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To test the applicability of the x-ray attenuation method to monitor corrosion products as well as the
formation and propagation of cracks in cementitious materials, reinforced mortar samples were tested under
accelerated corrosion conditions. Experimental results demonstrate x-ray attenuation measurements can
track time-dependent development of corrosion products and the subsequent initiation and propagation of
corrosion-induced cracks. Also, x-ray attenuation measurements allowed determination of the actual
concentration of the corrosion products averaged through the specimen thickness. The total mass loss of steel,
obtained by the x-ray attenuation method, was found to be in very good agreement with the mass loss
obtained by gravimetric method as well as Faraday's law. Results of the presented experimental approach
provide pertinent information for the further development and verification of numerical tools simulating

corrosion-induced damage in reinforced concrete.
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1. Introduction

Corrosion of reinforcement in reinforced concrete structures is a
major deterioration problem causing considerable costs due to
durability design, maintenance, and repair needs. Therefore, the
development of models to predict the (residual) service life of
reinforced concrete structures subjected to corrosion has gained
momentum in the past decades. Service life models attempt to
describe the initiation and propagation phases of reinforcement
corrosion (e.g., Refs. [1-3]) and numerous mechanical models have
been developed to describe the subsequent consequences of rein-
forcement corrosion (i.e., corrosion-induced concrete cracking or
spalling) (e.g., Refs. [4-6]). The proposed models can be broadly
divided into empirical [4], analytical, [5,7-11], and numerical [6,12-
16] models. An initial model to simulate corrosion-induced concrete
cracking in Ref. [5] considered only expansion of reinforcement,
inducing an internal pressure on the surrounding concrete. This
model significantly underestimated the time-to-crack initiation. The
initial model was extended and the concept of the “porous” or
“diffusion” zone was introduced (e.g., Ref. [8]) to adjust the model to
fit experimental data. Later, additional parameters were included in
the various models to describe different phenomena related to
corrosion-induced concrete cracking, e.g., debonding [12] and creep/
shrinkage [14].
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The commonly called “diffusion” or “porous” zone is a vital
parameter in the proposed corrosion-induced concrete cracking
models. The zone describes a region of concrete around the
reinforcement which can accommodate expansive corrosion prod-
ucts, delaying stress development in the concrete. This region has a
major influence on the predicted time-to-crack initiation and the
crack propagation behavior [8,10,15]. These commonly used terms
(“diffusion” or “porous” zone) are however potentially misleading
and/or confusing. The entire concrete surrounding is porous, not just a
certain region in close proximity to the reinforcement. Also,
development of solid corrosion products is likely not governed by
diffusion alone. Diffusion (i.e., transport of matter due to concentra-
tion gradients) may describe the movement of ions present in the
concrete pore solution (e.g., CI~, Cat, K*) or formed during the
corrosion process (e.g., Fe2*, Fe3™) through the concrete pore system.
However, solid corrosion products (e.g., Fe;03, Fe304), which actually
induce the internal pressures, precipitate. Therefore, the “diffusion” or
“porous” zone is referred to as the corrosion accommodating region
(CAR) throughout this paper and is suggested as an alternative term
to more accurately describe this region.

Inconsistent values are cited for the CAR, ranging from 0.002 to
approximately 0.12 mm in thickness [7]. In some cases, the size of the
CAR is “determined” by adjusting the value to provide model outputs
in line with experimental results [8,9,15,16]. Other experimental
methods (e.g., image correlation [10], acoustic emission [17],
ultrasound and thermography [18], etc.) are capable of detecting
corrosion-induced damages; however, to date these techniques are
not capable of providing simultaneous real-time measurements on
the amount and/or location(s) of corrosion products. Experimental
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methods to physically measure the thickness of the CAR include
cutting, sawing and impregnating samples [10]. These destructive
methods are potentially invasive, causing possible movement or
washing away of corrosion products and hindering reliable
measurements.

2. Research significance

Model predictions of corrosion-induced concrete cracking behav-
ior are heavily dependent upon the size of the corrosion accommo-
dating region (CAR). However, a reliable method to measure the size
of the CAR has been lacking. This paper focuses on the application of a
non-destructive test method, x-ray attenuation measurements, to
monitor the time-dependent development of corrosion products and
subsequent corrosion-induced cracking. X-ray attenuation measure-
ments are commonly used to monitor moisture movements in
concrete and other porous materials (e.g., Refs. [19-23]). Advantages
of the x-ray attenuation technique include the non-invasive nature of
the method and the ability to directly measure time-dependent
changes in concentration of water (i.e., moisture content). This study
investigates the ability of the technique to monitor changes in
concentration of corrosion products during reinforcement corrosion
and to detect cracking of the surrounding concrete.

