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In-situ deformation modulus of rust in concrete under different levels of
confinement and rates of corrosion
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Abstract: The large uncertainty of the value of the deformation modulus of rust in the
literature and the granular property of rust make it difficult to correctly simulate the
interaction between the corroded reinforcement and concrete, including rust
expansion and bond slip behavior. To fill the gap, this study thereby quantifies the
deformation modulus of rust in concrete under different levels of confinement, and
takes into consideration the effect of the corrosion rate through an in-situ testing
method. To obtain a more accurate deformation modulus of rust, the chemical
composition and quantity of rust are examined by using X-ray diffraction. Moreover,
the effect of diffusion of rust into concrete porous zone and crack was incorporated
into the compressive deformation of rust. The results show new empirical
relationships between the deformation modulus of rust and the confinement pressure
together with the corrosion rate are obtained. These relationships are further validated
by the test results in the literature. The present work can contribute to narrow the
uncertainties in the deformation modulus of rust for simulating and predicting the

deterioration of concrete structures due to reinforcement corrosion.

Keywords: In-situ deformation modulus; rust; steel reinforced concrete; corrosion;

X-ray diffraction

1. Introduction
Corrosion of reinforcement can produce expansive stress in the concrete due to a

substantial increase of volume when steel is oxidized. The increased stress always
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causes the cracking of concrete and the decreasing of confinement on reinforcement,
thereby reducing the bonding stress between steel reinforcement and concrete [1].
Apart from the reduction of the area of reinforcement, the expansive stress and the
loss of bond at steel-concrete interface are considered as two of the main reasons of
deterioration of corroded concrete structures [2, 3]. However, it is a challenging task
to realistically simulate the expansion of rust and the bond slip behavior at
steel-concrete interface because there is a large uncertainty of the deformability of
rust in corroded concrete structures [3, 4].

As a primary parameter, the deformability of rust is essential when considering
the interaction between steel and concrete, which is a necessary aspect and cannot be
neglected for correct evaluation of the behavior of reinforced concrete structures,
especially when external loading is considered [2, 3, 5]. The deformability of rust can
affect not only the expansion of rust layer but also the bonding stress between the
steel rebar and concrete [3, 6, 7]. Previous studies [8-10] have shown that the
deformability of rust can greatly affect the accuracy of predicting the time to cover
cracking especially when the input parameter is less than 100 MPa.

However, a wide range of values from tens of MPa to several hundreds of GPa of
the Young’s modulus of rust are reported in the literature [11-20], and no consensus in
experimental results is available [3, 6, 12, 14]. Moreover, it has been proved that rust
does not behave elastically because rust is a granular material [7, 12, 21]. Therefore,
similar to the determination of rock deformability [22], the term deformation modulus
rather than modulus of elasticity or Young’s modulus will be used in the present work
to characterize the deformability of rust. As the deformation modulus of rust highly
depends on the subjected confinement of concrete resulting from its granular
properties [7, 12, 15], it is therefore not enough to only determine the order of
magnitude. For realistic simulation, the deformation modulus of rust under different
levels of confinement pressure should be predicted. Nevertheless, no method or
equation for the prediction has been found in the literature.

Due to the granular properties of rust, the complexity of addressing this research

gap involves modeling the deformation behavior of rust with minimal disturbance to
2
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the original structural configurations. As rusting is caused by the dissipative
interaction among the grains and forming of unique configurations [23, 24], it is
difficult to model the granular behavior with rust samples which are collected by
damaging corroded reinforced concrete (RC). Therefore, an in-situ testing method is
presented in our previous study [20], in which the deformation modulus of rust was
investigated by measuring the displacement with digital image correlation (DIC).
However, the variation of the deformation modulus of rust in different levels of
confinement remains unknown.

This study will thereby focus on the quantification of the deformation modulus
of rust under different levels of confinement pressure by surrounding concrete, and
take into consideration the effect of the corrosion rate through an accelerated
corrosion test. The experimental investigation follows the same procedures as that
described in Liu and Su [20] to measure the displacement on concrete surface, whilst
both cylindrical specimens and square specimens are tested in the present work.
Additionally, the volume expansion coefficient of rust (ratio between volume of rust
and iron) is evaluated in this work by examining the chemical composition of rust
through X-ray diffraction (XRD) to obtain a more accurate deformation modulus of
rust. Finally, in the inverse analysis of the in-situ deformation modulus of rust in the
present work, the displacement-based method proposed by Liu and Su [20] is
modified. As rust does not behave elastically, its deformation modulus will be
evaluated as the ratio of the confinement pressure and the resulting deformation
similar to that used in determination of rock deformability [22]. Moreover, the amount
of rust diffusion into concrete will be considered as part of the compressive
deformation, and thus can be incorporated into the deformation modulus to eliminate
errors when approximating the diffusion of rust.

