CHAL

UNIVERSITY OF TECHNOLOGY

Trans-scale spatial variability of lime-cement mixed columns

Downloaded from: https://research.chalmers.se, 2025-12-04 06:22 UTC

Citation for the original published paper (version of record):

Wong, D., Sadasivan, V., Isaksson, J. et al (2024). Trans-scale spatial variability of lime-cement

mixed columns. Construction and Building Materials, 417.
http://dx.doi.org/10.1016/j.conbuildmat.2024.135394

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




Construction and Building Materials 417 (2024) 135394

= —
Construction
and Building

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

Trans-scale spatial variability of lime-cement mixed columns At
Dawn Yun-Cheng Wong **, Vijayshree Sadasivan ?, Jonatan Isaksson ", Anders Karlsson ?,
Jelke Dijkstra?

@ Chalmers University of Technology, Department of Architecture and Civil Engineering, Gothenburg, SE-412 96, Sweden
Y NCC Infrastructure, NCC Sverige AB, Gothenburg, SE 412 50, Sweden

ARTICLE INFO ABSTRACT
Keywords: Lime-cement columns are a common form of ground improvement used in the Nordic countries to improve
Spatial variability the engineering properties of soft soils. The strength and stiffness of lime-cement mixed clay, however, are
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Scale of fluctuation
X-ray tomography

heterogeneous. Hence, the characterisation of the extent of variability of strength and stiffness is essential to
optimise the performance of lime-cement columns. This paper presents an integrated approach to characterise
the variability in strength and stiffness of samples from 1 year old lime-cement columns in natural sensitive
clay, from the Centralen project site in Gothenburg, Sweden. A novel image-based method is proposed to
characterise the spatial variability at the laboratory scale, using a stereoscopic digital image correlation (DIC)
system in addition to X-ray Computed Tomography (XCT) scans. Data from column penetration tests (FKPS)
and reverse column penetration tests (FOPS) on the lime-cement columns at the excavation site were used
to estimate the spatial variability at the field scale. The key finding of this work is that different magnitudes
of scales of fluctuations exist for the lime-cement mixed clay under laboratory scale and field scale testing.
The results serve to highlight the ever-present problem of inherent variability in lime-cement mixed soils and
challenges to accurately characterise this variability. Thus, further work is required to relate scale of fluctuation
of strength to that of stiffness, and to link scale of fluctuation at laboratory scale with that at field scale.

1. Introduction critical shear strength of the lime-cement composite is used, up to a
maximum shear strength of 150kPa [4].
Deep mixing (DM) is an in-situ method that improves the engi- The strength and stiffness of the lime-cement mixed clay is often

neering properties of soft soils [1-3]. One of those methods is the dry
deep mixing method, in which dry binders, often lime and cement,
are injected and mixed in the soft clayey soil using compressed air
to form lime-cement columns. In Sweden, lime-cement columns are
commonly used to increase the stability and to control deformations
of various geostructures in soft soils, such as the foundation of railway
embankments or basal reinforcement of deep excavations.

highly variable due variation in geology and the complex mixing
process. From field tests on installation techniques of lime-cement
columns, Larsson et al. [6] found that the blade rotation number, which
is a function of the number of mixing blades on the mixing tool and
the retrieval rate and rotation speed, has a significant influence on the
stabilisation effect and mixing quality. Moreover, the behaviour of a

In Swedish practice, the shear strength typically governs the design dry binder and soil mixture is complex, and the distribution of the
of lime-cement columns [4]. The engineering properties of improved dry binder particles during the deep mixing process is influenced by
soil are directly affected by the binder, properties of the soil, and mix- the viscoelastic properties of the soil [13]. Consequently, the strength
ing and curing conditions [2,5-10]. In addition, the mineral properties is highly variable in magnitude and spatial distribution even if the
of the soft soil (clay) and the binders also affect the response [11]. installation is performed with great care [6]. Aside from inherent
Finally, the type of loading path further complicates the strength in- variability, additional sources of geotechnical uncertainty include mea-

