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Abstract 

This paper presents our findings on the application of X-ray microtomography to characterize the internal structure of 

mortars that were exposed to freezing-thawing action. A microfocus X-ray CT (micro-CT) scanner was used for the 

nondestructive 3D imaging of internal air voids or cracks at a spatial resolution of the order of 10 microns. Four differ-

ent types of mortar specimens (i.e., non-air-entrained and air-entrained Portland cement mortar, and non-air-entrained 

and air-entrained fly ash mortar) were scanned after being subjected to different numbers of freeze-thaw cycles. Cou-

pled with image analysis, the void space obtained from micro-CT was characterized in three dimensions (3D) in terms 

of void fraction and air void size distribution, as well as, the crack width and tortuosity of the connected crack network. 

Results suggest that the initial air voids follow a lognormal distribution with the highest population of modal size 

around 30-50 μm, irrespective of the type of mortar. As the distributed air voids of non-air entrained mortars were rela-

tively few in numbers, the fly ash mortar in particular was the least resistant against frost damage as shown by the for-

mation of internal cracks that meander around the weaker paste-aggregate interface. Indications also suggest that these 

cracks are well connected and anisotropic in 3D.    
 

 

1. Introduction 

There are several serious causes of deterioration of con-

crete structures exposed to various environmental condi-

tions. In particular in cold regions, the freezing-thawing 

action is among the most significant cause of deteriora-

tion.  Concrete that is not resistant to cyclic freezing-

thawing action manifests two principal types of damage, 

namely surface scaling and internal cracking (Pigeon et 

al. 1996).   

Several methods have been developed to observe and 

quantify these types of damage caused by freezing-

thawing action. For example, the scaling can be easily 

assessed based on scaled mass loss or visual rating in 

accordance with ASTM C 672. As for the internal 

cracks, scanning electron microsopy (SEM) and optical 

microscopy (OM) have been the most widely used tech-

niques to characterize the cracks in sections of mortar or 

concrete (Jacobsen et al. 1995; Ammouche et al. 2001; 

Elzafraney and Soroushian 2004; Litorowicz 2006). 

However, the limitations of observing a two-

dimensional section of a three-dimensional structure 

from such 2D microscopy must be borne in mind. In 

this paper, we used X-ray microtomography to investi-

gate the three-dimensional (3D) microstructure of mor-

tars exposed to freezing-thawing action.  

At a spatial resolution of several micrometers, X-ray 

microtomography is similar in principle to medical 

computed tomography (CT) scans which create images 

that map the variation of the X-ray attenuation coeffi-

cient within objects. In general, the X-ray beam is radi-

ated to the specimen and the transmitted beam is re-

corded on a detector. According to Beer-Lambert’s law, 

the ratio of the number of transmitted to incident X-ray 

photons is related to the integral of the linear attenuation 

coefficient (LAC) of the material along the path that the 

photons follow through the specimen. The resulting 

image (or radiograph) is a superimposed information set 

or projection of a volume in a 2D plane. Three-

dimensional (3D) information is then obtained from 

radiographic projections of the specimen taken at many 

angles or projection views. Once these projections are 

available, a reconstruction algorithm can be used to 

produce the contiguous two dimensional images which 

provide a discrete approximation of the distribution of 

X-ray attenuation coefficient within the volume of the 

scanned specimen. Since the linear attenuation coeffi-

cient (LAC) is a sensitive measure of atomic composi-

tion and density, the CT technique could provide a non-

invasive and nondestructive 3D visualization and char-

acterization of the internal structures of material (Robb 

1982). In other words, X-ray microtomography provides 

the virtual cross-sectional image without the time-

consuming and laborious sectioning of a specimen typi-

cally required in 2D microscopy techniques. 

Very high-resolution 3D images at a scale of submi-

cron to few microns are nowadays obtained on X-ray 

CT systems located in synchrotron radiation facilities. 

