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Abstract

Previous studies indicate that particle shape plays an important role in the hydraulic
conductivity (k) of granular materials, often represented through the Kozeny-Carman (KC)
concept. Several recent studies have improved the accuracy of the KC approach using the
particle size distribution (PSD) to estimate the specific surface area of particles but overly
simplifying the effect of particle shape. This current study innovatively adopts the Micro-
Computed Tomography (CT) technique to compute particle shape parameters of different
granular materials (e.g., glass beads, sand and crushed gravel) and then incorporate these
parameters into the KC equation to estimate k£ more accurately, which is then validated with
experimental data. The results indicate that k& varies significantly according to different
particle shapes even if the same mean porosity and PSD are retained. Particles that are less
spherical and rounded have a larger fluid-particle contact area (i.e., larger shape factor),
hence a smaller hydraulic conductivity. The study suggests a shape factor of 1.28—1.52 for
natural sand and 1.84-2.1 for crushed sand and gravel can be used for KC method to estimate
k while a porosity-dependent equation is proposed to estimate the tortuosity for different

shaped materials.
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Introduction

The effect that the micro-characteristics of particles have on the hydraulic behaviour of
geomaterials has received considerable attention, especially in recent years thanks to
advanced micro-scanning and computational methods (Matyka et al. 2008; Zhou and Wang
2015; Nguyen and Indraratna 2017a). Although computer-based approaches have indicated
certain advantages in predicting the hydraulic behaviour of porous geomaterials, empirical
methods such as Kozeny-Carman (KC) are still used widely in practice due to their simplicity
(Chapuis and Aubertin 2003; Zheng and Tannant 2017; Feng et al. 2019). The KC method
uses the fundamental parameters of a porous medium such as the specific surface area of
solid particles (4,), the porosity (n) and the tortuosity (7) to estimate the hydraulic

conductivity (k), which can be represented by (Trani and Indraratna 2010):

1y1 nd

kKm/s) = s ma—ne

[1]

where y and yu are the unit weight and dynamic viscosity of the fluid.

The main problem with this solution is how to determine A, accurately. Previous
studies (Trani and Indraratna 2010; Ozgumus et al. 2014; Zheng and Tannant 2017) have
considered an equivalent uniform particulate medium, however, A, can actually be
determined directly from the particle size distribution (PSD) of soil. Basically, A,is defined
as the ratio between the total surface area ). S; and the total volume ), V; of particles in a
medium, so given the PSD of a perfectly spherical assembly, the value of 4, (i.e., A, 5) can

be estimated by:

p .
Ros=6) 2]

where p,,; is the probability of particle size d; occurring. Since most granular materials used

for geoengineering purposes are irregular in shape, the actual value of 4, (i.e., 4,,;) deviates
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from A, s; thus the shape factor a is needed to consider this difference, i.e.,
AGp=adls [3]

Clearly, a approaches 1 when the particles are more spherical. In many versions of the KC
method, « and T can be combined into the empirical Kozeny constant k; (Ozgumus et al.
2014; Nguyen and Indraratna 2017b).

Trani and Indraratna (2010) improved the KC method by using the surface area
distribution (PSDsa) instead of conventional particle size distribution based on mass (PSDm),
however, a, T and k; have not been addressed properly. While considerable effort (Matyka et
al. 2008; Ozgumus et al. 2014; Zheng and Tannant 2017) has gone into evaluating these
parameters, there is still a lack of experimental methods to quantify them accurately. The
current study therefor uses a high resolution Micro-Computed Tomography (Micro-CT)
scanning followed by image processing to compute micro-parameters such as the surface area
and volume of soil particles that are then used to estimate the KC parameters (i.e., 4,; and the
associated «). Hydraulic conductivity tests of selected soils are also carried out to validate the

KC method.
Experimental investigation into the effect of particle shape on hydraulic conductivity

Soil samples

In this study, coarse sand (CS) and crushed gravel (CG) were used in comparison to artificial
glass beads (GB). While the PSDm of these soils was almost the same (i.e., the uniformity
coefficient C,, = 1.4), they had different shapes that could distinctly affect their hydraulic
conductivity. Two other natural soils, i.e., medium (MS) and fine (FS) sand with C, of 1.6
and 2.1, respectively were also used. The PSD of these soils (measured by Mastersizer 3000

based on laser diffraction technique) is shown in Fig. 1 where they are compared with
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granular materials used in previous studies. Optical microscopic view (Fig. 2a) shows that the
CG particles are very angular, whereas CS particles are more rounded while the GB particles
are almost perfectly spherical. Particles of MS are of similar shape to that of CS, whereas

particles of FS are more angular.

