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ABSTRACT 

In this study, the freeze-thaw performance and other engineering properties of different 

cementitious mixtures containing Type I/II portland cement, Type IL (10) portland Limestone 

cement (PLC) and Coarse Ground cement (CG-P) with or without partial replacement of fly ash 

(Class F) were examined. The goal was to develop a concrete mixture with better or similar freeze-

thaw durability without adversely affecting other engineering properties of concrete. 

Crucial engineering properties reviewed include compressive strength, splitting tensile 

strength, workability, the degree of hydration, setting time, shrinkage and resistivity. The study 

was divided into two parts, one consisting of mechanical testing of engineering properties 

including the freeze-thaw test. The second part consisted of microstructure study which involved 

detection and quantification of micro-cracks/defects using µ-CT and fluorescence microscopy. 

The results showed that the portland limestone cement in combination with fly ash demonstrated 

better or similar durability in comparison to the conventional portland cement concrete mixtures. 
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1. INTRODUCTION AND LITERATURE REVIEW 

The extensive use of concrete as a construction material is due to its durability and the 

ability to be cast into any shape in its plastic state. However, concrete, like any other material, has 

its limitations. This study focuses on one of those limitations namely the durability of the concrete. 

The durability of the concrete is its ability to withstand weather effects, chemical attacks and 

physical effects like abrasion and shocks without losing its engineering properties. There are two 

main potentially destructive factors that affect the concrete durability. The first factor is the effect 

of ingress of deleterious ions. Another critical limitation of concrete is its loss of durability when 

subjected to freezing and thawing. 

When water inside concrete pores start to freeze, the frozen water expands and increases 

in volume, thereby creating hydraulic pressure. This phenomenon leads to dilation and rupturing 

of capillary pores. The magnitude of this hydraulic pressure at a particular location inside a 

concrete specimen depends upon its distance from the surface of the specimen, the permeability 

of the material and the rate of ice formation. The cumulative effect of freezing and thawing leads 

to deterioration of cement paste and aggregate, eventually causing expansion, scaling and cracking 

of the concrete [1,2]. It has been reported that the formation of ice crystallization pressures within 

pores inside cement paste causes internal-frost damage to the cement paste [3]. 

It has also been well documented that adding an air-entraining agent during the mixing of 

concrete can potentially enhance its freeze-thaw resistance [2,4–7]. This is due to entrained air 

voids, which are larger than capillary pores. These pores relieve hydraulic pressure from the 

freezing of water in the capillary pores. 

Another shortcoming of portland cement is the emission of carbon dioxide (CO2) into the 

atmosphere during its manufacturing process. CO2 is emitted during the manufacture of ordinary 
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portland cement because of two significant processes, clinker formation and the use of fossil fuels 

(as identified by previous researchers). This emission of CO2 may be reduced by partial 

replacement of portland cement with other supplementary cementitious materials like fly ash and 

slag. The inclusion of a high volume of fly ash may help significantly reduce CO2 emissions. One 

relatively less researched cementitious material with a partial replacement of portland cement 

clinker, interground with limestone, is portland limestone cement (PLC).   

1.1. Portland Limestone Cement (PLC) 

Utilization of PLC results in a more environmentally sustainable concrete, with a reduced 

carbon footprint and lowered embodied production energy when compared to ordinary portland 

cement (OPC) [8]. Provision for PLC’s inclusion of 5-15% limestone was added to ASTM C595 

and AASHTO M 240 specifications for blended cement in 2012 [9].  

PLC is produced by intergrinding cement clinkers with limestone during the manufacturing 

process. As limestone is softer than clinker [10], the same grinding energy results in the formation 

of smaller particles of limestone, in comparison to those of portland cement. This results in a better 

particle size distribution (PSD), or particle packing [10–13]. Rather than behaving as an inert filler, 

limestone helps accelerate the hydration process by multiple mechanisms. The presence of 

limestone in PLC results in more nucleation sites, acting as a nucleus for the growth of hydration 

products [14]. Limestone also increases the hydration rate of calcium silicates at early ages [15], 

as it reacts with aluminate phases to form carbo-aluminate hydrates [15,16]. These carbo-

aluminate hydrates are more stable than other hydration products [17] and fill interfacial transition 

zones (ITZ) between cement paste and aggregates, improving the microstructure of the mixture 

[18]. They are formed from the first day of mixing and may remain present even after 28 days 

[19]. 
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The combined effect of these mechanisms is the higher early strength of concrete 

containing PLC as compared to that containing OPC. Interestingly, Bonavetti et al. [16] suggested 

that when fly ash is added to concrete containing PLC, the additional alumina provided by fly ash 

in the mixture could extend the reaction between limestone and aluminate phases and produce 

more carbo-aluminates. Meanwhile, another study [12] reported that when PLC is partially 

replaced with fly ash, the resultant concrete exhibited a reduction in permeable voids and chloride 

ion diffusion coefficients in comparison to concrete containing OPC and fly ash. Overall results 

suggested better performance of PLC containing fly ash. 

Various studies have debated the limestone content in PLC and its effects on the mixture 

properties in comparison to ordinary portland cement (OPC). A study [20] in 2009, considered 

(0,5,10,15 and 20% limestone) cement mixtures and found PLC with 5% and 10% limestone 

demonstrated similar properties to OPC, while limestone of 15% and 20% exhibited poorer 

properties. Hence the authors suggested 10 - 15% as the optimum amount of limestone. Another 

study [21] showed similar results and recommended up to 15% limestone replacement to obtain 

similar performance as OPC mixtures. The results of [22,23] also showed that PLC with up to 10% 

limestone has no adverse effects on the mechanical properties of the concrete. 

1.2. Fly Ash 

Using optimal type and amount of supplementary cementitious materials (SCMs) like fly 

ash is considered to be a cost-effective approach to enhance the durability of concrete [3]. High 

volumes of ASTM Class F fly ash-based mixtures have exhibited satisfactory freeze-thaw 

durability results [22]. 

When fly ash is added to the mixture, the fly ash particles are attracted and absorbed to the 

oppositely charged surfaces of the cement particles, preventing flocculation. This effective 
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dispersion helps to trap large amounts of water, thus reducing water demand. Fly ash particles have 

a spherical shape and smooth surface which helps to reduce interparticle friction and add a 

lubricating effect. They are also known to improve particle packaging effect, acting as an 

exceptional filler for the void space within the aggregate mixture. Fly ash is a low density, high 

volume per unit mass which makes it even more efficient in filling void space when compared to 

portland cement. Fly ash also helps drive the pozzolanic reaction which converts the hydration 

product calcium hydroxide (Ca(OH)2) to additional calcium silicate hydrate gel (C-S-H) [24,25], 

leading to higher long-term strength gain. 