terpretation from laboratory tests [12]. In the design of foundations
for railway infrastructure, where the control of vibrations and settle-
ments are more important than the ultimate load, stiffness is the more
pertinent requirement than strength. There are far fewer studies that
investigate the stiffness properties of lime-cement mixed clay. In the
Swedish standard, an empirical relation relating Young’s modulus and

surement error and transformation uncertainty. The former is caused
by equipment, procedural-operator effects, and random testing effects
while the latter is introduced when field or laboratory measurements
are transformed into design soil properties using empirical or other
correlation models [14].
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Horpibulsuk et al. [15] reported that for a given water-to-cement ra-
tio, most field strength is lower than laboratory strength for dry mixing
method, for all curing times, likely due to non-uniformity in mix-
ing [16]. Comparing field cores and laboratory-mixed samples, Mad-
hyannapu et al. [17] found that both field stiffness and strength are 20
to 40 percent lower than the corresponding laboratory-mixed samples.
For the case of lime-cement improved soils by the dry deep mixing
method, Puppala et al. [18] reported that both field stiffness and
strength are lower than the laboratory-mixed samples due to variation
in mixing quality over large areas of treatment. However, Paniagua
et al. [19] reported an opposite trend of a higher strength, and con-
sequently stiffness, in the field due to a combined effect of higher
curing temperatures, and stresses acting on the lime-cement column
during curing. These findings highlight the difficulty in accurately
characterising the strength and stiffness properties of improved soils in
the field, which is a result of the combination of the inherent variability
of the site and the variability introduced during the mixing process.

High variability, with respect to the magnitude of the engineer-
ing properties and their spatial distribution, introduces uncertainty
when estimating the properties of improved soil. In vibration prob-
lems, Coelho et al. [20] demonstrated that the maximum vibration level
is consistently underestimated when spatial variability is neglected,
which can lead to vibration related serviceability issues. Thus it is
important to evaluate the influence of variability of both the strength
and stiffness on the performance of the lime-cement columns. Aside
from the mean and standard deviation, the scale of fluctuation (SOF)
is a measure for describing the spatial variation of the (engineered)
soil property [21,22]. The spatial variability of shear strength has been
studied in natural soils (e.g. [23,24]) and for soils improved with the
wet deep mixing method [8,25-28]. In contrast, there are far fewer
studies on lime-cement mixed clays [29-31].

Two techniques are commonly employed to characterise field vari-
ability of strength in improved soils, firstly coring at various depths
and locations to obtain samples for testing [8,25,27], and the use of
column penetration tests to obtain a continuous distribution of shear
strength with depth for each column [6,29]. The latter gives a better
representation of the variability with depth, but can only be done on
young columns with low strength. Another limitation of these methods
is the time and resources required for testing at field scale.

This paper presents an integrated approach to estimate the spatial
variability in lime-cement columns at field and laboratory scale, using
samples and quality control data obtained from an excavation site lo-
cated in Gothenburg, Sweden. At the laboratory scale, stereoscopic ob-
servations of surface deformations during an Unconfined Compression
Strength (UCS) test were combined with X-ray Computed Tomography
(XCT) scans of specimens, to estimate the scale of fluctuation of field-
mixed samples. Additionally, the scale of fluctuation of shear strength
in the field was estimated from column penetration and reverse column
penetration test data. Evaluating the spatial variability of stiffness in
the field poses a challenge as there are no direct measures of the
variation of stiffness available on site. Thus, unconfined compression
tests on 1-year cured samples were used to relate strength and stiffness.

The results of these studies demonstrate the feasibility of the in-
tegrated approach to characterise different aspects of variability in
lime-cement mixed soils. While the different methods proposed in this
work result in different estimates of the variability in strength and
stiffness, both at the laboratory scale and in the field, the findings still
provide valuable insight on the degree of variability in lime-cement
mixed soils and highlight the challenges involved in characterising this
variability.

