stresses, strains, cracks and, in general, the existing damage.
Therefore, sequential step by step non-linear analysis models,
accounting for the load, time history, evolution of materials
properties, structural scheme and boundary conditions, may
become very helpful for simulating the effects of deteriora-
tion, repair and strengthening operations, and therefore for
assessing the efficiency of the strengthening system.

In this paper, an extension of a previously developed
nonlinear analysis model developed by Mari® is presented
to consider in a simplified way the deterioration effects due
to corrosion of steel and the effects of different types of
strengthening operations. Comparisons between the results
predicted by the model with those experimentally measured
in corroded beams are presented. In addition, two theoreti-
cal examples of corroded and strengthened concrete beams
are presented, to show the capabilities to capture the com-
plex phenomena that take place in corroded structures and
the efficiency of the strengthening systems proposed.

2 | NUMERICAL SIMULATION OF
THE STRUCTURAL EFFECTS

OF CORROSION AND
STRENGTHENING

2.1 | Brief description of the
analytical model

The previously developed non-linear and time-dependent
analysis model CONS’ for 3D concrete frames was modified

to include the effects of steel and concrete deterioration
due to the corrosion phenomenon and to simulate the
effects of strengthening operations. A filament beam ele-
ment (Figure 1) with arbitrary cross-section and 13 degrees
of freedom is used by the model together with non-linear
constitutive equations for the reinforcing and prestressing
steel and for the concrete filaments, to account for the
non-linear response under increasing loading levels.

The model can take into account the material and
geometrical non-linearities as well as the time effects due
to creep, shrinkage and relaxation of prestressing steel.
Creep strain of concrete is evaluated by an age dependent
integral formulation based on the principle of superposi-
tion, using a Dirichlet series as creep function. A time
step-by-step procedure is carried out in which increments
of displacements, strains and other structural quantities
are successively added to the previous totals as we march
forward in the time domain. Construction steps are
defined in which changes in geometry, loads and bound-
ary conditions can take place. The time interval between
construction steps is divided into time steps. At each time
step, the structure is analyzed under the external applied
loads and under the imposed deformations originated
during the previous time interval. Iterative procedures
using load or displacement control, combined with
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incremental analyses are used to trace the structural
response along the structure service life throughout the
elastic, cracked and ultimate load levels. The capacity of
the model to capture the time-dependent effects of seg-
mental construction was experimentally checked by Mari
and Valdés.'® Post-tensioning tendons can have a straight
or parabolic layout, see Figure 2.

When stressing the tendons, the equivalent pre-
stressing forces obtained by equilibrium of the tendons
are applied over the structures. Once the tendons are
bonded by grouting the ducts, their deformation follow
that of the concrete so that under applied external loads,
variations of strains at any point of the prestressing ten-
dons take place and are captured by the model. Then,
variations of stresses (after subtracting the relaxation
losses) and tendons force are evaluated along the elapsed
time. Then, the prestressing loads are updated and the
new system of non-linear equations is set.

The incremental and iterative procedure strategy
implemented allows tracing the structural response
under the elastic, cracked and ultimate ranges up to fail-
ure. Most modifications that may take place during the
construction process and along the service life, such as
deterioration of materials areas and properties, changes
in the longitudinal and cross sections geometry, struc-
tural scheme, material properties and applied loads, can
be simulated by the model, through a step by step solu-
tion scheme, as explained next.

2.2 | Simulation of steel corrosion effects
Corrosion of steel produces a loss of area of the affected
bar or wire, and, consequently, a loss of flexural capacity
and stiffness of the reinforcement and, in prestressed
structures, a loss of the prestressing force. Furthermore,
in the case of pitting corrosion, non-symmetric loss of
area of bars with different properties in the inner and
outer layers (i.e., ferrite-perlite and martensite), changes
in the effective reinforcing bars properties (yield stress,
ultimate stress and strain or modulus of elasticity) also
take place.