1.3. Coarse Ground Portland Cement 

In case of coarse ground cement type, the Blaine Fineness is marginally lower than OPC. 

Coarser cements reportedly produce less heat during hydration and also experience lower 

shrinkage compared to finer cements like OPC [26]. According to the Young-Laplace relationship, 

capillary stress is inversely proportional to the radius of the emptying pore. This means that with 

larger pores (greater than 50nm), coarser cement (CG-P) concrete mixtures could lead to low 

capillary stress and result in a reduction in shrinkage of the mixture [27]. The lower shrinkage 

property is estimated to lead to the lesser crack formation and higher water tightness, with 

potentially better freeze-thaw resistance. 

1.4. Cementitious Combinations 

In this study, five different cementitious combinations were investigated. These 

combinations were produced by three different types of cement: Type I/II portland cement (TI/II), 

Type IL portland limestone cement (TIL) and Coarse ground portland cement (CG-P) with or 

without partial replacement with Class F Fly ash (FF) at varying dosages (%). 
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1.5. Research Needs 

Although there is plenty of research available which demonstrates portland limestone 

cement (PLC) can help to prevent the reduction of early age strength due to the addition of fly ash, 

the durability aspect of PLC based concrete has not been researched to the same degree [28,29]. 

Some studies have also suggested that more research is needed to evaluate the degree of 

permeability of the PLC and fly ash mixtures [30]. Although, there have been some European 

freeze-thaw studies done in the past, they are based upon non-air-entrained concrete mixtures 

[21,29,31–33]. A study from Canada [34] showed that the combination of portland limestone 

cement (10-15% limestone replacement) and Slag (30% replacement) demonstrated no negative 

effect on freeze-thaw resistance. They also noted that in lower temperatures, high-C3A PLC is 

more prone to formation of thaumasite. However, results showed that combining slag or similar 

pozzolans like fly ash has shown to improve sulfate resistance and prevent thaumasite at low 

temperatures. 

 This study aims to dwell a little deeper into studying the durability properties like mainly 

freeze-thaw of the portland limestone cement concrete with and without fly ash replacement in 

comparison to ordinary portland cement concrete mixtures. 

As this study was partly funded by the local state, North Dakota Department of Commerce 

Venture program, the local state codes and standards were adhered to for this study. 

The North Dakota Department of Transportation mix design allows up to 29% replacement 

of portland cement with supplementary cementitious materials in concrete mixtures [35]. In 

addition, 37% fly ash replacement was chosen on the higher end of the replacement percentage; 

this specific content has been used in mass concreting purposes like parking lots in the state. These 
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replacement percentages mimic the recommended percentages utilized by the industry ready mix 

suppliers in the area 

1.6. Goal and Objectives 

Figure 1 provides a brief overview of the overall research methodology. The primary goal 

of this study was to investigate a durable concrete mixture by using Type IL (10) portland 

limestone cement (10% of portland cement clinker is replaced with limestone) with/without fly 

ash. Subsequent to this process, the mix would be subjected to rigorous testing methods to 

determine if the newly designed mix might be equivalent or better than OPC. Comparisons were 

made with a standard cementitious combination currently used for pavements and bridge decks by 

the North Dakota Department of Transportation (NDDOT). Additionally, other durability 

indicators such as electrical resistivity and drying shrinkage, and other vital engineering properties 

of concrete in its plastic and hardened states such as, workability, air content (%), the degree of 

hydration, compressive and splitting tensile strengths were also investigated. Furthermore, some 

of the microstructure properties of cement paste consisting of the above-mentioned cementitious 
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Figure 1: Research flowchart 
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combinations such as maximum porosity, void size distribution and microcracking (defects) 

tendency were also investigated. One of the major goals of this study was to investigate the 

potential relationships between microstructure properties, as mentioned above, of paste samples 

subjected to drying conditions under restraint and bulk properties of concrete. 

1.7. Microstructure Study 

Concrete is known to be highly moldable in its plastic state. When the cement reacts with 

the water, it begins to act as a binding agent within the mixture. Sometimes during this reaction, 

the water remains unreacted. The unreacted water gets evaporated leaving behind voids. These 

voids have the ability to influence the strength and impermeability of the mixture [36]. 

The surface of an exposed specimen experiences a higher degree of drying in comparison to the 

inner layers which causes the formation of a steep moisture gradient, leading to tensile stress which 

is parallel to the exposed drying surface[37,38]. Since the shrinking tendency of the cement paste 

(weak in tension) is higher than the aggregates, the bond between the paste and aggregate gets 

unbounded creating intergranular/radial microcracks (0.25-50µ) [37].  

The porosity and permeability of the concrete are higher on the surface and decreases as 

the depth from the surface increases [39]. Hence, the upper regions exhibit higher porosity and 

have a higher tendency of developing micro-cracks. These micro-cracks may provide entry to 

chemical ions like chloride and sulfate ions, which are highly detrimental to the mixture and can 

react with hydration products to form expansive compounds which ultimately reduce the durability 

of the mixture. Permeability is dependent upon the capillary pore structure and the 

interconnectivity of these capillary pores. Higher porosity also has negative effects like making 

the steel reinforcement more susceptible to corrosion and making the concrete prone to freeze-

thaw failures such as scaling [40–42]. The properties of the pores like pore size, distribution and 
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interconnectivity have an effect on the overall porosity [29,42]. Since the micro-

pores/cracks/defects mostly originate in the paste, isolating the cement paste from the concrete 

mixtures and studying them might prove to be insightful. 

 The ASTM C1581 [43] ring test is commonly used to measure strain produced in the 

sample due to drying shrinkage. From a microscopy perspective, there are standards denoting 

petrographic analysis of concrete samples like ASTM C856 [44] but, they do not have a standard 

method to quantify or detect the micro-cracks due to drying shrinkage. Microscopy techniques 

such as optical microscopy and scanning electron microscopy (SEM) have been used by previous 

researchers to study the microstructure of the concrete and cement samples. Although one can 

observe the hydration products and the surface structure [45–47] using them,  they tend to be very 

expensive and highly time-consuming. Prior researchers have also tried using fluorescence 

microscopy and digital image processing (DIP) to detect micro-cracks [48]. 