It 1s noted that in accelerated corrosion tests, similar chemical compositions as
those found in natural corrosion environments have been observed in previous studies
[19, 25]. However, the microstructure and deformation modulus of rust may differ
with corrosion rate and thus the deformation rate, which prompts to consider the

effect of corrosion rate in this work. Even though the long-term effects, such as creep,
3
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shrinkage, and hardening of concrete which are found in natural corrosion conditions
are neglected in accelerated corrosion testing [8, 9], there is no evidence that these
effects would affect the deformation modulus of rust. On the other hand, the amount
of diffusion and distribution of rust by applying an electric current in accelerated
corrosion testing are observed to be different from those in natural corrosion
environments [26]. Therefore, the two key parameters which may affect the amount of
diffusion of rust, i.e. the porosity of concrete and corrosion rate, will be considered in

this work by investigating different concrete strengths and applied current densities.

2. A modified displacement-based inverse analysis method

This study will investigate the deformation modulus of rust under different levels
of confinement by the surrounding concrete, and take the effect of the corrosion rate
into consideration. The displacement-based inverse analysis method proposed by the
authors [20] will be adopted and modified by regarding the diffusion of rust as part of
the compressive deformation of rust due to the confinement of concrete, which can
eliminate errors when approximating the diffusion of rust. The effect of the diffusion
of rust into the porous zone and crack of concrete is therefore incorporated to the
deformation modulus of rust.

As shown in Fig. 1, the corrosion of the steel reinforcements causes displacement
from the expansion of rust, ds, at the interface of the concrete and steel because rust
(mainly iron oxides) has a greater volume than iron. The diameter of the rebar and
thickness of concrete cover are, respectively, D and C. Due to confinement by the
surrounding concrete, pressure p develops on the interface which induces cracking in
the concrete and compression of the rust (see Fig.1a). The crack front at ro divides the
concrete into an intact exterior and cracked interior.

Similar to the approach adopted in the Liu and Su [20], the intact component of
the concrete is modelled as an isotropic elastic body, whilst the cracked component is
modeled as an orthotropic elastic body [27, 28] because the tangential stiffness is
reduced due to the strain softening effect from the cracking, whereas the radial

stiffness of the concrete remains unchanged. By applying the isotropic elasticity
4
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theory to the intact concrete and using orthotropic elastic constitutive equations for

the cracked concrete, the tangential stress at radius of r in the intact concrete and

cracked concrete are Oy (I’) and o,, (I’) respectively [20, 28]:

Es [ )

o= (1+vc)cl+(1-vc)%} m
aEe l —Ja-1

%z(r)zl_vg_(lw) P 1y, o @)

where E. and v, are the effective Young’s modulus and Poisson’s ratio of the

concrete. a is a residual tangential stiffness factor. ci-cs4 are unknown parameters
which can be obtained by solving the equations in Appendix A.
The compressive pressure p at the interface of the concrete and rust can be
obtained from a stress equilibrium as:
D/2+C
As rust does not behave elastically, the deformability of rust is evaluated by the

deformation modulus E, defined as the ratio between confinement pressure p and

rust
the corresponding strain of rust & including the elastic and inelastic stages [7, 22],
ie.

Ew =P/& (4)
with the strain in rust

d

— rust 5
o+d, ©®)

where the compressive deformation of rust dys can be determined by applying the
displacement compatibility at the concrete/steel interface after the expansion
displacement of rust ds is measured with DIC. As shown in Fig. 1b, free expansion &
is equal to the sum of the expansion displacement ds, compressive deformation of rust

drust, and thickness of rust due to diffusion into the concrete dp, i.e.,

o=d,+d  +0, (6)

rust
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Assuming that the volume expansion coefficient is n, free expansion

displacement ¢ can be expressed as:

M D
5=2 fi(n-1)Mes D %)
2 prD?/4 2
where py: is the density of the steel. The mass loss of the steel based on length M, in

t years from corrosion is approximated by applying Faraday’s law [20]:

M, =9.1277Di,t ®)

where icor (A/m?) is the rate of corrosion in the reinforcement.

