Engineering properties and pore structure of lightweight aggregates produced from off-spec fly ash

Mohammad Balapour1, Thiha Thway2, Newell Moser3, Edward J. Garboczi3, Y. Grace Hsuan1, and Yaghoob Farnam1
1Drexel University, Department of Civil, Architectural and Environmental Engineering, 3141 Chestnut Street, Philadelphia, PA 19104, United States
2Drexel University, Department of Chemical Engineering, 3141 Chestnut Street, Philadelphia, PA 19104, United States
3National Institute of Standards and Technology, Applied Chemicals and Materials Division, 325 Broadway, Boulder, CO 80305, United States


Abstract
This study characterizes the engineering properties of lightweight aggregate (LWA) manufactured from low calcium (F-FA) and high calcium (C-FA) waste fly ash that were designed using a previously-developed thermodynamics-guided process. LWA properties that were characterized include specific gravity, vacuum water absorption, water absorption over time, water desorption, porosity, pore size distribution, and permeability. The LWA studied had a low oven dry specific gravity ranging from 1.22 to 1.45. The vacuum absorption and total open porosity of F-FA LWA decreased as the fluxing agent (NaOH) concentration increased while the values for C-FA LWA varied with increasing amounts of fluxing agent. All LWA passed the ASTM C1761 water absorption/desorption requirements for application to the internal curing of concrete. X-ray computed tomography (XCT) and dynamic vapor sorption analyzer (DVSA) techniques were used to characterize the LWA pore structure. It was found that for F-FA LWA the normalized porosity, counting only pores smaller than 50 nm (gelpores + mesopores), ranged from 4 % to 11.5 %, while for C-FA LWA, this same pore size range had porosity ranging from 1.7 % to 2.8 %. Pore size distribution measurements of F-FA LWA using XCT showed that the pores became larger and the predicted permeability coefficient increased as the fluxing agent concentration increased. For C-FA LWA, the predicted permeability increased with increasing NaOH concentration. Since the pore size distribution had greater variability and did not follow a specific increasing trend, the increase in C-FA permeability could only be due to an increase in pore connectivity.
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[bookmark: _Toc72408487]Introduction

Waste coal combustion ash (W-CCA) is one of the largest-volume industrial solid waste materials historically produced in the US. In 2019, 78 million tonnes of coal combustion products were produced, of which only 52 % was recycled and the rest moved to surface impoundments or landfills [1].  Figure 1 shows the total CCA production and recycled fraction over the last 20 years [1]. As can be seen, although the recycling rate has slightly increased over the last 20 years, it is estimated that 1.45 billion tonnes of W-CCA have accumulated in landfills during this same 20-year period. Averaged over the last 20 years, the percentage of W-CCA recycling has been only 45 %. Keeping accumulated W-CCA in surface impoundments or landfills has negative impacts such as pollution of waterways, groundwater, drinking water, which subsequently can damage human health. Two relatively recent examples of W-CCA damage are the catastrophic Kingston Fossil Plant coal fly ash slurry spill (Tennessee, 2008) [2] and the Dan River coal ash spill (North Carolina, 2014) [3], where not only long-term environmental damage was caused to the waterways, but human health was compromised. Increasing the W-CCA recycling rate through developing sustainable uses for this material will promote diversion of material away from landfills and surface impoundments.
[image: ]
[bookmark: _Ref75168303]Figure 1. Production and recycled percentage of coal combustion ash during the past 20 years [1]
Fly ash constitutes approximately 35 % of the annual production of W-CCA, of which only 55 % to 60 % is recycled [1]. The main application of recycled fly ash is in concrete as a pozzolanic material [4]. Unrecycled fly ash (so called off-spec fly ash) cannot be directly used in concrete because it does not meet the ASTM C618 [5] or AASHTO M 295 [6] requirements: (i) Loss on Ignition (LOI) of less than 5 % (by mass), (ii) providing a strength index of greater than 75 % through pozzolanic reaction with cement, and (iii) sulfur trioxide (SO3) content of less than 3 % (by mass). However, unrecycled fly ash can be used as a raw material for the production of construction lightweight aggregate (LWA). Natural resources such as clay, shale, and slate are the raw materials commonly used for the production of traditional construction LWA [7]. The use of waste fly ash for LWA production can reduce the use of these natural resources. 
Accessibility of construction LWA for applications such as lightweight concrete, internal curing of concrete, and lightweight concrete masonry blocks is challenging within some states of the United States due to the absence of local construction LWA manufacturers (e.g., PA, NJ, and DE) [8]. For this reason, concrete manufacturers are forced to import construction LWA from far distances, which results in a high final cost due to the added transportation cost. Using waste fly ash, which is an abundant raw material in many states, can increase the local accessibility of construction LWA for concrete producers. 
Many available studies in the literature focus on the production of LWA from in-spec fly ash (i.e., the fly ash that can be directly used in concrete) and use a trial-and-error method for their development [9–12]. Balapour et al. [13] and Billen et al. [14,15] previously developed a thermodynamics-based approach to convert W-CCA, including bottom ash and fly ash, into LWA and quantified the three required conditions for the high temperature production of LWA: (i) partial formation of a liquid phase, (ii) appropriate viscosity for solid-liquid phase, and (iii) formation of gaseous products that are entrapped by the liquid phase to create a porous LWA structure. Based on these conditions, the appropriate ranges of temperature and viscosity to successfully produce porous LWA were identified [13]. The objective of this study is to evaluate the engineering properties of W-CCA LWA that were systematically produced based on the thermodynamics-based methodology developed previously [13,14,16]. 
LWA engineering properties relevant to applications such as structural lightweight concrete [17] and concrete internal curing [16,18] were characterized. Specific gravity and open porosity were measured to ensure the successful formation of LWA after the sintering process. Vacuum water absorption was performed to quantify the maximum absorption capacity of LWA. Time-dependent water absorption was assessed to obtain the practical absorption capacity of the LWA and determine whether the LWA is an appropriate candidate for concrete applications. Water desorption behavior of the LWA was evaluated using a dynamic vapor sorption analyzer (DVSA) to determine the capability of LWA in releasing absorbed water to the cement paste matrix during hydration and to characterize the pore size distribution of the LWA in the range of pores smaller than 50 nm, according to the Kelvin-Young-Laplace equation [19]. X-ray computed tomography was used to characterize porosity, pore size distribution, and predicted permeability of the LWA for pores larger than 19 µm. Table 1 summarizes the experimental program for this study. 
 
