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Abstract: The external penetration of ions into cementitious materials is the primary factor
influencing the long-term durability of concrete structures. Most of the applied test
methods to study ion transport in cement-based materials have some drawbacks and more
importantly they cannot represent the exact multi-mechanistic transport of fluids into the
concrete. It has been shown that the application of micro X-ray fluorescence (UWXRF) and
Transmission X-ray microscopy (TXM) helps to get a more fundamental observation of
ion transport in a cementitious system. The present study uses the direct and non-
destructive TXM technique to observe ion penetration into alternative cementitious
materials (ACMs) paste samples cured for different durations. This work applies uXRF to
compare the performance of ACMs in both laboratory and field applications. This study
aims to develop a systematic approach to use a medical x-ray source to check the ion
penetration into a cementitious system which is a rapid non-destructive x-ray technique.
This work shows the CHIP is a reliable technique to measure the mass transport properties
of a system. The results from this study help to expand our understanding of ion transport
in cement-based materials and to greatly improve the current models of mass transport and

service life predictions of the concrete.
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CHAPTER I

INTRODUCTION

1.1. Overview

The durability performance of concrete depends on different factors that can be classified into two main
groups. The first group refers to the type of deterioration agent and its intensity acting on the concrete,
and the deterioration mechanism involved in concrete degeneration. The second group refers to the
concrete quality and its resistance to physical factors (like freeze/thaw, erosion, abrasion, fatigue,
temperature, and humidity changes) or chemical factors (like corrosion, carbonization, and aggressive
material ingress) or even biological impacts (like living microorganisms, animals, or plants growth)
[1]. Several concrete durability problems are depending mainly on the mass transport properties of
concrete. Transported matter can be various liquids, gases, dissolved, and more or less aggressive ions,
concrete constituents, etc. [2]. Since free water usually acts as the carrier of destructive ions into the
bulk concrete, therefore, fluid transport properties of concrete materials play an important role in the
durability performance of concrete structures. It is desirable to develop methods, which can be used to
it is desired to study fluid transport properties like porosity, permeability, ionic diffusivity, and the ionic

binding capability of concrete to predict the service life span of the concrete structures [3]. Permeability,
1



defined as the movement of fluid through a porous medium under an applied pressure head [4].
Permeability of concrete depends on the porosity, arrangement of pores, and microcracks in the
concrete [4]. Porosity gives the percentage of the total volume of pores that exist in a unit volume of
concrete. The ionic diffusivity of concrete is the rate of movement of an ion from an area of high
concentration to an area of low concentration. lon diffusion into concrete is a multi-mechanism process;
it means a combination of several parameters affects the diffusion coefficient in which each parameter
is investigated fragmentally. Many past research projects have approved that parameters like water-to-
cement ratio (w/c), curing method, temperature, ion type, relative humidity, various cementitious
materials, porosity and permeability, using different binders, surface treatments, interaction between
two or more effective parameters, type of stressor environment and the number of cycles, are highly

important parameters influencing the ion diffusion into concrete [6-23].

1.2. Measuring fluid transport into concrete

Between all of the harmful external species and ions, chlorides have become a major concern due to
the localized corrosion of embedded steel bars without noticeable damage to the cement matrix. The
chloride content and rate of penetration of concrete can be investigated through a number of methods
including: AASHTO T259 (salt ponding test) [24], ASTM C 1556 (bulk diffusion test) [25], silver
nitrate spray on the surface (colorimetric technique) [26,27], AASHTO T277 (rapid chloride
permeability test) [28-32], AASHTO T260 (Potentiometric Titration or lon-Selective Electrode)
[33,34] electrical migration [35-37], resistivity [38,39], pressure-induced fluid penetration [40],
sorptivity [41,42], solvent counter diffusion [43], and gas diffusion [44]. Most of the applied test
methods are not a reliable indicator of ion diffusion into the blended binders because of the difference
in the pore solution chemistry induced by using different alternative cementitious materials or
admixtures. Also, some of the current test methods are time consuming and destructive. Furthermore,
most of the established test methods in the field of investigation of ion ingress into concrete cannot

represent the exact multi-mechanistic transport of fluids into the concrete. In reality, harmful ions
2



transport into concrete under different mechanisms like diffusion, absorption, permeation,
electromigration, convection, and wicking [45,46]. Also, in most of the current test methods, chemical
reactions between the diffused ions and cement (binding effect) are not considered. Moreover, some of
these methods are destructive, sensitive to the defects and cracks, moisture content, temperature, pore
solution chemistry, etc. For this reason, these methods cannot provide fundamental observation of the
mass transport properties of concrete. Therefore, a technique is needed that is rapid, non-destructive,
and able to provide fundamental observations of fluid movement in concrete materials with high spatial
resolution. One solution to this problem would be to use an x-ray imaging technique. X-ray imaging is
considered a non-destructive technique because it does not destroy a sample and the same sample can
be tested several times to monitor a change in the sample over time or the same sample can be used in

another experiment.

1.3. X-ray imaging techniques to quantify mass transport in concrete

Three x-ray imaging techniques that are non-destructive to the sample to quantify mass transport in
cement-based materials address some of the drawbacks of the current techniques in this field of study
and summarized different mechanisms acting on the concrete in just one term of diffusion coefficient.
Micro-analysis X-ray imaging techniques used in these three methods were micro X-ray fluorescence
(UXRF), transmission X-ray microscopy (TXM), and checking ion penetration (CHIP). uXRF and
TXM have been developed as reliable methods for investigation of fluid transport into concrete but

CHIP will be introduced and established in this dissertation for the first time.

1.3.1. Micro X-ray fluorescence (UXRF)

MXRF is a powerful method for materials characterization. WXRF maps the distribution of the chemical
elements in the sample and discern between the aggregate and the paste with the minimal human
intervention [47]. This technique can detect a wide range of chemical elements from sodium to curium.

The detection limits of the technique depend on the thickness of the detector window and the distance

3



to the sample-detector [48]. The instrument uses a stage to move the sample under a fixed x-ray beam.
Once an x-ray photon exceeds the ionization energy of an inner shell electron, the latter electron may
be ejected, producing a vacancy in the corresponding orbital. Subsequently, an electron from an upper
orbital fills this vacancy, and the excess of energy can be emitted as a photon. The emitted energy is
characteristic for each chemical element; thus, one can use this energy to identify each chemical
element [49]. The x-ray detector counts the number of photons emitted from the sample at each location.
This data is used to create elemental maps. Moreover, the number of emitted photons is directly
proportional to the amount of emitting atoms. In other words, the brightness of each point on each map
is an indication of the concentration level of each element at each point which can help to identify local

abnormalities like cracks, chloride rich aggregates, or the presence of surface treatments.

1.3.2. Transmission X-ray microscopy (TXM)

TXM works similarly to the radiography technique that doctors use. In this technique, each sample is
loaded on a fixed stage between the x-ray source and the detector. When x-rays are used to investigate
the sample, some x-rays are absorbed, and others pass the sample to reach the detector. The detector
produces grayscale images called radiographs based on the received x-rays. Radiographs are grayscale
images in which each pixel has a gray value between “0” and “255”. Pure black has a gray value of “0”
and pure white has a gray value of “255”. The gray values change by density, thickness, chemistry, or
a combination of these. This method projects 3D data with high spatial resolution in 2D to obtain greater
insight into the mechanisms of fluid transport into cement-based materials. Also, because this method

iS non-destructive it can be used to conduct in-situ imaging.

1.3.3. Checking lon Penetration (CHIP)

Another technique that can be applied is using medical x-ray sources. This method is very similar to
the TXM but more economical and faster. The only differences were the x-ray source and x-ray settings.

Like TXM, the sample is loaded on a fixed stage between the x-ray source and a sensor (detector).

4



When the x-ray source is energized, some Xx-rays are absorbed in the sample, and some others pass the
sample to reach the detector. The detector projects 3D information on a 2D radiograph from the received
x-rays. Like TXM, captured radiographs are grayscale images in which each pixel has a value between
“0” and “255”. Contrary to TXM, in the CHIP method, 255 represents white regions which correspond
to a maximum density. On the other hand, zero value represents black spots as a minimum density such

as air in the background of each radiograph.

1.4. Research Objectives

Investigation of fluid transport properties in cementitious materials by using x-ray imaging techniques
will considerably improve the current test methods in this field. These methods can enhance the current
models of mass transport and service life predictions of the concrete by providing effective diffusion
coefficient and surface concentration values to the modeler. This study aims to use micro X-ray
fluorescence (UXRF) and Transmission X-ray microscopy (TXM) to study ion transport in different
cementitious systems. Moreover, this study aims to develop a systematic approach to use the CHIP
(Checking lon Penetration) method which uses medical x-ray sources and works similar to TXM to
investigate mass transport within cement-based materials as a faster and less expensive test method

than TXM.

The main objectives of this research are to apply X-ray imaging techniques on different cementitious

systems to study mass transport. The objectives of this study are explained in more details below:

1- Most of the current laboratory x-ray equipment is expensive, time-consuming, need sample
preparation, specific machine training, special x-ray safety training to protect both the operators
and the public. As a solution, the research team developed a dental X-ray radiography (CHIP)
approach to investigate mass transport in the cement-based materials as a fast and cheap NDT
test method. Since the newly established CHIP method has not the mentioned limitations of the

existing laboratory x-ray equipment, it has both scientific and industrial applications. This new
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method allows the experimenter to perform a greater number of tests in a laboratory or field in

a relatively short time compared to the other techniques.

In recent years, ACMs have been increasingly used as a full or partial replacement of ordinary
Portland cement (OPC) for concrete structures. These ACMs have been used sometimes
because of their rapid hardening and early age strength gain that can allow traffic loads in a
few hours. However, very little research has been conducted on these ACMs to understand the
resistance to chloride penetration. This study aims to investigate the resistance of ACMs to
chloride penetration both in the field and laboratory to investigate to what extent laboratory

results are comparable with the field results.

One challenge with alternative cementitious materials (ACMs) is the lack of published
information regarding their use and performance. Also, the use of many of the previous test
methods is challenging to interpret because of differences in chemical composition and a lack
of fundamental measurement data with which to compare these accelerated or indirect
measurements. For this reason, the present study uses a direct and non-destructive X-ray
mapping method called transmission X-ray microscopy (TXM) to observe iodide penetration
into ACMs paste samples cured for different durations. The goal of this chapter is to apply the

TXM technique to investigate the impact of curing time extension on the ACMs.

In most of the current test methods, chemical reactions between the diffused ions and cement
(binding effect) are not considered. On the other hand, because of the difference of different
fly ashes and their relative effectiveness and different curing times applied in different studies,
there is not a consensus among the researchers on the potential of ion binding in cement-fly
ash paste and concrete. Moreover, the beneficial effects of fly ash on permeability and
diffusivity tend to become more apparent with time. This study investigates the impact of

curing time on the ion diffusivity of blended cement pastes partially replaced with seven types



of fly ash. This work uses dental x-ray radiography (called checking ion penetration or CHIP)

to image the movement of fluids in blended cement pastes.

1.5. Overview of Dissertation

This dissertation is written in a paper-based format. Each chapter is described as below:

Chapter 1: In this chapter, some basic information and definitions are presented as an introduction to

show the importance of this study.

Chapter 2: in this chapter TXM was used to investigate the impact of curing time extension on the mass
transport properties of ACMs. Four commercially available ACMs and an ordinary Portland cement
are considered to make paste samples. Samples are cured from 35 days up to 365 days. The applied
method shows the resistance of different cement-based materials with different chemistry against ion
intrusion. Also, in this study, the impact of curing time on the mass transport properties of the

considered materials is investigated.

Chapter 3: In this chapter, WXRF was applied to investigate the mass transport properties in ACMs field
samples. Field samples gathered from four different sites to be tested. The test procedure followed here
is the same experimental procedure was followed in the previous research in the lab done by Dr.
Khanzadeh Moradloo. The results of the lab and field results are compared with each other. Both
methods showed that laboratory testing can provide good insights to the performance of some ACMs
while for calcium aluminum cement older laboratory samples may require to get acceptable insight into

this material performance.

Chapter 4: This chapter presents the novel method of using CHIP, a fast and non-destructive test
method, an economic imaging technique compared to the similar established test methods, to study
mass transport into cement-based materials. CHIP is considered as a non-destructive test method

because the sample which is used in this imaging technigue can be used to scan several times to monitor

7



a change in the same sample over time or that sample can be used for another experiment after
completing the CHIP imaging. Results from CHIP were compared to TXM and good agreement was

found.

Chapter 5: In this chapter, CHIP was used to investigate the impact of curing time extension on the
mass transport properties of fly ashes. Paste samples with a 20% replacement of cement with seven
types of fly ashes were prepared. The samples were cured from 45 days up to 135 days. Similar to

chapter three, the mass transport properties change at different curing times is studied.

Chapter 6: This final chapter summarizes all the findings of this study and discusses the main

conclusions of the current dissertation. Suggestions for future work are also provided.

All of the researches presented in this dissertation are based on the work performed by the author at
Oklahoma State University between the years 2016 and 2020. Each chapter was completed with help
from several undergraduate researchers. These students are Alyssa Rogers, Anna Rywelsky, Megan
Buchanan. These students helped to cast samples and to prepare the samples for each test. Special

thanks to Anna Rywelski for her help in x-ray imaging.
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CHAPTER II

IMPACT OF CURING TIME ON THE MASS TRANSPORT OF ALTERNATIVE

CEMENTITIOUS MATERIALS

Abstract

Cement manufacturing is responsible for 5% of the yearly global emission of greenhouse
gases. Because alternative cementitious materials (ACMSs) have a lower carbon footprint, this can
reduce cement consumption and consequently decrease the carbon footprint of concrete. In this
study, the impact of extending the curing time on the selected ACMs is investigated by using the
transmission X-ray microscopy (TXM) method. In this method, samples were scanned at different
intervals after ponding with a potassium iodide salt solution as a tracer. Afterward, images obtained
from the TXM were analyzed to derive the effective diffusion coefficient. This work shows that
with time the conversion of calcium aluminate cement causes a detrimental impact on the diffusion
coefficient that seems to be caused by cracking. The work also quantifies the reduction in the
diffusion coefficient for mixtures with calcium sulfoaluminate cement, alkali-activated, and

ordinary Portland cements over time.

Keywords: X-ray microscopy, Calcium aluminate cement, Calcium sulfoaluminate cement,

Alkali-activated binders, Durability, Curing time
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2.1.Introduction

The cement industry contributes 5% of the global emission of carbon dioxide (CO.) because of the
consumption of fossil fuels, extensive grinding, and the calcining of limestone [1]. In order to
achieve sustainable concrete researchers have begun to investigate alternative cementitious
materials (ACMs) to use instead of ordinary Portland cement (OPC) in concrete. One concern is

the long-term durability performance of concretes made with ACMs [2].

A major concern with concrete durability is the corrosion of reinforcing steel due to the chloride
(CI) transport into the concrete [3]. The sources of Cl ions are typically deicing salts, ocean water,
or contaminated aggregates [4—6]. Cl causes localized corrosion of embedded steel bars leading to
load-carrying reduction or increasing the potential of structural failure [7,8]. Therefore, the
estimation of the service life of a structure requires information about Cl penetration depth, chloride

concentration profile, and the rate of penetration [9].

Cl content and fluid penetration into a concrete can be investigated through a number of methods
including AASHTO T259 (salt ponding test) [10], ASTM C 1556 (bulk diffusion test) [11], silver
nitrate spray on the surface (colorimetric technique) [12,13], AASHTO T277 (rapid chloride
permeability test) [14-18], AASHTO T260 (Potentiometric Titration or lon-Selective Electrode)
[19,20] electrical migration [21-23], resistivity [24,25], pressure-induced fluid penetration [26],
sorptivity [27,28], solvent counter diffusion [29], and gas diffusion [30]. Many of these tests are
accelerated or use indirect methods to observe ion penetration into the samples. Test methods that
directly measure the external ion penetration such as the bulk diffusion test (ASTM C 1556) are

more powerful because it makes direct measurements of the ions penetrating the concrete.

One challenge with ACMs is the lack of published information regarding their use and
performance. Also, the use of many of the previous test methods is challenging to interpret because

of differences in chemical composition and a lack of fundamental measurement data with which to
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compare these accelerated or indirect measurements. For this reason, the present study uses a direct
and non-destructive X-ray mapping method called transmission X-ray microscopy (TXM) to
observe iodide penetration into ACMs paste samples cured for different durations. X-ray imaging
is considered a non-destructive method because it does not destroy a sample and the same sample
can be tested several times to monitor a change in the sample over time or the same sample can be
used in another experiment. lodide is used because of two reasons. First, iodide strongly absorbs
x-ray waves due to its high electron density. Secondly, iodide has a similar atomic diameter as
chloride (iodide radius is 206 pm versus a chloride radius of 167 pm). Since TXM is non-destructive
then it allows repeat measurements to be made on the same samples and the method is reliable in
the previous testing as it shows good agreement with micro x-ray fluorescence (uXRF) mapping

[31].

The ACMs considered in this study are calcium aluminate cement (CAC3), calcium sulfoaluminate
belite cement (CSA2), calcium sulfoaluminate belite cement with polymer additive (CSA2B),
alkali-activated binder with a Class C fly ash (AAL). The difference between CSA2 and CSA2B is
the existence of a polymer additive in CSA2B to reduce the porosity. All of these products are
available commercially. The results are compared to OPC. Paste samples made with the considered
binders were sealed cured for different periods up to one year and then subjected to a potassium

iodide solution ponding test and the effective diffusion coefficients were determined and compared.

