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Abstract

Construction of road embankments or other infrastructures on soft peat is a challenge.
The main problems are high compressibility and rather low undrained shear strength of
peat. Mass stabilization provides a solution to improve the properties of a peaty subgrade.
Mass stabilization is a ground improvement method, where hardened soil mass is cre-
ated by adding binder into soil and by controlled in situ mixing. Mass stabilization poses
an alternative solution for conventional mass replacement or other techniques, which
leave peat in place. The chapter deals with mass stabilization of soft peat soil. Specific
attention is paid to design, research and construction considerations, and experience
obtained during last three decades. Peat properties before and after stabilization, design
methods including pre-testing, stabilization technique and machinery, quality control
methods and practices, binder technology, long-term performance of mass stabilized
peat, environmental effects, feasibility, applications, and limitations are all presented
and discussed in this chapter. The long-term observations (during the last 25 years) have
shown that the strength of stabilized peat has continued to increase in average 1.6 times
from the strength of 30 days. Therefore, mass stabilization has proven to be a flexible
ground improvement method for peat layers with maximum thickness of 8 m.

Keywords: peat, soil properties, mass stabilization, deep mixing, ground improvement,
design, execution, long-term performance

1. Introduction

Design and construction of road embankments on soft, compressible, peaty and organic soils
is a demanding task for the geotechnical engineer. The primary challenges include the high
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compressibility of the peat deposit together with very low undrained shear strength [1, 2].
Traditionally, there are three common solutions for foundation engineering in peat areas:

1. Total removal of peat and replacement with imported, inorganic aggregate fill.
2. Leaving peat in place and using soil improvement methods.

3. Transfer load through the peat layer via piles or columns to lower, load-bearing soil layers.

A visual concept of the various methods available is presented in Table 1. Improvement method
(a), mass replacement of the peat units with inorganic, compacted fill material, is not treated
in detail in this document. Methods that leave the peat in place, presented as method (b) in
Table 1, can be generally divided into four groups of techniques in which the peat layer is used
as a load-bearing layer. Those techniques are (1) pre-compression, (2) reinforcement, (3) load
modification, and (4) deep stabilization (deep mixing). Piling, which is presented as method
(c) in Table 1, is not considered a peat treatment methodology because the entire embankment
load is transferred to underlying bearing units, and thus no load is applied to the untreated or
treated peat.

(a) Mass replacement Excavation and replacement
Mass exchange by squeezing
Deep compaction
(b) Pre-compression Preloading
Surcharging
Staged construction
Reinforcement Synthetic georeinforcements
Geocell mattress
Timber grillage
Load modification Lightweight fill (LWA, EPS, ...)
Counter berm
Profile lowering
Deep stabilization For the whole peat layer (Figure 1a)
(deep mixing) To a given depth (Figure 1b)
Combination of mass and column stabilization (Figure 1c)
(c) Piles Piles and concrete slab (concrete or steel piles)
Pile caps and georeinforcement (concrete or steel piles)
Wooden piles and georeinforcement

Columns Stone columns

(a) Peat replacement techniques, (b) peat left in place techniques, and (c) embankment load on
supporting piles or columns.

Table 1. Ground improvement technologies at peat areas.
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Deep stabilization (deep mixing) methodologies encompass a number of methods applied to
stabilize peat masses in situ. Of these, the mass stabilization method is one of the commonly
applied methods. Mass stabilization is taken to mean a ground improvement method in which
added binder is mechanically mixed into the soil mass to harden and improve its engineering
characteristics. The mass stabilization method presented in this paper was invented in Finland
in the early 1990s and subsequently has been utilized in more than 30 countries. Mass stabiliza-
tion reduces settlement, improves bearing capacity and stability, and supports slopes and exca-
vations in soft soils. To achieve all of these targets in diverse applications, a significant amount
of academic and industrial research, knowledge, and experience concerning stabilization of peat
has been analyzed and subsequent collected into manuals and various other publications. Most
completed stabilization projects have been successful; however, some negative outcomes have
also been observed. Case studies of failures have been highly instructive also and have demon-
strated the limitations of the method and highlighted areas requiring additional development.

Mass stabilization may be applied to a broad range of geotechnical engineering projects,
including roads (illustrated in Figure 1), streets, railroads, municipal engineering, harbors,

a)
P
e
b)
Column stabilization Clay
c)

Figure 1. Mass stabilization (a) in lower level of soft soil layer, (b) mass stabilization to a designed target depth, and
(c) combination of mass stabilization and column stabilization [3].
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landscaping sites, flood protection, industrial sites, and commercial areas. Simple machinery
(excavator with mixing tool, binder feeder, binder tank) and fast production rate allows for
cost-effective application in comparison with traditional methodology. Additionally, environ-
mental considerations favor the use of mass stabilization, because in situ techniques diminish
the need to excavate and transport the peat, thus reducing carbon emissions from the peat
deposit. The in situ technique binds the embedded carbon dioxide within the peat unit and
reduces the production of methane and nitrous oxides. While the technique allows to keep
drainage at high level (peat is not drying), the carbon dioxide equivalent release will stay low.
The laboratory tests of Duggan et al. with stabilized peat indicate that stabilized peat not only
holds its carbon but also the binder used seemed to uptake CO, both from the atmosphere and
the peat [4]. These carbon emission reduction factors are expected to be significantly greater
than the CO, emissions associated with the production of binder materials.

The intent of this chapter is to promote and encourage the use of mass stabilization techniques
to improve peaty soils by highlighting project experiences and positive outcomes observed
over several decades. These experiences have developed confidence in this cost-efficient and
environmentally friendly method.

2. Engineering properties of peat

2.1. Classification of peats

Peat consists of organic material in various degrees of decomposition; it may contain residual
vegetation or be wholly decomposed and amorphous. Peatlands occur throughout the world
in environments in which vegetation does not fully decay, because the conditions are acidic
or anaerobic. The partly decayed material accumulates and retains water, creating peatland
areas [5]. Finland has the highest proportional area of peatlands (33.5%) in the world [6],
which measured mean peat thickness of 1.4 m [7]. The deepest peatlands are situated in
Southern Finland, where peatlands have typical depth of 4-6 m [8].

Von Post developed a classification system for peats in 1922, based on the degree of decompo-
sition and including 10 separate categories [9]. In recent years, simpler classification systems,
which refer on the structure of the peat, have been created by Radforth [10] and Landva [11].
These systems are generally considered to be more useful in geotechnical engineering, because
they related mechanical properties to the structure. The recent European Standard SFS-EN
ISO 14688-1 specifies that peat deposits can be classified based on the degree of decomposi-
tion. The classification test is comparatively crude, utilizing a visual-manual classification via
a hand squeezing test. Peat is classified into three categories in SFS-EN ISO 14688-1 standard
[12]: (1) fibrous, (2) pseudo-fibrous, and (3) amorphous.

