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Abstract

This study examined the performances of four newly developed binders in stabilising soft Finnish clay by considering both the
mechanical behaviour and environmental effect (i.e., carbon footprint). Thirty-six compacted clay-binder mixtures were investigated
via uniaxial compression tests, during which photogrammetric scans were performed at axial strains of 0, 1, 3, and 7.5%. The testing
protocol enabled the characterisation of full-field radial deformations and fracture developments. Experimental results demonstrated
that varying the amounts and types of industrial by-products used in the production of binders has substantial potential to reduce carbon
footprints. In terms of radial deformations, their distributions were highly non-uniform at different heights and loading stages. Radial
displacements increased continuously at axial strains smaller than 3% (corresponding to peak strength point), whereas such a continuity
disappeared afterwards, and global failures appeared. Based on three-dimensional (3D) reconstructions, the observed failures were cat-
egorised into three modes: inclined shearing (IS), axial splitting (AS) and hybrid shearing-splitting (HSS). For the studied specimens,
shearing was the most common mechanism leading to failure.
� 2022 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Stabilisation using the deep mixing method is commonly
adopted in Nordic countries to improve the mechanical
properties of soft clays and has been deemed an alternative
to conventional mass replacement (Kitazume and Terashi,
2013; Forsman et al., 2018; Larsson, 2021). The stabilisa-
tion of soft clays utilises lime and/or cement as binders,
both of which are products of heating raw materials like
limestones (Bell, 1996; Uddin et al., 1997; Larsson et al.,
2005; Sakr et al., 2009; Fatahi et al., 2012). Due to the high
energy consumption and CO2 emissions, these binders are
now facing increasing environmental constraints, and there

is an urgent need for sustainable materials to replace lime
and cement and ultimately reduce the carbon footprint.
The latter requires industry innovation and new sustain-
able binders in soil stabilisations, where one option is to
develop lime- or cement-blended binders incorporating
industrial by-products, e.g., fly ashes (Jegandan et al.,
2010; Zentar et al., 2012; Gu et al., 2015; Yliniemi et al.,
2015; Sarkkinen et al., 2018), kiln dusts (Miller and
Azad, 2000; Anwar Hossain, 2011; Kang et al., 2015;
Yoobanpot et al., 2017) and blast furnace slags (Kukko,
2000; Yadu and Tripathi, 2013; Yi et al., 2015a, 2015b).

Prior to engineering applications, newly developed clay
binders need to be tested under various hydraulic and
mechanical loadings. Thus far, many field and laboratory
tests have been performed on stabilised soft clays

(Choquette et al., 1987; Locat et al., 1990; �Ahnberg,
2006; Chen and Wang, 2006; Forsman et al., 2013;
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Ahmed and Issa, 2014; Cong et al., 2014; Liu et al., 2019;
Wang and Korkiala-Tanttu, 2020). Due to its simplicity,
the uniaxial compression test has been routinely performed
to evaluate the unconfined shear strength (UCS) and secant
modulus. While the stress–strain relationship of stabilised
soft clays has been reported, few investigated the effect of
newly developed binders on the fracture behaviour and car-
bon footprint that are now becoming important in selecting
newly developed binders.

Fracture patterns, including cone fractures and com-
pressive failure of brittle bodies, were described by Cou-
lomb in the 18th century and completed by Föppl (1900)
with the addition of the vertical splitting pattern. In ductile
materials, the Hill yield criterion (Hill, 1950) describes
compression fracture and failure behaviour that was later
conceptualised by Kendall (1978). Based on the stress–
strain curves, Jaeger and Cook (1969) categorised rock fail-
ures into three well-known modes: axial splitting, shear
fracture and multiple shear fracture. In triaxial compres-
sion tests on three sedimentary rocks, Santarelli and
Brown (1989) confirmed the effect of confining pressure
on failure modes, whereas six failure modes were identified
by Szwedzicki (2007) in uniaxial compression tests of rock
specimens. In a similar but more comprehensive experi-
mental study, Basu et al. (2013) identified axial splitting,
shearing along single plane, double shear, multiple fractur-
ing, along foliation and Y-shaped failure modes. Several
other studies have also described compressive failure of
soils and rocks (Rinehart, 1966; Hudson and Harrison,
1997; Hudyma et al., 2004; Mirzababaei et al., 2013;
Tang et al., 2016; Gadouri et al., 2019; Du et al., 2021).
From these references, one may notice the uncertainty
and complexity of characterising failure modes of cylindri-
cal soil and rock specimens under compression mainly
because the failure is dependent on many material param-
eters (e.g., stiffness, mineralogy, arrangement of particles/
aggregates, flaws and voids). However, two general obser-
vations can be made. (1) The basic mechanisms involved in
compressive failures are yielding (barrelling), shearing (par-
ticle slippage), splitting (radial expansion due to tensile
stress) and coupling of yielding-shearing-splitting. (2) Fail-
ure of a ductile material under compression typically
occurs via a barrelling effect, whereas a brittle material usu-
ally fails by axial splitting, shear fracture, or even yielding
depending on the level of confining pressure. In the absence
of confining pressure, a brittle material tends to fail by
axial splitting. In contrast, moderate and high confining
pressures generally result in shear fracture and ductile fail-
ure, respectively.

