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Abstract

A generalized cyclic steel model characterized by isotropic and kinematic harden-
ing, inelastic buckling in compression and corrosion of rebars in reinforced con-
crete (RC) structures is presented. The model has been implemented in a fiber
code, to perform seismic analyses of RC sections. The model is particularly accu-
rate with respect to experimental cyclic behavior of rebars with buckling in com-
pression when the strain does not exceed 1.5%. Twelve configurations of RC cross
sections were selected as case studies for three geometries and different steel
arrangements, assumed representative of RC columns or bridge piers (in a suitable
scale). Each section was subjected to two groups of cyclic curvature histories rep-
resentative of severe seismic loads, not far from collapse. Different axial loads and
corrosion percentages (no corrosion, moderate, or high) have been selected to per-
form cyclic parametric analyses. One of the cases was taken from an experimental
test on columns, deriving also steel characteristics used in all numerical cases.
The results of the comparison among RC sections have been discussed. Numerical
results show that the maximum compressive strain for steel rebars is always
smaller than 1.5%, therefore the proposed steel model is accurate and represents a
valid tool for structural assessment. Corrosion reduces RC section capacity, affect-
ing various rebar mechanical characteristics, in particular buckling behavior.
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which brings to a reduction of the structural capacity,
especially for lack of or improper maintenance interven-

Reinforced Concrete (RC) structures are subjected to deg-
radation phenomena during their service life, one of the
main causes being the corrosion of steel reinforcement,

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.

tions, design errors and construction defects.'™

Carbonatation and high chloride concentrations are
the main causes of rebar corrosion. While car-
bonatation leads to uniform bar section reduction,
localized corrosion mechanisms, such as pitting, can
arise in RC elements in chloride-containing envi-
ronments,* bringing to a nonuniform reduction of the
rebar area.
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The so-called average uniform section reduction has,
however, a certain degree of irregularity, which changes
rebar section in different positions resulting in an eccen-
tricity of the rebar axial load. Therefore, longitudinal
rebars are subjected to axial load and bending while inev-
itable stress concentrations arise. The overall rebar capac-
ity is reduced in terms of axial force in proportion to the
new cross section areas and for the presence of bending,
while ultimate strain reduces together with an increased
buckling attitude.” Uniform area reduction of stirrups
decreases member shear strength and flexural ductility.®
Shear strength is reduced due to: (a) lower stirrups yield
force; (b) lower plastic distribution of the force among
the stirrups, due to reduced ductility of the rebars. Flex-
ural ductility of the corroded members decreases as stir-
rup confinement is less effective due to: (a) reduction of
stirrups yield force and its consequent confinement of
concrete sections; (b) reduction of tensile deformation
capacity of rebars, with possible premature breakage;
(c) formation of a gap between longitudinal and transver-
sal rebars. This latter increases the longitudinal rebar free
length (usually equal to stirrups spacing), therefore wors-
ening the buckling attitude of rebars and reducing the
effectivity of confinement too. In the event of stirrup
breakage, the free length of the intercepted longitudinal
reinforcements could even double, this case is not treated
here but is relatively straightforward.

Furthermore, pitting corrosion reduces in an
ununiform way the rebar sections producing large local-
ized strains due to abrupt bar section reductions. The
ductility of the longitudinal rebar decreases reducing the
flexural ductility of the RC member.”®

Pitting corrosion, which becomes dominant for high
chloride concentrations, enhances dramatically the phe-
nomena described in case of uniform corrosion, in partic-
ular ductility capacity becomes very small due to high
strain concentration.

Corrosion, especially pitting, has indirect effects on
concrete because rust expansion produces tensile stresses
with consequent cracking in concrete, and deterioration
of the steel-concrete bond quality.’

Note that in case of high uniform corrosion percent-
ages there is an inevitable presence of pitting corrosion
with all its negative implications.

Structures subjected to repeated cyclic loads, as those
located in earthquake-prone regions, are particularly vulner-
able to corrosion, due to the smaller monotonic and cyclic
ductility capacity resulting in a reduction of energy dissipa-
tion and equivalent damping, with possible crises due to low-
cycle fatigue with member failure just after few cycles."

Based on the previous considerations, it is important
to include corrosion effects to assess RC members and to
evaluate properly the structural retrofitting''™'® The

paper at hand presents an analytical investigation of the
hysteretic axial-bending behavior of RC sections in pres-
ence of corroded rebars. The analysis is carried out by
means of CYRUS-M, a fiber program used to simulate
the cyclic behavior of RC sections, developed using
Matlab."” CYRUS-M assumes perfect bond between con-
crete and steel rebars. For these latter a generalized
numerical model including corrosion is proposed. The
model extends, for the case of corroded bars, the one by
Monti and Nuti'® and Zhou et al.,'®*® describing the
cyclic behavior of longitudinal rebars with inelastic buck-
ling in compression. The scope of this investigation is to
show the validity of this unified formulation of steel
behavior, which allows dealing with the structural
section from its construction, in uncorroded state, to its
evolution with time in case of corrosion.

In the first part of this paper we determined the varia-
tion of mechanical characteristics of rebars as a function
of corrosion percentage: ¥ = 100*(my—m)/m, (my: mass
of the uncorroded bar; m: mass of the corroded bar). The
number of experimental data available in literature is
limited,*'"**> among those the two former describe tests
on corroded elements where steel reinforcement has sim-
ilar mechanical characteristics and permit their use as
reference for our calibrations.

