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Abstract: This paper presents the experimental database and corresponding statistical analysis
(Part I), which serves as a basis to perform the corresponding parametric analysis and machine
learning modelling (Part II) of a comprehensive study on organic soil strength and stiffness, stabilized
via the wet soil mixing method. The experimental database includes unconfined compression
tests performed under laboratory-controlled conditions to investigate the impact of soil type, the
soil’s organic content, the soil’s initial natural water content, binder type, binder quantity, grout
to soil ratio, water to binder ratio, curing time, temperature, curing relative humidity and carbon
dioxide content on the stabilized organic specimens’ stiffness and strength. A descriptive statistical
analysis complements the description of the experimental database, along with a qualitative study
on the stabilization hydration process via scanning electron microscopy images. Results confirmed
findings on the use of Portland cement alone and a mix of Portland cement with ground granulated
blast furnace slag as suitable binders for soil stabilization. Findings on mixes including lime and
magnesium oxide cements demonstrated minimal stabilization. Specimen size affected stiffness,
but not the strength for mixes of peat and Portland cement. The experimental database, along
with all produced data analyses, are available at the Texas Data Repository as indicated in the Data
Availability Statement below, to allow for data reproducibility and promote the use of artificial
intelligence and machine learning competing modelling techniques as the ones presented in Part II of
this paper.

Keywords: stabilized organic soils; wet soil mixing methods; strength; stiffness; descriptive statistics;
unconfined elastic tangent modulus; unconfined compression strength; soil microstructure imaging;
database; machine learning

1. Introduction

The building of superstructures on organic soils has always been a great challenge
to geotechnical engineers due to the high compressibility and low strength on these soil
types. Particularly, peat particle-size distribution differs as compared to inorganics soils,
its plasticity if any is low and PH is low. Peat has high compressibility linked to its high
permeability and high porosity ratio resulting in considerable consolidation settlement,
and it has low shear strength linked to its low density resulting in a low bearing capacity [1].
Methods used for improving peat and organic clay deposits are extensive. These include
the removal of organic soil layers and replacement by either granular or lightweight
fill, preloading and drains and the use of geosynthetic reinforcement and vibro-concrete
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column construction. The chemical stabilisation of organic soils with cementitious binders
is a promising technique which has recently gained commercial interest due to its simple
application and adaptation to specific project requirements and site conditions, low noise
and vibration levels during execution, and cost effectiveness [2]. The in situ application of
the technique using mass stabilisation and/or deep mix column installation to stabilise
organic deposits has proved in recent years to be an economical and reliable solution [3–9].
Materials such as organic soils, however, due to their nature and formation process, present
some difficulties for stabilisation. Generally, the strength development of stabilised soils
obtained in several studies has been shown to be dependent on a number of factors, such
as the characteristics of the binder, characteristics and conditions of the soil, and mixing
and curing conditions [10–12].

Developments of deep mixing technology are derived simultaneously in Nordic
countries and Japan where lime and lime-cement were first used as the main stabilizing
agents [11–14]. Historical reviews, development facts and general aspects of the deep
mixing method can be found elsewhere [15–23]. Deep mixing technology has two specific
variants for improving organic soils: the dry soil mixing method (DSMM) and the wet
soil mixing method (WSMM). In DSMM, the binder is a powder injected into the soil by
compressed air, whereas in WSMM, the binder is pumped into the soil in slurry form. The
DSMM has been widely used in the improvement of organic soils by taking advantage of
its high water content [24,25], and it is advantageous due to the fact that in some countries,
e.g., Scandinavia, where temperatures often reach below zero, the use of air instead of water
for transporting the binder is preferable [26]. On the other hand, WSMM applicability has
gained importance in recent decades for stabilizing soft soils by the use of different binders,
which allows for improving their in situ high deformable and soft strength behaviour [8,17].
Moreover, it is now known that WSMM is applicable to most soils, proving consistently
that it produces a more uniform and effective mixing [27].

Additionally, former studies examining the successful stabilization of organic soils
set via WSMM have focused on estimating the deviation from laboratory unconfined com-
pressive strength tests with in situ practices [11,28]: assessing the influence of mixing time;
assessing the number of mixing cycles during field column installation [29,30]; determining
quality control in field implementations [8,31]; and investigating binding mixture condi-
tions in terms of soil strength [32]. However, more can be added to this investigation of
organic soil stabilization within WSMM by providing correlations for a wider spectrum of
control variables associated with stabilized soils’ stiffness and strength and by determining
which variables yield the maximum stiffness and strength outcomes.

This work, introducing results from a comprehensive feasibility study conducted
at the University of Cambridge, expands on those former investigations of organic soil
stabilization by examining the relationship between the stiffness and strength of stabilized
organic soils and a wider spectrum of control variables within the WSMM. The main
focus of this work is to set the basis to explore, via machine learning modelling (Part II),
the effects of the control variables—soil type, the soil’s organic content, the soil’s initial
natural water content, binder type, binder quantity, grout to soil ratio, water to binder
ratio, curing time, temperature, curing relative humidity and carbon dioxide content—on
the stiffness and strength of the resulting stabilized organic specimens. These variables
were investigated experimentally by preparing mechanically different mixtures under a
laboratory-controlled environment. The resulting stabilized soils were then examined
quantitatively via a descriptive statistical analysis, to set the foundation for the following
Machine Learning modelling, based on unconfined compression tests conducted on the
stabilized specimens with the aim of investigating the effects of the mixtures and mixing
methods on the soils’ stiffness and strength. A complementary qualitative analysis is
included based on the use of scanning electron microscopy (SEM) to provide a unique
insight into the specimens’ hydration processes over the curing time, which helps us to
better understand both the descriptive statistics and the machine learning modelling. The
experimental database, along with all produced data analyses, are available at the Texas
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Data Repository for reproducibility and the comparison of competing modelling techniques
to the ones presented in Part II of this paper.

Part II of this work [33] introduces a modelling methodology based on the use of
machine learning modelling, with a particular application of artificial neural networks
(ANN), to correlate the influence of the control variables with the unconfined tangent mod-
ulus or Young’s modulus (E) and the unconfined strength (UCS) of all types of specimens
described in this paper. It is anticipated that the combined effort of Part I and II of this work
will contribute to a recommendation for standard deep mixing practices by introducing
sound arguments for selecting optimal mixtures and mixing conditions of a wide range of
design control variables.