[bookmark: _Ref76646862]Table 1. Experimental program
	Experiment
	Purpose

	Buoyancy 
	To assess the oven dry, saturated surface dry and apparent specific gravity of the LWA 

	Vacuum absorption
	To evaluate the maximum water absorption capacity and total open porosity of the LWA 

	Time dependent absorption
	To assess the water absorption of LWA over time

	DVSA
	To evaluate the water desorption behavior of LWA and characterize its pore structure at pore range smaller than 50 nm

	XCT
	To characterize porosity, pore size distribution, and permeability of LWA at pore sizes greater than 19 µm



[bookmark: _Toc72408488]Materials and sample preparation 

Two types of off-spec fly ash were used in this study, which based on their chemical composition according to ASTM C618 [5] can be categorized as: (i) low calcium class F fly ash (F-FA) and high calcium class C fly ash (C-FA). Table 2 shows the chemical oxide composition of the off-spec fly ashes as obtained through X-ray fluorescence (XRF). One of the most important requirements of ASTM C618 for fly ash is a LOI of less than 6 % (by mass).  In addition, based on AASHTO M 295, the LOI limit for fly ash in more than thirty-nine states must be less than 5 %. Accordingly, fly ashes used in this study can be classified as off-spec fly ash owing to a high LOI content (see Table 2). 



[bookmark: _Ref36589735]Table 2. Chemical oxides of off-spec fly ash based upon a single measurement
	Chemical Composition
(% by mass)
	Sample Name

	
	F-FA
	C-FA

	SiO2
	49.5
	38.2

	Al2O3
	23.8
	18.8

	Fe2O3
	15.4
	10.9

	SO3
	0.7
	3.6

	CaO
	3.2
	18.8

	Na2O
	0.4
	1.1

	MgO
	1.6
	3.6

	K2O
	2.3
	1.0

	P2O5
	-
	0.7

	TiO2
	-
	1.3

	Total
	97.0
	97.9

	LOI
	5.3
	8.5

	Unburnt Carbon
	2.3 
	7.0 

	Initial moisture content
	0.4 
	1.2



Quantitative X-ray diffraction (QXRD) analysis was performed across the range of 5° to 80° 2 with a 0.02° step size on both fly ashes to quantify their amorphous content and crystalline phases. 20 % rutile (TiO2) was used as an internal standard for the purpose of quantification [20]. Use of rutile might result in underestimation of amorphous phase content. This effect was not further investigated as it was out of the scope of this study. Table 3 shows the crystalline phases and amorphous content of the ashes, which indicates that a significant portion of the ashes is composed of an amorphous phase.




[bookmark: _Ref48036350]Table 3. The crystalline phases content of raw fly ashes (% by mass) based upon a single measurement
	Phase name
	Sample Name

	
	F-FA
	C-FA

	Quartz
	7.0
	5.9

	Mullite
	10.7
	3.5

	Hematite
	4.5
	1.0

	Anhydrite
	1.9
	3.0

	Calcium aluminoferrite
	0
	1.6

	Amorphous
	75.9
	84.9



The manufacturing of FA-LWA includes four main steps: drying, pelletization, curing, and sintering. In the first step, the ashes were dried in an oven at 110 °C ± 5 °C for 24 h to remove their moisture. In the second step, pelletization, the dried ash was mixed with NaOH aqueous solution with molarities of 0 mol/L (i.e., deionized (DI) water), 2.5 M, 5 M, 7.5 M, 10 M, or 12.5 M with a liquid to solid (L/S) mass ratio of 0.2. These concentrations led to mass concentrations (i.e., mass of solid NaOH per mass of solid fly ash) of 0 %, 2 %, 4 %, 6 %, 8 %, and 10 %. The ash and aqueous NaOH (or deionized water) were mixed thoroughly to achieve a homogenous mixture. Afterwards, a plastic mold of 16 mm diameter was used to pelletize each mixture into a spherical shape. An L/S ratio of 0.2 was found to be the minimum ratio needed for the successful formation of spherical fresh pellets. In step three, the pellets were cured in an environmental chamber at 40 °C and 30 % relative humidity (RH) for 24 h. In the final step, the fresh aggregates (i.e., the cured pellets) were sintered at 1160 °C for 4 min to produce FA-LWA. Samples are designated as XX-YY%, where XX shows the type of materials (i.e., either F-FA or C-FA), while YY represents the NaOH concentration. 
[bookmark: _Toc72408489]Testing methods
[bookmark: _Toc72408490] Specific gravity measurement

For each type of LWA with different NaOH concentrations, three replicates were randomly selected to perform the specific gravity test. The specific gravity of the aggregates was obtained by measuring their oven dry (OD), saturated surface dry (SSD), and apparent specific gravity in accordance with the ASTM C127 [21] buoyancy method. The vacuum absorption capacity was measured to investigate the maximum possible absorption capacity of the aggregates.  The LWA was dried in an oven at 100 °C ± 5 °C for a minimum of 24 h to measure OD mass. About 1000 mL of deionized water was de-aerated in the vacuum pump for 1 h to remove the gas inside the water. The pump was then turned off and the deionized water container was removed from the chamber of the vacuum pump and covered with a lid for later procedures. The oven-dried LWA were de-aerated in a vacuum pump at a pressure of 1.33 kPa ± 0.33 kPa for 3 h to remove gas in the pores. After 3 h under vacuum conditions, the previously de-aerated deionized water was introduced to the LWA. The process lasted for an additional 1 h until the LWA were fully submerged in the water. The vacuum pump was then turned off, and the beaker was taken out of the chamber and kept in atmospheric conditions for 24 h. After vacuum saturation, the surface water of the aggregates was removed using an absorbent cloth and the SSD mass was recorded. After determining the SSD mass, the LWA was immediately placed into the buoyancy container filled with deionized water, and the apparent mass in the water was recorded at room temperature.  
[bookmark: _Toc72408491] Absorption over time

