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Abstract: Using kukersite oil shale ash for the stabilization of organic-rich soils has been extensively
studied but without much success. The main reason for this is the retarding effect of humic acids
present in organic-rich soils on the formation of the C-S-H (calcium-silicate-hydrate) phase, which
effectively prevents the solidification of cementitious materials in peat soils. Based on the studies
performed at the University of Tartu, we have developed a novel method for the in situ mass
stabilization of peat soils using waste materials (calcareous fly ash and silica fume). In this manner,
the perfect hardening of peat-ash mixtures (to each 1 m? of soil, 150-400 kg ash, 25-50 L pozzolanic
additives, and 2.5-5 kaNaOH were added) can be achieved. A test road embankment was constructed
under extremely hard conditions in a peat quarry that is currently in use.
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1. Introduction

Since the 1970s, scientists in many parts of the world have explored ways to build
”floating” foundations, roads, and railway embankments by mixing unstable soils with
binders on site instead of excavating all the soft soil beneath the road embankment down to
the bedrock and replacing it with mineral fill. This makes it possible to significantly reduce
the volume and cost of excavation and ensure the linear movement of the construction
front. This approach is economically attractive and more environmentally friendly than
traditional methods. The lifetimes of the bases obtained in this way are generally several
times longer than those of filled bases [1].

The most problematic scenario is the stabilization of peat soils. This is being actively
investigated (especially in Malaysia, Indonesia, and other peat-rich countries), but current
solutions are expensive and require the use of large amounts of high-quality cement [2].
The use of lime (including lime-containing fly ash) is not possible on peat soils due to their
low silicate and aluminate contents. Low pH values caused by organic acids (incl. humic
and fulvic acids) can prevent the dissolution of clay minerals [3]. Additionally, the effect of
humic acids on the setting process of cement is not fully understood.

In Estonia, improvements in the geotechnical properties of organic-rich soils have been
investigated mostly by mixing or covering organic soils with filling soils and by compacting
the organic soil. In 1979, a 4 m thick peat layer at a construction site was covered with a
4 m thick filling layer. Within 3 months, the thickness of the peat layer decreased by
60%, the undrained shear strength C, doubled, and the water content decreased twofold.
The 5 m high partition walls built on the peat subsided 3-6 mm, and the floors subsided
1-2 mm in the subsequent 5 years.
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In Estonia, the most attractive binding agent for stabilizing road embankments on
soils containing humic substances is oil shale ash [3,4], which is domestically produced in
power and oil plants in excess of 7 million tons per year (before the reduction in power
generation by the incineration of oil shale) [5].

Since 2014, geotechnical studies on soil stabilization to build road embankments have
been carried out on the Voobu polygon. In a particular experiment, organic-rich soil was
loaded with a pressure of 42-97 kPa. At maximum pressure, the relative consolidation
was 51%, and at lower pressure, it was 35%. The C, of peat soil increased by 7 kPa to
28 kPa. After removing the load, the secondary consolidation ranged between 23 and 44 mm.
In laboratory tests, soil samples taken from the Vo6bu polygon were mixed with cement,
oil shale ash, limestone screenings, and sand. Satisfactory results were only obtained when
the soil was mixed with cement at a volumetric cement ratio exceeding 10%, and additional
compaction under the influence of vertical loads was used. This made the methodology
expensive. Mixing oil shale ash and peat generated no satisfactory results and even caused
a reduction in the compressive strength of the peat [6].

This phenomenon has been observed before; floors made of oil shale ash have decayed
due to the action of organic matter in previous studies.

However, road construction projects which utilize the removal and replacement of
organic soil with backfilling showing an adequate load-bearing capacity or with the dense
compacting of organic soil are time-consuming and costly as well as ecologically unsustain-
able [2].

The promoters of this project have previously (KIK 11048 “Reuse of secondary polymer
waste and oil shale ash as building material raw material. Peat-based composite material
with spatially prestressed polymer reinforcement”) and successfully solved all problems
related to chemical processes and developed a composite material of peat and oil shale
ash [4].

A similar methodology can also be used to stabilize road embankments on peat
soil because the chemical processes taking place are analogous. In this case, only the
upper geotechnically necessary minimum part of the subsoil (down to 1-2 m) is stabilized.
The rest of the subsoil (deeper than 1-2 m) is left untouched without disturbing the existing
water regimes in ecosystems [7].

Initially, lime and materials containing it were mainly used to harden floating roadbeds,
but in the 1980s, it was found that cement or cement-lime mixtures where cement has
partially been replaced with lime are considerably more effective (but also more expensive).
Soil stabilization with lime is possible only if its mineral part contains a sufficient amount
of pozzolanic components (silicate clay particles) [1].

The stabilization of soils containing peat is expensive and requires the use of large
amounts of high-quality cement [2]. The common use of lime (including lime-containing
fly ash) is not possible on peat soils due to its low silicate content and the humic acids
present in soil [1].

Humic acids have a strong chemical affinity for group II metal ions (Ca?* Mg?*
etc.) [8], so they react with lime to form insoluble calcium and magnesium humates which
can be adsorbed on the surface of the cementing particles, preventing the hydration of
silicates and pozzolanic reactions [9].

Similar problems have also been described in studies dealing with the stabilization of
peat soils with cement:

(1) Humic acids actively bind Ca?*, forming insoluble humates and thus decreasing the
amount of available Ca?* ions to form C-S-H gel, while fulvic acids more selectively
attack Al-containing particles, covering them with an adsorbed layer of fulvates and
inhibiting further reactions. Fulvic acids can also disrupt the crystallization of calcium
aluminate hydrate, calcium sulfate aluminate hydrate, and calcium ferrite aluminate
hydrate [9].
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(2) The dissolution of acidic compounds causes the pH level in the pore water to drop
close to or below the threshold, above which secondary cementation products can
form (pH~9), thus slowing down or preventing hardening [9].

(3) A high water-binding capacity, as well as high moisture content, slows down the
hardening processes [9].

