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Abstract

Corrosion and freezihaw can cause detrimental damage to concrete structimdsrstanding

concrete damage mechanisms at the rAevel can play an essential role implementing

effective preventive measures and efficient repair methods. Among varicdgsinuactive testing
technologies, higiesolution micro-computed tomographyuCT) imaging has been gaining
popularity due to its ability to provide threei mensi onal ( 3D) reconstrt
internal structure and analyze its damage mechanisms. Despite its unique capabilities, the full
potential of using CT imaging tavestigate the general microscale damage of concrete has yet to

be realized. Also, limited research has been conducted to investigate the 3D microstructural

concrete damage caused by corrosion and frieze conditions.

Therefore, the main objective dfis research is to attain a better understanding of the effects of
concrete composition and surrounding environments on the severity and mechanisms of corrosion
and freezéhaw damage. This objective was complimented by integrating mechanical
characterizabn using CT imaging into imageased microstructural finite element (FE) modeling.
Furthermore, the full potential of CT imaging was examined by investigating the accuracy of

corrosion detection using an unprecedentedly large naturally corroded cotemetate

The effects of mixture proportions on the mechanisms of corrosion and-freezelamage were
examined by investigating internal structures of concrete, such as pore characteristics. The
specimens were imaged before being subjected to corrosiorfregmkthaw conditions to
determine the impact of concrete composition on its pore properties, after which the corrosion
specimens were exposed to 120-a®t cycles in salt water with a concentration of 3.5%, whereas
the freezehaw samples were subjedtéo 40 cycles. The pore properties were analyzed before

and after testing, and the concrete damage mechanisms were investigated.

Vi



Also, the full potential of CT imaging was examined by investigating the corrosion ey@a%0

old naturally corroded conceetelement that is 12 cm wide, 6 cm thick, and 17 cm high. The
detected corrosion products were compared to the corrosion of the actual concrete specimen to
investigate the accuracy of corrosion detection. A method for improving corrosion detection
accuracywas proposed and tested. Moreover, the damage mechanisms were determined by

analyzing the pore structure of the concrete element.

The effects of the surrounding environment on the severity and mechanisms oftliseeze
damage were investigated by subjegtconcrete specimens of the same composition to 80 freeze
thaw cycles in distinct sulfate environments with different concentrations. The mass loss data and
pore characteristics, including porosity, pore size, and pore accessibility, were analyzedtitrough
the applied cycles to determine the impact of the sulfate salt and concentration on the severity of
frost damage. On the other hand, fredmev damage mechanisms under the different sulfate

environments were investigated using 3D reconstructionsrotco et e 6s por e mi cr os

Also, novel imagébased microstructural FE models were developed to investigate concrete
damage under corrosion and fre¢izaw conditions. Thredimensional reconstructions of the FE
elements, including the aggregates, anegpand cement mortar, were created by thresholding and
stacking the CT images. The corrosion FE model was modeled by subjecting the steel
reinforcement to experimetiased uniform corrosion. On the other hand, the frdeas FE
models were simulated bifling the air pores with freezing water and applying the temperatures

of the actual freezthaw cycles. The interaction between the different elements was examined by
studying the internal stress distribution throughout the applied corrosion and-tfiaeze
conditions. Also, the accuracy of the FE models was investigated by comparing the severity and

mechanisms of the FE models to the CT data of the actual concrete specimens.
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Chapter 1: Introduction

1.1. General Background

Concrete durability is defined by its ability to retain its strength and serviceability by resisting
various deterioration processes caused by environmental conditions. For example, prolonged
exposure to wet and cold environments can cause detrimentasioorand freezéhaw damage

within concrete structures.

Reinforcement corrosion is the leading cause of concrete daftaggp which resulted in
structural catastrophes, includitige Silver Bridge in 1967, the Genoa lgadin 1979, the Mianus

River Bridge in 1983, and the Kinzua Bridge in 208i33]. According to the National Association

of Corrosion Engineers (NACE) International report, repair of corresidnced infrastructural

damage annually costs the United States about $22.6 H#joiThis is due to the fact th#te

total volume occupied by steeinforcement increases once corroded because of rust expansion.
Consequently, substantial concrete cracking can be caused by the resulted high expansive pressure
between the steel reinforcement and the surrounding corjdét&3]. Also, the corrosion can
severely disintegrate the steel reinforcement and conslgetefjrade the bond between concrete

and its steel reinforcement, causagudden fracture of concrete structures 20].

On the other hand, continuonisfrequent exposure to salero temperatures makes concrete prone

to frost damage by freezing the water retained within its capillf2E24]. The freezethaw

damage results from a combination of a crystallization pressure induced by ice expansion, an
internal hydraulic pressure produced by compression of retained water, and interfacial stress
created by the mismatching thermal expansion coefficiegihtee concrete material$25i 28].

Conceete cracking occurs when the stress induced by the expansive internal pressure exceeds its
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tensile strength, likely when the degree of saturation exceeds its critical threshold ranging from
about 50% to about 909291 34]. In addition to deteriorating the concrete strength, firedticed
cracks considerably accelerate the ingress of water, chloride, aadb¥@ncreasing the

permeability of concret, leading to faster freezbaw and corrosion dama@&bi 37].

The severity of corrosion and freezeh aw damage can be i mpacted
characteristics, including permeability, porosity, pore size, and pore distrib[8&a0].

Permeable concrete is vulnerable to corrosion and fitbexe conditions due to the associated
increase in water ingre$$1i 43]. Also, increasing the concrete porosity can weaken its strength,
making concrete more prone to cracking. Likewise, while uniformly distributed microvoids can
mitigate corrosion and freezbaw damageslarge and clustered pores can cause stress
concentration, resulting in faster crackifg,45] Thus, a deep understanding of the effects of
concrete composition and surroundigigvironments on its pore properties and the severity and
mechanisms of the corrosion and freézaw damage is imperative for implementing preventive

measures and applying effective rehabilitation.

Different nondestructive technologies are employed in the literature to evaluate concrete damage,
including the acoustic emission tdd6i 48], the permeability teg49i 51], and the electrical

resistivity measuremenf52i 54]. However, little details were provided on concrete's pore
morphology and damage mechanisms under corrosion and-freezeonditions. Hencdigh
resolutionmicro-computed tomographyCT) imaging has been getting more attention as it can
provide a thre@l i mensi onal reconstruction of concrete
monitor its damage mechanisi#bi 59]. Also, imagebased microstructural finite element (FE)

models can be developed using CT images. Thus, CT imaging is utilized in this research to analyze

concrete's pore characteristics and damage mechanisms under corrosion anthdvweeze
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conditions andd calculate internal stress distribution by developing irzeed sampispecific

microstructural FE models.

1.2. Research Objectives

General Objective

The main objective of this research is to gain a deeper understanding of the effects of concrete
composition and surrounding environments on the severity and mechanisms of corrosion and
freezethaw damage by integrating mechanical characterization using CT imaging inte image

based microstructural FE modeling.
Specific Objectives

1 Investigate the effects of mixt proportions on the pore properties, including pore size,
shape, and distribution, and the microstructural damage of concrete subjected to corrosion
and freezghaw conditions. [Chapter 3]

1 Examine thedistribution of thenatural corrosion products andndage mechanisms of
large concrete elements. [Chapter 4]

1 Study the impact of different sulfate environments on the severity and mechanisms of
microstructural freezéhaw damage. [Chapter 5]

1 Investigate concrete's internal stress distribution caused bysmmrrand freez¢haw

damage using novel imagpased microstructural FE models. [Chapter 6]



1.3. ThesisStructure
Chapter 1 presents the general background, objectives, methodologies, and structure of this

research, shown iRigure 11.

In Chapter 2, a comprehensive literature review of corrosion and fite@medamage of concrete
using CT imaging is presented. The utilized imaging parameters were listed, and the reported
severity and mechanisms of concrete damage under different corrosion andfagezenditions

were discussed. Also, the research gaps were identified for further investigation.

In Chapter 3, the microscale impact of concrete composition on its pgerppes and damage
mechanisms under corrosion and fretmev conditions was investigated. Aty cycles were
applied to the corrosion specimens, whereas the ftbexesamples were exposed to fretzw
cycles. The pore characteristics, including tbeopity and pore size, shape, and distribution, were

analyzed before and after testing, and the concrete damage mechanisms were discussed.

Chapter 4 presents an investigation of corrosion distribution within a naturally corroded large
concrete element ugy CT imaging. The 3D distribution of corrosion products within a large 50
yearold naturally corroded concrete element was investigated, and the concrete damage
mechanisms were studied by analyzing its pore structure. Also, the accuracy of corrostamndetec

was verified by comparing the captured rust with the corrosion products of the concrete element.

In Chapter 5, the effects of different sulfate salts and concentrations on the severity and
mechanisms of freezbaw damage are examined. Concrete ispeas of the same composition
were subjected to freextbaw cyclesin distinct solutions: water, magnesium sulfate, and

potassium sulfate, with concentrations of 5% and 10%. The severity of frost damage was



determined from the mass loss and porosity expartata, whereas the damage mechanisms were

investigated by monitoring the changes in the internal microstructure of concrete.

Chapter 6 presents the development of two irteagged microstructural finite element models of
corrosion and freezhaw damagef concrete. Thredimensional reconstructions of the cement
mortar, aggregates, and air pores were created using the CT image. Also, while the corrosion FE
model consisted of the steel reinforcement that was subjected to uniform corrosion, the freeze
thaw model was simulated by filling the voids with freezing water and exposing the concrete
element to freezéhaw cycles. The internal stress distribution was investigated by analyzing the
interaction between the cement mortar, aggregates, and corrodingesteekement. Also, the

severity and mechanisms of the simulated concrete damage were compared to experimental data.

In Chapter 7, the conclusioasdrecommendations for future work are presen@eerall, this

research contributed six journal artice®d six conference papers, most of whigne published

Chapter 2
Literature Review

\ 4 4
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or submitted for publication.

Chapter 4
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Corrosion Detection in | "|Effects of Mixture| | Effects of Sulfate
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Chapter 2: Literature Review

This chapter provides a comprehensive reviemigfostructural imaging of corrosion and freeze
thaw damage of concrete using ragstructive micrecomputed tomographyuCT). It also
presents the utilized imaging parameters and discusses the reported observations of concrete

damage under different testj and degradation conditions.

2.1. Introduction

Repair of concrete damage is anticipated to cost the United States alone about $2 trillion by 2025,
as indicated in the American Society of Civil Engineering (ASCE) report (2080)
Reinforcement corrosion and freeaw damage are two leading causes of concrete degradation
[1,3,4,59,61] Hence, extensive research has been conducted to better undessisaktity and

mechanisms of concrete damage under different corrosion and-freezeonditions.

Prior to corrosion, steekinforcement is, to a certain limit, protected from the environment by a
ferric oxide (FeOs) layer [62i 66]. This protective layer can deteriorate once subjected to a
threshold of chloride ions or an acidic (low pH) environment, leading to corrosion of the exposed
steel reinforcemenf67i 69]. Reinforcement corrosion not only disintegeatke steel rebars,
reducing their area and making them weaker and more vulnerable to fracture, but also produces a
high internal expansive pressure within reinforced concrete structures, resulting in excessive
concrete crackingl8i 20,70,71] Also, corrosion can cause substantial degradation of the bond
between concrete and its steel reinforcement, leading to sudden fracture of concrete dttdctures

17]. Unless monitored and repaired, the corrosion damage can cause structurapbagstuech



asthe Silver Bridge in 1967, the Genoa bridge in 1979, the Mianus River Bridge in 1983, and the

Kinzua Bridge in 200351 8].

On the other hand, concrete structures in cold regions are susceptible taHesedamage due

to the expansion of freezing water retained within the concrete capillaries, which can cause
irreversible pore enlargement, and concrete spalling and craf@@rtifl,72] Concrete cracking

occurs when the stress induced by the expansive internal pressure exceeds the tensile strength of
concrete, which is more likely to occur when the degree of saturation exceeds its critical threshold
of 50 90% [29i 34]. Also, the temperature fluctuation between cold and warm environments can
produce thermal stress within the interfacial transition zone at the aggnegdde inerface,
attributed to the mismatching thermal expansion coefficients of the mortar and aggfégjates

75]. These conditions result in concrete cracking, partitywathin the interfacial transition zone
because of its low strength and surface asperities that can cause stress condeetti@e] In

addition to deteriorating the strength of concrete structures, concrete cracks increase water ingress,

accelerating carbonation, corrosj and further frost damagjérz, 78]

Researchers have employed various technologies to investigate concrete damage, including the
acoustic emission tept6i 48,79 81], ultrasonic wavef82,83] the permability test[49i 51], and

the electrical resistivity measurem¢b2i 54]. However, to obtain more information, researchers

have recently explored using advanced anddesiructive micraccomputed tomography (UCT)

imaging systems to thoroughly investigate the corrosion and fteamedamage mechanisms.

Using CT imaging, reseelers are able to produce precise thdimeensional reconstructions of
concretebs internal pore structure and monito
However, the full potential of CT imaging has yet to be fully realized despite its pngmisi

outcomes.



Thus, this literature review provides a comprehensive insight into the current research progress in
this field by reviewing the specifications of examined specimens, the applied testing conditions,

and the utilized CT scanning parametersdtiaining highresolution images. This review was
conducted wusing the keywords fAdcomputed tomog
Afredaewo, Afrosto, and fAimortaro. Over 1,300 r
number of scientifipaper s used CT i maging to extam ne co

damage, as illustrated Figure2.1.

The reported corrosion diffusion andack propagation mechanisms were synthesized, and the
accuracy of CT measurements of reinforcement mass loss was investigated by comparing its
results to the data of gravimetric testing an:
type of stekreinforcement, structural defects, and confinement on the corrosion and cracking
mechanisms were discussed. Similarly, the published observations of-thhaezedamage
mechanisms were described. Also, the effects of mixture proportions (e.g., watet/eshen
sand/cement ratios), air entrainment, radditives, saturation level, and sulfate environments on

the severity and mechanisms of fre¢izaw damage were discesk

Literature Review Fxcluded Articles: 1,266

Keywords: Corrosion, Computed Tomography, R * Not Relevant o

Concrete, Cement, Freeze-Thaw, Frost, Mortar. d + Reinforced with Fiber

¢ Agphalt

Fsevier: 594 ¢ Mechanically Loaded
Springer: 249
MDPI: 237
Wiley: 93
Taylor & Francis: O1
ASCE: 24
Hindawi: 22 »  Synthesized Articles: 44
Evaluated Articles: 1,310

Figure2.l. Literature Search Process
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2.2. Micro-Computed Tomography (UCT) Imaging

2.2.1. Imaging Principles

Micro-computed tomography (UCT) is a rdastructive imaging system that employs ama(

to scan materials' internal microstructure (e.g., concrete). Photons are emitted fromnathe X
source toward the specimen, part of which penetrates through the rotating sample and reaches the
detector{84], as illustrated ifrigure2.2 (A). Due to the variation of Xay attenuation within the
specimen, the detected photons have a spectrum of energy and density through which CT images
with distinguishable contrast are genera®8]. The collected CT images are then stacked to
create a 3D model, as shownFRigure2.2 (B). Further image pogirocessing, such as filtration,

can be performed to minimize imaging artifacts, as showRigure 2.3 (B). Also, material
segmentation can be used to segment different components of the element, such as the intact steel
reinforcement (blue highlight) and corrosion products (red highlight) dstraied inFigure2.3

(C). Similarly, void detection can be applied to capture and highlight the air pores within the

element, as illustrated Figure2.3 (D).

