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Abstract: Prediction of propagation time of corrosion is a key element in evaluating the service life of
corroded reinforced concrete (RC) structures. Corroded steel products often expand in volume and thus
generate tensile stress in the concrete cover. When this tensile stress exceeds the tensile strength of the
concrete, cracking occurs. The tensile stresses in concrete due to corrosion are usually perpendicular to
the longitudinal axis of the reinforcement. In the reinforced concrete beams, tensile stresses in concrete
due to bending is perpendicular to the longitudinal direction of stirrups. In the reinforced concrete
slabs, the tensile stresses in concrete due to bending is also perpendicular to the axis of longitudinal
reinforcement subjected to bending in the other direction. In such cases, the tensile stresses in concrete
due to corrosion of reinforcement has the same direction as the tensile stress caused by bending. When
the load-induced stress in the concrete has the same direction as that of the corrosion-induced stress,
cracks will likely appear more quickly and vice versa. The main objective of this paper is to build
a predictive model of corrosion propagation time taking into account: (1) the effect of stresses due to
load; (2) the change of corrosion current density. The model was implemented on Matlab software. The
results show the influence of the load, and other parameters on the corrosion propagation stage, when
considering the end of this corrosion propagation stage is cracking of concrete cover.
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1. Introduction

The reinforced concrete structures working in the marine environment are affected by
chloride ions ingress, which causes corrosion of steel, leading to a reduction in performance
as well as safety of RC structures.

Tuutti (1980) [1] gave the notion of service life of concrete structures exposed chloride.
The service life includes two periods, as Eq. (1.1).

(1.1) t=1 +to

where: ¢| — initiation time of corrosion, #.; — propagation time of corrosion.

The first period: initiation time of corrosion is the necessary time to chloride ions
diffusion into concrete and concentrate on steel surface to reach “concentration threshold
causing corrosion”. There were many models for predicting initiation time of corrosion
have been developed as: DuraCrete (2000) [2] LIFECON DELIVERABLE D3.2 Service
Life Models (2003) [3]; Life 365TM Service Life Prediction ModelTM (1999-2000) [4].

The second period: Propagation time of corrosion is time period from initiation corro-
sion to induced corrosion cracking of concrete cover.

The propagation period of corrosion is the basis to decide the maintenance and repair
time of RC. Therefore, a reliable prediction of the time from the onset of reinforcing corro-
sion to the crack of concrete protection is important. The length of this period is influenced
by many factors including [5—8]: (1) corrosion current density; (2) structural parameters
such as concrete protective layer thickness, steel diameter; (3) material parameters such
as tensile strength, modulus of elastic, creep coefficient, poisson coefficient of concrete;
(4) environmental parameters: temperature, humidity. Besides the above mentioned fac-
tors, load also has an impact on the corrosion propagation time [9-11]. The timelines
after corrosion of reinforced concrete are depicted in Table 1. The paper proposes a model
of the effect of stress due to frequent loads on propagation time from onset corrosion to
full cracking of concrete layer protecting steel. The objective of this study is to establish
a theoretical model that helps to understand all the factors affecting corrosion propagation
time (Fig. 1).

Collapse

Degree of corrosion

Completely cracked of cocrete cover

Cracked Initiation

| = T T 7 TStressInitiation - |
corrosion initiation

31 o ty(ter) Time

Fig. 1. Time interval from initiation of steel corrosion to complete cracking
of concrete cover and to collapse



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

RESEARCH CORROSION PROPAGATION TIME OF REINFORCED CONCRETE. .. 565

Table 1. Notation

c thickness of concrete cover (mm) Per the creep coeficient of concrete
is the total chloride content (kg/m? of . .
C (ke v the Poisson coeflicient of concrete
concrete)
d the diameter of steel bars (mm) Prust | the density of rust
E. | elastic modulus of concrete (MPa) Pst the density of steel
effective elastic modulus of concrete the thickness of porous area around the
Eg 00 .
(MPa) steel-concrete interface
fer | the tensile concrete strength (MPa) a a=0.5(d+260p)
icor | corrosion rate b b=c+0.5(d+26p)
M | the atomic weight of Fe Oload—x | load-induced stress
Mjoss | the loss weight of consumed steel ro ro =0.5d + 99

