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Abstract.

Hydraulic conductivity is one of the engineering properties of soil. This study focusses on the influence of cement

content on the hydraulic conductivity of cemented sand, which is investigated based on the results from numerical analysis and
laboratory testing. For numerical analysis the cemented samples were scanned using X-ray Computed Tomography (CT) while
laboratory testing was carried out using a triaxial setup. Numerical analysis enables us to simulate flow through the sample and
provides insight to the microstructure. It quantifies the pore volume, proportion of interconnected voids and pore size
distribution in both cemented and uncemented samples, which could be computed only through empirical equations in case of
laboratory testing. With reduction in global voids, the interconnecting voids within the samples also reduce with cement content.
Gamma cumulative distribution function is used to predict the percentage of voids lesser than a given pore volume. Finally, the
results obtained from both numerical analysis and laboratory testing are compared.

Keywords: lifecycle performance; stochastic deterioration modelling; structural reliability; reinforcement corrosion;

residual strength

1. Introduction

Chemical stabilization, by deep cement mixing or jet
grouting is one of the common methods to improve natural
soil. In general, chemical stabilization of loose sand
improves its strength and liquefaction resistance, prevents
seepage and reduces compressibility. Ordinary Portland
Cement (OPC) is widely used in soil stabilization and
extensive research has been carried out to examine its
properties as a cementing agent (Clough et al. 1981,
Schnaid et al. 2001). While mechanical properties such as
strength, stiffness, and compressibility have been
extensively studied for OPC treated sand (Acar and El-Tahir
1986, Saxena et al. 1988, Fernandez and Santamarina 2001,
Consoli et al. 2007, Wang and Leung 2008, Ajorloo et al.
2012, Subramanian et al. 2018, 2019, Khan et al. 2019, Lee
et al. 2019, Moon et al. 2019, Wei and Ku 2020), only
limited literature is available on studying its hydraulic
conductivity owing to experimental difficulties to obtain
accurate results. The ground water fluctuations can indeed
affect the load carrying performance of foundations (Park et
al. 2019). For instance, the conventional permeameter used
in laboratory testing has rigid confinement which allows the
water to flow along the interface between confinement and
sample, thereby often resulting in erroneous permeability
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values (Carpenter and Stephenson 1986).

Although the use of flexible membrane in a triaxial
setup minimizes the flow through the interface because of
the confining stress, there are several factors such as
hydraulic gradient, degree of saturation, duration of testing
and aspect ratio that affect the results of permeability of a
sample tested in a triaxial chamber.

Among these factors, hydraulic conductivity is more
sensitive to the variation in hydraulic gradient. A number of
studies have reported the influence of hydraulic gradient on
the permeability of clayey soil. Dunn and Mitchell (1984)
reported a decrease in permeability by a factor of 2.5 when
the hydraulic gradient was increased from 20 to 200 for
silty clay. Similar reduction in coefficient of permeability
with increase in hydraulic gradient in a triaxial setup was
observed by several authors (Edil and Erickson 1985,
Carpenter and Stephenson 1986, Fox 1996). The reduction
in hydraulic conductivity with increasing hydraulic gradient
is attributed to the use of a back-pressure difference
between top and bottom of the sample creates a non-
uniform effective stress distribution across the sample. The
larger effective stress at the outflow end can close the
cracks and fissure present in the soil. Also, the non-uniform
effective stress could cause seepage induced consolidation
in the soil (Daniel 1994). Larger hydraulic gradient could
also cause migration of fine soil particle or induce piping,
which could result in unreliable estimation of coefficient of
permeability (Olson and Daniel 1981, Leonards et al. 1991,
Fox 1996). Besides these factors, the range of permeability
values reported in the literature vary over a wide range
compared to other mechanical properties such as undrained
shear strength, friction and compression index.
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Literature available on hydraulic conductivity of
artificial cemented sand is scarce (Cardoso 2017) because
the primary focus has been on characterizing the strength
and stiffness behavior of cemented sand. Cementation,
through natural or artificial process, even in small amount
could alter the soil characteristics significantly. Natural
cementation occurs through the precipitation of calcite
between sand particles. Simulating natural cementation in
laboratory can be carried out through microbially induced
carbonate precipitation (MICP). Studies have shown that
MICP reduces the permeability of the soil and affects the
mechanical behavior of the soil (Ferris et al. 1996, DeJong
et al. 2006, 2010, Al Qabany and Soga 2013, Sidik et al.
2014, Choi et al. 2019, Hang et al. 2019). Artificial
cementation is carried out through either deep cement
mixing or jet grouting. Such cemented soil shows higher
strength, lesser compressibility, and improved liquefaction
resistance. Artificially cemented sand has been mostly used
for ground improvement or land reclamation, where the
main concerns are the strength and stiffness. However,
artificially cemented sands have also been used to prevent
slope failure as well as hydraulic failure of excavation base.
Therefore, the knowledge of the microstructure (e.g.,
interconnecting porosity and the size of voids inside
cemented sands) and hydraulic conductivity of cemented
sand is strongly required for designing appropriate
hydraulic barrier.