2. Database Experimental Design

An experimental design was formulated with the objective of guiding the experimental
work and supporting the generation of sufficient evidence where metrics could be applied
to show the effectiveness of the soil mixtures and the mixing techniques via any modelling
technique available. A summary of the experimental design is presented in Figure 1. All
experimental investigations were included in a database, which served as the basis source
of information for the generation of the present work [2,34–38].

Figure 1. Flow diagram of the experimental design.
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3. Base Materials
Soil Types

Three main soil types were used as the base material for the mixing process, including
Irish moss peat and two organic clays. The peat classification used in this work was based
on the Von Post scale approach [39,40]. This was Irish moss peat (Pt) known as sphagnum
moss peat, which is brown-black in colour with a moderately strong decomposition H6 and
a considerable amorphous material content. It also showed a moderate smell, no plastic
limit, a density of about 294 kg/m3 and water content of about 210%. The density was
obtained following the BS EN 12580:2000 standard [41]. Its water content was evaluated
using a conventional oven at a temperature of 105 ◦C following the Standard Test Method
A for moisture content in the ASTM D2974-14 [42]. A literature review with the objective
to search for available stabilized peat data was performed; the findings indicate that the
natural water content of peat ranges from 442% (Arlanda-Sweden peat) to 1600% (Dömle-
Sweden peat). Thus, to better represent peats found in nature and to obtain a reference
for comparison, Pt’s water content was increased from 210% to 500% and then to 1000%,
resulting in three different Pt combinations used for stabilization.

The two organic clay soils, produced for stabilization purposes, used kaolin clay as a
base with two variations of moisture content at 100% and 75%, respectively. The Pt, at a
water content of 500%, was used as the source of organic content and mixed into the two
variations of kaolin clay. The first organic clay soil consisted of a combination of 50% Pt
and 50% kaolin with a water content of 100%. The second organic clay soil consisted of a
combination of 10% Pt and 90% kaolin with a water content of 75%. The first organic clay
soil was classified as medium-organic and of extremely high plasticity (OH-1) with 30%
organic content. The second organic clay soil was classified as a low-organic clay of high
plasticity (OH-2) with 4% organic content. This classification was carried out on the basis
of the plasticity index properties, as described by Head [43], together with the classification
for organic material, as described by Hartlén and Wolski [40]. A summary with the basic
properties of both organic clay soils is presented in Table 1.

Table 1. Index properties of the two types of organic clays used for stabilization.

Clay Density Kg/m3 Water Content w
(%)

Liquid Limit wL
(%)

Plastic Limit wP
(%)

Organic Content
OC (%) Soil Classification

Medium-organic
clay of extremely

high plasticity
(OH-1)

1219 180 155.7 123 30 OH-1

Low-organic clay of
high plasticity

(OH-2)
1471 85 65 33.5 4 OH-2

4. Cementitious Materials

Six distinct cementitious materials were used for stabilizing the Pt, OH-1 and OH-2 soils;
(i) Portland cement (PC), (ii) ground granulated blast furnace slag (BFS), (iii) pulverized fuel
ash (PFA), (iv) magnesium oxide cement (MgO-C), (v) lime (L) and (vi) gypsum (G).

Although several types of cement, from CEM I (Portland cement) to CEM V (composite
material), are available commercially [44], ordinary Portland cement (OPC), now Portland
cement (PC), is the most commonly used for stabilization. A description of the origin
and the reactions that cement produces as a binder in the stabilization process is given
elsewhere [45,46]. Only PC was used in this study.

Ground granulated blast furnace slag (GGBS) is obtained from the manufacture of pig
iron and contains silica, alumina and lime, but not in same proportions as found in PC [47].
There are many types of slag mentioned in the literature, with little attempt to distinguish
between them. They are different from pozzolans in that the nature of the reactions and
the reaction products are different [45]. GGBS, which is the type most available in the UK,
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is classed as latent hydraulic cement with compositions broadly intermediate between
pozzolanic materials and Portland cements [45,48], and GGBS was used in this study. The
blast furnace slag cement is similar to normal Portland cement in its physical properties,
except that the rate of hardening is slower in the first 28 days. It is important to mention that
large quantities of slag in the cement render it more resistant to chemical attack. Likewise,
the presence of excessive iron sulphide in slag may cause colour and durability problems
in concrete products. Under certain conditions, sulphide can be converted to sulphate,
which is undesirable from the standpoint of sulphate attack on concrete. As a reference,
British specifications limit the content of acid-soluble SO3 and total sulphide sulphur in
alga to 0.7% and 2%, respectively.

Pulverised fuel ash (PFA) is a synthetic pozzolana created by the combustion of coal.
Generally, two types of PFA exist, namely, low-lime PFA and high-lime PFA. The UK
ashes are generally classified as low-lime PFA. The material consists mostly of glassy,
hollow, spherical particles called cenospheres [45]. PFA can be described as a siliceous
and aluminous material that on its own possesses little or no cementitious value, but in
a finely divided form and in the presence of moisture will chemically react with lime to
form compounds possessing cementitious properties [47]. The stabilization effect of PFA
relies on the formation of calcium silicate gels, which gradually harden over a long period
of time to form a stable material. Although slow to harden, the hydration products may
be similar to those of PC [48], indicating PFA’s potential as a binder. Within this study,
low-lime PFA was used.

The recent emergence of magnesium oxide cement (MgO-C) provides a unique oppor-
tunity to develop durable high-quality novel cement-based materials [49,50]. MgO-C uses
‘reactive’ magnesia that is manufactured at much lower temperatures than PC, contains
a large proportion of by-product pozzolans, is more recyclable than PC, is expected to
provide an improved durability and has a high propensity for binding with waste materials.
MgO-C is fundamentally different and has a very different chemistry from PC [51]. It is
produced by mixing ‘reactive’ magnesium oxide (magnesia) with the calcining of magnesite
(magnesium carbonate), and a pozzolan in the presence of a small quantity of hydraulic
cement, such as PC. MgO-C, is unlike magnesium salt or sorel type cement, which is known
to release undesirable salts and is subject to phase changes into weaker forms. Hence,
MgO-based cement is included in this work for comparison with PC and to investigate its
potential binding capability and any other advantages over PC.

