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ABSTRACT

Concrete cover cracking caused by corrosion of reinforcement is one of major deterioration
mechanisms for reinforced concrete structures. In practice, time to surface cracking and crack
width evolution are of significance in regards to the assessment of serviceability of reinforced
concrete structures. Literature review suggests that, although considerable research has been
undertaken on corrosion-induced concrete cracking, little has been focused on corrosion of
multiple reinforcing bars, especially by considering the non-uniform corrosion process. In this
paper, a time-dependent non-uniform corrosion model is established. A cohesive crack model
is then formulated to simulate arbitrary cracking in the whole cover of concrete structures.
Two typical cover failure modes (i.e., “delamination” and “combined delamination and corner
spalling”) have been simulated under the non-uniform corrosion of multiple reinforcing bars
and found dependent on spacing of reinforcement and fracture energy of concrete. The effects
of corrosion, geometric and mechanical parameters on the time to surface cracking after
corrosion initiation and the crack width evolution are also investigated and discussed. The
developed model is partially verified by comparing the results with those from experimental

tests on uniform corrosion of multiple reinforcing bars.

Keywords: corrosion initiation, surface cracking, non-uniform corrosion, multiple reinforcing

bars, cohesive crack model, reinforced concrete, finite element modelling.
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1 INTRODUCTION

Corrosion of reinforcement is a significant problem affecting the durability of reinforced
concrete (RC) structures, e.g., bridge decks, retaining walls, piers, tunnels. Practical
experience and observations suggest that corrosion-affected RC structures are more prone to
cracking than other forms of structural deterioration. Consequently, the corrosion induced
cracks destroys the integrity of the concrete cover, deteriorate the bonding strength of the
interface between reinforcement and concrete, and lead to premature failure of RC structures.
Moreover, the reinstatement cost of corrosion-affected RC structures is significantly high;
worldwide, the maintenance and repair costs for corrosion-affected concrete infrastructure are

estimated around $100 billion per annum [1].

Considerable research has been carried out in concrete cover cracking induced by corrosion of
reinforcement [1-8]. Liu and Weyers [2] were amongst the first to model the surface cracking
time of concrete cover due to corrosion of reinforcement, based on a series of experimental
tests. Their formula for the critical amount of corrosion products has been widely cited in the
research literature. Pantazopoulou and Papoulia [4] established a relationship between the
amount of corrosion products and internal pressure from which the cracking time of the
concrete cover can be obtained. Li ef al. [9] developed an analytical model to calculate the
crack width of concrete cover caused by corrosion of reinforcement. Amongst these existing

studies, most are focused on uniform corrosion of a single reinforcing bar.

However, due to the fact that chlorides, as well as moisture and oxygen, penetrates into
surface of steel at different rates on different sides of the concrete, it is rare to have a uniform
corrosion on the reinforcing bar. Recently, some researchers have started to model the

cracking of concrete cover induced by non-uniform corrosion. According to geometry and
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diffusion properties of concrete, non-uniform corrosion model can be built by considering
chloride concentration via Fick’s second law of diffusion [10-12]. However, the actual
environmental conditions of concrete may differ significantly from the hypothesis under
Fick’s law [13]. Meanwhile, experimental tests or field surveys have been carried out to
determine the distribution of corrosion rust which is found not uniform along the
circumference of the reinforcement [14-16]. Almost all the experimental results in literature
have shown that only the part of reinforcement facing concrete cover is corroded and the
further towards the concrete surface the location is, the more corrosion products that are
produced at this location. Some studies introduced a factor defining the ratio of the depth of
non-uniform corrosion to that of uniform corrosion, and found that its value ranges about 4-8
in natural conditions [17-19]. Yuan and Ji [16] conducted corrosion tests on reinforced
concrete samples in an artificial environmental chamber and found that, only a half of the
reinforcement, facing concrete cover, was corroded and the expansion was in a semi-elliptical

shape. Similar corrosion distributions were also found in other experiments [20].

Moreover, corrosion rate is the most important single parameter controlling the corrosion
development [2, 9, 21, 22]. Previous work on predicting of corrosion-induced cover cracking
mainly assumes a constant mean annual value of corrosion rate for the whole life-cycle of RC
structures after corrosion initiation [18, 19, 23]. However, the corrosion process of steel
reinforcing bar is an electrochemical reaction process influenced by three factors, i.e.,
chloride concentration, oxygen content and resistivity of concrete [24]. In natural
environment, the actual corrosion rate should change throughout the year and the full life-
cycle of RC structures. A number of researches have been made to analytically establish the
corrosion rate model for the entire lifetime of RC structures based on the electrochemical
theory and/or to conduct experiments under artificial and nature climate environment

