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Abstract

A study on the influence of the reinforcing bar corrosion level on the flexural crack’s width in the existing
structure is presented. Parametric studies of the crack width development of corrosion damage were performed
using a block model for the reinforced concrete element with corroded bars. The analytic description of the bond-
slip law «7-s» and the establishment of the parametric points of this diagram are decisive in this model. Using
the block model, the distribution of the concrete e.;(x) and reinforcement e4(x) strains for the different level of
corrosion damage, normal crack width was obtained and the effect of the level of corrosion damage was established.
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1 Introduction

As is was stated in [14], there is a growing need for reliable methods of assessing the load-carrying capacity (actual
resistance) and the remaining service life of deteriorated existing structures to achieve optimized maintenance. Due to
social and economic need of utilizing existing structures, their damage assessment and safety evaluation are of major
concern.

The basic international standard, which provides general requirements and procedures for the assessment of existing
structures, based on the principals of structural reliability and consequences of failure following ISO 2394 [16], is
standard ISO 13822 [5]. It applies to the assessment of any type of existing structure that was originally designed,
analysed and specified based on accepted engineering principles and/or rules, as well as structures constructed based
on good workmanship, historic experience and accepted professional practice [22].

In accordance with fib Model Code 2010 [18] for assessing performance at the serviceability limit state, the influence
of bond stiffness on deflection will likely be small compared to the loss of reinforcement and of concrete cross-section,
the width of corrosion-induced longitudinal cracks is likely to exceed that of flexural cracks by the time change in
flexural crack widths would be observed, and by this stage of deterioration the serviceability limit state of durability
will in any case critical. In this paper, the analysis of the results of the influence of the reinforcing bars corrosion level
on the flexural crack width is presented.

2 Development of the resistance model for corroded RC-element

The numerical study of the damaged RC-elements with corroded reinforcement bars was utilized based on block model
that takes into account the constitutive relationship of material and overcomes the hypothesis of no-slip between
corroded rebars and concrete including bond-slip relationship «7-s» (see Figure 1).

In general case, the static problem if formally solved by following a known set of four equations:

(a) translation (axial) equilibrium of the cross-section:
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Figure 1. Relative strain distribution

/ 0 (5,)b(y)dy — / Gt (5,3)b(y)dy — Avory(z) = 0 (1)
Ac Act

(b) rotational equilibrium about the geometrical axis of the cross-section:

[ ot [ oumymiiy- Ao = M) 2
Ac Act
(c) translation (axial) equilibrium of the bar:

dogs(x) 4 B
dr gT(ﬂc) =0 (3)

where A., A., As are the area of the concrete in compression, of concrete in tension, of the steel bars, respectively;
¢ is the bar diameter.

A fourth equation is obtained by developing the definition of the slip in terms of strain, i.e. by the following
equation:

ds(x)
dz

=es(x) —eat(x) (4)

According to the proposed kinematic model [13], in the section at abscissa x (see Figure 1.), the strain e.(x,y) in
the generic concrete fibre at the distance y from the section centroid, is immediately expressed as follows:

y_ds_d

c(r,y) = d. CfC(JCadg) (5)

i.e. asa function of the maximum concrete strain in compression e.(z, dy) and the neutral axis depth d. (see Figure
1.). The solution of the proposed equations system appears to be complicated due to nonlinearity of some equations
and to the dependency of the bond on the distance of the generic section from the crack. Therefore the problem can
only be solved numerically. Following [13], it is worth making discretization at finite differences, by deriding the space
between two cracks in (n — 1) subintervals with small length Az (see Figure 1.). For solving the problem at the finite
differences the iterative procedure based on the «regula falsi» is very useful [13].
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In the generic iteration j, the procedure allows calculation of the values of the parameters at the node (i 4+ 1) by
the values assumed at the node (i); the expressions at the finite differences of Eq. (3) and (4) are used as follows:

. N4
Uiﬁ)ﬂ = USB + ET(Ji) Az (6)
() () ©)) )
@) — ) A Csitl ~ s Cetit1l T Ceni .
S;41 =87 +Ax ( 5 5 (7)
The solution is based on obtaining the value 5? i and 5?% and therefore agi and agl), through the constitutive

laws by equilibrium in the cracked section, where crgj ?1 =0.

For the damaged RC-element with corroded steel bar, the proposed equations can be solved only when relationship
«7-s» for corroded bars is known.

