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Abstract 

Corrosion and freeze-thaw can cause detrimental damage to concrete structures. Understanding 

concrete damage mechanisms at the micro-level can play an essential role in implementing 

effective preventive measures and efficient repair methods. Among various non-destructive testing 

technologies, high-resolution micro-computed tomography (µCT) imaging has been gaining 

popularity due to its ability to provide three-dimensional (3D) reconstructions of concrete’s 

internal structure and analyze its damage mechanisms. Despite its unique capabilities, the full 

potential of using CT imaging to investigate 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 freeze-thaw conditions.  

Therefore, the main objective of this research is to attain a better understanding of the effects of 

concrete composition and surrounding environments on the severity and mechanisms of corrosion 

and freeze-thaw damage. This objective was complimented by integrating mechanical 

characterization using CT imaging into image-based 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 concrete element. 

The effects of mixture proportions on the mechanisms of corrosion and freeze-thaw damage were 

examined by investigating internal structures of concrete, such as pore characteristics. The 

specimens were imaged before being subjected to corrosion and freeze-thaw conditions to 

determine the impact of concrete composition on its pore properties, after which the corrosion 

specimens were exposed to 120 wet-dry cycles in salt water with a concentration of 3.5%, whereas 

the freeze-thaw samples were subjected to 40 cycles. The pore properties were analyzed before 

and after testing, and the concrete damage mechanisms were investigated. 
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Also, the full potential of CT imaging was examined by investigating the corrosion of a 50-year-

old naturally corroded concrete element 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 

accuracy was 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 of freeze-thaw 

damage were investigated by subjecting concrete 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 analyzed throughout 

the applied cycles to determine the impact of the sulfate salt and concentration on the severity of 

frost damage. On the other hand, freeze-thaw damage mechanisms under the different sulfate 

environments were investigated using 3D reconstructions of concrete’s pore microstructure. 

Also, novel image-based microstructural FE models were developed to investigate concrete 

damage under corrosion and freeze-thaw conditions. Three-dimensional reconstructions of the FE 

elements, including the aggregates, air pores, and cement mortar, were created by thresholding and 

stacking the CT images. The corrosion FE model was modeled by subjecting the steel 

reinforcement to experiment-based uniform corrosion. On the other hand, the freeze-thaw FE 

models were simulated by filling the air pores with freezing water and applying the temperatures 

of the actual freeze-thaw cycles. The interaction between the different elements was examined by 

studying the internal stress distribution throughout the applied corrosion and freeze-thaw 

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 
Chapter 1: In troduct ion  

 

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 detrimental corrosion and freeze-thaw damage 

within concrete structures.  

Reinforcement corrosion is the leading cause of concrete damage [1–4], which resulted in 

structural catastrophes, including the Silver Bridge in 1967, the Genoa bridge in 1979, the Mianus 

River Bridge in 1983, and the Kinzua Bridge in 2003 [5–8]. According to the National Association 

of Corrosion Engineers (NACE) International report, repair of corrosion-induced infrastructural 

damage annually costs the United States about $22.6 billion [9]. This is due to the fact that the 

total volume occupied by steel reinforcement 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 concrete [10–13]. Also, the corrosion can 

severely disintegrate the steel reinforcement and considerably degrade the bond between concrete 

and its steel reinforcement, causing a sudden fracture of concrete structures [14–20].  

On the other hand, continuous or frequent exposure to sub-zero temperatures makes concrete prone 

to frost damage by freezing the water retained within its capillaries [21–24]. The freeze-thaw 

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 coefficients of the concrete materials  [25–28]. 

Concrete 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 90% [29–34]. In addition to deteriorating the concrete strength, frost-induced 

cracks considerably accelerate the ingress of water, chloride, and CO2 by increasing the 

permeability of concrete, leading to faster freeze-thaw and corrosion damage [35–37].  

The severity of corrosion and freeze-thaw damage can be impacted by concrete’s pore 

characteristics, including permeability, porosity, pore size, and pore distribution [38–40]. 

Permeable concrete is vulnerable to corrosion and freeze-thaw conditions due to the associated 

increase in water ingress [41–43]. Also, increasing the concrete porosity can weaken its strength, 

making concrete more prone to cracking. Likewise, while uniformly distributed microvoids can 

mitigate corrosion and freeze-thaw damages, large and clustered pores can cause stress 

concentration, resulting in faster cracking [44,45]. Thus, a deep understanding of the effects of 

concrete composition and surrounding environments on its pore properties and the severity and 

mechanisms of the corrosion and freeze-thaw damage is imperative for implementing preventive 

measures and applying effective rehabilitation. 

Different non-destructive technologies are employed in the literature to evaluate concrete damage, 

including the acoustic emission test [46–48], the permeability test [49–51], and the electrical 

resistivity measurement [52–54]. However, little details were provided on concrete's pore 

morphology and damage mechanisms under corrosion and freeze-thaw conditions. Hence, high-

resolution micro-computed tomography (µCT) imaging has been getting more attention as it can 

provide a three-dimensional reconstruction of concrete’s internal microstructure and precisely 

monitor its damage mechanisms [55–59]. Also, image-based 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 and freeze-thaw 
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conditions and to calculate internal stress distribution by developing image-based sample-specific 

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 

freeze-thaw damage by integrating mechanical characterization using CT imaging into image-

based microstructural FE modeling. 

Specific Objectives 

• Investigate the effects of mixture proportions on the pore properties, including pore size, 

shape, and distribution, and the microstructural damage of concrete subjected to corrosion 

and freeze-thaw conditions. [Chapter 3] 

• Examine the distribution of the natural corrosion products and damage mechanisms of 

large concrete elements. [Chapter 4] 

• Study the impact of different sulfate environments on the severity and mechanisms of 

microstructural freeze-thaw damage. [Chapter 5] 

• Investigate concrete's internal stress distribution caused by corrosion and freeze-thaw 

damage using novel image-based microstructural FE models. [Chapter 6] 
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1.3. Thesis Structure  

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

research, shown in Figure 1.1.   

In Chapter 2, a comprehensive literature review of corrosion and freeze-thaw damage 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 and freeze-thaw conditions 

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

In Chapter 3, the microscale impact of concrete composition on its pore properties and damage 

mechanisms under corrosion and freeze-thaw conditions was investigated. Wet-dry cycles were 

applied to the corrosion specimens, whereas the freeze-thaw samples were exposed to freeze-thaw 

cycles. The pore characteristics, including the porosity 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 using CT imaging. The 3D distribution of corrosion products within a large 50-

year-old naturally corroded concrete element was investigated, and the concrete damage 

mechanisms were studied by analyzing its pore structure. Also, the accuracy of corrosion detection 

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 freeze-thaw damage are examined. Concrete specimens of the same composition 

were subjected to freeze-thaw cycles in distinct solutions: water, magnesium sulfate, and 

potassium sulfate, with concentrations of 5% and 10%. The severity of frost damage was 
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determined from the mass loss and porosity expansion data, whereas the damage mechanisms were 

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

Chapter 6 presents the development of two image-based microstructural finite element models of 

corrosion and freeze-thaw damage of concrete. Three-dimensional 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 freeze-thaw cycles. The internal stress distribution was investigated by analyzing the 

interaction between the cement mortar, aggregates, and corroding steel reinforcement. Also, the 

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

In Chapter 7, the conclusions and recommendations for future work are presented. Overall, this 

research contributed six journal articles and six conference papers, most of which were published 

or submitted for publication. 

 

Figure 1.1. Thesis Structure 
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Chapter 2: Literature Review 
Chapter 2: Li terature Review  

 

This chapter provides a comprehensive review of microstructural imaging of corrosion and freeze-

thaw damage of concrete using non-destructive micro-computed tomography (µCT). It also 

presents the utilized imaging parameters and discusses the reported observations of concrete 

damage under different testing 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 (2017) [60]. 

Reinforcement corrosion and freeze-thaw damage are two leading causes of concrete degradation 

[1,3,4,59,61]. Hence, extensive research has been conducted to better understand the severity and 

mechanisms of concrete damage under different corrosion and freeze-thaw conditions. 

Prior to corrosion, steel reinforcement is, to a certain limit, protected from the environment by a 

ferric oxide (Fe2O3) layer [62–66]. 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 reinforcement [67–69]. Reinforcement corrosion not only disintegrates the 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 cracking [18–20,70,71]. Also, corrosion can cause substantial degradation of the bond 

between concrete and its steel reinforcement, leading to sudden fracture of concrete structures [14–

17]. Unless monitored and repaired, the corrosion damage can cause structural catastrophes, such 
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as the Silver Bridge in 1967, the Genoa bridge in 1979, the Mianus River Bridge in 1983, and the 

Kinzua Bridge in 2003 [5–8].  

On the other hand, concrete structures in cold regions are susceptible to freeze-thaw damage due 

to the expansion of freezing water retained within the concrete capillaries, which can cause 

irreversible pore enlargement, and concrete spalling and cracking [59,61,72]. 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% [29–34]. Also, the temperature fluctuation between cold and warm environments can 

produce thermal stress within the interfacial transition zone at the aggregate-mortar interface, 

attributed to the mismatching thermal expansion coefficients of the mortar and aggregates [73–

75]. These conditions result in concrete cracking, particularly within the interfacial transition zone 

because of its low strength and surface asperities that can cause stress concentration [26,27,76]. In 

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

accelerating carbonation, corrosion, and further frost damage [77,78]. 

Researchers have employed various technologies to investigate concrete damage, including the 

acoustic emission test [46–48,79–81], ultrasonic waves [82,83], the permeability test [49–51], and 

the electrical resistivity measurement [52–54]. However, to obtain more information, researchers 

have recently explored using advanced and non-destructive micro-computed tomography (µCT) 

imaging systems to thoroughly investigate the corrosion and freeze-thaw damage mechanisms. 

Using CT imaging, researchers are able to produce precise three-dimensional reconstructions of 

concrete’s internal pore structure and monitor the severity and mechanisms of concrete damage. 

However, the full potential of CT imaging has yet to be fully realized despite its promising 

outcomes.  
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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 parameters for attaining high-resolution images. This review was 

conducted using the keywords “computed tomography”, “corrosion”, “concrete”, “cement”, 

“freeze-thaw”, “frost”, and “mortar”. Over 1,300 research articles were reviewed, but only a small 

number of scientific papers used CT imaging to examine concrete’s corrosion and freeze-thaw 

damage, as illustrated in Figure 2.1.  

The reported corrosion diffusion and crack 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 and Faraday’s law. Also, the effects of impressed current, 

type of steel reinforcement, structural defects, and confinement on the corrosion and cracking 

mechanisms were discussed. Similarly, the published observations of freeze-thaw damage 

mechanisms were described. Also, the effects of mixture proportions (e.g., water/cement and 

sand/cement ratios), air entrainment, nano-additives, saturation level, and sulfate environments on 

the severity and mechanisms of freeze-thaw damage were discussed.  

 

Figure 2.1. Literature Search Process 
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2.2. Micro-Computed Tomography (µCT) Imaging 

2.2.1. Imaging Principles  

Micro-computed tomography (µCT) is a non-destructive imaging system that employs an X-ray 

to scan materials' internal microstructure (e.g., concrete). Photons are emitted from the X-ray 

source toward the specimen, part of which penetrates through the rotating sample and reaches the 

detector [84], as illustrated in Figure 2.2 (A). Due to the variation of X-ray attenuation within the 

specimen, the detected photons have a spectrum of energy and density through which CT images 

with distinguishable contrast are generated [85]. The collected CT images are then stacked to 

create a 3D model, as shown in Figure 2.2 (B). Further image post-processing, such as filtration, 

can be performed to minimize imaging artifacts, as shown in Figure 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) demonstrated in Figure 2.3 

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

element, as illustrated in Figure 2.3 (D).  

   

(A) (B) 

Figure 2.2. (A) Main Components of Micro-Computed Tomography (µCT) Imaging System, and (B) 3D 

Stacking of CT Images 
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(A) (B) 

 

                                          (C)                                                                                 (D) 

Figure 2.3. CT Image of Concrete Element (A) before and after (B) Median Filtration (3×3×3 Pixels), (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 X-ray exposure time per image, the voxel size (spatial resolution), and the 

applied tube voltage and current. Applying higher voltage generally produces photons with higher 

penetrative power, allowing more photons to pass through specimens [86]. However, emitting 

high-energy photons can sometimes diminish the contrast and reduce the resolution of CT images 

since blocking a sufficient portion of photons is essential for producing high contrast [87,88].  
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On the other hand, applying a higher tube current increases the number of emitted photons leading 

to more extensive data collection [89]. While collecting more CT images can enhance the precision 

of the generated 3D reconstruction, extending the X-ray exposure time per image can minimize 

artifacts and improve the overall resolution of CT photos [86]. 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 reduced [88]. It is worth stating that overusing any of the aforementioned 

imaging parameters can overload the CT imaging system and shorten its components' service life. 

Thereby, the scanning parameters applied in the literature for attaining high-resolution CT images 

of corrosion and freeze-thaw specimens are listed in Table 2.1. 

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 sizes of 0.13–483 µm3 was used. 

Nevertheless, most researchers tested small specimens with a thickness of 10 mm to minimize the 

voxel size and enhance the resolution of CT imaging. The applied tube voltage and current were 

43–400 kV and 50–300,000 µA, respectively, and the number of captured images per CT scan 

ranged between 1,000 and 3,141.  
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Table 2.1. Micro-Computed Tomography (µCT) Imaging Parameters Utilized in the Literature 

Corrosion Tests 

Material and 

Thickness (mm) 

No. of 

Images 

Voltage 

(kV) 

Current 

(µA) 

Exposure 

Time (s) 

Voxel Size 

(µm
3
) 

Ref. 

Cement | 5 1,024 43 NA 0.35 NA [90] 

Concrete | 10 1,000 70 114 NA 153 [91] 

Cement | 10 1,000 139 62 NA 7.63 [92] 

Cement | 10 NA 120 – 150 65 – 82 NA NA [93] 

Mortar | 10 NA 70 114 4 13.53 [94] 

Mortar | 10 1,000 70 114 NA 153 [95,96] 

Mortar | 10 1,001 70 100 4 13.53 [56] 

Mortar | 10 1,000 139 62 NA 153 [97] 

Mortar | 10 NA 80 – 120 80 – 100 NA 33 – 12.13 [44] 

Mortar | 10 NA 70 62 NA 153 [55] 

Mortar | 10 1,014 70 100 4 NA [98] 

Mortar | 20 3,141 150 77 1 16.33 [99] 

Concrete | 20 2,303 150 NA NA 203 [40] 

Mortar | 36 2,400 180 140 3 183 [100] 

Mortar | 40 1,080 159 600 NA 453 [101] 

Mortar | 40 1,600 220 100 1 203  [102] 

Concrete | 50 1,080 225 650 NA 483 [103] 

Freeze-Thaw Tests 

Material and 

Thickness (mm) 

No. of 

Images 

Voltage 

(kV) 

Current 

(µA) 

Exposure 

Time (s) 

Voxel Size 

(µm
3
) 

Ref. 

Cement | 5 1284 100 50  NA 2.973 [104] 

Mortar | 9 NA 80 110 NA 33 [105] 

Mortar | 10 1600 120 – 140 140 – 200 0.99 7.153 [106] 

Mortar | 10 NA 60 133 NA 15.23 [107] 

Concrete | 10 1000 80 87 NA 2.573 [59] 

Mortar | 12 1024 150 100 NA NA [108,109] 

Cement | 20 1601 60 150 6 1.813 [110] 

Mortar | 40 NA 100 400 0.3 0.43 [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 0.13 [114] 
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2.3. CT Imaging of Corrosion 

2.3.1. Corrosion Induction Methods 

Impressed current and wet-dry are the main methods used for inducing reinforcement corrosion 

within concrete specimens. The electric circuit of the impressed current method consists of three 

main components, namely, an anode element (steel reinforcement), a cathode material (e.g., 

copper), and an electrically conductive electrolyte (salt water) [92]. A current-controlled DC 

power supply is typically used to promote electron transfer without causing sharp current spikes 

during the corrosion process [115]. It is important to note that the intensity of the applied impressed 

current can considerably alter the reinforcement corrosion and specimen cracking mechanisms 

[12,116–118]; therefore, the corrosion-induction conditions used in the literature were reviewed 

to provide a basis for further testing. The small specimens, mostly made of mortar, were 5–50 mm 

thick. Before applying the impressed current, the specimens were immersed in salt water with a 

sodium chloride content (wt% NaCl) of 3.5–5 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 potential [120–123], most researchers used copper instead due to 

its availability and affordability. A wide range of impressed current densities extending from 0.2 

μA/mm2 to 53.08 μA/mm2 was repeatedly applied until considerable cracking was observed. The 

electrolyte solution was regularly replaced to maintain a consistent corrosion environment [18]. 

The conditions of the impressed current technique applied in the literature are listed in Table 2.2. 

The cyclic wetting-drying method is based on frequent exposure of specimens to salt water to 

induce reinforcement corrosion. In the wetting step, specimens are immersed in salt water for a 

period ranging from a few hours to several days. Exposure to oxygen-rich salt water can boost the 

oxidation process causing faster reinforcement corrosion [124–126]. Each wet-dry cycle is 
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completed after performing the drying step through which the specimens are dehydrated under 

either natural or controlled environments. The cyclic wet-dry method can provide a realistic 

representation of natural reinforcement corrosion due to the lack of artificial corrosion-accelerating 

conditions [118]. 

Nevertheless, exposure to elevated temperatures during the dehydration process can cause internal 

thermal stress within the damaged specimens, leading to further cracking [127–129]. Thereby, the 

conditions applied in the literature are presented. During each wet-dry cycle, the small specimens 

with a thickness of 10–40 mm were first immersed in salt water with an average sodium chloride 

content (wt% NaCl) of 3.8% (±0.9) for 3–48 hours. The specimens were dehydrated for 3–144 

hours either under natural environmental conditions or using a heated oven at a temperature of 

around 50 oC, which is not high enough to cause considerable cracking. In other words, the interval 

of each applied wet-dry cycle ranged from 6 hours to a week. More details of the applied conditions 

are listed in Table 2.2. 

Table 2.2. Conditions of Applied Wet-Dry Cycles 

Impressed Current Method 

Material and 

Thickness (mm) 

Mix Ratios 

(C:W:S:A) 

Rebar Dia. 

(mm) 

Impressed Current 

Density (μA/mm
2
) 

Electrolyte 

(% NaCl) 
Ref. 