In Estonia, studies have been carried out to strengthen road embankments using oil
shale ash [10-12], but their implementation was based on incomplete assumptions. These
studies aimed to achieve the stabilization of soil at the expense of the hydraulic hardening
of oil shale ash, but due to its low pozzolanic content, solidification occurs only when lime
reacts with atmospheric carbon dioxide; in the deeper layers, it would require hundreds of
years [13]. Additionally, the inhibitory effect of humic acids on hardening processes and
their lime-degrading effect were not taken into account [6]. However, it has been proven
that these problems can be successfully addressed with relatively cheap additives and a
suitable treatment regime, which allows the bearing capacity of a road embankment to
exceed 100 kPa. The aim of this study is to apply the results of earlier chemical studies
performed at the University of Tartu [3,4,14] for the in situ mass-stabilization of peat soil
areas, allowing the retarding effect of humic acids to be minimized.

2. Materials
2.1. Peat Soil

Soil sampling took place in January 2019 at the Jarvselja Training and Experimental
Forest Centre of the Estonian University of Life Sciences (58°16’ N, 27°19’ E) in four different
locations. The soil at the test site is peat with a layer thickness of 0-3 m. Below this, in
turn, lies a moraine layer and Devonian sediments. Due to the geology, it is a very good
place for the formation of peat soils (the water-holding layers below the moraine layer).
Additionally, this small area shows high variation in soil types [15]. The humidity and
contents of organic and inorganic matter in percent by weight are shown in Table 1.

Table 1. Humidity, organic, and mineral matter concentrations (% of dry weight) of soil samples from
the Jarvselja test site.

. s 1o Organic Mineral
Test Site Depth, cm Humidity, % Matter, % Matter, %
0-22 181.7 344 65.6
22-47 2185 53.8 46.2
1 47-111 146.9 222 77.8
111-130 87.6 94 90.6
0-47 300.0 53.2 46.8
2 47-77 1924 55.6 444
77-90 84.5 17.2 82.8
0-10 130.4 25.6 74.4
3 10-37 200.3 42.0 58.0
37-52 331.0 724 27.6
0-10 254.6 82.6 17.4
10-37 246.0 59.9 40.1
4 46-86 243.6 80.8 19.2
92-114 100.8 24.7 75.3
122-144 447 49 95.1

In sampling areas 1 and 4, the thickness of the peat layer and the deposition depth
of the mineral subsoil are slightly more than one meter. In areas 2 and 3, the peat layer is
thinner. In area 2, the subsoil is approximately 85 cm deep, and in area 3, it is less than half
a meter deep.
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2.2. Oil Shale Ash

EestiEnergia (an Estonian national energy company) generates millions of tons of oil
shale ash every year, and approximately 5% of this is reused as a raw material; the majority
of the ash is deposited in landfills [5].

The organic component of oil shale usually does not exceed 40% of the total mass
(usually less)'. The composition of the mineral part, i.e., oil shale ash, which remains after
burning is quite variable depending on the type of layer the oil shale used for heating
derives from, and even more so on how many intermediate layers are left in the oil shale
during sorting. The main part of the intermediate layers is made up of calcium carbonate
or limestone. During firing, it decomposes into quicklime CaO and carbon dioxide.

In power plants, finely ground oil shale is burned floating in air (pulverized firing PF,
older energy blocks) or in circulating fluidized bed boilers (CFB, newer energy blocks).

PF fly ash, consisting of the mineral part of oil shale, is separated from combustion
gases using cyclones and electric filters. Fly ash is suitably fine for use as a binder and has
the best hardening properties. It can have different mineral and elemental compositions
depending on where it is obtained (cyclone or electrostatic precipitator).

Fluidized bed burning takes place at a lower temperature, and thus some of the calcium
carbonate present in oil shale remains intact. At the same time, some toxic components of
burning gas (phenoles, sulfur oxides) are trapped in the same ash, forming calcium sulfate
and other substances.

The third type of oil shale ash is DeSOy ash, obtained from the desulfurization system
of power plants. CaO from boilers is used in semidry DeSOy systems to remove sulfur
oxides from emission gases. This ash has a high sulfate content.

The compositions of ashes used in the experiments are described in Table 2.

Table 2. Crystalline phases of oil shale ashes used in experiments, in percent by weight.

CFB1 Cyclone PF 2 DeSO, 3

Component Ash, % Ash, % Ash, %
Quartz SiO, 16.8 9 12.2
Orthoclase KAISiz;Og 12.5 2.3 04
Mlite + Mlite-Smectite  Na,Kx(ALMg),S5i4O19(OH), - xH,O 13.8 0.4
Belite CaySiO4 5.3 15.3 12.5
Merwinite CazMg(5i04), 5.7 11.9 13.1
C3A 3CaO-A1203 1.6
Periclase MgO 2.3 3.2 2.5
Melilite (Ca,Na),(Mg,Al)(S1,A1)307 1.2 6.7 2
Anhydrite CaSOy 9.5 7.5 8.7
Lime CaO 10.8 345 11
Calcite CaCO3 13.5 4.7 134
Portlandite Ca(OH), 2.9 4.8
Hematite Fe, O3 4.3 0.7
Pseudowollastonite CaSiO3 3.6 0.6 1.7
Bassanite CaS0y-0.5(H,0) 1.5
Hannebachite Cay(S03),-H,O 134

! —circulating fluidized bed. 2—pulverised firing. 3>—desulphurization.

2.3. Silica Fume

Silica fume (fine silica SiO,) is one of the best pozzolanic agents®. Two different types
of silica fume were used: microscale SiO, of Egyptian origin (manufactured by Efaco)
and nanoscale SiO, (manufactured by Cabot) with a microscale particle diameter. Later,
a ready-made suspension of nanosilica fume produced by TamCem was also introduced.
The main silica fume data are shown in Table 3.
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Table 3. Characteristics of three types of silica fume used in the study.

Silica Type Particle Size, nm SiO, Content, %
CAB-O-SIL H5 200-300 99.8
Efaco silica fume 1000 92
TamCem NanoSilica 10-15 20

2.4. Other Reagents

Caustic soda (potassium hydroxide, NaOH) and waterglass (sodium silicate,
(Naz0),+(5i02)y, 20% solution) were obtained from Keemiakaubandus AS technical grade.

2.5. Bog Water

Bog water with high acidity (pH 3) was collected from the same area as the soil, i.e.,
the Jarvselja Experimental Centre. The organic content of the water was appr. 3%.