For each type of LWA with different NaOH concentrations, three replicates were randomly selected to perform the water absorption test and measure the OD LWA water absorption property as a function of time.  The LWA were dried in an oven at 110 °C ± 5 °C for 24 h to remove the moisture inside the samples and the OD mass was measured. Next, the samples were placed in a container filled with tap water to fully cover the LWA samples. Then, at specific intervals, the samples were taken out of the container and their surface water was dried using an absorbent cloth to measure the SSD weight. Before each measurement, the container was carefully shaken to remove any potential entrapped air bubbles. The measurements were done at 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 24 h, 36 h, 48 h and 72 h after the first contact of LWA with water. 
[bookmark: _Toc72408492] Dynamic vapor sorption analyzer (DVSA)

The desorption/absorption behavior and nano/micropores of the LWA were characterized using a DVSA. A disk of 1 mm thickness was cut from the middle section of the lightweight aggregate using a diamond saw. The disk was broken into small pieces and soaked in water for 24 h. A piece with a mass of about 60 mg was used for testing in the DVSA instrument. The SSD sample was placed in a quartz pan at a constant temperature of 23 ℃ for both the desorption and absorption cycle. The RH was initially set to 97.5 % and decreased in increments of 1.5 % down to 96 %, then down to 90 % in increments of 2 %, then down to 80 % in increments of 5 %, and finally decreased all the way to 0% in increments of 10 %. After each increment, the RH was kept constant for either 96 h or, if the mass change was less than 0.001 mg over 15 min, then the instrument proceeded to the next RH value. This procedure was applied in reverse to increase the RH to 97.5 % for the absorption cycle. Due to the long duration of DVSA testing, only three NaOH concentrations (2 %, 6 %, and 10 %) for both F-FA and C-FA were selected for testing.

[bookmark: _Toc72408493] X-ray computed tomography (XCT)

[bookmark: _Ref76560772]A Zeiss Versa XRM 500[footnoteRef:1] was used to perform XCT and evaluate the LWA pore structure. The X-ray tube was set for a voltage of 120 kV and a current of 83 µA. The tube, specimen, and detector were arranged to give a reconstructed voxel size of about 19 µm. The exposure time per step for a rotation of 360° was approximately 0.45 s. 2D projections of the LWA were collected and using the software supplied with the Zeiss Versa XRM 500, tomographic reconstruction was performed to reconstruct a 3D image, which was subsequently saved a stack of approximately 1000 2D cross-sectional slices each having thickness equal to the voxel size. The visualization and calculations presented in this paper were performed using Dragonfly Software [22].  [1:  Certain commercial equipment, software and/or materials are identified in this paper in order to adequately specify the experimental procedure. In no case does such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the equipment and/or materials used are necessarily the best available for the purpose.] 

In order to calculate the porosity of the LWA for each dataset, a cubic volume of interest (VOI) with a size of 7.5 mm × 7.5 mm × 7.5 mm was extracted from the center of each 3D XCT image. Different segmentation methods were tested (including Otsu [23], maximum entropy [24], and Bernsen [25]) and it was found that K-means ++ [26,27] clustering could yield the best performance in capturing the pore space in the images based upon visual comparison. K-means clustering segments all the pixels of an image into k clusters [28]. In this method, first (i) the centroids of the clusters are initialized, next (ii) for each pixel of the image the Euclidean distance to the center is calculated, then (iii) based on the obtained distance, the nearest pixels are assigned to a cluster, after that (iv) based on the assigned pixels new centers will be calculated, and finally (v) the process is repeated until it satisfies a tolerance value. K-means clustering is generally affected by the selection of K centroids at the first step. K-means ++ is an improved form of the basic K-means algorithm, where the only difference is in the selection of initial centroids [29]. In this method, (i) the first centroid is selected randomly, next (ii) the distance of each data point is calculated from the previously chosen centroid, then (iii) the next centroid is selected from the data points such that the probability of choosing that point as centroid is directly proportional to its distance from the nearest, previously chosen centroid, and finally (iv) steps (ii) and (iii) are repeated until K centroids are selected. It was found that using six clusters with eight iterations could most reasonably identify the pore space in the LWA. The high number of clusters was due to the close intensity of some portions of the solid and pore phases. The two first clusters were combined to form the pore space and the rest of the clusters were the solid phase. Previously it has shown that pore-solid segmentation in image processing is one of the steps that can contribute to the uncertainty in quantitative analysis. However, uncertainty quantification was beyond the scope of this study [30]. Due to resolution limitation many of the micropores (specifically those smaller than 3 to 5 times the voxel size) could not be captured by the XCT [31], which could possibly result in errors in the calculated final porosity and predicted permeability. Figure 2 shows an example raw and segmented image of C-FA 6 % LWA. 
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	(a)
	(b)


[bookmark: _Ref71888454]Figure 2. C-FA 6 % LWA shown as an example of image segmentation; (a) raw image before segmentation and (b) segmented image into pore (yellow color) and solid (blue color) phase through k-means ++ clustering method

A plugin of Dragonfly software called OpenPNM1 [32] was used for the extraction of pore network of the LWA from the segmented pore-solid phase. The plugin uses an algorithm referred to as SNOW (subnetwork of the over-segmented watershed) [33], which is based on marker-based segmentation for the extraction of pores. This method consists of five steps. In the first step, the distance map of pore space in the binary image is obtained and smoothened using a Gaussian blur filter. In the second step, the peaks are identified in the distance map using a maximum filter with a spherical structuring element of radius R. A spherical structuring element with radius of 4 was used in this study [33]. In the third step, any extraneous peaks in the previous step is trimmed, which is the key to avoiding over-segmentation. A detailed description of this method can be found elsewhere [32–34]. In step four, the image is segmented into pore regions using a marker-based watershed segmentation method, where the corrected maxima identified in the previous step are used as the markers. Finally, the segmented image is used to obtain information about the pore and throat (channel) size in the network. In this study, for pore size distribution analysis pores were characterized by their equivalent diameter, which is the diameter of a sphere with equivalent volume to that of the identified pore. Figure 3 (a) shows the 3D reconstruction of the segmented solid phase in C-FA 6 % LWA, and Figure 3 (b) shows the extracted pore network model of the LWA in the VOI. Once the pore-throat network was extracted, the closed pores were excluded to generate a continuous medium of pore and throat to enable the calculation of the intrinsic permeability (or simply referred to as permeability in this paper) of the LWA. 
At the pore-scale for incompressible fluid and a constant volume of a pore i, the sum of inflows and outflows must be equal, which can be written as the following equation: 
	
