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Abstract: - The present investigation focused on examining the physical, rheological, and mineral aspects of 
ground bottom ash to enhance comprehension of its utility in the stowing application. Analysis revealed a 
notable presence of silica in the ash sample, with F-type ash containing alumina and iron oxides while 
predominant crystalline phases were noticed as quartz and mullite. These characterizations suggest its potential 
application as stowing material in coal mines, contributing to industry sustainability and mitigating 
environmental hazards. Experimental results on rheological properties and the impact of concentration on 
varying pipe diameters indicated a correlation: an increase in pipe diameter led to a slower but evident rise in 
critical velocity. This data proves invaluable in designing pipeline configurations for stowing bottom ash 
slurries of differing concentrations and pipe sizes. 
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1  Introduction 
A significant amount of energy is obtained from 
coal, accounting for around 55 % of the world's total 
energy output. The incineration of pulverized coal in 
thermal power plants accounts for approximately 70 
% of India's total energy production, [1], [2], [3]. 
The grade of Indian coal that is currently accessible 
is very low. The Fly Ash (FA) level of Indian coal is 
extremely high, while its calorific value is relatively 
low, [4], [5]. Ash percentages range from 34 to 39% 
in Indian coal, although the same ranges from 10 to 
15% in imported coal, [6], [7], [8], [9]. The current 
status of FA generation in thermal power–plants is 
shown in Figure 1. Indian thermal power plant 
produced approximately 270.82 million tons of FA 
in the financial year 2022, [4]. However, only 95.95 
% of this quantity is utilized in various industries, as 
shown in Figure 2; according to the report released 
in 2022 by the Central Electricity Authority of New 
Delhi. This production always raises a question 
about the sustainability of the thermal and other 
industries utilizing coal as an energy source. To 
confirm sustainability, FA is utilized in the 
production of brick, landfill, soil amendment, and 
construction sectors due to its remarkable 
mechanical capabilities, [10], [11], [12]. This study 
rigorously investigates the physical, rheological, and 
mineral properties of ground bottom ash, with a 
particular emphasis on advanced statistical analyses 
and improved mathematical modeling to ensure 
robust and reproducible results. 
On the other hand, the quantity of FA utilized in 
concrete production is not an exceptionally 
significant amount, [13], [14], [15]. The 
conservative ash disposal system utilizes roughly 
631 million m3 of water every year that acquires 
area in terms of land higher than 25,000 acres, [16], 
[17], [18]. Bottom ash production in thermal power 
plants is growing at an alarming rate, leading to 

disposal issues and concerns about the environment, 
[2], [5]. 
 

 
Fig. 1: Current status of utilization of fly ash from 
thermal power plants in India 
 

 
Fig. 2: Utilization of ash in different sectors as per 
the year 2022 
 

The disposal of ash poses significant risks to the 
environment, and human and plant health because it 
contains substantial amounts of hazardous metal 
elements, [7], [19]. The use of bottom ash in an 
appropriate manner, the potential risks to the 
environment can be mitigated, [20], [21]. In 
addition, the particles that make up bottom ash are 
more granular than the particles that make up fly 
ash. Now, bottom ash is used in a variety of 
applications within civil engineering, including the 
construction of roads, concrete, structural fill, 
embankments, and geotechnical applications, [22], 
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[23]. The characterization tests have been carried 
out to determine bottom ash's applicability in 
various applications, all of which have a very low 
value from a commercial standpoint, [24], [25]. The 
environmental concerns of bottom ash raised by 
many researchers, focused their attention on 
developing strategies for the maximum usage of 
bottom ash to cut down on its disposal and increase 
its reclamation.  