At the SPring-8 in Japan, we applied such kind of tech-
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niques to investigate the microstructure of cement 

pastes (Promentilla et al., 2008a, 2009a, 2009b; Sugi-

yama et al., in press). Aside from the high intensity of 

the X-ray beam from synchrotron radiation as an X-ray 

source, the parallel and monochromatic beam set-up 

provide an exact and quantitative reconstruction that is 

free of beam-hardening artifacts attributed to polychro-

matic beams (Kinney and Nichols 1992). However, as 

trade-offs occur between the maximum sample size and 

the spatial resolution to fit the specimen in the field-of-

view of the detector, a synchrotron-based CT system is 

usually limited to a specimen of millimeter size. On the 

other hand, for specimens of centimeter size, a cone-

beam system can be used with a microfocus X-ray tube 

as the source that provides a spatial resolution of the 

order of 10 microns. As this divergent cone-beam of X-

rays is polychromatic, several techniques such as the 

application of filters are being used to reduce the beam-

hardening artifacts in the reconstructed image (Van Geet 

et al. 2000).  

Despite the fact that microfocus X-ray CT has re-

ceived considerable attention in materials research in-

cluding several studies on cement-based materials (e.g., 

see Salvo et al., 2003; De Graef et al. 2005; Bentz et al. 

2006; Naik et al. 2006; Elaqra et al. 2007), surprisingly 

little is known on the application of this technique on 

mortar or concrete specimens exposed to freezing-

thawing environments. The purpose of this study is 

therefore to demonstrate the feasibility of using micro-

focus X-ray CT to examine and characterize the internal 

microstructure of frost-induced damaged mortars. This 

paper focuses on the extraction and quantification of the 

air void and crack system with the aid of 3D image 

analysis techniques. 

 

2. Materials and methods 

2.1 Sample preparation  
Two types of mortar were produced, namely the fly ash 

mortar and the ordinary Portland cement mortar. The 

mixture proportions of the mortar specimens used in this 

experiment are shown in Table 1. The cement used was 

an ordinary Portland cement (OPC) designated as JIS 

R5210 whereas the fly ash is of JIS type II. The river 

sand used in the mixture is of sizes that range from 0.15 

mm to 2 mm. Chemical admixtures were also added to 

obtain a desired air content in fresh mortar as measured 

by the air meter (JIS A1128). For example, an air-

entrainment agent with water-reducing effect (AEWR) 

and an air-entrainment adjustment agent (AEAD) were 

used in fresh OPC mortar, whereas AEAD alone was 

found to be effective in introducing sufficient air content 

in the fly ash mortar. On the other hand, an antifoaming 

agent (AF) was added to reduce the air content to a rea-

sonable value for the non-air entrained OPC mortar.  

In accordance to JIS R5201, the casting in 40 mm x 

40 mm x 160 mm steel molds was performed and these 

molds were stored in a moist condition for 24 hours. 

The specimens were then cured in water after their re-

moval from the mold. After curing for 14 days, cored 

cylindrical samples of 12 mm in diameter were obtained 

from the hardened mortar specimens. From these core 

samples, cylindrical specimens with aspect ratio (L/D) 

of 2 were prepared for freezing-thawing experiment and 

X-ray scanning. 

 

2.2 Freezing-thawing experiment 
The specimens were cyclically exposed to freezing in 

water at -25
o
C and then thawing in water at 25

o
C in an 

air-temperature controlled room. One cycle of the freez-

ing and thawing took about 12 hours. After a specified 

number of freeze-thaw cycles, the specimens were re-

moved from the controlled room, and then the central 

portion of each specimen was scanned by microfocus X-

ray CT. The relative dynamic modulus of elasticity was 

also measured indirectly through monitoring the 

changes of ultrasonic transit time in the axial direction 

of the cylindrical specimen with a PUNDIT (Portable 

ultrasonic non-destructive digital indicating tester) de-

vice. 

 

2.3 Image acquisition using microfocus X-ray CT 
Acquisition of 3D images of the internal structure of 

specimens subjected to cyclic freezing-thawing envi-

Table 1 Mixture proportions of the test specimens
a
. 

