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CHAPTER 128

3D-MODELLING OF CORROSION CRACK OPENING *

P. Thoft-Christensen, S. Svensson & H.L. Frandsen
Aalborg University, Aalborg, Denmark

ABSTRACT

It is of great interest to investigate whether it is possible to estimate the reliability of a
given reinforced concrete structure by observations of corrosion crack on the surface of
the structure. In the paper recent progress in modelling of the deterioration of
reinforced concrete structures is presented with special emphasis on the corrosion crack
opening. Experiments and 2-dimensional FEM analysis seem to support that the
relation between the reduction of the reinforcement diameter AD,, and the

corresponding increase in crack width Aw_,, in a given time interval At measured on

the surface of the concrete specimen can be approximated by a linear function; Thoft-
Christensen [1]. More recently the crack-corrosion index y =Aw,, /AD,, is further

studied with respect to its dependency on the diameter of the rebar and the concrete
cover; Thoft-Christensen [2]. In the paper it is shown that the above-mentioned work
can be extended to more realistic beam configurations when a 3-dimensional FEM
modelling is used. The crack corrosion index may then be evaluated for a 3-
dimensional beam by assuming a concentrated corrosion area of the reinforcement. In
this way it is possible not only to investigate homogeneous corrosion, but also pit
corrosion.

bar

! Proceedings of the IFIP WG 7.5 Conference on “Reliability and Optimization of Structural Systems”,
Aalborg, Denmark, May 22-25, 2005. In “Advances in Reliability and Optimization of Structural
Systems”, Balkema/Taylor & Frances, 2006, pp. 163-170.
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1. INTRODUCTION

Life-cycle assessment of the structural reliability of a reinforced concrete structure is
based on modelling of the deterioration of the concrete. The most serious deterioration
is often corrosion of the reinforcement due to chloride penetration of the concrete. A
fully satisfactory modelling of the corrosion of the reinforcement has not yet been
established. Modelling of the corrosion initiation is often based on Fick’s law of
diffusion; see e.g. Thoft-Christensen [3]. After initiation of corrosion in the
reinforcement it is often assumed that the cross-section of the reinforcement decreases
with time. By this modelling it is simple to perform a deterministic or stochastic
estimate of the so-called reliability profile that is the capacity or reliability as functions
of time; see e.g. Thoft-Christensen [3].
The reliability profile consists of six parts:

1. Chloride penetration
2. Corrosion initiation
3. Corrosion evolution
4. Initial cracking

5. Crack propagation
6. Spalling.

Deterioration steps 1-3 are well understood, and are presented in numerous
papers, e.g. Thoft-Christensen [4]. Step 4 has been addressed in Thoft-Christensen [5],
but steps 5 and 6 have only recently been investigated in this connection, Thoft-
Christensen [6].

Using diffusion modelling of the chloride penetration of the concrete it is shown
based on simulation data that the corrosion initiation time for a considered example
may be modelled by a Weibull distribution. This approach based on diffusion theory
seems to have reached general acceptance among researchers in this field. The time to
crack initiation is estimated by calculating the amount of corrosion products and
estimate the space needed for these products. Initially the rust products will fill the
interconnected porous zone completely and then result in an expansion of the concrete
near the reinforcement. A result of this is that tensile stresses are initiated in the
concrete. After some time with increasing corrosion the tensile stresses will reach a
critical value, when the reinforcement is relatively close to the surface of the concrete,
and corrosion cracks will be developed. After formation of the initial crack the rebar
cross-section is further reduced due to the continued corrosion, and the width of the
crack is increased. Experiments show that the function between the reduction of the
rebar diameter AD,,, and the corresponding increase in crack width Aw,,, measured

on the surface of the concrete specimen can be approximated by a linear function
AW, =y AD,,. , Where the factor y is of the order 1.5 to 5.

crack

rac

bar !

2. CRACK-CORROSION INDEX

Several researchers have investigated the evolution of corrosion cracks in reinforced
concrete beams experimentally. After formation of the initial crack the rebar cross-
section is further reduced due to the continued corrosion, and the width of the crack is
increased. An impressed current are normally used to artificially corrode the
reinforcement. The loss of bar sections is then monitored and the corresponding crack
evolution is measured by the use of strain gauges attached to the surface of the beams.
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In most experiments the

nAveer AD,. /2, um function between the reduction of
ar ’ -

oy L™ the rebar diameter and the

A wome - maximum crack width measured in

ol 1 TVTiomAsem the surface of the concrete

specimen can be approximated by a
linear function, see Andrade,
Alonso & Molina [7]. Based on this
linearization the increased crack
width with time may be modelled.
The opening of corrosion
cracks in reinforced concrete beams
has been experimentally
investigated; see e.g. Andrade,
Alonso & Molina [7]. After
formation of the initial crack the
rebar  cross-section is  further
reduced due to the continued
104 AW, mm corrosion, and the width of the
crack is increased. In the paper four
simple test specimens have been
investigated. The specimens are
Figure 1. Loss in rebar diameter AD,, versus  Simplified small reinforced concrete

bar
. . . beams with only a single rebar and
the increase in crack width Aw_., , Andrade, 20 or 30 mm of cover. An