The thickness of the rust due to diffusion into concrete d, can be approximated as
[29]:
o, =k (d,+d,) 9)

where dj is the radial loss of the steel, i.e.,
dozg[l_ 1_M—lossz] (10)

2 per D?/4

By accelerating the corrosion of specimens through wetting and drying cycles
coupled with galvanic current, the value of kr was observed to range from 0.3 to 0.525,
depending on the strength of the concrete and its porosity [29]. In the present study, as
the corrosion of reinforcement was solely accelerated with electric current, the value
of kr may have a large difference.

In the previous displacement-based inverse analysis method proposed by the

authors [20], the compressive deformation of rust d,.s: can be evaluated by

Aoy =60, —5, (11)

rust

where 0 is calculated by Eq. (7), d, can be measured with DIC.

However, errors may come from the approximation of &, as given in Eq. (9)

because the value of k7 is unknown. The value of k7 can greatly affect the accuracy of

E,.s:as discussed in section 5. Therefore, to eliminate errors when approximating kr

and &, , the amount of the diffused rust into concrete is considered to be a

mechanical behavior of rust as part of the compressive deformation of rust in the
6
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present study, i.e.

O =g +6, =50, (12)

rust rust

where d.

w18 the compressive deformation of rust that takes the diffused rust into

consideration. The deformation modulus of rust E,

is obtained by substituting

d . into Eq. (4) and (5).
Lundgren [7] noted that the diffusion of rust can be regarded as a mechanical
behavior as well. The main arguments are: (i) there is little rust that diffuses into

concrete when the corrosion of the reinforcement is accelerated by using a high

current density [7]. E.g and E_. should have close values in this case; (ii) the

rust

diffused rust only reduces ds and has no effect on the mechanical behavior of rust. By
including the diffusion of rust as a mechanical property of rust, the errors for
calculating J, and the subsequent d,.s: can be eliminated; and (iii) both the diffusion of
rust and the mechanical behavior of rust depend on the corrosion rate and properties

of concrete [7, 16, 30], such as the compressive and tensile strengths of concrete,

porosity, etc. By investigating the changes in E, . with the corrosion rate and

rust

concrete strength, the diffusion of rust can be incorporated back as part of the d.s for

simulating the natural corrosion of reinforcements.

Section 5 will further investigate the effect of kr and 6, on the results of E

rust

to show the necessity to incorporate the diffusion of rust into the compressive
deformation of rust. The rationality will be validated by employing the findings of
E

. Tor prediction of the accelerated corrosion test and the natural corrosion test in

the literature.

3. Experimental scheme
3.1. Specimen
To examine the wvariations in the deformation modulus of rust versus

confinement of concrete and corrosion rate, experiments were carried out to measure

7
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the displacement on the concrete surface induced by the expansion of rust. Cylindrical
specimens with dimensions of 100 mm x 50 mm or square columns of 100 mm x 100
mm x 50 mm (see Fig. 2) were prepared for accelerated corrosion testing. An as
received hot-rolled rebar was embedded into the center of the concrete. The rebar
diameter is 12 or 16 mm. The different levels of confinement of concrete are
simulated by casting the concrete with different water to cement ratios (w/c; 0.4, 0.46,
0.54, and 0.7). The concrete specimens were mixed and cast in the laboratory at the
University of Hong Kong. The Portland cement CEM I 52.5N was used for concrete
casting. The maximum size of the aggregate was 10 mm. To obtain the material
properties, three standard concrete cubes and two standard cylinders were cast for
determining the cube compressive strength fc,, the static modulus of elasticity in
compression E. and the splitting tensile strength f; in accordance with Hong Kong
construction standard CS1 [31]. After being cast and cured for 28 days, the specimens
were placed in air until corrosion test (temperature: 20 + 2 °C; relative humidity: 75—
85%). The tested mechanical properties of the concrete after 28-days of curing are

provided in Table 1.