Measuring permeability in a triaxial setup, albeit
expedient, is often bound to give non-representative results
due to aforementioned reasons. Instead, X-ray Computed
Tomography (CT) has been utilized to examine the
microstructure of natural geomaterials without cementation
and then hydraulic conductivity is computed through
numerical analysis (Petrovic et al. 1982, Hainsworth and
Aylmore 1983, Crestana ef al. 1985, Heeraman et al. 1997,
Young et al. 2001, Pierret ef al. 2002, Rogasik ef al. 2003,
Nunan ef al. 2006). X-ray CT is a non-destructive technique
that allows X-rays to pass through the material at different
angles and measure the attenuation using the detector. The
fundamental principles of X-ray CT are described in detail
elsewhere (Ketcham and Carlson 2001). The key advantage
of using X-ray CT is that it helps better understand the pore
connectivity in the material and assists in visualizing real-
time water movement in different soil types. Researchers
often use dyes to track the water movement through the
soil, which can be visualized only after destroying the
sample (Mooney 2002). Also, destructive microstructure
analysis using Scanning Electron Microscope (SEM) or
Mercury Induced Intrusion Porosimetry (MIP) requires pre-
processing of samples, which may lead to disturbance
and/or change the microstructure of soil. The effect of
microstructure on permeability of saturated soft clay was
studied by Chen et al. (2019).

X-ray CT based approach would become an ideal
alternative to permeability testing using conventional
methods. For instance, X-ray CT has been used in
geotechnical engineering to obtain the bulk density of
samples, to understand pore distribution in clay and rocks
(Ketcham and Carlson 2001, Mooney 2002) and to compute
permeability of backfill materials (Sarkar and Siddiqua
2016). The resolution of the X-ray CT images obtained is

one of the important factors that affects the estimated pore
size and in turn the estimated permeability of the samples.
Peng et al. (2014) found that low resolution images may not
capture the smaller pores in Berea sandstone, but, that
resulted only in a slight inaccuracy in the measurement of
hydraulic conductivity.

Literatures reported on X-ray CT technique so far have
focused on uncemented clayey soils and rocks (Kozaki et
al. 2001, Kawaragi et al. 2009, Peng et al. 2014, Sarkar and
Siddiqua 2016). There is no outstanding literature reported
on the use of X-ray CT for computing the hydraulic
conductivity of cemented sand. In laboratory testing,
porosity and tortuosity of cemented samples could only be
obtained through empirical relationships, but with the use of
non-destructive technique such as X-Ray CT, visualization
of void arrangement and tortuosity of cemented samples is
possible. Thus, X-Ray CT gives great insights and
surprising observations with low experimental effort to
understand structure of the soil (Viggiani ef al. 2015). This
study aims to investigate the feasibility of evaluating the
hydraulic conductivity of cemented sand from the X-ray CT
based 3D structure. The influence of cement content on
global porosity and interconnecting porosity in cemented
sand is further analyzed from the image using numerical
analysis. Finally, the hydraulic conductivity values obtained
from numerical simulation on the 3D structure are
compared against those from laboratory testing.