conditions for verifications [25-28].
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Under the expansive force caused by non-uniform corrosion of reinforcement, concrete cover
can be cracked which leads to delamination of the cover. To investigate the structural effects
of corrosion on the concrete cover, most previous work is focused on a single reinforcing bar,
e.g., in [11, 18, 29]. It has been proved that the location of rebar (i.e., corner and middle
rebars, respectively) and boundary conditions have significant effect on cover cracking
induced by reinforcement corrosion [11, 29]. Moreover, spacing between the reinforcement,
in case of multiple reinforcing bars, can influence the stress fields and thus the time to surface
cracking and the cracking patterns. Very few of the existing models can well explain the
effect of corrosion of multiple rebars on cracking of the whole concrete cover, including those
of uniform corrosion [30]. Amongst the limited studies on corrosion of multiple rebars, Chen
et.al [19] simulated the crack patterns of concrete cover induced by uniform corrosion of two
reinforcing bars via lattice model. Further, Zhang et.al [31] modelled the cover cracking of
RC structures with two reinforcing (middle) bars under non-uniform corrosion via damage
plastic model. Literature review suggest that very little work has been carried out on cover
cracking induced by non-uniform corrosion of multiple reinforcing bars of RC structures and;
the relationship between the cover cracking and the time-dependent corrosion rate of the

whole life-cycle under corrosion of multiple reinforcing bars has not been established.

This paper attempts to develop a combined analytical and numerical method to predict the
time to cover cracking after corrosion initiation and the crack width under time-dependent
non-uniform corrosion of multiple reinforcing bars of RC structures. A non-uniform corrosion
model is first formulated based on available experiment results. The time-dependent corrosion
rate in the whole life-cycle of RC structures is introduced. Under the expansion caused by
corrosion of multiple reinforcing bars, arbitrary discrete cracks are modelled in cover concrete

by cohesive elements with finite element method. Time to concrete cracking, crack width and

4
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crack patterns of the whole cover are obtained. The developed model is partially verified by
comparing the results of uniform corrosion from the developed method and experiments, due
to the lack of experimental data on non-uniform corrosion. Moreover, a parametric study is
carried out to investigate the effects of some key parameters, e.g., fracture energy of concrete,
spacing between the reinforcing bars and corrosion rate, on the time to surface cracking and

crack width, under non-uniform corrosion of multiple reinforcing bars.

2 RESEARCH SIGNIFICANCE

Considerable research has been conducted in the last few decades in modelling corrosion of
reinforcement in concrete and its effects on concrete cover cracking. However, most of
existing studies are focused on corrosion of a single reinforcing bar and model the cover
cracking as a thick-wall cylinder (mainly analytical) or other geometries (mainly numerical).
Very few models could address the interactive behaviour of corrosion of multiple reinforcing
bars of RC structures, e.g., beams with 4 tensile rebars. In fact, the cover cracking patterns,
time to surface cracking and crack width development could be significantly affected by the
combined stress fields generated from corrosion of multiple steel bars. Therefore, a rational
model for predicting concrete cover cracking should employ a system approach, by
considering all corrosion-affected reinforcing bars, rather than a simplified approach by
simulating a single bar only. Moreover, corrosion is actually a time-dependent process and
non-uniform along the circumference of reinforcing bars. It would be ideal to derive a time-
dependent non-uniform corrosion model for failure prediction of the whole cover of RC
structures with multiple reinforcing bars. It is in this regard this paper is presented.

3 TIME-DEPENDENT NON-UNIFORM CORROSION

Chloride-induced corrosion of reinforcing bar in concrete produces rusts (mainly ferrous and

ferric hydroxides, Fe(OH), and Fe(OH);) which accumulate and result in cracking, spalling

5
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and delamination of RC structures. The corrosion rusts first fill in the annular porous layer in
concrete around the reinforcing bar, often referred to “diffusion zone” or “porous zone”. This
initial stage normally does not produce stresses in concrete. As schematically shown in Figure

1, D is the diameter of the bar and d,, is thickness of the “porous zone”. The thicknessd,,
varies from 10 to 20 pum according to the porosity of concrete and compaction degree, which
is constant once concrete has hardened [23]. Depending on the level of corrosion, the products
of corrosion may occupy up to a few times more volume than the original steel. As corrosion
of the reinforcement propagate further, a band of corrosion products forms, as shown in
Figure 1. If corrosion process is assumed uniform, the band becomes a circular ring which
causes uniform stresses in the concrete. However, due to the fact that the chlorides, as well as
moisture and oxygen, reach the reinforcement surface at different rates through top side of the
concrete structure, it is rare to have uniform corrosion around the reinforcement. Experiments
results suggest that the front of corrosion products for the half of rebar facing concrete cover
is in a semi-elliptical shape, while corrosion of the opposite half of rebar is negligibly small
[16].