2.2.Experimental Methods

2.2.1. Materials

The calcium aluminate cement (CAC3), calcium sulfo-aluminate cement (CSA2), calcium sulfo-
aluminate belite cement (CSA2B), alkali-activated binder with a Class C fly ash (AAl), and
ordinary Portland cement (OPC) were considered in this study. These materials are commercially

available in North America. The chemical compositions of these cementitious materials were
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measured by using bulk XRF and are represented in Table 2-1. For the AAl paste mixture, a
commercial two-component activator was used to activate the solution and react with the fly ash to
produce cementitious properties; water was used as a plasticizer according to the AAL
manufacturer’s recommendation. For OPC, CSA2, and CSA2B a polycarboxylate based high-range
water-reducing (HRWR) admixture was used as a plasticizer. The dosage level was chosen for each
mixture to match the dosage needed to provide a consistent slump in concrete mixtures. These
concrete mixtures are part of a larger study which are not shown here [33]. To postpone the setting
time of CSA2, and CSA2B bhinders, a food-grade citric acid was used as a retarder. To improve the
workability and to delay the setting time of CAC3, a plasticizer — set retarder (PSR) was used. The
dosages of the recent set modifying admixtures were chosen based on isothermal calorimetry

experiments so that rapid hydration began at 2 hours [32].

Table 2-1. Chemical composition of binders with bulk XRF (% weight) [32]

Binder type OPC CSA2,CSA2B CAC3 AAl
SiO, 17.39 14.24 550 38.24
Al,O; 4.87 14.84 4516  17.87
Fe,05 4.71 1.12 6.90 5.88
Ca0 65.15 49.23 37.68 24.75
MgO 1.40 1.55 0.22 6.24
SO; 251 13.55 0.07 1.56
K,0 0.48 0.67 0.26 0.34
Na,O 0.46 0.21 0 1.85
P,Os 0.13 0.11 0.09 -
TiO, 0.39 0.70 2.11 -
Mn,O3 0.11 0.02 0.02 -
SrO 0.15 0.20 0.04 -
ZnO 0.03 0.01 0 -
Cr,03 0.09 0.05 0.089 -
LOI 212 3.51 1.86 0.20
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2.2.2. Sample preparation

For all the considered ACMs except AAL, the water-to-binder ratio (w/b) was kept constant at 0.40.
For AAL, water was used as the plasticizer; for this reason, w/b was chosen 0.21. This was chosen
because it provided a comparable slump in concrete mixtures. In the AA1 mixture, cement replaced
with the Class C fly ash and the two-component activator was added to the water. The mixture
proportions were shown in Table 2-2. These materials were mixed based on ASTM C 305
procedures [34].

Table 2-2. Mixtures proportions
Binder Binder Water HRWR PSR Citricacid  Activator

type ) (9) (mL) (mL) ) 9
OPC 891 354 1 - - -
CSA2 875 350 0.7 - 4 -
CSA2B 875 350 0.5 - 4 -
CAC3 886 353 - 0.4 - .
AAl 1381 284 - - - 55.9

Four miniature plastic cylindrical vials with inner dimensions of 9.5x46 mm were used as a mold
for each mixture. The vials were filled within 5 mm of the top as shown in Figure 2-1(a). Air voids
within the sample were removed by manually rodding with a 1.45 mm in diameter wire. After
casting, the samples were packed tightly to keep them upright and sealed. These sealed samples
were stored in a temperature-controlled room at 23°C. Sealed curing was done to use a consistent
method of treating all of the samples. After the curing was terminated, the samples were demolded,
and a hydrophobic wax was applied to all sides of the sample except the finished surface. The wax
was applied to ensure that there is only penetration from the finished surface. Next, a hexagonal
polyvinyl chloride (PVC) nut was attached to the bottom of the samples as shown in Figure 2-1(b).
The attached nut helped to load each sample with the same orientation, degree, and direction in the

x-ray machine to scan consistently at each interval. Since the goal was to compare the radiographs

19



taken at the considered intervals with the reference radiograph, consistent imaging was a necessity
for good image alignment. To start the ion diffusion test, prepared samples with the attached nut

were transferred into the vials.

Lid n

Tranparent
wal

- Unwaxed surface

_Hydrophobic wax

Paste

__PVC nut

[t s

@ 0

Figure 2-1. Sample figuration a) casted sample b) demolded and waxed sample

All ACM performance was compared with paste samples. Four paste samples were tested for each
considered binder type at each curing time. Samples were cast and then were sealed for 35, 56, 90,
180, and 365 d while being stored at 23 'C. Because of the conversion of CAC binders [35], curing

times of 45, 70, 120, and 250 d were also investigated to provide more insight.
2.2.3. TXM Measurements

TXM is a direct observational technique of studying mass transport within cementitious materials.
It has been shown that the average sample to sample variation of the calculated diffusion
coefficients with TXM for the paste samples is +0.16x10** m?/s and the coefficient of variance
(CV) of 9.88% which shows good repeatability of the method [31]. Moreover, it has been shown
that there is an acceptable agreement between the iodide diffusion coefficient and chloride diffusion
coefficient; in the previous study, it is shown that iodide gives diffusion coefficients 24% higher

than chloride [31].
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The benefits of TXM are: <1 min per scan, minimal sample preparation required, sample
consistency can be obtained from 2D radiographs, and the resolution of the method is 8.8 um which
is sufficient for these measurements. The challenges with TXM are: it only detects the movement
of iodide, it is sensitive to sample rotation and sample position at different imaging intervals, the
obtained data at each pixel is an average over the depth of the sample, it needs unique calibration
curves for different cementitious materials, and the energy used must be adjusted to the sample

size.

The samples were scanned with TXM to get the initial image or radiograph before ponding with a
0.6 mol/L potassium iodide (KI) solution for 28 d. Since TXM can capture materials with high
electron density, KI was chosen to be used as the penetrating tracer. lodide in the KI strongly

absorbs x-ray waves due to its high electron density.

After taking the reference radiograph, the same samples were scanned at intervals of 5 minutes, 1,
3,7,10, 14, 21, and 28 d after ponding and then returned to their solution after each scan. Since the
iodide solution acts as a tracer it could be observed with the X-rays as it penetrates the sample. The
captured images at the considered intervals were compared with the reference radiograph to observe
the concentration changes, the penetration depth of the applied solution, surface concentration, and
diffusion coefficient. More details are provided in appendix A and other publications [31]. For all
of the concentration profiles shown in this study, a threshold level of 0.05 % of the concrete weight
(0.21% by the weight of paste) was assumed as the threshold level for corrosion [36]. The threshold
value is defined as the minimum concentration of chloride at the depth of the reinforcement that
can initiate corrosion of the steel [37]. For chloride-induced corrosion, it is desirable to have a
reliable chloride threshold value to predict when corrosion can initiate on metals embedded in a
particular cementitious material [38]. Despite extensive research on threshold level value, no
agreement among the values obtained is found. However, threshold chloride concentration values

vary but are typically in the range of 0.05 to 0.1% by weight of concrete (0.4 to 0.8% by weight of
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cement) [39]. Comparing the concentration profiles intersection with the threshold level line and
the location of the embedded steel bars gives a better insight to the modelers and designers for

evaluating the service life of a reinforced structure.
2.2.4.Porosity measurement

The porosity of each sample was determined by following the procedures of ASTM C642 [40] with
some minor changes. For each binder, three samples were used to measure the porosity. Samples
were submerged in water in a vacuum chamber to reach a constant value (equilibrium condition
with mass change less than 0.03%). This saturated surface dried (SSD) weight was recorded as
(Wsa). Next, the suspended apparent mass of the saturated samples was measured and recorded as
(Wsy). Next, the samples were dried in an oven at 110 °C until an equilibrium mass was achieved

(Wa). Eqg. (2-1) was used to calculate the porosity of each sample.

Porosity = +2*—74 x 100 Eq. (2-1)

sa=Wsu

2.3.Results and discussions
2.3.1.Ordinary Portland cement (OPC)

Figure 2-2 shows a typical data set for different ages of curing for OPC. This is included to give
the reader an overview of the raw data that is measured after 28 days of ponding. The threshold
level is also shown as a dashed horizontal line. A visual inspection of the profiles slopes shows that
by increasing curing time, penetration depth decreases. The sample with 35 d of curing shows a
flatter slope compared to the other profiles, meaning a higher rate of penetration. There seems to
be a minimal difference between the concentration profiles between 56 and 180 d. The sample that
was cured for 365 d does show a decrease in slope and a lower amount of iodide penetration. This

suggests that there is some improvement to the microstructure over extended periods in the OPC
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samples. This may be caused by the hydration of belite [41]. Typical curves for the other binders

can be found in the appendix.

5 Penetration depth (mm) D¢ (x10711 m?/S)
2 — 35days 8.58 5.75
& 4
:.' — 56 days 8.53 5.65
3 3.5
£ 90 days 8.44 5.07
=
‘E 2.5 —— 180days 8.31 4.68
2 2
s —365days 6.52 2.98
2 1s
E . « = Threshold level
2 s

0 2 4 6 8 10 12 14
Depth (mm)
Figure 2-2. lodide concentration profiles of OPC binder after different curing times

To more quantitatively compare the impact of curing time on mass transport, the diffusion
coefficient (D), porosity, surface concentration (Cs), and penetration depth of each curing time are
compared in Figure 2-3, 2-4, and 2-5 and a detailed discussion of the performance of each binder
is included in subsequent sections. The results show that increasing the curing time to one year for
OPC helps to improve the diffusion rate by 50% and reduce the porosity and penetration depth by
7% and 25%, respectively. Moreover, results in Figure 2-4 show that extending the curing time

improved the binding capability of moving ions near the surface.
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Figure 2-3. Diffusion coefficients along with the porosity
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Figure 2-5. Tracer penetration depth

2.3.2. Calcium aluminate cement (CAC3)

For CAC3 more curing times were considered to study the impact of conversion. Conversion is
known to cause changes in the microstructure that would cause a loss in strength and possible
impacts on the D [42,43]. Figure 2-3 shows that 35 d of curing is the lowest D. and the D at 45 d
has a 27x increase of Dc. The depth of penetration is also >12 mm for all the samples after 35 d.
This sudden increase in both D. and the penetration depth is likely caused by cracking. This
cracking may be random in the samples and depend on the propagation of these cracks that may
have different impacts on the D, of the samples. This may explain why there is no apparent trend
to the D, overtime for the samples from 45 d to 180 d besides all of them are significantly increased
over the measurement at 35 d. However, it should be noted that the D¢ at 365 d of curing cannot be

determined. This suggests that the cracks have coalesced and are allowing the iodide to directly

penetrate the sample.

Figure 2-4 shows that CAC3 samples with short curing times have higher surface concentration
compared to the CAC3 samples with longer curing times. The surface concentration is typically an
indication of the amount of binding. This higher amount of binding may be explained by the high

amount of Al,O3 in this cement. Aluminum hydration products have been shown to bind ions and
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form more stable products such as Friedel's salt [42]. This seems to be happening at early ages in
CAC3. However, after 35 d the surface concentration decreases. This could be caused by
conversion and consequently formation of hydration products with a decreased binding capacity.

This is an area of future study.

Previous studies of CAC show that the early hydration products are not stable and will change over
time. As this conversion occurs the later age hydration products cause a reduction in solid volume
which damages the microstructure and releases water [43,44]. As shown in Figure 2-3, the porosity
continues to decrease with time, but D, continues to increase. This may occur because the cracks
may change the overall volume of the sample but not the size or number of the pores. The continued
hydration does seem to refine the pore system between the cracks. Microscopy studies of the

samples at different periods may provide more insight into the changes.

Another study has shown that reinforced calcium aluminate cement concrete, with the pH of the
pore solution between 11.4 and 12.5, maybe more susceptible to corrosion compared with OPC
concrete [45]. However, assessment of the long-term durability of CAC3 by literature review alone
is questionable and needs further work. This study just examined the resistance of CAC3 against
fluid transport. Long-term resistance to other durability issues like sulfate attack, aggregate

reactions, freeze-thaw action is essential to be studied.

2.3.3.Calcium sulfoaluminate cement (CSA2)

According to Figure 2-3 and Figure 2-5, CSA2 shows higher D values at all ages compared to
OPC and also a higher ion penetration depth. One possible reason is the high pore interconnectivity
due to the non-uniform formation of ettringite crystals (AFt) [46]. However, extending the curing
time helps to reduce the D.. For example, by increasing the curing time from 35 d to 180 d and 365
d, the D¢ reduces by 50% and 66%, respectively. D improvement resulted in penetration depth

reduction from the whole sample length (>12 mm) to 10.15 mm after 365 d of curing. This could
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happen because belite phase reacts and produces more hydration products or monosulfate (AFm).
Monosulfate formation has been suggested to take days or even months and the AFm phase has a
higher binding capacity than AFt [47,48]. However, the surface concentration measurements in
Figure 2-4 decreased as the hydration time increased. Since the surface concentration decreases
over time it is not likely that the AFm phases are forming and the refinement in the microstructure

is probably from the hydration of the belite.

2.3.4. Calcium sulfoaluminate cement with polymer additives (CSA2B)

Results in Figure 2-3 and Figure 2-5 show that the D, and depth of penetration did not significantly
decrease after 35 d and were the lowest of any material investigated. One should use the reported
D. values with care as the concentration profiles are very low in the samples and so the diffusion
coefficients calculated may not be comparable to the other measurements. The surface
concentration was very consistent for the times investigated. Penetration depth for CSA2B was
considerably lower than other tested binders. This testing shows that the additive contained in
CSAZ2B was able to decrease the porosity enough to make a significant change in the measured D¢
value. This shows that CSA cement with the right additives can significantly decrease the ion

penetration into the concrete.

2.3.5. Alkali-Activated Binder (AA1)

Figure 2-3 and Figure 2-5 show that extending the curing time for AA1 helps to decrease the D¢
and penetration depth over time. There is a significant decrease in the D between 180 d and 365 d.
After 365 d of hydration the penetration depth of the samples to those comparable to OPC. While
the D, and the depth of penetration improved over time the porosity of the AAL samples did not.
This shows that porosity is not always a reliable criterion for evaluating the permeability of a
binder. The surface concentration for AA1 as shown in Figure 2-4 was very consistent at the times

investigated compared to other investigated binders.
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The extended curing time may either increase the degree of crystallinity of calcium silicate hydrate
(C-S-H) or increase the formation of the tobermorite-type calcium silicate hydrate phase
(CasSis016(OH)2) [49]. The reader must remember that the type of fly ash, the activity and chemical
consistency of the activator, and the temperature has important impacts on the hydration
mechanism of this type of ACMs and consequently affect its binding capacity [49,50]. This means
that changes in materials may produce different results but these findings are still useful to evaluate

a commercially available alkali-activated binder.

2.3.6.Comparing all binders

This paper tried to increase understanding of how to best utilize ACMs in new infrastructure.
Overall, both the variation in ACM composition and the lack of published information regarding
their use and performance has inhibited their widespread adoption and use. To begin to address the
issues preventing a larger-scale usage of ACMs, this paper compares the mass transport properties
of several commercially produced ACMs by applying a direct observational test method. This
comparison will use the 365 d cured samples because they are most likely representative of the
long-term performance of the different binders. The results of D¢ in Figure 2-3 show that the highest
D. is for CAC3 at 365 d followed by CSA2, AAL, OPC, and finally, CSA2B has the lowest D..
The outstanding performance of CSA2B shows that adding the polymer to CSA2 can improve the
performance of the mixture under outside chemical penetration. Other researchers recommend
blending ACMs with high D, with OPC or other cementitious materials or using other additives to
improve ACMs performance [35,50-59]. Porosity measurement shows that CSA2 has the highest
porosity followed by OPC, CSA2B, CAC3, and AAL. OPC ranked first among all studied binders
for surface concentration value while CAC3 ranked second followed by AA1, CSA2, and CSA2B.
The lowest penetration depth is recorded for CSA2B which is the binder with the lowest D value.
AAL is the second binder with the lowest penetration depth while it has not the second-lowest D..

OPC showed a moderate penetration depth while CSA2 and CAC3 showed higher penetration. The
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recent rankings show that having one mass transport property is not enough to decide or evaluate

the performance of different binders. Having higher D value for most of the ACMs compared to

OPC does not mean that they are not suitable for using in infrastructures. A reader must remember

that each binder has its unique properties that can be used in different structures with unique

technical requirements. On the other hand, the results of this study represent a comparison of mass

transport properties not resistance to degradation from carbonation, freezing, and thawing, alkali-

silica reaction, sulfate attack, or heat performance. Some application of different ACMs can be

accounted but not limited to the recommendations listed below:

CAC3 with higher early strength, chemical resistance, and higher temperature resistance
compared to OPC can be used in sewage networks, where sulfuric acid generation by
bacteria is a problem, in hydraulic dams, where resistance to abrasion is critical, in heat-
resisting and refractory concrete, fire training facilities, heat resistant coating for concrete
in tunnels during a fire, or other applications that excellent performance at temperatures

above 1700 °C is required [60-65].

Contrary to OPC, Ettringite is the main hydration phase of CSA2 and CSA2B binders.
Because of this, both CSA2 and CSA2B cement can achieve acceptable setting times and
good strength development in a shorter time frame than OPC systems. CSA2 and CSA2B
binders are often used in self-leveling screeds, as well as in repairs due to the expansive
ability of certain formulations of the material. The pH of the pore solution in CSA2 and
CSA2B lies between 10 and 11.5 due to the different hydration chemistry. This low
alkalinity provides an advantage for making glass-fiber reinforced concrete (GRC)
products [66,67]. Unique properties of CSA2 and CSA2B make them as potential

candidates for the immobilization of wastes that contain reactive metals [67].
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e AAI binders with low production cost, energy efficiency, and environmentally friendly
characteristics in comparison to OPC have a major role in the waste disposal and are
popular for systems requiring high heat resistance such as naval runways, high resistance
to freezing and thawing, alkali-aggregate reaction, and high acid resistance [50,66,68].
Also, AA1 will have uses in fixation of hazardous wastes such as radioactive wastes, and

applications where the rapid setting is desired [69].