3. Experimental Procedure
3.1. Initial Lab Tests

Initially, 20 test specimens with different recipes were prepared for each soil type; later,
the number of test specimens in each series increased to 57.

To prepare each test piece, 200 g of peat soil was mixed with 100-200 g of ash and
additives. No pretreatment of peat was applied (except for the removal of green plant
residues) so that its natural water content could be preserved. Additives included silica
fume (5iO,), NaOH for pH adjustment, and waterglass (20% Na;SiO3; aqueous solution).
The use of additives in different test mixtures was varied (in most cases, not all additives
were used together), and the data on the composition of specific test objects are shown in
Table 4 (for the abbreviations, see Section 3.2).

Table 4. Composition of test specimens.

Specimen Soil,  Water, Cement, DeSO3 CFB! PF?2 Efaco CAB-O-SIL 20% NaOH, Hardening
g g g Ash, g Ash, g Ash,g  Silica, g Silica, g Waterglass, g g in 7 Days
1 200 100 No
2 200 100 30 Yes
3 200 100 100 No
4 200 100 100 No
5 200 100 100 30 Yes
6 200 100 100 30 Yes
7 200 100 No
8 200 100 No
9 200 100 100 100 Yes
10 200 100 100 100 Yes
11 200 - 100 - 50 - 30 30 Yes
12 200 50 200 - 50 - 30 30 Yes
13 200 100 100 - - 50 30 30 Yes
14 200 - 100 - 50 - - 30 Yes
15 200 - 100 - - 50 - 30 Yes
16 200 - - 100 50 - 30 30 Yes
17 200 50 - 200 50 - 30 30 Yes
18 200 100 - 100 - 50 30 30 Yes
19 200 - - 100 50 - - 30 Yes
20 200 - - 100 - 50 - 30 Yes

1_circulating fluidized bed. 2>—pulverised firing. >—desulphurization.

First, the hardening of the test pieces was checked after the first 7 days of mixing.
Preliminary testing of the hardening of the specimens was performed using cone apparatus
(Figure 1a). Samples that did not show any hardening were marked “No” in the “Hardening
within 7 Days” cell in Table 4 and were excluded from further studies. The samples that
showed hardening are indicated as “Yes” in Table 4, and 12 recipes were selected for the
compression—strain analysis. The test specimens were prepared in standard containers
(Figure 1b) for the compressive strength measuring apparatus.
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The water content was determined on natural material (soil) and its composite mix-
tures. Water content (w) is the mass of water in the test sample expressed as a percentage
of the weight of the dry test sample (EVS-EN 1097-5:2008).

(b)

Figure 1. (a) Preliminary testing of the hardening of the specimens with the cone apparatus; (b) test

specimens placed in containers.

3.2. Initial Field Tests

The preparation of pilot-scale test specimens took place at the Jarvselja test site. Two
1 x 1 x 1 m pits were dug in the soil, in each of which a 1 m® bigbag made of water-
permeable material was placed. The excavated soil was mixed with fly ash, silica fume,
waterglass, and NaOH (Table 5) and used for backfilling bags (Figure 2). The recipe of the
laboratory test specimen T17 was chosen as the basis for the pilot-scale test specimens, and
it was identical to Table 5.

Table 5. Composition of the mixture used in field tests, as weighted.

Specimen Soil, kg  CFB Ash, kg  Efaco Silica, kg NaOH, kg Waterglass, kg
AT 20 8 4 0.6 0.6

After the mixture was prepared and filled, the bigbag was sealed to prevent the
mixture from drying too quickly.

The specimens were allowed to harden for 4 months from mid-June to mid-October
2019. During this period, the evolution of the mechanical properties of the test specimens
was monitored. In October 2019, sampling took place.
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Figure 2. (a) mixing the soil with ash and additives; (b): bigbags partially filled with soil mix (labelled
as Bag 1 on the (a) and Bag 2 on the (b)).

3.3. Construction of Test Roads

The concept was to build an experimental road on soil with the lowest possible bearing
capacity to test the methodology under critical conditions to the extent possible. We chose
a partially mined peat deposit at the Elva E.P.T. company in Sangla (58°30’ N, 26°25" E) for
two reasons:

e  Easy access with large trucks (a car carrying shale ash);
e  Possibility to use Elva E.P.T.’s heavy machinery.

The locations of the roads were marked, and the soil was loosened to the working
depth (Figure 3, top left). The working depth was about 1 m. The upper peat layer had
already been removed during the peat mining operations.

Five recipes of different thicknesses and compositions were tested (including one
containing wood chips for reinforcing; Figure 3 top right and Table 6). All components
(except oil shale ash) were added to the soil surface and then mechanically mixed with peat
to a depth of 1 m. The PF oil shale ash was spread separately (Figure 3 bottom right) and
immediately mixed with the soil (the hardening process began). The road was leveled and
compacted (Figure 3 bottom left). The road, completed in the autumn of 2021, was left to
stand over the winter. Load tests were carried out after the snow melted in the spring of
2022. The tests were carried out by OU REI Geotehnika (Figure 4).

Table 6. Composition of test specimens (field studies). PF ash from electrostatic precipitators and
silica suspension from TamCem were used.

. Thickness, Volume, Soil, Wood Chips, Ash, Silica, NaOH Waterglass
Specimen 3 3 3
cm m m m kg 1 kg 1

1 100 10 10 2000 450 50 50

2 100 10 10 4000 450 50 50

3 100 10 7 3 2000 450 50 50

4 75 7.5 7.5 2250 337.5 375 375

5 50 5 5 1500 225 25 25
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Figure 3. Clockwise from top left: preparatory work in Sangla bog; adding components; spreading of
oil shale ash; road surface leveling.

Figure 4. Equipment for the road embankment load test on the test site.

3.4. Mechanical Testing of the Specimens
3.4.1. Uniaxial Compression Tests

After 14 and 28 days of hardening, the compression-strain diagrams of the test spec-
imens were recorded (Figure 5). Uniaxial compression tests were performed using an
Instron model 3369 universal testing machine (maximum load 50 kN).
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A

Figure 5. Placement of the test specimen in the Eijkelkamp displacement apparatus.