	Equation 1



where n is the number of connections to and from pore i, and Qij is the volumetric flow from pore i to pore j, which is directly proportional to the pressure difference between the pores according to Equation 2:
	
	[bookmark: _Ref76650572]Equation 2



The parameter  is the conductance between pores i and j, and Pi and Pj are the fluid pressures in pores i and j. The conductance between pores is related to the throat diameter and length and fluid viscosity using Poiseuille’s law according to Equation 3: 
	
	[bookmark: _Ref76652575]Equation 3



where  is the throat diameter between pores i and j, L is the throat length between pores i and j, and  is the fluid viscosity. 
Equations 1-3 can be combined to result in linear algebraic system for the unknown pore pressure at each pore. Considering the boundary conditions (pressure difference of 1 atm across the entire sample in each direction for calculating permeability at that direction), the equations can be solved to obtain the pore pressure at each pore. Knowing the pressure at each pore, the volumetric flow can be calculated. Finally, the permeability of the system is determined based on Darcy’s law  according to Equation 4 [35]:
	
	[bookmark: _Ref76652637]Equation 4



where Q is the total volume flow through the network, L is the length of the network, A is the cross-sectional area of the pore network perpendicular to the direction of flow, and  is the boundary pressure difference (1 atm) in the x, y, and z directions. Therefore, the associated permeability coefficient i.e., Kxx, Kyy, and Kzz (double subscript indicates flow in the same direction as the applied pressure gradient) can be obtained. 
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[bookmark: _Ref71888998]Figure 3. C-FA 6% LWA shown as an example; (a) the VOI 3D reconstructed of segmented solid phase and (b) Pore Network Model of the LWA representing pores and throats
[bookmark: _Toc72408494]Results and discussion
[bookmark: _Toc72408495] LWA physical appearance
For each FA type, multiple replicates were produced to evaluate their physical appearance. The selected LWA were chosen to investigate how LWA physical appearance might change with respect to the FA type and NaOH concentration. High-quality digital camera images were taken from the front view of the LWA, where the distance between the LWA and camera was kept constant to achieve the same magnification for all images. Figure 4 shows the front view physical appearance of the F-FA LWA samples. F-FA 0% showed a red-brown color, while adding NaOH to the samples shifted the color toward dark brown. The addition of NaOH for F-FA 2%, F-FA 4%, and F-FA 6% caused the occurrence of a subtle shiny surface, suggesting the formation of a liquid phase in the LWA during the sintering process. A local melting could be observed on the surface of F-FA 10%, which probably suggests the presence of excessive NaOH concentration in the LWA. 
Figure 5 shows the front view physical appearance of the C-FA LWA samples. The addition of NaOH changed the color of C-FA LWA from yellow for C-FA 0% to light brown for C-FA 10%, except C-FA 8%, which showed a dark brown color. As can be seen, C-FA 0%, which was prepared with DI water without NaOH addition, had a smaller size compared to other C-FA LWA, which suggests shrinkage occurred after sintering. In addition, severe cracking could be observed on the surface of C-FA 0%, probably caused by a combination of lack of liquid phase formation and thermal shrinkage during cooling after sintering. The cracking was less observable on the surface for the C-FA LWA prepared with NaOH (i.e., C-FA 2% to C-FA 10%), which could be related to the formation of a liquid phase in the LWA by addition of NaOH. Balapour et al. showed that C-FA 0% had ~ 15 % liquid phase while C-FA 2% had about 36 % liquid phase. Some local melting appeared on the surface of C-FA 8% suggesting an NaOH concentration in excess of what was needed for sample preparation.  It should be noted that all LWA had enough integrity and strength after sintering to be handled for further testing.
	
	
	

	
	
	



[bookmark: _Ref70944849]Figure 4. The front view of F-FA LWA sintered at 1160 ℃ for 4 min; the upper left corner of each image shows the NaOH percentage
	
	
	

	
	
	



[bookmark: _Ref70947445]Figure 5. The front view of C-FA LWA sintered at 1160 ℃ for 4 min; the upper left corner of each image shows the NaOH percentage

[bookmark: _Toc72408496] Specific Gravity
Figure 6 shows the oven dry (OD), saturated surface dry (SSD), and apparent (APP) specific gravity of F-FA LWA and C-FA LWA. Since the measured specific gravity for all the aggregates manufactured in this study is less than 2, they can all be classified as LWA according to EN 13055 [36]. Figure 6 (a) shows that for F-FA LWA, increasing the NaOH concentration from 0 % to 10 % slightly increased the OD and SSD specific gravity while the OD specific gravity changed from 1.24 to 1.45. This could be related to the increase in the solid weight of LWA due to the addition of higher solid NaOH concentration to the LWA. On the other hand, Figure 6 (b) shows that for C-FA LWA, the OD specific gravity had some variations at each NaOH concentration, and a clear trend could not be observed. The lowest specific gravity for C-FA LWA was that of C-FA 6%, which was equal to 1.22. Balapour et al. [16] found a similar trend of specific gravity for LWA made from low and high calcium bottom ash. The APP specific gravity pertains to the solid portion of the LWA and the pore space among particles accessible to water is not considered. Comparing the apparent specific gravity of F-FA and C-FA LWA implies a higher net volume of solid particles for F-FA LWA, which has led to lower apparent specific gravity values for F-FA LWA.
	