Unit weight (kg/m
3
) 

Specimens 
b
 

FA 

% 

W/B 

% W C S FA AEWR AEAD AF 

Air
c 

(%)
 

P-NA 0 50 281 562 1405 0 0 0 0.0086 1.3 

F-NA 30 50 274 384 1372 165 0 0 0 0.2 

P-AE 0 50 271 542 1355 0 1.63 0.16 0 7.2 

F-AE 30 50 265 371 1324 159 0 0.5 0 7.8 

a
 NOTE: FA = Fly ash, W=Water, C=Cement, S=Sand, AEWR=Air-entrainment agent with water reducing 

effect,  AEAD=Air-entrainment adjustment agent,  AF = Anti-foaming agent. 
b
 non-air-entrained OPC mortar (P-NA), non-air-entrained fly ash mortar (F-NA), air-entrained OPC mortar 

(P-AE), air-entrained fly ash mortar (F-AE) 
 
c 
initial air content of fresh mortar from air meter measurement (Pressure method). 



  M. A. B. Promentilla and T. Sugiyama / Journal of Advanced Concrete Technology Vol. 8, No. 2, 97-111, 2010 99 

ronment was done using a desktop microfocus CT sys-

tem (TOSCANER-30000µhd, Toshiba IT & Control 

Systems Corporation, Japan). The microfocus X-ray CT 

(micro-CT) scanner (see Fig. 1) consists of a microfo-

cus X-ray source, a specimen manipulator, an image 

intensifier (II) detector coupled to a CCD camera, and 

an image processing unit (Promentilla et al. 2008b). A 

power setting of 130 kV and 124 µA was used for a full 

(360
o
rotation) cone-beam scan with 1500 projection 

views. The specimen was set in a holder mounted on a 

precision rotation table, and then the table position was 

adjusted to fit the image within the field-of-view. Scan-

ning parameters and conditions were adjusted to obtain 

high resolution images, as well as to reduce the noise 

and artifacts in the images during acquisition. The im-

age acquisition time for each specimen that includes 

both scanning and reconstruction time was about one 

and a half hours. Further image processing and analysis 

were also done using public domain programs such as 

ImageJ (Rasband 2007) and SLICE (Nakano et al 2006). 

 

3. Results and discussion 

3.1 Pre-processing of CT data from cone-beam 
scanning  
The data set obtained from cone-beam scanning of the 

central portion of the specimen (about 12-mm and 8-

mm in diameter and height, respectively) consists of 

contiguous 199 slices of reconstructed CT images with 

thickness of 40 micron each (Fig. 2). Stacking up these 

slices creates a 3D image of the scanned section of the 

specimen. Each slice is a grayscale image having a ma-

trix size of 1024 x 1024 pixels with an in-plane resolu-

tion (x-y plane) of 12 µm/pixel. Accordingly, each voxel 

(volume element or volumetric pixel) in the raw CT data 

has anisotropic dimensions of 12 x 12 x 40 µm. Each 

voxel is also associated with a raw CT number (CTN) 

that is proportional to the average X-ray attenuation 

coefficient of the material in the said voxel. Since the 

attenuation coefficient depends on the atomic composi-

tion and density, the voxels associated with low-density 

phases such as air or water have much lower CT number 

as compared with that of the solid matrix of the mortar. 

In grayscale images, the lower CT number is typically 

shown as a darker intensity level than that of the higher 

CT number.  

For example, Fig. 3 shows a representative slice of 

the specimen after rescaling the raw 14-bit (16384 in-

tensity levels) CT data to an 8-bit (256 intensity levels) 

grayscale image. As shown in the histogram of the CT 

number (Fig. 3a), there are two distinct peaks which are 

associated with the air and the solid matrix, respectively. 

From the raw CT data, different brightness and contrast 

of the converted image can be obtained by adjusting the 

Window Level (WL) and Width (WW) as shown in Figs. 

3c and 3d. Such data conversion defined by WL and 

WW is depicted in Fig. 3b. In this study, all the CT data 

were consistently converted to 8-bit grayscale images  

(e.g., TIF images) by setting the WL and WW to 400 

and 700, respectively. In other words, we defined 50 

 
Fig. 1 Experimental setup of the microfocus X-ray CT. 
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Fig. 2 CT data from the scanned section of the specimen. 

