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ABSTRACT 
 Permeability is vital to every project where the flow of water through soil is a concern (e.g. dam seepage, cutoff 
wall and diaphragm wall). There are numerous studies about the vertical permeability of soil since ASTM D2434 Standard 
Test Method for Permeability of Granular Soils (Constant Head & Falling Head) is being followed. On the contrary, there 
are only a few studies that focused on the horizontal permeability of soils. Five (5) soil samples with different mixes of 
silty sand and fly ash were obtained for comparison. Rigorous laboratory tests was performed to determine the individual 
properties. Tests such as specific gravity tests, Atterberg limit tests (liquid limit, plastic limit and plasticity index), emax 
and emin test/relative density tests, particle size analyses, microscopic characterizations, elemental composition tests and 
permeability tests were performed to garner data that were utilized for the model. A new permeability set-up was used in 
the determination of the horizontal permeability. A relationship between the percentage of fly ash and the coefficient of 
permeability was established, the said relationship was utilized to develop a model that will predict the coefficient of 
permeability when the percentage of fly ash is available. 
 
Keywords: fly ash, permeability, horizontal permeability, waste, regression. 
 
INTRODUCTION 
 The properties of soil changes over time, it can be 
influenced by its physical content, climate and weather. It 
can reveal a lot of information by just analyzing the soil 
profile of a certain area. 
 When designing structures, it is very important 
for engineers to understand the soil underneath because it 
will affect the way it is designed. It is used by 
geotechnical engineers in designing foundations, retaining 
walls, etc. Without its knowledge, lives would be at stake. 
Geotechnical properties include the grain size distribution, 
Atterberg limits, specific gravity, maximum and minimum 
index densities, soil classification, permeability, shear 
strength and compressibility. 
 Permeability is vital to every project where the 
flow of water through soil is a concern (e.g. dam seepage, 
cutoff wall and diaphragm wall). Permeability refers to the 
susceptibility of a material to allow fluid to move through 
its pores. In the context of soil, permeability generally 
relates to the propensity of a soil to allow fluid to move 
through its void spaces (Liu, et al. 2000). 
 It was proposed that fly ash is mixed with silty 
sand since power plants discharge large amounts of fly ash 
as waste but only half of them are used and the remaining 
half is trashed to land and sea, its disposal became an 
environmental concern. The utilization of fly ash may be a 
viable alternative for porous backfill material because fly 
ashes generally consist of silt-sized particles and 
consequently possess high permeability (Prashanth, J. 
2001). Tests must be performed to determine the 
permeability of soil-sly ash mixture since there was a lack 
of information on the horizontal permeability of the said 
mixes. 
 
METHODOLOGY 
 Prashanth (2001) said that fly ashes generally 
consist of silt-sized particles and consequently possess 
high permeability. To check the effect of fly ash on soil, 

varying amounts [0% (100S), 25% (25FA75S), 50% 
(50FA50S), 75% (75FA25S) and 100% (100FA)] of fly 
ash were utilized. 
 Each soil mix underwent rigorous laboratory 
tests: specific gravity test based on ASTM D854 was 
utilized, it is the standard of determining the density of the 
soil. Atterberg limit tests based on ASTM D4318 for 
determining the Liquid Limit, Plastic Limit and the 
Plasticity Index of the Soil. For emax and emin Tests and 
Relative Density, ASTM D4253 and ASTM D4254 were 
used to determine the maximum and minimum index 
densities for soils. Particle size analysis uses ASTM D422 
to determine the percentage of different grain sizes in a 
soil. 
 The scanning electron microscopy (SEM) was 
used to evaluate the microscopic characterization of each 
soil mixture. Scanning electron microscopy (SEM) with 
energy dispersive X-ray spectroscopy (SEM/EDX) is the 
best known of the surface analytical techniques. High 
resolution images of surface topography are produced 
using these tests. Using the Energy Dispersive X-ray 
Spectroscopy (EDX), chemical composition of soil is 
determined to give information on the elements present in 
the soil. 
 Permeability of the different soil mixes were 
determined by the constant head test method and falling 
head test method. The direction of flow of water is also 
important, thus, vertical and horizontal orientations of 
permeameter were used. A proposed set-up by Smith 
(2010) for permeameter was used and modified to 
determine the horizontal permeability of the soil mixtures, 
shown on Figure-1. The equation utilized for the 
permeability set-up is Eq. 1.  
 A proposed Regression model based on the data 
garnered was formulated. Regression modelling is a 
statistical process for estimating the relationships among 
variables. It includes many techniques for modeling and 
analyzing several variables, when the focus is on the 
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relationship between a dependent variable and one or more 
independent variables.  
 The said models were validated using Equality 
Line and other Models. Validation using equality line 
usually involves a 45-degree line as a guideline that 
provides insight into the measured variables and as a 
critical part of the analysis. When the data are near the 45-
degree line, this means that the residual is small and the 
predicted coefficient of permeability is near the measured 
coefficient of permeability. Validation using other 
previous models developed such as works of Hazen (1982) 
and Shamsai (2007) were considered for comparison. 
Once models were valid, the research provided 
conclusions and a recommendations. 
 