As illustrated in Figure 1(b), the total amount of corrosion products W__ can be assumed to

ust

occupy three bands: the semi-elliptical band of corroded steel with maximum thickness d

co—st ?
the porous circular band d,and the semi-elliptical rust band with maximum thickness d,, .

The semi-major axis and semi-minor axis for the semi-ellipse of corrosion front are

D/2+d,+d, and D/2+d,, respectively.

Based on the geometry, the total amount of corrosion products W__ can be shown as follows:

rust

2
Wons ( L Oy J = Dd, +d; +§dm +dyd, (1)

7[ prust pS[

6
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where «, , is the molecular weight of steel divided by the molecular weight of corrosion

rust

products. It varies from 0.523 to 0.622 according to different types of corrosion products [2].

P.... 1s the density of corrosion products and p,, is the density of steel.

By neglecting the second order of small quantities, i.e., d,d, and d;, d, can be derived as

follows:

4
dm — Wrust ( 1 _ arusr j _ 2d0 (2)
b IO rust p st

To determine the displacement boundary condition caused by the rust expansion of the rebar,
the function of the semi-ellipse of the corrosion front in rectangular coordinate system can be

expressed as follows:

Y PR ~1 3)

Equation (3) can be transformed in a polar coordinate system. By considering the original

location of inner boundary of the concrete, i.e., D/2+d,, the displacement boundary

condition can be derived as follows,

- (D+2d,+2d,)D+2d,) _B_do @

J@D+4d,) +16d, (D +2d, +d, )cos’ 6 2

where 0<@<r.

By substituting Equations (2) in to Equations (4), the displacement boundary condition of

concrete 8(6,¢) can be derived as follows:
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|:D+2d0+8W7'lg(l)[ 1 _a;‘ttsl]_4d0:|(D+2d0) (5)
5(9,t)= P rust P —B—do

2
J@m%)z+32{zw,m,(t>( L, J_do}{mzdogwm,,,(z)[ ! a}zd}g

W N\ Py Py W\ Pus Pa

where 0< @< 7.

In Equations (5), W, (¢) is related to the corrosion rate of the steel bar and can be expressed

as follows [2]:

W, (1) = J 2 jo 0.105(1/e,, )i, (t)dt (6)

corr

W

rust

(t) is the total amount of rust products at time ¢. i is the corrosion current density and

corr

t is time after corrosion initiation. The units of these variables are presented in Tables.

As described in Equations 5 and 6, the corrosion rate i, can be the most important single

factor controlling the amount of corrosion products which determines the displacement
boundary condition of concrete. Based on previous studies on experiments and simulations in
terms of corrosion initiation, corrosion propagation and cover cracking [13, 24, 26, 32-34],
etc., the corrosion process of steel bar in concrete for the whole life-cycle could be divided

into six stages: (1) no corrosion—chloride ions penetrate the concrete cover and reach to the
threshold value; (2) corrosion initiation —gradual depassivation process of the steel bar; (3)
corrosion products free expansion—the oxygen and moisture supply in the “porous zone”
gradually reduce while the rust occupies the “porous zone”; (4) steady corrosion — the

equilibrium between consuming and transporting oxygen and moisture is maintained; (5)

accelerated corrosion — caused by significant cracking which leads to faster transport of

oxygen and moisture; and (6) final steady corrosion—the reinforcing bar exposes to chloride
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and atmosphere directly. The development of corrosion rate in the whole life-cycle of RC

structures can be schematically shown in Figure 2.

This paper mainly focuses on the time from corrosion initiation to surface cracking (crack
width smaller than 0.3-0.6mm). The time needed for chlorides to penetrate the concrete to the
depth of the reinforcement (i.e., Stage 1) is excluded. Since stage 2 is usually very short and
stages (5) and (6) are normally beyond the serviceability of RC structures, the corrosion rate

for the stages (3) and (4) in the whole life-cycle of RC structures can be expressed as follows

