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ABSTRACT OF THE THESIS 

 

Experimental Diffusion Setup for the 

Study of Supplementary Cementitious Materials 

 

by 

 

Jeremy Aidan Siu 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2023 

Professor Jaime Marian, Chair 

 

 

The reduction of carbon dioxide (CO2) emissions from cement production by the addition 

of supplementary cementitious materials (SCM’s) has garnered significant interest. To predict the 

CO2 uptake of systems with SCM’s, an experimental setup for measuring the effective diffusion 

coefficient of CO2 in concrete was developed. A MATLAB script was written to calculate the 

diffusion coefficient through curve-fitting of Fick’s second law. Six mixtures which represented a 

ternary binder composition varying in quantity of Portland cement, fly ash, and portlandite were 

tested after 1, 4, and 7 days of curing. CO2 uptake was measured by X-ray diffraction (XRD) and 

thermogravimetric analysis (TGA). Porosity and pore saturation were measured by solvent 

exchange. Results of the experimental diffusion setup were consistent with these tests, and 

changes in methods to increase the setup’s reliability are discussed. 
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CHAPTER 1: INTRODUCTION 
 

1.1: Concrete Carbon Dioxide Emissions 

 It is estimated that 5-8% of annual carbon dioxide (CO2) global emissions come from the 

production of concrete [1]–[3]. Approximately 50% (0.53 kgCO2/kgClinker) of these emissions 

is from the conversion of limestone (CaCO3) to calcium oxide (CaO), 40% (0.87 kgCO2/kgOPC) 

is from fossil fuel combustion, 5% is from electricity necessary for manufacturing operations, 

and 5% is from associated transportation [4]–[6]. From 2015 to 2022, direct emissions remained 

stable between 0.54 to 0.58 metric tons of CO2 per ton of cement, but a 3% annual decrease to 

0.45 tons CO2/t cement by 2030 is required to be on track for the Net Zero Emissions Scenario 

goal for 2050 [7]. Similarly, the thermal energy intensity of clinker for fossil fuels was 3.22GJ/t 

clinker in 2023, but needs to decrease to 2.68GJ/t by 2030 to be on track for the Net Zero 

Emissions goal for 2050 [7]. The U.S. annual cement demand is expected to increase from 102 to 

119 million tons by 2027 [8]. Approximately 50-60% of carbon emissions in cement production 

have the potential for reabsorption into the concrete through carbonation [4]. However at 

ambient conditions, only 18-21% of cement CO2 emissions are absorbed through carbonation 

over a 100-year lifecycle, thus the current guidelines for calculating CO2 emissions (2006 IPCC 

Guidelines for National Greenhouse Gas Inventories) do not take this carbonation into account, 

resulting in an overestimation of CO2 emissions [9], [10]. 

1.2: Cement Hydration and Carbonation 

 The hydration reaction of clinker, which is composed of alite (written 3CaO·SiO2, 

Ca3SiO5, or C3S), belite (written 2CaO· SiO4, Ca2SiO4, or C2S), tricalcium aluminate 

(3CaO·Al2O3, or C3A), and tetracalcium aluminoferrite (4CaO·Al2O3·Fe2O3, or C4AF) to form 



2 

calcium-bearing species, including calcium hydroxide (Ca(OH)2, or CH) and calcium silicate 

hydrates (3CaO·2SiO2·3H2O, or CSH) in cement is as follows [11]–[13]: 

2(3𝐶𝑎𝑂 · 𝑆𝑖𝑂2) + 6𝐻2𝑂 → 3𝐶𝑎𝑂 · 2𝑆𝑖𝑂2 · 3𝐻2𝑂 + 3𝐶𝑎(𝑂𝐻)2 

2(2𝐶𝑎𝑂 · 𝑆𝑖𝑂2) + 4𝐻2𝑂 → 3𝐶𝑎𝑂 · 2𝑆𝑖𝑂2 · 3𝐻2𝑂 + 𝐶𝑎(𝑂𝐻)2 

3𝐶𝑎𝑂 · 𝐴𝑙2𝑂3 + 3𝐶𝑎𝑆𝑂4 · 2𝐻2𝑂 + 26𝐻2𝑂 → 3𝐶𝑎𝑂 · 𝐴𝑙2𝑂3 + 3𝐶𝑎𝑆𝑂4 · 32𝐻2𝑂 

4𝐶𝑎𝑂 · 𝐴𝑙2𝑂3 · 𝐹𝑒2𝑂3 + 10𝐻2𝑂 + 2𝐶𝑎(𝑂𝐻)2 + 2(𝐶𝑎𝑆𝑂4 · 2𝐻2𝑂) + 18𝐻2𝑂

→ 6𝐶𝑎𝑂 · 𝐴𝑙2𝑂3 · 𝐹𝑒2𝑂3 · 2𝐶𝑎𝑆𝑂4 · 24𝐻2𝑂 

The carbonation reactions of the calcium-bearing species including portlandite (Ca(OH)2, or CH), 

ettringite (3CaO·Al2O3·3CaSO4·32H2O), and calcium silicate hydrate (3CaO·2SiO2·3H2O, or 

CSH) in concrete are as follows [11], [14]: 

𝐶𝑎(𝑂𝐻)2(𝑠) + 𝐶𝑂2(𝑎𝑞) → 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂 

3𝐶𝑎𝑂 · 𝐴𝑙2𝑂3 · 3𝐶𝑎𝑆𝑂4 · 32𝐻2𝑂(𝑠) + 3𝐶𝑂2(𝑎𝑞)

→ 3𝐶𝑎𝐶𝑂3(𝑠) + 3𝐶𝑎𝑆𝑂4 · 2𝐻2𝑂 + 2𝐴𝑙(𝑂𝐻)3(𝑠) + 9𝐻2𝑂 

3𝐶𝑎𝑂 · 2𝑆𝑖𝑂2 · 3𝐻2𝑂(𝑠) + 3𝐶𝑂2(𝑎𝑞) → 3𝐶𝑎𝐶𝑂3 · 2𝑆𝑖𝑂2 · 3𝐻2𝑂 

 The presence of water in the pore solution is also necessary for the dissolution of gaseous 

CO2 to react with CH [15]. These carbonation and hydration reactions are strongly tied to the 

properties of concrete. Most notably, the generation of CSH from (in increasing rate) the 

hydration of C3S, C2S, C3A, and C4AF leads to an increase in the strength of the concrete [16]. 