Stratigraphically, peat layers are most often the uppermost soil layer [5]. Fibrous peat forms
the uppermost layer, and the peat mass typically transitions toward the completely amor-
phous phase in the lowest part of deposit [2, 13]. The measured pH value for Finnish peats
varies between 3.7 and 5.8, for example [13, 14].
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2.2. Sampling and testing

Peat presents a challenge for testing because it is difficult to obtain representative, undisturbed
samples for testing. Often larger samples are used and testing methods are adapted to accept
the larger specimen size; examples of modified test protocols include the Rowe cell test [15]
for oedometer (settlement) testing and large shear box test [13] for shear strength evaluation.
Traditional difficulties in sampling and testing explain the comparatively limited engineering
data available for peats. Additionally, peat units are heterogeneous due to their history and
evolution and known variation in structure as noted above; as a result, peat layers typically
exhibit clear and significant anisotropy. For example, Helenelund [16] reported that compres-
sion strength is approximately equal in the vertical and horizontal direction, but the tensile
strength was clearly larger (nearly five times) for horizontal direction. Additionally, Ahonen [15]
reported for fibrous Veittoistensuo intact peat samples that tested in horizontal friction angle
was 17° and vertical 20° degree. The corresponding cohesion values were 7 and 0 kPa, respec-
tively, for Veittostensuo fibrous peat. Fibrous peat also exhibits some degree of tensile strength.

2.3. Water content

Peat water content is typically high and varies considerably; common water content values of
Finnish peat vary between 500 and 2000%. Typically, fibrous peats have higher water content
than amorphous peats [1, 2]. In Finnish peats, the observed values for Leteensuo peat [13] var-
ied between 300 and 1000% for pseudo-fibrous and 400-650% for amorphous peat. Ronkainen
[17] reports that the mean water content for Finnish peats is 710% and median 673% (N = 172).
Consistency limits (Atterberg limits) can be defined for amorphous peat, but not for fibrous [17].

2.4. Density

The in situ bulk density of natural peats varies depending on its water content. For amorphous
peat, bulk density can be up to 1200 kg/m?, while for an unsaturated fibrous peat including
wood debris, density may be as low as 600 kg/m?®. The density is higher if inorganic miner-
als are present. The specific density is typically between 1.5 and 1.8 kN/m? [2]. According to
Ronkainen [17], the unit weight of mean and median is 10.3 kN/m? (N = 159).

2.5. Permeability

The permeability of peat depends on its morphology and may vary significantly. The per-
meability of an unloaded peat lies typically between 10 and 107 m/s [17]. When peat is
loaded and has compressed, its permeability decreases. Carlsten [18] reported values around
10® m/s for compression degree of 60%, and Munro [19] reported values as low as 10 m/s.
Deformation properties of natural peat are a very important consideration because the pri-
mary consolidation of peat is significant and permeability changes rapidly with consolida-
tion. The secondary compression of peats is essentially linear and progresses indefinitely, but
in any case rate of compression decreases over time and will reach an end state at an inde-
terminate point after loading [20]. Jelisic [21] observed in laboratory conditions that approxi-
mately 90% of primary compression occurred during first 1-2 hours, with measured vertical
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compressive strain of approximately 60% under 80 kPa vertical load. Carlsten [5] observed a
connection between water content, loading level, and deformation. Van den Haan and Kruse
[22] cited the isotache model (originally developed by Leroueil et al. [23]) as a reliable method
to evaluate settlements including both primary and secondary phases. The isotache model
depends on the OCR and density of the peat.

2.6. Influence of mineral content

In addition to the influence of water content and degree of decomposition, measured strength
parameters depend also on the mineral content of the peat. In general, increasing water
content and degree of decomposition tend to reduce the strength characteristics of a peat,
while increasing inorganic mineral content has the opposite effect and tends to lead toward
increased strength [24].

2.7. Undrained shear strength

The undrained shear strength of normally consolidated fibrous peat may range between 6 and
7 kPa [19]. Forsman [25] reported that in Leteensuo-swamp the undrained shear strengths defined
with vane test have varied between 5 and 30 kPa, with majority of results occurring between
10 and 15 kPa. In peat material, the strength is not usually increasing as a function of depth as
is common for clays, because self-weight is so small. It is possible that the strength is actually
decreasing in deeper layers, where the more amorphous peats are laying [19, 26].

3. The effect of mass stabilization on peat properties

The goal of the mass stabilization is to improve the geotechnical engineering performance of
a soft subgrade (e.g. peat) by using an admixed binder agent. Mass stabilization significantly
alters the geotechnical characteristics of soils and particularly peats. The target shear strength
in mass stabilization generally varies between 40 and 70 kPa, being rarely more than 100 kPa.
Many factors, such as peat properties, binder recipe (type and quantity), curing time, tempera-
ture, preloading level, and time, affect the result of the mass stabilization process and its rate of
change. Mass stabilization changes the index properties of peat (i.e., water content, bulk density,
pH, etc.), its strength and deformation properties, and water permeability [3]. Figure 2 illus-
trates the effect of mass stabilization on the unconfined compressive strength and deformation.

Veittostensuo-swamp is located in South-Eastern Finland, and its characteristics are generally
considered to be broadly reflective of typical Finnish peats. Veittostensuo was the first mass
stabilized peat area, which was studied carefully, and therefore a significant body of research
exists. These studies have informed the development of the mass stabilization process, bind-
ers, and quantities. The following paragraphs present selected results from the Veittostensuo
peat stabilization studies.

The data obtained from Veittostensuo test studies include several laboratory test series, for
example [15, 28], to develop binder material, addition rate, and results of field tests series, for
example [24]. The strength in the field was defined using various sounding methods; more
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Figure 2. The impact of mass stabilization on strength and stiffness of soft soil [27].

details are presented in Section 8 and by Piispanen [24]. The thickness of peat varied between
2.2 and 3.5 m, with the fibrous upper part comprising the upper 1.2-2.4 m thick layer [28].

3.1. Initial neutralizing effects

Stabilization proceeds such that the binder agent first neutralizes the soil, and thereafter,
additional binder introduced creates the desired stabilization effects. Janz and Johansson [29]
and Babasaki et al. [30] have suggested that there is a minimum threshold value for binder
agent, after which the strengthening reactions start. It is understood that initial addition of
an alkaline binder first neutralizes the soil, and only after this buffering process can bind-
ing begin. In previous Veittostensuo case studies, the amount of binder utilized has clearly
exceeded the minimum threshold value and the stabilization has succeeded.