 
 

Figure-1. Horizontal Permeability Set-up. 
 

The light intensity thus attractiveness is inversely 
proportional with the particular distance r from the light 
source. Thus the light and attractiveness is decrease as the 
distance increase. 
 

k=Ql/Aht        (1) 
 

where: 
    
k = coefficient of permeability, cm/s; 
Q= quantity (volume) of water discharged during test, 
cm3; 
 l= length between manometer outlets, cm; 
A = cross-sectional area of specimen, cm2; 
H = head (difference in manometer levels) during test, cm; 
T = time required for quantity Q to be discharged during 
test, s. 
 
RESULTS & DISCUSSIONS 
 
Physical and Chemical Properties 
 Using ASTM D854 the specific gravity of each 
soil blend was determined. The summary of the specific 
gravity of various soil mixtures are shown in Table-1: 
 

 
 
 

Table-1. Summary of Specific Gravity. 
 

 
 

The specific gravity of the soil mixes was 
reduced by the addition of fly ash (Prabakar, et al. 2004) 
since the usual of the specific gravity of fly ash is low. 
With the results shown on Table-1, the addition of fly ash 
reduces the specific gravity of a soil mixture, thus we can 
agree with the statement of Prabakar (2004), this is due to 
the light weight property of fly ash. 
 

Table-2. Summary of Atterberg Limits. 
 

 
 

The effect of adding fly ash in the mixture, due to 
its silty property, is that it reduced the plasticity of a soil 
mixture. Based on established literatures (e.g. Prabakar, et 
al. (2004)), fly ash is considered as silt material, it is 
expected to have a plasticity index less than 1. Results are 
shown in Table-2. 

ASTM D4253 and ASTM D4254 were used to 
determine the maximum and minimum void ratios of the 
different soil-fly ash mixes.  
 

Table-3. Summary of emin and emax. 
 

 
 

It can be noticed from Table-3, the Maximum 
Void Ratio (emax) ranges from 1.78 to 1.99 because the 
fine contents of the fly ash contributed to the percentage of 
voids. 100S has the lowest value while 100FA has the 
highest, also from Table-3, 100S has the lowest fines 
content, while 100FA garners the highest. Their fines 
content and microfabric may have contributed to the 
minimum and maximum void ratio. 

 



                            VOL. 10, NO. 15, AUGUST 2015                                                                                                                 ISSN 1819-6608            

ARPN Journal of Engineering and Applied Sciences 
 

©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
6442

These minimum and maximum void ratios 
together with the target relative density of 90% were used 
to determine the void ratio to be utilized for the 
permeability specimens. 
 

Table-4. Summary of Particle Size Analysis Results. 
 

 
 

Summary of results from the particle size 
analyses are shown on Table-4. 100FA has the greatest 
percentage of fines compared with other blends. Fly ash 
and soil are considered fines but the classification differ, 
fly ash is silt and soil is plastic. It can also be noticed that 
mixing fly ash with other soils increases the fines content. 