Carbonation also leads to higher mechanical strength due to the lower density CaCO3 

precipitates and decrease in porosity [17]. An increase in cement content (and thus an increase in 

carbonation potential) results in an increase in density and strength, but also an increase in the 

elastic modulus [18], [19]. The rate of carbonation decreases over time due to formation of a thin 
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layer of CaCO3 over the surface of CH crystals, thus decreasing the surface area, limiting the rate 

of reaction, and decreasing the diffusion coefficient of the resulting crystal structure [20]. 

1.3 Effect of Supplementary Cementitious Materials 

 Supplementary cementitious (or cementing) materials (SCM’s) are waste by-products 

intentionally added to concrete in replacement of Portland cement (PC) to modify its properties. 

Some common SCM’s include fly ash (FA), which is fine residue produced by coal combustion 

for thermal power, slag cement, which is formed from the rapid chilling of molten iron blast-

furnace slag, and silica fume, condensed from exhaust gases in silicon production [21]. ASTM 

Standards C61-22, C989-18a, and C1240-20, detail the fineness, permeability, air content, and 

other specifications for the addition of fly ash, slag cement, and silica fume as SCM’s, 

respectively [22]–[24]. Applications include modification of the rate of strength gain, setting 

time, permeability, chemical resistance, and economic cost [21], [25].  SCM’s have the potential 

to reduce the net CO2 emissions associated with concrete both by accelerating the rate of 

concrete carbonation and by replacing Portland cement as a waste product, thus reducing a 

concrete mixture’s overall emissions. For example, fly ash can decrease CO2 emissions by 150 

kg/m3 when substituting 50% ordinary Portland cement (OPC) in a 0.5 water to binder ratio [26]. 

Raw fly ash can absorb up to 180 gCO2/kg [27]. Complete substitution of Portland cement for fly 

ash has been shown to significantly increase the carbonation depth by a factor of 2.7 [28]. 

 However, the substitution of OPC for fly ash to reduce emissions compromises early 

strength gain for later strength gain [29]. Class C fly ash, also known as high calcium fly ash, is 

primarily comprised of SiO2, CaO, and Al2O3. Standards such as ASTM C618 specify the exact 

composition of these oxides (see Table 2.6.2) [22], [30]–[33]. After 28 days, a concrete mixture 

of Portland cement will begin to decrease in the rate of strength gain, eventually increasing in 
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strength only by approximately 30% after one year. In contrast, a concrete mixture of fly ash and 

Portland cement will continue to gain strength after 28 days by 50-100% after one year, due to 

the pozzolanic reaction of silicates and aluminates in the fly ash with portlandite [34]. 

 When replacing Portland cement, fly ash is also used to improve the mixture’s 

workability (ease of pouring while maintaining homogeneity), by decreasing the water needed 

for the mix and reducing the heat of hydration [29]. Thus, a single SCM has great potential to 

alter the properties of a mix. Similarly, portlandite which is formed as a result of the hydration 

reaction of cement may also be introduced at a higher concentration in the initial mixture as an 

SCM. An abundance of CH would greatly increase the carbonation potential of the mixture due 

to its high CO2 uptake at 0.59gCO2/g, more than double that of Portland Cement, and more than 

triple that of fly ash [35]–[37]. 

 Carbonation is also a function of porosity and diffusivity, as a higher porosity and 

diffusivity allows CO2 to penetrate the concrete more easily. Using a wide range of aggregate 

sizes (e.g., fine sand, coarse gravel) leads to a tighter packing structure and thus more restricted 

diffusion pathway, leading to a lower diffusion coefficient and decreased carbonation [9]. While 

the addition of SCM’s should theoretically decrease the production of hydrates and lead to a 

higher porosity and thus permeability compared to pure Portland cement without SCM’s, the 

reality is less clear, as the pore structure has been shown to become more refined with fine pores 

and fewer coarse capillary pores [30]. A fine pore structure leads to lower permeability, despite a 

higher porosity. This effect was observed through the addition of slag to Portland cement [38]. 

 However, other effects of SCM’s must also be considered, especially mechanical, 

chemical, and thermal stability. While a larger clinker content ensures higher early strength, it 

also increases CSH content, which is the most susceptible to carbonation and the risk of leaching 
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and sulfate attack [39], [40]. Leaching degrades concrete as calcium in the CSH of cement 

dissolves in water and is replaced by iron through cationic substitution [41]. MgSO4 and Na2SO4 

solution attacks CSH and increases the silicon to calcium ratio which causes an increase in the 

rate of expansion by water uptake, ultimately resulting in formation of cracks [42]–[45]. 

Destruction of CSH by water, MgSO4, and Na2SO4 also results in softening and disintegration of 

the concrete [46]. 

 Corrosion of steel reinforcement in concrete is also a function of carbonation. Dissolution 

of CO2 into water pores forms carbonic acid (H2CO3), which dissociates into the carbonate ion 

(CO3
2-) and hydrogen radicals (H+) [47]. An excess of CH stabilizes the pH above 10.3 but after 

remaining CH is carbonated, hydrogen radicals accumulate, resulting in a decrease in pH and 

thus leads to the corrosion of steel [11]. An increase in porosity also increases the rate of this 

corrosion linearly [48]. Thus, carbonation and hydration of concrete play significant roles in the 

properties of concrete. 

 Yet another factor which affects concrete performance is the formation of “secondary” 

ettringite due to exposure to elevated temperatures. The hydration of CaSO4 and C3A leads to the 

formation of ettringite through the following reactions [49]: 

𝐶𝑎𝑆𝑂4 · 0.5𝐻2𝑂 + 𝐻2𝑂 → 𝐶𝑎𝑆𝑂4 · 2𝐻2𝑂 

3𝐶𝑎𝑂 · 𝐴𝑙2𝑂3 + 𝐶𝑎𝑆𝑂4 · 2𝐻2𝑂 → 3𝐶𝑎𝑂 · 𝐴𝑙2𝑂3 · 3𝐶𝑎𝑆𝑂4 · 2𝐻2𝑂 

Ettringite develops in Portland cement as gypsum and sulfates react with calcium aluminate, 

forming ettringite within hours of adding water, and is thus a function of the availability of 

sulfates and aluminates in the binder and SCM’s [50]. Above a temperature of 70°C (although 

the exact temperature is not clearly defined), this initially formed “primary” ettringite begins to 

decompose, and delayed ettringite formation allows “secondary” ettringite to form [50]. Delayed 
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ettringite formation results in decreased mechanical strength due to cracking, expansion, and 

decreased bond strength between the binder and aggregate [51]. Thus, the performance of 

concrete is highly influenced by the addition of SCM’s and their effects on carbonation and 

hydration. 