[27]:
1 11 0'5{ 11 )" (522+1.447)
i =—043%107% exp[9500(— —— 11073 exp[2612(— ——— exp[————~ 7
Leorr 2{ xp[ (298 T)]} { xp[ (T 298)]} xpl[ B(.R.) ] (7
P [143.78 = 54 (w/c) + 0.018R, ,, 1 +[0.78 = 0.92X (w/c) = 1.2X 10 R,,,, 1X1,(t; <1 <1,)
t’ con =
[143.78 = 54 (w/c) + 0.018R, ,,, 1+[0.78 =0.92X (w/c) = 1.2X107* R, 1X1,,(t, <1 <1)

where 0 is the ratio of activation area to the total surface area, which is 0.5 in the non-
uniform corrosion model; 7T is the absolute temperature of concrete, which can be considered
as the same as the ambient temperature due of the lack of true temperature data of the internal
concrete; B(t,R,,) is the natural logarithm Tafel slopes of the polarization curve. w/cis the
water cement ratio; ¢, , f, and z, are times illustrated in Figure 2. At ¢,, the amount of

corrosion products W, (¢,) fully fills in the “porous zone”, with the thickness d; therefore,

Equation (1) can be re-written as follows,

2W, .. (1 1 e,
rus 2) ( _ s j — d() (8)
7Z.D prusr pST
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t, can be determine by combining the Equations (6) and (8). In Equation (7), R, is the

n

resistivity of concrete, which is related to water cement ratio w/c, chloride content CI/ ™,

temperature 7 and pore water saturation P, with the expression presented as follows [27]:

R, =1750,605x(w/c)—106,228]xexp[—44.17xCl™ —=7.7213x P + 2889(% - ﬁ)] C))

R, ., 1s the resistivity of concrete at time ¢,.

1,con

It has been found that surface chloride concentration does not change significantly with time
for most RC structures in coastal zone [13]. Moreover, numerical simulations on chloride
diffusion indicated that after corrosion initiation, the chloride content in concrete will not
increase significantly given constant value of surface chloride concentration under natural
environment [35]. The pore water saturation P is related to internal relative humidity and
temperature. Although the relative humidity and temperature in nature climate changes
considerably, pore water saturation P does not change much because of the response
hysteresis of concrete to external climate [28]. Therefore, temperature could be the most
significant factor that affects the corrosion rate after corrosion initiation in concrete under an
atmospheric environment. Similar statements have been found in previous literatures, e.g. [28,

35].

4 COVER CRACKING MODEL

Concrete is modelled as a quasi-brittle material, with its constitutive tensile stress-
displacement relation (o —9) illustrated in Figure 3. To model the arbitrary cracking in
concrete, cohesive elements are embedded in the mesh which is sufficiently fine. The
insertion process of cohesive elements is shown in Figure 4. First, all individual nodes are

replaced by certain number of new nodes at the same location. The number of newly created
10
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nodes depends on the number of the elements connecting to the original node. Second, the
newly created nodes at the interface between two triangle elements are identified and linked
to form a cohesive element. The cohesive elements are shown in red in Figure 4. This
insertion process was conducted by a script written in Python. Moreover, it should be
mentioned that the cohesive elements generated are of zero thickness in geometry. The two
nodes of a cohesive element, in the thickness direction, share the same coordinates before
loading. The constitutive/calculation thickness of the cohesive elements, however, is 1.0 for

the convenience of transformation between strain and displacement.

Figure 5 shows a RC beam with four tensile reinforcing bars and two compressive reinforcing
bars. In light of reducing the computing time, only half of the structure is modelled due to the
symmetry of the structure and the loading, as illustrated in Figure 5. The beam is modelled in
2D since it is a plane strain problem. Two elements are employed in this study, i.e., 4-node
cohesive elements at all interfaces between the triangle solid elements, and 3-node plane
strain element for the bulk intact concrete. The size of solid elements in the region close to the
corrosion products varies from 0.6 mm to 1.5 mm while the size in other region varies from
1.5 mm to 15 mm. Very fine mesh is generated before inserting sufficient number of cohesive
elements. The meshed structure is shown in Figure 6. There are 12,040 solid triangle elements
and 17,865 cohesive elements inserted, for half of the structure with clear spacing between
tensile rebars of 30 mm. The expansive behaviour of non-uniform corrosion is modelled by

applying radial expansive displacement to the concrete structure.

5 RESULTS AND VALIDATION

5.1 Worked example
To demonstrate the application of the derived method, the time-dependent corrosion rate is

first calculated. The average monthly temperature in England from 1996-2016 is used which
11



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

is listed in Table 1 [36]. According to the data in Table 1, the temperature can be analytically

formulated and expressed as a function of time:

T =-5.98xcos((t-0.5)x(27))+10.39 (10)

where T is in Centigrade and should be transformed to absolute temperature to calculate the

corrosion rate in Equation 7. ¢ is the time in year.