3. Experimental approach

To test the applicability of the x-ray attenuation method to
monitor the development of corrosion products and cracking
behavior in cementitious materials, reinforced mortar samples were
tested under accelerated corrosion conditions. All materials and
testing methods are described below.

3.1. Materials and specimen preparation

Aalborg Rapid® portland cement (Type 52.5N cement [24]) was
used. The mix contained 375kg/m> cement, 1125 kg/m> fine
aggregates (0-4 mm Class E sand in accordance with Ref. [25]), and
had a water-to-cement ratio of 0.50. No chlorides were added to the
mix, as corrosion was induced by applying electrical current as
described in Section 3.2.1. As reinforcement, a smooth steel rod with
8 mm diameter was embedded in the center of the 4x6x 15 cm?®
prism. Fig. 1(a) illustrates the cross-section of the mortar specimen.

After casting, the specimen was stored for 24 hours under a plastic
sheet in laboratory conditions (i.e., 20 4-2°C) and was then demolded.
Upon demolding, the specimen was stored under water for additional
24 hours at 20 +2°C. The 15 cm long prisms were cut in 2 cm lengths
using a water-cooled concrete saw. A lead wire was soldered to the
reinforcement to allow for accelerated corrosion. All specimen
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surfaces, except the top and bottom surfaces (see Fig. 1(a) for
orientation), were then sealed with paraffin wax. The top and bottom
were left unsealed to allow access of oxygen from the top and
moisture/current from the bottom. A second, reference specimen (see
Fig. 1(a)) was created using the identical procedure (i.e., materials,
specimen dimension, curing, cutting, etc.); however, the reference
specimen was un-reinforced and completely sealed with paraffin wax
to maintain constant moisture conditions.

3.2. Testing procedures

The experimental set up, given in Fig. 1(a), consisted of the
reinforced mortar specimen partially submerged in a tap water bath, a
sealed reference sample, and a steel shield. The gap between the
reference specimen and the reinforced mortar specimen was covered
with a steel shield to prevent a free path for x-ray photons to pass
through, which may damage the x-ray equipment. Details concerning
the accelerated corrosion and x-ray measurement techniques are
discussed in the following sections.

3.2.1. Accelerated corrosion

To impress an electrical current through the counter electrode
(ruthenium/iridium mixed metal oxide activated titanium mesh) a DC
regulator was used. Electrical connection between the working
(reinforcement) and counter electrodes was realized by placing the
mortar specimen in tap water (no chlorides were added to the
solution). The current density applied during the accelerated test was
250pA/cm?. It should be noted that such current densities certainly
exceed natural conditions. However, as the focus of this work was to
test the applicability of x-ray attenuation technique to detect and
monitor corrosion products, the applied current density was consid-
ered adequate.

3.2.2. X-ray measurement technique

A GNI x-ray facility located at the Technical University of Denmark
[26] was used for x-ray attenuation measurements. Fig. 2 shows the x-
ray source (a polychromatic x-ray source), a 252x 256 pixel x-ray
camera, and a programmable three-axis motion frame for moving the
source and camera, which are housed in a shielded, environmentally
controlled chamber. The x-ray source excitation settings used were a
voltage of 80keV and a current of 75pA. The x-ray source was
automatically ramped up to these settings over a 200 second “warm-
up” period and the x-ray source was allowed to stabilize for
600 seconds prior to recording images.

A single measurement consisted of 20 x-ray camera images
recorded with an integration time of 1second. The intensities
measured by individual pixels from the 20 images were summed.
So-called dark current images (i.e., x-ray camera images recorded
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Fig. 1. (a) Experimental set up for accelerated corrosion applying an impressed current with x-ray measurement area indicated, and (b) a typical x-ray image of transmitted intensity

showing the steel rod, steel shield, measurement specimen, and the reference area.



A. Michel et al. / Cement and Concrete Research 41 (2011) 1085-1094 1087

Corrosion
product used
for .,
determinatio

X-ray.
camera

and reference
specimens

Fig. 2. X-ray attenuation measurement system with experimental setup consisting of
the x-ray source and camera along with the specimens. A container filled with corrosion
products (Fe,03) was placed in front of the reference specimen to determine linear
attenuation coefficient of corrosion products, i, (discussed in Section 3.2.4).

while x-ray source is turned off), recorded prior to all x-ray
measurements, were subtracted from the measured intensities.
Fig. 1 shows the location and size of the measured area along with a
typical image captured by the x-ray camera. The area of the reference
specimen captured in the x-ray images was used to normalize all
images. Before any current was applied to the reinforcement, the
specimen was measured three times (i.e., a total of 60 images) in its
initial state. After commencing the accelerated corrosion testing, Xx-ray
measurements were recorded every hour, on the hour, for the first
25 hours, followed by measurements every 2 hours until termination
of the test at 147 hours. Testing was terminated due to extensive
corrosion-induced damage to the mortar. Additional information on
the x-ray measurement procedure (i.e., dark current measurements,
use of reference samples, etc.) is available in the literature [23,27-29].

