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Abstract: This work uses micro computed tomography, as a direct non-destructive tool, to
investigate internal 3D microstructure of different materials at multiple length scales to
provide insights that are of interest to the scientific community on a variety of different
problems.

In the first chapter, the 3D microstructure of three types of manufactured biomass
microsphere particles was investigated before and after fast pyrolysis. The results show
that the particle size, biomass components, and volume of air decrease during fast

pyrolysis.

Next, concrete mixtures with different aggregate gradations and workability were
prepared to study the aggregate packing in hardened concrete. The results show that low
distance between aggregates and areas where no aggregates are observed correspond with
mixtures of poor workability in the fresh concrete. These findings suggest that
segregation of the coarse aggregate plays an important role in the workability of fresh
concrete.

In addition, the role of critical degree of saturation and air void system on the crack
propagation of cement mortar subjected to freeze-thaw cycles was investigated. The
results show that cracking occurred in non-air entrained mortar subjected to a single
freeze-thaw cycle when the critical degree of saturation was near 100%. These
microcracks mostly initiate and propagate from the paste-aggregate interface or from
within aggregate. In addition, materials were observed to form within the pores after
freezing.

Finally, the role of air void system on the freeze-thaw damage of the cement paste was
investigated. The results show that severe frost damage occurred in the surface of the
non-air entrained cement paste ponded with Kl solution after 63 freeze-thaw cycles. It
was also observed that the average distance between air voids in the non-air-entrained
was ~ 1.8x higher than the average distance between air voids in the air-entrained
samples. In addition, most of the air voids (= 75%) in both non-air-entrained and air-
entrained samples are distributed in size ranges between 15 to 60 um.

These observations show that X-ray imaging is a powerful method that provides new
insights into physical properties and morphology of biomass particles, workability of
flowable concrete, and freeze-thaw performance of concrete.
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CHAPTER I

INTRODUCTION

1.1. Introduction

Demands for materials with desirable properties are important for almost all industries. They
open the door to new technologies in various fields such as chemical, construction, biomedical,
and electrical engineering. Properties of a material are related to its structure [1, 2]. Therefore,
better understanding of the microstructure of a material will allow insights into improving their

characteristics and producing materials that are high quality, sustainable and cost-efficient.

The smallest particle size that can be seen with the unaided human eye is 0.1 mm (100 Micron)
[3]. This is roughly equal to the width of 2 human hairs. However, a range of microscopy
techniques have been developed to investigate the microstructure of materials. Optical or light
microscope was the first generation of microscope to uses visible light and a system of lenses to
observe small objects [4]. Further developments came with electron microscopy such as scanning
electron microscopy (SEM) or transmission electron microscopy (TEM) [5, 6]. Although these
techniques provide images with high resolutions, the observations can be only made on the
exposed surface and often in high vacuum and with special sample preparation. These
observations may not necessarily be representative of the material being investigated [7, 8]. What
is needed is a technigue that investigates the 3D microstructure of materials with minimal sample

preparation.



X-ray computed tomography (XCT) is a powerful non-destructive tool that can be used to investigate
the 3D microstructure of materials. It has been widely used in medical science to investigate
biological organisms [9-11]. This method has also been used to study construction materials. Some
examples include cement hydration [10, 12], aggregate spatial distribution [13-15], transport
properties [16, 17], crack propagation [18-20], and air void distribution [21-23]. In this method, a
series of 2D X-ray radiographs are captured from different viewing angles and the collected data sets
are used to build a 3D measurement of the internal structure called a tomograph. The tomograph can
be then used for qualitative and quantitative analyses [24-27]. The gray values in the produced images
corresponds to X-ray absorption which is a function of density and composition of the material [28,
29]. The gray value contrast can be used to separate the materials into different constituent phases

[15, 19, 21].

In this dissertation, XCT is used in to study different features within materials. First, it is used to
investigate 3D microstructure of manufactured biomass microsphere particles before and after fast
pyrolysis. Next, characterization of aggregate gradation in hardened concrete mixtures was
investigated. In addition, it is used to provide 3D measurements of Portland cement mortar and paste

subjected to freeze-thaw cycles.

These observations show that XCT is a novel and powerful method that provides new insights into
the physical properties and morphology of materials and is a step to improve material characteristics.

These 3D measurements can also help with the development of different models for materials.

1.2. Research Objectives

Four fundamental tasks can be drawn from this work:

1. 3D microstructure of the three spray dried biomass sources — switchgrass, crystalline
cellulose, and tall fescue before and after pyrolysis to understand thermal transformations for

these different materials.



The effect of aggregate packing on the workability of concrete mixtures.

The role of critical degree of saturation (DOS) and air void system on the crack propagation

of Portland cement mortar subjected to freeze-thaw cycles.

The role of air void system on the freeze-thaw damage of the cement paste.



CHAPTER II

MICROSTRUCTURE OF BIOMASS PARTICLES BEFORE AND AFTER FAST PYROLYSIS

AS OBSERVED BY X-RAY COMPUTED TOMOGRAPHY

Abstract

This work uses X-ray computed tomography (XCT) to study the 3D microstructure of
manufactured biomass microsphere particles before and after fast pyrolysis. The XCT method
was used for the direct non-destructive 3D imaging at a spatial resolution of 1 um/voxel of three
types of biomass particles in raw and charred conditions: switchgrass, crystalline cellulose, and
tall fescue. Based on the investigation of eight individual particles from each biomass type, three
main constituents were identified: air voids, biomass, and high absorption materials. The results
show that the particle size, biomass components, and volume of air decrease during fast pyrolysis.
These observations provide new insights into physical properties and morphology of biomass
particles that can guide the development of biomass pyrolysis models that include morphological

changes and associated effects.

Keywords: X-ray Computed Tomography, Segmentation, Fast pyrolysis, porosity, Biochar.

2.1. Introduction

Biofuels derived from renewable carbonaceous resources have become a widely studied subject



for energy applications such as green and alternative fuels [30-35]. Annually, 220 billion tons of
waste biomass are produced in the world [36, 37]. Annual biomass availability in the United
States is about 680 million dry tons, which is enough to produce, e.g. 54 billion gallons of ethanol
or 19% of the 2010 U.S power consumption [38]. The U.S. Department of Energy hopes to
replace 30% of fossil fuels with biofuels by 2030 [39, 40]. The most common resources of waste
biomass are wood, agricultural residue, wood waste, and food waste [36, 41, 42]. Due to the cost-
effectiveness of biofuel feed sources, producing liquid transportation fuels from agricultural
residue, wastes, and energy crops such as straws and forage crops, e.g. switch grass and tall

fescue, continues to be investigated [43-46].

Fast pyrolysis, the method that converts biomass to valuable products such as bio-oil and biochar
under fast heating rates, is an efficient way to reduce dependence on non-renewable petroleum
feedstocks, which cause greenhouse gas emissions [47, 48]. Despite many efforts to develop
biomass pyrolysis processes, there are still various fundamental challenges. One of the obstacles
includes the commercialization of pyrolytic biofuels, which depend on the quality and stability of
bio-oils [49, 50]. The varying nature of biomass feedstocks is another challenge of fast pyrolysis
[39]. Numerous studies have concentrated on pyrolysis of cellulose, hemicellulose, and lignin the
main components of biomass [51-56]. Previous research has developed kinetics models to predict
the behavior of biomass pyrolysis [57-61]. However, the amounts of fast pyrolysis products are
affected by the physical characteristics of the biomass including particle size, density and shape
[citation]. Therefore, a better understanding of the microstructure of biomass before and after
pyrolytic heating could offer improvements in the understanding of thermochemical conversion
and pyrolysis product distribution. This information could also be valuable in modeling

combustion reactions.

Among the various techniques for microstructure characterization of waste biomass, X-ray micro

computed tomography (XCT) measurements have potential to provide important insights into
5



biomass microstructure. These measurements can be in the form of 2D radiographs or a 3D
tomograph. In this method, a series of 2D X-ray radiographs are obtained from different viewing
angles in the form of a stack of 2D sample slices and the results are used to create a 3D rendering

of the internal structure called a tomograph [62, 63].

Recent research using XCT has provided important insights into fuel sources and their
combustion products. Previous work wherein XCT and electron probe microanalysis were
combined investigated the 3D microstructure and distribution of chemical constituents within fly
ash particles, a waste product from coal combustion [21, 64]. Other work has used XCT to

characterize oil shale pyrolysis [65-70].

The XCT results provide non-destructive measurements of different cross-sections that can be
analyzed to extract quantitative and morphological information such as pore connectivity and size
distribution and the percentages and distribution of different components within the biomass
particle. One drawback to XCT is that it cannot directly measure the chemistry of the materials
investigated. However, these materials will have different X-ray absorption and therefore

different gray values based on their composition and density [21, 71].

This paper investigates three biomass sources — switchgrass, crystalline cellulose and tall fescue
in raw and charred conditions. Samples were produced by a spray drying process developed by
Zolghadr et al. [72]. The process involves the production of s biomass microspheres from finely

milled biomass flour.

The aim of this paper is to study the 3D microstructure of the three spray dried biomass sources —
switchgrass, crystalline cellulose, and tall fescue before and after pyrolysis. The insights from
these measurements are critical to understand thermal transformations for these different
materials. Such data sets could also provide much needed initial and final conditions for

numerical models currently under development [73].

6



2.2. Methodology

2.2.1. Material and sample preparation

Three types of biomass particles including switchgrass, crystalline cellulose, and tall fescue in
raw and charred conditions were examined. These microsphere samples were produced by a spray
drying process developed by Zolghadr et al. [72]. In this process, all biomass particles are dried
for 24 h at 60°C, and then cut into pieces = 5 cm in length. Next biomass particles are ground in a
coffee mill for 10 min to obtain the particles of = 1 mm. Finally, the materials are ball milled
using a SPEX SamplePrep 8000M Mixer/Mill with a 45 mL alumina milling vial with 9.53 mm
spherical alumina milling media. For the ball milling of switchgrass and tall fescue, two 5.5 g lots
of grounded material (with the size of = 1 mm) from each biomass type were milled for 30 min.
The resulting materials are combined and milled for 3.5 h to obtain a fine flour. Crystalline
cellulose, however, was directly milled for 4 h since it had an acceptable starting particle size.
The charred particles are produced from the pyrolysis of raw particles with a heating rate of

200°C/min in maximum temperature 900°C and purge rate of 100 cc/min. Figure 2.1 shows an

example of investigated particles in both the raw and charred condition.

)

Fig. 2.1. An example of switchgrass particles in raw and charred condition observed under an

optical microscope.



For imaging, the biomass particles were placed on the tip of a graphite rod by using 5 min epoxy
under an optical microscope. For each kind of biomass particle, one specimen with approximately

8 to 10 particles was prepared.

2.2.2. XCT

The tomographs of the biomass particles were collected with Xradia MicroXCT-410 from Zeiss.
The scan setting for all biomass specimens used an X-ray generator voltage of 40 KeV with an
exposure time of about 3 s per projection. Each tomograph consisted of 3200 projections.
Depending on the field of view, the source and detector distance were varied and produced
radiographs that varied from 0.70 to 0.95 um per pixel. This means that a recognizable object is

roughly three times this size.

The reconstruction process was performed by XMReconstructor and XM3d viewer software was
used for 3D visualization of the reconstructed images. Figure 2.2 shows an example 3D view of
raw switchgrass particles. The reconstructed 3D image and 3D slice view of a single switchgrass

particle are also shown in Figure 2.2.



3D View of raw switchgrass particles 3D View of a single particle

Fig. 2.2. A typical XCT dataset showing 3D tomography of switchgrass particles. An overview of

a single particle, as well as a slice view, is shown on the right side.

2.2.3. Image Segmentation

While images of these materials are helpful, it is also possible to make quantitative statements
about the distribution and makeup of the materials. To do this the XCT images must be
segmented or separated into different components. The separation process of the different

constituents is called segmentation.

Figure 2.3 shows an example of a 2D cross-section of the reconstructed tomograph and
corresponding grayscale histogram for a raw switchgrass particle. Based on inspection of the

cross-sections and the histogram, there are materials with three different and distinct gray values.



These different gray values represent materials with different densities: very low, intermediate
and very high — these constituents have been labeled air, biomass, and high density materials

respectively. These materials are noted in Figure 2.3.

The high absorption material has an X-ray absorption that is similar to those reported for metals
[74-76]. While no chemical analysis was done for this work, it is expected that these materials
are introduced by the grinding medium, which was aluminum oxide. It is not uncommon to find
trace amounts of grinding medium within a material as the grinding media and mill erosion. The
dark gray regions have the same gray values as the air around the particle and are thus identified

as air voids. All intermediate gray values are assumed to be biomass particles or agglomerates.

There is some overlap in the gray values for the constituents mostly due to resolution effects at
particle edges which makes gquantitative segmentation more challenging. To decide on a useful
segmentation range for each constituent, local regions of the cross-section were investigated that
were clearly one of the three constituents. An example of such a “typical” region is shown as the
dashed polygon in Figure 2.3. For each constituent, 20 different typical regions were selected and

the average and standard deviation (STD) of the gray value for each constituent were recorded.
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Fig. 2.3. An example of 2D cross-section of the reconstructed and corresponding grayscale
histogram for a raw switchgrass particle. Zoomed area is highlighted as the dashed line in the

reconstructed images.

Different multiples of the standard deviations were investigated to examine how it changes the
results for each material. Figure 2.4 shows two example of 2D cross-sections, a zoomed area, and
the segmented images of the zoomed area acquired from 2.5 standard deviations of the mean. The
segmented image shows the voids in black, the high absorption in white, and the biomass in gray.
The thresholds obtained from different standard deviations are shown in the grayscale histogram
of the raw and charred switchgrass particles. If the gray value is assumed to be normally
distributed for each biomass constituent, between 69% and 99.7% of the materials would be
within one and three standard deviations away from the mean, respectively. Therefore, by visual

11



inspections of segmented images obtained from each threshold results, it was decided that the
best threshold for segmentation is 2.5 standard deviations for the air and high absorption
materials. The remaining material was then assigned to be biomass and is shown as gray in figure
2.4. An example segmentation result for each constituent in the raw and charred switchgrass
particle is shown in Figure 2.5. This figure shows the voids in black, the high absorption in white,
and the biomass in gray in the final segmentation results. This segmentation method was also
applied to other biomass particle images. Based on the images in Figure 2.4, this method seems

to slightly overestimate the amount of biomass and underestimate the air in the samples.

Segmented
(2.5 standard deviations)

2D slice Zoomed area Grayscale histogram

Mean of High
Selected threshold : absorption materials
maen +2.5STD

Raw
switchgrass particle

Mean of high

air absorption materials
Selected threshold:

mean +2.5 STD

I

E:

X 1000
2
o
8
]
e

Number of pixels

Charred
switchgrass particle

et Gray value

15T
2 251

25510 25510

—
1STD
STD

Fig. 2.4. An example of a 2D cross-section, a segmented image with the 2.5 standard deviations
as a threshold, and corresponding grayscale histogram for a raw and charred switchgrass particle.

Zoomed area is highlighted as orange dash line in the reconstructed images.
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Fig. 2.5. An example of segmentation results for each constituent of raw and charred switchgrass

particle.