With the values for input parameters shown in Table 2 the corrosion rate for the whole life-
cycle from corrosion initiation to surface crack width up to 0.3-0.6 mm can be obtained and
shown in Figure 7. It should be noted that the initial increase of corrosion rate, i.e., stage 2 in
Figure 2, is neglected in the whole life-cycle analysis in this study since the period is
negligibly small. It can be seen that, in the free expansion stage, the corrosion rate i,
decreases from 1.69 to 1.07 uA/cmz, and the “porous zone” is fully filled with the corrosion
products. This process takes about 0.07 year. As discussed, the reason for the drop of
corrosion rate is because the consumption of oxygen in the “porous zone”. In the steady

corrosion stage, the fluctuation of corrosion rate is caused by the seasonal variation of

temperature. The lowest corrosion rate is 0.63 uA/cm2 and the highest is 1.1 uA/cmz.

After calculating the time-dependent corrosion rate, the maximum non-uniform corrosion

induced expansive displacement d (t), as illustrated in Figure 1, can be shown as a function

m

of time after corrosion initiation in Figure 8. For better evaluating the time-dependent

corrosion rate, developments of corrosion expansion d, (t) under three constant corrosion

rates (i. =0.5, 1.0 and 2.0 pA/cm?) are plotted. First, it has been found that the growth

corr

curves of d, (t) over time for constant corrosion rates are rather smooth while that for the

time-dependent corrosion is slightly fluctuating. This is because the model proposed in this
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paper for corrosion rate is a function of temperature which changes during a year. The d, (¢)

curve for the time-dependent corrosion rate initially falls in between the curves for i, =1.0

uA/cm2 and 2.0 uA/cmz, respectively; after about 0.4 year, however, the time-dependent

curve progresses below the curve for i =1.0 pA/cm?’. Therefore, it would be hard to find

corr
any constant corrosion rate to represent the time-dependent corrosion rate in terms of the
development of corrosion induced expansion over time. This also justifies the use of time-
dependent corrosion rate rather than constant corrosion rate. For the time-dependent corrosion

rate, corrosion starts to cause stress/displacement onto concrete at 0.07 year.

5.2 Cover failure modes

A number of combinations of reinforcement clear spacing (S) and fracture energy of concrete
(Gy) are modelled in this study to investigate the cover failure patterns caused by corrosion of
multiple reinforcements. Three values of the reinforcement spacing (), i.e., 30 mm, 45 mm
and 60 mm, and three fracture energy of concrete (Gy) 60 N/m, 90 N/m and 120 N/m, are used.
The geometric and mechanical parameters of the RC structures are shown in Table 3. There
are two typical failure patterns of the cover structure which have been found. The cracking
patterns and time to cracking for different combinations of reinforcement spacing (S) and
fracture energy of concrete (Gy) are presented in Table 4. As shown in Figure 9, the first
pattern has a through crack between reinforcing bars and a side crack whilst no top crack is
visible. Such a pattern is considered as a delamination failure of the cover. For the other
pattern, however, there is a top crack above the side reinforcing bar, other than the through
crack and the side crack. This pattern tends to cause spalling of the corner concrete cover and
hence it is regarded as a combined delamination and corner spalling failure of the cover. In
general, relative small values of reinforcement spacing and fracture energy of concrete tend to

cause typical delamination failure of concrete cover while high values of these two parameters
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tend to lead to spalling failure of concrete corner. Discussions on the effects of reinforcement

spacing and fracture energy of concrete on the cover failure will be presented in Section 6.

5.3 Verification

The derived model is verified by comparing the time to surface cracking with experiments
from literature [37]. According to the literature searched, almost all the test data regarding to
the time to cracking for multiple reinforcement corrosion are based on uniform corrosion
development by electric current method for accelerated corrosion [32, 37, 38]. As such, a
special numerical case on uniform corrosion is conducted and the results are compared with
those from experiments [37]. The same inputs from the tests are used in the numerical
simulation, which are presented in Table 5. The correlation between the time and uniform
corrosion expansion is achieved by the corrosion model presented in Li and Yang [1]. The
comparisons of crack width for the side reinforcing bar between the developed model and the
experimental results are illustrated in Figure 10. It can be found that the progress of crack
width simulated is in reasonably good agreement with the experimental results. The time to
surface cracking in the experiment is 72 hours, which is very close to the time when crack
width reaches 0.02mm from the simulation. It should be mentioned that, in the experiment,
the measured time to crack initiation and propagation is calibrated as it was for corrosion rate
100 pA/cm? and the surface crack initiation is obtained by a crack detection microscope with

an accuracy of 0.02mm.

5.4 Justification of top crack

It is very interesting to find that, in the combined delamination and corner spalling failure
mode, the top crack always starts from the outer surface and propagates inwards to the
reinforcing bar. This is different from the common perspective on corrosion-induced cracking

which is usually considered to be initiated from inside to outside of the concrete cover.

