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Abstract Corrosion in reinforced concrete is an
important feature which can lead to increased defor-
mation and cracking, as well as to premature failure. In
the present work, macro-mechanical modelling of cor-
rosion is performed, namely the degradation of bond–
slip between concrete and steel.Amixed-mode damage
model is adopted, in which the interaction between the
bond–slip law and the stress acting in the neighbour-
hood of the concrete–steel bar interface is taken into
account. Bond–slip degradation is modelled using an
evolutionary bond–slip relationship, which depends on
the level of corrosion. Different relevant loading cases
are studied. Special attention is given to the evolution
of corrosion in time, under constant load. This is done
by adopting a Total Iterative Approach, in which the
structure is reevaluated each time step, upon damage
increase due to corrosion. Pullout tests are presented to
illustrate the performance of the model. Bending tests
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are also performed to evaluate the influence of corro-
sion at structural level.
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List of symbols

DSDA Discrete strong discontinuity approach
IA Incremental approach
TIA Total Iterative Approach
|.| The norm of (.)
C Control loading function used with the Total

Iterative Approach
c0 Initial cohesion
c Cohesion
d Scalar damage variable
d Second order damage tensor
dn Normal damage variable component
ds Shear damage variable component
Dnn Normal diagonal component of tensor Del

�d

Dss Shear diagonal component of tensor Del
�d

Del
�d

Second order elastic constitutive tensor
� Increment
f1, f2 Limit surfaces defined in the traction space
ft0 Initial tensile strength
ft Tensile strength
F Applied force vector
GF Fracture energy
G I I

F Fracture energy under mode-II fracture
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gn Normal damage evolution law
gs Shear damage evolution law
κ Monotonic increasing function of the displace-

ment jump components
λ Loading factor
ρ κs/κn

σσσ Stress tensor
εεε Strain tensor
t Traction vector acting at the discontinuity
tn Normal component of the traction vector
ts Shear component of the traction vector
w Displacement jump vector
wn Normal component of the jump displacement

vector
ws Shear component of the jump displacement

vector
φ Internal friction angle; diameter of reinforce-

ment bar

1 Introduction

Corrosion of steel in reinforced concrete structures is
one of themain causes of structural deterioration. It has
a major influence on the service life of the structure as
well as in the Serviceability Limit State, giving rise to
the increase of both deformation and cracking.

The mechanism of steel corrosion is complex,
based on chemo-hygro-thermo-mechanical processes
(Ožbolt et al. 2017). In thiswork, onlymacroscalemod-
elling of the mechanical behaviour is addressed.

Reinforced concrete exhibits nonlinear behaviour,
namely due to:

(i) cracking,
(ii) hardening compressive behaviour,
(iii) crushing,
(iv) nonlinear-plastic behaviour of reinforcement steel,

(v) bond–slip between concrete and steel.

Steel corrosion gives rise to three main mechanical
effectswhich further contribute to nonlinear behaviour:

(vi) degradation of the bond–slip relationship between
concrete and steel,

(vii) reduction of the resistant cross section area of the
steel bars, also designated by core reduction here-
after,

(viii) expansion of the steel cross section due to the for-
mation of rust around the steel bars, which may
cause delamination and spalling of the cover.

On the other hand, there are many factors that can
influence corrosion by affecting the bond–slip relation-
ship, namely related to the concrete composition and
the stress state (see for instance Louro 2014; Bastos
2022). A non exhaustive list of some important factors
is given:

1. environment, which affects both the level and the
rate of corrosion,

2. concrete compressive strength,
3. degree of confinement in the neighbourhood of the

reinforcement steel due to stirrups,
4. stress state in the neighbourhood of the concrete–

steel interface, which can lead to an increase of the
bond strength under compression, or to a decrease
of the bond strength under tension,

5. the bond index: ratio of bearing area1 to the shearing
area,2

6. the packingdensity: the ratio of the volumeof solids
to the sum of the volume of solids and voids,

7. the bar diameter,which cangive rise to a decrease of
the bond strength with the increase of the diameter,

8. the recycled agreggate content or other aspects of
the concrete constitution, as in the case of low
binder concrete or low cement recycled aggregate
concrete, for example,...

There has been considerable research on the degra-
dation of bond strength due to steel corrosion. For
instance, the relation between surface crack width and
steel to concrete bond has been experimentally inves-
tigated, under artificially induced corrosion (Apos-
tolopoulos et al. 2022; Mak et al. 2019) and natural
induced corrosion over time (Tahershamsi et al. 2016).
From these studies, analytical models have been pro-
posed.

Spalling is also an important issue, which depends
heavily on the level of confinement, induced by stirrups
(3) or compressive stress state (2). Recent experimen-
tal research work has been published considering the
effects of stirrup confinement and concrete cover on
the bond strength (Lin and Zhao 2016; Mak and Lees
2022), as well as stirrup corrosion (Zhou et al. 2017).

1 Projected rib area normal to the bar axis.
2 Bar perimeter times centre-to-centre distance between ribs.
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Important numerical work can also be found in the lit-
erature, namely regarding the evolution of radial crack-
ing due to the expansion of corroded products (Guzmán
et al. 2011, 2014; Guzmán andGálvez 2017; Sanz et al.
2016).

However, reliable predictions of bond strength
degradation or decrease of the structural strength due to
corrosion are still lacking (Koulouris andApostolopou-
los 2021).A numerical approach is presented here,with
a twofold purpose—(i) the modelling of bond degrada-
tion at local level and (ii) the evaluation of premature
structural failure. In the structural tests, the solutions
with corrosion are compared to the non-corroded solu-
tion, which is taken as reference.

In this work, the main focus is on: (vi) the deteriora-
tion of the bond–slip relationship, as well as on (vii) the
reduction of the sane cross section of the reinforcement
bars. Factors (1), (2) and (4) are also covered. More-
over, all nonlinear aspects of concrete behaviour (i) to
(v) are taken into account. In future works, the main
focus will be on spalling of the concrete cover (viii),
as well as on the dependence of corrosion on stirrup
confinement (3). Additionally, upon completion of the
full mixed-mode formulation involved in the analysis
of spalling, comparison to experimental tests will also
be addressed.