Eventually, the model parameter variation here
derived between the two reference cases seems signifi-
cant, while dispersion is large even in each of the cases.
We decided to use the data from Reference 22 only in the
analyses, assuming that each steel has its behavior that
must be characterized. Therefore, the present paper rep-
resents the state of an ongoing research without
pretending to give conclusive results, while there is the
need of further experimental tests for what concerns cor-
roded steel parameters.

The generalized numerical model for bar cyclic
behavior with buckling in compression including corro-
sion is then presented.

Without claiming to exhaust the problem, three
section geometries, assumed representative of RC col-
umns or bridge piers (in a suitable scale), under cyclic
bending and constant axial load are investigated. For
every geometry, four different reinforcement quantities
are considered, for a total of twelve sections (three
section heights and four reinforcement quantities). The
different heights of the section intend to explore the max-
imum strain demand of longitudinal steel rebars.

Two groups of cyclic curvature histories, representing
the response under severe earthquake loading conditions,
were applied to each section: the first imposes the same
maximum curvature ductility demand to each section,
while the second imposes the maximum curvatures that
brings, in each case of geometry and axial load, steel in
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compression to a strain of 1.5%. If this strain is not over-
taken, the negative linear assumption of steel stress strain
in compression in case of buckling coincides with the
experimental evidence resulting very accurate. Compar-
ing the former curvature histories with the latter, it is
shown that the strain of 1.5% in compression in real
structures is far beyond seismic demand even for very
severe seismic input.

The parameters that mainly influence the cyclic
behavior of RC sections are the axial load and steel corro-
sion percentage. The two parameters were varied with
two different patterns: (i) fixing a percentage of corrosion
and varying the nondimensional axial force on the
section v (v = N/(f. Ao, f-: concrete compression strength,
A.: section area b-h); (ii) fixing the v value and varying
the percentage of corrosion.

The outcomes of the parametric analyses are reported
in terms of maximum steel strain in tension and com-
pression, and moment/curvature behavior for the cor-
roded and the uncorroded RC sections are discussed. The
validity of the cyclic model for steel with the “simple” lin-
ear descending envelope in compression is proved.

2 | GEOMETRIES AND
MECHANICAL PROPERTIES

Corrosion produces a change in the geometry of steel
rebars and their mechanical properties. The equivalent
(assuming circular section after corrosion) corroded rebar
diameter D' can be evaluated by Equation (1):

mo—m

D'=D- (1— >:D- (1-¥/100) (1)

mg
Where D is the diameter of the uncorroded rebar,
while corrosion percentage, as defined in § 1, is:

moy—m
Y=

-100 2
- @

The mechanical property X'; (i = stress/force/strain)
of the corroded rebar in case of corrosion (uniform or
pitting) may be expressed as function of the uncorroded
bar mechanical property X; (i = stress/force/strain) by
Equation (3).

Xi=Xi-(1=p-¥) (3)

Where f”; is the coefficient which takes into account
uniform or pitting corrosion.® The superscript ” for the
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parameter  means that the parameter X;' refers to the
corroded areas (for example the ultimate stresses are the
force divided by the corroded area).

As anticipated in §1, we have derived the presented
values of f”; with reference to 21.>> The experimental
load strain curves of the rebar in tension obtained in Ref-
erence 21, for different corrosion percentages, are shown
in Figure 1a, while the mechanical parameters of the cor-
roded rebar used in this work are defined in Figure 1b. f,,
fus fmaxs and €, €, €ax are the yield, ultimate and maxi-
mum strengths and strains, respectively. E, is the initial
Young modulus of steel, and by is the hardening ratio.

Figure 2 shows the obtained coefficients 4”; as func-
tion of corrosion percentages for i = f, fnax €mae and
b (for* i = f,, fuax Only). In case*" we have fitted with a
constant or with a linear function of ¥. Though the
mechanical characteristics of reinforcing steel utilized
the two test campaign,*"** are similar, the derived values
of "5 and f"4uac are very different 400 and 3,000%,
respectively for a constant value fit (generally adopted in
the technical literature), but even larger for large ¥ in
case of linear fit in Reference 21. On the base of these
results we should conclude that the variation with ¥
could change from steel to steel, however, further experi-
mental results are needed to draw general conclusion.

In the following of this paper we decided to refer to
Reference 21, from which we could derive the decay of
all parameters. We adopted the linear variation
/"5 = 0.0011¥, which, for this data fitting, seems more
accurate, with respect to the constant value f"5; = 0.20.
This will have an influence on moment curvature results
for large ¥ values, see §5.

Corrosion reduces the diameters of the longitudi-
nal rebars and the stirrups, D and Dy, respectively,
while a gap G creates between longitudinal and trans-
versal reinforcement, see Figure 3. Buckling arises, in
the compressed longitudinal rebars, when the slen-
derness 4 = L/D, where L is the free length in com-
pression that is, the distance between the hinges in
buckling, is greater than the critical value of the slen-
derness ., [Equation (4)]:

.

Ao =5/\ 450

(4)
where f,. is the yield stress in compression. L is usually
assumed equal to stirrup spacing as stirrups impede
transverse movement of rebars. Corrosion increases slen-
derness as longitudinal rebar can displace laterally of the
gap G until they touch the stirrup, increasing L: L' > L,
while decreasing D, thus A’ > A. Figure 3 illustrates this
phenomenon on a bridge pier.
The gap G is given by Equation (5) (see Figure 3):
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2 2

G=

(5)

Where D, and D'y, are the uncorroded and cor-
roded stirrup diameters, respectively. The free length
for the corroded rebars L' can be given by
Equation (6)**:

L'=L+2-u-G (6)

where y is a coefficient greater than 0.