The segmented biomass images were then used for further quantitative analyses such as the
average volume distribution of biomass constituents at different distances from the surface of the
particle. In this process, shells of equal thickness at the resolution of the scan were created from
the surface toward the center of each particle. The volume percentage of high absorption,
biomass, and air in each shell was then calculated by dividing the volume of each constituent in
the shell to the total volume of the shell. The first few shells on the outside surface and near the
core of the particle are not comparable to the bulk of the particle because of irregular surfaces and

a low volume of material at the particle core. For this reason, these regions are not reported.
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2.3. Results and Discussion

2.3.1. 3D Microstructure of biomass particles

Examples of 3D reconstructions of the segmented XCT data for all samples in raw and charred
conditions are shown in Figure 2.6. In this figure, air is transparent, biomass is gray, and high
absorption material is gold. Particles are not perfectly round and have some irregularities in their
surface. In addition, different types of biomass have different apparent (overall) particle size.
Table 2.1 shows the average particle size of biomass constituents and volume percentage of
constituents for each biomass sample. The volume percentages were estimated by dividing the
volume percentages of each constituent by the total volume of the particle.

In this table, switchgrass has the highest average particle size before charring and the lowest
average particle size after charring. Therefore, it seems that the thermal process impacts the size
of the switchgrass particles more than other biomass particles. In addition, switchgrass has the
highest volume percentage of air voids and the lowest volume percentage of high absorption
materials and biomass compared to the rest of the samples before pyrolysis. This means that the
raw switchgrass particles are less dense than other biomass samples. On the other hand, the
volume percentage of biomass and air in crystalline cellulose is similar to the tall fescue particles;
however, crystalline cellulose has a higher volume percentage of high absorption materials
compared to the tall fescue particles. Therefore, it seems that crystalline cellulose is denser than
tall fescue in the raw form. Table 2.2 shows the density of raw biomass particles calculated by
dividing the average mass of 100 individual particles for each biomass type to their measured
average volume. In this calculation, the volume of each particle was determined by characterizing
the effective diameter by taking three images of the same particle from different angles.
According to Table 2.2, the density of crystalline cellulose is greater than tall fescue and the
density of the tall fescue is greater than switchgrass which qualitatively matches the results

obtained from XCT.
14
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Fig. 2.6. 3D examples of segmented XCT data for all samples in raw and charred conditions.

Table 2.1. Average particle size and volume of biomass constituents for different biomass types

in raw and charred conditions.

Average Air voids Biomass High absgrption
. Number of | particle | STD component* materials
Biomass name : .
particles size (um) | Volume STD Volume STD Volume STD
(Hm) (%) (%) (%)
Switchgrass Raw 8 261.1 | 164 36.9 4.81 62.3 4.8 0.8 0.3
Charred 8 100.1 3.6 27.8 1.24 68.1 15 4.19 0.9
Crystalline Raw 8 206.5 194 31.2 0.72 67.6 11 1.26 04
cellulose Charred 8 118.1 5.3 18.9 0.73 78.7 0.8 2.46 0.2
Tall fescue Raw 8 220.3 | 28.3 315 1.26 67.6 1.2 0.9 0.1
Charred 8 147.3 8.1 2.5 0.51 95.5 1.1 2.01 0.7

*Biomass refers to the char (residue) fraction for “charred” samples and to the unreacted raw

biomass for the “raw” samples.
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Table 2.2. Average density of raw biomass particle.

Biomass name Density (g/cc)
Raw switchgrass 1.281
Raw crystalline cellulose 1.334
Raw Tall fescue 1.289

2.3.2. Change in volume of biomass constituents

The 3D constituent data were used to investigate the average volume of the constituents taken
from 8 particles for each type of biomass. This is shown in Figure 2.7. It should be noted that the
variations observed between average volume shown in Figure 2.7 and volume percentage shown
in Table 2.1 are caused by the differences in particle size or actual volume of the biomass
particles before and after charring resulted in larger surface/volume in the charred particles

compared to the raw particles.

According to this figure, by charring the particles, the average volume of the air and biomass
decreased in all biomass types. The air volume in the charred switchgrass and crystalline
cellulose is decreased by 4x and in the charred tall fescue particle, it is 34x lower than the volume
of air voids in the raw condition. The biomass volume is 3x, 2x, and 1.5x lower than the volume
of biomass in the raw condition in the charred switchgrass, crystalline cellulose, and tall fescue,
respectively. Therefore, tall fescue particle has the highest decrease in average air volume (34x)

and the lowest decrease in average biomass volume (1.5x) of the materials investigated.

By comparing the biomass particles, it was observed that the air volume in the charred
switchgrass is 1.4x higher than the charred crystalline cellulose, and the air volume in the
crystalline cellulose char is 6x higher than the tall fescue’s char. For combustion, char with higher

porosity has more combustion efficiency since the higher porosity can better control the rates of
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diffusion of chemical species during the combustion process [77-80]. Therefore, it seems that the
char of the switchgrass has the highest combustion efficiency and the tall fescue char has the
lowest combustion efficiency among the investigated biomass particles. However, the reactivity
of char is more complicated subject and it does not just depend on the porosity. It was reported
that ash content and its distribution in the carbon matrix, active surface area, the carbon surface,
and the carbon atom bonding are also controlling the reactivity of char [79, 80]. Therefore, further

investigation is needed to better understand the reactivity of the char.

As expected, the average absolute volume of the high absorption materials is almost constant in
both raw and charred samples since these high absorption materials are likely the residual
materials from the grinding medium and the charring process is not expected to change these

materials.

In addition, almost 98% of high absorption materials volume for raw and charred crystalline
cellulose was found to be smaller than 200 pm?®. This finding suggests that high absorption
materials size distribution in the raw and charred crystalline cellulose is finer (mostly smaller than
200 pm®) compared to the volume distribution of other biomass particles. This could be caused
by the difference between grinding process of crystalline cellulose and the other biomass
particles. As mentioned in the method section, the crystalline cellulose particles were finer and
therefore, it was ball milled less than other biomass particles which could create finer high

absorption materials distribution in this sample compared to the other samples.
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Fig. 2.7. Average volume taken from 8 individual particles for each biomass sample in raw and

charred conditions. A standard error is reported for each calculation.

2.3.3. Spatial distribution of biomass constituents

The size distribution of each biomass constituents is also investigated and the results are shown in
Figure 2.8. This figure shows the cumulative size distribution of the high absorption materials for
all samples in raw and charred conditions and size distribution of air for charred tall fescue. This
analysis shows that the air voids for all particles are interconnected except for the charred tall
fescues. According to the air size distribution, = 90% of the air voids in the charred tall fescue
shown in Figure 2.8 are smaller than 400 pum. A 3D rendering and 2D slice of the segmented air

voids for raw and charred conditions are shown in Figure 2.9 to visualize the connectivity of the

air voids.

The connectivity of the voids of the biomass microspheres can prevent mass transfer problems

during fast pyrolysis and avoid secondary reactions during the pyrolysis process.
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Fig. 2.8. Average size distribution of biomass constituents for all samples in raw and charred

conditions.
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Fig. 2.9. 3D rendering and a 2D slice of the segmented air voids for different tall fescue particles

before and after charring.
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To give more insights, the volume distribution of each constituent at different distances from the
surface by using a series of shells from the surface to the core is shown in Figure 2.10. In this
figure, each curve is obtained by calculating the average from eight different particles for each

kind of biomass sample.

The volume percentages of the air, biomass, and high absorption materials for all three types of
raw biomass particles are almost constant at different distances from the surface of the raw
biomass particles. In the charred condition, a similar trend was also observed except for the high
absorption materials. This slight difference in the behavior of the high absorption may be caused

by the reduced volume of the charred particles.
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Fig. 2.10. Average volume distribution of biomass constituents at different distances from the

surface of particles. Charred particles are shown with dash lines.

20



2.4. Summary and Conclusions

The 3D microstructure of switchgrass, crystalline cellulose, and tall fescue biomass particles in
raw was charred condition are investigated using XCT. This work is unique as it can provide 3D
guantitative insights into the volume and distribution of the constituents in the biomass particles

before and after charring. The following conclusions could be drawn from this work:

e XCT is a useful tool to investigate the 3D microstructure of manufactured biomass
particles before and after charring.

e The raw switchgrass particles have a lower density than other raw biomass samples since
they had the highest air content and the lowest high absorption materials compared to the

other raw particles.

e In contrast, raw crystalline cellulose was denser than raw tall fescue since it had higher
high absorption materials compared to the tall fescue particles while the air content was

similar in both particles.

e Switchgrass had a char with a porosity that was 1.4x higher compared to the crystalline

cellulose char and 8.6x higher porosity compared to the tall fescue char.

e High absorption materials in crystalline cellulose in both raw and charred states are at

least 2x smaller than the size of high absorption materials in other biomass particles.

e Except the charred tall fescue, air voids in all specimens are connected.

e The volume distribution of matter and voids was constant over the depth for the charred

and raw materials.

These 3D microstructure findings will be useful for a better understanding of biomass

microstructure and provide new insights into biomass characterization before and after charring.
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Work is ongoing to investigate 3D microstructure for more kinds of biomass particles before and

after charring for different pyrolysis conditions.
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CHAPTER IlI

INVESTIGATION OF CONCRETE WORKABILITY THROUGH CHARACTERIZATION OF
AGGREGATE GRADATION IN HARDENED CONCRETE USING X-RAY COMPUTED

TOMOGRAPHY

Abstract

Concrete mixtures with different aggregate gradations and workability were prepared and X-ray
computed tomography (XCT) is used to study the aggregate packing in hardened concrete. The
workability of the mixtures was measured and then the aggregate spacing and distribution in the
hardened concrete was investigated with a XCT scan of 40 um resolution. These results show
that low distance between aggregates and areas where no aggregates are observed correspond
with mixtures of poor workability in the fresh concrete. These findings suggest that segregation
of the coarse aggregate plays an important role in the workability of fresh concrete. These
observations provide important insights into workability of flowable concrete. Furthermore, this

work can help with the development of aggregate packing models.

Keywords: Aggregate size distribution, Segregation, workability, X-ray Computed

Tomography, Segmentation.
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3.1. Introduction

Typically, more than 70% of the volume of concrete is occupied by aggregates. This means that
the optimization of aggregate gradation can improve concrete constructability, workability,
cohesiveness, and reduce production expenses [81-85]. Optimized graded concrete can also
reduce segregation and shrinkage of concrete by maximizing the volume of aggregate and
minimizing the cement paste content required to provide adequate workability [86-88]. In
addition, appropriate aggregate proportions can improve the workability and pumping of concrete

[89].

Several empirical gradation charts have been developed to guide the design of optimized
aggregate gradation such as the Power 45 Curve [90-92], Individual Percent Retained Chart [93,
94], Coarseness and Workability Chart [95, 96] and the Tarantula Curve [93, 97, 98]. The
Tarantula Curve is the most recent of these design charts. It combines features of the other design
procedures with several new insights and will be the primary tool used to investigate concrete
mixtures. Furthermore, the limits of the Tarantula Curve were based on the workability limits of
concrete mixtures. This means that when a mixture is outside of the limits of the Tarantula Curve
then the mixture would be expected to decrease in workability compared to a mixture that has a
gradation that is within the Tarantula Curve. In addition, recent work has shown that when the
gradation of any coarse aggregate has more than 20% retained on a single sieve than there is

observable decrease in the workability [99].

In this work the workability of concrete is characterized by measuring the rheological properties
with the Bingham parameters - yield stress and plastic viscosity [100]. Rheometers typically
measure torque and deflection angle of vane at a range of fixed angular velocities and correlate

the results with rheological parameters [101, 102].
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While these tools have proven to be useful to help design concrete mixtures, more information is
needed to understand why certain aggregate gradations cause poor workability of the fresh

concrete.

X-ray computed tomography (XCT) is a powerful and non-destructive tool that can be used to
create 3D visualizations of the internal structure of materials. This technique has been widely
used in previous work to identify the engineering properties of cementitious materials such as
cement hydration [103, 104], concrete durability [105, 106], aggregate size distribution [14, 107,
108], air void distribution [109, 110], and crack propagation [18, 20, 111]. In this method, a 3D
visualization or tomograph can be created by capturing 2D X-ray images or radiographs from
different angles. The 3D data can then be used for qualitative and quantitative investigations [21,
112, 113]. The gray value in XCT tomographs correlates to the X-ray absorption of the material.
The X-ray absorption can indicate the chemical composition and density of the imaged materials
[71, 114]. The difference in the gray value or the contrast of the images can then be evaluated to
separate the images into regions of different constituents. This process is called segmentation

[21].

In this paper, concrete mixtures with similar mixture proportions but different aggregate
distributions of the coarse aggregates are investigated. Next, hardened samples from these
mixtures are investigated with XCT to determine the internal spacing and arrangement of the

aggregates in the concrete to try and find a reason for the changes in workability.
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3.2. Materials and Methods

3.2.1. Materials, mixture design, and aggregate gradation

All mixtures were prepared using ASTM C150 Portland cement (Type 1), water to cementitious
ratio (w/cm) of 0.45, with a 20% replacement of an ASTM C 618 Class C fly ash by mass. The
chemical composition of the cement and fly ash are shown in Table 3.1. All coarse aggregates
were a crushed limestone that is widely used in concrete production. The nominal maximum size
of the coarse aggregate is 19 mm (0.75 in.) and 9.5 mm (0.375 in.) for the intermediate. A local

natural sand was used as the fine aggregate.

In a subset of the samples, an X-ray contrast agent was added to the water to enhance the contrast
between paste and aggregate in the XCT measurements. For this work, a Kl salt was used to the
mixture at 5% of the weight of the water used in the mixture design. This KI concentration was
obtained from preliminary experiments to achieve an appropriate contrast between paste and

aggregates.

The concrete mixtures investigated have the same volume of ingredients but have different
aggregates size distributions. These details are shown in Table 3.2. The workability of the
mixtures was determined by the ICAR rheometer and the slump test developed by The University

of Texas at Austin [102].

The aggregate gradations used in this study and the limits from the Tarantula Curve are shown in
Figure 3.1. In this figure, the first two samples contain no K1 solution in their mixture design -
while the rest of the samples have the Kl solution in their mixture. The samples with the
aggregate gradation outside, near the limit, and inside of the Tarantula Curve are shown in red,
yellow, and green, respectively. The gray dashed-line represents the boundaries of the Tarantula

curve. The fine and coarse sand limits are also shown.
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The sample IDs are selected based on the gradation of aggregates and its comparison with the

Tarantula Curve. The Mixture ID is used to give insight into the gradation of the mixture. The

first entry indicates if the mixture is inside, outside, or at the limit of the Tarantula Curve. The

next two numbers in the ID shows the percentage of aggregate retained on the 12.7 mm sieve

(1/2") and the 4.76 mm (#4) respectively. As an example, In_ 18,15 is a mixture inside of the

Tarantula Curve with 18% aggregates retained on the 12.7 mm sieve and 15% aggregates

retained on the 4.76 mm sieve.

Table 3.1. Chemical composition of ordinary Portland cement.