The current study focuses on exploring the 
possible use of disposed ground bottom ash as 
stowing material in coal mines. The ash of the 
thermal power plant’s ash pond has been considered 
for the investigation. The sample of bottom ash has 
been tested for its chemical, physical, rheological, 
and mineralogical characteristics. The present work 
offers a better understanding of how the ground 
bottom ash can be utilized. In order to make the 
sample of ground bottom ash, raw bottom ash was 
first crushed before being put through a filter with a 
355 m opening. For the purpose of determining 
whether or not ground bottom ash is suitable for use 
in stowing operations in coal mines, numerous 
properties have been analyzed. In addition, the 
rheological characteristics have been investigated to 
check the effect of pipe diameter on critical 
velocities. All the above-mentioned testing provides 
the effective end-use utilization of concerning 
bottom ash.  
 

 

2  Materials and Methods 
 

2.1 Materials 
For the purpose of testing, a sample pf bottom ash 
has been taken from Rajiv Gandhi thermal power 
plant. The samples were collected from the power 
plant’s ash ponds. In order to make the ground 
bottom ash, a sample of bottom ash was first 
crushed before being put through a filter with a 355 
m opening. Dryness or moisture content has been 
removed before testing after keeping the sample in 
the oven at standard temperature.  
 
2.1.1  Notations and Abbreviations 

𝜏 =  Shear Stress (Pa) 
𝜏𝑦 = Yield Stress (Bingham) (Pa) 
𝜂  = Viscosity (Bingham) (Ns/m2) 
φ = Porosity 
δ = Particle Density 
ρ = Bulk Density 
D = Pipe diameter (m) 
WHC= Water Holding Capacity 
ϕ = Volume fraction of solids 

⍴𝑓 = Carrier Fluid Density (Kg/m3) 
⍴𝑠 = Density of solid particles (Kg/m3) 
VC=Critical velocity of suspended slurry (m/s) 
d = Mean diameter (wt.) of solid particle in Meter 
WAOD= Oven dry weight of ash 
VAAD = Volume of ash air-dry 
WTAOD= Weight of total ash oven dry 
PVA= Particle volume of ash 
TWWA= Total water in wet ash 
WTAOD= Over dry weight of total ash 
SS= Sample Size 
SD= Standard Deviation 
SE= Standard Error 
CI=Confidence Interval 
 
2.2  Experimental Method  
The chemical and physical properties of the ground 
bottom ash sample were investigated by different 
processes. A particle size analyzer (Malvern 3601) 
was utilized in order to ascertain the range of finer 
to coarser particles of bottom ash, [26]. Calculations 
of the bulk density and specific gravity of the 
sample was carried out with the aid of a water 
pycnometer in accordance with the prerequisites of 
International Standard 2386 (Part III). The 
coefficient of permeability was tested with the 
ASTM D-2434 standard by using a constant head 
permeameter [15]. Using Keen's box approach, we 
were able to determine the amount of water that the 
ash sample could hold, named as water holding 
capacity. Some basic physical properties have been 
measured by using the standard equation 1-4, [27]. 

(⍴) = 𝑊𝐴𝑂𝐷

VA AD
                                         (1) 

 
(δ) = 𝑊𝑇𝐴𝑂𝐷

𝑃𝑉𝐴
                                        (2) 

 
(φ) = (1- 𝜌

𝛿
) ×100                                (3) 

 
WHC = TWWA

𝑊𝑇𝐴𝑂𝐷
×100                           (4) 

 
The gravitational settling method yields the 

maximum solid concentration value in slurry 
suspension through the static settled concentration. 
A scanning electron microscopy-energy dispersive 
X-ray spectrometer (JEOL-6510L) was utilized for 
analysis of ash sample to evaluate their morphology 
and chemical character. The X-ray diffraction 
(XRD) technique was utilized to analyse the 
mineralogical character of the ground bottom ash 
sample. A Philips X'Pert diffractometer was used to 
acquire XRD patterns of ash sample (Model: PW 
1710). A typical rheometer (Rheolab Q-C,) which 
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operates according to the Searle principle was 
utilized to analyse the rheological properties of ash 
suspension in slurry. 