2. Existing corrosion propagation models

2.1. Morinaga’s empirical model

Morinaga (1988) [12] proposed a model for time period prediction from onset corrosion
to cracking, this model based on data obtained in the field and laboratory as follows:

2.1 fer = &

Leor

where: 7., is the time to cracking (days); Q. is the critical mass of corrosion products
(107* g/em™); i is the corrosion rate (g/day).
Q¢ is caculated as follows:

2 0.85
2.2) Ocr = 0.602d (1 - 7)

This model does not to account to change in the time of corroson rate and tensile
strength of concrete.

2.2. Bazant’s corrosion propagation time model

Bazant (1979) gave the time period from onset corrosion to complete cracking of
concrete layer protecting steel, #.,, follows [5]:
dAd
2.3) fer = Peor———
sJ

r

C
2.4) A =2uS0pp
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where: s is the bar spacing; Ad — change in diameter of the steel bar; j, —the rust production
rate; pcor — a function represensing the relationship between the mass densities of steel and
rust; 6, — the bar hole flexibility.

T
pCOr:—
1 052
2(__05 3)
pr Ps

(2.5)

The model assumed that: p,, = 0.25p05, where p, — the density of rust; ps — the density
of steel.

(2.6) Spp = (M)

E.

22 1
(I+v)+d (s_2+—4c(c+d))]

Bazant’s model did not take into account the change over time of the corrosion rate.

2.3. Youping Liu’s models

In 1996, Youping Liu [8] proposed a method to determine the time period from the
onset of corrosion to the crack of concrete cover due to corrosion, Fig. 2. There are three
periods as follows:

1. Free expansion period: As corrosion occurs on surface of the steel, porous area

around the steel — concrete interface will be fill with corrosion products. When
Wr < W, there are not stressed in the protective concrete layer (Wr is the total
quantity of corrosive products; W, is the necessery amount of corrosion products to
fill in the porous area around the steel-concrete interface).

2. Stress Initiation: As Wy > W,,, the stresses in concrete cover will form.

3. Concrete cracking: As Wy = W, the corrosion-induced cracking appear and pro-

pogate to face of concrete outside (Wi is the critical amount of necessery corrosion
products to induced cracking).

Rust layer I, thichness &,

C 1
oncrete ﬁlayer 11, thickness d,

\ P }; Cover depth
x P
+
Steel diameter d »” r N,
P

Fig. 2. Liu’s model about stress generation due to corrosion

The critical amount of necessery corrosion products to induced cracking is calculated
from Eq. (2.7):

Cfcl 612 + b2
Eor \b2-a2

2.7 Werit = Prust {77 [ + Uc) +do

d+%}
Pst
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when the corrosion rate is constant, the time period to cracking, z., is calculated from
Eq. (2.8):

(Wcrit)2
2. =
(2.8) ler 2%,
1
2.9) kp=2.59-107 (5) Tdicor

with: @ — depends on the type of rust, @ = 0.523 (rust is Fe(OH);; @ = 0.622 for Fe(OH)3;
icor 1S the annual mean rust speed (mA/ft?).
Liu and Weyers (1998) [13] proposed the corosion rate as follows:

3006
(2.10) icor = 0.926exp |7.98 +0.77711n(1.69C;) — —— —0.000116R. + 2.24470215

where: i is corrosion rate (mA/cm?); C, is the total chloride content (kg/m3 of concrete);
T is the ambient temprature at the depth of the steel surface (K); R, is the ohmic resistance
of the cover concrete (2); ¢ is the duration from corrosion initiation (years); The ohmic
resistance of the cover concrete R., Liu (1996) [8] established a regression relationship
between the concrete ohmic resistance and total chloride content for the field-exposed
specimens as:

@2.11) R = exp [8.03 - 0.5491n (1 + 1.69C,)]

Liu’s mathematical model gave a pretty clear scientific ground. Liu’s model has not yet
considered the effect of load to period of corrosion propagation.