2.3.7.Comparing porosity and diffusion coefficient

The porosity and D, are both included in Figure 2-3 so that they can be easily compared. The
results show that porosity is not a reliable method to predict the D, for the binders investigated. For
instance, AA1 has the lowest porosity at all studied ages but its D, values are not the lowest.
Another example of this is that CSA2B has the lowest D. values while the porosity values are
higher than many of the other types of cement investigated. Besides, the porosity measurements
did not indicate the same binder. For instance, the porosity of CAC3 and AAL changed by 10.2%
and 4.8%, respectively after 365 d while the D values for these two binders changed >12480% and
93%, respectively. These differences could be caused by differences in the degree of saturation
(DoS), cracking, interconnectivity, and pore arrangement are important parameters that impact the

ion penetration of the samples and these are not accurately measured by the porosity.

2.4.Practical Implications

One of the primary concerns with using ACMs is their long-term durability performance. This work
shows that several commercial ACMs have the potential to show performance that is much better
than OPC and some that are worse. Further, these experiments are carried out on samples from 35
d to 365 d in age. This focus on long term performance is important because it shows the potential
for these materials to continue to change the D. over time. While many of these materials showed

an improvement, the CAC samples did not. This means that testing results before 45 d may not be
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representative of the long-term performance of these materials. If durability is a concern for CAC
materials, then it is recommended that testing of these materials only be done after conversion has

occurred. For this testing, it was at least 45 d but the properties at 365 d were significantly worse.

This work also shows that CSA2B has outstanding potential to reduce the penetration of ions into
concrete and that they may be a useful tool for samples in extreme exposure conditions. It should
be noted that this paper focused solely on the outside penetration of ions and not on subsequent
reactions like corrosion or salt attack that may come afterward. These deterioration processes would
have to be studied with these ACMs in relevant conditions to determine how the pore solution and
chemical consistency of the matrix change these values. However, it should be noted that the first
step in most deterioration mechanisms is the penetration of outside chemicals. This work shows

that the choice of ACM has important ramifications on this performance.

Furthermore, this study shows that porosity is not a useful parameter by itself to predict ion
penetration into these materials. The D, obtained from TXM is a direct method of measuring mass

transport and so it provides more realistic insights into fluid transport.

It is not clear if the performance of the paste in this study is representative of the field performance
of the concrete for these materials, but the paste is the primary mode of transport within a concrete
sample. It is also not clear if the curing in the field will be representative of what is observed in this

work. These are areas for future study.

2.5.Conclusions

This work investigates the impact of time on the porosity and ion penetration of OPC and several
alternative cementitious materials (ACMs) for paste samples with a w/cm of 0.40. The considered
ACMs in this study are calcium aluminate cement (CAC3), calcium sulfoaluminate cement

(CSA2), calcium sulfoaluminate cement with a pore reducing additive (CSA2B), and alkali-
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activated binder with a Class C fly ash (AA1). Samples were prepared with the mentioned binders

and sealed cured for 35 d to 365 d.

After curing the samples, each sample was scanned at different intervals by the non-destructive

transmission X-ray microscopy (TXM) method with applying 0.6 Mol/L potassium iodide (KI)

solution. The following findings were made:

1

The diffusion coefficient (D.) for OPC was consistent between 35 d to 180 d and then there

was a 48% improvement in performance from 180 d to 365 d.

The D, for CAC3 increased over time because of cracking caused by the conversion. After
365 d the pore structure seems to be interconnected and this allows the iodide to freely

penetrate into the sample.

For CSAZ2, there was not much change in the D, between 35 d and 90 d; however, after 180

d and 356 d, the D decreased by 50% and 66%, respectively.

The D¢ and ion penetration for CSA2B was the lowest of all the samples investigated. After

35 d of hydration, there was minimal penetration of the iodide into the sample.

For AA1, the most effective curing time between those investigated is 365 d with a 93%
improvement in D, compared to the values measured at 35 d. The reduction in the D¢ also
reduced the depth of penetration of the iodide into the sample to values that are comparable

to OPC.

Porosity is not a useful parameter for evaluating the D. or depth of penetration for the
binders investigated. The direct measurement of the D obtained from the TXM test method

provides a more realistic insight into the fluid transport into the concrete.
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While many possible mechanisms have been suggested in this work to cause this change in ion
penetration, the findings should be verified with additional microanalysis studies focused on
the changes in the structure and chemical composition of the binders. However, this work is
important because it provides useful observations of the bulk properties of these materials also

the timing over which they change.
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APPENDICES

Appendix. A. TXM technique

In this study, a Skyscan 1172 uCT scanner with the settings summarized in Table 2-1.Ap was used
to conduct the experiments. Scanning with TXM results in capturing grayscale images that each
pixel has a gray value between 0 and 255. The gray value changes by density, thickness, chemistry,
or a combination of them. In this method, materials with the higher density are darker (have low
gray values) and materials with the low density are brighter (have high gray values). The concept
behind this technique is that when a solution with high electron density penetrates a sample, the
penetrated depths get lower gray values and consequently become darker because of the free,

absorbed, and bound ions.

Since TXM can capture materials with high electron density, potassium iodide (K1) was chosen as
the penetrating tracer. lodide in Kl has a similar atomic diameter size and chemical properties to
chloride (CI) but has a high electron density. Since the goal was to compare the time series
radiographs with the reference radiograph, it was necessary to get identical radiographs at each
interval of scanning. For taking consistent radiographs for each individual sample an appropriate
stage was designed to be matched with the attached nut on the samples in order to fix the position
of the samples in the X-ray scanner. This stage forced to load the sample in a constant manner and
scan the same side of the samples at each considered interval. Keeping the direction constant

becomes more important when composite materials like concrete samples are investigating. A small
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rotation of the sample or minor differences in the angle of scanning in the reference radiograph

compared to the other radiographs leads to imperfect image alignment.

Table 2-1.Ap. Settings used in TXM

Pixel size Voltage Current Eilter Acquisition  Chamber
(um) (keV) (HA) time condition
8.8 100 100 0.5 mm Al +Cu 8s air

To analyze the taken radiographs, a software programming code [69] with minimal user
intervention was prepared to align the images taken at other intervals with reference
images. Alignment of the radiographs means applying local displacements (i.e. shifting
and rotating) to the all taken radiographs of one individual sample in a way to establish a
point-by-point correspondence between the reference and other radiographs. Then, to get
the average of gray values at each depth for each sample, the central region of each
radiograph with a width of 0.88 mm (approximately 100 columns of pixels) as shown in

Figure 2-1.Ap was considered to eliminate cupping artifact®.

Each line passed from a column of the pixels returns a gray value profile. The final gray value
profile was an average of all 100 gray value profiles for each taken radiograph as shown in Figure
2-2.Ap (a). The legend expresses the ponding time for each profile. As ponding time increases and
more solution penetrates in the samples, gray values at the corresponded depths decrease because

of the free, absorbed, and bound ions. The averaged gray value profile for each radiograph was

! Cupping artifact refers to a locally bright appearance along the periphery of a sample. Because the tested samples were
small cores with cylindrical shape, the center of the sample is denser than the regions near the sides. For this reason, the
x-ray beam is "hardened" by passing through the center region of the sample and the mean photon energy will be higher
around the center. Since higher energy photons are less attenuated by denser region, the beam will be less attenuated

versus identical material near the sides.
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subtracted from the averaged gray value profile of the reference radiograph correlated to a single
sample in the logarithm scale to calculate attenuation (Ap) according to Beer-Lambert Law in
Eq.(2-2) [70,71]. Plotting the attenuation values versus depth gives attenuation profiles as shown

in Figure 2-2.App (b).

(Aw)x = In (I ref)x — In (I))x Eqg. (2-2)

where (lref)x is the transmitted X-ray intensity (gray value) at each depth (x) of the reference profile
and (l\)x is the transmitted X-ray intensity at the same depth in other radiographs taken at other
intervals. To convert the calculated attenuations to concentration, calibration curves were applied.
To develop the calibration curves, standard samples with different selected iodide concentrations
added to the mixtures during mixing were used for each of the investigated binders. After scanning
the standard samples, the attenuation related to each iodide concentration was extracted. The
obtained correlated attenuations and concentrations were plotted in a scatter X-Y chart. Ultimately,
a curve was fitted on the obtained spots to get an equation that converts the attenuation to the iodide
concentration for each binder. The same sample sizes, mixtures, curing procedure, and scan setup
explained in sections 2.2.2 and 2.2.3 were used to make and analyze the standard samples. The

calibration curves used in this study are shown in Figure 2-3.Ap.

100 lines

Figure 2-1.Ap. A radiograph and considered 100 lines in the middle part of the sample for data

analyzing

Then each point on the attenuation profiles was put in the calibration equation to get the correlated

iodide concentration. Finally, by plotting the concentration values versus depth, iodide
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concentration profiles similarly shown in Figure 2-2 were obtained. Nonlinear regression using the
Matlab curve fitting toolbox [72] was then conducted on iodide concentration profiles with Fick’s
second law as stated in Eq. (2-3) [73], to find the values of effective diffusion coefficient (D¢) and
surface concentration (Cs). The last two parameters are important for service life models to predict
the life span of each structure. The diffusion coefficient obtained from this test method combines
the impact of fluid transport mechanisms of diffusion, absorption, convection, and chemical
binding in one term. For this reason, the diffusion coefficient obtained from the observation of the
applied technique in this study provides a more realistic insight into the fluid transport into the

concrete.

Gray value

01 "w M .
| WW”J'M’WJMMJ!M

2 16 0 2 4 6 8 10
Depth (mm) Depth (mm)

(a) (b)

Figure 2-2.Ap. a) an example of gray value profiles at different ponding days and b) correlated

attenuation profiles

C(x,t) = CS (1 —erf (%Dct)) Eq (2_3)
C(x,o) =0 x>0, C(O,t) =C, t=0

Where x is the distance from sample surface; t denotes time; D, is diffusion coefficient; Cs is surface
iodide concentration; C(x,t) represents iodide concentration at the depth of x from the surface after

time t; and erf is the error function.
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Figure 2-3.Ap. Calibration curves used to convert the attenuation to concentration
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Appendix. B. Mass transport properties of all studied binders

Table 2-2.Ap. Mass transport properties of the considered binders

Mass transport

Curing time : OPC AAl CSA2 CSA2B CAC3
properties
Cs (%Wt.Paste) 3.18 0.89 1.38 0.21 3.23
35d Dc (x101t m?/s) 5.75 106 103.90 20.90 1.28
R? 0.97 0.60 0.91 0.33 0.94
Penetration depth (mm) | 8.58 E* E 1.05 3.94
Cs (%Wt.Paste) 1.86
45d Dc (%101 m?/s) 27.76
R? 0.76
Penetration depth (mm) E
Cs (%Wt.Paste) 4.02 0.91 1.25 0.41 1.41
56 d Dc (%101 m?/s) 5.65 88.80 153.03 0.047 77.39
R? 0.99 0.40 0.81 0.36 0.75
Penetration depth (mm) | 8.53 E E 0.26 E
Cs 1.59
70d Dc (%101 m?/s) 31.99
R? 0.86
Penetration depth (mm) E
Cs (%Wt.Paste) 4.18 0.82 1.12 0.52 1.42
90d Dc (%101 m?/s) 5.07 85.10 112.11 0.042 31.57
R? 0.99 0.65 0.61 0.62 0.58
Penetration depth (mm) | 8.44 E E 0.25 E
Cs (%Wt.Paste) 1.27
120d Dc (%101 m?/s) 97.91
R? 0.55
Penetration depth (mm) E
Cs (%Wt.Paste) 4.13 0.84 0.95 0.37 1.23
180d Dc (x101t m?/s) 4.68 74.43 52.20 0.0326 64.37
R? 0.993 0.646 0.902 0.449 0.533
Penetration depth (mm) | 8.31 E E 0.21 E
Cs (%Wt.Paste) 0.96
250d Dc (%101 m?/s) 53.82
R? 0.566
Penetration depth (mm) E
Cs (%Wt.Paste) 4.17 0.65 0.54 0.51 N/A**
365d Dc (x10t m?/s) 2.98 7.35 35.08 0.0237 N/A
R? 0.991 0.598 0.876 0.585 N/A
Penetration depth (mm) | 6.52 3.08 10.151 0.20 E

E*: Entire length of the sample
N/A**: Fick’s second law could not be fitted on the results
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Appendix. C. More discussions on the results of different binders

1. CAC3

The hydration of CAC3 is time-temperature dependent on the production of three possible phases

according to Eq. (2-4) to Eq. (2-6) [43,74]:

Low temperatures (<15°): CA+10 H—CAHo Eq. (2-4)
Intermediate temperatures (15°< <30°): 2 CA+ 16 H— C,AHg+AH;3 Eq. (2-5)
High temperatures (30° -60°< ): 3CA+ 12 H— C;AHs+2AH; Eq. (2-6)

The thermodynamically stable hydration products of CAC are hydrogarnet (CsAHs) and gibbsite
(AH3).

For this reason, the other two unstable phases of CAH1o and stratlingite will convert to the two
stable phases of hydrogarnet and gibbsite over time. The conversion of unstable products to stable
products accompanied by a reduction in solid volume and water is released which is available to

hydrate any remaining anhydrous phases [44,53].

Figure 2-4.Ap represents the iodide concentration profiles of CAC3 at different curing times. In
Figure 2-4.Ap, as the curing time increased then the concentration profiles became flatter. A flatter
profile means a higher diffusion rate. Figure 2-4.Ap suggests that the conversion of hydration
products probably starts after 45 d and continues to increase the permeability of the samples for the
studied wi/c ratio in this paper. For higher w/c ratios, the conversion is more important because

more water exists to convert unstable products to stable products.

2. CSA2

Figure 2-5.Ap represents the real-time series of iodide concentration profiles for the considered

curing times in CSA2. Concentration profiles of curing times <90 d do not show considerable
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changes compared to each other. Extending the curing time to >90 d shows a decrease in the

iodide concentration profiles.

3. CSA2B

Figure 2-6.Ap shows the iodide concentration profiles in CSA2B materials at the studied curing
times. As can be seen, all the profiles cured for different times performed are similar to one another.

It means, extending the curing time > 35 d is not beneficial for this material.

4. AAl

Figure 2-7.Ap shows the iodide concentration profiles of AA1 binder after different curing times.

Results show that curing times less than 180 d show almost the same impact on AA1.
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CHAPTER IlI

LABORATORY AND FIELD INVESTIGATION OF ALTERNATIVE CEMENTITIOUS

MATERIAL RESISTANCE TO CHLORIDE PENETRATION USING X-RAY IMAGING

Abstract

Alternative cementitious materials (ACMs) of calcium aluminate cement (CAC3), calcium
sulfoaluminate (CSA2B), and alkali-activated binder (AA1) were investigated for chloride ion
penetration in both field and laboratory samples. X-ray imaging was used to measure the
concentration, depth, and rate of chloride penetration for these ACMs. The diffusion coefficient
was calculated for each of the samples and the lab and field performance was compared. The results
of these cementitious materials demonstrate how not all binders have the same resistance to ion
penetration and can varied performance when compared to ordinary portland cement (OPC). There
was a good agreement between the performance of the lab and field samples cured for 14 days with
different ages for CSA2B and AAL. The CAC3 cement was the only ACM to show measurable ion

binding in the lab samples cured for 14 days. Diffusion coefficient of the lab-made CAC3 sample

52



was lower than OPC considerably; however, the field results showed that 14 days of lab curing is
not enough to evaluate the long-term performance of the CAC3 in the field. Moreover, the porosity
measurements showed that porosity cannot solely represent the long-term performance of the

binders both in the lab and field.

Keywords: Alternative cementitious materials, Corrosion, Chloride penetration, Diffusion

coefficient, X-ray imaging, uXRF.

3.1.Introduction

The World’s infrastructure has been plagued by concrete durability [1-4]. A prominent durability
issue for concrete structures has been the corrosion on internal reinforcing steel. Chlorides (Cl)
typically from deicing salts, ocean seawater, and contaminated aggregates can speed up the rate of
corrosion [5-7]. As a result of corrosion, the concrete structure begins to crack, parts of the concrete
surface spalls, a reddish-orange color stain appears on the concrete surface, and the cross-section
of the reinforcement will be reduced. Therefore, the structural integrity and service life of the
concrete structure diminishes, putting the concrete durability in danger [8,9]. This is why there are
many methods to measure the chloride content and rate of penetration such as: AASHTO T259
(salt ponding test) [10], ASTM C 1556 (bulk diffusion test) [11], silver nitrate spray on the surface

(colorimetric technique) [12,13], AASHTO T277 (rapid chloride permeability test) [14 -18],

AASHTO T260 (Potentiometric Titration or lon-Selective Electrode) [19,20] electrical migration
[21-23], resistivity [24,25], pressure-induced fluid penetration [26], sorptivity [27,28], solvent
counter diffusion [29], and gas diffusion [30]. Obtaining the information about CI concentration
and rate of penetration for a concrete structure provides great insight into the long-term durability
of the concrete and also allows the service life of the concrete structure to be estimated using the

diffusion coefficient [31].
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In recent years, alternative cementitious materials (ACMs) such as calcium aluminate cement
(CAC3), calcium sulfoaluminate cement (CSA2B), and alkali-activated binder (AA1) have been
increasingly used as a full or partial replacement of ordinary Portland cement (OPC) for concrete
structures. These ACMs have been used because of their rapid hardening and early age strength
gain that can allow traffic loads in a few hours. However, very little research has been conducted

on these ACM s to understand the resistance to chloride penetration.