According to Paris Agreement (2015), current global
CO2 emission trends must be reversed to mitigate climate
change and safeguard biodiversity. The European Union
(EU) has set long-term climate measures to achieve carbon
neutrality before 2050. As part of the EU, the Finnish gov-
ernment is working to ensure its carbon neutrality by 2035
and carbon negativity soon after that. An energy subsidy

scheme will be specifically designed for the construction
and housing sector for reducing the carbon footprint. In
the profession of deep stabilisation, the utilisation of recy-
cled materials such as industrial by-products (e.g., forest
and energy industry ashes) are being under consideration.

The objectives of this study were to assess the perfor-
mance of four newly developed sustainable binders in sta-
bilising soft clay and to investigate the failure mechanism
of these stabilised specimens under uniaxial compression.
In this paper, structure-from-Motion (SfM) photogramme-
try was used to detect, analyse and display compressive
cracks in both three-dimensional (3D) and 2D coordinate
systems. The potential of four newly developed binders in
stabilising soft clays was examined with consideration of
CO2 emissions (environmental requirement) and strength
(technical requirement). Mechanisms of crack initiation,
coalescence and failure modes are highlighted for the sta-
bilised specimens containing multiple inter-layer voids.

2. Materials

2.1. Malmi clay

Malmi is a major district in north-eastern Helsinki and
within 5 km of the Gulf of Finland. In the centre of the dis-
trict locates the capital’s former airport (Malmi Airport),
now mainly for general aviation. To exploit the potential
of the airfield, a joint academia-industry initiative was
launched in 2020 with a focus on clay deposits underneath
the airport (60�1501400N, 25�0203900E).

Like other Finnish soft clays, Malmi clay was formed
during the retreat of the Fenno-Scandian ice sheet in the
post-glacial period. The material is usually dark grey in col-
our and heterogeneous due to the presence of silty layers
with low mechanical strength. Using a modified Norwegian
piston sampler, experienced engineers collected nearly one
hundred intact specimens from northern and southern sites
and depths of �1–9 m. The specimens, together with their
samplers, were transported to the geotechnical laboratory
of Aalto University and stored in a cold room at 6 �C until
used in the analysis. The properties of the specimens,
including water content, Atterberg limits and grain size dis-
tribution were first determined, and standard oedometer
and triaxial tests were performed, followed by a series of
stabilisation tests with various binders and binder
amounts. The geotechnical properties of the Malmi clay
are summarised in Fig. 1.

2.2. Binder mixtures

Four hydraulic binders were studied: InfraStabi80 (Eco-
lan Oy, Viitasaari, Finland), TerraGreen (Nordkalk Oy,
Pargas, Finland), CEMIII (Finnsementti, Espoo, Finland)
and TerraPOZ (Nordkalk Oy, Pargas, Finland). The com-
positions of these binders are listed in Table 1, together
with their estimated CO2 emissions.
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3. Testing methods

Prior to laboratory tests, compacted stabilised speci-
mens were prepared as follows. Intact clay was first mixed
with different binder amounts and types for 4 min using an
electric mixer. The clay-binder mixture was then com-
pacted in a 50 mm diameter tube in five layers with a speci-
fic energy of approximately 0.35 MJ/m3. Subsequently, the
tube was sealed by placing one thin plastic disc at each end
and placed in a plastic bag. Finally, the compacted mixture
was cured at room temperature (20 �C) for the first two
days and then placed in a cold room (temperature: 6 �C)
for another 26 days. Fig. 2 shows prepared specimens.

The uniaxial compressive tests were performed in a
3 � 3 � 2.5 m3 (length by width by height) photogrammet-
ric studio. The set-up comprised a digital camera with a
fixed lens, a laser sighting device, a rotary table with a load-
ing frame located above, a black plate serving as the back-
ground and four pairs of light-emitting diode lights
(Fig. 3). Prior to the test, the mechanical loading system
(load cell, displacement transducer and data logger) was

calibrated or checked. To ensure sharp images without
motion and depth blurs, camera settings were optimised
by adjusting the values of ISO, shutter speed and aperture
(Table 2).