Although several forms of lime exist, generally, it is only quicklime (calcium oxide)
and hydrated lime (calcium hydroxide) that are used as binders [45]. Quicklime, which
exists either in granular or powder form, is produced from heating chalk or limestone.
Hydrated lime, which is generally available as a fine, dry powder, is produced as a result
of the reaction of quicklime with water. In this study, only hydrated lime was used (L).

Gypsum (G) is the dihydrate of calcium sulphate CaSO4·2H2O and occurs widely as
a naturally occurring mineral. Deposits of gypsum can be either pure or impure. In the
impure deposits, it can be found with other minerals, such as anhydrite, quartz, calcite,
dolomite and clays. Therefore, gypsum is a very versatile material in cementitious com-
positions. In the UK, for instance, impure deposits are more common. Most quantities of
gypsum are produced by flue gas desulphurization at coal-fired power stations. By-product
gypsums are generally named after the chemical process from which they have been ob-
tained, for example, phosphogypsum from phosphoric acid manufacture, fluorogypsum
from hydrofluoric acid manufacture, formogypsum from formic acid manufacture and
desulphogyspsum (or FGD-gypsum) from flue gas desulophurization [52]. Two of the main
obstacles to a more widespread use of gypsum are the variability in the composition of the
product and the presence of impurities, which affect the setting and strength characteristics
of cement. On the other hand, the gypsum in the cement affects not only the setting time
but also the strength development and volume stability [48]. For this study, a commercial
British gypsum was used.
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5. Binder Mixes

The most common binders used in practice to stabilize a wide range of soils are
cement and lime, applied alone or in combination [19]. In particular, a mix of cement
and granulated blast furnace slag has been shown to be effective in stabilizing many soil
types [53]. However, due to the complex nature of peat and organic soils, lime has been
found to have a poor effect on their stabilization, whereas other binders, such as blast
furnace slag, have shown more promise.

All binder materials considered in the present study were applied as ‘wet’ binders,
meaning that a grout comprising of binder, e.g., PC, plus water was prepared in advance
before pouring it into the soil to be stabilized. A water to dry binder ratio of 1:1 was used
for the 210% and 500% water content peats, and a lower ratio of 0.5:1 for the higher water
content of 1000% Pt. In the cases of the OH-1 and the OH-2, a water to dry binder ratio
of 1:1 was employed. This is based on preliminary investigations where different ratios
were tested. The selection of binder mixes and their percentage constituents was based on
literature findings on peat and organic soils [17,54]. These included Portland cement (PC)
alone, PC-GGBS, PC-PFA, PC-PFA-L, PC-PFA-MgO-C and L-G-GGBS.

An experimental design was formulated in order to maximize the inferences stemming
from the potential use of a large combination of binder mixes. A scheme of this is presented
in Figure 1. Descriptions of all mixture constituents are shown in Table 2. The selection of
soil to grout ratio was based on literature findings [12,17,54–57] combined with preliminary
investigations conducted at the beginning of this study as part of this research (1:1.7,
1:1.12 and 1:0.33 were the selected ratios for the 210%, 500% and 1000% water content Pts,
respectively). Notice that as the peat content in the soil decreased, the binder quantity
required decreased, and as a given peat type’s water content increased, the grout content
also decreased. The corresponding soil:grout ratio for the OH-1 clay was 1:0.41 and for the
OH-2 clay soil was 1:0.34.

Table 2. Binder mixtures characteristics (% weight).

Grout
Peat Binders

Admixtures Peat:Grout Ratios Binders
Ratios

Dry Peat
%

Water
%

Water
Added %

PC
%

PFA
%

BFS
%

L
%

MgO-C
%

G
%

Pt

Pt-PC-w = 210% 1:1.7 11.9 25.1 31.5 31.5
Pt-PC-w = 500% 1:1.12 7.8 39.4 26.4 26.4
Pt-PC-w = 1000% 1:0.33 6.8 68.4 8.2 16.5
Pt-PC-w = 500% 1:1.12 7.8 39.4 26.4 26.4

Pt-PC-BFS-w = 500% 1:1.12 1:2 7.8 39.4 26.4 8.8 17.6
Pt-PC-PFA-w = 500% 1:1.12 1:1 7.8 39.4 26.4 13.2 13.2

Pt-PC-PFA-L-w = 500% 1:1.12 3:6:1 7.8 39.4 26.4 8 15.6 2.8
Pt-PC-PFA-MgO-C-w = 500% 1:1.12 2:6:2 7.8 39.4 26.4 5.2 16 5.2

Pt-L-G-BFS-w = 500% 1:1.12 1:1:1 7.8 39.4 26.4 8.8 8.8 8.8
Binders

Clay-peat:Grout
Ratios

Binders
Ratios

Dry Medium
Organic Clay %

Water
%

Water
Added %

PC
%

PFA
%

BFS
%

L
%

MgO-C
%

G
%

OH-1

OH-1-PC-w = 180% 1:0.41 25.4 45.6 14.5 14.5
OH-1-PC-BFS-w = 180% 1:0.41 1:2 25.4 45.6 14.5 4.8 9.7
OH-1-PC-PFA-w = 180% 1:0.41 1:1 25.4 45.6 14.5 7.25 7.25

OH-1-PC-PFA-L-w = 180% 1:0.41 3:6:1 25.4 45.6 14.5 4.4 8.7 1.4
OH-1-PC-PFA-MgO-C-w = 180% 1:0.41 2:6:2 25.4 45.6 14.5 2.9 8.7 2.9