100 - 4

-100 -4
1500

(A) (B)
Figure2.2. (A) Main Components of Mickomputed Tomography (LCT) Imaging System, and (B) 3D

Stacking of CTimages
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5000 um

(©) (D)
Figure2.3. CT Image of Concrete Element (A) before and after (B) Meilaration (3x3x3 Pixelg, (C)

Material Segmentation, and (D) Void Detection

2.2.2. CT Imaging Parameters

The resolution of CT imaging can be affected by several parameters, including the number of
collected images, the-Kay exposure time per image, the voxeeqspatial resolution), and the
applied tube voltage and current. Applying higher voltage generally produces photons with higher
penetrative power, allowing more photons to pass through spec[@@&ndHowever, emitting
high-energy photons can sometimes diminish the contrasteglute the resolution of CT images

since blocking a sufficient portion of photons is essential for producing high cdB8# 8]

10



On the other hand, applying a higher tube current increases the number of emitted photons leading
to more extensive data collectif@®]. While collecting more CT images can enhance the precision

of the generated 3D reconstruction, extending thray<exposure time per image can minimize
artifacts and improve the overall resotutiof CT photog86]. Also, minimizing the voxel size

allows capturing finer details and enhances the quality of the CT images. The resolution of the CT
images can also be improved by utilizing thin metallic filters (e.g., copper) through which beam
hardening artifacts are reduci88]. It is worth stating that overusing any of the aforementioned
imaging parameters can overload the CT imagygiem and shorten its components' service life.
Thereby, the scanning parameters applied in the literature for attainingesmhtion CT images

of corrosion and freezéhaw specimens are listedTiable2.1.

It can be observed that specimens with a wide range of thicknesses extending from 5 mm to 100
mm were CT scanned. As a result, a broad extent of voxel size<€*0#8® um* was used.
Nevertheless, most researchers tested small specimens with a thicki@ssnofto minimize the

voxel size and enhance the resolution of CT imaging. The applied tube voltage and current were
431 400 kV and 5D300,000puA, respectively, and the number of captured images per CT scan

ranged between 1,000 and 3,141.
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Table2.1. Micro-Computed Tomography (UCT) Imaging ParaenetUtilized in the Literature

Corrosion Tests

Material and No. of Voltage Current E>_<posure Voxel 3Size Ref.
Thickness (mm) Images (kV) (UA) Time (s) (pm®)

Cement | 5 1,024 43 NA 0.35 NA [90]
Concrete | 10 1,000 70 114 NA 15° [91]
Cement | 10 1,000 139 62 NA 7.6° [92]
Cement | 10 NA 1207 150 657 82 NA NA [93]
Mortar | 10 NA 70 114 4 13.5 [94]
Mortar | 10 1,000 70 114 NA 15° [95,96]
Mortar | 10 1,001 70 100 4 13.5 [56]
Mortar | 10 1,000 139 62 NA 15 [97]
Mortar | 10 NA 807 120 807 100 NA Fi12.28 [44]
Mortar | 10 NA 70 62 NA 15 [55]
Mortar | 10 1,014 70 100 NA [98]
Mortar | 20 3,141 150 77 1 16.3 [99]
Concrete | 20 2,303 150 NA NA 20° [40]
Mortar | 36 2,400 180 140 3 18’ [100]
Mortar | 40 1,080 159 600 NA 45° [101]
Mortar | 40 1,600 220 100 1 20° [102]
Concrete | 50 1,080 225 650 NA 48 [103]

FreezeThaw Tests
Material and No. of Voltage Current E>.<posure Voxel Size Ref
Thickness (mm) Images (kV) (MA) Time (s) (um?®)

Cement | 5 1284 100 50 NA 2.97 [104]

Mortar | 9 NA 80 110 NA 3 [105]
Mortar | 10 1600 1207 140 1407 200 0.99 7.15 [106]
Mortar | 10 NA 60 133 NA 15.2 [107]
Concrete | 10 1000 80 87 NA 2.57 [59]
Mortar | 12 1024 150 100 NA NA [108,109]
Cement | 20 1601 60 150 6 1.8 [110]
Mortar | 40 NA 100 400 0.3 0.4 [38]
Concrete | 50 NA 225 1,700 NA NA [58]
Concrete | 50 NA 120 300,000 NA NA [111]
Concrete | 50 NA 400 300,000 NA NA [112]
Mortar | 51 NA 150 100 NA NA [113]

Concrete | 100 NA 120 300,000 0.4 0.3 [114]
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2.3. CT Imaging of Corrosion

2.3.1. Corrosion Induction Methods

Impressed current and wety are the main methods used for inducing reinforcement corrosion
within concrete specimens. The electric circuit of the impressed current noethgidts of three

main components, namelan anode element (steel reinforcement), a cathode material (e.g.,
copper), and an electrically conductive electrolyte (salter) [92]. A currentcontrolled DC

power supply is typically used to promote electron transfer without causing sharp current spikes
during the corrosion procefkl5]. It is important to note that the intensity of #pplied impressed
current can considerably alter the reinforcement corrosion and specimen cracking mechanisms
[12,116 118];, therefore, the corrosieimduction conditions used in the literature were reviewed

to provide a basis for further testing. The small specimens, mostly made of mortar; 5@nrerb

thick. Before @plying the impressed current, the specimens were immersed imasaftwith a
sodium chloride content (wt% NaCl) of 8% wt% for days to allow deep penetration of the
electrolyte[103,119] While some researchers employed titanium and silver as cathode materials
attributed to their high electrode potentiaP0i 123], most researchers used copper instead due to
its availability and affordability. A wide range of impressed current densities extending from 0.2
e Al Aon53.B ¢ A7waswepeatedly applied until considerable cracking was observed. The
electrolyte solution was regularly replaced to maintain a consistent corrosion envir¢h&ent

The conditions of the impressed mmt technique applied in the literature are liste@idahle2.2.

The cyclic wettingdrying method is based on frequent exposure of specimens twagalt to
induce reinforcement corrosion. In the wetting step, specimens are immersednaatsaltor a
period ranging from a few hours to several days. Exposure to oxygesaltwater can boost the

oxidation process causing faster reinforcement corrofl@di 126]. Each wetdry cycle is
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completed after performing the drying step through which the specimens are dehydrated under
either natural or controlled enemments. The cyclic weatry method can provide a realistic
representation of natural reinforcement corrosion due to the lack of artificial corexsielerating

conditions[118].

Nevertheless, exposure to elevated temperatures during the dehydration process caieicaalse i
thermal stress within the damaged specimens, leading to further criking29]. Thereby, the
conditions applied in the literature are presented. During eactryweycle, the small specimens

with a thickness of IiGt0 mm were first immersed in salater with an average sodium chloride
content (wt% NaCl) of 3.8% (+9) for 348 hours. The specimens were dehydrated fa43

hours either under natural environmental conditions or using a heated oven at a temperature of
around 5C0C, which is not high enough to cause considerable cracking. In other words, the interval
of each applied wedry cycle ranged from 6 hours to a week. More details of the applied conditions

are listed inTable2.2.

Table2.2. Conditions of Applied WebDry Cycles

Impressed Current Method

Material and Mix Ratios  Rebar Dia. Impressed Current Electrolyte
Thickness (mm) (C:W:S:A) (mm) Density?(e (%NaCl Ref.
Cement | 5 1:0.4:0:0 0.5 50 3.5 [90]
Mortar | 10 1:0.5:2:.0 3 0.21 6 3.5 [98]
Mortar | 10 1:0.5:2:.0 3 375 3.5 [94]
Mortar | 10 1:0.5:1:0 2 53.08 5 [44]
Cement | 10 1:0.4:0:0 3 4,42 3.5 [93]
Concrete | 24.75 1:0.5:1.8:2.9 6.5 49 5 [119]
Mortar | 36 1:0.5:2.5:0 6 1 5 [100]
Concrete | 50  1:0.53:2:3 10 3.2 3.5 [103]

* C: Cement, W: Water, S: Sand, A: Aggregates
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Table2.2. (Continued) Conditions &fpplied WetDry Cycles

Wet-Dry Method
Material and Mix Ratios Rebar Dia. No. of Wet/Dry Electrolyte

Thickness (mm) (C:W:S:A) (mm) Cycles Periods (hrs) (% NacCl) Ref.
Mortar | 10 1:0.4:1:.0 2 48 3/3 3.5 [97]
Mortar | 10 1:0.5:3:0 2.5 12 3/3 3.5 [96]
Mortar | 10 1:0.5:3:0 2.5 12 3/3 3.5 [55]
Mortar | 20 1:0.4:1:0 2.94 NA 4/20 5.8 [99]
Mortar | 30 1:1:4.0 5 12 48/120 3.5 [130]
Mortar| 40 1:.0.53:1.5:0 8 24 24/144 3 [101]

* C: Cement, W: Water, S: Sand, A: Aggregates

2.3.2. Corrosion Diffusion

CT imaging provided an #depth understanding of the process of reinforcement corrosion
diffusion within the concrete sample. Tt@rrosion process started after thepdssivation of steel
reinforcement, and it was accelerated upon cracking of the cover material due to exposure to more
oxygen atoms dissolved within the savater [131i 134] Thewefore, different phases were
observed in the course of the corrosion process, as reported by Dong et al. (2018a, b, c), Chen and
Mahadevan (2008), Fang et al. (2019), and Hong et al. (2(&88),95 97,135] As a result, the
corrosion levetime diagram exhibited three linear phases, namely: corrosion initiation, free rust
expansion, and cover cracking, as illustrate@igure 2.4 [55,135] In the initiation phase, the

steel reinforcement can experiencepadasivation because of the carbonation of cover material
(e.g., concrete) and the penetration of chloride ions, causing reinforcement corrosion as shown in
Figure2.5 (A) [135 137]. During the free expansion phase, the produced rust diffuses into the
vacant space within the reinforcement interfi@®88,102] Hence, interfacial defects (voids) can

lead to localized corrosion, also called pitting corrosion, resutimgrruniform rust distribution

as demonstrated Figure2.5(B) [44,138,139] Once the surrounding space is filled with corrosion
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products, further production of rust can induce expansive internal pressure at the reinforcement
interface[100,140] Interfacial cracks can result when the produced tensile stress exceeds the

tensile strength of the cover material, as illustratefigure2.5 (C).

Despite its potential in capturing the corrosion distribution within small concrete specimens,
accurate detection of corrosion productdairge concrete samples using CT imaging is still a
challenge. This can be attributed to the higha}{ attenuation of aggregates in addition to the low
image resolution caused by scanning larger specimens. However, this challenge can be overcome
by using mrous aggregates to minimize thera§ attenuation. Based on the reported literature,

the potential of this approach was not tested. Another applicable approach is the use of advanced

imageanalysis algorithms to separate the captured corrosion prodoats féisely detected

aggregates.
O
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Figure2.4. Corrosion Level at Different Phases of Corrosion Process. Recreated from Chen and

Mahadevarj135] with Permission from Elsevier
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Corrosion initiation Free expansion Cracking

(A) (B) ©)

Figure2.5. CT Imaging ofa 2.5 mmRebar (White), Rust (Red), aad 0x10x10 mmConcrete at

Different Phases of Corrosion. Reproduced from Dong § %] with Permissiorfrom Elsevier.

2.3.3. Damage Propagation

The corroded portion of steel reinforcement experiences a volumetric expansion resulting in
internal tensile stress within structural elements. As reported by Fang et al. (2019) and Zhang et
al. (2019), the volumetric expansion of corrosion products vémead 1.19% to 1.92% for mortar
specimens and from 2.71% to 3.97%. for concrete sarfyde87] This variation of volumetric
expansion can be attributed to several factors, including the cover material datedbic
(confinement), the void distribution, and the surrounding environrfiefit,142] Once the
produced tensile stress exceeds the tensile strength of the cover material (e.g., mortar), cracks are
initiated within structural elements, as demonstratdedgare2.6 (A) [90,99] CT images showed

that cracks appeared at the reinforcement interface or the external surface of the cover material
depending on the location of the weakest spot within gteecimen[93,143] Also, cracks
propagated in a longitudinal, lateraf, diagonal manner along the most fragile path, as shown in
Figure2.6 (B) [44,100] This can be attributed to the distribution of defects within the specimens

since cracks amore likely to extend toward voids due to the reduced confindd¥ntin case
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of concrete elements, cracks also tendgutépagate along the aggregate interface because of the
high strength of aggregates and the relatively low interfacial bond strength, as illustfteden
2.7 [144]. Also, cracks propagated through wemalkporous aggregates, as reported by Shi et al.

(2018)[103].

It is worth noting that corrosion products were seen terib@apped nearby narrow cracks causing
higher internal pressur@4,145] As corrosion incre&s, these cracks may expand linearly or
exponentially with corrosion products, as observed by Wang et al. (2020a) and Hong et al. (2020a),
respectively{96,143] Once the crack width reaches a certain threshold, corrosion products can
leak through the open crack without causing further internal pressure, limiting the number of
cracks and resulting in more severe pitting corrosion of the reinforcemémtesmear the open

crack[90,119]

(A) (B)
Figure2.6. CT Images ofCorrosioninduced Craclof aMortar Specimemf a 36 mm Diameter
Reinforced witha 6 mmSteel Reinforcement(A) Top View, and (B) Side View. Reproduced from Van

Steen et al[100] with Permissiorfrom Elsevier.
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Figure2.7. CT Image ofPreferred Path of Concrete Crackihge to Corrosion o 12 mmRebar

Reproduced from Wang et §l.44] with Permissiorfrom Elsevier.

2.3.4. Mass Loss

Accurate measurement of steel mass loss is a good indication of the severity of reinforcement
deterioration and the induced corrosion level. To examine the accuracy of mass loss measurements
collected through CT imaging, researchers compared imdgisgddata to experimental and

anal ytical results attained using gravimetric
(2017) measured the mass loss of a 2 mm steel rebar embedded in a 10 mm cement cylinder using
CT imaging and observed generally aad@agreement between the recorded data and the results
obtained through gr avi [92]tAithoughnb essistenntrgnd datweenF a r a c
the results of CT imaging and Faradayds | aw w
least mass loss in all tests. On the contriiigng et al. (2020d), after measuring the mass loss of

a 3 mm steel reinforcement placed within 10 mm mortar, indicated that gravimetric testing
produced higher mass loss results compared to those obtained using CT imaging, as shown in
Figure28[94]. Unl i ke CT i maging and gravimetric test

of 2 could not accurately estimate the-pracking mass loss due to the reduced curreiiafty,
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which is the percentage of the impressed current contributing to the corrosion reaction. However,
the experimental mass loss measurements seemed to approach the theoretical ones as the current
efficiency increased due to mortar cracking, as tustd inFigure 2.8. High accuracy of CT
measurement of reinforcement mass loss was also reported by Zhang et al. (2019) and Hong et al.