 Therefore, to quantify the impact of SCM’s on the rate of carbonation, an experimental 

setup was developed to measure the effective diffusion coefficient of concrete varying in binder 

composition and curing time. The porosity and pore saturation were measured to determine the 

effect of the microstructure on diffusion. X-ray diffraction was conducted on samples before and 

after carbonation to verify changes in carbonation phases. Finally, thermogravimetric analysis 

was performed to quantify the total CO2 uptake potential of each mixture. 
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CHAPTER 2: MATERIALS AND METHODS 
 

2.1: Sample Preparation  

Seven mixtures varying in Portland cement (Type I), fly ash (class C), and portlandite 

(hydrated lime) were prepared, summarized in Table 2.1. However, the M7 samples (portlandite 

only) lacked adequate mechanical strength for any testing, leaving six mixtures remaining. 

ASTM C778 graded sand (fine) was used as the aggregate. A water to binder mass ratio of 0.45 

was used alongside a binder to aggregate ratio of 0.25 (e.g., for a binder composition of 200g of 

Portland cement, 90g of H2O and 800g of sand were used). 

Table 2.1: Mass % of binder for each mixture 

Mixture Portland Cement Fly Ash Portlandite 

M1 33.3% 33.3% 33.3% 

M2 50% 50% - 

M3 - 50% 50% 

M4 50% - 50% 

M5 100% - - 

M6 - 100% - 

M7 - - 100% 

Each of the six mixtures were mixed in a stainless steel bowl by hand and with the 

assistance of a Globe SP05 countertop mixer [52]. Binder and water were mixed together for 30 

seconds at 70 rpm followed by the addition of the aggregate, sand. After an additional 60 seconds, 

the speed was increased to 120 rpm, followed by 60 seconds of mixing by hand with a rubber 

spatula. Finally, an additional mix followed for 30 seconds at 120 rpm. Each mixture was 

produced in batches between 1-2 kg. The mixture was then poured and tamped into cylindrical 

PVC molds of 5 cm diameter and 2.5 cm thickness, which were then sealed with a lid. 

Samples of each mixture were prepared and tested after one, four, and seven days of 

curing. For the diffusion tests, 2-3 samples of each mixture and curing time were tested, and the 

effective diffusion coefficient was taken as the average of the samples. For the porosity tests, two 
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samples of each mixture and curing time were tested, and the porosity and pore saturation were 

taken as the average of the samples. For thermogravimetric analysis (TGA) and X-ray 

Diffraction (XRD), two samples per mixture and curing time were taken, one of which was from 

after accelerated carbonation from the diffusion test. Samples were labelled according to their 

mixture (i.e., “M1” through “M6”), curing time (“C1,” “C4,” or “C7”), and their carbonation 

status (“T1” for before carbonation, or “T2” for after carbonation). 

2.2: Diffusion Setup 

 The effective diffusion coefficient of CO2 in concrete does not simply follow Fick’s first 

law, which assumes that the matrix of diffusion is homogenous and constant with time. This 

limitation of Fick’s first law is well agreed upon [47], [53]–[55]. While Fick’s first law may be 

sufficient for modelling the diffusion of an inert gas, the carbonation of concrete by CO2 

necessitates a more nuanced model. As CO2 diffuses into concrete, a layer forms where the 

clinker phases have been completely carbonated, resulting in the formation of CaCO3 (calcite). 

Beyond this level, CH has undergone carbonation, while CSH remains partially uncarbonated 

and persists in the layer. Subsequent to this, there exists a region where CH has reacted, and CSH 

is in the process of decalcification based on the carbonation reactions outlined in Section 1.2 [56]. 

Each zone exhibits a different gas diffusivity, thus the diffusion coefficient is not only mixture-

dependent but also time-dependent as the matrix undergoes change. For this reason, Fick’s 

second law of diffusion is used to reflect the time-dependent nature of the diffusion coefficient: 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
 

Figure 2.2.1 shows the experimental setup used for measuring the effective diffusion 

coefficient. Ultra-high purity compressed nitrogen (N2) was used as a carrier gas, along with USP 

medical grade carbon dioxide (CO2). Prior to each test, the sample was loaded in the sample 
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holder and the chamber was sealed and purged with nitrogen, and the carbon dioxide sensor 

(ExplorIR® CM-40831 Development Kit) was calibrated with the GasLab® software. After 

purging with nitrogen, carbon dioxide was allowed to enter the chamber from the inlet side, and 

the sensor recorded the concentration of carbon dioxide every two seconds from the reactor 

outlet. Each test was concluded after the concentration stabilized at a constant value, and a 

sample was prepared for TGA and XRD analysis. 

 

Figure 2.2.1: Schematic of the setup to determine the effective diffusion coefficient 

 Each half of the diffusion chamber consisted of F316 stainless steel hollow cylinders 

welded to an ASTM A182-compliant socket-weld flange. The sample holder consisted of discs 

laser-cut from clear cast acrylic and silicone rubber sheets, as well as silicone rubber gaskets 

which provided an airtight seal between each half of the chamber when tightened with four 

evenly spaced steel bolts. The samples were fastened in place through tightening nuts which 

created an airtight seal with silicone rubber, exposing only opposite faces of the cylindrical 
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samples. Leaks were assessed by purging the chamber with nitrogen, filling one side with carbon 

dioxide, sealing the chamber via closing ball valves, and measuring any change in the 

concentration of CO2 compared to an atmospheric concentration of 0.04%. Permatrex® 80022 

Sensor-Safe Blue RTV Gasket Maker (room-temperature-vulcanizing) was applied between 

interfaces to ensure a seal between the bolts, nuts, acrylic, and silicone rubber. 