Shear stress measurements at a specific rate 
were used to determine the slurry’s rheological 
parameter. In order to conduct rheological testing, 
100 millilitres ash slurry was prepared by gently 
mixing necessary amount of water in ash. The shear 
rate was varied during the rheological tests from 50 
to 300 s-1, while the temperature was held constant 
at 26°C. The rheology was investigated for ash 
concentrations from 10 to 50 % (by weight). 
 
 
3  Result and Discussion 
 

3.1  Chemical and Physical Characterization 
The information regarding the chemical and 
physical properties of the ground bottom ash sample 
is shown in Table 1 (Appendix). The particle size 
was observed reduced form Table 1 (Appendix), it 
is due to grinding process which results in finer ash 
particles. Sample contains 13.77% coarser particles 
than 90 µm while particles with a size less than 53 
µm counted more than 69.25% in the sample. The 
particle diameters d10 to d90 were measured for 
sample as 7.79, 12.05, 18.43, 24.83, 33.32, 43.97, 
53.38, 72.7, and 103.6. The value for the static 
settled concentration was found by making a ash-
water suspension with an initial 30% (by weight) 
ash concentration. The ultimate concentration value 
in static settled ground bottom ash slurries was 
determined to be 58.50 (by weight) while a specific 
gravity of 2.26. 

On the other hand, the bulk density was 
determined to be 1.42 g/cm3 respectively. It was 
found that the sample had porosities of 27.60, while 
their capacities to water holding were found to be 
32.15 respectively. After the bottom ash has been 
ground up, the sample’s porosity and water-holding 
capacity will decrease due to a drop in the air void 
between the particles and a rise in the mean particle 
size, [24], [27]. 

 
3.2 Mineral and Morphological     

 Characterization 
Figure 3 displays the scanning electron microscopy 
(SEM) at a magnification of x3000 for the ground 
bottom ash sample. The micrograph provides visual 
evidence indicating several characteristics of ground 
bottom ash. Firstly, it reveals that the ash particles 
have a finer texture, and their appearance appears 
dark grey, which can be attributed to the presence of 
unburned carbon, [28]. The surfaces of these 

particles appear smooth and exhibit a spherical 
shape. Additionally, the micrograph also highlights 
the presence of cenospheres in the ground bottom 
ash. This information was gleaned through the study 
of the micrograph basically contains (hollow 
spheres).  
 

 
Fig. 3: SEM at a Magnification of x3000 of Sample 
 

Additionally, the observation reveals that 
certain finer particles, like cenospheres, tend to 
aggregate with the coarse particles. The existence of 
cenospheres in ash samples makes it appropriate to 
use as aggregates in lightweight concrete for sound-
absorbing structural applications, [6], [28], [29]. 
Energy-dispersive X-ray (EDX) spectroscopy was 
employed to analyze the chemical composition of 
the ground bottom ash sample. The results of these 
measurements are presented in Figure 4. It has been 
noticed that the amount of aluminum oxide and 
silicon oxide is greater in the sample as a 
comparison with other elements such as Ti, Fe, K, 
Mn, Zn, Ca, etc. The presence of SiO2, Al2O3, 
Fe2O4, and CaO in the sample is 51.28%, 36.18%, 
4.14%, and 2.84% respectively. The loss of ignition 
test (LOI) is carried out using ASTM C-311 on the 
sample to identify the presence of unburned carbon, 
[30], [31].  

 
Fig. 4: Chemical composition of the sample 
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The LOI of the sample was observed as 1.93. 
The authors have observed that the LOI of coarser 
coal ash particles has a higher value as compared to 
finer ash particles, [32], [33], [34]. Figure 5 contains 
the XRD results of the sample. According to the 
XRD results, the sample predominantly 
containscontained quartz and mullite as the major 
crystalline phases while hematite was also found but 
least in the least form, [4], [35], [36]. 