The preparation of specimens for triaxial tests is costly and labor-intensive. Thus,
monoaxial compression tests were selected for the studies of stabilized organic-rich soils.
The density and water content were examined. For uniaxial compression tests, test speci-
mens with dimensions of 50 x 50 x 50 mm and 150 x 150 x 150 mm were used.

Before the experiments, the samples were weighed on a Kern 578 electronic balance
with an accuracy of 0.05 g. The surfaces of the test specimens were leveled and ground
so that the difference in surface smoothness did not exceed 0.1 mm per side with a length
of 100 mm and were then placed evenly on the loading plates. A mechanical load was
applied to the test specimens with a continuously increasing force until failure or an exact
displacement of 16 mm was reached. The maximum force exerted on the test objects in kN
and the time of application of the maximum force were recorded, and the compressibility
of the test objects in millimeters was measured depending on the force exerted on them.
The q, values were determined at compression tests, and then using the q, values, shear
strength and the expected load limit q, were calculated. The compressive strength fc
[N/mm?] was calculated as the quotient of the maximum compressive force Fc [N] and the
total area of the loaded surface [mm?].

3.4.2. Shear Strength Tests

The tests were carried out as part of Andrus Leinpuu’s master’s thesis and were
considered indicative, enabling the selection of the optimized composition of the mixture
used in the final field tests (see Sections 4.3 and 4.5). In this regard, the solidified test
specimens were treated not as mass-stabilized soil, but as lightweight concrete with organic
fillers, and the tests were performed according to the national standard “EVS-EN 12390-
3:2019 Testing hardened concrete—Part 3: Compressive strength of test specimens”, using
the equipment available in the research group’s laboratory. The standard allows the use
of cube or cylinder-shaped specimens or drill cores as test pieces. The corresponding ISO
standard is “ISO 1920-6 Testing of concrete—Part 6: Sampling, preparing and testing of
concrete cores”. The water-saturated samples were weighed on a KERN FKB electronic
scale, where the mass of the samples was determined together with the cutting ring and
filter paper. The specimens were placed in an electronically controlled Eijkelkamp shear
apparatus, and plane shear tests were performed (Figure 5). Load levels of 100, 200, 300,
and 500 kPa were used. The duration of the test cycles was 36 min. The pressure apparatus
stopped automatically when the yield point was reached.
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3.4.3. Compressibility Tests

The compressibility test, or oedometer test, was prepared based on “EVS-EN 12390-
3:2019 Testing hardened concrete—Part 3: Compressive strength of test specimens”.

During the compression tests, load levels of 0.005, 0.01, 0.02, 0.04, 0.08, 0.16, and
0.32 MPa were used. At all load levels, the duration of loading was 12 h. Decompression
was carried out at a load level of 0.005 MPa, and the duration of decompression was 2 h.

With oedometer cutting rings, the correct size specimens were taken to perform the
compression test. The specimens were weighed together with the oedometer cutting ring
and plates (Figure 6). The specimens were placed in the oedometer KP, with the number of
lever press transmissions # = 10. An initial reading was taken from the gauge, and then
the first load level was placed on the test pieces. All load levels were kept for 12 h. After
reading the last load stage, the specimens were decompressed for 2 h. Specimens were
removed from the oedometer and reweighed with an electronic scale to determine the
mass of the specimen after the test. The tested specimens were placed in a drying oven to
determine their water content and dry bulk density.

Figure 6. Preparation of specimens for the oedometer tests.

3.5. XRD/XRF Measurements

XRD/XREF tests were performed to determine the phase and elemental composition of
the samples.

XRD was performed on a SmartLab™ diffractometer (Rigaku, Tokyo, Japan), tube
power 8.1 kW, using Cu rotating anode working at 45 kV and 180 mA, coordinate sensitive
1D detector D/teX Ultra and Bragg—Brentano optical setup. The diffraction pattern was
measured between diffraction angles of 8 and 90° with a step size of 0.01° (20) and a scan
speed of 4 deg/min. PDXL software (Rigaku) and database PDF-2 (International Centre of
Diffraction Data, 2018) were used for phase identification. TOPAS 6 Academic software
was used for the analysis of mass concentrations of crystalline and amorphous phases
implementing the Rietveld refinement method.

The initial structural parameters of phases required for the refinements were taken
from the database ICSD 2019 (FIZ Karlsruhe, Germany).

The concentration of the amorphous phase was estimated by a quantitative XRD
analysis method using zircon (ZrSiOy) as an external standard material for the calculation
of calibration constants.

The quantities of Rwp and Rwp’ (given in tables below) were defined as the overall
residual error of the Rietveld approximation, i.e., the weighted difference between the
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theoretically calculated and measured diffraction patterns of the phases found, taking into
account the background and excluding the background, correspondingly.

XRF was performed on a spectrometer (ZSX 400, Rigaku, Tokyo, Japan) using an Rh
X-ray tube working at a power of 3 kW.

4. Results and Discussion
4.1. Initial Lab Tests

The results of stress—strain tests are shown in Table 7 and Figure 7.

Table 7. Parameters and results of compression—strain tests.

Specimen Compressibility at Maximum Time on Max
p Maximum Force, mm Force, kKN Force, s
1 T-6 16.08 7.53 482.54
2 T-10 16.04 12.01 481.26
3 T-11 16.02 7.38 480.56
4 T-12 16.07 7.42 482.18
5 T-13 16.34 3.19 490.26
6 T-14 16.02 8.35 480.51
7 T-15 16.01 49 480.44
8 T-16 16.13 20.01 483.81
9 T-17 16.01 1.25 480.26
10 T-18 16.03 3.74 480.76
11 T-19 17.78 2.33 533.52
12 T-20 16.47 0.53 494.22
2Q000 p y 4
—2 p
3 yd
4 > 4
15p00|| ——— &
6 o
- 7 o el
= — |1 1
€ 10000 oA e i i —
o 1
12 g
5000 / / - - —
o ‘/{;V‘-';""-’ - -
2 4 6 8 10 12 16 18

Compressive displacement [mm)]

Figure 7. Compression—strain curves of test specimens listed in Table 7.

The results of the phase composition analysis for crystalline and semi-amorphous
phases determined by the X-ray diffraction (XRD) method are presented in Table 8.