Researchers [49,50] have used fluorescence microscopy to study the air void system in 

concrete samples. The process followed consisted of concrete specimens which were dried to 

constant weight and then were vacuum impregnated by a low viscosity epoxy containing 

fluorescence dye. The vacuum impregnated sample was then placed inside a pressurized chamber 

to ensure proper epoxy penetration [50]. Later the specimens were grounded and polished in 

sequential stages into thin slices. The air void boundaries are preserved against crumbling during 

grinding and polishing process due to the hardened epoxy, while the fluorescence dye aids in 

highlighting of the air voids. The specimens which are polished concrete blocks, were examined 

at 40x magnification using a petrographic microscope with a set up capable of analyzing air voids 

as small as 10µm in diameter [49]. Fluorescence microscopy is used for detection and 

quantification of micro-cracks and explained further in section 2.3.2.  
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For micro-computed tomography or µ-CT is 3D x-ray imaging, the same system used in 

the medical field. µ-CT can be used to inspect objects micro-structure non-destructively. Unlike 

fluorescence microscopy method, µ-CT does not require any specimen conditioning like staining 

and thin slicing. A single scan is adequate to obtain a complete internal 3D structure at a high 

resolution, without destroying the specimen which can then be used for other micro-studies. Other 

methods of determining the porosity of cement composites include Mercury intrusion porosimetry 

(MIP), Alternating current impedance spectroscopy (ACIS), Nuclear Magnetic Resonance 

Imaging(MRI), helium inflow, image analysis, water absorption, gas adsorption, solvent 

replacement [51]. Even though non-destructive methods of testing have shown to be more effective 

in comparison to destructive methods, MIP and water absorption are commonly used methods 

which are effective destructive methods chosen to determine the total void ratio and defects [52–

54].  

The study proposed a method in which the paste specimen of cementitious combinations 

were studied under different microscopy techniques like micro-computed tomography (µ-CT) and 

Fluorescence Microscopy (FM). 

Thus, a workflow consisting of different methods for investigating the microstructure of 

the cement paste specimens of the selected cementitious combination was developed. The goal 

was to get an understanding of the nature of the paste specimen at the microscopic level. The 

defects (%), porosity and void size distribution results obtained through these methods could be 

used to correlate with the engineering properties of the mixture.  
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2. MATERIALS AND METHODS 

In this study, three different cement types, Type I/II cement, The Type IL, also referred as 

PLC cement with 10% limestone replacement, and coarse ground cement were investigated. 

For supplementary cementitious materials (SCMs), Class F Fly ash was used. Two 

replacement levels of portland cement with fly ash, 29% and 37%. 

Tables 1 and 2 show the various chemical and physical properties of the selected cement 

types and fly-ash respectively. A ¾ inch (nominal aggregate size) glacial till was used as coarse 

aggregate and locally available sand was used as fine aggregate. 

An organic acid-based air entraining agent and a polycarboxylate based Type F high range 

water reducer were used. The admixture dosages and water to cementitious materials ratios (w/cm) 

were driven by considering mixture designs utilized by a local ready-mix concrete producer. 

Table 1: Chemical and physical properties of cements selected 

Item Coarse Ground Cement* Type I/II Cement* Type IL Cement** 

SiO2 (%) 21.07 20.31 - 

Al2O3 (%) 4.25 3.79 - 

Fe2O3 (%) 3.13 3.22 - 

CaO (%) 65.00 64.29 - 

MgO (%) 0.97 3.38 0.90 

SO3 (%) 2.88 2.26 3.10 

Loss on ignition (%) 0.75 2.73 4.80 

Na2O (%) 0.14 0.09 - 

K2O (%) 0.58 0.20 - 

Insoluble Residue (%) 0.21 0.37 0.40 

CO2 (%) - 1.85 - 

Limestone (%) - 4.7 10.0 

CaCO3 in limestone (%) - 90.16 96.20 

C3S (%) 61.62 60.00 - 

C2S (%) 12.44 11.00 - 

C3A (%) 5.83 4.00 7.00 

C4AF (%) 9.3 10.00 - 

Equivalent alkalis (%) 0.52 0.23 - 

Blaine Fineness (m2/kg) *** 316.94 393.00 382.00 

*Limits specified in ASTM C150 

**Limits specified in ASTM C595 

***Physical property 
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Table 2: Chemical and physical properties of fly ash used 

Item Class F Fly Ash* 

SiO2 (%) 51.65 

Al2O3 (%) 16.29 

Fe2O3 (%) 5.63 

SiO2+Al2O3+Fe2O3 73.57 

SO3 (%) 0.67 

CaO (%) 13.00 

MgO (%) 4.26 

Na2O (%) 3.23 

K2O (%) 2.45 

Equivalent alkalis (%) 1.63 

Loss on Ignition (%) 0.10 

Fineness (+325 Mesh) (%) ** 21.29 

*Limits specified in ASTM C618 

**Physical property 

 

2.1. Mixture Proportions 

Table 3 shows mixture proportions for the concrete mixtures. The concrete mixtures that 

were selected for this study were Type I/II cement with 29% Class F fly ash replacement (TI/II-

FF 29%), Type IL cement with no SCM (TIL-P), Type IL cement with 29% Class F fly ash 

replacement (TIL-FF 29%), Type IL cement with no SCM (TIL-P), Type IL cement with 37% 

Class F fly ash replacement (TIL-FF 37%), and coarse ground cement with no SCM (CG-P). 

The water-cement ratio was kept at a constant of 0.43 (ASTM Code) for all mixtures. The 

binder content was fixed at 564 (lb./yd3). The binder to fine aggregates to coarse aggregates weight 

ratio was set to 1:2.38:3.17. 
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Table 3: Mixture proportions for the study. 

No. Mix Code 
Cement 

(pcy) 

FA 

(pcy) 

Water 

(pcy) 

WR 

(oz/cwt) 

AEA 

(oz/cwt) 

Fine 

Agg.  

(pcy) 

Coarse 

Agg. 

(pcy) 

1 TI/II FF 29% 400 164 242 1.25 0.6 1340 1790 

2 TIL-P 564 0 242 1.25 0.6 1340 1790 

3 TIL FF 29% 400 164 242 0.75 0.6 1340 1790 

4 TIL FF 37% 355 209 242 0.75 0.6 1340 1790 

5 CG-P 564 0 242 1.00 0.6 1340 1790 

WR - Water Reducer 

FA- Class F Fly Ash 

AEA - Air entraining agent 

 

2.2. Mechanical Test Methods 

Concrete mixing was carried out according to ASTM C192, with fresh tests such as slump 

(ASTM C143), air content (ASTM C231), and unit weight (ASTM C138). Setting times were 

inferred by observing temperature curves generated by the semi-adiabatic calorimetry. Table 4 

shows the initial and final setting times of concrete mixtures obtained from the results of the semi-

adiabatic device, taken at 20% and 50% of the highest temperature change [55]. 