 

 
Fig. 5:  XRD analysis of ground bottom ash 
 

The values of hematite, mullite, and quartz were 
noticed as 2.65%, 46.62%, and 50. 72% respectively 
in the sample. The composition of quartz is mullite 
is represented by Al(4+2x)Si(2-2x)O(10-x) (x = 0.17 to 
0.59), and hematite is composed of Fe2O3 and SiO2. 
In the ground bottom ash sample, strong peaks 
corresponding to quartz are observed at 
approximately 26.639°, while peaks related to 
mullite are found at approximately 26.214°. Because 
it contains silica and mullite, it may be used as a 
building material (like concrete) and as a storage 
medium, making its application more practical, [37], 
[38]. 
 
3.3  Rheological Analysis 
A slurry of ground bottom ash was used as the 
medium in conducting the rheological test. The solid 
concentration of 10 to 50 % by weight was 
considered for analysis. For each sample of ash, the 
shear stress and rate measurements were obtained. 
The nature of the slurry was noted as non-
Newtonian. The behavior of slurry was modeled as 
Bingham fluids using the following equation 5: 

𝜏 = 𝜏𝑦 + 𝜂
𝑑𝑢

𝑑𝑦
                             (5) 

𝜏  is the shear stress and 𝜂 is viscosity while yield 
stress is 𝜏𝑦.  
 
 

The ratio of the slurry's viscosity to water's 
viscosity when subjected to the same conditions is 
the definition of relative viscosity. The rigidity 
coefficient is employed as a substitution for the 
viscosity of slurry in order to determine the relative 
viscosity of a Bingham fluid. After fitting a straight-
line equation to each and every set of data, we were 
able to calculate the viscosity of each and every 
slurry suspension. Figure 6 displays the data on the 
shear stress and rate at various concentrations. 
Figure 6 shows that the shear stress increases in a 
linear fashion alongside an increase in the rate of 
shear strain. In a suspension of ash slurry with a 
solid content of 30%, the value of  𝜏𝑦 is always zero 
(by weight). Based on this information, it can be 
concluded that slurry samples behave like 
Newtonian fluids when the solid concentration is at 
30% (by weight). However, once this threshold is 
surpassed, they exhibit non-Newtonian flow 
properties, [14].  

 

 
Fig. 6: Shear stress vs. Strain rate relations of 
sample 

It was also observed that the viscosity of slurry 
is influenced by the quantity of solids present in the 
mixture. When the solid concentration is lower (up 
to 30% by weight), the change in relative viscosity 
is minimal. However, as the concentration of solids 
increases, the fluctuations in relative viscosity 
become more significant. 

 
Table 2. Relationship between Slurry Concentration 

and Standard Deviation with Viscosity  
Slurry 

Conc. (%) 

Mean 𝝉 S.D. Correlation 

with Viscosity 

10 2.5 0.2 0.92 
20 4.8 0.3 0.95 
30 7.1 0.4 0.96 
40 9.5 0.5 0.97 
50 12.2 0.6 0.98 
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The relationship Between Slurry Concentration 
and Standard Deviation with Viscosity is defined 
and stated in Table 2. 

For each experimental value of shear stress error 
margin and confidence interval have been measured 
by using equations 6 and 7. 

CI = Mean ± (Critical Value × SE)          (6) 
 

𝑆𝐸 =
𝑆𝐷

√𝑆𝑆
                                (7) 

 
Average values have been considered and mean 

shear stress was found with a margin of error of 0.2 
Pa for a 95% confidence level.  

In case of higher concentration, the slurry 
behaves as Bingham fluid and the yield stress value 
rises proportionally with the increase in 
concentration. It can also be observed that the 
shearing process requires a significant amount of 
shear stress to be initiated when the solid 
concentration of the slurry is increased. 