2. Experimental work
2.1 Materials

The uniformly graded sand used in this study is obtained
from River sand Pvt. Ltd. Fig. 1 shows the particle size
distribution curve obtained from sieve analysis and other
index properties.

The soil is classified as Sand ‘Sa’ according to BS EN
ISO 14688-1:2002+A1:2013. The cementing agent used is
Ordinary Portland Cement Type 1. The composition of OPC
obtained from X-ray diffraction analysis is shown in Fig. 2.
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Fig. 2 X-Ray diffraction analysis on OPC Type 1

2.2 Sample preparation

The cement content used in this study is defined as a
ratio of mass of cement to that of dry sand, while the water
content is the ratio of mass of water to solids (includes both
sand and cement). The desired quantity of dry sand with
roughly half of the required amount of water is mixed in a
Hobart mixer for five minutes. Thereafter, the required
quantity of cement is added to the moist sand and then the
remaining water is further added to the soil-cement mixture.
Each stage of mixing is carried out for five minutes.

Samples for experimental permeability testing are
prepared in PVC moulds of 38 mm internal diameter and 76
mm long, while samples for image analysis are prepared in
PVC moulds of 35 mm internal diameter and 70 mm long
(only core of sample considered for numerical analysis).
The sample 1is prepared in three layers using
undercompaction technique (Ladd 1978). Undercompaction
technique involves applying lesser compaction effort for the
bottom layer and increasing the compaction effort for the
top layers. The use of same compaction effort for all the
three layers would result in bottom layer having higher
density than the top layer, as the energy from the top layer
would transfer to the bottom layers while compacting. With
undercompaction technique it is possible to obtain same
density for all the three layers. Identical process is followed
to prepare samples of diameter and length 50 mm and 100
mm respectively, for unconfined compressive strength
(UCS) test.

2.3 Methodology

The main experimental program involves measurement
of permeability using a standard triaxial test equipment. The
schematic diagram of the experimental setup is shown in
Fig. 3.

The base pedestal is 38 mm in diameter with pore
pressure and bottom back pressure lines connected to it.
Both top and bottom back pressures can be controlled
manually. The volume change indicator used is connected to
the top back pressure line. It is ensured that the sample is
completely saturated (B=0.98) due to the use of a single
volume change indicator as stated in BS 1377-6: 1990. For
each sample, permeability value is calculated for three
different confining stresses (50kPa, 100 kPa and 150 kPa).
For each confining stress, rate of flow is measured with four
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Fig. 3 Triaxial setup used for measuring permeability
(modified from BS 1377-6:1990)

distinct pressure differences between top and bottom back
pressures (10, 20, 30 and 40 kPa). Cemented sand samples
of cement contents 3%, 5% and 7%, which corresponds to
water to cement ratios of 3.43, 2.1 and 1.53 respectively,
cured for 28 days under water, are used to measure
permeability and unconfined compressive strength in
laboratory. The post cured bulk density of 3%, 5% and 7%
samples were 1.91, 1.92 and 1.93 g/cc, respectively. Also,
the post-curing moisture content after 28 days for 3%, 5%
and 7% samples were 20.7%, 19.2% and 18%, respectively.

An image processing software package, Avizo, is used
to compute the physical properties of the materials through
numerical simulation on the reconstructed 3D image of the
sample. A module of XLab Hydro Extension is utilized for
the permeability simulation and theoretical background is
introduced in the next section. Pure sand and cemented sand
samples with 1%, 3%, 5% and 7% cement content, cured
for 28 days, are used for X-ray CT. Both hydraulic
conductivity and unconfined compressive strength (UCS)
could not be measured in the laboratory for samples of pure
sand and 1% cement content as it was very difficult to
extract and to mount on the triaxial or UCS test setup
without disturbance.