(2020c), botHlested 10 mm mortar specimgrd,56]

It is worth mentioning that the accuracy of CT measurements is significantly impacted by the
resolution of the collected images, @bserved by measuring the mass loss of larger samples of a
6 mm rebar embedded in a 36 mm concrete cylifid®]. Van Steen et al. (2019) noted that CT
imaging subtntially underestimated the steel mass loss, possibly due to the resolution (18 pm)
of CT images in addition to segmentation error. The aforementioned findings proved that CT
imaging could accurately measure steel reinforcement's mass loss, providadttnasolution

CT images are captured.
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Figure2.8. Reinforcement Mass Loss Data Attaingsing CT Imaging, Gravimetric Test, and Faraday's
Law. Reproduced from Hong et @4] with Permissiorfrom Elsevier.
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2.3.5. Effect of Impressed Current Densities

The effect of induced current density on the corrosion and cracking mechanisms is important
for accurate corrosion analysis, in addition to selecting a suitable range of current density.
Hong et al. (2020b) applied current densities of 20, 75, 150, 3@06@dc A / “dava 3 mm

steel rebar embedded within a 10 mm cylindrical mortar spec[8&in After analyzing the
collected CT images, it was observed that decreasing the current density fram2606tan

2 0 ¢ Aektended the exposure time prior to cracking by ®@si Also, using lower impressed
current density produced rust with higher diffusivity and resulted in more mass loss of the steel
reinforcement, which waattributed to the longer exposure time before mortar cracking. On
the other hand, applying higherrcent density caused earlier and wider mortar cracks despite
creating only minor and uniform rust distributed mainly around the reinforcement interface,
as illustrated irFigure2.9, which is not a good representation of natural corrosiomther

studi es, it was demonstrated t Ahmoduces @ prifom n g

a

mass | oss of reinforcement ; on thé&resultedinr ar vy,

localized pitting corrosion, as shown kigure 2.10 [56]. It was alsareported that applying a
current density of 305 A/ “imatead of 50 A / “cewtended the exposure time prior to

failure from 72 hours to more than 120 hours, which increased the corrosion prfgfijcts

Sun et al. (2017) studied the effect of the impressed current by applying two current densities of
and 42¢ A/ Atona 3 mm steel rebar placed into a 10 mm cement cylinder for 24 [9@rst

was reported that inducing a low impressed current dapggng corrosion despite the low
corrosion level of only 2%. On the other hand, a higher current density produced a more severe
corrosion level of 18%; however, the corrosion distribution was more homogenous. Nevertheless,

it was observed that all spewns experienced localized corrosion, which did not match the
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reported findings ofHong et al. (2020b, c, d). This disagreement is attributed to the
eccentricity of steel reinforcement and the nonuniform distribution of voids within the
cement specimens.h&se factors can cause pitting corrosion, as explained in the following
sections. Further researaet needed to better understand the effect of the applied impressed

density on the corrosion and cracking mechanisms of structural elements.

Since the repoed studies focused mainly on the corrosion of smooth rebars and the cracking
mechanisms of cement and mortar specimens, investigating the effect of induced current on
concrete specimens with aggregates is a potential area of research. Also, the effectrdis on

the corrosion distribution under different levels of induced current can be investigated to provide
more realistic representations of the corrosion process and cracking mechanisms of reinforced

concrete structures.

Current density
600 pA/cm? 300 pA/em? 150 pA/em? 75 uA/cm? 20 pA/em?

e —(Crack
1800 h

Figure2.9. Corrosionlnduced Mortar Cracking with Reinforcement Exposed to Different Levels of

Impressed Current Density. Reproduced from Hong §&].with Pemissionfrom Elsevier.
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Figure2.10. Corroded Steel Reinforcement after Exposure to Current Densitle®,of.5, and®

e A/ faReproduced from Hong et 6] with Permissiorfrom Elsevier.

2.3.6. Effect of SteelReinforcement Material

Investigating the effect of steel reinforcement material on the corrosion and cracking

mechanisms is critical for anticipating the severity of the resulted concrete damage and

identifying the appropriate types of steel reinforcem@&tti et al. (2018) used CT imaging

to examine the corrosion behavior of l@Moy and lowcarbon steel rebars with a diameter

of 10 mm embedded within 50 x 50 Mroncrete cover after applying an impressed current

density of 3.2 A/ ffor 10 days[103]. It was reported that corroding the lealloy steel

reinforcement produced compact rust that concentrated marstlynd the rebar, as shown in

the enlarged rebar imageshigure2.11 (A). However, the induced corrosion of levarbon
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steel rebar created loose coriarsproducts with more rust diffusion, deistratedin Figure

2.11(B).

Likewise, ltty et al. (2014) used CT imaging to study the corrosion mechaafscasbon steel

and stainless steel wires with a diameter of 0.5 mm inserted into a 5 mm cement afterder
inducing an impressed current density ofe5@ / Afar about 3 hour§90]. It was observed that
although corrosion initiation was relatively fast in the carbon steel reinfontetue to its inferior
corrosion resistance, the corrosion was uniform throughout the process, attributed to its even
corrosion resistance across its surface. In contrast, the high corrosion resistance of-stagiless
reinforcement experienced a slowm@sion process; however, once corroded, the stainless steel
suffered from localized pitting corrosion that resulted in deepemitsas much aswice the

depth of the deepest pit within carbon steel reinforcement. It was also observed that the
homogenas corrosion of carbon steel reinforcement produced uniform internal expansive stress,
which produced narrow cracks, as shownFigure 2.12 (A). On the contrary, the localized
corrosion of stainless steel reinforcement caused stress concentration within the cement cover

resulting in wider and more severe cracking, as illustrat&agiore2.12 (B).

While the presented studies examined the corrosion and cracking mechanisms using different
grades of steel reinforcement, the effect of the different steel galvanization and coating methods
on thecorrosion distribution and the resulted concrete cracking can be investigated. This can
provide more insight into the reinforcement corrosion for different structural applications using

various steel galvanization and coating techniques.
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(A) (B)

Figure2.11. Enlarged Images d@@orroded (A) Low Alloy Steel, and (B) Low Carbon Steel

Reinforcementsvith a Diameteinof 10 mm Reproduced from Shi et §.03] with Permissiorfrom

Elsevier.

(A) (B)

Figure2.12. Corrosioninduced Crack of Morta5 mm in Diameterjvith embedded (A) Carbon Steel,

and (B) Stainless Steel Reinforcementth a Diameter 00.5 mm Reproduced from lity et §B0] with

Permissiorfrom Elsevier.
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2.3.7. Effect of Voids

Understanding the effect of defects, such as voids, on the corrosion and cracking processes is
crucial for assessing the rigorousness of the concrete damage and prioritizing the required repairs
accordingly. This can be facilitated using CT imaging to aranthe corrosion and cracking
mechanisms of structural specimens with defects at different locations, namely: the reinforcement
interface, the midsection of the cover material, and the outer surface of the samples. Rossi et al.
(2020) induced natural casion in 8 mm steel rebars embedded within 20 mm concrete cylinders
and examined the effect of the interfacial defect on reinforcement corid€jprt was reported

that voids generally accelerated the corrosion of the naaibforcement surface. Therefore,
uniform interfacial defects resulted in promihg homogenous corrosion, as illustratedrigure

2.13 (A). In contrast, exposure to dispersed voids caused localized pitting corrosion, as shown in
Figure2.13 (B). Once the closed interfacial defects were filled with corrosion products, further
production of rust increased the internal tensile stress resulting in concrete cracking, as
demonstrated ifrigure2.13 (C). Comparable findings were also reported by Shi and Ming (2017)

and BernachyBarbe et al. (202()L01,102]

Similarly, Zhang et al. (2019) employed CT igirag to study the effect of defects located at the
reinforcement interface, midsection, and external element surface after apptyimgra density

of 53.08¢ A/ fmtma 2 mm steel reinforcement surrounded by a 10 mm cylindrical mortar
cover [44]. It was noted that while the interfacial defects caused severe and localized
corrosion, the midsection and outer surface defects did not disturb the uniformity of
reinforcement corrosion, abustrated inFigure2.14. Also, the midsection and outer surface
defects produced mild reinforcement corrosion, unlike the interfacial defects. Nevertheless, the

midsection and outer surface defectaused denser and morevere mortar cracking at later

26



corrosion stages attributed to the resulted stress concentration and reduced confaseshemin

in Figure2.14. In othe words, steel reinforcement is more vulnerable to pitting corrosion upon
exposure to interfacial defects; on the other hand, reinforced structures with outer surface defects
are more likely to experience substantial corrosmatuced cracking. Hence, tfiadings of these

studies suggest that it is imperative to repair surface defects to reduce stress concentration, inhibit

concrete cracking, and slow down the corrosion rate by limiting the permeability.

The research articles studied the effect of vomhiimn on corrosion distribution and concrete
cracking; however, more research is needed to investigate the effects of more void characteristics,
including void content, distribution, size, and geometry. Investigating these parameters can present

a more caprehensive understanding of the effect of concrete voids on the resulted corrosion

/
P-AV
/ N
/P-AV
®) ®) ©

Figure2.13. Corrosion of Steel Reinforcement Exposed to Different Interfacial Defects. Reproduced from

distribution and cracks.

Rossi et al[40] with Permissiorfrom Elsevier.
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Figure2.14. CorrosiorDistribution and Cracking of Mortar with (A) Interfacial, (B) Midsection, and (C)

External Surface Defects. Reproduced fianang et al[44] with Permissiorfrom Elsevier.

2.3.8. Effect of Confinement

The corrosion behavior can significantly differ between the reinforcing steel rebars of a single
concrete structure accredited to various underlying causes, including concrete confinement
Applying higher concrete confinement (e.g., concrete cover thickness) can limit cracking and slow
down the carbonation and corrosion processes. Thus, a better understanding of the effect of
concrete confinement is important for anticipating the corrod@mage in different segments of
concrete structures and determining the appropriate reinforcement distribution through which
optimal performance is achievedhou et al. (2019) use@T imaging toexamine the effect of
confinement after applying an impresscurrent density of 49 A/ Atma 6.5 mm steel rebar
inserted into a 10 mm concrete codrl9]. The external confinement was provided by
surrounding the concrete specimens with layers of fibeforced polymer (FRP) laminatds.

was noted that imeasing the confinement substantially reduced the number of corindiored

cracks by 60%. As a result, applying higher confinement minimized the severity of reinforcement
corrosion attributed to the reduced access ofngatier through the limited craskAlso, applying

higher confinement constrained the diffusion of rust into the concrete element leadinpte

uniform mass loss of steel reinforcement, as shovwmgare2.15.
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On the other hand, Xi and Yang (2019) utilized CT imaging to study the confinement effect by
placing the steel reinforcement near the corner of a concrete spg@Phehile two sides of the

2.94 mm rebar were surrounded by a 4 mm thick concrete cover, the other two sides of the rebar
were protected by a concrete cover with a thickness of 13 mm. The specimen was exposed to a
cyclic wetdry corrosion process with 4 hours of wetting and 20 hours of dehydration under a
temperature of 48C. It was observed that the wabnfined and protected portion of the steel
rebar experienced only minor and uniform corroswhich matchedhe findings of Zhou et al.
(2019). On the contraryhe reinforcement portion under low confinement suffered from harsh and
concentrated pitting corrosioffhis localized corrosion induced stress concentration within the
nearby lowthickness concrete covand resulted in substantial longitudinal and lateral cracking,

as demonstrated ifrigure 2.16. Based on the aforementioned observationsteasing the
thickness of structural materials or applying higher external confinement can generally limit the
number and severity of produced cracks resulting in more controlled and uniform reinforcement

corrosion.

The reported articles illustrated ttegtplying higher concrete confinement can minimize corrosion
damage. Therefore, finding the appropriate confinement level is a promising area of research. Also,
investigating the effect of localized confinement defects (e.g., damaged FRP confinemeat) on th
distribution and severity of reinforcement corrosion can be a good contributing factor to
understanding concrete reinforcement corrosion. Thus, further testing can provide a better insight

into the confinement effect on the corrosion and cracking mesani
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(A) B)
Figure2.15. Corroded Steel Reinforcement (Ajthout FRP Confinement, and (B) with FRP

Confinement. Reproduced from Zhou et{al.9] with Permissiorfrom Elsevier.

Figure2.16. Longitudinal and Lateral Corrosiednduced Cracks within Mortar Cover BEcentric
ReinforcementReproduced from Xi and Yarj§9] with Permissiorfrom Elsevier.
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2.4. CT Imaging of FreezeThaw Damage

2.4.1. Test Methodologies

The severity of frost damage is affected by
strength, number and duration of freg¢aaw cycles, frost and defrost temperatures, degree o
saturation, and composition of the freezing solution. While decreasing the frost temperature can
accelerate the expansion of freezing water, elevating the defrost temperature can induce high
thermal stress and inflict concrete crackii@7 129]. Likewise, increasing the number and
duration of frost cycles and the saturatiewdl can amplify concrete damafjel6i 149] The
freezethaw conditions reported in the literature are summarizetabie 2.3. Most specimens

were made of concrete with a thickness bf@ mm. The applied freezing temperature ranged
from -165 °C to -37 °C, while the defrostemperature wasi25 °C. The average number and

duration of the applied freezbaw cycles are 75 (£84) cycles and 15 (+18) hours.

Table2.3. FreezeThaw Conditions Applied in the Literature

Material and Mi?( R.at.ios Freeze/Thaw Fre_ezeThaw Cycles Ref.
Thickness (mm) (C:W:S:A) Temperature °C)  Period (hours)

Cement | 5 1:0.5:0:0 -20/20 6 48 [104]

Mortar | 10 1:0.42:2.33.0 -35/23 43.5 1 [29]

Mortar | 15 1:0.54:3.48:0 -20/20 8 25 [38]

Cement | 16 1:0.42:0:0 -15/16.5 4 30 [150]
Concrete | 25 1:0.42:1.07:1.29 -165/20 NA NA [151]
Concrete | 25.4 1:.0.42:NA: NA -37/25 55 NA [59]
Concrete | 50 1:0.5:1.63:3.03 -18/5 NA 75 [58]
Concrete | 50  1:0.351.89:2.83 -18/2 16118 56 [152]
Concrete | 75 1:0.5:1.73:2.95 -17/8 5 36 [153]
Concrete | 76.2  1:0.16:1.94:3.92 -18/4 4 300 [150]
Concrete | 100  1:0.4:1.83:3.26 -18/5 2i4 100 [114]
Concrete | 100  1:0.5:1:77:3.59 -18/4 3 NA [53]

* C:. Cement, W: Water, S: Sand, A: Aggregates
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2.4.2. Damage Propagation

Upon exposure to freezing environments, water retained within concrete freezes and expands,
producing expansive internal pressure. Also, the fluctuation between the frost and defrost
temperatures can contribute to concrete degradation by producing thermal stress within the
interfacial transition zone (ITZ) between the mortar and aggregates, attributed to the mismatching
thermal expansion coefficienf®6,27,76] The severity of frost damage is directly imjgat by

the pore morphology of concrete, including the size and distribution of air [B8d44] For
example, concrete elements with smaller and more uniformly distributed voids tend to experience
lower frost damage due to the fact that the freezing water can expanidergorrounding small

pores with little micrecracking[29,150] Freezehaw damage can initiate when the stress induced

by the freezing water exceeds the tensile strength of concrete, which iskalyréol occur when

the degree of saturation surgas its critical threshold of 5090% [29i 34]. Hence, concrete
structures with lower tensile strength and higher saturation degrees are more susceptible to freeze
thaw degradatior{152]. It is worth noting that the crittd degree of saturation can vary
significantly dependingothec oncr et eds composition, tensile

addition to the applied freezkaw conditions.

