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Abstract

The use of recycled materials is the key component of sustainable development in the construction
industry. This study examines the suitability of recycled materials obtained from the Turku region
for non-load bearing wall structure using both rammed earth and casting methods.

The traditional method of rammed earth involves methodically compacting damp natural soil inside
a mould. The mould may be removed immediately after compacting the soil, leaving behind well-
structured compacted earth. Casting technique was specifically studied focusing on precast inter-
locking concrete blocks. With these it is possible to create interlocking blocks that allow convenient
and efficient construction. Using both techniques, the objective was to create an environmentally
friendly construction material from recycled materials. The compressive strength is the most im-
portant property for both construction methods and the created construction material.

The materials used as binders in this research were bio-based fly ash and bottom ash, blast furnace
slag and CEM III/B. Crushed concrete and quarry fines have been used as aggregates. Nominal
quantities of cement have been utilized solely as an activator in the masses, constituting between
3,33-5,00% by weight of the dry mass.

Laboratory tests were conducted to assess the properties and suitability of recycled materials for
specific construction methods. The study focused on the compressive strength of the materials, em-
ploying ultrasonic pulse velocity and unconfined compression tests. Freeze-thaw cycles were also
examined for their impact on material properties. Six samples were tested for each set, with three
undergoing freeze-thaw cycles and three undergoing immediate unconfined compression testing.
The rammed earth method exhibited higher compressive strengths compared to the casting tech-
nique when utilizing recycled materials. After 28 days of curing, rammed earth samples achieved
3,1-18,1 MPa compressive strengths, while casting method samples varied from 0,8-11,2 MPa.
Freeze-thaw cycles had minimal impact on rammed earth samples, and using Stora Enso fly ash as
a binder increased the maximum compressive strength after freeze-thaw cycles. Conversely, casting
method samples experienced an average 37% decrease in compressive strength when exposed to
freeze-thaw cycles.

Using recycled materials, both precast and rammed earth methods are best suited to simple, non-
load bearing structures that do not require high structural properties such as high compressive, ten-
sile or shear strength. The main advantage of using recycled materials is the low carbon footprint
compared to for example using traditional concrete.

Keywords rammed earth, precast interlocking concrete block, recycled materials, fly ash, bottom
ash, blast furnace slag, crushed concrete, quarry fines, environmental impact
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Tiivistelma

Kierratysmateriaalien kaytto on keskeinen osa kestdvaa kehitysta rakennusalalla. Téssé tutkimuk-
sessa tarkastellaan Turun seudulta saatujen kierratysmateriaalien soveltuvuutta sullotun maan-
sekd valumenetelmalla rakennetussa ei-kantavassa muurirakenteessa.

Perinteisessd sullotun maan menetelméssd kosteaa luonnonmaata tiivistetidn muotin sisdin.
Muotti voidaan poistaa vilittomasti maan tiivistimisen jilkeen, jolloin jiljelle jaa tiivistetysta
maasta muodostuva rakenne. Valumenetelmaa tutkittiin keskittyen erityisesti esivalettuihin lukkiu-
tuviin betonielementteihin. Niiden avulla voidaan valmistaa yhteen liitettdvia elementteja, jotka
mahdollistavat tehokkaan rakentamisen. Molempia tekniikoita kdyttden tavoitteena oli luoda kier-
ratysmateriaaleista ympéristoystavillinen rakennusmateriaali. Molempien rakennustapojen seki
luodun materiaalin tdrkein ominaisuus on puristuslujuus.

Tassa tutkimuksessa sideaineina kiytettiin biopohjaista lento- ja pohjatuhkaa, masuunikuonaa ja
CEM II1/B:ti. Kiviaineksena on kaytetty betonimursketta ja kivituhkaa. Sementtia on kaytetty pie-
nind madrind massojen aktivaattorina, jolloin sen kokonaispitoisuus oli 3,33—5,00 massaprosenttia
materiaalien kuivamassasta.

Kierratysmateriaalien ominaisuuksia ja soveltuvuutta tutkittuihin rakennusmenetelmiin arvioitiin
laboratoriokokeilla. Tutkimuksessa keskityttiin materiaalien puristuslujuuden mairittimiseen
kayttamalla ultraddnipulsseja sekd yksiaksiaalista puristuskoetta. My0Os jaatymis-sulamissyklien
vaikutusta materiaalien ominaisuuksiin tutkittiin. Kustakin sarjasta testattiin kuusi naytetta, joista
kolme altistettiin jaatymis-sulamissyklit ja kolme testattiin ilman altistumista jaatymis-sulamissyk-
leille. Kierrdatysmateriaaleja kaytettdessd sullotun maan menetelmalla saavutettiin korkeammat pu-
ristuslujuudet kuin valumenetelmalld. Kun sullotun maan naytteet olivat kovettuneet 28 paivaa, nii-
den puristuslujuudet vaihtelivat 3,1—18,1 MPa:n vililld. Kun taas valumenetelmilld valmistettujen
niytteiden puristuslujuudet vaihtelivat valilla 0,8—11,2 MPa. Jadtymis-sulamissyklien vaikutus sul-
lotun maan tekniikalla valmistettuihin néytteisiin oli 1ahes merkitykseton ja Stora Enson lentotuh-
kaa kaytettdessd, naytteiden maksimaalinen puristuslujuus oli korkeampi jaatymis-sulamissyklien
jalkeen. Sitd vastoin valumenetelmalla valmistettujen néaytteiden puristuslujuus laski keskimaarin
37 %, kun ne altistettiin jaatymis-sulamissykleille.

Kierratysmateriaalien kiytto sekd valamis- ettd sullotun maan menetelmailld soveltuvat parhaiten
yksinkertaisiin, ei-kantaviin rakenteisiin, jotka eivat vaadi korkeita rakenteellisia ominaisuuksia,
kuten suurta puristus-, veto-, tai leikkauslujuutta. Kierratysmateriaalien kdyton suurin etu on niiden
pieni hiilijalanjalki verrattuna esimerkiksi perinteiseen betoniin.

Avainsanat sullottu maa, rammed earth, precast interlocking concrete block, uusioma-
teriaalit, lentotuhka, pohjatuhka, betonimurske, kivituhka, ympéristovaikutus
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Symbols and abbreviations

Symbols
F [kN] Force, compressive and flexural
A% [m/s] Velocity
L [mm] Length
T [us] Time
m-% [%] Dry mass percentage
S [kPa] Apparent cohesion
Ua [kPa] Pore air pressure
Uw [kPa] Pore water pressure
Tu [kPa] Shear strength of PICB joint
To [kPa] Shear strength at zero pre-compression stress
u Actual friction coefficient in joint interface
On [kPa] Normal stress from pre-compression load
Vol-% [%] Volume percentage
Eso [MPa] Young’s modulus

Abbreviations

BA Bottom ash

BFS Blast furnace slag

CC Crushed concrete

CE Circular economy

CEB Compressed earth blocks

CEM1 Portlandcement, CEM I 42,5 R
CEM II1/B Blast furnace slag cement, CEM III/B 42,5 L. - LH/SR
CSS Crushed sandstone

Ccw Concrete waste

FA Fly ash

F-T Freeze-thaw

ICT Intensive compactor tester

ISSB Interlocking stabilized soil block
MW Marble waste

OWC Optimal water content

PICB Precast interlocking concrete block
RE Rammed earth

SRE Stabilized rammed earth

UCT Unconfined compression test

UPVv Ultrasonic pulse velocity

VTT Technical research centre of Finland
QF Quarry fines



1 Introduction

Sustainable development and urbanization have historically constituted prominent research
focal points. The imperative for heightened construction activities has surged in tandem
with the escalating urban influx, thereby augmenting the requisition for construction mate-
rials to accommodate the burgeoning urban population through city expansion and densifi-
cation. Simultaneously, the depletion of finite resources has precipitated the necessity for
innovative alternatives to conventional materials. Consequently, the emergence of the cir-
cular economy is supplanting the erstwhile linear economic model, renowned for its ineffi-
cacies and inherent inadequacies in addressing the exigencies of contemporary society.

The construction industry is by far the largest emitter of greenhouse gases worldwide. In
addition, the construction industry is the largest consumer of virgin materials and fresh wa-
ter. High-volume consumption of the concrete makes its main binder, ordinary Portland
cement (OPC), contributes about 8 % to the carbon emissions of the world and uses about 3
% of the energy consumed in the world. (United Nations Environment Programme, 2020;
Sivakrishna et al., 2020).

The primary objective of this research was to systemically assess and contrast the viability
of recycled materials for the construction of wall structure, employing two distinctive meth-
odologies: rammed earth and precast interlocking concrete blocks. The research of materials
and construction methods was restricted to their suitability for non-load bearing wall struc-
ture. This investigation encompassed a comprehensive approach, combining a meticulous
review of existing literature with a series of comprehensive laboratory experiments.

The core purpose of the laboratory experiments was to conduct a detailed analysis of the
properties inherent in the recycled materials utilized within this study. This analytical pro-
cess was aimed at meticulous formulation of an optimal recipe and construction procedure,
specifically tailored for the subsequent construction phase of the wall. The binder and ag-
gregate materials in this study are recycled, excluding cement. Since the focus in this thesis
was to minimize the carbon footprint of the resulting structure, the amount of cement was
kept as low as possible, representing only 3,33-5,00% of the mass of the final structure. No-
tably, the final structure comprises 95-96,7% recycled materials. Cement is utilized as an
activator in the mixture to enhance reactivity, which is a crucial factor in material strength-
ening. In the context of non-load bearing wall structures, the load primarily comprises the
self-weight of the structure. In Finnish conditions, the assumed maximum design load of the
structure is influenced by variations in weather conditions, such as rainfall and freeze-thaw
cycles, rather than the inherent weight of the structure. In addition, the study entailed an
extensive review of pertinent literature, focusing on the operational methodologies, design
principles, and fundamental physical phenomena associated with the utilization of rammed
earth and precast interlocking concrete blocks in construction.

This research aligns closely with Kiertomaa Oy’s visionary goals, as all the researched aggre-
gates were exclusively sourced from their Saramaki site. The research considered various
binding agents, including ashes derived from bio-based waste incineration and blast furnace
slag produced during steel manufacturing. In this research the primary focus was on the
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analysis of locally available binding agents within Turku region. In addition to these regional
alternatives two other binding agents were also studied: bio-based fly ash from Stora Enso,
Varkaus and environmentally sustainable CEM III/B which was included in the research as
an only commercially available product.
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2 Earth construction

Earth is one of the simplest construction materials and all earth buildings have the same
basic constituent parts: soil from the ground and water. (Jaquin, 2012). This chapter is ded-
icated to comprehensive exploration of the construction methodologies and historical devel-
opment of earth construction techniques, concentrating on rammed earth technique. It also
entails an in-depth analysis of the physical determinants that influence the structural
strength and long-term resilience of these earth building techniques. Additionally, the chap-
ter explores the future potential of rammed earth technique as an ecologically sustainable
construction technique.

When utilized as a construction material, soil is scientifically referred as loam. Loam is es-
sentially a composite mixture encompassing clay, silt, sand, and occasionally larger aggre-
gates like gravel or stones. In the context of handmade, unbaked bricks, the designations
mud bricks or adobes are conventionally employed, while compressed, unbaked bricks are
often referred to as soil blocks or compressed earth blocks (CEB). When this earth material
is compacted within a formwork, it is denoted as rammed earth. (Minke, 2006).

2.1 History

Soil stands as one of the most ancient construction materials, and it remains prevalent, par-
ticularly in regions characterized by warm and arid climates, notably within developing na-
tions. Building using subsoil is one of the oldest construction techniques, providing simple
shelter using freely available material. Buildings made from soil are found in many parts of
the world, in different forms, sometimes mixed with other traditional construction materials
such as timber or stone, or with more modern inventions such as cement and steel. (Jaquin,
2012; Minke, 2006).

Earth construction techniques likely emerged independently in various regions of the world
and disseminated as populations migrated. The advent of settled agriculture marked a piv-
otal moment in the evolution of permanent shelter construction, as it afforded the luxury of
dedicating more time and effort to building the shelters. Notably, agriculture initially took
root in fertile river valleys, where the presence of silt and clays offered exceptional raw ma-
terials for earth construction. In the early stages of earth construction, on-site methods like
the rammed earth technique were employed. The transition to unit construction likely oc-
curred subsequently, with the initial formation of units being accomplished by manual
means, and later with the aid of formwork. These blocks, upon drying, became transporta-
ble, enabling the separation of material production from the construction site. This break-
through facilitated the utilization of suitable earth sourced from the river valleys prone to
flooding for the construction of buildings at elevated locations, mitigating the risk associated
with flooding. (Jaquin et al., 2012).

Earth construction techniques have a history spanning over 9000 years. Remarkable find-
ings, such as mud brick (adobe) houses dating back to 8000-6000 BC in Russian Turkesten,
exemplify the enduring legacy of earth-based construction. In Assyria, foundations crafted
with rammed earth technique, dating approximately to 5000 BC, serve as further testament
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to the early utilization of earth as a construction material. This practice extended beyond
residential structures, as earth played a pivotal role in constructing religious edifices in di-
verse ancient cultures. Notably, the vaults in the Temple of Ramses II in Gourna, Egypt,
stands as a testament to the use of mud bricks, a construction method employed over 3200
years ago. Additionally, the citadel of Bam in Iran (figure 2.1), some portions of which are
around 2500 years old, highlights the continued prominence of earth construction across
different eras. Even the iconic Great Wall of China, dating back 4000 years, was initially
constructed entirely from rammed earth, with subsequent layers of stones and bricks giving
it the appearance of a stone wall. (Minke, 2006).

Figure 2.1 - Th citadel of Bam (lran) before and er 20 arthquake (Lanenbach,
2005).

Across Mexico, Central America, and South America, adobe buildings were prominent in
various pre-Columbian cultures, while the rammed earth technique was known in many re-
gions, sometimes introduced by Spanish conquerors. A 250-year-old rammed earth finca in
the state of Sao Paulo, Brazil, provides a tangible example of this practice. (Minke, 2006).

During the Medieval period (13th to 17th centuries), earth continued to play a vital role in
Central European construction. It served as infill in timber framed structures and was ap-
plied to straw roofs to enhance their fire resistance. In France the rammed earth technique
increased from the 15t to the 19th centuries. Furthermore, Europe is home to the tallest
house with solid earth walls, situated in Weilburg, Germany, and completed in 1828, show-
casing the enduring durability of earth-based construction. All ceilings and the entire roof
structure rest on solid rammed earth walls that are 750 mm thick at the bottom and 400 mm
thick at the top floor and where the compressive force at the bottom of the wall reaches ap-
proximately 0,75 MPa. (Minke, 2006).

Structures constructed from earth as a construction material can be observed on a global
scale, with some of these structures enduring for centuries. In recent times, the surging
global environmental consciousness has rekindled interest in earth-based construction
practices in Western countries. CEBs and Rammed earth has been explored as a potential
alternative to concrete, however, it does not attain the same level of structural strength as a
concrete. Efforts have been made to enhance the structural robustness of these techniques
by introducing binders into the mixture, with cement and various ashes emerging as the
most prevalent choices. For rammed earth this fortified form augmented with a binder, is
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referred to as “stabilized rammed earth”. Today, both rammed earth and CEB construction
is celebrated for its sustainability, natural beauty, and ability to regulate indoor tempera-
tures. It has found a place in eco-friendly and sustainable building practices, and contempo-
rary architects and builders continue to explore its potential for modern construction. (Ka-
riyawasam et al., 2016).

2.2 Construction method of rammed earth technique

Rammed earth technology as a construction method entails the meticulous integration of
soil with an appropriate quantity of water, followed by the compaction of the resulting mix-
ture within a predefined mold. The precise amount of water introduced into the soil mass
plays a significant role in the preparation process, exerting a profound influence on the final
surface quality of the completed structure. This water content serves the dual purpose of
rendering the paste amenable to compaction while also facilitating optimal material densi-
fication. In the unstabilized rammed soil technique, most of the water mixed into the mass
evaporates after compaction. The residual water subsequently forms interstitial bonds be-
tween the individual soil particles, constituting a fundamental component for enhancing the
structural integrity of the material compared to completely dry or fully saturated soil condi-
tions. In the stabilized rammed earth technique, the binder interacts with the available wa-
ter, initiating a hydraulic binding process that contributes to the structural cohesion of the
material. (Jaquin, 2012).

maratien pneumatic backfill tamper visible layers of
mixiure of sand, gravel, ~ reinforced plywood frame compacted earth

clay, and concrete .f

— I
Step 3

Step 1 Step 2 Step 4 Step 5

framework is built the layer of moist next layer of moist successive layers of  framework is removed
and a layer of moist earth is compressed earth is added moist earth are leaving the rammed
aarth is filled in added and earth wall

compressed

Figure 2.2 — Construction method of rammed earth technique (Greenspec, 2023).

The construction of an infilled soil wall entails the layer-by-layer filling of a mold with soil

and water. Compaction can be achieved through manual or mechanical means. While a va-

riety of manual compacting tools such as different types of compaction hammers are avail-

able, contemporary rammed earth technology often favors the application of pneumatic or

electric hammers for soil compaction. In figure 2.2 is presented the main steps of rammed
13



earth construction technique. In general, the mold can be disassembled immediately upon
molding completion, reducing the quantity of molding material required in comparison to
casting processes. Apertures within rammed earth structures are established through the
introduction of void forms or by the insertion of lintels between two distinct sections of
rammed earth walls. (Jaquin, 2012).

It is demonstrated that density serves as a prominent predictor of attainable strength and
longevity when constructing with rammed earth technique. To attain an optimal strength
and durability, soil compaction should be carried out at the moisture content corresponding
to the maximum dry density. This scenario results in the highest attainable structure den-
sity, which in turn leads to enhanced durability. However, the design of compressive
strength for compacted soil poses a complex challenge, as it is contingent upon a various
variable. These variables encompass the compaction method, density, porosity, grain size
distribution of the aggregates, mineral structure of the aggregates, quantity and type of
binder and moisture content of the mixture during compaction. (Narloch et al., 2020).

In the rammed earth construction method, the structural constituents comprise the aggre-
gates, binder, and water. These constituents’ attributes and quantities wield a substantial
influence over the ultimate outcome’s quality. Notably, the grain size distribution of the ag-
gregates exerts a significant impact on the resultant wall’s durability. It is imperative that
the base material encompasses a range of 45-80 % gravel fraction (with grain size exceeding
2 mm), complemented by 10-30 % silt fraction and a 5-20 % clay fraction (with grain sizes
less than 0,063 mm). The inclusion of a sufficiently ample gravel fraction within the aggre-
gate material guarantees the attainment of adequate compressive strength, while the finer
components assume a significant role in establishing the desired pore structure. (Walker et
al., 2005).