 Initial testing revealed an error in the preliminary design, where high pressure would 

accumulate in the inlet half of the chamber, leading to diffusion driven by convection which 

leads to inaccurate results [57]. Performing the diffusion test in this case led to a diffusion curve 

which was poorly fit by Fick’s law diffusion and an effective diffusion coefficient which was 

purely a function of the chamber pressure. With this design, the diffusion curve of an empty 

sample holder was nearly identical to that of a loaded sample holder, as the gas was forced 

through the sample from sheer overwhelming pressure. Thus, the setup was redesigned and 

eventually led to the final design shown in Figure 2.2.1, where both halves of the chamber have a 

gas inlet and pressure relief valves calibrated to the same pressure to minimize any pressure 

difference between the sides of the sample. A small pressure difference (<1 psi) between each 

side was still observed. This is likely due to the use of a pressure relief valve rather than a 

pressure safety valve. A pressure relief valve opens and closes gradually as the threshold pressure 

is reached, while a pressure safety valve is either opened or closed, with no intermediate state. A 

pressure safety valve (or membrane manometer [55]) would have been a better design choice in 

hindsight, however the small remaining pressure difference does not seem to have made a 

significant impact (see Figure 3.3.1). 

 The inlet concentration of carbon dioxide is controlled by Key Instruments mechanical 

flowmeters, and verified with the ExplorIR® sensor, was capable of measuring carbon dioxide 
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concentration with a resolution of 100ppm, along with the pressure, temperature, and relative 

humidity. The gas flowrate was measured to be 1.000 SLPM with a digital Alicat Scientific Mass 

Flow Controller. While simple to set up and relatively inexpensive, one drawback of mechanical 

flowmeters is the difficulty in controlling the flow consistently. A concentration of 20% CO2 was 

calibrated before every test by bypassing the diffusion chamber and connecting the gas canisters 

to the sensor directly. However, upon connecting the gas canisters back to the chamber and 

loading a sample, the buildup of pressure on the output side of the mechanical flowmeters led to 

a decrease in flowrate. This decreased flowrate varied per sample and unevenly between the 

nitrogen and carbon dioxide flowmeters, leading to a lower concentration of carbon dioxide in 

the mixture despite the initial 20% calibration. A correction to this design would involve using a 

pre-mixed source of 20/80% CO2/N2, and/or a gas pump prior to the diffusion chamber to force 

gas in, regardless of the present pressure. In any case, this variation in source carbon dioxide 

concentration was taken into account when calculating the effective diffusion coefficient and did 

not impact the resulting value (see Figure 3.3.2). 

2.3: Measurement of Porosity and Pore Saturation 

For a material of high diffusivity, a high porosity and low pore saturation are expected. 

The porosity and pore saturation of each sample was determined through the solvent exchange 

method. Each sample was removed from its mold, then weighed and soaked in IPA for 24 hours 

to arrest hydration. Following this, each sample was dried in an oven at 105°C for 24 hours, and 

then weighed. Each sample was then soaked in IPA for another 24 hours and weighed. 

The porosity, 𝜙, and water pore saturation, S, was calculated according to the following 

equations: 
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𝜙 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑜𝑟𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒
 

=
(𝑀𝑠 − 𝑀𝑑)/𝜌𝐼𝑃𝐴

𝑀𝑚/𝜌𝑚
 

𝑆 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑜𝑟𝑒𝑠
 

=
(𝑀𝑚 − 𝑀𝑑)/𝜌𝐻2𝑂

(𝑀𝑠 − 𝑀𝑑)/𝜌𝐼𝑃𝐴
 

Mm is the sample mass after curing, Md is the mass after oven drying, Ms is the mass after IPA 

saturation, ρH2O is the density of water, ρIPA is the density of IPA, and ρm is the density of the 

mixture, tabulated in Table 2.3: 

Table 2.3: Density of mixtures and their components for porosity and saturation calculations 

      Mixture              Theoretical Density ρm (g/cm3)       Component              Density (g/cm3) 

M1 1.656 Portland Cement 3.14 

M2 1.709 Fly Ash 2.75 

M3 1.616 Portlandite 2.21 

M4 1.655 Sand 1.4 

M5 1.748 IPA 0.786 

M6 1.670 Water 1 

In solvent exchange, a solvent miscible with water such as acetone, ethanol, methanol, or 

in this case, isopropyl alcohol (IPA) is used to replace the concrete pore solution. By replacing 

the pore solution, hydration within the cement is arrested, and the sample can be dried via 

vacuum or elevated temperature. Zhang and Scherer compared various other methods for the 

hydration of cement, each with their advantages and drawbacks [58]. Unfortunately, all current 

drying techniques were found to have a deleterious effect on the concrete structure due to the 

dehydration of CSH and ettringite [58]. For example, oven drying at 105°C and atmospheric 

pressure was found to alter the pore structure, resulting in a more coarse pore size distribution 

(radius > 50 nm) [59]. Through solvent replacement with IPA, the resulting pore distribution was 
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more fine (radius <25nm), but can result in chemical artifacts due to reaction between the solvent 

and hydration reaction products [58], [59]. Taylor and Turner confirmed these findings and 

concluded that organic liquids could not be removed with vacuum drying or elevated 

temperatures without significantly changing the structure due to the strong bonding between 

organic liquids and surface C3S [60]. Still, it has been concluded that solvent replacement with 

IPA as the solvent is the best method for studies which require the fine pore structure to be 

maintained/preserved, while direct oven drying without solvent replacement of the water in pore 

solution caused damage to pore structure. 

One difficulty with the method used in this experiment was due to the brittleness of tested 

samples, particularly those with high portlandite and low Portland cement portions, such as M3 

(50/50% CH/FA). Removing the sample from the mold sometimes induced significant stress that 

caused the sample to crumble. Even after removal from the mold, some samples had the 

tendency for small pieces to flake off like dust while being handled and while soaking in IPA. 

This may have led to inaccurate measurement of the porosity and pore saturation. Furthermore, 

the equations for calculating the porosity are rather simplified and do not consider the intricacies 

between open pores (exposed, on the sample surface) vs. closed pores (beneath the sample 

surface). A more precise measurement could have been taken if, for example, the bulk volume 

was calculated from the submerged mass using Archimedes’ principle, rather than the mass after 

curing and theoretical density. 

2.4: Powder Preparation 

Two samples of each mixture and curing time were prepared for TGA and XRD tests. 

Powder from samples was obtained with a drill press, then ground with a mortar and pestle and 

put through a No. 50 sieve for 300 μm according to ASTM E11 guidelines for woven wire test 
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sieves [61]. The powders were then transferred to plastic test tubes and soaked in IPA to arrest 

hydration, followed by an initial oven dry at 50°C for 24 hours, and a final dry under vacuum. 

Ideally, all drying would occur under vacuum so that risk of carbonation is minimized. However, 

due to the large number of samples and the time associated with drying, an initial oven-dry at 

50°C was used to remove excess IPA before the final dry in vacuum. Due to apparatus 

availability, samples that could not be immediately tested for TGA or XRD on their exact curing 

day (1, 4, or 7 days) were simply stored in vacuum until testing. 