In the Energy Dispersive X-ray Spectroscopy 
(EDX), chemical composition of soil is determined to give 
information on the element present in the soil, shown in 
Table 5. Oxygen (O) is very abundant, followed by Silicon 
(for Silty Sand) and Calcium (for Fly Ash). Silicon and 
Calcium are predominant in the soil elemental 
composition. Due to the presence of Oxygen and other 
dominant elements: Silica (from Silicon), Lime (from 
Calcium) and Alumina (from Aluminum) are the dominant 
minerals in the soil sample. 

 
Table-5. Summary of Elemental Composition. 

 

 
 

Most of the soil properties and characteristics like 
strength, compressibility and permeability are ascribed by 
its microfabric or microstructure. The scanning electron 
microscopy (SEM) was used to evaluate the microfabric of 
soil, fly ash and bentonite. Scanning electron microscopy 
(SEM) with energy dispersive X-ray spectroscopy 
(SEM/EDX) is the best known of the surface analytical 
techniques. High resolution images of surface topography, 
are produced using these tests.  

Pure soils were initially tested to check their 
microscopic characteristics, mixed soils were also tested 
thereafter. 

 As shown in Figure-2, with 500x magnification 
for 100S, it is a combination of extremely strandy grains, 
large angular grains and abundant silt grains formed the 
micro fabric. The silt grains have a rough surface. The 
particles are well-graded microscopically. The smaller 
particles tend to fill the voids created by the larger 
particles shown in the figure, thus creating a smaller inter-
particle void. Looking closer to magnification of 1000x 
and 5000x, strand-like particles are present, his indicates 
that these elongated particles also fill the voids, giving 
small passageways for water to permeate. 
 

 
 

Figure-2. Microfabric of 100S (5000x, 1000x and 500x 
Magnification). 

 
As shown in Figure-3, with 500x magnification 

for fly ash, it is a combination of larger silt grains and 
smaller silt grains to form the micro fabric. Fly ash is a silt 
thus normally 0.002-0.05 mm in size. As seen on the 500x 
magnification, particles have almost similar size, forming 
larger inter-particle void, compared with silty sand and 
bentonite, to allow water to pass through. On the 1000x 
and 5000x magnification, the surface of the particle is not 
smooth, this create passageway/voids for water to pass 
through. 
 

 
 

Figure-3. Microfabric of 100FA (5000x, 1000x and 500x 
Magnification). 

 
As shown in Figure-4, with 500x magnification 

for 50FA50S, it is a combination of extremely strandy 
grains, large angular grains and abundant larger silt grains 
and smaller silt grains formed the micro fabric. The silt 
grains have a rough surface. Looking closer to 
magnification of 1000x and 5000x, strand-like particles 
are present but no prevalent compared with the pure soil, 
the soil particles may contribute to the reduction of 
permeability but the silt grains of fly ash will counteract to 
allow water to drain faster. 
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Figure-4. Microfabric of 50FA50S (5000x, 1000x and 
500x Magnification). 

 
Permeability Characteristics 
 A proposed approach in determining the vertical 
permeability of the various soil mixtures was utilized, it 
was referred on the study of Smith (2010) and was 
modified. Shown in Table-6, are the range of permeability 
values gathered for the vertical oriented constant head 
permeability test, to determine the effect of fly ash when 
added to soil, a box and whisker plot is delineated, shown 
on Figure-5. 
 

Table-6. Range of permeability values for vertical 
oriented permeability test. 

 

 
 

It is prevalent that the permeability is increased 
when the amount of fly ash is increased. It now agrees 
with the study of Prashanth (2001) that fly ashes generally 
consist of silt-sized particles and consequently possess 
high permeability. Thus, the amount of fly ash increase the 
permeability of the soil mixes. 
 

 
 

Figure-5. Effect of fly ash on the vertical permeability 
when added to soil. 