Cement | 5 1:0.4:0:0 0.5 50 3.5 [90] 

Mortar | 10 1:0.5:2:0 3 0.2 – 6 3.5 [98] 

Mortar | 10 1:0.5:2:0 3 3 – 5 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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Table 2.2. (Continued) Conditions of Applied Wet-Dry Cycles 

Wet-Dry Method 

Material and 

Thickness (mm) 

Mix Ratios 

(C:W:S:A) 

Rebar Dia. 

(mm) 

No. of 

Cycles 

Wet/Dry 

Periods (hrs) 

Electrolyte 

(% NaCl) 
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 in-depth understanding of the process of reinforcement corrosion 

diffusion within the concrete sample. The corrosion process started after the de-passivation of steel 

reinforcement, and it was accelerated upon cracking of the cover material due to exposure to more 

oxygen atoms dissolved within the salt water [131–134]. Therefore, 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. (2020a) [55,91,95–97,135]. As a result, the 

corrosion level-time diagram exhibited three linear phases, namely: corrosion initiation, free rust 

expansion, and cover cracking, as illustrated in Figure 2.4 [55,135]. In the initiation phase, the 

steel reinforcement can experience de-passivation because of the carbonation of cover material 

(e.g., concrete) and the penetration of chloride ions, causing reinforcement corrosion as shown in 

Figure 2.5 (A) [135–137]. During the free expansion phase, the produced rust diffuses into the 

vacant space within the reinforcement interface [40,88,102]. Hence, interfacial defects (voids) can 

lead to localized corrosion, also called pitting corrosion, resulting in non-uniform rust distribution 

as demonstrated in Figure 2.5 (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 illustrated in Figure 2.5 (C).  

Despite its potential in capturing the corrosion distribution within small concrete specimens, 

accurate detection of corrosion products in large concrete samples using CT imaging is still a 

challenge. This can be attributed to the high X-ray attenuation of aggregates in addition to the low 

image resolution caused by scanning larger specimens. However, this challenge can be overcome 

by using porous aggregates to minimize the X-ray attenuation. Based on the reported literature, 

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

image-analysis algorithms to separate the captured corrosion products from falsely detected 

aggregates. 

 

Figure 2.4. Corrosion Level at Different Phases of Corrosion Process. Recreated from Chen and 

Mahadevan [135] with Permission from Elsevier. 
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(A)                          (B)                       (C) 

Figure 2.5. CT Imaging of a 2.5 mm Rebar (White), Rust (Red), and a 10×10×10 mm3Concrete at 

Different Phases of Corrosion. Reproduced from Dong et al. [55] with Permission from 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 varied from 1.19% to 1.92% for mortar 

specimens and from 2.71% to 3.97%. for concrete samples [44,97]. This variation of volumetric 

expansion can be attributed to several factors, including the cover material and thickness 

(confinement), the void distribution, and the surrounding environment [141,142]. Once the 

produced tensile stress exceeds the tensile strength of the cover material (e.g., mortar), cracks are 

initiated within structural elements, as demonstrated in Figure 2.6 (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 the specimen [93,143]. Also, cracks 

propagated in a longitudinal, lateral, or diagonal manner along the most fragile path, as shown in 

Figure 2.6 (B) [44,100]. This can be attributed to the distribution of defects within the specimens 

since cracks are more likely to extend toward voids due to the reduced confinement [44]. In case 
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of concrete elements, cracks also tended to propagate along the aggregate interface because of the 

high strength of aggregates and the relatively low interfacial bond strength, as illustrated in Figure 

2.7 [144]. Also, cracks propagated through weak or porous aggregates, as reported by Shi et al. 

(2018) [103].  

It is worth noting that corrosion products were seen to be entrapped nearby narrow cracks causing 

higher internal pressure [44,145]. As corrosion increases, 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 reinforcement surface near the open 

crack [90,119]. 

 

              (A)                                           (B) 

Figure 2.6. CT Images of Corrosion-Induced Crack of a Mortar Specimen of a 36 mm Diameter 

Reinforced with a 6 mm Steel Reinforcement: (A) Top View, and (B) Side View. Reproduced from Van 

Steen et al. [100] with Permission from Elsevier. 
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Figure 2.7. CT Image of Preferred Path of Concrete Cracking due to Corrosion of a 12 mm Rebar. 

Reproduced from Wang et al. [144] with Permission from 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 imaging-based data to experimental and 

analytical results attained using gravimetric testing and Faraday’s law, respectively. Dong et al. 

(2017) measured the mass loss of a 2 mm steel rebar embedded in a 10 mm cement cylinder using 

CT imaging and observed generally a good agreement between the recorded data and the results 

obtained through gravimetric testing and Faraday’s law [92]. Although no consistent trend between 

the results of CT imaging and Faraday’s law was noted, gravimetric testing seemed to yield the 

least mass loss in all tests. On the contrary, Hong 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 

Figure 2.8 [94]. Unlike CT imaging and gravimetric testing, Faraday’s law with the actual valency 

of 2 could not accurately estimate the pre-cracking mass loss due to the reduced current efficiency, 
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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 illustrated in Figure 2.8. High accuracy of CT 

measurement of reinforcement mass loss was also reported by Zhang et al. (2019) and Hong et al. 

(2020c), both tested 10 mm mortar specimens [44,56].  

It is worth mentioning that the accuracy of CT measurements is significantly impacted by the 

resolution of the collected images, as observed by measuring the mass loss of larger samples of a 

6 mm rebar embedded in a 36 mm concrete cylinder [100]. Van Steen et al. (2019) noted that CT 

imaging substantially underestimated the steel mass loss, possibly due to the resolution (18 µm) 

of CT images in addition to segmentation error. The aforementioned findings proved that CT 

imaging could accurately measure steel reinforcement's mass loss, provided that high-resolution 

CT images are captured.  

 

Figure 2.8. Reinforcement Mass Loss Data Attained Using CT Imaging, Gravimetric Test, and Faraday's 

Law. Reproduced from Hong et al. [94] with Permission from 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, 300, and 600 μA/cm2 to a 3 mm 

steel rebar embedded within a 10 mm cylindrical mortar specimen [98]. After analyzing the 

collected CT images, it was observed that decreasing the current density from 600 μA/cm2 to 

20 μA/cm2 extended the exposure time prior to cracking by 30 times. Also, using lower impressed 

current density produced rust with higher diffusivity and resulted in more mass loss of the steel 

reinforcement, which was attributed to the longer exposure time before mortar cracking. On 

the other hand, applying higher current density caused earlier and wider mortar cracks despite 

creating only minor and uniform rust distributed mainly around the reinforcement interface, 

as illustrated in Figure 2.9, which is not a good representation of natural corrosion. In other 

studies, it was demonstrated that applying a current density of 600 μA/cm2 produced a uniform 

mass loss of reinforcement; on the contrary, using a current density of 20 μA/cm2 resulted in 

localized pitting corrosion, as shown in Figure 2.10 [56]. It was also reported that applying a 

current density of 305 μA/cm2 instead of 500 μA/cm2 extended the exposure time prior to 

failure from 72 hours to more than 120 hours, which increased the corrosion products [94].  

Sun et al. (2017) studied the effect of the impressed current by applying two current densities of 4 

and 42 μA/mm2 to a 3 mm steel rebar placed into a 10 mm cement cylinder for 24 hours [93]. It 

was reported that inducing a low impressed current caused pitting 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 specimens experienced localized corrosion, which did not match the 
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reported findings of Hong 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. These factors can cause pitting corrosion, as explained in the following 

sections. Further research is needed to better understand the effect of the applied impressed 

density on the corrosion and cracking mechanisms of structural elements.  

Since the reported 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 effect of rebar ribs 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. 

 

Figure 2.9. Corrosion-Induced Mortar Cracking with Reinforcement Exposed to Different Levels of 

Impressed Current Density. Reproduced from Hong et al. [98] with Permission from Elsevier. 
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Figure 2.10. Corroded Steel Reinforcement after Exposure to Current Densities of 0.2, 1.5, and 6 

μA/mm2. Reproduced from Hong et al. [56] with Permission from Elsevier. 

2.3.6. Effect of Steel Reinforcement 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 reinforcement.  Shi et al. (2018) used CT imaging 

to examine the corrosion behavior of low-alloy and low-carbon steel rebars with a diameter 

of 10 mm embedded within 50 x 50 mm2 concrete cover after applying an impressed current 

density of 3.2 μA/mm2 for 10 days [103]. It was reported that corroding the low-alloy steel 

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

the enlarged rebar images in Figure 2.11 (A). However, the induced corrosion of low-carbon 
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steel rebar created loose corrosion products with more rust diffusion, as illustrated in Figure 

2.11 (B).  

Likewise, Itty et al. (2014) used CT imaging to study the corrosion mechanisms of carbon steel 

and stainless steel wires with a diameter of 0.5 mm inserted into a 5 mm cement cylinder after 

inducing an impressed current density of 50 μA/mm2 for about 3 hours [90]. It was observed that 

although corrosion initiation was relatively fast in the carbon steel reinforcement due 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 stainless-steel 

reinforcement experienced a slow corrosion process; however, once corroded, the stainless steel 

suffered from localized pitting corrosion that resulted in deeper pits with as much as twice the 

depth of the deepest pit within carbon steel reinforcement. It was also observed that the 

homogenous corrosion of carbon steel reinforcement produced uniform internal expansive stress, 

which produced narrow cracks, as shown in Figure 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 illustrated in Figure 2.12 (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 the corrosion 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) 

Figure 2.11. Enlarged Images of Corroded (A) Low Alloy Steel, and (B) Low Carbon Steel 

Reinforcements with a Diameter of 10 mm.  Reproduced from Shi et al. [103] with Permission from 

Elsevier. 

 

                                         (A)                                                 (B) 

Figure 2.12. Corrosion-Induced Crack of Mortar (5 mm in Diameter) with embedded (A) Carbon Steel, 

and (B) Stainless Steel Reinforcements with a Diameter of 0.5 mm. Reproduced from Itty et al. [90] with 

Permission from Elsevier. 



26 
 

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 examine the 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 corrosion in 8 mm steel rebars embedded within 20 mm concrete cylinders 

and examined the effect of the interfacial defect on reinforcement corrosion [40]. It was reported 

that voids generally accelerated the corrosion of the nearby reinforcement surface. Therefore, 

uniform interfacial defects resulted in producing homogenous corrosion, as illustrated in Figure 

2.13 (A). In contrast, exposure to dispersed voids caused localized pitting corrosion, as shown in 

Figure 2.13 (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 in Figure 2.13 (C). Comparable findings were also reported by Shi and Ming (2017) 

and Bernachy-Barbe et al. (2020) [101,102]. 

Similarly, Zhang et al. (2019) employed CT imaging to study the effect of defects located at the 

reinforcement interface, midsection, and external element surface after applying a current density 

of 53.08 μA/mm2 to a 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, as illustrated in Figure 2.14. Also, the midsection and outer surface 

defects produced mild reinforcement corrosion, unlike the interfacial defects. Nevertheless, the 

midsection and outer surface defects caused denser and more severe mortar cracking at later 
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corrosion stages attributed to the resulted stress concentration and reduced confinement, as shown 

in Figure 2.14. In other 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 corrosion-induced cracking. Hence, the findings 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 void location 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 comprehensive understanding of the effect of concrete voids on the resulted corrosion 

distribution and cracks. 

 

                        (A)                               (B)                                                   (C) 

Figure 2.13. Corrosion of Steel Reinforcement Exposed to Different Interfacial Defects. Reproduced from 

Rossi et al. [40] with Permission from Elsevier. 
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             (A)                    (B)                          (C) 

Figure 2.14. Corrosion Distribution and Cracking of Mortar with (A) Interfacial, (B) Midsection, and (C) 

External Surface Defects. Reproduced from Zhang et al. [44] with Permission from 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 corrosion damage in different segments of 

concrete structures and determining the appropriate reinforcement distribution through which 

optimal performance is achieved. Zhou et al. (2019) used CT imaging to examine the effect of 

confinement after applying an impressed current density of 49 μA/mm2 to a 6.5 mm steel rebar 

inserted into a 10 mm concrete cover [119]. The external confinement was provided by 

surrounding the concrete specimens with layers of fiber-reinforced polymer (FRP) laminates. It 

was noted that increasing the confinement substantially reduced the number of corrosion-induced 

cracks by 60%. As a result, applying higher confinement minimized the severity of reinforcement 

corrosion attributed to the reduced access of salt water through the limited cracks. Also, applying 

higher confinement constrained the diffusion of rust into the concrete element leading to a more 

uniform mass loss of steel reinforcement, as shown in Figure 2.15. 
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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 specimen [99]. While 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 wet-dry corrosion process with 4 hours of wetting and 20 hours of dehydration under a 

temperature of 48 oC. It was observed that the well-confined and protected portion of the steel 

rebar experienced only minor and uniform corrosion, which matched the findings of Zhou et al. 

(2019). On the contrary, the reinforcement portion under low confinement suffered from harsh and 

concentrated pitting corrosion. This localized corrosion induced stress concentration within the 

nearby low-thickness concrete cover and resulted in substantial longitudinal and lateral cracking, 

as demonstrated in Figure 2.16. Based on the aforementioned observations, increasing 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 that applying 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 confinement) on the 

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 mechanisms. 
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      (A)                                         (B) 

Figure 2.15. Corroded Steel Reinforcement (A) without FRP Confinement, and (B) with FRP 

Confinement. Reproduced from Zhou et al. [119] with Permission from Elsevier. 

 

Figure 2.16. Longitudinal and Lateral Corrosion-Induced Cracks within Mortar Cover of Eccentric 

Reinforcement. Reproduced from Xi and Yang [99] with Permission from Elsevier. 
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2.4. CT Imaging of Freeze-Thaw Damage 

2.4.1. Test Methodologies 

The severity of frost damage is affected by various parameters: concrete’s pore properties and 

strength, number and duration of freeze-thaw cycles, frost and defrost temperatures, degree of 

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 cracking [127–129]. Likewise, increasing the number and 

duration of frost cycles and the saturation level can amplify concrete damage [146–149]. The 

freeze-thaw conditions reported in the literature are summarized in Table 2.3. Most specimens 

were made of concrete with a thickness of 5–100 mm. The applied freezing temperature ranged 

from -165 oC to -37 oC, while the defrost temperature was 2–25 oC. The average number and 

duration of the applied freeze-thaw cycles are 75 (±84) cycles and 15 (±18) hours.  

Table 2.3. Freeze-Thaw Conditions Applied in the Literature 

Material and 

Thickness (mm) 

Mix Ratios 

(C:W:S:A) 

Freeze/Thaw 

Temperature (
o
C) 

Freeze-Thaw 

Period (hours) 
Cycles Ref. 

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 1:0.35:1.89:2.83 -18/2 16–18 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 2–4 100 [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 coefficients [26,27,76]. The severity of frost damage is directly impacted by 

the pore morphology of concrete, including the size and distribution of air pores [38,114]. 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 expand into the surrounding small 

pores with little micro-cracking [29,150]. Freeze-thaw damage can initiate when the stress induced 

by the freezing water exceeds the tensile strength of concrete, which is more likely to occur when 

the degree of saturation surpasses its critical threshold of 50–90% [29–34]. Hence, concrete 

structures with lower tensile strength and higher saturation degrees are more susceptible to freeze-

thaw degradation [152]. It is worth noting that the critical degree of saturation can vary 

significantly depending on the concrete’s composition, tensile strength, and pore morphology, in 

addition to the applied freeze-thaw conditions.  

The frost damage propagates on a layer-by-layer basis, as shown in Figure 2.17, starting from the 

exterior surface, due to its direct exposure to the freezing water [58,153,154]. Thus, concrete 

scaling can occur as surface cracks grow and connect [59,61,72]. Also, cracks tend to appear within 

the aggregate-mortar interface, as illustrated in Figure 2.17 (F), ascribed to its low bonding strength 

and rough surface, which can lead to stress concentration [29,57,58]. Moreover, the frost damage 

rate can accelerate over time since surface cracks increase water ingress and deteriorate the 

concrete cover, causing exponential growth of mass loss as shown in Figure 2.18 [154].  
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                                               (A)                                                                 (B) 

 
                                               (C)                                                                 (D) 

 
                                               (E)                                                                 (F) 

Figure 2.17. Progression of Damage of a Concrete Element with a Diameter of 75 mm Induced by (A) 0, 

(B) 12, (C) 18, (D) 24, (E) 30, and (F) 36 Freeze-Thaw Cycles. Reproduced from Jie Yuan et al. [153] 

with Permission from Hindawi 
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Figure 2.18. Mass Loss Resulted from Exposure to Freeze-Thaw Cycles. Reproduced from Li et al. [154] 

with Permission from Elsevier. 

2.4.3. Effect of Mixture Proportions 

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

mechanical properties and freeze-thaw resistance. Through destructive experimental testing, it was 

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

of concrete [155–157]. Also, a higher W/C ratio can increase the concrete’s permeability, resulting 

in a degraded resistance to freeze-thaw damage [158]. On the contrary, increasing the S/C ratio 

can enhance the compressive, tensile, and flexural strengths of concrete [159], but it deteriorates 

the freeze-thaw resistance of concrete by increasing its permeability [38].  

To investigate the effect of the W/C ratio on the freeze-thaw resistance of 5 mm thick cement 

elements, Wei et al. (2020) utilized CT imaging to monitor 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 
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subjected to 48 air freeze-thaw cycles, six hours each, at temperatures of -20 oC and 20 oC. After 

applying the freeze-thaw 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, subjecting 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 cement elements 

with lower resistance to freeze-thaw damage. 

Despite the substantial impact of W/C and S/C ratios on concrete’s freeze-thaw resistance, limited 

research employed micro-computed tomography to investigate the effects of concrete mixture 

proportions on its microscale pore characteristics, such as pore size, shape, and distribution, and 

freeze-thaw damage mechanisms. Therefore, further investigation is needed to better understand 

the microscale effects of W/C and S/C ratios on concrete’s pore morphology and frost damage 

mechanisms. 