3.2. Long-term pH trends

During stabilization of the soil units, the pH value of stabilized peat increased from the mean
initial value of 4.6-12.5 during the first year. The long-term pH values have decreased to an
average pH of 11.5 [24]. The value after the first year is still clearly high enough to demonstrate
that the hardening is permanent. The reason for decrease in pH is thought to be the result of
inflowing water from the non-stabilized part of the swamp and corresponding increase of
water content. This conclusion is supported by observed decrease in water content during the
stabilization process and subsequent increase in time elapsed after stabilization. In this case,
the measured water content of peat decreased from original values of 1170-1670% (note that
the amorphous peat had higher values) to approximately 170% after 1 year and subsequently
increasing to average value 270% after a period of 23 years [24]. While the peat is assumed to be
tully saturated, the increase was thought to mean that the peat is swelling and taking in addi-
tional water. Settlement monitoring has revealed, however, that settlement continued from
first year to 23 years, and measured strength has increased, thus implying that no swelling has
occurred. Therefore, it is considered more likely that during the stabilization process the water
content has decreased sufficiently that the soil is only partly saturated because at least some
of the pore water has been bound to the dry solid binder during the stabilization chemical
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Property (a) Intact peat (b) Age 1 day to 1 year (c) Age 1-23 years

pH 4.5-4.7 [33] (1) 12.5-12.8(2) 12.2-13.2 (1) 11.3-12.2(2) 11.7-12.3
[24] [24]

W (w-%) 1170-1470 [15] (1) 160-210(2) 110-190 (1) 230-370(2) 200-260
[24](1) 170-200(2) 100-190  [24]
(34]

Unit weight (kN/m?) 7.9-16.3 [33] 10.4-15 [31](1) 11.3-12.3(2) -
10.9-2.7 [34]

Specific weight (t/m?) [33] 1.66-1.69 - -

Void ratio, e (=) [15] 18.3-22.2 - -

Permeability, k (m/s) [24] 107 10°-10% -

Compression index C_ (-) stress level 7.5-9.3 0.11-0.13* -

40-80 kPa [15]

Efficient cohesion ¢’ (CIDC, kPa, strain 1-6 [15] (1) 30-512(2) 54-100 [15](1) -

15%) 46-84(2) 37-49 [34]

Effective friction angle ¢’ (CIDC, °, strain ~ 19-20 [15] (1) 21-22(2) 22-35 [15](1) -

15%)

Undrained shear strength (kPa)

Elastic modulus E, (CIDC, kPa), strain

1.5%

Bulk modulus K, (CIDC, kPa) [15]

Poisson’s ratio v’

Compression modulus, M [15] stress level

40-80 kPa (kPa)

Coefficient of consolidation, c_ stress level

10-80 kPa (m?/a)

Coefficient of creep, C_ stress level

40-80 kPa

Thermal conductivity (W/mK)

7-20(vane test)
(28]

1000-1900 [15]*

0.36-0.4 [33]

100*
0.9-19.3 [15]
0.44-0.55 [15]

oedometer

0.39 [32]

29-30(2) 37-41 [34]

(1) 50-100(2) 70-150 (vane
test) [31]

(1) 5100-8000(2) 7200~
12,200 [15](1) 1700~7900
[34]

(1) 8000-11,500(2)
9500-17,800

(1) 0.1-0.21(2) 0.1-0.20 [15]

(1) 4300(2) 4000

(1) 640-3300 (Taylor) [15]

0.013field [24]

0.20-0.57 [32]

(1) 70-100(2) 50-150 (vane
test) [33]

0.037field [24]

*The presented values are the minimum and maximum values of laboratory tests for fibrous, amorphous intact peat and

stabilized peat.

(1) Binder mixture of Finnstabi (including gypsum) and rapid cement 50% + 50%, 250 kg/m?.

(2) Binder mixture of rapid cement and blast furnace slag 50% + 50%, 300 kg/m?>.

Table 2. The literature values of properties of non-stabilized (a) and stabilized (b, c) peat including references (Veittos-

tensuo, Finland).

reaction. The dry mixing process also adds some air to the soil via the use of compressed air
injected in to the mass [31]. In any event, observations of the peat units over the long term

indicate that the saturation degree of the stabilized peat increases slowly over the long term.



Mass Stabilization as a Ground Improvement Method for Soft Peaty
http://dx.doi.org/10.5772/intechopen.74144

3.3. Binders

Ahonen [15] used two different binders in his preliminary laboratory tests: (1) a mixture of
Finnstabi® (including gypsum) and rapid cement mixed in the ratio of 50%/50%, addition
rate of 250 kg/m® and (2) mixture of rapid cement and blast furnace slag mixed in the ratio of
50%/50%, addition rate of 300 kg/m?’. These same binders and amounts were chosen for the
execution. The target shear strength for the peat was 50 kPa [28].

3.4. Deformation and strength properties

Ahonen [15] performed the oedometer test with Rowe cell (¢ = 254 mm). The tests were
started right after stabilization, and it was observed that in the beginning peat compressed
12-17% with the first loading step of 5 kPa. When the binding process started, the settle-
ments practically ended, starting only after the loading exceeded 80-160 kPa, resembling the
behavior of clays with pre-consolidation pressure. For intact peat, it is impossible and useless
to define pre-consolidation pressure, because primary consolidation starts immediately after
application of load. The deformation parameters decreased such that, for example, the com-
pression index for stabilized peat was less than 10 times smaller than that of intact peat. The
consolidation rate (coefficient of consolidation) on the other hand increased significantly [15].
Additionally, it is important to observe that post-stabilization creep rate was effectively zero.

Mass stabilization brought remarkable increase in both effective and undrained strength val-
ues [24, 31] although not as significant as were the increase in deformation properties [31]..

The field studies of Huttunen et al. [32] utilizing a thermal needle probe showed that thermal
conductivity of the stabilized peat after 1 year varied between 0.20 and 0.57 W/mK, and the
average was nearly the same as for intact peat 0.39 W/mK. This result means that stabilized
peat, like intact peat, forms a thermal insulation.

In situ saturation degree of stabilized soil varies over long period, depending on the water
absorption capacity and the permeability of the stabilized soil [31]. Incomplete saturation
produces matrix suction, which leads to an increase in the undrained strength.

Table 2 presents observed geotechnical properties of peat in Veittostensuo case also as a func-
tion of time. The presented values are the minimum and maximum values of laboratory tests
for fibrous, amorphous intact peat and stabilized peat. Estimated values have been defined
from the test result diagrams; therefore, they are not exact values, rather giving a magnitude
of the property. The mass stabilization mixed the peat layers therefore the values of fibrous or
amorphous peat has not been specified in Table 2.

4. Mass stabilization applications and technique

4.1. Applications

Mass stabilization can be used in versatile applications as a ground improvement method and
as a processing method for low-quality soils. Applications include [3]:
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* roads, streets, and railways;

* municipal engineering;

* harbors and sea routes (fairways);

¢ landscaping sites (e.g. parks);

* environmental protection structures;
¢ industrial and commercial areas;

* housing construction areas; and

e flood protection.
Mass stabilization can be executed in the following ways [3]:

* Full penetration depth through the whole thickness of soft soil layers (Figure 1a).
¢ Partial penetration to a given depth (i.e. a “floating” structure, Figure 1b).

¢ Optimized as a combination structure—mass stabilization on top of column stabilization
(Figure 1c)

In full depth mass stabilization, an almost non-settling ground improvement result can be
achieved. In the case of partial mass stabilization to a given design depth, compressible soil
layers are left under the stabilized zone. In this case, settlements will occur, yet the load
induced by the embankment is distributed via mass stabilized layer to the lower layers, thus
evening out the settlements and reducing differential settlements. The stress caused by the
new structures affects the magnitude of these settlements. Settlements may be significant, if
the applied stresses exceed the pre-consolidation stress of the lower soil layers.