Numerous researchers who worked with fly ash 
slurry came to almost similar observations, [39], 
[40], [41]. The combined amounts of Al2O3, SiO2, 
and Fe2O4 were estimated in the sample as 91.61% 
of total composition. The LOI is lower than 5%; 
therefore, the ash conforms to the BS 3892-1(1997) 
specification as type F. The pozzolanic qualities of 
the F kind of coal ash are particularly impressive. 
Coal ash containing fine particles contains a 
cement-like product that forms when hydrated lime 
or moisture reacts with alumina and silica, [42], 
[43]. This reaction takes place in the presence of 
moisture. Based on experimental research, it was 
noted that the fine ash of coal can serve as a viable 
raw material for producing blended cement 
products. The substantial presence of quartz 
enhances the mechanical properties of supporting 
materials, [39], [41]. 

Additionally, the amount of calcium oxide 
increases the cementing capabilities of the material, 
which is then utilized as stow material for mines, 
[44]. Grounded bottom ash contains more spherical 
particles, leading to decreased head loss of pipeline 
as compared to untreated or un-grounded bottom 
ash. Researchers also drew the same kind of 
findings with a slurry of mixed fly and bottom ash, 
[45]. 

 
3.4  Calculation of Critical Velocity in Pipe   
Calculating the critical velocity for pipelines is the 
primary application for the correlation as given in 
equation 8, [46]. 

𝑉𝑐 = 3.116𝜙 0.186[2𝑔𝐷 (
⍴𝑠−⍴𝑙

⍴𝑙
)]

1
2⁄ (

𝑑

𝐷
)

1
6⁄
      (8) 

The amount of solids present in the ground ash 
slurry suspension might range from 10 to 50% (by 
weight). For the purpose of calculating the critical 
velocity in slurry pipelines, the pipe diameter is 
assumed to be either 50, 100, or 150 mm. When 
their volume was assessed, it was determined that 
the ground ash sample had a density of 2240 kg/m3, 
respectively. The critical velocity was investigated 
during the hydraulic stowing operation while the 
solid content and pipe diameter were varied. Figure 
7 illustrates the findings that were discovered during 
this analysis. It has been noted that the critical 
velocity increases when both the solid content in the 
slurry, as well as the pipe diameter, are increased.  

 

 
Fig. 7: Relations of Slurry Concentration and 
Critical Velocity 
 

At 10% concentration, the critical velocity 
increases from 0.66m/sec to 0.92m/sec by 
increasing the diameter of the pipe from 50 to 150 
mm. This is when the pipe diameter increases from 
50 to 200 mm. For other concentrations i.e. 20 to 
50% in the sample, the trend was noticed showing 
an increase in critical velocity and increased from 
0.73 to 1.04, 0.77 to 1.08, 0.80 to 1.12, and 0.83 to 
1.15 m/sec, respectively. Based on the 
investigation's results, it was found that the slurry 
transportation system requires a higher critical 
velocity when dealing with high concentrations and 
larger pipe diameters. Only when the ash particles 
flow at a velocity greater than the critical velocity 
for a particular pipe diameter and concentration 
remain suspended in the liquid. This results in the 
lowest possible pressure drop, [47], [48], [49]. In 
order to prevent the flow of slurry suspension from 
becoming blocked or slowed down by the settling of 
solid particles, the critical velocity must be 
maintained at or above its value, [50], [51], [52]. 
The obtained results may be helpful for piping 
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system designers to design a system for stowing 
ground bottom ash, [53], [54].  
 
3.5  Effect of Varying Pipe Size and Solid 

 Concentration on Critical Velocity 
In order to investigate the effect of critical velocity 
on varying solid concentration, the set of 10% solid 
concentration has been prepared as 10-20, 20-30, 
30-40, and 40-50. The critical velocity of the slurry 
has been investigated on different pipe sizes e.g. 
50mm, 100mm, and 150 mm. Figure 8 represents 
the effect of variation in the percentage of critical 
velocity with respect to concentration for different 
pipe diameters. It has been found that for a 50 mm 
diameter of the pipe the critical velocity increases 
12.3, 6.58, 1.28,3.8 5 with an increase in solid 
concentration from 10-20, 20-30, 30-40, and 40-
50% respectively. While for 100 mm pipe diameter, 
it is 12.19, 6.52, 2.04, and 4% with an increase in 
solid concentration from 10-20, 20-30, 30-40, and 
40-50% respectively. Similarly, for 150 mm pipe 
diameter, the critical velocity increased by 10.64, 
5.77, 4.55, and 2.61% with an increase in solid 
concentration from 10-20, 20-30, 30-40, and 40-
50% respectively. It has been found that with an 
increase in pipe diameter the critical velocity 
increases, but the rate of increment is quite slower 
as compared to the earlier one.  