27

Chemical Composition (mass %) Phase concentration (%)
S|02 CaOo A|203 MgO Fe,O; | SO; | K,O | Na,O | C5S C,S | CA | C,AF
Typelordinary 1 oy 4 | 639 | 47 | 24 | 26 | 32| 03| 02 |567 178|816 | 7.8
portland cement
Type CFly Ash | 16.95 | 40.98 | 17.22 | 10.28 | 7.4 | 241 0.17 | 1.13 - - - -
Table 3.2. Summary of the mixture designs.
Mixture 1D Coarse Int. sand Cement | Flyash | Water
(kg/m?) | (kg/m®) | (kg/m?) | (kg/m®) | (kg/m®) | (kg/m®)
In_17,17 478 461 883 268 67 150
In_11,10 586 564 680 268 67 150
In_18,15 666 357 804 268 67 150
Limit_20,13 731 293 803 268 67 150
Limit_16,19 578 444 803 268 67 150
Out_22,10 804 221 803 268 67 150
Out_14,22 506 516 803 268 67 150
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Fig. 3.1. Aggregate gradation of investigated samples. The Tarantula Curve boundaries are shown

with the gray dashed lines.

3.2.2. Sample preparation and XCT

The concrete mixtures were cast in molds with nominal dimensions of 30.5 x 30.5 x 30.5 cm (12"
x 12" x 12"). Typically, minimal sample preparation is needed when using XCT. However, the
resolution of XCT images can be significantly affected by the sample thickness. Therefore, one
core 6.35 cm (2.5 in.) in diameter and 15.24 cm (6 in.) in height were drilled from each specimen

and used for the experiment. This is shown in Figure 3.2.

Each specimen was then scanned by a ZEISS XRADIA 410 with photon energy of 150 keV at a
spatial resolution of 40 um/voxel. The scan settings are summarized in Table 3.3. The imaged
volume was a cylinder 4.37 cm (1.72 in.) in diameter and 4.4.37 cm (1.72 in.) in height located in
the middle of the specimen as shown in Figure 3.2. The analyses were conducted ona 3 x 3 x 3
cm (1.2" x 1.2" x 1.2") cube from the core of the imaged volume as the volume of interest (VOI)

to avoid edge artifacts. In addition, another VOI with the same size from another region of the
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samples Out_22,10 and Out_14,22 were scanned to evaluate the repeatability of the observations.

These two samples were selected as they had poor workability and the aggregate gradation was

outside the recommended limits of the Tarantula Curve.
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Fig. 3.2. Location and dimension of the imaged volume and VOI.

Table 3.3. X-ray scan setting.

Resolution 45 pm/pixel
Source energy 150 keV
Optical magnification 0.4X

Total scan time 4h

Number of projections 2800
Exposure time 3.5s

The XCT datasets were then reconstructed by XMReconstructor software package of Zeiss

XRADIA 410 in order to create a stack of 2D slices. Figure 3.3 shows an example of 3D

rendering, a 2D reconstructed image, and a histogram of the gray value in the 3D data set. The

constituents with higher X-ray absorptions appear with lighter gray value while the materials with

a lower X-ray absorption appear with darker gray value.

The major concrete constituents are air voids, aggregates, and OPC paste. The air voids have the

lowest X-ray absorption while the aggregates have the highest X-ray absorption in XCT dataset.
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Fig. 3.3. A typical XCT dataset showing 3D rendering, 2D cross section of the reconstructed

image, and corresponding gray scale histogram.

3.2.3. Segmentation and constituent data analysis

A multistep segmentation method is used to separate concrete constituents. First, a median filter
was used to reduce the noise while preserving the edges. The segmentation method used for each

component is discussed in the following sections.

3.2.3.1. Segmentation of air voids

Using a single gray value is a common way in image analysis to segment or separate constituents

from images. The Otsu method is the most common method to do this. In this popular method, a
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single threshold value is selected by minimizing the mean square errors between the original and
binarized images. More information about this method can be found in other publications [114-
117]. This method works well for air void segmentation because there is minimal overlap
between the air void and the aggregates and paste as shown in Figure 3.3. Figure 3.4 gives an

overview of how this method is completed.
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2D slice median filter segmented air voids

Fig. 3.4. Procedure for air void segmentation.

3.2.3.2. Segmentation of aggregates and paste

While the Otsu thresholding method was useful to segment the air voids, it was not helpful to
separate the aggregates from the paste since the peaks in the gray level histogram overlap. In
order to resolve this issue, image pre-processing and post-processing was used first and then the
Otsu method was used. This procedure for fine and coarse aggregates is shown in Figure 3.5. To
segment the coarse aggregates, a median filter with a radius of 5 pixels was applied on the
reconstructed image. A larger radius filter creates intensive smoothing and eliminates some
details; however, it is useful to identify the larger objects in the image. The Otsu thresholding was
then applied to the filtered image. However, the resulting image contained some kind of distortion
as shown in Figure 3.5. Therefore, two morphological analyses “erosion” and “fill holes” were
used to distinguish aggregates and fill probable spots inside of the segmented aggregate created

by noise. In this process, erosion removes voxels from the outer surface of the objects in a binary
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image to separate the connected aggregates, while the filling operator fills holes in a binary image

[118-120].

In order to segment the fine aggregates, a 3-pixel radius median filter with was used in the
reconstructed image. The median filter removes noise in the reconstructed image without blurring
the edge when the radius is small [121, 122]. The Otsu thresholding method was then applied to
the filtered image. Next, the previously segmented coarse aggregates were subtracted and a
morphological operator (erosion) was applied to the result to remove the connection between the
fine aggregates. Finally, the results obtained from the fine and coarse aggregate segmentation

were combined to generate the segmented aggregate image.

After identifying the air voids and the aggregates, the remaining materials were assumed to be the

cement paste.
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Fig. 3.5. Segmentation process of aggregates.

This aggregate segmentation method was successful to identify the majority of the coarse
aggregates while there was an underestimation in the segmentation of fine aggregates. To further
evaluate the accuracy of the method, the aggregate volume measured from the mixture design is
compared to the volume measured by XCT in Table 3.4. The volume of coarse aggregate is on
average different by 0.18 cm®; however, the volume difference in the aggregates smaller than 4.76

mm (fine aggregates) is different by on average -5.09 cm®.

This difference in the estimated volume of the fine aggregate could be caused by the low contrast

between gray values of the paste and fine aggregate. This would estimate some fine aggregates
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as paste. In addition, there are fine aggregates that are smaller than the resolution of the XCT (40
pm) and so these cannot be detected. To overcome these issues the paste and fine aggregate were
combined and considered to be mortar. This allowed the average difference in the estimated
mortar volume to be underestimated by-0.16 cm®. This would still allow the air voids and coarse

aggregates to still be investigated.

Table 3.4. Comparison of the aggregate volume in VOI calculated by XCT data and mixture

design.
Coarse aggrggate Vol. MortarSVoI. Agg <4.76 mm (Sfine agg) Vol.
cm cm cm
Mixture 1D lf/lixtu)re . f\/lixtl)Jre . Mi)Eture) .

XCT Design Diff. | XCT design Diff.| XCT design Diff.
In_17,17 12.12 11.37 0.75 | 14.88 15.63 |-0.76] 0.62 6.94 -6.32
In_11,10 12.29 11.37 0.92 | 15.71 15.63 |0.08| 0.84 6.94 -6.11
In_18,15 1351 13.12 0.38 | 13.50 13.88 |-0.38| 0.57 5.18 -4.61
Limit_20,13 13.01 13.12 -0.11 | 13.93 13.88 |0.05| 0.32 5.18 -4.86
Limit_16,19 13.07 13.12 -0.05 | 13.93 13.88 |0.05| 0.24 5.18 -4.94
Out_22,10_1 13.07 13.12 -0.05 | 13.93 13.88 |0.05| 0.49 5.18 -4.69
Out_22,10 2" 13.05 13.12 -0.07 | 13.41 13.88 |-0.47| 0.35 5.18 -4.83
Out_14,22 1 13.11 13.12 -0.02 | 13.91 13.88 |0.03| 0.567 5.18 -4.61
Out_14,22 2™ 13.21 13.12 -0.09 | 13.82 13.88 |-0.06| 0.6 5.18 -4.85
Average 12.94 12.73 0.18 | 14.11| 14.27 |-0.16| 0.51 557 -5.09

* Repeat scan of Out_22,10 sample.
** Repeat scan of Out_14,22 sample.

3.2.3.3. Size and spatial distribution of aggregates

The 3D segmented XCT datasets were used to classify the aggregates based on their size. This
process was able to investigate each aggregate in the hardened concrete and identify the size and
location. This is similar to completing a digital sieve analysis. In this procedure, the 3D outer
shell of each aggregate was identified. Next, the 3D distance between any two pixels on the outer
shell of each aggregate was calculated and the maximum distance was identified as the aggregate

size. Figure 3.6 shows the raw and segmented data set from the In_17,17 sample. In this figure,
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different aggregate sizes are shown with different colors in the segmented image. It should be
noted that because of the underestimation in the aggregates smaller than 4.76 mm (fine
aggregates), the paste and fine aggregate are considered to be mortar. More information about 3D

segmented dataset of other samples can be found in the Appendix A.

Raw Segmented

", i >9.75 mm (3/8”)
‘, i 4.76 mm (#4)

"4 hewd 2.36 mm (#8)

i 1.18 mm (#16)

B 0.6 mm (#30)

laad Passing 0.6 mm (#30)
boud Air void

Fig. 3.6. 3D rendering of the raw and segmented XCT data obtained from In_17,17 sample.

The distance of aggregates in different samples was investigated by measuring the average
distance between the surface of the aggregate in question and the nearest neighbor aggregate
particle. The 2D schematic diagram of nearest-neighbor aggregate distance calculations is shown
in Figure 3.7. The results are reported as cumulative plots and also as a distribution. Since this
analysis is only focused on aggregates 4.76 mm or larger with all of these others treated as part of
the mortar, then these numbers show the average thickness of the mortar between the coarse
aggregates. A low average spacing of coarse aggregates means a small amount of mortar. A
higher average spacing would mean a thicker layer of mortar between the aggregates. These

values will be compared to the workability performance of the mixtures.
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Fig. 3.7. 2D schematic diagram of nearest-neighbor aggregate distance calculation.

Also, the aggregate volume distributions at different cross sections in three directions were
analyzed. In this process, the percentage of coarse aggregate volume in each cross section is
calculated by dividing the number of pixels segmented as aggregate to the total number of pixels
in that cross-section. As an example, for the aggregate volume distribution in z-direction, the
aggregate volume distribution at different cross sections in x-y-plane from the origin of VVOI
along the z-axis was determined. This 3D analysis gives useful information about how aggregates

are distributed along different directions within the concrete.

3.3. Results and Discussion

3.3.1. Workability measurements

Table 3.5 shows four different workability results of fresh concrete mixtures measured by slump
and rheometer tests. In this table, each workability result is evaluated based on five different
ranking shown in Table 3.6. More details about the workability ranking can be found in other
publication [123].The average workability performance scales for each measurement is then

reported as the overall workability shown in Table 3.5. As an Example, the static yield, dynamic
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yield, plastic viscosity, and slump measured for sample In_18,15 were 1397.8 Pa, 471.1 Pa, 17.75
Pa/sec, and 190 mm, respectively. According to Table 3.6, the workability performance scale of
each test for this sample was determined as 2, 2, 3, and 1, for static yield, dynamic yield, plastic
viscosity, and slump, respectively. Therefore, the average workability performance of this sample

was ranked as 2.25 and then the overall workability is reported as good In Table 3.5.

Table 3.5. Workability of the mixtures.

Mixure p | SO Yield | Dynamic | L | smp | overal | F PN
(Pa) Yield (Pa) (Palsec) (mm) | workability curve
In_17,17 797 415 11.8 140 Good Yes
In_11,10 1077 378 8.3 190 Good Yes
In_18,15 1397.8 471.1 17.75 190 Good Yes
Limit_20,13 1868.58 498.93 18.97 140 Moderate Yes
Limit_16,19 2265.4 546.4 23.3 127 Moderate Yes
Out_22,10 2662.78 518.13 29.5 152 Poor No
Out_14,22 2639.17 619 30 102 Unusable No

Table 3.6. Workability performance scale for each test based on Cook [123].

perfo\:\;:)ar:g: Isltl:tayle for Static Yield (Pa) Dynar(r;i;:)Yield Plast(i;a\llsi(;sg)o sity S(Imurr:)p
each test
Excellent (1) <1000 <250 <10 25-51
Good (2) 1000-1500 250-500 10-15 76-101
Moderate (3) 1500-2000 500-1000 15-20 127-152
Poor (4) >2000 >1000 >25 178-203
Unusable (5) Too stiff Too stiff Too stiff >229

Figure 3.8 shows some observations of the mixtures Out_22,10, Limit_20,13, and In_18,15.

Segregation was observed in sample Out_22,10 which had has more than 20% aggregates

retained on a single sieve. The other mixtures appeared to be more uniform and cohesive. This
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observation of segregation is important and will be discussed in more detail later.

Out_22, 10 Limit_20,13 In_18, 15

-
Accumulation
of large aggregates

High paste content
Major amounts of Close to a Homogenous uniformly homogenous
segregation mixture mixture

Fig. 3.8. An example of mixture homogeneity observed in the samples Out_22,10, Limit_20,13,

and In_18,15.
3.3.2. Distance between aggregates

While the observations during mixing and the 3D rendering of concrete constituents provide
important qualitative insights, it would be more helpful to quantify the aggregates distribution
within the samples. Figures 3.9 and 3.11 demonstrate the nearest-neighbor distance between
aggregates for different sizes grouped by their sieve size with both the distribution and
cumulative percentage shown. Figure 3.9 investigates the nearest-neighbor distance between all
investigated coarse aggregates (4.76 mm or larger). Figure 3.10 shows the aggregates larger than
9.75mm. Samples with the aggregate gradations inside, near, and outside of the Tarantula Curve
are shown in green, yellow, and red, respectively. In addition, a second scan of the samples
Out_22,10 and Out_14,22 is shown in orange. These scans were taken as repeat scans to see if

similar trends were observed in other regions of the sample.

According to Figure 3.9, there is not a noticeable trend in the mixtures that are inside or outside
of the suggested limits. However, when comparing the spacing of the aggregates that are 7.95

mm in diameter and larger (Figure 3.10), there is a difference in the observed performance. For
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three of the four samples investigated with an aggregate content > 20% retained on a single sieve,
there is a large percentage of aggregates with a spacing less than 600 um. The cumulative
percentage also provides important insights for these samples. About 75% of aggregates in these
three have an aggregate distance smaller than 600 um compared to the other samples in the

cumulative percentage graph for aggregates retained on > 9.75 mm sieve.

This close spacing of the aggregates can be explained from poor packing or congestion of
aggregates in the mixture from adding too much of a single sieve size. These same mixtures were
also observed to have poor or unusable workability. This suggests that this close spacing may be

responsible for the decrease in workability of these mixtures.

A repeat scan of Out_22,10 2 also contains more than 20% retained on a sieve but it does not
show the same performance. This sample also has about 50% of the volume investigated taken

by a single large aggregate. Image of this are shown in Figure 3.11.
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Fig. 3.9. Nearest-neighbor distance between aggregates retained on sieves > 4.76 mm (#4).
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Fig. 3.10. Nearest-neighbor distance between aggregates retained on sieves > 9.75mm (3/8").
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Fig. 3.11. 3D renderings of different aggregate sizes for the sample Out_22,10 2.