Column stabilization carried out under mass stabilization reduces the settlements of the soft
soil layers underneath mass stabilization. Additionally, this method improves the stability
of the embankment by impeding the formation of a slip surface. Most commonly, the com-
bination of mass and column stabilization is used in cases when peat or mud constitutes
the uppermost soil layer, because the column stabilization method alone would not pro-
vide sufficiently strong columns for the upper part. Mass stabilization can also be used as a
working platform for stabilization machinery in the areas with particularly weak subgrade
conditions.

4.2. Technique

The principle of the mass stabilization method is presented in Figure 3 and field photographs
of mass stabilization implementation in Figure 4b. With the current equipment, the mixing
tool attached to an excavator allows the execution of stabilization to depth of 7-8 m under
favorable conditions. The optimal stabilization depth is typically in the range of approxi-
mately 3-5 m. However, thinner layers can also be mass stabilized. Commonly used mixing
tools are presented in Figure 4a.
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In the “Nordic stabilization method,” mass stabilization is carried out by using the dry tech-
nique, i.e. addition of dry binder or binder mixture. Wet mixing technique (alt. “slurry”), in
which the binder is premixed with water before pumping and mixing to soil layer, can be
used as well. It is noted in any case that the “wet method” requires an alternative type and
design of feeder than the “dry method” and additionally demands significantly higher binder
addition rate. This article deals only with mass stabilization with dry method.

The soft soil layer is commonly mixed to “pre-homogenize” the unit prior to injection of the
binder. This process is intended to create a uniform pre-stabilization soil mass and thus a pre-
dictable and consistent result. A pressure feeder injects the binding agent (one or two binders,
or a binder mixture) through the hose of the mixing tool. The rotating drums mix the binding
agent into the ground and homogenize simultaneously the mixed mass. Mixing is executed
by moving the mixer unit vertically and laterally from the surface to the desired depth. The
reach of an excavator determines the progress of stabilization work. The work area is com-
monly divided into blocks, or areas, of equal size depending on the site geometry. Typically,
the size of a block is between 3 and 5 m? and the work proceeds from block to block. The
working capacity of a mass stabilization system depends on the soil material, but in general
it varies between 50 and 200 m® of stabilized soil per hour and per mass stabilization unit [3].

To account for and counteract the natural loosening of the soil mass produced by mixing and
air injection, a preloading embankment of 0.5-1 m height is constructed above the stabilized
soil to promote hardening of the mass stabilized soil beneath the ground surface. The pre-
loading embankment can be raised in stages after some hardening has happened to achieve a
target final design level. However, regardless of site leveling objectives, experience indicates
that the preloading embankment is indispensable to ensure the consolidation of the stabilized
material during the hardening process (cf. curing of cement). The target strength of the mass
stabilization is typically achieved in a period of 1-3 months [3].

PF Pressure Feeder

Mass stabilised peat,
mud or soft clay

R

r

3-5 meters Preloading embankment ~ Geotextile
(reinforcement)

Figure 3. Mass stabilization equipment. Elements, such as a mixing unit, pressure feeder, and the control and data
collecting unit, are attached to the excavator ([35], modified).
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Figure 4. Mass stabilization mixing tool (a) [36]. Mass stabilization work ongoing at temperature -12°C (b) [photo Heikki
Héamaladinen)].

5. Mass stabilization binders

5.1. Binders

All mass stabilization projects utilize a binder, or chemical stabilizing agent, that reacts with
the peat mass to change its strength and deformation properties. During the mixing and cur-
ing process, other soil properties, such as water content, degree of saturation, and perme-
ability, are also altered [33]. As a result of the ground investigation and laboratory testing
programmes, the quantity and quality of the binder are optimized to achieve target properties
with minimal investment.

The chemical reactions involved in the hydration of different types of cement or lime and pro-
cesses involved in soil stabilization using a variety of binders have been described and discussed
thoroughly, for example in the thesis of Ahnberg [31]. The reactions generated when mixing
various binders with soil vary by process, intensity, and duration, but in general, exhibit many
similar characteristics. Hydration process will start after the binder is mixed in to the soil. Fly ash
and slag can need a binder activator. Ahnberg indicates that some reactions may involve directly
starting cementation. Some other may lead to further reactions with the soil and its minerals [31].

Up to approximately 70% of the unit price of mass stabilization can be dependent on the
price of binder. Cement is the most commonly used binder in mass stabilization. Alternative
solutions like industrial by-products are favored since cement is relatively expensive and it
has considerably high carbon footprint [27]. The replacement of cement with binders based
on industrial by-products (e.g. fly ash, oil shale ash, furnace slag powder, and gypsum) in the
stabilization of peat has been studied widely both in the laboratory and in the field. The aim
of using industrial by-products is to produce a positive impact on the technical and environ-
mental quality of the stabilized masses, as well as to diminish the cost of the binder mixture.
The environmental acceptability is evaluated by testing leaching of contaminants from the
stabilized material in the laboratory. The results of the tests provide good reasons for the use
of fly ash-based binders in the mass stabilization of peat [3, 37].

There are some general guidelines for the correct binder solution to a given peat stabiliza-
tion project, based on laboratory tests and field stabilization. In the guidebook EuroSoilStab
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[38] cement, cement+gypsum or cement + furnace slag are presented as generally suitable for
stabilization of Nordic peat units. Additionally, cement + oil shale ash has proven to be a very
effective binder mixture for Baltic peat [24]. Huttunen and Kujala observed in their feasibility
study that fibrous peat is easier to stabilize than amorphous and that the parent plant type
significantly influences the stabilization process [34]. Later, more comprehensive research has
indicated that peat is a complex material and these arguments may be oversimplified.

In general, it is possible to mix the treated peat layer with various subcomponents such as
additional aggregate materials, for example, sand or clay, in addition to the binder materials.
Prior to the actual stabilization, these components are spread on the harrowed peat surface
to be premixed with excavator to peat layer and mass stabilized. These components are then
admixed into the soil either during pre-homogenization or mixing. That procedure improves
the final result of mass stabilization [3].

In Finland, an environmental permit is needed for the use of by-product or waste material-
based binders such as fly ash in mass stabilization, in the event that the product is not com-
monly utilized as a binder product and CE-marked or otherwise authorized for this use by a
regulatory authority. Waste materials carry a high disposal tax (70 €/t as of 1.1.2016 in Finland)
in the event that they are not utilized; as such, the producers of these types of waste materials
are motivated to offer their material as stabilization binder [27].

In response to industry demand, in 2006, the Finnish Ministry of the Environment has
prepared the “Government Decree on the recovery of certain waste in earth construction.” The
objective of this decree is to promote the recovery of waste by specifying conditions, which, if
complied with, mean that the use of waste referred to in this decree in earth construction will
not require an environmental permit in accordance with the Environmental Protection Act
(527/2014). A new version of this decree is expected to become valid 2018, and more materials
and applications (like use as a stabilization binder) are included in the new version [39].

5.2. Stabilization tests

Stabilization laboratory tests are used to define the technically and financially most competi-
tive options, of which is then chosen the most suitable solution for the site in question [38, 40].
Sometimes, for example with contaminated soils, environmental qualification properties also
affect the choice. The objective of the research is to ascertain the quality properties of the final
product and to select the most applicable binder and the optimal binder amount.