In Sect. 2 a description of the corrosion effects is
given. The mechanical model is described in Sect. 2.2,
which is divided into: (i) the mixed-mode fracture
model, (ii) the evaluation of the reduced area of the
sane cross section as well as the percentage of rust and
(iii) the degradation of the bond–slip relationship. The
latter is modelled adopting different transition modes
between pre-corrosion and final corrosion stage, which
consists of a novel aspect of this work. Special attention
is given to the the passive evolution of corrosion, which
affects the structure in time. In this case, degradation
occurs under stabilised loading, with corresponding
stiffness decrease. The increase of corrosion leads to an
increase of damage at the bond–slip level. Keeping the
external loading fixed, it is not straightforward to take
this effect into account with an incremental approach.
This is why a Total Iterative Approach (TIA) is adopted
in the present work (Alfaiate and Sluys 2023), in which
a new control function is introduced such that damage
is driven by the increase of corrosion. The use of the
TIA to model corrosion is another novel aspect of this
work. TheTotal IterativeApproach adapted to the study
of corrosion is described in Sect. 3, after a brief review

of the conventional Total Approach. In Sect. 4, some
pullout tests and bending tests are presentedwith differ-
ent approaches to corrosion. In particular, the following
aspects are evaluated: (i) degradation of the bond–slip
law due to corrosion, (ii) reduction of the reinforce-
ment bar effective cross section, (iii) dependence of the
bond–slip law on the the stress normal to the interface,
(iv) rate of corrosion and (v) slippage of the reinforce-
ment bar at the anchorage zone. Finally, in Sect. 5 some
conclusions are drawn.

2 Corrosion

2.1 Empirical model

Many empirical models, based on experimental evi-
dence, have been used to predict the evolution of cor-
rosion in reinforcement steel (see for instance Chernin
andVal 2011). In the present work, the corrosionmodel
proposed by Fang et al. (2004) is adopted, inwhich uni-
form corrosion around the bar is assumed.

The corrosion level η is defined by (see Fig. 1):

η = A0 − A

A0
, (1)

where A0 is the initial cross section area of the bar
and A is the uncorroded cross section area of the bar,
after removing the corrosion sub-products. The corro-
sion level evolves from0 to η f , the latter corresponding
to the final corrosion stage.

In Fig. 1, r0 is the radius of the initial cross section
area (A0 = πr20 ), x is the penetration of the corrosion
giving rise to a reduction of the sane cross section of
the bar and a is the increase of the radius due to the for-
mation of rust. In order to take into account the length
of the corroded zone, one other parameter v is defined

Fig. 1 Corrosion: uncorroded steel and formation of rust
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as the volume increase due to the formation of rust,
with respect to the volume of uncorroded steel. Corro-
sion of the steel bars can occur in a restricted length,
as in chloride induced corrosion, or along a consid-
erable length of the bars, usually due to carbonation
induced corrosion. In the former case, a reduction of
the strength is obtained locally, due to the decrease of
the cross section of the steel bar. In the latter case, a sig-
nificant loss of adherence between concrete and steel
can occur. Thus, the increase of the corroded volume
is variable and depends on the type of product inflict-
ing corrosion. A value v = 2 was adopted in Andrade
et al. (1993),Molina et al. (1993), Coronelli (1998) and
Lundgren (2005) and is considered a reference value.

According to Fang et al. (2004), Silva (2018), the
increase of the radius due to the formation of rust can
be evaluated as:

a = −r0 +
√

r20 + (v − 1) × (2r0x − x2), (2)

where v = 2. Since

η = A0 − A

A0
= r20 − (r0 − x)2

r20
, (3)

or

ηr20 = 2r0x − x2, (4)

we obtain,

a = −r0 +
√

r20 + ηr20 . (5)

Defining

r f = r0 + a = r0
√
1 + η, (6)

the expansion of the cross section of the bar due to
corrosion gives rise to the strain value:

εcorr = r f − r0
r0

= √
1 + η − 1. (7)

2.2 Mechanical model

In this Section a mixed-mode bond–slip model is
reviewed. Corrosion of the reinforcement steel gives
rise to three main mechanical aspects: (i) reduction
of the resistant cross section area of the steel bar, (ii)
expansion of the steel cross section due to the forma-
tion of rust around the steel bar and (iii) degradation of
the bond–slip relationship between concrete and steel.
These aspects are also discussed in the following.

2.2.1 Mixed-mode bond–slip model

The bond–slip relationship between concrete and steel
is modelled using a mixed-mode damage model (Alfa-
iate and Sluys 2017a). This model was developed
within the scope of a discrete crack (or strong disconti-
nuity) approach, defining the relationship between dis-
continuity displacement jumps and tractions. The dam-
age evolution law is driven by the traction field and the
limit surface in the traction space shown in Fig. 2 is
defined. As a consequence, this model allows for the
interaction between: (i) the bond traction and (ii) the
bulk stress normal to the concrete–steel interface as
well as the normal traction at the interface, such that
compressive confinement as well as spalling can be
taken into account. For more detailed information on
the mixed-mode fracture model the reader may also be
referred to the works presented in Alfaiate and Sluys
(2017a, b, 2019).

In this work, the following relationship is adopted:

tn = (1 − dn)Dnnwn

ts = (1 − ds)Dssws, (8)

where tn is the traction normal to the discontinuity, ts is
the traction tangent to the discontinuity, here defined as
the bond stress, wn is the normal jump displacement,
ws is the sliding jump displacement or slip displace-
ment, dn is the damage under normal traction, ds is the
damage variable under bond–slip and Dnn , Dss are the
normal and shear elastic stiffness coefficients, respec-
tively, corresponding to the diagonal components of the
elastic constitutive tensor at discontinuity �d , Del

�d
.

The limit surface (Fig. 2) is dependent on material
strength parameters, namely:

ft = ft (gn(κn)) = gn(κn)Dnnκn, (9)

c = c(gs(κs)) = gs(κs)Dssκs, (10)

where ft is the tensile strength, which is dependent on
a scalar variable κn , c is the cohesion, which is depen-
dent on a scalar variable κs and gn and gs are damage
evolution laws undermode-I andmode-II, respectively:

gn(κn) = 1 − dn

= ft

Dnnκn
, under mode-I fracture, (11)

gs(κs) = 1 − ds

= c

Dssκs
, under mode-II fracture. (12)
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Fig. 2 Limit surface in the
traction space

Assuming exponential softening, Eqs. (11) and (12)
become:

gn = 1 − dn = κn0

κn
exp

[− ft0

GF
(κn − κn0)

]
, (13)

gs = 1 − ds = κs0

κs
exp

[
−c0
G I I

F

(κs − κs0)

]
, (14)

where GF and G I I
F are the fracture energy and the

fracture energy under mode-II fracture, respectively.
The scalar variables κn and κs are defined such that:
κn = wn under pure mode-I fracture and κs = |ws |
under pure mode-II fracture. In Eqs. (13) and (14),
κn0 = ft0/Dnn and κs0 = c0/Dss , where ft0 and
c0 are the initial tensile strength and initial cohesion,
respectively (see Fig. 2). Formode-I fracture andmode-
II fracture we obtain, respectively,

ft = ft0 exp

[− ft0

GF
(κn − κn0)

]
, (15)

c = c0 exp

[
−c0
G I I

F

(κs − κs0)

]
. (16)