The elemental compositions of samples T10, T11, and T17 determined by X-ray fluo-
rescence spectroscopy (XRF) (spectrometer ZSX 400, Rigaku, Tokyo, Japan) are given in
Table 9.

The results of compression—deformation tests show that naturally occurring fibers
in peat perform mechanically similarly to steel reinforcement or glass fiber admixtures in
conventional cement-based concrete, with a difference appearing when compression occurs.
The reinforcement effect and plasticity provided by the peat fiber to the composite are
better, and the mechanical pressure exerted on the peat-ash composite is higher. Figure 8
shows that the compressive strength of the composite increases again under load after
crossing the “plateau”, unlike normal concrete. This may be due to the effect of heat from
mechanical stress on the lignin contained in the naturally occurring fibers in the peat,



Appl. Sci. 2023, 13, 8366 12 0f 18

creating an additional “glue effect” in the composite. This described phenomenon requires
further research.

Table 8. Mineral composition of the test specimen in per cents by weight.

Component T10 T11 T17
Rwp =2.9%; Rwp =2.4%; Rwp =2.7%;
Rwp’ =9.2% Rwp'=124%  Rwp’'=157%
Quartz Si0, 33.6(1) 10.3(1) 6.8(1)
Anorthoclase KAISizOg 1.4(2) 1.4(2) 1.1(1)
Orthoclase KAISizOg 2.3(1) 3.8(2) 1.1(1)
Microcline (K,Na)(AlSizOg) 4.1(2) 1.3(2) 0.7(1)
Albite Na(AlSizOg) 2.2(1) 0.5(1) 0.4(1)
Arcanite K5(SOy) 2.6(1) 3.2(1) 3.3(1)
Dolomite CaMg(COg3), 0.7(1)
Belite CapSiOy 2.4(1)
Periclase MgO 0.6(1) 1.0(1)
Akermanite CapyMgSir Oy 2.2(1) 0.4(1)
Calcite CaCOs3 4.0(1) 5.0(1) 3.7(1)
Hematite Fe, O3 0.7(1) 0.3(1)
CSH, semi-amorphous
phase 10(1) 24(2) 37(1)
Amorphous phase 40(1) 46(2) 42(1)

Table 9. Elemental composition of crystalline phases of samples T10, T11, and T17 (percent of total
weight) with standard deviations.

Element T10 T11 T17
Al 1.607 £ 0.046 1.252 + 0.057 0.552 4+ 0.036
C 0.808 + 0.018 1.272 £+ 0.043 0.819 4+ 0.020
Ca 6.912 4+ 0.198 15.960 + 0.227 19.666 4+ 0.110
Cl 0.108 4+ 0.021 0.349 + 0.039 0.085 4+ 0.026
Fe 0.319 4+ 0.038 0.849 + 0.036 0.343 4+ 0.048
K 3.655 4 0.065 4.309 4+ 0.128 3.296 + 0.060
Mg 0.071 + 0.017 1.187 £+ 0.055 1.153 £ 0.035
Na 0.340 + 0.016 0.092 + 0.014 0.069 £+ 0.012
O 50.562 + 0.036 48.945 + 0.083 49.409 + 0.046
S 0.782 + 0.010 1.089 + 0.030 1.035 £ 0.014
Si 34.836 + 0.128 24.696 + 0.072 23.572 + 0.070
70 70
60 60
T £
8 g w
® OAT-14-A ] oT431
g %0 AT-15-A S 30 T43-2
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Figure 8. Graphs of compressive strength of 150 x 150 x 150 mm specimens of AT mixture (a);

graphs of compressive strength of 150 x 150 x 150 mm specimens of T43 mixture (b).
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As shown in Table 8, the content of the semi-amorphous CSH phase (hydrated semi-
amorphous calcium silicate) increased almost four-fold in the order of T17 > T11 > T10,
while the content of non-hydrated quartz showed the opposite trend. The quartz content
decreased in the order of T10 > T11 > T17 from 33.6% in T10 to 10.3% in T11 and 6.8% in T17.
The high SiO; content of specimen T10 also indicates that SiO, was added in excess, and
its hydration and the rate of CSH gel (amorphous and semi-amorphous calcium silicate)
formation were limited by the Ca?* ion content, resulting in lower plasticity of the specimen
compared to other specimens. For specimens T10 and T11, which had a lower content of
CSH gel (amorphous and semi-amorphous calcium silicate), the crystallization of alkaline
feldspars proceeded faster, while for specimen T17, it proceeded significantly slower. The
crystallization of alkaline feldspars was also described in our previous work>.

Among all samples, a relatively similar amount of the fully amorphous phase, which
includes both the organic matter and a portion of the CSH gel, was present. Belite was
detected only in specimen T17. The crystal phases of specimen T11 containing CFB ash also
showed higher amounts of Mg- and Fe-bearing minerals.

4.2. Simulation of the Natural Conditions in the Lab

Based on the test results, it can be seen that the water content mixtures are 2-3 times
lower than those of natural soil under the same conditions. As a result, we can say that
mixtures do not absorb water and stay relatively dry.

4.3. Initial Tests in Nature

Five samples were taken, the phase composition and mineral compositions of which
are outlined in Tables 10 and 11. The formation of crystalline phases proceeds relatively
slowly under swamp conditions, and amorphous phases still make up approximately half
of the total mass after 4 months.

Table 10. Mineral compositions of the crystalline and semi-amorphous phases of the pilot test
specimens, percent by total weight. Samples are taken from different depths of test specimens
prepared in bigbags and matured in soil in natural conditions for 4 months.