3. Image analysis
3.1 Pre-processing and segmentation

Samples of 35 mm diameter and 70 mm length were
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Fig. 5 Pre-processing of scanned images (a) original
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scanned with the PVC mould into 2240 slices of 2D images
using X-ray CT. Each slice of these 2D images has an area
of 2240 pixels by 2240 pixels (22 pn/ pixel). The thickness
of each slice and the resolution of the pixel was chosen
based on the capabilities of the X-Ray CT machine. Fig. 4
shows the 2D image of the 1000™ slice of the scanned
samples.

The size of volume of interest (VOI) should also be
large enough to eliminate the introduction of errors due to
the finite size. It has been suggested in previous literature
that the minimum VOI should be at least 100 pm?, or 3 to 5
times larger than the size of the largest distinct feature of
the sample for hardened OPC pastes, to eliminate finite size
error (Uchikawa 1989, Garboczi and Bentz 2001, Provis et
al. 2012). So, in this study, 400 voxels? (around 6.84 x 10"
um?®) was selected for each sample, which satisfies the size
requirement in image analysis. Hence, the scanned images
were cropped to 400 pixels by 400 pixels in the middle of
the sample (Fig. 5(a) and 5(b)), to reduce the computation

time, after which brightness of the image was adjusted for
better visualization as shown in Fig. 5(c).

Then, the noise in the X-ray CT image was removed
using a median filter (Fig. 5(d)). Segmentation involves
converting the greyscale image to a binary image. First
stage of segmentation involves classifying individual voxels
with a common grey scale value named as threshold value.
The thresholding value in the segmented images is ordered
in terms of attenuation density where densest part (sand
grain) is represented by brighter voxels and the least dense
portion (pores) is represented by darker voxels as shown in
Fig. 5(e). An identical thresholding value of 45/256,
determined by probability distribution of attenuation density
in two phase system, was selected to segment pores in all
samples. Eventually, these segmented images were used to
reconstruct the solid parts and compute the porosity and
permeability of cemented sand.

3.2 Hydraulic conductivity simulation

On the constructed 3D structure, the absolute
permeability of the samples is numerically calculated.
Absolute permeability is the ability of a porous material to
transmit a single-phase fluid, by hermetically closing the
four sides of the samples, while imposing a pressure
difference along two opposite faces to guide the water flow
in one direction of the segmented microstructure image.
Permeability of the sample in macro scale is computed
using Darcy’s law as shown in Eq. (1).

k AP
L 0

where Q is the global flow rate through the sample (m?*s™),
S is the cross section of the sample through which fluid
passes (m?), k is the absolute permeability of the sample
(m?), i is the dynamic viscosity of the fluid flowing through
the sample (Pa‘s), 4P is the pressure difference at which
fluid flows through the sample (Pa) and L is the length of
the sample in flow direction (m).

Stokes’ equation is solved, as shown in Eq. (2), to
numerically calculate the absolute permeability of the
sample. The equation is the simplification of Navier-Stokes
equations, assuming an incompressible and Newtonian fluid
having a laminar and steady state flow.

- >

V-V =0 (2)

— -
where V/. is the divergence operator, V/ is the gradient

operator, \7 and P are the velocity and pressure of the fluid
in fluid phase of the material and V/? is the Laplacian

operator. Narsilio et al. (2009) verified the theoretical link
between Darcy’s Law (macroscale) and Stokes equations
(microscale). The boundary conditions used for computing
permeability are (a) no-slip condition at the solid-fluid
interface, (b) fluid being able to spread freely on the face of
the sample and (c) flow being isolated within the system.
Once Stokes’ equation is solved, Darcy’s Law is applied to
estimate the coefficient of permeability.
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4. Results and discussion

4.1 Laboratory testing

One of the important properties that are generally used
to characterize cemented soils is their unconfined
compressive strength (Sariosseiri and Muhunthan 2009,
Consoli et al. 2013). The variation of unconfined
compressive strength with cement content for 28 days cured
samples is shown in Fig. 6. The unconfined compressive
strength increases with cement content, which is attributed
to increase of cementitious bonding between sand particles.