Based on some preliminary evaluations,* it is
assumed as first guess that x = 5 (though additional eval-
uations should be carried out as at the moment no papers
exist on the topic).

Corrosion - ¥ [%]

From Equation (4), for the corroded rebar, the critical
slenderness 1., is given by Equation (7):

H=s e )

450

where f. is the yield stress of the corroded rebar in com-
pression. Note that usually yielding stress f. reduces
with corrosion percentage ¥, therefore 1’ > A,

Figure 4 shows the slenderness A’ and /', as function
of the corrosion percentage ¥ in case p = 0,1,3,5,7 in
Equation (6), for a stirrup spacing of 70 mm. One can
note that buckling can be excluded for ¥ < 5%, as
A’ < A When corrosion percentage increases and varies
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Before Corrosion

/ Long. rebar

| —Stirrup

After Corrosion

Long. rebar

| —Stirrup

FIGURE 3

Reduced Stirrup
iy diameter Y

(a) Scheme of Gap G between stirrups and longitudinal rebars, in brown is the eliminated steel for the effect of corrosion;

(b) Corrosion on a bridge pier with gap formation; (c) rebar buckling mechanism: uncorroded (solid black line) and corroded (dashed red

line) rebar

between 5 and 18%, the value of X, slightly increases,
however less than A for p = 5, 7 for which buckling
arises. To investigate the effect of p, one can see in
Figure 4 that for p = 1 or 3 buckling never happens,
while for values larger than p =5 corrosion leads to buck-
ling. The effect of the gap between stirrup and longitudi-
nal rebars seems worth to be investigated in future
works.

On the other hand it has to be highlighted that the
level of uncertainty for high corrosion values is very high,
therefore one should be cautious to consider the positive
effect of yielding stress reduction with respect to buckling
(Equation (7)) and the effect of the gap, previously
described, should be taken into account.

3 | CYCLICMODEL FOR
CORRODED REBARS AND RC
SECTION ANALYSIS

The authors of the present paper proposed a generalized
cyclic steel model characterized by isotropic and kine-
matic hardening with possible inelastic buckling in
compression.**'?

Basically, the model defines the envelope skeleton
curve, constituted by straight segments, with elastic and
plastic branches, characterized by the E modulus and
hardening b, intersecting in the yielding (¢,", f,") and
inversion (&, f,*"*) points, respectively.

Buckling arises, in the compressed longitudinal
rebars, when the slenderness 1 > A, in this case b is
negative.

The skeleton curves represent the asymptotes of load-
ing and reloading curves (RLCs), starting from the inver-
sion points. RLCs are of the well-known Menegotto-Pinto
type,> given by Equations (8) and (9):

6.50

6.00

5.50

5.00

4.50

4.00

0 5 10 15 20
Corrosion ¥ [%]
—N-p=0 ==i'-p=5
— N-p=1 = XN-p=7

FIGURE 4 Slenderness A (stirrup spacing 70 mm) for
different corrosion percentages and p = 0,1,3,5,7; ', for different
corrosion percentages

* * 1_n'*
o =b"-¢ +(b#

1
(1 + &R )R

S G e T Gl
c = ;e = (9)
(r2=ri) (ep-er1)

n is the half loading cycle number, R" the parameter that
governs the transition from the elastic to inelastic branch,
the smaller R” the smoother is the transition.

The yielding points of the skeleton curves vary
according to the hardening rules, kinematic and isotropic,
described in Reference 19 with the evolution described in
Reference 20 including for example possible anisotropy in
tension and compression. The E" modulus, when down-
loading from compression, as well as the hardening value
b" (ratio between E modulus in before and after yielding)
vary with load history. The parameter R" depends on the

(®)

Where:
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FIGURE 5 Reference steel
model®®: (a) curve without buckling;
(b) curve with buckling

Stress
Stress

A2

maximum plastic excursion during the strain history and
the initial value R,. R" has different formulations for
unloading (from tension to compression) and reloading
(from compression to tension) branches.

The evolution expressions of the different parameters
differ in presence of buckling. The updating expression of
" for each branch n by Equation (10):

fr= V;‘ -sign (—gg—l) +P-AGI()+(1=P)- A" 1(.)
-sign (—5;‘1

(10)

Where sign(x) is the sign function, P is the weight coeffi-
cient (p 1) for the two hardening contributions, Ac"x is
the kinematic hardening contribution and Ac"; is the isotro-
pic hardening contribution for the branch n. In absence of
buckling they both depend on b", E", and the former hard-
ening on the plastic excursion £”, while the latter on the
additional plastic excursion y",. In presence of buckling the
dependence on £", and y", is exchanged between Ac"x and
Ac”;. Note that b" depends on b’g, v, f'}, E, and, in case of
buckling, on the plastic work @", too.

The details of the model are given in the Appendix
S1, while some of the major characteristics are shown in
Figure 5a,b.

The model is very accurate if the strain in compres-
sion is smaller than 1.5%. For larger values in compres-
sion the accuracy is partially reduced as a nonlinear
curve better describes the behavior of the rebar.”® How-
ever, larger deformation values can hardly be reached in
real concrete sections.

The model, with the same formulation, is extended to
simulate the hysteretic behavior of corroded rebars in
reinforced concrete structures.