	

	(a)
	(b)


[bookmark: _Ref69633984]Figure 6. Apparent (APP), oven dry (OD), and saturated surface dry (SSD) specific gravity of (a) F-FA LWA and (b) C-FA LWA (the error bars indicate ± one standard deviation computed from three replicates)

[bookmark: _Toc72408497]Vacuum and time-dependent water absorption
Figure 7 shows the vacuum water absorption for F-FA and C-FA LWA. Vacuum water absorption demonstrates the maximum possible absorption capacity for an LWA. As can be seen from Figure 7 (a), the vacuum absorption capacity of F-FA LWA decreased as the NaOH concentration increased. This could be related to the fact that higher NaOH concentration led to the development of closed porosity in F-FA LWA, which decreased vacuum absorption capacity. In a previous study, Balapour et al. [16] found a similar trend for LWA made from low calcium bottom ash. The highest average vacuum absorption capacity was 39.4 % for F-FA 0%, and the lowest value was 25.8 % associated with F-FA 10%.  The vacuum absorption capacity for C-FA LWA, shown in Figure 7b, displays a seemingly variable behavior, where the highest average vacuum absorption capacity was 45.6 % for C-FA 6%. This variable behavior was previously observed for LWA made from high calcium bottom ash [16]. This observation implies the highly random nature of pore structure development in LWA made from high calcium coal ash, both fly ash and bottom ash. 
	
	

	(a)
	(b)


[bookmark: _Ref69723539]Figure 7. Vacuum water absorption of (a) F-FA LWA and (b) C-FA LWA (the error bars indicate ± one standard deviation computed from three replicates)
Figure 8 shows the water absorption of F-FA and C-FA LWA over a 72 h period. All the LWA had a 72 h water absorption of greater than 5 %, as required by ASTM C1761 [37] for a LWA to be used for internal curing of concrete. The first water absorption measurement was made 30 min after soaking the LWA in water. As can be seen for both types of LWA, more than 70 % of the 72 h water absorption occurred in the first 30 min. This observation demonstrates the highly connected pore structure of LWA with a high number of capillary pores that led to rapid and efficient water absorption.
For F-FA LWA (Figure 8 (a)), the 72 h water absorption order was as follows: F-FA 0% > F-FA 6% > F-FA 8% > F-FA 10% > F-FA 2% > F-FA 4%. Comparing the water absorption for F-FA 0% to other F-FA LWA suggests that the addition of NaOH to the LWA decreased the absorption capacity of the LWA. The same behavior is also observed in C-FA LWA (Figure 8 (b)).  The water absorption order of C-FA LWA was as follows: C-FA 0% > C-FA 6% > C-FA 10% > F-FA 8% > C-FA 2% > C-FA 4%. C-FA LWA showed a higher water absorption capacity compared to the respective F-FA LWA with the same NaOH concentration. This behavior could be related to a smaller number of closed pores available in the microstructure of C-FA LWA so that water absorption through the connected pores could be higher.  
	
	

	(a)
	(b)