The non-linear analysis model CONS was modified to
reproduce the reduction of the reinforcement steel area in
ordinary bars and in prestressing wires.'"'* It should be
noticed that corrosion induced by carbonation and chlo-
rides contamination tend to be of the type uniform and
pitting, respectively. Both types of corrosion can be simu-
lated as progressive loss of area, by considering different
effective areas loss. The modifications of the bars or strand
properties due to corrosion have not been included in the
model for the time being. The loss of steel area due to cor-
rosion is estimated through the following equation:

0 0.2 0.4 0.6 0.8 1
(t-ti)/(tf-tfi)

FIGURE 3
Equation (1) for different values of

Different acceleration area loss simulated by

=G)] o

where A(ty) is the initial area of steel, ¢ is the elapsed
time since the initiation of the corrosion, ¢; is the instant
of the initiation of the corrosion and, t; is the instant
when the steel is totally corroded, so that A(¢;) = 0. D(t)
is a function defining the time evolution of the damage
and g is an exponent related to the corrosion rate. For
p = 1, the reduction of steel area occurs at a constant
time rate, while for f > 1 and § < 1 the area reduction
accelerates or decelerates, respectively. As can be seen
in Figure 3, this area degradation model can be fitted to
reproduce the influence of the bar size on the rate area
reduction, or the increase of rate after cracking or loss
of cover.

Similarly, an increase in the volume of corrosion
products (rust) can cause concrete to crack, and eventu-
ally to spall off the cover. Thanks to the evolutionary
capabilities of the model, this phenomenon can be con-
sidered as well by elimination of one or more concrete
layers at specified times. The exact moment in which
concrete spalling takes place is generally uncertain and
shows great variability. However, it is accepted that the
starting point of loosing of concrete cover may be consid-
ered when the attack penetration (chlorides or carbon-
ation) reaches the value for crack initiation (Pxo)'%;
the time of cover spalling is, therefore, bigger or equal to
the moment reaching this penetration. The attack pene-
tration that initiates cracking may be estimated as in
Equation (2); where % is the cover to diameter ratio and
Jesp 1s the splitting resistance in MPa.

A(t) = A(to)[1 = De(1)] = Alto)

Pro— (83.8+7.4§—22.6fc,sp> 1030 (2

The loss of steel area results in a reduction in capacity
and in stiffness of any cross section affected by corrosion.
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Thus, when performing the computation of internal
forces, by integration of the stresses at the sections placed
at the element's Gauss points, the external forces will not
be balanced by the internal ones. Then, these unbalanced
forces are automatically introduced in the non-linear iter-
ative scheme, until equilibrium is obtained. As a conse-
quence of corrosion, increments of stresses and strains in
concrete and steel, increments of deflections (due to the
loss of stiffness) and redistribution of internal forces takes
place to satisfy equilibrium and compatibility conditions
for the current state of the materials.

2.3 | Simulation of the structural effects
of strengthening

Along the time step by step procedure, the numerical
model allows introducing changes in most parameters
and conditions affecting the structural behavior along
the entire service life. Such changes may be related to
the section geometry, longitudinal structural scheme,
support conditions, materials properties, reinforce-
ment areas, prestressing areas and forces, links
between elements, applied loads and imposed defor-
mations. Thus, the following situations related to
remodeling and strengthening of structures can be
simulated: substitution of damaged concrete parts,
enlargement of concrete cross section, placement of
new reinforcement bars, steel plates or bonded FRP
laminates, placement or removal of temporary shores,
imposed movements, blocking of pins, monolithically
connect elements and application of external pre-
stressing, among others.'*">

A
" opening

Straight tendon profile

With this scheme, the response of structures before
and after the strengthening can be obtained, including
the effects of previous damage and those of the repair,
retrofit or strengthening operations.

3 | VERIFICATION OF
THE MODEL

3.1 | Simulation of experimental test on
a simply supported post-tensioned concrete
beam with cutted wires to reproduce
pitting corrosion effects

An experimental campaign was carried out to study the
structural effects of the loss of steel area in a post-
tensioned tendon of eight strands of 140 mm? each, to sim-
ulate effects of pitting corrosion.'® For this purpose, four
simply supported post-tensioned beams of 8 m total length
and 7.5 m span length were tested under a concentrate
load until failure. After prestressing the cables, the effect
of the loss of steel area in the tendon was simulated by
introducing by means of a mechanical cut in one of the
wires. This cut was made in four of the eight strands. The
experimental response was monitored through the evolu-
tion of strain using fiber optic strain gauges attached to
the unaffected wires. Two beams were casted with a para-
bolic tendon profile, while the tendon profile of the other
two was straight, as seen in Figure 4.