 

 

 

Fig. 3 CT histogram of the reconstructed image of a cross-section of the specimen (F-NA) and the corresponding dis-

played 8-bit grayscale images of different brightness and contrast. 
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(i.e., WL – WW/2) and 750 (i.e., WL + WW/2) as the 

minimum and maximum CTN cut-off, respectively to 

give a better contrast between the surrounding air and 

the mortar matrix. Hence, any voxel with CTN less than 

or equal to 50 was transformed to a grayscale value 

(GSV) of zero (black) whereas any voxel with more 

than 750 was transformed to a GSV of 255 (white). For 

voxels with CTN between 50 and 750, the following 

equation was used in scaling the CTN to 8-bit (0-255) 

grayscale image: GSV = (255/700) (CTN – 50).  

Denoising based on the anisotropic diffusion filter 

was also applied to the stack of 8-bit grayscale images. 

The anisotropic diffusion filter has been demonstrated 

effective in removing noise while preserving the edges 

(e.g., see Sheppard et al., 2004). Figure 4 shows an 

example of the resulting slice including the respective 

histogram and line profile before and after the denoising 

process. 

 

3.2 Microtomographic images of specimen sub-
jected to freezing-thawing cycle 
Figures 5-8 illustrate the sample cross-sectional images 

of the specimens at different number of freeze-thaw 

(FT) cycles. For example, the slice 40, 100, and 160 

represent the upper, middle, and bottom part of the 

scanned sections. In these figures, the aggregates (sand 

particles) were imaged as patches of various shades of 

gray, and appeared to be brighter relative to darker 

shades of gray of the surrounding cement paste. On the 

other hand, the air voids and cracks were clearly seen as 

black or very dark voxels in the microtomographic im-

ages. Most of the cracks meander around the aggregates 

suggesting that these cracks attempt to follow the 

weaker interfacial transition zone (ITZ) between the 

 

Fig. 4 Sample denoised image with line profile and slice histogram of that CT image before and after denoising. 



102 M. A. B. Promentilla and T. Sugiyama / Journal of Advanced Concrete Technology Vol. 8, No. 2, 97-111, 2010 

 
Fig. 5 Sample cross-sections of non-air-entrained OPC mortar (P-NA) at different freeze-thaw cycles (FTC). 

 

 
Fig. 6 Sample cross-sections of non-air-entrained fly ash mortar (F-NA) at different freeze-thaw cycles (FTC). 
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sand and the cement paste in the frost-induced damaged 

mortars. 

At 3 FT cycles for all specimens, only air voids were 

clearly visible as indicated by the various sizes of circu-

lar dark regions distributed in the cross-sections. As 

expected, the non-air-entrained mortars (P-NA and F-

NA) exhibited internal damage after a number of FT 

cycles as shown by the cracks formed throughout the 

cross-section (see Figs 5-6). At 35 FT cycles, surface 

and internal cracks are clearly seen in non-air-entrained 

fly ash mortar (F-NA) as compared to that of non-air-

entrained OPC mortar (P-NA). This suggests that the 

rate of internal deterioration for F-NA appeared to be 

greater than that of P-NA. This finding was also sup-

ported by the results obtained from the relatively rapid 

decline of the relative dynamic modulus of elasticity 

 
Fig. 7 Sample cross-sections of air-entrained OPC mortar (P-AE) at different freeze-thaw cycles (FTC). 

 

 
Fig. 8 Sample cross-sections of air-entrained fly ash mortar (F-AE) at different freeze-thaw cycles (FTC). 
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(RDME) for F-NA through a number of FT cycles as 

shown in Fig. 9. The RDME values were computed 

from the square of the ratio of the measured ultrasonic 

pulse velocity at a given number of FT cycles to that of 

the initial condition (i.e., at 0 FTC). Note that the 

RDME of F-NA and F-AE were measured only until 19 

and 34 FT cycles, respectively because of the failure of 

the instrument to monitor the ultrasonic transit time in 

the specimens. The excessive scaling at the surface of 

the said specimens where the PUNDIT transducers were 

being placed prevented us to measure properly the ultra-

sonic time. 