The frost damage propagates on a ldyelayer basis, as shown Fgure2.17, starting from the
exterior surfacedueto its direct exposure to theeezing watef{58,153,154] Thus, concrete
scaling can occur as surface cracks grow and cofs#étl, 72] Also, cracks tend to appear within
the aggregatenortar interface, as illustratedmiigure2.17 (F), ascribed to its low bonding strength
and rough surface, which can lead to stress concentfafi¢gsi7,58] Moreover, thdrostdamage
rate can accelerate over time since surface cracks increase water argfedsteriorate the

concrete coverausingexponential growth of mass loss as showRigure2.18[154].
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E) ®

Figure2.17. Progression of Damage a Concrete Element with a Diameter of 75 rmduced by (A) O,
(B) 12, (C) 18, (D) 24, (E) 30, and (F) 36 Fredzemw Cycles. Reproduced from Jie Yuan ef13]

with Permissiorfrom Hindawi
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Figure2.18. Mass Loss Resulted from Exposure to FreBzaw Cycles. Reproduced from et al. [154]

2.4.3. Effect of Mixture Proportions

with Permissiorfrom Elsevier.
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The water/cement (W/C) and sand/cement (S/C) ratios have a diverse effect on concrete's

mechanical properties and freebaw resistanc& hrough destructive experimental testing, it was

reported that increasing the W/C ratio can degrade the compressive, tensile, and flexural strengths

of concretd 155/ 157].
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hi gher
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in a degraded resistance to freézaw damag¢l158]. On the contrary, incremg the S/C ratio

can enhance the compressive, tensile, and flexural strengths of c¢hB83tdout it deteriorates

the freezehaw resistance of concrete by increasing its permeaf3iiy

ncr ea

To investigate the effect of the W/C ratio on the fretbmav resistance of 5 mm thick cement

elements, Wei et al. (2020) utilized CT imagiagmonitor the internal microstructural damage

[104]. The specimens were prepared using W/C ratios of 0.3 and 0.5, respectively, and cured at a

constant temperature of 23 °C and relative humidity of 50% for a week. The samples were

34



subjected to 48 air freezkaw cycles, six hours each,tatnperatees of-20 °C and 20°C. After
applying the freez¢haw cycles, the specimens were cured for additional 21 days before CT
imaging. It was observed from the CT data that increasing the W/C ratio from 0.3 to 0.5 doubled
the porosity from 9% to 18%. Also, gebting the cement specimen with a W/C ratio of 0.5
increased its porosity to 27%, whereas the other sample maintained its porosity throughout the
applied cycles. In other words, increasing the W/C ratio produced more porous cementselement

with lower resstance to freezthaw damage.

Despite the substantial | mpac tthawfesistdncg, linmtadd S/ C
research employed micamomputed tomography to investigate the effects of concrete mixture
proportions on its microscale porkacacteristics, such as pore size, shape, and distribution, and
freezethaw damage mechanisms. Therefore, further investigation is needed to better understand
the microscale effects of W C and S/ C ratios

mechaisms.

2.4.4. Effect of Sulfate Salts

Exposure to sulfate envir onme n-thaw rdsiatancflbli v er s e
162], which are dependent on the type and concentration of the sulfate sfl&Bba65]. For
exampleJiang et al. (2015) and Li et al. (2018) observedekgosure to 5% sodium sulfate solution
improved the freezéhaw resistance of concrete specimens and minimized mass loss, whereas
subjecting the concrete to 5% magnesium sulfate solution accelerated the concrete damage
[164,165] On the contrary, Zhao (2020) noted that exposure to 10% magnesium sulfata solut
enhanced c orhmaw esistabcewhile expaswresto 10% sodium sulfate solution

accelerated the frost damgdé3].
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Liu et al.(2018) utilized CT imagingatinvestigate the microstructural effect of exposure to a 5%
sodium sulfate solution on the freetbaw resistance of concrete specimgg. The specimens,
which were 210 mm in height, and 70.7 mm in width and thickmesg, CT scanned before and
after being subged to 450 freezthaw cycles. It was observed that applying the freébaey

cycles reduced the percentage of small poresi(0.8Imnf) from 66.5% to 61.2%, attributed to
concrete expansion induced by swdiumsulfate solution. Sulfate exposure also decrése
freezing temperature and, hence, minimized the resulted damage. It is undeniable that prolonged
exposure tesodiumsulfate can degrade the strength of concrete. However, this weakening effect
is not ckar in this study due to the relatively short testing period and the fact that sulfate erosion
decelerates at low temperatures. It was also noted that applying 250thaezeycles did not
cause any visible cracks; nevertheless, minor interfacial cveetes detected after applying 450
freezethaw cycles, as shown figure 2.19. Despite that many freezbaw cycles are applied,

only limited and minor acks are detected mainly near the exterior surface, which confirmed the

improved freezghaw resistance of concrete under the apgatiumsulfate environment.

In spite of the importance of understanding the microscale effects of sulfate salt onetlity sev
and mechanisms of freetgaw damage, little research investigated the coupled fthaneand
sulfate damage of concrete using micmomputed tomography. Thus, further research is needed
to study the microstructural freeteaw damage mechanisms distinct sulfate environments,

such as magnesium sulfate and potassium sulfate.
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©) (D)
Figure2.19. CT Imaging ofConcreteVoids/Cracksof a 70.%70.7210 mni Elementafter Exposure to
(A) 0, (B)75, (C) 250, and (D) 450 Freetbhaw CyclesReproduced from Liu et g57] with Permission

from Elsevier.

2.4.5. Effect of Air Entrainment

Applying airentraining admixtures to the concrete mix can enhance its workability and the
uniformity of its pore distributiofl66]. Hence, the aientrainment of concrete can increase its
freezethaw resistance by creating more pores that relieve the internal stress induced by the
freezing watef42,45,167 170]. Sokhansefat et al. (2020) used CT imaging to study the effect of
air-entrainment of mortar specimens on the pore microstructure and-freszeesistance[29].
Air-entrained (AE) and neair-entrained (nAE) specimens of 10 mm diameter and 10 mm height
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were subjected to a single freebaw cycle with a total period of 43.5 hours at temperatures of
35°C and 23C. It was observed thatr-entraining the mortar element substantially increased the
initial porosity from about 5.5% to 10%. A calciemeh substancérmed during the freezéaw

cycle was detected more within the nAE specimen despite having less porosity than the AE
specimenas shown irrigure2.20. This significant difference in pore filling was attributed to the

fact that the formed materials were more likely to be entrapped by the smaller voids. On the other
hand, the AE specimen experienced only minor void infill despite its high porosity.theless,

only one freez¢haw cycle was applied, so the study provides little details of the ftbawne
damage mechanisms.

Likewise, Yuan et al. (2018) employed a CT imaging system to examine air entrainment's effect
on the pore properties and fredhaw resistance of concrefd5]. Four different amounts of the
air-ertrainment agent (0, 0.01%, 0.02%, 0.03%) were used for preparing specirAdens A
respectively. The 40x40x160 mm concrete specimens were cured for 20 days before being
subjected to 25 freezbaw cycles, six hours each, at temperature2@fC and 15°C. It was
observed that applying higher amounts of theeatrainment agent produced more porous
concrete specimens. While the porosity of the control specimen A was 1.1%, the porosity of
specimen D was 9.3%. However, applying moreeairainment agents seents improve the
gual ity of concreteds por e s t-voids Also,ragplyibgyan i ncr e
air-entrainment agent & 02%decreased the pore gap from around 470 um to 180 um, which can
enhance the freezbaw resistance. As a resuligtairentrained elements experienced minor mass

losses (e.g., 0.5 kgAn unlike the control specimen, which suffered a mass loss of 1.4.kg/m
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Figure2.20. Material Formation witlm (A) nAE, and (B) AE Mortar Specimeiafier FreezeThaw

Testing. Reproduced from Sokhansefat ef28l] with Permissiorfrom Elsevier.

2.4.6. Effect of Nano-Additives

The addition of silica (Sig), titania (TiQ), and naneaolinite clay (NKC) nanoparticles (NPs) to

the concrete mix has been reported to enhance its stfdditl76], however, excessive usage

of NPs can degrade its mechanical perform&h£®,175] Liu et al. (2019) investigated the effect

of silica (15 nm or 30 nm) and titania (30 nm) nanoparticles on the pore microstructure and the
freezethaw resistance of concrete specimens, which were 50 mm in diameter and 90 mm in height
[58]. The specimens were prepared using different dosages of NPs ranging from 0.2 wt.% to 2
wt.% and exposed to 75 freetteaw cycles at temperatures-aB °C and 5°C. It was observed

that increasing the content of NPs beyond a certain threshold can deteriorate ththfneeze
resistance. The optimal dosages of the 15 nm and 30 nm silica NPs and the 30 nm titania NPs were
0.6%, 0.4%, and 0.6%, respectively. In geneia silica specimens demonstrated better freeze
thaw performance than the titania specimens. It was also noted that using the 15 nm silica NPs
produced the highest freetteaw resistance, which indicates that smaller NPs are more effective

in enhancinghe pore structure and the freghaw resistance of concrete. Thus, while the silica
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specimens with 15 nm and 30 nm NPs experienced mass losses of only 3.42% and 3.55%, the
titania specimen lost 3.99% of its mass. Nevertheless, this slight differencesnoss did not
appear to affect the mechanisms of fredmav damage. All the samples experienced surface

peeling and interfacial cracking near the external surface, as shéwgune2.21

On the other hand, Fan et al. (2015) utilized CT imaging to gain more insight into the effect of
nanckaolinite clay (NKC) on the freezthiaw resistance of concrete specimens (NCO, NC1, NC3,
and NC5) after applying KIC dosages of 0, 1, 3, and 5 wt.%, respectiyBBj. The concrete
specimens, which were 100 mm in width and thickness and 400 mm in height, were subjected to
125 freezehaw cycles (375 hours in total) at temperaturesl8PC and 4°C. It was noted that

the control specimen (NCO) and sample NC1 suffered from early surface scaling and severe freeze
thaw cracking, indicating that the addition of 1 wt.% of nr&aolinite clay did not considerably

affect the freez¢haw resistance. Nevertheless, it was olegthat specimens NC3 and NC5 did

not suffer any detectable cracks. Hence, the addition of at least 3 wt.% okawimite clay
substantially improved the freetigaw resistance and inhibited concrete cracking. It is worth
noting that the imaging resdian (e.g., voxel size) used in this study is 1003umhich is

insufficient for detecting small air pores.
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(A) (B) (©)
Figure2.21. PostTest CTimages of Concrete Specimens with (A) 0.6% 15 nm Sis, (B) 0.4% 30

nm SiQ NPs, and (C) 0.6% 30 nm TiQIPs. Reproduced from Liu et #8] with Permissiorfrom

MDPI.

2.4.7. Effect of Saturation Level

Increasing the degree of saturation is reported to intensify the severity ofttiaezdamag§9i

31,59] Sokhansefat et al. (2020) used CT imaging to investigate the microstructural frost damage
within concrete specimens, which are 10 mm in diameter and height, after applying a single freeze
thaw cycle at temperatures @5 °C and 23C (43.5 hours) undeatifferent saturation levels of

93% and 100%29]. The 93% saturation level is attained by dehydrating a fully saturated specimen
for a specific period before sealing and fretmav testing. It was observed that concrete subjected

to freezethaw cycles under a saturation level of 93% experienced pore filling with catebm
products. On the other hand, the fully saturated concrete element experienced pore expansion and
cracking, as shown iRigure2.22 This demonstrates that increasing the degree of water saturation
can amplify the freezthaw damagelt is imperative to note that the concrete specimens tested in
this study are composed low-quality aggregates with pexisting cracks. Thus, it was observed

that the fully saturated concrete specimen suffered major aggregate cracking, as illustrated in

Figure2.22.
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Similarly, Shields et al. (2018) employed CT imaging to study the effect of the degree of saturation
on the freez¢haw damage within concrete specimens, which are 10 mm in diameter and 20 mm
in height[59]. A single 55hour freezethaw cycle is applied at temperatures of ab86t°C and

25°C under various saturation levels of 75, 90, 95, and 100%. It was observed that increasing the
saturation level generally resulted in more severe cracking, as illustrakeguie 2.23. Thus,

while the 75% saturation specimen experienced only minor interfacial cracks, the 95% saturation
sample suffered both interfacial and aggregate cracking. Increasing the saturation level to 100%
caused more severeacking throughout the specimen, as shownFigure 2.23 (D). By
normalizing the correlation between the crack volume ratio and the water saturagioit \eas
determined that the critical saturation level, which if exceeded noticeable crackingotans

86.7%. However, this critical degree of saturation depends on different parameters, including the
speci mends composi t i orphplogy, and feezthaw cenditioasn heencd, , por

further research is needed.

3D model of cracks Reconstructed image Zoomed area Highlighted cracks
Saturated sample (DOS=100%)

1000 pm
—
1000 pm

After freeze-thaw cycle

Figure2.22. FreezeThaw Damage within Mortar Specimender 100% Water SaturatioReproduced

from Sokhansefat et d29] with Permissiorfrom Elsevier.
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Figure2.23. FreezeThaw Damage within Concrete Specimens of (A) 75%, (B) 90%, (C) 95%, and (D)

100% Saturation levels. Reproduced from Shields @] with Permissiorfrom Elsevier.
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2.5. Conclusions and Research Gaps
This chapter reviewed the processes of CT imaging, corrosion progression, anetlisegze
testing presented in the literature and discussed the reported findings, based on which the

following conclusions are made:

1 CT imaging is agoodtool for detecting ad tracking corrosion and freezkaw damage
in a nondestructive manner.

1 Inducing reinforcement corrosion using impressed current density can accelerate the
corrosion process but can considerably alter the corrosion diffusion and damage
mechanisms. On theontrary, subjecting concrete to waty cycles will produce natural
corrosion but at a slower rate. Thus, this research will investigate the mechanisms of
natural corrosion by exposing concrete elements tedsgtycles in saltvater.

1 The pore morpholog of concrete has a significant impact on its damage resistance and
mechani sms. Thereby, this research wil!/l mo
porosity and pore size) throughout the testing process.

1 The water/cement (W/C) and sand/cement (3&Dips of concrete substantially affect its
pore morphology and damage resistance, yet little research studied the microscale effects
of concrete mixture proportions on the severity and mechanisms of microstructural
corrosion and freezthaw damage. Hencehis research will fill the research gap in
Chapter 3.

1 The potential of using CT imaging to detect corrosion products within large concrete
elements has yet to be determined. Therefore, this research will utilize CT imaging to

detect the natural corrosiamthin a large 56yearold concrete sample in Chapter 4
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1 Limited research investigated the microscale frebaev damage of concrete in distinct sulfate
environments using CT imagind.hus this research will address the research gap by
examining the seviey and mechanisms of microstructural frost damage of concrete in
magnesium sulfate and potassium sulfate environments with different concentrations in
Chapter 5.

1 Imagebased microstructural finite element models of corrosion and fteere damage of
conaete have yet to be developed. Thereby, in this research, microstructural FE models of
corrosion and frost damage will be developed using actual concrete specimens, and the FE

results will be compared to experimental dat&hapter 6.
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Chapter 3: 3D CT Imaging of Corrosion and FreezeThaw
Damage of Concrete of Different Mixing Proportions

3.1. Introduction

In the early stages of reinforcement corrosion, the corrosion products occupy the interfacial voids
without inducing any considerable internal strgffy, as demonstrated frigure 31 (B). After

filling the surrounding pores, further corrosion products start to generate expansive internal
pressure that eventually resitt concrete cracking and spallifj#0,177] The concrete cracking

mostly occurs at the external surface of the con§td# and regions of stress concentration, such

as the steetoncrete interfacgl 78]. The cracks propagate along the weakest path, which includes
midsection pores and interfacial transmission zones between the aggregates and the mortar, as
shown inFigure 31 (C). Although the interfacial pores adjacent to steel can provide temporary
stress relief, they accelerate the corrosion of the exposed areas of steel reinforcement, resulting in
localized pitting corrosiorj40]. Unlike uniform corrosion, pitting corrosion can induce stress
concentration within the conete elemenf90], leading to substantial cracking of the surrounding

concrete covefl35].