3.2. Accelerated corrosion test
As shown in Fig. 3, corrosion of the reinforcement is accelerated by applying the
galvanostatic method. A constant current density was applied with a current regulator
onto the steel rebar. For a reliable connection, a wire that was routed from the current
regulator was tightened onto the top of the rebar with a screw. During the corrosion
process, the rebar acted as the anode, and a graphite rod (counter electrode) was
placed in a sodium chloride (NaCl) solution as the cathode [32, 33]. The commonly
used nominal current density is 200 zA/cm?. To investigate the variations in the
deformation modulus of rust with corrosion rate, the impressed current densities on
Specimens U1-11 were changed from 100 uxA/cm? to 676.5 pAlcm?. The test
parameters of the specimens are listed in Table 1.
Prior to the corrosion test, the specimen was immersed into a 3.5% NaCl

solution by weight of water with about 2 mm of the specimen above the surface of the
8
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solution. This was done because chloride ions can quickly transport with water
through concrete cover to arrive at the surface of reinforcement, and thus the active
corrosion state of reinforcement can be initiated. To prevent rust escaping from the
bottom surface which can lead to release of expansive pressure, the bottom of the
specimen was sealed with epoxy resin (see Fig. 2).

The accelerated corrosion of the reinforcement was recorded along with the
displacement from the expansion of rust ds by using DIC. The camera and specimen
were fastened onto an optical plate through a support frame to reduce the impacts of
potential vibrations and disturbance from the surrounding environment. To reduce
flickering from the illumination lighting, two LED lights powered with a constant
current were installed. These are mainly done to increase the accuracy of the
measurements when using DIC. Speckle patterns were generated on the surface of the
specimens to capture and simulate the deformation of the digitally recorded images.
To investigate the volume expansion coefficient, rust was collected after testing to
examine the components by carrying out an XRD analysis.

Three specimens were tested under current densities higher than 200 uA/cm?.
The test generally took 3 to 10 days until visible crack of concrete cover, which was
dependent on the applied current densities and concrete properties. For the current
densities of 100 uA/cm? and 200 zA/cm?, only two specimens were tested because the
duration varied from 15 days to 33 days. The results were averaged for presentation
and discussion. During corrosion test, the level of NaCl solution was kept the same by

regularly adding water into the solution.

4. Volume expansion coefficient

The volume expansion coefficient of rust n is a critical parameter when
evaluating the deformation modulus of rust, which can be determined by analyzing
the constituents of rust. The rust produced in Ul was collected by breaking up the
specimen after conducting the accelerated corrosion test, and subsequently examined
through an XRD analysis.

According to Francois et al. [34], the primary iron oxides in reinforcements that
9
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might form in concrete, i.e. goethite (a-FeO(OH)), magnetite (Fe3Os), lepidocrocite
(y-FeO(OH)) and akaganeite (B-FeO(OH)), depend on the chloride content. The
measured XRD spectra of the collected rust are shown in Fig. 4. It can be observed
that the rust is mainly composed of goethite and magnetite, as well as some
lepidocrocite. It can also be observed that even though the main peaks of hematite
(Fe203) partly overlap with those of goethite and magnetite, the characteristic peaks
of hematite at 24.2° and 49.5° are not found in the measured XRD pattern [35]. This
is also observed in the XRD patterns in previous studies [16, 19, 25, 36]. Thus, the
observed components of rust are mainly goethite, magnetite and lepidocrocite, which
is similar to the observed rust components in reinforced concrete [16, 19, 25, 34, 36].
The quantitative XRD (QXRD) analysis results based on Rietveld refinement method
[37-39] are shown in Table 2. The mass fraction of goethite, magnetite and
lepidocrocite are, respectively, 66.94%, 26.33%, and 6.73%. The volume expansion

coefficient of the i component ni can be determined by using:

= (13

where Vi and V. are the volume of the i component of rust and iron, respectively.
Assuming that one mole of iron can produce ki mole of the i constituent of rust, then
Eq. (13) can be rewritten as:
_ i _ Ki Mi/pi

= (14)
Fe MFe/lDFe

Y/
where Mi and Mg are the molecular weight of the i" constituent of rust and iron,
respectively. pi and pre are the density of the i constituent of rust and iron,
respectively. The Mi, Mre, pi and pre Of goethite, magnetite, and lepidocrocite can be
found in a handbook on iron oxides by Cornell and Schwertmann [40]. The n;i of
goethite, magnetite, and lepidocrocite is provided in Table 2 [19].