To provide further insights, the percentages of aggregates at different spacing for selected
samples are shown with the corresponding 3D data sets in Figure 3.12. One sample within the
limits (In_18,15) and two samples out of the limits (Out_22,10_1 and Out_14,22 1) are shown.
In the graph, = 80% of aggregates in the samples with the aggregate gradation outside of the
Tarantula Curve are at distance closer than 1000 um. The samples within or on the boarder have
only = 25% aggregate at this distance. The 3D renderings show that the aggregates cluster in
certain regions of the sample. This means the aggregates are segregating. For example, the 3D
renderings of the sample Out_14,22 1 show that the aggregates are clustered at the bottom. A
similar trend was also observed for sample Out_22,10 1, but the aggregates are accumulated on
the right of the 3D rendering. The sample In_18,15 seems to have a random aggregate
distribution with no observable clustering. This is also supported by the quantitative analysis

completed on the aggregate spacing as it also shows a uniform distribution of the aggregate
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spacing and so this seems to explain the improved workability for the mixtures with < 20%

retained on a specific sieve.
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Fig. 3.12. 3D rendering and nearest-neighbor distance between aggregates for samples

Out 22,10 1, Out_14,22 1, and In_18,15 in different sieve sizes.

3.3.3. Aggregate volume distribution at different cross sections

The previous analysis focused on aggregate spacing. This work focuses on quantifying the
volume of aggregate at different locations. This analysis can determine the uniformity of the

aggregate distribution. Figure 3.13 shows the volume of aggregates when investigated from three
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different directions for samples Out_14,22 1, Out_14,22 2, Out 22,10 1, Out 22,10 2, and
In_18,15. The volumes of aggregates at other cross sections are shown in the appendix A but
these show similar results to In_18,15. For the samples investigated that were outside of the
suggested 20% limit, there are locations where no aggregate is observed. For example, sample
Out_14,22 1 has regions where no aggregate was observed on the cross section for the three
directions investigated. Also, for sample Out_22,10 1, there was no aggregate observed in the
bottom 7500 [Im for the investigation along the Y axis. A similar observation was made for
samples Out_14,22 2 and Out 22,10 2. A repeat scan of sample Out_14,22 2 has no aggregate
in bottom and top 2000 pum along the Z and Y axis, respectively. In addition, for the sample
Out_22,10_2, there was no aggregate observed in the distance of 2500 um and 27,000 um along
the Y axis; however, as mentioned before, because of the existence of a large aggregate in the
investigated VOI, the performance of this sample could be different from the other samples with
aggregate gradation out of the recommended limits. This lack of aggregate means that there are
locations with only mortar. This suggests that there is a non-uniform distribution of aggregates
within these samples. However, for sample In_18,15 and the others shown in the Appendix A,
every cross section investigated contained at least 10% aggregate and most contained at least 20%
aggregate. This means that the aggregate is more uniformly distributed in these samples.
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Fig. 3.13. Volume percentage of different aggregate sizes at different distances from the origin of

VOI for samples Out_14,22 1, Out_22,10 1, Out,14 22 2, Out_22,10 2, and In_18 15.
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3.4. Practical Significance

This study investigates the aggregate packing in hardened concrete for mixtures that are similar in
volume, but with different aggregate gradations. The findings reinforce the importance of the
aggregate gradation and the impact on the workability of the concrete. This work provides direct
observation of low spacing between aggregates and non-uniform aggregate distribution that is
occurring when the gradation is outside of the Tarantula Curve limits for the coarse aggregate.
This means that when there is > 20% of a coarse aggregate retained then there will be segregation
within the concrete and this will negatively impact the workability of the concrete. These
findings also reinforce the previous work on the coarse aggregate limit of the Tarantula Curve

and provide the mechanism for the loss in workability.

Furthermore, this work provides quantitative and qualitative data that can be used to better
understand and model the packing of aggregate in hardened concrete and compare this
information to the rheological parameters. This data could be an important step in developing
computer models that provide more realistic prediction of performance within concrete. These
results also provide important methods of comparisons for aggregate spacing and distribution that
could be used in future work to investigate the mechanisms of aggregate size and spacing on the

workability of concrete mixtures.

Understanding this information could allow concrete mixtures to be designed with an increased
volume of aggregate and lower binder content. This would improve the cost, durability, and
sustainability of these concrete mixtures while still creating a constructible concrete mixture.

This would be a great benefit for the concrete industry.
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3.5. Conclusions

XCT was used to study the packing of aggregates in the hardened concrete with a range of
workability caused by different aggregate gradations. The following conclusions can be drawn

from this work:

e When a mixture had < 20% retained on a given sieve size the mixture showed
satisfactory workability, a uniform aggregate spacing, and all cross sections consisted of

at least 10% aggregate.

o When a mixture had > 20% retained on a given sieve size the mixture showed poor
workability, a spacing between aggregates of < 600 um for more than 70% of the
aggregates in the mixture, and cross sections were observed where no aggregate was

present

These findings suggest that when > 20% is retained on a given sieve size then the coarse
aggregate spacing is not uniform and there is observable segregation within the mixture.
However, when the amount retained on a given sieve is < 20% then the aggregate distribution is

more uniform.

These observations provide important insights into the cause of the decrease in workability with
gradations outside of the coarse aggregate limits for the Tarantula Curve. This work also helps
validate the Tarantula Curve. Furthermore, these observations highlight the importance of
segregation on the workability of concrete and provide quantitative observations of this

segregation within the hardened concrete.

These results show that XCT is a powerful non-destructive method that is useful for a better

understanding and characterization of concrete mixtures. This work may be extended to a wider
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range of problems where aggregate distribution or performance is important and this is an area of

future research.
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CHAPTER IV

USING X-RAY COMPUTED TOMOGRAPHY TO INVESTIGATE MORTAR SUBJECTED

TO FREEZE-THAW CYCLES

Abstract

This work uses X-ray computed micro tomography (XCT) to investigate the role of critical
degree of saturation (DOS) and air void system on the crack propagation of portland cement
mortar subjected to freeze-thaw cycles. The method allows direct non-destructive 3D imaging at
a spatial resolution of 4.85 um/voxel before and after freezing. The results show that cracking
occurred in non-air entrained mortar subjected to a single freeze-thaw cycle when the DOS was
near 100%. These microcracks appear to initiate and primarily from the paste-aggregate interface
or within aggregate. In addition, new products were observed to form within the pores after
freezing. Most of the frost-induced microcracking and material-filled voids have been observed
on the surface of the specimens. These observations provide insights into the freeze-thaw
performance of mortar and are a step in understanding the damage in a concrete structure.

Keywords: Freeze-thaw cycle, Microcracking, X-ray Computed Tomography,
Segmentation, Air void system.

49



4.1. Introduction

It has been suggested that frost-induced cracking can occur when concrete reached a critical level
of saturation and then experiences freeze-thaw cycles [17, 124-129]. Samples with a saturation
level greater than the critical degree of saturation (DOS) can result microcracking even with a
single freeze-thaw cycle [125, 129]. This critical DOS is reported to be between 78% and 91% in
different conditions [129, 130]. It has been widely shown in previous laboratory and field
experiments that durability of concrete against frost-induced cracking can be improved by air
entrainment [130-134]. The cracking has been proposed to initiate from weak parts of the
microstructure like interfacial transition zone (ITZ) between the aggregates and the matrix but no

direct observations have been made [135].

Although a great deal of efforts has been spent over the past decades toward understanding the
freeze-thaw damage mechanisms, there are still several unanswered questions [17, 124, 126, 129-
132, 136, 137]. Some of these include how ice forms in pores [126], how the air entrainments
and air void size distribution affect the freeze-thaw damage [131, 132], how different parameters
such as DOS, water absorption, and freezing rate affect freeze-thaw damage [124, 129, 130], and
how microcracks initiate and propagate into the cementitious materials [19]. Because of this,
direct observation of the microstructure before and after freeze-thaw cycles can give insights to

address some of these questions.

Several techniques have been developed to investigate the microstructure damage caused by frost
action. Recent publications have characterized microcracks in a cut mortar or concrete slices with
optical microscopy or scanning electron microscopic (SEM) [138-141]. The major limitation of
these techniques is that they can only make observations on the exposed surface. These

observations may not necessarily be representative of the performance in the rest of the system.
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In addition, they require preparation and testing condition that may disturb the sample and could

affect the results.

X-ray computed tomography (XCT) is a powerful non-destructive tool that can be used to
investigate the 3D microstructure of materials. It has been widely used in medical science to
investigate biological organisms [9-11]. This method has also been used to study construction
materials. Some examples include cement hydration [10, 12], aggregate spatial distribution [13-
15], transport properties [16, 17], crack propagation [18-20], and air void distribution [21-23]. In
this method, a series of 2D X-ray radiographs are captured from different viewing angles and the
collected data sets are used to build a 3D measurement of the internal structure called a
tomograph. The tomograph can be then used for qualitative and quantitative analyses [24-27].
Because of the non-destructive nature of XCT, multiple scans can be acquired from the same
sample under different conditions. This allows samples to be investigated both before and after

an event like freezing.

Some recent publications have used XCT to investigate microstructural changes in concrete or
mortar exposed to freeze-thaw damage [142-144]. A previous work investigated the internal
structure of fly ash and portland cement mortars with different air contents exposed to frost action
by using XCT [142]. The work found that 50% of the air voids had sizes smaller than 50um
irrespective of the type of mortar. In addition, it was observed that significant cracking occurred
in non-air-entrained samples with path tortuosity 1.5 smaller in z direction compared to the x and
y direction, which indicates anisotropic microcracking in 3D. Another work studied the
evaluation of porosity of mortar made with mixing proportions of 1:0:3, 1:1:6 and 1:2:9 (cement:
lime: sand) by volume. The work found that mortar with a higher concentration of lime has a
higher porosity which leads to more durability issue [145]. There are also some publications that
measured entrained air-void parameters of concrete using XCT [105, 110, 146, 147]. Although

these references suggest the importance of air void system on durability of cementitious materials
51



exposed to freeze-thaw action, they did not focus on crack initiation and critical degree of
saturation as a key factor in the freeze-thaw durability of mortars. In another work, a combination
of XCT and Acoustic emission (AE) experiments were used to investigate the volume and
behavior of cracks in the mortars with different DOS subjected to the freeze-thaw cycles. It was
found that the volume of microcracking decreases with decreased DOS up to the critical DOS,
and there was no significant crack volume observed in the sample with DOS below the critical
DOS. In addition, cracks were observed to form in both aggregates and ITZ in the samples with
the DOS above the critical DOS. However, this work did not investigate the impact of the air void

system in the frost damage of the mortar [148].

In this paper, XCT is used to investigate the 3D microstructure of mortar samples both before and
after a single freeze-thaw cycle. The changes in microstructure, particularly air void system, and

microcrack development are evaluated for samples with different DOS and air content.

4.2-Materials and Methods

4.2.1. Materials, sample preparation, and testing condition

One non-air-entrained (NAE) and one air-entrained (AE) mortar mixtures were prepared in
accordance with ASTM C192/C192M-13 using the mixture proportions as reported in Table 4.1.
In this table, the air content of the samples was determined in accordance with ASTM C185. Al
mixtures were made with ASTM C618 Type | ordinary portland cement (hereafter termed OPC)
and constant water to cement ratio (w/c) of 0.42. The chemical composition and physical

properties of OPC are shown in Table 4.2.
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Table 4.1. Mixture proportion used in freeze-thaw experiments.

air content Type | cement Water Sand
Mixture 1D (% b%;’ftgf)“e of | ygim® (blyd®) | ka/m® (Ibiyd®) | kg/m?® (Iblyc?)
nAE 5 573.3 (966.3) | 2408 (405.9) | 1333.3 (2247.4)
AE 9 548.9 (925.2) | 2306 (388.7) | 1276.5 (21516

Table 4.2. Chemical and physical properties of OPC.

Blaine Chemical Composition (mass %) Phase concentration (%)

Material fineness Densnsy .
(cm?g) (gr/lcm®) | SiO, | CaO | Al,O; | MgO | Fe,0O3 | SO3 | CsS | C,S | CA | CLAF

Type | ordinary
portland cement

3680 3.15 193 | 640 | 5.2 2.6 2.9 33 | 634 | 84 9 8.7

The mortar samples were cast in prism molds with nominal dimensions of 25 x 25 x 125 mm
(0.98 x 0.98 x 4.92 in.). A small core 1 cm (0.39 in.) in diameter and 1 cm (0.39 in.) in height

was then drilled from the specimens and used for experiments.

The samples were scanned and then conditioned to different DOS before freeze-thaw cycles. For
this purpose, all samples were oven dried in steps to 105°C for 2 days. The samples were placed
in a desiccator and evacuated to a pressure of 30 mm Hg for 3 h. Following evacuation while still
under vacuum, the samples were submerged by deionized water for 24 h. This condition was
defined as 100% DOS. Some samples were also subjected to DOS between 85% and 95% by
saturating specimens and allowing them drying in short periods of time at 23 °C +1 °C and 50%
relative humidity (RH). When each sample was conditioned to the desired moisture content
(mass), they were re-weighed and wrapped with aluminum tape to ensure no moisture loss. The
tape was left in place for the remainder of the testing. The DOS and the air content for each
specimen are listed in Table 4.3. In Table 4.3, the first number and the second number in the

specimen ID shows if it was air entrained (AE or nAE) and the DOS, respectively. As an
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example, nAE_100 is an air-entrained mortar sample with 100% DOS. There were two repeats

for nAE_93 and these samples are distinguished by adding a number to the end of their name.

The samples were first scanned with XCT and then subjected to a single freeze-thaw cycle that
lasted 43.5 h. The temperature was reduced and then raised from 23 °C to —35 °C with a cooling
rate of 2 °C/h and a heating rate of 4 °C/h. The samples were then scanned after the freeze-thaw

cycle.

Table 4.3. The list of investigated samples.

Specimen ID Degree of saturation (%) Air content of mortar (%)
nAE_100 100 5
nAE 93 1 93 5
nAE 93 2 93 5
AE_95 95 9
AE_85 85 9

4.2.2. X-ray computed tomography

Each sample was scanned before and after exposure to a freeze-thaw cycle by a ZEISS XRADIA
410 with photon energy of 100 keV at a resolution of 4.85 um/voxel. The captured volume of the
interest was a cylinder 4.85 mm in diameter and 4.85 mm in height located near the surface of the

sample as shown in Figure 4.1. The scan settings are summarized in Table 4.4.
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Fig. 4.1. Location and dimension of the investigated volume of interest (VOI).
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Table 4.4. X-ray scan setting.

Resolution 4.85 pum/pixel
Source energy 100 keV
Optical magnification | 4X

Total scan time 4h

Number of projections | 2800
Exposure time 3s

The reconstruction was performed by XMReconstructor to create a stack of 2D slices. An
example of the dataset is shown in Figure 4.2. Figure 4.2 shows the 3D representation of the
sample, a typical cross section, and a histogram of the gray value in the 3D data set. Each 8-bit
2D image consists of pixels with gray values ranging from 0 to 255 corresponding to X-ray
absorption which is a function of density and composition of the material [28, 29]. The gray value
contrast can be used to separate the sample into different constituent phases by image

segmentation process [15, 19, 21].