On the other hand, freetikaw damage normally ingttes within the concrete surface because of

its direct exposure to the freezing environment, and the interfacial transmission zones between its
aggregates and cement mortar due to its complex morphology, low strength, and porous nature
[26,27] The frost damage propagates inward on a thydayer basis, causing scaling and
interfacial crackind26,59] as shown irFigure3.2. The crack path is determined by the nature

and distribution of internal pores and aggregf@8$ as demonstrated FFigure3.2 (B). Cracks

tend to propagate along the surface of aggregates, as indicatezlrieg dashed ling29]. Also,
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open pores, which are accessible to concrete

freezing water and deeper crack propagation, making concrete more vulnerable to losing large
intact volumes. Simdrly, large internal pores retain more water resulting in higher accumulative
expansive pressure upon freezing. Also, the complex morphology of large pores makes them more
prone to stress concentration, unlike the small spherical pores. Thus, cracks peadaigate

toward large pores, possibly scaling large pieces of concrete as shBignn@3.2 (C) [58,153]

The severity and mechanisms of corrosion and frde® damage are directly impacted by the
concrete's strength and pore properties. Hence, extensive research has been conducted to
investigate the effects of concrete composition and mixing proportionss astrength, pore
characteristic§179], and corosion [180] and freezehaw damagg38,181] The resistance of
concrete to corrosion and frost damage can be improved by using the appropriate water/cement
(W/C) and sand/cement (S/C) ratios besides tithtian of concrete admixtures, such as silica

fume and fly asli164,182 188]. Increasing the W/C ratio produces weaker concrete with higher
porosity and permeability, reducing the concrete resistance to reinforcement corrosion and
cracking[104,157,188190]. In contrast, using a higher S/C ratio with an appropriate W/C of 0.5
enhances the concrete strendfl9l], but it also increases its porosity and permeability

[159,179,192] degrading its resistance to corrosion and frélkeaes damagg38].

At the microscale level, little researaking 3DCT imaginghas been conducted to investigate the
effects of concrete mixtungroportions on the microstructural mechanisms of corrosion and frost
damagewith detailed pore properties (e.g., simeorphology,and distribution). Thus, the main
objective of this chapter is to examine the effects of W/C and S/C ratios on the porelogyph
and the microscale damage mechanisms of concrete subjected to corrosion aridreegmg

non-destructive micrecomputed tomography (LCT) imaging.
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Figure 31. Concrete Element (A) before Reinforcement Corrosion, (B) Biliérg Interfacial Voids with

Corrosion Products (Red), and (C) after Cracking by the Expalméammal Pressure
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Figure3.2. Concrete (A) befor&reezing (B) while Freezing, and (C) after FreeZeaw Damage
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3.2. Materials and Methodologies

3.2.1. SpecimenPreparation

Seventeen concrete specimens were cast using differenttesamnent (W/C) and sard-
cement (S/C) ratios with a fixed aggregaieement ratio of 1.5 to invegate the effects of the
mixture proportion on pore morphology and the severity and mechanisms of corrosion and freeze

thaw damage.

The corrosion damage was examined using eight concrete specimens, each of which consisted of

a 3 mm diameter lowgarbon stel rod embedded at the center, whereas the remaining nine concrete
specimens were used to study the frebzev damage. Five corrosion specimens (CW4,
cws/ Cs10, Cwe6, CW7, and CW8) were cast wusing
and three corrion samples (CS5, CS20, and CS30) were prepared with a W/C ratio of 0.5 and

S/ C ratios of 0. 5tha® sam@es (RW4, BWSIF$10, Fe&/6, kW7{ FWS,eaade
FW9) were made wusing W C r atwhieshre®dpecihen&S50. 9 an
FS20, and FS30) were cast with a W/ Table3dti o of

Thenaming convetion of thespecimenss shown below.

Corrosione—CW4—>W/C=0.4
Freeze-Thawe—=FS10—»S/C =1

The corrosion and freezhaw concrete specimens, showrFigure 3.3, are about 40 mm long

and 14 mm in diameter. One day after casting, the casting molds were removed, and the samples
werewatercured for 28 days and dried for at least three days before the uCT imaging, followed
by exposure to either welry cycles for caosion testing or freezmaw cycles for investigating

the frost damagét is worth noting that theon-uniform bottom surfaces of the concrete specimens

were causedly the area variation #te bottom section ohe utilizedplastic molds.
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Table3.1. Composition of Concrete Specimens

Corro; on Freeze.Thaw Water/Cement Sand/Cement Aggregate/Cement
Specimen Specimen
Cw4 Fw4 0.4 1 1.5
CW5 || CS10 FWS5 || FS10 0.5 1 1.5
CWe6 FW6 0.6 1 1.5
cw7 Fw7 0.7 1 1.5
Ccws Fws8 0.8 1 1.5
TTT FW9 0.9 1 1.5
CS5 FS5 0.5 0.5 1.5
Cs20 FS20 0.5 2 1.5
CS30 FS30 0.5 3 1.5

0] ) (K) (L) (M) (N) (©) (P) (Q

Figure3.3. Concrete Specimens (A) CW4, (B) CW5/CS10, (C) CWs, (D) CW7, (E) CW8, (F) CS5, (G)
CS20, (H) CS30, (I) Fw4, (J) FW5/FS10, (K) Fwe, (L) Fw7, (M) FW8, (N) FW9, (O) FS5, (P) FS20,
and (Q) FS30 before Testing
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3.2.2. CT Imaging

An industrial micrecomputed tomography (LCT), shown kigure 3.4 (A), was employed to
examine the internal microstructure of the concrete specimens before and after exposure to 40
freezethaw cycles. The CT scans were conducted using voltage and curt@@tkf and 80 pA,
respectively. A total of 1,000 images were collected using a voxel size of 49.1 um and an exposure
time of 0.333 seconds per image. Using VGStudio Max 2.2, image analysis was performed only
on the 36 mm middle segment of the sample heithiistrated inFigure3.4 (B), to minimize the
inconsistencies caused by the nonuniform top and bottom surfaces. At the image analysis stage,
severapostimaging processescludingmediarfiltration (3x3x3 pixels) and segmentatiomwere

applied to reduce artifacts and improve the accuracy of pore analysis. Finallydithezesional
reconstructions of the detected air pores, showigare3.4 (C), were produced and analyzed to
determine the characteristics of individual pores, including the accessibility, size, shape, and
distribution. The pore accessibility is defined as the mattithe combined volume of open pores

to the total pore volume, representing the open pore ratio. On the other hand, the pore size was
represented by the larg®re ratio, which is the ratio of the accumulative volume of pores with a

si ze of ®udto tHe Sotallpdre volume. Similarly, the pore shape was represented by the
pore sphericity, which is the ratio between the surface of a volumetrically equivalent spherical
pore and its actual surfafE93]. Also, the pore distribution was determined by the pore gap, which

is the distance between a single void and its closest neighboring pore.
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3.2.3. Wet-Dry Cycles

Before subjecting the corrosion specimens toavgtcycles, the exposed area of the doavbon

steel reinforcement was isolated from the corrosion environment using clear glue, as illustrated in
Figure3.3. The corrosion concrete specimens were then subjected to a total of 12§ wetles

(480 hours). Each cycle consisted of 3 hours of immersion iwsadr with a sodium chloride
concentration (wt.9%aCl) of 3.5% and 1 hour of accelerated dehydration at a temperature of only
45 °C to avoid causing thermal damagdter every 40wet-dry cycles, the specimens were fully
dehydrated by being subjected to a temperature &€ 46r at least an hour followleby 3 dayof
exposure to room temperatubefore conducting weight measuremenkfe specimens were
imaged before and after applying 120 cycles. Also, theveddir was replaced at least once during

every 40 cycles to maintain the concentration of sodihloride.
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3.2.4. FreezeThaw Cycles

The freezehaw specimens were immersed in tap water for at least 6 hours beforetlfigze
testing to allow full saturation. The samples were subjected to 40 fiteeze cycles at
temperatures ranging fro25 °C to 11°C using an automated freezing chamber. Each freeze
thaw cycle lasted one day: 12.5 hours of freezing and 11.5 hours of melting. The temperature at
each freez¢haw cycle was lowered from about 4 at the start of the cycle 85 °C using an
average coolig rate of-13.5°C/hour. The temperature was maintained betw&8AC and-25°C

for 7.2 hours, then increased gradually at a slow rate with an average®GiHiofir to minimize
thermal damage. Notably, the applied fredmewv temperatures and periodsraveselected to

mimic actual conditions of cold environments. The applied environment temperature throughout

each freezg¢haw cycle is shown ikigure3.5.
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Figure3.5. Temperature of Controlled Environment throughBath Freezd haw Cycle
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3.3. Results and Discussion

3.3.1. Corrosion Damage

3.3.1.1. General

After subjecting the concretdements to a total of 120 wety cycles to investigate corrosion,

mass measurement, porosity, and corrosion detection analyses were conducted to investigate the
effects of W/C and S/C ratios on the progression of corrosion. It was observed that etptisire
wet-dry cycles resulted in a mass gain in all specimens and a minor change of porosity, indicating
the absence of severe concrete damage. It was noted that increasing the W/C and S/C ratios resulted
in a higher mass gain, mostly by chloride reacuoth steel reinforcement and corrosion, salt
saturation, and concrete hydration. Hence, specimens CW4 and CW5 (CS10) had the lowest mass
gain. The porosity analysis produced similar findings. It was observed that the concrete porosity
decreased in most epimens, mostly due to pore filling with corrosion products. However, the
porosity of samples CW6 and CS5 increased, indicating that pore expansion is more dominant than
pore filling. On the other hand, specimen CW5, which had a low mass gain, expetientsast

change of porosity, illustrating its resistatogeinforcement corrosion. In terms of the corrosion
mechanisms, it was noted from the 2D and 3D reconstructions that only specimens CW5 (S10),
CW6, and CS5 experienced mostly unifocarrosion. All the other specimens suffered harsh
pitting corrosion. The effects of W/C and S/C ratios on the severity and mechanisms of

reinforcement corrosion are discussed further in the following sections.

3.3.1.2. Porosity of Corrosion Specimens
Porosity is déned as the ratio of the volume of the pores to the overall volume of concrete. It is
one of the widely used characteristics of concrete material internal structures as it is crucial for

investigating the severity of reinforcement corrosion and concegtage (e.g., pore expansion).
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The corrosion of steel within concrete induced by frequentdetycles decreases the porosity
caused by pore filling with corrosion products and saturated salt. Ensdse dominant behavior
before the corrosion damagecors due to pore expansion. This expansion is caused by the
corrosion product that results in the disintegration of the concrete element when the expansion

stress exceeds the strengttit@ concrete.

The concrete porosity was analyzed before and after subjecting the specimens to-d20 wet
cycles, as shown iRigure3.6. It was observed that using derate W/C ratios produced concrete

with the least porosity, as demonstrate&igure3.6 (A). Thus, while specimens CW5 and CW6

had initial porositie®f 2.72% and 3.32%, the porosities of samples CW4, CW7, and CW8 were
4.38%, 3.79%, and 4.79%, respectively. After applying 120dmetcycles, the porosities of
specimens CW4, CW7, and CW8 decreased to 3.58%, 3.64%, and 4.33%, respectively, indicating
a daninant pore filling with corrosion products. In contrast, the corrosion damage of sample CW6
surpassed the pore filling, resulting in a higher porosity of 4.01%. Specimen CW5 almost

maintained its porosity.

Regarding the effects of the S/C ratio, it wageddhat increasing the S/C ratio produced concrete
with higher initial porosity, as demonstrated-igure3.6 (B) where the porosities increased from
2.24% to 3.76% for specimens CS5 and CS30, respectively. It is interesting to note that the sample
with the lowest porosity (CS5) experienced the highest pore expansion after being subjected to
120 wetdry cycles, increasing its porosity from 2.24% to 2.95%. Similarly, the porosities of
specimens CS20 and CS30 increased from 3.5% to 4.05% and from 3.76% tprésj@itively.

On the other hand, sample CS10 experienced the least cimapgeosity. Based on the above
observations, it can be concluded that using a W/C ratio of 0.5 and an S/C ratio of 1 produced

concrete with the highest resistance to porosity ghamd likely reinforcement corrosion.
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3.3.1.3. Weight Measurementof Corrosion Specimens

The mass of the concrete specimess change due to multiple factors, including reinforcement
corrosion, salt saturation, residual moisture, and concrete hydration. However, since all specimens
were subjected to the same salter and experienced only minor cracking, it is possible to
investigate the effects of W/C and S/C ratios on the corrosion rate by analyzing the overall trends
of mass gain data. Also, the mass measurements can provide useful information when synthesized
with the data of other analyses, such as the porosity measuréinest the weight change of the
concrete specimens was investigated before and after applying 40, 80, and-ii2p ayetes, as
demonstrated ifrigure3.7. It was observed that concrete made of higher W/C ratios potentially
experienced more corrosion while attaining considerably higher weightagagmown irFigure

3.7 (A). As a result, subjecting the concrete elements to 12@lkyetycles increased the mass of
specimens CW6, CW7, and CW8 (e.g., W/C = 0.6, 0.7, and 0.8) by 4.7%, 4.2%, and 5%
respectively, whereas the mass gain of samples CW4 and CWS5 (e.g., W/C = 0.4 and 0.5) was only
2.2% and 2.4%, respectively. Hence, increasing the W/C ratio seems to make concrete more

susceptible to mass change and, potentially, reinforcement corrosion.

In terms of the effect of the S/C ratio, it was noted that specimen CS10 (e.g., S/C = 1) had the least
mass gain of 2.4%, as illustratedrigure3.7 (B). On the other hand, the mass of samples CS5,

CS20, and CS30 (e.g., S/IC = 0.5, 2, and 3) increased by 5.1%, 3.6%, and 3.5%, respectively.
Thereby, using a moderate S/C ratio of 1 produced concrete with the highest mass stability and

likely the highest rastance to reinforcement corrosion, as discussed in the following sections.
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3.3.1.4. Corrosion Mechanisms

The effects of W/C and S/C ratios on the mechanisms of reinforcement corrosion were investigated
by highlighting the corrosion products and moniigrthe filling of the surrounding pores. The
uniform portion of reinforcement corrosion was-amored, while the localized pitting corrosion
products were highlighted with yellow ellipses, as illustrate&igure 3.8 and later verified in
Figure3.9. It was observed that increasing the W/C ratio resulted in morem&orm corrosion,

as indicated by the yellow highlights. Thus, while the corrosion of samples CW4, CW5, and CW6
seems to benostly uniform, specimens CW7 and CW8 experienced severe pitting corrosion.
Similarly, higher S/C ratios produced more pitting corrosion in specimens CS20 and CS80 than
samples CS5 and CSihich experienced more uniform corrosion. It is worth mentignihat
although the 2D illustrations of the corrosion products are important for locating the areas of pitting
corrosion, they provide little detail about the severity of reinforcement corrosion. Therefore, the
severity of pitting corrosion was investigdtby monitoring the corrosienduced filling of the
surrounding voids using 3D reconstructions of the concrete pore structures generated before and
after applying 120 wedry cycles, as demonstratedHigure3.9. It was noted that although sample

CW4 had only a few areas of noniform corrosion, it suffered harsh pitting corrosion at these
spots, as indicated by the large pore filling-igure3.9 (A). On the other hand, the corrosion of
specimens CW5 (CS10), CW6, and CSaswostly uniform, as illustrated iRigure3.9 (B and

C). All the other samples endured severe pitting corrosion. It is worth noting that samples CW6
and CS5 experienced considerable pore expansion despite the uniform reinforcement corrosion.
Thereby, specimen CW5 (CS10) not only experidna@form reinforcement corrosion but also
endured the least corrosion damage (e.g., pore expansion). Hence, it can be concluded that using

a WI/C ratio of 0.5 and an S/C ratio of 1 produced concrete with the highest corrosion resistance.
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Corrrosion

(E) (F) ©) (H)

Figure 38. Detected Corrosion Products (Red and Yellow Highlights) wittn36 mm Midsection of

Specimens (A) CW4, (B) CW5/CS10, (C) CW8, (D) CW7, (E) CWS, (F) CS5, (G) CS20, and (H) CS30
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Figure 39. 3D Reconstructions of Pore Structures of Specimens (A) CW4, (B) CW5/CS10, (C) CW6, (D)

CW7, (E) CWB8, (F) CS5, (G) CS20, and (H) CS30 before (Left) and after (Right) 12DWWElycles
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3.3.2. FreezeThaw Damage

3.3.2.1.General

The effects of the watdo-cement (W/C) andandto-cement (S/C) ratios on the pore properties,
freezethaw resistance, and frost damage mechanisms were investigated using six W/C ratios (0.4
to 0.9) and four S/C ratios (0.5 to J)he specimens were imaged using pk&fore and after
applying 40 feezethaw cycles, and the detected concrete voids were analyzed. From-testpre

MCT data of the concrete pores, plottedrigure3.10, it wasobserved that increasing the W/C

and S/C ratios beyond 0.6 and 1, respectively, slightly increased the concrete porosity and reduced
the volume occupied by smaller voids, resulting in lower frost resistance. For example, increasing
the WI/C ratio from 0.6a 0.8 increased the porosity from 3.26% to 4.44% and decreased the
cumulative porosity of small voids (<0.012 frfrom 0.74% to 0.55%. It is worth noting that the

small indetectable pores could slightly reduce the porosity readings; however, thiseshagddtt

on the observed trends of concreteds pore cha
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S/C Ratios before FreeZénaw Exposure
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Threedimensional (3D) reconstructions of pore structures, showigure3.11, were generated

and analyzed to investigate the effects of the W/C and S/C ratios on different pore properties: pore
accessibility, size, shape, and distribution. A closer look at the illadtiaores revealed that
increasing the W/C or S/C ratio produced more open, increasing water ingress. More quantitative
analyses are presented in the following sections to investigate the effects of concrete mixing
proportion on the other pore propertisach as internal pore size and shape, as they are hard to

deduce visually.