Alonso & Molina [6]. impressed  current  artificially
corrodes the beams. The loss of bar

sections is monitored and the corresponding crack evolution is measured by the use of
strain gauges attached to the surface of the beams. In all four experiments the function
between the reduction of the rebar diameter and the maximum crack width measured in
the surface of the concrete specimen can be approximated by a linear function, see
figure 1. Let Aw,,, be the increase in crack width in the time interval At and let the

corresponding loss of rebar diameter be AD,,, . Then, Aw,,,, = ¥ AD,,,, Where the crack

crack
corrosion index yis of the order 1.5 to 5 in the experiments reported in Andrade,
Alonso & Molina [7].
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2. 2D-MODDELING

The first FEM estimation of the crack-corrosion index y =Aw,.. / AD,,, was presented

at the IFIP TC7 Conference on “System Modelling and Optimization” in Sophia
Antipolis, France, July 2003 using FEMLAB/MATLAB; see Thoft-Christensen [1]. A
rectangular beam cross-section with only one reinforcement bar was considered, see
figure 2. The diameter of the hole around the rebar at the time of crack initiation is Dpgle
=20 mm and that the cover is ¢ = 10 mm. The initial crack width is 0.01 mm.

In the FEM modelling the rectangular cross-section in a long beam (plain strain)
is assumed to have a hole at the location of the reinforcement and a crack (0.01 mm)
from the hole to the boundary. The material is assumed to be linear elastic with the
elasticity module E = 25x10° Pa. It is assumed that the pressure on the boundary of the
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hole from the increasing corrosion products can be modelled as a uniform loading
(pressure) p = 1x 10% N/m at the boundary of the hole.

400 Initial crack
mm width is
[| 0.01 mm.
| 32 mm 0 mm
.48 mm
0.68 mm
—>
150 mm

Figure 2. FEM net. The total net is shown to the left, the local net near the crack is
shown in the middle, and the displacements are shown at the right; Thoft-Christensen

[1].

The result of the analysis is shown in figure 2. The increase in the crack width At
IS Awcrack = 0.67 mm and the average increase in the hole diameter is AD,_,. = 0.31 mm.

hole

Vcrack

$ Dbar'ADbar

Dhole | Dpoar Dhole+ADnole

Crack initiation Crack width Awrack

Figure 3. Crack width increase from crack initiation (0.1 mm)
to Aw,,,., ; Thoft-Christensen [2].

crack ?
An approximate relation between the decrease in the steel bar ADy, and the

increase in the hole ADpoe may be obtained easily by considering the volume of the

produced rust products zADpar Dpar @ (@ = pstee/ prust 1S the relation between the
densities of the steel and the rust product; see table 1) and the volume due to the

expansion of the hole zADpar Dpart+ z4Dnole Dhole + AVerack; S€€ figure 3. By equalizing
these two volumes and assuming that Dpar 2 Drole ONe gets

( a-1)ADpar & ADnote +AVcrack! 7Dnole (1)
and
7= MWerack/ ADpar ~ ( a=1) AWerack /(ADhote +AVcrack! 7Dhote) (2)
For the example shown in figure 2 one gets
y~(a-1)0.67/(0.31+5.7/ 207)) = 1.67(-1) (3)

or ¥ equal to 1.8 and 5.3 for black and brown rust respectively, in good agreement with
the values obtained by the experiments in chapter 2.
The results of a similar FEM analysis of a cross-section like the one illustrated in
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figure 2 are presented for 10 different combinations of the cover ¢ and the diameter
Dyar In Thoft-Christensen [8]. The conclusion is that y increases with the cover ¢ for a
fixed rebar diameter Dyqr, and that y also increases with the diameter Dy, for a fixed

cover C.

A similar analysis with 30 combinations of Dpar and ¢ but with a different cross-
section confirms partly this conclusion; see Thoft-Christensen [2]. The y values for the
30 combinations are shown in table 2. It follows from table 2 that the crack-corrosion

index y for the used parameter combinations
increases with the diameter Dy, and decreases with

Corrosion Colour o
product

F9304 Black 2.1
Fe(OH), White 3.8
Fe(OH); Brown 4.2
Fe(OH)3;, 3H, Yellow 6.4

the concrete cover c. However, crack-corrosion index
y 1s in this case estimated by a different numerical
procedure.