The major mortar constituents are air voids, aggregates, and OPC paste. Since the air voids have
the lowest density, their X-ray absorption is the lowest among other constituents and so they are
highlighted as dark voxels in the reconstructed images. Conversely, aggregates absorb more x-ray
because of their higher density and appear as the brightest voxels in the reconstructed image. The

paste has a gray value between these two constituents (Figure 4.2).

55



1000 pm

1000 um .
3000 Grayscale histogram
2500 Probable paste
)
o
X 2000
o
[T
S 1500
o
£
1000 | Probable
S
> airvcid Probable aggregate
500 /
0
0 50 100 150 200 250 300
Gray level

Fig. 4.2. A typical XCT dataset showing 3D tomography, 2D cross section of the reconstructed

image, and corresponding grayscale histogram.

4.2.3. Image processing and analysis

In this study, different image processing techniques were used to provide quantitative and
qualitative data sets for identification and comparison of the damage created by a single freeze-
thaw cycle. Among various image processing, alignment, subtraction, and segmentation of the
reconstructed images are the most important. The data sets before and after the freeze-thaw cycles
were aligned. Image subtraction and segmentation were then performed to investigate the freeze-

thaw damage and identify the mortar constituents or cracks before and after a freeze-thaw cycle.
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4.2.3.1. Alignment of XCT datasets

All image processing, analysis, and 3D visualizations were performed by MATLAB codes,
ImageJ, and Amira 4.1.1 software. There were two XCT datasets from the same specimen, one
before and one after exposure to the freeze-thaw cycle. In order to reduce the computational time,
all of the reconstructed datasets were first transformed from 16-bit image (65,536 gray levels) to
8 bit (256 gray levels) image. To make the datasets comparable, the histogram of the tomograph
taken after the freeze-thaw cycle was shifted to match the histogram of the first tomograph.
Subsequently, a self-authored computer code was used to align the XCT datasets before and after
the freeze-thaw cycles. The program uses the first dataset as a reference to find the matching
plane in the second 3D tomography dataset. Details of the technique can be found in other
publications [19, 149, 150]. Figure 4.3 shows two matched slices before and after freeze-thaw

cycles.

Before freeze-thaw cycles After freeze-thaw cycles

Fig. 4.3. An example of the results of matching algorithm for the reconstructed

Images before and after freeze-thaw cycle.
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4.2.3.2. Image subtraction

Image subtraction is a well-established image processing technique that has been previously used
to study microcracks in mortar [20, 27]. This technique uses gray value differences to detect
changes between two images. The image subtraction can be mathematically defined as the

difference between the digital numerical value of the reference and second image [19]:

r(X) =f(X) —[a- g(e X)) +b]
Where r(X) is image subtraction, g(qo (X)) is gray level in the second image, a and b are
coefficient of overall contrast and coefficient of brightness respectively. f(X) is the gray level in
the reference image which could be defined as either the image before or after the freeze-thaw
cycle. A 3D median filter with a radius of 1 pixel was applied to remove noise from the
subtracted image. In order to remove artifacts around the sample, image boundaries were
established for both images. Figure 4.4 shows an example of image subtraction results for sample
nAE_100. According to this figure, subtraction of the after datasets, which is used as the
reference image, from the before datasets indicates cracks created by absence of materials in the
image taken after freeze-thaw cycle; and the subtraction of the before datasets from the after
datasets demonstrates probable new materials formed after freeze-thaw procedure which did not

exist in the past.
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Fig. 4.4. 2D cross section of sample nAE_100 before and after freeze-thaw cycle, and subtracted

images from each other.
4.2.3.3. Segmentation

Segmentation of XCT datasets is an important step in the quantitative analysis of the sample. In
this study, two different methods of segmentation are used and then the results are combined.

First, the cracks and air voids will be found and then the aggregate and paste will be identified.
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4.2.3.3.1 Segmentation of cracks and air voids

In order to segment the cracks and air voids, an Otsu thresholding technique was used. Figure 4.5
shows an overview of the procedure for segmenting cracks and air voids. A median filter with a
radius of 1 pixel was first used to reduce noise in the image yet preserve the edges of the
constituent [144, 151, 152]. The Otsu method was then used to segment all air voids and cracks
from the rest of the mortar constituents. This method is a common and well-established
segmentation method that minimizes the mean square errors between the original and binarized

images. More detail can be found in other publications [153-155].

Next, a morphological analysis was used to distinguish air voids and cracks in the segmented
image. All spherical-shaped voids are identified as air voids. These regions were then compared
before and after freeze-thaw cycle to highlight the material that had filled the air voids. The
material was identified because the regions within the voids had changed in gray value. After
identifying the air voids the remaining material was assumed to be crack. These regions are

shown in Figure 4.5.
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Fig. 4.5. Segmentation process of mortar constituent including air voids, cracks, materials formed

within air voids, aggregates, and paste.

The segmented images were then used for further quantitative analyses such as material

formation distribution and average air void distance.

To investigate material formation distribution at different distances from the bottom of VVOI, the
segmented air void images taken before freeze-thaw cycle were subtracted from the segmented
air void images obtained after the free-thaw cycle. The result acquired from this subtraction
indicates material formation which corresponds to those newly formation materials within the
segmented air void images taken after a freeze-thaw cycle. The average distance between air
voids was also determined by calculating the average nearest-neighbor distance between
individual air voids. In this process, the average surface-to-surface nearest-neighbor distance

between individual air voids was measured.
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4.2.3.3.2 Segmentation of aggregate and paste

While the previous segmentation method is helpful to identify the cracks it is desirable to know
whether these cracks form in the paste or within the aggregate. To learn more, the paste and

aggregate had to be segmented.

Unfortunately, the Otsu method was not useful to segment aggregates since the gray values for
the aggregate and paste overlap. This can be seen in Figure 4.2. In order to overcome this, a
local sample inspection was used. Twenty different aggregate regions were identified by an
operator. The average mean and standard deviation of the gray values were determined. Next,
gray values that were two standard deviations away from the mean were used to find ranges of
gray values that represent the particles. This region is shown in white in Figure 4.5. More
information about gray value histogram and the normal distribution of aggregates can be found in
the Appendix B. The remaining material was then assigned to be paste and is shown as gray in

Figure 4.5.

Figure 4.6 shows the 3D rendering of the segmented XCT data of all samples before and after
freeze-thaw cycles. The saturated sample (nAE_100) is shown in a larger size. The constituents
are shown with different colors. The air voids are transparent. The paste is shown in gray. The
aggregates are shown in brown. The cracks formed during the freeze-thaw cycle are shown in

black and the materials formed within air voids after the freeze-thaw cycle are shown in orange.
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Fig. 4.6. 3D model of the segmented XCT data of all samples before and after the freeze-thaw

cycle, an interior section is also shown for an easy 3D view.

These techniques were successful to segment the majority of aggregates and air voids. To
investigate this, the measured aggregate volume is compared from the mixture design to the
volume measured by XCT in Table 4.5. The XCT data estimates a fine aggregate volume of
53.1% and the mixture design suggests 55% by volume. This is less than a 4% difference.
Differences could be caused by the limited sampling region analyzed by XCT (4.85 mm diameter
x 4.85 mm in height). In addition, it is possible that there are aggregates smaller than the
resolution of XCT that cannot be detected. There are also assumptions made in the image

processing methods that may impact the results. It is also possible that the material varies within
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the sample. Despite these differences, there was a small difference between the measured and

expected values.

Table 4.5. Volume of aggregates calculated by XCT data and mixture design.

Volume of aggregate (%) Volume of aggregate (%)
Sample No XCT data mixture design
nAE_100 56.8
nAE 93 1 52.0
nAE 93 2 52.1 55
AE_95 51.2
AE_85 53.2
Average 53.1 55

Figure 4.7 compares the air void content measured by XCT data and mixture design in the lab.
According to the figure, except sample nAE_93_2, the air content calculated by XCT datasets for
all samples was similar to the specified air content in mixture design. Air content measured by
XCT data in sample nAE_93 2 was 1%, however, specified mixture design air content for this
sample was 5% by volume of paste. It could be caused by the limited size of the volume of
interest which is not necessarily represented of the entire sample. This difference will be

discussed in more details later in the paper.
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Fig. 4.7. Comparison of air content measured by XCT data and mixture design for all samples.

4.3. Results and Discussion
4.3.1. 3D analysis of initiation and propagation of cracks

While the investigation of the 3D structure provides important qualitative insights, it can also be
used to produce quantitative insights such as the crack behavior by comparing the detailed 3D
information both before and after the freeze-thaw cycle. Figure 4.8 shows the 3D rendering of
the crack for sample nAE_100 both before and after a freeze-what cycle. The initial scans show
that the sample had some cracks before it was exposed to the freeze-thaw cycles. The newly
formed cracks are primarily observed near the top 20% surface of the sample (within = 970 pm of
the surface of the sample) after the freeze-thaw cycle. The presence of cracks at the interface of
the paste matrix and aggregate may suggest that the interfacial transition zone (ITZ) may cause

the development of cracks in sample nAE_100 as shown in Figure 4.6.
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There was no crack propagation observed in the other samples. This could be caused by their
lower DOS and the low number of freeze-thaw cycles. More information about crack propagation

of other samples can be found in the Appendix B.

nAE_100

1000 pm
Before freeze-thaw cycle After freeze-thaw cycle

Fig. 4.8. An example of the 3D rendering of cracks for saturated sample both before and after

freeze-thaw damage for nAE_100.

Figure 4.9 shows the volume of cracks that occurred in either paste or aggregate both before and
after the freeze-thaw cycle. This bar chart shows that the crack volume within the aggregate
increased by 4.5x and the cracks found within the paste increased by =~ 13x. After the freeze-

thaw cycle, the volume of cracks within the aggregates is = 1.85x higher than the volume of

cracks in the paste.
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Fig. 4.9. Volume of cracks in the paste and aggregate before and after a single freeze-thaw cycle

in nAE_100 sample.

Next, a detailed comparison is made in the cracking. The 3D rendering of cracks, 2D
reconstructed images with highlighted cracks acquired from the top 20% of the saturated sample
before and after are shown in Figure 4.10. This region was used because of the high density ofaa
damage observed. According to the 2D reconstructed images shown in Figure 4.10. The images
in the middle and right side of Figure 4.10 show a large volume of cracks forming within an

aggregate.
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Fig. 4.10. An overview of initiation and propagation of cracks in the top 20% of the saturated
sample (nAE_100) before and after the freeze-thaw cycle. Zoomed area is highlighted as white

dash line in the reconstructed images.

Figure 4.11 shows the volume percentage of each component (air void, paste, and aggregate) at
different distances from the measured cracks. The figure suggests that within the first 5 um of a
crack that 80% of the regions were aggregates, 20% paste, and 2% air voids. This suggests that
the cracks are primarily formed close to aggregate surface. At = 95 pm from the cracks, the
aggregate volume is = 50%. This closely matches the average volume for the entire sample as
shown in Table 4.5. Another useful observation is that within 20 um the volume of air voids
observed is = 1.3%. This is much lower than the average value of 5% that was observed in the
sample in Figure 4.7. This again means that the cracks are not forming adjacent to air voids in

samples with high levels of DOS and a single freeze-thaw cycle.
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Fig. 4.11. Volume percentage of each mortar component (air void, paste, and aggregate) in

different distances from cracks nAE_100.
4.3.2. 3D analysis of air voids after freeze-thaw damage

Figure 4.12 and Figure 4.13 show 3D renderings of the air voids, cracks, and infilled voids. The
air voids are shown in white, cracks are highlighted in black, and infilled voids are shown in
orange. Based on the 3D renderings, the infilled voids were observed in all samples. In addition,
in all samples except nAE_93 2, between 65% and 80% of the infilled voids were located within
~ 700 pum of the surface of the sample. When a void is observed to fill, this suggests that pore
solution entered the void during the freezing cycle and that the concentration within the void was
high enough to cause solids to precipitate. These solids are important as they can reduce the

overall volume of the void and reduce the space available for future freeze-thaw cycles.
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Fig. 4.12. 3D rendering of the air voids, cracks, and infilled voids for samples with DOS lower

than 100% before and after freeze-thaw testing.
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Fig. 4.13. An example of a 3D rendering of the air voids, cracks, and infilled voids for the

saturated sample (DOS=100%) before and after freeze-thaw testing.

4.3.3. Quantitative evaluation of air void filling

In order to determine the distribution of the material-filled voids, the percentage of voids that at
least 20% of their volume has been reduced from the material-filling is shown in Figure 4.14.
This volume was chosen as it was large enough that the volume change was measurable and not a
possible artifact. The number of individual air voids used in these calculations is about 500 and
30,000 for each non-air-entrained and air-entrained sample, respectively. The number of air voids
in air-entrained samples was about 60x greater than the number of air voids in non-air-entrained
samples. Figure 4.14 shows that partial infilling of at least 20% of an air void happened in the
majority of voids smaller than 50 um in diameter for both non-air-entrained and air-entrained

samples. The saturated sample (nAE_100) had the lowest infilling percentage at different size
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ranges compared to the rest of the samples. This could be because this sample and its pore system
were damaged by the freezing-thaw cycle. This damage may not have let the pore solution to

enter the voids.

Both samples nNAE_93 1 and nAE_93 2 are thought to be similar in air volume, mixture
proportions, and degree of saturation; however, nAE_93_2 shows a higher percentage of infilling
for the voids larger than 50 um. While the voids larger than 50 um show differences, the voids
smaller than 50 um showed very similar behavior. It is not clear what causes these differences
and this should be investigated further. Figure 4.15 shows the air void size distribution for
samples nNAE_93 1 and nAE_93 2 and both have very similar void distribution. However, the
graph shows that nAE 93 2 has a higher number of finer air voids and = 1.5x higher number of
detectable voids compared to nAE_93_1. This difference between the void sizes might explain

the difference between the void volume of samples nAE_93 1 and nAE_93 2.
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Fig. 4.14. Percentage of voids that volume was reduced by at least 20% from a single freeze-thaw
cycle.
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Fig. 4.15. Air void size distribution for sample nAE_93 1 and nAE_93 2.

The average infilled volume of partially filled voids is shown in Figure 4.16. Some examples of
the calculation of this value for four individual voids with different sizes are also shown at the
bottom of the graph with corresponding 3D renderings. As expected, the smallest group of air
voids with a size between 10 and 25 pum has the highest average infilled volume compared to the
larger voids. This higher value in the smaller voids can be attributed to the larger surface/volume
of this group and that these voids probably contained more fluid during freezing than the larger
voids. The sample nAE_100 again shows a lower amount of filled voids. This is probably due to

the observed damage in this sample.
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Fig. 4.16. The average infilled volume percentage in voids with at least 20% partial infilling. An
example of a 3D rendering of individual partially material-filled voids for each size range with
corresponded air void and material-filled volume, and infilled void percentage are also shown in

the bottom of the graph.