As for the CT images of air-entrained mortars (P-AE 

and F-AE), no internal cracks were observed but some 

cracks near the radial surface were found at 78 FT cy-

cles. These surface cracks may serve as the precursor of 

frost scaling. Interestingly, the dramatic change of the 

cross-sectional area of the foreground image in F-AE 

suggests significant scaling in this specimen (see Fig. 8). 

This preliminary finding seems to be consistent with 

some of the previously reported studies (Thomas 1997) 

but warrants further investigation in the future. 

 

3.3 Extraction and quantification of void space 
from microtomographic images   
To visualize and quantify the air voids or cracks, a num-

ber of image analysis routines was applied to the CT 

images. First, the void space (air void or crack) was 

extracted from the images through global thresholding 

(see Fig. 10). Since a gray scale value (GSV) of zero 

was assumed to be associated with air, the grayscale 

threshold value was selected as one half of the GSV of 

the peak associated with the solid matrix as shown in 

Fig. 10a. In other words, the threshold value used was 

the average value of the GSV most likely associated 

with the said two phases. Based from the visual inspec-

tion of the CT images, this threshold value was found to 

be adequate for this study. Thus, any voxels with GSV 

below or equal to this threshold value are considered 

void space and assigned a value of zero (shown as black 

in Fig. 10c). Otherwise, any voxels with GSV above 

this threshold value are considered as solid and assigned 

a value of 255 (shown as white in Fig. 10c).  This sim-

ple image segmentation technique produces the binary 

images (black and white) that separate the void space 

from the solid matrix (see Fig. 10c). However, addi-

tional image operations (see Figs. 10d-f) were needed to 

be done to separate the surrounding air from the interior 

void space. The resulting images (e.g., see Fig. 10f) 

were then used to further analyze the internal void space 

(black voxels) only. For example, the void fraction was 

easily quantified by dividing the total number of internal 

void voxels (e.g., black in Fig. 10f) with the total num-

ber of foreground voxels (e.g., black in Fig. 10e).   

Figure 11 summarizes the void fraction of the 

scanned specimen at different number of FT cycles. 

Since we did not see any clear cracks at 3 FT cycles, it 

was assumed that the computed void fraction at 3 FT 

cycles approximates the initial air content of the 

scanned specimen. An increase in the void fraction after 

a number of FT cycles would indicate the formation of 

frost-induced cracks throughout the specimen. It is 

therefore not surprising that F-NA had the most signifi-

cant increase of void fraction (i.e., a steeper slope in Fig. 

11) as shown by the clear formation of internal cracks in 

the microtomographic images.  

 

3.4 Characterization of the air void system  
Aside from the initial air content obtained from image 

analysis, we also determined the air void distribution 

from the 3D images at 3 FTC. Connectivity analysis 

through a multiple cluster labeling technique (Hoshen 

and Kopelman 1976; Ikeda et al. 2000) was performed 

to identify, label and measure the volume and surface 

area of the individual void objects (or clusters). A void 

cluster is defined as the group of void voxels that are 

connected to each other by sharing a common face. 

Prior to connectivity analysis, the stack of 3D images 

was rescaled along the z-axis using cubic spline interpo-

lation to create an isotropic voxel of 12 µm. Moreover, 

morphologic binary operations such as opening and 

watershed algorithm were also applied to separate over-

lapping air voids as much as possible before determin-

ing the void size distribution (Promentilla et al. 2008c; 

Vincent and Soille 1991). 

Figure 12 describes the void size distribution ob-

tained from the analysis of the CT images including the 

visualization of the air voids in three dimensions. Note 

that the equivalent diameters were calculated from the 

estimated volume of each cluster, i.e., the individual 

isolated air voids. Assuming the air void follows a more 

or less spherical shape, the equivalent diameter refers to 

the diameter of a sphere having the same volume as that 

of the void. These equivalent void diameters were clas-

sified in a 10-µm class interval frequency histogram.  