2.3 Properties of rammed earth

One of the foremost attributes of rammed earth resides in the compressive strength of its
structural composition. The compressive strength, along with various other characteristics
of rammed earth, is substantially influenced by factors such as soil type, grain size distribu-
tion, density, water content, and the energy applied during the compaction process. The ex-
isting body of literature and empirical investigations collectively attest to the marked varia-
bility in the compressive strength of rammed earth. This variance is attributable in part to
the fact that not all underlying phenomena dictating the strength of rammed earth have been
comprehensively elucidated. Additionally, the employed operational techniques and com-
paction apparatus further contribute to the nuanced extent of achievable compressive
strength. Furthermore, disparities in the type of soil utilized are evident across diverse stud-
ies, even when the grain size distribution is seemingly analogous. (Avila et al., 2021).

2.3.1 Strength

The evaluation of the strength and behavior of rammed earth involves the application of soil
mechanics theory. When employing the rammed earth technique, the structural strength is
frequently assessed through the measurement of uniaxial compressive strength (UCS).
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Numerous studies on the rammed earth technique highlight the influence of water content
on the final strength of the structure. UCS achieved through the rammed earth technique
typically span from 0,5 to 4 MPa. Conversely, the stabilized rammed earth technique can
yield strengths exceeding 10 MPa even after 7 days of curing, depending on used aggregates
and binders. For strength determination, test cylinders are prepared either in laboratory
setting or on-site. These specimens typically undergo curing in the controlled conditions.
The anticipated compressive strengths must account for the highest conceivable humidity
levels to which the structure may be exposed under the design load. Given the substantial
time required for the structure to attain its ultimate water content, it is estimated that the
measured compressive strength of damp rammed earth structures is generally at least 50 %
lower than the ultimate compressive strength achieved by the structure. Consequently, the
completed structure experiences gradual strengthening, and strengths measured immedi-
ately post-construction may not provide a realistic presentation. (Jaquin et al., 2009; Walker
et al., 2005).

The tensile strength of rammed earth registers at a mere 10 % of its compressive strength,
approximately ranging from 0,1 to 0,35 MPa. Consequently, designing tensile stresses
within the rammed earth structure is impractical. However, instances of fracture due to ten-
sile stress, such as seismic events, are exceedingly rare. To mitigate the absence of tensile
strength, reinforcement measures involve the incorporation of materials like straw or other
natural fibers into the mass. (Avila et al., 2021).

Similarly, shear strength in rammed earth structures is presumed to be negligible or close to
zero. In accordance with the Mohr-Coulomb theory, soil shear strength is characterized by
cohesion, friction angle, and normal stress. Consequently, the shear strength of rammed
earth can be leveraged to deduce the material’s friction angle and cohesion when the rela-
tionship between shear stress and normal stress is established. Determination of shear and
normal stress typically involves conducting triaxial or radial shear tests. (Avila et al., 2021).

Conventionally, soil classifications distinguish between cohesive and frictional soil types. In
cohesive soil, intergranular friction is the primary cohesive force, while in frictional soil, co-
hesive forces are predominantly attributable to electrochemical particle forces within the
structure. Beyond inherent cohesion, there exists apparent cohesion, a manifestation arising
from pore water pressure within the structure. The terrestrial substrate comprises three
phases, encompassing solid particles, along with air- and water-filled pores. The internal
pressure of the soil is contingent upon the stress experienced by it. When the pore water
pressure is negative, the strength of the soil increases, signifying the presence of apparent
cohesion. (Jaquin et al., 2012).

The apparent cohesion in rammed earth is also contingent upon the pore structure of the
material. In the context of an unsaturated soil, a negative pore water pressure operates
within, facilitated by the coexistence of water and air. Surface tension between water and air
fosters the forces within the pores, contributing to the observed apparent cohesion. The
magnitude of apparent cohesion is contingent upon the water content, with suction pressure
(i.e., negative pore water pressure) increasing as water content decreases. The internal suc-
tion pressure of infiltrated soil peaks between fully saturated soil and complete desiccation.
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In the figure 2.1 is shown the simple model of an unsaturated soil structure. (Jaquin et al.,
2012).

Figure 2.3. Simple model of an unsaturated soil. Water bridges are causing suction that
strengthens the structure. (Jaquin et al. 2012).

From a geomechanical perspective, the configuration of rammed earth can be conceptual-
ized as a consolidation of compacted soil. The desiccated rammed earth is characterized by
partial saturation with water and air. In accordance with the principles of soil mechanics,
the strength of partially water- and air-saturated soils encompasses a component arising
from internal vacuum conditions, specifically suction forces. This internal force, denoted as
apparent cohesion, is computable through the application of equation (2.1). (Jaquin et al.,
2012).

S=ug +u, (2.1)

where

s = apparent cohesion (suction force)
U, = pore air pressure

u,, = pore water pressure

In earth construction, materials are formulated through a process of compaction, resulting
in material of increased density. Techniques such as rammed earth and compressed earth
blocks employ mechanical force on the soil mixture to attain this densification. The compac-
tion process significantly influences the establishment of pore size distribution, conse-
quently impacting the material’s overall strength. (Jaquin et al., 2012).

Compaction is a procedural reduction in the volume of soil, leading to the expulsion of air
from the pore spaces, thereby augmenting soil density and degree of saturation. The quan-
tification of soil compaction is characterized by the measurement of dry density, represent-
ing the mass of solids per unit volume of the soil. This parameter is contingent upon the
initial water content and the energy input during compaction, referred to as compaction en-
ergy. For a given soil and compaction energy, there exists an optimal water content (OWC)
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at which maximum compaction and, consequently, dry density is achieved — an optimal
state. (Jaquin et al., 2012).

Excessive soil moisture results in predominantly water-filled pores, wherein compaction en-
ergy essentially compresses the incompressible water phase. Consequently, a notable in-
crease in density becomes unattainable. Various standardized laboratory tests, such as the
standard or heavy Proctor tests and the vibrating-hammer test, are employed to ascertain
the OWC for the compaction of a sample. The peak of the compaction curve of the sample
denotes the OWC for the specific soil under consideration, utilizing the designated compac-
tion procedure. (Jaquin et al., 2012).

The moisture content in stabilized rammed earth deviates slightly from that in unstabilized
rammed earth. In concrete technology, it is widely acknowledged that an increase in the wa-
ter-cement ratio leads to a decrease in the compressive strength of the material. In unstabi-
lized rammed earth, attaining the highest compressive strength does not necessarily hinge
on minimizing the water content to bind the material together but rather involves adhering
to the OWC of the material or closely approximating it. Notably, investigations have often
revealed higher OWC values for recycled materials compared to natural soils of analogous
granularity. In the context of stabilized rammed earth, achieving the OWC of the material
may present a conflict with both the OWC of the material and the objective of minimizing
the water-cement ratio. It is observed that in a 5 % cementitious paste produced using the
rammed earth technique, the highest compressive strengths were realized at water contents
slightly lower than the OWC of the material. The incorporation of cement into a grouted
mass introduces additional complexities, necessitating an examination of the OWC for the
aggregate material contingent upon the type of aggregate used. (Beckett et al., 2014).

2.3.2 Freeze-thaw resistance

Freeze-thaw cycles are causing substantial effects, manifesting as infrastructure frost dam-
age, ground surface heave, and intensified erosion in water-saturated soils. Frost heave en-
compasses phenomena arising from soil freezing or thawing. The primary mechanism be-
hind frost heave involves the formation of ice lenses within the freezing zone, resulting in an
expansion of the volume of the frozen soil. This volumetric increase is typically generating
elevation in the surface of the soil structure, commonly known as frost heave. A soil material
is classified as frost-susceptible when, under appropriate moisture and freezing conditions,
substantial ice lens formation occurs. Ice lenses develop through the absorption of water
from the molten soil at the frost line. Conversely, material that undergoes minimal ice lens
formation during freezing is not frost-susceptible. In addition to the development of ice
lenses, frost heave can also occur as in situ frost heave, which takes place when in situ pore
water freezes. (Pylkkanen et al., 2015).

In the realm of construction, frost heave poses challenges to the stability of road and railway

structures, as well as building foundations. Mitigation efforts involve constructing structures

on layers impervious to frost. Clay and silt, characterized by a high content of fine aggregate,

are highly frost-susceptible. Sands and gravels, with their coarse subsoil, generally exhibit

resistance to frost heaving. The aggregate material of rammed earth is likely to prone to frost

heaving due to the presence of fines. The principal risk to rammed earth during pore water
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freezing is an increase in water volume, leading to structural cracks and subsequent weak-
ening. (Pylkkanen et al., 2015).

The impact of the freeze-thaw phenomenon on the durability of rammed earth has been the
subject of various investigations. Bui et al. (2009) observed, over a 20-year duration, that
erotion does not exhibit a direct correlation with time; instead, erosion rates were highest
shortly after the construction phase. The non-linear trend may be attributed to the dissipa-
tion of compaction energy when in contact with the mold during the compaction process.
This loss of compaction energy occurs due to friction between the material and the mold,
resulting in weaker compaction at the edges of the mold surface and heightened erosion in
those areas. Consequently, as the less compacted region succumbs to erosion, the remaining
material erodes at a slower rate.

Contrastingly, Narloch and Woyciechowski (2020) observed that a wet sample exhibited sig-
nificantly greater weight than a dry sample. Their freeze-thaw tests underscored the essen-
tial role of a binder, as the absence of it rendered the sample considerably more brittle. Ad-
ditionally, the study emphasized the significance of water content in determining the lon-
gevity and durability of the structure. A vulnerability of the structure to damage increases
when it becomes wet, as water absorption weakens cohesive forces, thereby diminishing
strength. Rainfall contributes to surface erosion, while winter freezing exacerbates struc-
tural stress through repeated freeze-thaw cycles.

Aromaa (2021) investigated the influence of Finnish winter conditions on the noise barrier
structure composed of recycled materials. In her study, test specimens were fabricated using
the rammed earth technique, and the impact of freeze-thaw cycles and road salt on the struc-
ture was systematically examined. The primary findings indicate that the most pronounced
effects of freeze-thaw cycles occur in situations where water accumulates on the structure’s
surface, leading to material erosion. The degradation of the structure is expedited by prior
exposure to salt stress. Notably, the tests did not reveal any detrimental impact of freeze-
thaw cycles on the compressive strength of the structure, provided that the structure re-
mains free from contact with freezing water. Aromaa (2021) suggests that safeguarding the
top and surface of a thawed soil structure from water and salt stress is crucial to prevent the
structure from becoming friable due to freeze-thaw cycles. Recommended protective
measures include the installation of a canopy on top of the structure, coupled with extended
eaves, which would collectively shield both the top and wall surfaces of the structure.

2.3.3 Environmental impact

Sustainable development encompasses the dimensions of social, environmental, and eco-
nomic sustainability. In the study of recycled materials, particular emphasis is placed on
ecological sustainability, as the recycling of materials is strongly linked to the preservation
of the carrying capacity of nature and ecosystems. The ecological potential of infilled soil,
especially as an alternative to conventional concrete and bricks, renders it an intriguing focal
point for research. Rammed earth, constructed through traditional methods, eliminates the
need for material transportation over long distances and, optimally, utilizes soil already pre-
sent at the site. The ready availability of essential raw materials concurrently diminishes
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transport and procurement expenses. Furthermore, the production of rammed earth gener-
ates minimal waste. (Narloch et al., 2020).

The ecological performance of stabilized rammed earth is markedly influenced by the choice
of binder, as the carbon footprint of the rammed earth and the energy expanded in its man-
ufacturing process are particularly contingent on the binder type. The consumption of en-
ergy and the emission of greenhouse gases exhibit a linear relationship with the cement con-
tent within the binder. Cement, commonly employed as a binder in rammed earth, is asso-
ciated with substantial greenhouse gas emissions during its production. Consequently, the
extent of cement utilization directly correlates with higher greenhouse gas emissions from
the rammed earth. Nevertheless, in comparison to brick construction, the energy consump-
tion associated with rammed earth is notably reduced. (Venkatarama Reddy et al., 2010).

The objective of incorporating a binder is to enhance control over material properties and
achieve a material with predetermined characteristics. Traditionally, on-site soil has served
as the primary material, but contemporary practices increasingly involve the use of pre-pre-
pared soil engineered with an optimal blend of fines and coarser granules. Similarly, the
conventional manual procedures for mixing and ramming are gradually being supplanted
by mechanical methods. Consequently, these shifts contribute to increased construction ef-
ficiency, reduced reliance on manual labor, and heightened predictability and control over
the final product’s characteristics. However, it is noteworthy that the construction of
rammed earth now necessitates a considerably higher energy input and results in elevated
emissions. (Dahmen, 2015).

The production of recycled materials is typically characterized as having zero emissions, and
it is commonly treated as emission-free at the point of use. Consequently, the emissions at-
tributed to recycled materials only encompass those arising from their transportation. Uti-
lizing recycled materials has the potential to mitigate carbon dioxide emissions during the
construction phase of infrastructure projects. Frequently, the emissions associated with ma-
terial installation are overlooked, yet they are comparatively minor compared to transpor-
tation emissions. Historically, the primary raw material for compacted earth, namely soil,
has been sourced locally, resulting in minimal emissions associated with material transpor-
tation. However, the adoption of recycled materials introduces emissions related to trans-
portation. Additionally, the preparation of stabilized soil into a structural element requires
labor, and emissions from ramming activities should be duly estimated. Furthermore, the
greenhouse gas emissions from stabilized soil are contingent on the type of binder employed.
The use of cement-based binders substantially amplifies the carbon footprint, given the sig-
nificant emissions generated during cement production. (Teittinen, 2019).

The environmental footprint of rammed earth constructed from renewable materials over
its life cycle is primarily attributed to greenhouse gas emissions arising from transportation
and the utilization of cementitious binders. When implemented judiciously, this approach
exhibits the potential to serve as a durable solution necessitating minimal maintenance dur-
ing usage and offering recyclability post-decommissioning. Nevertheless, a comprehensive
life-cycle analysis of the landfill is imperative to ascertain the actual environmental impacts.
(Aromaa 2021).
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2.4 Suitable materials for rammed earth method

Initiating the identification of materials suitable for rammed earth technology often begins
with the classification provided by geotechnical engineering, which offers a foundation
based on known properties. Among these properties, the crucial determinant is the type of
soil selected, defined by its granularity curve. Table 2.1 displays the soil types categorized by
the range of grain sizes. The material designated for compaction must encompass a balance,
featuring an ample quantity to enhance its strength, as well as a fine component facilitating
pore formation through the generation of internal suction forces. The establishment of an
appropriate pore structure, coupled with the utilization of the correct water content in the
ramming operation, is imperative for the cohesion and attainment of the requisite density
in the final structure. The spectrum of materials compatible with this methodology extends
beyond purely compacted compositions, encompassing stabilized rammed earth where
strength development is influenced by the physico-chemical properties of the soil. The asso-
ciated phenomena deviate slightly from traditional rammed earth techniques. (Walker et al.,
2005).

Table 2.1. Classification of soil according to particle size fractions (SFS-EN ISO 14688-
1:2018). *RE-method=Rammed earth method.

Soil group Particle size fractions | Range of particle sizes | Optimal  composi-
(mm) tion for RE-method*
Coarse soil Gravel >2,0t0 <63 45 to 80 m-%
Sand >0,063 to <2
Fine soil Silt >0,002 to <0,063 10 to 30 m-%
Clay <0,002 5 to 20 m-%

In contemporary applications, there exists a demand for exploring new uses for recyclable
soil materials. When integrating rammed earth technology with recycled materials, the sta-
bilized method proves more suitable for this purpose. Stabilization serves as an additional
component augmenting the soil’s quality, thereby providing a broader range of choices for
aggregate materials in the context of the stabilized rammed earth method.
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Figure 2.4. Indicative upper and lower limits of granularity curves for rammed earth materi-
als. (Walker et al., 2005).

The robustness and modifiability of rammed earth are subject to alteration through the in-
corporation of diverse binding agents. Predominantly, cement, lime, and bitumen emerge
as the most prevalent binders employed in rammed earth. The augmentation of these bind-
ers within rammed earth engenders what is conventionally referred to as stabilized rammed
earth (SRE) or cement-stabilized rammed earth (CSRE). The enhanced strength exhibited
by SRE in comparison to conventional rammed earth methodologies can be ascribed to the
binding properties and chemical reactions, typically catalyzed by water. These chemical re-
actions facilitate the interparticle cohesion, thereby substantiating the term “bind” in bind-
ing the mass together. (Cristelo et al., 2012).

Arrigoni et al. (2018) investigated the applicability of crushed concrete in rammed earth
techniques, an area with limited research despite the abundance of data of crushed concrete.
The study focused on test specimens created using the stabilized rammed earth technique
(SRE). Specimens comprised varying proportions (0 %. 25 %, 50 %, 75 % and 100 %) of
crushed concrete mixed with natural soil. To optimize mass granularity, crushed concrete
underwent sieving to eliminate particles smaller than 6 mm and larger than 19 mm. The
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study employed cement as a binder, constituting 7 % of the dry matter weight. Additionally,
sample cylinders were produced with crushed concrete as aggregate, exploring different
binder combinations: CEM 7 %, CEM 10 %, and CEM 5 %/Fly ash 5 %. The experimental
cylinders were manufactured at the optimal water content and subjected to a 28-day curing
period under 96 % room humidity at an approximate temperature of 21 ° C before undergo-
ing compression test.

The study results indicated that while and increased proportion of crushed concrete in the
mixture often led to a reduction in compressive strength, a direct linear relationship between
the proportion of crushed concrete and compressive strength was not observed. This phe-
nomenon was attributed to the greater influence of grain size distribution and impurities in
the crushed concrete on the compressive strength, which, in turn, negatively impacted the
material and caused localized fractures during the compression test. Furthermore, the study
identified a reduction in the carbon footprint of the structure with an increasing amount of
added crushed concrete to the mass. The challenge emerged when incorporating crushed
concrete lead to a reduction in the compressive strength of the structure in comparison to
natural aggregate, necessitating a higher cement content to compensate for this decline. The
ultimate finding of the investigation determined that the optimal approach involves utilizing
crushed concrete aggregate in conjunction with a binder comprising 5 % cement and 5 % fly
ash of the total mass of the mixture. This composition resulted in a CO- savings compared
to the use of solely natural aggregate and cement, all while maintaining the structural integ-
rity of the material. (Arrigoni et al., 2018).

Limited research exists on the properties of quarry fines in relation to rammed earth tech-
nology. However, Zhang et al. (2019) investigated the mechanical properties of stabilized
quarry fines, assessing its applicability in road construction. In this study, samples were pre-
pared through two distinct methods. Mechanically compacted samples, measuring 50 mm
in diameter and 100 mm in height, were compacted in three layers, achieving a density ap-
proximately 85 % of the theoretical maximum density. The optimal material mixtures were
identified based on these samples. For the compression test, samples were prepared using a
gyratory intensive compactor tester (ICT), achieving densities of up to 96 % of the theoretical
maximum. The results from both sample preparation methods serve as indicative bench-
marks for the rammed earth approach in this study. Subsequently, the experimental cylin-
ders were cured at 100 % room humidity at 25° C for 7 and 28 days.