2.5: Thermogravimetric Analysis 

 Thermogravimetric analysis (TGA) was performed in order to measure the CO2 uptake 

and thus carbonation potential of each mixture over time. For every sample, between 10-30 mg 

were loaded into the crucible for TGA. Ultra-high purity compressed nitrogen (N2) was used as 

the inert gas, at a pressure of 1.9 bar and flow rate of 19.8 mL/min. Each sample was heated to 

50°C and held for 5 min, then heated further to 950°C at a rate of 15°C/min. A PerkinElmer 

Simultaneous Thermal Analyzer (STA) 6000 was used to conduct the test. 

 The carbon dioxide uptake for each sample was determined according to the following 

formula: 

%𝐶𝑂2 = (𝑚950℃ − 𝑚550℃)𝑇2 − (𝑚950℃ − 𝑚550℃)𝑇1 

The difference of the mass of the post-diffusion sample (denoted by “T2”) between 550°C and 

950°C, compared to that of a sample before diffusion (denoted by “T1”). Between this 

temperature range is the decomposition of calcium carbonate into calcium oxide and carbon 

dioxide (𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2), and thus is directly proportional to the absorption of carbon 

dioxide within the sample [62]. The change due to accelerated carbonation from the diffusion test 
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can thus be measured between the two samples. The temperature bounds were determined based 

on the TG curve, as well as the derivative of the TG curve (dTG) [63]–[66]. 

2.6: X-ray Diffraction and Materials Characterization 

 To observe changes in cement phases due to carbonation, X-ray diffraction was 

performed on each sample. Each sample was tested between 5-50° 2𝜃, at increments of 0.02° 2𝜃. 

XRD was also tested on the raw components: Type I Portland cement, Class C Fly Ash, synthetic 

portlandite, and fine sand, shown in Figure 2.6. 

 

Figure 2.6: XRD of fly ash (FA), sand, portlandite (CH), and Portland cement (PC). 

ASTM C-150 specifies the composition for Type I Portland cement, summarized in the Table 

2.6.1 [51], [67]. Type I Portland cement is considered general purpose, while other types such as 

Type II and III specialize in sulfate resistance and high early strength, respectively. 

The following phases of significance were identified for the XRD of Portland cement at 

corresponding angles of 2𝜃: calcite at 29.48° [68]; alite at 29.52°, 30.17°, and 41.3°; ferrite at 

34.4° and the ranges of 32.26° to 32.30°, and 32.61° to 32.66° [68]; aluminate at 33.36° [68], 
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[69], belite at 31.14° [68], [69], and lime at 38.78° [68]. The magnitude of the XRD peak 

intensity is indicative of the amount of corresponding phase present. For example, it has been 

found that the peak intensity of alite has a logarithmic relationship with the amount present [68], 

[69]. Relative to belite, alite has a much higher concentration in ordinary Portland Cement 

clinker, leading to higher peaks of alite and much lower (barely distinguishable, in this case) 

peaks of belite [68]. 

Table 2.6.1: Composition of Type I Ordinary Portland Cement 

                               Species                                                  Amount 

CaO 60% min. 

SiO2 20% min. 

Al2O3 6% max. 

Fe2O3 6% max. 

MgO 6% max. 

 SO3  3% max. 

                         Clinker (phase)                        Amount 

C3S (alite) 50-70% 

C2S (belite) 10-20% 

C3A (tricalcium aluminate) 8-10% 

C4AF (tetracalcium aluminoferrite) 5-15% 

CS̅H2 (gypsum) 3-4% 

ASTM C618 specifies properties for class C fly ash such as maximum moisture content 

(3% max.), loss on ignition (6% max.), and composition [22], [30]–[32]. The composition 

requirements of ASTM C618 class C fly ash are summarized in Table 2.6.2. 

Table 2.6.2: Composition of class C fly ash 

                               Species                                                                 Amount 

SiO2 + Al2O3 + Fe2O3 70% min. 

CaO  18% min. 

SiO3 5% max. 

SO3 5% max. 

The following major phases were identified for the XRD of fly ash at corresponding 

angles of 2𝜃: Quartz (SiO2) at 20.9° and 26.7° [70], mullite (2Al2O3 SiO2) at 33.4° and 37.5° 



17 

[70], corundum (Al2O3) at 25.6° and 43.0° [71], and gypsum (CaSO4·2H2O) at 45.9°, 47.0°, and 

47.6° [72]. The amorphous hump between 28° to 35° 2𝜃 represents aluminosilicate glasses which 

play a large role in the reaction mechanisms of fly ash in cement systems [70]. The exact 

composition and phases of this region have been researched extensively in other studies [73]–

[80]. 

ASTM C207-18 details the specifications for hydrated lime to be added to Portland 

cement concrete [81]. The intensity peaks at 18.11°, 28.78°, 29.47°, 34.15°, and 47.24° 2𝜃 are all 

consistent with characteristic peaks of portlandite (Ca(OH)2) [82]. The peaks for sand (ASTM 

C778) at 21.13°, 26.93°, and 39.71° are consistent with those of quartz (SiO2) [83]. These quartz 

peaks were present in all the mixture materials. 
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CHAPTER 3: RESULTS AND DISCUSSION 
 

3.1: X-ray Diffraction 

 The X-ray Diffraction for all six mixtures is shown in Figure 3.1.1 and 3.1.2, 

grouped by mixture, curing time, and carbonation state (before or after diffusion). The following 

peaks were identified with their phases labelled (where applicable) on each graph: CH at 18.1°, 

34.3°, 36.6°, and 47.3°; Calcite at 29.5°, and Quartz at 20.9°, 26.6°, 39.6°, 40.4°, and 42.6°. 

For Portland cement samples (M1, M2, M5) a decrease in the clinker phases, including 

alite, belite, aluminate and ferrite, was expected and observed for all samples. This is according 

to the hydration reactions of calcium silicates into CH, and CSH. Thus, an increase in portlandite, 

ettringite, and amorphous phase content was also expected with increased age [16], [68], [84]. 

There may be peaks located around 9.0° (not shown in Figure 3.1.1 or 3.1.2), 15.5°, and 32.0° 2𝜃 

which indicate the presence of ettringite [27], [85], [86], but it is difficult to quantify the 

presence of ettringite due to the overlap of peaks with CSH [84], [87], and peaks were not clearly 

observed by visual inspection. 