The determination of the material properties to be achieved through stabilization process is
carried out with sufficient accuracy to allow development of reliable geotechnical dimension-
ing (stability and settlement) and plans. For the needs of the design, it is important to know
material variations in the area of concern and their impact on the results of stabilization and
the speed of strength development [3].

After mixing binder into the peat in the laboratory, the stabilized mass in the cylinders is pre-
loaded with a vertical load (usually 18 kPa). Under the loading, the stabilized peat compresses
substantially over the curing period, particularly during the early stages of curing. The mass
compacts and water exits from it due to the compression. The effect of preloading on the achieved
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strength is significant. Based on previous experiences, the achieved strength of preloaded speci-
mens has a much better equivalence to the stabilization strengths measured in actual site condi-
tions, as opposed to the strength of specimens when preloading has not been applied [3]. The
tests also give approximate knowledge concerning the anticipated magnitude of compression of
the stabilized peat layer. By varying the magnitude of the preload used in the laboratory tests, it
is also possible to estimate the effect that a possible preloading embankment could have on the
strength development or settlement behavior of the stabilized peat. The properties to be defined
from the laboratory-made hardened specimens shall at the very least include the compressive
strength and Young’s modulus E (E, ) from unconfined compression tests [3, 40].

In demanding sites, it is recommended that the strength parameters and deformation prop-
erties of the stabilized soil should be determined using triaxial shear tests. The triaxial test
enables better imitation of the prevailing load conditions and deformations taking place in the
ground than the unconfined compression test [3, 40].

The strength of a laboratory-made stabilized test sample is usually higher than the strength
of a corresponding material from the field, and thus a correction factor may be applied. This
factor T, /T, praiory 1 Dased on experience, and if there is no earlier experience, it can be neces-
sary to perform test stabilization.

At present, there are no EN standards for the stabilization tests, but some national guidelines
exist (e.g. in Finland [40] and in Sweden [41]), and in addition, an unofficial European guide-
line for stabilization in EuroSoilStab guidebook has been published [38].

6. Stages of project and execution

6.1. Project

The main stages of a mass stabilization project are as follows [3, 38, 42]:

¢ collecting initial information and data;

feasibility study;

* initial site investigations and design including initial stabilization tests in laboratory;

¢ dimensioning and actual stabilization tests in laboratory;

¢ design, technical drawings, work specifications, quality assurance plan;

e competitive bidding;

e stabilization works and quality control; and

¢ follow-up quality control and reporting

The first, preliminary evaluation of the applicability of mass stabilization as a soil improve-

ment solution at a given site can normally be done with comparatively incomplete initial data,
assuming there exist previous experiences of deep stabilization from the area in question [3, 40].
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The more unfamiliar the ground conditions are, the more initial data are needed for even the
preliminary technical and economical evaluation. The important part of the “feasibility study”
is to find out whether the site is suitable for mass stabilization work. In this phase, the following
issues need to be investigated [3]:

* rocky fill layers, previous failures, etc.

* hard soil layers in the zone to be stabilized,

* pipelines, underground cables, etc.,

* existing structures (e.g. piles, timber grillage, etc.),

* climate condition (flood, drought, frost, etc.),

* accessibility of the site (roads for transportation of machinery and binders), and

e geographical location (distances, interest of contractors).

Geotechnical design and analysis sets the target strength for the mass stabilized layer, and the
binder recipe is developed in order to comply with the strength requirements. In the case of
“demanding” soils, where it is challenging to achieve satisfactory hardening of the stabilized
layer, the target strength is established on the level which can be obtained with the use of a rea-
sonable binder amount (e.g. the target that may be achieved with a reasonable price per cubic
meter of mass stabilized soil). The design calculations commonly carried out in the process of
designing a mass stabilized structure include stability and settlement calculations. In stabil-
ity calculations, the mass stabilized layer is assumed to be an elastoplastic soil layer and the
uncertainties of the results of the homogenization must be taken into consideration. The settle-
ment of a mass stabilized layer has to be calculated at least in two phases —during hardening
under the compaction embankment and after hardening under the final embankment [3].

6.2. Execution

Mass stabilization is executed according to plans, which might be updated and/or comple-
mented during the progress of work. Mass stabilization projects require creation of a target-
specific work organization plan, which describes how the work should be carried out in practice
and how the contractor should demonstrate the obligatory quality assurance and quality con-
trol tasks. Stabilization work can be roughly divided into the following stages in the procedure
where the mass stabilization equipment is working on the compaction embankment [3]:

1. Topsoil removal.

Removal of objects that disturb stabilization works and leveling of the area.

Marking of stabilization areas and blocks.

Ground level measurements.

Stabilization work (=mixing binders with sub soil).

AU

Construction of compaction embankment.
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7. Quality control of the stabilized layer.

8. Quality control and follow-up of the stabilized area.

In some cases, the procedure is altered, and the working platform is constructed straight
against cleared subsoil and the stabilization machine is working over platform mixing the
platform material to the subsoil before adding and mixing of the binder agent.

The following preliminary works are required to be done at the area to be stabilized: har-
rowing and clearing of trees, bushes, stubs, and roots and removal of fills, structures, or
materials that would make the stabilization works either difficult or impossible to execute.
The drainage of the area has also to be arranged in the cases where there is open water over
subsoil [3].

The location of the stabilization grid is set out before the launch of stabilization. Before the
production of the actual stabilization takes place, it is possible to execute a trial area. Trial
stabilization makes it possible to check the designed binder and binder amount so that the
required design strength can be reached. Usually, the actual production stabilization is started
directly after the trial phase is done. Since every stabilization project is unique, stabilization
work always needs to be designed on a case-by-case basis [3, 40].

During the binder feeding and mixing, the stabilized soil layer becomes loosened. The com-
pacting embankment is normally constructed over blocks after binder injection and mixing
to ensure compaction and consolidation of the stabilized layer and to enable the excavator
to move on into the site (Figures 3 and 4b). This also allows for a faster start of reactions in
binder and the removal of surplus air and water from the mass stabilized structure. In cases,
when column stabilization is made under peat layer before mass stabilization of the peat layer
(Figure 1c), the working platform is constructed straight against harrowed subsoil surface
before column and mass stabilization. After column stabilization, the platform material is
mixed to subsoil during or before binder injection and mixing and, after mixing, a primary
compaction embankment has been constructed over blocks. The thickness of the primary
compaction embankment is normally 0.5-1 m [3].

The following standpoints relating to the equipment and the construction site should be con-
sidered while the stabilization work is underway [3, 40]:

* weather conditions/temperature;

* the room reserved for the equipment at the site;

¢ changes in the ground conditions;

* how the binder(s) will be delivered and stored at the site; and

¢ preliminary curing of the layer to be stabilized how it affects the progression of the work.
Executing the stabilization in winter conditions is possible, but very harsh cold delays the

curing process. In Finland, mass stabilization has been carried out even in the really low tem-
peratures of —20 to -30 °C, but this is generally not recommended. If the ground is frozen, it



Mass Stabilization as a Ground Improvement Method for Soft Peaty
http://dx.doi.org/10.5772/intechopen.74144

might be necessary to use a drop hammer to enable excavation works. This will reduce work
efficiency and make the hardening time longer.