The study employed quarry fines as the aggregate with a grain size ranging from 0-4 mm.
The binders utilized were Finnsementti’'s CEM I 42,5 R (CEM I), Ecolan Infra 80 (composed
of coal ash, wood biomass, lime, and 20% cement) and fly ash from 100 % coal combustion
residuals. CEM I was incorporated into samples representing 2,5 % and 4,5 % of the total
mass. Ecolan 80 was introduced at concentrations of 4,5 % and 6,5 %. Fly ash was integrated
into the samples at concentrations of 12 % and 15 %, with 1 % cement serving as the activator.
The optimal water content was established at 9,26 %, and water-to-cement ratios were se-
lected based on effective hydraulic reactions, aligning with recommendations from the
American Concrete Institute, ranging between 0,4 to 0,6. (Zhang et al., 2019).

According to the investigation, stabilized quarry fine specimens, achieving a 96 % degree of
compaction, satisfy pavement base and subbase requirements when appropriately designed
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and constructed. In the case of cement-stabilized quarry fines, a minimum compaction level
of 93 % is recommended for base layer applications. Ecolan 80 or fly ash with cement as
stabilizers demonstrate improved performance with higher compaction. Increased cement
content and reduced water-to-cement ratio result in stiffer materials. A similar situation was
also observed on quarry fine specimens stabilized with the fly ash and activator, while
strength of the Ecolan 80 correlates positively with higher stabilizer content and water-to-
stabilizer ratio. Unconfined compression commonly exhibits combined extension and shear
failures. Freeze-thaw cycles impact bearing capacity and deformation, with limited effects
on cement-stabilized quarry fines. Ecolan 80 or fly ash-stabilized quarry fines display
heightened frost susceptibility. Adjustments in gradation or an increase in compaction de-
gree can fulfill high-strength requirements for base layers employing stabilized quarry fines.
(Zhang et al., 2019).
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3 Precast interlocking concrete blocks

This chapter elucidates an alternative approach to wall construction, namely, the utilization
of precast interlocking concrete blocks (PICB). PICBs are modular, pre-manufactured build-
ing components that are designed to fit together seamlessly without the need for mortar or
adhesive. These blocks are typically made from reinforced concrete but in this thesis the
term is also used when utilizing recycled materials instead of traditional concrete. PICBs are
known for their ease of assembly, durability and versatility and they are commonly used in
various construction applications such as retaining walls, flood protection, erosion control.
The goal was to research how well recycled materials would work in precast structure. In
construction phase of the wall precasting-method would provide advantages over rammed
earth method such as ease of construction, less material for molds and in general faster con-
structing.

PICBs were selected for possible wall construction method based on several key considera-
tions. First, their interlocking design incorporates features that enable a secure fit, fostering
the creation of a stable structure. This interlocking feature not only facilitates convenient
assembly but also allows for efficient disassembly and reassembly. Second, the blocks ex-
hibit a modular and precast nature. The term “precast” denotes their manufacture in a con-
trolled environment, ensuring consistent quality and strength. The modularity of these
blocks enables production in diverse sizes and shapes, rendering them easily transportable
and conductive to on-site assembly. Furthermore, the characteristics of this project align
well with the suitability of PICBs, given that the ultimate structure is a relatively low wall
that does not have to bear additional loads beyond its own weight.

3.1 History

The historical origins of precast concrete can be traced back to ancient civilizations, notably
the Romans, who employed a precursor to precast concrete in the construction of aqueducts,
arches, and various structures. This early form of precast concrete involved the use of
wooden molds to shape concrete elements at centralized locations, subsequently transport-
ing them to construction sites. The Romans demonstrated pioneering ingenuity by introduc-
ing pozzolanic material, derived from volcanic ash in the town of Pozzuoli, into their con-
crete mixture. This innovative blend, incorporating lime and aggregate, marked a significant
technological advancement. Employing a technique reminiscent of modern precasting
methods, the Romans created intricate and durable structures, exemplified by the Pantheon
temple and its precast concrete dome, constructed between 118 and 125 AD (in figure 3.1).
Remarkably, the Pantheon’s dome remains the world’s largest unreinforced concrete dome
to this day. (Delatte, 2001).

The utilization of these precast-like techniques in ancient Rome showcased the Romans’ en-
gineering prowess and efficiency. The practice of casting elements offsite and transporting
them for on-site assembly contributed to the durability of their structures. While the tech-
nological methodologies of ancient Rome differed from contemporary precasting methods,
the underlying principles of creating standardized components in controlled environments
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for subsequent assembly bear a resemblance to contemporary precast concrete practices.
(Delatte, 2001).
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Figure 3.1. The Pantheon dome — Word'’s largest unreinforced conérete dome (Sea ’NeiII,
2014).
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For extended period, there was a lack of significant progress in concrete construction. How-
ever, in the 19th century, a pivotal advancement occurred with the development of Portland
cement by Joseph Aspdin in 1824, marking a transformative milestone in concrete technol-
ogy. Aspdin, a British bricklayer and stonemason, obtained a patent for Portland cement,
which was named after its resemblance when set — a limestone variant found on the Isle of
Portland in England. The patented process involved heating a mixture of limestone and clay
to high temperatures, followed by grinding it into a fine powder, resulting in the creation of
hydraulic cement. This invention represented a substantial improvement over preceding ce-
mentitious materials, rendering it more suitable for construction projects and swiftly gain-
ing widespread adoption. Portland cement emerged as a cornerstone of the Industrial Rev-
olution, supporting the growth of the construction industry. (Courland, 2011).

In the early 20th century, there was a notable upswing in experimentation with precast con-
crete. The refinement of the process highlighted its advantages, notably cost-effectiveness
and efficiency. The historical roots of precast concrete extend to 1905 when John Brodie, an
engineer from Liverpool, pioneered the development of precast panel buildings. This inno-
vative concept introduced the principles of industrialization and standardization in con-
struction. From 1948 until the late 1980s, state-organized construction initiatives produced
numerous large-scale, prefabricated free-standing apartment blocks, relying on the
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standardized precast concrete panels to facilitate fast-track construction methods. During
that era, various other precast concrete elements, including blocks and pipes commenced
production for diverse construction applications. (Hogan-O’Neill, 2021).

The introduction of concrete blocks to the public market traces back to the 1860s, marked
by the development of several proprietary systems for precast concrete block manufacturing
on the East Coast of the United States. However, the significant evolution occurred in the
mid-20th century with the emergence of precast interlocking concrete blocks, exemplified by
the ANSI modular standard block, commonly referred to as a concrete masonry unit. Ini-
tially utilized in infrastructure and civil engineering projects to address challenges associ-
ated with erosion control, flood protection, and retaining walls, these blocks gained popu-
larity due to their innovative interlocking mechanisms, providing enhanced stability and
simplified assembly without the necessity of mortar. The ensuing years witnessed continual
refinement in both design and manufacturing processes. Engineers and manufacturers di-
versified interlocking systems, incorporating variations such as tongue-and-groove, pin-
and-socket, or key-and-lock mechanisms to augment the stability and load-bearing capacity
of the blocks. With ongoing enhancements in design and manufacturing, the applications of
these blocks expanded beyond civil engineering and infrastructure to encompass landscap-
ing, environmental protection, and diverse sectors, including military and security applica-
tions. (Fitz et al., 2016).

3.2 Constructing method of precast interlocking concrete blocks

In this study, emphasis is placed on formulating a working recipe that maximizes the utili-
zation of recycled or by-product materials in using PICBs. However, PICBs are fabricated
using a manufacturing process akin to other precast concrete structures, delineated into sev-
eral key steps that are presented in the figure 3.1. The initial stage involves the preparation
of a concrete mixture, encompassing cement, aggregates, water, and often additives or ad-
mixtures to optimize concrete properties, particularly strength and workability. The subse-
quent critical step involves the design of molds tailored to produce specific interlocking fea-
tures, typically crafted from materials such as steel or rubber to achieve desired shapes and
textures. Following mold preparation, a meticulously oiled mold receives the concrete mix-
ture, with automated or semi-automated methods employed depending on block design and
size. Vibrational or compaction processes eliminate air bubbles and ensure dense and ho-
mogeneous mixture. Upon mold filling, the blocks undergo a curing phase crucial for en-
hancing concrete strength and durability. Curing methods encompass controlled environ-
ments like curing chambers, wet curing, or steam curing, with on-site alternatives involving
plastic coverings to retain moisture. Post-curing, demolding takes place, facilitated by well-
designated interlocking features and pre-casting material oiling to prevent damage. Subse-
quent quality control inspections assess dimensional accuracy, strength, and surface finish,
with non-conforming blocks subject to rejection. Depending on the intended use and aes-
thetic considerations, additional finishing processes, including texture addition, coloring, or
surface treatments, may be applied to achieve the desired appearance. (Fibo Intercon,
2023).
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Day 3 Store,
Strip & Cast

Day 2 Strip

1 Shutter ready for casting
2 Cast block

3 Strip Shutter

4 Lift block and pallet A from casting area

5 Lift in new pallet B, clean and build shutter
6 Shutter ready for casting

Figure 3.1. Principal stages in the manufacturing process of Precast Interlocking Concrete
Blocks (PICB). (Fibo Intercon, 2023).

The primary emphasis and endeavor in the utilization of PICBs can be deemed to lie withing
the block manufacturing process. Depending on the specific design and structure erected
using PICBs, the design phase may entail considerable effort. Nonetheless, the construction
procedures involving PICBs are generally characterized by simplicity, although necessitating
the use of heavy machinery (refer to figure 3.2) due to the substantial weight of individual
blocks, typically ranging from 1 to 2,5 tons.

Figure 3.2. Installation of PICBs with reacher stacker. (Pundfield Precast, 2023).
27



The ensuing delineation outlines the fundamental steps for construction employing PICBs:

1. Site preparation: Ensure the construction site is properly prepared. The ground
should be leveled, compacted, and free from debris. Proper drainage considerations
are essential. Depending on the structure, site investigations, such as soundings, are
usually needed.

2. Foundation preparation: Depending on the project, a concrete foundation may be re-
quired. Ensure that the foundation is structurally sound and provides a stable base
for the interlocking blocks.

3. Layout and design: Plan the layout and design of the structure, considering the di-
mensions and specifications of the PICBs. Account for openings, corners, and other
design elements. Make sure to ensure structures safety, by performing stability
checks for failure by toppling, sliding, bearing and overall stability.

4. Installation of base course: Begin by laying the first course of interlocking blocks on
the prepared foundation. Ensure that the blocks are leveled and aligned properly by
using laser or string line.

5. Interlocking mechanism: Utilize the interlocking features of the blocks to secure them
together, when installing upper layers. Use machinery such as light cranes, excavators
or reach stackers to install heavy blocks on top of each other. Depending on the spe-
cific design, interlocking mechanisms may include tongue-and-groove, pin-and-
socket, or key-and-lock systems.

6. Alignment and leveling: As you progress with the installation, regularly check for
alignment and levelness. Adjust as necessary to maintain the structural integrity of
the wall or structure. The joints of the blocks must be installed so that they overlap
with each other.

7. Capping and finishing: Complete the structure by adding cap blocks or finishing ele-
ments to the top course. Ensure a secure and level capping to provide a finished ap-
pearance.

8. Quality control: Regularly inspect the installation for quality control. Check for align-
ment, levelness, and overall stability.

(Poundfield Precast, 2023; Tellus Design, 2017).

3.3 Properties of precast interlocking concrete blocks

One of the primary characteristics distinguishing PICBs lies in the compressive strength in-
herent in its structural composition. This compressive strength is significantly influenced by
used materials, design, and manufacturing process of the PICB which is confirmed by the
existing literature and empirical investigations about the PICBs. Concrete is distinguished
by its elevated compressive strength but exhibits relatively low tensile strength, posing a
specific challenge in applications involving unreinforced concrete. While PICBs can be rein-
forced, the prevailing practice involves the construction of unreinforced PICB structures. In
such instances, the tensile strength of PICB is commonly approximated to be around 10% of
its compressive strength. Therefore, PICBs are most appropriate for structures that primar-
ily experience compressive forces and minimal tensile forces. (Aswad et al., 2022; Iskhakov
et al., 2021).

28



The mechanical resistance properties of PICBs are assessed using methodologies employed
in concrete engineering. Material properties can be evaluated through either direct or indi-
rect approaches. Direct methods, exemplified by the unconfined compression test (UCT) test
conforming to SFS-EN 12390-3:2019, offer the advantage of furnishing a precise and realis-
tic assessment of the compressive strength of the specific specimen. However, a drawback is
inherent, as the specimen undergoes irreversible damage during the test, limiting its ap-
plicability to a single examination. Consequently, this testing methodology necessitates the
production of a substantial number of specimens to ensure a statistically significant sample
size, and to mitigate potential distortions arising from manufacturing discrepancies. This
approach presents challenges in assessing properties at distinct stages of the curing process,
as each curing period necessitates the preparation of a distinct set of samples. (SFS-EN

12390-3, 2019).

An alternative testing approach involves the indirect method as per SFS-EN 13791, utilizing
devices like the rebound hammer or ultrasonic pulse velocity. These instruments furnish
measured values that, based on empirical findings, offer an approximation of the specimen’s
properties, notably its compressive strength. The merit of these methodologies lies in their
non-destructive nature, enabling the examination of the same specimen at various intervals
and facilitating the comparison of its property evolution over time. However, a drawback is
evident as the indirect test does not yield an absolute value but provides solely an estimate
of the tested specimen’s properties. (Wallenius et al., 2023).

Another notable attribute of PICB is their capacity to assess the overall durability of a struc-
ture. Given that joints are typically not mortared, it becomes crucial to verify the ability of
the structure to withstand applied shear forces when necessary. Alwathaf et al. (2005)
delved into this aspect, conducting laboratory tests to determine the shear strength, and
sliding resistance of PICB joints. The failure of mortarless masonry joints under shear, es-
pecially under moderate pre-compression levels, can be elucidated by the Coulomb friction
law (Equation 3.1). This law establishes a linear correlation between the shear strength and
the normal stress on the joint area.

Ty =To+ U X0y (3.1)

where

0, = normal stress from pre — compression load

To = shear strength at zero pre — compression stress or cohesion strength
u = actual friction coef ficient in joint interface

The linear Coulomb’s law is applicable for normal stresses on less than 2 MPa. Under higher
axial stresses, masonry walls may experience failure, even when the friction resistance in
joints is not fully mobilized. This failure is attributed to the principal tensile stress reaching
the diagonal tensile strength of the units, leading to unit cracking. In the context of mortar-
less interlocking masonry, it is imperative to establish failure criteria for joints under a com-
bined normal shear envelop to comprehend the behavior of the interlocking system. More-
over, these criteria are essential for predicting joint failures and analyzing interlocking walls
using finite element methods. (Alwathaf et al., 2005).
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The findings of the study include successful utilization of the modified triplet test for small
panels to assess the shear behavior of the mortarless interlocking masonry. Experimental
tests revealed that the observed friction behavior for interlocking mortarless joints under
different axial compressions aligns with the linear Coulomb-type failure criterion. The une-
venness of the joints significantly impacts the shear strength of the system, as the area for
friction resistance is not fully utilized. Tolerances provided in the interlocking keys for the
ease of block assembly affect the transfer of shear stress between adjacent block units. In the
pre-peak range of loads, the average shear-slip response of the interlocking masonry joint is
characterized by insignificant slip at shear loads lower than 80% of the peak value. Con-
versely, in the post-peak range of loads, the joint exhibits a relatively constant shear load,
representing a notable difference from conventional masonry systems. (Alwathaf et al.,
2005).

3.4 Environmental impact

One of the key advantages of the precast interlocking blocks are its environmentally friendly
properties. Using the precast interlocking concrete blocks, it is possible to use less material
for the structure itself and for formwork. Traditional casted concrete structures often require
extensive formwork and reinforcement to achieve necessary structural integrity. These ma-
terials are resource-intensive and often end up as construction waste. Interlocking concrete
blocks on the other hand requires only minimal and reusable formwork as shown in the fig-
ure 3.3, and their design can reduce or eliminate the need for reinforcing steel. Interlocking
concrete blocks can be designed for easy disassembly and reuse, making them more sustain-
able in long term. Traditional casted concrete structures are typically less adaptable to future

changes or demolition and may result in significant waste. (Poundfield precast, 2023).
G ; : i = .

hFirem3.3.u Reusable formwork for PICB in HSY Ammaéssuo.

The construction sector demonstrates a notable capacity for assimilating substantial quan-
tities of waste, repurposing it into valuable products. This exemplifies a broader trend within
industrial ecology, aligning with the pursuit of a sustainable global future, wherein industrial
by-products can serve as raw materials for diverse industries. The utilization of waste mate-
rials in concrete offers manifold advantages, encompassing the conservation of a country’s
mineral resources, including aggregates and sand obtained from natural sources. This ap-
proach contributes to environmental impact and positively effects the economy of the nation
by mitigating the high costs associated with waste storage. Recognizing that natural
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resources are not inexhaustible, the construction commitment of the construction industry
to maintainability and sustainable enhancement primarily revolves around environmental
protection through the adoption of alternative materials, innovative methodologies, and re-
cycling practices. (Uygunoglu et al., 2012).

In concrete production, the substantial environmental advantages associated with PICB pro-
duction stem from the utilization of environmentally friendly materials. Within concrete
production it is estimated that approximately 70% of the carbon footprint is attributed to
cement production. Therefore, the most significant environmental gains are realized
through the incorporation of more environmentally sustainable binders capable of partially
replacing cement. Furthermore, opting for recyclable aggregates, such as crushed concrete
instead of natural aggregates, contributes to overall resource savings. (Winnefeld et al.,
2022).

In contrast to larger precast concrete structures, the relatively compact dimensions of PICB
enable on-site manufacturing, leading to a substantial reduction in emissions associated
with material transportation and precast component delivery. Consequently, the primary
objective of this thesis is to assess the feasibility of incorporating crushed concrete waste,
quarry fines, as well as locally available ashes and slags in the production of PICBs. The study
aims to elucidate the impact of these materials on the physical and mechanical properties of
the resultant blocks.

3.5 Suitable materials for precast interlocking concrete blocks

PICBs have predominantly found application in construction using conventional concrete
as the primary material. However, the contemporary emphasis on environmental consider-
ations and material emissions in construction projects has underscored the increasing sig-
nificance of utilizing environmentally friendly materials. Investigations into PICBs have pri-
marily focused on their use in road or pavement construction when incorporating by-prod-
ucts from various industries or recycled materials. Nevertheless, it is posited that the con-
struction methods and materials employed in the production of these paver blocks share
similarities with techniques applicable to the manufacturing of PICBs for structural wall
constructions.