As illustrated in Fig. 3, x-ray photons produced by the source
interact with the specimen and corrosion products prior to reaching
the x-ray camera. The following sections describe the theoretical
background of the x-ray attenuation technique and its potential
applicability to monitor corrosion of steel reinforcement embedded in
cementitious materials.

3.2.3. Theoretical background of x-ray measurement technique

Fig. 3(a) shows the fundamental layout of an x-ray attenuation
measurement. The x-ray source produces a polychromatic beam of x-
ray photons (i.e., photons with varying energy levels) with a given
incident intensity, I, which passes through a test specimen with a
thickness, t. As the x-ray photons pass through the specimen a portion
of the incident intensity, Iy is attenuated (i.e., absorbed and scattered)
and the transmitted intensity, I is recorded by the 64,512 individual
pixels in the x-ray camera. The attenuation behavior of a monochro-
matic x-ray photon (i.e., photons with a single energy level) is
described by the Beer-Lambert law (Eq. 1) [20,30]:

I=1-e ™" 1)

where, pt is the linear attenuation coefficient. The linear attenuation
coefficient has units of cm~!, while intensity and transmitted
intensity are unitless quantities of “counts” or “hits” of individual x-
ray photons. As mentioned, the Beer-Lambert law describes attenu-
ation of monochromatic x-ray photons; however, a polychromatic x-
ray source was utilized here. Polychromatic x-ray photon beams
undergo beam hardening [31] during interactions with the specimens
as all elements and compounds preferentially attenuate lower energy
x-ray photons [33], resulting in an increase in the average energy (or
“hardening”) of the x-ray photon beam. To account for this

discrepancy, the linear attenuation coefficient, p in Eq. (1) must be
replaced by the effective attenuation coefficient, p.r[22,23] as shown
in Eq. (2).

[=1Ip-e " (2)

The effective attenuation coefficient, tt.r, which accounts for beam
hardening effects, must be directly measured and varies with the
thickness of the material (and likely with varying x-ray sources due to
changes in x-ray photon spectra).

Commonly, x-ray experiments to track conditional changes in a
material (i.e., moisture conditions or, in this case, content of corrosion
products) are described as the composite system illustrated in Fig. 3
(b) [19,20,22,23,27-29]. The composite system consists of a non-
corroded, saturated reinforced mortar specimen with thickness, t, in
series with corrosion products with thickness, t.,. Based on Eq. (2),
the transmitted intensity of the polychromatic x-ray source before
reinforcement corrosion, I, is described by Eq. (3):

Lion = I .o Mefmm 3)

where et is the effective attenuation coefficient of mortar. The
transmitted intensity of polychromatic x-ray beam before reinforce-
ment corrosion, I,,, continues and interacts with the corrosion
products. The corrosion products further reduce the transmitted
intensity as described by Eq. (4):

I
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- -t —Hefm*tm— -t
on € Mefeplep — Io-e Hef.m *tm —Hef.cp " lep (4)

where I is the transmitted intensity after corrosion, and flefp is the
effective attenuation coefficient of the corrosion product.

The change in concentration of corrosion products in the specimen,
Acep ( g/cm?) is calculated as change in corrosion products within the
specimen volume or, assuming a constant cross-section, a change in
corrosion products within the specimen thickness according to Eq. (5):

AV, -At,
ACcp _ Pep - w _ pcplL cp (5)

where p;, is the density of the corrosion products (g/cm?3), AVp is the
change in volume of corrosion products within the specimen's
volume, V, and At is the change in thickness of corrosion products
within the specimen's thickness, t.

Combining Egs. (4) and (5) yields Eq. (6), which relates the
transmitted intensity after corrosion, I to the change in concen-
tration of corrosion products, Accp:

1 7(”9f-ED'ACrD‘t) /Pep (6)

corr

=1

non "€

and solving for change in concentration of corrosion products, Acc, (g/
cm?) yields Eq. (7):

pCP (Icor1'>
AC,, = — Jn( ). 7
P uef.cp -t Inon ( )

The transmitted intensity prior to corrosion, Io, iS a specimen's
initial non-corroded condition, while I.,,; was measured at various
times after application of a constant current. Therefore, by measuring
Icorr OVer time and using Eq. (7) the concentration of corrosion products
can be directly measured as a function of time and two dimensional
space (i.e., x-ray camera provides location-dependent information), if
Hetcp and pcp are known. The following section describes methods to
determine pefp, While values for p, are available in the literature [32].