To provide more information, the performance of ACMs in both the lab and the field are compared.
Cores were taken from field repairs that used these materials and the results were compared to
laboratory performance of the same materials. These samples are investigated with micro X-ray
fluorescence (UWXRF) microscope that can image the CI concentration and depth of penetration for
each sample. The porosity of each sample is also measured, and the results are compared. This
work aims to provide new insights into the performance of ACMs between laboratory and field

measurements.

3.2.Experimental Methods

3.2.1. Materials

The laboratory samples investigated mortar mixtures containing one of the following binder types:
Type | ASTM C150 ordinary Portland cement (OPC), ASTM C1600 calcium aluminate cement
(CAC3), ASTM C1600 calcium sulfoaluminate with a polymer additive (CSA2B), and an alkali-
activated binder (AA1) with ASTM C618 Class C fly ash. The oxide analysis of these binders used
in the laboratory samples is presented in Table 3-1. Admixtures were incorporated into these
laboratory mixtures based on cementitious performance. The high-range water reducer (HRWR)

met the ASTM C494 standard for Type F, the high-range WR with retarder met the ASTM C494
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standard for Type G, and a food-grade citric acid was used as a retarder to postpone the setting time
of CSA2B. These mixtures used a natural sand meeting ASTM C33 and had a specific gravity (SG)

of 2.60 and absorption of 0.86% [32].

For the field investigation, the ACM concrete samples were from the same sources as the laboratory
samples. The mixture designs are unknown, but they were approved for use for the repairs and met
all early age strength requirements from the respective state highway agencies. It is unfortunate
that more information is not known about these mixtures, but useful comparisons can still be made

about their overall performance in comparison to the laboratory samples.

Table 3-1. Chemical composition in weight percentage of binders from bulk XRF [32]

Binder Type OPC CSA2B CAC3 AAl
SiO, 17.39 14.24 5.50 38.24
Al,O; 4.87 14.84 4516  17.87
Fe,03 4.71 1.12 6.90 5.88
Ca0O 65.15 49.23 37.68  24.75
MgO 1.40 1.55 0.22 6.24
SOs 2.51 13.55 0.07 1.56
K,O 0.48 0.67 0.26 0.34
Na,O 0.46 0.21 0 1.85
P,Os 0.13 0.11 0.09 -
TiO, 0.39 0.70 2.11 -
Mn,Os 0.11 0.02 0.02 -

SrO 0.15 0.20 0.04 -
ZnO 0.03 0.01 0 -
Cr,0s 0.09 0.05 0.089 -
LOI 2.12 3.51 1.86 0.20

3.2.2. Sample preparation

3.2.2.1.Laboratory samples
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Laboratory samples were made to compare to the field samples. These mixture proportions are
shown in Table 3-2. The water-to-binder (w/b) for all of the laboratory mixtures was kept constant
at 0.40, except AAL. For AAL, water was used as the plasticizer; for this reason, w/b was chosen
0.21. This was chosen because it provided a comparable slump in concrete mixtures. The AAl
binder has a two-component activator with water as a plasticizer per the manufacturer [32]. This
means the w/b ratio for this material will be substantially different than the other samples. A
polycarboxylate based high-range water-reducing (HRWR) admixture was used to enhance the
workability for OPC and CSA2B. A food-grade citric acid was used as a retarder to postpone the
setting time of CSA2B. A plasticizer with set retarder (PSR) was used to improve the workability
and delay the setting time of CAC3. The mixing was done in accordance with ASTM C305

procedures [33].

Table 3-2. Laboratory mixtures proportions

Binder Binder = Water  Aggregate HRWR PSR Citric Activator
Type (9) (9) (9) (mL) (mL) Acid (9) (9)
OPC 891 354 1337 1.0 - - -

CSA2B 875 350 1313 05 - 4.0 -
CAC3 886 353 1329 - 0.4 - -
AA1l 1381 284 2284 - - - 55.9

Three transparent vials with dimensions of 9.5 mm diameter and 46 mm in height as shown in
Figure 3-1 were used to cast the laboratory samples. The space at the top of the vial was used for
ponding the solution on top of the sample to only allow penetration into the sample from the surface.
Large air voids were removed from the samples by rodding with a 1.45 mm wire. Then, samples

were sealed cured for 14 days in a 23°C room.
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ponding solution

Mortar sample

Figure 3-1. Mortar sample figuration

After curing the laboratory samples, a 0.6 mol/L NaCl solution was applied on top of the samples.
This solution was renewed every five days to keep the concentration constant. Since the samples
were stored within the vials this created one-directional mass transport into the samples from the
surface. After 28 days of ponding, the samples were demolded, and they were polished to expose
a cross-section parallel to the NaCl penetration. The polishing was done with 120 grit sandpaper
belt for approximately one minute to remove any rough or uneven areas on the sample. The samples
were then ready for LXRF analysis. More details about pXRF analysis are provided in section 3.2.3

and the appendix.
3.2.2.2.Field samples

All known mixture designs for the field samples were reported in Table 3-3. It was known that all
field mixtures had water to binder ratio (w/b) < 0.45 and were placed with oversight by their
respective department of transportations and the performance of these materials was deemed to be
satisfactory during the mixture design approval and placement in the field. Details about each

project are included in Table 3-4.
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Table 3-3. Mixture proportions of the field samples per cubic meter

L ocation Binder Binder Water Wib tggre:g;?; Natural sand  Air C_itric
type (kg) (kg) ko) (Kg) (%) acid (g)
Illinois CAC3 403 148 037 1068 750 5 -
Missouri CSA2B 339 152 0.45 889 955 35 J
Washington CSA2B N/P* N/P N/P N/P N/P N/P N/P
Georgia AAL N/P N/P N/P N/P N/P N/P N/P

*N/P: Not Provided

Table 3-4. State DOT ACM usage reports [34]

Binder State usage Application (égr) Treatment Observation
o L ow severity cracking noted; most
occurred early in the deck overlays life.
e Several of the cracks appear to be
reflective.
Mi . . Was used for abridgeina e Sounded various locations and appears
issouri  bridge deck . .
overlay 7 major m(_etropoll_tan area and to be well bor_lqed. _
received deicer salt ¢ No freeze/thaw durability cracking
applications regularly noted.
o Surface scaling noted at several
locations.
o Pop-outs noted in the overlay surface.
CSA2B
The roadway was treated
with a 32% CaCl2 solution
as an anti-icing agent and o About 20 percent of panels showed
then a blend of sand and cracking within a few years of
P NaCl was used to provide placement but these had not caused
- avement . . h
Washington repair 3 traction for vehicles on the performance issues.
roadway. However, the e There are no signs of durability
pavement was near the problems.
coast and so it did not
receive deicer salts
regularly.
o the material seems to be holding up well
o Pavement _ o experienced and well-organized
CAC3 Ilinois repair 5-6  salted regularly with NaCl contractors with the proper placement

equipment are required to obtain
satisfactory results
Replacement 11 Did not receive deicer salts o No evidence indicated salt scaling or
slabs regularly delamination

AAl Georgia
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For each location, two prisms were cut that are approximately 1.5 cm x 1.5 cm x 3.6 cm. Cutting
oil was used instead of water to minimize the loss of initial Cl received in the field. Next, the
samples were polished on a 120 grit sandpaper belt for approximately two minutes to remove any
rough or uneven areas on the sample. This removed approximately 2 mm of the surface and helped
create a flat and smooth surface for analysis with uXRF. This polishing process also exposes a

surface that had not been subjected to the solution.

All the samples were scanned according to Section 3.2.3 to find the initial Cl concentration in the
sample. This is the first WXRF scan of the sample and initial concentration is called Co. After finding
Co, the samples were further processed to find their effective diffusion coefficient (D¢) and compare
that to the laboratory samples. To do this the field samples were then vacuum saturated at 5 Pa for
48 hours with water. Next, a hydrophobic wax was used to cover all faces of the samples except
the finished surface as shown in Figure 3-2(a). All sides of the sample were covered to force the
moisture to penetrate from only the finished surface. This ensures that diffusion occurs in only one

direction in the sample.

The samples are then placed in a storage container that is filled with 0.6 mol/L NaCl solution. The
final setup used in this experiment is shown in Figure 3-2(b). The container in Figure 3-2(b) is
partially removed for better observation of the final setup. The solution was replaced every 5 days
to ensure that the concentration remained constant at the surface. The samples were removed after
28 days of ponding and then the samples were polished to expose a cross-section parallel to the
NaCl penetration. The polishing was done with 120 grit sandpaper belt for approximately two
minutes to remove any rough or uneven areas on the sample. The samples were then scanned with
the pXRF to complete the second scan. This data will be known as Czs. The difference between Co
and Cys will be used to determine the D. of the sample and compare them to the values measured

in the laboratory. This will be discussed in more detail later in the paper.
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Figure 3-2. a) Sample preparation before putting in the plastic storage container b) partially peeled
off the final setup used in this experiment

3.2.3. pXRF imaging

Micro X-ray fluorescence (LXRF) is a non-destructive method that can collect spatially resolved
maps of chemical concentrations. The instrument uses a stage to move the sample under a fixed X-
ray beam. The detection limits of the technique depend on the thickness of the detector window
and the distance to the sample-detector [35]. The spatial resolution of uXRF is 50 um. Details about

the instrument and the settings can be found in the appendix and other publications [36,37].

The cross-sections of the polished samples were visually investigated to find a region with a high
paste fraction to study. Next, elemental maps were created for regions that are 2.3 mm across by
28 mm high on average. The X-ray detector counts the number of photons emitted from the sample
at each location. This data is used to create elemental maps. The brightness of each point on each
map is an indication of the concentration level of each element at each point. A typical map is

shown in Figure 3-3 and other samples are included in the appendix.

To quantify the concentration of different elements, calibration curves were needed to convert the

raw counts information to concentration. Calibration curves can be obtained by scanning standard
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samples that are created with known concentrations of Cl. Samples from each binder were made
with different ClI concentration levels. Thirty different points on each sample were scanned with
the same settings used for the lab and field samples and the mean and standard deviation were

determined. Then a curve was on the counts data correlated to each concentration.

To further analyze the uXRF results, the elemental maps were combined in an image processing
software package called Lispix [38]. This allowed regions of unique chemical composition like
aggregate and paste phases to be separated as shown in Figure 3-4. This is important because it
allows the pixels that correspond to aggregate to be removed from the analysis. This is helpful
because the ions primarily diffuse through the paste and not through the aggregates and this
provides a more accurate Cl concentration profile as the aggregates were not uniformly distributed
in the concrete. A programming code was written in Matlab [39] to only use the data from the paste
phase and to detect the surface of the sample. The Matlab code considers a shell parallel to the
surface with a thickness of 50 um (which equals the used optic size) and moves it from the surface
to the whole height of the scanned area to get the average counts at each depth of the paste. This
technique has been compared to manual profiling and it has been shown that the concentration
profiles show general agreement between the two methods, but the diffusion coefficients from
uXRF were on average 30% higher than grinding technique. More details can be found in other

publications [37].
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3.2.4. Determining CI Profiles

For the laboratory samples, the CI profiles could be obtained directly from the samples scans
because these samples did not contain any Cl when they were prepared. However, this is not the
case with the field samples. Since the field samples had been used in service then they received
deicing treatments that created an initial Cl concentration inside the samples. To deal with this, the
field samples were scanned twice. The first Cl profile was called Co and it is completed after
receiving the samples. The second scan was completed after 28 d of ponding with 0.6 mol/L NaCl
solution in the lab and it is called Ca2s. The Cre is concentration after 28 days of ponding in the lab.

Eq. (3-1) was used to calculate Cret:

Cret= C2s — Co Eq(3'l)

Where Cret Was the difference between Czs and Co. The net chloride concentration after 28 days is
a useful method to evaluate the in-place properties of the ACM concrete without being influenced
by the local salting practices for the field samples. This also allowed the mass transport of the
samples from the laboratory testing to be compared to the performance of the field structures. Since
both the laboratory and field samples were ponded for the same period of time with the same
concentration of salt then this was a useful way to quantitatively compare the ability for the mixture

to keep the CI from penetrating into the concrete.

This work compares the depth of penetration for a Cl content of 0.21% of the paste (0.05 % of the
concrete weight). This value was chosen since it was expected to cause corrosion in OPC samples
[32]. This provides a useful value to compare the depth of penetration of the external Cl into the

samples.

3.2.5. Calculating the diffusion coefficient (D) and surface concentration (Cs)
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Nonlinear regression analysis by using Fick’s second law was conducted on the CI profiles from
the direct measurements from the laboratory samples and the net profiles from the field samples.
This allowed the surface concentration (C;) and the diffusion coefficient (D) to be calculated. The
general solution of Fick's second law as shown in Eg. (3-2) was used to determine the value of
effective D and C;. Additional details about this technique can be found in previous studies

[32,37,40-43].

X
C =Cs|1—erf C =0x>0, C =Cs t=0
(x,t) s < <2 ,—Dct>> (x,0) 0,v) s EQ(B-Z)

Where x is the distance from sample surface; t denotes time; D, is diffusion coefficient; Cs is surface
iodide concentration; C(x,t) represents iodide concentration at the depth of x from the surface after

time t; and erf is the error function.

To calculate the D¢, the first part of each graph which had an upward trend was ignored. It means
that for D, calculations, concentration profiles began with the highest concentration. This was done

to better fit the concentration profiles with Eq. (3-2) and get higher R? values.
3.2.6. Porosity testing

The porosity of each sample was determined by ASTM C 642 [44] with some minor changes.
Instead of measuring the saturated mass after boiling, vacuum saturated mass was recorded. The
sample was determined to be saturated when the mass change was < 0.03% after putting the samples
in a vacuum chamber with 5 Pa for 24 hours. The next difference was the order of measurements.
In order to prevent cracking from drying, the saturated mass was measured followed by submerged
apparent mass and finally, the dried mass measurements were made. To prevent decomposition of
the polymers in some samples (like CSA2B), the samples were dried at 50 °C until an equilibrium

mass change was achieved.
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3.3.Results and discussions

Figure 3-5 shows the Cl concentration profiles for the laboratory samples. The Cre: concentration
profiles of field samples are represented in Figure 3-6. Each graph represents two measurements
for each binder type. For a visual investigation in both Figure 3-5 and Figure 3-6, a flatter slope for
the concentration profile means a higher D and consequently a higher rate of penetration. The
porosity and D, are compared in Figure 3-7. Surface concentrations of both lab and field samples
are compared in Figure 3-8. If no error bar is shown in Figure 3-7 and Figure 3-8, it means that
only one sample was able to be fit by Eq.3-2. The D, and C; of both lab and field samples are
summarized and compared in Table 3-5. The results shown in Table 3-5 are the average of two

measurements for each binder.

3.3.1. Lab samples

In Figure 3-5 the laboratory data showed consistent performance between the repeated
measurements. Based on Figure 3-5, Figure 3-7(a), Figure 3-8, and Table 3-5 each ACM performs
differently when compared to OPC from an early age. Lab results in Figure 3-5 show that CAC3
has the lowest penetration depth and has a sharp slope which indicates a low D, after 14 days of
curing. Results in Figure 3-8 show that CAC3 has 1.65x higher Cs than OPC and had the highest
Cs among all tested samples. Higher values of Cs signify the capability of binding more ions. A
high level of Al,O3 oxides of CAC3 (50%-60%) possibility has led to binding more Cl ions near
the surface [47]. Aluminum hydration products have been shown to bind ions and form more stable
products such as Friedel's salt. This seems to be happening at early ages in CAC3. CAC3 showed

6x less penetration (to reach the zero concentration) than OPC.

Lab results shown in Figure 3-7(a) indicate that AA1 and CSA2B lab samples showed 2.85x and
4x higher D, compared to OPC, respectively. In both AA1l and CSA2B samples in the lab ClI

penetrated to the whole length of the sample while for OPC after the depth of 13.25 mm no Cl was
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observed in the sample. One possible reason for CSA2B to have a higher depth of penetration is
the high pore interconnectivity due to the non-uniform formation of ettringite crystals (AFt). One
possible reason for observing higher D, for AA1 compared to OPC can be due to a low degree of
crystallinity of calcium silicate hydrate (C—S—H) or inadequate formation of the tobermorite-type
calcium silicate hydrate phase (CasSisO1s(OH)2) phase in 14 days. AA1 and CSA2B showed the
lowest surface concentration which shows that these two materials have a weak potential of binding
ions. Generally, AAl and CSA2B showed less resistance to outside chemical transport into the

samples compared to OPC.

3.3.2. Field samples

CAC3-field samples showed very low net CI concentrations in Figure 3-6. Results in Table 3-5
confirm that the D, value of CAC3 has a very poor R? value (R?=0.014) and therefore cannot be
considered in the quantitative discussion. However, comparisons could be made on the depth of CI
penetration and the porosity of the samples and by adopting a visual comparison. A visual
inspection of Figure 3-6 shows that there was little binding in CAC3 field samples because both
measurements on CAC3 field samples showed the lowest surface concentration among all tested
samples. Also, the CAC3 field sample showed a 10x higher penetration depth compared to the lab
sample to reach the threshold level. The recent results are not in accordance with the lab results
discussed above. In the laboratory testing, the CAC3 samples showed the highest Cs, limited depth
of penetration within the samples. This may imply that 14 days of curing is not enough to evaluate
the long-term performance of CAC3. One reason for the worse performance of the field sample
may be the conversion of the microstructure for CAC binders [48]. Conversion reduces the solid
volume and also the binding capacity. The binding was beneficial as it does not allow CI to
penetrate the concrete and reach the reinforcing steel. Since conversion happens over time, longer
curing times for lab samples may give more realistic results for CAC3. Further work is needed to

be able to evaluate the long-term performance of CAC3. This is the subject of future work.
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A visual investigation in Figure 3-6 reveals that both CSA2B-M and CSA2B-W showed a flat
profile with deep penetration similar to what has been obtained in the lab testing after 28 days of
ponding. Figure 3-7(b) shows that CSA2B-M had a high D¢ in the field (>50 x10? m?/s) which is
1.7x higher than the D¢ in the lab. This can be due to the transition zones that exist in the concrete
field samples. In Figure 3-8, both CSA2B field and lab data showed minimal binding. The CSA2B-
M lab sample had 1.5x higher Cs compared to the field sample. It still indicates that there is an
acceptable agreement between field and lab data for CSA2B for three main reasons: 1- transition
zones in the concrete samples interfere with the fluid transport in sample 2- CSA2B-M field sample
had >180x more age than CSA2B lab sample, 3- CSA2B-M was under service load which can
induce microcracks in the concrete as noted in Table 3-4. In Figure 3-6 only one measurement is
represented for CSA2B-W because one of the samples was broken during preparation. For the other
CSA2B-W sample only the surface could be evaluated because this sample broke in half during
preparation. Since there was not enough data for the CSA2B-W sample, D could not be calculated
for this sample, but visual inspection shows that both field and lab samples show similar slopes that
are flat for the CSA2B concentration profile. Both field and lab results showed that CSA2B does

not show good resistance against Cl penetration.