14
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Similar results have been found in experimental tests from S. Caré et al. [39] and damage
simulations from Du et al. [29] which indicated that a vertical crack was generated at surface
of concrete and propagated towards the rebar. To thoroughly investigate this problem, the
stress distributions (maximum principal stress) of the corner rebar region under uniform
corrosion and non-uniform corrosion respectively are plotted in Figure 11. It can be found
that, for uniform corrosion, the maximum principal stress concentrates around the
reinforcement in a relative uniform manner. By sign convention, the maximum principal
stress is tensile stress. The maximum principal stresses for all elements in this region are
tensile stresses while largest stress occurs at the inner boundary, according to Figure 11 (a).
This is why the uniform corrosion-induced crack is always initiated at the inner boundary.
For the non-uniform corrosion developed from this study, the stress concentrates around two

sides of the inner boundary — roughly at 10 degrees above the horizontal direction, as

illustrated in Figure 11 (b). This is where the side crack is initiated; after that, the side crack
propagates towards the side surface. A closer look is shown in Figure 12 (a) in which a tensile
stress concentration is clearly demonstrated. However, for the potential top crack, the inner
boundary region is in bi-axial compression, as illustrated in Figure 12 (b). It is therefore
impossible to have a crack initiated here. However, at the top surface, the region is in tension
in the x-direction where the top crack should start. The different stress distributions for
uniform and non-uniform corrosion models determine the cracking patterns of the concrete
cover and explain why the non-uniform corrosion induced top crack is initiated from the top

surface, rather than from the inner boundary of concrete cover.

6 ANALYSIS AND DISCUSSION

6.1 Corrosion parameters

15
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Corrosion rate has been considered as one of the key factors affecting the durability of
reinforced concrete structures. The effect of constant corrosion rates on time to surface
cracking for the model (spacing of reinforcement 45 mm and fracture energy 90 N/m) is
investigated and shown in Figure 13. It can be found that the increase of corrosion rate

reduces the time to surface cracking. For relatively low corrosion rate, e.g., i is smaller

corr

than 1.0 uA/cmz, the time to surface cracking decreases sharply from 7.5 years to 0.75 year.

However, for moderate or high rate of corrosion, e.g., i, is larger than 1.0 uA/cmz, the time

corr

to surface cracking does not change dramatically.

One of the advantages of the corrosion model developed in this paper is that the corrosion rate
is directly related to ambient temperature and chloride content in concrete cover. To
investigate the effect of temperature on the time to surface cracking, values of temperature in
range of 5-35°C are used to calculate the constant corrosion rates. The time to surface
cracking for the model (spacing of reinforcement 45mm, fracture energy 90N/m and chloride-
ion content 3.034%) as a function of temperature is shown as Figure 14. It can be seen that,
the concrete cover surface cracking is advanced from about 1.5 years to 0.2 year, as the
temperature changes from 5°C to 35°C. This proves that the time to surface cracking is very
sensitive to temperature. However, it has also been found the surface cracking is more
sensitive to changes of temperature lower than 25°C, than that of temperature higher than

25°C.

The effects of chloride content in concrete on the cracking of concrete cover have also been
investigated which is shown in Figure 15. As expected, the time to surface cracking is
reduced as the content of chloride ions increases. When chloride ions content is increased

from 1% to 4%, the time to surface cracking is advanced from 2.17 years to 0.84 year. After
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4% chloride concentration up to 7% investigated, the decrease in time to surface cracking is
only 0.23 year down to 0.61 year. Therefore, it can be postulated that the cracking of concrete

cover is very sensitive to the change of low chloride concentrations up to 4%.

6.2 Crack width
To investigate the effect of corrosion rate on evolution of surface crack width, the model for
spacing of reinforcement 30 mm and fracture energy 60 N/m is taken as an example based on

time-dependent corrosion rate and three constant low/moderate corrosion rates, i.e., i, =0.5

corr

pA/em?, i =1.0 pA/em” and i =2.0 pA/ecm’. The crack width is obtained by measuring

the distance between the nodes of the cohesive element at surface of concrete cover. It should
be noted that, before the surface cracking, i.e., cohesive element being deleted, the cohesive
element already has a deformation according to the constitutive definition of the cohesive
elements. This displacement should be disregarded from the crack width calculation. As
illustrated in Figure 16, the increase of corrosion rate can cause significant reduce in time to
surface cracking. The initial sudden increases in the surface crack width for different
corrosion rate are almost the same since the geometry and mechanical parameters in these
models are the same. Further, higher corrosion rate can result in considerably larger surface
crack width than lower corrosion rate, for long-term crack width growth. It should be
mentioned that since the corrosion mechanism will change significantly after the crack width
larger than 0.3 mm [26] which is not considered in the developed model, only 10-year service

life is investigated in which the crack widths for most cases are smaller than 0.25 mm.