. Bag1, Bag 1, Bag1, Bag 1, Bag 2,
Mineral 0-20 cm 21-40 cm 41-60 cm below 60 cm 0-20 cm
Quartz SiO, 858 £0.05  9.03 £ 0.06 12.97 £ 0.10 36.48 + 0.31 8.65 £ 0.06
Calcite CaCOs3 6.524+0.05  6.26 £0.05 5.69 £ 0.06 0.59 £ 0.06 9.54 £0.07
CS anhydrite CaS0y 045+£0.05  0.65+0.05 0.75 £ 0.04 0.00 £ 0.08 0.50 £ 0.05
Anorthoclase KAISizOg 152+012 1.184+0.13 1.11 £0.09 2444021 0.98 +£0.15
Orthoclase KAISizOg 3554013 4.04+0.14 3.714+0.14 522 40.18 4.62+0.13
Microcline KAISizOg 192+023 1.894+0.23 1.89 +0.19 10.90 £ 0.32 1.63 +£0.22
Hematite a-Fep O3 0.924+0.02 1.01 £0.02 0.74 4 0.02 0.36 +0.05 1.00 £ 0.02
Akermanite MgAl.Ca,Mg(Sir O7) 0.85+0.08  0.95+0.08 0.85 £ 0.07 0.12 £ 0.07 1.74 £ 0.06
Periclase MgO 0.674+0.03  0.78 £0.03 0.26 4 0.03 0.18 +0.03 0.67 4+ 0.03
Mervinite CazMg(SiO4)2 024 £0.03 0.31+£0.04 0.10 £0.03 0.11 £ 0.04 0.29 £ 0.06
Halite NaCl 0.574+£0.02 050+ 0.03 0.19 £ 0.02 0.20 £ 0.05 0.02 £ 0.02
Gelenite Cap Al[AISIO;] 078 £0.11  0.80+0.11 0.55 £ 0.09 0.04 £0.08 0.21 £0.04
CSHy 5 CaSOy-1H,0 1.19£0.06 1.3540.06 1.67 £ 0.05 0.41 £ 0.07 0.46 & 0.07
Illite 2M1 (K.H30)(Al.Mg.Fe),(Si.Al)4O10[(OH),.(H,0)] 2.26 +0.17  1.97 £0.19 2.044+0.18 15.28 £0.25 0.68 +0.14
Illite 2M1 001 (K.H30)(Al.Mg.Fe),(Si.Al)4010[(OH),.(H,0)] - - - - 0.30 £0.11
Chloritoid 2M (Fe.Mg.Mn); Al4SiyO19(OH)4 0.08+£0.07  0.07 £0.06 0.10 £ 0.06 0.77 +£0.11 0.06 & 0.06
Melilite (Ca.Na),(Al.Mg.Fe?*)[(ALSi)SiO;] 0.834+0.15 1.23+0.18 0.73 +0.14 0.04 £+ 0.04 0.75 4+ 0.12
C2S belite o 2Ca0-Si0, 147+£010 1.3040.10 0.25 £ 0.05 0.00 £ 0.06 0.83 £ 0.09
CZ(ISalr)rcﬂ;t:)z B 2Ca0-Si0O, 099 +£0.10 0.83+0.10 0.23 £ 0.09 0.00 £ 0.05 0.10 £ 0.04
Albite Albiit. NaAlSizOg BDL BDL 0.75 4+ 0.06 793 +£0.13 0.39 +0.07
Kaolinite AlSi;05(0OH)4 BDL BDL 0.9+0.13 3.83 +0.25 0.87 +0.12
. CSH xCa0-ySiO,-zH,O 174+ 1.0 163+ 1.0 123+ 1.0 0.37 £0.34 112+ 0.8
semi-amorphous
Crystalline and
semi-amorphous 51 50 48 85 45
phases
Amorphous phases 49 50 52 15 55
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Table 11. Elemental compositions of the mineral part of samples presented in Table 10 in percent

by weight.
Bag 1 Bag 1 Bag1 Bag1 Bag 2
0-20 cm 21-40 cm 41-60 cm >60 cm 0-20 cm
(@) 37.1 48.2 47.8 47.3 28.5
C 30.2 6.28 9.29 6.88 12.8
Ca 12.7 29.2 31.0 28.5 5.75
Si 9.78 0.814 0.891 2.50 29.3
K 3.54 3.47 0.905 1.46 1.91
Al 1.24 0.244 0.239 3.37 3.88
Mg 1.11 2.08 2.19 1.94 0.687
P 0.987 0.941 0.992 0.856 0.379
Fe 0.984 0.205 0.208 0.430 291
Mn 0.702 0.766 0.764 0.781 0.137
S 0.646 0.415 0.184 0.375 0.240
Cl 0.401 0.141 0.0513 0.0770 0.0287
Ba 0.188 0.765 0.563 0.575 0.101
Na 0.173 6.18 4.55 4.61 1.08
/n 0.0777 0.147 0.0896 0.243 0.0354
Ti 0.0764 0.0720 0.168 0.0758 0.182
Zr 0.0355 0.0619 0.0616 0.0654 0.0182
Cr 0.0197 BDL BDL BDL BDL
Zr 0.0129 BDL BDL BDL 0.0228
Rb 0.0127 0.0089 TR TR 0.0067
Cu 0.0062 0.0108 0.0107 0.0108 TR
Ni 0.0044 0.0072 TR TR 0.0078

Several elements, such as C, Si K, Al Fe, and S Cl, are concentrated in the upper layer,
but the contents of O, Ca, Mg, Ba, and Na are higher in deeper layers. The contents of P
and Mn do not change significantly with depth.

4.4. Mechanical Testing of the Specimens

All the results of mechanical tests are summarized in Table 12 (see below).

Table 12. Undrained shear strength cu, undrained residual shear strength c;, and residual and
bearing capacity q obtained as a result of uniaxial compression tests of 50 x 50 x 50 mm specimens.

. wl p2 P 8 u4 Cu5 u,res6 Cu,res7 8
Specimen % g/cm3 g/cdm3 ﬁPa kPa 4 kPa kPa I?Pa
Soil-1 181.4 0.8 0.29 14 7 14 7 22
Soil-2 181.6 0.75 0.27 12 6 12 6 19
Soil-3 168.5 0.84 0.31 30 15 30 15 47
AT-1 109.9 1.09 0.52 17 8 16 8 25
AT-2 80 1.11 0.61 60 30 42 21 94
AT-3 108 1.02 0.49 38 19 24 12 60
T41-1 138.9 1.18 0.5 17 8 16 8 25
T41-2 139.5 1.08 0.45 11 5 8 4 16
T41-3 109.2 1.25 0.6 43 21 34 17 66
T42-1 171.6 1.07 0.39 45 22 45 22 69
T42-2 175.7 1.08 0.39 34 17 34 17 53
T42-3 164.4 1.03 0.39 42 21 42 21 66
T44-1 166.4 1.04 0.39 40 20 38 19 63
T44-2 131.8 1.14 0.49 66 33 50 25 104
T44-3 130.5 1.1 0.48 42 21 34 17 66

! —water content (of dry mass). >—density. 3>—dry density. *—undrained bearing capacity. >—undrained shear

strength. ®—residual undrained bearing capacity. ’—residual undrained shear strength. 8—bearing capacity.