After 4 weeks of curing, each stabilised specimen was
extruded out of the plastic tube and trimmed to 100 mm

Fig. 1. Geotechnical properties of Malmi clay.

Table 1
Raw materials and CO2 emissions of the binders.

Binder name Raw material CO2 emission
(kg CO2-eq/ton)

Type Percentage Reference Individual Total

InfraStabi80 Fly ash 80 % Ecolan 2021 0 140
Rapid cement CEM I 52.5 R (activator) 20 % Schwenk 2021 140

TerraGreen CEMII cement 50 % Finnsementti 2021 306 306
Lime kiln dust 50 % Nordkalk 2021 0

CEMIII Portland cement clinker
Blast furnace slag

35–64 %
36–65 %

SFS EN 197-1 2012 470
0

470

TerraPOZ CEMII cement �33 % 367 571
Lime kiln dust �33 % Finnsementti 2021 0
Quicklime �33 % Nordkalk 2021 204

Fig. 2. Matrix of the prepared specimens.
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in height using a thin knife. The trimmed specimen was
placed on an aluminium pedestal around which 12 targets
had been glued. The targets were 20-bit coded circular
markers generated using RealityCapture (Bratislava, Slo-
vak). These markers were detected by the software, allow-
ing more automation and accuracy in 3D reconstruction
and registration. An axial force of approximately 2 N
was applied by lifting the pedestal of the loading frame
until the acrylic loading cap reached the upper steel rod
of the loading frame. Photographs were taken approxi-
mately every three seconds by manually turning the rotary
table clockwise by 5�. The specimen was then subjected to
uniaxial compression with a loading rate of 1 mm/minute.
At an axial strain of 1 % (1 min), the loading was stopped.
The specimen was photographed for the second time, after
which axial loading was then restarted, and photographs
were taken at increasing axial strains. All the specimens
(N = 36) were scanned at axial strain values of 0, 1, 3
and 7.5 % (or 5 %), which approximately represent the
pre-peak, around peak and post-peak stages, respectively.

In total, more than 9000 photographs were obtained and
processed.

4. 3D reconstruction and crack analysis

SfM photogrammetry was used for 3D reconstruction of
the specimens. SfM is a remote sensing technique in which
a series of algorithms, including Scale Invariant Feature
Transform (SIFT) for feature extraction and image match-
ing (Lowe, 2004), camera pose estimation, sparse point
cloud extraction, Multi-View Stereo for dense point cloud
extraction (Furukawa and Hernández, 2015), triangulation
(geometric meshing) and texturing, is used to produce a 3D
model of an object by matching and overlapping features
from 2D photographs taken at various viewing angles
(Ulman, 1979; Snavely et al., 2006). For comparison pur-
poses, 3D reconstructions were conducted using open-
source reconstruction software (Meshroom v.2021.1.0)
and RealityCapture. The latter was selected due to its faster
reconstruction speed and previous experience in using this
software (Uotinen et al., 2019; Janiszewski et al., 2020).

A typical workflow for 3D reconstruction consists of
several sequential stages, including image input, image
alignment, model reconstruction in normal detail (sparse
point cloud), lasso selection, model texturing, model sim-
plification, texture reprojection and meshing. Information
on each of these stages is available elsewhere (Merkel,
2019). The reconstructed 3D models were exported and
saved into XYZ-format files, each consisting of approxi-
mately 5 million points with XYZ coordinates and RGB
values. Subsequently, these XYZ-format files were
imported into open-source software (CloudCompare
v.2.11.3) and processed as follows:

& Scaling: The coordinates of the point cloud were resized
by multiplying the XYZ coordinates by a scale factor.
The value of the scale factor was defined by dividing
the initial marker-to-marker distance (measured using
a digital calliper) by the reconstructed marker-to-
marker distance (computed by the software).

& Alignment: During alignment, the point clouds were con-
verted into a common coordinate system. A powerful yet
simple tool known as point pairs picking alignment was
used to align the point clouds. Six pairs of equivalent
points in each cloud were first picked and then registered
by applying a 3D affine transformation matrix. This
semi-automatic process was efficient due to the use of
coded markers.

& Segmentation and cleaning: Unnecessary parts of the
reconstruction, such as the upper loading cap, pedestal
and load cell, were manually segmented and eliminated,
leaving only the points of the clay specimen.