In a rebar with the new reduced D/, due to corrosion,
two main parameters changes: the yield stress f ly and

Strain

hardening ratio b',’. They can be derived from the
uncorroded characteristics by Equations (11) and (12)
based on Equation (3):

fr=fi-(1-p08)-¥) (1)
by=by- (1=44(¥)-¥) (12)

where f, and b, are the yield stress and the harden-
ing ratio for the uncorroded rebars, f"s(¥) and
B',(¥) are the coefficients provided in Figure 2 for a
given Y. It is worth mentioning that the values of
parameters fly and b’, for pitting corrosion could be
different in tension and compression. Due to the lim-
ited data available, in this work it is assumed that
this variation is the same in compression and tension
while the effect of corrosion on the parameter R was
not investigated.

The new values must be introduced in Equation (10),
therefore f, and b’, will change, this latter affecting Ac"x
and Ac¢"; and R.

The in-house software CYRUS-M (CYclic Response of
Upgraded Sections) was implemented in Matlab'” to per-
form cyclic analysis of the section, discretized into uniax-
ial fibers under the hypothesis of: (a) plain sections,
(b) perfect steel- concrete bond. The rebars were modeled
using the hereby proposed generalized steel model
including corrosion, concrete fibers are modeled by the
modified Kent and Park®’ model: unconfined concrete
for concrete cover and confined concrete for the core.

The program applies the fixed vertical axial load on
the section and imposes a cyclic curvature history on the
section obtaining the corresponding moment for each
imposed curvature value. The program outputs are given
in terms of moment-curvature and fiber stress—strain his-
tories, as shown in Figure 6 for different cases with and
without buckling.
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FIGURE 6 Stress-strain behavior (a) (b)
. . + Tension + Tension
obtained with Cyrus-M for the RC - Compression - Compression
section 300 x 500 mm” with v = 26%, e 20 R
p = 0.9% with curvature histories a; §
reported in Table 5. Group 2 analyses, = 3 T 0
same ductility in curvature: (a) ¥ = 0%, 2 Z
s =70 mm; (b) ¥ = 0%, s = 130 mm; 3 3
(©)¥ =10%, s = 70 mm; (d) ¥ = 10%, =500 : -500
s =130 mm; (e)\PZZO%,S=7O mm; (f) ‘L’TUUU./\_'4.3S. Acr = 4,65 '¥=U%.)\=8.I3. Acr = 4.65
¥ = 20%, s = 130 mm. Rebar nominal -20 -10 0 10 20 -20 -10 0 10 20
diameter: 16 mm Strain - [x 103] Strain - [x IO3]
(©) . (d) .
+ Tension + Tension
soob Compression - Compression
'
=9
2
L} 0
=
73
-500 =500
U =10 %, A =5.02, Acr = 4.93 ¥ =10%, A=897, Aer=4.93
-20 -10 0 10 20 -20 -10 0 10 20
Strain - [x IO"] Strain - [x 103]
© . ®
T ]ensmn T TCHS!DI"I
- Compression - Compression
500 500
= )
=™ Ay
Z 2
! 0 ' 0
<] -]
] 7
=500 =500
U =20%, A=578, der=6.22 W =20%,A=997, Aer=6.22
-20 -10 0 10 20 -20 -10 0 10 20
Strain - [x 107] Strain - [x 10°]
4 | PARAMETRIC 4.2 | Geometries of the sections and
INVESTIGATION corresponding fiber models
4.1 | Case studies and parametric The analysis considers three different rectangular cross sec-
analyses tions, with two different percentages of longitudinal rein-

The parametric cyclic analysis consisted of three sections,
with different reinforcements at various corrosion levels,
under two groups of cyclic curvature histories.

Axial force and corrosion percentages were varied
with two different patterns: (i) fixed nondimensional
axial load v equal to 26%, the value of the test in Refer-
ence 21, for different steel corrosion percentage values
(¥ = 0, 10, 20%); (ii) fixed steel corrosion percentage:
¥ = 20% and for different nondimensional axial load
(v=0,7,13, 26%).

Note that for the section 300 x 300 mm?, v = 0, 7, 13,
and 26% correspond to the axial forces 0, 100, 200, and
400 kN, this latter being the axial load on the columns
tested in Reference 21.

forcement and two different stirrups spacings (same
stirrups diameter) for a total of 12 RC cases. The three rect-
angular sections are: 300 X 300, 300 x 500, and
300 x 1,200 mm?>. These sections have the same width but
different height to increase the maximum strain demand on
the longitudinal steel rebars, for a given curvature. Two dif-
ferent longitudinal steel geometric percentages were
selected, representative of existing RC column or bridge pier
(in a suitable scale): p = 0.9 or 2.7%.

Two longitudinal rebar slenderness: L/D = 8.13 and
L/D = 4.38 (the critical slenderness being 4.65 for
fy. = 520 Mpa, Equation (4)), correspond to cases with
or without buckling of the rebar in compression.

Table 1 reports the 12 cases that were analyzed and
Figure 7 the design schematic (no details of ties and
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reinforcements along the vertical sides) drawings of the
selected sections. Figure 8 shows the fiber models
adopted for three cross sections investigated. Each
section is divided into steel (green circles) and concrete
fibers (red rhombuses for the confined concrete fibers;
blue crosses for the unconfined concrete fibers). The con-
crete fibers at the section corners were removed to simu-
late the concrete cover spalling due to rust expansion.

The materials characteristics obtained derived for this
study from the experimental tests of Meda et al.,*! typical
of existing RC structures, are given in Table 2.