3.2.4. Attenuation coefficients of potential corrosion products
Linear attenuation coefficient of corrosion products, ¢, can be
determined via calculations using tabulated data on the linear
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Fig. 3. Fundamental explanation of use of x-ray attenuation measurements: (a) Schematic description of Beer-Lambert law (Eq. 1) and (b) effect of change in concentration of
corrosion products on x-ray attenuation measurements as described by a composite of the initial specimen and a thickness of corrosion products representing reinforcement

corrosion.

attenuation coefficients of elements presented in Ref. [33]. For direct
measurements of the effective attenuation coefficient, red rust (i.e.,
Fe,03) was collected, pulverized using a mortar and pestle, and placed
and compacted in acrylic containers in varying thicknesses (0, 1, 3,
and 5 mm). As shown in Fig. 2, the acrylic containers were placed in
front of the reference sample and the transmitted intensities were
measured at varying x-ray source voltage settings (70, 80, 90, 100, and
110 keV) with the containers empty and then filled with corrosion
products. The effective attenuation coefficient of the corrosion
products, [ercp can then be calculated in accordance with Eq. (4).
The same procedure is used to determine the effective attenuation
coefficient of water in other investigations [20,23]. All measurements
were taken with an x-ray source current setting of 75pA. Also, the
linear attenuation coefficients of compounds can be calculated as
described in Ref. [33] and previously applied in Ref. [23,27] based on
compound density and stoichiometry. Linear attenuation coefficients
of several potential corrosion products (Fe,0s, Fe304, Fe(OH),, Fe
(OH)3, and FeCl;") [34] and water (H,0) were calculated.

4. Experimental results

4.1. Attenuation coefficients of corrosion products and measurement
resolution

Fig. 4 shows the calculated linear attenuation coefficients for water
and various thermodynamically feasible reinforcement corrosion
products, determined as described in Section 3.2.4. The measured
effective attenuation coefficients for Fe,Os; correlate well with
calculated values of the linear attenuation coefficient. The linear
attenuation coefficients of the various corrosion products are, in most
cases, over an order of magnitude higher than that of water. Therefore,
according to Eq. (1), corrosion products (which are also more dense
than water, see Table 1) are more effective at attenuating x-rays than
water. Of the various corrosion products considered, Fes04 has the
highest linear attenuation coefficients followed by Fe,03, Fe(OH)s, Fe
(OH),, and FeCly. EDS and XRD measurements performed on the
mortar adjacent to the steel bar confirmed the presence of either
Fe,03 or Fe304.

According to Eq. (8) [22], the change in concentration correspond-
ing to the attenuation of a single x-ray photon (concentration

resolution, R,.) of the x-ray attenuation measurement is controlled
by the effective attenuation coefficient (for polychromatic x-ray
sources) and density of a substance, x moving within a porous
material:

— Px (lnon ])
Ry = -In 8
A Hefx-€ ®)

Inon

where p, is the density of a substance x, pery is the effective
attenuation coefficient of a substance x, and I, is the transmitted
intensity from the initial, non-corroded specimen. Table 1 provides
the density, linear attenuation coefficients (and measured effective
attenuation coefficient of Fe,03) at 80 keV, and the concentration
resolution for water and the various corrosion products considered.
Linear attenuation coefficients were used to calculate concentration
resolutions due to the good correlation between the linear and
effective attenuation coefficients of Fe,03; however, effective atten-
uation coefficients should be measured and utilized when other
corrosion products are anticipated. For Fe,03, both linear and effective
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Fig. 4. X-ray attenuation spectra for water (H,O) and various thermodynamically
feasible corrosion products. The black stars indicate measured values of the effective
attenuation coefficient for corrosion products.
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Table 1
Density (p), linear attenuation coefficients (1, at 80 keV), and concentration resolution
(R4c) for various substances.