& Distance computation: The Cloud-to-Cloud C2C algo-
rithm (Girardeau-Montaut et al., 2005) was selected to
compute the displacement vectors due to its availability
in CloudCompare.

Fig. 3. Components of the photogrammetric studio.

Table 2
Camera and lens parameters.

Apparatus Parameter Value Unit

Camera (Canon EOS
1D X Mark II)

ISO 100 –
Shutter speed 1/15 s
Aperture f/8 –
Focus mode Manual –
Sensor size 28.7 � 19.1 mm
Photo dimension 5472 � 3648 pixel
Photo format JPG & Raw –
Pixel size 5.24 � 5.24 lm

Lens (Tamron SP 90 mm
F/2.8 Di VC USD
1:1 Macro)

Focal length 90 mm
Subject distance �800 mm
Depth of field 25.8 mm
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& Data export: The M � N matrix generated by the soft-
ware was saved in a comma-separated values (CSV) file.
In this matrix, M represented the number of points (ap-
proximately three million), and N represented the fol-
lowing: XYZ coordinates, RGB values and C2C
distances and their components in X, Y and Z directions
(i.e., H, Hx, Hy, Hz).

The generated data (CSV files: N = 144) were then
imported into Matlab 2019b. Loop codes were developed
to identify cracks by applying threshold RGB values, to
convert the 3D cracks into 2D (Appendix B) and to display
the C2C distances in polar histograms. The workflow of the
data processing is illustrated in Fig. 4.

5. Experimental results

5.1. Stress–strain relationships of the stabilised specimens

In this study, three specimens prepared using the same
mixture exhibited moderate dispersion in terms of peak
strength. This was expected due to the heterogeneity of
compacted clays (Fleureau et al., 2002). Stress–strain
curves of the four studied binders with different mixtures
are presented in Fig. 5a-d. Fig. 5 (continuous curves) shows
the effect of binder types on the peak strengths of the spec-

imens. CEMIII specimens exhibited the highest peak
strengths (approximately 700–900 kPa, Fig. 5c) that are
three times greater than those of the TerraPOZ (approxi-
mately 250–270 kPa, Fig. 5d). CEMIII specimens were
more brittle than other specimens, as evidenced by their
higher initial stiffness and smaller peak-strength strain val-
ues. In terms of CO2 emissions and peak strength (approx-
imately 370–440 kPa), the performance of InfraStabi80 was
superior to that of TerraGreen and TerraPOZ.

As expected, a larger binder amount improved the
strength of the stabilised specimens, as shown in Fig. 5,
where the continuous and dashed lines denote binder
amounts of 140 kg/m3 and 100 kg/m3, respectively.
Increasing the binder amount from 100 to 140 kg/m3

increased the peak strengths of the specimens by approxi-
mately 55–150 %, with TerraPOZ showing the largest gain
in peak strength.

Since Malmi clay in the field is heterogenous vertically,
we also investigated the effect of the soil depth on the peak
strength. Comparison of the peak strengths of the speci-
mens at different depths (dashed lines: 2–3 m; dotted lines
4–5 m) showed that the sampling depth had a negligible
impact on the peak strengths of the InfraStabi80 and
CEMIII specimens. In contrast, sampling depth affected
the peak strength of the TerraGreen and TerraPOZ speci-
mens, with soft clays from deeper depths having signifi-

Fig. 4. Workflow of the data processing.
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cantly higher strengths. One possible explanation for this
finding is that Malmi clays from deeper depths have higher
pH values (Fig. 1). These may enhance the pozzolanic reac-
tion with lime kiln dust, which was only present in the Ter-
raGreen and TerraPOZ binders.

In Fig. 6, the strengths at peak points are plotted against
corresponding strains. Due to a lack of sufficient experi-
mental data, it was not possible to detect an exact correla-
tion between these two parameters. As the stabilised
specimen became softer, its strain corresponding to maxi-
mum strength increased. As a result, the specimen tended
to exhibit more ductile behaviour. Such behaviour agrees
well with previous results on stabilised French marine soils
(Wang et al., 2018).

5.2. Development of radial displacement and cracks

5.2.1. Global behaviour
When subjected to axial compressive loading, the speci-

mens deformed both axially and radially. The resulting

Fig. 5. Compressive stress–strain curves of Malmi clay stabilised with (a) InfraStabi80, (b) TerraGreen, (c) CEMIII and (d) TerraPOZ binders.