OH-1-L-G-BFS-w = 180% 1:0.41 1:1:1 25.4 45.6 14.5 4.8 4.8 4.8
Binders

Clay-Peat:Grout
Ratios

Binders
Ratios

Dry Low
organic Clay %

Water
%

Water
Added %

PC
%

PFA
%

BFS
%

L
%

MgO-C
%

G
%

OH-2

OH-2-PC-w = 85% 1:0.34 40.3 34.3 12.7 12.7
OH-2-PC-BFS-w = 85% 1:0.34 1:2 40.3 34.3 12.7 4.2 8.46
OH-2-PC-PFA-w = 85% 1:0.34 1:1 40.3 34.3 12.7 6.35 6.35

OH-2-PC-PFA-L-w = 85% 1:0.34 3:6:1 40.3 34.3 12.7 3.8 7.62 1.27
OH-2-PC-PFA-MgO-C-w = 85% 1:0.34 2:6:2 40.3 34.3 12.7 2.5 7.64 2.5

OH-2-L-G-BFS-w = 85% 1:0.34 1:1:1 40.3 34.3 12.7 4.2 4.2 4.2

6. Sample Preparation

With the objective to study the effect of the specimen size on strength and stiffness, two
different cylindrical specimen sizes were prepared: one with a 50 mm diameter and 100 mm
height (d/h = 0.5) and the other with a 100 mm diameter and 100 mm height (d/h = 1). This
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was performed only for the cement stabilized Pt with water contents of 210%, 500% and
1000%, respectively. For the remaining mixes, only a specimen size of d/h = 0.05 was studied.

Samples were mainly prepared by mechanical mixing using a small concrete-type
mixer (Figure 2). These followed a sample preparation process similar to the process
reported in the 2001 EuroSoilStab [17] project. After mixing the basic soil types and the
grout together in the concrete mixer for ten minutes, the mix was placed in split PVC
moulds, where samples were uniformly compacted.

Figure 2. Soil mixer.

To maintain consistency, samples were compacted in five layers of about 20 mm in height
with the same compactness effort. In order to achieve a similar compaction in each specimen
prepared, each time a layer of material was placed inside the mould, it was pressed slightly
(eight times) using a fork with peaks blended at a 45-degree angle. Then, in each layer, the
material was also compacted by applying five light blows using a circular aluminium cylinder
of about 50 mm in diameter and 50 mm in height for samples with D/H = 0.5, and of about
100 mm in diameter and 50 mm in height for samples with D/H = 1.0. Throughout the process,
special care was taken to avoid the generation of air bubbles.

A number of samples were prepared to study the effect of temperature (T), carbon
dioxide concentration (CO2) and relative humidity (RH) (Figure 1). For this purpose, a scheme
for sample curing was proposed: (i) curing of samples at room temperature, (ii) curing of
samples using ovens and (iii) curing of samples using incubators. The first curing procedure
consisted of placing the samples on trays inside humidity containers and curing them at a
room temperature of about 21 ◦C and at a relative humidity (RH) of 90%. All specimens
were permitted to absorb water from the bottom and top during their curing time in storage.
Samples were cured at different ages: 28 days, 60 days, 90 days and 180 days. The second
curing procedure consisted of placing the samples in plastic containers exposed to 21 ◦C and
90% relative humidity. After a period of two days during which the samples became strong
enough to be extruded, samples were separated from the mould; and they were wax-coated
to preserve their temperature uniformly. After accommodating the wax-coated samples in
aluminium trays, they were stored inside the ovens (Figure 3a). These stabilized samples were
exposed to temperatures of 45 ◦C and 60 ◦C and an RH of 90%. The third curing approach
followed a similar curing procedure as the second one, but this time, samples were allowed to
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cure for two days before they were extruded. Note that the samples were placed unwaxed in
the incubators and stored as observed in Figure 3b.

Figure 3. (a) Oven and (b) incubator used for the sample curing.

This permitted some samples to be exposed to CO2 to speed up the carbonation
process, while varying the temperature and the relative humidity. This curing procedure
used three temperatures (T) at 21 ◦C (control), 45 ◦C and 60 ◦C with three relative humidity
values (RH) of 70%, 80% and 90%, respectively. Notice that some stabilized samples were
exposed to temperatures of 45 ◦C and 60 ◦C and RH of 80% and 70% without the injection
of CO2 (see Figure 1).

7. Testing Procedures
7.1. Unconfined Compression Tests

After the corresponding curing time was completed, unconfined compression tests
were conducted for all soil stabilized samples. The unconfined compressive strength was
measured using a conventional loading machine (Figure 4).

Figure 4. Unconfined compression frame.
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The load was applied to a constant rate of 1.5 mm/min until an axial strain of 10%
was reached. The compressive stress corresponding to each reading was computed, in-
cluding the simplified area correction [58]. A strain correction due to the initial bedding
deformation during loading was also included [17]. Typical stress–strain curves are shown
in Figure 5. From these curves, the unconfined elastic tangent modulus (E) and the un-
confined compression strength (UCS) were estimated. Triplicated samples were tested
to confirm experimental reproducibility (see Figure 5), populating a database of up to
1030 specimens in total.

Figure 5. Axial stress–strain curves showing testing repeatability for Pt-PC-w = 500%-t = 90 days; (a) QB = 100 kg/m3;
(b) QB = 150 kg/m3; (c) QB = 200 kg/m3; and (d) QB = 250 kg/m3.

7.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) technology was used as a complementary qualita-
tive approach to improve the understanding on the hydration mechanisms of cementitious
materials when mixed with organic soils. This technique has been used previously to
observe the main reaction products due to soil–binder reactions in organic soils [9,36,57,59].
The scanning electron microscope used in this study is shown in Figure 6a, including a
photo and a schematic diagram of the various components of the equipment.
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Figure 6. SEM and vacuum coating equipment: (a) SEM’s main components, (b) coating of samples with gold and (c)
samples before and after coating.

Most of the prepared mixtures were used to observe the change in the microstructure
over time. SEM images were taken of most mixtures at the curing times of 28 days, 60 days
and 90 days. After specimens underwent the unconfined compression tests and reached
failure, splitting the specimen into various fragments, the optimal fragment was selected for
SEM observation. Sample fragments were fixed onto small holders called “stubs”. Carbon
was placed around the sample in order to maintain the sample fixed to the stub. The
surface of the specimen was then coated with a very thin uniform layer of gold to provide
an electrically conductive film representative of the specimen to be viewed (Figure 6c). A
sputter coater, the Emitech K550 model (Figure 6b), was used; Argon was chosen as the
plasma gas. Then, coated samples were placed in the SEM chamber for observation.