2. Site description
The data presented in this study was obtained from an excavation,

which is part of Gothenburg Central Station (Centralen) site in the
West Link railway construction project (Fig. 1(a)). The section reported
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herein comprises a 200 m long braced excavation and was supported
by sheet-pile walls, lime-cement columns, and two levels of struts. The
passive side of the excavation was stabilised by lime-cement columns
constructed in a double overlap rectangular grid pattern with 2.5m
spacing (Fig. 2). The lime-cement content used above and below the
excavation level were 40kgm™ and 80kgm™, respectively [32]. A
comprehensive site investigation was conducted to characterise the
properties of the soft natural clay and lime-cement columns in the site
by the Swedish Transportation Administration [33]. The site consists
of a 2m to 5m thick layer of fill underlain by a deep clay deposit.
The groundwater level is located at a depth of 2m to 3m with some
seasonal fluctuations. The clay deposit is classified as medium sensitive
and layers are normally consolidated to slightly overconsolidated with
an undrained shear strength ranging from 26 kPa to 60kPa [32].

3. Methods
3.1. Field tests

3.1.1. Column penetration test

The predrilled column penetration test (FKPS) is a cylindrical pen-
etrometer with two horizontal vanes. For the majority of the tests a
probe with dimensions 500 mm x 15mm was used to test the lime-
cement columns of 700 mm diameter. In cases where an overly high
strength was encountered, a smaller probe with dimensions 250 mm x
15mm was used. A pilot hole with a diameter of 58 mm was drilled
into each lime-cement column before the FKPS probe was pushed
vertically into the lime-cement column at a constant rate of penetration
of 20mms~! and the penetration resistance was recorded every 20 mm.
The test is terminated when the target depth is reached (bottom of the
column) or the inclination of the probe deviates out of the acceptable
range. The (undrained) shear strength (s,) was determined from the
penetration resistance g, g ps With an empirical cone factor Ny pxps
=10 [4]:

_ 4c,FKPS

(€8]

=
Ny rkps

Thenceforth, the strength evaluated from the column penetration tests
will be referred to as the shear strength of the lime-cement mixed clay,
due to the ambiguity of the drainage condition during the test.

The FKPS data presented in this study were obtained from tests
conducted 5 to 10 days after construction of the lime-cement column.
A total of 202 tests were used to estimate the spatial variability of the
site.

3.1.2. Reverse column penetration test

The FOPS is performed by pulling a pre-installed probe, similar
to the probe in the FKPS, upwards from the base of the lime-cement
column. The probe with an attached steel wire is installed at the target
depth before the construction of the column. The total pull-out force
to pull the probe from the base of the column to the surface, including
the steel wire friction, was recorded every 25 mm.

The FOPS data presented in this study was obtained from tests
conducted 1 to 5 days after construction of the lime-cement column
and a total of 29 data sets were used to estimate the spatial variability
of the test columns at the site. The locations of the FKPS and FOPS tests
conducted are shown in Fig. 1(b).

3.2. Laboratory tests

3.2.1. Sample preparation

Block samples of the lime-cement columns were obtained from the
excavated material from the Gothenburg Central Station site. The block
samples were excavated from a depth of approximately 5m to 7m
(low binder content of 40kgm~3, Fig. 2) for further laboratory testing.
The curing period of the samples was approximately 1 year at the
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Fig. 1. (a) Site location: https://upload.wikimedia/Vastlanken.org (b) Location FKPS and FOPS tests conducted with schematic of the cross-section of the excavation and column

layout.
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Fig. 2. Plan view of lime-cement column arrangement and cross-section of site.

time of sampling. The block samples were highly heterogeneous with
weak zones of untreated clay and stiff cemented zones. Cylindrical
samples (50 mm in diameter and 100 mm in height), and cubic samples
(60mm x 60mm X 120 mm approximately) were cut from the block
samples using a handheld saw.