Fig. 7 shows the experimental results from laboratory
permeability testing of cemented sand in a triaxial setup.
For a particular cement content, the coefficient of
permeability reduces with increase in effective confining
stress. The reduction in permeability with confining stress is
significant when a pressure difference of 10 kPa is used.
The coefficient of permeability reduced by 85% from 50kPa
to 150 kPa under a pressure difference of 10 kPa for 3%
cemented sand and 69% for 5% cemented sand under
similar conditions.

This sharp reduction in the coefficient of permeability
was not expected because the effective confining stress used
in this study is probably much less than the stress required
to yield cemented sand (Cuccovillo and Coop 1997).
Yielding stress, in case of cemented soils, is the minimum
isotropic confining stress which induces rupture of the
cemented bonds between the particles (Rotta et al. 2003).
Before yielding, the change in void ratio of cemented soils
is negligible, therefore significant reduction in coefficient of
permeability may not be fully comprehended. This is
confirmed by the low value of volumetric strain observed
during isotropic compression of the sample (between 0.1-
0.5%). This is the reason for partial reduction in per-
meability value observed with increase in confining
pressure. Interestingly, the observed trend indicates that the
use of smaller pressure difference to measure the coefficient
of permeability of cemented sand might lead to inconsistent
results. Similar observation was made by Carpenter and
Stephenson (1986) for samples with 36 mm diameter.

Regardless of the cement content, permeability reduces
with increase in hydraulic gradient. As discussed earlier, the
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Fig. 6 Variation of unconfined compressive strength with
cement content for 28 days cured samples
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high effective stress at the effluent end and piping could
cause inaccuracy in measurement of the coefficient of
permeability with increasing hydraulic gradient. Prior to
yielding, the change in void ratio with increase in effective
confining stress is very small (Rotta et al. 2003, Xiao et
al. 2014). Hence, the use of larger hydraulic gradient could
have resulted in erosion of hydrated cement products. For a
given confining stress, permeability values converge at
higher hydraulic gradient, as observed by Carpenter and
Stephenson (1986). There are several factors such as
temperature, the permeant used, hydraulic gradient, and
aspect ratio of specimen that affect the measurement of the
coefficient of permeability of the sample in a triaxial setup.
The use of a non-destructive technique such as X-ray CT
helps in understanding the hydraulic conductivity of
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cemented sand along with providing insight to the
arrangement of voids inside the sample as well.

4.2 Numerical analysis for coefficient of permeability

Coefficient of permeability along the vertical axis of the
sample is calculated with input pressure of 130 kPa and
atmospheric pressure (1 atm) at the output end. For
reference, unfortunately, we were not able to conduct
laboratory testing of 1% cemented sand since the sample
was heavily disturbed during extraction due to insufficient
strength. However, it was possible to obtain the
permeability of 1% cemented sand from image processing
simulation, as X-ray CT technique obtains the
microstructure of the sample without any disturbance
(samples are scanned without extracting out of the mould).
Fig. 8 shows variation of coefficient of permeability with
cement content based on the simulation. The coefficient of
permeability reduces with increase in cement content.
Interestingly, it is observed that adding small amount of
cement (e.g., even 1%) can lead to a significant reduction in
coefficient of permeability although the trend seems quickly
stabilized by adding more cement. In addition to cement
content, water to cement ratio is also an important factor
affecting the hydraulic conductivity of cemented sand. The
amount of water present in sand affects the porosity due to
random arrangement of hydrated cement products (Cardoso
2016, 2017). As the water content remains constant, the
water to cement ratio of the samples reduces with
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Fig. 8 Variation of permeability with cement content
based on simulation results

Table 1 Mix design and summary of results

Mean . .
(Z) C(g W(g) wicratio (lljd():as) ab Iém 5 KSlgln‘fS“"“
1000 0 100 - - - 4.06e-3
1000 10 101 101 - - 1.23e-3
1000 30 103 343 173 1.10e-4 4.42e-4
1000 50 105  2.10 562 1.24e-4 4.42e-4
1000 70 107 153 986  2.22¢-5 4.74¢-5

Note: S=Sand, C=Cement, W=Water, w/c=water to cement
ratio

increasing cement content, resulting in reduced porosity for
higher cement content, thus reducing the permeability even
further (Cardoso 2016). The coefficient of permeability of
3% and 5% cemented sand is almost equivalent despite the
increase in unconfined compressive strength. Table 1 shows
the summary of laboratory and simulation results.