3.5.1 Case study (Attri et al., 2022)

This chapter refers to case study conducted by Attri et al. (2022). Attri et al. (2022) investi-
gated the applicability of recycled concrete aggregates in combination with stone crusher
dust and silica dust in making zero-slump concrete for producing paver blocks. The investi-
gation assesses the impact of integrating varying percentages (0 %, 15 %, 30 %, 45 %, 60 %,
75 %) of coarse recycled concrete aggregate. Subsequently, the viability of introducing dif-
ferent proportions (0 %, 20 %, 40 %, 60 %, 80 %, 100 %) of stone crusher dust and silica
dust in conjunction with the optimal coarse recycled concrete aggregate content was exam-
ined. Ordinary Portland cement was used as a binding agent in this investigation.
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Paver blocks samples were made by utilizing concrete mixer, vibrating table, and PVC molds.
First materials were mixed to establish homogenous mixture. Within the wet mix, super-
plasticizer was incorporated. The zero-slump concrete mixture was then introduced into
PVCmolds in three layers and compacted using a vibrating table. The compacted molds were
subsequently stacked for a 24-hour period at room temperature (277° C) to facilitate initial
setting. After this curing period, the paver blocks were demolded and immersed in a curing
tank for a duration of 28 days.

Attri et al. (2022) propose several recommendations for consideration in future research
endeavors. Firstly, they advocate for the utilization of soaked coarse recycled concrete ag-
gregates to enhance workability through the contribution to the hydration process via inter-
nal curing. However, caution is advised when removing dust and fines, as this may diminish
the mixture’s surface area, potentially resulting in gap-graded concrete despite reductions
in water and cement demand. Furthermore, the authors suggest the application of special-
ized chemical admixtures to diminish water demand and improve workability in zero-slump
concrete, targeting micro pores inherent in recycled concrete mixes. The mechanized or
chemically facilitated removal of adhered mortar is recommended to enhance hardened
properties, although at an increased cost. Exploring the incorporation of mineral admix-
tures, such as silica fumes, fly ash, or rice husk ash, is suggested to further augment the
workability and microstructure of zero-slump concrete. Finally, the installation of special-
ized construction and demolition waste recycling plants within a 20 km radius of demolition
sites is recommended to mitigate environmental impacts and alleviate the ecological and
economic influences associated with transportation and crushing, accounting for 80 % of
the overall impact.

The empirical observation of the investigation indicates that these industrial by-products
have the capacity to substitute a substantial proportion of natural aggregates in the resulting
concrete blocks without significantly altering their properties. While the incorporation of
these wastes may not lead to a notable reduction in CO- emissions and primary energy con-
sumption relative to cement alternatives, it holds promise in conserving a substantial quan-
tity of natural resources. This approach also contributes to a potential reduction in the bur-
den on land resources by redirecting waste streams away from landfills towards productive
utilization.

3.56.2 Case study (Uygunoglu et al., 2012)

This chapter refers to an investigation conducted by Uygunoglu et al. (2012), where the im-
pact of fly ash content and the replacement of sandstone aggregate with concrete and marble
wastes on PICBs was explored. The study involved assessing properties of PICBs with vary-
ing fly ash replacement ratios for aggregate. Parameters such as compressive strength, ten-
sile splitting strength, density, apparent porosity, water absorption by weight, abrasion re-
sistance, alkali-silica- reaction, and freeze-thaw resistance were evaluated. Comparisons
with PICBs using crushed sandstone revealed that the replacement of sandstone with con-
crete and marble waste led to diminished physical and mechanical properties. Conversely,
the substitution of cement with fly ash (ranging from 10% to 20%) exhibited a notable en-
hancement in crucial properties of PICBs.
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The binders utilized in their research comprised Ordinary Portland Cement (OPC), specifi-
cally the CEM I 42,5 R type, and fly ash sourced from Tuncbilek, Kiitahya/Turkey Thermal
Power. The aggregates were categorized into two primary groups: fine and coarse. The
coarse aggregate constituted crushed limestone with a particle size of 6-12 mm and a specific
gravity of 2,71. Fine aggregates included marble waste, concrete waste, and crushed sand-
stone, all with a particle size of 0-4 mm.

The study was structured into two segments. The first part aimed to ascertain the impact of
fly ash content on the properties of blocks manufactured with different types of aggregates.
The second part focused on evaluating the influence of aggregate type on the properties of
PICBs. In total, 15 series of PICBs were produced, with fly ash content ranging from 0% to
40% through the replacement of OPC by weight. Three distinct types of fine aggregates,
namely crushed sandstone, marble waste, and concrete waste, were employed. The PICB
mix constituents were proportioned to achieve optimal particle packing and, consequently,
minimal voids. A constant water-to-binder ratio of 0,45 was maintained across all series,
with a binder content of 300 kg/m3. The aggregate composition of the specimens consisted
of 40% coarse and 60% fine aggregate.

The influence of cement replacement with fly ash and the impact of various types of fine
aggregates on the compressive strength of PICBs are illustrated in figure 3.4. A noticeable
decline in compressive strength is observed with an increase in the fly ash replacement ratio
in each series, particularly evident beyond 10%. Furthermore, the substitution of crushed
sandstone (CSS) with concrete waste (CW) and marble waste (MW) leads to a reduction in
the compressive strength of PICBs.

Compressive strength, MPa

1} . : .
il 10 20 3 A
Fly ash replacement ratio, %
Figure 3.4. Comparison of compressive strength of PICB vs. fly ash content. CSS=Crushed
sandstone, CW=Concrete waste, MW=Marble waste. (Uygunoglu et al.,2012).

The findings of the study elucidate various aspects concerning the properties of PICBs in-

corporating fly ash, waste marble, and waste concrete. A decline in compressive strength is

observed with an escalating fly ash replacement ratio, and the substitution of CSS with CW

and MW further contributes to this reduction in compressive strength. Despite this
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decrease, the splitting tensile strength of PICBs with CSS, CW and MW remains satisfactory,
meeting the strength standards within 28 days, except for a 40% fly ash replacement ratio.
The presence of marble aggregate has a negligible impact on splitting tensile strength. Den-
sity experiences a decrease with higher fly ash replacement ratios, particularly in paving
blocks with CW. Porosity and water absorption exhibit an upward trend with increasing fly
ash replacement, with CW blocks displaying the highest values. Freeze-thaw durability wit-
nesses a decrease with the rise in fly ash ratio, although blocks with CSS and MW fulfill
strength requirements post the freeze-thaw cycle. In summary, the study concludes that the
incorporation of waste marble and concrete results in PICBs of satisfactory quality, consid-
ering the observed variations in strength, density, porosity, water absorption, and freeze-
thaw durability.
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4 Researched materials and methods

Laboratory methodologies employed in the evaluation of materials utilized within this re-
search are presented in this chapter. The aggregate materials subjected to testing encom-
passed crushed concrete, quarry fines of various grain sizes, and combination of crushed
concrete and quarry fines. These aggregates were specifically sourced from the Saramaki
division of Kiertomaa Oy, primarily owing to their abundant availability and compact geo-
graphical proximity. The binders studied in this thesis were fly- and bottom ashes from bio-
based waste incineration and blast furnace slag from steel industry production, selected pri-
marily from the Turku region.

4.1 Aggregate materials

Aggregate materials play a pivotal role in the context of sustainable construction practices.
In both rammed earth and casting -methods, the aggregate component constitutes the pre-
dominant proportion of the construction material, typically encompassing approximately
75-85 dry mass percentage (m-%) with casting method and 70-80 m-% for rammed earth
method (Mehta et al. 2014). Within the purview of this research, the aggregate content for
various materials exhibited a range of 75-85 m-% concerning the dry material content. It is
imperative to underscore the significance of this factor, particularly during the material se-
lection process, as greatest transportation distances for aggregates result in escalated emis-
sions attributable to the transportation phase.

To address this concern, a conscientious approach was adopted in the selection of aggregate
materials for scrutiny in this study. Specifically, an emphasis was placed on sourcing mate-
rials that are readily available on-site, thereby minimizing the environmental footprint as-
sociated with material transportation. Furthermore, the materials of interest predominantly
comprise quarry-derived by-product such as quarry fines and crushed concrete, obtained
from construction waste, aligning with sustainable practices, and reducing the reliance on
distant sources for construction aggregates (refer to figures 4.1 and 4.2).
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Figure 4.2. Crushed concrete (0-63 mm) at Kiertomaa Oy Saramaki site.
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4.1.1 Crushed concrete

The crushed concrete, later referred to as CC, researched within this study originates from
diverse demolished infrastructure projects within Turku region. Subsequently, this concrete
material was transported from the demolition sites to Kiertomaa Oy, where it underwent
fragmentation, resulting in particle sizes ranging from o0 to 63 mm. To ascertain its suitabil-
ity for various applications, the CC was subjected to laboratory tests conducted in accord-
ance with the standard SFS 5884:2022. These tests encompassed assessments of grain size
distribution, specific gravity, impact resistance, constituent classification, and compressive
strength.

The compressive strength of the CC samples made with ICT were on average 0,81 MPa after
7 days and 0,08 MPa after 28 days. Based on the outcomes of these examinations, the
crushed concrete material scrutinized in this study was classified as class II. Summarized
table of the unfloating material content of the CC is presented in table 4.1 and in figure 4.3
is depicted the material. The amount of floating materials measured from the material was
7,2 cm3/kg. For comprehensive details of the CC and the precise parameters of the labora-
tory tests, reference can be made to attachment 1, which elucidates the laboratory tests per-
formed on the CC commissioned by Kiertomaa Oy in alignment with national established
quality control system. Deviating from the results in attachment 1, the specific gravity was
determined again at the Aalto University laboratory, resulting in 2,62 g/cma3.

Table 4.1. Material content of the crushed concrete in particle size 4-63 mm. (Kiertomaa Oy,

2023).
Unfloating materials [m-%]
Concrete (including mortar) 89,0
Aggregates 8,9
Bricks, tiles 2,2
Bituminous materials 0,0
Glass 0,0
Other 0,2

i

Figure 4.3. Crushed concrete 0—63 mm.

37



4.1.2 Quarry fines

Quarry fines, later referred to as QF, investigated in this study originates from the Saramaki
site of Kiertomaa Oy. Kiertomaa Oy is engaged in the production of crushed rock of various
grain sizes, primarily obtained from their on-site quarrying operations. An incidental out-
come of the quarrying process is the production of finer aggregate known as QF, character-
ized by a higher fines content. This attribute often renders it more intricate to identify a
commercial application for QF, in contrast to coarser crushed rock, for example. Kiertomaa
Oy has conducted laboratory assessments on the crushed rock according to standard SFS-
EN 13242+A1, with detailed results elucidated in attachment 2. Specific gravity was deter-
mined also at the Aalto University laboratory, and the result was confirmed to be 2,71 g/cma3.
Based on the findings presented in the attachment 2, the geological composition of the quar-
ried rock is identified as quartz syenite. The QF examined in this study exhibit grain sizes
ranging from 0-3 mm, 0-5 mm, and 0-8 mm. Summarized properties of the mineral com-
position of the QF is presented in the table 4.2 and in figure 4.4 is depicted the material with
gradings of 0-8 mm and 0-3 mm.

Table 4.2. Mineral composition of the quarry fines. Vol-%=Volume percentage. (Kiertomaa