Table 3.1: X-ray diffraction peaks for each mixture 

Phase Angle (2𝜃) 

Portlandite 18.1° 

Quartz 20.9° 

Quartz 26.6° 

Calcite 29.5° 

Portlandite 34.3° 

Portlandite 36.6° 

Quartz 39.6° 

Quartz 40.4° 

Quartz 42.6° 

Portlandite 42.6° 
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Figure 3.1.1: XRD for the mixtures M1, M2, and M3, from 15° to 50° 2𝜃 
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Figure 3.1.2: XRD for the mixtures M4, M5, and M6, from 15° to 50° 2𝜃 



21 

The content of CH was indeed found to increase over time due to the hydration reaction 

of clinker phases, though the exact amount was not determined as no XRD quantitative analysis 

was performed [16], [68], [84]. In contrast, the CH content was expected to decrease for samples 

tested after diffusion due to the carbonation of CH forming CaCO3 [56]. This expectation was 

confirmed in the decrease of XRD peak intensities of CH and quantified in TGA results (see 

Section 3.2]. In samples initially mixed with high portlandite content (M1, M3, M4), notably 

large increases in the calcite content were observed after carbonation at 29.5° 2𝜃. This is to be 

expected due to the carbonation of CH. This increase is also seen on a much smaller scale in M5, 

likely due to the high content of Portland cement in the original mixture leading to clinker 

hydration and the formation of calcite. M4, which was mixed with the highest content of CH and 

Portland cement, also had the highest peaks of CH and calcite. M2 (50/50% FA/PC) and M6 

(100% FA) primarily exhibited quartz peaks due to the high quartz content in both sand and class 

C fly ash from the original mixture [30]. 

Against expectations, M4 also had large CH peaks at 4 days of curing, after carbonation, 

at 18.1°, 34.3°, and 47.3° 2𝜃. This may be explained in conjunction with its exceptionally low 

effective diffusion coefficient: the method for carbonating samples relied upon the diffusion test 

reaching a steady CO2 outlet concentration. Generally, samples with a higher diffusion 

coefficient reached a steady value more quickly than those with a lower diffusion coefficient, 

which took longer and had a lower inlet CO2 concentration due to the pressure buildup at the 

mechanical flowmeters (discussed in Section 2.2). Samples were expected to have undergone 

nearly equal levels of carbonation by the end of each respective test, but this assumption is 

unsupported and may have led to different degrees of carbonation for certain samples, such as 

M4 at 4 days of curing. In hindsight, it is clear that a more consistent carbonation method would 
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have benefited the accuracy of these results. Despite this anomaly, it can be seen that carbonation  

generally resulted in a decrease of CH and the formation of calcite (for CH-rich samples). 

3.2: Porosity and Pore Saturation 

The porosity and pore saturation degree of each sample was graphed in Figure 3.2.1 and 

3.2.2 as a function of the curing time, respectively. However, the difference observed in the 

samples’ porosity over the 7-day period was relatively small: M1 fluctuated between 19.6% and 

23.7%; M2 decreased from 13% to 12%; M3 increased from 21.8% to 25.2%; M4 fluctuated 

between 28.2% and 25.3%; M5 fluctuated between 15.8 and 15.0%; lastly, M6 remained steady 

between 14.5% and 14.6%. 

Due to the low number of samples, it is difficult to ascertain whether the measurements 

taken were precise enough to indicate a statistically significant change. It is possible that a longer 

curing time or more robust sample preparation methods were necessary to observe greater 

change over this short period of time. For example, the time required for each sample for solvent 

exchange was assumed to be no greater than 24 hours based on similar methods, but incomplete 

solvent exchange which required more than 24 hours could have adversely impacted 

measurements [58], [88]. If more time was available, each sample could continue to be soaked 

and weighed on a daily basis until a constant weight was reached. Alternatively, the temperature 

of the solution could have been elevated to increase the rate of solvent penetration and reduce the 

required soaking time [89]. 

The pore saturation of concrete is the volume fraction of pores occupied by water. When 

water was added in the initial binder mixture, a value close to 100% pore saturation was 

expected. A pore saturation less than 100% indicates the presence of empty pores (filled only 

with air). However, as seen in Figure 3.2.2, the pore saturation varies widely, with values as low 
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as 32% and as high as 98%. This is likely due to poor packing of the samples as mixtures were 

dry from the high aggregate to binder ratio, and manual compaction of the mixtures into molds 

was inadequate in removing empty pores. 

The observed trend is instead that the pore saturation was dependent on the mixture. This 

is more clearly seen in Figure 3.2.3, where each mixture is clustered around similar pore 

saturation and porosity values. M6 (100% FA) and M2 (50/50% FA/PC), which were expected to 

have the highest moisture from their high fly ash content, exhibited the highest pore saturation 

between 80-100% and 75-85%, respectively.  

 
Figure 3.2.1: Average porosity of each sample after 1, 4, and 7 days of curing 

Mixtures with high portlandite content in the original mix (M1, M3, M4) had the lowest pore 

saturation, increasing with fly ash content (to a greater degree) and Portland cement content (to a 

lesser degree). That is, a mixture of portlandite and Portland cement (M4) was expected and is 

observed to have the lowest pore saturation. It is likely that in order to achieve a pore saturation 

near 100%, a higher water to binder ratio is required, especially for mixtures with portlandite in 

the original mixture. 
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Figure 3.2.2: Average Pore Saturation of each sample after 1, 4, and 7 days of curing 

Small differences were observed in the pore saturation degree for each mixture over the 

7-day period. Overall, each mixture exhibited a decline in pore saturation over time. This trend is 

to be expected due to the continued hydration reaction over time and thus decrease in pore water 

content. However, within the 7-day period examined, the pore saturation is more dependent on 

the mixture as seen in Figure 3.2.3. Each mixture clusters around a certain porosity and pore 

saturation degree, indicating that the porosity and pore saturation are primarily a function of the 

mixture composition more than any other factor such as curing time. Overall, an inverse 

relationship was observed between the porosity and the pore saturation. This inverse linear 

relationship supports the proposition that the pore saturation degree was limited by the overall 

water content. As the porosity decreases, the volume of saturated pores may not necessarily 

increase, but the volume of empty pores does decrease, thus increasing the pore saturation degree. 
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Figure 3.2.3: Porosity vs. Saturation for each sample after 1, 4, and 7 days of curing 

3.3: Effective Diffusion Coefficient 

 Prior to diffusion testing of the samples prepared in Section 2.1, the experimental setup 

for diffusion was verified by testing samples of 1-day cured PC concrete (of the same 

composition as M5 in Table 2.1) varying in thickness between 2 to 5 cm. As seen in Figure 2.2.2, 

there is little variation in the effective diffusion coefficient over the range of sample thicknesses. 