4.3 | Deformation histories

Each section was subjected to two groups of cyclic cur-
vature histories representative of severe seismic loads:
History 1 (IC1) imposes the same curvature ductility
demand to each section; History 2 (IC2) imposes the

TABLE 1 Cases of study: different configurations used in the : ;
analyses maximum curvatures so that the maximum compres-
sive strain of the rebar is always equal to 1.5% (com-
Secion#  b(mm) h(mm) p Spacing (mm) pressive strain limit of the steel model to be accurate).
1 300 300 09 70 Curvatures of Group 2 are much larger than those
2 300 300 27 70 imposed in Group 1. Each imposed curvature history is
3 300 300 09 130 formed by six symmetric cycles (Figure 9), note that
4 300 00 PR Eurocode 8 part 2 for bridges considers at least five
s 00 so0 o 70 cycles for stability.?®
' The imposed curvatures History 1: IC1, derived
6 300 500 27 70 .
from Reference 21. In that paper the column drift
7 300 500 0.9 130 corresponding to the collapse of the corroded column
8 300 500 2.7 130 is 2.5%. Experimental curvatures were given for the
9 300 1,200 09 70 case of uncorroded element only (not for the cor-
10 300 1.200 27 70 roded one). We derived the ductility that we imposed:
IC1, for the 300 x 300 section, dividing the given cur-
11 300 1,200 09 130 . .
vatures by the yield curvature estimated by
12 300 1,200 2.7 130 Equation (13)?*:
(a) 300 mm 300 mm (c) 300 mm 300 mm
v U U v 9 g 9 v B9
P o @ ® 0 g
E E TrTrrex e
s|| 12816 s|| 4816 Py
L1z} on
Stirrups ®8/70
or/®8/130 mm
£ E
= 48®16 = 16816
(b) & S
300 mm 300 mm - =
@ o o U U 9 F v & u
P @ & ® 0 &
: :
Sl 24@l6 i 8816
b 2
FIGURE 7 RC sections
P o @ ® o 9
FEREERE selected (schematic) as the cases
Pooo o g pieie 80 W 19 88 of study: (a) 300 x 300 mm?;

Stirrups $8/70
or $8/130 mm

(b) 300 x 500 mm?;
(c) 300 x 1,200 mm?, each one
for p =0.9 or 2.7%

Stirrups ®8/70
or 8/130 mm



LAVORATO ET AL.

&,
2= 2.3% (13)

where ¢, is the yield strain of the longitudinal rebars,
reported in Table 1, and d is the effective depth of the sec-
tion. The obtained ductility is 3.26.

The same maximum curvature ductility per cycle was
applied to all sections.

Note that for the same steel type, the yield curvature
depends on d (effective depth of the section) and

300 mm
RO RN RIRAR
S ———9_
F o & &
g s o
E o o
o
c o o
1)
s oot
socs o
— n
e st
300 mm =
DR e D S S R R D =8 Lot
R e o e S, S, 0 S D
e O CO0¢ o e
220 20 P LT TP —
—
O K B B =

WK IO
WK, WK

500 mm
§
]
]
]

2008 20 i i
20 20 e — —— e
30K T8 o ®
ooxx e oo xex
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FIGURE 8 Fiber model implemented in CYRUS-M for
corroded sections; (a) 300 x 300 mm?; (b) 300 X 500 mm?;

(c) 300 x 1,200 mm? for p = 0.9% and ¥ = 20%. Red rhombuses:
confined concrete fibers; blue crosses: unconfined concrete fibers;
steel: green circles

TABLE 2 Material properties for

fib—

corrosion percentage, as in each section -corrosion
reduces the yield strain ¢, For this reason, the curvature
demand of IC1 is different for each section in function of
d and of the corrosion percentage, even if the ductility
demand is the same for all cases. The different imposed
curvatures are given in Table 3 for corrosion percentage
¥ = 20% and varying axial load v and in Table 4 for
v = 26% and varying V.

Regarding IC2, the maximum curvatures applied on
the sections, those which produce a compression defor-
mation of 1.5%, are given in Table 5 for the different sec-
tions and values of corrosion. Note that IC2 investigates
different section ductility demands with values of ductil-
ity from six to more than eight, much larger than for ICI.
IC2 curvatures are far beyond those at failure for the cor-
roded structures, at least on the base of the tests in Refer-
ence 21.

5 | ANALYSES RESULTS

Results are shown starting from the imposed deformation
history IC1, which imposes a maximum curvature similar
to the tests,”’ extending the analysis to other corrosion
levels and other section geometries too. After maximum
strains the cyclic moment curvatures are shown. Then
the same results for IC2, which imposes larger demands,
are shown.

Xmax

Curvature

“Xmax

Step

FIGURE 9 Example of curvature history applied on the
sections for each parametric analysis