Although the study is limited in its extent, results 

from the histogram suggest that the air void system fol-

lows a log-normal distribution with a modal size around 

30 to 50 µm for both non-air-entrained and air-entrained 

mortars. In contrast to that of non-air-entrained mortar, 

the addition of air entrainment obviously increases the 

Fig. 9 Relative dynamic modulus of elasticity (RDME) of 

the specimens as the cyclic freezing and thawing pro-

gresses. 
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number of air voids in air-entrained mortars in the size 

range between 20 and 200 µm. Thus, air-entrained mor-

tars would be expected to have higher values of void 

number density and total specific surface of air voids, 

and in effect a better void spacing to protect the interior 

cement paste from frost damage (Promentilla et al 

2008c, Sugiyama et al. 2008 ). This is consistent with 

the findings obtained from this study. The non-air-

entrained fly ash mortar (F-NA) exhibited the least re-

sistance to frost damage as indicated by the formation of 

the 3D crack network that was clearly seen by the mi-

cro-CT. 

 

3.5 Characterization of the crack system  
Table 2 summarizes the results of connectivity analysis 

of the void space of F-NA at different FT cycles. Indica-

 

Fig. 10 Extraction of void space from the CT images. a) stack histogram of the CT images of specimen (F-AE) including 

the threshold value for void segmentation, b) 8-bit grayscale image of sample slice or cross-section, c) binary image of 

b) after thresholding, d) binary image of c) after fill-hole operation, e) invert image of d), and  f) image addition of c) and 

e).   
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tion was found to suggest that not only the formation of 

internal cracks had caused the increase of the total vol-

ume and surface area of the void space, but also the de-

gree of void connectivity. This void connectivity was 

estimated from the ratio of the volume of largest void 

cluster to that of the total void space. The degree of 

connectivity would therefore be one if all the air voids 

and cracks are connected to each other to form only one 

large void cluster. The cracks may not be seen as con-

nected in 2D cross-sectional images but the 3D informa-

tion provided by microtomography allows us to evaluate 

the degree of connectivity of these cracks. The dramatic 

increase of void connectivity at 35 FT cycles indicates 

that the individual cracks form a well-connected crack 

system in three dimensions. For example, this crack 

network was about 82 % of the total void space ex-

tracted from the CT images of F-NA. 

   Furthermore, the 3D medial axis (3DMA) analysis 

(Lindquist et al. 1996; Lindquist 1999; Prodanovic et al. 

2006) or skeletonization algorithm was used to measure 

some geometric parameters of this crack network in 

three dimensions. The medial axis transform of the 

digitized void space, often referred to as a ‘skeleton’, 

refers to a simplified representation of the original 3D 

data in which important information about the topology 

and geometry of the original structure is maintained. 

The modified burning algorithm of Lee et al (1994) 

(Lindquist et al. 1996) was used to identify the set of 

medial axis voxels, each with a unique burn number, 

which is related to its distance from the closest solid 

voxel. 

For the purpose of illustration, a cubic volume of in-

terest (VOI, L = 6 mm) was selected to analyze the in-

ternal crack system (see Fig. 13). Note that the crack 

network from this VOI is percolating in three directions 

such that the cracks are connected to the six faces of the 

said VOI. Volume rendering of this percolating crack 

space is shown in Fig. 13c. From this 3D image, the 

medial axis transform was applied to obtain the skeleton 

of the crack network, i.e., the set of medial axis voxels 

with associated burn number. The burn number can then 

be used to roughly estimate the voxel-wise width of 

crack, which may be about twice the associated burn 

number less one voxel. For example, about 95 % of the 

medial axis voxels of the crack system have burn num-

bers of less than 2 as shown in Fig. 14. This indicates a 

crack width distribution with the highest population of 

width that ranges between 36 (3-voxels wide) to 48 (4-

voxels wide) microns. 