Oy, 2023).
Mineral Vol-% | Grain size (mm)
Potassium feldspar 61 0,5-12,0
Quartz 16 <0,1-6,0
Biotite 10 <0,1-3,0
Plagioclase 8 0,3-5,0
Other minerals 4 <0,1-4,0

~~~

Figure 4.4. Quarry fines. 0-8 mm on the left and 0-3 mm on the right.
4.1.3 Mixture of quarry fines and crushed concrete

In addition to utilizing exclusively crushed concrete and quarry fines, a mixture of these ma-
terials was also incorporated into the study. The selection of this combination was method-
ically undertaken to align the aggregate gradation with the optimal gradation curve conven-
tionally employed within the rammed earth construction technique. Specifically, the mixture
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was composed of 0-3 mm quarry fines and crushed concrete, with each constituent contrib-
uting equally at a 50 % ratio. Elucidation of the optimal gradation curve is provided within
chapter 2.4.

4.2 Binder materials

In both casting and reinforced rammed earth construction technique, the necessity of a bind-
ing agent in conjunction with the aggregate, becomes apparent. Within the framework of
this study, the selection of binding agents has been underpinned by a commitment to envi-
ronmental conscientiousness. Furthermore, this investigation has diligently considered the
ecological footprint arising from the conveyance of these binding agents, thereby initially
focusing on materials procured from the south-western region of Finland for analysis. As
the research evolved, and supported by the initial findings, a deliberate expansion of the
study’s scope transpired. This expansion encompassed the inclusion of binding agents from
geographically more distant sources, with an emphasis on the incorporation of environmen-
tally sustainable blast furnace slag cement produced within the commercial steel industry,
CEM III/B. In accordance with the delineated criteria, the materials designated for scrutiny
encompassed blast furnace slag sourced from the former Koverhar steelworks in Hanko, bio-
based fly ash and bottom ash originating from the Naantali power plant. Subsequently, the
study’s purview was augmented to encompass bio-based fly ash derived from Stora Enso’s
Varkaus power plant, along with the inclusion of CEM I11/B obtained from Finnsementti,
which broadened the spectrum of materials under investigation.

Ashes and slags originating from the steel industry typically necessitate the incorporation of
an activator to serve as binding agents, primarily due to the inherently sluggish hydration
reactions involved (Alarache et al., 2016; Solismaa et al., 2021). The activator deployed in
this study was FinnSementti’s class I cement, CEM I, characterized by a clinker content
ranging from 95-100 %. The fundamental objective underlying this selection was to employ
the purest attainable form of cement as the activator, thus facilitating the precise determi-
nation of substance concentrations. Drawing from a comprehensive investigation conducted
by Kasper Holopainen (2022), the proportions of binding agents were delineated allocating
20 % of the binder composition to CEM I, while the remaining 80 % was allocated to various
ashes or slags. The sole exception to this framework was encountered in the case of CEM
ITII/B, where the binder composition exclusively comprised CEM III/B.

The binder’s cement content was deliberately minimized to mitigate the environmental im-
pact associated with its production. On a global scale, it has been estimated that cement
production contributes to approximately 7 % of the annual anthropogenic greenhouse gas
emissions (Miller et al., 2021). Nonetheless, prior investigations have indicated that recycled
materials may encounter challenges in attaining the requisite strength when employed in
conjunction with reduced cement quantities (Kasper Holopainen, 2022).

421 CEMI

Finnsementti’s “Ykkossementti” is a portlandcement, denoted as CEM 1. It is served as the
activator for the ashes and blast furnace slag. CEM I adheres to the specifications outlined
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in SFS-EN 197-1, boasting a purity range of 95-100 % cement content. In accordance with
environmental considerations, a concerted effort was made to limit the CEM I content in the
research, while ensuring that the final product’s characteristics were not compromised using
excessively reduced cement. The cement proportion in the binder was set at 20 %, and it
varied between 3,33-5,00 % of the total dry mass of the material, contingent upon the binder
type and its inherent properties. More detailed properties of CEM I are shown in the tech-
nical data sheet from FinnSementti in the attachment 3.

4.2.2 Blast furnace slag

The blast furnace slag, later referred to as Hanko BFS, investigated in this thesis, was pro-
cured from the site of the former Koverhar steelworks in Hanko (refer to figure 4.5). The
Koverhar facility ceased operations in 2012, and since then, the slag has been stored in ex-
pansive heaps within the premises of the former plant, exposed to the vagaries of the ele-
ments. In preparation for testing as a binder, samples of the slag underwent a controlled
oven-drying process lasting 24 hours, followed by subsequent sieving through a 0,25 mm
mesh.

It is worth noting that blast furnace slag is recognized for its sluggish hydration process,
wherein a higher proportion of slag within the binder is correlated with decelerated hydra-
tion process (Schuldyakov et al., 2016).

Py M

Figure 4.5. Sieved blast furnace Slag from Koverhar steel factory, Hanko.
4.2.3 CEMIII/B

The sole commercial binder subject to investigation in this thesis is “Kolmosbertta” by
FinnSementti, specified as CEM III/B (refer to figure 4.6). In conformity with the standards
established by SFS-EN 197-1, CEM III/B is expected to comprise a range of 66-80 % of steel
industry blast furnace slag and 20-34 % of pure cement clinker. In this instance, the compo-
sition of CEM III/B comprised 30% cement clinker and 70% blast furnace slag, which ren-
ders CEM III/B an exceptionally eco-friendly alternative among binders, particularly re-
garding carbon emissions. The elevated proportion of steel industry slag within the product’s
composition attributes it with a protracted hydration process, while currently mitigating
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heat generation, ultimately culminating in the attainment of robust final strength character-
istics. More detailed properties of CEM III/B are shown in the technical data sheet from
FinnSementti in the attachment 4.

Figure 4.6. CEM III/B from FinnSmentti.
4.2.4 Naantali bio-based fly ash and bottom ash

Due to its proximate location, viability of fly ash and bottom ash produced by the Naantali
power plant was assessed as binding agents. Naantali power plant is operated by Turun
Seudun Energiantuotanto (TSET) Oy. The ashes from Naantali power plant are later re-
ferred to as Naantali FA (fly ash) and Naantali BA (bottom ash) and they are depicted in the
figure 4.7. Naantali power plant is primarily engaged in the generation of electricity, district
heating, and process steam, with a notable transition to biofuel as its principal energy source
since 2017. Consequently, the ashes subjected to examination in this research originate as
by-products of this biofuel utilization. A substantial proportion of the biofuel feedstock, such
as wood chips and bark, is sourced from the immediate vicinity of the plant. The ashes uti-
lized in this study were supplied by TSET and emanate from the multi-fuel unit (NA4) at the
Naantali power plant. Attachment 5 presents the outcomes of the laboratory assessments
pertaining to their suitability for both earth construction and landfill disposal. (Turun
Seudun Energiantuotanto Oy, 2023).

& Rilacerines s N
Figure 4.7. Naantali bio-based bottom ash (left) and Naantali bio-based fly ash (right).
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4.2.5 Stora Enso Varkaus bio-based fly ash

The selection of bio-based fly ash from Stora Enso’s Varkaus facility as an additional binder
material stemmed from preliminary findings indicating the unsuitability of Naantali FA for
the intended purpose. This bio-based fly ash is later referred to as Stora Enso FA (refer to
figure 4.8). Furthermore, on-going research conducted by Wayu (2023) at Aalto University,
had reported highly promising outcomes from preliminary laboratory assessments of Stora
Enso FA. Stora Enso FA source originates from boiler K6 at the Varkaus plant, characterized
as a circulation boiler with a heat output of 150 MW and an efficiency rate of 88 %. Its pri-
mary fuel source encompasses bark derived from the factory and external sawmills, as well
as various wood-based fuels, including sawdust, forest chips, and wood waste categories A
and B. Additionally, the boiler has the capacity to combust peat, sewage sludge, and coal as
auxiliary fuels. During its operation as a parallel incineration plant, it also disposes of waste
and recycled fuels subject to waste incineration regulations, including aluminum-free plastic
from the fiberization process, separately collected plastic and fiber fractions, and recycled
wood categorized under AB. Heavy fuel oil is employed as both starting and auxiliary fuel in
this context. Attachment 6 presents the outcomes of the laboratory assessments pertaining
to their suitability for both earth construction and landfill disposal. (Stora Enso, 2023).

Although the use of this material may transcend the bounds of immediate regional sourcing,
it is nevertheless prudent to contemplate broadening the geographical scope, especially in
the context of binder research. Favorable material attributes often enable reductions in
binder quantities, thereby diminishing the impact of material transportation emission on
the overall project. Furthermore, it is important to note that the transportation of binder
materials is associated with a relatively modest level of CO.-emissions when compared to
the emissions stemming from the actual manufacturing process of the binders. Although not
an optimal scenario, this could be considered a reasonable trade-off, especially if the binder
demonstrates commendable performance characteristics. (Autiola, 2023).

-

Figure 4.8. Stora Enso bio-based fly ash from Varkaus.
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5 Laboratory tests

This chapter serves to provide an overview of the laboratory research methods applied for
the materials under examination. The laboratory investigations encompassed a comprehen-
sive analysis of seven distinct recycled materials, comprising two aggregate materials,
quarry fines and crushed concrete, with a specific division of quarry fines into three varying
grain sizes, and five diverse binders. A more comprehensive elucidation of these recycled
materials is provided in the preceding chapter.

The initial phase of the experimentation involved the execution of what are referred to as
“index tests”. These index tests were instrumental in elucidating the fundamental character-
istics of the materials under scrutiny, encompassing aspects such as grain size distribution,
moisture content, and density. Testing matrix for index tests is presented in the table 5.1.

Table 5.1. Testing matrix for index tests of the materials.

Material Tests performed

Aggregates:

QF 0-3 mm Water content, sieving, specific gravity, modified Proctor

QF 0-5 mm Water content, sieving, specific gravity, modified Proctor

QF 0-8 mm Water content, sieving, specific gravity, modified Proctor

CcC Water content, sieving, specific gravity, modified Proctor, pH
Binders:

Naantali FA Water content, specific gravity, pH
Naantali BA Water content, specific gravity, pH
Hanko BFS Water content, specific gravity, pH

Stora Enso FA | Water content, specific gravity, pH

5.1 Water content

The laboratory experiments commenced with the determination of the water content for all
materials. This initial step holds particular significance as the laboratory tests necessitated
an examination of completely dried materials. This approach was adopted to ensure precise
control over the water quantity employed in each experimental recipe. In practical field ap-
plications, materials tend to absorb moisture, especially when subjected to storage. It is im-
perative to consistently consider this moisture absorption, as it directly impacts the accurate
addition of water to the materials, crucial for achieving the optimal recipe.

5.2 Sieving

The determination of the grain size curve for the aggregate materials holds considerable sig-
nificance. The grain size curve serves as a key tool for categorizing the material and, to a
significant degree, predicting its mechanical characteristics. To establish the grain size
curves, the dried samples underwent sieving following the guidelines of standard SFS-EN
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933-1. This process employed a sieve set encompassing a range from 0,063 mm to 30 mm
sieve sizes.

5.3 Specific gravity

Specific gravity for each aggregate and binder was conducted with pycnometer test. The test
adhered to the guidelines outlined in standard SFS-EN ISO 17892-3. Initially, the samples
were dried in the oven for 24 hours and then subjected to sieving using a 2 mm mesh sieve
to achieve a finely powdered consistency. Following this, the pycnometers used in the exper-
iment were weighed to establish the dry mass of the entire material under investigation.
Approximately 15 to 30 mm uniform layers of each sample was used in each pycnometer.
Two samples were extracted from each material, and the resulting average was employed to
ascertain the specific gravity of the material.

After the dry mass determination, the pycnometers were filled with distilled water and in-
troduced into a vacuum desiccator, refer to figure 5.1, wherein the removal of excess air was
accomplished over a duration of approximately 30-45 minutes. Subsequently, the pycnom-
eters were immersed to the level of upper surface of the capillary tube in a temperature-
controlled water bath for one hour, ensuring precise temperature control of the samples.
Temperature of the water bath was kept around 20-23 °C. Finally, the caps of the pycnome-
ters were securely sealed, the outer surfaces of the pycnometers were meticulously dried,
and the samples were weighed. With this data the solid densities of each material were cal-
culated based on the acquired masses. Temperature corrections were made in case neces-

sary.

Figure 5.1. Pycnometers in vacuum desiccator.
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5.4 Modified Proctor test

Modified Proctor tests were conducted in accordance with the SFS-EN 13286-2:en standard.
A test mold with dimension of 100 mm in diameter and 120 mm in height was employed.
Notably, the modified Proctor test was utilized in this instance, characterized by the appli-
cation of a heavier rammer. Prior to conducting the modified Proctor tests, the samples un-
derwent sieving to exclude materials retained by a 16 mm sieve or larger, and necessary ad-
justments were made to account for these larger particles according to standard.

Modified Proctor tests were exclusively executed for the aggregates in this study. For a more
precise determination of the optimum water content, it would be advantageous to perform
Proctor tests on the specific mixtures intended for use. However, this would entail conduct-
ing modified Proctor tests for a diverse array of compositions, necessitating a substantial
quantity of materials. In this context, logistical challenges, particularly pertaining to the ac-
cessibility of the binder materials, were a determining factor in the decision not to pursue
extensive Proctor testing for various compositions including binders.

5.5 pH-values

The determination of pH values constituted an integral component of the laboratory exam-
inations. pH measurements were executed utilizing the HI99121 portable soil pH meter
manufactured by Hanna Instruments. Assessments of pH values encompassed all binder
materials and crushed concrete aggregate.

Conforming to the guidelines provided by the meter, measurements were systematically
conducted. Initial procedures involved the proper configuration of the meter and calibration
of the pH electrode. Prior to sample preparation, it was imperative to confirm that the ma-
terials had undergone drying and sieving using a 2 mm sieve. The sample preparation en-
tailed blending approximately 10-20 g of material with water, so that the samples were ap-
proximately at their natural water content. Following this, the pH electrode was immersed
into the prepared sample and swirled gently. Upon stabilization of the measurement, the
observed value was recorded. In case the sample was not wet enough, water content was
added so that the measurement would be stable. Prior to the analysis of the subsequent sam-
ple, the electrode was rinsed with tap water, and any surplus material was delicately re-
moved from the electrode.

5.6 Preparing of test samples

The experimental approach encompassed the preparation of samples via a variety of meth-
ods, commencing with the least labor-intensive technique. This systemic process was under-
taken with the objective of determining an optimal binder-to-aggregate ratio for the materi-
als. Additionally, it facilitated the exclusion of weaker materials or those incompatible with
the chosen methods. Consequently, as the testing advanced, construction samples were ex-
clusively derived from the most promising materials, allowing for a more focused investiga-
tion.
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Samples formulated from the most promising recipes were prepared using two distinct
methods: casting and rammed earth techniques. This deliberate selection enabled an exam-
ination of how differing construction approaches influenced the mechanical properties of
the resulting samples.

5.6.1 Casting of the binder samples

To obtain data pertaining solely to the binders, samples were casted into molds in accord-
ance with SFS-EN 196-1:2016:en standard. Preceding this step, the appropriate water-to-
binder ratio was ascertained. In this process, water was meticulously incorporated into the
oven-dried binder during mixing in a planetary mixer. Each binder consisted of CEM I
(20%) and various ashes or slag (80%). Upon attaining the optimal composition of the ma-
terial, the water-binder ratio was determined by dividing the mass of water by the mass of
the binder. Subsequently, this established water-to-binder ratio was employed in the prep-
aration of binder samples and subsequently in the casting of samples incorporating aggre-
gates. Testing matrix for casted binder samples and the established water contents are pre-
sented in the table 5.2.

Table 5.2. Testing matrix of the binder samples. (UPV=Ultrasonic pulse velocity; UCT=Un-
confined compression test)

Material CEM (%) Water-binder ratio Tests performed

Naantali FA+CEM | 20 0,6 | UPV, UCT, 3-point bending
Naantali BA+CEM | 20 0,35 | UPV, UCT, 3-point bending
Hanko BFS+CEM | 20 0,5 | UPV, UCT, 3-point bending
Stora Enso FA+CEM | 20 0,6 | UPV, UCT, 3-point bending
CEM 111/B 30 0,5 | UPV, UCT, 3-point bending

The binder samples were prepared by adding water and then subjected to a mixing cycle
comprising 90 seconds of low-speed mixing. Subsequently, the mixer was halted for a dura-
tion of 30 seconds, allowing for scraping of the mixture from the container’s walls. Following
this, high-speed mixing was carried out for 60 seconds. Mixer used in this process was Ho-
bart’s planetary mixer. Subsequently, the mixed material was transferred into oiled molds
in two separate batches. Following the addition of each material batch, the material was
compacted using a jolting apparatus employing 60 compaction strokes. After the second