Fig. 6. Correlation between peak strengths and strains.
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radial displacement generated tensile stresses between soil
grains, leading to tensile strain and crack formation. In
InfraStabi80 S15 (specimen no. 15 of InfraStabi80), at axial
strain of 1 % (pre-peak), micro-cracks perpendicular to
inter-layer voids appeared (Fig. 7a). As axial strain
increased to 3 % (around peak), these cracks were propa-
gated vertically and they were more visible, accompanied
by the presence of new vertical cracks perpendicular to
the inter-layer defects. At axial strain of 7.5 % (post-
peak), major cracks extended to about two-thirds of the
specimen’s height, and some cracked parts expanded
transversally. Fig. 7b shows the reconstructed 3D point
cloud projected onto the XY plane. Specimens subjected
to axial strain of 1, 3 and 7.5 % were compared with a ref-
erence specimen subjected to no loading. At axial strain of
1 % and 3 %, slight barrelling of the specimens was

observed, whereas radial displacement was significant at
axial strain of 7.5 % due to transversal expansion and
macro-cracks. The radial displacement vector of each point
of the reconstructed specimen was plotted in a polar his-
togram. The histogram in Fig. 7c indicates similar radial
displacement patterns (vector direction and magnitude) at
axial strain of 1 % and 3 %. In the case of small displace-
ment (0–1 mm), displacement occurred in the 0-210� zone,
predominantly the 30–60� and 150–180� zones. Displace-
ment vectors with a magnitude of 1–2 mm were more
evenly distributed in the 60–150� zone, and vectors with
larger magnitudes (2–3 mm) were concentrated in the 90–
150� zone to a much less extent. At axial strain of 7.5 %,
the displacement distribution pattern changed dramatically
in terms of preferential direction and magnitude, with 0–
6 mm displacement distributed in the 120� direction. Due

Fig. 7. Development and distribution of radial displacements for the specimen InfraStabi80 S15.
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to transversal expansion, radial displacements larger than
8 mm occurred mainly in the 140–210� zone.

Like InfraStabi80, results obtained for three representa-
tive specimens of the other binders (TerraGreen S13,
CEMIII S15 and TerraPOZ S14) are presented in Fig. 8
and lead to the following observations:

(I) Reconstructed 3D model: Cracks initiation occurred
in the pre-peak stage (ea = 1 or 3 %) and perpendicular
to pre-existing inter-layer voids. Inter-layer porosity served
as an important trigger for micro-crack formation. The
length and width of the cracks increased from the pre-
peak to peak stage. However, these cracks were local,
except for CEMIII S15 where local cracks connected, and
a single shearing plane was visible (Fig. 8b). As the axial
strain increased, the cracks coalesced, and global cracks
appeared throughout the specimen. In the four presented
specimens shown in Figs. 7 and 8, post-peak cracks differed
in terms of orientation and amount, with a single inclined
shearing (IS) plane in CEMIII S15 and TerraPOZ4 S14
(Fig. 8b, c) and multiple vertical cracks in InfraStabi80
S15 and TerraGreen S13 (Fig. 7a and 8a).

(ii) Polar histogram of radial displacement: A visual
examination of the XY-plane projections showed that the
specimens had slightly expanded in the radial direction

prior to peak loading. This may be due to the barrelling
effect resulting from end friction. After peak loading,
cracks developed rapidly, with the specimen splitting into
two or more parts due to major crack formation and/or
shearing-splitting failure. At this stage, shearing and
transversal expansion were the predominant causes of the
development of radial displacement. The orientation of
radial displacement changed slightly when axial strains
increased from 1 % to 3 %, as evidenced by the similar
angular distribution of displacement of different magni-
tudes. However, the direction and magnitude of the dis-
placement vectors changed when axial strain increased
from 3 % to 7.5 % (post-peak stage).

Crack development was quantified using a parameter
named ‘surface void ratio’, which was defined as the ratio
between the area of identified voids (inter-layer voids plus
cracks) and the area of the whole specimen (Fig. 9). The
calculated surface void ratio was plotted against the axial
strain for all 36 specimens. In the pre-peak stage, compres-
sion of inter-layer pores was the major physical mecha-
nism, and the surface void ratio was reduced although
the formation of micro-cracks may have contributed to
void points. As the axial strain exceeded peak strain, com-
pression of pre-existing inter-layer voids slowed but crack

Fig. 8. Development and distribution of radial displacements for the specimen of (a) TerraGreen S13, (b) CEMIII S15 and (c) TerraPOZ S14.
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grew remarkably, leading to an increase in the surface void
ratio value.