Steel Steel Steel
the cases of study (MPa) Unconfined (uncorroded— (corroded— (corroded—

concrete ¥ = 0%) ¥ =10%) W = 20%)
£.=17.0 f, = 520.0 B’ = 1.10¥10-2 Bt = 2.20%10-2
£c = 2.0 %o finax = 620.0 f', = 462.8 £/, =291.2
E. = 30,000 b = 0.0035 gy = 2.2 %o ey = 1.3 %o

ey = 14% ey = 8.8% e, =4.1%

Eq = 210,000 Eq = 210,000 Eg, = 210,000
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W
Section v (%) Yo (Afmam) %y (1/mm) " TABLE 3 Group 1 analyses:
Curvature history for ¥ = 20% and
300 x 300 0-6.5 to 13-26 6 (+4.35E—05 —4.35E-05) 1.33E-05 3.26 varying normalized axial load v
300 x 500 0-6.5 to 13-26 6 (+2.46E—05 —2.46E—05) 7.54E-06 3.26
300 x 1,200 0-6.5 to 13-26 6 (+9.74E—06 —9.74E—06) 2.99E-06 3.26
Section ¥ (%) Ymax (1/mm) %y (1/mm) 1y TABLE 4. Group 1 analyses:
Curvature history for v = 26% and
300 x 300 0 6 (+7.14E-05 to 7.14E-05) 2.19E-05 3.26E+00 varying corrosion percentage ¥
10 6 (+6.83E—05 to 6.83E—05) 2.09E-05 3.26E+00
20 6 (+4.35E—05 to 4.35E—05) 1.33E-05 3.26E+00
300 x 500 0 6 (+4.04E—05 to 4.04E-05) 1.24E-05 3.26E+00
10 6 (+3.86E—05 to 3.86E—05) 1.18E-05 3.26E+00
20 6 (+2.46E—05 to 2.46E—05) 7.54E-06 3.26E+00
300 x 1,200 0 6 (+1.60E—05 to 1.60E—05) 4.91E-06 3.26E+00
10 6 (+1.53E-05 to 1.53E-05) 4.69E—06 3.26E+00
20 6 (+9.74E—06 to 9.74E—06) 2.99E-06 3.26E+00
Section ¥ (%) Yomax (1/mm) %y (1/mm) 1y TABLE 5 Group 2 analyses:
Curvature history for v = 26% and
300 x 300 0 6 (+1.45E—04 to 1.45E—04) 2.19E-05 6.62 varying corrosion percentage ¥
10 6 (+1.35E—04 to 1.35E—04) 2.09E-05 6.45
20 6 (+1.10E—04 to 1.10E—04) 1.33E-05 8.25
300 x 500 0 6 (+8.20E—05 to 8.20E—05) 1.24E-05 6.62
10 6 (+8.00E—05 to 8.00E—05) 1.18E-05 6.76
20 6 (+6.50E—05 to 6.50E—05) 7.54E—-06 8.63
300 x 1,200 0 6 (+3.20E—-05 to 3.20E—05) 4.91E-06 6.52
10 6 (+2.95E—-05 to 2.95E-05) 4.69E—-06 6.29
20 6 (+2.60E—05 to 2.60E—05) 2.99E-06 8.70
15 15 “omp. 30x3
p=0.9%, v=26%, A=44 (a) P=0.9%, v=26%, 1=8.1 (b) —e— Top Comp. 30x30
TR N S | B T i —# Top Tens, 30x30
10 . '_""tt";_;:__q 10 F====zz==x t::gs,_\_____ﬂ —e— Bot. Comp. 30x30
_N -w‘ ~% Bot. Tens. 30x30
BE 5 SEEE— e — 4 BE 3 - 3 Top Comp. 30x50
'; 0 'E‘ 0 =4 Top Tens. 30x50
é i b é 10 —— Bot, Comp, 30x50
@ 5 Y 2 >————0——-—-—‘-’___—J —+= Bot, Tens. 30x50
':/w';fj:t—;‘ '% —>—Top Comp. 30x120
10 o sERETL [ S —— sa2=="" =& Top Tens. 30x120
gres======F  LLLLLL L, o —— Hot. Comp. 30x120
- -15 =4+ Bot. Tens. 30x120
= ¥ [%] ¥ [%]

FIGURE 10 Load History IC1. Stirrup spacing s = 70 mm, Slenderness A = 4.4 (a), s = 130 mm, A = 8.1 (b). Reinforcement ratio

p = 0.9%. Maximum strains of steel fibers for (v,%, pattern (i)): normalized axial load v = 26%, and different values of the corrosion
percentage: ¥ = 0, 10, 20%). Rebars in compression (Comp.), continuous lines; Rebars in tension (Tens.), dotted lines; Top reinforcement
(Top); Bottom reinforcements (Bot)

Figure 10 shows the results of the analyses under IC1
(i.e., same curvature ductility demand) for parameter pat-
tern (i) in §4.1, stirrups spacings s: 70 mm (Figure 10a)

and 130 mm (Figure 10b). The results are in terms of
maximum strain of the steel rebars, both in compression
and in tension.
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p=0.9%, ¥=20%, r=4.4

p=0.9%, ¥=20%, 1=8.1
10 oy

kEE‘:‘;:

Strain [%o]

—&— Top Comp. 30x30
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—&— Bot. Comp. 30x30
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FIGURE 11 Load History IC1. Stirrup spacing s = 70 mm, Slenderness A = 4.4 (a), s = 130 mm, A = 8.1 (b). Reinforcement ratio
p = 0.9%. Maximum strains of steel fibers for (v,¥, pattern (ii): values of the normalized axial force v = 0, 7, 13, and 26%, corrosion
percentage ¥ = 20%). Rebars in compression (Comp.); Rebars in tension (Tens.); Top reinforcement (Top); Bottom reinforcements (Bot)

FIGURE 12 IC1: Moment-
curvature plots for normalized axial load
v=26%,L/D=4.5:

(a) section 300 x 300 mm?, p = 0.9%;

(b) section 300 x 300 mm?, p = 2.7%;

(c) section 300 x 500 mm?, p = 0.9%;

(d) section 300 x 500 mm?, p = 2.7%;

(e) section 300 x 1,200 mm?, p = 0.9%;
(f) section 300 x 1,200 mm?, p = 2.7%

The cases with longitudinal reinforcement ratio
p = 0.9% and p = 2.7% attain similar values of the maxi-
mum strains, therefore the former case is shown only.