The effects of the fracture energy on development of side and top surface cracks are shown as
Figures 17 and 18. In Figure 17, it can be seen that larger fracture energy of concrete will

delay the time to side surface cracking and cause larger initial sudden increase in the crack
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width. However, the differences in time to surface cracking and initial crack width
development are both very small. Moreover, the long-term developments of the crack width
for these two cases investigated are almost identical. Figure 18 illustrates the effect of the
fracture energy of concrete on the development of top surface crack width. Similarly, larger
fracture energy of concrete will result in larger initial increase of crack width and longer
cracking time. The fracture energy of concrete has little effect on the long-term development
of top surface crack width. It is interesting to find that, when the through crack completely
forms, there is a sudden drop in top surface crack width. Such an effect of formation of

through crack on the surface crack growth has not been found in previous literatures.

The effect of spacing between reinforcing bars S on the top surface crack width is shown in
Figure 19. Fracture energy 120 N/m is used in this analysis. It can be found that the initial
crack width growth is significantly affected by the spacing between reinforcements while the
long-term developments of crack width are almost the same. Further, there is a sudden drop of
crack width for § = 60 mm which is caused by the complete formation of the through crack.
As explained, when the through crack is formed, there will be a sudden energy release which
leads to unloading of the other cracks. There is no drop for § =30 and 45mm because the

through crack forms ahead of the initiation of the top crack.

6.3 Cracking time

Although the through crack is an internal crack which can be less important in terms of the
durability, it has significant effects on the development of surface cracks, i.e., the side and top
cracks. Figure 20 (a) shows the effects of fracture energy of concrete and spacing between
reinforcing bars on time to complete formation of through crack. It can be seen that the larger
the fracture energy of concrete or the spacing between reinforcements is, the longer the time

to formation of through crack is. Moreover, the effects of fracture energy of concrete and
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spacing between reinforcing bars on time to initiation of top crack are shown in Figure 20 (b).
Only results of § =45 and 60 mm are plotted because there is no top crack for most cases of S
= 30 mm, i.e., delamination mechanism in Figure 9. Again, it has been found that the increase
of fracture energy of concrete can delay the time to initiation of top crack. In addition, the
effect of spacing is very sensitive, for larger fracture energy of concrete. For fracture energy
60 and 90N/m, there are almost no differences between cases of S = 45 and 60 mm, whilst the
time to initiation of top crack is nearly doubled for fracture energy 120N/m. This finding
should be very helpful for structural engineers in regards to their consideration of durability
design of RC structures. Nevertheless, more simulations will be ideal in the future for some

extra clarification; for example, more values of spacing between reinforcements.

6.4 Crack path

To investigate the change of normal stress (crack driving force) of the cohesive elements
along the cracks over time, Figures 21 and 22 are plotted for the side crack and the top crack
respectively. The spacing between reinforcements is taken 30 mm and the fracture energy is
120 N/m. The normal stress distributions of cohesive elements along the side crack are shown
for 0.12 year, 1.13 years and 10 years in Figure 21. There are 19 elements in the path of side
crack and the elements are ordered from the surface of concrete to the inner boundary. At 0.12
year, the first element (no. 19) from the inner boundary approaches the tensile strength. As the
load increases, the side crack is initiated and the peak stress moves along the crack path
towards the surface. At 1.13 year, the peak stress moves to the location of element no. 4 while
the normal stresses for all previously cracked cohesive elements soften/degrade to certain
values, according to its constitutive stress-displacement ration defined in Figure 3. For this
example, because of the existence of top crack, the surface region of the side crack is always
in compression as shown in Figure 12. Even at 10 years, the side crack tip can only reach the

cohesive element no. 2 whilst the first cohesive element from the surface is in significant
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compression, more than 10 MPa. This reflects complex nature of the problem for non-uniform

corrosion of multiple reinforcing bars.

Figure 22 shows the normal stress distributions of cohesive elements along the top crack
under the case of reinforcement spacing 30 mm and fracture energy 120 N/m. It can be seen
that the peak tensile stress moves from the cohesive element no. 21 (at the top surface) to the
cohesive element no. 2 (close to the inner boundary), as time increases. At 0.12 year, the
concrete near reinforcing bar is in compression while the concrete near the surface of concrete
is in tension. As explained earlier, this is why the top crack is initiated at the top, rather than
at the inner boundary. From 0.12 to 1.43 years, the top crack propagates fast, i.e., the peak
tensile stress moves from cohesive element no. 21 to no. 6; the location of peak tensile stress
is usually referred to as the start of fracture process zone or the fictitious crack front,

according to definition of cohesive crack model [40].