3.2.2. Unconfined compression test

Unconfined compressive strength (UCS) tests were conducted on six
samples as tabulated in Table 1. The tests utilised a GDS loading system
with a 10kN load cell to measure the axial load. In four of the tests, a
pair of extensometers with a resolution of 1 pm were used to measure
the local strains at the middle section of the samples. The unconfined
compressive strength ¢, and stiffness properties, including Young’s
modulus E, tangent modulus E,,,, secant modulus E,,., and modulus
at 50% peak unconfined compressive strength Es,, were derived from
the UCS test results.

3.2.3. Digital image correlation
Two cubic samples of dimensions approximately 60 mm x 60 mm X
120 mm were tested in an uniaxial loading system with a stereoscopic

digital image correlation (DIC) system, to identify strain localisation
and non-uniform deformation due to material heterogeneity. The spec-
ifications of the samples are summarised in Table 2.

A MTS Series 300 frame with a 100 mm total stroke actuator and
100kN maximum force capacity was used. The GOM DIC system con-
sisted of two cameras with a resolution of 3000 x 4000 pixels facing
one face of the cubic sample. Image data was captured at a rate of
6 frames per second. These images were then processed using stereo
image correlation software (GOM Correlate), to extract the corrected
image data for subsequent processing.

The strain distribution was computed from the corrected image data
using the DIC scripts in SPAM (Software for the Practical Analysis of
Materials) Python package [34]. Prior to the analyses, the images were
binned to a size of 1500 x 2000 pixels. Furthermore, the intensity levels
of the image data were pre-processed to obtain a uniform histogram for
the image stack prior to further analyses. The displacement and strain
analyses in SPAM were conducted on a rectangular spatial grid with a
spacing of 30 pixels and used a half window size of 15 pixels.

The computed strains from the image data were used to obtain the
local stiffness in the sample as function of the height. The specimen
was divided into horizontal slices of 30 pixels in thickness, and the
stiffness of each slice was thus approximated from the local average
strain calculated from DIC and the average stress calculated from the
load and updated area in each cross section. In this approximation,
symmetry was assumed for calculating the average axial stress from
the load cell readings.

3.2.4. X-ray computed tomography

The RX Solutions EasyTom150 X-ray tomograph at the 4D imaging
lab at Lund University was used to acquire the three-dimensional scans
of the samples. The X-ray source operated at a voltage of 80kV with a
current of 375 pA, and 2000 projections were used for the volumetric
reconstruction of each sample. An additional filter of 0.35 mm copper
sheet was added in front of the source to filter out low energy X-
rays. The voxel size attained was 30 um>. Six cylindrical samples were
analysed (see Table 3).

3.2.5. Image pre-processing
Pre-processing of the XCT image data was required to suppress
the image noise and to accurately capture the variability in X-ray
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Table 1
Testing programme for UCS tests.
Sample Height Diameter Weight Moisture content Loading rate Local axial measurement
(mm) (mm) (kg) (%) (%/min) (y/n)
S7 103.5 53.46 342.8 62.63 0.1 y
S8 111.7 52.40 371.5 58.42 0.1 y
S9 106.8 47.30 289.3 65.40 0.01 y
S10 90.23 51.67 295.9 64.59 0.01 y
S11 92.42 52.19 300.0 65.56 0.1 n
S12 101.1 52.54 331.8 63.65 0.1 n
Table 2 3.3.1. SOF from field measurements
Description of samples for unconfined compression test with DIC. The range of depths used to determine the scale of fluctuation
Sample Height Width 1 Width 2 Weight Moisture content Loading rate was selected based on the quality of the data recorded on-site. The
k % %/mi . . . .
(mm) __ (mm) (mm) (ke) ) (%/min) FKPS probe that is axially penetrated into the column, is most accurate
S13 1120 63.81 66.46 732.1  65.34 0.1 near the surface, where the probe deviates the least from the vertical
S14 119.9 60.61 60.44 669.8 64.32 0.01 . . .
alignment. Hence for the FKPS, data points in the range of 2m to
8 m depth were selected. In contrast, the FOPS, which is a bottom up
Table 3 technique, provided the most complete dataset in the range of 10m to

Summary of lime-cement mixed clay samples scanned with XCT.