We recall that the experimental tests*® for the
300 x 300 mm” section produced the failure of the speci-
men at this (estimated) curvature ductility level (for

(a) . .
100 gection 30x30
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-100 : : - :
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¥ = 20% corrosion level). The trend here obtained numeri-
cally for the three different geometries appear to be similar.

The maximum attained strains are slightly larger for
section with larger height, as expected. Compressive
strains are obviously smaller than the tensile ones, the
former well below 1%.
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Maximum strains in compression and tension reduce
with corrosion. For example in the 300 x 300 cross sec-
tion, the maximum strains in compression are around
4.0%o, for ¥ = 0 and 10%, with a light reduction in the
latter, while for ¥ = 20% the maximum strain is 3.06 %o,
corresponding to a reduction of 24%. Similar trends are
observed for the sections 300 x 500 mm*® and
300 x 1,200 mm? and for tensile strains.

The fact that the maximum deformations reduces
with corrosion should not surprise. We recall that IC1
imposes to the section the same curvature ductility
demand, this corresponds to a reduction of imposed cur-
vature as yielding curvature reduces with corrosion. At
the attained compressive strains e c-¢ model diagram is
certainly very accurate.

Figure 11 gives the influence of axial force, as it shows
the results of the analyses under IC1 (i.e., same curvature
ductility demand) for parameter pattern (i) in §4 (constant
percentage of corrosion ¥ = 20% and variation of the non-
dimensional axial force v = 0, 7, 13, and 26%), stirrups spac-
ings s: 70 mm (Figure 11a) and 130 mm (Figure 11b). The
results are in terms of maximum strain of the steel rebars,
both in compression and in tension.

30
p=0.9%, v = 26%, A= 8.1
20 = S o T ks —&— Top Comp. 30x30
: ~_— - = ==~ _1 =% Top Tens. 30x30
10 T = = =~ — _§ —%—Bot Comp. 30x30
g ~%- Bot. Tens. 30x30
= ~——"Top Comp. 30x50
s 0 —+ Top Tens. 30x50
w 1] 10 20) — Bot, Comp. 30x50
-10 =+= Bot. Tens, 30x50
— = i —¥— Top Comp, 30x120
sy e e Nh RS EERE = =1 —« Top Tens. 30x120
o g ST == Bot. Comp. 30x120
30 —& Bot Tens, 30x120
W [%)
FIGURE 13 IC2: Maximum strains of steel fibers for

normalized axial load v = 26%, reinforcement ratio p = 0.9% and
different values of the corrosion percentage: ¥ = 0, 10, 20%: stirrup
spacing s = 130 mm, slenderness A = 8.1. Rebars in compression
(Comp.); Rebars in tension (Tens.); Top reinforcement (Top);
Bottom reinforcements (Bot)

The cases with longitudinal reinforcement ratio
p = 0.9% and p = 2.7% attain similar values of the maxi-
mum strains, therefore the former case is shown only.

It can be observed that the maximum strains in com-
pression are smaller than 0.5%, very far from 1.5%, the
higher value, for v = 26%, had been shown in Figure 10.
It is observed that for axial force v = 0, we are far from
strain demand critical in tension (4%, see Figure 1).

Moment-Curvature plots for the same (v,¥) parameter
pattern (ii), IC1 and slenderness A = 4.5 are reported in
Figure 12 with left column p = 0.9 and right column
p = 2.7%. We recall that for such slenderness we might have
inelastic buckling for ¥ = 10%. Buckling can be only par-
tially appreciated in Figure 12 (c) and (d) as the compres-
sive strains are too small to render buckling very effective.
However, the case ¥ = 10% has a larger moment reduction
from yielding to the inversion, with respect to ¥ = 20%.

In all considered sections it is possible to observe a
slight reduction in terms of dissipated energy when pass-
ing from the uncorroded to the corroded section with
¥ = 10%, while the reduction is very high for ¥ = 20%.

Figures 13 and 14 show the results of IC2 analyses
(where maximum imposed strain in steel is 1.5% in com-
pression, as it can be seen in Figure 13) (v,%¥) parameter
pattern (ii), for the case p = 0.9% only. The case p = 2.7%
gives similar results and has been omitted.

Figure 14 reports the moment-curvature plots. The
imposed ductility in curvature are very high, from six to
more than eight, probably beyond the section capacity
limit, while we did not pose any limit in bar available
ductility in this analysis.

One can observe, in Figure 13, that the obtained ten-
sile strains corresponding to the highest curvatures
imposed in this study are around 1.5-2.0% not far from
steel capacity. In fact when corrosion percentages around
20% the maximum strain capacity in tension is even
below 3%, see Figures 1 and 2.