Figure 4.17 shows the average nearest neighbor air void spacing calculated from XCT data. The
average distance between air voids for air-entrained samples was about 17 um; however, it varied
from 25 pm to 44 um for non-air-entrained samples. The variation of average air void distance
for non-air-entrained samples can be observed in sample nAE_93_1 and nAE_93 2. These two
samples have the same specified air content and degree of saturation, however, the average air
void distance in sample nAE 93 1 is = 1.7x higher than sample nAE 93 2. It suggests that the
average spacing between air voids in air-entrained samples is lower and more consistent

compared to non-air-entrained samples.
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Fig. 4.17. The average air void distance calculated from XCT data for all samples.

Figure 4.18 shows the 3D rendering of material formation and the volume of material-filled voids
at different cross sections. In all of the samples, except NAE_93_2, there is a higher volume of
infilled material near the surface of the sample. For nAE_93 2 there was no significant change in
the infilled air voids over the depth. This could be because of the low amount of air content (1%)
detected by XCT in the investigated volume of interest compared to the expected mixture design

air content (5%) which caused this sample did not have many air voids to fill.

When these samples were frozen the cold plate was at the bottom of the sample. Since the
freezing plate is at the bottom this would mean that the top of the sample would be the last
portion of the sample to freeze. The solution in the last region to freeze would be expected to
have a higher concentration of dissolved ions and therefore would form a larger volume of

precipitated solids within the air voids.

No analysis was done on the precipitated solids to investigate their chemical analysis. However,
the material has a gray value that is similar to the hydrated cement paste. Based on previous

publications this means this material is not likely to be pure calcium hydroxide; however, it could
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be a mixture of calcium hydroxide and other precipitated salts such as Friedel’s salt, Kuzel’s salt,

or salts originated from the aggregates [156-158].
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Fig. 4.18. Material formation at different image cross section and corresponding 3D rendering of

material loss. The border of specimens in 3D rendering is shown as transparent gray.
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4.4. Practical Significance

While much more work is needed to draw strong conclusions, this work has allowed some
important insights into the mechanisms of freeze-thaw damage through direct observations by
using XCT from before and after freezing events. Figure 4.6 shows that even with air entrained
samples that at 100% DOS that damage can be observed in a single freeze-thaw cycle.
Furthermore, Figure 4.11 shows that the cracks in this 100% DOS sample formed either in or near
aggregates. However, Figure 4.6 shows that no damage was observed for the air entrained and
non-air entrained samples, even with very DOS as high as 95%. It is expected that a higher

number of freeze-thaw cycles are needed for observable damage in these samples.

Another significant observation is that the samples with DOS of 95% and lower all showed void
filling after a single freeze-thaw cycle. The only sample that did not show void filling was the
100% DOS sample that was damaged. This difference in performance is attributed to this sample
being damaged from the freezing events and so the fluid was not able to enter the voids. Figure
4.16 shows that the voids that were filled were primarily smaller than 20 um and these voids were
the furthest from the freezing surface. Furthermore, over 70% of the volumes of these voids are

observed to fill from a single freeze-thaw cycle.

These small voids are arguably the most important for the freeze-thaw durability of the concrete
as they provide a significant amount of protection for a given volume [125, 159]. If these voids
are infilling with freeze-thaw cycles then that means they are not able to accommodate solution
on freezing. While it is common for air void filling to be observed in freeze-thaw damaged
concrete in the field, this work shows that samples with a DOS between 85% and 95% that this
filling happens with very few cycles. This infilling of air voids could explain why rapid damage

is observed in concretes when their DOS is high.
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4.5, Conclusions

In this study mortar samples made with different air content and degree of saturation were
examined with XCT to investigate microstructural changes caused by a single freeze-thaw cycle.
The XCT method was a very powerful tool to observe the crack volume, void distribution, and
void filling. Although all of the samples had DOS greater than 85%, the non-air entrained
saturated sample with DOS =~ 100% was the only sample where damage was observed. However,
it is possible that cracks exist in the other samples that are below the resolution of the scans and

so they would not be detected.

Findings for cracking:

e All samples had some initial cracks before the freeze-thaw cycle. Most of these cracks

were observed within the aggregate.

e Crack initiation and propagation were primarily observed within = 970 um of the top

surface of the sample with DOS = 100% (nAE_100) after a single freeze-thaw cycle.

e Asingle freeze-thaw cycle caused an increase in the volume of crack within aggregate by
4.5x and an increase in the volume of crack within the paste by a factor of 13 compared

to the volume of crack before freeze-thaw cycle.

Most of the newly-formed cracks occur in aggregate after the freeze-thaw cycle.

Findings for void filling:

e All samples experienced air void filling mostly located within = 700 um of the top

surface of the samples.

e The voids smaller than 20 pm in the samples with DOS between 85% and 95% showed

more than 70% filling after a single freeze-thaw cycle.
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e Sample nAE_100 showed the most damage and the lowest percentage of filled voids.

e The replicate samples with DOS of 93% showed very similar void filling for voids

smaller than 75 pm.

Research is needed to investigate how the void size, volume, and spacing may impact the void
filling observed in this work and how multiple freeze-thaw cycles will impact the results.
Additional work to investigate the chemistry of the filling materials would also be useful. While
limited cracking was observed in the samples, these results show that this procedure shows great

promise to be used to investigate samples under higher numbers of freeze-thaw cycles.
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CHAPTER V

INVESTIGATION OF CEMENT PASTE BEFORE AND AFTER FREEZE-THAW CYCLES

WITH X-RAY IMAGING

Abstract

This work presents the usefulness of X-ray imaging techniques to investigate the role of air void
system on the freeze-thaw damage of the cement paste. The method allows direct 2D and 3D
non-destructive imaging at micron length scales. This work aims to present the method and show
the usefulness in hopes of expanding this for future work. The 2D results show that severe frost
damage occurred in the surface of the non-air entrained cement paste ponded with K1 solution
after 63 freeze-thaw cycles. It was observed from 3D analysis of the images that the average
distance between air voids in the non-air-entrained was =~ 1.8x higher than the average distance
between air voids in the air-entrained samples. In addition, Most of the air voids (= 75%) in both
non-air-entrained and air-entrained samples are distributed in size ranges between 15 to 60 um.
These observations show that X-ray imaging is a powerful method that provides new insights into
the freeze-thaw performance of cement paste and is a step in understanding the damage in a
concrete structure.

Keywords: Freeze-thaw cycle, Microcracking, X-ray Computed Tomography,
Segmentation, Air void system.
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5.1. Introduction

Frost damage of cementitious materials is one of the major concerns for field structures in cold
climates. In many cold climates deicing salts are used to minimize the ice formation on concrete
surfaces [160, 161]; however, these salts can react with cement hydration products and form new
products such as brucite, complex salts, and oxychlorides [162]. These new products can
penetrate and grow in the empty pores which reduce the volume of air voids and thereby, increase
the degree of saturation and pressure of frozen water and accelerate concrete frost damage [162-
164]. The frost damage of concrete in this condition is reported to be 4x to 5x higher in

comparison to the concrete exposed to just water [160, 161].

It has been widely shown in previous laboratory and field experiments that durability of concrete
against frost-induced microcracking can be improved by adding an air entrainment agent (AEA)
during mixing [131-133]. Previous research has shown that uniform air void systems created by
AEA with adequate spacing allows water movement during freezing from the capillary pores to
the nearest air void where it can freeze and not cause damage [159]. According to the
crystallization pressure theory, as the temperature decreases, it is easier for ice to form in the air-
entrained void than it is in a capillary void [136]. It is suggested that the capillaries are like an
interconnecting network of tubes with large and small capillaries distributed in concrete. When
ice crystals form upon low enough temperatures, the large capillaries will fill with ice and try to
enter the small capillaries. If the concrete mixture does not have AEA, the friction and tortuosity
in the system will cause a back pressure and resulting in subsequent damage. If the sample is air
entrained, then as ice forms within the air entrained voids then it will reduce the freezing water

within the capillaries. This will reduce the stresses within the paste and reduce damage [136].

Although a great deal of efforts has been spent over the past decades toward understanding the

freeze-thaw damage mechanisms, there are still several unanswered questions [17, 124, 126, 129-
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132, 136, 137]. There are still debates among researchers on how ice forms in pores [126], how
the air entrainments and air void size distribution affect the freeze-thaw damage [131, 132], how
different parameters such as air content and temperature affect freeze-thaw damage [124, 129,
130], and how microcracks initiate and propagate into the cementitious materials [19]. Because of
this, direct observation of the microstructure before and after freeze-thaw cycles can give insights

to address some of these questions.

Several techniques have been developed to investigate the microstructure damage caused by frost
actions. Recent publications have characterized microcracks in cut cementitious materials slices
with optical microscopy or scanning electron microscopic (SEM) [138-141]. The major limitation
of these techniques is that these techniques can only make observations on the exposed surface.
These observations also may not necessarily be representative of the performance in the rest of
the system. In addition, they require preparation and testing conditions that may disturb the

sample and could affect the results.

X-ray computed tomography (XCT) is a powerful non-destructive tool that can be used to
investigate the 3D microstructure of materials. It has been widely used in medical science to
investigate biological organisms [9-11]. This method has also been used to study construction
materials. Some examples include cement hydration [10, 12], aggregate spatial distribution [13-
15], transport properties [16, 17], crack propagation [18-20], and air void distribution [21-23]. In
this method, a series of 2D X-ray radiographs are captured from different viewing angles and the
collected data sets are used to build a 3D measurement of the internal structure called a
tomograph. The tomograph can be then used for qualitative and quantitative analyses [24-27].
Because of the non-destructive nature of XCT, multiple scans can be acquired from the same
sample under different conditions. This allows samples to be investigated both before and after

an event like freezing.
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In this paper, X-ray imaging is used to investigate the 2D and 3D microstructure of paste samples
with the different air contents before and after freeze-thaw cycles. The changes in microstructure,
particularly air void system, and microcrack development are evaluated for samples with different

air contents.

5.2. Materials and methods

5.2.1. Materials and sample preparation

One non-air-entrained (NAE) and two air-entrained (AE) paste mixtures with a constant water to
cement ration (w/c) of 0.45 and different air contents (7.5 and 15% air by volume of paste) were
prepared in accordance with ASTM C 305 using the mixture proportions reported in Table 5.1.
The air content of the specimens was determined in accordance with ASTM C185. In this
procedure, 121 g and 63 g of AEA were added during the mixing process to achieve the required
unit weight for the mixtures with 7.5% and 15% of air, respectively. The cement is an ASTM

C150, Type I. The chemical composition and physical properties of the cement are shown in

Table 5.2.
Table 5.1. Mixture proportion used in the experiments.
Mixture 1D w/c ratio Cement weight (g) | Water weight (g) | Air content (%)
nAE 0.45 1373.2 617 1.5
AE 75 0.45 1373.2 617 7.5
AE_15 0.45 1373.2 617 15
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Table 5.2. Chemical composition and physical properties of cement.

Chemical Composition (mass %) Phase concentration (%)
S|02 CaO A|203 MgO Fe203 803 K;0 | Na,O | CsS | C,S | CA | CLAF
Typel | 211|621 | 47 2.4 2.6 32 | 03| 02 |56.7|178|8.16| 7.8

Material

Four specimens from each mixture were cast in cylindrical micro vials with interior dimensions
of 9.5 x 46 mm (0.375 x 1.82 in.). The vials were partially filled with the mixture in order to
provide 15 mm of free space for the solution above the paste samples. The specimens were then

sealed with a lid and then taped and cured for 28 days at 23 °C.

Next, the samples were ponded by adding different solutions on top of the paste for 14 days at 23
°C inside the vials. Two specimens from each mixture were ponded with 0.6 mol/L potassium
iodide (K1) solution and the rest of the specimens were ponded with water. Kl is a salt with an
electron dense cation which is a contrast agent or tracer for concrete fluid transport study [165-
167]. It is also suggested that and iodide (1) in KI has a similar diffusion coefficient in cement
paste as chloride (CI) in sodium chloride (NaCl), which is a common salt used for deicing [168-
170]. Therefore, as specimens are ponded with Kl solution, the changes in the X-ray absorption
or the gray value of materials in the cement paste can be monitored during X-ray imaging more

conveniently compared to a cement paste ponded with water.

Radiographs were collected for each specimen before and after ponding to ensure the sample has
not dried. The samples were then subjected to freeze-thaw cycles. The temperature was varied
between 5°C to —39 °C with 3.5 h cooling at —39°C and 3.5 h heating at 5°C for three freeze-thaw
cycles a day. Radiographs were then taken in thawing condition after 21, 42, and 63 freeze-thaw
cycles (7, 14, and 21 days) to determine the level of freeze-thaw damage of the paste samples.
The liquid solution was removed during the scanning; the vials were then filled with the solution

after completion of the data collection and returned for additional freeze-thaw cycles. A
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tomograph was also taken after 82 freeze-thaw cycles to better understand the 3D distribution of

air voids and damages.
5.2.2. X-ray imaging

The radiographs were acquired by a Skyscan 1172 micro-CT scanner with a tube voltage and
current of 100 keV and 100 pA at a spatial resolution of 8.76 um/pixel. In addition, a 0.5 mm Al
and 0.5 mm Cu filter was used to improve the quality of the scan. An example of the
experimental setup is shown in Figure 5.1. In this figure, a special stage is used to minimize any
probable shift during data collection over different time periods. In this figure, an Al wire of 0.6

mm thick was attached to the wall of each vial to aid in alignment and image processing.

Al wire

CT stage

Fig. 5.1. An example of the experimental setup.

A tomograph of each sample after 82 freeze-thaw cycles (28 days) is collected by a ZEISS
XRADIA 410 with photon energy of 100 keV at a resolution of 14.2 um/voxel. The captured
volume of interest (VOI) was a cylinder 9.5 mm in diameter and 12.8 mm in height located near

the surface of the sample. The scan settings are summarized in Table 5.3.
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Table 5.3. X-ray scan setting.

Resolution 14.2 pm/pixel
Source energy 100 keV
Optical magnification | 0.4X

Total scan time 4h

Number of projections | 2800
Exposure time 35

The reconstruction was performed by XMReconstructor-10.7.3245 to create a stack of 2D slices.
An example of the dataset is shown in Figure 5.2. This figure shows the 3D representation of the
sample, a typical X-section, and a histogram of the gray value in the 3D data set. Each 8-bit 2D
image consists of pixels with gray values ranging from 0 to 255 depending on X-ray absorption
which is a function of density and composition of the material [71, 114]. The gray value contrast
can be used to separate the sample into different constituent phases by image segmentation

process [21, 108, 111].

The major detectable paste constituents are air voids and OPC paste. Since the air voids have the
lowest density, their x-ray absorption and therefore gray value is the lowest in the reconstructed
images. Conversely, the paste absorbs more X-ray because of its higher density and appears as

the brightest voxels in the reconstructed image (Figure 5.2).
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Fig. 5.2. A typical XCT dataset showing 3D tomography, 2D cross section of the reconstructed

image, and corresponding grayscale histogram.

