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X-ray and image processing techniques enable a comprehensive study the time-dependent steel
corrosion and crack widths and its associated structural performance. Prediction of the long-term
structural performance considering spatial steel corrosion is important for better-informed
maintenance plans.

The effects of galvanostatic (GS) and artificial chloride environment (ACE)
corrosion methods on the time-dependent steel corrosion and cracks of RC beams were studied using
X-ray and image processing techniques. GS method applying current density lower than 50 micro
amperes per cm2 is recommended to study steel corrosion since it produces the results close to that
of ACE method. However, the GS method generated significantly smaller crack widths due to leakage of

corrosion products. A correction factor is needed to modify the crack widths of GS method when
predicting deterioration levels of structures. For long-term structural performance assessment, it
is important to model spatial steel corrosion in finite element method considering its correlation
in longitudinal and transverse directions for desired prediction results. Using statistic data of
steel weight loss of corroded beams with 10 micro amperes/cm2 provided conservative estimation of
loading capacities.
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Steel corrosion is a major durability problem for RC structures and represents enormous economic loss to
the nations worldwide. Establishment of a reliable model for the long-term performance assessment of RC
structures is essential to assist the government and asset owners in decision-making on maintenance plans.
Since the structural performance of RC structures primarily depends on localized corrosion damages to
their reinforcements, it is crucial to model the spatial steel corrosion. Recent studies have focused on
modeling spatial steel corrosion using the statistical data of steel corrosion from RC members corroded
with galvanostatic (GS) method by applying a current density, and the modeled steel corrosion by Monte
Carlo simulation (MCS) was incorporated into a probabilistic method for the reliability analysis of RC
structures. However, researchers applied a wide range of current densities neglecting their influences on
the spatial steel corrosion, which might not represent the corrosion and associated structural performance
in the natural conditions. Moreover, cross-section analysis is usually incorporated with the probabilistic
method for structural performance assessment, ignoring rebar-and-concrete bond loss. The FE method can
provide more accurate structural performance assessment considering the bond loss; the research using FE
method considering spatial steel corrosion and bond loss is still scarce.

2. OB

In this research, the main purpose is to establish a procedure to assess the long-term structural performance
of corroding RC structures using the integrated approach of finite element and probabilistic methods. In the
experiment, the effect of GS (with different current densities) and artificial chloride environment (ACE)
corrosion methods on the spatial steel corrosion, corrosion cracks, and structural behavior of reinforced
concrete specimens are investigated. Recommendations on suitable current densities to be used in a
laboratory test are provided. Moreover, Monte-Carlo probabilistic-based 2D FE models are applied to
estimate the distribution of loading capacity of corroded RC beams at various corrosion levels. 2D and 3D
FE models are used to study the effect of correlation of spatial steel corrosion in transverse directions on
the structure performance of RC beams.

3. WHEDTik

Figures 1 and 2 show the front and cross-section views of the single-rebar and multiple-rebar specimens,
respectively. Nine single-rebar specimens were used to study the effect of corrosion methods (GS versus
ACE methods). Two beams (i.e., WD-1 and WD-2) corroded with ACE method. For GS method, CD-10
and CD-50 were corroded at low current densities (i.€., Lo of 10 and 50 uA/cm?) while CD-100, CD-200,
CD-500 and CD-1000 were corroded at high current densities of 100, 200, 500 and 1000 pA/cm?,
respectively. SO is the sound beam without corrosion. Four multiple-rebar specimens (B20-1, B20-2, B30-
2, and B30-3) were used to study the effect of correlation of spatial corrosion in the transverse direction on
the structural performance of RC beams. The four beams were corroded with GS method using /.o, of 1000
uA/cm? but the corrosion region is concentrated in the center span of beam for only 140 mm.

P/2 P/2
100, 490 280 490 100, (-DBGO100
1 1 stirups 0B6@100 —Wood Stick | | '
' 14 <
S« N, 77 7 7% vzzzn | | D = il tope
= o e L
longitudinal rebar 1-DB13 ff J NI
L 250 X—ray images (840 mm)—’ \, 370 L 158 1l
a El A B
Figure 1. Front and cross-section views of the single-rebar specimens.
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Figure 2. Front and cross-section views of the multiple-rebar specimens.

3.1 Experiment procedure for the single-rebar specimens

Figure 3 summarizes the four steps of experiment procedure to estimate the steel weight loss using X-ray
and digital image processing techniques. Firstly, beams were corroded with GS and ACE methods. Before
corrosion and at various corrosion levels, X-ray images of rebars inside the specimens were taken. Next,



photos of corrosion cracks at the bottom surface of the beams were taken by a digital camera. The X-ray
images and photos of crack widths are captured from 250 mm to 1090 mm from the left edge of the beams
(i.e. the total length of 840 mm). After that, the crack widths measurement and steel weight loss
quantification were conducted using digital image processing technique.
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Figure 3. Experimental procedure to estimate the steel weight loss using X-ray and digital image processing techniques.
3.2 Experiment procedure for the multiple-rebar specimens

GS method with I, of 1000 nA/cm? was used for corrosion test. To obtain the localized corrosion in
the middle part of the beam, only the mid-span region of the beam (i.e., 140 mm) was corroded. A wet
sponge was placed under RC specimens to supply the chloride irons from the bottom side. Next, the four-
point bending test of the corroded RC beams (Figure 2) was conducted. After that, specimens were
destroyed to retrieve the corroded rebars. After cleaning the corrosion products, the diameters of the
corroded rebars were measured by a vernier caliper at several positions spaced at around 10 mm. At each
measurement position, the minimum diameter (d,) was chosen as the first measurement direction in the
cross-section of rebar and the direction perpendicular to it was chosen to measure the second diameter (dj).
The steel weight loss (Rw3) of a rebar in the multiple-rebar specimen was estimated by:

 (dq +dy)?