6.3. Quality control QC/QA

Mass stabilization design documentation sets objectives and requirements for binder, stabili-
zation work, and the final structure. The contractor keeps a record of fulfilling the objectives
and requirements concerning stabilization work. The quality of stabilized layer is compared to
the requirements set by the design [3, 35, 39]. The extent and methods of performance testing
of QC/QA shall be defined in the plans and specifications for each individual case. Each mass
stabilization project requires a target-specific site organization plan, which describes how the
contractor should implement stabilization works and perform QC/QA to ensure adherence
to design standards. The setup plan of the site is founded on work specifications that can be
complemented by the contractor concerning, for example their own QC actions [3, 42—44].

Quality control done by the contractor happens alongside the mass stabilization work. Usually,
this includes monitoring the quality of the soil that is being stabilized, for example the water
content, observation of the site conditions compared to those described in the plans, monitor-
ing the quality and the quality fluctuations of the stabilized masses, measuring the amount of
binder addition, following the progress of hardening process, and ensuring the homogeneity
and compression strength of the final product. Early results of QC allow the remaining sta-
bilization works to be adjusted to fulfill the design objectives. The QA program concentrates
on the strength properties and homogeneity of the stabilized soil. Normally, an external qual-
ity assurance inspector is employed for the duration of the implementation works of QA to
ensure independent results [3, 43, 44].

Various QA methods have been experimented since the first applications of mass stabili-
zation. Many of the methods established in use have been designed fundamentally for the
Nordic column stabilization method but have proven to be appropriate for the mass stabili-
zation also. Most of them are presented in Table 3. Heterogeneity is common and typical for
mass stabilized soil due to variability in the mixing process and in the soil. Therefore, it is
necessary to carry out a sufficient number of QA tests. In order to determine shear strength, a
minimum of approximately 10 representative soundings (e.g. column penetrometer) should
be performed and at least three vane shear tests should be carried out from a given subarea
(Figure 5). At a given subarea, the binder recipe is held constant and the size of the area is
limited (control includes geology, soil properties, dimensions of stabilized area, etc.), and in
a larger project, there can be dozens of subareas. Statistical methods should be implemented
for evaluation of soil parameters from individual tests (Figure 6) [43].

7. Settlements

Settlements within the mass stabilized layer occur in four stages [3, 40, 45] (the phases of
mass stabilization settlement are presented in Figure 7 and an example settlement of Case
Veittostensuo in Figure 8):
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QA methods Method description Area and type of the tip
Column penetrometer Static/dynamic penetration A =100 cm?, ¢ =375 mm (wings)
Vane penetrometer Vane rotation ¢ =130 or 160 mm, H=0.5 x ¢
Combined static-dynamic Static/dynamic penetration with rotation A =50 cm? for stab. soil

penetration test

CPT sounding Static penetration ¢ =36 mm, A =10 cm?

Table 3. Verification techniques for determination the quality of mass stabilized soil (modified based on [43]).

Figure 5. Column (A) and vane penetrometer (B) for columns [40]. The dimensions of the tip A are presented in the
standard EN14679 [42] and in mass stabilization handbook [3] and of tip B in handbook.

standard deviation  average standard deviation
lowerlimit \ upper limit,

0T
S

g kPa

Figure 6. Principle of column penetrometer results from mass stabilized soil layer (z = 2.5 m). On the left is the quantity
of the soundings and on the right is presented average shear strength and standard deviation [43].

1. During stabilization work: Dry binder is supplied into the ground with the help of
compressed air. It is mixed with the soil using a rotating mixing tool. This often causes
some “loosening” of the stabilized soil and causes some raising of the stabilized layer
surface.

2. Under the compaction embankment: The largest settlement in a mass stabilized layer hap-
pens during the initial compaction of the compaction embankment. A typical compaction
embankment height is from 0.5 to 1 m. The embankment is left on place during the curing
time to act as a load to the structure.

3. Under the final embankment: The actual embankment is constructed over the compaction
embankment. The compaction embankment material can be replaced if considered neces-
sary. Settlement plates are suggested to be used to check the progress of the compaction of
the mass stabilized layer before the final embankment is put in place.
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Figure 8. Case Veittostensuo, Finland. Measured settlement of embankment over mass and column stabilized soil (mass
stabilized peat and column stabilized clay layer). The thickness of the embankment “h” is presented under the figure. At
the horizontal axis, the time in linear (a) and logarithmic (b) scale [24] is presented.
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4. Under the preloading embankment: Preloading embankment can be used to create a load
equal to the final embankment load or an additional load (surcharge, overloading) on top
of the stabilized soil. This is usually the case when settlements happening during the oper-
ating life of the structure should be as small as possible. If there are non-stabilized settling
layers left under the mass stabilized layer, their settlement must be minimized with pre-
loading or the long-term settlements will continue. When peat is the soil being stabilized,
it is usually necessary to use a preloading embankment.

8. Long-term behavior of mass stabilized peat

Behavior of mass stabilized peat in the long term is a point of great importance. From the engi-
neering perspective, long-term behavior consists of settlements, stability, and bearing capacity
of the mass stabilized peat layer. The main property affecting these properties is the long-term
development of the strength of the layer. No negative behavior should be observed if the
design strength is exceeded during the whole lifespan of the mass stabilized peat layer [24].

The strengthening of the mass stabilized soil is mainly based on reaction product bonds
between soil particles. Strength commonly increases in time as long as there are reactions tak-
ing place in the mass stabilized layer. The rate of the reactions and their associated strength
increase are dependent on the binder and treated subgrade type. Ahnberg [31] proposed that
hydraulic binders (e.g. cement) tend to have faster strength increase in the short term than
pozzolanic binders (e.g. lime). It was also found that pozzolanic binders have better long-term
strength increase, which lead to approximately same strength increase between hydraulic and
pozzolanic binders within 1 year from the mass stabilization.

Janz and Johansson [29] proposed that the reaction products can break down rather quickly in
certain environments. Peat mass stabilization is often exposed to chemical and physical attacks,
such as frost damage, lime leaching, and sulfate attack (delayed ettringite formation). Especially
when the “Nordic stabilization method” technique is used, the binder amount and achieved
strength are relatively low compared to, for example column stabilization. This theoretically
exposes mass stabilized peat layer to a greater risk of strength reduction in the long term.

Piispanen [24] has studied the long-term behavior of 6.5-23 years old Finnish and Estonian
mass stabilized peat layers using in situ testing. The study focused on defining the develop-
ment of strength, index properties (e.g. water content, pH), and settlements from the moment
of stabilization to the present time.