Micro-CT scanning and laboratory procedure

Micro-CT scanning is a cost effective method of capturing the geometric properties of porous
materials (Zhou and Wang 2015; Zhou et al. 2018; Nguyen and Indraratna 2019), so it was
used to determine the micro-geometric parameters of soil in this study. An X-ray scanner
(Sky-Scanner model 1275) which could produce images of the sample to a resolution of 4 pm
to ensure an acceptable accuracy (i.e., < 3% difference in the computed area compared to
optical scanning for the current materials) was employed (Nguyen et al. 2020). The sample
(in loose states by pouring particles into a container) was scanned every 0.1° to achieve
accurate 3 dimensional (3D) geometric characteristics. Imaging techniques including
filtering, binarizing, de-speckling, and watershed (i.e., for separating particles in contact)
were applied to the CT images to enhance the computational accuracy (Nguyen and
Indraratna 2019). The final process is a 3D analysis of the sample to capture the geometric
parameters of particles; this image processing took place using CTan.1.18 software (Brucker-
microCT 2018). Specifically, the surface area and volume of particles were computed so that
their A, ; and the associated « could then be obtained (i.e., Eq. [3]).

Some of the fundamental geometric parameters that are commonly used to evaluate
the shape properties of particles can be estimated using CT scanning images. Table 1 shows
the detailed equations and their corresponding results of sphericity S (i.e., represents how
close the particle geometry is to a sphere), the aspect ratio AR (i.e., the ratio between the

major and minor axes of a particle) and the angularity 4G (the degree of sharpness of particle
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corners and edges) (Cho et al. 2006). Fig. 2b shows 3D samples reconstructed from Micro-
CT scanning images, which indicates a high accuracy of the technique in computing particle
shape characteristics.

A series of laboratory tests based on ASTM D2423 (2005) were carried out to
determine the hydraulic conductivity (k) of the current samples. Each sample was first poured
into the cell in a loose state to which different levels of compaction (i.e., tamping by layer)
were then applied to achieve different degrees of packing, but over-compaction was avoided
to prevent undue degradation (i.e, scanning specimen after compaction before hydraulic test
to identify the limit of compaction). Measurement was repeated at each specimen and

porosity to ensure the reliable results (i.e., the coefficient of variation < 1%).

Results and Discussion

Quantitative characteristics of particle shape

Table 1 shows that GB has the largest sphericity (S = 0.95), followed by CS (S = 0.73) and
CG (S =0.5). The AR of CS is about 1.49 which is much larger than GB (4R = 1.06), but this
is still smaller than CG (i.e., 2.45). Undoubtedly, the CG particles are very angular because
their average angularity is only about 0.27 which is much smaller than that of CS (0.57) and
GB (0.98). As a result, CG has the largest « (2.1), followed by CS (1.45) and GB (1.02). In
essence, the more angular and less spherical, the larger is the surface area per a unit particle
volume (i.e., the larger the «). Moreover, the geometric parameters are dispersed more
widely (i.e., the larger the coefficient of variation c,) when the particles are less spherical. For

instance, the ¢, of angularity increases from 15.5% in CS to 34.9% in CG.

Hydraulic conductivity of different materials

Fig. 3 shows the hydraulic test results where k varies with n over different materials (medium
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to loose state). Apparently, GB has the largest k (8.1x10™ m/s) followed by CS with k =
4.3%107 m/s at the same porosity, i.e., n = 0.39. The CG particles are more angular and less
spherical, thus they have a much lower £, i.e., 2.0x107 m/s at the same porosity. Unlike CS,
MS and FS with larger specific surface areas as shown in Table 1 (i.e., the fluid-particle
contact area) give a much smaller value of &, for example about 1.0x10™ m/s and 5.2x10™

m/s, respectively at n = 0.39.
Evaluating the shape factor in the Kozeny-Carman (KC) approach

Using the value of A, ; shown in Table 1, the hydraulic conductivity of the current soils can
be estimated by Eq. [1]. The tortuosity (7) generally varies with porosity (n), which can be

represented by (Comiti and Renaud 1989)
T=1-pln(n) (4]

where p is an empirical parameter varying with different materials. By comparing the
predicted and experimental results, p = 0.6, 1.15 and 2.4 were found to provide reasonable
predictions for 3 different distinct levels of particle shape parameters, i.e., glass beads, sand
and crushed gravel, respectively. As a result, Fig. 3a shows an accurate prediction with the
average error less than 4% across all specimens. Without properly determining o, the
predicted & could deviate considerably, for example, from 8.1x10™ in GB to 2.0x10~ in CG
despite using the same PSD and porosity (n = 0.39). In other words, the current study has
corrected the previous limitations (e.g.,Trani and Indraratna 2010) where the role of « is
ignored while computing .