Eighteen cylinders were cast for each batch of every concrete mixture. The compressive 

strength of concrete (ASTM C39) was tested in triplicate for statistical purposes at 7, 14 and 28 

days. Admixture dosages were chosen by considering target slump as shown in Table 4. The w/cm 

ratio was kept constant at 0.43 to avoid discrepancy and for comparison purposes, also because it 

is the North Dakota Department of Transportation’s (NDDOT) recommended ratio. 

Admixtures can have a critical effect on the durability of concrete. Water reducers and air 

entrainment agents, depending on dosage, can be deleterious or beneficial for the durability of the 

concrete mixture. Therefore, to get a more in-depth look at the hydration process and the effect of 

admixtures, a semi-adiabatic calorimetry test was adopted. Two 4”x8” cylinders of each concrete 
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mixture were placed inside the semi-adiabatic calorimetry device and temperature development 

was measured for a minimum of 24 hours with a one-minute interval. 

Free shrinkage test was carried out according to ASTM C157, the compressive test 

according to ASTM C39, the splitting tensile test according to ASTM C496 and the electrical 

resistivity test according to ASTM C1760 were also executed. On the electrical resistivity device, 

a high resistivity reading indicates low electrical conductivity due to the lack of pore fluid in the 

samples. 

To measure restrained shrinkage, the ASTM C1581 standard ring test was carried out. The 

rings were put into a temperature-controlled room with optimal relative humidity. The data logging 

interval was set to ten minutes and readings were logged for at least 28 days. 

Lastly, the freeze-thaw resistance of concrete was measured using the standard test method 

from ASTM C666. Three prisms for each of the five mixtures, 15+1* (1* - dummy prism) were 

cast, and the resonant frequency was measured according to ASTM C215. For measuring the 

resonant transverse frequency of the specimen, the impact resonance method was adopted. 
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2.3. Microstructure Study Test Methods 

2.3.1. Paste Specimens 

 

Cement paste specimens were cast for all five cementitious mixtures selected for this study 

as described in section 2.1. Water to cement ratio was kept constant at 0.43 similar to the concrete 

samples. For microstructure studies, the mold was fabricated using a resin-based 3D printer called 

Form 2. A 3D CAD model was drafted using Autodesk Fusion 360. Additionally, the dimensions 

of the paste specimen and the overall 3D mold design rendered in A360 can also be observed in 

Figure 2. The mold was designed to cast the paste specimens in a particular hourglass shape to 

help induce cracks at the center. The dimensions of the specimen were 2”x0.5”x0.5” (Figure 2). 

Figure 2: Paste specimen dimensions inside the 3D mold 
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The hourglass shape was adopted to induce maximum drying shrinkage along the middle section 

of shape/specimens. The 3D mold consisted of two plates the bottom plate and the top plate which 

were fastened using pan-head machine screws (USS #4-40 x ½ in.), the threads were generated 

using the software and before printing. A total of 10 molds were printed, two for each mixture. 

The cement paste mixtures were prepared according to ASTM C305  

[56]. These specimens were then attached to an end to end rotator (Figure 7) at 10 rotations per 

minute for 12 hours to promote even distribution of water and to minimize bleeding. Later the 

specimens were demolded (top and bottom mold plates were detached) (Figure 3) and allowed to 

dry according to ASTM C1581 [43] for 28 days. 

 

Figure 3: Cured 3D mold paste specimens 
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2.3.2. Fluorescence Microscopy 

 

During this process, the specimens were epoxy impregnated with a blue dye and 

petrographic slides of the specimen’s sections (35µ) and cover slips were produced by an external 

professional laboratory. To make the thin slides a diamond saw was used. These thin slides were 

later observed under a confocal microscope at 40X magnification (Figure 5). Fluorescence was 

detected at an excitation wavelength of 488 nm. The recorded images were then analyzed by using 

an ImageJ2 software, using color threshold function. Which isolated the crack/defects area in terms 

of pixels2 which is calculated as a percentage over total area of the specimen, as per Equation 1.  

Figure 4: ImageJ2 analysis workflow 

*1 - Original recorded image of the paste specimen 

*2 - Only the paste, measure pixel2 (Color Threshold Function) 

*3 - Paste + Voids, measure pixel2 (Selection Tools for the selecting outline and isolating bg.) 

*4 - Only Voids/defect pixel2 (Result) 
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Figure 4 provides an overview of the workflow followed to obtain the void/defects % from the 

recorded images of the thin slides of each paste specimen. 

 

2.3.3. Micro-Computed Tomography (µ-CT)  

Cured paste specimens inside their molds were exposed to X-ray µ-CT scan using a 

General Electric Phoenix V | tome | x s 240, located at NDSU Electron Microscopy Center Core 

facility. The specimens were scanned using a 180-kV x-ray tube running at 110 kV, 350A, 

exposure of 333 ms. A total of 1200 images (TIFF) were generated for each specimen. A 

commercial software package Volume Graphics Studio Max Version (VGStudio Max) 3.2 was 

used to reconstruct and analyze the volumes generated from the TIFF image files. Figure 6 shows 

the process of analyzing the specimen after µ-CT. For measuring the porosity, VGEasyPore pore 

analysis function was selected in VGStudio Max. Initially, the surface determination mode was 

used to isolate the paste specimen from the 3D mold material using a histogram. A threshold value 

Figure 5: 40x magnification of slices of paste specimens, software PMA.start [85] 
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was specified to help fine tune the selection process and was further optimized using iterative 

surface determination mode. This method was followed the same for the rest of the specimen. 

Although in theory, the surface determination histogram could be manually fit to detect and 

quantify defects/voids as small as 30µ, for a linear comparison of the porosity of void size 75 µ 

and higher, among the chosen cement paste combinations the default method has been considered 

adequate [57]. After a surface determination is completed, VGEasyPore Analysis function was 

used with a minimum voxel size set to 8 voxels, and the minimum probability of voids set to 2. 

Figure 6 shows a 3D mesh exported after the analysis to showcase the data gathered through the 

procedure.  