8. Experimental Results
8.1. Descriptive Statistics

No artificial intelligence nor machine learning modelling should be conducted unless
the datasets of interest are properly described statistically. This chapter presents the
descriptive statistics of the experimental database introduced above.
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The average values of triplicated unconfined elastic tangent modulus (E) and the
unconfined compression strength (UCS) were computed from each compression test gen-
erating 339 distinct ‘data points’. Using these values, first-order and descriptive statistics
were obtained. The key control variables included in the statistical analysis were the
specimen’s diameter to height ratio (D/H), initial water content of the soil (w), organic
content (OC), quantity of binder (QB), water to binder ratio (W/B), grout to soil ratio (G/S),
curing time (t), curing temperature (T), curing relative humidity (RH), carbonation (CO2),
ratio of binder for Portland cement (RB-PC), ratio of binder for ground granulated blast
furnace slag (RB-GGBS), ratio of binder for pulverized fuel ash (RB-PFA), ratio of binder
for lime (RB-L), ratio of binder for magnesium oxide (RB-MgO-C), and ratio of binder for
gypsum (RB-G). Table 3 shows the different varying parameters and their corresponding
ranges considered.

Table 3. Control variables and ranges of variation.

Ref. Variables Range of Variation Mean Standard Deviation

Control Variables (Input Parameters)

a Organic Content of Soil (OC) 4 (OH-2), 30 (OH-1), 94 (Pt) (%) 69.2 (%) 33.2 (%)

b Water Content of Soil (w) 85, 180, 210, 500, 1000 (%) 400.2 (%) 258.6 (%)

c Ratio of Binder for Portland cement (RB-PC) 0, 0.2, 0.3, 0.33, 0.5, 1 0.749 0.339

d Ratio of Binder for Blast Furnace Slag
(RB-BFS) 0, 0.33, 0.67 0.180 0.292

e Ratio of Binder for Pulverized Fuel Ash
(RB-PFA) 0, 0.5, 0.6 0.045 0.154

f Ratio of Binder for Lime (RB-L) 0, 0.1, 0.33 0.012 0.056

g Ratio of Binder for Magnesium Oxide
(RB-MgO-C) 0, 0.2 0.005 0.032

h Ratio of Binder for Gypsum (RB-G) 0, 0.33 0.009 0.054

i Quantity of Binder (QB) 100–500 (kg/m3) 265.9 (kg/m3) 76.6 (kg/m3)

j Grout to Soil Ratio (G/S) 0.14–3.38 0.856 0.568

k Water to Binder ratio (W/B) 0.5, 0.8, 1 0.937 0.157

l Specimen Diameter/Height (D/H) 0.5, 1 0.920 0.183

m Time (t) 14–180 (days) 61 (days) 36 (days)

n Temperature (T) 21, 45, 60 (ºC) 32.9 (ºC) 15.7 (ºC)

o Relative Humidity (RH) 70, 80, 90 (%) 87.6 (%) 4.9 (%)

p Carbonation (CO2) 0, 20 (%) 2.9 (%) 7.1 (%)

Response Variables (Target Parameters)

q Elastic Modulus (E) 0.83–214.62 (MPa) 34.03 (MPa) 31.44 (MPa)

r Unconfined Compression Strength (UCS) 0.04–2.09 (MPa) 0.50 (MPa) 0.40 (MPa)

The statistical analysis presented below corresponds to the experimental design de-
scribed in Figure 1. Histograms for the mixture samples in terms of soil type (Pt, OH-1
and OH-2), with respect to their corresponding water content (w) and binder mix type
content (RB-PC, RB-GGBS, RB-PFA, RB-L, RB-MgO and RB-G), are shown in Figure 7a,b.
From these figures, it is observed that peat containing 500% water content and the medium
organic clay (OH-1) containing 180% water content represent the main sub-populations of
the study, as also reflected in Figure 1. From Figure 7b, it is also observed that Pt and OH-1
represent the most stabilized soils, while PC alone and PC plus GGBS were the two binders
mostly used. Limited data were populated for binder mixes containing PFA, L, MgO-C and
G. These later binders were chosen in order to study whether or not they could increase
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pozzolanic reactions and to evaluate their ability to enhance strengthening in organic soils
since their use could reduce cost.

Figure 7. Histograms of (a) number of tests of soils and soil–binder combinations, and of (b) soils
and soil–binder combinations in terms of binder mix type content (RB-PC, RB-GGBS, RB-PFA, RB-L,
RB-MgO and RB-G).

Figure 8 presents a descriptive distribution of each control variable, as listed in Table 3,
by introducing their marginal histograms.
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Figure 8. Cont.
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Figure 8. Histograms of number of tests performed according to each control variable: (a) Organic Content of Soil (OC),
(b) Water Content of Soil (w), (c) Ratio of Binder for Portland cement (RB-PC), (d) Ratio of Binder for Blast Furnace Slag
(RB-BFS), (e) Ratio of Binder for Pulverized Fuel Ash (RB-PFA), (f) Ratio of Binder for Lime (RB-L), (g) Ratio of Binder for
Magnesium Oxide (RB-MgO-C), (h) Ratio of Binder for Gypsum (RB-G), (i) Quantity of Binder (QB), (j) Grout to Soil Ratio
(G/S), (k) Water to Binder ratio (W/B), (l) Specimen Diameter/Height (D/H), (m) Time (t), (n) Temperature (T), (o) Relative
Humidity (RH), and (p) Carbonation (CO2).

Figure 9 shows the relative frequency distribution and lognormal fits for both the
elasticity modulus (E) and the unconfined compression strength (UCS).

Figure 9. Relative frequency histograms and lognormal fits of response variables (a) Elastic Modulus (E), and (b) Unconfined
Compression Strength (UCS).
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The corresponding summary of the first-order statistics for these parameters are shown
in Table 4. This shows that the E varies from 0.83 MPa to 214.62 MPa, with a mean value
of 34.03, MPa and a standard deviation of 31.49 MPa, while UCS varies from 0.04 MPa to
2.09 MPa with a mean of 0.5 MPa and a standard deviation of 0.41 MPa.