Over 9 samples, an average and standard deviation of 1.263E-6 m2/s and 2.498E-7 m2/s was 

observed, respectively. Needless to say, the diffusion coefficient is a function of the composition 

of the sample. For a similar composition utilizing a water to binder ratio of 0.45 with Portland 

cement, fine sand, and gravel after 1 day of curing, Yoon and Chang found a slightly lower 

diffusion coefficient between 0.6E-6 m2/s to 1.0E-6 m2/s [90]. A lower diffusion coefficient is to 

be expected, as a wider range of aggregate sizes leads to a tighter packing structure and thus a 

more restricted diffusion pathway [9]. 
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Figure 3.3.1: Plotting the logarithm of the effective diffusion coefficient vs. sample 

thickness shows a near-constant (0-slope) value, as is expected for samples of the same mixture 

composition. 

 

 The delay in the increase of carbon dioxide concentration is demonstrated in Figure 3.3.2. 

For the same mixture, as the thickness of the sample increased, the curve is flattened and shifted 

toward the right, indicative of the delay due to the gas taking a longer path before reaching the 

sensor. 

To calculate the effective diffusion coefficient from the curve of concentration vs. time, a 

MATLAB program was written to fit a solution of Fick’s second law to the curve. The infinite 

source, semi-infinite bar 1-D solution to Fick’s second law is as follows [91]: 

𝐶(𝑥, 𝑡) = 𝐶0 + (𝐶𝑏 − 𝐶0)erf (
𝑥

2√𝐷𝑡
) 

C is the concentration, x is the position relative to the sample surface at the source, t is time, D is 

the diffusion coefficient, and erf is the Gauss error function. This solution has the following 

boundary conditions: 
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Cx = Cb for t = 0 and x > 0; 

Cx = C0 for t > 0 and x = 0; 

Cx = Cx for t = t and x = x. 

Thus, the following assumptions are made: (1) the initial bulk concentration, Cb, is constant 

throughout the entire length of the sample at t = 0; (2) the source concentration, C0, is constant at 

the surface x = 0 throughout time t > 0; (3) the concentration, Cx, is a function of time and 

position. Utilizing the Curve Fitting Toolbox for MATLAB and knowing the thickness of the 

sample, the diffusion coefficient can be calculated from fitting the curve of concentration vs. 

time to this solution of Fick’s second law. 

Figure 3.3.2: The diffusion curves for one mixture, three samples of varying thickness. 

For three samples of thickness 1.9 cm, 2.5 cm, and 5.1 cm, the diffusion coefficient 

remained constant at 1.0890 m2/s, 1.0876 m2/s, and 1.0755 m2/s, respectively. The R2 value was 

also very high at 0.9876, 0.9914, and 0.9939, respectively, indicating a good fit. The +/- error for 
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each coefficient was also calculated from the Curve Fitting Toolbox based on the 95% 

confidence interval and was 2 orders of magnitude less than the diffusion coefficient for these 

samples, as well as for nearly all other samples. 

 The curve-fitting program written in MATLAB was used to fit a diffusion curve to the 

graph of concentration vs. time for each sample. An example of the fitting is shown in Figure 

3.3.3 to demonstrate the ability to fit the curve over multiple orders of magnitude of the effective 

diffusion coefficient. The high R2 value above 0.97 indicates a good fit.

 

Figure 3.3.3: Example of fitting the diffusion curve over multiple orders of magnitude. 

The diffusion coefficient is expected to decrease with an increase in carbonation. The 

effect of the precipitation of CaCO3 through carbonation of Ca(OH)2 to clog pores and thus 

decrease gas diffusivity has been well documented [47], [92]–[98]. This was verified with the 

diffusion setup by performing the diffusion test multiple times on a sample (PC), effectively 

measuring the diffusion coefficient before and after carbonation, and the decrease in diffusivity 

was indeed observed (Figure 3.3.4). Therefore, mixtures with more calcium-bearing species such 
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as portlandite, which has the highest carbonation potential out of Portland cement and fly ash, 

will have the lowest diffusion coefficient, while fly ash which has the lowest carbonation 

potential will have the highest diffusion coefficient. This carbonation potential is discussed 

further in Section 3.4. 

 

Figure 3.3.4: Diffusion curves for a sample before and after its first diffusion test 

The effective diffusion coefficient of carbon dioxide through each mixture is visualized in 

Figure 3.3.5. The coefficient is expected to increase with porosity, as a greater porosity allows 

for a less tortuous path and thus increased diffusivity [55]. In contrast, an increase in the pore 

saturation of a sample is expected to decrease the coefficient because the diffusivity of CO2 

through water (between 1.6E-9 m2/s to 1.9E-9 m2/s) is much lower compared to its diffusivity 

through air/empty pores (1.6E-5 m2/s) [47], [99]–[101]. Therefore, mixtures with more fly ash 

which have higher pore saturation (and thus low porosity, as discussed in Section 3.2) will have 

lower diffusivity, while mixtures with more portlandite (low pore saturation, high porosity) will 

have higher diffusivity. 
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This ultimately leads to a disagreement between the expected behaviors of each 

component. Based on its high porosity and low pore saturation (Figure 3.2.3) Portlandite is 

expected to exhibit the highest diffusivity. However, based on its high potential for carbonation 

(see Figure 3.4), Portlandite is expected to exhibit the lowest diffusivity. Similarly, fly ash is 

expected to exhibit a low diffusivity due to its low porosity and high pore saturation. However, 

its low carbonation potential suggests that it could also exhibit high diffusivity [20], [47], [102]. 

Some research has shown that an increase in fly ash decreases the diffusion coefficient overall, 

while other research has shown that for a water to binder ratio of 0.25, the diffusion coefficient 

increased with increasing fly ash content if the fly ash content exceeded a threshold of 45% [54], 

[103], [104]. Thus, due to the complexity of the system, it should be noted that the following 

discussion may potentially be limited to the specific mixtures and methods outlined in this study. 