5.2.2. Local behaviour - distribution of radial displacements

at different specimen heights

Fig. 10 illustrates the distribution of radial displacements
at different specimen heights (intervals of 25 mm). For Infra-
Stabi80 S15 (Fig. 10a), under axial strain of 1 % and 3 %, the
largest radial displacement with magnitude of 2–4 mm was
concentrated at the top part of the specimen (H = 75–100
mm). This may be explained by tilting when the specimen
was not uniform in Young’s modulus and/or lack of paral-
lelism of the end surfaces of the specimen. The polar his-
togram pattern is similar when the strain increased from
1 % to 3 %. This indicated that the evolution of radial dis-
placement was continuous at the pre-peak stage, despite the
presence of micro-cracks inducing local discontinuity. As
axial strain increased from 3 % to 7.5 %, the preferential
direction and magnitude of the radial displacement vectors
changed significantly, especially at height of 50–100 mm.
As shown by the polar histogram, the similarity in 1 and
3 % disappeared when axial strain was 7.5 %, especially at
heights of 50–75 and 75–100 mm.

Similar observations were obtained for TerraGreen S13,
TerraPOZ S14 and CEMIII S15 (Fig. 10b-d). Prior to peak
strength (approximately 3 %), deformation occurred with a
similar distribution pattern of the radial displacements.
The evolution of radial displacements in the polar his-
tograms with specimen height and axial strain, as observed
in all four specimens, provides evidence of global continu-
ity in the development of radial displacement in the pre-
peak loading stage. However, after the peak, the polar his-
tograms of radial displacement changed abruptly, indicat-
ing the failure of the specimen.

5.3. Failure mode

During uniaxial compression, the evolution of inter-
layer voids, cracks and global failure was examined by

the naked eye (Appendix C). These observations were
checked against the 3D models (Fig. 11), where major
cracks and inter-layers are denoted by dashed and dotted
lines, respectively. According to the nature of the stress
(tensile or shear) that caused major cracks, the cracked
specimens were classified into three types - inclined shear-
ing (IS), axial splitting (AS) and hybrid shearing-splitting
(HSS) failures, as schematically illustrated in Fig. 12. The
classification presented here is a simplification of various
failure modes, as mentioned in the Introduction section.
Compressive failures are far more complex and diverse
than those shown in this schema. This system was used
to reduce the workload and mitigate ambiguity in matching
the reconstructed 3D cracks with the failure modes.

The reconstructed 3D surfaces were transformed into
2D plane models (for detail, see Appendix B), where the
soil phase was segmented and only cracks and inter-layer
voids remained. In the 2D models (Fig. 13), cracks caused
by shearing displayed a ‘

V
’ or ‘

W
’ shape, whereas cracks

caused by splitting showed a ‘||’ shape. In Fig. 13, the
dashed and continuous lines denote cracks caused by
shearing and splitting, respectively.

Fig. 14 provides information on the failure modes and
correlations with the corresponding peak strength and
secant modulus. Among the 36 specimens, AS, which nor-
mally occurs in brittle materials, was the cause of failure in
only 14 % of specimens, with IS and HSS accounting for
44 % and 42 % of specimen failures. The results imply that
most of the stabilised specimens remained ductile, despite
stabilisation improving the strength and modulus of the
specimens. Shear stress, which was responsible for both
IS and HSS failures, was responsible for failure in 86 %
of the 36 specimens. As shown in Fig. 14b, when the secant
modulus increased, the number of specimen failures attrib-
uted to AS increased from 1 to 3, whereas the number
attributed to HSS decreased from 7 to 3. This was as
expected, since the larger the modulus is, the more brittle
the specimen is, thus resulting in more cases of AS failures.
The binder type used in this study had a negligible effect on
the failure mode.

6. Discussion

6.1. Greenhouse gas emissions: Soft clay stabilisation and

binder mixes

Zhang et al. (2021) and Nguyen (2021) assessed the
overall performance of sustainable binders in terms of
improvements in peak compressive strength and CO2 emis-
sion using a new parameter named ‘emissions per strength’
(EpS) (in kg CO2-eq./m

3 soil/MPa). We calculated the CO2

EpS for the 36 specimens assessed in the present study
(Fig. 15). Based on the experimental results, we can draw
three conclusions. First, the binder type plays a dominant
role in determining the CO2 EpS. InfraStabi80 exhibited
the best overall performance, especially at a sampling
depth of 2–3 m. The main reason for the small CO2 EpS