Table 4. First order statistics of response variables Elastic Modulus (E) and Unconfined Compression
Strength (UCS).

Statistics E (MPa) UCS (MPa)

Minimum 0.83 0.04
Median 24.32 0.39

Maximum 214.62 2.09
Mean 34.03 0.50

Standard Deviation 31.49 0.41
Number of Data Points 339 339

8.2. Effect of Binder Quantity on E and UCS

Figure 10 presents the unconfined elastic tangent modulus (E) obtained from the stress–
strain curves for the cement-treated peat at 28 days. For all stabilized PC-peat specimens, it
can be assumed that the larger the quantity of cement, the stiffer the material. However,
this is not always the case; for instance, the stiffness of the peat at w = 210% with quantities
of cement of 350 kg/m3 and 400 kg/m3 is shown to be more deformable than the remaining
mixes with the same initial water content, which contain larger quantities of cement. The
stiffness for the peat at w = 500% also shows a linear increase with larger quantities of
cement, although a decrease also occurs for quantities of cement above 400 kg/m3. The
stiffness for the peat at w = 1000% indicates a linear increase with larger quantities of binder
(QB). From Figure 10, it can also be observed that the effect of the size of the specimen on
stiffness shows a clear trend, where the E values obtained in 50 mm × 100 mm specimens
are larger than those of 100 mm × 100 mm; however, this is not true for all-natural water
content variations. Thus, the stabilization of peat with cement is directly linked to two
variables, water content and quantity of binder. Generally, the higher the water content, the
more deformable the material is, and the higher the QB is, the stiffer the material becomes.
Care should be taken in choosing stiffness values in terms of specimen size, since stiffness
values depend on this.

Figure 10. Effect of quantity of binder (PC) and water/binder ratio on E at 28 days.



Geosciences 2021, 11, 243 16 of 28

Figure 11 presents the UCS values of cement-treated peat at 28 days. Results show in
general that the higher the quantity of PC added, the higher the UCS values. However, the
results of the peat at 210% of w show a notable decrease in UCS for PC quantities greater
than 300 kg/m3. This is related to the high water content used in the binder (W/B-PC
of 1:1). Hence, it appears that a 1:1 W/B-PC ratio is unsuitable for mixes with higher
quantities of cement, above 300 kg/m3. This is confirmed by the results shown in Figure 11
corresponding to peats with w = 500% in which the W/B-PC ratio considered was decreased
from 1:1 to 0.8:1 for a cement content up to 250 kg/m3 PC, resulting in higher strength. This
indicates that the W/B ratio plays an important role in the stabilization of the peat. For
the peat with w = 1000%, the W/B-PC was decreased further to 0.5:1, which proved to be
effective in producing a continual increase in UCS with higher quantities of PC. However,
the strength obtained for this condition was always lower, approximately up to 3 times
lower than the peat with w = 210%. This is a result of the significantly higher water content
in the peat–cement mixes with w = 1000%. In addition, these samples continued to suffer
some degree of bleeding and settlement of solid particles [48].

Figure 11. Effect of quantity of binder (PC) and water/binder ratio on UCS at 28 days.

Trends for the E and UCS shown in Figures 10 and 11, respectively, are similar in
that the larger the BC, the stiffer and stronger the stabilized material is. Additionally, the
higher the initial water content in the peat–PC mix, the more deformable and weaker the
stabilized material becomes. From the results discussed from Figures 10 and 11, it can be
concluded that in Pt-PC mixes, a reduction in the W/B ratio for quantities of cement larger
than 300 kg/m3 is recommended. In an attempt to compare the influence of the w% in
peats, it is only feasible to compare those with the same W/B ratio; hence, a comparison
can be made between the 210% and 500% of w% peats for a cement content between 100
and 250 kg/m3 in Figure 11. The results show that the two sets of UCS values are almost
similar. Nevertheless, higher strength is achieved for the samples in which the w = 210% is
smaller. This indicates that the initial water content of the peat has an influence on the UCS
of the mix at 28 days. With regard to the specimen size, Figures 10 and 11 show similar
values and trends for E and UCS, respectively.

8.3. Effect of Curing Time on E and UCS

The effect of curing time on stiffness and strength is presented in Figures 12 and 13,
respectively. Figure 12 shows Pt-PC stabilized specimens with w = 500% tested at 28 days
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and 90 days of curing time, indicating higher E values at 90 days than those tested at
28 days, which would show consistent results when assessing the effect of strength as
well (Figure 13). There is a clear indication that the stiffness obtained for E values below
20 MPa of both specimen sizes of 50 mm × 100 mm and 100 mm × 100 mm are similar at
28 days and 90 days, but once E values reach above 40 MPa, the 50 mm × 100 mm sized
specimens’ stiffness values are about 50% greater than those calculated for the specimens
of 100 mm × 100 mm in size. This trend is not the same for the larger specimens since the
stiffness values are rather similar at 28 days and 90 days. Figure 13 shows the results of Pt
soils with w = 500% at 28 days and 90 days of curing time. Results indicate that the UCS
at 90 days is slightly higher than at 28 days. Hence, it is clear that most of the strength
development of the peat–cement mixes took place within the first 28 days.

Figure 12. Relation between E at 28 days and 90 days for two distinct specimen sizes.

Figure 13. Effect of curing time on Pt-PC samples at 28 days and 90 days.
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8.4. Effect of Binder Type E and UCS

Figure 14a,d,c,f show the 28-day, 60-day and 90-day E and UCS values for the stabilized
Pt and OH-2 clay, respectively, whereas Figure 14b,e shows the 28-day, 90-day and 180-day
E and UCS results for the OH-1 clay. These results show the wide range of E and UCS
obtained for the three different organic soils and for the five different binders used. The
highest E and UCS for the peat were achieved using PC. A similar finding was reported
in [56,60–62]. On the other hand, as the organic content decreased and the clay content
increased in the organic soil, shown in Figures 14a–c and 14d–f, the best results were
obtained with a PC-GGBS binder mix which agrees with previous findings [17,25,63,64].
This is related to the interaction between the glassy particles of the ground granulated
blast furnace slag and the clay, which induces a better hydration process. Additionally,
it is observed that PC alone is still relatively effective for the peat and two organic clays.
It is clear that regardless of the organic content of the soil, the UCS development using
PC-PFA and PC-PFA-L was quite low, although the best results were obtained for the peat.
Similarly, other studies have shown a gain in the strength of peat stabilized using PFA
and lime [65–67].