[bookmark: _Ref69733992]Figure 8. Measured water absorption of (a) F-FA LWA and (b) C-FA LWA as a function of time up to 72h for three replicates at each concentration;(the maximum standard deviation for three replicates was determined to be 9%)
Figure 9 shows a comparison between the vacuum and 72 h water absorption for F-FA and C-FA LWA. The vacuum water absorption shows the maximum possible water absorption for the LWA, whereas the 72 h water absorption is the value that is usually used in practice. The gray area shown on the figure demonstrates the amount of extra water absorbed by the LWA under vacuum compared to the 72 h water absorption. The extra amount of water could not be absorbed through capillary suction of the pores in the LWA during the 72 h period. In theory, if the LWA is soaked in water for an infinite amount of time, the time dependent absorption should approach the vacuum water absorption. On the other hand, differences between the vacuum and 72 h water absorption indicates that not all the pores could be filled with water during the 72 h period. This could be caused by the presence of trapped gas in the pores during water absorption, which can delay the absorption mechanism in the LWA [38]. For F-FA LWA, the gray area in Figure 9, which is the difference between the 72 h and vacuum water absorption, got smaller at higher NaOH concentrations (F-FA 6%, F-FA 8%, and F-FA 10%), meaning the vacuum and 72 h water absorption values were becoming closer in value. In contrast, the difference between vacuum absorption and 72 h absorption showed a variable behavior as a function of NaOH for C-FA LWA. The 72 h absorption of both F-FA and C-FA LWA showed that the addition of NaOH up to 4% decreased the absorption but beyond this amount the absorption sharply increased and remained relatively constant from 6% to 10%. Ren et al. [39] observed the same trend for LWA prepared with fly ash, clay, and sodium carbonate as the fluxing agent. This trend could be related to the formation of liquid phase, which is promoted by the amount of NaOH in LWA. The liquid phase forms on the surface of LWA [13,16,40], which could potentially acts as a barrier for LWA water absorption. When the NaOH concentration passed 4%, rearrangement of pores in the excessive liquid phase (formed by higher NaOH concentration) that had a lower viscosity enabled higher 72 h water absorption [13]. 
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[bookmark: _Ref69824754]Figure 9. Vacuum and 72 h water absorption for (a) F-FA LWA and (b) C-FA LWA; the blue area shows the water that is readily absorbed by the LWA during 72 h and is accessible for internal curing, while the gray area shows the extra water that can be absorbed by the LWA under vacuum 
[bookmark: _Toc72408498] Porosity
Figure 10 shows the porosity of the open or connected porosity of F-FA and C-FA LWA obtained using buoyancy and XCT techniques. The open porosity should follow the trend that was observed for vacuum absorption. This is because open porosity refers to the volume percentage of the pores that are capable of absorbing water as measured by vacuum absorption (see Figure 7 (a) and (b)).  
As can be seen from Figure 10 (a), the buoyancy open porosity decreased for F-FA LWA as the NaOH concentration increased exhibiting a behavior similar to that of the vacuum absorption. In other words, the addition of NaOH to F-FA LWA led to an increase of closed pores. For C-FA LWA, the buoyancy open porosity values also showed the same trend as did the vacuum absorption, demonstrating the randomness of the pore structure during sintering. C-FA 6% had the highest average open porosity, equal to 55.8 %. 
The empty square symbols represent the open porosity obtained through XCT. It should be noted that XCT scanning produced a voxel size of about 19 µm; therefore, any pores with size below that value were not distinguishable in segmentation, and thus were not reflected in the measured porosity. As a result, the porosity measured through XCT for both F-FA and C-FA LWA had lower values than those obtained through the buoyancy method. The difference between the open porosity values obtained through these two methods indicates the porosity contribution from the pores smaller than 19 µm. Moreover, it should be noted that for the porosity obtained by XCT to be comparable with the buoyancy porosity, the XCT open porosity values are shown on Figure 10. For this purpose, the closed porosity was calculated and deducted from the total porosity to obtain the open porosity through the XCT method. To obtain the closed porosity, first, in the segmented solid dataset the inner enclosed voxels (i.e., voxels associated with pore phase that are not finding any path to touch the VOI surface) were filled (added to the dataset) using the available function in the Dragonfly software. Next, the obtained dataset was subtracted from the segmented solid dataset to only obtain the closed pore volume. Finally, the volume of closed pores was divided by the VOI’s volume to obtain the closed porosity. The maximum closed porosity measured by XCT for all the LWA was that of F-FA 2%, which was equal to 1.1 %. For F-FA LWA, the general trend suggests that increasing the NaOH concentration increased the porosity obtained through XCT. This is opposite to the trend observed for total porosity measured through the buoyancy method. The XCT porosity trend implies the formation of larger pores (in the category of > 19 µm) in the LWA that were distinguishable by XCT. Interestingly, the measured XCT porosity for C-FA LWA followed the same point-by-point trend as the total open porosity obtained through the buoyancy method. At the same time, the general trend for the XCT porosity was to increase as the amount of NaOH increased. This could be related to the formation of larger pores that were distinguishable by the XCT method. 
The difference between buoyancy and XCT porosity indicates that how the porosity as measured by XCT depends on the voxel size, since pores smaller than one voxel would not contribute to the XCT porosity. More discussion on the porosity in different pore categories is provided in Section 4.6.1. 
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[bookmark: _Ref69729418]Figure 10. The open porosity of (a) F-FA LWA and (b) C-FA LWA (the error bars indicate ± one standard deviation for three replicates) based on buoyancy technique; the XCT porosity shows the open porosity (i.e., total porosity minus closed porosity both obtained using XCT) based upon single measurement
[bookmark: _Toc72408499] Water desorption behavior
The water desorption behavior of a LWA is particularly important if the LWA is to be used for the internal curing of the concrete. The desorption isotherm can indicate how water is released from the LWA pore structure to the concrete matrix during the concrete self-desiccation period. Figure 11 shows the desorption isotherms for F-FA and C-FA LWA with 2 %, 6 %, and 10 % NaOH concentration. According to ASTM C1761, the LWA must release more than 85 % of its absorbed water at 94 % RH. For F-FA LWA (Figure 11 (a)), all the LWA released more than 92 % of their absorbed water at 94 % RH, in the following order: F-FA 10% > F-FA 2% > F-FA 6%. The coarser the pore structure of LWA (in the range of less than 50 nm [41]), the easier it will be for the LWA to release the absorbed water as the RH decreases. This is because larger pores have lower capillary suction and so less ability to hold on to the absorbed water [41,42]. Accordingly, it appears that the F-FA 10% had a coarser pore structure compared to F-FA 2%, and F-FA 2% had a coarser pore structure compared to F-FA 6%. More discussion on the pore size distribution of the LWA is provided in Section 4.6. 
All C-FA LWA (Figure 11 (b)) released more than 98 % of their absorbed water as the RH fell below 94 %. The C-FA LWA had very similar desorption isotherms indicating that these LWA should have a similar pore structure in the range of less than 50 nm pore size. A general comparison between F-FA LWA and C-FA LWA suggests that C-FA LWA released more of its absorbed water than did F-FA LWA as the RH decreased. Accordingly, it can be inferred that C-FA LWA had a coarser pore structure compared to F-FA LWA. 
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[bookmark: _Ref69826805]Figure 11. Water desorption response of (a) F-FA LWA (b) C-FA LWA based upon single measurement; the Y axis is broken at 2 for a better presentation 
[bookmark: _Ref70509574][bookmark: _Toc72408500] Pore size distribution
To characterize the pore structure of the LWA, a combination of DVSA and XCT was used. DVSA combined with the Kelvin-Young-Laplace equation can be used to obtain the distribution of pores smaller than 50 nm. Moreover, using this technique the normalized volume pores in the macropore region i.e., pores greater than 50 nm can be obtained. XCT was used to characterize the porosity and distribution of the pores greater than 19 µm. In the following sections, first, using a combination of DVSA and XCT the porosity share distribution of the LWA is characterized. Next, using DVSA the pore size distribution in the range of pores smaller than 50 nm is discussed. Finally, using the XCT the pore size distribution of the LWA in the range of pores greater than 19 µm is characterized. 
[bookmark: _Toc72408503][bookmark: _Ref72411950]Porosity share distribution  

Figure 12 shows the normalized porosity for three pore size categories: greater than 19 µm, between 19 µm and 50 nm, and less than 50 nm. In this case, “normalized” means that the sum of these three porosities equals 100 %. The normalized porosity of LWA in the range of pores smaller than 50 nm can be obtained according to Equation 5. The normalized porosity for the pores greater than 19 µm was obtained according to Equation 6. Finally, normalized porosity for the pores between 50 nm and 19 µm was obtained using Equation 7. 
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As can be seen for F-FA LWA Figure 12 (a), the porosity originating from pores smaller than 50 nm constituted the smallest portion of the normalized total porosity. This porosity type was the largest for F-FA 6% and the smallest for F-FA 10% with 11.5 % and 4 % normalized porosity, respectively. As the NaOH concentration increased, the intermediate porosity share (i.e., the pores bigger than 50 nm and smaller than 19 µm) decreased, while the normalized porosity of the pores greater than 19 µm increased (macropore region). This observation demonstrated the effect of NaOH as the fluxing agent on the liquid phase formation and its viscosity and consequently the pore structure of the LWA. Indeed, the addition of higher NaOH concentration coarsened the pore structure of the LWA. 
For all C-FA LWA ( Figure 12 (b)), the porosity fraction of the pores smaller than 50 nm was even smaller than that of F-FA LWA and had a contribution of less than 3 % to the normalized total porosity. In other words, the majority (more than 97 %) of the pores belong to the macropore region (i.e., pores greater than 50 nm). This observation suggested that macropores in C-FA LWA were mostly responsible for the 72 h water absorption. The same trend as observed in F-FA LWA was seen for C-FA LWA for intermediate porosity and porosity originating from the pores greater than 19 µm. 
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[bookmark: _Ref72416973]Figure 12. The normalized porosity fraction in the range of >19 µm, between 19 µm and 50 nm and less than 50 nm for (a) F-FA LWA and (b) C-FA LWA
[bookmark: _Toc72408501]Pore characterization through DVSA