Sample Sample diameter Sample height
(mm) (mm)

S1 49.54 97.80

S2 49.54 97.06

S3 48.35 104.81

S4 49.10 91.07

S5 49.30 102.94

S6 48.15 103.07

attenuation of each specimen using auto-correlation of the image data.
First, the data sets were binned (2 x 2 x 2 pixels averaged into 1 voxel)
and each image slice, from a dataset of approximately 3500 slices, was
cropped to 550 x 550 pixels (60 pm/pixel) to facilitate the analysis. The
middle 1000 slices of the data set were considered, which corresponded
to approximately 60 mm (Fig. 3).

The histogram of grey-scale intensities was normalised using the
image processing package Fiji [35] to improve the contrast across the
stack. The latter is permissible, as we are interested in the spatial
variation and not the absolute values for the X-ray attenuation fields.
Fig. 3(a) shows an example of a typical slice in the three-dimensional
image obtained from the scan, and Fig. 3(b) shows the image after
histogram normalisation. The parts in the image with higher grey-scale
intensity correspond to regions of relatively higher X-ray attenuation
(hence larger atomic number, material density), while the darker parts
correspond to regions of relatively lower density. Therefore, the vari-
ation in grey-scale intensity level was used to estimate the variability
in density of the specimen, where cemented clay corresponds to higher
material density.

3.3. Estimation of SOF

Various methods are available to estimate the scale of fluctuation.
This study adopts the simplest approach, which is to fit the theoretical
correlation model (auto-correlation model) to the experimental cor-
relation function [21,36-38]. The theoretical correlation model was
assumed to have an exponential form:

R(r)=¢e % 2)

where R(7) is the correlation coefficient between two points separated
by a lag distance z and 6 is the scale of fluctuation. Other auto-
correlation models have been employed in the geotechnical field [37,
38]. However, Spry et al. [39] noted that no auto-correlation model
is consistently better performing than the other functions. Eq. (2) was
fitted only to the first part of the experimental correlation plot, to
increase the reliability of the estimate of the scale of fluctuation [38].

18 m depth.

3.3.2. SOF estimated from auto-correlation of image data

The scale of fluctuation was estimated from the variation in grey-
scale intensity levels in the image data from the samples of lime-cement
mixed clay, using auto-correlation of the two- and three-dimensional
image data. The covariance of the images along each axis was com-
puted using the function provided in SPAM [34]. The experimental
correlation function was then computed by normalising the covariance
values by the variance value. By fitting a theoretical auto-correlation
function (Eq. (2)) to the experimental correlation coefficients obtained
by this method, the SOF, along each axis, can be estimated based on the
grey-scale intensity values of the image stack (Fig. 3). The variation in
X-ray attenuation fields is not a direct measure of strength or stiffness of
the sample, as it is most closely linked to the density of the material.
For the samples tested, however, higher density areas are related to
areas with a larger amount of cement, which has a higher X-ray
attenuation than clay mineral. Thus, these areas are expected to have
relatively higher strength and stiffness. Consequently, the SOF of X-
ray attenuation fields represents the spatial variation in the mechanical
properties of the material.

The theoretical auto-correlation function, shown in Eq. (2), was
used to estimate the SOF along each axis. Axis O corresponds to the
vertical direction (along the height of the cylindrical sample), while
axes 1 and 2 correspond to orthogonal directions in each image slice.
The same analysis was conducted for images of the front face of samples
S13 and S14 prior to the application of a speckle (for subsequent DIC
analyses) and loading.

4. Results and discussion
4.1. Unconfined compressive strength and stiffness from UCT

The unconfined compressive strength and stiffness obtained from
the unconfined compression tests on cylindrical samples are sum-
marised in Table 4. Figs. 4(a) and 4(b) show the variation of unconfined
compressive strength g, with axial strain ¢ and with average local axial
strain ¢,,.,, respectively. The range of ¢, obtained was 1.03MPa to
2.56 MPa, with a mean value of 1.96 MPa, standard deviation of 0.65 MPa
and coefficient of variation (COV) of 0.33. The spread of values for the
q, prior to failure can be attributed to the inherent variability in the
field mixed samples.