Rw3 =1
W 4d2

()

where dpis the diameter of sound rebar.

After the measurement, the mean steel weight loss of the three rebars (MRw3) were found to be 25.1%,
22.5%, 27.9%, and 27.1% for B20-1, B20-2, B30-1, and B30-2, respectively.

4. IR

4.1. Results and discussion for single-rebar specimens
4.1.1 Spatial variability in steel corrosion and crack widths

Figure 4(a) shows standard deviation (SD) of steel weight loss of RC beams at different MRw. The corrosion
methods have a significant impact on the spatial distribution of steel weight loss. In general, it can be
confirmed from SD values suggest that steel corrosion of RC beams corroded under ACE method (i.e., WD-
1 and WD-2) and GS method with low current density (/.- < 100 pA/cm?) are more nonuniform than other
beams corroded with high current density (Zeor > 100 pA/cm?).

Figure 4(b) shows the development of mean crack widths at different corrosion levels MRw of GS and
ACE specimens. The crack widths of ACE specimens are significantly larger than those of specimens under
the GS method. Considering the differences between GS and ACE specimens, a correction factor is needed
to modify the crack widths of GS specimens when using data of crack widths of GS specimens to predict
the structural deterioration levels.
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Figure 4. (a) standard deviation (SD) of steel weight loss and mean crack widths of each RC beam at different MRw.

4.1.2 Effect of the corrosion method on the yield loads estimated by Monte Carlo-based FE analysis

Figure 5 shows the PDFs of yield load capacity and the associated extreme value fit for the corroded
rebar with MRw of 5%, 15%, and 25% based on regressions of Gumbel parameters in case of CD10, CD-
50, WD-1 and WD-2, and high current density, using 1000 FE analyses. With increasing MRw, the mean
yield load capacity of the corroded beams in all cases decreases significantly while the dispersion of yield
load capacity increases as indicated by the SD values. Moreover, it should be noted that, at MRw of 5%,
15%, and 25%, the PDFs of yield load capacity in case of high current density have a larger mean but
smaller SD than those in the case of WD-1 and WD-2. This result means that using Gumbel distribution
parameters derived from a corroded beam with a high current density can provide overestimated yield load
capacity since the more uniform steel corrosion is generated. The PDFs of yield load capacity in the case
of CD-10 and CD-50, at MRw of 5% and 15%, have an approximately same mean but larger SD of yield
load capacity compared to those in the case of WD-1 and WD-2. This result proves that using Gumbel
distribution parameters derived from a corroded beam using current densities of 10 pA/cm? and 50 pA/cm?
conservatively estimates yield load capacity for the corroded beam under the natural chloride environment.
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Figure 5. PDF of yield load capacity at MRw of 5%, 15%, and 25% based on regressions WD-1 and WD-2, CD-10,
CD-50, and high current density.

4.2. Results and discussion for multiple-rebar specimens

4.2.1 Effect of spatial steel corrosion in transverse direction on the structural performance

Spatial steel weight loss of B30-1, and B30-2 are shown in Figures 6(a)-6(b), respectively. Corrosion of
rebars intensified at the central parts of the RC beams corresponding to the wet sponge region as indicated
by the two vertical dash lines, except for B30-1. Figures 6(a) and 6(b) show that the spatial steel corrosion
of B30-1 and B30-2 is very different although the MRw3 of B30-1 (27.9%) is slightly larger than that of
B30-2 (27.1%). The distribution of the localized corrosion of rebars in this beam B30-1 occurred at different
locations. Whereas, B30-2 shows localized steel corrosion over rebars concentrates at very similar locations
which means maximum steel weight loss located approximately at the same places. As a result, the load-
deflection relationship in Figure 7 shows the ultimate load (Pu) and deflection (8u) of corroded RC beam
B30-1 are higher than those of B30-2.
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Figure 6. Spatial variability of steel corrosion of rebars in (a) B20-1, (b) B20-2, (c) B30-1 and (d) B30-2.
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Figure 7. Load-deflection relationship of corroded RC beams.
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Figure 8. Experimental versus FE simulated P-3 responses of B30-1 and B30-2.
4.2.1 Structural performance assessment using 2D and 3D FE analysis

Figures 8(a) and 8(b) show the experimental versus 2D and 3D FE simulated P-8 responses of B30-1,
and B30-2. In general, the 3D FE model can provide better estimation of flexural response of corroded RC
beams with multiple rebars than the 2D FE model. However, Figures 8(a) shows that the 2D FE model
substantially overestimated the load-deflection of B30-1. This result suggests that 2D FE model cannot well
simulate the flexural response of the corroded beams with localized corrosion at different locations in the
transverse direction (see Figure 6(a)). Since the performance of corroded beams strongly depends on the
most corroded rebar in the transverse direction, the 3D FE model is needed to consider the dominant
correlation effect of localized corrosion in the transverse direction for the multiple-rebar specimens. On the
other hand, for B30-2 (Figure 6(b)) having the distribution of localized steel corrosion at a very similar
locations, the 2D FE model can be used instead of the 3D model to estimate the structural performance of
multiple-rebars since both models provided slightly different prediction results.
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