Mixed-mode fracture is defined under wn > 0,
whereas mode-II fracture due to compressive states is
defined under wn = 0 ∧ tn < 0. The limit surface in
the traction space is defined by two functions: f1 and
f2, in which f1 is valid for tn ≥ 0 and f2 is valid
under compressive tractions (tn < 0), respectively (see
Fig. 2). Function f1 is given by:

f1 = 0 ⇔ |ts | = ft tan(φ) − c

f 2t
t2n

−tan(φ)tn + c, (tn > 0). (17)

For f2 function a modified Mohr–Coulomb surface is
adopted:

f2 = 0

⇔
{

|ts | = tan(φ)
2tn,lim

t2n − tan(φ)tn + c, if tn,lim ≤ tn ≤ 0 (i)

|ts | = ts (tn,lim ) = ts,max , if tn < tn,lim (ii),

(18)

In Eqs. (17) to (18), φ is the internal friction angle
of the discontinuity and in (18) tn,lim is the normal
traction corresponding to the maximum shear traction
(such that ∂ f2/∂tn = 0, see Fig. 2). From (17) and (18),
is is clear that the transition between functions f1 and
f2 is continuous, with continuous derivative:

∂ f1
∂tn |tn=0

= ∂ f2
∂tn |tn=0

= tan(φ). (19)

Damage initiation is defined according to:

f1( ft0, c0) = 0 ∨ f2(c0, tn,lim) = 0, (20)

where dependence on tn,lim is only relevant for surface
f2.
In the present study, isotropic damage evolution is

adopted whenever the normal traction is positive; oth-
erwise, a dummy stiffness is adopted for the normal
coefficient Dnn :

dn = ds if tn > 0 (i.)

dn = 0 ∧ Dnn ≈ ∞ if tn ≤ 0 (ii.). (21)

In this way, the loss of normal stiffness is modelled
in (i.) due to the bond degradation between concrete
and steel, enabling the formation of cracking parallel to
the steel bar. Since damage can only increase, different
damage variables d+

n and d−
n must be defined, under
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tensile normal traction and under compressive nor-
mal traction, respectively (Alfaiate and Sluys 2017a, b,
2019).

In all cases, although both internal variables κn , κs

remain functions of w: κn = κn(w), κs = κs(w),
they do not vary if the traction state remains on the
limit surface f1 ∨ f2:

ḟ1 = 0 ⇒ (κ̇n = 0 ∧ κ̇s = 0),

ḟ2 = 0 ⇒ κ̇s = 0. (22)

Furthermore, if variables κn and κs increase, the
stress state must remain on the surface:

κ̇n > 0 ⇒ ḟ1 = 0,

κ̇s > 0 ⇒ ( ḟ1 = 0 ∧ ḟ2 = 0). (23)

As a consequence, both the Kuhn–Tucker conditions
and the consistency condition are satisfied:

ḋn ≥ 0, ḋs ≥ 0, f ≤ 0,

ḋn f = 0, ḋs f = 0, ḋ ḟ = 0. (24)

2.2.2 Cross section

Given the level of corrosion (1), it is possible to obtain
both the core reduction x and the expansion value a.
From (4) we obtain

x = r0
(
1 − √

1 − η
)

, (25)

or

rsane = r0 − x = r0
√
1 − η, (26)

whereas the expansion value a is obtained from (5):

a = −r0
(
1 − √

1 + η
)

, (27)

giving rise to,

r f = r0 + a = r0
√
1 + η. (28)

2.2.3 Bond–slip degradation

Themain issue regarding bond–slip degradation is how
to perform the transition between the original pre-
corrosion law and the bond–slip law, corresponding to
the final corrosion stage η f . For each level of corrosion
η, an intermediate bond–slip law is defined, with corre-
sponding increase of damage. According to the Kuhn–
Tucker conditions (24), any material point, defined by
the jump displacement and the traction state (w − t),
should lie on the current, intermediate law. In Fig. 3,

the uniaxial representation of the transition between
the previous bond–slip law ηt−1 and the actual one ηt ,
is illustrated. In this Figure, the bond–slip laws corre-
sponding to both the pre-corrosion level (η = 0) and to
the final corrosion level η = η f are also depicted. For
a multilinear relationship, each point m : ws(m), ts(m)

on the current law is obtained, keeping abcissa ws(m)

fixed, by

ts(m) = ts0(m) + [ts f (m) − ts0(m)] × ηt

η f
(29)

In (29), ts is the bond stress lying on the limit surface,
corresponding to the actual law (η = ηt ), ts0 is the
bond stress corresponding to the initial pre-corrosion
law (η = 0) and ts f is the bond stress corresponding
to the final corrosion stage (η = η f ). Four different
transition modes from the previous state ηt−1 to the
current state ηt are represented:

1. from a → b, the increase in the slip displacement
ws leads to an increase of the bond stress ts ;

2. from a → c the bond stress is kept constant;
3. from d → e the slip displacement is kept constant

and the bond stress drops;
4. from a → f the bond stress is kept constant and

only slipping takes place.

Case 1, also designated hereafter as variable load-
ing, is only admissible if both loading and corro-
sion increase simultaneously. However, if corrosion
is increasing under constant loading, the slip value
wb

s , corresponding to position b, can not be reached.
Instead, the material point should lie on the current
law such that the bond stress ts remains constant, lim-
iting the value of the slip displacement to wc

s (case 2,
also designated hereafter as fixed loading. Similarly, if
the slip displacement is kept fixed instead of the bond
stress, a drop in the bond stress occurs (d → e, case 3).
Note that, cases 1 and 2 are only possible whenever the
bond stress is smaller than the current (intermediate)
cohesion, |ts | < ct . Otherwise, either (i) failure would
occur—under stress control—or (ii) the load would
drop and the material point would lie on the softening
part of the current bond–slip law—under displacement
control.

In case 2, a limitation on the slip displacement value
wc

s is introduced. This limit value depends on the actual
bond–slip law, which depends on the corrosion rate.
As a consequence, if the true corrosion rate is imple-
mented, a severe limitation is imposed numerically on
the time step such that, for each corrosion stage ηt , this
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Fig. 3 Transition between
bond–slip laws with
increasing corrosion: a → b
increase of both load and
corrosion, a → c and
a → f increasing corrosion
under constant load, d → e
increasing corrosion under
constant slip displacement

wc
s value can not be overcome. Here, a simplified pro-

cedure is introduced, by defining the ultimate slip dis-
placement on the final bond–slip law, w f

s , correspond-
ing to case 4. Thus, under constant load, the material
point should lie on the plateau defined from a → f ,
independently from the rate of corrosion. This proce-
dure allows for a more flexible definition of the time
step factor, which is an important feature of the Total
IterativeApproach, as described in Sect. 3.2.Moreover,
a smooth transition is allowed under displacement con-
trol from thepre-softening stage to softeningbehaviour,
as discussed above.