 
The horizontal permeability of the various soil 

mixtures is important because it can discerned how long 
the contaminated water penetrated in the horizontal 
direction. Shown in Table-7, are the range of permeability 

values gathered for the horizontal oriented constant head 
permeability test. To determine the effect of fly ash in the 
horizontal permeability when added to soil, a box and 
whisker plot is delineated, shown on Figure-6. 
 

Table-7. Range of permeability values for horizontal 
oriented permeability test. 

 

 
 

It can also be noticed that the horizontal 
permeability values are larger than the vertical 
permeability values. This agrees with the collected data of 
Das (2008), where he stated that the horizontal 
permeability is always larger than the vertical 
permeability. This is due to the pressure head induced 
during the permeability test. The specimen is laid in a 
horizontal position, which experiences no pressure drop 
within its body, unlike the vertical specimen, which 
experiences pressure drop, resulting to a slower flow of 
water. 

The permeability of silty sand ranges: (1) vertical 
oriented 1.47x10-05 cm/s to 2.09x10-05 cm/s and (2) 
horizontal oriented 2.21x10-05 cm/s to 2.70x10-05 cm/s. 
100S’ microfabric having a combination of extremely 
strandy grains, large angular grains and abundant rough-
surfaced silt grains contributed to the drainage. 

Fly ash is the recommended addition to the soil 
mixtures since waste materials are aimed to be utilized and 
the addition of fly ash to soils changes the inter-particle 
void ratio (Prabakar, Dendorkar, &Morchhale, 2004), 
which is prevalent to the microscopic characterization test 
for 100F. 
 

 
 

Figure-6. Effect of fly ash on the horizontal permeability 
when added to soil. 
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It is a combination of larger silt grains and 
smaller silt grains to form the micro fabric. Silt particles 
have almost similar size, forming larger inter-particle void, 
contributing to a much larger inter-particle voids. Due to a 
larger inter-particle voids, the permeability of pure fly-ash 
ranges: (1) vertical oriented 4.51x10-05 cm/s to 5.35x10-05 
cm/s and (2) horizontal oriented 1.93x10-05 cm/s to 
7.29x10-05 cm/s. 

75FA25S, 50FA50S, 25FA75S, 96S4FA are the 
mixtures that include fly ash and soil, their microfabric is a 
combination of extremely strandy grains, large angular 
grains and abundant larger rough-surfaced silt grains and 
smaller rough-surfaced silt grains. Shown on Figure 4 and 
Figure 5, as the amount of fly ash is increased, the 
drainage also increased. Due to the contribution of fly ash 
to the inter-particle voids of the soil mixtures, the 
permeability of mixture of soil and fly-ash ranges: (1) 
vertical oriented 1.93x10-05 cm/s to 3.80x10-05 cm/s and 
(2) horizontal oriented 2.52x10-05 cm/s to 5.02x10-05 cm/s. 

To validate the results of the vertical oriented and 
the horizontal oriented permeability tests, their ratio must 
be within the given range of Das (2008). The collected 
usual ratio of horizontal and vertical permeability of soils 
by Das (2008) is with the range of 1.2-3.3, thus, the data 
gathered are between 1.3-1.5, and thus ratios are within 
Das’ desired range. 
 
Regression Model 

To check the effect of fly ash when added to soil, 
soil-fly ash mixtures such as 100F, 75FA25S, 50FA50S, 
25FA75S and 100S were tested. Their permeability values 
were used to generate regression models. The said models 
were able to establish a relationship between the 
percentage of fly ash and permeability. The delineated 
regression models are shown on Figures-7 and 8. 
 It can be noticed that the regression models 
follow the trend that was observed with the experimental 
values of the soil-fly ash mixtures - because of the silty 
property of fly ash, once it is increased, the drainage is 
also increased. The increase in drainage is due to its 
microfabric, which is a combination of extremely strandy 
grains, large angular grains and abundant larger rough-
surfaced silt grains and smaller rough-surfaced silt grains 
that contributes to a much larger inter-particle void. 
 