In addition, path tortuosity (e.g. see Fig. 15a) was 

also evaluated according to the connectivity of the 

cracks between two parallel faces of the VOI. Geomet-

ric path tortuosity (τ) was defined as the ratio of the 

actual path length to the shortest distance along the x, y, 

or z-directions. This dimensionless parameter, which is 

equal or greater than one, indicates the degree of wind-

ing of the crack. Quantification of such parameter is 

found to be useful in modeling the effect of cracking on 

transport properties of damaged cement-based materials 

(Gerard and Marchand 2000; Ringot and Bascoul 2001). 

In contrast to 2D microscopy, we could therefore take 

advantage of the 3D information provided by micro-CT 

to measure crack tortuosity. As shown in Fig. 15b, the 

average path tortuosity in x and y direction was almost 

the same, and was slightly lower than that of the z-

direction. This may suggest the slight anisotropy of 

crack network in 3D wherein the extent of internal dam-

age of the cylindrical specimen in the radial direction is 

not the same as that of the damage in longitudinal (or 

axial) direction. However, it is also possible that the 

measured anisotropy may be an artifact attributed to the 

differences between the in-plane resolution (pixel size 

of 12 μm) and the out-plane resolution (slice thickness 

of 40 μm) of the CT images. Further study would there-

fore be needed to clarify the crack anisotropy obtained 

from these CT images. 

 

Fig. 11 Estimated void fraction at different freeze-thaw 

(FT) cycles. 

Table 2 Summary of the void multiple cluster labeling 

analysis of F-NA.  

Parameters 

(F-NA) 
FTC = 3 FTC = 9 FTC = 35

No. of clusters 28419 33334 68134 

Total volume 

(mm
3
) 

11.1 11.5 53.9 

Total surface 

area (mm
2
) 

268.5 324.6 3438.4 

Volume of the 

largest cluster 

(mm
3
) 

3.8 3.8 44.1 

Degree of con-

nectivity 
0.34 0.33 0.82 
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Fig. 12 Initial air content and void size distribution of the specimens.   
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c) Rendered volume of percolating crack network at different 3D views 

 

Fig. 13 Volume of interest (VOI) for the 3D medial axis analysis of the percolating internal crack formed in non-air-

entrained fly ash mortar.  

 

 

 

Fig. 14 The burn number distribution of medial axis associated with the crack network in VOI. 
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4. Conclusion 

This study demonstrates the promising potential of mi-

crofocus X-ray CT (micro-CT) as a noninvasive and 

nondestructive imaging technique to investigate the mi-

crostructure of mortars exposed to freezing-thawing 

action. The micro-CT coupled with 3D image analysis 

allows us to visualize and quantify air voids and cracks 

in the mortar specimen at a spatial resolution on the 

order of 10-µm order. Although the addition of air en-

trainment obviously increases the number of air voids in 

air-entrained mortars in the size range between 20 and 

200 µm, our findings suggest that the initial air void size 

distribution follows a log-normal distribution with a 

modal size around 30 to 50 microns for both OPC and 

fly ash mortar, with or without air entrainment. With 

inadequate void spacing to protect the interior cement 

paste in non-air entrained mortars, significant cracks 

were observed relatively earlier, for example, in non-air 

entrained fly ash mortar after a number of freeze-thaw 

(FT) cycles. In addition, measurement of void fraction 

including the volume, surface area, and degree of con-

nectivity of void space in three dimensions allows us to 

gain useful insight on the damage evolution caused by 

frost action. Further characterization of the 3D crack 

network also suggests crack anisotropy, as well as a 

crack width distribution that is largely populated by 

widths of less than 50 microns. Quantifying such 3D 

crack parameters could lead to a better understanding 

and modeling of the relationship of crack formation and 

the changes of the material properties during deteriora-

tion. As technology in image acquisition, processing, 

analysis and computational methods continually im-

prove, we could therefore take advantage of the 3D in-

formation provided by X-ray microtomography, not 

only to visualize, but also to quantity more accurately 

the air void and cracks parameters and to assess the du-

rability performance of cement-based materials against 

freezing-thawing action. Moreover, the application of 

this proposed method could be extended to study other 

cracks associated with various deterioration mecha-

nisms. 
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