Table 1. a = psweell prust fOr different

corrosion produ

cts.

In the same paper it is also
investigated whether the distance b
from the crack to the nearest
uncracked vertical side of the beam
IS important for the estimate of

Diameter Cover crack-corrosion index y. The same
Dpar, MM c,mm cross-section is used, but the hole
20 25 30 35 40 and the crack are placed at different

10 3.72 353 3.39 3.30 3.25 distances from the vertical side of the
12 3.93 3.76 3.63 3.55 3.50 beam The COHC'USiC_)n |S that the
14 409 394 383 375 3.71 distance b to the vertical side of the
beam is only significant if b is

16 4.20 4.08 399 392 3.88 smaller than twice the rebar
18 426 419 411 4.06 4.03 diameter. Otherwise, » with a good
20 428 427 421 418 415 approximation  seems to  be

independent of b.

Table 2. Estimates of (D, a).

3. 3D-modelling

In this section the procedure used in 2-D modelling of corrosion crack evolution is
extended to a 3D- modelling. The 2D-moddeling in section 2 is based on several

Figure 4. Beam element with corroded part of the reinforcement and the
initial crack from the crack to the surface of the beam is shown to the left. In
the middle the FEM-net is shown for one quarter of the beam, and to the
right the FEM-net near the reinforcement and the crack is shown.
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assumptions e.g. that the movement of corrosion products is restricted to the considered
cross-section. In a 3D-modelling the corrosion products may also move in the direction
of the reinforcement. Further it is in a 3-D modelling possible to consider situations
where only parts of the reinforcement are corroded.

A beam element with the dimensions 400x800x1000 mm is considered. It
contains only one rebar with the diameter Dysr = 20 mm, and the cover c, see figure 4.
Corrosion is supposed to take place in the central part with the length I (0 <I < 1000
mm) of the reinforcement. An initial crack connects the corroded part of the
reinforcement with the surface of the beam as shown in figure 4.

Mid section, o = 4.2 Mid section, o = 4.2
60
.
_ 50 A
6| E
(5]
o= - 40 5
4 2
O 6
2 7 30 -
o 8
i 20 20 o
800600 40
400200 60 Cover, ¢ [mm] 200 400 600 800
Crack length, 1 [mm] Crack length, 1 [mm]

Figure 5. The crack-corrosion index y (1,c) estimated on
basis of the mid section of the corroded part of the

In the FEM model the beam is assumed to have a cylindrical hole at the location
of the reinforcement and a crack (0 mm thick) from the hole to the boundary. The
material outside the hole and the crack is assumed to be linear elastic with the elasticity
module E = 25x10° Pa. It is assumed that the pressure on the boundary of the hole
from the increasing corrosion products can be modelled as a uniform loading (pressure)
p = 1x10® N/m? normal to the boundary of the hole. The FEM analysis is due to
symmetries based on only on quarter of the considered beam element. The FEM
analysis is performed with 5 covers ¢ = 20, 30, 40, 50, and 60 for the corrosion length |
= 10, 20, 30, 40, 50, 100, 200, 300, 400, 500, 600, 700, 800 900, and 1000 mm. The
crack-corrosion index y =Aw,,, /AD,, is calculated for each combination of the

above mentioned values of the cover ¢ and the corrosion (crack) length | using equation

2).

The calculated displacements and are based on the cross-section trough the
midpoint of the corroded part of the reinforcement, see figure 5. The same estimations
of the crack-corrosion index y (I,c) estimated on basis of the mid section is shown in
figure 6 to the left. A similar estimation but based on the entire part of the corroded
rebar is shown in the same figure 6 to the right. The crack-corrosion index
v (l,c) ,estimated on basis of the mid section, is slightly higher than for the entire crack

but of the same order.

bar
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Mid section, . =4.2 Entire crack, o =4.2

9 0.9
81 0.8
T 0.7
6 0.6
5r 0.5
- -~
41 0.4
3 2 Cover=20 1 03 Eover = 20
) —+— Cover=30mm | 02 —+—— Cover =30 mm
—#—— Cover =40 mm ’ ——— Cover = 40 mm
1 —*—— Cover =50 mm | 0.1 e ——— Cover = 50 mm
_ —4— Cover = 60 mm ; —=&— Cover = 60 mm
0= - : - : 0% - - : :
0 200 400 600 800 1000 0 200 400 600 800 1000
Crack length, 1 [mm] Crack length, 1 [mm]

Figure 6. The crack-corrosion index y as a function of the length of the corroded

part | of the rebar for the midpoint approach to the left and the entire crack
approach to the right. Dpa=20 mm.