Contrary to the lab results, AA1 field data had some anomalies. The results of the first measurement
of AAL in Figure 3-6 showed a sudden jump in the CI content about 12 mm from the surface. This
seems to be caused by a crack with an average width of 28 um in the sample that initiated from the
surface. It seems that this crack has allowed CI to penetrate at a faster rate in this region. Details of
this crack are shown in the appendix. For this reason, Eq. (3-2) was fitted on the results of the first
measurement at depths between 2.25 mm and 10.75 mm where the crack does not exist. Results of
the second measurement of AA1 sample with high Cl concentration peaks near the surface as shown
in Figure 3-6 reveal an irregular behavior in the Cl concentration profile. This may be caused by

some anomalies that are not observable on the exposed cross-section. For this reason, the results of
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the second measurement were not considered in the average of D, calculated for AA1 presented in
Table 3-5. AA1 field sample with 11 years old of service life is a very mature sample. For this
reason, the D. of AAL field sample was 3.4x less than the D of AA1 lab sample. One reason for
the improved D, for AAL field sample is that the increase in the sample age is accompanied by an
increase in the formation of the tobermorite-type calcium silicate hydrate phase. For both field and
lab AALl samples, the penetration depth is greater than the studied area to reach the zero
concentration as represented in Table 3-5. Figure 3-7(b) indicates that similar to lab samples, AAl
had a lower D. compared to CSA2B. Both field and lab samples showed that AA1 does not have
good resistance to chloride penetration even if the concrete is mature. The reader must remember
that the type of fly ash, the activity and chemical consistency of the activator, and the temperature
has important impacts on the hydration mechanism of this type of ACMs and consequently affect
its binding capacity [45,46]. This means that changes in materials may produce different results.
Despite the lack of information on the mixture design of AAL field samples, the lab results provided

good insight into the long-term performance of AA1 field samples.
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Figure 3-5. ClI concentration profiles for the laboratory samples after 14 days of curing and 28 days

of ponding.
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Figure 3-6. Net CI concentration profiles for field samples after 28 days of ponding

Note: (CSA2B-M= CSA2B sample collected from Missouri CSA2B-W= CSA2B samples
collected from Washington)
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Table 3-5. Mass transport properties of lab and field samples

Penetration  Penetration

C .
_12 S
Binder D ;10 2 (%Wt depth to zero depthto  Porosity Std.
(m?/sec) concentration  threshold (%)
paste)
(mm) level (mm)

OPC 7.65 0.98 1.33 13.25 8.25 33.18 0.07
CAC3-Lab 0.30 0.95 2.19 2.25 1.75 25.8 0.47
CAC3-Field 0.42 0.014 0.21 17.75 17.25 13.47 5.67

AA1l-Lab 21.80 0.78 0.39 >16 2.75 18.17 0.32
AALl-Field 6.50 0.80 1.07 >24 6.75 9.19 0.97
CSA2B-Lab 30.60 0.89 0.22 >10 0.75 18 0.95
CSA2B-M 51.8 0.24 0.15 >24 1.75 20.29 4.47
CSA2B-W N/A N/A N/A N/A N/A 14.89 3.67
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Figure 3-7. Comparing the porosity and diffusion coefficients for a) lab mortar sample b) field

concrete samples
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3.3.3. Porosity measurement

Porosity results are represented in Figure 3-7. Porosity testing was completed for all of the
laboratory and field samples. Figure 3-7(a) shows the porosity for the ACMs used to make mortar
at the lab. All of the ACMs have a lower porosity compared to OPC. CAC3 showed 43% higher
porosity compared to AALl and CSA2B on average. Figure 3-7(b) shows the porosity of the concrete
field samples. The CSA2B field samples on average showed a higher porosity than CAC3 and AAl
by 51% and 91%, respectively. The difference between porosity measurements in the lab and field
is due to the differences in concrete compared to mortar, mixture design, casting practice, and
curing. Moreover, since the porosity measures the total volume of pores in the paste phase, the
existence of aggregate in a small sample will change the proportion of paste existed in the tested
sample and therefore change the porosity. Moreover, the field samples have all been in service for
> 3 years. For this reason, the concrete samples with less paste proportion and older ages compared
to lab samples have lower porosity. For example, the field samples for AA1 had a 49.4% lower
porosity than the AAL lab samples and CAC3 field samples had a 47.8% lower porosity than the
lab sample. One must remember that the porosity of a sample gives the total volume of pores and

does not provide insight into how these pores were arranged. Furthermore, the pore arrangement
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and ability for the material to bind chlorides were much more important to determine the mass

transport properties.

Comparing the porosity and D. as shown in Figure 3-7 reveals that porosity is not a reliable method
to evaluate the resistance of ion penetration into the different ACM binders. For instance, AAl and
CSAZ2B lab samples have lower porosity than OPC but their D, values are not the lowest. The
reason is that the porosity gives the overall volume of the pores in a sample and cannot measure
the interconnectivity and pore arrangement which are more important in mass transport through

cementitious based materials.

3.4.Practical Significance

Most durability experiments are completed on lab samples. There is a concern about the agreement
between the long-term performance of concrete in the field and the results obtained from the lab
testing. This work investigated the mass transport properties of both laboratory mortar samples and
field concrete samples made with similar binders. The results of field samples were compared with
the results obtained from lab-made samples. On the other hand, the long-term performance of using
alternative cementitious materials (ACMs) is not well known. Like other new materials, enough

evidence is needed to learn about long-term performance.

This study showed that conducting diffusion experiment on 14 days cured AAl and CSA2B lab-
made mortar samples can help to get an insight into the long-term chloride penetration into samples
with these binders in the field. Both the lab and field results showed that CSA2B and AA1 binders
have poor resistance against Cl penetration. The observed quantitative differences between lab and
field measurements are due to the differences in concrete compared to mortar, mixture design,

casting practice, curing regime, age, and service load.
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Furthermore, the results of this study revealed that 14 days of curing for CAC3 is not enough to
evaluate the long-term performance of this binder. Lab mortar CAC3 samples cured for 14 days
showed excellent mass transport resistance properties while the results of the concrete field samples
with six years of performance showed poor resistance against mass transport. For this reason, more
research is needed to better understand how the diffusion coefficients change for CAC3 at different
curing times. It should be noted that this paper focused solely on the outside penetration of Cl ions
and not on subsequent reactions like corrosion or salt attack that may come afterward. These
deterioration processes would have to be studied with these ACMs in relevant conditions to

determine how the pore solution and chemical consistency of the matrix change these values.

3.5.Conclusions

This work systematically examined the performance of ACMs in both laboratory and field
applications. The ACMs considered are calcium aluminate cement (CAC3), calcium
sulfoaluminate cement with a pore reducing additive (CSA2B), and an alkali-activated binder with
a Class C fly ash (AA1). The study compared these materials on their porosity, depth of CI
penetration, and diffusion coefficient for laboratory and field applications. This work compares
both laboratory and field usage of ACMs and shows that not all binders have the same resistance
to chloride (CI) penetration. This means that the performance of these materials must be well
understood before their widespread use can be recommended to provide long term durability in CI

rich environments. Generally, the following conclusions can be drawn:

o For CACS, 14 days of lab curing was not enough to reflect the long-term performance of
the field sample. CAC3 lab results showed an excellent durability performance against Cl
penetration while CAC3 field samples with 6 years old showed poor resistance to Cl

transport.
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e The CAC3 lab sample was the only ACM to show a higher surface concentration than
OPC. This suggests a higher level of surface binding. This was important as it will decrease
the level of ions that penetrate into the concrete. This was not the case for the CAC3 field

sample.

e There was a good agreement between laboratory and field results for CSA2B and AAl
because both lab and field results showed CSA2B and AA1 have worse resistance to ClI

penetration than OPC. This matches the laboratory results.

e CSAZ2B and AAL binders showed minimal binding both in the lab and field.

o Porosity by itself does not represent the performance of concrete against fluid transport
into concrete because the void distribution and connectivity play important roles in this

process.
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APPENDICES

Appendix. A. pnXRF analysis

The pXRF analysis in this work was conducted using the Orbis by EDAX with the stings
summarized in Table 3-1.Ap This instrument has a chamber size of 350 mm in diameter, an
80 mm? Silicon Drift Detector Energy Dispersive Spectrometer (SDD-EDS), and a rhodium
X-ray tube which focuses the produced polychromatic x-ray beams by using one of the three
stationary X-ray optics. In this imaging technique, the sample will be loaded on a motorized
stage which can move in three directions of X, Y, and Z. By finding the optimum dimension
of Z which obtains the highest resolution, the focal length becomes fixed to ensure a consistent
geometry between the X-ray source, sample, and detector. The capillary optic in the instrument
focuses x-ray beams to a specific diameter on the sample and causes characteristic
fluorescence X-rays to be emitted at each spot. The X-ray detector counts the number of
photons emitted from the samples from each energy level (counts data) which was typically
called a spectrum. This data was used to identify and quantify the existing chemical elements
at 0.1% by weight. In addition, this method gives chemical elements distribution maps of
individual elements that a sample contains as shown in Figure 3-3. Figure 3-2.Ap to Figure
3-5.Ap show three important chemical maps of all field samples in both scans (before ponding
and after ponding). In this study, the chamber becomes vacuumed to reduce the absorption of

X-ray emission by N2, O, and Ar gases [49,50].
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Cl Concentration (%Wt paste)

0.5

Table 3-1.Ap. Settings used in pXRF x-ray imaging technique

Parameter UXRF settings
Pixel size (um) 50
Voltage (KeV) 40
Current (pA) 1000
Filter 25 um Al
Acquisition time(dwell time) 400 ms/pixel
Chamber condition vacuum
Deadtime Maximum of 20%
—— CAC3-S1
CAC3-52
——AALS1
AA1-82
—— CSA2B-M-S1
< 7 CSA2B-M-S2
\_ —— CSA2B-W-§1
CSA2B-W-82

-- /\//\/ ,\/‘ ~~ — — = Threshold level
0

15 20 25
Depth (mm)
Figure 3-1.Ap. Initial Cl concentration profiles
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Results before ponding Results after 28 days of ponding
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Results before ponding Results after 28 days of ponding

(b)
Figure 3-2.Ap. uXRF results of CAC3 field samples a) the first measurement b) the second
measurement
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Results before ponding Results after 28 days of ponding
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Results before ponding Results after 28 days of ponding

(b)
Figure 3-3.Ap. uXRF results of AA1 field samples a) the first measurement b) the second
measurement
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Results before ponding
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Results after 28 days of ponding




Results before ponding Results after 28 days of ponding

(b)
Figure 3-4.Ap. uXRF results of CSA2B-M field samples a) the first measurement b) the second
measurement
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Ca Cl1

Results before ponding Results after 28 days of ponding

Figure 3-5.Ap. uUXRF results of CSA2B-W field sample (The second sample was broken during the
polishing)

88



Figure 3-6.Ap. Crack detected in the first measurement of AAL field sample
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CHAPTER IV

USING MEDICAL X-RAY MACHINES TO DETERMINE THE SERVICE LIFE OF

CONCRETE

Abstract

The durability of concrete may be defined as the ability of concrete to maintain serviceability within
a specific environment due to issues such as corrosion, freeze-thaw, sulfate attack, and physical
abrasion. Many researchers have developed and used a variety of test methods and equipment to
study multiple aspects of concrete durability. This study aims to investigate the feasibility of using
a medical x-ray device to measure the penetration of a tracer within the concrete. These
measurements can be used to calculate the diffusion coefficient (D) of the concrete. The D. can be
used in a computer model to predict the service life of a concrete structure. The results from the
new testing device are compared to the results from other established equipment. The results show
that using a medical x-ray device can generate reliable and accurate results similar to the

transmission x-ray microscopy (TXM) method. The average percent difference between the two
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methods is 1.02% with a maximum difference of nearly 17%. Also, compared to TXM, a medical

x-ray device is more economical and requires less time to complete the test.

Keywords: Dental x-ray, transmission x-ray microscopy, Durability, Corrosion, Concrete,

Chloride penetration

4.1.Introduction

Concrete has been used for over a century as the building material of choice for a long service life.
One concern with concrete is deterioration from the corrosion of embedded reinforcing, freeze-
thaw, sulfate attack, physical abrasion, carbonation, and alkali-silica reaction (ASR) [1, 2]. Because
of the importance and significant investment of concrete structures predicting the service life of
concrete has been a major goal. Currently, many test methods are used to try and measure the

properties of concrete and then determine the durability of the concrete.

Generally, the durability of concrete is governed by the resistance of concrete to the transport of
outside ions [3]. The mass transport mechanisms for many durability issues are due to ion diffusion
into the concrete as a key component to corrode the steel reinforcement [4]. The most widely used
method to investigate ion ingress into cement-based materials is the bulk diffusion test. This test
is completed by ponding a salt solution on top of the sample described in ASTM C 1556 and
AASHTO T259 followed by a titration test from materials at different depths as described in ASTM
C 1152 and AASHTO T260 [5-8]. However, this technique is destructive and requires that a
significant mass of powder be collected from a number of different depths of the concrete. The
measurement is an average of all of the material collected. The test is also time consuming and

labor intensive.

The ASTM C1202, or the rapid chloride permeability test (RCPT), is another common test to assess

concrete’s ability to evaluate the ability for chloride ions to penetrate into concrete. This test
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monitors the electrical current passed through a water-saturated concrete specimen subjected to 60
V of direct current for 6 hours [9]. The current measured in the RCPT is related to all the ions in
the pore solution and not just the chloride ions [10]. This can cause a false estimate of the concrete
chloride ion diffusion when supplementary cementing materials, certain chemical admixtures, or
steel fibers are used [9,11,12]. Additional challenges with this test can be found in other
publications [9,11-14]. The concrete resistivity test (AASHTO TP95 and ASTM C 1760) is another
common test measuring the electrical resistance of the concrete [15,16]. The resistivity test is
similar to the RCPT test, but it requires less effort to complete the test. The test measures the
resistance against the flow of a fixed electrical current [17]. This test has been shown to give
equivalent results to RCPT when the samples are conditioned correctly. Unfortunately, like RCPT,
the resistivity test has the same disadvantages plus issues with conditioning the sample including
temperature, moisture content, amount of surface carbonation and the impact of some aggregate

[17-20].

Several studies have used x-ray imaging techniques to investigate concrete durability [1, 9-21].
Most of this equipment is expensive, time-consuming, and needs significant sample preparation.
Recently, Transmission X-ray microscopy (TXM) have been used to learn more about moisture
movement in cement-based materials. This technique is non-destructive, fast, requires minimal
sample preparation, and the technique can image at a spatial resolution of 200 nm to 20 um [33].
TXM can be considered a non-destructive technique due to the X-ray image not destroying the
sample and being able to use the same sample in another experiment. One drawback of the TXM
imaging is that it requires a high energy source that is typically costly. This reduces the availability
of the TXM method. The goal of this study is to develop the CHIP (Checking lon Penetration)
method which uses a medical x-ray source and works similar to TXM to investigate mass transport

within cement-based materials as a faster and less expensive test method than TXM.
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4.2. Overview of experiment program

This study is divided into two parts. The first will focus on establishing the validity of the CHIP
and the second will highlight the variability of the method. In the first part, the results of CHIP are
compared with TXM. TXM is an already established and reliable x-ray imaging technique to study
mass transport into concrete [33-38]. Further, TXM and CHIP are similar that they both image
tracers penetrating into concrete samples. The primary difference between them is the equipment

used to do the imaging.

In the first part, paste and concrete samples were tested. In total, 81 paste samples with different
wi/c ratios were made and cured for 28 days (27 samples per each w/c). Eight samples of the
prepared samples for each group of w/c were tested with both TXM and CHIIP and 81 samples
were tested only with CHIP. The concrete samples were cored from different field samples.
Samples were prepared for the test and scanned with TXM and CHIP to get the initial images before
starting the test by ponding the samples with a salt solution tracer as explained in detail within
section 4.3.2. After capturing the initial image without any tracer, the samples were ponded with
the 0.6 mol/lit potassium iodide (KI) tracer for 14 days. Since both methods are NDT techniques,
the same samples were used in both imaging techniques to compare the results. After 14 days of
ponding, the same samples were scanned again with both TXM and CHIP techniques. Then the
captured raw images called radiographs were analyzed according to the approach explained in
section 4.3.5 to get concentration profiles. Next, the concentration profile from each sample was
compared using both techniques. Finally, a study was conducted on the concrete samples to
investigate the reliability of CHIP. In that section, reproducibility, repeatability of the method along
with the impact of scan direction are investigated. Each step of the experiment is explained in detail

later in the relevant sections.
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4.3. Methods

4.3.1. Sample preparation

4.3.1.1. Materials

For making paste samples ordinary ASTM C150 Type | Portland cement [39] was used. The
chemical composition of the cement is shown in Table 4-1. Tap water at room temperature was
used during the mixing. No chemical admixtures or secondary cementitious material were used in

these samples.