3 Bond-slip relation for RC-element with corroded steel bars

3.1 Analytical bond-slip model

The bond-slip relation of concrete and corroded steel rebar could be expressed by a continuous model [18] according
to the experimental results. As it was shown in numerous publication [14, 21, 23] the bond-slip relation for corroded
steel bar depends on a considerable number of influencing factors including rib geometry (relative rib area), concrete
strength, position and orientation bar during casting, state of stress, boundary conditions (environmental), concrete
cover, duration of aggressive effects. As it was stated in our analytical study, in general case, the bond-slip curve for
confined and unconfined concrete presented in Figure 2 can be considered applicable as an average formulation for a
board range of cases. The model in case of the corroded bar could be written by the following expression [23]:

OA—stage:l:2 i—i,0<s§30 (8)
7o S0 So

(84 — 8)% - (25 + 54 — 350) N (s —80)% (35, — 25— 50)

AE — stage : 7 = , ,80 < 8 < 9
g T TO (Su _ 80)3 Tu (Su _ 80)3 SO s> SU ( )
EF — stage : 7 = Ty, 8 > Sy (10)
T
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Figure 2. The bond-slip curve for confined and unconfined concrete [23]

It should be stated, that for a correct description of the relationship «7-s» in case of the corroded reinforcement
bar, it is necessary to determine the values at the parametric points: bond strength and slippages (sg, su)-
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3.2 Bond strength

Design and assessment code and standard rules are derived on the assumption that the strains in both concrete and
reinforcement are the same, that is perfect bond exists between materials. Any degradation mechanism that reduced
concrete tensile strength and/or induces cracking around reinforcement is likely to reduce the bond strength.

Corrosion induces longitudinal cracking and, as such, the bond is likely to be affected.

The decreasing of bond strength between concrete and steel bar primary caused by following reasons: (1) the
abrasion of rebar’s rib; (2) the reduction of frictional force between concrete and rebar by virtue of the flake corrosion
products on the surface of rebar; (3) the weakness of concrete active reaction to rebar because of longitudinal cracking
while corrosion.

A small amount of corrosion, up to the level required to induce longitudinal cracking, do not cause loss of bond
capacity, and may even augment bond strength to a modest degree, particularly where the bar is in a «poor» casting
position.A greater level of corrosion, residual bond strength is strongly influenced by the degree of confinement provided
by secondary reinforcement in the form of links and by the surrounding structure.

Following to commentary to fib Model Code 2010 [18] most data on bond resistance of corroded reinforcement are
obtained from the test in which corrosion activity has been accelerated, and corrosion rates are in excess, or well in
excess, of those measured in the field exposure. Consequently, experimental data must be interpreted with caution.

The magnitude of the reduction in residual bond strength is highly dependent on the confinement to the bar and
is also affected by concrete quality and environment. The values in Table 2. may be taken as indicative only; however,
detailed guidance should be sought in the case where residual strength of a corroding structure is of concern.

In case of fib Model Code 2010 [18] guidelines (see Table 1.), the equivalent surface crack indicates the width of
corrosion-induced longitudinal crack which correlates with the residual strength indicated in typical conditions. It
should be appreciated that the residual strength of concrete structures is also affected by cross-section loss of both
steel and concrete. From the other side under 6.1.1.3.3 fib Model Code 2010 [18], if cracks parallel to the bar axis are
present, the bond strength for pull-out failure should be modified by the factor 2.,.:

Q.=1,0, where concrete is uncracked parallel to the bar axis;
Qep=1-1w,, gy, where the concrete is cracked parallel to the bar axis and w,, is the crack width (in mm).
It should be pointed, that if we,;y >83 mm, §2.,.=0 and bond strength f,q=0. But it is contradicting to the

experimental results presented in numerous publication [9, 10, 14, 22] and the magnitudes listed in Table 1.

Table 1. The magnitude of the reduction in residual bond strength for corroded reinforcement

. ) Residual bond  stress
Corrosmp Equivalent (strength) (as% of
penetration, | surface Confinement foa),bar type
mm crack, mm

Ribbed Plain
0.05 0.2...04 50...70 70...90
0.10 0.4...0.8 Nolinks 40...50 50...60
0.25 1,0...2,0 25...40 30...40
0.05 0.2...04 95...100 95...100
0.10 0.4...0.8 Links 70...80 95...100
0.25 1,0...2,0 60...75 90...100

The different expressions utilizing the bond strength assessment of the corroded steel bar proposed by authors
were analyzed in our study and summarized in Table 2.