Fig. 3b is an application of the current findings to other granular soils such as Ottawa,
Toyoura, Nevada and crushed sand which have commonly been used in previous studies (Lin
2006; Kokusho and Fujikura 2008; Cote et al. 2011; Fleshman and Rice 2014). Without

knowing the specific shape parameters and an accurate method to measure T of these
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materials, it might be assumed that other natural (uncrushed) sands should be similar in
particle shape compared to the current sands while particles of crushed sands would be highly
angular (Cote et al. 2011). Therefore, the same values of p, i.e., 1.15 and 2.4 for natural and
crushed sands, respectively can be assumed to estimate T while « is varied in a range (i.e.,
1.28 to 1.51) that is close to the current findings for natural sands, and 1.84 for crushed sand.
Note that A4, ¢ of these soils is computed by Eq. [2] based on their PSD curves (Fig. 1). The
results (Fig. 3b) show that the current KC prediction matches relatively well the experimental
data, i.e., the average error in prediction across different soils about 5.7%. Despite this
success, a detailed computation of « for specific materials based on micro-CT scanning is

still recommended to further enhance accuracy of the predicted «.

Behaviour of the flow tortuosity (t)

A back-analysis of T (Fig. 4) based on experimental data (4,; and k) shows 3 distinct levels of
T corresponding to different levels of particle shape parameters (glass beads, sand and
crushed gravel). In essence, the more compacted the particles (i.e., the smaller the n), the
more complex the resulting seepage flow; and the less spherical and rounded the particles, the
greater the tortuosity. The current estimate T = 1 — 1.15In(n) for sandy soils shows better
agreement with experimental data than previous models, i.e., Comiti and Renaud (1989), and
Iversen and Jorgensen (1993) while T = 1 — 0.6{n(n) for glass beads is relatively close to
the theoretical derivation of Weissberg (1963) for overlapping spheres. However, p = 2.4 for
crushed materials indicates a lower degree of agreement with experimental data where the
particles might rearrange themselves due to compaction. Thus an alternative relationship, i.e.,
T =1+ 3.55(1 — n) is proposed to improve the accuracy. As a result from the current study,
the Kozeny constant 4; (i.e., kx = 2aT) can then be established as about 5.1-6.8 for natural

sands, and 10.9-13.6 for crushed materials for future KC applications.
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Conclusion

This study explained how particle shape could influence the hydraulic conductivity (k) of
granular soils, and then reinvigorating the Kozeny-Carman method using Micro-CT data. The
results showed that particle shape would play an important role in the hydraulic conductivity
of granular materials, thus the less spherical and rounded the grain shape, the larger would be
the fluid-particle contact area (i.e., the larger the shape factor ), and therefore, the lower the
k. Crushed gravel had an « that is 2.1 times larger than that of corresponding glass beads,
making its hydraulic conductivity 4.0 times lower, despite having the same » (0.39) and PSD.
This study recommended an & of about 1.28—1.52 for natural (uncrushed) sand and 1.84-2.1
for crushed materials can be adopted when using KC concept to predict k. Also in this regard,
the tortuosity estimate T = 1- pln(n) where p = 0.6 and 1.15 for spheres and natural sand,

respectively, and T = 1+ 3.55(/-n) for crushed materials can be suggested for computing £.
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Tables

Ao,s Ao,i
Specifi Uniformit Aspect ratio PAYINZ PAYINZ Shape
ecific niformi .. ) ISV ISV
. i p . .y i] Sphericity (ratio between the Angularity ( ) ( ) factor
0 ateria ravit coetficien 47A . based on CT-
& Y (S = j;p) major and minor (AG = M) ( ( (a =
(Gy) (Cw) P Tmax PSD) scanning) 5
axes) Ao,i/Atz),s)
(1/m) (1/m)
1 Glass beads 0.95 1.06 0.98
(GB) 2.46 1.4 (cv= 5.0%) (o= 11.5%) (v=5.1%) 7812 7892.0 1.02
2 Coarse sand 0.73 1.49 0.57
(CS) 265 Mol e=123%) | @=216%) | @=155%) | % 2410 145
3 Crushed 0.50 2.45 0.27
oravel (CG) | 2% L4 (o= 25%) (o= 46.7%) (o= 34.9%) 7829 11352 210
4 | Medium sand 0.74 1.53 0.56
(MS) 2.68 1.6 (cv=11.5%) (cv= 24.5%) (o= 21.8%) 15921 19328 1.47
5 Fine sand 0.705 1.63 0.48
(FS) 2.67 2.1 (cv= 14.4%) (cv= 32.5%) (o= 22.5%) 22073 27260 1.52

Note: ¢, is the coefficient of variation (%); A, and P, are the area and perimeter of particle’s cross-section; 7; and 73,4, are the radii of the corner
and the maximum inscribed circle of the particle, and 7. is the number of corners in the particle. More details can be found in Cho et al. (2006)

Table 1 Micro-parameters of granular soils used in the current study
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(Kokusho and Fujikura 2008); Ottawa sand (Fleshman and Rice 2014) and crushed sand (Cote et al. 2011).
b)
Fig. 3 Hydraulic conductivity of different materials by experimental and KC methods: a)

current study; b) compared to previous granular soils
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Fig. 4 Tortuosity of fluid flow through different shaped materials in comparison with

previous studies
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