Substance P u Rac
[g/em?] [em™] [mg/cm’]

Water 1.00 0.184 0.599

Fe,05 524 2447 (2.142)° 0.235 (0.269)
Fe304 517 2.466 0.230
Fe(OH), 3.40 1.484 0.252
Fe(OH)3 3.40 1.343 0.278

FeCly 1.39% 0.574 0.266

@ Density given for tetrahydrate, which is green in color [32].
P Values in parentheses are measured effective attenuation coefficient (i, at 80 keV)
and corresponding resolution.

attenuation coefficients (at 80 keV) and the resulting concentration
resolutions are presented. For o5, the average transmitted intensity
from the specimen in its original, non-corroded condition was used.
For the x-ray energy used (i, and I, vary with x-ray energy), Rac of
water was 0.599 mg/cm?, while R, enhanced to between 0.230 mg/
cm® and 0.278 mg/cm? for the various corrosion products. Based on
Eq. (8) and Table 1, concentration resolution is inherently improved
(over that of water) when monitoring reinforcement corrosion
products.

4.2. Image analysis of x-ray attenuation measurements

Fig. 5 in the electronic version of this paper (5-EV, see link in
Appendix A.) is compiled videos consisting of calculated x-ray images
of change in concentration of corrosion products (i.e., Eq. 7) between
3 and 147 hours of accelerated corrosion testing. Each image is
identified by a sequence number and the time passed after initiation
of accelerated corrosion testing in the bottom left corner in both
videos. In Fig. 5(a)-EV the first several frames of the video highlight
specimen details including the rebar, mortar and a size scale.
Throughout the video duration in Fig. 5(a)-EV additional details and
phenomena are pointed out and labeled as they appear, including
corrosion products (light gray to white in color), initiation and

5 mm

Corrosion
products

Initial crack A

Image 13- 14 Hrs

propagation of cracks (dark gray to black in color), the probable filling
of an entrapped pore with corrosion products, and excessive
corrosion-induced deformations of the mortar. The video in Fig. 5
(b)-EV consists of the same images; however, with an increased frame
rate and without pauses. The higher frame rate more clearly shows
the excessive corrosion-induced deformations of the mortar. Defor-
mation of a part of the specimen induces measurement distortions as
the pixel dependent initial transmitted intensity, I,,, no longer
accurately coincides with the transmitted intensity after corrosion,
Icorr- As seen most clearly after 127 hours (image 75) in both videos,
excessive deformations (and resulting measurement distortion) give
the appearance of corrosion products being deposited relatively far
from the rebar surface.

Fig. 5 in the printed version of this paper (5-PV), is calculated x-ray
images (i.e., Eq. 7) after (a) 14 and (b) 147 hours of accelerated
corrosion testing. The image highlights the location of corrosion
products (light gray to white in color) and cracks (dark gray to black
in color). Fig. 5(a)-PV clearly shows that an initial crack has formed
along with the location and amount of corrosion products required to
induce the crack. Fig. 5(b)-PV shows that substantially more corrosion
products have formed after 147 hours at the interface of the concrete
and steel, both increasing the size of the initial crack and inducing a
second crack. Additionally, as discussed above, excessive movement
of the mortar and the resulting measurement distortion are most
clearly visible in the top-right corner of Fig. 5(b)-PV.

Contour plots in Figs. 6 and 7 provide location-dependent informa-
tion on calculated concentrations of corrosion products (Eq. 7) at
various times during the accelerated corrosion testing. Fig. 6, which
shows the entire x-ray image area of the measured specimen, has
contours to highlight both the cracks and the concentration of corrosion
products, after (a) 14 hours, (b) 71 hours, and (c) 119 hours of
accelerated corrosion. The assumed type of corrosion product was
Fe,0s3, with a measured average (averaged from the varying thicknesses
of corrosion product measured) effective attenuation coefficient of
2.142 cm™ ! at 80 keV, 5.24 g/cm> density, and the specimen thickness
was 2.0 cm. The contour plots illustrate the concentration of corrosion
products in g/cm?, which is a summation of the amount of corrosion
products through the thickness of the specimen. Cracks result in
negative contour values as the number of transmitted x-ray photons

A e

corrosion products®

> Crack® .
Image 85 -147Hrs -~ .

Fig. 5. (Printed version) Calculated image (i.e., Eq. 7) after (a) 14 and (b) 147 hours of accelerated corrosion testing. (Electronic version—video links in Appendix A.) Videos compiled
from calculated images between 3 and 147 hours of accelerated corrosion testing (a) with various events highlighted and (b) with a higher frame rate to better illustrate corrosion-

induced deformations of surrounding mortar.
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Fig. 6. Contour plots highlighting the effect of cracks on x-ray attenuation measurements and concentration of corrosion products after (a) 14 hours, (b) 71 hours, and (c) 119 hours
(note: the effect of cracks is a unitless factor described by the natural log portion of Eq. 7).

increases. Fig. 7 shows a zoomed portion of the original image and
excludes contours describing cracks. All contour plots are shown with
units of g/cc (i.e., gram per cubic centimeter, g/cm?).