2.4.4. Effect of Sulfate Salts 

Exposure to sulfate environments has diverse effects on concrete’s freeze-thaw resistance [160–

162], which are dependent on the type and concentration of the sulfate solution [163–165]. For 

example, Jiang et al. (2015) and Li et al. (2018) observed that exposure to 5% sodium sulfate solution 

improved the freeze-thaw 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 sulfate solution 

enhanced concrete’s freeze-thaw resistance, while exposure to 10% sodium sulfate solution 

accelerated the frost damage [163].  
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Liu et al. (2018) utilized CT imaging to investigate the microstructural effect of exposure to a 5% 

sodium sulfate solution on the freeze-thaw resistance of concrete specimens [57]. The specimens, 

which were 210 mm in height, and 70.7 mm in width and thickness, were CT scanned before and 

after being subjected to 450 freeze-thaw cycles. It was observed that applying the freeze-thaw 

cycles reduced the percentage of small pores (0.01–0.3 mm2) from 66.5% to 61.2%, attributed to 

concrete expansion induced by the sodium sulfate solution. Sulfate exposure also decreased the 

freezing temperature and, hence, minimized the resulted damage. It is undeniable that prolonged 

exposure to sodium sulfate can degrade the strength of concrete. However, this weakening effect 

is not clear 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 250 freeze-thaw cycles did not 

cause any visible cracks; nevertheless, minor interfacial cracks were detected after applying 450 

freeze-thaw cycles, as shown in Figure 2.19. Despite that many freeze-thaw cycles are applied, 

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

improved freeze-thaw resistance of concrete under the applied sodium sulfate environment.  

In spite of the importance of understanding the microscale effects of sulfate salt on the severity 

and mechanisms of freeze-thaw damage, little research investigated the coupled freeze-thaw and 

sulfate damage of concrete using micro-computed tomography. Thus, further research is needed 

to study the microstructural freeze-thaw damage mechanisms in distinct sulfate environments, 

such as magnesium sulfate and potassium sulfate. 
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                                                 (A)                            (B)       

 

                                      (C)                                        (D) 

Figure 2.19. CT Imaging of Concrete Voids/Cracks of a 70.7×70.7×210 mm3 Element after Exposure to 

(A) 0, (B)75, (C) 250, and (D) 450 Freeze-Thaw Cycles. Reproduced from Liu et al. [57] with Permission 

from Elsevier. 

2.4.5. Effect of Air Entrainment 

Applying air-entraining admixtures to the concrete mix can enhance its workability and the 

uniformity of its pore distribution [166]. Hence, the air entrainment of concrete can increase its 

freeze-thaw resistance by creating more pores that relieve the internal stress induced by the 

freezing water [42,45,167–170]. Sokhansefat et al. (2020) used CT imaging to study the effect of 

air-entrainment of mortar specimens on the pore microstructure and freeze-thaw resistance [29]. 

Air-entrained (AE) and non-air-entrained (nAE) specimens of 10 mm diameter and 10 mm height 
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were subjected to a single freeze-thaw cycle with a total period of 43.5 hours at temperatures of -

35 oC and 23 oC. It was observed that air-entraining the mortar element substantially increased the 

initial porosity from about 5.5% to 10%. A calcium-rich substance formed during the freeze-thaw 

cycle was detected more within the nAE specimen despite having less porosity than the AE 

specimen, as shown in Figure 2.20. 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. Nevertheless, 

only one freeze-thaw cycle was applied, so the study provides little details of the freeze-thaw 

damage mechanisms.  

Likewise, Yuan et al. (2018) employed a CT imaging system to examine air entrainment's effect 

on the pore properties and freeze-thaw resistance of concrete [45]. Four different amounts of the 

air-entrainment agent (0, 0.01%, 0.02%, 0.03%) were used for preparing specimens A-D 

respectively. The 40×40×160 mm concrete specimens were cured for 20 days before being 

subjected to 25 freeze-thaw cycles, six hours each, at temperatures of -20 oC and 15 oC. It was 

observed that applying higher amounts of the air-entrainment 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 more air-entrainment agents seems to improve the 

quality of concrete’s pore structure by increasing the number of micro-voids. Also, applying an 

air-entrainment agent of 0.02% decreased the pore gap from around 470 µm to 180 µm, which can 

enhance the freeze-thaw resistance. As a result, the air-entrained elements experienced minor mass 

losses (e.g., 0.5 kg/m2), unlike the control specimen, which suffered a mass loss of 1.4 kg/m2. 
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        (A)                                (B) 

Figure 2.20. Material Formation within (A) nAE, and (B) AE Mortar Specimens after Freeze-Thaw 

Testing. Reproduced from Sokhansefat et al. [29] with Permission from Elsevier. 

 

2.4.6. Effect of Nano-Additives 

The addition of silica (SiO2), titania (TiO2), and nano-kaolinite clay (NKC) nanoparticles (NPs) to 

the concrete mix has been reported to enhance its strength [171–176]; however, excessive usage 

of NPs can degrade its mechanical performance [173,175]. 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 

freeze-thaw 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 freeze-thaw cycles at temperatures of -18 oC and 5 oC. It was observed 

that increasing the content of NPs beyond a certain threshold can deteriorate the freeze-thaw 

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 general, the 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 freeze-thaw resistance, which indicates that smaller NPs are more effective 

in enhancing the pore structure and the freeze-thaw resistance of concrete. Thus, while the silica 



40 
 

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 difference in mass loss did not 

appear to affect the mechanisms of freeze-thaw damage. All the samples experienced surface 

peeling and interfacial cracking near the external surface, as shown in Figure 2.21.  

On the other hand, Fan et al. (2015) utilized CT imaging to gain more insight into the effect of 

nano-kaolinite clay (NKC) on the freeze-thaw resistance of concrete specimens (NC0, NC1, NC3, 

and NC5) after applying NKC dosages of 0, 1, 3, and 5 wt.%, respectively [53]. The concrete 

specimens, which were 100 mm in width and thickness and 400 mm in height, were subjected to 

125 freeze-thaw cycles (375 hours in total) at temperatures of -18 oC and 4 oC. It was noted that 

the control specimen (NC0) and sample NC1 suffered from early surface scaling and severe freeze-

thaw cracking, indicating that the addition of 1 wt.% of nano-kaolinite clay did not considerably 

affect the freeze-thaw resistance. Nevertheless, it was observed that specimens NC3 and NC5 did 

not suffer any detectable cracks. Hence, the addition of at least 3 wt.% of nano-kaolinite clay 

substantially improved the freeze-thaw resistance and inhibited concrete cracking. It is worth 

noting that the imaging resolution (e.g., voxel size) used in this study is 100 µm3, which is 

insufficient for detecting small air pores.  
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                    (A)                     (B)                                  (C) 

Figure 2.21. Post-Test CT Images of Concrete Specimens with (A) 0.6% 15 nm SiO2 NPs, (B) 0.4% 30 

nm SiO2 NPs, and (C) 0.6% 30 nm TiO2 NPs. Reproduced from Liu et al. [58] with Permission from 

MDPI. 

 

2.4.7. Effect of Saturation Level 

Increasing the degree of saturation is reported to intensify the severity of freeze-thaw damage [29–

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 of -35 oC and 23 oC (43.5 hours) under different 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 freeze-thaw testing. It was observed that concrete subjected 

to freeze-thaw cycles under a saturation level of 93% experienced pore filling with calcium-rich 

products. On the other hand, the fully saturated concrete element experienced pore expansion and 

cracking, as shown in Figure 2.22. This demonstrates that increasing the degree of water saturation 

can amplify the freeze-thaw damage. It is imperative to note that the concrete specimens tested in 

this study are composed of low-quality aggregates with pre-existing cracks. Thus, it was observed 

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

Figure 2.22.  
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Similarly, Shields et al. (2018) employed CT imaging to study the effect of the degree of saturation 

on the freeze-thaw damage within concrete specimens, which are 10 mm in diameter and 20 mm 

in height [59]. A single 55-hour freeze-thaw cycle is applied at temperatures of about -35 oC and 

25 oC 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 illustrated in Figure 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 severe cracking throughout the specimen, as shown in Figure 2.23 (D). By 

normalizing the correlation between the crack volume ratio and the water saturation level, it was 

determined that the critical saturation level, which if exceeded noticeable cracking can occur, is 

86.7%. However, this critical degree of saturation depends on different parameters, including the 

specimen’s composition, tensile strength, pore morphology, and freeze-thaw conditions; hence, 

further research is needed. 

 

Figure 2.22. Freeze-Thaw Damage within Mortar Specimen under 100% Water Saturation. Reproduced 

from Sokhansefat et al. [29] with Permission from Elsevier. 
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                (A)                                             (B)  

 

                 (C)                                                                      (D)  

Figure 2.23. Freeze-Thaw Damage within Concrete Specimens of (A) 75%, (B) 90%, (C) 95%, and (D) 

100% Saturation levels. Reproduced from Shields et al. [59] with Permission from Elsevier. 
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2.5. Conclusions and Research Gaps 

This chapter reviewed the processes of CT imaging, corrosion progression, and freeze -thaw 

testing presented in the literature and discussed the reported findings, based on which the 

following conclusions are made:  

• CT imaging is a good tool for detecting and tracking corrosion and freeze-thaw damage 

in a non-destructive manner. 

• Inducing reinforcement corrosion using impressed current density can accelerate the 

corrosion process but can considerably alter the corrosion diffusion and damage 

mechanisms. On the contrary, subjecting concrete to wet-dry cycles will produce natural 

corrosion but at a slower rate. Thus, this research will investigate the mechanisms of 

natural corrosion by exposing concrete elements to wet-dry cycles in salt water. 

• The pore morphology of concrete has a significant impact on its damage resistance and 

mechanisms. Thereby, this research will monitor concrete’s pore characteristics (e.g., 

porosity and pore size) throughout the testing process.  

• The water/cement (W/C) and sand/cement (S/C) ratios 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 freeze-thaw damage. Hence, this research will fill the research gap in 

Chapter 3. 

• 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 corrosion within a large 50-year-old concrete sample in Chapter 4 
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• Limited research investigated the microscale freeze-thaw damage of concrete in distinct sulfate 

environments using CT imaging. Thus, this research will address the research gap by 

examining the severity and mechanisms of microstructural frost damage of concrete in 

magnesium sulfate and potassium sulfate environments with different concentrations in 

Chapter 5. 

• Image-based microstructural finite element models of corrosion and freeze-thaw damage of 

concrete 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 data in Chapter 6. 
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Chapter 3: 3D CT Imaging of Corrosion and Freeze-Thaw 

Damage of Concrete of Different Mixing Proportions 
 

Chapter 3: 3D CT Imaging o f Corros ion an d Freeze-Thaw Da mage of Concrete o f Dif ferent Mixi ng Pro portio ns  

 

3.1. Introduction 

In the early stages of reinforcement corrosion, the corrosion products occupy the interfacial voids 

without inducing any considerable internal stress [55], as demonstrated in Figure 3.1 (B). After 

filling the surrounding pores, further corrosion products start to generate expansive internal 

pressure that eventually results in concrete cracking and spalling [140,177]. The concrete cracking 

mostly occurs at the external surface of the concrete [144] and regions of stress concentration, such 

as the steel-concrete interface [178]. The cracks propagate along the weakest path, which includes 

midsection pores and interfacial transmission zones between the aggregates and the mortar, as 

shown in Figure 3.1 (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 corrosion [40]. Unlike uniform corrosion, pitting corrosion can induce stress 

concentration within the concrete element [90], leading to substantial cracking of the surrounding 

concrete cover [135].  

On the other hand, freeze-thaw damage normally initiates 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 layer-by-layer basis, causing scaling and 

interfacial cracking [26,59], as shown in Figure 3.2. The crack path is determined by the nature 

and distribution of internal pores and aggregates [38], as demonstrated in Figure 3.2 (B). Cracks 

tend to propagate along the surface of aggregates, as indicated by the red dashed lines [29]. Also, 
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open pores, which are accessible to concrete’s external surface, allow further penetration of 

freezing water and deeper crack propagation, making concrete more vulnerable to losing large 

intact volumes. Similarly, 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 tend to propagate 

toward large pores, possibly scaling large pieces of concrete as shown in Figure 3.2 (C) [58,153]. 

The severity and mechanisms of corrosion and freeze-thaw 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 proportions on its strength, pore 

characteristics [179], and corrosion [180] and freeze-thaw damage [38,181]. 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 the addition of concrete admixtures, such as silica 

fume and fly ash [164,182–188]. Increasing the W/C ratio produces weaker concrete with higher 

porosity and permeability, reducing the concrete resistance to reinforcement corrosion and 

cracking [104,157,188–190]. In contrast, using a higher S/C ratio with an appropriate W/C of 0.5 

enhances the concrete strength [191], but it also increases its porosity and permeability 

[159,179,192], degrading its resistance to corrosion and freeze-thaw damage [38].  

At the microscale level, little research using 3D CT imaging has been conducted to investigate the 

effects of concrete mixture proportions on the microstructural mechanisms of corrosion and frost 

damage with detailed pore properties (e.g., size, morphology, and distribution). Thus, the main 

objective of this chapter is to examine the effects of W/C and S/C ratios on the pore morphology 

and the microscale damage mechanisms of concrete subjected to corrosion and freeze-thaw using 

non-destructive micro-computed tomography (µCT) imaging.  
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                                                            (A)                                   (B)                                      (C) 

Figure 3.1. Concrete Element (A) before Reinforcement Corrosion, (B) after Filling Interfacial Voids with 

Corrosion Products (Red), and (C) after Cracking by the Expansive Internal Pressure 

 

                                      (A)                                                    (B)                                            (C) 

Figure 3.2. Concrete (A) before Freezing, (B) while Freezing, and (C) after Freeze-Thaw Damage 
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3.2. Materials and Methodologies 

3.2.1. Specimen Preparation 

Seventeen concrete specimens were cast using different water-to-cement (W/C) and sand-to-

cement (S/C) ratios with a fixed aggregate-to-cement ratio of 1.5 to investigate 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 low-carbon steel rod embedded at the center, whereas the remaining nine concrete 

specimens were used to study the freeze-thaw damage. Five corrosion specimens (CW4, 

CW5/CS10, CW6, CW7, and CW8) were cast using W/C ratios of 0.4−0.8 and an S/C ratio of 1, 

and three corrosion samples (CS5, CS20, and CS30) were prepared with a W/C ratio of 0.5 and 

S/C ratios of 0.5−3. Similarly, six freeze-thaw samples (FW4, FW5/FS10, FW6, FW7, FW8, and 

FW9) were made using W/C ratios of 0.4−0.9 and an S/C ratio of 1, while three specimens (FS5, 

FS20, and FS30) were cast with a W/C ratio of 0.5 and S/C ratios of 0.5−3, as listed in Table 3.1. 

The naming convention of the specimens is shown below. 

 

The corrosion and freeze-thaw concrete specimens, shown in Figure 3.3, are about 40 mm long 

and 14 mm in diameter. One day after casting, the casting molds were removed, and the samples 

were water cured for 28 days and dried for at least three days before the µCT imaging, followed 

by exposure to either wet-dry cycles for corrosion testing or freeze-thaw cycles for investigating 

the frost damage. It is worth noting that the non-uniform bottom surfaces of the concrete specimens 

were caused by the area variation at the bottom section of the utilized plastic molds. 
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Table 3.1. Composition of Concrete Specimens 

Corrosion 

Specimen 

Freeze-Thaw 

Specimen 
Water/Cement Sand/Cement Aggregate/Cement 

CW4 FW4 0.4 1 1.5 

CW5 || CS10 FW5 || FS10 0.5 1 1.5 

CW6 FW6 0.6 1 1.5 

CW7 FW7 0.7 1 1.5 

CW8 FW8 0.8 1 1.5 

––– 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 

 

 

         (A)               (B)              (C)             (D)             (E)              (F)           (G)             (H)  

 

                  (I)           (J)             (K)           (L)           (M)           (N)           (O)           (P)           (Q) 

Figure 3.3. Concrete Specimens (A) CW4, (B) CW5/CS10, (C) CW6, (D) CW7, (E) CW8, (F) CS5, (G) 

CS20, (H) CS30, (I) FW4, (J) FW5/FS10, (K) FW6, (L) FW7, (M) FW8, (N) FW9, (O) FS5, (P) FS20, 

and (Q) FS30 before Testing 



51 
 

3.2.2. CT Imaging 

An industrial micro-computed tomography (µCT), shown in Figure 3.4 (A), was employed to 

examine the internal microstructure of the concrete specimens before and after exposure to 40 

freeze-thaw cycles. The CT scans were conducted using voltage and current of 100 kV and 80 µA, 

respectively. A total of 1,000 images were collected using a voxel size of 49.1 µm 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 height, illustrated in Figure 3.4 (B), to minimize the 

inconsistencies caused by the nonuniform top and bottom surfaces. At the image analysis stage, 

several post-imaging processes, including median filtration (3×3×3 pixels) and segmentation, were 

applied to reduce artifacts and improve the accuracy of pore analysis. Finally, three-dimensional 

reconstructions of the detected air pores, shown in Figure 3.4 (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 ratio of the 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 large-pore ratio, which is the ratio of the accumulative volume of pores with a 

size of ≥1.18×106 µm3 to the total pore 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 surface [193]. 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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             (A)                                                           (B)                                  (C) 

Figure 3.4. (A) µCT Imaging System, (B) Specimen’s Region of Interest, and (C) Three-Dimensional 

Reconstruction of Detected Air Pores 

3.2.3. Wet-Dry Cycles 

Before subjecting the corrosion specimens to wet-dry cycles, the exposed area of the low-carbon 

steel reinforcement was isolated from the corrosion environment using clear glue, as illustrated in 

Figure 3.3. The corrosion concrete specimens were then subjected to a total of 120 wet-dry cycles 

(480 hours). Each cycle consisted of 3 hours of immersion in salt water with a sodium chloride 

concentration (wt.% NaCl) of 3.5% and 1 hour of accelerated dehydration at a temperature of only 

45 oC to avoid causing thermal damage. After every 40 wet-dry cycles, the specimens were fully 

dehydrated by being subjected to a temperature of 45 oC for at least an hour followed by 3 days of 

exposure to room temperature before conducting weight measurements. The specimens were 

imaged before and after applying 120 cycles. Also, the salt water was replaced at least once during 

every 40 cycles to maintain the concentration of sodium chloride.  
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3.2.4. Freeze-Thaw Cycles 

The freeze-thaw specimens were immersed in tap water for at least 6 hours before freeze-thaw 

testing to allow full saturation. The samples were subjected to 40 freeze-thaw cycles at 

temperatures ranging from -25 oC to 11 oC 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 freeze-thaw cycle was lowered from about 11 oC at the start of the cycle to -25 oC using an 

average cooling rate of -13.5 oC/hour. The temperature was maintained between -18 oC and -25 oC 

for 7.2 hours, then increased gradually at a slow rate with an average of 1.9 oC/hour to minimize 

thermal damage. Notably, the applied freeze-thaw temperatures and periods were selected to 

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

each freeze-thaw cycle is shown in Figure 3.5.  