Concrete design strength was fc = 35 MPa. A rectan-
gular opening was made in one of the sides of the beam,
at mid-span section of all the specimens tested, in order
to have easy access to the duct and strands.

Parabolic tendon profile

‘» opening
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i
0.15J ‘> ‘ 0.15
A — 0.50 —=—
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FIGURE 4 Beams subjected to simulated pitting corrosion,'
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The tendon eccentricity in the beams with parabolic Figure 6 shows the fiber optic sensors and strain gauges
profile was 0.15 m in the downward direction in the mid- glued to the unaffected wires. Afterwards, all the specimens
span, and 0.10 m in the upward direction at the edge of = were tested until failure under 3-point load test.
the specimens (Figure 3a). The tendon eccentricity in the
specimens with straight profile was 0.10 m.

Figure 5 shows longitudinal and transversal mild 3.2 | Comparison between the predicted
reinforcement used for all the specimens. and the experimental results

The specimens were post-tensioned at 14 days after con-
crete casting, with a jacking stress of 1450 MPa. The wedge  In order to validate the model, the numerical simulation
penetration was reported as 5mm and the friction and  of beam V2, with a parabolic tendon layout is performed
wobble coefficients are 4 = 0.21 and K/u = 0.006 1/m,  (Figure 7). The effect of loss of steel area produced by
respectively. The long-term relaxation was estimated as 8%. pitting corrosion was simulated by mechanical cutting a

MILD REINFORCEMENT
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FIGURE 5 Beams passive reinforcement,®

FIGURE 6 Fiber optic sensors,®
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FIGURE 7
concrete beam tested, '

Monitoring of the strands of the post-tensioned

Experimental beam Villalba-V2.1
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FIGURE 8 Experimental and numerical load-displacement
curves

wire in four strands, that is, 4 out of the 8 strands of
7 wires (A, = 140 mm?), were affected by pitting
corrosion.

All the experimental phases were reproduced with
the numerical model. Firstly, prestressing load and
dead weight is applied after 14 days. Then, time effects,
that took place until the day of the load test, carried
out at the age of 31 days for this specimen, were simu-
lated. Finally, an incremental point load is introduced
until failure.

Figure 8 shows a comparison of the load-displacement
curves obtained both experimentally and numerically, in
two cases: taking into account and neglecting the loss of
area. Good agreement is observed, particularly in the pre-
diction of the failure load; which was 625 kN in test, while

Experimental beam Villalba-V2.1

250 ;
—m— Numerical with corrosion H
—¥— Numerical without corrosion
200
g Py
3 150
©
o
2
£ 100
o}
(2]
50 2 g
v, o
@ ko
T T b T T T > T
100 200 300 400 500 600 700
Point Load test (kN)
FIGURE 9 Force at strands affected and not affected by pitting

the model prediction was 620 kN, which implies a differ-
ence of 0.8%. Similarly, the elastic stiffness of the experi-
ment and the numerical prediction are almost the same.
However, the numerical model slightly over predicts the
post-cracking deflection. On the other hand, if the effect of
pitting corrosion is not considered in the model, the
predicted failure load is 660 kN, which is a difference of
5.6% with respect to the experimentation and the model
considering strand pitting.

Figure 9 shows the evolution of the strand force for
the units affected by the pitting corrosion and the intact
ones. It can be seen that the corroded strands develop less
force because of the loss of steel area.

An important increment of the strand force is
observed after the cracking is produced for a load of
280 kN. For a point load of 540 kN, yielding of the
active reinforcement occurs; however, the beam shows
additional increment of load capacity as some of the
longitudinal passive bars are still in elastic range. The
maximum load capacity is reached after yielding of
both passive and active reinforcement.