Further detailed descriptions of Figs. 5 (for both the electronic and
print versions) and 6 are included in the following sections.

4.3. Corrosion-induced cracking and deformation behavior

The development of corrosion products, described in the following
section, resulted in the formation of two cracks within the measured
region and a third crack, which was observed outside of the area
recorded by x-ray. Fig. 5(a)-EV indicates that the first crack begins to
form below the steel after 13 hours (image 12) of accelerated
corrosion testing. The effect of the first crack can begin to be seen in
the contour plot shown in Fig. 6(a). Figs. 5-EV and 6(a),(b),(c) indicate
the width of the initial crack continuously increased during testing.

After 57 hours (image 40) a second crack developed in the upper
half of the mortar. The second crack initiated at or near the surface of
the steel and propagated outward toward the mortar's surface. The
second crack appears to be widest at the concrete-steel interface,
with decreasing width as it extends away from the steel. Quantifica-
tion of the crack width is not possible with the x-ray attenuation
measurement, as the effect of cracks is averaged through the 2.0 cm
thick specimen measured. During propagation of the second crack,
particularly from 97 hours (image 60) to the end of the test, excessive
deformation of the mortar occurred. The deformation is clearly seen in
Fig. 5(b)-EV in the upper and side portion of the mortar. The mortar
deformation causes distortions in calculated corrosion product
concentration images (i.e., Eq. 7), which is seen most clearly in the
top portion of the mortar. Values for I,,o, are specific to a particular
pixel/location, and as the deformations occur the measured Iy
values no longer match to the original corresponding Iyon. The
influence of this distortion is clearly shown in Figs. 6(c) and 7(c),
through the apparent formation of corrosion products far from the
steel. These apparent formations are attributed to distortions and not
the actual formation of corrosion products. The deformation of the
side portion of the mortar appears to have caused separation between
the mortar and the steel, as indicated in image 75 (127 hours). As this
occurs, the corrosion products appear to either relocate or disappear.
Most likely the corrosion products remain in place, but the effect of
the crack controls the x-ray attenuation measurement results in such
a damaged specimen. This, along with measurement distortions

induced by excessive deformations, is a limitation of the presented
approach. Also, the x-ray attenuation data are an average through the
specimen thickness. Thus, if both corrosion products and a crack form
at the same location, the two behaviors are averaged through the
specimen thickness, potentially resulting in errant quantifications of
the amount of corrosion products or qualification of the cracking
behavior. However, before cracking occurs, calculated concentrations
of corrosion products remain accurate.

The first and secondary crack can be seen in their final states
(147 hours, image 85) in Fig. 5(b)-PV. Excessive deformation and
resulting distortion of the calculated image (Eq. 7) are also apparent in
Fig. 5(b)-PV.

The contour plots in Fig. 6(a),(b),(c) illustrate the effect of the
cracks. In Fig. 6(a) (14 hours, image 13) the initial crack has recently
formed and a line of negative contours is seen directly below the
rebar. Fig. 6(b) (71 hours, image 47) indicates the initial crack has
likely increased in size and connectedness, and a second crack has
initiated from the steel surface. Fig. 6(c) shows both cracks have
further increased in size and the impact of calculated image distortion
is clearly seen in the upper portion of the mortar.

4.4. Development and location of corrosion products

Fig. 5(a)-EV shows corrosion products were clearly detected at the
concrete-steel interface after 9 hours (image 8) of accelerated
corrosion testing. Initially, the corrosion products formed on the
side-facing surface of the steel; however, with additional time
corrosion products start to form on the bottom-facing surface. After
16 hours (image 15) corrosion products begin to protrude into an
entrapped void near the steel surface. Corrosion products penetrate
deeper into the mortar as accelerated corrosion testing continued, and
after 33 hours (image 28) corrosion products are seen on the top-
facing surface of the steel. After 89 hours (image 56) additional
corrosion products appear to enter the entrapped pore; however,
after the second crack propagates nearly all corrosion products appear
to form near the top-facing surface of the steel. This observation is
quantified and verified by Figs. 7 and 8, as discussed in the following
paragraph. After 127 hours (image 75), excessive deformation of the
mortar above the steel occurs as corrosion products no longer appear
to protrude into the mortar, but rather push the mortar out of the way.