The desorption isotherms obtained through DVSA (see Figure 11) can be used to characterize the pore size distribution of a porous material based on the change in RH and desorbed water from the pores [43]. The Kelvin-Young-Laplace equation [44] correlates the pore radius to RH in a water-filled pore according to Equation 8, where   is water surface tension, RH is relative humidity,  is molar mass, R is gas constant i.e., 8.314 J.K-1.mol-1, and T is temperature (K). 
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Figure 13 shows the pore size distribution for F-FA and C-FA LWA. The pores are categorized in the range of gelpores (less than 5 nm), mesopores (between 5 nm and 50 nm) and macropores (greater than 50 nm). Figure 13 (a) shows that F-FA 6% had the finest pore structure where 3 % of the pores were placed in the gelpore region, about 9 % of the pores were in the mesopore region, and more than 88 % of the pores were in the macropore region. F-FA 2% had a slightly coarser pore structure compared to that of F-FA 6%, where more than 91 % of the pore volume were in the macropore region. However, increasing the NaOH concentration to 10 % had a significant effect on the F-FA LWA pore structure. F-FA 10% had the coarsest pore structure, where the distribution of the pores shifted from the gelpore and mesopore categories toward the macropore category. For F-FA 10%, more than 96 % of the pores were placed in the macropore category, indicating that addition of high NaOH concentration promotes the formation of macropores, easing water release from the LWA. 
The pore size distribution for the C-FA 2%, 6%, and 10%, shown in Figure 13 (b), indicated a very similar pore structure with different NaOH concentrations in the gelpores and mesopores regions. It appears that more than 97 % of the pores are in the macropore region. The addition of NaOH to the C-FA LWA has a minimal impact on the pore structure in the gel and mesopore regions. This could be related to low viscosity of liquid phase in the C-FA LWA due to high CaO content that allowed easier expansion of the gas filled pores [16] during sintering and forming more larger pores [13]. As such, the majority of the pores (more than 97%) were macropores. 
A comparison between F-FA and C-FA LWA suggests a finer pore structure for F-FA LWA. Balapour et al. [16] showed that a possible reason for the finer pore structure of F-FA LWA is related to the chemical composition of the F-FA material. The chemical composition of fly ash significantly affects the viscosity of the LWA during the sintering process. Since F-FA LWA had only 3.2% CaO, higher viscosity values were obtained for the solid-liquid phase [13,14] in the LWA compared to C-FA LWA (which had 18.8 % CaO), leading to a smaller pore size formed during the sintering. 
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[bookmark: _Ref70514603][bookmark: _Ref70514595]Figure 13. The corresponding pore size distribution obtained from desorption isotherms for (a) F-FA LWA and (b) C-FA LWA

[bookmark: _Toc72408502]Pore characterization through XCT

Figure 14 (a) shows the pore size distribution for F-FA LWA obtained through XCT, with only pores with size greater than 19 m measured. As can be seen from the cumulative distribution of the number of pores (see Figure 14 (a)), d50 (i.e., the pore size below/above which 50 % of the pores by volume are smaller/larger) for F-FA 2%, F-FA 6%, and F-FA 10% were 202 µm, 208 µm, and 218 µm, respectively. Based on the cumulative distribution of the pores for F-FA LWA, it can be inferred that increasing the NaOH concentration led to the development of larger pores in this LWA. This is mainly due to the formation of a higher amount of liquid phase with lower viscosity in the LWA during sintering that led to the formation of larger pores and coalescence of small pores to form larger pores [13,16]. Figure 14 (b) shows the cumulative normalized porosity fraction of different pore categories in F-FA LWA. D50 shown on the figure is defined as the pore size at which cumulative normalized porosity reaches 50 %. For F-FA 2%, F-FA 6%, and F-FA 10%, the D50 was 500 µm, 534 µm, and 714 µm, respectively. The increase in D50 with the increase in the NaOH concentration confirmed the formation of larger pores in the F-FA LWA. 
As can be seen from Figure 15 (a), the d50 value for all the C-FA LWA samples was about 213 µm. Based on the cumulative distribution of the pores, it can be observed that among the C-FA LWA samples, C-FA 2% had a higher frequency of pores smaller than 300 µm in its pore structure compared to C-FA 6% and C-FA 10%. On the other hand, C-FA 6% and C-FA 10% had a very comparable pore frequency distribution in their pore structure with some higher pore frequency for C-FA 6% in the 500 µm to 600 µm pore size category. According to Figure 15 (b), the D50 for the C-FA 2%, C-FA 6%, and C-FA 10%, were 745 µm, 614 µm, and 738 µm, respectively. In contrast to the F-FA LWA, where a clear trend between the NaOH concentration and the value of D50 was revealed, there was no clear trend between these two parameters for C-FA LWA. According to D50 obtained for C-FA LWA (Figure 15 (b)) C-FA 2% and C-FA 10% had larger pores forming their pore structure compared to C-FA 6%. 
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[bookmark: _Ref51773008]Figure 14. F-FA LWA (a) pore size distribution and (b) normalized porosity share of pore categories obtained from XCT
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[bookmark: _Ref75785935]Figure 15. C-FA LWA (a) pore size distribution and (b) normalized porosity share of pore categories obtained from XCT
Table 4 shows the calculated permeability coefficients for F-FA and C-FA LWA in x, y, and z directions for the pores greater than 19 µm. The permeability coefficient can be used as an indication of pore connectivity in the LWA and to understand the effect of NaOH concentration on the development of pore structure. For F-FA LWA, as the NaOH concentration increased, the permeability coefficients increased in all directions. This observation further indicates that higher NaOH concentrations led to the formation of larger pores that are highly connected, leading to a higher permeability coefficient. The average permeability (averaged over three directions) for F-FA 6% was 533 % higher than that of F-FA 2%, and the F-FA 10% average permeability was 429 % higher than that of F-FA 6%.
The same trend of permeability coefficient was observed for C-FA LWA. The average permeability for C-FA 6% was 102 % higher than that of C-FA 2%, and C-FA 10% average permeability was 26 % higher than that of C-FA 6%. The effect of NaOH on increasing the permeability coefficient for C-FA was less significant compared to that of F-FA. Comparing the permeability coefficients between F-FA LWA and C-FA LWA indicates that all C-FA LWA samples had a higher permeability coefficient compared to the comparable F-FA LWA. This observation may justify the higher water absorption results obtained (see Figure 8) for C-FA LWA. 
[bookmark: _Ref75950578]Table 4. The predicted permeability coefficient of F-FA and C-FA LWA in x, y, and z directions obtained through XCT based upon single measurement
	Sample
	Permeability Coefficient (10-8 × m2)