As shown from Table 2. most of the proposed expressions are complex and contains numerous uncertainties and
unknown parameters which can be obtained by testing procedure only in every case.
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Table 2. The generalized expressions utilizing the bond strength assessment of the corroded steel bar

Author Expressions to evaluate, fpqd,corr
D. Coronelli [9] fod.corr = ]k:(m)pm‘” (z) + 2 (x) + p(x) -pcorr(x)’
D. Coronelli, P. Gambarova [10] | fbd,corr = 0.6 - (0.5 + é) fet,sp(1 — BaH) + %
T. El Maaddawyet al [11] fod,corr = (A1 + Az - myq) - (0.55 +0.24 - g) -/ f+0.191 - ATsrid)f/
DV Valet al [20] fbd,com" _ 1 + (klix) ’ ZE.LT z S xCT’
foond,0

max [k1 — ka(x — 2¢);0.15] 2 > z¢p

X. Wang, X.Liu [21] Jod,corr = Tu(T) = Tere + 190 - Peorr

N.S. Ottosen [15] fod,corr =k - <0.5 + %) - et

T. El Maaddawyet al [11] Futcorr = B (0.55 4024+ £) -/ Jopy +0.191 - A2
J. Rogriguez [17] Jod,corr = 0.6 - (0.5 + é) “fetsp - (1= Bat) + %
fibBulletin 2000 [6] A fod,corr = A= Awer ()

J. Cairns, Y. Du and D. Law [7] | fpd,corr = Wlwmm) - frond,0

P. Thoft-Christensen [19] fod,corr = (1 = 0.30 - Wer1)) - frond,0

fibModel Code 2010 [18] fod,corr = (1 = 1.2 - Wer(yy) - foond,0

K. Lundgrenet al [14] fod,corr = kasw * fo,conf + (1 — kasw) - founcons

A most appropriate bond strength model the corroded bar was choose based on the statistical evaluation of the
model error under EN1990, AnnexD [12] (see Figure 3 and Table 3) compared experimental and theoretical values.

Table 3. Comparison of statistical parameters

The statistical evaluation of the model error
Author
b Vs, %
J. Cairnset al [7] 1.56 27.4
P. Thoft-Christensen [19] | 1.09 29.9

Based on the results of the own studies, the following expression for assessment bond strength of corroded reinforced
bar and surrounding concrete was proposed:

1

(14 0.8wery) Joona.o (11)

fbd,corr =

where w,,( is the longitudinal surface crack width (mm) and fpona,0 is the bond strength for the uncorroded bar
under fib Model Code 2010 [18].

3.3 Corrosion cracks
After corrosion initiation, hydrated rust accumulates around the bar, causing pressure and leading to cover cracking.

To predict the damage caused by corroding reinforcing bars, knowledge of the state of stress in the surrounding
concrete is required, and this can be determined to employ a concrete ring or thick-wall cylinder, as it was proposed
by most of the researches [4]. The concretering approximates the effect of surrounding concrete, but due to different
geometry between the cover ring model and the real cover, the stresses will only approximately correspond to the
stress in the real situation. In the last decade numerous model [9, 17, 22] for corrosion cracking assessment was

—5—
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Figure 3. Comparison of experimental and theoretical values

proposed. Based on the results of the own comparative study, the following relations (expression) for calculation of
the corrosion crack with opening proposed (by J. Rodriguez et al [17]):

Wery = 0.05+ B+ (¥ — x¢r) (12)

where c is the penetration depth for steel bar (um);
T 1s the critical penetration depth initiated longitudinal crack; fBis the empirical coefficient.

For calculation of the critical penetration depth C. Alonso et al [3] empirical expression was adopted:

Ter = T.53+ 9.32% (13)

wherec is the concrete cover and ¢ is the bar diameter.

Comparison of the theoretical crack width w,,;) values obtained by the generalized model (12) and (13) with
experimental data, obtained by the test are presented in Figure 4.

Taking into account statistical uncertainties evaluated by EN 1990, Annex D [12] (b=0.34; V5 =50.9%) expression
(12) can be rewritten as:
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Figure 5. The distribution of the concrete e.:(x) and reinforcement e,(x) strains for the different level of corrosion
damage and practically constant value (a)before cracking; b) stabilized cracking) £5(0) = 0.15%; (exploitation service
stage) (example for f., = 20M Pa, $12mm, c/¢ = 3.5)

Wer(l) = k-[0.05+ B (z — zcr)] (14)

where k is the model empirical coefficient equal to 0.34.

4 Results of the numerical study and brief discussion

Numerical studies of the reinforced concrete beam elements with wide combination of the input parameters (concrete
strength, ratios ¢/¢ ,levels of the corrosion damage as a mass loss M L, %)utilized with usage of the proposed numerical

—7—
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model.