3 Numerical implementation

3.1 The total approach

TheTotalApproachwas inspired by theSequential Lin-
ear Approach (DeJong et al. 2008; Rots 2001; Rots and
Invernizzi 2003; Rots et al. 2008; Slobbe et al. 2012) as
well as the Lattice Models, (Lilliu and van Mier 2003;
Schlangen andvanMier 1992).Departing formanequi-
librium state, damage is forced to increase at material
points, according to a pre-defined scheme. First, a trial
step is adopted such that the limit surface is reached
at one material point, closest to the surface, designated
the critical point. Next, the true step is performed and
damage is increased at this critical material point.

In the conventional Total Approach, as well as in
all methods presented in Alfaiate and Sluys (2018),
Chenjie (2019), Costa et al. (2012, 2013), Gago et al.
(2011), Costa and Alfaiate (2006), the approximation
of the internal variables is not exact, leading to a mis-
match regarding the evaluation of the secant stiffness.
This mismatch is due to the fact that, in all these meth-
ods, only one critical material point is considered for
damage update.

3.2 The total iterative approach

In the present work, a Total Iterative Approach is
adopted inwhich damage is updated, iteratively, on sev-
eral material points simultaneously (Alfaiate and Sluys
2023).

Consider the case of non-proportional loading, in
which the current external force vector F2 is applied
on top of the previous ones, accumulated in F1, giving
rise to the corresponding stresses and tractions, σσσ 1,σσσ 2

and t1, t2, respectively. Assume that a certain load level
was reached in step i − 1: F1 + λi−1F2, where λi−1 is
the step factor adopted in step i − 1. In the current step
i , the same load level is applied, which should lead to
local solutions not lying on the surface ( f �= 0). For
instance, departing from the limit surface given in (17)
and assuming f > 0, we get:

|ts1 + λi−1ts2| >
ft tan(φ) − c

f 2t
(tn1 + λi−1tn2)

2
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− tan(φ)(tn1 + λi−1tn2) + c. (30)

In the conventional Total Approach (Sect. 3.1), a new
loading factor λi in the Trial step is determined such
that f = 0 at the most critical material point:
[
|ts1 + λi ts2| = ft tan(φ) − c

f 2t
(tn1 + λi tn2)

2

− tan(φ)(tn1 + λi tn2) + c

]

cri t

, (31)

inwhich the internal variables aswell as strength values
ft and c are kept fixed. Here, an iterative procedure is
introduced such that, for all points lying outside the
surface ( f > 0), damage is increased until f ≈ 0 in
all these points. For all points lying outside the surface,
Eq. (31) becomes:

|ts1 + λ∗
i ts2| = f ∗

t tan(φ) − c∗

f ∗
t
2

(
tn1 + λ∗

i tn2
)2

− tan(φ)(tn1 + λ∗
i tn2) + c∗, (32)

where f ∗
t and c∗ denote new tensile and cohesion

strength values, respectively, corresponding to the
increase of damage (see Eqs. (9) and (10)).

In the iterative procedure, stepλ∗
i is no longer depen-

dent on the condition f = 0 at one single critical point;
instead, it will be defined in each iteration, accord-
ing to a control loading function C . This function
can be dependent on the displacements, forces, dis-
placement jumps, as well as internal variables such as
damage. Thus, at each step i and each interation j ,
step size λ

j
i is defined such that C = 0, where C =

C(u1 +λ
j
i u2,F1 +λ

j
i F2,w1 +λ

j
i w2,d1 +λ

j
i d2, . . .).

Usually,C corresponds to amonotonic increasing func-
tion of some parameter, taken as an absolute value, sim-
ilar to the constrained functions used for the arc length
method.3 For instance, in a structure exhibiting hard-
ening behaviour, function C can be given as:

C = 0 ⇔ Fk,1 + λ
j
i Fk,2 − Fi−1,k = �F∗

k , (33)

where k is a chosen degree of freedom (dof) and�F∗
k is

a prescribed force increment at this degree of freedom.
Since Fi−1,k = F1,k +λi−1Fk,2, Eq. (33) can bewritten
as:

C = λ
j
i Fk,2 − (λi−1Fk,2 + �F∗

k )

= λ
j
i Fk,2 − (Fi−1,k,2 + �F∗

k ), (34)

3 In fact, this function only needs to be monotonic, but if the
absolute value of the control parameter is adopted then we get a
monotonic increasing function in all cases.

where i −1 is the previous final step. As a consequence,
force Fk increases monotonically �F∗

k in each step.
This is a particular advantage with respect to the con-
ventional Total Approach since, in the latter, there is no
control a priori of the step size.

Some examples of C functions are given below:

1. monotonic increase of force at dof k:

C = λ
j
i Fk,2 − (λi−1Fk,2 + �F∗

k ), (35)

2. monotonic increase of displacement at dof k:

C = λ
j
i uk,2 − (λi−1uk,2 + �u∗

k), (36)

3. monotonic increase of normal or shear jump dis-
placement w at discontinuity c:

C = λ
j
i wc,2 − (λi−1wc,2 + �w∗

c ), (37)

4. monotonic increase of damage at material point m:

C = d j
i,m − (dm,i−1 + �d∗

m), (38)

Although control function (35) is adequate for harden-
ing behaviour only, functions (36) to (38), can also be
used for softening behaviour. Function (37) is usually
adopted in more critical cases, such as snap-back, in
which monotonic increase of the displacement jump
between faces of a discontinuity is known to occur
(Alfaiate and Sluys 2023).

Reviewing the four situations presented in Sect. 2.2
corresponding to cases 1 to 4, both functions (35) and
(36) could be used in case 1, whereas functions (36),
(37) and (38) could be used in cases 2. and 4. In case
3, either function (36) or (37) could be adopted.

The increase of corrosion level �η can be associ-
ated to one of the variables defined in (35) to (38).
For instance, if function (36) is adopted, the solution is
still driven by the monotonic increase of the displace-
ment at dof k, �u∗

k . In this case, the rate of corrosion
is given, in each step, by �η∗/η f = �u∗

k/uk, f inal ,
where�η∗ = ηt −ηt−1,ηt is the current corrosion level
and uk, f inal is some predefined ultimate displacement
value uk , reached at the final corrosion stage η f .