As a result, the volume expansion coefficient n is [25, 36],
g

n= Zﬂi n; (15)
i=1

where g is the total number of constituents of rust. #i is the mass fraction of the i
10
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constituent. The volume expansion coefficient n is determined to be 2.7 based on Eqg.
(15), which is close to that in Zhang et al. [25] (2.43) and Zhao et al. [36] (2.64-3.24).
It should be noted that the rust in Zhang et al. [25] was produced by accelerating
corrosion with a current, while that in Zhao et al. [36] was collected from natural

corrosion conditions in different environments.

5. In-situ deformation modulus of rust
5.1. Results

As mentioned in Section 2, the in-situ deformation modulus of rust can be
determined by using the calculated expansion of rust d; which can be evaluated from
the displacement field obtained by using DIC. Fig. 5 shows the measured
displacement of U5 in the X- and Y-directions at the time of cover cracking. The
discontinuity of the displacement field indicates the initiation of cracking. Multiple
pairs of symmetrical points around the circumference of the steel were used to
calculate the expansion of rust which is determined by calculating the average of the
relative displacement between each pair of symmetrical points di.

The non-uniformity of reinforcement corrosion [41] can be evaluated by the ratio
of the maximum and average displacement surrounding the perimeter of
reinforcement. Though the reinforcement corrosion of square specimens is expected
to be less uniform and thus may affect the determination of deformation modulus of
rust, it is found that the non-uniformity of square specimens varies from 1.07 to 1.49,
whist the values vary from 1.1 to 1.58 for the cylindrical specimens. Compared to the
applied current densities and concrete properties, the specimen geometry seems to
have insignificant effects on the uniformity of corrosion and the determination of
deformation modulus of rust through accelerated corrosion test.

Fig. 6 shows the variations of p and E,.s with time in Ul. The volume expansion
coefficient is determined to be n = 2.7 in Section 4. kr is considered as 0.4. It can be
observed that E,.. first increases and then decreases after reaching the peak value.
The time at the peak of E..s and p is very close to the time that cover of concrete

cracks. The change in E,.s with time is obviously in agreement with that of p, which
11
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shows that the deformation modulus of rust is highly dependent on the compressive

pressure.

To investigate the effect of the approximation of k; and &, on the value of

E, ., parametrical study is conducted. Fig. 7 shows the change of evaluated E.;; with

rust >

p in Ul for different parameters of k7, in which E,.s increases with p in the loading
stage until the maximum compressive pressure is reached. At the unloading stage,
E,us decreases with reduced compressive pressure p. This is typical behavior of the
mechanical properties of granular materials, i.e., the stiffness increases with the stress
level [7, 12, 21, 23, 42, 43]. 1t is observed from Fig. 7 that rust does not behave
elastically because the release of stress from rust does not restore its initial dimension.
This supports to regard rust as a granular material and the usage of the term
deformation modulus to characterize the relationship between the confinement
pressure and the resulting deformation similar to that used in determination of rock
deformability [22].

As shown in Fig. 7, the evaluated deformation modulus of rust in Ul by
considering different k7 is compared. It is found that the value of E,. increases
largely with the increasing of k7. This is because the approximated J, increases while
the calculated d,..: decreases when taking a larger value of k7. As a consequence, the
evaluated value of E,. increases for a fixed pressure p. The approximation of kr and
0p can greatly affect the accuracy of E,.u. Thereby, to eliminate the errors when
calculating 6, and dusi, the diffusion of rust J, will be incorporated into dyus: when

quantifying E.. and incorporated back when simulating the natural reinforcement

corrosion. In the present work, the deformation modulus of rust E__ under different

rust

levels of confinement and rate of corrosion will be investigated.

As mentioned in Fig. 6, the E . and p varies with the time and depends on

rust

the degree of corrosion. The moment when cover of concrete finally cracks is the

most significant when simulating the corrosion induced deterioration of concrete. The

EI’USI

of U1-U11 at the time of cover cracking (defined as E°

rust

) is thereby evaluated

12
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as shown in Table 3. It can be observed that the maximum ES, of all of the

rust

specimens is 50.02 MPa, which is very similar to the observed value in Xu et al. [16]

and Konopka [18]. In addition, similar E,  values were also observed by Car¢ et al.

rus

[19] (less than 130 MPa) and Zhao et al. [15] (160 MPa).