 

Figure 3.5. Temperature of Controlled Environment throughout Each Freeze-Thaw Cycle  
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3.3. Results and Discussion 

3.3.1. Corrosion Damage 

3.3.1.1. General 

After subjecting the concrete elements to a total of 120 wet-dry 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 exposure to the 

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 reaction with 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 specimens, 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, experienced the least 

change of porosity, illustrating its resistance to reinforcement 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 uniform corrosion. 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 defined 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 concrete damage (e.g., pore expansion). 
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The corrosion of steel within concrete induced by frequent wet-dry cycles decreases the porosity 

caused by pore filling with corrosion products and saturated salt. This is a more dominant behavior 

before the corrosion damage occurs 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 strength of the concrete.  

The concrete porosity was analyzed before and after subjecting the specimens to 120 wet-dry 

cycles, as shown in Figure 3.6. It was observed that using moderate W/C ratios produced concrete 

with the least porosity, as demonstrated in Figure 3.6 (A). Thus, while specimens CW5 and CW6 

had initial porosities of 2.72% and 3.32%, the porosities of samples CW4, CW7, and CW8 were 

4.38%, 3.79%, and 4.79%, respectively. After applying 120 wet-dry cycles, the porosities of 

specimens CW4, CW7, and CW8 decreased to 3.58%, 3.64%, and 4.33%, respectively, indicating 

a dominant 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 was noted that increasing the S/C ratio produced concrete 

with higher initial porosity, as demonstrated in Figure 3.6 (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 wet-dry 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% to 4.13%, respectively. 

On the other hand, sample CS10 experienced the least change in porosity. 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 change and likely reinforcement corrosion. 
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(A) 

 

(B) 

Figure 3.6. Porosity (%) of (A) W/C, and (B) S/C Concrete Specimens after Applying 120 Wet-Dry 

Cycles 
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3.3.1.3. Weight Measurement of Corrosion Specimens 

The mass of the concrete specimens can change due to multiple factors, including reinforcement 

corrosion, salt saturation, residual moisture, and concrete hydration. However, since all specimens 

were subjected to the same salt water 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 measurement. Thus, the weight change of the 

concrete specimens was investigated before and after applying 40, 80, and 120 wet-dry cycles, as 

demonstrated in Figure 3.7. It was observed that concrete made of higher W/C ratios potentially 

experienced more corrosion while attaining considerably higher weight gain, as shown in Figure 

3.7 (A). As a result, subjecting the concrete elements to 120 wet-dry cycles 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 CW5 (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 illustrated in Figure 3.7 (B). On the other hand, the mass of samples CS5, 

CS20, and CS30 (e.g., S/C = 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 resistance to reinforcement corrosion, as discussed in the following sections.  
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(A) 

 

(B) 

Figure 3.7. Mass Gain (%) of (A) W/C, and (B) S/C Concrete Specimens after Applying Wet-Dry Cycles 
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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 monitoring the filling of the surrounding pores. The 

uniform portion of reinforcement corrosion was red-colored, while the localized pitting corrosion 

products were highlighted with yellow ellipses, as illustrated in Figure 3.8 and later verified in 

Figure 3.9. It was observed that increasing the W/C ratio resulted in more non-uniform corrosion, 

as indicated by the yellow highlights. Thus, while the corrosion of samples CW4, CW5, and CW6 

seems to be mostly uniform, specimens CW7 and CW8 experienced severe pitting corrosion. 

Similarly, higher S/C ratios produced more pitting corrosion in specimens CS20 and CS30 than in 

samples CS5 and CS10 which experienced more uniform corrosion. It is worth mentioning that 

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 investigated by monitoring the corrosion-induced filling of the 

surrounding voids using 3D reconstructions of the concrete pore structures generated before and 

after applying 120 wet-dry cycles, as demonstrated in Figure 3.9. It was noted that although sample 

CW4 had only a few areas of non-uniform corrosion, it suffered harsh pitting corrosion at these 

spots, as indicated by the large pore filling in Figure 3.9 (A). On the other hand, the corrosion of 

specimens CW5 (CS10), CW6, and CS5 was mostly uniform, as illustrated in Figure 3.9 (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 experienced uniform reinforcement corrosion but also 

endured the least corrosion damage (e.g., pore expansion). Hence, 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 corrosion resistance. 
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                (A)                             (B)                             (C)                              (D) 

 

                  (E)                              (F)                            (G)                            (H) 

Figure 3.8. Detected Corrosion Products (Red and Yellow Highlights) within the 36 mm Midsection of 

Specimens (A) CW4, (B) CW5/CS10, (C) CW6, (D) CW7, (E) CW8, (F) CS5, (G) CS20, and (H) CS30 
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                   (A)                                         (B)                                           (C) 

 
                   (D)                                          (E)                        

 
                     (F)                                          (G)                                        (H)                                                          

 

 

 

 

Figure 3.9. 3D Reconstructions of Pore Structures of Specimens (A) CW4, (B) CW5/CS10, (C) CW6, (D) 

CW7, (E) CW8, (F) CS5, (G) CS20, and (H) CS30 before (Left) and after (Right) 120 Wet-Dry Cycles 
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3.3.2. Freeze-Thaw Damage 

3.3.2.1. General 

The effects of the water-to-cement (W/C) and sand-to-cement (S/C) ratios on the pore properties, 

freeze-thaw 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 3). The specimens were imaged using µCT before and after 

applying 40 freeze-thaw cycles, and the detected concrete voids were analyzed. From the pre-test 

µCT data of the concrete pores, plotted in Figure 3.10, it was observed 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 W/C ratio from 0.6 to 0.8 increased the porosity from 3.26% to 4.44% and decreased the 

cumulative porosity of small voids (<0.012 mm3) from 0.74% to 0.55%. It is worth noting that the 

small indetectable pores could slightly reduce the porosity readings; however, this has little impact 

on the observed trends of concrete’s pore characteristics. 

 

                                       (A)                                                                                 (B) 

Figure 3.10. Cumulative Porosity vs. Pore Size for Concrete Specimens with different (A) W/C and (B) 

S/C Ratios before Freeze-Thaw Exposure 
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Three-dimensional (3D) reconstructions of pore structures, shown in Figure 3.11, 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 illustrated pores 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 properties, such as internal pore size and shape, as they are hard to 

deduce visually.  

After the freeze-thaw 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 demonstrated by the 

increased open-pore ratio, large-pore ratio, and non-uniformity 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 open-pore ratios and pore gaps and were fully disintegrated by the 40 freeze-

thaw cycles, as shown in Figure 3.12. Despite having almost the same porosity as specimens FW8 

and FW9, specimen FW7 (W/C=0.7) suffered a mass loss of about 19.7%, illustrating the positive 

effect of the reduced open-pore ratio and pore gap. Likewise, specimen FW4 (W/C=0.4) had a 

comparable porosity but the lowest open-pore ratio, which resulted in the least mass loss of 4%. 

On the other hand, specimen FW6 (W/C = 0.6), which had the lowest porosity, large-pore ratio, 

and pore gap, suffered a considerable mass loss of 15.5%, attributed to its high open-pore ratio. 

Based on the aforementioned observations, the open-pore ratio 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 the open-pore ratio is essential for 

determining the freeze-thaw 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 freeze-thaw resistance.  

In terms of the sand content, it was noted that using high S/C ratios created specimens with high 

porosity, open-pore ratio, and pore gap, which deteriorated the freeze-thaw resistance of concrete. 

For example, specimen FS10 (S/C=1) experienced a mass loss of only 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 

freeze-thaw resistance of specimen FS5 despite decreasing its open-pore ratio and pore gap, 

leading to a mass loss of 5.6%. It is critical to note that the open-pore ratio of specimen FS5 

exceeded that of specimen FS10 after freeze-thaw exposure, which shows that determining the 

freeze-thaw resistance may require more than one pore property.  

Based on these results, it can be concluded that the highest frost resistance was attained using the 

W/C and S/C ratios of 0.4−0.5 and 1, respectively, which is in good agreement with the reported 

values available in the literature. Also, the impact of the W/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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                 (A)                           (B)                           (C)                         (D)                           

 

          (E)                        (F)                     (G)                     (H)                       (I) 

Figure 3.11. 3D Reconstructions of Pore Structures of Specimens (A) FW4, (B) FW5/FS10, (C) FW6, (D) 

FW7, (E) FW8, (F) FW9, (G) FS5, (H) FS20, and (I) FS30 before Freeze-Thaw Test.  



66 
 

 

                                    (A)                                                                                    (B) 

Figure 3.12. Damaged Concrete Specimens (A) FW8, and (B) FW9 after 40 Freeze-Thaw Cycles  

3.3.2.2. Porosity of Freeze-Thaw Specimens 

The effects of W/C and S/C ratios on the porosity were analyzed before and after applying 40 

freeze-thaw cycles, as shown in Figure 3.13. Based on the applied resolution, it was observed that 

increasing the W/C ratio from 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 as specimen 

FW6 of about 4.3% due to substantial concrete bleeding, pushing excess water out of the 

specimens.  

After exposure to 40 freeze-thaw cycles, specimens FW8 and FW9 were destroyed; hence, their 

post-test porosities were not measured. The porosity of specimen FW7 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%, maintained its porosity throughout the freeze-thaw process. Likewise, the 
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porosity of specimen FW5 slightly increased from 3.9% to 4.22%. As demonstrated by the results 

shown in Figure 3.13 (A), determining the initial porosity of concrete that has been conventionally 

used in literature is inadequate for evaluating its freeze-thaw resistance, illustrating the importance 

of the other pore properties. 

The concrete porosity of different S/C ratios before and after freeze-thaw exposure was 

demonstrated in Figure 3.13 (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 mix with high water 

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 freeze-thaw cycles, the porosity of specimens FS5 and FS30 increased to 7.1% 

and 7.2%, respectively. Specimen FS20 had moderate porosity and freeze-thaw resistance; on the 

other hand, specimen FS10 experienced the lowest porosity expansion by freeze-thaw exposure. 

Hence, using an S/C ratio of 1 can produce concrete with the highest freeze-thaw resistance. It can 

also be concluded from the above results that the W/C ratio’s effect on the post-test porosity 

increment is more significant than that of the S/C ratio.  
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(A) 

 

(B) 

Figure 3.13. Porosity of Concrete Specimens with Different (A) W/C, and (B) S/C Ratios before and after 

Freeze-Thaw Cycles  
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3.3.2.3. Pore Accessibility of Freeze-Thaw Specimens 

Pore accessibility can significantly affect the freeze-thaw resistance of concrete. 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 and CO2 [194–197]. 

On the other hand, inaccessible subsurface (closed) pores can provide space for freezing water and 

minimize frost damage [21,198,199]. Thus, increasing the open-pore ratio can deteriorate the 

freeze-thaw resistance of concrete. 

The impact of W/C and S/C ratios on concrete’s open-pore content before and after freeze-thaw 

exposure was investigated. It was observed that applying higher W/C ratios increased the volume 

ratio of open pores, as shown in Figure 3.14 (A), which is predictable since open pores are more 

susceptible to expansion by excessive concrete drying shrinkage than the well-confined closed 

(internal) pores. While specimens FW4 and FW5 had open-pore ratios of 23% and 24%, the open-

pore ratios of specimens FW8 and FW9 were 28.6% and 38.2%, which contributed to substantial 

freeze-thaw damage. After 40 freeze-thaw cycles, the open-pore ratios of specimens FW4 and 

FW5 were almost maintained throughout the process, demonstrating their superior freeze-thaw 

resistance. The open-pore ratios of specimens FW6 and FW7 increased considerably to 54.3% and 

77.7% despite having comparable initial open-pore ratios of 27.7% and 27%, respectively. An 

exponential correlation between the open-pore and W/C ratios became apparent after applying 40 

freeze-thaw cycles.  

The effect of the S/C ratio on the open-pore ratio of concrete before and after freeze-thaw testing 

is demonstrated in Figure 3.14 (B). While specimens FS5 and FS20 had the least open-pore ratio 

of 10.9% and 14.2%, the open-pore ratios of specimens FS10 and FS30 were 24% and 45.3%, 

respectively. After subjecting the specimens to 40 freeze-thaw cycles, the open-pore ratio of 
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specimen FS10, which was the second highest before freeze-thaw exposure, was maintained 

throughout the testing process. On the other hand, the open-pore ratio of specimens FS5, FS20, 

and FS30 increased considerably to 44.3%, 28.3%, and 58.5%, respectively. Therefore, using an 

S/C ratio of 1 seems to improve the freeze-thaw performance of concrete. It is worth mentioning 

that specimen FS5 had the least open-pore ratio, but it experienced the highest increase in open-

pore ratio after freeze-thaw exposure. Therefore, determining the freeze-thaw resistance of 

concrete requires more pore analysis beyond the open-pore ratio. Also, increasing the size of the 

specimens can decrease the open-pore ratio by decreasing the surface/volume ratio of concrete. 

 
(A) 

 
(B) 

Figure 3.14. Open-Pore Ratio (%) of Concrete Specimens with Different (A) W/C, and (B) S/C Ratios 

before and after Testing 



71 
 

3.3.2.4. Pore Size of Freeze-Thaw Specimens 

The pore size is another crucial parameter for determining the freeze-thaw 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 freeze-thaw damage, in a manner similar to that 

reported in air-entrained concrete [200]. On the other hand, large pores retain more water, which 

upon freezing, produces higher accumulative expansive pressure and larger concrete cracks 

[23,194,201,202]. Hence, increasing the large-pore ratio can deteriorate the freeze-thaw resistance 

of concrete. In addition to demonstrating the percentage of large voids, the rate of change of the 

large-pore ratio throughout the freeze-thaw cycles can be used in conjunction with the porosity 

data to obtain useful information about the damage mechanisms. For example, a rapid increase of 

the large-pore 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 the freeze-thaw 

resistance of concrete [203]. However, capturing such small pores is beyond the detection 

capability of the µCT imaging system. Thus, in this study, pores with a volume of more than 

1.18×106 µm3, which is 10 times 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 1.18×106 µm3 to 

about 1.00×1010 µm3 had little effect on the reported observations. 

The large-pore ratio was analyzed to investigate the effects of W/C and S/C ratios on the large-

pore content before and after applying 40 freeze-thaw cycles, and the recorded volume ratios of 

large pores are illustrated in Figure 3.15. As shown, specimen FW6 had the lowest initial large-

pore ratio of 87.6%. Increasing the W/C ratio beyond 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 higher large-pore 

ratio of about 89.1%. Notably, subjecting the specimens to 40 freeze-thaw cycles considerably 

changed the large-pore ratios, resulting in an exponential correlation between the W/C and large-

pore ratios, as shown in Figure 3.15 (A). Although the initial large-pore ratios of specimens FW4 

and FW5 were relatively high, they were mostly maintained throughout the freeze-thaw process. 

In contrast, the large-pore ratios of specimens FW6 and FW7 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 large-pore ratio after the freeze-thaw cycles, making it more 

vulnerable to frost damage.  

In terms of the S/C ratio’s effect, it was observed that specimen FS10 had the least large-pore ratio 

of 89.7%, as illustrated in Figure 3.15 (B). Decreasing the sand content (e.g., S/C=0.5) created a 

concrete mixture with high water content, leading to a higher large-pore ratio of 91.7%. In contrast, 

using high S/C ratios degraded the workability of concrete, producing specimens FS20 and FS30 

with a large-pore ratio of 95.5%. Exposure to freeze-thaw cycles had distinct effects on the 

specimens due to the varying small- and large-pore expansion rates. Although the large-pore ratios 

of specimens FS5 and FS30 increased to 94.6% and 96.7%, more small-pore expansion occurred 

in FS20, resulting in a lower large-pore ratio of 93%, as illustrated in Figure 3.15 (B). On the other 

hand, specimen FS10 almost maintained its large-pore ratio, indicating that the expansion rates of 

its small and large pores are comparable. Based on the results, concrete with the least large-pore 

ratio before and after freeze-thaw exposure can be attained using an S/C ratio of 1. Also, the effect 

of the W/C ratio on concrete’s large-pore ratio is clearly more substantial than that of the S/C ratio. 



73 
 

 

(A) 

 

(B) 

Figure 3.15. Large-Pore (>1.18×106 µm3) Ratio (%) of Concrete Specimens with Different (A) W/C, and 

(B) S/C Ratios before and after Testing 

3.3.2.5. Pore Shape of Freeze-Thaw Specimens 

The cracking resistance of an expanding pore is dependent on its shape. The uniform surface of 

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 freeze-thaw resistance of concrete can be 

enhanced by increasing its pores’ sphericity [205,206]. Hence, the effects of W/C and S/C ratios 

on concrete’s average pore sphericity have been investigated before and after freeze-thaw 

exposure. 

Concrete pores were categorized into high-sphericity (>0.5) and low-sphericity (≤0.5) pores, as 

shown in Figure 3.16. 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 high-sphericity ratios of 13% and 14.5%, respectively, the high-sphericity 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, the high-sphericity 

ratio of specimens FW7, FW8, and FW9 were 11.7%, 9.4%, and 10.9%, respectively. Notably, 

exposure to 40 freeze-thaw cycles increased the high-sphericity ratios of specimens FW4 and FW5 

to 14.6% and 15.8%; on the contrary, specimens FW6 and FW7 experienced sphericity reduction 

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 freeze-thaw process.  

The average sphericity of concrete’s pore structure was also analyzed using various S/C ratios, as 

illustrated in Figure 3.16 (B). It was noted that increasing the S/C ratio decreased the sphericity, 

ascribed to concrete's reduced workability. As a result, while specimen FS5 had a high-sphericity 

ratio of 16.6%, the high-sphericity ratio of specimen FS30 was 9.1%. Furthermore, applying 40 

freeze-thaw cycles increased the high-sphericity ratios of specimens FS10 and FS20 from 14.5% 

and 6.2% to 15.8% and 11.6%, respectively. On the other hand, the high-sphericity 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 freeze-thaw exposure. The results 
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also demonstrated that determining the initial pore sphericity is insufficient for anticipating the 

freeze-thaw resistance of concrete since it can change during freeze-thaw exposure. Thus, the pore 

sphericity must be used in conjunction with other pore properties. 

 

(A) 

 

(B) 

Figure 3.16. High-Sphericity (>0.5) Ratio (%) of Concrete Specimens with Different (A) W/C, and (B) 

S/C Ratios before and after Testing 
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3.3.2.6. Pore Distribution of Freeze-Thaw Specimens 

The uniform distribution of pores can enhance the freeze-thaw 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 decreases the average 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 extensive concrete cracking [207,208]. Thus, decreasing the 

pore gaps through the uniform distribution of micropores can considerably enhance the freeze-

thaw resistance of concrete [22,24].  