5.2.3. Image Processing

Different image processing techniques were used to provide quantitative and qualitative data sets
for identification and comparison of the damage created by freeze-thaw cycles. The image
processing and analyses applied on each radiograph and tomograph are discussed in the following

sub-sections.
5.2.3.1. Alignment and image subtraction of radiographs

All image processing and analyses were performed by MATLAB codes and ImageJ software.
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Radiographs were taken on the same specimen at different freeze-thaw cycles. A self-authored
computer code was used to align the radiographs taken from each sample. The program uses the
coordinates of Al wire in all radiographs to align the images. In this method, the first initial
radiograph before freeze-thaw cycles is used as a reference and the rest of the radiographs are
aligned so that the location of the Al wire matches. The backgrounds of the scans were compared
and found to be statistically similar. This allowed each sample to be compared directly. Next, the
radiographs from the subsequent samples are subtracted from the first radiograph to investigate
any changes in the sample such as damage caused by the freeze-thaw cycles. The subtracted
images were then used to determine the percentage of damaged paste. This was found by
dividing the total number of pixels that changed in comparison to the initial radiograph before

applying freeze-thaw cycles.

5.2.3.2. Segmentation of XCT datasets

Figure 5.3 shows an overview of the procedure for segmenting cracks and air voids. A median
filter with a radius of 1 pixel was first used to reduce noise in the image yet preserve the edges
[144, 151, 152]. The Otsu method was then used to segment all air voids and cracks from the rest
of the mortar constituents. This method is a common and well-established segmentation method
that minimizes the mean square errors between the original and binarized images. More detail can
be found in other publications [115, 154, 155]. Next, a morphological analysis was used to
distinguish air voids and cracks in the segmented image. All spherical-shaped voids are identified
as air voids. After identifying the air voids, cracks were segmented by subtracting the air voids
from the initial segmented image. The remaining material was then assigned to be paste and is

shown as white in Figure 5.3.
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It should be noted that in the samples ponded with Kl solution, some cracks are filled with KI
solutions and so the gray values contrast of the cracks and paste varies in different images.

Therefore, cracking could only be investigated in the samples ponded in water.

2D slice Segmentation result

Border

Segmentation of cracks  Segmentation of air voids by Segmentation of cracks by
and air voids morphological analysis subtracting air voids

Fig. 5.3. Segmentation process of paste constituents including air voids, cracks, and paste.

To investigate crack and air void distribution at different distances from the bottom of the VOI,
the percentage of each constituent is calculated at different locations. The average distance
between air voids was also determined by calculating the average nearest-neighbor distance
between individual air voids. In this process, the nearest neighbor air void for each individual air
void is detected and their distance is recorded. The average of the recorded distances for the all

individual air voids was then calculated as the average distance between air voids.
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5.3. Results and Discussion
5.3.1. Percentage of damaged paste

Figures 5.4 and 5.5 show the radiographs and the subtracted images taken from the paste samples
ponded with KI or water at different time periods of the curing and freeze-thaw cycles. The first
radiograph before ponding in each sample is used as a reference for the subtracted images. The
black regions in the subtracted images at different freeze-thaw cycles imply damage from
freezing and thawing. According to the figure, the non-air-entrained sample (nAE) has
experienced a severe freeze-thaw damage compared to the air-entrained samples ponded with KI
solution. The same observation was made for the paste samples ponded with water shown in

Figure 5.5. However, no significant damage was observed in the air-entrained samples ponded

with water.
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Fig. 5.4. The radiographs and the subtracted images collected from the paste samples ponded

with Kl solution at different time series during the ponding and freeze-thaw cycles.
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Fig. 5.5. The radiographs and the subtracted images collected from the paste samples ponded

with water at different time series during the ponding and freeze-thaw cycles.

While the investigation of the radiographs and subtracted images provide important qualitative
insights, it can also be used to perform quantitative analyses such as finding the percentage of
damaged paste. Figure 5.6 shows the percentages of damaged paste in different samples for
different freeze-thaw cycles. According to this figure, samples without air-entraining agent
showed the highest level of damage compared to the air-entrained samples after 63 freeze-thaw
cycles. The damage percentage in the sample Salt nAE is = 6.5x higher than the percentage of
damaged paste in the Salt AE_7.5 and Salt_AE_15 after 63 freeze-thaw cycles. The sample
Water_nAE experienced 2% damage while there was no detectable damage observed in the
samples Water_AE_7.5 and Water_nAE_15. These differences in the freeze-thaw damage could
be caused by the presence of well-distributed air voids in the air-entrained samples. It is widely

known that the use of air-entrainment can improve resistance to freeze-thaw damage [136, 159].
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As expected, samples ponded with the salt solution had a higher rate of the freeze-thaw damage
(= 3x) compared to the samples ponded with water since the salt solution accelerate the freeze-
thaw damage. It is reported that salt chemically reacts with some of the cement hydrates and new
materials form in the pores also the salt solution causes an increase in the vapor pressure or
moisture content which inturn increases the degree of saturation. All of these will increase the

level of freeze-thaw damage over just using water [162-164, 171].
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Fig. 5.6. Percentage of damaged paste.
5.3.2. Analysis of XCT datasets
5.3.2.1. Crack propagation after 84 freeze-thaw cycles

Figure 5.7 shows the 3D rendering, 2D slice, and distribution of crack at different distances from
the bottom of VOI for the non-air-entrained sample ponded with water. As previously mentioned,
the cracks were not analyzed in the paste samples ponded with salt solution (K1) because of the
poor gray value contrast between the Kl filled cracks and the paste. According to the 3D

rendering, the cracks are distributed throughout the sample. The total measured volume of crack
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is 14.85%. No crack was observed in the air-entrained samples ponded with water with the
current resolution of the scans. Figure 5.7 shows the crack distribution at different distances
within the sample. The cracks seem to be primarily forming within ~ 620 um of the surface of
the sample after 84 freeze-thaw cycles. This higher level of damage is likely caused because of
the higher degree of saturation at the surface exposed to the ponded water. Except the surface of
the sample, the cracks are uniformly distributed at different distances with average volume of
14% for this sample. It was also observed in the 2D slice shown in Figure 5.7 that the cracks
within = 2000 pm of the surface of the sample are wider and have a circular pattern compared to
the rest of the cracks farther from the top of the sample which are thinner and have random

patterns.
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Fig. 5.7. 3D rendering, 2D slice, and distribution of crack at different distances from the bottom

of VOI for the sample Water_nAE.

5.3.2.2. 3D analysis of air void system

Figure 5.8 shows the 3D rendering and spatial distribution of the air voids in the non-air-entrained
and air-entrained samples ponded with salt. According to this figure, the amount of air voids in
the air-entrained sample is significantly higher compared to the non-air-entrained sample. The

voids are also more uniformly distributed in AE_7.5 and AE_15 samples. This uniform air void
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distribution with adequate air void spacing is important to resist damage during freezing events

[159, 172-175].
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Fig. 5.8. 3D rendering of the air void distribution in the non-air-entrained and air-entrained

samples ponded with salt.

Table 5.4 compares the air void volume calculated from XCT datasets, and the mixture design for
the samples ponded with salt. In addition, air content measured by XCT data in air-entrained
samples AE_7.5 and AE_15 was 2.5% and 9.5%, respectively. However, the air contents
measured in the mortar for samples AE_7.5 and AE_15 was 7.5% and 15% by volume of paste,

respectively. There is roughly a 5% difference for both of these samples and a 1% difference in

the measurements for the sample without AEA.

Table 5.4. Air void content calculated by XCT data and mixture design for the specimens ponded

with salt.
Sample Averagg dis_tance between Air void conten.t (%) Air void content in fresh
air voids (um) XCT analysis mortar (%)
nAE 82 0.48 15
7.5% AE 45 2.5 7.5
15% AE 43 9.5 15
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To further evaluate the differences between volumes of air voids calculated by XCT and mixture
design, the air void distribution at different distances from the bottom of the VVOI for the non-air-
entrained and air-entrained samples is shown in Figure 5.9. In this figure, the air voids are
randomly distributed in the sample “nAE”, while the volume of air voids decreases from = 4% to
~ 2% and from =~12% to =~ 6% in the samples AE_7.5 and AE_15, respectively from the bottom to
the surface of the samples. This decrease in the volume of air voids near the surface of the air-
entrained samples could be caused by air void filling with the solution during the freeze-thaw
cycles resulted in an underestimation of air content calculated by XCT datasets. In addition, the

air voids smaller than the resolution of XCT cannot be detected.
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Fig. 5.9. Air void distribution at different distances from the bottom of the VVOI for the non-air-

entrained and air-entrained samples.

Figure 5.10 shows the air void size distribution of non-air-entrained and air-entrained samples.
According to this figure, the majority of the air voids (= 75%) are distributed in size ranges
between 15 to 60 um, irrespective of the type of sample (nAE or AE).However, the air void size

distribution in the non-air-entrained sample is = 3x and =~ 8x lower in numbers compared to the
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sample AE_7.5 and AE_15, respectively. This suggests that the amount of the small air voids is

another factor that affects the freeze-thaw damage of the paste samples.
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Fig. 5.10. Air void size distributions of non-air-entrained and air-entrained samples.

5.3.2.3 Evaluation of air void spacing and air void filling

In order to provide an insight into the distance between air voids, which is an important factor
that affects the freeze-thaw durability of the cement paste, the spatial distribution of the air void
for the samples ponded with salt is shown in Figure 5.11. The number of individual air voids
found with the current resolution of scans were = 3000, 36,000, and 78,000 for the non-air-
entrained, 7.5% and 15% air-entrained samples, respectively. Figure 5.11 shows that the majority
of voids are at distance smaller than 100 pum from each other for both non-air-entrained and air-
entrained samples. It also seems that the distance between the voids in the sample with a higher
air percentage (AE_15) is smaller than the sample with moderate air content (AE_7.5). This was
expected as the total volume and number of voids are higher in AE_15. Because of the
significantly lower number of voids in nAE sample, the graph cannot be used to compare this
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sample with the air entrained samples. Therefore, the average void distances in different samples

are quantified.

[=]
=500

x
450
400
350
300
250
200
150
100
50

nAE
AE_7.5
—AE_15

Air void frequency

0 100 200 300 400
Air void spacing (um)

Fig. 5.11.Air void spacing distribution for non-air-entrained and air-entrained samples.

For further investigation of air void spacing and provide an insight into how the air void spacing
changes over the depth of the samples, the air void spacing in top 1420 pm, bottom 1420 um, and
the entire sample was determined for the samples and shown in Table 5.5. According to this table,
the average distance between air voids for the entire sample in the non-air-entrained is =~ 1.8x
higher than the average distance between air voids in the air-entrained samples. This high air void
spacing in the non-air-entrained sample is important because this sample showed poor freeze-
thaw performance. This means that in the non-air-entrained sample, freezing water would need to
travel larger distance to reach the nearest escape boundary during the freeze-thaw cycles which

would cause increased pressures and damage in the sample [172].

In addition, Table 5.5 shows an increase in air void spacing at the top 1420 um compared to the
rest of the VOI for all non-air-entrained and air-entrained samples. This suggests higher air void
filling with the solution in the top of the samples compared to the bottom which is similar to the

observations obtained from the air void distribution at different distances from the bottom of the
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VOlI of the specimens. These differences are also evaluated by the student’s T-Test to
investigate if the obtained results are statistically significantly different. For the non-air-
entrained sample, a p value of < 0.1 was obtained for the air void spacing at the top and
bottom 1450 um which showing that these differences in the non-air-entrained sample
are not statistically significant. However, for air-entraiend samples the p value was <
2.5E-12. This shows that for non-air-entrained samples, the results are statistically
significantly different with a 95% confidence interval. In other words, there is a
statistically significant difference between the air void spacing at top 1450 um of the

samples to the air void spacing at bottom 1450 um of the samples.

In order to visualize the air void filling, examples of the 2D cross-section of the samples nAE and
AE_15 ponded in salt are shown in Figure 5.12. Therefore, it is likely that the decrease in
volume of air voids from air void filling causes a higher degree of saturation and freeze-thaw

pressure which leads to freeze-thaw damage of the samples.

Table 5.5. Average air void spacing in the top 1420 um, bottom 1420 um, and entire sample for

the specimens ponded with salt.

Average distance between air voids (um)

Sample | Entire sample (um) | SE | Top 1420 um | SE | Bottom 1420 um | SE

nAE 82 0.93 82 0.93 78 1.15
7.5% AE 45 0.19 47 0.19 43 0.33
15% AE 43 0.07 44 0.07 41 0.12
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Fig. 5.12. Examples of air void filling in sample nAE and AE_15 ponded with salt.

5.4. Conclusion

In this study, cement paste samples with different air contents were examined with two methods
of X-ray imaging to investigate the influence of AEA on the frost durability of cement paste
exposed to moisture and subsequent freeze-thaw cycles. The first method used time series

radiographs taken at different freeze-thaw cycles to provide useful information about the freeze-
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thaw damage of cement paste. In addition, XCT was used to provide direct observations of the
amount of cracking, crack volume, void distribution, and void spacing. The following

conclusions could be drawn from this work:

The radiographs showed that the volume of damaged paste in the non-air-entrained

samples ponded with salt solution was 6.5x higher than the air entrained samples.

e More than 20% of the sample volume was cracked within 620 um of the surface of the

non-air-entrained sample ponded with salt solution.

e Approximately 75% of the air voids within both the non-air-entrained and air-entrained

samples are distributed in size ranges between 15 to 60 um.

o The average distance between air voids in the non-air-entrained sample was 1.8x higher

than the average distance between the air voids in the air-entrained samples.

o The differences in average air void spacing at the top 1420 [Im compared to the rest of
the VVOI different distances could suggest that the surface of the non-air-entrained and
air-entrained samples experienced more air void infilling compared to the rest of the

samples.

These results show that X-ray imaging is a powerful technique that can be used to better
understand both the air void system and provide new insights into the nature and extent of

damage in cementitious materials from frost durability.

Work is needed to investigate how the void size, volume, and spacing may impact the void filling
observed in this work and to investigate the chemistry of the void filling materials would also be

useful.
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CHAPTER VI

CONCLUSION

In this dissertation, XCT is used to study different features within materials at multiple length
scales. After acquisition of the XCT data, the images were analyzed to obtain useful information
from the datasets. For this purpose, based on the quality of the collected images and the goal of
the study, appropriate image processing techniques were developed to investigate the

microstructure of materials examined.

6.1. 3D Microstructure Biomass Particles before and after Fast Pyrolysis

First, XCTis used to investigate the 3D microstructure of switchgrass, crystalline cellulose, and
tall fescue biomass particles in raw and charred condition. In this process, “local mean and
standard deviation” segmentation method was found to be accurate to separate biomass
constituents. The segmented datasets were then used for further quantitative analyses and the

following conclusions were drawn from the results:

e The raw switchgrass particles have a lower density than other raw biomass samples since
they had the highest air content and the lowest high absorption materials compared to the

other raw particles.

e In contrast, raw crystalline cellulose was denser than raw tall fescue since it had higher
high absorption materials compared to the tall fescue particles while the air content was

similar in both particles.

104



Switchgrass had a char with a porosity that was 1.4x higher compared to the crystalline

cellulose char and 8.6x higher porosity compared to the tall fescue char.

High absorption materials in crystalline cellulose in both raw and charred states are at

least 2x smaller than the size of high absorption materials in other biomass particles.

Except the charred tall fescue, air voids in all specimens are connected.

The volume distribution of matter and voids was constant over the depth for the charred

and raw materials.