Table 4-1. Chemical composition of cement with bulk XRF (% weight)

Si02  AlOs Fex03 CaO MgO SOs KO NaO P20s TiOz Mn203 SrO ZnO Cr:0s3 LOI

1739 487 471 6515 140 55, 048 046 013 039 011 (15 003 009 212

4.3.1.2. Mixture proportion and mixing

Mixture proportions of both the paste and mortar samples are provided in Table 4-2. The paste
samples investigated had three different water-to-cement ratios (w/c) of 0.35, 0.40, and 0.45.
Different w/c were chosen to get samples with different permeability in order to examine the
accuracy of the CHIP results for fluid transport within the cementitious materials with different
properties. The raw components were mixed according to ASTM C305 [40].

Table 4-2. Mixture proportions
Cement Water

Mixture

(9) (9)
Paste (w/c=0.35) 891 312
Paste (w/c=0.40) 891 354
Paste (w/c=0.45) 891 401

4.3.1.3. Sample Preparation

4.3.1.3.1. Paste samples
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Cylindrical micro vials with an inside dimension of 9.5 mm x 46 mm were used as a mold to cast
samples as shown in Figure 4-1. Vials were partially filled within 5 mm of the top to provide a
space for ponding solution on top of the sample. Large air voids in each sample mixture were
removed from the samples by physically rodding with a 1.45 mm wire. The consolidation was
considered to be finished when all visible large air voids were removed from the samples. Three
samples were made from each mixture. Then, the plastic lids of the vials were closed. The sealed
samples were then transferred into a covered box in a 23°C moist curing room for 28 days. The

moisture room used for curing the samples meets the requirements of ASTM C511 [41].

After curing, a metal hexagonal nut was attached to the bottom of the samples. This nut was
matched with the magnetic hexagonal stage to load the samples consistently in the x-ray machine.
The stage and sample are shown in Figure 4-2. The hose clamp shown in Figure 4-1 was used to
prevent the movement of the applied solution between the walls of the sample holder and the
sample. This ensured that the only penetration into the sample will come from the surface or a one-

directional penetration.

“Sphce for
adding the

Hose clamp >
salt solution

Paste/mortar
FE
sample

magnetic

Figure 4-1. Sample figuration loaded in TXM machine
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Figure 4-2. Samples are loaded stage by gluing a nut at the bottom

4.3.1.3.2. Concrete samples
To investigate the CHIP on concrete samples, ten field samples collected from in-service bridge
decks were taken cores with 19.05 mm (3/4 in) in diameter. Then all sides of the samples except

the finished surface were covered with a hydrophobic wax to have one-dimensional diffusion. Next,

a PVC nut was glued at the bottom of each sample as shown in Figure 4-3.

nwaxed surface

(a) (b) (©)
Figure 4-3. Sample figuration in the case study (a) Waxed sample, (b) A PVC nut is glued, and (c)
Samples submerged in the Kl solution

4.3.2. Diffusion test

Diffusion is the movement of a substance from an area of high concentration to an area of low
concentration. The diffusion test in this study refers to applying a 0.6 mol/L or 10% KI tracer salt
solution. The KI concentration was chosen to obtain satisfactory contrast in the TXM technique

[33]. Since both CHIP and TXM can image materials with high electron density then they can
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observe the iodide from the Kl salt as it penetrates the concrete. Fortunately, iodide and chloride
ions are similar in size (iodide radius is 206 pm versus a chloride radius of 167 pm). Also, the
previous testing has shown that iodide gives diffusion coefficients 24% higher than chloride [33].
This means that iodide penetration can provide important insights into the ability of cementitious

materials to resist ion penetration.

Before starting the test, samples were scanned with both CHIP and TXM to get the initial images
of the original samples called reference radiographs. To start the diffusion test, 0.15 g of solution
was used to cover the surface of paste samples with 2 mm of solution for 14 days. For concrete
samples, the solution filled the space between the sample and cell walls to reach 2 mm above the
sample surface. In this period, the KI solution was refreshed every five days to keep the
concentration constant. During the experiment, the lids of all vials were sealed to prevent any
evaporation and change in the solution concentration. All samples were kept at room temperature
(23 °C) during the experiment. After 14 days of ponding, the same samples were scanned with both

CHIP and TXM from the same orientation to get the secondary radiographs.

When a solution with high electron density penetrates a sample, the penetrated depths in the
secondary radiographs look different in comparison to the reference radiograph. By comparing the
secondary radiograph of each sample with its reference radiograph quantitative concentration
profiles and penetration depths of the solution can be found. With this information, the
concentration profile can be obtained. From this concentration profile then the diffusion coefficient
and surface concentration can be obtained. These are engineering parameters that combine the
impacts of fluid transport mechanisms of diffusion, absorption, convection, and chemical binding
in one term. This work compares the results from CHIP and TXM by investigating the same

samples in both techniques. This provides a quantitative way to compare the methods.

97



4.3.3. X-ray imaging techniques

4.3.3.1. TXM method

A laboratory Skyscan 1172 uCT scanner was used to conduct the experiment. In this machine, each
sample was loaded on a fixed stage between the x-ray source and the detector as shown in Figure
4-4. When x-rays are used to investigate the sample, some x-rays are absorbed, and others pass the
sample to reach the detector. The detector produces grayscale images called radiographs based on
the received x-rays. The schematic view of the mechanism of imaging in this method is shown in
Figure 4-5. Radiographs were grayscale images in which each pixel has a gray value between “0”
and “255”. Pure black has a gray value of “0” and pure white has a gray value of “255”. The gray
values change by density, thickness, chemistry, or a combination of these. Denser or thicker
materials absorb more x-rays and are therefore darker in the TXM radiographs. Air absorbs less x-
ray and has been commonly displayed as light gray in the background of each radiograph. As the
K1 solution penetrates into the sample, the penetrated depths are subjected to gray value change
such that the affected regions become darker, and therefore gray values decrease compared to the
reference radiograph.

Since each radiograph should be compared with its reference radiograph, it is necessary to get
radiographs from identical orientations at each interval of scanning. This identical orientation is
obtained by using the stage shown in Figure 4-2. This stage allowed a constant orientation to be
used. This constant orientation becomes critical when concrete samples are investigated because of

the inclusion of the larger aggregates.
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Skyscan 1172 uCT scanner

(@) (b)

Figure 4-4. (a) laboratory Skyscan 1172 uCT scanner and (b) sample loaded in the x-ray scanner

Computer

Detector

- Sample

X-ray source

< )

Figure 4-5. Schematic view of the mechanism of imaging in TXM method

4.3.3.2. CHIP method

This method was very similar to the TXM. The only differences were the x-ray source and x-ray
settings. An overview of this method is shown in Figure 4-6 and the prototype equipment is shown
in Figure 4-7. More details can be found in the Appendix. Like TXM, captured radiographs are
grayscale images in which each pixel has a value between “0” and “255”. Contrary to TXM, in the
CHIP method, 255 represents white regions which correspond to a maximum density. On the other
hand, zero value represents black spots as a minimum density such as air in the background of each

radiograph. Like TXM, to investigate the gray value change in each sample over time, it is
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necessary to take images at a constant orientation at each measurement. The same test setup as

shown in Figure 4-2 was used with the CHIP to obtain consistent orientations for each image.

Sample
Tubshead f

~—
L | B
|
U \‘
\
e Sens
X-ray source H

Figure 4-6. Schematic view of dental x-ray imaging technique setup

or

Equipment - A Sample
Chamber Chamber

B

.'-"Stage
X-ray source

Figure 4-7. Figuration of the finished CHIP prototype

4.3.4. Data collection in both CHIP and TXM methods

All samples were scanned before applying the solution with both TXM and CHIP to measure the
initial gray values for each sample. This image was called a reference radiograph. The elevation
used for each sample was recorded to use the same height for taking consistent images at the next

imaging time.

To compare the results of CHIP with TXM, the same side of each sample scanned in TXM was

scanned in CHIP. After 14 days of applying the 0.6 mol/L KI solution on top of the sample, the
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second radiograph was taken. Before taking the second radiograph of paste samples, the solution
in the vial was poured off, the remaining solution was removed by a paper towel, and then the hose
clamp was removed. Before taking the second radiograph of concrete samples, samples were pulled
out from the solution and then dried off by a paper towel. All the settings used in TXM and CHIP

techniques are summarized in Table 4-3.

To evaluate the repeatability of the CHIP method and to measure the single-operator apparatus
precision, each concrete sample was loaded, scanned, and unloaded. This was repeated three times

for each sample.

To determine the impact for the direction of scanning on diffusion results, each sample was scanned

from angles of 0°, 60°, and 120° and the results were compared.

Table 4-3. Settings used in TXM and CHIP imaging techniques

Parameter TXM CHIP

Pixel size (um) 8.97 15

Voltage (KeV) 100 120
Current (HA) 100 7000

Filter 0.5 mm Al +Cu 1.5 mm Al*
Exposure time (s) 8.25 8

*No Additional filter was used. The dental x-ray head had an inherent 1.5 mm Al filter.

4.3.5. Data analyzing of both imaging techniques

To be able to compare the images from the two methods, the CHIP images had to be transformed
to match the gray value range of the TXM method. To do this a software programming code [42]
was prepared to import each image, process the image, and write the output image in BMP format.
Eq. (4-1) was used in the programming code to normalize the gray values in the raw image of CHIP

and transform the gray values range of CHIP to the gray values range of TXM.

_ GVg—Min
GVi= ————— Eqg. (4-1)
Max—Min
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Where GV is the gray value of the processed image. GVq is the gray value of each pixel in the raw
CHIP radiograph. Max and min are the maximum and minimum gray values in the captured
radiographs, respectively. In this study, the Max and Min gray values were equal to 4500 and 75,
respectively. The reason for having Max and Min values different from the ultimate Max and Min

values (6500 and 0) is that in the captured radiographs there was not any pure black or pure white.

To analyze the radiographs, a software programming code [42] with minimal user intervention was
prepared to align the images taken after 14 days of ponding with the reference image for each
sample. Alignment of the radiographs means applying local displacements (i.e. shifting and
rotating) to the secondary radiograph of one individual sample in a way to have it projected on the
reference radiograph. Then, to get the average of gray values at each depth for each sample, the
central region of each radiograph with a width of 0.88 mm (approximately 100 pixels in TXM
radiographs and 60 pixels in CHIP radiographs) as shown in Figure 4-8(a) was used in the analysis.
This was done to eliminate edge effects called cupping artifacts [43]. Each line shows the location
where the gray value was measured over the depth of the sample. The final gray value profile was
an average of all gray value profiles obtained from the considered 100 or 60 lines as shown in
Figure 4-8(b). One limitation of this method is that the measurement will focus on the center of the
sample. This means that if the sample is not homogeneous then the results will be different for

different angles. This will be discussed further for the concrete investigations.

EQ. (4-2) shows the attenuation (Ap) was calculated according to the Beer-Lambert Law [18, 27,

28]

(Ap)x = In (Irep)x — In (lg)x Eq. (4-2)

where (lef)X is the transmitted x-ray intensity (gray value) at each depth (x) in the radiograph
captured before applying the tracer and (l;)x is the transmitted x-ray intensity at the same depth

after the sample has been ponded with iodide. To convert the calculated attenuations to
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concentration, calibration curves were applied. More detail on the calibration curves is provided in

the appendix.

Next, the concentration profiles were fitted by Fick’s second law of diffusion as expressed in Eq.
(4-3). By fitting a curve on each concentration profile, diffusion coefficient (Dc) and surface
concentration (Cs) can be found for each sample. The D, obtained combines the impact of fluid
transport mechanisms of diffusion, absorption, convection, and chemical binding in one term. For
this reason, the diffusion coefficient obtained from the observation of the applied technique in this

study provides a more realistic insight into the fluid transport into the concrete.

X

Cixty = Cs (1 — erf(z—DCt» Cxo)=0 x>0, Copy=Cs t=0 Eq. (4-3)

Where x is the distance from sample surface; t denotes time; D, is diffusion coefficient; Cs is surface
iodide concentration; C(x,t) represents iodide concentration at the depth of x from the surface after

time t; and erf is the error function.

85
80
75
70

65

15) 60
g
E‘ 55 —Reference radiograph
© s
45 —Secondary radiograph
after 14 days of ponding
40
35
0 2 4 6 8 10 12 14 16
M Depth (mm)
_ @ _ o _ (b)
Figure 4- 8. (a) radiograph with a considered region in data analyzing and (b) averaged gray value
profiles
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4.3.6. Analysis of variance (ANOVA)

For paste samples, w/c of 0.35, 0.4, and 0.45 were made. For each wi/c, 27 paste samples were
prepared. An analysis of variance (ANOVA) was completed to determine if the experimental
results for different w/c ratios are statistically different. In this study, there are two variables of D¢
and w/c. The wic is considered as an independent variable and the D is considered as the dependent
variable. The null hypothesis was determined as “there is not a significant difference between the
mean of D. for each w/c” and the alternative hypothesis was defined as “there is a difference
between the mean of D, for one of the w/c compared to the other w/c”. This work uses a 5%

significant level or a P-value <0.05 to reject the null hypothesis.

4.4. Results and discussions

4.4.1. Comparing TXM and CHIP

To show the repeatability of the two methods, Figure 4-9 shows the concentration profiles of the
paste samples with different w/c after 14 days of ponding. The TXM results are shown with a solid
line and CHIP results are shown with a dashed line. Figure 4-9 shows the ability of both the TXM
and CHIP to measure the movement of ions at different w/c ratios. As the w/c increases, the highest
concentration and penetration depth increased as well. Both TXM and CHIP methods can be used
to study the importance of other parameters affecting the mass transport properties of the cement-
based materials. The average difference in the measurements is 2.74% and the maximum difference
is 8.6%. This indicates that there is a good agreement between CHIP and TXM for paste samples.
One thing to note is that the CHIP measurement only takes the 20 sec compared to the 60 sec for
the TXM. This could be helpful when running a large number of samples. Moreover, in the CHIP
method, more depth was observable in each radiograph. The variability investigations of the CHIP

are conducted on the concrete samples in section 4.4.2.

104



35T
Dc (x10712 m2/s)

37 XM CHIP CHIP-TXM, 100
TXM
55 Wic=0.35 7.02 7.39 5.30%
Wic=0.40 12.38 11.77 -4.93%
7 Wic=0.45 14.50 13.25 -8.60%

-
[¥3

Average -2.74%

I concentration (% Wt paste)

0.5

Depth (mm)

Figure 4-9. Comparing the TXM and CHIP results for paste samples with different w/c ratios

Figure 4-10 shows the concentration profiles of two concrete samples. In Figure 4-10 TXM results
are shown with a solid line and CHIP results are shown with a dashed line. The same strong
compatibility between CHIP and TXM was observed in the concrete samples with the maximum
D, variability of 15%. The higher amount of variability in the concrete samples may be caused by

minor differences in the sample loading in the two x-ray machines.
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Figure 4-10. Comparison of TXM and CHIP concentration profiles for two different concrete
samples

Figure 4-11 compares the diffusion coefficients of 24 paste and 12 concrete samples obtained from
the two methods. The average percent difference of the measured D, between the two measurement
methods is -1.02% with a range between -16.9% and +14.8%. The 95% prediction intervals are
shown with a blue dashed line in Figure 4-11. A 95% prediction interval is an estimate of the
range where a future observation will fall with a 95% probability. For this data, all of the
observations are within the 95% prediction interval. Linear regression was plotted with these
observations in Figure 4-11. The slope of the linear regression line in Figure 4-11 is 0.986 which
is close to the ideal slope of 1. This means that the results of the CHIP and TXM are comparable.
There could be some differences in the measurement because of minor differences in the sample

loading in the two x-ray machines.
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Figure 4-11. Comparison between TXM and CHIP diffusion coefficients for all tested samples

4.4.2. Variation of the CHIP method

Two approaches were considered to evaluate the variation of the CHIP. In the first approach, three
cores were taken from the same concrete sample and all three cores were scanned from one
direction. This approach examines the variation of cores taken to repeat measurements on a single
sample. The results of this evaluation are shown in Figure 4-12. The CV and Std. values were equal
to 24.2% and 3.498x10 2 m%s, respectively. The higher variability values of concrete samples
compared to the paste samples reported in section 4.4.1 is due to the inhomogeneity nature of the
concrete samples. This shows that repeat measurements of the same sample have some variation.
The CV of 24.2% in CHIP is higher than the CV of 14.2% for a single laboratory repeatability of
ASTM C 1556. In CHIP a small region in the center with a width of 0.88 mm is considered for
analyzing to remove the impact of cupping artifact. Since concrete is a composite material,
considering only a narrow strip in the center of each radiograph during data analysis may be

impacted by variations in the aggregate found in the concrete samples. This means that different
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samples will have a different distribution of paste and aggregates in the central region of each
radiograph at each angle. This will have an impact on the results. For this reason, the authors
suggest taking radiographs at different angles of a concrete sample, then calculate the D attributed
to each angle and report the average D. for each concrete sample. Another solution can be using
cubic-cut samples instead of cored samples to eliminate cupping artifact and then consider a larger

area for data analysis.

The discussion above brings up a concern about the importance of scan direction in CHIP. To
determine the impact of the direction of scanning on diffusion results for concrete samples, each
sample was scanned from angles of 0°, 60°, and 120°. These results are shown in Figure 4-13. The
reader must remember that only the center of 0.88 mm of each radiograph was analyzed. This
means that these samples will have a different distribution of paste and aggregates in the central
region of each radiograph at each angle. This will have an impact on the results. While the
concentration profiles showed similar trends, the CV is 22.3%. This is similar to the CV found in
Figure 4-13 for three different samples from the same concrete cylinder. This means that the
variability from three different angles on the same sample is similar to the variability from three

different samples from the same mixture.