compaction cycle, any excess material was removed, and the molds were placed in a room at
ambient temperature, covered, for a duration ranging from 20 to 24 hours.

The molds employed for casting were of dimensions 40x40x160 mm, and each specimen
necessitated the creation of three samples (refer to figure 5.2). Following the casting process,
demolding was executed within a timeframe ranging from 20 to 24 hours. Subsequently, the
samples were transferred to a humidity-controlled curing chamber and covered with plastic
sheet to prevent direct water accumulation on the samples. Samples were cured in the curing
room for 28 days.
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Figure 5.2. Casted samples. l
5.6.2 Intensive compaction tester

The initial samples in this investigation were produced using gyratory compactor called in-
tensive compaction tester (ICT). These tests were conducted on material mixtures in accord-
ance with the predefined testing matrix presented in table 5.3. The ICT trials adhered to the
standards outlined in SFS-EN 12697-31, as well as the former guidelines provided by the
Road Administration in 2001 pertaining to ICT.

The ICT trials were executed in accordance with a test matrix, incorporating five aggregate
materials and five binder materials. Aggregate materials used were QF 0-3 mm, QF 0-5 mm,
QF 0-8 mm, CC (classified as class II) and mixture of QF 0-3 mm and CC. Binder materials
used were Naantali FA, Naantali BA, Hanko BFS, with the addition of cement. CEM III/B
and Stora Enso’s FA were included in the research at a later stage. All binding agents were
assessed with cement concentrations of 20 %. The initial weight ratio between the binder
and the aggregate materials was set at 1:5 and 1:6. In cases where the results indicated in-
sufficient strength, ratio was subsequently increased to 1:3. In preparation for the experi-
ments, the materials were subjected to a drying process within an oven, set at a temperature
of 105 °C, for a duration of 24 hours.

The dry components of the test materials were meticulously weighed in accordance with the
predetermined testing matrix. These dry constituents were thoroughly blended with Ho-
bart’s planetary mixer before the introduction of water, ensuring the material achieved a
visibly homogeneous state. After addition of water, the material was mixed with low speed
for 9o seconds. Subsequently, the mixer was halted for a duration of 30 seconds, allowing
for scraping of the mixture from the container’s walls. Following this, high-speed mixing was
carried out for 60 seconds. Notably, the minimal water concentrations employed in the ex-
periments resulted in a notably dry mass. Despite the exceedingly low water content utilized
in the experiments, the resulting mass could be compacted into a cohesive, ball-shaped
structure when compressed within a closed hand.

Base plates were positioned at the base of the ICT test cylinder, followed by the precise dos-

ing of the prepared mass into the cylinder. The entire assembly, inclusive of the mass, was

subsequently weighed prior to the commencement of the experiment. The experiment
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involved a predetermined number of compaction cycles, set at 160 repetition per individual
specimen. Pressure of the machine was set to 600 kPa and gyratory angle was 1,16 degrees.
It is noteworthy that the ICT experiments in this study employed parameters consistent with
those employed by Kasper Holopainen (2022). Consequently, the results obtained in this
study can be considered directly comparable to the findings presented in his work. The ICT
machine computed the measured density of the material by considering both the weight and
height measurements obtained during the experiment. The cross-sectional area of the spec-
imen adhered to the dimensions of a standard cylinder mold with 100 mm diameter. Fol-
lowing preparation with the ICT apparatus, the samples were compressed out from the mold
(refer to figure 5.3) and placed in a humidity room for a period of 7 days for curing. Plastic
bags were utilized to cover the samples, serving as a precautionary measure to prevent ex-
cessive water accumulation.

a . a
Figure 5.3. ICT sample compressed out of the cylinder mold.
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Table 5.3. Testing matrix for samples made with ICT-machine.

Water Curing
Identifier Aggregate- Cement | content Age Tests
No. Aggregate Binder Binder (%) (%) (days) | performed
1 QF 0-3 mm Naantali FA 1:5 3,33% 12 7 UPV, UCT
2 QF 0-3 mm Naantali FA 1.6 2,86 % 12 7 UPV, UCT
3 QF 0-3 mm Naantali BA 1:5 3,33% 12 7 UPV, UCT
4 QF 0-3 mm Naantali BA 1:6 2,86 % 12 7 UPV, UCT
5 QF 0-3 mm Hanko BFS 1:5 3,33% 12 7 UPV, UCT
6 QF 0-3 mm Hanko BFS 1:6 2,86 % 12 7 UPV, UCT
7 QF 0-5 mm Naantali FA 1:5 3,33% 11 7 UPV, UCT
8 QF 0-5 mm Naantali FA 1:6 2,86 % 11 7 UPV, UCT
9 QF 0-5 mm Naantali BA 1:5 3,33% 11 7 UPV, UCT
10 QF 0-5 mm Naantali BA 1:6 2,86 % 11 7 UPV, UCT
11 QF 0-5mm Hanko BFS 1:5 3,33 % 11 7 UPV, UCT
12 QF 0-5 mm Hanko BFS 1:6 2,86 % 11 7 UPV, UCT
13 QF 0-8 mm Naantali FA 1:5 3,33% 10 7 UPV, UCT
14 QF 0-8 mm Naantali FA 1:6 2,86 % 10 7 UPV, UCT
15 QF 0-8 mm Naantali BA 1:5 3,33% 10 7 UPV, UCT
16 QF 0-8 mm Naantali BA 1:6 2,86 % 10 7 UPV, UCT
17 QF 0-8 mm Hanko BFS 1.5 3,33% 10 7 UPV, UCT
18 QF 0-8 mm Hanko BFS 1:6 2,86 % 10 7 UPV, UCT
19 CcC Naantali FA 1:5 3,33% 10 7 UPV, UCT
20 CcC Naantali FA 1:6 2,86 % 10 7 UPV, UCT
21 CC Naantali BA 1:5 3,33 % 10 7 UPV, UCT
22 CcC Naantali BA 1:6 2,86 % 10 7 UPV, UCT
23 CC Hanko BFS 1:5 3,33 % 10 7 UPV, UCT
24 CC Hanko BFS 1:6 2,86 % 10 7 UPV, UCT
25 CC+QF 0-3 mm Naantali FA 1:5 3,33% 11 7 UPV, UCT
26 CC+QF 0-3 mm Naantali FA 1:6 2,86 % 11 7 UPV, UCT
27 CC+QF 0-3 mm Naantali BA 1:5 3,33% 11 7 UPV, UCT
28 CC+QF 0-3 mm Naantali BA 1:6 2,86 % 11 7 UPV, UCT
29 CC+QF 0-3 mm Hanko BFS 1:5 3,33% 11 7 UPV, UCT
30 CC+QF 0-3 mm Hanko BFS 1:6 2,86 % 11 7 UPV, UCT
31 QF 0-8 mm Naantali BA 1:3 5,00 % 10 7 UPV, UCT
32 QF 0-8 mm Hanko BFS 1:3 5,00 % 10 7 UPV, UCT
33 CC+QF 0-3 mm Naantali BA 1:3 5,00 % 11 7 UPV, UCT
34 CC+QF 0-3 mm Hanko BFS 1:3 5,00 % 11 7 UPV, UCT
35 CC+QF0-3mm | CEM llI/B 1:5 5,00 % 11 7 UPV, UCT
36 CC+QF0-3mm | CEM llI/B 1:6 4,29 % 11 7 UPV, UCT
37 CC+QF 0-3 mm CEM 111/B 1:3 7,50 % 11 7 UPV, UCT
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5.6.3 VTT compaction hammer

Following the completion of testing on the samples created using the ICT device, the most
promising material mixtures were chosen for the VIT compaction hammer stage. The VIT
compaction hammer (figure 5.4) is a mechanical hammer that offers a valuable insight into
the properties of structures constructed using rammed earth technique. In the compaction
process, compaction guidelines outlined in Aromaa’s (2021) and Holopainen’s (2022) Mas-
ter’s theses were followed, maintaining consistent compaction energy to ensure the compa-
rability of results. Unlike previous studies, the samples were prepared in cylindrical ICT
molds, as cube-shaped molds had previously encountered issues during the demolding pro-

Ccess.

Figure 5.4. THé VTT cor;i'pactlon h4ammehr and 100 mm cylindrical ICT-mold.

The experimentation commenced with the screening of crushed concrete with a maximum
grain size of 16 mm, the largest feasible size for the 100 mm diameter ICT mold utilized in
the experiments. The materials employed in the experiments were subjected to 24 hours of
drying in an oven for 105 °C to ensure precise water content measurements. The aggregate
and binder materials were subsequently mixed using a Hobart’s planetary mixer to achieve
homogeneity. Water was then introduced to the mixture and mixing for 9o seconds at a low-
speed setting, followed by a 30-second interval to manually scrape any material adhering to
the sides of the mixer bowl back into the center. Finally, the material was mixed for an ad-
ditional 60 seconds at a high-speed setting. Each sample was mixed separately. The pre-
pared mass was dosed into an oiled ICT mold in four distinct layers, with each layer
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subjected to 20 drops of the compaction hammer, yielding a compaction energy of 353
Joules per compaction layer and 1412 Joules per sample. Post-compaction, the samples were
immediately released from the mold, as only one ICT mold was available. This technique
ensured the preservation of all samples and prevented material adhesion to the mold. Re-
gardless of the materials used, the samples formed a cohesive mass immediately following
the compaction process, remaining intact without complications even prior to the material’s
actual consolidation.

With the VIT compaction hammer device, samples were prepared for a total of 8 material
mixtures to be used in the 28- and 90-day tests. The specific compositions and mixture ra-
tios of the material mixtures employed in the tests can be found in the testing matrix in the
table 5.4. For the 28-day tests, six samples were created for each materials mixture. All 28-
day samples were stored under conditions of 20 °C and 100 % room humidity. After 28 days,
half of the samples were subjected to unconfined compression testing in accordance with
the standard SFS-EN 13286-41, while the other half of the underwent a freeze-thaw test,
followed by subsequent unconfined compression testing. As for the 9o-day tests, three sam-
ples were prepared for each material mixture, although these tests will be carried out at a
later stage, post-publication of this thesis. The intention behind these tests is to explore the
final strength of materials, as ashes and slags continue to hydrate beyond the 28-day mark.

Table 5.4. Testing matrix for samples made with VTT compaction hammer. (F-T=Freeze-
thaw test)

Aggre- Water Curing
Amount of | gate- Cement | content | Age Tests

Aggregate Binder samples Binder (%) (%) (days) performed
QF 0-8 mm Stora Enso FA 3 1:5 3,33% 10 28 F-T, UPV, UCT
QF 0-8 mm Stora Enso FA 3 1:5 3,33% 10 28 UPV, UCT

QF 0-8 mm Naantali BA 3 1:3 5,00 % 10 28 F-T, UPV, UCT
QF 0-8 mm Naantali BA 3 1:3 5,00 % 10 28 UPV, UCT

QF 0-8 mm Hanko BFS 3 1:3 5,00 % 10 28 F-T, UPV, UCT
QF 0-8 mm Hanko BFS 3 1:3 5,00 % 10 28 UPV, UCT

QF 0-8 mm CEM 1lI/B 3 1:6 4,29 % 10 28 F-T, UPV, UCT
QF 0-8 mm CEM 1lI/B 3 1:6 4,29 % 10 28 UPV, UCT
CC+QF 0-3 mm Stora Enso FA 3 1:5 3,33% 11 28 F-T, UPV, UCT
CC+QF 0-3 mm Stora Enso FA 3 1:5 3,33% 11 28 UPV, UCT
CC+QF 0-3 mm Naantali BA 3 1:3 5,00 % 11 28 F-T, UPV, UCT
CC+QF 0-3 mm Naantali BA 3 1:3 5,00 % 11 28 UPV, UCT
CC+QF 0-3 mm Hanko BFS 3 1:3 5,00 % 11 28 F-T, UPV, UCT
CC+QF 0-3 mm Hanko BFS 3 1:3 5,00 % 11 28 UPV, UCT
CC+QF 0-3 mm CEM 1lI/B 3 1:6 4,29 % 11 28 F-T, UPV, UCT
CC+QF 0-3 mm CEM 1lI/B 3 1:6 4,29 % 11 28 UPV, UCT
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5.6.4 Casting

In the case of samples created through the casting method, the procedures adhered to SFS-
EN 196-1;2016:en standard. The materials and recipes employed for casted samples re-
mained fundamentally consistent with those used in VIT compaction hammer tests, how-
ever with a higher water content to facilitate the casting process and to ensure the workabil-
ity of the mixture. The specific compositions and mixture ratios of the material mixtures
employed in the tests can be found in the testing matrix in the table 5.5. The casted samples
were subjected to a 28-day curing period before testing.

The initial work phase involved drying the materials for 24 hours in a 105 °C oven to ensure
the precise control of water content. Given that these mixtures contained coarse aggregates,
the subsequent step entailed sieving the aggregates to a maximum grain size of 8 mm,
thereby rendering them suitable for casting into 40x40x160 mm molds. Subsequently, the
dried constituents were diligently homogenized with a Hobart planetary mixer before the
introduction of water, with meticulous attention to achieving a visibly consistent mixture.
After water addition, the material was subjected to low-speed mixing for 9o seconds, fol-
lowed by a 30-second pause during which the mixture adhering to the container’s walls was
manually scraped back into the center. This was followed by high-speed mixing for 60 sec-
onds. The mixed material was then dispensed into oiled molds in two separate portions.
After each addition of material, compaction was performed using a jolting apparatus, involv-
ing 60 compaction strokes. Following the second compaction cycle, any excess material was
removed, and the molds were stored in a room at ambient temperature, covered, for a dura-
tion ranging from 20 to 24 hours. After this the samples were demolded and subsequently,
they were placed in the curing room with 20 °C temperature and 100 % room moisture.
Samples were covered with a plastic sheet to prevent direct water accumulation on the sam-
ples.

In preparation for the 28-day tests, a total of 6 samples were casted for each material mix-
ture. Upon completion of the 28-day curing period, the samples were subjected to evaluation
of their strength properties. Half of the samples underwent testing in accordance with the
established SFS-EN 13286-41 standard, while the remaining half were assigned to the
freeze-thaw test. After the freeze-thaw cycles were completed, also the other half of the sam-
ples underwent the same strength tests according to SFS-EN 13286-41.
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Table 5.5. Testing matrix for casted samples. (3-PB=3-point bending test)

Amount Water Curing

of Aggregate- | CEM content | Age Tests
Aggregate Binder samples | Binder (%) (%) (days) performed
QF 0-8 mm Stora Enso FA 3 1:5(3,33% | 17,57 % 28 | F-T, UPV, UCT, 3-PB
QF 0-8 mm Stora Enso FA 3 1:5(3,33% | 17,57% 28 | UPV, UCT, 3-PB
QF 0-8 mm Naantali BA 3 1:3 | 5,00% | 13,40% 28 | F-T, UPV, UCT, 3-PB
QF 0-8 mm Naantali BA 3 1:3500% | 13,40% 28 | UPV, UCT, 3-PB
QF 0-8 mm Hanko BFS 3 1:31500% | 16,40% 28 | F-T, UPV, UCT, 3-PB
QF 0-8 mm Hanko BFS 3 1:31500% | 16,40% 28 | UPV, UCT, 3-PB
QF 0-8 mm CEM 11I/B 3 1:6 | 429% | 15,44 % 28 | F-T, UPV, UCT, 3-PB
QF 0-8 mm CEM 11I/B 3 1:6 | 429% | 15,44 % 28 | UPV, UCT, 3-PB
CC+QF 0-3 mm | Stora Enso FA 3 1:5|3,33% | 18,00% 28 | F-T, UPV, UCT, 3-PB
CC+QF 0-3 mm | Stora Enso FA 3 1:5]3,33% | 18,00% 28 | UPV, UCT, 3-PB
CC+QF 0-3 mm | Naantali BA 3 1:3 | 500% | 15,80% 28 | F-T, UPV, UCT, 3-PB
CC+QF 0-3 mm | Naantali BA 3 1:3 | 500% | 15,80% 28 | UPV, UCT, 3-PB
CC+QF 0-3 mm | Hanko BFS 3 1:3 | 500% | 18,80% 28 | F-T, UPV, UCT, 3-PB
CC+QF 0-3 mm | Hanko BFS 3 1:3 | 500% | 18,80% 28 | UPV, UCT, 3-PB
CC+QF 0-3 mm | CEM lII/B 3 1:6 | 429% | 15,88% 28 | F-T, UPV, UCT, 3-PB
CC+QF 0-3 mm | CEM III/B 3 1:6 | 429% | 15,88% 28 | UPV, UCT, 3-PB

5.7 Ultrasonic pulse velocity

The Ultrasonic Pulse Velocity (UPV) test represents a non-destructive testing method that
indirectly provides insights into the strength properties of the samples. It has been chosen
for inclusion in this thesis for several reasons. It is a straightforward test to administer, of-
fering reliable estimates of the strength properties of the samples. Furthermore, the results
obtained through this thesis serve as a valuable comparative database for the wall construc-
tion project. It is important to note that UPV testing is typically associated with concrete
structures; thus, while it may not yield direct strength property values in this unique mate-
rials context, it remains a pertinent and useful assessment method.

UPYV testing was conducted in conjunction with the UCT testing, according to the standard
SFS-EN 12504-4:2021:en using A1410 Pulsar tester made by ACS. Initially, the sampled
specimens were removed from the curing room and allowed to air-dry at room temperature
for 2 hours to eliminate any excess surface moisture. Before testing, each sample’s weight
and height were measured meticulously, following the UPV measuring procedure outlined
in figure 5.5. Measurements were taken from the central point of each sample. The equip-
ment provided the precise time taken for the pulse to travel from the transmitter to receiver,
from which the pulse velocity within the material was calculated. A higher pulse velocity is
indicative of increased material strength properties. Each sample underwent three measure-
ments, and the resulting averages were computed for analyses.
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Figure 5.5. Measuring with UPV device.
5.8 Unconfined compression test

The Unconfined Compression Test (UCT) was employed to determine the uniaxial compres-
sive strength (UCS) of the specimens. As this study is primarily concerned with identifying
suitable materials for wall structure, the UCT serves as a pivotal means of acquiring mechan-
ical properties data. The UCT adhered to the guidelines outlined in SFS-EN 13286-41, using
Aalto University’s construction technology laboratory’s Zwick & Roell apparatus (refer to
figure 5.6). Prior to the compression test, the samples were weighed and measured to calcu-
late their densities. The UCT involved a 200 N pre-load and a loading rate of 1,5 mm/min.
In addition to measuring the load, the elastic modulus Eso was determined from the load
displacement curve.
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Figure 5.6. UCT abparatus.

5.9 Freeze-thaw test

In Finland, where winters bring extreme cold, considerations for freezing and thawing ef-
fects are paramount in structural design. In this study, freeze-thaw tests were conducted in
accordance with the CEN/TS 13286-54:en standard. A total of 10 freeze-thaw cycles were
selected for examination, as the primary focus of this research did not revolve around the
freeze-thaw phenomenon. The potential building site lies within an industrial area, where
road salts and de-icing chemicals are not utilized, and thus, their influence was not factored
into this study.

Freeze-thaw tests were performed on samples prepared using both the VIT hammer and
casting methods. Each material type underwent testing with three samples, and their com-
positions can be found in tables 5.4 and 5.5. For the freeze-thaw test, the samples were re-
moved from the curing room, surface moisture was wiped off, and then the samples were
securely wrapped in plastic cling film. Subsequently, the wrapped samples were placed into
a freeze-thaw device, as illustrated in figure 5.7. The freeze-thaw device was programmed
following the guidelines set forth by CEN/TS 13286-54:en. The temperature of the samples
was monitored using a thermocouple meter positioned inside a metal container filled with
aggregates and water, while the ambient temperature within the freeze-thaw device was also
tracked.
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Upon the completion of the 10 freeze-thaw cycles, the samples were transferred back to the
curing room for 24 hours to ensure complete thawing. After this period, the samples under-
went testing using UPV and UCT procedures.

Figur 5.7. Free-thaw device..
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6 Results of laboratory tests

Results of the laboratory tests are elucidated in this chapter. The results served as a basis for
the selection of materials and optimum mixing ratios for the wall structure. The properties
of both ramming and casting methods are also analysed in this chapter. Additionally, the
chapter scrutinizes the impact of freeze-thaw cycles on compressive strength.

6.1 Index-tests

6.1.1 Water content

The water content values of the materials are presented in the table 6.1. To ascertain accurate
water content of each material, samples were initially weighed in their wet stage, with the
weight of the container excluded. Subsequently, the samples underwent drying in an oven
at 105° C for 16 hours. After drying, the material was reweighed, and the water content was
computed using equation 6.1.