The results shown in Figure 14 generally indicate an increase in E and UCS with time,
although this change is small for mixes containing PFA, which agrees well with the results
reported by Åhnberg et al. (2003) [55] who reported only a small variation of UCS with
time with admixtures containing PFA in the stabilization of two clays and one organic clay.
The UCS of treated Pt, OH-1 and OH-2 containing PC alone increased by around 30%, 13%
and 50% from 28 days to 90 days, respectively. These increases are similar to those reported
by Hebib and Farrell (2003) [60], where a considerable increase in strength of around 30%
from 28 days to 90 days for cement-stabilized Ballydermot peat is obtained. These findings,
however, are the opposite to the data reported in EuroSoilStab (2001) [17], where a slight
or non-existent increase in strength with time of cement-treated peat is presented. Using
PC-GGBS in the three stabilized organic soils, generally an increase of around 20% was
obtained from 28 days to 90 days. With the same admixture, a larger strength increase of
40% is reported by EuroSoilStab (2001) [17] in stabilized peat.

Results of the L-G-GGBS mix for both the Pt and OH-1 clay are unique, as the UCS
value significantly increased with time from the very low values at 28 days, probably
attributed to the slow rate of hydration of GGBS by the presence of lime and gypsum. For
the OH-2 clay, however, the L-G-GGBS binder mix resulted in the highest UCS value at
28 days compared to the other two soils (Pt and OH-1), but it did not show any development
over time. This may be related to two causes: (i) the presence of a high kaolin content in the
low-organic clay soil, which has been directly linked to a detrimental effect when mixed
with lime [68] and (ii) the occurrence of sulphate attack due to the presence of gypsum,
which allows the development of expansive products, such as ettringite, that induce crack
formation, initiating failure planes in the specimens.

8.5. Scanning Electron Microscopy (SEM)

This section introduces a qualitative discussion about the microstructure of a subset
of soils included in the database presented in this paper by the use of SEM imaging. The
aim is to complement the statistical description of the experimental design and to further
provide an extended basis for the interpretation of the machine learning modelling of
Part II of this work, by providing a qualitative perspective on the baseline given by the
imaging of unstabilized soils with respect to variations of stabilized soils, particularly due
to hydration product development. This also opens the possibility for further artificial
intelligence and machine learning analysis beyond the scope of this work.
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Figure 14. Stiffness and strength of stabilized organic soils using different binders: (a) and (d): Pt; (b) and (e): OH-1 clay; (c)
and (f): OH-2 clay.

8.6. Unstabilized Soils

Figures 15–17 show the SEM images of the Irish moss peat (Pt), medium organic
clay soil (OH-1) and low-organic clay soil (OH-2), respectively. Figure 15 shows a SEM
microimage of the Pt soil under study. Wrinkled fibrous structures and long flat particles,
characteristic of peat, are observed. From this figure, it can be observed that there is a sig-
nificant presence of voids which can be directly related to the inherent high compressibility
characteristic of the peat.
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Figure 15. Typical SEM microimages of the Pt studied at a magnification of 1000.

Figure 16. Micrograph of the medium-organic clay (OH-1) studied at a magnification of 1000.

Figure 17. Micrograph of the low-organic clay (OH-2) studied at a magnification of 1000.
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Figure 16 shows a typical micrograph of the medium-clay soil (OH-1). The image
clearly shows the peat and clay particles present in the mix. The hollow structure peat and
the flake-like clay structures are clearly distinguishable. Owing to the difference in particle
size between the clay and the peat, the mix itself looks heterogeneous.

A microstructure of the low-organic clay soil (OH-2) is presented in Figure 17 in which
the flaky clay particles are clearly identified. Clay particles, which vary in size from 1 µm
(0.001 mm) to 30 µm, are expected to be beneficial in achieving a better mix in comparison
with the other two unstabilized materials. Although this material only contains 10% peat,
peat particles can still be observed in the microimages, as shown in the figure.

8.7. Stabilized Soils

The use of SEM has been beneficial in improving the understanding of the hydration
process of PC [48,69], since it provides visual micro-characteristics of the hydration products
resulting from the application of different cementitious binders, and it demonstrates how
hydration products develop over time. The micro-images also provide an indication of the
porosity and degree of homogeneity of the hydration products within the mix. Typical SEM
micrographs of all the mixes are presented below. All the micrographs have a magnification
of 1000th order.

8.8. Pt-PC Mix

Figure 18a–d show the Pt-PC mix after 28 days and 90 days of curing, for the Pt at
w = 500%, respectively. The former image shows the main hydration product to be the
minute needle-shaped ettringite crystals (calcium sulphoaluminate). The abundance of
ettringite around the peat particles is also clear. The limited development of the calcium
silicate hydrate (C-S-H) gel is clear in the Pt-PC mix during the early period of curing. An
important observation is the poor development of ettringite around the small wood fibre
shown inside the circle mark. This is evidence of the influence of some organic matter on
the enhancement of strength. Figure 18c, on the other hand, shows a denser area of mainly
C-S-H gel, although some crystals of ettringite (inside the circle mark) are still visible. The
denser the area is, the stronger the material becomes, as observed in Figure 18b,d, in which
a strength increase from about 600 kPa to 850 kPa is shown. This can be linked to the
development of hydration products filling voids throughout all specimens and producing
a more compact material.