 

Figure 6: Workflow to analyze µ-CT data for the paste specimen 

Mean and Max 
Porosity

Hotspots of 
Porosity

3. Results

VGEasyPore 
Analysis

2. Analysis1. Surface 
Determination
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 Figure 7: End to end rotator  
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3. RESULTS AND DISCUSSION 

3.1. Mechanical Test Results 

3.1.1. Fresh Properties 

3.1.1.1. Workability 

 Table 4: Fresh properties 

 

The slump was set to around a typical 4 - 6 inches range. Workability of the concrete 

mixture is critical for its adoption, hence maintaining a good slump was considered crucial. From 

Table 4, the mixtures without fly ash required a higher dosage of water reducer to achieve the 

targeted slump value and vice versa. Overall, the inclusion of fly ash usually resulted in increased 

workability; this could be attributed to fly ash particles which are known to have a spherical shape 

that could lead to a lubricating effect to the mixture [58]. This effect was prominent in the Type 

IL cement mixtures. 

TIL-P mixture was observed to have the lowest slump of all mixtures, which could be due 

to the substitution of portland cement with limestone (10%), as well as the absence of fly ash. The 

CG-P mixture gave adequate slump with a moderate dosage of water reducer, which could be due 

to coarser cement particles. 

Mix Code 

Fresh properties 

Slump 

(in) 

Air 

(%) 

Unit weight 

(lb./ft3) 

Setting Time from calorimetry (minutes) 

Initial (20% 

Temperature Rise) 

Final (50% 

Temperature Rise) 

T I/II FF 29% 4.25 7.6 142.27 136 343 

TIL-P 4.00 7.2 141.74 272 409 

TIL FF 29% 6.00 7.4 139.27 272 442 

TIL FF 37% 6.00 6.8 141.21 244 405 

CG-P 5.00 8.0 139.80 315 467 
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3.1.1.2. Air Content (%) 

Table 4 shows the air content % for the chosen mixtures. The air content (%) was 

maintained at the typical local range of around 5 - 8% [35]. Tests like freeze-thaw resistance 

require an adequate amount of entrained air content combined with a proper air-void system [6]. 

3.1.1.3. Setting Time 

 

Figure 8 shows the Initial and final setting times which were calculated from 20% and 50% 

of peak temperature change observed in semi-adiabatic calorimetry results (Figure 9) [55]. 

Mixtures without fly ash were seen to have lower setting times compared to mixtures with fly ash. 

Incorporation of fly ash, especially in higher volumes, is known to impede the hydration process 
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[59]. In contrast, the results show that in Type IL cement-based mixtures with high fly ash (%) the 

setting times were similar to TIL-P cement mixture. This reduction in setting time could be due to 

the nucleation effect provided by the limestone particles [60–62]. Thus the addition of limestone 

could help reduce the dilution effect of fly ash, resulting in a reduction of setting times [63]. Also, 

it is claimed that the addition of limestone accelerates tri-calcium silicate (C3S) hydration and 

forms calcium carboaluminate hydrates while reducing the formation of the more unstable 

ettringite [64]. 

However, in comparison to the TI/II mixture, Type IL cement-based mixtures had longer 

setting times. Interestingly, they were still lower in comparison to the CG-P mixture [65]. 

3.1.1.4. Semi-Adiabatic Calorimetry 
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Figure 9 shows semi-adiabatic calorimetry results and Figure 10 shows the instrument used 

for the test. TIL-P showed the highest temperature change of all the mixtures. This is consistent 

with the previous literature, showing that limestone particles promote heterogeneous nucleation of 

hydrates, leading to an acceleration of the hydration process [60,61,66]. 

The second highest temperature change is seen in CG-P, but the initial rate of hydration is 

delayed as compared to other mixtures. The coarser cement particles lead to a slower hydration 

process that, in turn, could be beneficial to prevent cracking due to thermal gradients [26,65]. 

Even though TIL FF 29% and TIL FF 37% both exhibit similar initial hydration processes, 

the effect of additional fly ash is clearly visible when their peak temperature changes are observed. 

The hydration acceleration period is shorter in case of TIL-FF 37% in comparison to TIL-FF 29%. 

Interestingly, the TI/II-FF 29% curve exhibited sulfate depletion. This could be attributed 

to consumption of sulfate due to the abundance of portland cement content (in comparison to PLC 

mixtures) and fly ash (29%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10: Semi-Adiabatic calorimetry instrument (F Cal 4000)  
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3.1.2. Hardened Properties 

3.1.2.1. Compressive Strength and Splitting Tensile Strength 

 

The compressive strength of the concrete mixtures is shown in Figure 12 shows concrete 

specimens after failure from strength tests. Figure 11 shows the results for compressive strength 

test. The highest compressive strength was measured for the TIL-P mixture. This is in line with 

previous studies and could be explained by better particle size distribution [19], the formation of 

more stable hydration products like carboaluminates [17,61,64] and accelerated cement hydration 

due to the nucleation effect of limestone particles [60,61], leads to higher early compressive 

strength. The lowest compressive strength was measured for TIL-FF 37% and the  
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second lowest was measured for TIL-FF 29%. Incidentally, the TI/II FF 29% mixture performed 

relatively better than the TIL FF 29%.  It is known that incorporation of fly ash improves long-

term strength gain and increased cementitious material in the mixture helps with early strength 

gain [67]. The strength gain in the Type IL cement-based fly ash mixtures follows this trend; due 

to lower cementitious content in the mixture and high fly ash content, the early strength is lower. 

However, because of additional C-S-H gel formation [25], fly ash could help increase compressive 

strength beyond the 28 day period [68]. Figure 13 shows the results of the 28-day splitting tensile 

strength test. Except for the CG-P, the results were similar to the compressive strength results. 

Splitting tensile strength was observed to decrease with increase in fly ash content. Similar to the 

strength test, previous studies indicate that high volume fly ash-based mixtures have slow 

development of strength [69] while the addition of fly ash to concrete has a very subtle effect on 

splitting-tensile strength results [70]. 

 

 

 

Figure 12: Failure of specimens during strength 

tests 
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3.1.2.2. Resistivity 
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Figure 13: Splitting tensile strength  

Figure 14: Electrical resistivity 
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Resistivity test results are presented in Figure 14 measured using the Resipod instrument 

(Figure 15). Resistivity is used as a value to measure the resistance of concrete to the ingress of 

deleterious ions like Chloride ions. In other words, it can be used as an indirect measure of the 

permeability of the concrete mixture [6]. Permeability can be related to pore structure and 

microstructure [71]. One of the many benefits of measuring the electrical resistivity test is that it 

can be taken at any point during the lifecycle of the specimen under any environmental conditions 

[72].  