Piispanen’s study [24] considered that a total of 18 stabilized sections were studied, each differ-
ing according to binder or subgrade type and properties. Investigations were completed primar-
ily performing in situ soundings and sampling. New soundings were compared to the previous
quality control soundings, which had commonly been performed 30 days from the mass stabi-
lization (measured strength/30-day strength ratio). Mass stabilization depths were divided into
0.5 m depth ranges for assessment. Mean and dispersion values were calculated at every depth
interval and the values of similar depth intervals were compared at different times to evaluate
the long-term strength increase. The results of the study are presented in Figure 9 and Table 4.
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There are settlement measuring results from mass stabilization cases, but the long period settle-
ment measuring data is not as extensive. In the case of Veittostensuo, there are settlement obser-
vations from a period of 23 years. These measured results are presented in Figure 8. Settlement
parameters are determined on the basis of the results presented in Table 2. The majority of the set-
tlement has taken place during 2-3 months under the compaction embankment and final embank-
ment. After the surcharge with preloading embankment, the settlement has been minor [24].

In the case of Veittostensuo, water content and pH of the mass stabilized layer were ana-
lyzed from the samples taken and compared to the previous results, if possible (Table 2). It
was noticed that the water content had almost doubled from the samples taken after 1 year
from the mass stabilization compared to the samples taken after 23 years. Additionally, the
pH value had decreased approximately one unit on a same time range, but remained high
(>11). Regardless of these results, the strength of the mass stabilized material had increased
throughout the mass stabilized peat [24].

The study [24] concluded that the long-term behavior of peat mass stabilization is from an
engineering perspective positive and controlled as the strength of the mass stabilized peat com-
monly increases in time, and the material tends to be robust for changes of the index properties.

9. Cases

During the past decades, mass stabilization method has become popular as a ground improve-
ment method and as a way of handling soft excavated or dredged soils in Nordic countries,
in European countries, in the Far East, Australia, as well as in North and South America. Mass
stabilization has been used as an in situ ground improvement method in versatile applica-
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Figure 9.In situ strength development results of mass stabilized peat. Measured strength/30-day strength ratio is
presented on vertical axis and time on horizontal axis. Every marker represents that ratio of the same 0.5 m depth range of
the mass stabilization at different sounding times. Number A after the site name represents pozzolanic or gypsum (filled
marker) and B hydraulic-based binders (empty marker) [24]. (A) Some of the 30 day abnormally high results indicated to
an error in measurement and (B) the actual comparison value was 2 months after the mass stabilization and before that the
strength increase had been exceptionally strong which indicated that most of the reaction products had already formed.
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Site and number of  Binder type and Age Sounding type Sample Strength cov™
areas amount [kg/m’] [year] and number size N’ increase ratio
-1

Kivikonlaita Ce + F[70- 18.5 CPT 60VP 9 101127 1.71.7 0.60-
1,Finland (3) 113 +70-113] 1.170.14-0.30
Kivikonlaita Ce +sand[100 +150]  9.5-16.5 CP 10CPT 401729762 1.23.41.5 0.24-
2,Finland (3) 12SDPT 20 0.300.79-

1.070.43-0.79
Veittostensuo RCe + F[125 + 125] 23 CP6VP 6 10924 3.82.6 0.17-
1,Finland (1) 0.230.44-0.84
Veittostensuo RCe +BFS[150 + 150] 23 CP6VP 6 28824 1.92.3 0.39-
2,Finland (1) 0.620.40-0.62
Kose-Mao 1,Estonia ~ Ce + OSA[70- 6.5 CP 24 418 1.4 0.19-0.52
4) 100 + 100-200]
Kose-Méo 2,Estonia Ce[150-250] 6.5 CP24VP 3 58111 1.11.7 0.02—
4) 0.450.18-0.55

‘Number of collected readings of soundings.
“Strength increase compared to 30-day strength.
“"Variation of COV values calculated to 0.5 m depth ranges of mass stabilized layer.

Ce = cement (Portland); F = Finnstabi (lime, gypsum); RCe = rapid cement (Portland); BFS = blast furnace slag; OSA = oil
shale ash; sand = extra aggregate; CPT = cone penetration test, tip 10 cm? PK = column penetrometer, tip 100 cm?;
SDPT = static-dynamic penetration test, tip 50 cm?.

Table 4. Sites of peat stabilization. Binder type and amount, hardening time of the peat, sounding types and the number
of the sounding points, sample size, strength increase ratio and variation of COV [24].

tions for construction at soft soil areas in 25-30 countries [3, 27, 44, 46, 47]. Good experience
obtained in those sites has led to expanded application possibilities for this method. Since
1996, mass stabilization has also been applied for processing soft, and in many cases, pol-
luted dredged sediment allowing for their further utilization as material in port development
construction works. The largest reported case of this kind is the Vuosaari Port in Helsinki,
Finland, at which the amount of mass stabilized TBT-contaminated dredged soft sediment
was 0.5 million m?® [48].

In most cases, mass stabilization method has been used for stabilization of soft and watery
silt, clay, and mud soils. Mass stabilization of peat is also popular. An example list of cases
is presented in Table 5, in which mass stabilization of peat has been executed. Two of those
cases, Kivikko and Veittostensuo, are presented in greater detail below.

9.1. Case Kivikko

Approximately 10 hectares of the lots and streets in Kivikko, Vantaa, Finland are situated on
soft swamp, which required stabilization to ready the subgrade for construction activities.
The mass stabilization method was applied in Kivikko for the first time in 1998, and the latest
stabilization work was completed by December 2010 [46].
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Location and time of mass stabilization Volume [m?] Application Reference
execution

Veittostensuo, litti, Finland, 1993 =1000 Road, test area [24, 49-51]
Vidg 601, Ranea, Sweden, 1995 10,000 Road [50, 52]
Skyttorp-(jrebro, Sweden, 1996 =15,000 Railroad [50]

Vag 590, Askersund, Sweden, 1996 7300 Road [50]

Tolsa, Kirkkonummi, Finland, 1996 =1000 Road, test area [53]
Kivikko, Helsinki, Finland, 1997-2010 270,000 Industrial area [46, 54-57]
Vag 272, Holmsveden, Sweden, 1997 ~20,000 Road [50]

Vég 45, Arvidsjaur, Sweden, 1998 11,000 Road [50]
Enanger, Sweden, 1998 =1000 Test area [50]
Lielahti, Tampere, Finland, 2002 =5000 Street [57, 58]
Vég 44, Uddevalla, Sweden, 2002 32,000 Road [59]
IKEA, Vantaa, Finland, 2002-2003 65,000 Yards and street [60, 61]
Railroad, Mantsala, Finland, =2004 =50,000 Piling platform [58]
Peraseindjoki, Finland, 2005 =6000 Railroad [35, 62]
Edenderry, Ireland, 2005 <1000 Road, test area [63]

Key Largo, Florida, USA, #2009 n x 100,000 Road widening [36]
Toukoranta, Helsinki, Finland, 2005-2006 69,000 Park [46]
Haaga, Helsinki, Finland, 2006 78,000 Sports park and residential area [46, 57]
Kose-Mao, Estonia, 2009 =10,000 Road, test area [27, 64]
Pitkdjarventie, Espoo, Fin., 2012 85,000 Street, pipeline *
Nikuviken, Porvoo, Finland, 2012 17,000 Pipeline *

Simuna, Estonia, 2012 11,000 Road [27, 65]
Omenatarha, Porvoo, Finland, 2011 =10,000 Street, pipeline *
Mellunkyld, Helsinki, Finland, 2011 50,000 Street and residential area [46]
Roslagsbanan, Taljo, Sweden, 2013-2014 n x 10,000 Railroad [66]
Turvesuo, Espoo, Finland, 2016 30,000 Yards *
Honkasuo, Helsinki, Finland, 2016 25,000 Street *

Information is from the design documents of the cases.