 
 

Figure-7. Regression Model for Kv and % of Fly Ash. 

 
 

Figure-8. Regression Model for Kh and % of Fly Ash. 
 

The models utilize the percentage of fly ash as 
the independent variable, while the vertical and horizontal 
permeabilities, kv and kh, are the dependent variables, 
respectively. These models can predict the permeability 
(vertical or horizontal oriented) of any soil-fly ash mix, 
once the percentage of fly ash is available. 
 

        (2) 
 

       (3) 

where:    
kv = vertical permeability, cm/sec; 
kh = horizontal permeability, cm/sec; 
%FA = Percentage of fly ash. 

 
Validation 

To check the Experimental Data vs. Regression 
Model, the measured Coefficients of Permeability for each 
soil mix were compared with the predicted Coefficient of 
Permeability of Regression Model. A line that shows 
equality between the variable measured (Experimental 
Data) on the horizontal axis of a diagram and the variable 
predicted (Regression Model Data) on the vertical axis. 
The equality line graph is shown on Figure-9 and 10. 
 Furthermore, the capability of our proposed 
Regression model of permeability may be validated by 
various references. Models developed by Hazen (1982) 
and Shamsai (2007) were considered. The equation 
developed by Hazen (1982), which utilizes values of D10 
of the different soil mixtures. Shamsai’s formula was also 
applied to validate. The equation utilizes the percentage of 
fines, particles passing Sieve #200. 
 

 
Figure-9. Regression Model Equality Line for Kv. 
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Figure-10. Regression Model Equality Line for Kh. 

 
To validate, data gathered during the series of 

experiments have been utilized. It is shown in Figure 9. 
The two (2) models, Hazen’s and Samsai’s, were 
compared and analyzed with the model proposed in the 
study. It can be noticed that the predicted k follows the 
same trend as the equations from Shansai’s (2000) and 
Hazen’s (1982). Hazen’s equation does not rely with the 
value of void ratio. 
 

 
 

Figure-11. Comparison with other Models. 
 

Based on Figure-11, Hazen’s model has the 
lowest peameability, the equation only relies on the D30, 
which is a rough estimate on the range of permeability that 
can be attained. Hazen’s formula can be a boundary of the 
permeability values that are desired. While Shamsai’s 
model utilizes the void ratio (e) as an independent 
parameter, it gave unusual lower values of permeability of 
fly ash. Compared to Hazen’s and Shamsai’s, the 
regression model is near the experimental data, which 
signifies that the generated model is valid 
   
CONCLUSIONS 

 Fly ash is the recommended addition to silty 
sand, since waste materials are aimed to be utilized. The 
addition of fly ash to soils changes the inter-particle void 
ratio (Prabakar, Dendorkar, & Morchhale, 2004), it 
increases the permeability, thus, the microscopic 
characteristics of the soil mixtures may contribute to the 
increase in permeability. 

Based on the tests, fly ash is a combination of 
larger silt grains and smaller silt grains to form the micro 
fabric. Silt particles have almost similar size, forming 
larger inter-particle void, contributing to a much larger 
inter-particle voids. Due to a larger inter-particle voids, 
the permeability of pure fly-ash ranges: (1) vertical 
oriented 4.51x10-05 cm/s to 5.35x10-05 cm/s and (2) 
horizontal oriented 1.93x10-05 cm/s to 7.29x10-05 cm/s. 

75FA25S, 50FA50S, 25FA75S, 96S4FA are the 
mixtures that include fly ash and soil, their microfabric is 
a combination of extremely strandy grains, large angular 
grains and abundant larger rough-surfaced silt grains and 
smaller rough-surfaced silt grains. As the amount of fly 
ash is increased, the drainage also increased. Due to the 
contribution of fly ash to the inter-particle voids of the 
soil mixtures, the permeability of mixture of soil and fly-
ash ranges: (1) vertical oriented 1.93x10-05 cm/s to 
3.80x10-05 cm/s and (2) horizontal oriented 2.52x10-05 
cm/s to 5.02x10-05 cm/s. 
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