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 damage of specimens 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 freeze-thaw cycles made the 

exponential correlation between the W/C ratio and the average pore gap more apparent, as shown 

in Figure 3.17 (A). While the average pore gaps of specimens FW4 and FW5 decreased to 0.74 

(±0.92) mm and 0.68 (±0.81) mm due to the development of more small pores, the average pore 

gaps of specimens FW6 and FW7 increased considerably to 1.57 (±1.57) mm and 8.74 (±5.07) 

mm, respectively. Hence, applying W/C ratios of 0.4 and 0.5 produced concrete with more 

uniformly distributed pores and improved freeze-thaw resistance. 

The effect of the S/C ratio on the average pore gap, illustrated in Figure 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 (±1.22) mm and 0.55 (±0.84) mm, whereas 
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specimens FS5 and FS30 had average pore gaps of 0.73 (±0.95) mm and 1.52 (±1.44) mm, 

respectively. Exposure to 40 freeze-thaw cycles slightly increased the average pore gaps of the 

specimens, which indicates that no specimen experienced severed freeze-thaw damage. 

Nonetheless, only specimen FS10 experienced a pore gap reduction to 0.68 (±0.81) mm, 

illustrating its superior freeze-thaw performance. 

 

(A) 

 

(B) 

Figure 3.17. Average Pore Gap of Concrete Specimens with Different (A) W/C, and (B) S/C Ratios 

before and after Testing 
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3.3.2.7. Severity and Mechanisms of Freeze-Thaw Damage 

The effects of W/C and S/C ratios on the freeze-thaw resistance of concrete were evaluated by 

measuring the specimens’ mass losses due to freeze-thaw exposure, as demonstrated in Figure 

3.18. It was noted that applying higher W/C ratios increased the resulted mass 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 the specimens are illustrated in Figure 3.19. As shown, 

specimens FW4 and FW5 experienced only minor internal pore expansion with minimal scaling. 

Also, numerous small pores were detected in the two specimens after the expansion of previously 

indetectable caused by freeze-thaw exposure, which decreased the average pore gap as previously 

noted. In contrast, specimens FW6 and FW7 suffered considerable scaling, which increased the 

concrete permeability and degraded its confinement and freeze-thaw resistance. The presented 2D 

section of specimen FW7 started with smaller open pores than specimen FW6, yet it experienced 

more severe scaling, possibly due to the lack of small 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 freeze-thaw resistance using multiple pore characteristics. 

Unlike the W/C ratio, the S/C ratio had a limited effect on the frost damage of concrete, as 

demonstrated in Figure 3.18 (B). Increasing the S/C ratios from 1 to 3 degraded concrete’s freeze-

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 freeze-thaw performance. Also, as illustrated in Figure 

3.19, while exposure to freeze-thaw cycles created many small pores in specimens FS10 and FS20, 

it caused noticeable large-pore expansion in specimens FS5 and FS30, making them more 
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susceptible to freeze-thaw damage. It 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 of specimen 

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 proportion of concrete can 

considerably alter the severity and mechanisms of frost damage. Also, the highest freeze-thaw 

resistance of concrete was attained using a low W/C ratio of 0.4−0.5 and an S/C ratio of 1. 

 
(A) 

 
(B) 

Figure 3.18. Mass Loss of Concrete Specimens of Different (A) W/C, and (B) S/C Ratios 
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                                (A)                                                                (B) 

 

 

                              (C)                                                                   (D)  

 

 

                               (E)                                                                   (F) 

 

                               (G) 

Figure 3.19. 2D Section of Specimens (A) FW4, (B) FW5/FS10. (C) FW6, (D) FW7, (E) FS5, (F) FS20, 

and (G) FS30 before (Left) and after (Right) Exposure to 40 Freeze-Thaw Cycles 
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3.4. Conclusions 

The effects of W/C and S/C ratios on concrete’s pore morphology and corrosion and freeze-

thaw damage mechanisms were investigated using 3D µCT 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.  

• Micro-computed tomography (µCT) imaging is an excellent non-destructive 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. 

• Increasing the W/C and S/C ratios degraded the quality of the concrete’s pore structure, 

making it more susceptible to reinforcement corrosion and freeze-thaw damage. 

• The severity and mechanisms of reinforcement corrosion and freeze-thaw seem correlated 

with the pore structure’s quality. For example, while specimen CW5 experienced minor 

and uniform corrosion, sample CW8 suffered severe pitting corrosion. Similarly, 

specimens FW4 and FW5 (FS10), which were produced using the appropriate W/C 

ratios of 0.4−0.5 and S/C ratio of 1, experienced a minor 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 scaling damage.  

• 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 freeze-thaw damage.  
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• Air voids surrounding the steel reinforcement greatly impacted its corrosion mechanisms, 

making it more prone to pitting corrosion. 

• Assessing the freeze-thaw 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. 

• The open-pore ratio and pore gap substantially impact the confinement, pore 

distribution, and freeze-thaw resistance of concrete. Thereby, analyzing these two 

parameters is critical for assessing the freeze-thaw resistance. 
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Chapter 4: CT Imaging of Large Naturally Corroded 

Reinforced Concrete Element 
Chapter 4: CT Imag ing o f Large Naturally C orroded Rein forced Concrete Elemen t  

 

This chapter investigates the accuracy of three-dimensional detection of reinforcement corrosion 

within large concrete elements using an industrial micro-computed (µCT) imaging system.   

4.1. Introduction 

Reinforcement corrosion is one of the leading causes of concrete damage [8,209]. Thus, extensive 

research has been conducted during the last decades to thoroughly understand the mechanisms of 

reinforcement corrosion using different techniques such as energy dispersive X-ray spectrometry 

(EDS) and acoustic emission testing (AET) [88,210]. These methods, however, provide limited 

details of corrosion distribution and damage mechanisms. Hence, researchers started using an 

innovative non-destructive micro-computed tomography (µCT) to track and measure corrosion of 

reinforced structural elements [55,90,92,93,100]. However, most research has focused on small-

diameter steel wires and bars, which are 0.5–3 mm in diameter [90,93,98]. 

Sun et al. (2017) investigated the corrosion of a 3 mm steel wire embedded in a 10 mm cement 

cylinder. The sample was CT scanned using tube voltage and current of 135 kV and 73.5 µA, 

respectively [93]. It was noted 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 and 0.37 mm stainless steel wires, 

each of which was inserted into a 5 mm cement cylinder [90]. After CT imaging the samples using 

a photon energy of 43 keV, it was observed that while corrosion was homogenous within the 

carbon steel wire, it was localized in the stainless-steel wire leading to a higher depth of pitting 
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corrosion. Corrosion products of the stainless-steel 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 using computed tomography with a photon energy of 139 keV and a current 

of 62 µA [92]. The CT results were reported to correlate well with the mass-loss data attained 

using sample weighing and computed using Faraday’s law. Similarly, Van Steen et al. (2019) 

measured the corrosion content using CT imaging by applying a voltage of 180 kV and a current 

of 140 µA and compared its results to the mass-loss data determined by sample weighing and 

Faraday’s law [100]. However, it was found that the CT results were in disagreement with the 

other techniques because of the inadequate resolution of the µCT images. On the other hand, Dong 

et al. (2018) studied the time dependence of reinforcement corrosion and the associated crack 

initiation and propagation [55]. The corrosion of a 2.5 mm steel rebar embedded into a 1,000 mm3 

concrete cube was examined using CT imaging by applying a voltage of 70 kV and a current of 62 

µA. Different phases of the corrosion process were identified, namely, corrosion initiation, rust 

expansion, and concrete cracking. 

Limited research examined the potential of utilizing CT imaging to detect corrosion products 

within large naturally corroded concrete specimens. Hence, the main objective of this chapter is to 

investigate the distribution of corrosion products and the damage mechanisms of a large naturally 

corroded 50-year-old 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, shown in Figure 4.1 (A), was 

obtained from a 50-year-old building. The specimen was cut into a 12×6×17 cm3 (width × depth 

× height) sample, shown in Figure 4.1 (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 the figure 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 sides (X direction) of the 10M steel rebar. 

The corrosion products seen at the bottom left of Figure 4.1 (B) were caused by another corroded 

steel rebar orthogonal to the rebar under consideration. 

 

                                           (A)                                                                                  (B) 

Figure 4.1. Naturally Corroded Reinforced Concrete before Cutting (A), and after Cutting (B) 
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4.2.2. CT Imaging 

An industrial micro-computed tomography (µCT) 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 µA 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 block low-energy 

photons and minimize imaging artifacts. One thousand images were collected as the specimen was 

spinning 360o using an acquisition time of 333 milliseconds per image. High-quality CT images 

were captured using a spatial resolution (voxel size) of 142 µm. The corroded concrete specimen 

was scanned in its standing position, previously shown in Figure 4.1 (B), to improve the quality of 

CT images by minimizing the beam-hardening and metal artifacts. It is worth noting that applying 

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

and the image-acquisition time can damage the X-ray detector.  

4.2.3. Post-Processing of CT Images 

The captured CT images were post-processed using Volume Graphics software (VGStudio). The 

images were stacked, as shown in Figure 4.2 (A), to create a three-dimensional (3D) reconstruction 

of the concrete element, as illustrated in Figure 4.2 (B). Three-dimensional image filtration (3×3×3 

pixels), such as a median filter, was applied to improve the detection accuracy of corrosion 

products and air pores by minimizing the scanning artifacts (i.e., beam-hardening and metal 

artifacts), as shown in Figure 4.3. Also, material thresholding was used to segment the intact steel 

reinforcement (blue highlight) and the corrosion products (red highlight) from the concrete. 

Similarly, a built-in void detection algorithm was applied to highlight the air pores within the 

concrete element, as illustrated in Figure 4.3. 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) 

Figure 4.2. Three-dimensional (A) Image Stacking, and (B) Reconstruction of the Concrete Specimen 

 

 

Figure 4.3. Steps of Post-Processing the CT Images 
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4.3. Results and Discussion 

4.3.1. General 

A large 50-year-old naturally corroded concrete specimen was scanned using a high-energy CT 

imaging system. The CT images were processed and reconstructed into the 3D model shown in 

Figure 4.4 (A). Material segmentation was applied to separate the intact steel reinforcement and 

the corrosion products from the concrete part, as illustrated in Figure 4.4 (B and C). The corrosion 

damage within the steel reinforcement and concrete element was investigated. It was observed that 

the steel reinforcement experienced severe corrosion, mostly within 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 reinforcement, it was determined that the corrosion damage disintegrated two-thirds 

of the volume of the steel reinforcement. On the other hand, the damage mechanisms of the 

concrete element were investigated by analyzing the distribution of air pores to track the 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 

corrosion-induced cracking propagated mostly along the 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 

surface 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 corrosion-induced 

cracks occurred mostly within the delaminated concrete surface. Additionally, 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 of the corrosion products of the large concrete element. Also, 

it was observed that mere corrosion stains were not detectable, attributed to the low X-ray 

attenuation of corrosion stains. Also, it was observed that small parts of some aggregates were 

falsely detected as corrosion products, possibly due to the minerals within these aggregates in 

addition to the beam-hardening and metal imaging artifacts. It is possible to improve the accuracy 

of corrosion detection by ignoring the falsely detected corrosion products that are a certain distance 

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

 

                                    (B)                 (C) 

Figure 4.4. 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 corrosion-induced degradation of concrete structures can be determined by 

analyzing the damage within the steel reinforcement and the surrounding concrete. The corrosion 

level of the steel reinforcement was estimated by measuring the volumetric ratio of intact steel to 

the rebar’s original volume. It was observed that the volume of the uncorroded segment of the 10M 

steel rebar is 4195.4 mm3, and its original volume was around 12,750 mm3, which was calculated 

using the rebar’s length and original cross-sectional area. Therefore, only one-third of the steel 

rebar remained intact. Also, it was noted that while the exposed surface of steel reinforcement 

experienced severe corrosion, as shown in Figure 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 reinforcement was proven by its 

clearly visible clamps, as illustrated in Figure 4.5 (B). 

On the other hand, it is hard to determine the severity of corrosion-induced concrete 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 can provide an indication of the concrete damage mechanisms. 

Thus, the air pores of the concrete element were detected and analyzed, and three-dimensional 

reconstructions of the pore structure and the intact steel reinforcement (blue colored) were 

demonstrated in Figure 4.6. As illustrated, the concrete element had mostly small pores (red 

colored) and some large voids dispersed throughout the specimen. It is worth 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 the concrete width (analysis direction shown in Figure 4.6) were 
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computed and plotted in Figure 4.7. It was observed that the accumulative volume of air pores was 

nearly uniform along the concrete width. Also, it was noted that the pore volume across 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 corrosion-induced pore expansion and 

cracking. Based on the results, the concrete element only experienced cracking within the 

delaminated surface.  

 

                                 (A)                                                                                      (B) 

Figure 4.5. 3D Reconstructions of (A) the Exposed Side of Steel Reinforcement, and (B) the Covered 

Side of Steel Reinforcement 
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Figure 4.6. Detected Air Pores and the Analysis Direction of Accumulated Pore Volume 

 

Figure 4.7. Accumulative Pore Volume along the Concrete Width 
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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 in Figure 4.8 (A). It was observed that small parts of some 

aggregates were falsely detected as corrosion products, as highlighted in Figure 4.9. It is, however, 

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

it is feasible to enhance the accuracy of corrosion detection by removing the falsely 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 from the CT images. By applying this method, most 

falsely detected aggregates were disregarded, leaving only the actual corrosion products 

demonstrated in Figure 4.8 (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 in Figure 4.10. The micro-computed 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 stains were 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 elements in a non-destructive 

and timely manner. 
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                                                (A)                                                                                       (B) 

Figure 4.8. Detected Corrosion Products 

 

Figure 4.9. Top-View Section of the Specimen Showing the Uncorroded Rebar (Blue), Corrosion 

Products (Red), and Falsely Detected Aggregates (Highlighted) 
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                                          (A)                                                                                (B) 

Figure 4.10. Comparison between (A) Detected Corrosion Products, and (B) Actual Rust  

4.4. Conclusions 

The natural reinforcement corrosion of a large 50-year-old concrete specimen was 

investigated using high-resolution micro-computed tomography (µCT), and the following 

points were concluded.   

• CT imaging enabled the detection of corrosion products within large concrete 

elements.  

• The steel reinforcement experienced severe corrosion that disintegrated two -thirds of 

its volume. Also, while the exposed surface of the steel bar was considerably 

damaged, the reinforcement surface surrounded by the concrete material was well 

protected, as indicated by the intact rebar ribs. 
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• The detected corrosion products were mostly surrounding the exposed surface of steel 

reinforcement, and no cracks were detected toward the core of the concrete element, 

indicating that cracks propagated mostly within its delaminated surface.  

• Small parts of some aggregates were falsely detected as corrosion products due to 

imaging artifacts and the minerals within the aggregates. Thus, the 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.  
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Chapter 5: CT Imaging of Concrete Damage under Coupled 

Freeze-Thaw and Sulfate Attack Conditions  
 

Chapter 5: CT Imag ing o f Concrete Dama ge under Co upled Freeze-Thaw and Sul fate At tack Con ditio ns  

 

This chapter investigates the severity and mechanisms of freeze-thaw damage of concrete in 

potassium sulfate and magnesium sulfate environments with different concentrations using a high-

resolution micro-computed tomography (µCT) imaging system. 

5.1. Introduction 

It is well known that prolonged exposure of concrete material to detrimental environments, such 

as freeze-thaw and sulfate environments, can accelerate its degradation, which eventually results 

in more extensive rehabilitation work requirements [211–214]. Thus, a deeper understanding of 

concrete’s freeze-thaw and sulfate damage is vital for taking preventive measures. Frequent 

exposure to sub-zero temperatures can induce expansive internal pressure within the concrete by 

freezing the water retained within its capillaries, leading to severe layer-by-layer scaling damage 

normally initiating at the external surface and propagating inward [59,61,72–74,153,215,216]. 

Also, the recurrent fluctuation between freezing (e.g., -20 oC) and mild (e.g., 10 oC) environments 

can cause cracking within the mortar-aggregate interfacial transmission zone (ITZ) due to the 

mismatching thermal expansion coefficients of these two materials [28]. The severity of the freeze-

thaw damage is directly impacted by the concrete’s strength and pore morphology. As observed 

by Alhusain and Al-Mayah (2022), concrete with large surface pores is quite vulnerable to frost 

damage [217]. 

On the other hand, prolonged exposure to sulfate salts, such as magnesium sulfate (MgSO4) and 

potassium sulfate (K2SO4), weakens 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 by-products precipitate within the concrete capillaries, 

causing expansive internal pressure and spalling damage [225–228]. Also, concrete exposure to 

sulfate environments can accelerate the de-passivation of its steel reinforcement, causing earlier 

and more severe corrosion damage [229]. The severity of sulfate damage is affected by multiple 

parameters, including the type and concentration of the sulfate salt. It is well-documented 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. (2021), increasing 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 exposure [232]. 