6.2. Characterization of Aggregate Gradation in Hardened Concrete

Next, the packing of aggregates in the hardened concrete with a range of workability caused by

different aggregate gradations was investigated. The Otsu method which is an automated

segmentation algorithm was used to separate the air voids in the concrete samples. While the Otsu

thresholding method was useful to segment the air voids, it was not helpful to separate the

aggregates from the paste as the peaks in the gray level histogram overlap. In order to resolve

this issue, Otsu method was utilized after an initial image pre-processing and then some post-

processing was used to modify the images. The 3D segmented XCT datasets were used to classify

the aggregates based on their size. The following conclusions were drawn from this chapter:

When a mixture had < 20% retained on a given sieve size the mixture showed
satisfactory workability, a uniform aggregate spacing, and all cross sections consisted of

at least 10% aggregate.

When a mixture had > 20% retained on a given sieve size the mixture showed poor
workability, a spacing between aggregates of < 600 um for more than 70% of the
aggregates in the mixture, and cross sections were observed where no aggregate was

present.
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e These findings suggest that when > 20% is retained on a given sieve size then the coarse
aggregate spacing is not uniform and there is observable segregation within the mixture.
However, when the amount retained on a given sieve is < 20% then the aggregate

distribution is more uniform.

6.3. Mortar with Different DOS and AEA Subjected to Single Freeze-thaw Cycle

In addition, mortar samples made with different air content and degree of saturation were
examined with XCT to investigate microstructural changes caused by a single freeze-thaw cycle.
In this process, Otsu thresholding technique was used first to segment the cracks and air voids in
the mortar samples as the gray value contrasts of these phases were high enough to use the
automated method. The Otsu method was not useful to segment aggregates because of the low
contrast between the gray values for the aggregate and paste. In order to overcome this, “local
mean and standard deviation” segmentation method was used to separate aggregates from paste.

Based on the results obtained from this dataset:

Crack initiation and propagation were primarily observed within ~ 970 um of the top

surface of the sample with DOS = 100% (nAE_100) after a single freeze-thaw cycle.

e Asingle freeze-thaw cycle caused an increase in the volume of crack within aggregate by
4.5x and an increase in the volume of crack within the paste by a factor of 13 compared

to the volume of crack before freeze-thaw cycle.

e  Most of the newly-formed cracks occur in aggregate after the freeze-thaw cycle.

e All samples experienced air void filling mostly located within = 700 um of the top

surface of the samples.

e The voids smaller than 20 pm in the samples with DOS between 85% and 95% showed

more than 70% filling after a single freeze-thaw cycle.
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e Sample nAE_100 showed the most damage and the lowest percentage of filled voids.

e The replicate samples with DOS of 93% showed very similar void filling for voids

smaller than 75 pm.

6.4. Cement Paste with Different AEA Subjected to Freeze-thaw Cycles

Finally, cement paste samples with different air contents were examined with two methods of X-
ray imaging to investigate the influence of AEA on the frost durability of cement paste exposed to
moisture and subsequent freeze-thaw cycles. The image processing and data interpretation in this
study was similar to the investigated mortar. The following conclusions were drawn in this

chapter:

e The radiographs showed that the volume of damaged paste in the non-air-entrained

samples ponded with the salt solution was 6.5x higher than the air entrained samples.

e More than 20% of the sample volume was cracked within 620 pm of the surface of the

non-air-entrained sample ponded with the salt solution.

e Approximately 75% of the air voids within both the non-air-entrained and air-entrained

samples are distributed in size ranges between 15 to 60 pm.

e The average distance between air voids in the non-air-entrained sample was 1.8x higher

than the average distance between the air voids in the air-entrained samples.

e The differences in average air void spacing at the top 1420 pum compared to the rest of
the VOI different distances could suggest that the surface of the non-air-entrained and
air-entrained samples experienced more air void infilling compared to the rest of the

samples.

107



6.5. Future works

These results show that XCT is a powerful non-destructive method that is useful for a better
understanding and characterization of different features within materials. However, this work
may be extended to a wider range of problems where XCT can be used to understand the other

feature of materials. The list of future works is as follows:

e Work is ongoing to investigate 3D microstructure for more kinds of biomass particles

before and after charring for different pyrolysis conditions.

o More works are needed to understand a wider range of problems where aggregate

distribution or performance is important.

o Research is needed to investigate how the void size, volume, and spacing may impact the
void filling observed in the mortar subjected to the single freeze-thaw cycle and how

multiple freeze-thaw cycles will impact the results.

e Additional experiments are needed to investigate the chemistry of the filling materials in

the mortar and paste samples subjected to freeze-thaw cycles.
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APPENDICES

Appendix-A
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Fig. Al. 3D rendering of the raw and segmented XCT data for different samples.
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Fig. A2. 3D renderings aggregate retained on sieves > 9.75 mm for different samples.
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Appendix-B
Gray value histogram and the normal distribution of aggregates

The histogram of the measured mean gray values of aggregates in nAE_100 is plotted in
Figure B1 and a normal distribution curve is fitted to the histogram suggesting the
distribution of gray values of aggregates. As shown in the figure, the probabilities of
existence of data within one, two, and three standard deviations away from the average in
a normal distribution are 65%, 95%, and 99.7%, respectively. In this study, two standard
deviations away from mean of aggregates’ gray value is used as a threshold value for
segmenting aggregates. Therefore, it is estimated that 95% of aggregate have been
determined in the selected range.
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Fig. B.1. A normal distribution curve fitted to the gray values of aggregates in
mortar sample nAE_100.

Initiation and propagation of cracks

Figure B.2 shows the 3D rendering of the crack both before and after a freeze-what cycle
for all samples expect sample nAE_100. The initial scans show that all samples had
some cracks before it was exposed to the freeze-thaw cycles. However, no new crack
initiation or propagation was observed after freeze-thaw cycles.
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Fig. B.2. The 3D rendering of cracks before and after freeze-thaw cycle.
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Appendix-C
Imaging techniques

Properties of a material are related to its structure [1, 2]. Therefore, better understanding
of the microstructure of a material will allow insights into improving their characteristics
and producing materials that are high quality, sustainable and cost-efficient.

The smallest particle size that can be seen with the unaided human eye is 0.1 mm (100
Micron) [3]. This is roughly equal to the width of 2 human hairs. However, a range of
microscopy techniques have been developed to investigate the microstructure of
materials. Optical or light microscope was the first generation of microscope to uses
visible light and a system of lenses to observe small objects [4]. Further developments
came with electron microscopy such as scanning electron microscopy (SEM) or
transmission electron microscopy (TEM) [5, 6]. Although these techniques provide
images with high resolutions, the observations can be only made on the exposed surface
and often in high vacuum and with special sample preparation. These observations may
not necessarily be representative of the material being investigated [7, 8]. What is needed
is a technique that investigates the 3D microstructure of materials with minimal sample
preparation.

XCT

X-ray computed tomography (XCT) is a powerful non-destructive tool that can be used to
investigate the 3D microstructure of materials. It has been widely used in medical science
to investigate biological organisms [9-11]. This method has also been used to study
construction materials. Some examples include cement hydration [10, 12], aggregate
spatial distribution [13-15], transport properties [16, 17], crack propagation [18-20], and
air void distribution [21-23]. In this method, a series of 2D X-ray radiographs are
captured from different viewing angles and the collected data sets are used to build a 3D
measurement of the internal structure called a tomograph. The tomograph can be then
used for qualitative and quantitative analyses [24-27]. The gray values in the produced
images corresponds to X-ray absorption which is a function of density and composition
of the material [28, 29]. The gray value contrast can be used to separate the materials into
different constituent phases [15, 19, 21]. This process is called segmentation.

Image processing

After collecting the XCT dataset, the reconstructed images are analyzed to extract useful
information. This process is called image processing. Pre-processing, segmentation, and
data interpretation are the main steps of a typical image processing for analyzing XCT
datasets.

Pre-processing

Image pre-processing aims to enhance and modify some image features which are
important for further processing. Noise reduction by smoothing filters is very typical in
image pre-processing. There are various smoothing filters that can be used in image pre-
processing such as median filter, Gaussian smoothing, and morphological operators
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(erode, dilate, open, and close). As an example, median filter is one of the most common
filters that removes noise in the reconstructed image without blurring the edge when the
radius is small [121, 122]. Figure C.1 shows the procedure of median filter with radius of
3 pixels. As shown in the figure, the filter replaces each pixel value with the median of
the gray values in the neighborhood of the pixel.

101 70 | 0
73 | 255 | 96
\| 87 | 123|157

‘O |70|73‘87|95|101‘123|157|255‘

Fig. C.1. Procedure of median filter

Figure C.2 shows an example of the median filter result with different radiuses applied on
the XCT reconstructed concrete image. The size of the filter controls degree of
smoothing. Larger filter radius leads to larger neighborhood and results in intensive
smoothing. According to this figure, the image with 5 pixels median filter experiences
intensive smoothing compared to the image with applied median filter of 2 pixels.

Median filter (5,5)

Original image

Fig. C.2. An example of the median filter result with different radiuses applied on the
XCT reconstructed concrete image

Segmentation

After image pre-processing, the difference in the gray value or the contrast of the images
can be evaluated to separate the images into regions of different constituents. This
process is called segmentation [21]. The segmentation is the most challenging part of the
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image processing. A segmentation method that is useful for one XCT datasets may not be
helpful to the segment material constituents in another XCT datasets. Typically, the
segmentation methods are separated into automated and manual methods.

Automated segmentation method

The automated methods are based on the mathematical algorithms. The Otsu method is
the most commonly used automated technique. In this popular method, a single threshold
value is selected by minimizing the mean square errors between the original and
binarized images. More information about this method can be found in other publications
[114-117]. Figure C.3 and C.4 show examples of the Otsu segmentation method
performance used to segment air voids in a 2D reconstructed concrete image. Figure C.3
shows an example of a 2D reconstructed concrete image with corresponding histogram of
the gray value and Figure C.4 shows the Otsu segmentation procedure. In Figure C.3, the
major concrete constituents are air voids, aggregates, and OPC paste. The air voids have
the lowest X-ray absorption while the aggregates have the highest X-ray absorption in
XCT dataset. According to the XCT histogram shown in this figure, the Otsu method
works well for air void segmentation because the gray value contrast of voids are high.
Figure C.4 gives an overview of how this method is completed.
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Fig. C.3. A typical XCT dataset showing 2D cross section of the reconstructed concrete image
and corresponding gray scale histogram.
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Fig. C.4. Procedure for segmentation of air voids.

While the Otsu thresholding method was useful to segment the air voids, it was not
helpful to separate the aggregates from the paste since the peaks in the gray level
histogram overlap. In order to resolve this issue, image pre-processing and post-
processing was used first and then the Otsu method was used. This procedure for fine and
coarse aggregates is shown in Figure C.5. To segment the coarse aggregates, a median
filter with a radius of 5 pixels was applied on the reconstructed image. A larger radius
filter creates intensive smoothing and eliminates some details; however, it is useful to
identify the larger objects in the image. The Otsu thresholding was then applied to the
filtered image. However, the resulting image contained some kind of distortion as shown
in Figure C.5. Therefore, two morphological analyses “erosion” and “fill holes” were
used to distinguish aggregates and fill probable spots inside of the segmented aggregate
created by noise. In this process, erosion removes voxels from the outer surface of the
objects in a binary image to separate the connected aggregates, while the filling operator
fills holes in a binary image [118-120].

In order to segment the fine aggregates, a 3-pixel radius median filter with was used in
the reconstructed image. The median filter removes noise in the reconstructed image
without blurring the edge when the radius is small [121, 122]. The Otsu thresholding
method was then applied to the filtered image. Next, the previously segmented coarse
aggregates were subtracted and a morphological operator (erosion) was applied to the
result to remove the connection between the fine aggregates. Finally, the results obtained
from the fine and coarse aggregate segmentation were combined to generate the
segmented aggregate image.

After identifying the air voids and the aggregates, the remaining materials were assumed
to be the cement paste.
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Fig. C.5. segmentation procedure of aggregates

Manual segmentation method

As mentioned earlier, automated segmentation algorithms are not useful to calculate the
optimal threshold in materials with no distinct peaks or valleys in their gray value
histogram. Therefore, manual segmentation methods can be used to segment these types
of XCT datasets. In this segmentation method, the threshold (a single gray value) is
chosen manually. “Local mean and standard deviation” method is a well stablished
manual segmentation method. Figure C.6, C.7 and C.8 show an example of this
segmentation procedures applied to segment biomass constituents in Chapter 2.

Figure C.6 shows an example of a 2D cross-section of the reconstructed tomograph and
corresponding grayscale histogram for a raw switchgrass particle. Based on inspection of
the cross-sections and the histogram, there are materials with three different and distinct
gray values. These different gray values represent materials with different densities: very
low, intermediate and very high — these constituents have been labeled air, biomass, and
high density materials respectively. These materials are noted in Figure C.6.
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According to Figure C.6 there is some overlap in the gray values for the constituents
mostly due to resolution effects at particle edges which makes quantitative segmentation
more challenging. To decide on a useful segmentation range for each constituent, local
regions of the cross-section were investigated that were clearly one of the three
constituents. An example of such a “typical” region is shown as the dashed polygon in
Figure 2.3. For each constituent, 20 different typical regions were selected and the
average and standard deviation (STD) of the gray value for each constituent were
recorded.
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Fig. C.6. An example of 2D cross-section of the reconstructed and corresponding
grayscale histogram for a raw switchgrass particle. Zoomed area is highlighted as the
dashed line in the reconstructed images.

Different multiples of the standard deviations were investigated to examine how it
changes the results for each material. Figure C.7 shows two example of 2D cross-
sections, a zoomed area, and the segmented images of the zoomed area acquired from 2.5
standard deviations of the mean. The segmented image shows the voids in black, the high
absorption in white, and the biomass in gray. The thresholds obtained from different
standard deviations are shown in the grayscale histogram of the raw and charred
switchgrass particles. If the gray value is assumed to be normally distributed for each
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biomass constituent, between 69% and 99.7% of the materials would be within one and
three standard deviations away from the mean, respectively. Therefore, by visual
inspections of segmented images obtained from each threshold results, it was decided that
the best threshold for segmentation is 2.5 standard deviations for the air and high
absorption materials. The remaining material was then assigned to be biomass and is
shown as gray in figure C.7. An example segmentation result for each constituent in the
raw and charred switchgrass particle is shown in Figure C.8. This figure shows the voids
in black, the high absorption in white, and the biomass in gray in the final segmentation
results. This segmentation method was also applied to other biomass particle images.
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Fig. C.7. An example of a 2D cross-section, a segmented image with the 2.5 standard
deviations as a threshold, and corresponding grayscale histogram for a raw and charred
switchgrass particle. Zoomed area is highlighted as orange dash line in the reconstructed
images.
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Fig. C.8. An example of segmentation results for each constituent of raw and charred
switchgrass particle.

Data interpretation

The 3D segmented XCT datasets can be then used for data interpretation which is the
final step of image processing. Based on the goals of the study, different analyses can be
used to interpret the XCT datasets. In this dissertation, all data interpretations and 3D
visualizations were performed by MATLAB codes, ImageJ, and Amira 4.1.1 software. The
following items show some of the analyses performed in this study:

e Size distribution analysis

o Understand physical and chemical properties of materials.
e Spatial analysis:

o Understand spatial distribution of materials’ components.
e Image subtraction

o Find probable changes in the same sample under different conditions.
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