One way to overcome this variability is to take radiographs from different angles and use the
average concentration to calculate the D.. Taking radiographs at different angles helps to get
concentration profiles of a concrete sample from different angles. Each of these concentration
profiles gives a D.. Reporting the average D. for each sample gives a more precise insight into the
sample performance against fluid transport. Moreover, taking radiographs at different angles will

help to identify possible anomalies in the sample.

To evaluate the repeatability of this method and to measure the single operator apparatus precision,

each sample of the collected field samples was loaded, scanned, and unloaded. This was repeated
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three times for each sample. The results of the repeatability check are shown in Figure 4-14. Figure
4-14 shows the strong repeatability of the experiment by a single user with CV equal to 1.7% and
Std. of 3.3x 1023 m?/s. This shows that the CHIP can produce highly reproducible measurements

of ion penetration.

7 De (10712 m?/s)
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Sample2-CHIP 18.26

Sample3-CHIP 11.14

Std. =3.498x10712m%/s
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I Concentration (Wt.% Paste)
=

Depth (mm)

Figure 4-12. Variability of three concrete observations in CHIP method
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Figure 4-13. Concentration profiles of one concrete sample after scanning from three angles
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Figure 4-14. Concentration profiles of one concrete sample after scanning one side for three times

4.4.3.CV and ANOVA analysis of the CHIP samples at different w/cm

The coefficient of variance (CV) of the 27 samples per each w/c of 0.35, 0.4, and 0.45 were 11.3%.
12.1%, and 16.8%, respectively. The average CV and standard deviation (Std.) for the D, were
13.4% and 1.38x10 12 m?/s, respectively. The 95% confidence interval of CV for the paste samples
in CHIP vary from 7.46% to 19.35% which shows that all three CV values are in this range and

therefore the CV values are comparable between the groups.

Next, the results from the ANOVA is shown in Table 4-4. In this Study the P-value = 0.000.. This
value is < 0.05 and therefore it shows that there is a significant difference between D, of three
groups with different w/c. In other words, the CHIP can determine the changes in the D. of the
paste samples changes by changing the wi/c by 0.05. While the D, values are significantly different

between the groups of samples with the three tested wi/c.
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Table 4-4. Results of ANOVA analysis

Sum of

Squares df Mean Square F P-value  P-value<0.05
Between groups 3311 2 16.55 8.93 .000 YES
Within groups 131.61 79 1.85
Total 164.72 81

4.5. Conclusion

This work establishes a new test method to determine the diffusion coefficient of ion penetration

into concrete materials called Checking lon Penetration (CHIP). This method is compared to

Transmission X-ray Microscopy (TXM) to compare the two methods. This work establishes the

CHIP as a reliable test method that can be used to evaluate the quality of concrete material samples.

The following results can be concluded from this work:

1- The average variability between the diffusion coefficients (D) for paste and concrete from

CHIP and TXM is 1.02%.

The average coefficient of variance (CV) and standard deviation (Std.) for the D values

calculated for the all paste samples tested with CHIP is equal to 13.4% and 1.38x10 2

m?/s, respectively. While the CV and Std. values for concrete is equal to 24.2% and

3.498x10 12 m?s, respectively. The higher variability values of the concrete samples

compared to the paste samples is likely due to the inhomogeneity nature of the concrete

samples.

The variability from three different angles on the same sample (CV~ 22%) is similar to the

variability from three different samples from the same mix (CV~= 24%). One solution to
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decrease the variability of CHIP is to scan a sample from different angles or use cubic-cut

samples.

4- There is strong repeatability of the CHIP by a single user with CV equal to 1.7% and Std.
of 3.3x 10 m?s. This shows that the CHIP can produce highly reproducible

measurements.

5- ANOVA analysis shows that the measured Dc values are statistically significant between
a w/c of 0.35, 0.40, and 0.45. Also the CV of these measurents are all within a 95%

confidence interval. This shows that the CV measurements are comparable.

These results show that the CHIP is a promising test method to rapidly evaluate the ion penetration

of cementitious materials.
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APPENDICES

Appendix A. Calibration curve

Calibration curves help to convert attenuation values (Ap) to concentration values. To develop the
calibration curves for both TXM and CHIP methods, standard samples with known iodide
concentrations were made by adding different iodide concentrations to the mixtures during mixing.
Then these samples were scanned and analyzed as stated in sections 4.3.3 to 4.3.5. After scanning
the standard samples, the attenuation related to each concentration was extracted. Ultimately, a
polynomial curve of order 2 was fitted on the obtained spots to get an equation that converts the
attenuation to the concentration. Figure 4-1.Ap and Figure 4-2.Ap show the calibration curves

obtained by the two methods for paste and mortar, respectively.
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CHAPTER V

IMPACT OF CURING TIME ON THE ION DIFFUSIVITY OF FLY ASH PASTES BY X-RAY

IMAGING

Abstract

The rate at which deleterious ions penetrate into concrete dramatically influences the service life
of the structure. The ion diffusion rate into concrete is dependent on the concrete quality. This
chapter examines the impact of extending curing time on hardened paste samples made with seven
different types of fly ash. For each mixture, 20% fly ash was used as a partial replacement of
ordinary Portland cement by weight with curing times of 45, 90, and 135 days. The cured samples
were then ponded with a 0.6 mol/L potassium iodide and by applying the CHIP (Checking lon

Penetration) technique, the movement of solution into the hardened pastes was monitored.

By analyzing the captured images, diffusion coefficient, surface concentration, and penetration
depth of the mixtures were compared to each other. Results showed that extending the curing time

from 45 days to 90 and 45 days to 135 days reduced the average diffusion rate by 26% and 50%,
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respectively.

Keywords: Curing time, Fly ash, lon diffusion, Dental x-ray imaging, Durability

5.1. Introduction

Corrosion of the embedded steel bars in reinforced concrete due to the penetration of deleterious
ions similar to chloride is one of the main durability issues which results in damage or deterioration
of the reinforced concrete structures. By assuming a continuous penetration of fluids containing
destructive ions into the concrete at a constant temperature, the ingress rate of fluids depends on
the microstructure of the concrete cover. Blending cement with fly ash regardless of its composition
is known as a common practice to produce concrete with a dense microstructure to reduce the fluid

transport into concrete [1-3].

Fly ash is a byproduct of coal combustion in the generation of electricity with the pozzolanic
properties [4]. Fly ash particles react with the main cement hydration products i.e. calcium
hydroxide in the paste matrix and produce secondary hydration products that strongly decrease
concrete porosity [5]. Moreover, fly ash is used as a fine material to fill the pores in the hardened
paste matrix after hydration [2]. In addition, using fly ash in a mixture results in a dense structure
in the transition zone between aggregates and paste [6]. Therefore, blended cement with fly ash

could be a solution to produce denser concretes with less susceptibility to harmful ions ingress [4].

There are a limited number of studies concerning the ingress of ions in concrete made of blended
cement with fly ash [1,5,7-11]. Electrical migration [3,7,11] , electrical resistivity measurement
[12,13], acid-soluble chloride [8,14], rapid chloride permeability [2,4,9,10], immersion in chloride
solution using silver nitrate indicator[4] are the test methods used by researchers in the earlier
studies. Most of the applied test methods are not a reliable indicator of ion diffusion into the blended
binders because of the difference in the pore solution chemistry induced by using different fly

ashes. In addition, some of the current test methods are time consuming and destructive.
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Furthermore, most of the established test methods in the field of investigation of ion ingress into
concrete cannot represent the exact multi-mechanistic transport of fluids into the concrete. In
reality, harmful ions transport into concrete under different mechanisms like diffusion, absorption,
permeation, electromigration, convection, and wicking [11,12]. Also, in most of the current test
methods, chemical reactions between the diffused ions and cement (binding effect) are not
considered. On the other hand, because of the difference in the nature of fly ash sources and their
relative effectiveness and different curing times applied in different studies, there is not a consensus
among the researchers on the potential of ion binding in cement-fly ash paste and concrete [9].
Moreover, the beneficial effects of fly ash on permeability and diffusivity tend to become more

apparent with time.

This study investigates the impact of curing time on the ion diffusivity of blended cement pastes
partially replaced with seven types of fly ash. This work uses an x-ray radiography technique called
Checking lon Penetration or CHIP to image the movement of fluids in blended cement pastes. This
technique is rapid, nondestructive, and able to provide useful fundamental observations of ion
movement in cement-based materials. Moreover, this technique takes into account the multi-
mechanism of ion movement into a sample without applying any external force like an electric field
to force ions to move. The authors believe that the results of the CHIP are a more direct method to
measure the effective diffusion coefficient and the results obtained from this test can be used by
modelers to predict the service life of the structures more precisely. More details on using CHIP in
mass transport investigation can be found in Chapter I1V. In this work, fluid transport studies were
conducted on hydrated cement pastes to clarify the impact of each fly ash on the ion diffusion
resistance by minimizing intervention from aggregates. In addition, the pore structure of the

blended cement paste matrix is related to the ion diffusion in concrete.
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5.2. Experiment methods

5.2.1.Materials

Ordinary ASTM C150 Type | Portland cement (OPC) [15] with the chemical composition shown
in Table 5-1 was used to make cement paste samples. Seven types of commercially available fly
ash provided from various coal sources, boiler designs, and collection conditions in the United
States with the chemical compositions shown in Table 5-1 were used as well to make blended-
cement paste samples. Fly ashes are classified into Class C and Class F according to ASTM C618
[16] recommendations. The fly ashes used in this work are distinguished from each other by
assigning a unique code (C11 to IF1) as shown in Table 5-1. Tap water at room temperature was

used for mixing.

Table 5-1. Chemical compositions of cement and fly ashes
OPC Cl1 IC1 IC2 IC3 IC4 F6 IF1

N/A Class C ClassC Class C ClassC ClassC Class F Class F
SiO, 17.39 3096 31.82 25.15 29.66 29.85 51.87 58.33

Oxide

AlOs 4, 2077 2287 2120 2103 17.66 2571 2187
FeOs 44, 638 568 622 592 473 1232 6.87
CaO0  ggq5 2715 2824 3047 3029 3175 250  3.67
MgO ;1,4 714 552 778 535 932 032 142
SOs  ,c; 159 108 104 187 119 067 059
NaO 046 345 228 402 222 257 161 217
KO 048 073 102 056 055 076 413 425
TiO, 039 078 078 122 104 083 066 022
POs 013 083 046 218 161 108 005 0.36
SO 015 023 025 015 046 024 016 0.24

5.2.2. Sample preparation
For all the considered mixtures, the water-to-binder ratio (w/b) was kept constant at 0.45. For each

mixture, a 20% of fly ash was replaced by mass of cement (i.e. 80% Portland cement+20% fly ash).
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Mixture proportions are given in Table 5-2. Mixing of materials was conducted per ASTM C 305
procedures [17]. In total seven mixtures were prepared for studying the considered seven types of

fly ash.

Table 5-2. Mixture proportions
Cement Water Fly ash

(9) (9) (9)
80%OPC+20%Flyash 711.1 400 177.8 0.5

Mixture w/b

Molds for casting cement paste samples were plastic transparent vials with dimensions of 9.5x46
mm. Vials were filed up within 5 mm of the top with the fresh paste as shown in Figure 5-1(a). Big
air voids were taken off by physically rodding with a wire measuring 1.45 mm in diameter until no
air voids with diameter > 0.25 mm were longer exist in the sample. For each mixture, four samples
were prepared. After casting, the samples were sealed and packed tightly to keep them upright.
Immediately after casting, the samples were transferred into a fog room while sealed with 23°C
temperature for curing for 45, 90, and 135 days. The room used for curing the samples meets the
requirements of ASTM C511[18]. After the curing was terminated, the samples were demolded by
peeling off the plastic mold, and a hydrophobic wax was applied to all sides of the sample except
the finished surface. Waxing was done to ensure having one-directional penetration from the
finished surface towards the deeper depths of the samples. Then a hexagonal polyvinyl
chloride (PVC) nut was attached to the bottom of the samples as shown in Figure 5-1(b). The
attached nut helped to load each sample with the same orientation and direction in the Xx-ray
machine to take consistent images at each interval of the experiment. More details are in the

Appendix. A and Chapter IV.
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_Hydrophobic wax

PVC nut

(a) (b) (c)
Figure 5-1. Sample figuration a) casted sample in the mold, b) demolded and waxed sample, and c)
samples in the isolated tubes ready for ponding with 0.6 mol/L potassium iodide

5.2.3. lon diffusion test method with the CHIP

CHIP is a non-destructive method that can project 3D information of a single sample on a 2D
image, and therefore gives more information on the bulk sample compared to the test method
suggested in ASTM C1556. This technique works similarly to the transmission x-ray microscopy
(TXM). Each sample is loaded on a stage which is located between the x-ray source and the
detector. By scanning each sample with CHIP, some parts of the emitted x-ray beams pass through
the samples and to reach the detector, and as a result, a grayscale image called a radiograph is
captured. Each pixel in the taken radiographs has a gray value between 0 and 255. The concept
behind this technique is that when a tracer with high electron density penetrates into a sample, the
penetrated depths are subjected to gray value change. To check the gray value change at different
depths in this method, different radiographs of each sample taken at different ponding days are
compared to the radiograph taken from the original sample. All samples were scanned before
applying the tracer on top of them to have the initial gray values of each sample. This image was
called a reference radiograph. After getting the reference radiograph, each sample was placed in a
tube as shown in Figure 5-1(c). Next, samples were ponded with a solution containing a tracer.
Then, by comparing the radiographs quantitatively as is explained in the Appendix. A,

concentration profiles and penetration depth of the solution can be extracted; by having this
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information, the diffusion coefficient, which combines fluid transport mechanisms of diffusion,

absorption, and chemical binding in one term, can be calculated.

Since CHIP can capture materials with high electron density, potassium iodide (KI) was chosen to
be used as the tracer. lodide in the KI strongly absorbs x-ray waves due to its high electron density;
also, iodide has a similar atomic diameter size and chemical properties to chloride. It has also been
shown that the diffusion profiles for iodide and chloride in paste were quite comparable [19,20].
Also, the CHIP shows comparable results to results from TXM; moreover, the coefficient variance

(CV) with the CHIP is 25% for concrete samples. More details are provided in the appendix.

The 0.6 mol/L Kl solution was kept on top of the samples for 28 days. In this period, the KI solution
was changed every five days to keep the concentration constant. During the experiment, the lids of
all vials were sealed to prevent any evaporation and change in the solution concentration. All
samples were kept in a room temperature (23 °C) during the experiment. After 28 days of ponding,
samples were scanned again. By analyzing the radiographs before and after ponding using Fick’s
second law and some additional explanation discussed in the appendix, concentration profile,
diffusion coefficient (D), surface concentration (C;) for each sample could be obtained. Despite
extensive research on threshold level value, no agreement among the values obtained is found.
However, threshold chloride concentration values vary but are typically in the range of 0.05 to
0.1% by weight of concrete (0.4 to 0.8% by weight of cement) [21]. In this study for each
concentration profile, a threshold level of 0.21% weight of paste (0.05% weight of concrete) is

assumed.
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5.2.4. Mass measurements for porosity and degree of saturation calculations

The porosity of each sample was determined by following the procedures of ASTM C642 [22] with
some minor changes. For each investigation, three samples were taken to weigh their initial weights
(Wi). Then, the samples were submerged in water in a vacuum chamber to reach a constant value
(equilibrium condition with mass change less than 0.03%). This saturated surface dried (SSD)
weight was recorded as (Wsa). Next, the suspended apparent mass of the saturated samples was
measured and recorded as (Ws,). Next, the samples were dried in an oven at 110 °C until an
equilibrium mass was achieved (W). Eq. (5-1) and Eq. (5-2) were used to calculate the porosity
and degree of saturation (DoS).

Vvoids _ Wsq—Wgq

Porosity= Vtotal — Wgq—Wsy x 100 Eq. (5-1)
DoS= 24 % 100 Eq. (5-2)
sa—Wq

5.3. Results and discussions

5.3.1. lon diffusion testing of different fly ash sources

Figure 5-2 compares the iodide concentration profiles of the studied fly ashes cured for 45, 90, and
135 days. As the trend line of each concentration profile becomes flatter it implies a higher diffusion
rate and as the trend follows a sharp slope, it signifies a lower diffusion coefficient (D¢). As shown
in all of the concentration profiles shown in Figure 5-2, increasing the curing time resulted in
profiles with a higher slope and so a lower D.. Doubling the curing time period for Samples C11
and 1C4 showed minor improvement in D, while for the other five fly ashes considerable changes
in D. were observed. Extending the curing time from 45 days to 135 days showed significant
improvements in all of the fly ash investigated. Fly ash is at least partially a pozzolanic material
that needs time for the hydration products to form. Comparing all seven concentration profiles

shown in Figure 5-2 shows that as the curing time is extended then the concentration above the
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chloride threshold level is reduced. This shows that the microstructure is being refined over time.

This also supports an expected lower value for the De.
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Figure 5-2. Concentration profiles of the seven types of fly ashes cured for three different times: a)

C11,b) IC1,¢c) IC2,d) IC3, e) IC4, f) F6, and g) IF1.
The quantitative results extracted from the concentration profiles shown in Figure 5-2 are reported
in Table 5-3. The degree of saturation for all the samples tested ranged from 81.6% to 92.3%. The
depth of penetration seems to be correlated to the diffusion coefficient. This is logical as the

diffusion coefficient gives insights into the ion penetration into the sample.