The Young’s modulus E for the samples tested ranged from 199 MPa
to 398 MPa. The variation in the E,,. and Es, values followed a similar
range to the E values. The secant stiffness E,,. on average was seen
to be 0.7-0.8 times E. In contrast, significant differences were ob-
served between the values of Es, and E,,.,,. The average local stiffness
Ej,cq>» Which is independent of bedding effects and stiffness of the
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(c)

Fig. 3. (a) Image slice 1 of sample S2 in original grey scale and (b) after histogram normalisation. (c) Cropped 3D image stack from sample S2.

testing apparatus, was found to be on an average 6 times E. This is
expected as local stiffness is more representative of the small-strain
stiffness of the material. The local stiffness values obtained from the
DIC measurements shown later corroborate this finding.

The E5, of the six samples tested is plotted against g, in Fig. 5.
Swedish design guidelines provides the empirical relationship E
13s,£~6 or E =13(q, /2)!0, that relates shear strength of the lime-cement
mixed soil to stiffness. However, this relation is unsuitable for this
study as it is only applicable for s, < 150kPa. The samples tested in

this study are approximately 1 year old and hence the shear strength
far exceeds 150kPa. Paniagua et al. [19] reported that for Norwegian
clays improved with lime-cement with up to 54 days curing period
and ¢, ranging from 20kPa to 450kPa, the values of E5, vary between
50¢, and 800g¢,. In this study, Es, varies between 110g, and 235¢,,
and the best-fit line was found at 133¢,. A Es,/g, ratio of 133 is also
reasonably close to the range reported by Lee et al. [40] and Lorenzo
and Bergado [41] for cement-clay mixed by jet-grouting method and
deep mixing method. Due to the limited number of samples tested in
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Fig. 4. Unconfined compressive strength g, vs. (a) axial strain ¢ and (b) local axial strain ¢,,,.

Table 4
Strength and stiffness results from UCS.
Sample u E Ey Eg,. Es Ejoear
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
S7 2.37 247.10 24.48 247.10 267.00 1424.36
S8 2.53 398.90 38.19 344.30 305.60 3122.30
S9 1.03 230.00 11.72 203.60 234.80 589.24
S10 1.34 199.70 7.67 112.50 211.30 1425.50
S11 1.92 305.90 6.70 235.40 312.70 -
S12 2.56 335.60 6.30 268.60 319.50 -
600 T T T T .
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Fig. 5. Variation in stiffness with unconfined compressive strength.

this study, a more detailed relationship between strength and stiffness
could not be identified. Nonetheless the linear relationships adopted
from the literature provide some guidance on the relationship between
E5y and g, for lime-cement improved soft clay.

4.2. Image-based methods for estimating SOF

4.2.1. Stiffness variation from DIC

The global stiffness of samples S13 and S14, as determined from ex-
ternal Linear Variable Differential Transformer (LVDT) measurements,
are 319 MPa and 229 MPa, respectively. The globally measured stiffness
value does not give any additional information on the variability within
the specimen, as it is expected that stiffness is non-uniform throughout
the sample. Areas of cemented material and uncemented material can
be observed by visual inspection. This spatial variation was further
investigated using tests with simultaneous surface DIC.

Fig. 6 shows the vertical strain distribution obtained from DIC of
the image data from the face of sample S13, for the loading stages
indicated in Fig. 10(a). Negative strains correspond to compression and
positive strains correspond to extension. A non-uniform distribution of
strains with localisation on areas of uncemented clay can be observed,
starting in the linear region (stages 1 to 3 in Fig. 10(a)), and becoming
more pronounced after the peak stress was reached (stages 4 to 8 in
Fig. 10(a)). Fig. 8 depicts the strain variation in the linear region with
an adjusted scale to better visualise the non-uniform strain distribution
and localisation. Figs. 7, 9 and 10(b) show the corresponding plots for
sample S14.