	
	Kxx
	Kyy
	Kzz
	Average in x, y, and z directions

	F-FA 2%
	0.7
	1.3
	0.4
	0.8

	F-FA 6%
	3.1
	8.7
	3.4
	5.1

	F-FA 10%
	27.0
	16.6
	36.7
	26.8

	C-FA 2%
	44.1
	24.8
	19.9
	29.6

	C-FA 6%
	60.0
	55.5
	64.4
	60.0

	C-FA 10%
	64.3
	49.4
	112.9
	75.5





[bookmark: _Toc72408504]Summary and conclusions  
This paper characterized the engineering properties and pore structure of spherical F-FA (low calcium FA) and C-FA (high calcium FA) LWA that were prepared through sintering using NaOH as the fluxing agent. The LWA were prepared following a thermodynamics-guided framework for LWA production [13,15]. Properties including specific gravity, vacuum and time-dependent water absorption, porosity, water desorption, pore size distribution, and permeability of the LWA were characterized. 
The specific gravity measurements demonstrated that the OD specific gravity for F-FA LWA ranged from 1.24 to 1.45 and C-FA from 1.22 to 1.41. Therefore, all the LWA were categorized as lightweight according to EN13055 due to having an OD specific gravity of less than 2. 
The vacuum water absorption capacity showed that for F-FA LWA, vacuum absorption linearly decreased by 1.4 % per percentage of NaOH addition. However, the C-FA LWA vacuum absorption showed a variable trend as the NaOH increased. The linear and variable behavior for vacuum water absorption of F-FA and C-FA LWA could be attributed to the low and high calcium content in the fly ashes, respectively [13,16]. The 72 h water absorption for all the LWA was well above 5 % (the ASTM C1761 requirement for LWA to be used in concrete), showing great potential for these LWA to be used for concrete internal curing. The difference between the vacuum and 72 h water absorption showed that not all the open pores could be filled with water in 72h.  This observation can be related to the fact that some of the pores were filled with gas, which slowed down the capillary absorption of the LWA [38]. 
The total open porosity obtained through the buoyancy method followed a trend similar to that of the vacuum water absorption for both F-FA and C-FA LWA. However, open porosity measured using XCT demonstrated an increasing trend as the NaOH concentration increased. Increase in the XCT porosity was due to the formation of larger pores in the LWA that became distinguishable by XCT, which only measured pores of size 19 m or larger. 
The desorption isotherms showed that both F-FA and C-FA LWA released more than 85 % of their absorbed water at 94 % RH, which makes them suitable for concrete internal curing applications according to ASTM C1761. The DVSA method along with the Kelvin-Young-Laplace equation Indicated that for F-FA LWA, increasing the NaOH concentration shifted the pores to the macropore region, which was due to formation of higher liquid phase content upon addition of higher NaOH concentration. For all C-FA LWA, more than 96 % of the pores fell in the macropore region, which indicated that mostly macropores are responsible for water absorption of the LWA. 
The LWA pore structure characterization indicated that the normalized porosity for F-FA LWA in the range of pores smaller than 50 nm ranged from 4 % to 11.5 %, while for C-FA LWA this normalized porosity ranged from 1.7 % to 2.8 %, suggesting a finer pore structure for F-FA LWA compared to C-FA LWA. The resulting finer structure for F-FA LWA in comparison with C-FA LWA could be related to higher solid-liquid phase viscosity that makes pore expansion and movement harder[13]. In addition, it was found that increasing the NaOH concentration for both types of LWA increased the normalized porosity in the range of pores greater than 19 µm. 
The pore size distribution obtained through XCT indicated that for F-FA LWA, the frequency of large pores increased as the NaOH concentration increased. The observed randomness in the pore structure of C-FA LWA may be attributed to the higher calcium content in the fly ash. 
The calculated permeability coefficient for both C-FA and F-FA LWA in three directions, using a pore-throat network derived from the XCT data, increased as the amount of NaOH increased, suggesting that the increase in pore connectivity allowed easier water movement in the LWA pore structure. However, LWA with low NaOH concentrations (0% and 2%) had high enough 72 h water absorption which implies the permeability was probably high enough to allow sufficient water penetration and absorption.
This study, along with the previous studies by the authors, suggests that a small concentration of NaOH (between 0 % and 2 %) might be used to produce FA-LWA with engineering properties desired for internal curing in concrete. Higher NaOH concentrations might result in improved engineering properties, but the environmental impact and cost associated with the use of NaOH might suggest using smaller doses of this fluxing agent. FA-LWA might be used for applications such as geotechnical filling, lightweight concrete production, and internal curing of concrete. As such, scaling up the production of spherical FA-LWA using a pelletizer (to produce spherical fresh pellets) and rotary furnace to bring the process closer to pilot-scale will be the focus of future studies [17]. In addition, if the FA-LWA is used in such applications the leachability of constituents of potential concern from the FA-LWA must be studied. 
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