The average coefficient of variance (CV) of D for all paste mixtures in this study is equal to 13.4%.
The CV for D¢ of concrete samples using CHIP is shown to be equal to 25% Chapter IV. Low
values of CV in this technique in comparison to other test methods like NT Build 492 test with high
range of coefficient of variability (CV= 0.46% to 34.66%), especially when fly ash and other
supplementary cementitious materials (SCMs) are used, shows that the applied CHIP imaging

technique has enough accuracy to draw reliable conclusions [23].
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Table 5-3. Mass transport properties of fly ash

Curing Mass transport

. . c11 Ic1 IC2 Ic3 Ic4 F6 IF1
time properties
477 5.62 6.55 6.74 5.61 280 631
0,
45 davs Co (WL Paste) | hgg)x  (0.18) 036)  (019)  (0.047) (0.14)  (0.41)
s (1011 mtss) | 0808 1.19 1.45 1.03 1.43 103 0.751
c m (1.70) (1.10) 240)  (0.96)  (270)  (150)  (1.60)
E’rf]rrf)“a“o” depth | 513 >13 >13 1192  >13 1271 11.09
5.17 5.22 5.79 6.53 5.39 573 639
0,
00 davs Co (WL Paste) | g1 (0.76) 0.29)  (067)  (026)  (0.35)  (0.13)
S (101 mzrg) | 074 0.703 119 0843 142 0499 0430
c m (1.80) (0.83) (110)  (110)  (1.30)  (057)  (1.30)
Zﬁrr‘s)“a“o” depth | 4, 12.03 1255 1085  >13 939 851
4.42 6.30 5.64 5.93 5.35 528 6.0
0,
135 dave Cs (%W Paste) | g (0.38) 037)  (0.34)  (024)  (036)  (0.45)
s (c10-1 ey | 0518 0.453 0816 0568  1.04 0310 0261
; (1.95) (0.99) (140)  (130)  (290)  (027)  (0.28)
Zf]rr‘rf)”a“o” depth | 16,08 8.18 1060 913 1186  6.83 7.40

*Values in parenthesis represent the standard deviation from four measurements of each mixture.

Figure 5-3 compares the D. and porosity of the samples. The D. is shown as bar charts and the
porosity is shown as a dashed line. The results show that the porosity and D. both decrease with

curing, but these changes are not proportional.

For D¢ when the curing time was increased from 45 days to 90 days the D, improved by 26.3% on
average and the porosity improved by 3.2%. Between 45 days and 135 days, the D, improved by
49.8% on average and the porosity changed by 6.15%. This highlights how porosity is the
measurement of the pore volume and the mass transport and therefore the permeability is a function
of how interconnected those pores are inside the material. Porosity and D results shown in
Figure 5-3 reveal that porosity measurement is not sufficient to evaluate or predict the durability
performance of a sample. For instance, all of the mixtures had a very close porosity at 45 days of

curing while their D values differed considerably from one mixture to another.
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Figure 5-3. Porosity and diffusion coefficients (Dc)

5.4. Practical Implications

Unit costs per cubic yard of fly ash concrete will usually be less than similar concrete without fly
ash. One of the concerns using fly ash in concrete is the absence of the durability performance of
these materials. Even, it is not easy for a concrete durability modeler to distinguish between an
OPC cement and a blended cement. It would be beneficial if the properties of different materials
that are desirable for modelers be represented in a single term for easy comparison and judgment.
This study used a medical x-ray scanner to directly observe the fluid transport into the paste fly ash
samples and evaluate their durability performance by reporting Dc. The outputs of this experiment
serve both contractors and modelers. This study showed that D. can help practitioners make
informed decisions in choosing a fly ash source that will help them obtain improved durability
against external fluid ingress into concrete. D, by summarizing different impacting parameters in

one term represents the multi mechanism of mass transport into concrete more realistic.
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The applied test method in this study could be used to evaluate fly ash that does not meet current
specifications but may show great promise or it could be used to investigate the potential use in
concrete. This becomes more important when suitable fly ashes are not available near the
construction site and fly ash transportation costs may nullify any cost advantage. There is also
potential variability of the fly ash quality from the same source. Therefore, the test method applied
in this study can be used as a preliminary test to judge the quality and performance of each fly ash

before using it in a project.

The results of this study showed how different fly ashes even if are in the same classification (Class
C or F) do not result in obtaining similar performances. In other words, not all fly ashes have the
same pozzolanic activity to provide good results in concrete. In addition, the results of this study
showed that microstructure is being refined over time and maybe longer curing time in comparison
to OPC is needed for blended cements to reach their highest possible performance level. This work
also showed that some traditional measurements like porosity do not give sufficient insight into the

concrete performance.

5.5. Conclusions

The present work employs dental x-ray radiography (CHIP) to investigate the impact of curing time
on the ion diffusivity of blended cement-fly ash paste. CHIP by having a low coefficient of variance
(CV) values gives quite reasonable results for the diffusion coefficients (D.) through cement paste.
The diffusion test method adopted in this study along with the x-ray imaging technique provided
an approach to study the multi-mechanism of ion movement into a sample without applying any
external force like the electric field. For this reason, the obtained results of this investigation give
a better insight into the performance of blended cement-fly ash paste samples. From the results, it

was observed that:
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e Extending the curing time of blended cement with fly ash reduces the D.. On average, for
all the tested fly ashes the D. improved by 26.3% for 90 days of curing compared to 45
days of curing. Increasing the curing time from 45 days to 135 days resulted in 49.8% D,

improvement on average for all mixtures.

o Increasing the curing time results in a denser structure and lower porosity. Lower porosity

helps to get less diffusivity.

e The results show that the porosity and D, both decrease with curing, but these changes are

not proportional.

e Porosity measurement is not sufficient to evaluate or predict the durability performance of

a sample.

e The average coefficient of variance (CV) of D, for all paste mixtures in this study is equal
to 13.4%. The CV for D, of concrete samples using CHIP is shown to be equal to 25%.
Low values of CV in this technigue in comparison to other test methods show the applied

CHIP imaging technique has enough accuracy to draw reliable conclusions.
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APPENDICES

Appendix A. CHIP imaging technique

This method was established and developed for the first time at Oklahoma state university. This
technique works very similarly to the transmission x-ray microscopy (TXM) technique. It has been
shown that TXM is a reliable technique when mass transport investigation within cementitious
materials is desired [19]. The only differences between CHIP and TXM are the x-ray source and x-
ray settings. Like TXM, in the CHIP imaging technique, each sample was loaded on a fixed stage
between the x-ray source and the detector as shown in Figure 5-1.Ap. When x-rays hit the loaded
sample, some parts of the x-rays were absorbed by the sample and some others passed the sample
to reach the detector. Detector produced simple grayscale 2-D projection radiographs based on the
received x-rays. The schematic view of the mechanism of imaging in this method is shown in Figure
5-2.Ap. The settings used for imaging with the designed equipment are summarized in Table 5-
1.Ap. In the captured radiographs, pure black has a gray value of “0” and pure white has a gray
value of “255”. Values in between make up the different shades of gray. The gray value changes
by density, thickness, chemistry, or a combination of them. Denser or thicker materials absorb more
x-rays and can be seen brighter in the CHIP radiographs. Air absorbs less x-ray and has been
commonly displayed as black in the background of each radiograph. In diffusion testing, as the
tracer solution penetrates a sample, it increases the gray value of the penetrated depths and therefore
the affected regions become brighter compared to the reference radiograph. By a simple image

processing, each radiograph can be converted to the radiograph seen in the TXM technique. In
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TXM radiographs, denser or thicker materials look darker compared to materials with less x-ray

absorption capability. All the conversion process is described in detail in Chapter IV.

Since each radiograph should be compared with its reference radiograph, it is necessary to get
identical radiographs at each interval of scanning. For taking consistent radiographs for each
sample an appropriate stage as shown in Figure 5-3.Ap was designed to be matched with the
attached nut on the samples to fix the position of the samples in the X-ray scanner. This stage forced
the user to load the sample in a constant manner and scan the same side of the samples at each
considered interval. Keeping the direction constant becomes more important when composite
materials like concrete samples are investigating. A small rotation of the sample or minor
differences in the angle of scanning in the reference radiograph compared to the other radiographs

leads to imperfect image alignment.

‘ CHIP equipment X-ray source  Detector

Figure 5-1.Ap. A sample loaded in the x-ray scanner
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Computer
Detector

Sample

Figure 5-2.Ap. Schematic view of the mechanism of imaging in CHIP method

Figure 5-3.Ap. The designed stage for holding the sample

Table 5-1.Ap. Settings used in CHIP imaging technique

Parameter Setting
Pixel size (um) 15
Voltage (Kev) 120
Current (uA) 7000
Filter Al
Exposure timeout (s) 8
Exposure time (pulses) 7

To analyze the taken radiographs, a software programming code [24] with minimal user
intervention was prepared to invert the grayscale of the radiographs and to align the images taken
at other intervals with their reference images. Inverting the grayscale means to change the gray
values of “0” to “255” and “255” to “0”. The detailed expatiations of the inverting process are
provided in Chapter 1V. Alignment of the radiographs means applying local displacements (i.e.

shifting and rotating) to the all taken radiographs of one individual sample in a way to establish a
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point-by-point correspondence between all radiographs and the reference radiograph. Then, to get
the average of gray values at each depth for each sample, the central region of each radiograph with

a width of 0.88 mm (approximately 60 columns of pixels) as shown in Figure 5-4.Ap-A was

considered to eliminate cupping artifact?. Each line passed from a column of the pixels returns a
gray value profile like what is shown in Figure 5-4.Ap-B. The final gray value profile was a depth-
by-depth average of all 60 gray value profiles for each taken radiograph. The averaged gray value
profile for each radiograph was subtracted from the final gray value profile of the reference
radiograph correlated to a single sample in the logarithm scale to calculate attenuation (Ap)

according to Beer-Lambert Law in Eqg. (5-3) [25-27].

(Aw) x = In (Iet) X — In (1) X Eq. (5-3)

Where (ler) X was the transmitted x-ray intensity (gray value) at each depth (X) in the reference
radiograph and (l)) x was the transmitted x-ray intensity at the same depth in other radiographs
taken at other intervals. Finally, the calculated attenuations were converted to concentration by
using calibration curves as described in Appendix.B. By having the concentration profiles and using
curve fitting toolbox [28] by defining the Fick’s second law equation as represented in Eq. (5-4),
diffusion coefficient (D¢) and surface concentration (Cs) can be found. The last two parameters are
important within service life modeling to predict the life span of each structure. The diffusion
coefficient obtained from this test method combines the impact of fluid transport mechanisms of

diffusion, absorption, and chemical binding in one term. For this reason, the diffusion coefficient

2 Cupping artifact refers to a locally bright appearance along the periphery of a sample. Because the tested samples were small cores
with cylindrical shape, the center of the sample is denser than the regions near the sides. For this reason, the x-ray beam is "hardened"
by passing through the center region of the sample and the mean photon energy will be higher around the center. Since higher energy
photons are less attenuated by denser region, the beam will be less attenuated versus identical material near the sides.
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obtained from the observation of the applied technique in this study provides a more realistic insight

into the fluid transport into the concrete.

X

C(X,t) = CS (1 - erf(z—Dct» C(X,O) =0 x> 0, C(O,t) = Cs t=>0 Eq (5-4)

Where x is the distance from sample surface; t denotes time; D, is diffusion coefficient; Cs is surface
iodide concentration; C(x,t) represents iodide concentration at the depth of x from the surface after

time t; and erf is the error function.

—Reference radiograph

Gray value
o
n

—Secondary radiograph
after 14 days of ponding

0 2 4 6 8 10 12 14 16
Depth (mm)

(a) (b)

Figure 5-4.Ap. (a) An inverted radiograph with the considered region in data analyzing and (b) gray
value profile of one line
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Appendix B. Calibration curves

Calibration curves help to convert attenuation values (Ap) to concentration values. To develop the
calibration curves, standard samples with the same mixture proportions and known iodide
concentration were made by adding different iodide concentrations to the mixtures during mixing.
Then the standard samples were scanned and analyzed like what was stated in the Appendix. A.
After scanning the standard samples, the attenuation correlated to each concentration was extracted.
Ultimately, a curve was fitted on the plotted spots (concentration vs. attenuation) to get an equation
that converts the attenuation to the concentration. Figure 5-5.Ap shows the calibration curve used

for this study to convert the attenuation to iodide concentration.

2.5 4

y =2.5926x?+3.3562x+ 0.007

R?=0.9988
o
=
[}
(="
s m OPC  —Poly. (OPC)
X
S’
]
0 ; . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6

An
Figure 5-5.Ap. Calibration curve used for converting attenuation to iodide concentration
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CHAPTER VI

CONCLUSION

This dissertation aims to show the validity and usefulness of several X-ray imaging techniques to
measure the penetration of outside chemicals into cementitious systems. This work was done on a
wide variety of materials and also established a new X-ray imaging method called the CHIP

(Checking lon Penetration).

6.1. Impact of Curing Time on The Mass Transport of Alternative Cementitious Materials

(ACMs)

e The diffusion coefficient (D.) for ordinary Portland cement (OPC) was consistent between

35d to 180 d and then there was a 48% improvement in performance from 180 d to 365 d.
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e The D, for calcium aluminate cement (CAC3) increased over time because of cracking
caused by the conversion. After 365 d the pore structure seems to be interconnected and

this allows the iodide to freely penetrate into the sample.

e For calcium sulfoaluminate belite cement (CSA2), there was not much change in the D¢
between 35 d and 90 d, however, after 180 d and 356 d, the D. decreased by 50% and 66%,

respectively.

e The D¢ and ion penetration for calcium sulfoaluminate belite cement with polymer additive
(CSA2B) was the lowest of all the samples investigated. After 35 d of hydration, there was

minimal penetration of the iodide into the sample.

e For alkali-activated binder with a Class C fly ash (AALl), the most effective curing time
between those investigated is 365 d with a 93% improvement in D, compared to the values
measured at 35 d. The reduction in the D. also reduced the depth of penetration of the

iodide into the sample to values that are comparable to OPC.

e Porosity is not a useful parameter for evaluating the Dc or depth of penetration for the
binders investigated. The direct measurement of the Dc obtained from the transmission X-
ray microscopy (TXM) test method provides a more realistic insight into the fluid transport

into the concrete.

6.2. Laboratory and Field Investigation of Alternative Cementitious Material Resistance to

Chloride Penetration Using X-Ray Imaging

o For CACS, 14 days of lab curing was not enough to reflect the long-term performance of
the field sample. CAC3 lab results showed an excellent durability performance against CI
penetration while CAC3 field samples with 6 years old showed poor resistance to ClI
transport.
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The CAC3 lab sample was the only ACM to show a higher surface concentration than
OPC. This suggests a higher level of surface binding. This was important as it will decrease
the level of ions that penetrate into the concrete. This was not the case for the CAC3 field

sample.

There was a good agreement between laboratory and field results for CSA2B and AAl
because both lab and field results showed CSA2B and AAL have worse resistance to Cl

penetration than OPC. This matches the laboratory results.

CSAZ2B and AAL binders showed minimal binding both in the lab and field.

Porosity by itself does not represent the performance of concrete against fluid transport
into concrete because the void distribution and connectivity play important roles in this

process.

6.3. Using Medical X-Ray Machines to Determine the Service Life of Concrete

The average variability between the diffusion coefficients (D) for paste and concrete from

CHIP and TXM is 1.02%.

The average coefficient of variance (CV) and standard deviation (Std.) for the D values
calculated for the all paste samples tested with CHIP is equal to 13.4% and 1.38x10 2
m?/s, respectively. While the CV and Std. values for concrete is equal to 24.2% and
3.498x10 12 m?%s, respectively. The higher variability values of the concrete samples
compared to the paste samples is likely due to the inhomogeneity nature of the concrete

samples.
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6.4.

The variability from three different angles on the same sample (CV= 22%) is similar to the
variability from three different samples from the same mix (CV~= 24%). One solution to
decrease the variability of CHIP is to scan a sample from different angles or use cubic-cut

samples.

There is strong repeatability of the CHIP by a single user with CV equal to 1.7% and Std.
of 3.3x 10 m?s. This shows that the CHIP can produce highly reproducible

measurements.

Impact of Curing Time on The lon Diffusivity of Fly Ash Pastes by X-Ray Imaging

Extending the curing time of blended cement with fly ash reduces the D.. On average, for
all the tested fly ashes the D. improved by 26.3% for 90 days of curing compared to 45
days of curing. Increasing the curing time from 45 days to 135 days resulted in 49.8% D,

improvement on average for all mixtures.

Increasing the curing time results in a denser structure and lower porosity. Lower porosity

helps to get less diffusivity.

The results show that the porosity and D. both decrease with curing, but their changes are

not proportional.

Porosity measurement is not sufficient to evaluate or predict the durability performance of

a sample.
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The average CV of Dc for all paste mixtures in this study is equal to 13.4%. The CV for
Dc of concrete samples using CHIP is shown to be equal to 25%. Low values of CV in this
technique in comparison to other test methods show the applied CHIP imaging technique

has enough accuracy to draw reliable conclusions.

These results show that the CHIP is a promising test method to rapidly evaluate the ion penetration

of cementitious materials.

6.5. Future work

The researches presented in this study open up new subjects for future studies to evaluate the

durability performance of a cementitious system more systematically. The following is a list of

proposed future work:

1-

CHIP technique can be used to study the fluid transport properties of blended ACMs +OPC.

CHIP and pXRF techniques can be applied to study the agreement between lab and field
data for calcium aluminate cement (CAC3) by considering long curing times for the lab

samples.

CHIP can be used to study other durability issues like sulfate attack, physical salt attack,
salt scaling, sulfate attack. All these environments will cause damages to the concrete
structure and therefore the mass transport properties of concrete will change by being in

such mediums.

The CHIP can be applied to other cementitious systems like latex modified concrete,

surface treatments concretes to study the performance of concrete in a complex system.

The research presented on fly ash could be extended to investigate the impact of a higher

percentage of fly ash replacement on mass transport properties of fly ash blended systems.
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