The variation in local stiffness across the height of the samples
S13 and S14, estimated from DIC strain measurements, is shown in
Figs. 11(a) and 12(a). Only strain measurements in the linear regime
(stages 1 to 3 in Fig. 10, corresponding to strains distributions shown in
Figs. 8 and 9) were considered for the stiffness calculation. The strain
field measurement had the highest accuracy in the middle portion
of both cubic samples, due to end effects arising from dimensional
tolerances of the manually sawed samples. For S13, this led to extension
near the top of the sample, as seen from Fig. 6.

The local stiffness values obtained from DIC strain measurements
are similar to the stiffness obtained from local strain measurements
from the local transducers (Table 4), and similarly, are much larger
than the global stiffness E (Table 4). Figs. 11(b) and 12(b) show the
experimental and fitted correlation functions for the local stiffness
variation along sample height, for S13 and S14 respectively, and the
results are summarised in Table 5. Sample S13 which had a higher
global stiffness, also had a smaller scale of fluctuation compared to
S14, indicating that S13 had more variable stiffness along axis 0, as
compared to S14.
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Fig. 7. Vertical strain field for sample S14.

4.2.2. Auto-correlation of image data

Fig. 13(a) shows the image of the front face of S13 taken with a dig-
ital camera before the sample was tested in the uniaxial loading frame.
The scale of fluctuation, computed using the methodology discussed in
Section 3.3.2, along axis 0 and axis 1 of the two-dimensional image,

along with the fitted theoretical auto-correlation function, is shown in
Figs. 13(b) and 13(c) respectively.

The SOF along axis 1 was estimated to be 2.1 mm for S13 and 6.8 mm
for S14, which is smaller than the SOF estimated from the stiffness
distribution obtained from DIC analysis (Table 5). Nevertheless, the
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Fig. 9. Vertical strain field for sample S14 in the linear region.
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Fig. 10. Unconfined compressive strength g, vs. Axial strain ¢ for (a) S13 and (b) S14.
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Fig. 11. (a) Stiffness variation with sample height and (b) experimental and fitted correlation function for stiffness along height of S13.
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Fig. 12. (a) Stiffness variation with sample height and (b) experimental and fitted correlation function for stiffness along height of S14.

Table 5
Stiffness measurements from DIC.

Sample E Average E, .,  Standard deviation E,., SOF,,

(MPa)  (MPa) (MPa) (mm)
S13 319 974 670 5.4 (96 pixels)
S14 229 1194 937 13.0 (219 pixels)

same trend was observed that S13 which had the higher global stiffness,
had a smaller scale of fluctuation along the vertical direction compared
to S14. This corroborates the findings from the DIC measurements that
S13 showed more variability (in the vertical direction) as compared to
S14.

A possible explanation is that the auto-correlation of image data is
more sensitive to the variations as compared to the DIC measurements
as it considers all variation in grey-scale levels, which does not neces-
sarily correlate to variation in stiffness. Furthermore, the DIC stiffness
distribution was computed by taking average vertical strain across a
slice (sub-window size of 30 pixels), resulting in some averaging effects
of the stiffness computed. The size of the sub-window selected would
affect the variation in stiffness captured. Using a sub-window size of 30

pixels, a reasonable estimate of the variation in stiffness with depth was
captured, as seen from Figs. 11(a) and 12(a). The scale of fluctuation
estimated from this analysis was 3.2 times and 7.3 times the sub-
window size for S13 and S14 respectively. These values were smaller
than a sample height of 2000 pixels, suggesting that the selected sub-
window size was adequately small to accurately capture the stiffness
variation along the sample height (Figs. 11(b) and 12(b)).

For S13, the SOF in both axes 1 and 2 were comparable, but S14
showed a higher SOF along axis 1 indicating the sample was less vari-
able along axis 1 as compared to axis 2. The results are non-conclusive,
as only two cubic samples were tested. Furthermore, information on the
variability in the in plane direction (axis 0) cannot be determined from
the two-dimensional image.

The image auto-cor