Empirical equations from Hazen (1911) and Kozeny —
Carmen Bear (1972) help to predict the coefficient of
permeability of geomaterials (Schwartz and Zhang 2003,
Chapuis 2004). The dio of the sand is 0.45 mm and the pure
sand at 10% water content had a void ratio of 0.72. Thus,
the coefficient of permeability computed using Hazen
(1911) and Kozeny — Carmen Bear (1972) are 0.003 m/s
and 0.0027 m/s. The coefficient of permeability from
numerical analysis of pure sand is 0.0041 m/s, which agrees
reasonably well with the empirical equations.

Fig. 9 shows the velocity field of the cemented sand
samples used in this study. Velocity field helps in
visualizing the flow of water through the interconnected
voids in the samples. The streamlines are numerous for pure
sand and decrease in number with increase in cementation,
indicating the reduction in permeability of the samples.

4.3 Porosity and pore connectivity

The primary advantage of numerical analysis from the
images obtained from X-ray CT is that the streamlines can
be visualized, and the porosity of the samples can be

(e) v

Fig. 9 Velocity field for cemented sand samples with (a)
0%, (b) 1%, (c) 3%, (d) 5% and (e) 7% cement content
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calculated with accuracy. The global porosity (P1) is the
percentage volume of voids in the total volume of sample,
while interconnecting porosity (P2) is the percentage
volume of interconnected voids in the total volume of the
sample. Pore size is one of the important factors affecting
the permeability of the soil. From the simulation results,
Fig. 10 shows the reduction in global porosity and
interconnecting porosity with cement content. It was
discussed earlier that the coefficient of permeability of the
cemented sand reduced with cement content due to the
reduction in porosity of the samples. Thus, considering the
result from experimental data (Fig. 7), theoretically the
porosity of 3% and 5% cemented samples should be almost
equivalent.

The inter-connected porosity ratio, i.e., ratio between
interconnecting porosity and global porosity, shows the
proportion of interconnected voids within the total voids
present in the sample. From Fig. 10 it can be seen that with
increase in cement content the pore connectivity,
characterized by the inter-connected porosity ratio, reduces
within the samples. In an untreated sand sample, almost
100% of the voids are interconnected while in a 7%
cemented sand only 86.3% of the voids are interconnected.
It should be noted that these information about the
interconnecting porosity and global porosity can help
engineers better understand the actual seepage problems of
particulate media.

Fig. 11 shows the variation of cumulative percentage
voids with the pore size of the sample. The pore size
indicates the volume of each pores present inside the
cemented sample. The conventional void ratio and porosity
represent only the overall volume of voids and does not
give information about the volume of each void in the
sample.

The pore size varies from 105 um® to 2x10° pm? in the
range of cement content considered in this study, but, the
percentage of larger voids reduces with increase in cement
content. It is well established that the increase in cement
content causes a reduction in overall pore volume. In
addition to containing lesser pore volume, the samples with
higher cement content have more number of smaller sized
voids than the lower cement content samples as shown in
Fig. 12, and the presence of these small pores reduces the
interconnecting voids within the sample.

Previous researchers have studied the reduction in void
ratio qualitatively, while this study quantifies the actual
variation in void ratio with cement content. X-Ray CT
provides good insight to the microscopic pore distribution
of cemented sand. Gamma cumulative distribution function
(gamma CDF) is used to predict the percentage of voids less
than a given pore volume. In laboratory testing, the global
void ratio could be computed from phase relationship for
cemented soil, then, the proposed gamma CDF could be
used to compute the contribution of a given pore volume in
the total volume of voids.