However, in order to better approximate a common
situation in reinforced concrete structures, the solution
can also be driven explicitly by the increase of corro-
sion. For this purpose, a new C function is defined:

C = λ
j
i −

(
λi−1 + �η∗

η f

)
, (39)

where �η∗ is the adopted monotonic increase of the
level of corrosion and λi−1 is the previous final step
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factor. In this case, there is no prescribed increase of
load, displacement, displacement jump, etc.. Only the
corrosion increases under constant load or displace-
ment, i.e., at step time t , the step factor is given by the
relative corrosion level:

λ(t) = ηt

η f
. (40)

Note that, in this case, an incremental approach can
not be adopted in a trivial manner. In fact, if no further
increment of either displacement or force is enforced,
the analysis can not proceedwith the IA. In order to take
into account the effect of the increase of corrosion, the
structure must be reevaluated in each step, as done with
the Total Iterative Approach. The bond–slip degrada-
tion leads to the increase of damage and to the decrease
of the structure stiffness, which becomes apparent upon
updating the internal variables and recalculating the
structure again, under the previously defined loading.

4 Numerical tests

In this Section, numerical tests on reinforced concrete
subjected to corrosion are presented, namely pullout
tests and bending tests. In the pullout tests, special
attention is given to local level analysis, namely to
the transition modes between the bond–slip laws under
increasing corrosion. In the bending tests, in which
structural analysis is envisaged, the influence of: (i)
the reduction of the resistant cross section of the steel
bars (defined by rsane in (26)), (ii) the stress normal
to the concrete–steel interface and (iii) slippage of the
reinforcement at the anchorage zone are also taken into
account.

4.1 Pullout tests

The first pullout tests are obtained with the purpose of
illustrating the transition modes between the bond–slip
laws described in Sect. 2.2.

A steel bar (As = 10 mm2) is modelled with truss
elements, attached to the concrete by means of inter-
face elements with initial zero thickness. The concrete
specimenmeasures 160mm(length) by 80mm(height)
by 10mm (width). The Young’s modulus of concrete
is 32 GPa and the steel Young’s modulus is 200 GPa.
The concrete compressive strength is fc = 27.4 MPa.
The concrete specimen is fixed at the left edge. The

Table 1 Initial and final multilinear mode-II fracture relation-
ships adopted for bond–slip

Initial bond–slip law (η = 0) Final bond–slip law (η f = 0.2)

ws (mm) ts (MPa) ws (mm) ts (MPa)

0.20 6.371 0.20 3.159

0.617 8.749 0.42 3.565

1.5 7.397 1.5 2.816

2.0 6.547 2.0 2.491

2.5 5.791 2.5 2.203

5.0 3.136 5.0 1.193

15.0 0.270 15.0 0.103

30.0 0.000 30.0 0.000

anchorage length is not considered so that the bar can
slip at both edges of the concrete specimen.

It is assumed that the final level of corrosion, defined
in (1), is η f = 0.2 (20%), corresponding to the final
bond–slip law given in Table 1. In Table 1, the ini-
tial bond–slip, corresponding to the pre-corrosion stage
is also given. The initial law gives rise to a frac-
ture energy G I I

F = 47.2, whereas a fracture energy
G I I

F = 18.2 N/mm is obtained from the final law. In
both cases, no confinement due to the stirrups is taken
into account. The adopted bond–slip laws are taken
from Silva (2018), Wu and Zhao (2013), Jiang et al.
(2018). Note that the dimensions of both the concrete
specimen and the steel bar are irrelevant with respect
to the evaluated bond–slip relationship, only affecting
the external force and corresponding displacement.

First, the horizontal displacement of the rightmost
point of the bar is increased without corrosion, corre-
sponding to function (36) in Sect. 3.2. Next, corrosion
is introduced by means of the bond–slip degradation
described in Sect. 2.2.3. The step size is still controlled
by the displacement increment �u∗

k (36), such that
both the displacement and corrosion increase simulta-
neously. In Fig. 4, two bond–slip curves obtained at the
right edge of the concrete specimen are shown. Each
curve is obtained with a different initial bond stress
level, before corrosion initiates. In both cases, the load
is not allowed to increase (fixed loading, correspond-
ing to cases 2. or 4. from Sect. 2.2. In the first case,
a high bond stress value is first attained before corro-
sion (ts = 6.8MPa), lying above the ultimate cohesion
(|ts | > c f ), whereas in the second case a smaller bond
value is reached (ts = 1.8 MPa), which lies below the
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ultimate cohesion (|ts | < c f ). In the latter case, snap-
through is allowed to a point at the softening branch of
the final curve. In this way all tests can reach the final
stage with zero bond stress. In this figure, the adopted
finite element mesh is also represented as well as the
initial and final bond–slip laws defined in Table 1.

In Fig. 5, the bond slip curves obtained along the
bar from test (a) in Fig. 4 are presented. In this case
all maximum bond stress values lie above the ultimate
cohesion value.

In Fig. 6 two bond–slip curves are presented, corre-
sponding to different corrosion rates. The solution is
still displacement driven but the load is also allowed to
increase, corresponding to case 1 in Sect. 2.2 (variable
loading). It is clear that, in the test performed with the
higher rate, the decrease of strength is anticipated with
respect to the result obtained with the lower corrosion
rate.

In the examples presented in Figs. 4, 5 and 6, both the
Incremental Approach and the Total IterativeApproach
can be used since the solution is displacement driven.
As mentioned above, the solution is dependent on the
corrosion rate which is defined here as a function of the
displacement increment. The smaller the chosen ulti-
mate displacement value uk, f inal , the larger the corro-
sion rate �u∗

k/uk, f inal (see Sect. 3.2). In the examples
presented in Fig. 6, a value of uk, f inal = 30 mm was
adopted for the slower corrosion rate, whereas a value
of uk, f inal = 5 mm was adopted for the higher cor-
rosion rate. Thus, in the latter case, for uk ≥ 5 mm
the bond–slip curve lies on top of the final curve cor-
responding to η f = 0.2, whereas in the former case,
the final bond–slip law is only attained for uk = 30
mm. Note that these input values (uk, f inal = 30 mm;
uk, f inal = 5 mm) were chosen here to exemplify how
to introduce rate dependence with this model.

The next examples are obtained with the Total Iter-
ative Approach, with control function (39), defined
in Sect. 3, in which the corrosion level is introduced
explicitly as the step factor. In both cases, after reaching
some loading stage, the corrosion is introduced and the
structure is reevaluated at each step. In Fig. 7 the load is
kept fixedwhereas, in Fig. 8, the displacement obtained
at the rightmost point of the bar, before corrosion is
introduced, is kept fixed. In the former case (Fig. 7),
the test stopped when the maximum bond stress lied
above the peak bond stress of the current bond–slip
law, which happened before the total corrosion level
η f = 0.2 was reached. In the second case (Fig. 8), the

test stoppedwhen the total corrosion level was attained.
This is why only 4 steps are obtained in the former case
under corrosion, whereas 10 steps are needed in the
second case. In both cases, each step corresponds to an
increase of 10% of the corrosion level (�η∗ = 0.02 in
(39)).