During the compression tests, the water content and density of the test body were
determined. The density of the soil is characterized by the compression index C.. The water
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content and density were determined before and after compression, and the parameter Cc
was calculated.

Based on the graph, Ah/h = f(¢), the overconsolidation ratio €, was determined.
During the tests, the water content was changed, reducing it from 400% to 250%. The
calculated deformation modules were in the range of 0.3-0.7 MPa (see Figure 9); therefore,
they indicate that the behavior of the material was at a compression exceeding the creep
limit. The value of €, was 90 kPa, slightly higher than that obtained from the plate load
test (see below).

kPa
10 100 1000

Relative deformation

AT-1 AT-2 @AT-3
Figure 9. Uniaxial compression test load /deformation curves for specimens listed in Table 12.

Based on the results of the uniaxial compression test, it can be said that the compressive
strength qy of the soils used is in the range of 12-30 kPa (Table 12). The compressive
strengths of different composites are in the range of 25-100 kPa.

In the graphs above (Figure 9), we can see a swan-neck-shaped curve that can be
explained by the fact that after reaching a certain compression ratio, the peat fibers in
the material behave like reinforcement structures (similar to steel or fiber reinforcement
in concrete). Unlike concrete, the material is not broken, but after reaching a certain
compression ratio, the compressive strength of the material increases again.

4.5. Investigation of Properties of Test Roads

Property determination results must always be verified with plate load tests in com-
plicated cases such as the current one [16]. With these tests, we can assess distinctive points
in the material under testing, where changes in physical processes occur which allows us
to evaluate the actual load capacity of the material [17].

For weak materials, such as our improved peat, the load capacity is limited by the
creep limit (the maximum stress that will cause less than a specified quantity of creep in a
given time). Until it reaches this limit, the material can be compressed [18]. Beyond the
creep limit, changes in the shape of the specimen occur, and it may flow out from under
the plate. In our tests, we did not reach complete disintegration.

Previous laboratory studies showed that soil that improved with oil shale ash on a
uniaxial test behaves differently from ordinary soil; its arrangements are mainly related to
changes in form, and common compaction does not take place.

All tests provided are characterized by the development of low-intensity deformations
up to the yield point as the load increases. At the creep limit, the intensity of deformations
increases significantly, and the circumference of the specimens increases in the process. The
formation of a larger surface area leads to a decrease in the intensity of the deformation
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and apparent strengthening. If the new diameter is taken into account, this strengthening
is practically absent, and the improved soil actually behaves like a liquid (Figure 10).
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Figure 10. Dependence of plate subsidence on pressure; dependence of plate subsidence on time
(field tests).

In the plate load test, the improved soil behaved similarly. On the graph S = f(q)
(q—pressure), two segments can be separated, the first 0 to 120 kPa and the second 12 to
320 kPa. In both sections, there is a linear relationship between the pressure q and the
settlement S.

In the first section, the size of the initial deformation at the load level is 0.1 to
0.2 mm. The creep index K (mm), which characterizes the intensity of the deformations, is
determined by the following formula:

K= 860 — 520 /1g (60-20)

which is relatively small—0.3 to 0.37 mm. S is the subsidence at the 60th and 20th minutes.

After reaching the creep limit, the initial deformations increased significantly from
2.5 to 3.2 mm, almost 10 times, and the creep index increased from 1.12 to 2.5 mm, almost
4 to 8 times. In the first section of the test, the deformation modulus calculated on the basis
of test data was 13 MPa, and the deformation modulus considering time was 7 MPa. At
pressures exceeding the yield strength, these numbers are 1.5 MPa and 0.5 MPa.

The average shear strength of the undrained unconsolidated improved soil calculated
based on the results was 0.087 MPa. However, the creep limit value of 135 kPa calculated
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by L. Jiirgenson’s formula [19] is somewhat higher than the 120 kPa determined by the
plate load test.
gy =T - ¢y

gy—creep limit value.
cy—undrained shear strength of soil.

5. Conclusions

Using kukersite oil shale ash to stabilize peat soils has been largely unsuccessful in
studies published so far. However, the current study shows that excellent results can be
achieved when the chemistry of the process is altered. For this purpose, two changes
are necessary:

First, the pH of the mixture must be raised to over 13 to allow the retarding influence
of humic acids to be eliminated.

Second, pozzolanic agents must be added to form the C-5-H phase which binds the
organic fibers together and allows the organic fibers to function as a reinforcement.

Based on an experiment and tests, it can be said that the strength of the test embank-
ment material is sufficient up to pressures of 100 kPa, and the arrangements accompanying
its loading do not pose a threat to transport. The load-bearing capacity can be increased by
using a geotextile, but this needs to be evaluated with corresponding plate load tests.

In any case, the achieved compression strength is sufficient for building roads with
a moderate load capacity, such as roads serving natural reserves or military objects.
The building costs of such roads are several times lower than those using traditional
methods. For full-scale applications, a machine with a continuous mode of operation
must be constructed. A matter of importance is also the significantly lower environmental
impact of this method; the water regime of peat soils remains presumably unchanged, thus
preventing GHG emissions and reducing negative impacts on biodiversity in comparison
with traditional mass-stabilization methods. The tests were planned to be carried out
sequentially in order to reach a satisfactory result with a minimum amount of time, labor,
and material consumption. Each subsequent series of tests was based on the previous
series, on the basis of which a limited number of test samples were selected for further
studies; therefore, the results cannot be summarized.

Author Contributions: Conceptualization, V.P. and J.L.; methodology, E.R.; validation, M.S.; formal
analysis, T.T.; investigation: field and lab testing V.P. and A.L.; XRD/XRF: H.M.; writing—original
draft preparation, J.L. and V.P; writing—review and editing, E.R.; supervision, J.L.; project adminis-
tration M.M.; funding acquisition: T.T. and J.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by project KIK-15401 “Stabilization of soil containing humic
substances in roads with using oil shale ash”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript;
or in the decision to publish the results.