Figure 3.3.5: Ternary contour plot of the effective diffusion coefficient 

 After 1 day of curing, the mixtures high in Portland cement, M5 (100% PC) and M2 

(50/50% PC/FA), had the highest effective diffusion coefficients at 1.45E-6 m2/s and 9.50E-7 

m2/s, respectively. The mixtures high in portlandite, M4 (50/50% CH/PC) and M3 (50/50% 

CH/FA), had the lowest effective diffusion coefficients at 2.32E-7 m2/s and 4.20E-8 m2/s, 

respectively. Mixtures M6 (100% FA) and M1 had effective diffusion coefficients of 4.20E-7 

m2/s and 3.08E-7 m2/s, respectively. 
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This suggests that the carbonation of portlandite had the greatest contribution to the 

decrease in diffusion coefficient for M1, M3, and M4, while the diffusivity was dominated by the 

porosity of mixtures M2, M5, and M6, which were prepared with the highest content of PC and 

FA. Mixtures prepared with high portlandite content (M1, M3, M4) consistently had the lowest 

diffusivity throughout the 7-day period. In contrast, M5 (100% PC) decreased significantly by 

the 4th day of curing, which is expected due to its continued carbonation. M2 (50/50% FA/PC) 

increased to 2.85E-6 m2/s (the highest of any mixture over the 7-day period) on the 4th day, but 

subsequently decreased on the 7th day. This fluctuation may be explained first by the low 

carbonation potential of FA, and second by the fluctuation of the pore saturation, which reached 

a minimum at 75% on the 4th day before increasing on the 7th day. Thus, it is proposed that 

carbonation is the greatest mechanism in impacting diffusivity for high calcium mixtures as with 

portlandite, while porosity and pore saturation begin to dominate in systems of low carbonation, 

such as fly ash. Portland cement is found to be an intermediate between the two mechanisms, 

likely depending significantly on the exact binder composition, water to binder ratio, and curing 

time. 

 For subsequent experiments, increasing the number of samples for each mixture and 

extending the curing time could significantly minimize the margin of error. Samples high in 

portlandite content such as M3 had the tendency to fracture or crumble, rendering them unfit for 

testing and requiring a new batch of the sample to be prepared. This may have led to an increase 

in error introduced in sample preparation. A large portion of sample preparation relied on mixing 

by hand and filling each mold manually, without any compressive loading. This may have led to 

inconsistencies in how tightly each sample was packed. The surfaces of the sample, although 

sealed by a lid, were not always smooth, which introduces error in the exact thickness of the 
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sample, and thus determination of the effective diffusion coefficient. Finally, preparation of 

additional mixtures of intermediate binder composition (e.g., 75/25% PC/FA) may provide a 

smoother ternary plot and understanding of the relationship between composition and the 

effective diffusion coefficient. 

3.4: Thermogravimetric Analysis 

 As seen from Figure 3.4 and quantified in Table 3.4, the mixtures of the highest 

portlandite content (M1, M3, M4) had the greatest CO2 uptake after diffusion, due to the 

abundance of CH available for carbonation to form CaCO3. Between Portland cement and fly ash, 

the former is expected to have a higher CO2 absorption capacity due to the initially present 

clinker phases, alite, belite, aluminate and ferrite, participating in the hydration reaction, leading 

to acceleration of the carbonation reaction and thus CO2 uptake. 

Table 3.4: Mass uptake (gCO2/gBinder) for each sample and curing time 

Cure\Mix M1 M2 M3 M4 M5 M6 

C1 0.023 0.120 0.095 0.249 0.125 0.053 

C4 0.154 0.060 0.157 0.246 0.036 0.004 

C7 0.260 0.031 0.184 0.198 0.036 0.008 

 

Figure 3.4: Ternary contour plot of CO2 mass uptake 

The results are consistent with this expectation, as M4 (50/50% PC/CH) showed the 

greatest CO2 uptake at 0.249gCO2/gBinder after 1 day of curing, with M3 only at 

0.095gCO2/gBinder. Following this, the high Portland cement content mixtures, M2 (50/50% 
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PC/FA) and M5 (100% PC) took 0.120gCO2/gBinder and 0.125gCO2/gBinder, respectively. M6 

(100% FA) had the second-lowest CO2 uptake at 0.053gCO2/gBinder, greater only than M1 at 

0.022gCO2/gBinder. While a mixture of 100% CH was not tested, based on these results it can be 

reasonably predicted that a sample of 100% CH would have had the highest CO2 uptake, as the 

trends across mixtures as well as over time support an increasing CO2 uptake with the CH 

mixture content. 

With increased curing time, the hydration reaction continues and an increase in 

carbonation with CH and CSH is expected. This expectation is met in M1 and M3 (50/50% 

FA/CH), which showed a consistent increase in CO2 uptake after each curing period. M4 (50/50% 

PC/CH), the third of these three mixtures with high portlandite content, showed little change 

between 1 and 4 days of curing (0.003gCO2/gBinder difference), but decreased by 

0.048gCO2/gBinder between 4 and 7 days of curing. In contrast, M2 (50/50% PC/FA), M5 (100% 

PC), and M6 (100% FA), the three mixtures made without added portlandite, all showed 

significant decreases between curing days 1 and 7, each ending with approximately a quarter of 

their original CO2 uptake capacity. 

Overall, these results are consistent with expected trends. While the exact values of CO2 

uptake were lower than expected, the trend of CH having the highest carbonation potential 

followed by PC and FA was observed. This also verifies the observed changes in carbonation 

potential determined from the diffusion and XRD tests. 
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CHAPTER 4: CONCLUSION 

 The carbonation of concrete was studied for a ternary binder system through tests by 

measuring CO2 diffusion, determining concrete porosity and pore saturation, and carbonation 

phases of concrete over time with XRD and TGA. An experimental setup for measuring the 

diffusion coefficient was developed based on curve-fitting of Fick’s second law. Multiple 

improvements to the diffusion chamber setup were discussed, and although these were not yet 

implemented due to time constraints, the results obtained from this setup were found to be 

consistent with literature values and were compared to the results for the four other tests noted 

above. For the three mixtures of 100% PC, 100% FA, and 50/50% PC/FA, the diffusion 

coefficient followed the expected trends of decreasing with decreasing porosity and increasing 

pore saturation. For mixtures with a high initial content of portlandite, the diffusion coefficient 

followed the expected trend of decreasing with increasing carbonation potential. This suggests 

that carbonation is the most significant mechanism impacting the effective diffusion coefficient, 

followed by porosity and pore saturation contributing less. 
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