In Fig. 9, the bond slip curves obtained along the bar
corresponding to Fig. 8 are presented. It is interesting
to notice that, although the global displacement of the
rightmost point of the bar is kept fixed, the slip dis-
placement registered along the bar is not. This is due to
the fact that, simultaneously to the slip increase, elastic
unloading occurs in the steel bar. If the slip displace-
ment was kept fixed, we would recover case 3 from
Sect. 2.2.

4.2 Bending tests

In this Section bending tests are performed with the
purpose of evaluating the influence, at structure level,
of:

1. the degradation of the bond–slip law due to corro-
sion;

2. the reduction of the reinforcement bar effective
cross section;

3. the dependence of the bond–slip lawon the the stress
normal to the interface and

4. the slippage of the reinforcement bar at the anchor-
age zone.

Thefinite elementmesh andboundary conditions are
presentedonFig. 10.The reinforcement bar ismodelled
using truss elements as done in Sect. 4.1. The beam is
simply supported and is 2 m long, 20 cm high and 30
cm thick. The load is distributed on all top nodes of
the beam. Concrete exhibits the same properties as in
Sect. 4.1: Young modulus Ec = 32 GPa, compressive
strength, fc = 27.4MPa., with compressive behaviour
modelled as elastic-perfectly plastic. The concrete ten-
sile strength is ft = 3 MPa and bilinear softening is
adopted under mode-I cracking, with a fracture energy
GF = 0.1 N/mm. The beam is reinforced with 3 bars
of 16mm (3φ16) of steel S400 fyk = 400 MPa, and
Young modulus Es = 200 GPa, modelled as elastic-
perfectly plastic. The pre-corrosion and pos-corrosion
bond–slip laws are given in Table 1. Several vertical
prescribed cracks are defined across the length of the
specimen in order to model multiple cracking due to
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Fig. 4 Bond–slip curves
obtained at the right edge of
the specimen: fixed loading
with corrosion introduced at
high (a) and low (b) bond
stress level

Fig. 5 Bond–slip curves
obtained along the bar: fixed
loading

tension-stiffening. The steel bar is located at 40mm
high, i.e., the cover corresponds to 32mm. The con-
nection between the left edge of the bar and the con-
crete is very stiff in order to simulate the effect of the
anchorage length. Only half of the test is modelled due
to symmetry.

In all subsequent examples, all the solutions obtained
with corrosion are compared to the non-corroded
numerical structural response, which is taken as ref-
erence.

4.2.1 Degradation of the bond–slip law due to
corrosion

The first test is performed without corrosion, under
proportional loading, designated hereafter as reference
test. In order to evaluate the effect of tension-stiffening,
the same test is also performed assuming perfect bond
between concrete and steel. Both solutions are obtained
under displacement control, i.e., using control function
(36) from Sect. 3.2, with a small displacement incre-
ment at midspan, �u∗

k = − 0.01 mm (↓). In Fig. 11,
the deformed mesh obtained with bond–slip is shown.
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Fig. 6 Bond–slip curves
obtained at the right edge of
the specimen: variable
loading with low and high
corrosion rates

Fig. 7 Load–displacement
curves obtained with
increasing corrosion: fixed
load

In Fig. 12, the load–displacement curves obtained
with both tests are presented. In this figure, the dis-
placement obtained at midspan is represented on the x
axis, and the vertical nodal force applied at the sym-
metry line is represented on the y axis.

In this test, the tensile strength of concrete (3 MPa)
is first reached at the central fictitious crack, at the sym-
metry line.4 Next, fictitious cracks close to the central
line also reach the tensile strength and start to dissipate
energy. In the first steps, 4 fictitious cracks are evolving

4 Definition of fictitious crack is given inHillerborg et al. (1976),
and refers to the pre-crack stage, in which dissipation of energy
occurs.

simultaneously, the central crack and the three closest
ones.

Each load drop in the reference load–displacement
curve corresponds to crack localisation at some pre-
scribed discontinuity due to tension-stiffening, which
occurs simultaneously with unloading of the other fic-
titious cracks (Alfaiate and Sluys 2023).

Next, the testwith corrosion is performedunder non-
proportional loading, with the following three loading
stages:

1. the load is applied until a value of the force f1 is
reached, where f1 is the pre-corrosion distributed
load;
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Fig. 8 Load–displacement
curves obtained with
increasing corrosion: fixed
displacement

Fig. 9 Bond–slip curves
obtained along the bar
corresponding to Fig. 8

Fig. 10 Reinforced
concrete beam: boundary
conditions and adopted
mesh
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Fig. 11 Reinforced
concrete test: deformed
mesh (amplification
displacement factor = 10)

Fig. 12 Reinforced
concrete tests:
load–displacement curves
obtained with displacement
control, with and without
bond–slip

2. keeping the load f1 fixed, corrosion is introduced
according to control function given in (39) (fixed
loading), adopting increments of �η∗ in each step,
until a value of the total corrosion level η f = 0.2 is
reached;

3. the load is increased again, under displacement con-
trol.

In the latter stage, the bond traction is allowed to
increase, following the bond–slip relationship corre-
sponding to the total corrosion level η f = 0.2.

The corrosion is introduced at three different load
levels f1:

1. f1 = 15.6 kN/m, corresponding to a vertical nodal
force of F1 = 153 N and displacement u ≈ 0.5 mm
at midspan;

2. f1 = 40.8 kN/m, corresponding to a vertical nodal
force of F1 = 400 N and displacement u ≈ 4.0 mm
at midspan;

3. f1 = 67.4 kN/m, corresponding to a vertical nodal
force of F1 = 660 N and displacement u ≈ 7.0 mm
at midspan;

In Fig. 13, the load–displacement curves obtained
without and with corrosion corresponding to case 1
(F1 = 153 N) are presented. During the corrosion stage
no displacement increase at midspan is detected. How-
ever, the influence of corrosion is clear afterwards, in
stage 3. Note that, although a noticeable reduction of
the load is observed after the first peak due to the stiff-
ness decrease, the obtained ultimate load is similar in
both cases. The ultimate load lies on a plateau, in which
the steel reinforcement reaches the plastic regime at
midspan, i.e., σs|x = 1.0m = fy = 400 MPa.