7 CONCLUSIONS

A combined analytical and numerical method has been presented to predict the time to cover
cracking and the crack width under non-uniform corrosion of multiple reinforcing bars of RC
structures. The non-uniform corrosion model was derived based on experimental results and
formulated as a function of time. Under the non-uniform corrosion-induced expansion, a
fracture model was established to simulate arbitrary cracking of the cover of RC structures
with multiple reinforcing bars. The times to cracking and failure modes of concrete cover
affected by fracture energy of concrete and spacing between reinforcing bars were obtained
and discussed. To validate the developed model, comparisons with experimental results from
literature were carried out. It has been found that the time to surface cracking is significantly

affected by ambient temperature, chloride content and corrosion rate. It has also been found
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that two cover failure modes exist, depending on the spacing of reinforcing bars and fracture
energy of concrete. It can be concluded that the developed combined analytical and numerical
model can be used to accurately simulate the time to cover cracking and the crack width

evolution of RC structures caused by non-uniform corrosion of multiple reinforcing bars.
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640 Table 1 The average monthly temperature in England from 1996-2016 (°C) [36]

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec.
441 470 632 8.66 11.57 1438 1637 16.34 14.21 1090 7.18 4.75
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642 Table 2 Values of basic variables used in the time-dependent non-uniform corrosion

643 model
644
Symbol Values Sources
D 12 mm Li [41]
d, 0.0125 mm Liu and Weyers [2]
o, 0.57 Liu and Weyers [2]
Pt 3.60 mg/mm’ Liu and Weyers [2]
Jon 7.85 mg/mm’ Liu and Weyers [2]
W, mg Liu and Weyers [2]
wlc 0.54 Jiang [27]
o/ 3.034% Jiang [27]
P 0.68 Jiang [27]
T, 289.36 K Metoffice.uk[36]
645
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646 Table 3 Values for geometric and mechanical parameters in cracking simulation

Description Symbol Values
Cover thickness C 20 mm
30 mm

Clear space of steel
S 45 mm

bars

60 mm
Diameter of steel bars D 12 mm
Length of RC L 178 mm
Height of RC H 400 mm

Effective modulus of
E, 18.82 GPa [41]

elasticity
Poisson’s ratio vV, 0.18 [41]
Shear modulus G E/2(1+v)] [42]
Tensile strength f, 5.725 MPa [41]

60 N/m [43, 44]
Fracture energy G, 90 N/m [43, 44]
120 N/m [43, 44]

647
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648

Table 4 Crack patterns and time to cracking for different values of fracture energy and reinforcement clear spacing

Gn

Gp

Gp

P twi twe twr Loz il L2

P twi twe tor ter  Lii Lo | P tw two Lol L2 L L2
Sy De 041 044 N/A N/A 0.60 0.85|De 062 070 N/A N/A 091 1.05|Sp 086 092 143 N/A 1.13 N/A
S| Sp 0.62 0.79 0.70 N/A 0.62 N/A|Sp 089 093 089 N/A 1.01 NA|Sp 104 1.11 1.64 N/A 133 N/A
S; | Sp 067 13 0.70 N/A 0.67 N/A|Sp 088 159 084 N/A 1.00 N/A|Sp 1.13 1.88 1.04 N/A 1.46 N/A
Parameter Description or value

Gn Fracture energy 60 N/m

Gp Fracture energy 90 N/m

Gp Fracture energy 120 N/m

S Spacing between rebars 30 mm

S> Spacing between rebars 45 mm

S3 Spacing between rebars 60 mm

P Crack pattern

De Delamination

Sp Combined delamination and corner spalling

tini Time to initiation of through crack

tino Time to complete formation of through crack

tiol Time to initiation of top crack

tiop Time to complete formation of top crack

tsi1 Time to initiation of side crack

tsin Time to complete formation of side crack

Time unit

year

649
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650 Table 5 Values for basic variables used for validation

Description Symbol Values
Top cover thickness Cr 20 mm
Edge cover thickness C, 75 mm
Space of steel bars S 150 mm
Diameter of steel bars D 12 mm
Length of RC L 648 mm
Height of RC H 400 mm
Effective modulus of
E, 18.82 GPa
elasticity
Poisson’s ratio V. 0.18
Tension strength f, 2.4 MPa
Fracture energy G, 65 N/m
Corrosion rate Lo 100 pA/cm?
651
652
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698 Figure 5 Configuration of the RC beam with multiple tension bars
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701 Figure 6 Typical meshing for half of the cover structure modelled
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