Fig. 9. Surface void ratio at various axial strains.
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Fig. 10. Polar histogram of radial displacements at different heights for the specimen of (a) InfraStabi80 S15, (b) TerraGreen S13, (c) CEMIII S15 and (d)
TerraPOZ S14.
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Fig. 11. Identified macro-cracks in the 3D reconstructed models at the axial strain of 7.5% for the specimen of (a) InfraStabi80, (b) TerraGreen, (c)
CEMIII and (d) TerraPOZ binders.
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of InfraStabi80 is that 80 % of its raw materials are indus-
trial waste (fly ash). Second, the binder amount of Infra-
Stabi80, TerraGreen and CEMIII did not seem to affect
CO2 EpS. In contrast, increasing the amount of the Terra-
POZ binder led to a larger CO2 EpS. This finding implies
that higher amounts of TerraPOZ are associated with
increased rates of CO2 emissions, without any improve-
ment in peak strength values. Third, sampling depth can
both increase (InfraStabi80 and CEMIII) and decrease
(TerraGreen and TerraPOZ) the CO2 EpS. The latter is
likely linked to cement hydration and the pozzolanic reac-
tion in different environments with different pH values. In
terms of CO2 emission, it should be noted that the current
study considered only CO2 production at the binder man-
ufacturing stage and ignored emissions associated with
the binder transportation and stabilisation stages.

6.2. Mechanisms underlying the initiation and coalescence of
compressive cracks

At the initial stage of axial loading (0–1 %), the studied
specimens deformed more in areas close to inter-layers.
Inter-layer voids were compressed first because local
Young’s moduli were smaller. As defined by the Poisson
ratio, a material that compresses elastically in the axial
direction will exhibit strain in horizontal directions. There-
fore, tensile stress tends to develop in local areas. At axial
strain smaller than 1 %, the applied energy was stored
within the specimen, and no cracks appeared in most of
the specimens, as shown in Fig. 16.

When axial strain increased (1–3 %), multiple cracks
become visible with the naked eye. These cracks were
mostly related to specimen defects, especially inter-layer
voids. We detected three types of crack initiation patterns:
AS, IS and HSS. In terms of the cracks caused by AS, these
types of cracks released previously developed tensile stress
(or strain energy) and led to the formation of new cracks
that were parallel to the applied load (perpendicular to

pre-existing inter-layers, Fig. 16a). The initiated cracks
and inter-layers formed ‘T’ or ‘+’ shapes, similar to desic-
cation cracks of clays (Tang et al., 2008; Peron et al., 2009;
Tang et al., 2010; Wei et al., 2016). In terms of the cracks
caused by IS, the applied elastic energy was released due to
the development of localized shear strain near the failure
plane cracks (Fig. 8b and 16b). These shear cracks were
aligned with the shearing failure direction (Lee and Jeon,
2011; Lin et al., 2015). Finally, in relation to the cracks
caused by HSS, both vertical and inclined cracks were vis-
ible in more than half the studied specimens at axial strain
of 3 %, indicating the existence of axial tensile and shear
stresses.

As axial strain increased from 3–7.5 %, local cracks
developed, coalescence occurred, and global cracks became
visible, culminating in specimen failure. Like crack initia-
tion, there were three types of crack coalescence patterns:
axial crack coalescence, shear crack coalescence and hybrid
crack coalescence. In the axial crack coalescence type, two
or several cracks joined in an axial direction. These coa-
lesced cracks could be either global (Fig. 16a) or local
(Fig. 16b). In the shear crack coalescence type, two or sev-
eral inclined shear cracks coalesced, as shown in Fig. 8b.
Finally, in the hybrid crack coalescence type, both axial
tensile cracks and shear cracks that had developed under
axial strain of 3 % and coalesced with each other or sepa-
rately to form global shear and axial cracks (Fig. 16c).

6.3. Perspectives

Photogrammetry is an image-based technique. Typical
recent applications in geotechnical laboratory testing
include measurements of non-uniform deformation in tri-
axial tests (Salazar and Coffman, 2015; Salazar et al.,
2015; Zhang et al., 2015; Li and Zhang, 2015; Li et al.,
2015; Li and Zhang, 2019; Li et al., 2021), soil–water reten-
tion curves (Li et al., 2019; Le Roux and Jacobsz, 2021)
and grouting tests (Wang et al., 2018). Photogrammetry
has the advantage of capturing 3D surface features of static
objects with an accuracy of up to several micrometres. In
the current study, photogrammetry was used for detecting
compressive cracks, a challenging issue in mineral-based
materials and rarely studied in soils. Below, we suggest
some areas where improvements are needed to increase
the accuracy of the displacement measurement:

