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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 mate
rials (i.e., either F-FA or C-FA), while YY represents the NaOH 
concentration. 

3. Testing methods 

3.1. 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. 

3.2. 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. 

3.3. 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 in
crements 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 concentra
tions (2 %, 6 %, and 10 %) for both F-FA and C-FA were selected for 
testing. 

3.4. X-ray computed tomography (XCT) 

A Zeiss Versa XRM 5001 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]. 

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 calcu
lated, 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 

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  

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. 
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