3. Model consider the effect of the load on the corrosion
propagation time

3.1. Corrosion-induced cracked concrete cover without consider
the effect of the load

Let p be the ratio of the steel mass loss (M) to the original steel mass (M) per unit
length:

_ Mioss

3.1) M,

The basic assumptions: (1) The corrosion around the steel bar is uniform; (2) A thick-
walled cylinder model is used for the concrete around the steel bar. The wall thickness is
assumed to equal the thicknest concrete cover; (3) Tensile stress in thick- walled concrete
cylinder caused by the expansive pressure is assumed to be uniform; (4) stress due to load
is not considered.



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

568 DAO VAN DINH and TRAN VIET HUNG

At the time that corrosion cracked full concrete cover, the ratio of the steel mass loss
to the original steel mass, p becomes p.. The value of p., when considering corrosion
products penetrated into open cracks, according to Chunhua Lu et al. [14]:

2
2_C fa M'FV +1+2ﬁ -1
c d Ecef (r0+c)2 —Vé ¢ d
(3.2) pC=(1+k—)
d n-1

where: ¢ is thickness of concrete layer protecting steel (mm); d is the diameter of steel
reinforcement (mm); E.s is an effective elastic modulus of the concrete (MPa) E.of =
1/(1 + ¢) which ¢ is the creep coefficient of the concrete; ro = d/2 + §yp (mm); &y is
thickness of the porous area around the steel bar, 6o = 12+20 pm [15]; f.is the tensile
concrete strength (MPa); v — the Poisson coefficient of concrete; & is the coefficient denotes
the degree of cracking filling by corrosive products (0 < k < 1.0); n is the volumetric
expansion coefficient of the corrosive product.

3.2. Effect of load on cracking process caused by steel corrosion
In the bending and axial load-bearing reinforced concrete components associated with

bending, the stress ojoad—x in the concrete is perpendicular to the axis of the stirrupts
(stirrupts placed perpendicular to the longitudinal reinforcement), Fig. 3.

Fig. 3. Load-induced stresses have direction perpendicular to the axis of the stirrups

The tensile stresses in thick — walled concrete cylinder is assumed to be uniform, oor—x
as Fig. 4.

The stresses 0oad—x and ocor—x in Fig. 3 and Fig. 4 are in the same direction, so the
combined stresses due to load and corrosion cause cracking of the protective concrete as
follows:

(3.3) Oload—x + Ocor—x = fet
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Fig. 4. The corrosion-induced tensile stress in the concrete

Modifying Eq. (3.2) by replacing fit with fot — 0load—x, the ratio of the steel loss mass
to the original steel mass p.—_10ad, When considering the effect of applied load is:

2 2
2_C(fct_0'10ad—x) (r0+6)2+r0+vc +1+@ 1
d Ecef (ro+c)*—rg d

(3.4) pﬁmm=(1+k§)

n—1
where: Ojoag—x 1S load-induced stress; it is positive when it is tensile stress; Ojoag—x 1S
negative when it is compresion stress.

The corrosion-induced steel mass loss cause cracking concrete cover when considering
the effect of applied load as:

(3.5) Miogeor = M, = 7 (&
. loss—cr = Pc-loadMs = pc—load4 10 Ps
T
= pc—loadmdz -7.85=0,0196p¢_j0aad>

3.3. A corrosion propagation time model consider the effect of the load

The amount of steel consumed is related to the magnitude of the current in electrochem-
ical corrosion cells. Using Faraday’s law to describe mass loss of steel due to corrosion:

(3.6) Mioss =

where: Mj.s — the loss weight of consumed steel (g); M — the atomic weight of Fe,
M = 56 g/mol; z — ionic valency; F — the Faraday’s constant, F = 96,500 C/mol; ¢ — the
corrosion time (8); I, — the corrosion rate (A);

nd

To " feor 107° = 10 micord

3.7 Ir =1-

where: i — the corrosion current density (uA/cm?); d — the steel diameter (mm).
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The loss mass of corrosion — induced steel, M),ss (g), when the corrosion time ¢ in unit
years:
56 - 107 7igord 3.
3.8) Mioss = Wasc&; -365-24-3600r =2.23-10 3lcordl
The mass loss of corrosion-induced steel will be accumulated over time. When Mo
is equal to Myss—cr, the concrete cover will be full cracked.