8.9. OH1-Binder Mixes

Figure 19a–c show SEM micro-images of OH-1-PC-BFS, OH-1-PC-PFA and OH-1-
PFA-L mixes at 28 days of curing. Each image is accompanied with its corresponding
stress–strain curve. Figure 19a shows the typical hydration products developed in the
presence of BFS, i.e., calcium sulphoaluminate (ettringite) in the lower right corner. One
can also observe flattened clay particles together with fibrous Pt particles. Note that the
peat particles show an absence of hydration products within the soil’s structure; however,
some areas are totally filled with developed hydration products. Based on UCS results in
Figure 14, this mix has high stiffness and strength as compared with the others. This can
be linked to the fact that, generally, a more compacted material is obtained, as the image
clearly shows.

It is well known that strength development in fly ash concretes occurs at a slower rate
than in Portland cement concretes. Figure 19b shows an OH-1-PC-PFA mix after 28 days
of curing. The presence of partially reacted or unreacted PFA particles by their distinctive
spheroidal shape is clearly observed in the circled regions in the image. The presence of the
C-S-H gel is also clear, and it is also noticeable that although some dense areas are present,
large void areas are distinguishable. This effect is linked to the low strength obtained as
indicated in the stress–strain curve. Figure 19c shows a SEM image of OH-1-PC-PFA-L
mixes at 28 days. From this image, no reaction hydration products are observed that may
suggest the presence of unbounded clay and Pt particles. This poor reaction observed via
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the large voids, the lack of uniform development of C-S-H gel and the lack of hydration
products can, therefore, be associated with the poor strength performance, as corroborated
by the corresponding stress–strain curve.

The SEM image of the OH-1-PC-PFA-MgO mixture at 28 days is shown in Figure 20a.
There appears to be a low level of binding among particles and no signs of hydration
products at all. This suggests that the poor gain in strength observed is due to the lack of
reaction between binder constituents and Pt and OH-1 clay. Therefore, the low strength
obtained is due to the poor development of the typical hydration products and to the
significant presence of voids.

Figure 18. SEM image of Pt-PC mix with its corresponding UCS tests results; (a,b) after 28 days of curing and (c,d) after 90
days of curing.
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Figure 19. Stabilized OH-1 clay with 250 kg/m3 binder amount, 28 days curing time: (a,b) OH-1-PC-BFS, (c,d) OH-1-PC-PFA
and (e,f) OH-1-PC-PFA-L.
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Figure 20. Stabilized OH-1 clay with 250kg/m3 binder amount, 28 days curing time: (a,b) OH-1-PC-PFA-MgO-C and (c,d)
OH-1-L-G-BFS.

A typical SEM micrograph of specimens of the OH-1-L-G-BFS mix at 28 days of
curing is shown in Figure 20b. The figure shows a large presence of plate-shaped calcium
hydroxide crystals. The SEM micrograph of this mix shows fewer voids and denser
zones in comparison with those shown in the previous images of the other binder mixes
(Figures 19c and 20a), but the performance in terms of UCS is still poor, as observed in the
stress–strain curves. This may indicate that calcium hydroxide crystals, as presented in this
mix, are weaker than calcium sulphoaluminate products developed in other mixes. This,
however, needs to be confirmed with further studies.

From Figures 19 and 20, it can be concluded that the strength gains of the mixtures
increased due to two principal causes: (i) the growth of hydration products, such as needle-
like ettringite (calcium sulphoaluminate) crystals in the voids and (ii) the development of
hydrated products, such as C-S-H gel and calcium hydroxide crystals, joining the particles
of the agents with the Pt and OH-1 clay. On the contrary, two main causes can be linked
to the poor strength gain: (i) the deficient development of the hydration products due to
the wood or less decomposed particles within the Pt and OH-1, and (ii) the high porosity
observed in the Pt-OH-1–cementitious admixture mixes.

9. Conclusions

Part I of this work set the basis for a parametric analysis and machine learning
modelling presented in Part II of this work. In this paper (Part I), the authors examined the
effect of variables on the strength and stiffness of three stabilized organic soils. The studied
variables are specimen size, soil type, organic content, initial natural water content, binder
type, binder quantity, grout to soil ratio, curing time, curing temperature, curing relative
humidity and carbon dioxide content. This work included a descriptive statistics analysis
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focusing on the effects produced by binder type, quantity of binder, specimen size and the
effect of curing time on the soils’ strength and stiffness.

It was found that the higher quantity of binder produces a higher strength in all three
soils. On the other hand, the higher the initial moisture content present in the soil, the lower
the strength achieved. For peat stabilized with Portland cement (PC), it was shown that
the water: binder ratio in the mix can notably affect the UCS values for W/B-PC ratios of
0.5:1 to 1:1. Based on these results, it is reasonable to recommend a 1:1 water/binder ratio
for mixes that contain quantities of cement up to 300 kg/m3. Consequently, a reduction to
0.8:1 and 0.5:1 can be suitable for quantities of cement above this value. It was also found
for peat stabilized with PC that the UCS was independent of the size of the sample tested.
At the same time, specimens of different sizes, 50 mm × 100 mm and 100 mm × 100 mm
diameter/height, demonstrated a difference in the value of the initial unconfined tangent
modulus. During the stabilization of the three types of organic soils, it was found for
all cases that the PC alone and the PC-BFS mix resulted in the highest UCS and highest
elastic modulus values. The Pt-L-G-BFS mix generally provided better results than the
Pt-PC-BFS, Pt-PC-PFA and Pt-PC-PFA-L mixes, although the improvement occurred at
the later stages of curing. The Pt-PC-PFA-MgO mix demonstrated the lowest values for
strength and stiffness. For the peat, the values of strength increased with curing time, and
the stiffness varied with curing time. The effect of curing time is more pronounced for PC
and L-G-BFS mixes.

SEM observations helped us to better understand the relative hydration processes of
the mixtures over time and their linkage with the strength development. Observations are in
line with the results obtained during statistical analysis. The gain in strength and stiffness is
linked to the development of hydration products. The development of ettringites and C-H-S
is more prominent in the PC mixtures in comparison to binders with L and MgO.

When using the wet soil mixing method (WSMM), the selection of the binder type
and quantity has a significant impact of the organic soil’s stabilization. Therefore, careful
considerations need to be made in order to maximize soil stabilization outcome. The
amount of binder can be selected depending on the application.

A final conclusion about this work is that no artificial intelligence or machine learning
modelling should be conducted unless the datasets of interest are properly described statistically.
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