In addition to degrading the concrete strength, both freeze-thaw and sulfate damage increase the 

concrete permeability, making it more vulnerable to different forms of environmental damage, 

including reinforcement corrosion, carbonation, and chemical attack [104,154,180,217]. Hence, 

extensive research has been conducted to investigate the severity and mechanisms of concrete 

damage under coupled freeze-thaw and sulfate environments. The mesoscale concrete damage 

under coupled action of sulfate and freeze-thaw was investigated mostly in sodium sulfate 

solutions. Xiao et al. (2019) examined the freeze-thaw damage of concrete in sodium sulfate 

solution with a concentration of 5%. It was observed that subjecting concrete to 300 freeze-thaw 

cycles (2-4 hours each) resulted in a mass loss of 1.7% and a compressive strength reduction of 

29.5% [233]. Similarly, Ren and Lai (2021) analyzed the concrete damage after applying 300 

freeze-thaw cycles (1,200 hours in total) in Na2SO4 solution with a concentration of 5%. The 

reported concrete mass loss and compressive strength reduction were 0.72% and 56.3%, 

respectively [207].  
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Little effort has been dedicated to investigating the microscale damage mechanisms of concrete 

under coupled action of sulfate and freeze-thaw conditions. Therefore, the main objective of the 

paper is to study the microstructural freeze-thaw damage of concrete in magnesium sulfate and 

potassium sulfate environments with 5% and 10% concentrations using high-resolution micro-

computed tomography (µCT) imaging. The specimens were scanned using µCT before and after 

exposure to 40 and 80 freeze-thaw 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. Specimens 

Five concrete specimens of the same mixture proportions were prepared using small aggregates 

(<5 mm), fine sand, and ordinary Portland cement, which has the chemical composition listed in 

Table 5.1. The utilized concrete mixture had water-to-cement, sand-to-cement, and aggregate-to-

cement ratios of 0.5, 1, and 1.5, respectively. The samples, shown in Figure 5.1, were 40 mm long 

and 15 mm in diameter. The specimens were de-molded 24 hours after casting and water cured for 

28 days at a temperature of 20 oC before µCT imaging and frost testing. The specimens were 

labeled based on the freeze-thaw environment. For example, specimens PS-10% and MS-10% 

were subjected to frost cycles in potassium sulfate and magnesium sulfate solutions, respectively, 

with a concentration of 10%. As discussed in the following sections, the specimens have similar 

pore properties, mitigating the need for duplicate samples. 
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Table 5.1. Chemical Composition of Portland Cement [234] 

Chemical Composition (wt. %) 

CaO SiO2 Al2O3 Fe2O3 SO3 MgO CO2 K2O Na2O 

62.9 20.6 4.4 3.3 3.2 2.2 1.5 0.5 0.19 

 

 

                   (A)                            (B)                         (C)                         (D)                         (E) 

Figure 5.1. (A) Control, (B) PS-5%, (C) PS-10%, (D) MS-5%, and (E) MS-10% Concrete Specimens 

5.2.2. Cyclic Freeze-Thaw Exposure 

The concrete specimens were tested under different freeze-thaw environments: water (control), 

magnesium sulfate (MS-5% and MS-10%), and potassium sulfate (PS-5% and PS-10%) at 

concentrations of 5% and 10%, as listed in Table 5.2. The concentrations of sulfate salts were 

selected in order to compare the CT results with the existing values reported in the 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 80 freeze-thaw cycles. 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 about 11 oC and then cooled down to a 

temperature of -25 oC with an average cooling rate of -13.5 oC/hour. The temperature was allowed 

to fluctuate between -18 oC and -25 oC for 7.2 hours to fully freeze the specimens. Afterward, the 

temperature was gradually increased with an average warming rate of 1.9 oC/hour. The applied 

environment temperature throughout each freeze-thaw cycle is demonstrated in Figure 5.2. 

Table 5.2. Composition of Freeze-Thaw Solution 

Specimen Solution 

Control Tap water 

PS-5% Tap water + 5 wt.% of K2SO4 

PS-10% Tap water + 10 wt.% of K2SO4 

MS-5% Tap water + 5 wt.% of MgSO4 

MS-10% Tap water + 10 wt.% of MgSO4 

 

Figure 5.2. Temperature of Controlled Environment throughout Each Freeze-Thaw Cycle [217] 
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5.2.3. µCT Imaging 

Three-dimensional images of the concrete specimens were collected before and after every 40 

freeze-thaw cycles using industrial micro-computed tomography (µCT). One thousand images 

were captured using the tube voltage and current of 100 kV and 80 µA, respectively. The scanning 

resolution (voxel size) is 49.1 µm and the X-ray exposure period per image is 0.33 seconds. The 

3D images were segmented and analyzed using thresholding and median filtration (3×3×3 pixels) 

available in the VGStudio MAX 2.2 software to minimize scanning artifacts. Microstructural pore 

analysis was conducted on the 36 mm long mid-segment of the specimens to reduce 

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

5.3. Results and Discussion 

5.3.1. General 

Before subjecting the concrete specimens to the freeze-thaw cycles in different sulfate 

environments, the pore microstructures of the specimens were investigated using µCT 

imaging to confirm that they have comparable pore properties, which is essential for attaining 

reliable results. It was found that the average porosity, large-pore ratio, and open-pore ratio 

of the specimens were 3.92% (±0.52%), 88.5% (±2.27%), and 26.6% (±3.18%), respectively. 

Thus, the samples have similar pore characteristics, as indicated by the low standard 

deviations.  

After 40 freeze-thaw cycles, it was observed that exposure to potassium sulfate accelerated 

the frost damage of specimens PS-5% and PS-10%, as illustrated in Figure 5.3 (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 experienced severe scaling damage, 

specimens PS-5% and PS-10% were completely disintegrated, as shown in Figure 5.4 (A, D, 
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and E). On the other hand, specimens MS-5% and MS-10% experienced minimal damage, as 

demonstrated in Figure 5.4 (B and C). Thereby, exposure to magnesium sulfate considerably 

improved the freeze-thaw resistance of concrete.   

The frost damage mechanisms were investigated using µCT imaging. It was found that 

exposure to potassium sulfate accelerated the freeze-thaw damage without affecting its 

typical mechanisms, where the damage initiates at the surface and propagates inward, as 

illustrated by the large pink void highlighted in Figure 5.5 (A). For example, specimens PS-

5% and PS-10% experienced a considerable increase in porosities, large-pore ratios, and 

open-pore ratios. In contrast, exposure to magnesium sulfate minimized the frost damage and 

altered its mechanisms. It was observed that the expansion of the internal pores of specimens 

MS-5% and MS-10% was more dominant than the surface voids. In other words, the frost 

damage initiated from within, as demonstrated in Figure 5.5 (B), unlike the typical freeze-

thaw damage that occurs at the external surface and propagates inward on a layer -by-layer 

basis. In addition, the freeze-thaw resistance of specimen MS-5% was enhanced after being 

subjected to 40 cycles, attributed to the filling of the surface voids by the precipitated sulfate 

salt and its chemical by-products, 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 MS-10% experienced relatively more scaling 

damage than specimen MS-5%. It is worth noting that specimen MS-10% experienced 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)             (C)              (D)              (E) 

Figure 5.3. (A) Control, (B) MS-5%, (C) MS-10%, (D) PS-5%, and (E) PS-10% Concrete Specimens 

after 40 Freeze-Thaw Cycles 

 

                                                             (A)                (B)               (C)           

 

                                                    (D)                                                   (E) 

Figure 5.4. (A) Control, (B) MS-5%, (C) MS-10%, (D) PS-5%, and (E) PS-10% Concrete Specimens 

after 80 Freeze-Thaw Cycles 
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(A) 
 

 

(B) 

Figure 5.5. 2D CT Images of Specimens (A) PS-10%, and (B) MS-10% before (Left) and after 40 (Right) 

Freeze-Thaw Cycles 

5.3.2. Mass Loss 

Mass loss analysis was conducted using a sensitive scale (± 0.01 g) before and after every 

40 freeze-thaw cycles, as demonstrated in Figure 5.6. After applying 40 cycles, it was 

observed that the specimens Control, PS-5%, and PS-10% endured comparable mass losses 

of 4.35%, 5.06%, and 3.56%, respectively. On the other hand, the mass losses of specimens 

MS-5% and MS-10% were 0.78% and 0.95%, which are significantly lower than the control 

sample. Another 40 freeze-thaw cycles (80 in total) were applied to illustrate the effects of 
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the sulfate environments on the frost damage more clearly.  It was noted that the control 

sample suffered a mass loss of 19.57%, while specimens PS-5% and PS-10% were fully 

disintegrated. Thus, exposure to potassium sulfate clearly accelerated the frost damage of 

concrete. In contrast, specimens MS-5% and MS-10% experienced minor mass losses of 

1.08% and 1.67%. Evidently, exposure to magnesium sulfate with a concentration of 5% 

enhanced the freeze-thaw resistance of concrete due to the filling of surface pores by the 

precipitated sulfate by-products, as illustrated in Figure 5.7 and discussed in the following 

sections. Also, increasing the concentration of magnesium sulfate resulted in higher mass 

loss, possibly because increasing the concentration of the sulfate salt accelerated the sulfate 

damage [232].  

 

Figure 5.6. Frost-Induced Mass Loss (%) of Concrete Specimens 
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                                                                       (A)                                 (B) 

Figure 5.7. Surface Pores of Specimen MS-5% (A) before, and (B) after 40 Freeze-Thaw Cycles 

 

5.3.3. Frost Damage Characterization Using Pore Properties 

5.3.3.1. Porosity 

Porosity is the ratio of the total pore volume to the total volume of the specimen. The porosity 

variation during the freeze-thaw cycles can provide an indication of the rate of pore expansion, 

illustrating the severity of concrete damage. The porosity of the concrete specimens was analyzed 

before and after 40 and 80 cycles, as demonstrated in Figure 5.8. It was observed that the samples 

had comparable initial porosities ranging from 3.22% to 4.59%, with an average porosity of 3.92% 

(±0.52%). Applying 40 freeze-thaw cycles considerably increased the porosity of samples PS-5% 

and PS-10% to 5.29% (+0.89%) and 6.07% (+1.48%), demonstrating the detrimental effect of 

potassium sulfate exposure. On the other hand, specimens Control and MS-5% experienced minor 

porosity expansion to 4.22% (+0.32%) and 3.86% (+0.37%), respectively. As previously noted, 

increasing the concentration of magnesium sulfate to 10% resulted in greater freeze-thaw damage 
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and higher porosity of 3.99% (+0.77%), attributed to the fact that increasing the concentration of 

MgSO4 accelerated the sulfate damage. 

After applying another 40 freeze-thaw cycles (80 cycles in total), it was noted that specimens PS-

5% and PS-10% were completely disintegrated, indicating a significant reduction of the freeze-

thaw resistance. Similarly, the control specimen's frost damage rate accelerated significantly as it 

was subjected to more cycles, increasing its porosity to 13.89% (+9.67%). On the contrary, the 

porosity of specimens MS-5% and MS-10% expanded slightly to 4.24% (+0.38%) and 7.13% 

(+3.14%). Thus, exposure to magnesium sulfate enhanced the freeze-thaw resistance of concrete, 

unlike potassium sulfate, which accelerated the frost damage. Although specimen MS-10% 

initially experienced more pore expansion than the control sample, it endured less damage as more 

cycles were applied. In other words, prolonged exposure to magnesium sulfate slowed the rate of 

freeze-thaw damage, attributed to the fact that the sulfate by-products were filling the surface pores 

and potentially reducing the permeability as more time passed, as discussed further in the following 

sections. 

 

Figure 5.8. Porosity (%) of Concrete Specimens before and after the Freeze-Thaw Cycles 
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5.3.3.2. Pore Size 

The size of voids can significantly impact concrete’s freeze-thaw resistance. In general, the larger 

the pores are, the more water they can retain, resulting in higher expansive stress upon freezing 

and more concrete damage [217]. Thus, increasing the large-pore ratio, which is the total volume 

of large voids divided by the total pore volume, can degrade the frost resistance of concrete. In this 

study, pores with a volume of more than 1.18×106 µm3, which is 10 times the volume of the 

smallest detected void, were considered large pores. It was observed that the general trends of the 

reported results were not sensitive to the applied volume threshold. Increasing the volume 

threshold from 1.18×106 µm3 to about 1.00×1010 µm3 had little effect on the discussed observations 

[217]. In addition to representing the pore size, the variation of the large-pore ratio can demonstrate 

the expansion dominance of large voids compared to small ones. For example, an increase in the 

large-pore ratio means that the expansion of the large pores is higher than the small voids. Also, a 

rapid increase in the large-pore ratio can indicate pore interconnection and cracking of concrete. 

The large-pore ratio of the concrete specimens was computed before and after applying 40 and 80 

freeze-thaw cycles, as demonstrated in Figure 5.9. The initial large-pore ratios of the samples 

ranged from 84.7% to 90.6%, with an average of 88.5% (±2.27%). Applying 40 freeze-thaw cycles 

had a negligible effect on the large-pore ratio of the control specimen, despite experiencing minor 

porosity expansion, as observed in the previous section. This indicates that the relative growth of 

small and large pores was comparable, as illustrated by the 3D reconstruction of large voids shown 

in Figure 5.10 (A). The large-pore ratios of specimens PS-5%, PS-10%, MS-5%, and MS-10% 

increased to 91.8% (+1.19%), 92.7% (+2.04%), 88.1% (+0.82%), and 87.9% (+3.18%), 

respectively. As shown in Figure 5.10, the considerable growth of the large-pore ratios of 
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specimens PS-5%, PS-10%, and MS-10% was caused by significant pore expansions and 

interconnection, resulting in surface scaling.  

Subjecting the specimens to 80 freeze-thaw cycles destroyed specimens PS-5% and PS-10% and 

significantly increased the large-pore ratios of samples Control and MS-10% to 98.1% (+8.71%) 

and 94.1% (+6.2%), respectively. However, while the large voids of specimen MS-10% 

interconnected mostly at the surface, causing uniform scaling as shown in Figure 5.10 (E), the 

large pores of the control sample interconnected throughout its surface and across its core, 

disintegrating its 5 mm high bottom segment as demonstrated in Figure 5.10 (A). In contrast, 

specimen MS-5% experienced the least growth of large-pore ratio to 89.5% (+1.42%), as 

illustrated in Figure 5.10 (C). Thus, subjecting concrete to potassium sulfate generally accelerated 

the growth of large voids, leading to harsher frost damage, whereas exposure to magnesium sulfate 

decreased the rate of large-pore expansion, slowing the freeze-thaw damage. Also, it was observed 

that increasing the potassium sulfate or magnesium sulfate concentration accelerated the expansion 

of large voids. 

 

Figure 5.9. Large-Pore Ratio (%) of Concrete Specimens before and after the Frost Cycles 
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                                (A) (B) 

  
                                (C)                       (D) 

 
(E) 

Figure 5.10. Large Pores of Specimens (A) Control, (B) PS-5%, (C) MS-5%, (D) PS-10%, and (E) MS-

10% before (Left) and after 40 (Middle) and 80 (Right) Freeze-Thaw Cycles 
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5.3.3.3. Surface Pore 

Higher open (surface) pores content can be an indication of higher permeability of concrete, 

resulting in higher water ingress and, consequently, more severe sulfate and frost damage [41,42]. 

Analyzing the open-pore ratio, which is the volumetric ratio of surface pores to the total pore 

volume, is crucial for investigating concrete resistance to environmental damage. Also, the 

variation of the open-pore ratio throughout the applied freeze-thaw cycles can indicate the 

expansion dominance of surface pores compared to internal voids. For example, while a rapid 

increase in the open-pore ratio signifies concrete scaling, a reduced open-pore ratio can indicate 

the filling of surface pores by the precipitated sulfate by-products. Hence, the open-pore ratio was 

analyzed before and after applying 40 and 80 freeze-thaw cycles, as shown in Figure 5.11, to 

investigate the severity and mechanisms of frost damage. 

It was observed that the concrete samples initially had comparable open-pore ratios with an 

average of 26.6% (±3.2%), as demonstrated by the 3D reconstructions of open voids shown in 

Figure 5.12. After applying 40 freeze-thaw cycles, the open-pore ratio of the control sample 

increased slightly to 24% (+1.1%). On the other hand, specimens PS-5% and PS-10% suffered 

considerable expansion of open-pore ratio to 52.3% (+27.7%) and 38% (+12.7%), respectively. 

Thus, subjecting concrete to potassium sulfate weakened its frost resistance and resulted in 

considerable scaling, as illustrated in Figure 5.12 (B and D). On the contrary, the open-pore ratios 

of samples MS-5% and MS-10% decreased to 25.4% (-3.4%) and 26.6% (-5.1%), despite starting 

with the highest open-pore ratios. The volume of specimens’ open voids increased, as 

demonstrated in Figure 5.12 (C and E), yet their open-pore ratios decreased. This indicates that the 

expansion of internal pores was more dominant than surface voids.  
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The concrete specimens were subjected to another 40 freeze-thaw cycles (80 cycles in total), and 

it was observed that specimens PS-5% and PS-10% were destroyed, demonstrating the detrimental 

effect of potassium sulfate exposure. The control specimen experienced severe and localized 

scaling, increasing its open-pore ratio to 87.4% (+63.4%). In contrast, the open-pore ratios of 

specimens MS-5% and MS-10% increased to 28.1% (+2.7%) and 66% (+39.4%), respectively. It 

is worth noting that exposure to magnesium sulfate not only minimized the frost damage but also 

improved its geometry and distribution uniformity. Thus, while the control sample endured 

localized damage, destroying its bottom 5 mm high segment, as shown in Figure 5.12 (A), 

specimen MS-10 experienced uniform surface scaling even though it initially had localized surface 

pores, as illustrated in Figure 5.12 (E).  

 

Figure 5.11. Open-Pore Ratio (%) of Concrete Specimens before and after the Freeze-Thaw Cycles 
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                                (A) (B) 

  
                                (C)                       (D) 

 
(E) 

Figure 5.12. Surface (Open) Pores of Specimens (A) Control, (B) PS-5%, (C) MS-5%, (D) PS-10%, and 

(E) MS-10% before (Left) and after 40 (Middle) and 80 (Right) Freeze-Thaw Cycles 
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5.3.4. Frost Damage Mechanisms 

This section discusses the concrete damage mechanisms by synthesizing the previously reported 

data and the 2D and 3D representations of concrete pore microstructures, shown in Figure 5.13 

and Figure 5.14. It was observed that subjecting the control specimen to 40 freeze-thaw cycles 

expanded its small (≤1.18×10-3 mm3) and large (>1.18×10-3 mm3) voids almost evenly, resulting 

in an unchanged large-pore ratio. Minor scaling damage occurred, as illustrated in Figure 5.13 (A), 

causing little increase in the open-pore ratio. Applying another 40 cycles produced the typical 

freeze-thaw damage mechanism, through which mass loss is initiated mostly at the external surface 

and propagated inward on a layer-by-layer basis. The control specimen suffered localized scaling 

and disintegrated its 5 mm high bottom segment, as demonstrated in Figure 5.14 (A).  

Exposure to potassium sulfate generally accelerated the freeze-thaw damage without altering its 

mechanisms. As a result, subjecting specimens PS-5% and PS-10% to 40 frost cycles caused 

extensive scaling damage even though the internal pores were shrinking due to the precipitation of 

sulfate salt and its chemical by-products, as shown in Figure 5.13 (B and C) and Figure 5.14 (B 

and D). Thus, both samples experienced a substantial expansion of large and surface voids. Further 

exposure to freeze-thaw cycles in potassium sulfate completely disintegrated both specimens, 

indicating the significant degradation of the frost resistance. 