(3.9 Moss—cr = 2.23 - 10_3icordt = Mioss—cr = 0-0196)0c—10ad7"'d2

When i, is unchanged over time, the corrosion propagation time ., when considering
the end of those time is fully cracked concrete cover would be:

_ 0.0196pc_10ad71'd2

d
(3.10) fer = = 27-612._pc—10ad
l

2.23 * 10_3iCOI'd cor
When i is changed over time, the corrosion propagation time, 7.;, when considering
the end of those time is fully cracked concrete cover would be:

12

(3.11) / Mioss0t = Miogs—cr = 0-0196,0(:—load7'l'd2
0

In Eq. (3.11) the corrosion current density i.or Will use Eq. (2.10). The Ohmic resistance
of concrete layer protecting steel will use result of Lopez et al. [7]. R. depends the relative
humidity H:

(3.12) Re =90.357H 2% [1 +exp (5 - 50(1 — H))]

In Eq. (2.10), C; the total chloride content will change over time, C; are based on
Fick’s second law of diffusion (consider initial chloride concentration of concrete is zero)
as Eq. (3.13):

c 1
(3.13) C(c,t) = {CS (1 - erf—)} C— Y
2V Dt 100
where: D — the chloride diffusion coefficient in concrete; Cg — the chloride concentration at
the concrete surface; ¢ — depth of concrete layer protecting steel bar; ¢ is time (¢ = ¢| + At);
v is the concrete density.

3.4. Block diagram for ., calculation

The order of calculation 7., can be performed according to the following diagram,
Fig. 5. Material parameters such as compressive strength of concrete, tensile strength,
elastic modulus can be determined experimentally or using empirical formulas of ACI
318-19, AASHTO LRFD 2017. Parameters such as chloride ion diffusion coefficient in
concrete can be tested according to NT BUILD 492 or ASTM C1202-2019... or estimated
by Life 365’s formula.



www.czasopisma.pan.pl N www.journals.pan.pl
T

RESEARCH CORROSION PROPAGATION TIME OF REINFORCED CONCRETE. .. 571
Input data
L. Material parameter: f'; f..; Es; @;V; Ve; 60; D; R, d
2. Structural parameter: ¢; Gyoqq—x;
3. Environment parameter: T; H; Cj

v

Calculations: t, ( corrosion initiation timre-year)
v

Calculations: p._;yqq (Eq. 3.4)
v

Calculations: M s (Eq. 3.5)

v

assigned to: M .50 = 0
P ,
Choose time step: At = T
0.1 year or 0.2 year ...
v
Calculations: C, (Eq.3.13); i, (Eq. 2.10);
v

Calculations: M;, s, (Eq.3.8)

Mloss = Mloss() + Mloss'l

v

S

ye
o = Zm

Fig. 5. Block diagram for 7., calculation

3.5. Model validation

The Eq. (3.10) will be used to calculate Liu’s test [8]. The general parameters for
Liu’s specimens: f! = 31.5 MPa; fi = 3.3 MPa; E. = 27000 MPa; ¢ = 2; v, = 0.18;
00 = 12.5 pm.
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The results from Table 2 show that the model gives results consistent with Liu’s

experiment (Fig. 5).

Table 2. Calculation result #¢r according to Eq. (3.10) with k =0.7; n = 2.5 + 3.0

. Thickness of Corrosion Model .
. Bar diameter . predicted from Liu’s test
Series (mm) concrete cover | current density Eq. (3.10) (years)
(mm) pA/cm2 415 y
ter (years)
1 16 47.50 2.35 1.53-2.04 1.84
2 16 69.60 1.80 3.094.12 3.54
3 16 27.18 3.77 0.57-0.75 0.72
4 12.7 52.07 1.81 2.58-3.44 2.38

3.6. The influence of parameters on corrosion propagation time

The survey example is a reinforced concrete structure with the following parameters:

The structural parameters: ¢ = 20+50 mm; The stirrupt diameter: d = 9.5 mm;
The normal stress due to load: 0joag—x = —10+ + 3 MPa.