4 | ANALYSIS OF ARC
PEDESTRIAN BRIDGE SUBJECTED
TO STEEL CORROSION

A three-span continuous reinforced concrete pedestrian
bridge is analyzed in this section. The structure is located
in a marine environment, and is affected by corrosion of
the bottom layer of reinforcement.’” The geometry and
reinforcement of the bridge is shown in Figure 10. The
concrete and steel strengths are fc = 30 MPa and
fy = 500 MPa, respectively. The loads acting on the struc-
ture are its self-weight (SW = 70 kN/m), a dead load
(DL = 10 kN/m), and a live load (LL = 52 kKN/m). It is
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assumed that, at the age of 28 days, the structure is sub-
jected to the total nominal load, as a result of a load test
previous to service situation. Afterwards, the structure is
unloaded to the level of quasi-permanent loads (SW
+ DL + 0.4LL = 100.8 kN/m), that is maintained con-
stant until the time of corrosion initiation. During this
phase, the effects of creep, shrinkage and relaxation take
place. The initiation of corrosion takes place at 1000 days
at a corrosion rate of 2 - 10~ mm/day. It is assumed that
spalling of the bottom concrete takes place at 2000 days.
In order to study the evolution of the structure carrying
capacity with the corrosion degree, an incremental analy-
sis up to failure under a distributed load along the whole

fibl -

bridge length was made at different instants, after con-
struction of the bridge.

Figure 11a shows the evolution of the midspan
deflection with time, with and without corrosion, as a
function of the degree of corrosion. As the reinforce-
ment area reduces and the cover is lost, the deflections
increase considerably. In the same figure, the effects of
a repair carried out at 4300 days is shown. The repair
consists of protecting the bars and replacing the con-
crete cover to stop the progression of corrosion. It can
be seen that, even though no additional reinforcement
is added, deflections remain almost constant, probably
due to the fact that almost all creep and shrinkage
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FIGURE 12

have already taken place, the cracks have been sealed
and the concrete cover has been restored, so that no
further loss of steel and increments of crack widths
take place.

Figure 11b shows the evolution with time of the
bending moments at the support and at the bridge
midspan. It can be observed that a redistribution of
bending moments due to the materials deterioration
takes place, decreasing the positive bending moment
from 1000 kNm up to a very small value; at the same
time, the negative moment increases from 1500 to
2500 kNm.

Figure 12a shows the steel stresses at the support and
at mid span sections. It is observed that tensile steel
stresses at the center span section increase with time, due
to the loss of steel section, while the tensile stresses at the
support section also increase due to the redistribution of
internal forces.

Figure 12b shows the load-displacements-curves for
different degrees of corrosion and the ultimate capacity
of the bridge, loaded with a distributed load along its
entire length. It can be seen that corrosion reduces the
total load that can carry the structure. For the case of cor-
rosion initiation at 1000 days, the reduction factors for
3000, 5000, 7000 and 9000 days are 13.8%, 24.2%, 31.0%
and 43.0%, respectively.

5 | CONCLUSIONS

Corrosion of steel reinforcement produces local effects as
well as changes in the overall response of a structure. In
addition, the efficiency of a strengthening intervention
depends, among other factors, on the previous state of

Midspan displacement (m)

(a) Evolution of reinforcement stresses. (b) Load-displacement for different corrosion levels

strains, stresses and damage of the structure. Nonlinear
analytical models capable of capturing these effects are
very adequate to assess deteriorated and strengthened
structures.

In this paper an analytical model capable of tracing
the structural response of reinforced concrete frames
under loads and environmental actions, including dete-
rioration of materials and the effects of strengthening
operations, has been presented. The experimentally
measured response of a tested post-tensioned concrete
beam in which wires have been cut to simulate the
structural effects of pitting corrosion, has been simu-
lated with the developed model. Very good agreement
has been obtained in the load-displacement curve of
the “corroded” beam. Furthermore, the model has
shown its capability to provide the increments of
stresses, strains, prestressing force and deflections
under incremental load in the elastic, cracked and ulti-
mate ranges.

A case study has been carried out to shown the capa-
bilities of the model to reproduce the structural effects of
reinforcement corrosion and the efficiency of a repair
intervention. The structure studied consists of a three
span continuous pedestrian bridge with a solid slab cross
section, subjected to corrosion of the bottom reinforce-
ment. Redistribution of internal forces, increments of
stresses and displacements and reduction of the structure
carrying capacity have been consistently captured by the
model. Since the model is based on beam-column ele-
ments, and its results can be easily interpreted by struc-
tural engineers, it is a proper tool for the serviceability
and safety assessment of structures along their lifetime.

Further improvements are being currently introduced
in the model, such as the effects of corrosion on the
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transverse reinforcement, the automatic updating of
the steel mechanical properties in the reinforcement due
to corrosion and the effects of bond deterioration on the
structural behavior.
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