On the contrary, subjecting concrete to magnesium sulfate minimized its frost damage and altered 

its mechanisms. It was observed that subjecting specimens MS-5% and MS-10% to 40 freeze-thaw 

cycles resulted in considerable expansion of the internal pores, contradicting typical frost damage 

mechanisms. It is believed that the internal pore expansion was caused by the sulfate damage, as 

observed in an earlier publication [235]. As illustrated in Figure 5.13 (D) and Figure 5.14 (C), the 

internal voids of sample MS-5% clearly expanded and interconnected into larger pores, despite 
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enduring minimal surface damage, which explains the reduction of the open-pore ratio. It is worth 

noting that the reduced open-pore ratio of specimen MS-5% improved its freeze-thaw resistance; 

hence, applying another 40 cycles expanded its pores only slightly. On the other hand, sample MS-

10% experienced both internal and external pore expansion after being subjected to 40 freeze-thaw 

cycles, as shown in Figure 5.13 (E) and Figure 5.14 (E). Therefore, increasing the concentration 

of magnesium sulfate decreased its positive effect on freeze-thaw resistance. This was verified by 

applying another 40 cycles, which caused uniform scaling damage. Also, exposure to 80 freeze-

thaw cycles in magnesium sulfate with a concentration of 10% produced uniform surface damage 

despite starting with localized surface pores, unlike the control sample, which had uniformly 

distributed surface voids but ended up with severely localized scaling damage. In other words, 

exposure to magnesium sulfate accelerated internal pore expansion and slowed the growth of 

surface voids, mitigating the freeze-thaw damage and improving its uniformity. 
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(A) 

 

 
(B) 

 

 
(C) 

 

 
(D) 

 

 
(E) 

Figure 5.13. 2D Sections of Specimens (A) Control, (B) PS-5%, (C) PS-10%, (D) MS-5%, and (E) MS-

10% before (Left) and after 40 (Middle) and 80 (Right) Freeze-Thaw Cycles 
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                                (A) (B) 

  
                                (C)                       (D) 

 
(E) 

Figure 5.14. 3D Pore Structure of Specimens (A) Control, (B) PS-5%, (C) MS-5%, (D) PS-10%, and (E) 

MS-10% before (Left) and after 40 (Middle) and 80 (Right) Freeze-Thaw Cycles 
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5.4. Conclusions 

The concrete damage mechanisms under a coupled action sulfate and freeze -thaw exposure 

were examined in potassium sulfate and magnesium sulfate environments with different 

concentrations and analyzed using µCT imaging, and the following points were concluded.  

• Microstructural pore analysis using µCT imaging is a promising approach for 

investigating the damage mechanisms of concrete through its capability to quantify 

and visualize the morphology progression of air pores throughout the applied freeze-

thaw cycles. 

• Subjecting concrete to potassium sulfate accelerated the expansion of large and 

surface voids, causing severe frost damage.  

• Exposure to magnesium sulfate accelerated the growth of internal pores while slowing 

the expansion of surface voids, mitigating the scaling damage and improving its 

uniformity. 

• Increasing the concentration of potassium sulfate or magnesium sulfate resulted in 

faster and more severe freeze-thaw damage. 
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Chapter 6: Image-Based Microstructural Finite Element (FE) 

Modelling of Corrosion and Freeze-Thaw Damage 
Chapter 6: Im age-Based Microstructural Fini te Elemen t ( FE) Modelli ng of Corros ion and Freeze-Thaw Damage  

 

This chapter presents the development and preliminary verification of image-based microstructural 

finite element (FE) models that simulate the damage mechanisms of real concrete specimens under 

corrosion and freeze-thaw condition.  

6.1. Introduction 

Extensive research has investigated the corrosion and frost damage modes of concrete through 

experimental testing and finite element (FE) modeling. Experimental testing of the corrosion 

damage and freeze-thaw damage is crucial for examining the severity and mechanisms of concrete 

damage; however, it is time-consuming and provides no details on the stress distribution within 

concrete. Hence, different types of FE models were developed, including solid macroscale [236–

238], mesostructured [201,239–241], and microstructured models [242–244]. Solid macroscale FE 

models treat concrete as a single homogenous material, ignoring the mechanical interaction 

between its cement mortar and aggregates. In contrast, mesostructured and microstructured FE 

models treat concrete as a composite material by modeling its mortar and aggregates as individual 

elements fully attached to each other (i.e., no interfacial contact is considered). The prime 

difference between mesostructured and microstructure FE models is the process of constructing 

the 3D models of the aggregates, air voids, and cement mortar. The three-dimensional elements of 

mesostructured FE models are generated mathematically, whereas the image-based elements of 

microstructure FE models are created by stacking 2D images of an actual concrete, normally 

captured using micro-computed tomography (µCT). Thus, a microstructure FE model provide the 

most realistic representation of concrete damage, making it an excellent tool for investigating the 

microscale corrosion and freeze-thaw damage of actual concrete elements in a timely and efficient 
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manner by minimizing the need for applying lengthy wet-dry or freeze-thaw cycles and expensive 

CT scans. 

The chapter’s prime objective is to develop two realistic microstructural finite element models to 

simulate the corrosion and frost damage within actual concrete specimens. The corrosion FE model 

was constructed by CT imaging an actual reinforced concrete specimen. Likewise, the freeze-thaw 

FE model was sample-specific that was based on 3D images of concrete specimens. The severity 

and mechanisms of the corrosion damage were investigated by analyzing the stress distribution 

and crack propagation. Similarly, the severity of freeze-thaw damage was investigated using the 

concrete’s volume loss data. The damage progression was monitored throughout the applied frost 

cycles and compared to the experimental results to examine the accuracy of the FE model.  

6.2. Finite Element (FE) Model 

6.2.1. General 

The first step of developing the microstructural image-based corrosion and freeze-thaw FE models 

was collecting three-dimensional imaging of actual concrete specimens using an industrial µCT 

imaging system. The concrete elements (about 14 mm in diameter and 40 mm in height) were 

made using water/cement, sand/cement, and aggregate/cement ratios of 0.5, 1, and 1.5, 

respectively. One day after casting, the casting molds were removed, and the specimens were water 

cured for 28 days before µCT imaging and testing. The corrosion FE model was constructed using 

the CT images of a concrete sample reinforced with a 3.175 mm diameter steel bar, as shown in 

Figure 6.1 (A). On the other hand, the freeze-thaw FE model was based on the images of the two 

concrete elements demonstrated in Figure 6.1 (B).  
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    (A)                                                       (B)                     

Figure 6.1. (A) Corrosion Specimen, and (B) Freeze-Thaw Specimens 1 (Left) and 2 (Right) 

A high-resolution micro-computed tomography (µCT) imaging system with a 240 kV tube was 

employed to scan the concrete specimens using tube voltage and current of 100 kV and 80 µA, 

respectively. One thousand images with a resolution (voxel size) of 49.1 µm were captured in each 

scan using an X-ray exposure period of 0.333 seconds per image. It is worth noting that only the 

36 mm midsection was analyzed and modeled to minimize inconsistencies caused by the non-

uniform top and bottom surfaces. The collected CT images were median filtered (3×3×3 pixels) to 

reduce scanning artifacts and stacked into 3D elements, after which the images were segmented 

using thresholding to separate the different concrete components (i.e., aggregates and cement 

mortar), in addition to micro-scale air voids.  
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Three-dimensional mesh elements of the aggregates, voids, and mortar were generated, cleaned, 

and converted into solid 3D models. Different software packages were used to create the 3D 

configuration of the FE models, namely, Image J, Geomagic Design X, and Autodesk Fusion 360. 

The 3D reconstructions of the corrosion FE model’s elements, including the steel reinforcement, 

are illustrated in Figure 6.2. In terms of the freeze-thaw FE model, the detected air pores were 

filled with ice since concrete is fully saturated throughout the freeze-thaw cycles. The 3D 

reconstructions of the two concrete specimens of the freeze-thaw FE model are demonstrated in 

Figure 6.3. Due to the complex configurations of the 3D components, tetrahedral mesh elements 

(C3D4) were used. The mesh sizes of ice (e.g., 0.46 – 4.6 µm), aggregates (e.g., 0.58 – 5.8 µm), 

and cement mortar (e.g., 9.2 – 92 µm) were automatically selected by ABAQUS (Dassault Systems 

version 2019), resulting a total number of mesh elements of over 4.3 million elements. The 

mechanical properties, surface-contact conditions, applied corrosion expansion for the corrosion 

FE model, and applied frost cycles for the freeze-thaw FE model are discussed in the following 

sections. It is important to note the morphology of the modeled components can be enhanced by 

using higher-resolution CT images. 
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(A) (B) 

 

 

 

 

(C) (D) 

Figure 6.2. 3D Models of (A) Aggregates, (B) Air Voids, (C) Steel Reinforcement, and (D) Cement 

Mortar 
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(A) 

  

(B) 

  

(C) 

Figure 6.3. 3D Models of (A) Aggregates, (B) Ice (Voids), and (C) Cement Mortar of Specimens 1 (Left) 

and 2 (Right) 
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6.2.2. Mechanical Properties 

The mechanical properties of the cement mortar, aggregates, and steel reinforcement are listed in 

Table 6.1. It is anticipated that the concrete damage will occur mainly within the cement mortar 

and the aggregate interface due to the high strength of aggregates. Therefore, the aggregates and 

the steel reinforcement were modeled as elastic elements. The aggregates have a modulus of 

elasticity, a density, and a Poisson's ratio of 47,00 MPa, 2,680 Kg/m3, and 0.2, respectively. Also, 

the elastic modulus, density, and Poisson’s ratio of the steel bar are 200,000 MPa, 7,850 Kg/m3, 

and 0.3, respectively. On the other hand, the cement mortar’s compressive strength, tensile 

strength, density, and Poisson’s ratio are 25.28 MPa, 3.2 MPa, 2,022 Kg/m3, and 0.3, respectively. 

Also, the modulus of elasticity and shear strength of the mortar element were computed in 

accordance with ACI 318 (2014) using the equations below.  

 𝐸 = 57,000 √𝑓𝑐  (in psi) (6.1) 

 𝑉 = 4𝜆√𝑓𝑐  (in psi) (6.2) 

Where E: Modulus of Elasticity, V: Shear Strength, 𝑓𝑐 : Compressive Strength, λ =1 

Table 6.1. Mechanical Properties of Cement Mortar, Aggregates, and Steel Reinforcement 

Property Cement Mortar [245–247] Aggregates [248,249] Steel [250,251] 

Compressive Strength (MPa) 25.28 −−− −−− 

Tensile Strength (MPa) 3.2 −−− −−− 

Shear Strength (MPa) 0.553 −−− −−− 

Modulus of Elasticity (MPa) 23797.1 47,200 200,000 

Density (Kg/m3) 2,022 2,680 7,850 

Poisson's Ratio 0.3 0.2 0.3 

 



128 
 

To model the volume increase of water in voids during the freeze-thaw cycles, the temperature-

dependent mechanical properties of ice were utilized. The modulus of elasticity, thermal expansion 

coefficient, density, and Poisson’s ratio of the ice are plotted in Figure 6.4. 

 

                                             (A)                                                                               (B)           

 

                                               (C)                                                                            (D) 

Figure 6.4. (A) Modulus of Elasticity, (B) Thermal Expansion Coefficient, (C) Density, and (D) Poisson’s 

Ratio of Ice at Different Freezing Temperatures. Recreated from [252–255] 

The corrosion damage and freeze-thaw damage within the mortar were investigated via the 

Concrete Damage Plasticity (CDP) model using the default parameters listed in Table 6.2. Also, 

the CDP model was based on the mortar's compressive and tensile stress-strain curves, shown in 

Figure 6.5, which were attained using the equations of Saenz [256] and Desay & Krishnan [257], 

respectively. 
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Table 6.2. Parameters of Concrete Damage Plasticity Model 

Dilation Angle Eccentricity Stress Ratio Shape Factor Viscosity Parameter 

401 

452 0.1 1.16 0.667 0.0005 

 

 1 Corrosion FE Model 

 2 Freeze-Thaw FE Model 

 

                                         (A)                                                                               (B) 

Figure 6.5. (A) Compressive and (B) Tensile Stress-Strain Curves of Cement Mortar 

6.2.3. Contact Characteristics 

Different interfaces were applied in each model of corrosion and freeze-thaw investigation. In the 

corrosion model, there were three contact surfaces: mortar-aggregate, mortar-steel, and aggregate-

steel interfaces. On the other hand, the freeze-thaw models include mortar-aggregate, aggregate-

ice, and mortar-ice interfaces. The contact conditions of the aforementioned interfaces are 

summarized in Table 6.3.  

At the mortar-aggregate and steel-mortar adhesive interfaces, tensile strength and shear strength 

are controlled by the weakest contacting materials (i.e., the mortar). Therefore, it was assumed that 

the tensile and shear strengths of the adhesive contact were the same as the cement mortar, which 

are 3.2 MPa and 0.554 MPa, respectively. Although the mortar-aggregate and mortar-steel 

interfaces have the same adhesive conditions, they have different friction-based slide conditions. 
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The friction coefficients of the mortar-aggregate and mortar-steel interfaces are 0.6 and 0.55, 

respectively. On the other hand, only a friction-based contact condition was applied in the 

aggregate-steel interface with a friction coefficient of 0.65. Also, due to the nature of ice related 

to its very low friction resistance during sliding, a frictionless slide condition was applied in the 

mortar-ice and aggregate-ice interfaces. 

Table 6.3. Contact Conditions of the Mortar-Aggregate, Mortar-Steel, Aggregate-Steel, Mortar-Ice, and 

Aggregate-Ice Interfaces 

Interface Adhesive Condition [246] Friction Condition [258–260] 

Mortar-Aggregate 
Tensile Strength = 3.2 MPa 

Shear Strength = 0.554 MPa 
Friction Coef. = 0.6 

Mortar-Steel1 
Tensile Strength = 3.2 MPa 

Shear Strength = 0.554 MPa 
Friction Coef. = 0.55 

Aggregate-Steel1 −−− Friction Coef. = 0.65 

Mortar-Ice2 −−− Frictionless 

Aggregate-Ice2 −−− Frictionless 

         1 Corrosion FE Model 

         2 Freeze-Thaw FE Mod 

6.2.4. Reinforcement Corrosion 

To investigate the impact of uniform reinforcement corrosion on concrete, the size increase of 

corrosion products was simulated by applying volumetric expansion. Although different corrosion 

levels can be applied, in this model, the thickness of the uniform rust layer surrounding steel 

reinforcement was about 0.1 mm based on observation reported by Robuschi et al. (2021) [261]. 

Thus, an equivalent uniform steel expansion of 6% was applied in the FE model, corresponding to 

an increase in diameter from 3.175 mm to 3.375 mm.   
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6.2.5. Freeze-Thaw Cycles 

Two actual concrete specimens were subjected to 40 freeze-thaw cycles, each of which had a 

controlled environment temperature ranging from 11 oC to -25 oC, as shown in Figure 3.5. The 

lowest temperature fluctuated around an average of -22 oC, which is considered the lowest ice 

temperature. Also, since the frost damage is caused mostly by ice expansion, it is possible to 

simulate the freeze-thaw damage by modeling only the freezing period of the cycles, significantly 

decreasing the required computational time. Thus, the temperature of the simulated cycles of the 

freeze-thaw FE model fluctuated between 0 oC and -22 oC, as illustrated in Figure 6.7. 

 

Figure 6.6. The Controlled Environment Temperature of a Single Freeze-Thaw Cycle [217] 
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Figure 6.7. Temperature of the Applied Freeze-Thaw Cycles 

6.3. Results and Discussion 

6.3.1. Corrosion Damage 

6.3.1.1. General 

A preliminary microscale finite element model of a reinforced concrete element was developed 

and tested. The internal stress distribution was studied at different stages of reinforcement 

corrosion. The corrosion damage mechanisms were thoroughly investigated, and preliminary 

accuracy analysis of the concrete damage was conducted. It was noted that at the pre-crack state, 

stress concentration occurred in the concrete weakest regions: around air pores and mortar-

aggregate interface, resulting in early cracking. As the number of cracks increased, the 

confinement of the surrounding concrete diminished, making concrete more susceptible to 

cracking in the reinforcement interface. Further discussion is provided in the following sections. 
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6.3.1.2. Stress Distribution of Corrosion FE Model 

Although concrete stress is normally analyzed using the principal stresses, it was observed that 

von Mises stress yielded the clearest stress distribution, which is the focus of this section. Hence, 

the von Mises stress distribution within the mortar element at 0.6%, 3%, and 6% of reinforcement 

expansion was analyzed, as illustrated in Figure 6.8. It is clear from Figure 6.8 (A) that even in the 

case of uniform corrosion (e.g., uniform expansion), the resulted internal stress is substantially 

uneven, attributed to the fact that stress concentration occurs at the air pores and the mortar-

aggregate interfacial zone. Notably, the porous segments and the mortar-aggregate interface also 

have low strength. In other words, stress concentration occurs in the weakest spots of the concrete, 

leading to early cracking. As demonstrated in Figure 6.8 (B), cracks initiated in the areas 

containing the air voids (red highlight) and the interfacial transmission zone between the mortar 

and the aggregates. It is worth noting that cracks can considerably alter the stress distribution by 

relieving the stress at the cracked region, shifting the locations of the highest stress, and altering 

the damage mechanisms. The confinement of the surrounding concrete diminished upon further 

cracking, making its reinforcement interfacial zone more susceptible to cracking. As a result, the 

steel-concrete interface suffered more cracks (green highlight) in the later stages of reinforcement 

corrosion, as shown in Figure 6.8 (C). 
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(A) 

 

(B) 

 

(C) 

Figure 6.8. von Mises Stress (MPa) Distribution within the Cement Mortar at (A) 0.6%, (B) 3%, and (C) 

6% of the Reinforcement Expansion 
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6.3.1.3. Corrosion Damage Mechanisms 

Corrosion-induced concrete cracks normally initiate at the steel-concrete interface [20,262,263] or 

the external surface of concrete [263–265] and propagate across the surrounding concrete. To 

investigate the concrete damage mechanisms, a two-dimensional slice of the concrete specimen 

was monitored throughout the reinforcement expansion process to track the progress and 

mechanics of reinforcement corrosion-induced damage, as shown in Figure 6.9. It was observed 

that the corrosion-induced cracks initiated at different areas, including the reinforcement interface 

(green highlight), the mortar-aggregate interface (yellow highlight), and the external surface of the 

concrete element (red highlight). To demonstrate the dominant locations of concrete cracks during 

the different levels of reinforcement expansion, only the newly created cracks per expansion level 

are highlighted. As illustrated, during the early stages of corrosion damage, cracks dominantly 

occurred in the external surface of concrete and the surface of the nearby aggregates, attributed to 

the fact that the reinforcement interface is initially well confined by the surrounding concrete. As 

the external surface of the mortar cracks, the confinement of the steel reinforcement degrades 

considerably, making the concrete specimen more susceptible to internal cracking in the 

reinforcement interface, as clearly demonstrated in Figure 6.9. In other words, the level of the 

corrosion damage can impact the mechanisms of further concrete damage. Also, it was noted that 

cracks propagate across the air voids and along with the mortar-aggregate interfacial zone. It is 

worth noting that similar damage mechanisms have been reported in the literature, where concrete 

experienced visible surface cracking followed by internal cracking within the steel-concrete 

interface [264]. 
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                                           (A)                                   (B)                                 (C)   

 

                                            (D)                                  (E)                                  (F)   

Figure 6.9. 2D Propagation of Concrete Damage (A) before, and after (B) 1.2%, (C) 2.4%, (D) 3.6%, (E) 

4.8%, and (F) 6% of Reinforcement Expansion 
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6.3.1.4. Preliminary Accuracy Analysis of Corrosion FE Model 

A preliminary comparison between the damage mechanisms of the FE model and the actual 

concrete specimen was conducted. Natural and uniform reinforcement corrosion was produced by 

subjecting the concrete element, shown in Figure 6.10 (A), to 160 wet-dry cycles in salt water with 

a sodium chloride concentration of 3.5%. Each wet-dry cycle consisted of 3 hours of immersion 

and 1 hour of accelerated dehydration at a temperature of 45 oC. As demonstrated in Figure 6.10, 

the FE model successfully anticipated the location of the largest crack of the concrete specimen, 

illustrating the potential of the developed microstructural FE model. Nonetheless, further 

investigation of the model’s accuracy is necessary.  