After the freezahaw cycles, it was observed through 3D imaging that using high W/C ratios (>0.6)
degraded the quality of the concrete pore structure significantly. This was steseh by the
increased opepore ratio, larggore ratio, and neaniformity of pore distribution, resulting in

more severe frost damage and mass loss. For example, specimens FW8 and FW9 (W/C=0.8 and
0.9) had the highest opgrore ratios and pore gapsdamere fully disintegrated by the 40 freeze

thaw cycles, as shown Figure3.12. Despite having almost the same porosity as specimens FW8
and FW9, speaien FW7 (W/C=0.7) suffered a mass loss of about 19.7%, illustrating the positive
effect of the reduced opgrore ratio and pore gap. Likewise, specimen FW4 (W/C=0.4) had a
comparable porosity but the lowest ogmore ratig which resulted in the least maksss of 4%.

On the other hand, specimen FW6 (W/C = 0.6), which had the lowest porosityptaegeatio,

and pore gap, suffered a considerable mass loss of 15.5%, attributed to its higlorepeatio.

Based on the aforementioned observations, the-ppenratio seems to have the most dominant
impact on the resulted frost damage due to the associated increase of permeability that allowed
easy access of more water to concrete. Thus, investigating thepogenatio is essential for

determining the freezthaw resistance of concrete. Also, it was observed that exposure to freeze
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thaw cycles could considerably alter some pore properties of concrete; thereby, analyzing more

pore characteristics is vital for a reliable evaluation of freka® resistance.

In terms of the sand content, it was noted that using high S/C ratios created specimens with high
porosity, operpore ratio, and pore gap, which deteriorated the frdem® resistance of concrete.

For example, specimen FS10 (S/C=1) experienced a mass mdy 4.3%, compared with 7.2%
observed in specimen FS30 (S/C=3). Similarly, applying a low S/C ratio of 0.5 weakened the
freezethaw resistance of specimen FS5 despite decreasing itspoperratio and pore gap,
leading to a mass loss of 5.6%. It istical to note that the opegpore ratio of specimen FS5
exceeded that of specimen FS10 after frebaes exposure, which shows that determining the

freezethaw resistance may require more than one pore property.

Based on these results, it can be condutiat the highest frost resistance was attained using the
w/ C and S/ C ratios of 0.470.5 and 1, respect.i
values available in the literature. Also, the impacth&fW/C ratio on the concrete pores was

similar to the S/C ratio but to a greater extent. The detailed effects of W/C and S/C ratios on the

pore morphology and damage mechanisms are discussed in the following sections.
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Figure3.11. 3D Reconstructions of Pore Structures of Specimens (A) FW4, (B) FW5/FS10, (C) FW6, (D)
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FW7, (E) FWS8, (F) FW9, (G) FS5, (H) FS20, and (I) FS30 before FiEleae Test.
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(A) (B)

Figure3.12. Damaged Concrete Specimens (A) FW8, and (B) FW9 after 40 Frbexe Cycles

3.3.2.2. Porosity of FreezeThaw Specimens

The effects of W/C and S/C ratios on the porosity were analyetmeband after applying 40
freezethaw cycles, as shown kigure3.13. Based on the applied resolution, it was observed that
increasing the W/C ratiftrom 0.4 to 0.6 decreased the porosity from 4.6% to 3.3%, attributed to
the improved workability that facilitated the casting of the small concrete specimens. However,
using higher W/C ratios (>0.6) produced specimens with almost the same porosity aeispeci
FW6 of about 4.3% due to substantial concrete bleeding, pushing excess water out of the

specimens.

After exposure to 40 freezbaw cycles, specimens FW8 and FW9 were destroyed; hence, their
posttest porosities were not measured. The porosity ofimeecFW?7 increased considerably

from 4.4% to 10.8%. Similarly, specimen FW6, despite having the least initial porosity of 3.3%,
experienced a porosity expansion to 4.55%. On the contrary, specimen FW4, which had the highest
initial porosity of 4.6%, maintaed its porosity throughout the freeteaw process. Likewise, the
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porosity of specimen FWS5 slightly increased from 3.9% to 4.22%. As demonstrated by the results
shown inFigure3.13 (A), determining the initial porosity of concrete that has been conventionally
used in literature is inadequate for evaluating its fréleaes resistance, illustrating the importance

of the other pore properties.

The concred porosity of different S/C ratios before and after frabasv exposure was
demonstrated ifigure3.13(B). Utilizing an S/C ratio of 1 enhanced the workability of concrete,
making specimen FS10 with the least porosity of 3.9%. While using a high S/C ratio of 3 degraded
the concrete workability, applying a low S/C ratio of 0.5 created a concrete mixiglithvater
content, producing higher porosity by causing more concrete shrinkage. As a result, specimens
FS5 and FS30 had the highest initial porosities of 6% and 6.4%, respectively. After subjecting the
specimens to 40 freezkaw cycles, the porosity opscimens FS5 and FS30 increased to 7.1%
and 7.2%, respectively. Specimen FS20 had moderate porosity andtfraezesistance; on the

other hand, specimen FS10 experienced the lowest porosity expansion bytHasesxposure.

Hence, using an S/C ratio bfcan produce concrete with the highest frebagv resistance. It can

al so be concluded from the above 4estpardsitys t ha

increment is more significant than that of the S/C ratio.
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Figure3.13. Porosity of Concrete Specimens with Different (A) W/C, and (B) S/C Ratios before and after

FreezeThaw Cycles
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3.3.2.3. Pore Accessibilityof FreezeThaw Specimens

Pore accessibility can significantly affect the fredzw resistancef@oncrete. This impact stems

from the fact that open pores reduce the concrete confinement, making it more susceptible to
cracking, and increase its permeability, leading to higher ingress of chloride af@i92197].

On the other hand, inaccessible subsurface (closed) pores can provide space for freezing water and
minimize frost damag¢21,198,199] Thus, increasing the opg@ore ratio can deteriorate the

freezethaw resistance of concrete.

The i mpact of W C and -foteContenalbiefore and ater frestmavc r et e 0
exposure was investigated. It was observed that applying higher W/C ratios increased the volume
ratio of open pores, as shownkigure3.14 (A), which is predictable since open pores are more
susceptible to expansion by excessive concrete drying shrinkage than tvtenfiektd closed
(internal) pores. While specimens FW4 and FW5 had-poea ratios of 23% and 24%e open

pore ratios of specimens FW8 and FW9 were 28.6% and 38.2%, which contributed to substantial
freezethaw damage. After 40 freetieaw cycles, the opepmore ratios of specimens FW4 and

FW5 were almost maintained throughout the process, demongtthgir superior freezihaw
resistance. The opgyore ratios of specimens FW6 and FW7 increased considerably to 54.3% and
77.7% despite having comparable initial ojpeme ratios of 27.7% and 27%, respectively. An
exponential correlation between the ojpeme and W/C ratios became apparent after applying 40

freezethaw cycles.

The effect ofthe S/C ratio on the opepore ratio of concrete before and after frethmav testing
is demonstrated iRigure3.14 (B). While specimens FS5 and FS20 had the least-ppenratio
of 10.9% and 14.2%, the op@ore ratios of specimens FS10 and FS30 were 24% and 45.3%,

respectively. After subjecting the specimensd freezethaw cycles, the opepore ratio of
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specimen FS10, which was the second highest before {ile@rmeexposure, was maintained
throughout the testing process. On the other hand, thepmperratio of specimens FS5, FS20,
and FS30 increased congidely to 44.3%, 28.3%, and 58.5%, respectively. Therefore, using an
S/C ratio of 1 seems to improve the freéizaw performance of concrete. It is worth mentioning
that specimen FS5 had the least epere ratio, but it experienced the highest increasgpen

pore ratio after freezthaw exposure. Therefore, determining the frebasv resistance of
concrete requires more pore analysis beyond the-ppenratio.Also, increasing the size of the

specimengan decreasine operpore ratioby decreasinghe surface/volume ratiof concrete.

100 -

—6—Cycle 0

7 ——Cycle 40

o —

[ -
=R —
1

&= th
=
L L

tw
S
p
D

-
[—T—]
L

Open-Pore Volume Ratio (%)

—

0.4 0.5 0.6 0.7 0.8 0.9
W/C Ratio

(A)
100

90 —&—Cycle 0
80 -
20 4 —=—Cycle 40
60
50 A
40 A
30
20 A
10 9
0 T T T T

0.5 1 1.5 2

S/C Ratio

(B)
Figure3.14. OpenPore Ratio (%) of Concrete Specimens with Different (A) W/C, and (B) S/C Ratios

Open-Pore Volume Ratio (%)

*
th
s

before and after Testing

70



3.3.2.4. Pore Sizeof FreezeThaw Specimens

The pore sie is another crucial parameter for determining the fréfeae resistance of concrete.
Small pores can relieve the pressure induced by the expanding ice by allowing it to flow in after
creating minor microcracks, mitigating severe fredmav damage, in emanner similar to that
reported in atentrained concret200]. On the other hand, large pores retain moagew which

upon freezing produces higher accumulative expansive pressure and larger concrete cracks
[23,194,201,202]Hence, increasing the largere ratio can deteriorate the freghawresistance

of concrete. In addition to demonstrating the percentage of large voids, the rate of change of the
large-pore ratio throughout the freeleaw cycles can be used in conjunction with the porosity
data to obtain useful information about the daenaggchanisms. For example, a rapid increase of
the largepore ratio with a little increase in the porosity can indicate a considerable pore

interconnection (cracking).

As Zhang et al. reported, pores with a size of more than 200 nm can degrade thth&weze
resistance of concret03]. However, capturing such small pores is beyond the detection
capability of the uCT imaging system. Thus, in this study, pores with a volume of more than
1.18x16¢ umd, which is 10 time the volume of the smallest detected void, are treated as large
pores. It is worth mentioning that the general trends of the attained results are not sensitive to the
utilized volume threshold. For example, changing the volume threshold from 1°%18m@o

about 1.00x18 um? had little effect on the reported observations.

The largepore ratio was analyzed to investigate the effects of W/C and S/C ratios on the large
pore content before and after applying 40 fredzev cycles, and the recorded volumeasbf
large pores are illustrated Figure3.15. As shown, specimen FW6 had the lowest initial large

pore ratio of 87.6%. Increasing the W/C ratigdred 0.6 produced a concrete mix with high water
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content, causing considerable concrete shrinkage and creating more large voids. Likewise,
reducing the W/C ratio to 0.4 decreased the concrete workability, producing a highqrdaege

ratio of about 89.1%MNotably, subjecting the specimens to 40 fredmav cycles considerably
changed the largpore ratios, resulting in an exponential correlation between the W/C and large
pore ratios, as shown Figure3.15(A). Although the initial largepore ratios of specimens FW4

and FW5 were relatively high, they were mostly maintained throughout the-freszerocess.

In contrast, the largpore ratios of specians FW6 and FW?7 increased substantially from 87.6%
and 93.5% to 91.6% and 98.4%, respectively. Thus, increasing the W/C ratio beyond 0.5
significantly increased the concrete |laqgre ratio after the freezbaw cycles, making it more

vulnerable to frostliamage.

I n terms of the S/ C ratiobs effect, -poreratimas o0b:
of 89.7%, as illustrated iRigure 3.15 (B). Decreasing the sand content (e.g., S/C=0.5) created a
concrete mixture with high water content, leading to a higherdaogeratio of 91.7%. In contrast,

using high S/C ratios degraded the workability of concrete, producing specimens FS20 and FS30
with a largepore ratio of 95.5%. Exposure to freedbaw cycles had distinct effects on the
specimens due to the varying smahd largepore expansion rates. Although the lapgee ratios

of specimens FS5 and FS30 increased to 94.6% and 96.7%, mdrparaaxpansion occurred

in FS20, resulting in a lower largmre ratio of 93%, as illustratedkiigure3.15 (B). On the other

hand, specimen FS10 almost maintained its fage ratio, indicating that the expansion rates of

its small and large pores are comparable. Based on the results, concrete with the legastdarge
ratio before and after freetleaw expaure can be attained using&/C ratio of 1. Also, the effect

of the W/ C r at i-pore @t is clearyenore dulestargial thaa that ef the S/C ratio.
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3.3.2.5. Pore Shapeof FreezeThaw Specimens
The cracking resistance of an expanding pore is dependent on its shape. The unifornofurface
spherical voids, for example, makes them more resilient to cracking when subjected to expansive

internal pressure due to the role of the spherical shape in making stress distribution more uniform
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[204], hence, mitigating stress concentration. Thus, the fréneze resistance of concrete can be
enhanced by i ncr e aRR05)20p] Herces thgpeffacts of W/CamIs/€ ratios i t vy
on concreteds average po rted betore haedr after ifreeggawh av e

exposure.

Concrete pores were categorized into ksghericity (>0.5) andlos pher i ci ty ( O0. 5)
shown inFigure3.16. It was observed that increasing the W/C ratio from 0.4 to 0.6 improved the
average sphericity of concrete pores. For example, while specimens FW4 and FW5 had
comparable higisphericity ratiosof 13% and 14.5%, respectively, the higphericity ratio of

sample FW6 was 18.6%. However, applying a W/C ratio beyond 0.6 considerably reduced the
high-sphericity ratio due to high concrete shrinkage and large pore size. Thus, tisptegicity

ratio of specimens FW7, FW8, and FW9 were 11.7%, 9.4%, and 10.9%, respectively. Notably,
exposure to 40 freezbaw cycles increased the highhericity ratios of specimens FW4 and FW5

to 14.6% and 15.8%; on the contrary, specimens FW6 and FW7 experiencedtypteehiiction

to 11.9% and 3.7%, respectively. Therefore, using the W/C ratios of 0.4 and 0.5 enhanced the

average pore sphericity throughout the frettmav process.