It follows from figure 6 that the crack-corrosion index y decreases with
decreased length | especially for small lengths of I. » — 0in the case of pit corrosion
(1 — 0). Also notice that decreases with increased values of the cover like in table 2.

ln

c =40 mm c=40 mm c=40 mm c=40 mm
| =20 mm | =100 mm I =200 mm | = 1000

Figure 7. Illustration ot the hole and the crack protile tor 4
different lengths of the corroded part of the rebar. Dpar=20 mm.
Magnification factor = 6.

I, mm 20 100 200 1000
Crack bottom, mm 0.123 |1514 |2.457 |3.48
crack top, mm 0.425 1.441 1.970 2.58

0377 0.617 |0.72 0.823
' 0.159 10.413 |0.551 |0.709
, mm 0.78 3.66 442 491

| AD

hole

Table 3. Data related to the 4 parameter set used in figure 7.
AD,,.,mm

bar

e 1741



Chapter 128

The crack openings for 4 selected crack lengths are illustrated in figure 7 and the
corresponding data are shown in table 3. The crack openings at the surface Awgrack and
near the hole Awnoe as @ function of the crack length | are shown in figure 8. It is
interesting to note that Awcrack - AWnole IS positive for | greater than 90 mm and negative
for I smaller than 90 mm.

3.5

3t

o
wn

Crack Opening, [mm]

—_— AW
crack

—ea— AW

hole

U " L L L L L L 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Crack length. | [mm]
Figure 8. The crack openings at the surface Awcrack and near the
hole Awpoe as a function of the crack length I. Dpa=20 mm.

In figure 9 is shown the displacements for the relative short crack length | = 20

Cover, ¢ = 40mm, magnification factor = 10 mm (plt COI’I’OSiOﬂ),_Dbar =20
60 mm, and the cover is 40 mm.
o~ The volume of the crack

oy
=

AVerack (see figure 3) is small
compared with the space

around the corroded part of
the rebar. Accordingly, the
crack-corrosion index 7y is
small as shown in table 3.

displacement [mm]|
(=]
=

0

0 20 40 For even smaller cracks (pit

X [mm] corrosion) the crack-

Figure 9. The displacements for a short corrosion index y is close to
crack (pit corrosion). 0.

4. SAFETY ESTIMATION

The reduction of the rebar diameter ADy,, corresponding a given corrosion crack width
may be estimated by adding the estimation of the rebar reduction at crack initiation
ADparci and the increased reduction ADpgrcw from crack initiation to the crack width
AWcrack
ADpar =ADpar i+ ADbar, cw 4)
Liu & Weyers [9] have estimated the increase in the hole diameter ADpgje i at
crack initiation by assuming that the concrete is a homogeneous elastic material and
can be approximated by a thick-walled concrete cylinder around the rebar. The
approximate value of the critical expansion ADpgjei 1S
' 2 2
D - cf, (szzz ) (5)

hole,ci
Eef
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where E, is the effective elastic modulus of the concrete and f," is the tensile strength
of the concrete. v, is Poisson’s ratio of the concrete. a and b are geometrical constants.
An approximate relation between ADparci and ADpole,ci May be obtained by equalizing
the volume AzDpar,ci Doard (@ = psteell prust) OF the produced rust products with the
volume A7zDypar, ¢i DoartA7Dnoleci Dpar due to the expansion of the hole. One gets

ADvarci =ADnote,ci /(1) (6)

By (4) - (6) and ADpar cw= ¥ Werack the reduction of the rebar diameter ADy,r When
the corrosion crack width is Awgrack IS then estimated by

cf,  a’+b?
AD,. = t +v.)+ 7 Aw, 7
bar Eef (1_ 0() (b2 _ az c) 7/ crack ( )

The reductions of the rebar cross section area and thereby the safety of the beam
may then be estimated by (7).

5. CONCLUSIONS

Modelling of the deterioration of reinforced concrete structures is presented with
special emphasis on the corrosion crack opening during corrosion of the reinforcement.
Experiments and 2-dimensional FEM analysis seem to support that the relation between
the reduction of the reinforcement diameter AD,_ and the corresponding increase in

crack width Aw,,, measured on the surface of the concrete specimen may be

approximated by a linear function.
In this paper, recent work on the crack-corrosion index y=Aw,,, /AD,, Iis

extended to more realistic beam configurations when a 3-dimensional FEM modelling
is used. The crack corrosion index may then be evaluated for a 3-dimensional beam by
assuming a concentrated corrosion area of the reinforcement. In this way it is possible
not only to investigate homogeneous corrosion, but also pit corrosion.

It is shown by equalizing the volume of the produced rust products with the
volume due to the expansion of the hole and the increased crack volume that the
reductions of the rebar cross section area and thereby the safety of the beam may then
be estimated. The results presented in this paper are preliminary outputs of an ongoing
research.

bar

bar
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