The zoomed contour plots in Fig. 7(a), (b), and (c) quantify and
summarize the information presented in Fig. 5(a)-EV. Fig. 7(a)
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Fig. 7. Zoomed contour plots highlighting only concentration of corrosion products after (a) 14 hours, (b) 71 hours and (c) 119 hours.

indicates that concentration of corrosion product ranged up to a
maximum between 0.1 and 0.2 g/cm? after 14 hours. The concentra-
tion of corrosion products and area where corrosion products exist
increased after 71 hours (Fig. 7(b)) and the filling of the entrapped
pore is clearly shown. Between 71 and 119 hours, Fig. 7(b) and (c),
respectively, a great deal of additional corrosion products formed near
the top-facing side of the rebar. Fig. 8 shows a contour plot of the
additional corrosion products formed between 71 and 119 hours.
Fig. 8 confirms that up to 1.5 g/cm? of corrosion product formed near
the top-facing surface of the rebar, while during the same time a
maximum increase of only 0.2 g/cm? occurred near the lower portion
of the rebar.

Through further image analysis, polar transformation of results
shown in Fig. 7(c) are presented in Fig. 9. Polar transformation allows
plotting of the circular surface of the rebar as a flat surface, from which
corrosion products protrude. The concentration of corrosion products
was averaged over the radius up to 1.0 mm from the rebar surface as
presented in Fig. 10. Fig. 10 illustrates concentrations of corrosion
products both increase and penetrate deeper into the mortar
specimen with increased time. The polar transformation also
facilitates estimation of size of the CAR. In this case (where a very
high corrosion-inducing current was applied), as shown by the solid
circular symbol plot (13 hours) the CAR was between 0.09 and
0.18 mm. The accelerated nature of this initial test may have not
provided sufficient time for realistic penetration of corrosion products
into the surrounding mortar. With the presented experimental setup
a single pixel of the x-ray camera corresponds to a 0.89 x 0.89 mm?
area of the specimen. Previously reported values for the CAR vary
between 0.002 to 0.12 mm, indicating improved spatial resolution of
the x-ray images may be required.

Fig. 11(a) and (b) show an SEM image of the mortar near the
concrete-steel interface and an EDS mapping of iron, calcium, and
silicon in the same region, respectively. Fig. 11(b) indicates iron (i.e.,
corrosion products) indeed penetrated into the microstructure of the
cement paste, with particular areas of increased iron content.

The concentration of corrosion products at the end of testing
(147 hours, image 85) was integrated to estimate a total mass loss of
the rebar due to corrosion during the test. Values for mass loss were
also estimated by Faraday's law and measured through gravimetric
means (i.e. weighing). Table 2 shows the various means to measure
and estimated mass loss resulted in very good agreements. A 9%

difference was found between weight and x-ray measurement
methods. A higher discrepancy in mass loss (43%) between Faraday's
law estimation and x-ray method may be explained by the
assumption in Faraday's law of 100% current efficiency (meaning
that all current applied is used in the electrochemical reaction to
dissolve the iron). It should also be mentioned that only one half of the
rebar was monitored during this testing (see Fig. 1(b)). To obtain the
total mass loss from x-ray attenuation measurements, symmetry (i.e.,
in terms of concentration of corrosion products) was assumed.

5. Discussion of results
X-ray attenuation measurements of corrosion products are more

effective (i.e., improved inherent concentration resolution) than the
more common monitoring of water movements in cementitious
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Fig. 8. Additional concentration of corrosion products between 71 hours and 119 hours
of accelerated corrosion testing (i.e., Fig. 6(c) minus Fig. 6(b)).
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Fig. 9. Polar transformation contour plots of corrosion product concentrations after
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materials. The x-ray attenuation measurement is non-destructive and
does not influence the accelerated corrosion testing method. Further,
the current applied to induce corrosion (i.e., accelerated corrosion
method) does not appear to interact with the x-ray photons
transmitted through the measurement specimen.

Corrosion-induced cracks were seen to form at or near the
concrete-steel interface and propagate outward to the specimen
surface (in agreement with previous model behaviors [6,13]). Further,
comparisons of the development of corrosion products and the
corrosion-induced cracking of the mortar specimen provided the
following insights. The development of additional corrosion products
appears to be linked to the degree of damage (i.e., cracking) at the
interface of the steel and surrounding mortar. Prior to extensive
cracking (i.e., before 71 hours, image 47) the corrosion products
appear to penetrate into the pores of the mortar. However, after more
extensive cracking the corrosion products appear to form between the
steel and mortar, simply moving the mortar rather than penetrating
into it. Additionally, as shown in Fig. 8, corrosion products appear to
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Fig. 10. Average concentration of corrosion products as a function of radius from the
rebar surface at varying times (5, 13, 18, 51, 105, and 147 hours).

favor forming at the damaged interface, as nearly all additional
corrosion products were seen to form in this region after 71 hours.