w = PwWad o 4000 (6.1)

Wa

where

w = water content

w,, = wet mass of the soil sample [kg]
wy = dry mass of the soil sample [kg]

Table 6.1. Water content values of the materials.

Material Water content [%]
Aggregates:
QF 0-3 mm 3,96
QF 0-5 mm 2,44
QF 0-8 mm 2,66
CC0-63 mm 10,93
Binders:
Naantali FA 0,82
Naantali BA 0,13
Hanko BFS 12,72
Stora Enso FA 0,50
6.1.2 Sieving

The grain size curves in figure 6.1 show that, of all the samples that were analyzed, crushed

concrete has the highest percentage of material classified as gravel. Sieving was also carried

out to confirm the proportions of fines in the different materials (presented in the table 6.2).

The mixture of the CC and QF 0-3 mm resulted to the gradation curve depicted as the light

blue curve. The goal of this mixture was to produce a gradation curve that is in line with the

ideal gradation range shown in the figure 2.4. This theoretical determination was employed
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to identify the optimal aggregate from the available materials. Curves in the figure 6.1 also
indicate that the materials are not frost-susceptible. This is evidenced by the curves being
situated in the areas 3 and 4 and the curves do not cross the area lines. Area 1 would indicate
that the material is frost-susceptible and area 1L indicates that the material is moderately

frost-susceptible.

Table 6.2. Amount of fines in each aggregate.

Material <0,063 mm [%]
QF 0-3 mm 7,09
QF 0-5 mm 6,03
QF 0-8 mm 6,15
CC0-63 mm 2,63
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Figure 6.1. Gradation curves of the aggregates defined with dry sieving. Materials are not
frost-susceptible since the curves are in the areas 3 and 4.

6.1.3 Specific gravity

Specific gravity of the soil can be computed with the equation 6.2.

Ps =

o (6.2)

Wo—(Wp—Wq)
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where

w, = mass of the dry sample [kg]

w, = mass of the pycnometer filled with water at constant temperature [kg]

w, = mass of the pycnometer filled with mater and soil at constant temperature [kg]

The specific gravity for each material was determined by calculating the average of two sam-
ples. The specific gravity values are detailed in table 6.3.

Table 6.3. Specific gravities of the materials defined by pycnometer tests.

my +
Cont. Point/| Depth Pycnometer |Pycn.. +| Dry Tempe- Pycn. + Pycn. + Pw Ps Avera
. m -
pile dry [sample| rature sample water a ge
sample + water Mp
N :o N :o N :o My T Mp Mg
m g g g °c g g g g/cm3 g/cm3 glcm3
QF 0-3 - 1461 29,53 | 74,77 | 45,24 | 21,30 | 163,54 | 135,13 | 16,83 | 0,998 | 2,682 | 2,679
QF 0-3 - 101 | 26,80 66 39,20 | 21,30 | 168,59 | 144,01 | 14,62 | 0,998 | 2,676
QF 0-5 178 | 18,18 | 36,96 | 18,78 | 21,30 | 84,93 | 73,05 | 6,90 | 0,998 | 2,717 | 2,720
QF 0-5 1106| 17,66 | 40,12 | 22,46 | 21,30 | 87,44 | 73,21 | 8,23 | 0,998 | 2,722
QF 0-8 107 | 18,00 | 36,4 | 18,40 | 21,30 | 83,94 | 72,28 | 6,74 | 0,998 | 2,724 | 2,719
QF 0-8 1148| 19,24 | 46,31 [ 27,07 | 21,30 | 93,28 | 76,16 | 9,95 | 0,998 | 2,714
CC0-63 50 | 19,55 | 36,66 | 17,11 | 21,30 | 86,16 | 75,52 | 6,47 | 0,998 | 2,638 | 2,620
CC0-63 1307| 18,05 | 36,67 | 18,62 | 21,30 | 8598 | 74,50 | 7,14 | 0,998 | 2,603
Hanko BFS - 178 | 18,17 | 29,37 | 11,20 | 22,30 | 80,46 | 73,04 | 3,78 | 0,998 | 2,958 | 3,023
Hanko BFS - 1307 18,05 | 34,24 | 16,19 | 22,30 | 85,45 | 74,49 | 5,23 | 0,998 | 3,089
Naantali FA - 178 | 18,18 | 24,15 | 5,97 | 23,00 76,8 73,03 | 2,20 | 0,998 | 2,705 | 2,701
Naantali FA - 1180( 17,55 | 24,28 | 6,73 | 23,00 | 78,06 | 73,82 | 2,49 | 0,998 | 2,696
Naantali BA 107 | 18,00 | 38,97 | 20,97 | 23,00 | 85,51 | 72,26 | 7,72 | 0,998 | 2,710 | 2,705
Naantali BA 1069| 18,67 | 40,45 | 21,78 | 23,00 | 88,29 | 74,56 | 8,05 | 0,998 | 2,700
Stora Enso FA - 1022 19,45 | 24,69 | 5,24 | 23,00 | 78,61 | 75,21 | 1,84 | 0,998 | 2,837 | 2,786
Stora Enso FA - 57 | 19,55 | 25,71 | 6,16 | 23,00 | 78,58 | 74,67 | 2,25 | 0,998 | 2,734

As indicated in the table 6.3, Hanko BFS exhibits the highest specific gravity among the
scrutinized materials, while QF 0-3 mm displays the lowest. According to Finnsementti
(2023), the CEM I and CEM III/B utilized possess specific gravities ranging from 3,0-3,2
g/cm3. The theoretical specific gravities of the prepares mixtures can be obtained by com-
puting from the established specific gravities of the component materials and their corre-
sponding ratios in the mixture. Table 6.4 presents a summary of the created mixture com-
positions together with the corresponding theoretical specific gravities.
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Table 6.4. Theoretical specific gravities [g/cm3] of the prepared mixtures.

Aggregate Binder 1:6 1:5 1:3

QF 0-8 mm Naantali FA 2,73 2,73 -
Naantali BA 2,73 2,73 2,74
Hanko BFS 2,76 2,77 2,80
Stora Enso FA 2,74 2,74 -
CEM 1II/B 2,77 2,78 -

CC+QF 0-3 mm Naantali FA 2,67 2,67 -
Naantali BA 2,67 2,67 2,68
Hanko BFS 2,71 2,71 2,75
Stora Enso FA 2,68 2,68 -
CEM 1II/B 2,71 2,72 -

6.1.4 Modified Proctor test

Modified Proctor tests were carried out on the aggregates, and the results are elucidated in
table 6.5. Through these modified Proctor tests, the optimum water content for each aggre-
gate was determined. Curves of the modified Proctor tests are presented in the attachment
7. At this optimal water content, the material attains maximum dry density. For the mixture
of CC and QF 0-3 mm the optimal water content is computed according to the weighted
fractions from the values in table 6.5.

Table 6.5. Optimal water contents of the aggregates.

Aggregate Optimal water % Dry density (g/cm?)

QF 0-3 mm 12 2,00
QF 0-5 mm 11 2,08
QF 0-8 mm 10,5 2,15
CC0-63 mm 10 1,83
CC+QF 0-3 mm 11 1,92

6.1.5 pH-values

Measured pH values for the materials employed in this study is presented in the table 6.6.
The pH value for CEM I and CEM III/B has been sourced from the product data of FinnSe-
mentti Oy (2023). As demonstrated in table 6.6, all the binders, excluding Hanko BFS, are
highly alkaline. The highly alkaline materials are expected to enhance the compressive
strength of the material, because higher alkalinity increases reactivity in the mass. In con-
trast, the Hanko BFS is characterized by lower alkalinity, implying an expected slower reac-
tion, and an extended duration for the development of compressive strength in the material.
CC aggregate has a high alkalinity, presumably attributed to the presence of reacted cement
which is highly alkaline.
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Table 6.6. pH values of the materials.

Material pH

CC 11,3

Naantali FA 12,5

Naantali BA 13,3

Hanko BFS 9,6

Stora Enso FA 12,8

CEM | 11-13,5 (Finnsementti Oy, 2023)
CEM 11I/B 11-13,5 (Finnsementti Oy, 2023)

6.2 Ultrasonic pulse velocity

UPV measurements have been conducted for all the samples that were tested. Initially, the
length of the samples must be measured. This defines the distance between the measuring
sensors of the UPV device. When measuring, the device indicates the time it takes for the
pulse to move from one sensor to another. Subsequently, the velocities can be defined with
equation 6.3. The UPV values of the materials are shown in the tables 6.7 and 6.8.

L

V== (6.3)
where

m
V = pulse velocity [?]

L = length of the sample [m]
T = transit time [s]

The results presented in the tables below depict the standard deviation within the test series,
representing the average deviation from the expected value. Subsequently, the coefficient of
variation is computed by dividing the standard deviation by the mean. A lower coefficient of
variation indicates a lower standard deviation within an individual test set, thereby charac-
terizing the homogeneity of the test pieces.
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Table 6.7. UPV values for the casted samples. Values have been measured after 28 days
of curing. For F-T samples values have been measured after additional 10 freeze-thaw cy-

cles.
Aggregate Binder I-}ggregatej- No. of Sample [m/s] Average S‘tar.1dard Varia‘ti.on
Binder ratio 1 2 3 [m/s] deviation [m/s] coefficient
QF 0-8 mm Naantali BA 1:3 1987 1743 2036 1922,0 156,9 8,2 %
.-% QF 0-8 mm Stora Enso FA |1:5 2818 2590 2532 2646,7 151,2 57 %
-E QF 0-8 mm Hanko BFS 1:3 2143 2168 2337 2216,0 105,5 4,8%
é‘i QF 0-8 mm CEM III/B 1:6 3415 3466 3365 3415,3 50,5 1,5%
g CC+QF 0-3 mm |Naantali BA 1:3 2402 2446 2466 2438,0 32,7 13%
"; CC+QF 0-3 mm |Stora Enso FA |1:5 2243 2238 2296 2259,0 32,1 1,4%
2 CC+QF 0-3 mm |Hanko BFS 1:3 2265 2097 2109 2157,0 93,7 43 %
CC+QF 0-3 mm |CEM III/B 1:6 3096 3067 3152 3105,0 43,2 1,4 %
QF 0-8 mm Naantali BA 1:3 918 937 792 882,3 78,8 8,9 %
QF 0-8 mm Stora Enso FA |1:5 1860 1937 1540 1779,0 210,5 11,8 %
.::% QF 0-8 mm Hanko BFS 1:3 981 1081 865 975,7 108,1 11,1%
= QF 0-8 mm CEM III/B 1:6 1406 1540 1579 1508,3 90,7 6,0 %
E CC+QF 0-3 mm |Naantali BA 1:3 1191 1150 1252 1197,7 51,3 4,3 %
th’ CC+QF 0-3 mm |Stora Enso FA |1:5 1697 1616 1748 1687,0 66,6 3,9%
CC+QF 0-3 mm |Hanko BFS 1:3 1134 1231 1161 1175,3 50,1 43%
CC+QF 0-3 mm |CEM IlI/B 1:6 2125 2363 2067 2185,0 156,9 7,2 %

UPV is used to measure indirectly the strength properties of the material. Higher velocity
value indicates higher strength properties. When samples were made by casting technique,
the highest velocities have been measured with CEM I11/B as a binder, as illustrated in the
table 6.7. Conversely, the lowest values were measured with Naantali BA as binder and QF
0-8 mm as an aggregate and when the samples have been subjected to freeze-thaw cycles.
Notably, the influence of freeze-thaw cycles is significant in the samples prepared with cast-
ing technique. Examining the coefficient of variation, it is observed that in samples subjected
to freeze-thaw cycles, there is an increase in deviations within the test sets.

Table 6.8. UPV values for the samples made with VTT hammer. Values have been meas-
ured after 28 days of curing. For F-T samples values have been measured after additional
10 freeze-thaw cycles.

Aggregate Binder Aggregate- No. of Sample [m/s] Average Standard Variation

Binder ratio 1 2 3 [m/s] deviation [m/s] coefficient
QF 0-8 mm Naantali BA 1:3 2844 2951 2867 2887,3 56,3 2,0%
% QF 0-8 mm Stora Enso FA 1:5 3195 3372 3057 3208,0 157,9 49%
;E QF 0-8 mm Hanko BFS 1:3 3002 2780 3072 2951,3 152,5 5,2 %
ﬂ QF 0-8 mm CEM 11I/B 1:6 3620 3867 3985 3824,0 186,3 4,9 %
3 CC+QF 0-3 mm Naantali BA 1:3 3027 3076 3298 3133,7 144,4 4,6 %
‘-“-; CC+QF 0-3 mm Stora Enso FA 1:5 3126 2914 2812 2950,7 160,2 54%
2 CC+QF 0-3 mm Hanko BFS 1:3 2771 2662 2706 2713,0 54,8 2,0%
CC+QF 0-3 mm CEM 11I/B 1:6 3703 3726 3831 3753,3 68,2 1,8%
QF 0-8 mm Naantali BA 1:3 1835 1590 1324 1583,0 255,6 16,1 %
QF 0-8 mm Stora Enso FA 1:5 3036 3130 3183 3116,3 74,4 2,4%
E QF 0-8 mm Hanko BFS 1:3 2939 2756 2765 2820,0 103,2 37%
'aT: QF 0-8 mm CEM 111/B 1:6 3574 3546 3554 3558,0 14,4 04 %
b CC+QF 0-3 mm Naantali BA 1:3 2957 2141 2878 2658,7 450,0 16,9 %
li'f CC+QF 0-3 mm Stora Enso FA 1:5 2928 2754 1876 2519,3 563,9 22,4 %
CC+QF 0-3 mm Hanko BFS 1:3 2457 2709 2272 2479,3 219,4 8,8 %
CC+QF 0-3 mm CEM I111/B 1:6 3437 3445 3568 3483,3 73,4 2,1%

Upon examination of the samples made with VIT hammer, it is evident that the obtained
values are significantly higher compared to the samples made with casting method. Like-
wise, samples prepared with VIT hammer and CEM III/B as a binder exhibit the highest
UPV values. Conversely, the lowest values are recorded with this preparation method
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utilizing Naantali BA as a binder and QF 0-8 mm as an aggregate and when samples were
exposed to freeze-thaw cycles. Analogous to the samples made with casting method, veloci-
ties experience a decline following freeze-thaw cycles. Freeze-thaw cycles are also increasing
the coefficient of variation. These findings suggest that VIT hammered samples exhibit
greater strength than samples made with casting method, while the strength properties of
both are decreased after exposure to freeze-thaw cycles.

6.3 Unconfined compression test

The strength properties of the test specimen prepared in this thesis was tested using an un-
confined compression test according to SFS-EN 13286-41. The UCT machine is presenting
results in graphical representation in the XY chart illustrating the relationship between dis-
placement and force. The compressive strengths presented in the results correspond to peak
values, indicating the points at which the samples attain their maximum compressive
strength. The compressive strength determined in this test can be calculated using equation
6.4.

Rc=— (6.4)

where

R, = Compressive strength of the sample [MPa]
F = Force applied to the sample [N]

A, = Area of the sample [mm?]

In addition to maximum compressive strengths, the Young’s modulus Eso have been defined
for final samples made with casting and VIT hammer methods. Eso represents the slope of
the linear segment in the stress-strain curve of the test specimen. It is computed by dividing
the stress corresponding to 50% of the maximum breaking stress by the relative deformation
observed at the point of that stress. In geotechnical investigations, Esois often used to char-
acterize the mechanical behavior of soils and other materials. High Eso values indicates that
the material is relatively stiff and less compressible, so it resists higher compression within
the elastic range and tend to experience smaller deformations under load. Low Eso values
indicates that the material is soft, and more compressible, so it has lower resistance within
elastic range, and it may experience larger deformations under load.

6.3.1 Binder samples

Initially, UCTs were exclusively conducted for the binders, aiming to assess the properties
of the binders. In the case of recycled binder materials, 20% of the binder composition in-
cluded CEM I, serving as an activator. For binders composed of CEM III/B, additional CEM
I was not included, as CEM III/B comprises 30% CEM I and 70% blast furnace slag. Binder
samples were made with casting method, and they underwent a curing period of 28 days.
After the curing they were subjected to testing using a 3-point bending machine to obtain
flexural strength and UCT machine for compressive strength. The results of the tests are
presented in table 6.9.
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Table 6.9. Strength properties of the binders. Curing time 28 days.

Binder No. of Sample [MPa] Average Standard Variation
1 2 3 [MPa] deviation [MPa]| coefficient

o E_ Naantali FA - - - - - -
; = |Naantali BA 19,1 18,4 19,2 18,8 0,4 2,3%
¢ < |Hanko BFS 3,8 3,7 3,2 3,5 0,3 9,0 %
2 & [cemi/B 41,9 36,7 38,3 39,0 2,7 6,8 %
S £ [storaEnso FA 7,3 7,7 7,6 7,5 0,2 3,1%

E‘ Naantali FA - - - - - -

2. Naantali BA 51 4,2 4,7 4,7 0,4 9,2%
© %o Hanko BFS 1,7 1,7 1,7 1,7 0,0 0,9%
2 5 |CEM 11/B 5,0 5,6 6,1 5,5 0,5 9,5%
T © |StoraEnsoFA | 24 2,5 2,6 2,5 01 22%

Analyzing these results, it is evident that CEM III/B exhibits the highest values for both
compressive and flexural strengths, as expected from a commercially standardized product.
Naantali BA demonstrates commendable performance, achieving an average compressive
strength of 18,8 MPa and a flexural strength of 4,7 MPa and Stora Enso FA yields also re-
spectable values. Despite Hanko BFS not attaining high strength properties, it has been cho-
sen for further investigation, considering the known slower hydration reaction of blast fur-
nace slag. In contrast, Naantali FA encountered an issue when reacting with water, resulting
in the formation of a swollen and soft mixture. This mixture did not stay intact while demold-
ing of the samples, rendering it unsuitable for testing. As a result, Naantali FA was excluded
from further testing. Figure 6.2 illustrates Naantali FA samples captured after the demold-
ing phase. Nevertheless, four binders were considered appropriate for additional research,
indicating that the findings at this point were satisfactory.

Ao o

6.3.2 ICT compacted samples

Figuré 6.2. Nantali Asam'plesaft} demolding.

Upon obtaining binder properties, UCTs were conducted on samples produced using the ICT
machine. The samples prepared with the ICT machine underwent a curing period of 7 days.
The objective was to determine the optimal ratio between aggregates and binders for each
material based on these results. If a particular mixture failed to attain acceptable strength
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properties, the aggregate-binder ratio was increased, or it was excluded from subsequent
testing. The outcomes from the UCT tests conducted on ICT samples are presented in table
6.10. Figure 6.2 provides a visual comparison of various sample ratios depicting also the
UPV values that were measured for each sample.

Table 6.10. Compressive strengths of the samples made with ICT machine. Curing time 7

days.

. . ] Peak compressive strength
Aggregate Binder Aggregate-Binder ratio
[MPa]

QF 0-5 mm Naantali FA 1:6 0,1
QF 0-5 mm Naantali FA 1:5 0,1
QF 0-5 mm Naantali BA 1:6 1,2
QF 0-5 mm Naantali BA 1:5 1,4
QF 0-5mm Hanko BFS 1:6 1,2
QF 0-5 mm Hanko BFS 1:5 1,3
QF 0-8 mm Naantali FA 1:6 0,1
QF 0-8 mm Naantali FA 1:5 0,1
QF 0-8 mm Naantali BA 1:6 1,5
QF 0-8 mm Naantali BA 1:5 1,7
QF 0-8 mm Naantali BA 1:3 2,4
QF 0-8 mm Hanko BFS 1:6 14
QF 0-8 mm Hanko BFS 1:5 1,5
QF 0-8 mm Hanko BFS 1:3 2,4
CcC Naantali FA 1:6 0,2
CC Naantali FA 1:5 0,1
cC Naantali BA 1:6 1,2
CcC Naantali BA 1:5 0,7
CcC Hanko BFS 1:6 0,8
CcC Hanko BFS 1:5 0,7
CC+QF 0-3 mm Naantali FA 1:6 0,3
CC+QF 0-3 mm Naantali FA 1:5 0,2
CC+QF 0-3 mm Naantali BA 1:6 1,5
CC+QF 0-3 mm Naantali BA 1:5 1,8
CC+QF 0-3 mm Naantali BA 1:3 3,0
CC+QF 0-3 mm Hanko BFS 1:6 1,0
CC+QF 0-3 mm Hanko BFS 1:5 1,2
CC+QF 0-3 mm Hanko BFS 1:3 2,6
CC+QF 0-3 mm CEM III/B 1:6 8,8
CC+QF 0-3 mm CEM I1I/B 1.5 10,5
CC+QF 0-3 mm CEM III/B 1:3 13,5

Both table 6.10 and figure 6.3 collectively demonstrate that, except for CEM I11/B the com-
pressive strengths of the samples generated using the ICT machine exhibit relatively low
values. Figure 6.2 further illustrates that an increase in the proportion of binder relative to
the aggregates correlates with higher compressive strength values for the samples. This out-
come aligns with the expectations, as a higher proportion of binder augments the reactivity
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of the mixture and, consequently, the compressive strength. Predicated on these preliminary
findings, Naantali BA with 1:3 aggregate-binder ratio, Hanko BFS with a 1:3 aggregate-
binder ratio and CEM III/B with a 1:6 aggregate-binder ratio was chosen to preparation of
the test samples using the casting and ramming methods. The inclusion of Stora Enso FA in
the study is based on the results of tests conducted by Wayu (2023), indicating that a 1:5
aggregate-binder ratio is recommended for Stora Enso FA.
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Figure 6.3. Compressive strengths and UPV values of the samples made with ICT. Samples
were made with 1:6; 1:5 and 1:3 aggregate-binder ratio. Curing time 7 days.

6.3.3 Samples made with VTT hammer (ramming)

The most auspicious mixtures were prepared by both casting and ramming with VIT ham-
mer. The results of the UCTs conducted on samples prepared with the VIT hammer are
delineated in table 6.11. Examination of the table reveals that numerous mixtures UCS val-
ues achieved decent values, ranging from 5 MPa up to 18,1 MPa. However, even with higher
aggregate-binder ratio, the combination of Naantali BA with QF 0-8 mm and the combina-
tion of Hanko BFS with both aggregates, resulted in UCS values of less than 5 MPa. This was
unfortunate since both binders were from Turku region. Consequently, while there was
room for slight improvement in the results, the overall satisfaction stems from high strength
properties of CEM III/B and Stora Enso FA. Notably, CEM III/B manifested compressive