The average sphericity of concreteosratipspase str
illustrated inFigure3.16 (B). It was noted that increasing the S/C ratio decreased the sphericity,
ascribed to concrete's reduced work&pilAs a result, while specimen FS5 had a ksghericity

ratio of 16.6%, the higlsphericity ratio of specimen FS30 was 9.1%. Furthermore, applying 40
freezethaw cycles increased the higphericity ratios of specimens FS10 and FS20 from 14.5%

and 6.2% @ 15.8% and 11.6%, respectively. On the other hand, thespiggricity ratios of
specimens FS5 and FS30 decreased to 13.7% and 8.5%. Thereby, concrete prepared using an S/C

ratio of 1 maintained relatively high sphericity before and after frdeae expgure. The results
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also demonstrated that determining the initial pore sphericity is insufficient for anticipating the
freezethaw resistance of concrete since it can change during ftle@zeexposure. Thus, the pore

sphericity must be used in conjunctwith other pore properties.
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3.3.2.6. Pore Distribution of FreezeThaw Specimens

The uniform distribution of pores can enhance the fretsav resistance of concrete by
minimizing the likelihood of void cluster formation, which can weaken the concrete strength and
increase its permeability. Highly uniform microscale pore distribution decreasagcttagie pore

gap, which is the distance between a single void and its closest neighboring pore. Minimizing the
pore gaps makes it easier for ice to expand into the surrounding pores by creating microcracks,
preventing pressure accumulation and extensiwerete cracking207,208] Thus, decreasing the

pore gaps througthe uniform distribution of micropores can considerably enhance the freeze

thaw resistance of concrg22,24]

The average pore gap of concrete specimens of different W/C and S/C ratios were examined. It
was observed that using a W/C ratio beyond 0.6 increased the average pore gap on an exponential
basis, contributing to the severe frost damagspetimens FW7, FW8, and FW9. For example,
although specimen FW6 had an average pore gap of only 0.57 (£0.75) mm, the average pore gap
of specimen FW9 was 2.28 (+2.65) mm. Subjecting the specimens to-tine@zeycles made the
exponential correlation betwa the W/C ratio and the average pore gap more apparent, as shown

in Figure3.17 (A). While the average pore gaps of specimens FW4 and FW5 decreds@d t

(x0.92) mm and 0.68 (x0.81) mm due to the development of more small pores, the average pore
gaps of specimens FW6 and FW7 increased considerably to 1.57 (x1.57) mm and 8.74 (£5.07)
mm, respectively. Hence, applying W/C ratios of 0.4 and 0.5 prodocedrete with more

uniformly distributed pores and improved freghaw resistance.

The effect of the S/C ratio on the average pore gap, illustrateayime 3.17 (B), was limited
compared to the W/C ratio. It was noted that applying moderate S/C ratios of 1 and 2 produced

specimens with the least average pore gaps of 0.92 (x1.22) mm and 0.55 (x0.84) mm, whereas
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specimens FS5 and FS30 had average paps of 0.73 (x0.95) mm and 1.52 (+1.44) mm,
respectively. Exposure to 40 freetbaw cycles slightly increased the average pore gaps of the
specimens, which indicates that no specimen experienced severed-tlieeezelamage.
Nonetheless, only specimen FSExperienced a pore gap reduction to 0.68 (+0.81) mm,
illustrating its superior freezaw performance.
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3.3.2.7. Severity and Mechanisms of Freezdhaw Damage

The effects of W/C and S/C ratios on the fretbmev resistance of concrete were evaluated by
measurig t he speci mens06 mthasvexpbsures asedemonstwated-iguce f r e e z
3.18. It was noted that applying higher W/C ratios increased thdtedsmass loss on an
exponential basis. While specimen FW4 lost 4% of its mass, a mass loss of 19.7% was experienced

by specimen FW7. Specimens FW8 and FW9 were destroyed, so they were not considered in the

analysis.

The frost damage mechanisms of thecspens are illustrated ifrigure 3.19. As shown,
specimens FW4 and FW5 experienced only minor internal pore expansion with minimal scaling.
Also, numeras small pores were detected in the two specimens after the expansion of previously
indetectable caused by freetaw exposure, which decreased the average pore gap as previously
noted. In contrast, specimens FW6 and FW7 suffered considerable scalioly,indneased the
concrete permeability and degraded its confinement and ftkaseresistance. The presented 2D
section of specimen FW?7 started with smaller open pores than specimen FW6, yet it experienced
more severe scaling, possibly due to the lagdawdll pores. This shows that the frost vulnerability
caused by one pore property can be mitigated by the other ones, proving the importance of

assessing the freetigaw resistance using multiple pore characteristics.

Unlike the WIC ratio, the S/C ratio ha limited effect on the frost damage of concrete, as
demonstrated ifigure3.18( B) . l ncreasing the S/ C rati-os fro
thaw resistance, resulting in mass losses of 4.35% and 7.17%, respectively. Applying an S/C ratio

of 1 produced concrete with the highest frettmav performance. Also, as illustratedRigure

3.19, while exposure to freezbaw cycles created many small pores in specimens FS10 and FS20,

it caused noticeable largmre expansion in specimens FS5 and FS30, making them more
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susceptible to freezthaw damaget is worth noting that the large pores of specimens FS5 (green)
and FS20 (pink) propagated inward despite being close to the surface, demonstrating the positive
effect of the small pore gap between the voids. On the other hand, the small pores afrspecim
FS30 with a larger pore gap between them expanded outward toward the surface, which can
harshly detriment the frost resistance by increasing the permeability and reducing the confinement
of concrete. Based on the aforementioned results, the mixing rpopp®f concrete can
considerably alter the severity and mechanisms of frost damage. Also, the highesthtreeze

resistance of concrete was attained using a |
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3.4. Conclusions

The effects of W C and S/ C ratios aodhfreez® ncr et
thaw damage mechanisms were investigated using 3D pCT images. The pore structures of
the specimens were monitored, analyzed, and correlated to the resulted corrosion and freeze

thaw damage, and the following points were concluded.

1 Micro-computedtomography (UCT) imaging is an excellent ndastructive tool for
investigating the pore characteristics, including the accessibility, size, shape, and
distribution of air voids, in addition to the mechanisms of microstructural concrete

damage.

1 Increasing the W/C and S/C ratios degraded the qualitheaf oncr et eds por e
making it more susceptible to reinforcement corrosion and fidexe damage.

1 The severity and mechanisms of reinforcement corrosion and fiteee@eseem correlated
withthepor e structurebs quality. For exampl e,
and uniform corrosion, sample CW8 suffered severe pitting corrosion. Similarly,
specimeng&W4 and FW5 (FS10), which were produced using the appropriate W/C
rat i os andS/Cratdoiofd, esperiencadninor yet almost uniform expansion
of both open and internal (closed) pores. On the other hand, the other concrete samples
suffered more dominant expansion within the open pores, leading to accelerated and

more severe stiag damage.

1 Using a W/C ratio of 0.5 and an S/C ratio of 1 produced concrete with the highest resistance

to reinforcement corrosion and freebaw damage.
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1 Air voids surrounding the steel reinforcement greatly impacted its corrosion mechanisms,
making t more prone to pitting corrosion.

1 Assessing the freezithaw resistance using multiple pore properties is recommended
because using one property (e.g., pore sphericity) can be considerably impacted by
frost-induced pore expansion and scaling damage.

1 The openpore ratio and pore gap substantially impact the confinement, pore
distribution, and freezéhaw resistance of concrete. Thereby, analyzing these two

parameters is critical for assessing the freéwav resistance.
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Chapter 4: CT Imaging of Large Naturally Corroded
Reinforced Concrete Element

This chapter investigates the accuracy of tuliegensional detection of reinforcement corrosion

within large concrete elements using an industrial mocnmputed (CT) imaging system.

4.1. Introduction

Reinforcement corrosion is one of the leading causes of concrete d@20$3 Thus, extensive

research has been conducted during the last decades to thoroughly understand the mechanisms of
reinforcement corrosion usingfidirent techniques such as energy dispersiray<spectrometry

(EDS) and acoustic emission testing (AH88,210] These methods, however, provide limited

details of corrosion distribution and damage naei$éms. Hence, researchers started using an
innovative nordestructive micrecomputed tomograph§uCT) to track and measure corrosion of
reinforced structural elemenits5,90,92,93,100]However, most research has focused on small

diameter steel wires and bars, which aré ®/mm in diametef90,93,98]

Sun et al. (2017) investigated the corrosion of a 3 mm steel wire embedded in a 10 mm cement
cylinder. The sample waST scanned using tube voltage and current of 135 kV and 73.5 YA,
respectivel\ff93]. It wasnoted that the corrosion process was accelerated by the neighboring cracks
exposing the steel wire to surrounding fluids. On the other hand, Itty et al. (2014) compared the
corrosion and cracking mechanisms of 0.46 mm carbon steel anchth3tainless steel wires,

each of which was inserted into a 5 mm cement cylif@@r After CT imaging thesamples using

a photon energy of 43 keV, it wadbserved thatvhile corrosion was homogenous within the

carbon steel wire, it was localized in the stainkgs®el wire leading to a higher depth of pitting
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corrosion. Corrosion products of the stainlstsl| wire also resulted in larger cracks within the

cement paste than the corroded carbon steel wire.

Dong et al. (2017) measured the corrosion content of a 2 mm carbon steel rod inserted into a 10
mm cement cylinder usingpmputed tomography with a photenergy of 139 keV and a current

of 62 A [92]. The CT results were reported to correlatell with the masdoss data attained
using sample weighing and c¢ o mYyan Steed etals(20099 Far
measured the corrosion content using CT imaging by applying a voitdg® kV and a current

of 140 pA and compared its results to the rass data determined by sample weighing and
Far ada ylo0f Howevev, it wasound that theCT results were in disagreement with the

other techniques because of the inadequate resolution of the uCT images. On the otBargand,

et al. (2018) studied the tingependence of reinforcement corrosion and the associated crack
initiation and propagatiof65]. The corrosion of a 2.5 mm steel rebar embedded into a 1,000 mm
concrete cube wasxamined using CT imaging by applying a voltage of 70 kV and a current of 62
MA. Different phases of the corrosion process were identified, naowhgsion initiation, rust

expansion, and concrete cracking.

Limited research examined the potential of utilizing CT imaging to detect corrosion products
within large naturally corrodedacrete specimenklence, the main objective of this chapter is to
investigate the distribution of corrosion products and the damage mechanisms of a large naturally

corroded 56€yearold concrete element using CT imaging.
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4.2. Materials and Methodologies

4.2.1. Specimen

A large reinforced concrete block with excessive natural corrosion, shawgure4.1 (A), was
obtained from a 5§earold building. The specimen was cut into a 12x6x17 @midth x depth

x height) sample, shown Figure4.1 (B), to remove the unaffected concrete mass and to improve
imaging quality by reducing beam hardening artifacts. Through visual inspection, it was observed
that corrosion did not affect the internal depth of the concrete (i.e., the negative Z direction shown
in thefigure opposite to the concrete cover). Most of the corrosion damage occurred on the surface
of the steel reinforcement facing the external concrete cover resulting in substantial concrete
cracking. Also, corrosion appeared to propagate into the sidgisgefion) of the 10M steel rebar.

The corrosion products seen at the bottom leRigtire4.1 (B) were caused by another corroded

steel rebar orthogml to the rebar under consideration.

(A) (B)
Figure4.1. Naturally Corroded Reinforcedoncrete before Cutting (A), and after Cutting (B)
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4.2.2. CT Imaging

An industrial micrecomputed tomographytCT) was utilized to scan the concrete sample using
high-energy imaging parameters to enhance the quality of CT images. Using a tube voltage of 200
kV and a current of 100 pA was sufficient to scan the large concrete element without overloading
the imaging system. Also, a copper filter with a thickness of 0.5 mm was used to blemkdnyy

photons and minimize imaging artifacts. One thousand imagesol&zeted as the specimen was
spinning 360 using an acquisition time of 333 milliseconds per image. +diggdity CT images

were captured using a spatial resolution (voxel size) of 142 um. The corroded concrete specimen
was scanned in its standing posttipreviously shown ifigure4.1 (B), to improve the quality of

CT images by minimizing the beanardening and metal artifacts. It is worth noting taplying

a higher tube voltage can degrade the contrast of the CT images, whereas increasing the current

and the imagacquisition time can damage theray detector.

4.2.3. PostProcessing of CT Images

The captured CT images were ppsbcessed using Volumer&phics software (VGStudio). The
images were stacked, dwsvn inFigure4.2 (A), to create a thredimensional (3D) reconstruction

of the concrete element, as illustrate&igure4.2 (B). Threedimensional image filtratio(8x3x3
pixels), such asa median filter was applied to improve the detection accuracy of corrosion
products and air pores by minimizing the scanning artifacts (i.e., -bhaakening and metal
artifacts), as shown ifigure4.3. Also, material thresholding was used to segment the intact steel
reinforcement (blue highlight) and the corrosiorducts (red highlight) from the concrete.
Similarly, a builtin void detection algorithm was applied to highlight the air pores within the

concrete element, as illustratedrigure4.3. The detected corrosion products and the air voids in
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the concrete section were analyzed separately to demonstrate the corrosion distribution and

damage mechanisms, as discussed in the following sections.

(A) (B)

Figure4.2. Threedimensional (A) Image Stacking, and (B) Reconstruction of the Concrete Specimen

D000 um Material

Segmentation

Detection

5000 um

Figure4.3. Steps of PosProcessing the CT Images
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4.3. Results andDiscussion

4.3.1. General

A large 50yearold naturally corroded concrete specimen was scanned using-artaghy CT
imaging systemThe CT images were processed and reconstructed into the 3D model shown in
Figure4.4 (A). Material segmentation was applied to separate the intact steel reinforcement and
the corrosion products from the concrete part, as illustratédjine4.4 (B and C). The corrosion
damage within the steel reinforcement and concrete element was investigaéesdobserved that

the steel reinforcement experienced severe corrosion, magtin its exposed surface facing the
already delaminated concrete cover. The other side of the steel reinforcement was protected by the
surrounding concrete; hence, it experienced minor corrosion damage. By measuring the volume of
the intact steel reinfaement, it was determined that the corrosion damage disintegratéuirtug

of the volume ofthe steel reinforcement. On the other hand, the damage mechanisms of the
concrete element were investigated by analy#iegdistribution of air pores to tracke path of
concrete cracking. It was observed that the volume of air pores surrounding the steel reinforcement
was low, indicating the absence of cracks toward the core of the concrete element. Thereby, the
corrosioninduced cracking propagated mostly aothe delaminated surface of the concrete

element.