In Figs. 15 and 17, the load–displacement curves
obtained with corrosion corresponding to cases 2. (F1

= 400 N) and 3. (F1 = 660 N), respectively, are plotted
against the load–displacement curve obtained without
corrosion.
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Fig. 13 Load–displacement
curves obtained without and
with corrosion; case 1,
corrosion introduced at
f1 = 15.6 kN/m, F1 = 153
N

Fig. 14 Bond–slip curves
obtained at x = 500 mm
corresponding to case 1,
Fig. 13

In Figs. 14, 16 and 18, the bond–slip curves corre-
sponding to Figs. 13, 15 and 17, respectively, are pre-
sented, obtained at x = 500 mm, where maximum
bond stress is achieved. In all these Figures, the corro-
sion stage is marked with a star(
). In Figs. 13 and 14,
magnification of the curves near the corrosion stage
is presented. It is interesting to see that, after stiff-
ness decrease due to the introduction of corrosion, a
plateau is reached in the bond–slip curve (Fig. 14), close
to the maximum bond stress value of the final bond–
slip relationship. In case 2 (F1 = 400 N), bond stress
decreases during stage 2 (Fig. 16), but some recov-
ering is still possible under variable loading, before

the plateau is reached. In the last test (F1 = 660 N),
a pronounced decrease of the bond stress is obtained
during stage 2 (Fig. 18). It is verified that, the higher
the load level corresponding to the corrosion stage,
the larger the displacement increase is obtained dur-
ing stage 2. In all these tests the ultimate load obtained
for the non-corroded specimen is similar to the ultimate
load obtained from the tests with corrosion. As a con-
sequence, the degradation of the bond–slip law alone
does not give rise to a decrease of the strength of the
beam.
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Fig. 15 Load–displacement
curves obtained without and
with corrosion; case 2,
corrosion introduced at
f1 = 40.8 kN/m, F1 = 400
N

Fig. 16 Bond–slip curves
obtained at x = 500 mm
corresponding to case 2,
Fig. 15

4.2.2 Reduction of the efective cross section of the
reinforcement bar

According to Eq. (26), the reduction of the sane cross
section of the bar (core reduction) is such that, at the
end of the corrosion stage (η f = 0.2), the radius of
each bar decreases from 8 to 8 × √

1 − 0.2 = 7.16
mm, giving rise to a decrease of the total steel area of
20%, from 603.2 to 482.56 mm2. In Fig. 19, the load–
displacement curves obtained with no core reduction
(from Fig. 13) and with core reduction are shown. The
influence of the core reduction is clear, leading to a
decrease of the structure stiffness. Furthermore, in this

test it is shown that premature failure can occur since
the ultimate load decreases 83% with respect to the
solution obtainedwithout reduction of the cross section
of the bars. In Fig. 20, the corresponding bond–slip
curves are presented. It can be seen that the reduction
of the sane cross section area of the bars gives rise to
anticipation of softening in the bond–slip response.

In Fig. 21, the load–displacement curves corre-
sponding to case 2 (F1 = 400 N), obtained without core
reduction (Fig. 15), and with core reduction are shown.
A reduction in the ultimate load of 82% is found. In
Fig. 22, the corresponding bond–slip curves are pre-
sented. The test corresponding to case 3 (F1 = 660 N,
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Fig. 17 Load–displacement
curves obtained without and
with corrosion; case 3,
corrosion introduced at
f1 = 67.4 kN/mF1 = 660 N

Fig. 18 Bond–slip curves
obtained at x = 500 mm
corresponding to case 3,
Fig. 17

Fig. 17) fails upon introducing the first level of corro-
sion, η = 0.02, i.e., the strength decrease due to core
reduction leads to an ultimate load below the applied
force. As a consequence, under such a high level of
loading, the beam can no longer withstand the force
due to the decrease of the reinforcement area.

4.2.3 Dependence on the stress normal to the
interface

In this Section, dependence of the bond–slip relation-
ship on the stress state near the the concrete–steel
interface is studied. In particular, the stress normal to

the concrete–steel interface is known to influence the
bond–slip relationship, namely by affecting the cohe-
sion. In this work, this influence is taken into account
by means of the limit surface depicted in Fig. 2 and
defined in (17) and (18). This effect can be considered
in two ways:

1. taking into account the normal traction measured at
the interface;

2. considering the stress value normal to the reinforce-
ment bar obtained in the bulk, at the neighbourhood
of the interface.

In all the examples presented in Sect. 4.2, the bar is
modelled with truss elements and is juxtaposed to the
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Fig. 19 Load–displacement
curves obtained in case 1
(F1 = 153 N), without and
with core reduction

Fig. 20 Bond–slip curves
obtained at x = 500 mm
corresponding to case 1 (F1
= 153 N), Fig. 19

beam, as depicted in Fig. 23. This is an adequate pro-
cedure to model the tangential bond–slip relation; nev-
ertheless, the normal traction obtained at the interface
does not provide a reliable measure of the action of the
bulk material on the reinforcement bars. This is why
option 2. is adopted here, in which the stress is taken
as the average value obtained from bulk elements adja-
cent to the steel bar. Option 1 can be adopted in situ-
ations where more refined modelling of the reinforce-
ment bar is used, with interfaces both above and below
the bar, which is required to model spalling of the con-
crete cover.

The adopted bond–slip laws for corrosion used in
the previous tests (Jiang et al. 2018; Silva 2018; Wu
and Zhao 2013) are obtained from pullout tests, under
pure shear (σn = 0). In order to take into account the
dependence of the stress normal to the interface, the
multilinear bond–slip curves adopted for corrosion in
(29) are now modified according to:

ts(m)=
[

ts0(m)+(
ts f (m)−ts0(m)

) × ηt

η f

]
× fsur f ,

(41)

where fsur f is a factor defined according to the limit
surface (17)–(18), given by
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Fig. 21 Load–displacement
curves obtained in case 2
(F1 = 400 N), without and
with core reduction

Fig. 22 Bond–slip curves
obtained at x = 500 mm
corresponding to case 2 (F1
= 400 N)

fsur f = ts,sur f

c
. (42)

In (42), ts,sur f is the bond traction lying on the limit
surface,which depends on the stress normal to the inter-
face and on the damage state, and c is the current cohe-
sion value (10),which depends on the damage state (see
Fig. 2). As a consequence, for tn = 0, ts,sur f = c, for
tn > 0, fsur f < 1.0, whereas for tn < 0, fsur f > 1.0.

The three loading stages defined in Sect. 4.2.1
are adopted. In Fig. 24, the load–displacement curve
obtained with core reduction neglecting stress depen-
dence is compared to the load–displacement curve
obtained with core reduction taking into account stress

dependence. In Fig. 25, the corresponding bond–slip
curves are presented at x = 500 mm. In the latter
figure is is clear that, although the bulk stress nor-
mal to the interface has a considerable influence on
the bond–slip curve, by reducing the maximum bond
stress, both load–displacement curves with core reduc-
tion remain similar, with the same ultimate load. In
this example, the reduction of the bond stress was usu-
ally below 10%, with the exception of the cross section
located at x = 500 mm, shown in Fig. 25, in which the
reduction of the bond stress reached 18%, i.e., fsur f ≥
0.82, corresponding to a tensile stress value normal to
the reinforcement bar, σn = 1.4 MPa. The maximum
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Fig. 23 illustration of the
use of truss element to
model reinforcement bar

Fig. 24 Load–displacement
curves neglecting stress
dependence and taking into
account stress
dependence—case 1 (F1 =
153 N)

compressive stress in the neighbourhood of the bar was
obtained at x = 40 mm, σn = − 0.73 MPa, giving rise
to an increase of the bond stress given by fsur f = 1.06.