& The C2C algorithm, which computes distances between
point clouds, needs to be validated. At present, displace-
ment vectors in reconstructed 3D models are calculated
according to the C2C distance using the nearest neigh-
bour distance algorithm. The use of the minimum Eucli-
dean distance of two subsets as the C2C distance is an
approximation because the correspondence between
two point clouds is unknown. The displacement calcu-
lated by C2C algorithm may not be true for the points
subject to both radial and axial displacement. One

Fig. 12. Schema of the failure modes in the present study: (a) inclined
shearing; (b) axial splitting; and (c) hybrid shearing-splitting failures.
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Fig. 13. Identified cracks in the transformed 2D plane for the specimen of (a) InfraStabi80, (b) TerraGreen, (c) CEMIII and (d) TerraPOZ binders.
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option for future studies is to add multiple markers to
the outer surface of a specimen and then compare the
C2C distance with the marker-to-marker distance.

& Photogrammetric scans should be denser: In the studied
specimens, cracks developed rapidly around the peak
strength. More scans should be taken at axial strain val-
ues just before and after the peak strength (i.e., 3 %).
One practical way in which photogrammetric scans

could be improved would be to combine the digital
image correlation method, thereby allowing continuous
scans of local areas to be obtained.

& The methodology for identifying failure modes needs to
be improved: Automated computer-aided programs
could enable the classification of more complex failure
types in the future. Machine learning is one such method
that could be used to accomplish this task.

Fig. 14. Bar chart showing the number of specimens that failed in different ranges of (a) peak strength; and (b) secant modulus in relation to failure modes.

Fig. 15. CO2 emissions per strength for different recipes.
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7. Conclusions

Uniaxial compression tests of 36 compacted clay-binder
mixtures demonstrate that varying the amount and type of
industrial by-products can increase the unconfined shear
strength and at the same time reduce CO2 emissions (e.g.,
InfraStabi80). CO2 EpS (kg CO2-eq./m

3/MPa) is a suitable
indicator for assessing the overall performance of new bin-
ders by considering both the strength enhancement and
CO2 emission.

Analysis of radial displacement, cracks and failures
based on 3D photogrammetric reconstructions suggests
non-uniformity in radial displacement. Polar histograms
of radial displacement depend on the specimen’s height
and applied strain. The development of radial displacement
appears continuous in the pre-peak stage, whereas the con-
tinuity disappears when the peak strength is exceeded.

Regarding the studied specimens containing inter-layer
defects, the unconfined shear strength is dominantly deter-
mined by the composition and amount of the binder rather
than the failure mode. Specimen imperfections (inter-layer
voids, unbound layers and aggregates) trigger vertical
cracks in the pre-peak stage, and these vertical cracks coa-
lesce into major cracks and eventually lead to AS or HSS
failures.
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Appendix A. Principle for determining the distances between

two point clouds (C2C distance)

The method used to compute the distances between two
point clouds is the C2C distance algorithm. This consists of
finding the nearest neighbour at the reference cloud (cloud
O) for each query point in the deformed specimen (cloud
O’), as illustrated in Fig. 17. The distances can be com-
puted using the nearest Euclidean distance in Matlab where
the indices of the reference point and query point can be
provided.

Fig. 16. Crack initiation, coalescence and failure for the specimen of (a)
InfraStabi80 S8, (b) TerraPOZ S14, and (c) InfraStabi80 S15.

Fig. 17. Cloud-to-cloud distance.
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Appendix B. Transformation of 3D models into 2D

rectangles

Fig. 18 demonstrates the method for transforming a 3D
cylindrical model into a 2D rectangle model. The transfor-
mation is analogous to the conversion of a 3D spherical
world map into a 2D rectangle. Taking point C as an exam-
ple, its 3D Cartesian coordinate (X, Y and Z) was first
transformed into a cylindrical coordinate (h, r and Z),
where h was the angle between CO and OA, and r was
the nominal radius of the specimen, i.e., 50 mm in the cur-
rent study. The obtained 3D cylindrical coordinates were
then converted into 2D rectangular coordinates (L and
Z), where L was the arc length and equalled h � r. This cal-
culation was applied to all 3 million points of the point
cloud.

Appendix C. Visual examination of crack formation and

failure development during uniaxial compression tests

Table 3 details the initial surface state, cracks and fail-
ures that were visually observed during the uniaxial com-
pression tests. These observations, together with the 3D
and 2D reconstructed models, were considered in the deter-
mination of failure modes in Fig. 14.

Fig. 18. Transformation of the 3D cylinder into a 2D rectangle.

Table 3
Visually observed initial state, cracks and failures of the specimens during
axial compression.
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