The distribution of corrosion products was also investigated, and it was observed that the corrosion
products dispersed mostly around the exposed area of the steel reinforcement and the delaminated
surfa@ of the concrete specimen. Also, it was noted that the corrosion products and staining did
not spread to the inner core of the concrete element, which confirms that the cendsmad

cracks occurred mostly within the delaminated concrete surfacetidkddiy, the accuracy of

corrosion detection using CT imaging was examined by visually comparing the detected corrosion
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products with the actual corrosion of the concrete specimen. It was found that CT imaging is
capable of accurately capturing most @& torrosion products of the large concrete element. Also,

it was observed that mere corrosion stains were not detectable, attributed to therdgw X
attenuation of corrosion stains. Also, it was observed that small parts of some aggregates were
falsely deéected as corrosion products, possibly due tontireerals withinthese aggregates in
addition to the bearhardening and metal imaging artifacts. It is possible to improve the accuracy
of corrosion detection by ignoring the falsely detecuosion products that are a certain distance

away from the steel reinforcement, as discussed in the following sections.
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(B) ©

Figure4.4. 3D Reconstructions of (A) Corroded Concrete Specimen, (B) Detected Rust, and (C) Exposed

Surface of Steel Reinforcement
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4.3.2. Corrosion Damage

The severity of corrosiemduced degradation of concrete structures can be determined by
analyzing the damage within tseeel reinforcement and tlsarroundingconcrete. The corrosion

level of the steel reinforcement was estimated by measuring the volumetric ratio of intact steel to
t he rebar 0s Itwasbobgarveditat the volumenokthe uncorroded segmerd DO

steel rebar is 4195.4 nipand its original volume was around 12,750 ¥rwhich wascalculated
using the r ebar oressséceonafdrealhaefork, only andiid ofahe steel

rebar remained intact. Also, it was noted that while the exposed surface of steel reinforcement
experienced severe corrosion, as showrFigure 4.5 (A), the other side of the steel rebar
surrounded by the concrete was fully intact and experienced only minor corrosion. The absence of
significant corrosion within the protected segment of the steel reinforcememqtraxesn by its

clearly visible clamps, as illustratedkingure4.5 (B).

On the other hand, it is hard to determine the severity of corrominiced oncrete damage since

the specimen is part of a concrete structure that was subjected to different loads and environments
for 50 years. However, CT imaging made it possible to investigate the distribution of air pores
within the concrete element, which gamovide an indication of the concrete damage mechanisms.
Thus, the air pores of the concrete element were detected and analyzed, adontbmemnal
reconstructions of the pore structure and the intact steel reinforcement (blue colored) were
demonstratedn Figure 4.6. As illustrated, the concrete element had mostly small pores (red
colored) and some large voids dispersed throughout the specinsanolth noting that no cracks

were detected within the concrete element, which indicates that the concrete cracks propagated
mostly within the delaminated concrete surface. To better analyze the air pore distribution, the

accumulated pore volumes along tomcrete width (analysis direction showrFigure4.6) were
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computed and plotted irigure4.7. It was observed that the accumulative volume of air pores was
nearly uniform along the concrete width. Also, it was noted that the pl@eacross the location

of steel reinforcement (black dashed line) was only slightly higher than the average accumulative
pore volume (red dashed line), indicating the absence of corvioglaned pore expansion and
cracking. Based on the results, the aete element only experienced cracking within the

delaminated surface.

‘: KN

(A) (B)
Figure4 5. 3D Reconstructionsf (A) the Exposed Side of Steel Reinforcement, andtf@)Covered

Side of Steel Reinforcement
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Figure4.6. Detected Air Pores and the Analysis Direction of Accumulated Pore Volume
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4.3.3. Corrosion Distribution and Detection Accuracy

The distribution of detected corrosion products was investigated. It was observed that the exposed
surface of steel reinforcement experienced severe corrosion that resulted in a dispersed distribution
of corrosion products, as illustrated kigure 4.8 (A). It was observed that small parts of some
aggregates were falsely detected as corrosion products, as highlighitgare® 9. It is, however,

visually possible to distinguish the actegalrosion products from the falsely detected ones. Thus,

it is feasible to enhance the accuracy of corrosion detection by remibaniglsely detected
aggregates manually or through automated algorithms. One simple method for improving the
detection accuracy is removing the corrosion products that are a specific distance away from the
steel reinforcement, which can be determined ftioenCT images. By applying this method, most
falsely detected aggregates were disregarded, leaving only the actual corrosion products

demonstrated ikigure4.8 (B).

To examine the accuracy of corrosion detection, some of the detected corrosion products were
visually compared to the corroded concrete specimen, and a clear correlation was observed, as
shown inFigure4.10. The micrecomputed tomography successfully captured most of the visible
corrosion products despite the large size of the concrete sample. It is worth noting that some minor
corrosion staing/ere not detectable because the mere color contents of these stains are insufficient
for creating contrast within the CT images. Thereby, it can be concluded that the CT imaging
system can capture vital corrosion products within large concrete elementsooidestructive

and timely manner.
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Figure4.9. Top-View Section of the Specimé&howing theUncorrodedRebar Blue), Corrosion

Products Red), and Falsely Detected Aggregatdgytlighted)
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(A) (B)

Figure4.10. Comparison between (A) Detected Corrosion Products, and (B) Actual Rust

4.4. Conclusions

The natural reinforcement corrosion of a large-y8@rold concrete specimen was
investigated using highesolution micrecomputed tomography (UCT), and the following

points were concluded.

1 CT imaging enabled the detection of corrosion products within large concrete
elements.

1 The steel reinforcement experienced severe corrosion that disintegratéliitesof
its volume. Also, while the exposed surface of the steel bar was considerably
damayed, the reinforcement surface surrounded by the concrete material was well

protected, as indicated by the intact rebar ribs.
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1 The detected corrosion products were mostly surrounding the exposed surface of steel
reinforcement, and no cracks were detectedaral the core of the concrete element,
indicating that cracks propagated mostly within its delaminated surface.

1 Small parts of some aggregates were falsely detected as corrosion products due to
imaging artifacts and theninerals within the aggregates. Thushe accuracy of
corrosion detection can be improved by enhancing the imaging resolution and
disregarding the falsely detected aggregates that are a certain distance away from the

steel reinforcement.

97



Chapter 5: CT Imaging of Concrete Damageunder Coupled
FreezeThaw and Sulfate Attack Conditions

This chapter investigates the severity and mechanisms of fite@zedamage of concrete in
potassium sulfate and magnesium sulfate environments with different concentrations using a high

resolution micrecomputed tomography (LCT) imaging system.

5.1. Introduction

It is well known that prolonged exposure of concrete material to detrimental envirensectt

as freezghaw and sulfate environments, can accelerate its degradaha eventually results

in more extensive rehabilitation work requiremd@tksli 214]. Thus, a deeper understanding of
concr et aghaws and suate Zd@mage is vital for taking preventive measures. Frequent
exposure to subero temperatures can induce expansiternal pressure withithe concrete by
freezing the water retained within its capillaries, leading to severelgylayer scaling damage
normally initiating at the external surface and propagating inj&®¢b1,72 74,153,215,216]

Also, the recurrent fluctuation between freezing (e2f)’C) and mild (e.g., 18C) environnents

can cause cracking within the mortggregate interfacial transmission zone (ITZ) due to the
mismatching thermal expansion coefficients of these two matfz&jIsThe severity of the freeze

thaw damage is directly impactedthec oncr et eds strength and pore
by Alhusain and AMayah (2022), concrete with large surface pores is quite vulnerable to frost

damagd217].

On the other hand, prolonged exposure to sulfate salts, such as magnesium sulfatg &dSO
potassium sulfate #$Qy), weakes the concrete strength by chemically reacting with the calcium

hydroxide of its cement paste, producing expansive materials such as gypsum, thaumasite, and
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ettringite [218 224]. These expansive Hyroducts precipitate within the concrete capillaries,
causing expansive internal pressure andlisgadamage225i 228]. Also, concrete exposure to
sulfate environments can accelerate tlepassivation of its steel reinforcement, causing earlier
and more severe corrosion dam§2®29]. The severity of sulfate damage is affected by multiple
paraneters, including the type and concentration of the sulfate salt. It isde@limented that
magnesium sulfate is the most detrimental sulfate salt, attributed to its high solubility and reactivity
[228,230,231] Also, increasing the concentration of sulfate salt can accelerate concrete damage.
As reported by Cheng et al. (202increasing the concentration of sodium sulfate from 3% to

10% increased the mass loss from about 0.9% to 2.3% after 150 days of sulfate §2pa@%ure

In addition to degrading the concrete strength, both frdeme and sulfate damage increase the
concrete permeability, making it more vulnerable to different forms of environmental damage,
including reinforcement corrosiprarbonation, and chemical attgd4,154,180,217]Hence,
extensive research has been conducted to investigate the severity and mechanisms of concrete
damage under coupled freemw and sulfate environments. The mesoscale concrete damage
under coupled action of sulfate and fre#lzaw was investigatednhostly in sodium sulfate
solutions. Xiao et al. (2019) examined the fredmev damage of concrete in sodium sulfate
solution with a concentration of 5%. It was observed that subjecting concrete to 30@Heeze
cycles (24 hours each) resulted in a mésss of 1.7% ané compressive strength reduction of
29.5%[233]. Similarly, Ren and Lai (2021) analyzed the concrete damage after applying 300
freezethaw cycles (1,200 hours in total) in 2% solution with a concentration of 5%h@&
reported concrete mass loss and compressive strength reduction were 0.72% and 56.3%,

respectivelyj207].
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Little effort has been dedicated to investigating the microscale damage mechanisms of concrete
under coupled action of sulfate and fre#izaw conditons. Therefore, the main objective of the
paper is to study the microstructural fre¢zaw damage of concrete in magnesium sulfate and
potassium sulfate environments with 5% and 10% concentrations usingeba@htion micre
computed tomography (UCT) irgang. The specimens were scanned using UCT before and after
exposure to 40 and 80 freetteaw cycles. The effects of the sulfate environments on the severity
and mechanisms of frost damage were studied by analyzing mass loss data and the variation of
distinct pore properties, including the pore content, size, and accessibility. The damage

mechanisms of the concrete were discussed using 2D and 3D images of internal microstructures.

5.2. Materials and Methodologies

5.2.1. Specimers

Five concrete specimens of the same mixture proportions were preparedruoalhgggregates
(<5 mm),fine sand, anardinaryPortland cement, which has the chemical composition listed in
Table5.1. The utilized concrete mixture had watercement, santb-cement, and aggregatie
cement ratios of 0.5, 1, and 1.5, respectively. The samples, shéigune 51, were 40 mm long
and 15 mm in diameter. The specimens wermdkiled 24 hours after casting amndtercured for

28 days at a temperature of 2D before uCT imaging and frosesting. The specimens were
labeled based on the freetbtew environment. For example, specimenslB% and M&10%
were subjected to frost cycles in potassium sulfate and magnesium sulfate solutions, respectively,
with a concentration of 10%. As discussedhe following sections, the specimens have similar

pore properties, mitigating the need for duplicate samples.
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Table5.1. Chemical Composition of Portland Cem¢24]

Chemical Composition (wt. %)
CaO SiO. Al0;  FeOs SG; MgO COo K20 NaO
62.9 20.6 4.4 3.3 3.2 2.2 15 0.5 0.19

(A) (B) ©) (D) )
Figure 51. (A) Control, (B) PS5%, (C) PS10%, (D) MS5%, and (E) MSL0% Concrete Specimens

5.2.2. Cyclic FreezeThaw Exposure

The concrete specimens were tested under different fteaweenvironments: water (control),
magnesium sulfate (MS5% and MS10%), and potassiursulfate (PS$5% and PSL0%) at
concentrations of 5% and 10%, as listedlable5.2. The concentration®f sulfate saltavere
selected in ordeto compare theCT resultswith the existing values reported ihe literature.

Before testing, the samples were immersed into the associated solutions for at least 6 hours to

ensure full saturation, after which the specimens were subjected to 80tfraeze/cles. Each
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cycle consisted of 12.5 hours of freezing and 11.5 hours of melting to mimic actual freezing
environments. Each cycle started at a temperature of abdi@ amdthen cooled down to a
temperature of25 °C with an average cooling rate-4f3.5°C/hour. The temperature was allowed

to fluctuate betweerll8 °C and-25°C for 7.2 hours to fully freeze the specimens. Afterward, the
temperature was gradually increased with an average warming rate°@f/iodir. The applied

environment temperature tughout each freezbaw cycle is demonstrated kigure5.2.

Table5.2. Composition of Freez&haw Solution

Specimen Solution

Control Tap water

PS5% Tap water + 5 wt.% of $SQ,
PS10%  Tap water + 10 wt.% of 5O,
MS-5%  Tap water + 5 wt.% of MgSO
MS-10% Tap water + 10 wt.% of MgSC

15 -

10 -

Freezing Period = 12.5 hr

Temperature (Co)
n

-10 -
15 A
-20 A
-25 T T T T T 1
0 4 8 12 16 20 24
Time (hr)

Figure5.2. Temperature of Controlled Environment throughBath Freez& haw Cycle[217]
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5.2.3. uCT Imaging

Threedimensional images of the concrete specimens were collected before and after every 40
freezethaw cycles using industrial micaomputed tomography (UCT). One thomdamages

were captured using the tube voltage and current of 100 kV and 80 pA, respectively. The scanning
resolution (voxel size) is 49.1 um and theay exposure period per image is 0.33 seconds. The
3D images were segmented and analyzed using thra@sfp@ddmedianfiltration (3x3x3 pixels)
available in the VGStudio MAX 2.2 software to minimize scanning artifacts. Microstructural pore
analysis was conducted on the 36 mm long -seigment of the specimens to reduce

inconsistencies that may be caused during castag the bottom and top ends.

5.3. Results and Discussion

5.3.1. General

Before subjecting the concrete specimens to the fréeaw cycles in different sulfate
environments, the pore microstructures of the specimens were investigated using pCT
imaging to confirm that they have comparable powgprties, which is essential for attaining
reliable results. It was found that the average porosity, {pogye ratio, and opepore ratio

of the specimens wel92% (£0.52%,)88.5% (+2.27%), and 26.6% (+3.18%), respectively.
Thus, the samples have sintilpore characteristics, as indicated by the low standard

deviations.

After 40 freezethaw cycles, it was observed that exposure to potassium sulfate accelerated
the frost damage of specimens-B% and PSL0%, as illustrated ifigure5.3 (D and E). The
damage within the other specimens was not visually clear; thus, another 40 cycles (80 cycles
in total) were applied. While the control sample experienceder® scaling damage,

specimens PS% and PSL0% were completely disintegrated, as showkigure5.4 (A, D,
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and E). On the other hand, specimens-M8and MS10% experienced minimal damage, as
demonstrated ifrigure5.4 (B and C). Thereby, exposure to magnesium sulfate considerably

improved the freez¢haw resistance of concrete.

The frost damage mechanisms were investigated using uCT imaging. It was found that
exposure to potassium sulfate accelerated the frdemeg damage without affecting its
typical mechanisms, where the damage initiates at thiaca and propagates inward, as
illustrated by the large pink void highlighted kigure5.5 (A). For example, specimens PS

5% and PSL0% experienced a considerable increase in porosities,-pange ratios, and
openpore ratios. In contrast, exposure to magnesium sulfate mininhzeitdst damage and
altered its mechanisms. It was observed that the expansion of the internal pores of specimens
MS-5% and MS10% was more dominant than the surface voids. In other words, the frost
damage initiated from within, as demonstrated-igure5.5 (B), unlike the typical freeze

thaw damage that occurs at the external surface and propagates inward only-layer

basis. In addition, the éezethaw resistance of specimen MS6 was enhanced after being
subjected to 40 cycles, attributed to the filling of the surface voids by the precipitated sulfate
salt and its chemical bgroducts, which was verified by applying another 40 cycles. Also, it
was observed that increasing the concentration of magnesium sulfate decreased its positive
effect on frost resistance. Thereby, sample-MB6 experienced relatively more scaling
damage than specimen MB%. It is worth noting that specimen M®% experiened less

severe and more uniform frost damage than the control sample, indicating the beneficial

effect of magnesium sulfate even at high concentrations.
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(A) (B) ©) (D) (E)

Figure 53. (A) Control, (B) MS5%, (C) MS10%, (D) PS5%, and (E) PS.0% Concrete Specimens
after 40 Freezd@haw Cycles

(A) (B) (©)

(D) (E)

Figure 54. (A) Control, (B) MS5%, (C) MS10%, (D) PS5%, and (E) PS0% Concrete Specimens
after 80 Freez&@haw Cycles
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