The highest resistivity was measured for both the mixtures TIL-FF 37% and TI/II-FF 29%. 

The fly ash-based mixtures showed better results in comparison to plain cement-based mixtures, 

especially after fourteen days and beyond. Fly ash is known to improve the microstructure of 

concrete due to extended pozzolanic reactions over more extended periods of time [25,73]. In 

addition, the nucleation effect of the fine limestone particles also aid in the refinement of the pore 

structure of Type IL cement mixtures [71]. 

Course ground cement mixture is known to have porous microstructure due to larger 

cement particles, and therefore the resistivity results are comparably lower [74]. 

 

 

Figure 15: Electrical resistivity test equipment (Resipod Proceq)  
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3.1.2.3. Free Shrinkage 

 

The results for free shrinkage strain of the mixtures can be seen in Figure 16, the length 

comparator device used for this test is shown in Figure 17. As stated in section 1.3, with the Young-

Laplace relationship it can be inferred that finer cement like PLC could lead to more shrinkage 

due to a higher amount of smaller pore formation. However, prior researchers [75] suggested that 

the idea of capillary stress may not be alone responsible, and there could be other dynamics 

involved in the shrinkage development, especially at pore size lower than 100µm.  

Finer cements are known to develop smaller pores, suggesting higher levels of capillary 

stress development and thereby increased shrinkage. Meanwhile, during manufacturing of PLC 
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the intergrinding of limestone results in a reduction of larger cement particles and limestone 

particles occupying the smaller size ranges [76]. Hence, the PSD in PLC shows an increase in 

smaller pores (1-2 nm, also known as gel pores) where the idea of capillary stress due to the 

formation of the meniscus may no longer be as valid, and other mechanisms control shrinkage 

development [12,75]. Hence, this could explain low shrinkage results in the TIL-P based mixture. 

TIL-P exhibited the lowest free shrinkage strain. Going by the trend of the curves, it should 

be noted that the CG-P shrinkage strain could be considered lower overall. Addition of fly ash is 

known to increase drying shrinkage strain [77] in the mixture.  

TIL-FF 29% and TIL-FF 37% both exhibited higher free shrinkage strain. This could be 

explained due to the higher availability of free water in the concrete mixtures containing fly ash, 

as concrete with fly ash requires less water to achieve similar consistency than concrete without 

fly ash [78,79]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Free-shrinkage testing instrument 



 

30 

3.1.2.4. Restrained Shrinkage 

 

For the restrained shrinkage test (Figure 18), three promising mixtures were chosen based 

on the other tests conducted. For TIL-P mixture results, it can be observed that the ring (Figure 

19) was cracked around twelve days elapsed time, while the other two rings, TIL-FF 29% and TIL-

FF 37%, did not crack. 

Prior researchers [27] have also reported early age cracking for the PLC-based mixture in 

ring tests. It was reported that PLC experiences a slightly higher expansion in comparison to other 

materials (FA, cement particles) immediately after setting, and this may lead to earlier cracking 

because the resulting shrinkage due to expansion caused by limestone would be higher in PLC. 
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After examining the results, it can be inferred that the addition of a high volume of fly ash 

in portland limestone concrete mixtures could make them more resistant to cracking under 

restrained shrinkage condition. This could be explained by the addition of both fly ash and 

limestone in the mixture. Not only does the fly ash enhance the mixture by adding a filler effect 

but also by the secondary formation of C-S-H. Fly ash used in the mixture (Class F) is known to 

add more aluminate during hydration. The additionally available aluminates in the mixture 

combine with the limestone to facilitate the formation of more carboaluminates [61]. 

 

Figure 19: Ring testing arrangement.  
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3.1.2.5. Freeze-Thaw Test 

Table 5: Durability factor at 60% Pc 

Mixtures Cycles at 60% Pc D.F at 60% Pc 

T/II FF 29% 180 35.96 

TIL-P 204 40.86 

TIL-FF 29% 180 35.96 

TIL-FF 37% 180 36.00 

CG-P 132 26.45 

 

Figure 20 shows a graph containing relative dynamic modulus plotted against a 

corresponding number of freeze-thaw cycles. TIL-P showed the highest freeze-thaw resistance, 

and mixtures containing fly ash showed results similar to each other. At 300 cycles, all five 
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mixtures had a relative dynamic modulus of elasticity (%) of < 60%, which is recommended by 

ASTM C666. Figure 21 shows the concrete specimen inside the freeze-thaw chamber, and Figure 

22 shows the Impact resonance test equipment used to measure resonant frequency to further find 

the relative dynamic modulus of the specimens as per ASTM C666. 

The freeze-thaw resistance of the concrete mixture is based heavily on the amount of air 

content (%). Adding an air-entraining agent introduces 0.05 to 1-mm of air bubbles, also known 

as entrained air voids, into the concrete mixture. The formation of these air voids helps elevate the 

hydraulic pressure formed by the capillary water during freezing and thawing cycles by acting as 

pressure relief and as escape boundaries [4]. 

Table 5 shows the durability factor at 60% Pc of all the concrete mixtures. The TIL-P 

mixture showed the maximum resistance in this test, failing after 204 cycles. Studies indicate that 

the concrete containing portland limestone cement have improved microstructure due to better 

particle size distribution and physical filling of interfacial transition zone by carboaluminate 

hydrates [80]. 

According to Mehta and Monteiro, “In general, the higher the water-cement ratio for a 

given degree of hydration or vice versa, the higher will be the volume of large pores in the hydrated 

cement paste,” [4]. In reference to that, the fly ash-based mixtures had higher water-cement ratios 

in comparison to plain cement mixtures. This could explain their comparatively lower results. The 

semi-adiabatic calorimetry also shows a similar trend in the hydration heat curves. 

Some previous studies on Type-IL concrete with limestone (10%), have been observed to 

fail at 141 cycles [81]. Comparably, the data from this study shows that all portland limestone 

cement mixtures with fly ash were able to achieve more than 141 cycles and exhibited better 

freeze-thaw resistance compared to the control mixture (i.e., TI/II FF 29%, whose relative dynamic 
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modulus reached 60% at 132 cycles). All the mixtures showed increased scaling after 100 cycles 

of freezing and thawing. 