InFigs. 26 and27, the corresponding results obtained
with case 2 (F1 = 400 N) are presented. Similar con-
clusions can be drawn in both cases 1 and 2.

In Figs. 28, 29 and 30, the distributions along the
length of the bar of (i) the bulk stress normal to the
concrete–steel interface σn , and (ii) the bond traction
ts , for case 1 (F1 = 153 N), are presented. In Fig. 28,
the distributions of σn and ts obtained at the end of the
corrosion stage (stage 2) are presented. In Fig. 29 the
distributions of σn and ts obtained under the maximum
normal stress value attained in loading stage 3 are pre-
sented (σn,max = 1.4MPa, registered at x = 500 mm).

In Fig. 30 the distributions of σn and ts obtained under
the minimum normal stress value attained in loading
stage 3 are presented (σn,min = − 0.73 MPa, regis-
tered at x = 40 mm).

It is interesting to see that, in the former case
(Fig. 28), localisation had occurred at the second crack
only, where a change in sign in the bond traction is cap-
tured, whereas in the other cases (Figs. 29, 30) locali-
sation had occurred at all discontinuities.

4.2.4 Slippage of the anchorage zone

In the previous tests, although degradation of the bond–
slip relationship occurs due to corrosion and is also
affected by the stress normal to the interface, slip
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Fig. 25 Bond–slip curves
obtained at x = 500 mm
corresponding to case 1 (F1
= 153 N)

Fig. 26 Load–displacement
curves neglecting stress
dependence and taking into
account stress dependence -
case 2 (F1 = 400 N)

between concrete and steel is not allowed to occur at
two locations: (i) the left edge of the beam, to simulate
the anchorage length and (ii) at midspan, due to sym-
metry. As a consequence, the obtained ultimate load is
practically the samewith and without corrosion as long
as the area of steel bars remains unchanged.

This is in agreement with the results shown in
Figs. 13, 15 and 17. The same conclusion can be with-
drawn from Figs. 24 and 26, i.e., the same area of the
cross section of the reinforcement bars leads to the same
ultimate load, independently from the other factors.

Even if the steel bar is allowed to slip at the anchor-
age zone, the bond strength is distributed along the

whole length of the interface and may still withstand
the full load. In Fig. 31, the load–displacement curves
obtained with and without slippage of the anchorage
zone are presented, keeping the corrosion level adopted
in the previous examples (η f = 0.2). In these exam-
ples no reduction of the cross section is adopted. It is
observed that, allowing slippage at the anchorage zones
does not lead to a decrease of the ultimate load.

In fact, only by enforcing a greater degree of corro-
sion this effect can give rise to premature failure of
the beam. In order to allow for this possibility, the
residual bond–slip law defined in Table 2 is adopted
(G I I

F = 4.47 N/mm) (Silva 2018), corresponding to
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Fig. 27 Bond–slip curves
obtained at x = 500 mm
corresponding to case 2 (F1
= 400 N)

Fig. 28 Bond traction and
normal stress along the
length of the bar, obtained at
the end of the corrosion
stage (loading stage 2)

a higher degree of corrosion. In Fig. 32, the respec-
tive load–displacement curve is compared to the load–
displacement curve obtained without slippage of the
anchorage zone. It can be observed that, due to the
increase of corrosion, a considerable drop of the ulti-
mate load occurs due to slippage of the reinforcement
bars (18%).

5 Final remarks

In this work, numerical analyses of steel corrosion in
reinforced concrete are performed. Special attention is
given tomacro-mechanical aspects which influence the
structural behaviour, namely:

1. the degradation of concrete–steel bond–slip rela-
tionship;

2. the reduction of the sane cross section of the rein-
forcement bar;

3. the influence of the stress normal to the reinforce-
ment bar at the neighbourhood of the concrete–steel
interface;

4. the rate of corrosion;
5. slippage of the reinforcement at the anchorage zone.

A Total Iterative Approach is adopted such that
the structure is reevaluated in each step under pro-
gressive damage evolution, using the secant matrix.
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Fig. 29 Bond traction and
normal stress along the
length of the bar, under
maximum normal stress
obtained in loading stage 3

Fig. 30 Bond traction and
normal stress along the
length of the bar, under
minimum normal stress
obtained in loading stage 3

Corrosion gives rise to the degradation of the bond
behaviour, which is modelled with the introduction
of transition modes between evolving bond–slip laws.
Several numerical pullout tests were first performed,
to illustrate the implementation of the model at local
level. Next, bending tests were performed to evaluate
the structural behaviour of a reinforced concrete beam
submitted to corrosion. The main conclusions from the
bending tests are:

1. the higher the load level corresponding to the ini-
tiation of the corrosion stage, the larger the corre-
sponding increase in displacement;

2. degradation of the bond–slip law due to corrosion
affects mainly the stiffness of the structure, giving
rise to displacement increase;

3. degradation of the bond–slip law alone does not lead
to a decrease of the ultimate load;

4. the degradation of the bond–slip law leads to pre-
mature softening of the bond–slip relationship,
although not to the decrease of maximum bond trac-
tion;

5. the reduction of the uncorroded cross section of the
reinforcement bars gives rise to the decrease of the
ultimate load and premature failure of the structure;
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Fig. 31 Load–displacement
curves obtained without and
with slippage of the
anchorage zone under
residual bond–slip law given
in Table 1—case 1 (F1 =
153 N), no core reduction

Fig. 32 Load–displacement
curves obtained without and
with slippage of the
anchorage zone under
residual bond–slip law given
in Table 2—case 1 (F1 =
153 N), no core reduction

6. the influence of the tensile stress normal to the
concrete–steel interface leads to the decrease in the
stiffness of the bond–slip law and to the reduction
of the maximum bond traction;

7. under severe corrosion conditions, slippage of the
reinforcement at the anchorage zone may lead to a

decrease of the ultimate load and premature failure
of the structure.
Finally, it is shown that both the mechanical and the

numerical approaches adopted are adequate to model
corrosion in reinforced concrete structures.
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Table 2 Initial and final multilinear mode-II fracture relation-
ships adopted for bond–slip in Fig. 32

Initial bond–slip law Final bond–slip law

ws (mm) ts (MPa) ws (mm) ts (MPa)

0.20 6.371 0.20 2.159

0.617 8.749 0.42 1.565

1.5 7.397 1.5 0.816

2.0 6.547 5.0 0.200

2.5 5.791 15.0 0.000

5.0 3.136

15.0 0.270

30.0 0.000
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