The material parameters: f. =30 MPa; f, = 3.3 MPa; E,. = 30000 MPa;
¢ =2;ve =0.18; 99 = 12.5 pm; k& = 0.7; y. = 2450 kg/m3. The ohmic resistance of
concrete cover base Eq. (2.11): R, = 730.25 Q.

The environmental parameters: T = 298 K (25°C); H = 75%; D = 6 - 10712 m?/s;
Cs =0.6%.

The corrosion initiation time has been calculated to be 18 years.

Assuming that after 18 years the chloride diffusion coefficient is constant (D = 6 -
10712 m?/s; Cy = 0.6%, the concrete density y. = 2450 kg/m?). We will have the chloride
content at the steel surface over time, which are based on Fick’s second law of diffusion
(when the initial chloride concentration of the concrete is zero), as Eq. (3.14):

Case ¢ = 50 mm; D = 6 - 10712 m%/s; C,; = 0.6%; ve = 2450 kg/rn3 are given as
follows:

50-1073

(3.14) 245
24/6 - 10712 (18 + 1)

C(50,1) =0.06 {1 —erf

3.6.1. The chloride concentration in concrete at the steel surface

The relationship between C(sq ;) and 7., according to Eq. (3.14) is shown in Fig. 6.

3.6.2. Corrosion current density

Time-dependent corrosion current density i, base on Eq. (2.10) with parameters of
Eq. (3.14) as shown in Fig. 7.
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Fig. 6. The chloride content over time on the steel surface
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Fig. 7. The time-dependented corrosion current density

3.6.3. The loss mass of corrosion-induced steel

The build up of steel mass loss due to corrosion over time based on Eq. (2.9) as shown
in Fig. 8.

0.8
0.7
0.6
0.5
0.4

0.3

Mi,ss (9)

0.2

0.1

Time (year)

Fig. 8. The M)y built up over time
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3.6.4. The effect of load-induced stress on propagation time

The time of corrosion propagation considering the effect of stress is calculated based
on Eq. (3.11) shown in Table 3.

Table 3. Calculation results with ¢ = 25 mm

Cload—x (MP2) | -10 | -8 -6 4 -3 0 1 2 3
Pe_toad | 0.0382 | 0.0338 | 0.0294 | 0.0250 | 0.0228 | 0.0163 | 0.0141 | 0.012 | 0.01
Migss—or glem | 0.212 | 0.188 | 0.164 | 0.1393 | 0.1271 | 0.0907 | 0.0786 | 0.066 | 0.054
tor (years) 78 | 66 | 555 | 445 | 385 | 245 | 205 | 1.65 | 13

3.6.5. The influence of the depth of concrete layer protecting steel
on propagation time

Investigate the influence of the depth of concrete layer protecting steel on Mjgss—cr in
the above example when stress 0oad—x = —3 MPa; 0 MPa; 2 MPa is shown in Fig. 9.

The corrosion propagation time T,.(years)

18

16

14

12

10

10

Oload-x =

20

30

—3MPa

40

Oioad-x =0

Oload-x — 2MPa

50

Thickness of concrete cover (mm)

Fig. 9. Relationships between concrete cover thickness and 7y

60

Comments from the model: The corrosion current densityi.o, is decreased over time,
the first time i, decreases rapidly, the time after that i, decreases slowly; The p.—ioads
Mioss—cr and t. decrease as the stress due to the load increases; Corrosion propagation time
decreases rapidly as load-induced stress increases from (-10 MPa) to (2 MPa); When the
concrete cover thickness increases 7., increases, it means the corrosion propagation time

increases.
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4. Conclusion

In reinforced concrete beam and column structures, the normal stress caused by load is
usually perpendicular to the axis of stirrups. In one-way slabs and two-way slabs structures
have two reinforcement types: the first type are flexural reinforcements and the second
type are shrinkage and temprature reinfocements. The normal stress caused by load is also
usually perpendicular to the axis of the these reinforcements. The corrosion-induced tensile
stress has the same direction with load-induced stress in those structures. This influence have
to consider in the reinforced concrete structures exposed chloride environment. Specifically,
in this case, the corrosion propagation time must take to account the effect of load.

In the near future, we will conduct experimental studies to verify and adjust the model
to suit the actual conditions at the site of construction structures.
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