Appl. Sci. 2023, 13, 8366 18 of 18

References

1. Janz, M.; Johansson, S.-E. The Function of Different Binding Agents. In Deep Stabilization; Swedish Deep Stabilization Research
Centre: Linkoping, Sweden, 2002.

2. Zulkifley, M.T.M.; Ng, T.F; Raj, ] K.; Hashim, R.; Bakar, A.F.A.; Paramanthan, S.; Ashraf, M.A. A Review of the Stabilization of
Tropical Lowland Peats. Bull. Eng. Geol. Environ. 2014, 73, 733-746. [CrossRef]

3. Rikmann, E.; Zekker, I; Teppand, T.; Pallav, V.; Shanskiy, M.; Médeorg, U.; Tenno, T.; Burlakovs, |.; Liiv, J. Relationship between
Phase Composition and Mechanical Properties of Peat Soils Stabilized Using Oil Shale Ash and Pozzolanic Additive. Water 2021,
13, 942. [CrossRef]

4. Liiv, ].; Teppand, T.; Rikmann, E.; Tenno, T. Novel Ecosustainable Peat and Oil Shale Ash-Based 3D-Printable Composite Material.
Sustain. Mater. Technol. 2018, 17, e00067. [CrossRef]

5. Arro, H.; Prikk, A ; Pihu, T. Calculation of Estonian Oil Shale and Its Combustion Products’ Composition and Amounts Proceeding
from Heat Value. Oil Shale 1998, 15, 329-340. [CrossRef]

6. Forsman, J.; Dettenborn, T.; Skepast, P.; Mets, M.; Olep, M.; Ellmann, A.; Vallas, I; Tonts, T.; Kontson, K. Full Scale Reinforced
Road Embankment Test Sections over Soft Peat Layer, Voobu, Estonia. In Proceedings of the 13th Baltic Geotechnical Conference,
Vilnius, Lithuania, 22-24 September 2016; pp. 1279-1288.

7. Liiv, J.; Zekker, I; Tamm, K.; Rikmann, E. Greenhouse Gases Emissions and Climate Change—Beyond Mainstream. MOJ Bioorg.
Org. Chem. 2020, 4, 10-16.

8.  Soukand, U. Simultaneous Adsorption of Cd?*, Ni?*, and Pb?* on Peat. Ph.D. Thesis, University of Tartu, Tartu, Estonia, 2011.

9.  Ma, C,; Chen, B.; Chen, L. Effect of Organic Matter on Strength Development of Self-Compacting Earth-Based Construction
Stabilized with Cement-Based Composites. Constr. Build. Mater. 2016, 123, 414—423. [CrossRef]

10. Koroljova, A.; Talviste, P. Polevkivi Lendtuha Taaskasutamine Hiidraulilise Sideainena Pehmete Pinnaste Tugevdamisel IV; Eesti Energia:
Tallinn, Estonia, 2018.

11. Talviste, P.; Kirsimde, K. Polevkivi Lendtuha Taaskasutamine Hiidraulilise Sideainena Pehmete Pinnaste Tugevdamisel II; Eesti Energia:
Tallinn, Estonia, 2018.

12. Talviste, P; Kirsimée, K. Polevkivi Lendtuha Taaskasutamine Hiidraulilise Sideainena Pehmete Pinnaste Tugevdamisel I; Eesti Energia:
Tallinn, Estonia, 2018.

13. Reinik, J; Irha, N.; Koroljova, A.; Meriste, T. Use of Oil Shale Ash in Road Construction: Results of Follow-up Environmental
Monitoring. Environ. Monit. Assess. 2018, 190, 59. [CrossRef] [PubMed]

14. Teppand, T,; Escuer, O.; Rikmann, E.; Liiv, J.; Shanskiy, M. Timber Structures and Prefabricated Concrete Composite Blocks as a
Novel Development in Vertical Gardening. Sustainability 2022, 14, 14518. [CrossRef]

15. Blonska, E.; Lasota, J.; Tullus, A.; Lutter, R.; Ostonen, I. Impact of Deadwood Decomposition on Soil Organic Carbon Sequestration
in Estonian and Polish Forests. Ann. For. Sci. 2019, 76, 102. [CrossRef]

16. Mets, M. Aja Moju Arvestamine Plaatkoormuskatsel. In Ehitusgeoloogia Kogumik III; Valgus: Tallinn, Estonia, 1976.

17.  Mets, M. Iseloomulike Punktide Meetod. In Ehitusgeoloogia Kogumik V; Valgus: Tallinn, Estonia, 1991.

18.  Ashby, M.F; Abel, C.A. Materials Selection to Resist Creep. Philos. Trans. R. Soc. Lond. Ser. A Phys. Eng. Sci. 1995, 351, 451-468.
[CrossRef]

19. Jurgenson, L. Dock Foundations on Soft Clays; Massachusetts Institute of Technology: Cambridge, MA, USA, 1929.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10064-013-0549-5
https://doi.org/10.3390/w13070942
https://doi.org/10.1016/j.susmat.2018.e00067
https://doi.org/10.3176/oil.1998.4.03
https://doi.org/10.1016/j.conbuildmat.2016.07.018
https://doi.org/10.1007/s10661-017-6421-5
https://www.ncbi.nlm.nih.gov/pubmed/29305722
https://doi.org/10.3390/su142114518
https://doi.org/10.1007/s13595-019-0889-9
https://doi.org/10.1098/RSTA.1995.0046

	Introduction 
	Materials 
	Peat Soil 
	Oil Shale Ash 
	Silica Fume 
	Other Reagents 
	Bog Water 

	Experimental Procedure 
	Initial Lab Tests 
	Initial Field Tests 
	Construction of Test Roads 
	Mechanical Testing of the Specimens 
	Uniaxial Compression Tests 
	Shear Strength Tests 
	Compressibility Tests 

	XRD/XRF Measurements 

	Results and Discussion 
	Initial Lab Tests 
	Simulation of the Natural Conditions in the Lab 
	Initial Tests in Nature 
	Mechanical Testing of the Specimens 
	Investigation of Properties of Test Roads 

	Conclusions 
	References