An example, of the distribution of the concrete e4(x) and reinforcement e.(z) strains for the different level of
corrosion damage and practically constant value £4,(0) = 1.5% (exploitationor service stage) and presented in Figure
5. Normal to the axis of elements crack width was calculated as:

Srm /2
1%224 eu(2) — cur(a)] - da (15)

Relationships between normal crack width (wy) and corrosion damage level ML, %) are shown in Figure 6 and
example of obtained relations between normal crack width wy and longitudinalcrack width (w;) for different corrosion
damage level (ML, %) are shown in Figure 7 The red solid and dashed lines indicate the critical penetration depth
initiated a longitudinal crack.
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Figure 6. Relationships between normal crack width (wy) and corrosion damage level (M L, %)
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Figure 7. Relations between normal crack width (wy) and longitudinalcrack width (w;) for different corrosion damage
level (ML, %) (example for f., = 20M Pa, ¢ 12mm, ¢/¢ =3.5)
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Conclusion

Performed numerical studies have shown that a significant effect of corrosion damage of the steel reinforcement (as a
mass loss ML, %). on the crack’s width is observed only after the mass loss is greater than 1.2%. Beyond this point,
where is an approximately linear reduction in the bond strength and increasing of the crack opening [1, 2, 8].

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

18.
19.

20.

21.

22.
23.

Al-Sulaimani G.J. Kaleemullah. M. Basunbal, I. & Rasheeduzzafar. Influence of corrosion and cracking on bond
behaviour and strength of reinforced concrete members, ACI Structural Journal 87, 220-231 (1990).
Almusallam, A., Al-Gahtani, A., Aziz, A. & Rasheeduzzafar. Effect of reinforcement corrosion on bond. Con-
struction and Building Materials 10 (1996).

Alonso, C., Andrade, C., Rodriguez, J. & Diez, J. Factors controlling cracking of concrete affected by reinforce-
ment corrosion. Materials and Structures 31, 435-441 (1998).

Balafas [.Burgoyne, C. Modeling the structural effects of rust in concrete cover. Journal of Engineering Mechanics,
175-185 (1 2011).

Bases for Design of Structures — Assessment of Existing Structures: ISO 13822 — Introduced 01.08.10. (Geneva,
2010), 112.

Bond of reinforcement in concrete in fib Bulletin 10 CEB-FIP Committee (Lausanne), 434.

Cairns, J., Du, Y. & Law, D. Residual bond strength of corroded plain round bars. Magazine of Concrete Research
58, 221-331 (2006).

Clark, L. & Saifullah, M. Effect of corrosion on reinforcement bond strength. Structural Faults and Repairs 3,
113-119 (1993).

Coronelli, D. Corrosion cracking and bond strength modelling for corroded bars in reinforced concrete. ACT
Structural Journal 99, 267-276 (2002).

Coronelli, D. & Gambarova, P. Structural assessment of corroded reinforced concrete beams: modelling guidelines.
Journal of Structural Engineering 130, 1214-1224 (2004).

El Maaddawy T. Soudki, K. & Topper, T. Analytical model to predict nonlinear flexural behaviour of corroded
reinforced concrete beams. SJ ACI Structural Journal 102, 559 (2005).

Eurocode - Basis of structural design (Minsk, 2012), 86.

Jakubovskis, R., Kaklauskas, G., Gribniak, V., Weber, A. & Juknys, M. Serviceability analysis of concrete beams
with different arrangements of GFRP bars in the tensile zone. American Society of Civil Engineers 18, 1-10
(2014).

Lundgren, K., Kettil, P., Hanjari, K., Schlune, H. & San Roman, A. Analytical model for the bond-slip behaviour
of corroded ribbed reinforcement. Structure and Infrastructure Engineering 8, 157-169 (2012).

Ottosen, N. A failure criterion for concrete. Journal of the Engineering Mechanics Division, ASCE. 103, 527-535
(1977).

Reliability of Construction Structures: ISO 2394 — Introduced 01.03.15 (Geneva, 2015), 112.

Rodriguez, J., Ortega, L. & Casal, J. Corrosion of reinforcing bars and service life of reinforced concrete struc-
tures: Corrosion and bond deterioration in Concrete across — Odense (ed Fyn, K. B.) (1994), 315-326.

fib Model Code for Concrete Structures 2010 / CEB-FIP Committee (Lausanne, 2012), 402.

Thoft-Christensen, P. in Reliability and Optimization of Structural Systems: Assessment, Design and Life-Cycle
Performance (ed Frangopol, D. M.) 233-239 (Kobe, 2006).

Val, D. & Chernin, L. Serviceability reliability of reinforced concrete beams with corroded reinforcement. ASCFE
Journal of Structural Engineering, 896-905 (2006).

Wang, X. & Liu, X. Bond strength modelling for corroded reinforcements. Construction and Building Materials
20, 177-186 (2006).

Webster, M. The assessment of corrosion-damaged concrete structures Thesis Doctor of Philosophy (2000), 318.
Xu, S. & Cai, X. Bond behaviour of corroded reinforcing bar and ultra-high toughness cementitious composites
(UHTCC). Assessment, Durability, Monitoring and Retrofitting of Concrete Structures/eds. B. H. Oh,Seoul,
794-800 (2010).