Even though the CG-P showed better resistance in earlier cycles, it decreased rapidly after 

100 cycles. Courser cement concrete mixtures are known to have larger pores in the microstructure 

[74], thus making them more vulnerable to the volume change of pore water during freezing and 

thawing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Freeze-Thaw test prisms 

Figure 22: Impact resonance test equipment 
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3.2. Microstructure Study Results 

3.2.1. Fluorescence Microscopy 

 

From Figure 23, it may be observed that the lowest defects %, which is measured in terms 

of micro-pores and micro-cracks pixel2 areas, is exhibited by TIL-FF 37%. This is, however, not 

reflected in case of the frequency of defects as observed through µ-CT. This may indicate a large 

number of voids left by free water due to fly ash in the paste with unaltered water-cementitious 

materials ratio (i.e., lower quantities of water are required to maintain similar workability). 

However, these voids are likely discrete and discontinuous in nature.  
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As a result, micro-cracks are not observable. The presence of many discontinuous voids is 

also evident in the case of Figure 24. The crack area visible in the central region of the sample, 

due to the geometric shape of the mold used. It was designed this way so that potential micro-

cracks are created in the central region for ease of detection and visualization. Contrastingly, a 

smaller number of larger voids may be seen in case of CG-P (Figure 24). Cracks appear to originate 

between such voids, thus revealing continuity. The crack area as per Figure 24 is also higher in 

case of CG-P. This also explains the lower electrical resistivity of CG-P compared to TIL-FF 37%. 

A similar argument may also be put forward for TIL-P. 

12.7mm 12.7mm 

Figure 24: FM paste slices for TIL FF 37% (left) and CGP (right) 
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3.2.2. µ-CT Results 

3.2.2.1. Void Size Distribution (µ-CT) vs. Electrical Resistivity 

Electrical resistivity is an indirect indicator of the ability of concrete to prevent the ingress 

and subsequent flow of deleterious chemical ions such as chloride and sulfate. The long-term 

durability of concrete depends upon this ability of concrete. It is known that concrete is a poorer 

conductor of electricity than water (pore water in this case). It is evident that a concrete system 

with interconnected pores filled with pore fluid will be more conductive compared to one without 

a well-connected network of pores [82]. 

Another aspect of electrical resistivity in concrete will be the nature of pores, frequency or 

occurrence in a 3D space, and the degree of interconnectivity [40,42]. The mean porosity of a paste 

sample may not necessarily speak about its permeability. A closer look at the distribution of 

pores/voids inside a paste sample can reveal the nature of interconnections, if any, within the 

sample. The occurrence of a higher number of smaller voids/defects in a sample may be preferable 

than that of a lower number of larger defects. A discontinuous system of smaller defects filled with 

more conductive pore fluid inside a paste sample will result in higher electrical resistivity [82]. 

Contrastingly, from the perspective of conductivity, a more continuous system of larger defects 

filled with pore fluid may facilitate the passing of electrons and other deleterious chemical ions. 

This is manifested in case of some of the cementitious combinations in this study. Figure 25 reveals 

a higher frequency of defects (of all sizes), i.e., the number of defects detected in TI/II-FF 29% 

compared to CG-P under similar conditions of analysis. From the frequency histograms shown in 

Figures 26, it is evident that the paste sample of TI/II-FF 29% contained significantly higher 

number of smaller defects (between 300 and 500 µm in diameter) than larger ones (>500 µm) 

compared to a nearly uniform distribution of smaller and larger defects in case of CG-P.            
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Figure 25: Frequencies of defects comparison of different paste specimen of µ-CT 

Figure 26: Frequency histograms of cement paste mixtures based on pore diameter (mm) 
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Naturally, the 28-day electrical resistivity results of TI/II-FF 29% is higher than CG-P. 

This could be due to a greater degree of discontinuity of the pore system in case of TI/II-FF 29% 

compared to CG-P. It can be observed from Figure 25 that the number of defects detected 

(frequency) for TI/II-FF 29% is higher than those of CG-P and TIL-P. This is likely due to a higher 

degree of hydration in case of TI/II-FF 29% due to a higher fineness of Type I/II portland cement 

used compared to coarse ground portland cement and Type IL portland limestone cement [65]. A 

greater degree of hydration will ensure the formation of higher masses of hydration products, e.g., 

Calcium Silicate Hydrate (C-S-H) and Calcium Hydroxide (Ca (OH)2). These crystals may have a 

tendency to sub-divide larger void spaces into smaller compartments.  

 

 

 

 

 

 

 

 

 

 

  

 

 Figure 27: 3D scatter plot of TI/II FF 29% spatial pore size distribution 
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The mixtures containing fly ash may have a higher tendency of void formation due to a 

likely availability of free water for evaporation [83]. This is mainly because of an un-altered water-

cementitious materials ratio. As fly ash is known to impart additional workability to mixtures, such 

mixtures can be mixed with less water compared to their plain cement counterparts with no 

supplementary cementitious materials (SCMs) [83]. This may be the reason for higher frequencies 

of defects seen for the three mixtures containing fly ash (Figure 25). 

The distribution of pores in the 3D scatter plot (Figure 27) also reveal that higher porosity 

zones are slightly higher towards the edges of the samples. This is mainly because of a gradient in 

relative humidity between different layers of the paste sample. As water recedes faster from the 

outer layers compared to the core of the sample, the outer layers (near the surface) are drier and 

therefore more prone to the formation of defects [37,38]. Although not manifested through figures, 
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Figure 28: Mean maximum porosity (%) of the paste specimen results under µ-CT 
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the likelihood of obtaining micro-cracks under fluorescence light when observed under a confocal 

microscope is higher when the slides were processed from the regions of the samples near exposed 

surfaces.  

3.2.2.2. Micro-cracks/Defects (µ-CT) vs. Drying Shrinkage Strain 

In this study, paste samples from the five cementitious combinations were cast and subject 

to drying under restrained conditions. The resultant micro-cracks/Defects results obtained through 

the µ-CT technique. It may be observed from Figure 28, micro-cracking (as quantified in terms of 

mean maximum porosity under the hotspots of porosity analysis) for two mixtures containing Type 

IL cement and fly ash, i.e., TIL-FF 29% and TIL-FF 37% is lower than CG-P and TIL-P. TI/II-FF 

29% also had a lower tendency to exhibit micro-cracks than CG-P. It is likely due to an improved 

microstructure formed by fly ash. 