 

                                                                 (A)                            (B)   

Figure 6.10. Comparison between (A) the Actual Concrete Damage and (B) the Simulated Concrete 

Damage at 1.5% of Reinforcement Expansion 
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6.3.2. Freeze-Thaw Damage 

6.3.2.1. General 

The stress distribution induced by the expansion of freezing water inside voids within concrete 

was investigated. It was observed that the stress was concentrated mostly around the expanding 

ice and within the mortar-aggregate interface. As more cycles were applied, minor cracking 

occurred around the expanding ice, locally relieving the stress and altering the stress distribution 

within the concrete element. Also, the severity of frost damage was investigated by analyzing the 

volume loss of concrete. A good agreement was observed between the volume loss of the FE model 

and the experimental CT imaging data. In terms of the damage progression, it was noted that the 

concrete specimens experienced only minor frost damage that was hard to analyze through visual 

inspection, as shown in Figure 6.11. Thus, the damage progression of the FE model was compared 

with the frost-induced damage detected using CT imaging, and the observed agreement was 

discussed. 

 

(A) 

 

(B) 

Figure 6.11. Concrete Specimen #1 (A) before and (B) after 40 Freeze-Thaw Cycles 
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6.3.2.2. Stress Distribution of Freeze-Thaw FE Model 

The distribution of the von Mises stress within the concrete specimen #1 was analyzed after 

applying 5, 20, and 40 freeze-thaw cycles, as illustrated in Figure 6.12. It was observed after 

applying 5 cycles that the stress around the expanding ice was mostly uniform. After applying 20 

cycles, the concrete element experienced minor local cracking nearby the ice, partially relieving 

the surrounding high stress. It is worth noting that the frost-induced cracks at cycle 20 relieved the 

high stress at the top and bottom surfaces of the concrete, shifting the stress to its side surface, as 

shown in Figure 6.12 (C). Also, it was noted that subjecting concrete to 20 cycles propagated the 

stress toward the nearby aggregates, increasing the likelihood of stress concentration within the 

mortar-aggregate interfacial zone. Exposure to 40 freeze-thaw cycles produced more cracks within 

the cement mortar, making the stress distribution more localized, as demonstrated in Figure 6.12 

(D).  
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(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 6.12. von Mises Stress Distribution within the Concrete Specimen #1 (A) before and after (B) 5, 

(C) 20, and (D) 40 Freeze-Thaw Cycles 



141 
 

6.3.2.3. Severity of Freeze-Thaw Damage 

The severity of the simulated frost damage of specimens 1 and 2 was investigated by computing 

the volume loss of concrete, which represents the volume of the damaged elements determined 

using the Concrete Damage Plasticity (CDP) model, as demonstrated in Figure 6.13. Also, the 

actual volume loss of the two samples at cycle 40 was measured using the experimental CT 

imaging data, which was plotted as a polynomial curve. It was observed that the actual volume 

losses of samples 1 and 2 after 40 freeze-thaw cycles were 5.70 mm3 and 12.99 mm3, respectively, 

whereas the simulated volume losses of the two specimens were 5.93 mm3 and 12.06 mm3, 

corresponding to percent errors of 3.96% and 7.21%, respectively. It is worth noting that although 

the two specimens were made of the same mixture proportions, the frost-induced volume loss of 

specimen 2 was over twice that of specimen 1, attributed to the different pore structures. Despite 

that, the developed FE model accurately predicted the frost damage of the two samples by taking 

into consideration the pore structure of each specimen, proving its potential. Also, the simulated 

volume loss grew exponentially, matching the observations reported by Li et al. (2018). In 

conclusion, the microstructural FE model successfully utilized the micro-scale configurations of 

the aggregates and ice (voids) to assess the concrete’s frost damage accurately, illustrating its 

potential for investigating the freeze-thaw damage of concrete. 
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(A) 

 

(B) 

Figure 6.13. Volume Loss of (A) Specimen #1, and (B) Specimen #2 after 40 Freeze-Thaw Cycles 
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6.3.2.4. Freeze-Thaw Damage Progression  

The progression of the simulated frost damage of specimen #1 was studied after applying 5, 20, 

and 40 cycles, as illustrated in Figure 6.14. It was noted that cracks initiated in the top and bottom 

surfaces of the concrete, which relieved the stress within these surfaces, as discussed in the 

previous section. As more freeze-thaw cycles were applied, the concrete damage propagated from 

the top and bottom surfaces to the center of the concrete element. 

The accuracy of the simulated frost damage was examined by comparing the concrete damage of 

the FE model to the expansion of the concrete’s internal pore structures, shown in Figure 6.15 (A 

and B). It was observed that exposure to 40 freeze-thaw cycles produced mostly internal pore 

expansion, which seems similar to the FE model's frost damage, as indicated by the red and yellow 

highlights. Based on these results, it appears that the microstructure FE model accurately 

anticipated the locations of frost damage within the concrete element. However, further 

investigation is required to determine the accuracy of the simulated mechanisms of frost damage. 
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                          (A)                        (B)                     (C) 

Figure 6.14. Freeze-Thaw Damage of the Modeled Concrete after (A) 5, (B) 20, and (C) 40 Freeze-Thaw 

Cycles 
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                                           (A)                                           (B)                                                  (C) 

Figure 6.15. Internal Pore Structures of Specimen #1 (A) before and (B) after 40 Freeze-Thaw Cycles, 

and (C) the Frost Damage of the FE Model 

6.4. Conclusions 

Two image-based microstructural finite element models of corrosion damage and freeze -

thaw damage were developed and utilized to investigate the internal stress distribution within 

the concrete element and the severity and mechanisms of concrete damage throughout the 

applied test conditions. The damage mechanisms of the FE models were compared to the 

actual concrete specimens, and an agreement was observed. Based on the aforementioned 

analysis, the following points were concluded. 



146 
 

• Constructing image-based 3D elements for FE modeling using micro-computed 

tomography is an interesting approach with excellent potential for investigating the 

internal micro-scale stress distribution and damage mechanisms of concrete. 

• The corrosion FE model successfully predicted the actual path of crack propagation 

during the early stages of corrosion damage.  

• The level of corrosion damage considerably impacts the corrosion damage 

mechanisms. During the early stage of reinforcement corrosion, cracks occur mostly 

within the concrete's external surface and the mortar-aggregate interface since the 

steel interfacial zone is well confined by the surrounding concrete. However, the 

concrete confinement diminishes as the concrete surface cracks, resulting in a sudden 

increase of cracks in the reinforcement interfacial zone.  

• The freeze-thaw FE model accurately anticipated the severity of the frost damage of two 

actual concrete specimens, as indicated by the volume loss data. 

• In the early stages of freeze-thaw damage, the frost-induced stress within concrete was 

uniformly surrounding the expanding ice. However, further exposure to frost cycles 

produced minor cracks, which locally relieved the high stress and altered the stress 

distribution. 

• The stress within the mortar-aggregate interfacial zone increased as more corrosion 

expansion or freeze-thaw cycles were applied, potentially leading to more severe stress 

concentration and interfacial cracking. 
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Chapter 7: Conclusions and Recommendations 
Chapter 7: Co nclus ions  an d Recomme ndat ions  

  

7.1. General 

The presented work provides a deeper understanding of concrete's corrosion and freeze-thaw 

damage by thoroughly investigating the pore morphology and microstructural damage 

mechanisms using a non-destructive micro-computed tomography (µCT) imaging system. The 

research gaps were identified by conducting a comprehensive literature review of CT imaging of 

concrete damage under corrosion and frost conditions. Although CT imaging has excellent 

potential for three-dimensional characterization of concrete internal pore structure, limited work 

has been done to investigate the microstructural corrosion and freeze-thaw damage mechanisms 

using different mixture proportions. Also, most corrosion research was conducted on small 

specimens, paying little attention to the potential of using CT imaging to detect the corrosion 

products within large concrete specimens. In addition, limited research studied the severity and 

mechanisms of freeze-thaw damage in detrimental environments, such as sulfate environments. 

Furthermore, despite the potential of using CT imaging to capture high-resolution 3D images, 

realistic 3D microstructural finite element (FE) models of corrosion and freeze-thaw damage with 

the appropriate contact conditions have yet to be developed. Thus, the aforementioned research 

gaps were addressed. 

7.2. Corrosion and Freeze-Thaw Damage of Concrete of Different Mixing 

Proportions 

The effects of water/cement (W/C) and sand/cement (S/C) ratios on the concrete damage under 

corrosion and freeze-thaw conditions were investigated using concrete specimens made of W/C 

ratios of 0.4–0.9 and S/C ratios of 0.5–3. One day after casting, the concrete elements were water 
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cured for 28 days, after which the corrosion specimens were subjected to 120 wet-dry cycles (4 

hours each) in salt water, whereas the frost specimens were exposed to 40 freeze-thaw cycles (1 

day each). Weight measurements and CT imaging were performed before and after applying the 

wet-dry and freeze-thaw cycles. Using the CT images, the pore properties, including the pore size, 

shape, and distribution, and the concrete damage mechanisms were investigated. 

It was observed that increasing the W/C and S/C ratios beyond the appropriate level produced 

concrete with higher porosity with larger and more clustered air pores, making concrete more 

vulnerable to reinforcement corrosion and freeze-thaw damage. Also, it was noted that the pore 

morphology greatly impacted the concrete damage mechanisms. For example, increasing the W/C 

ratio produced more interfacial voids at the steel-concrete interface that locally accelerated the 

reinforcement corrosion, leading to pitting corrosion. Likewise, concrete made of a high W/C ratio 

had more open pores that accelerated water ingress and reduced the concrete confinement, making 

concrete more susceptible to frost-induced scaling damage. In general, the effects of increasing the 

W/C ratio were similar but more detrimental than the S/C ratio. Also, it was observed that using a 

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

reinforcement corrosion and freeze-thaw damage. 

The presented results proved the potential of CT imaging to study the effects of concrete 

composition on its durability and damage mechanisms. However, the tested specimens are small; 

hence, the impact of W/C and S/C ratios can be investigated further using larger concrete samples. 

Also, using higher-resolution images, the effects of the mixture proportions on the concrete 

capillaries can be investigated. Further research can be conducted to examine the effects of 

concrete additives such as silica fume and fly ash on its pore structure and resistance to 

environmental damage.  
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7.3. Naturally Corroded Reinforced Concrete Element  

The potential of using CT imaging to detect the corrosion products within large concrete elements 

was investigated using a large naturally corroded 50-year-old concrete specimen, which is 120 mm 

wide, 60 mm thick, and 170 mm high. The concrete element was CT scanned using high-imaging 

parameters of 200 kV and 100 µA to attain high-resolution images. It was observed that steel 

reinforcement experienced severe pitting corrosion mostly within its exposed surface, causing the 

disintegration of two-thirds of the reinforcement volume. On the other hand, the internal 

reinforcement surface surrounded by the concrete (i.e., opposite to the concrete cover) experienced 

minor corrosion damage, as indicated by the intact rebar threads. Also, it was noted that while 

the concrete surrounding the exposed steel surface was fully delaminated, no cracks were 

detected within the concrete surrounding the intact steel surface. It was also observed that 

the majority of detected corrosion products were mostly dispersed around the exposed 

surface of steel reinforcement. Thus, the corrosion-induced cracks propagated mostly within 

its delaminated surface.  

The accuracy of corrosion detection was examined by comparing the captured corrosion products 

with the actual rust on the concrete surface. It was observed that most corrosion products were 

detected except for small and minor corrosion strains due to the low X-ray attenuation. Also, it 

was noted that small parts of some aggregates were falsely detected as corrosion products because 

of imaging artifacts and the metal contents of some aggregates. However, the falsely detected 

aggregates that are far from the steel reinforcement can be ignored since most corrosion products 

surround the steel rebar. 

Based on the results, CT imaging is an excellent tool for 3D detection of corrosion products within 

large concrete elements paving the way for more advanced applications. For example, more 
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research can be conducted to gain a deeper understanding of the microstructural mechanisms of 

the progression of corrosion damage. Also, high-resolution CT images should be used to mitigate 

void detection errors, such as the interconnection of nearby air pores. In addition, further research 

can be performed to quantify the corrosion detection accuracy by comparing the CT results with 

other technologies, such as energy dispersive spectroscopy. Furthermore, efficient automated 

algorithms can be developed to improve corrosion detection accuracy by removing the falsely 

detected aggregates. 

7.4. Concrete Damage under Coupled Freeze-Thaw and Sulfate Attack 

Conditions  

The effects of sulfate environments on the severity and mechanisms of freeze-thaw damage were 

investigated. Concrete specimens with a W/C ratio of 0.5 and an S/C ratio of 1 were water cured 

for 28 days before being subjected to 80 freeze-thaw cycles in different sulfate solutions with 

various concentrations, namely, magnesium sulfate and potassium sulfate with concentrations of 

5% and 10%. Weight measurement and CT imaging were performed before and after every 40 

cycles to determine the mass loss and the expansion of porosity, large pores, and open pores. The 

substantial impact of the sulfate environments on the severity and mechanisms of frost damage 

was illustrated using 3D reconstructions of the concrete pore structures.   

It was observed that exposing concrete to potassium sulfate accelerated the expansion of it s 

large open pores and, consequently, frost-induced scaling damage. On the contrary, 

subjecting concrete to magnesium sulfate accelerated the expansion of internal voids while 

slowing the growth of open pores, resulting in minor and more uniform freeze -thaw damage. 

Thus, while the concrete elements exposed to potassium sulfate were completely 

disintegrated by the applied freeze-thaw cycles, the concrete specimens subjected to 
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magnesium sulfate experienced mild scaling damage. It was also noted that increasi ng the 

concentration of the magnesium sulfate salt accelerated the process of concrete damage. 

Hence, the type and concentration of the sulfate environment can significantly impact the 

severity and mechanisms of freeze-thaw damage.  

More research is needed to examine the effects of different concentrations of magnesium 

sulfate, potassium sulfate, and calcium sulfate on the severity and mechanism of freeze -thaw 

damage, particularly since most research was focused on studying frost damage in a sodium 

sulfate solution. It is also important to investigate how the sulfate type and concentration 

impacted the freezing temperature of the water. Also, further investigation should be 

conducted using large concrete specimens to gain a better understanding of the concre te 

damage mechanisms under coupled freeze-thaw and sulfate environments.  

7.5. Image-Based Microstructural Finite Element (FE) Modeling of Corrosion 

and Freeze-Thaw Damage  

Two image-based microstructural finite element models for corrosion and freeze-thaw damage of 

concrete were developed using the CT images of actual specimens. The captured CT images were 

post-processed and stacked to create 3D reconstructions of the cement mortar, aggregates, and air 

pores. The corrosion FE model also consisted of cylindrical steel reinforcement, whereas the air 

pores of the freeze-thaw model were filled with freezing water to simulate freeze-thaw cycles 

under a full saturation condition. Also, while the corrosion-induced reinforcement expansion of 

the corrosion FE model was based on the literature, the freeze-thaw FE model was simulated by 

subjecting concrete to 40 cycles. The stress distribution and concrete damage mechanisms of the 

two FE models were analyzed, and the accuracy of each model was investigated by comparing the 

FE results to experimental data. 
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After analyzing the stress distribution, it was observed from the FE model of corrosion that 

the internal stress concentrated mainly within the steel -concrete and mortar-aggregate 

interfaces. Also, it was noted that during the early stages of reinforcement corrosion, concrete 

experienced cracking mostly within the external surface of concrete and the mortar -aggregate 

interface since the steel interfacial zone was well confined by the surrounding concrete. 

However, as surface cracks propagated toward the concrete core, the concrete confinement 

diminished considerably, causing considerable cracking within the reinforcement interfacial 

zone. Through visual inspection, it was deduced that the corrosion FE model anticipated the 

corrosion-induced crack path of the actual concrete specimen with acceptable accuracy.    

In terms of the freeze-thaw FE model, it was noted that the maximum internal expansive 

stress occurred around the large pores full of freezing water. The larger the volume of 

freezing water, the higher the internal stress. Also, it was observed that the expanding ice 

induced uniform internal stress on the surrounding concrete. However, as more freeze -thaw 

cycles were applied, minor cracking occurred, locally relieving some regions of high stress 

and altering the internal stress distribution. The accuracy of the freeze -thaw FE model was 

examined by comparing the volume loss data of two specimens to the respective experimental 

measurements. It was noted that the FE model successfully determined the volume loss of 

the concrete specimens with an average error of only 5.59% (±1.63%). The accuracy of the 

FE model was also verified by comparing the simulated concrete damage with the 3D CT 

images, from which a good agreement was observed.  

While the developed FE models provided an excellent presentation of the potential of using 

CT imaging to construct realistic microstructural FE models, the models can be improved 

further by using higher-resolution CT images and performing mesh independency analysis. 



153 
 

Also, the configurational accuracy of the FE elements can be investigated by comparing the 

volume of the modeled air pores and aggregates with the total pore volume attained using 

CT imaging and the actual volume of aggregates before casting, assuming that all aggregates 

are used in the imaged concrete specimen. In terms of the corrosion FE model, more research 

can be conducted to simulate concrete damage under nonuniform reinforcement corrosion. 

On the other hand, more cycles should be applied in the freeze-thaw FE model to investigate 

the damage mechanisms at the late stages. Also, both FE models can be used on larger 

concrete specimens under different forms of external loading. 
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