It is evident from the results that the x-ray attenuation method is
suitable to track the time-dependent development of the corrosion
products and subsequent initiation and propagation of cracks due to
the expansive nature of the corrosion products. While a relatively high
current was applied to induce corrosion to test the applicability of the
measurement technique, results clearly indicate that corrosion
products and corrosion-induced cracking under natural corrosion
conditions would similarly be detected (assuming location of
specimen, x-ray source, and camera is constant as discussed below).
Furthermore, the experimental method allows for the determination
of the actual concentration of the corrosion products averaged
through the specimen thickness. Measurement distortions due to
excessive deformations of the mortar occurred; however, future
measurements would likely stop well before similar distortions occur.
The most important information from the technique (i.e., amount and
location(s) of corrosion products necessary to induce cracking) is
collected well before excessive distortions are observed. Polar
transformation of the x-ray images provides the average amount of
corrosion products as a function of the radius (i.e., distance from rebar
surface) and time prior to initiation of cracking in the reinforced
mortar sample. In other words, the x-ray attenuation method can
directly measure the size of the CAR as both the corrosion and the
corrosion-induced cracking behaviors are monitored. Further para-
metric studies are needed; however the presented technique should
provide unique insight on the corrosion process (including amount
and location of corrosion products and time-to-cracking) under
laboratory conditions, improving understanding and modeling of
reinforcement corrosion and subsequent corrosion-induced concrete
cracking.

The presented method could be applied for in-situ measurement
of the extent of reinforcement corrosion and resulting damage;
however, many practical issues would need to be considered. As seen
in Fig. 5(b) and discussed previously, movement of the specimen
caused measurement distortions. Therefore, positions of the x-ray
source, camera, and measured area must be constant at differing
measurement times. With possible measurement intervals in the
range of a year or more, identical positioning may be difficult.
Furthermore, effects of other various transient behaviors in concrete
(e.g., moisture movements, possible leaching, etc.) on the x-ray
attenuation measurements would need to be isolated or corrected. A
similar, yet limited radiography technique (i.e., y-ray imaging) has
been applied for in-situ determinations of rebar location and can even
estimate cross-section reductions of reinforcement due to corrosion
[35]. y-Ray imaging, identically to medical/dental radiography,
detects the denser steel (analogous to bone, teeth) within the less
dense concrete (analogous to human soft tissues) in a single
measurement. However, radiography does not provide the necessary
information to calculate concentration changes (see Eq. 7) and
appears (based on results presented in Ref. [35]) unable to assess
the location of corrosion products and any corrosion-induced cracking
of the surrounding concrete.

6. Summary and conclusions

The applicability of x-ray attenuation measurements to monitor
the development of corrosion products as well as initiation and
propagation of cracks in cementitious materials was presented.
Results obtained from x-ray attenuation measurements and subse-
quent image analyses of reinforced mortar samples tested under
accelerated corrosion conditions indicate that:

1. The x-ray attenuation measurements do not affect accelerated
corrosion testing and the current applied to induce corrosion does
not appear to interact with x-ray photons.
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Fig. 11. (a) SEM image of mortar surrounding steel rebar with rebar location noted, (b) EDS mapping of Fe (green), Ca (red), and Si (purple) in the same area.

2. X-ray attenuation measurement allow non-destructive monitoring
of corrosion products and it has been found that:

« Similar to previous observations, corrosion products were seen
to form at or near the steel surface for the corrosion conditions
investigated.

« Corrosion products initially penetrate into the mortar.

* After excessive deformation due to corrosion-induced cracking
the corrosion products appear to form between the steel and
mortar, simply moving the mortar rather than penetrating into
it.

3. The concentration of corrosion products can be determined as a
function of time and space with the x-ray attenuation measure-
ments.

« The total mass loss of steel obtained by the x-ray attenuation
method correlates well with determination of the mass loss
by gravimetric means as well as Faraday's law.

4. Initiation and propagation of corrosion-induced cracking can be
monitored.

* Results of the x-ray attenuation measurements allow moni-

toring of crack initiation at or near the steel surface as well as

propagation of the crack outward toward the mortar's surface.

Further detailed study is warranted into applying this method to
measure the impact cracks have on moisture ingress and the
subsequent reinforcement corrosion in a single test specimen (i.e.,
full service life). X-ray measurements provide a direct measure of the
moisture ingress and corrosion behaviors, including both the location
and amount of moisture and corrosion products.
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