Fig. 8(a) shows the changes in E®  with ic It can be observed that E

rust rust

tends to linearly increase with icor The trend of E

- which varies with the strength

of the concrete is shown in Fig. 8(b). The compressive strength of the concrete f., is

used to represent the strength of concrete. As shown in Fig. 8(b), the value of EZ

increases with the increasing of fu. Considering that E

depends on the

confinement pressure, a linear relationship between p,_ , i, and E

corr rust 18 proposed

as in Eq. (16):

ES =6.3226+0.02323i

rust corr

+1.1618p,, (16)

where p, is the compressive pressure on the rust at the time of cover cracking. The

goodness of fit value of Eq. (16) is 0.85.

5.2. Validation

By applying Eq. (16), the predicted E

cr

s and that of the experiments are

cr

st e 1M

compared in Table 3. It is shown that the predicted and experimental E

good agreement for most of the specimens. To validate the accuracy of Eq. (16), the

is predicted by substituting E

rust

critical corrosion depth of the reinforcement d, .

in Eq. (16) into Eqs. (4)-(10). As the diffusion of rust has been incorporated into E°

rust

in Eq. (16), d, can be incorporated into d_. by using Eq. (12). This can eliminate

rust

the errors in d from estimating the Jp.

0,crit

cr
rust

To validate the accuracy of E when estimated by using Eq. (16), the

13
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predicted d and experimental d in previous studies [44-48] are compared

0,crit 0,crit

as shown in Fig. 9. It is found that all the values are close to the ideal prediction line,

i.e. the line when the predicted d equals the experimental d which indicates

0,crit 0,crit ?

a good performance in predicting d The details of the parameters of specimens

0,crit *

in previous studies are presented in Table 4. Some of the missing mechanical

properties of concrete in Table 4 are calculated with empirical equations [49], i.e.

f,=0.53/f, and E, =4600/f, . The d,,, from the prediction and experiments

cu
are shown in Table 5. Although the maximum absolute relative error is 16.2%, the

average absolute relative error of the predicted d is 10.1%.

0,crit

As shown in Table 5 and Fig. 9, a good agreement is also found with the field

test results in Torres-Acosta and Sagues [48], in which the corrosion rate varies from

2.7 uAlcm? to 6.18 uA/cm?. This indicates that the value of E°

ns 10 this work can

also be applied to simulate and predict the cracking of concrete under natural

corrosion conditions.

6. Conclusion

This study has investigated the in-situ deformation modulus of rust in corroded
concrete structures under different levels of confinement and rate of corrosion by
accelerated corrosion test. The displacement-based inverse analysis method is adopted
and modified to eliminate the errors that result from estimating the diffusion of rust.
Empirical equations of the deformation modulus of rust under different levels of
confinement and corrosion rate are proposed and validated by previous test in the
literature. The validation results of the critical depth of reinforcement corrosion by
using the predicted deformation modulus of rust correlate well with both of the
accelerating corrosion test and the natural corrosion test.

Based on the experimental and analytical studies here, the main conclusions are
as follows:

(1) Rust is a granular material which does not deform elastically. The
14
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deformation modulus of rust increases with the compressive pressure;

(2) The deformation modulus of rust at the time of concrete cover cracking
increases with corrosion rate and strength of concrete, which can be fitted by the
corrosion rate and compressive pressure with a linear relationship;

(3) Rust is mainly composed of goethite, magnetite, and lepidocrocite. The
evaluated volume expansion coefficient is 2.7. As the characteristic peaks of hematite
(Fe203) at 24.2° and 49.5° are not found in the measured XRD pattern, hematite is not

identified as one of the constituents of rust.
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Appendix A

The coefficients c1, 2, c3 and c4 together with a and the crack front r; can be

calculated with the following equations:

_ (n_g)a%ds
Y (n-g)+(grsy)ati

where
br?
£= 0
sr? +b?

 Nab??
(i s(r; —b?)

s:l_%
1+v,

with o and I, in the solution of the following equations:

csaﬁ + c4a‘ﬁ =d,

a :iiexp{—g—?(g—@)}

where
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Table 1 Tested parameters of specimens.