The gamma CDF is defined as

y= A, X gammaCDF(x,a,b) 3)

where A1, a and b are offset, shape and scale parameter. The
shape parameter controls the shape of the distribution, while
the scale parameter defines the spread of the distribution.
The offset parameter controls the magnitude of y-axis, in
this study it is defined to express the y-axis in percentage.
In Fig. 11, the fitting is carried out for the upper and lower
boundary (0% and 7% cement content) of the cement
content considered in the study. Eq. (4) is obtained for pure
sand, while Eq. (5) is for 7% cemented sand.

y = 99 X gammaCDF (x,1.66,2.55 x 10%) 4)

y = 99 X gammaCDF (x,1.90,6.69 X 107) 5)
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Fig. 12 Variation of porosity with pore size
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4.3 Comparison of coefficient of permeability —
Laboratory and numerical analysis

Laboratory testing conditions involve applying a
confining stress, while the difference in back pressures
between top and bottom allows the water to flow through
the specimen. In case of numerical analysis, the four
vertical faces of the samples are closed hermetically,
without any confining stress, with pressure difference (30
kPa) between two opposite faces (lateral faces) causing
flow within the specimen. Hence, the coefficient of
permeability under 50 kPa effective confining stress (least
confining stress used in the study) and 30 kPa back pressure
difference is compared against the results from numerical
analysis. Fig. 13 compares the results from laboratory
testing and numerical analysis.

The laboratory testing shows lower permeability values
than those obtained from numerical analysis. Both
numerical analysis and laboratory testing capture almost
constant permeability values for 3% and 5% cement
content. However, the results from numerical analysis for
3% and 5% cement content are about 3-4 times higher than
the laboratory testing. The coefficient of permeability is
affected by confining stress more at lower cement content.
So, the difference of applied confining stress between
experimental data and numerical analysis would be one of
reasons for lower permeability value observed in laboratory
testing. But unlike the lower cement content, laboratory and
simulation results for 7% cement content samples match
closer because the effect of confining stress is not
significant, as observed in Fig. 7. The differences could also
have been caused by differences in boundary conditions
between experiment and simulation, the smaller size of the
images used for simulation, and round off errors due to
precision of the computer. Nevertheless, at higher cement
content (7% cement content), a good agreement is observed
between the simulation and experimental data.

5. Conclusions

In this study, the use of X-ray CT to analyze the
microstructure and hydraulic conductivity of cemented sand
was studied. The coefficients of permeability obtained from

image analysis were compared with the laboratory
permeability results. The effects of confining stress,
hydraulic gradient and cement content on the coefficient of
permeability of cemented sand were also investigated in
laboratory testing. Following conclusions are drawn from
this study:

* In laboratory testing, the coefficient of permeability
decreases with increase in hydraulic gradient. Also, the
coefficient of permeability decreases with increase in
confining stress, but the use of lower hydraulic gradient
resulted in erroneous results.

* The global porosity of the samples reduced with
cement content, and the interconnecting voids within the
total voids also reduced with cement content. These effects
are reflected in both permeability and unconfined
compressive strength of cemented sand samples.

* The reduction in porosity with increasing cement
content results in decreasing permeability. In addition to
decreasing the overall pore volume in the sample,
cementation decreases the size of pores which would further
reduce the permeability.

* Image processing gives a great insight to the
microstructure of the cemented sand. But, the permeability
results from numerical analysis on the images obtained
were higher than those of laboratory testing at low cement
content (e.g., 3 and 5 %). This could be due to confining
stress applied during the laboratory testing. Comparable
results were obtained for 7 % cement content because the
effect of confining stress becomes less significant. Higher
resolution of images from X-Ray CT may result in better
detection of small pores in the sample, which can further
improve the accuracy in segmentation process. In practice,
despite the limitations, X-Ray CT would be an excellent
tool to study the microstructure (e.g., microscopic pore
distribution) as well as the hydraulic conductivity of
cemented soils which would be subjected to structural
alterations during laboratory testing.
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