On the other hand, the effect of solid 
concentration on critical velocity has been 
investigated in terms of minimum value to 
maximum value of critical velocity is shown in 
Figure 9(a) while the variation for all values of 
critical velocities for all sets of pipepipe diameter 
has been investigated and shown in terms of 
variation per concentration has been shown in 
Figure 9(b). A solid concentration of 50% has been 
found as the maximum concentration at which the 
maximum value of critical velocity has been found. 
While the least value of critical velocity has been 
found at 10% of solid concentration. 

It was found that the slurry transportation 
system requires a higher critical velocity when 
dealing with high concentrations and larger pipe 
diameters. Only when the ash particles flow at a 
velocity greater than the critical velocity for a 
particular pipe diameter and concentration remain 
suspended in the liquid. This results in the lowest 
possible pressure drop. In order to prevent the flow 
of slurry suspension from becoming blocked or 
slowed down by the settling of solid particles, the 
critical velocity must be maintained at or above its 
value. The obtained results may be helpful for 
piping system designers to design a system for 
stowing ground bottom ash. 

 
Fig. 8: Variation in percentage of critical velocity 
with respect to concentration for different pipe 
diameter 
 

 
(a) 

 
(b) 

Fig. 9: (a) Minimum to maximum change in critical 
velocity for different concentrations with respect to 
(b)Variation in percentage for different 
concentration 
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4  Conclusion 
The study focuses on characterizing grounded 
bottom ash for sustainable use in coal mine stowing. 
Results from extensive characterization and 
experimentation have been discussed thoroughly in 
above section, concluding remarks are as follows: 
 Physicochemical, mineral, and rheological 

properties of ground bottom ash are compared 
to fly ash, showing similar characteristics. 

 Ground bottom ash particles have a finer 
texture with a dark grey appearance, likely 
due to unburned carbon, and exhibit smooth 
surfaces with spherical shapes, making them 
suitable for stowing applications. 

 F-type ground bottom ash demonstrates 
excellent pozzolanic qualities, advantageous 
for coal mining storage. 

 The viscosity of the ash slurry depends on the 
solid content in the suspension system. 

 Critical velocity results are valuable for 
designing pipelines capable of hydraulically 
storing bottom ash slurry at various 
concentrations and through different pipe sizes. 

Utilizing ground bottom ash for mineral storage in 
mines can reduce transportation costs and 
environmental risks associated with conventional 
methods. 
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APPENDIX 

 
Table 1. Chemical and Physical Properties of Ground Bottom Ash 

Particle Size 

Distribution 

(µm) 

Particle 

Size 

(µm) 

% 

Finer 
 

pH values for various  

concentration 

 

Other properties Determined 

Value 

355 100 Concentration(%) pH 

value 

Porosity(%) 29.8 
250 98.81 
150 95.86 10 7.57 Specific Gravity 2.24 

d10 7.79 10 90.72 
d20 12.05 90 86.23 20 7.51 
d30 18.43 75 81.42 Capacity of 

Water  

Holding(%) 

34.56 
d40 24.83 53 69.25 30 7.46 
d50 33.32 26 42.62 
d60 43.97 21 34.18 40 7.41 
d70 53.38 15 24.34 Bulk  

Density(gm/cm3) 

1.42 
d80 72.7 11 19.12 50 7.36 
d90 103.6 6 6.15 
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