 

Figure 29: µ-CT vs. shrinkage 28 days scatter plot with a trendline. 
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Interestingly, similar trends were also seen in the case of 28-day drying shrinkage strain 

results of concrete containing the mentioned cementitious combinations. As seen in Figure 29, 

there seems to be a direct proportionality between micro-cracks (%) and 28-day drying shrinkage 

strain (Negative Microstrain). Table 6 shows a Pearson’s correlation test with a 95% confidence 

interval revealed a coefficient of 0.9 with a P value of < 0.05 (α). This indicates a strong linear 

correlation between the two parameters. As one of the secondary goals of this work was to 

investigate potential correlations between microstructure properties of paste and bulk properties 

of resultant concrete, these results may be indicative of this test methodology being used instead 

of more laborious, expensive and time-consuming shrinkage test. However, further 

experimentation and a higher number of samples are needed to investigate the repeatability of this 

technique and also for statistical significance. 

Table 6: Pearson correlation result from Minitab 18. 

Correlation: µ-CT, Shrinkage 28 days 

Pearson correlation 0.994 

P-value 0.001 

 

3.2.2.3. Defects (µ-CT) vs. Degree of Hydration 

The degree of hydration of the cementitious system is a determining factor towards the 

occurrence of voids and their distribution inside the system [84]. A high rate of formation of C-S-

H as indicated by the plateau region of the calorimetry curve will ensure a faster formation of the 

microstructure. As seen in the case of Figure 10, TIL-P has the highest peak of temperature change 

among all the five mixtures. Additionally, the nucleation effect of the limestone particle could 

result in further formation of the hydration products [14]. This, in turn, results in the reduction of 

defects or voids, as visible in the case of Figure 25. Due to the pozzolanic nature of fly ash, a more 
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refined microstructure is formed [52]. Bigger voids are likely divided into smaller voids by the 

secondary hydration products due to fly ash. As a result, voids of all sizes are left in the 

cementitious system. This is reflected in the void frequency histograms of three mixtures 

containing fly ash (Figures 25 & 26). 
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4. OVERALL CONCLUSIONS 

In this study, Improved resistance to freeze-thaw deterioration was observed for mixtures 

containing PLC as compared to other mixtures, Table 7. The following are the key conclusions: 

• PLC could help reduce setting times in high fly ash-based mixtures. This is may be 

due to the rapid hydration and nucleation effect of the additional limestone particles 

in the mixture. 

• OPC mixtures exhibited better free shrinkage in comparison to fly ash mixtures. 

• Addition of fly ash to portland limestone cement mixtures seems to have provided 

better ductility under restrained shrinkage conditions. 

• Although the fluorescence microscopy provides more resolution and detail 

compared to µ-CT, its scope is limited to the slices which are considered to be 

representative of the overall specimen. There is a chance that the omitted portion 

of the sample could represent contradicting microstructure results.  

• Portland limestone cement with Class F fly ash exhibited similar or slightly better 

freeze-thaw resistance in comparison to portland cement with Class F fly ash. 

• Both µ-CT and FM studies showed that the combination of fly ash and portland 

limestone cement can be used to reduce the overall mean porosity of the mixture. 

However, this characteristic might not scale linearly depending upon the dosage of 

fly ash.  
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Table 7: Performance matrix  

     at 28 days      

Mix 

Code 

Slump Air 
Unit 

weight 

Final  

Setting  

Time 

Strength 

Split-

Tensile 

Strength 

Resistivity 
Free  

Shrinkage 
Freeze-Thaw  FM µ-CT Results 

(in) (%) (lb./ft3) (mins)  (psi)  (psi) (kΩcm) (x104strain) 

Cycles 

at  

60% Pc 

D.F at  

60% Pc 

Defect 

%* 

Frequency 

of  

Pores 

(counts) 

Max 

Mean  

Porosity 

(%) 

T I/II 

FF 29% 
4.25 7.6 142.27 

343 4322.88 3710 12.50 -337 180 35.96 3.16 3758 4.07 

- - - - - - - - - - 

TIL-P 4.00 7.2 141.74 
409 4938.31 4042 10.20 -293 204 40.86 3.38 1004 4.21 

-16% 12% 8% -23% 15% 12% 12% -7% 274% -3% 

TIL-FF 

29% 
6.00 7.4 139.27 

442 3593.86 3371 9.85 -640 180 35.96 2.83 2119 3.65 

-22% -20% -10% -27% -47% 0% 0% 12% 77% 12% 

TIL-FF 

37% 
6.00 6.8 141.21 

405 3351.29 3344 12.55 -657 180 36.00 1.5 1961 3.63 

-15% -29% -11% 0% -49% 0% 0% 111% 92% 12% 

CG-P 5.00 8.0 139.80 
467 4470.78 4449 9.25 -427 132 26.45 2.75 1166 3.95 

-27% 3% 17% -35% -21% -36% -36% 15% 222% 3% 

(2nd row of each mix) = Improvement/Dis-improvement percentage in comparison to TI/II-FF 29% (Control) mixture. 

FM= Fluorescence Microscopy 

Defects %* = micropores + microcracks 

Pc – Relative Dynamic Modulus of elasticity 
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5. FUTURE RESEARCH RECOMMENDATIONS 

• Altering W/C ratio 

Altering W/C ratio could help to achieve better freeze-thaw resistance as well as optimize 

the mixture for higher strength, since fly ash improves workability and requires marginally less 

water to achieve the same consistency and performance as compared to OPC, the amount of free-

water is increased in the presence of high amounts of fly ash. Thus, reducing the water from the 

mixture can help mitigate the free water and help produce a better, more sound concrete which 

may lead to lower permeability and better freeze-thaw resistance. 

• Statistical analysis of the micro-structure results 

To make a better correlation between mechanical properties (calorimetry, resistivity and 

shrinkage) and the results from microstructure study, the number of specimens needs to increase 

to potentially create a statistical model and show better statistical significance values. Thus, 

leading to new findings and a better understanding of effects like permeability and micro-defects 

on other mechanical properties and also quicker and streamlined testing methods.  

• Better representative slices in case of fluorescence microscopy 

Developing an in-house microstructure study workflow starting from the creation and 

polishing the of the specimen slices for fluorescence microscopy can be beneficial leading to more 

accurate results. In this study, a petrographer was used to create the slices, which meant the plane 

selected for the creation the thin slices, may or may not be representative of the overall specimen. 

More control over this process would provide new opportunities like fine-tuning the representative 

plane depending on other microstructure study techniques like µ-CT and a higher number of slices.  
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