Table 5. Some examples of mass stabilization cases where intact soil is peat.

Over years, the stabilized area has gradually been expanded. At the beginning of this project, two
separate mass and column stabilization development projects were carried out—EuroSoilStab
(ESS) and Deep Stabilization Development (DSP). Both took place in the street line at the southern
part of the area. In the ESS project, the mass stabilized layer was placed over a clay layer which
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was column stabilized to the depth of 7 m. The DSP project was the first attempt to perform
column stabilization through the mass stabilized layer. After the development projects, mass sta-
bilization was completed at the yard areas [67]. The stabilized areas are presented in Figure 10.

The treated soil material included soft peat (water content 400-1000%) and clay. The top layer
was 2-3 m thick peat layer and beneath that was a soft layer of clay. The clay layer reached
3-18 m deep until a moraine layer. The combination of column stabilization and mass stabili-
zation was used under the street and pipelines and mass stabilization (Figure 11) or column
stabilization solely at the yards of industrial buildings. In the cases of thick clay layers, col-
umn stabilization was also performed under the yard areas [24, 67].

The binding agent mixtures in the ESS project were three different combinations of gypsum-
and lime-based Finnstabi® 70-113 kg/m® and cement 70-113 kg/m?. In the DSP project, the
used binder agents were cement (100 kg/m?) and a mixture of cement 100 kg/m? and fine sand
150 kg/m?’. The binding agent in the subsequent mass stabilizations was the similar mixture
of cement and sand than in the DSP project. By adding sand, it was possible to decrease the
amount of binder needed. Depending on circumstances, in 1 day, 800-1000 m® was mass sta-
bilized by one mass stabilization unit [67].

The designed target shear strength for most of the mass stabilized yard areas was 40 kPa and
the quality of the mass stabilization was assured by in situ soundings. The target shear strength
value was exceeded [67]. The quality control soundings were repeated in four areas (Fin: alue)
(“ESS,” “1 ha —alue,” “Urakka-alue 4,” and “Alue C”) in 2017, after 9.5-18.5 years from the

; l Column stabilization
A0y  [Mass stabilization

P Column and mass
= stabilization

Figure 10. An overview of the locations of the stabilized areas in the industrial area of Kivikko in Helsinki. The length of
the area in northeast-southwest direction is 600 and 200 m in opposite direction [24].
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Figure 11. The principle cross section of the peat mass stabilization in the case Kivikko ([67], modified).

stabilization executions. It was concluded that the strength of the mass stabilized material had
increased substantially during the observed period of time (Figure 9 and Table 4) [24].

The main objective for the stabilization of the peat layer in Kivikko was to improve the bear-
ing capacity and stability and reduce settlements in a cost-effective way. Another objective

was to develop and gather knowledge from the stabilization methods. Both of the objectives
were fulfilled.

9.2. Case Veittostensuo

A column and mass stabilized trial embankment was constructed on a swamp in Veittostensuo,
Finland in 1993. The upper peat layer was mass stabilized or column stabilized so that col-
umns were side by side. The lower clay layer was column stabilized (Figures 12 and 13). The
mass stabilization was the first peat mass stabilization ever performed nationally and prob-
ably worldwide. The built embankment served as a part of development project on develop-
ing feasible and cost-efficient foundation methods for roads built on swamp areas [51].

The construction works were carried out in demanding conditions. The maximum thickness
of the peat layer was 5 m, summed up with the clay layer beneath the thickness of the soft
soil layer was up to 25 m. The water content of the intact peat was 1300-1700% and the shear
strength was 7-25 kPa [51].

A surface area of 13 x 18 m* was mass stabilized to a depth of 3 m using two different binder
agents. The used binder agents per treated peat volume were combinations of rapid cement
125 kg/m?® + gypsum-based Finnstabi® 125 kg/m?® and rapid cement 150 kg/m® + blast furnace
slag 150 kg/m? [33].

The designed target shear strength after a year was 50 kPa and the quality of the mass stabili-
zation was assured by in situ soundings, settlement plates, and sampling. The achieved shear
strength after a year was 60-100 kPa and exceeding the target value [33]. The quality control
soundings were repeated in 2016, after 23 years from the mass stabilization. It was concluded
that the strength of the mass stabilized material had increased substantially with both binder
agents during the observed period of time. The settlements were also measured during the
23 years period —no significant settlements were observed for the last 20 years. The taken
samples indicated that the pH had decreased approximately a unit between 1 and 23 years
from the mass stabilization, still exceeding value 11. The water content had also increased
significantly in the same period of time [24].
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Figure 12. Mass stabilization equipment used in Veittostensuo (a) and the mixing tool (b) ([42] modified [32]).
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Figure 13. The principle cross section of the combined mass and column stabilization in case Veittostensuo [49].

The case Veittostensuo was a success and embraced the feasibility of the mass stabilization as
a ground improvement method; the expectations were exceeded in both short- and long-term
studies [24, 33].

10. Summary

Mass stabilization has been used as a ground improvement method in versatile applications
for construction at soft soil areas during last 25 years in 25-30 countries. In many of those
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cases, mass stabilized soil is peat. The development of equipment has been active and can
currently be considered to be technically on a high level. The equipment is relatively light,
mobile, and therefore easy to use in various locations.

Various long-term studies have demonstrated that the strength of stabilized peats has
increased in average 1.6 times compared to the strength observed after 1 month. Similarly,
the settlements have mainly ceased, indicating that creep of the stabilized masses is negli-
gible, approximately 5-8% of the creep of untreated peat. Therefore, it can be concluded that
the long-term behavior of mass stabilized peat is stable. However, it is emphasized that pre-
liminary stabilization tests should be completed in the laboratory to ensure that the optimum
binder and addition rate are chosen for the execution of mass stabilization.

Mass stabilization method is used to replace mass exchange or piling or other alternative
methods. Compared to other methods, it is particularly economical in cases where the driving
distances for the excavated peat are long, there is not enough material to replace the excavated
peat, or there is insufficient space for landfilling. The binder constitutes the largest part of
the unit price in mass stabilization. The CO, emissions of the binder (e.g. cement) are often
high, but because of the added binder, stabilized peat has a large uptake potential of CO,. The
amount of cement in binder can be reduced or optimized, if recycled materials (e.g. fly ash)
are used as part of the binder mixture. In the first hand, stabilization is an environmentally
friendly method as it saves natural resources, it does not require landfill areas, and it substan-
tially reduces transportation needs and related emissions. However, more research is needed
to more accurately complete a life-cycle assessment taking into consideration the reduction of
CO,-equivalent emissions of the untreated swamp masses.

Thus, sufficient experience exists to conclude that mass stabilization is a beneficial and accept-
able ground improvement method for peats. It has proven to be a flexible, cost-effective, envi-
ronmentally friendly, and stable treatment for peat layers.
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