We must observe that even if the sections are near
failure, for the crisis of the steel in tension, those in com-
pression are 1.5%, the imposed in IC2. At such strains in
compression the experimental -¢ curve is linear, and the
adopted cyclic model is accurate.

z . . . 2 . v
(a) 100 Section 30x30 (b) 300 Section 30x50 (C) 2000 Section 30x120
— fj=0.9%‘1'/=26°/u — 20”_p=(].9%,:r=26% .E. p=09%, 1=26% —
S 50 (= = Z 1000 =
[ o ] i
» =100 oo} [/
= S0 = 200! g=10%] 5100 /[== T=10% |
—T=20% - —=20% — W =20%
-100 —— - — 300 : - - : -2000 - - : -
-0.1 0 0.1 -0.1 -0.05 0 0.05 0.1 -0.04  -0.02 0 0.02 0.04
Curvature - [1/m] Curvature - [1/m] Curvature - [1/m]
FIGURE 14 1C2: Moment-Curvature plots for Group 2 analyses for sections for normalized axial load v = 26%, slenderness A = 8,

reinforcement ratio p = 0.9%; (a) 300 x 300 mm?; (b) 300 x 500 mm?; (c) 300 x 1,200 mm?>
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We may conclude that the adoption of a linear des-
cending branch in the c-e curve of rebars in presence of
buckling is compatible with the effective material strain
demands in reinforced concrete sections even with high cor-
rosion percentages and very high curvature demands.
Therefore, the proposed model is accurate for real fiber
section analyses.

An additional interesting observation is that the refer-
ence experimental results considered in Reference 21 gave
very large 5" values at large corrosion levels. Note that in
the case of ¥ = 20%, the reduction of the maximum
resisting moment, with respect to the uncorroded case, is
larger than the reduction of the area of the rebars, while for
the case of ¥ = 10% the obtained moment reduction is
equal to reinforcement area reduction, around 10%. With
reference to Figure 2, we already noted in §2, that other
experimental works gave different results* for large W',
while at smaller values of ¥ results are similar.

6 | CONCLUSIONS

This paper presents numerical analyses of RC sections
under cyclic bending including buckling of steel rein-
forcement in compression and the effects of corrosion.
The steel model is the extension of the cyclic model
with buckling.'® All the relevant parameters of the
model depend on yield strength f;, slenderness A, and
the corrosion percentage ¥. The model for buckling
after yielding in Reference 18 has a linear descending
branch. This is quite accurate in case the strain in com-
pression of the rebar does not exceed 1.5%, as this is
the experimental evidence.

In this paper, we have shown that these strains in com-
pression, in usual RC sections, are much smaller than 1.5%
even in case of very large ductility demands, with a numeri-
cal analysis for different sections and corrosion levels. We
can therefore avoid considering a nonlinear branch after
buckling, concluding that this assumption does not repre-
sent a limit and that resulting numerical simulations can be
considered accurate until failure.

Three different cross sections with varying longitudi-
nal and transversal reinforcement were chosen as case
studies and were subjected to two cyclic curvature histo-
ries, the second one with very high ductility demands.
One section, 300 x 300 mm?, corresponds to a column
been tested in Reference 21. We calibrated the numeri-
cal model to reproduce the experimental results and
analyzed two additional sections: 300 x 500 and
300 x 1200 mm?® with different reinforcement ratios and
corrosion percentages.

The maximum compressive strains obtained in the ana-
lyses are well below 1.0%, in all the considered cases, even

ﬁb| 13
Chii=1 1]

for high ductility demands and high corrosion levels, within
a value where the numerical rebar model is very accurate.

Once the accuracy of the model is stated the following
additional conclusions can be drawn:

1. A unified model for stress strain behavior of steel
including buckling allows the study of concrete sec-
tions elements and structures to evaluate their behav-
ior with/without corrosion.

2. Corrosion reduces section strength under axial load
and bending.

3. For high corrosions, strength reduction can be larger
than steel area reduction.

4. Corrosion may induce longitudinal bar buckling in
sections that originally were well detailed to prevent
such phenomenon, as rebar slenderness increases.

5. There might be cases where, given the reduction of yield
strength due to corrosion, the critical stirrup spacing
increases, and buckling suitability could be reduced.

6. Dissipation is reduced as well, especially for high cor-
rosion percentages.

7. Stirrups undergo corrosion even higher than longitu-
dinal reinforcement as they have a lower cover with
important consequences on structural behavior:

a. Smaller shear strength, but this is not the worst of
the drawbacks.

b. Smaller concrete confinement.

c. The gap between longitudinal reinforcement and
stirrups increases the free length of the longitudi-
nal rebars and leads to premature buckling with
respect to the uncorroded case. In this paper an
expression is given to account for the gap, but this
aspect needs further research and can be investi-
gated experimentally and numerically.

d. In case of stirrup breakage, the consequences could be
dramatic. Obviously, in case of stirrup breakage cau-
sed by corrosion, the increase of L (free length L after
corrosion) would be very high as, at least on the
section side of stirrup failure, the free length of longi-
tudinal bars doubles if stirrups are equally spaced.
Stirrup breakage happens for high corrosion only,
while on the other hand, the gap with longitudinal
rebars is created at any level of corrosion.

8. The effect of low cycle fatigue can be included but is
not considered here given the scope of the paper.

The inclusion of the nonlinear branch in the compres-
sion model when buckling happens and for very high defor-
mations is possible. However, it does not allow to have a
unified model for steel, including buckling and corrosion. It
has been shown that it is not relevant for practical cases.

It is a matter of fact that large uncertainties exist for
the calibration of corroded steel models. Part of the
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uncertainties are random but large part are epistemic.
The random part can be treated via Monte Carlo analyses
using efficient models like the one at hand.

The authors want to stress the concept that 1.5%
strain in compression is hardly overtaken in real cases,
therefore the unified model represents a powerful and
efficient tool for concrete sections under extreme envi-
ronmental situations including large seismic actions.

The parameters of the “corroded” steel models were
calibrated on the base of literature tests, though the num-
ber of meaningful tests is limited and further experimen-
tal investigations are recommended.
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