Specimen feu Ec fy icorr D C
MPa GPa MPa uAlcm? - mm mm

Ul 35.2 22.36 3.29 100 16 42
U2 35.2 22.36 3.29 200 16 42
u3* 30.2 21.8 2.72 500 16 42
U4 433 30.49 4.05 200 16 42
U5 52.1 32.07 4.70 200 16 42
U6 35.2 22.36 3.29 300 12 44
ur” 32.1 22.27 3.28 250 16 42
usg” 32.1 22.27 3.28 676.5 16 42
ug” 67 34.1 4.38 500 16 42
u10” 67 34.1 4.38 500 12 44
u11” 30.2 21.75 2.72 500 12 44

*The specimens are square columns.

Table 2 Constituents and mass fraction of rust.

Volume
Mass fraction
Iron oxide expansion
(wt. %)
coefficient [19]
Goethite

2.91 66.94
a-FeO(OH)
Magnetite

2.08 26.33

Fe;04
Lepidocrocite
3.03 6.73

v-FeO(OH)
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Table 3 Comparison between experimental E  and predicted E™

rust *

Specimen P, (exp) icorr Ec, (exp) p, (pred) EZ. (pred)  Error

MPa uAlcm? MPa MPa MPa %
Ul 13.65 100 24.03 13.51 24.34 1.30
U2 13.95 200 26.07 13.51 26.67 2.29
U3 13.63 500 36.47 11.4 33.63 -7.77
U4 16.86 200 30.95 16.63 30.29 -2.14
U5 20.02 200 50.02 19.28 33.37 -33.28
U6 16.65 300 29.02 17.51 33.63 15.88
u7 13.15 250 29.51 13.05 27.29 -7.52
us 13.21 676.5 39.8 13.05 37.19 -6.55
U9 18.33 500 37.9 17.28 38.01 0.30
uU10 20.67 500 42.59 22.5 40.08 -5.89

Uil 13.33 500 37.48 13.33 33.42 -10.83
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Table 4 Parameters of the specimens of previous studies.

Reference Specimen D C  fu fr E. icorr
mm mm MPa MPa GPa uA/cm?

Vidal et al. [44] Beam B 12 16 45 47 32 10°
Alonso et al. [45] Series-1 16 20 348 313 272* 100
Series-1 16 30 348 313 272 100

Torres-Acosta [40] CPG1 21 40.5 53 3.86* 33.49* 100
Andrade et al. [47] Al 16 30 30 29 252 100
Torres-Acosta and C3 10 34 35 3.14* 272 57
Sagues [48] C4 10 34 37 3220 2798 27
C7 10 34 37 322 2798 6.18

2 The mechanical properties are calculated with empirical equations [49]: f, =0.53,/f,, ,and E = 4600,{ fo -

Y The corrosion rate accelerated by spraying salt fog was assumed to be 10 uA/cm?.
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Table 5 Verification of Eq. (16) by comparing experimental do, crit and predicted do, crit.

Reference Specimen ds,cr Per e dolc”‘ do'”“
(pred) (pred) (pred) (exp) (pred)

um  MPa MPa um um %

Error

Vidal et al. [44] BeamB 7.3 103 1852 20 1736 -13.2
Alonso et al. [45] Series-] 7.6 6.85 16.6 1514 1297 -14.4

Series-1 9.7 9.62 19.82 24.86 24.89 0.1
Torres-Acosta [46] CPGl 128 1193 2251 32 3528 103

Andrade et al. [47] Al 10 92 1933 16 1747 9.17
Torres-Acosta and C3 93 1642 2553 613 6544 6.76
Sagues [43] C4 93 1642 2546 544 6321 162

C7 93 1642 2554 728 650 -10.7
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Fig. 1. Schematic of displacement-based inverse analysis method: (a) concrete

cracking due to rebar corrosion and (b) expansion of rust before and after
compression.
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Fig. 2. Dimensions and details of preparing specimen.
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Fig. 3. Illustration of experimental setup with accelerated corrosion system by

using galvanostatic method and displacement measurement system of DIC.
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Fig. 4. Measured XRD spectra of rust.
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(b) Measured displacement in Y-direction.

Fig. 5. Measured displacement of U5 with DIC.
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Fig. 9. Validation of predicted do, crit with Eq. (16).
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