strengths ranging from 16-18 MPa. These results suggested the potential to further diminish
the binder content, even though it was initially employed with a 1:6 aggregate-binder ratio.
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Arguably the most intriguing observation obtained from the results of the table 6.11 pertains
to the impact of freeze-thaw cycles on the samples. Notably, there is no significant alteration
in the compressive strengths when comparing samples subjected to freeze-thaw cycles with
those that have not undergone such conditions. Additionally, a subtle distinction in the ag-
gregates emerges upon comparison, wherein samples prepared with CC+QF 0-3 mm exhibit
slightly higher results than those made with QF 0-8 mm.

Table 6.11. Compressive strengths of the samples made with VTT hammer. Values have
been measured after 28 days of curing. For F-T samples values have been measured after

additional 10 freeze-thaw cycles.

Aggregate

Binder

Aggregate-
Binder ratio

No. of Sample [MPa]

1

2

3

Average
[MPa]

Standard
deviation [MPa]

Variation
coefficient

No Freeze-Thaw

QF 0-8 mm

Naantali BA

1:3

34

2,8

3,4

3,2

0,3

10,7 %

QF 0-8 mm

Stora Enso FA

1:5

test fail

89

56

7,2

2,4

33,1%

QF 0-8 mm

Hanko BFS

1:3

51

4,4

4,9

4,8

04

75%

QF 0-8 mm

CEM I11/B

1:6

15,1

17,8

16,3

16,4

1,4

83%

CC+QF 0-3 mm

Naantali BA

1:3

58

59

5,5

58

0,2

33%

CC+QF 0-3 mm

Stora Enso FA

1:5

89

8,1

7,5

82

0,7

8,6 %

CC+QF 0-3 mm

Hanko BFS

1:3

54

4,9

43

4,9

0,5

10,9 %

CC+QF 0-3 mm

CEM I11/B

1:6

17,1

18,9

18,4

18,1

0,9

52 %

Freeze-Thaw

QF 0-8 mm

Naantali BA

1:3

3,5

3,0

2,7

31

0,4

14,6 %

QF 0-8 mm

Stora Enso FA

1:5

12,2

11,7

10,3

11,4

1,0

85%

QF 0-8 mm

Hanko BFS

1:3

55

44

4,9

4,9

0,5

10,6 %

QF 0-8 mm

CEM I11/B

1:6

15,2

15,9

13,0

14,7

15

10,2 %

CC+QF 0-3 mm

Naantali BA

1:3

58

4,5

52

51

0,6

12,5%

CC+QF 0-3 mm

Stora Enso FA

1:5

9,0

8,8

7,6

8,5

0,8

89 %

CC+QF 0-3 mm

Hanko BFS

1:3

4,7

4,7

4,1

4,5

04

83%

CC+QF 0-3 mm

CEM I11/B

1:6

18,9

18,3

15,9

17,7

1,6

88 %

Ramming constitutes a construction technique demanding a considerable degree of exper-
tise. Consequently, variations in sample quality may arise, even when utilizing identical ma-
terials. In this instance, each sample was prepared one by one, entailing the separate mixing
of materials for each individual sample. This approach contributes to a divergence among
the samples, despite the uniformity in material composition. The substantiated high coeffi-
cient of variation in table 6.11 attests to the notable variability in strength properties ob-
served among samples prepared with the VIT hammer.

Table 6.12 illustrates the Young’s modulus Eso of samples prepared with the VIT hammer.
Notably, the Eso values align with the high compressive strengths exhibited by correspond-
ing samples. The sole conspicuous anomaly in the Eso values pertains to the sample gener-
ated with QF 0-8 mm and Stora Enso FA. The sample presented in the first column of the
table displays an Es5o value nearly twice that of the subsequent samples. Generally, the Eso
values indicate a correlation between high compressive strength and increased rigidity and
elasticity, and vice versa, Furthermore, it appears that ramming with the VIT hammer does
not adversely impact the Eso values of the samples.
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Table 6.12. Young’s modulus (Eso0) values of the samples made with VTT hammer. Values
have been measured after 28 days of curing. For F-T samples values have been measured
after additional 10 freeze-thaw cycles.

Aggregate Binder Aggregate- Secant modulus, E50 [MPa] Average
Binder ratio 1 2 3 [MPa]
QF 0-8 mm Naantali BA 1:3 148,7 121,8 155,1 141,8
E QF 0-8 mm Stora Enso FA 1:5 test fail 477,0 441,5 459,3
,-E QF 0-8 mm Hanko BFS 1:3 3224 230,2 309,0 287,2
é QF 0-8 mm CEM 111/B 1:6 1276,9 1967,5 1407,1 1550,5
b CC+QF 0-3 mm Naantali BA 1:3 358,4 303,5 331,2 331,0
"E CC+QF 0-3 mm Stora Enso FA 1:5 857,3 459,6 579,4 632,1
2 CC+QF 0-3 mm Hanko BFS 1:3 3714 245,7 227,6 281,6
CC+QF 0-3 mm CEM 111/B 1:6 1367,6 1427,3 1695,6 1496,9
QF 0-8 mm Naantali BA 1:3 161,0 225,7 181,6 189,4
QF 0-8 mm Stora Enso FA 1:5 1403,5 681,1 719,2 934,6
Eu QF 0-8 mm Hanko BFS 1:3 315,0 218,7 236,7 256,8
L QF 0-8 mm CEM 11I/B 1:6 933,6 1214,6 970,3 1039,5
ﬁ CC+QF 0-3 mm Naantali BA 1:3 296,5 269,4 262,5 276,1
g CC+QF 0-3 mm Stora Enso FA 1:5 602,7 501,4 601,0 568,4
CC+QF 0-3 mm Hanko BFS 1:3 254,1 330,9 224,7 269,9
CC+QF 0-3 mm CEM 111/B 1:6 1211,0 1256,8 974,2 1147,3

6.3.4 Samples made by casting

The results of the UCTs conducted on casted samples are detailed in table 6.13. Analysis of
the table reveals the underwhelming strength properties of the casted samples. Only CEM
ITII/B is reaching decent values yielding 9-11 MPa depending on the aggregate used. Con-
versely, the remaining binders exhibit diminished values, particularly when subjected to
freeze-thaw cycles, with the lowest recorded value being 0,8 MPa for Naantali BA and QF o-
8 mm.

The Eso values for casted samples, as presented in table 6.14, are also notably lower com-
pared to samples prepared through ramming. This discrepancy suggests a propensity for
plastic deformations in the casted samples. CEM III/B registers the highest Eso values, albeit
this time reaching only 329 MPa, compared to 1695 MPa, which was highest recorded value
for sample made with VIT hammer.
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Table 6.13. Compressive strengths of the samples made by casting. Values have been
measured after 28 days of curing. For F-T samples values have been measured after addi-

tional 10 freeze-thaw cycles.

. Aggregate- No. of Sample [MPa] Average Standard Variation
Aggregate Binder ) | . .
Binder ratio 1 2 3 [MPa] deviation [MPa] coefficient
QF 0-8 mm Naantali BA 1:3 1,8 1,6 1,7 1,7 0,1 43%
% QF 0-8 mm Stora Enso FA 1:5 3,8 3,5 3,4 3,4 0,2 6,1 %
£ |aro-8mm Hanko BFS 1:3 2,2 2,1 2,2 2,1 0,1 3,4 %
ﬂ QF 0-8 mm CEM I11/B 1:6 9,9 10,0 10,3 10,0 0,2 1,8%
§ CC+QF 0-3 mm Naantali BA 1:3 19 2,3 1,7 2,0 0,3 17,2 %
"; CC+QF 0-3 mm Stora Enso FA 1:5 3,0 2,1 2,4 2,5 0,5 19,5 %
2 CC+QF 0-3 mm Hanko BFS 1:3 2,1 2,3 1,6 2,0 0,3 16,8 %
CC+QF 0-3 mm CEM Ill/B 1:6 10,8 114 114 11,2 0,3 2,8%
QF 0-8 mm Naantali BA 1:3 0,7 1,0 0,8 0,8 0,2 18,4 %
QF 0-8 mm Stora Enso FA 1:5 2,8 2,0 2,0 2,3 0,4 19,7 %
_fiﬂ QF 0-8 mm Hanko BFS 1:3 0,8 0,9 0,8 0,9 0,0 5,1%
= QF 0-8 mm CEM 111/B 1:6 6,9 6,8 6,4 6,7 0,3 43 %
§ CC+QF 0-3 mm Naantali BA 1:3 1,2 1,4 1,5 1,4 0,2 12,6 %
i:’ CC+QF 0-3 mm Stora Enso FA 1:5 1,8 1,7 1,9 1,8 0,1 5,6 %
CC+QF 0-3 mm Hanko BFS 1:3 1,0 1,1 1,0 1,0 0,1 6,7 %
CC+QF 0-3 mm CEM IIl/B 1:6 9,8 8,7 8,9 9,1 0,6 6,3 %

Table 6.14. Young’s modulus (Eso) values of the samples made by casting. Values have
been measured after 28 days of curing. For F-T samples values have been measured after
additional 10 freeze-thaw cycles.

Aggregate Binder Aggregate- Eso [MPa] Average Standard Variation
Binder ratio 1 2 3 [MPa] deviation [MPa] coefficient
QF 0-8 mm Naantali BA 1:3 11,1 12,1 12,1 11,8 0,6 48%
% QF 0-8 mm Stora Enso FA 1:5 71,1 57,4 35,2 46,3 18,1 39,1%
= QF 0-8 mm Hanko BFS 1:3 15,5 31,6 20,9 22,7 8,2 36,2 %
é QF 0-8 mm CEM 111/B 1:6 3254 318,2 3294 324,3 5,7 1,8%
3 CC+QF 0-3 mm Naantali BA 1:3 20,3 294 14,1 21,2 7,7 36,2 %
"E CC+QF 0-3 mm Stora Enso FA 1:5 19,5 25,3 39,1 28,0 10,1 36,0 %
Z  |cc+QF 0-3mm Hanko BFS 1:3 15,6 24,0 15,9 18,5 43 25,7 %
CC+QF 0-3 mm CEM I11/B 1:6 139,7 150,3 185,2 158,4 23,8 15,0 %
QF 0-8 mm Naantali BA 1:3 3,9 6,9 18,3 9,7 7,6 78,2 %
QF 0-8 mm Stora Enso FA 1:5 22,1 12,4 11,2 15,2 6,0 39,5 %
E QF 0-8 mm Hanko BFS 1:3 3,3 5,1 4,7 4,3 0,9 21,8%
= QF 0-8 mm CEM 111/B 1:6 77,1 59,9 63,5 66,8 9,1 13,6 %
ﬁ CC+QF 0-3 mm Naantali BA 1:3 7,5 13,5 10,5 10,5 3,0 28,6 %
E CC+QF 0-3 mm Stora Enso FA 1:5 14,6 17,2 14,4 15,4 1,6 10,1 %
CC+QF 0-3 mm Hanko BFS 1:3 5,2 6,5 5,3 5,6 0,7 132 %
CC+QF 0-3 mm CEM 111/B 1:6 228,1 145,4 164,2 179,2 43,4 24,2 %
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7 Analysis of the research results

The results of the laboratory tests are analysed in this chapter. The primary focus of the
analysis is the evaluation of the interplay between materials and preparation techniques in
terms of compressive strength and ultrasonic pulse velocities. Moreover, a comparative
analysis is carried out by juxtaposing the current findings with those documented in existing
studies. The presentation and comparison of results are executed through a diverse array of
graphs and tables, thereby facilitating an understanding of the influences exerted by various
variables on the strength properties of distinct samples.

7.1 Relationship of UPV and UCS

The initial analysis pertains to the correlation between UPV and UCS. Figures 7.1; 7.2; 7.3
and 7.4 present the UCS of samples with diverse mixtures in relation to their UPV values.
The relationship between UCS and UPV in the material serves as a basis for estimating the
mechanical properties of the samples. The observed trend indicates that a higher UPV value
corresponds to elevated strength properties in the sample. This assumption is substantiated
through the analysis of the figures, wherein an exponential trendline is fitted to values from
all samples depicted in each figure. The ascending trendline affirms that as the UPV value
increases, the UCS value also ascends. It is noteworthy that the increased steepness of the
trendline angle adds complexity to the analysis of UCS via UPV. This aspect is evident when
comparing figures 7.1 and 7.2 when the certain UPV values may correspond to multiple UCS
values.
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Figure 7.1. The correlation between UPV values and the UCS values of the samples made
by ramming. Aggregate: CC+QF 0-3 mm. Values have been measured after 28 days of
curing. For F-T samples values have been measured after additional 10 freeze-thaw cycles.
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Figure 7.2. The correlation between UPV values and the UCS values of the samples made
by ramming. Aggregate: QF 0-8 mm. Values have been measured after 28 days of curing.
For F-T samples values have been measured after additional 10 freeze-thaw cycles.

Beyond minor inconsistencies attributable to sample variability, notable anomalies were ob-
served in samples produced through the casting method. Figures 7.3 and 7.4 reveal that, for
instance, samples prepared with CEM III/B and subjected to freeze-thaw cycles exhibit sig-
nificantly higher UCS values compared to those prepared with Hanko BFS, Naantali BA or
Stora Enso FA. Intriguingly, the UPV value for the CEM III/B sample remains roughly the
same or even lower than that of samples produced with other binder materials.

Upon scrutinizing the interplay between UPV and UCS in specific materials, it is evident that
freeze-thaw cycles induce a decrease in UPV values. However, in samples prepared by ram-
ming with the VIT hammer, the UCS values exhibit relative stability even as UPV values
decline. In contrast, when samples are prepared by the casting method, it is observed that a
decrease in UPV values correlates with a decrease in UCS values.
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Figure 7.3. The correlation between UPV values and the UCS values of the samples made
by casting. Aggregate: QF 0-8 mm. Values have been measured after 28 days of curing.
For F-T samples values have been measured after additional 10 freeze-thaw cycles.
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Figure 7.4. The correlation between UPV values and the UCS values of the samples made
by casting. Aggregate: CC+QF 0-3 mm. Values have been measured after 28 days of curing.
For F-T samples values have been measured after additional 10 freeze-thaw cycles.

In summary, the UPV may not be an inherently precise method for directly comparing the
strength properties of distinct materials. The correlation between UPV and UCS is often em-
pirical and subject to variation based on the unique characteristics of different materials.
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However, the comparison of UPV values can offer valuable information when observing the
strength increase over time within the same material. Therefore, it is recommended that
regular monitoring of UPV values for the structure is implemented when a full-size structure
is being constructed.

7.2 Ramming vs. casting

Figure 7.5 depicts the maximum compressive strengths of each sample, clearly indicating
the higher strength properties of the ramming preparation method in this study. Samples
prepared with the VIT hammer using CEM III/B achieved UCS values of 14,7-18,1. With
Stora Enso FA the samples achieved UCS values of 7,3-11,4. When Naantali Ba serves as a
binder, the UCS values reached 5,1-5,8 when combined with CC+QF 0-3 mm as an aggre-
gate. With other combinations of binders and aggregates resulted more moderate levels of
UCS values ranging from 4,8 MPa and below. Conversely, for samples prepared by casting,
only those with CEM III/B as a binder attained decent strength levels ranging between 6,7
and 11,2 MPa. With other binders, the obtained values were notably lower, ranging from 0,8
to 3,4 MPa.

When scrutinizing the impact of freeze-thaw cycles, a general decline in UCS values is ob-
served for samples exposed to these conditions. While the difference is not substantial, it
remains perceptible, as evident in both figure 7.5 and table 7.1. Noteworthy exceptions are
observed in samples created with the VIT hammer and utilizing Stora Enso FA as a binder,
as these specimens exhibit increased UCS values after exposure to freeze-thaw cycles.
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Figure 7.5. Maximum UCS values of samples. Ramming vs. casting. Values have been
measured after 28 days of curing. For F-T samples values have been measured after addi-
tional 10 freeze-thaw cycles.
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Table 7.1 displays the numerical values for UCS and Eso. The table also features the respec-
tive ratios for each value, with values above 1 indicating higher values attained with samples
produced by ramming. In certain instances, the disparities in UCS values between ramming
and casting reach up to ratio of 5,7, while even the smallest differences exceed ratio of 1,6.

Table 7.1. Difference of compressive strength and Young’s modulus Eso between ramming
and casting methods. Values have been measured after 28 days of curing. For F-T samples
values have been measured after additional 10 freeze-thaw cycles.

. Aggregate- Compressive strength [MPa] Young's modulus, Esy [MPa]
Aggregate Binder . . - - - - . -
Binder ratio |Ramming |Casting |Ratio Ramming |Casting |Ratio
QF 0-8 mm Naantali BA 1:3 3,2 1,7 1,9 142 12 12,1
‘% QF 0-8 mm Stora Enso FA 1:5 7,2 3,4 2,1 459 46 9,9
= QF 0-8 mm Hanko BFS 1:3 4,8 2,1 2,2 287 23 12,7
i: QF 0-8 mm CEM I11/B 1:6 16,4 10,0 1,6 1551 324 4,8
$ |cc+QF 0-3 mm Naantali BA 1:3 5,8 2,0 2,9 331 21 15,6
'-E CC+QF 0-3 mm Stora Enso FA 1:5 8,2 2,5 3,3 632 28 22,6
2 CC+QF 0-3 mm Hanko BFS 1:3 4,9 2,0 2,4 282 19 15,2
CC+QF 0-3 mm CEM I1I/B 1:6 18,1 11,2 1,6 1497 158 9,5
QF 0-8 mm Naantali BA 1:3 3,1 0,8 3,7 189 10 19,5
QF 0-8 mm Stora Enso FA 1:5 11,4 2,3 5,0 935 15 61,3
.::% QF 0-8 mm Hanko BFS 1:3 4,9 0,9 5,7 257 4 59,1
= |QF 0-8 mm CEM I1I/B 1:6 14,7 6,7 2,2 1040 67 15,6
g CC+QF 0-3 mm Naantali BA 1:3 5,1 1,4 3,7 276 11 26,3
Ig CC+QF 0-3 mm Stora Enso FA 1:5 8,5 1,8 4,7 568 15 36,9
CC+QF 0-3 mm Hanko BFS 1:3 4,5 1,0 4,3 270 6 47,9
CC+QF 0-3 mm CEM III/B 1:6 17,7 9,1 1,9 1147 179 6,4

Table 7.2 displays the difference of density between rammed and casted samples. The table
also features the respective ratios for each value, with values above 1 indicating higher values
attained with samples produced by ramming. It is evident that the densities of rammed sam-
ples are generally higher, except when considering the combination of CC+QF 0-3 mm and
Hanko BFS. Despite this, the densities between ramming and casting methods are consist-
ently close to each other in all cases. Therefore, the disparity in compressive strength prop-
erties can not be solely attributed to differences in sample densities.

Table 7.2. Difference of density between ramming and casting methods. Values have been
measured after 28 days of curing. For F-T samples values have been measured after addi-
tional 10 freeze-thaw cycles.

Aggregate Binder A.ggregate.- Density [kg/ m3]
Binder ratio Ramming Casting Ratio
QF 0-8 mm Naantali BA 1:3 2242,6 2145,6 1,05
2 [aF0-8mm Stora Enso FA 1:5 2300,1 2256,2 1,02
iE QF 0-8 mm Hanko BFS 1:3 2141,0 2163,2 0,99
ﬂ QF 0-8 mm CEM 111/B 1:6 2404,0 2216,7 1,08
g CC+QF 0-3 mm Naantali BA 1:3 2081,0 2034,6 1,02
"; CC+QF 0-3 mm Stora Enso FA 1:5 2044,5 1888,6 1,08
= CC+QF 0-3 mm Hanko BFS 1:3 1978,9 2010,1 0,98
CC+QF 0-3mm  |CEM III/B 1:6 2191,8 2031,4 1,08
QF 0-8 mm Naantali BA 1:3 2251,7 2144,8 1,05
QF 0-8 mm Stora Enso FA 1:5 2296,7 2222,5 1,03
_fcgv QF 0-8 mm Hanko BFS 1:3 2155,9 2155,8 1,00
':',; QF 0-8 mm CEM 111/B 1:6 2400,9 2163,7 1,11
> CC+QF 0-3 mm Naantali BA 1:3 2050,8 2000,9 1,02
g CC+QF 0-3 mm Stora Enso FA 1:5 2036,7 1799,2 1,13
CC+QF 0-3 mm Hanko BFS 1:3 1959,8 1935,5 1,01
CC+QF 0-3 mm CEM 111/B 1:6 2128,2 2116,6 1,01
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Figures 7.6 and 7.7 depict the stress-strain curves of samples prepared through ramming
and casting, utilizing CC+QF 0-3 mm aggregate along with Stora Enso FA or CEM III/B as
a binder. These figures reveal substantial distinctions among the stress-strain curves. These
differences provide a more comprehensive understanding of disparities resulting from the
various preparation methods applied to these samples. Notably, the figures illustrate that
when samples were prepared using the VIT hammer, the effects of freeze-thaw cycles were
negligible. Conversely, for samples produced through casting, freeze-thaw cycles markedly
diminished both peak compressive strengths and Eso values. The figures also indicate that
there is a notably small amount of strain for both the rammed earth and the casting tech-
nique with these materials. However, a distinct contrast between the methods is evident,
with the UCS peak value achieved at approximately 0,005% strain with rammed earth
method. In contrast, the strain measured at the peak values with the casting technique var-
ies, ranging from about 2 to 15 times higher than with the rammed earth samples.
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Figure 7.6. Difference of stress-strain curves between rammed and casted samples. Mate-
rial: CC+QF 0-3 mm+Stora Enso FA. Values have been measured after 28 days of curing.
For F-T samples values have been measured after additional 10 freeze-thaw cycles.
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Figure 7.7. Difference of stress-strain curves between rammed and casted samples. Mate-
rial: CC+QF 0-3 mm Values have been measured after 28 days of curing. For F-T samples
values have been measured after additional 10 freeze-thaw cycles.

The contrast in results between ramming and casting in this study is evident. However, the
reasons for the markedly higher values observed in rammed samples compared to casted
samples could be attributed to several factors. Firstly, a notable enhancement in the research
would involve conducting tests with samples of identical dimensions. In this study, the
rammed samples were cylindrical, with a diameter of 100 mm and a height ranging from
approximately 140 to 170 mm. In contrast, the casted samples took the form in prisms meas-
uring 40x40x160 mm. The discrepancy in mould sizes inherently positioned the samples
unevenly, given that the maximum grain size for the rammed samples was 16 mm, whereas
for the casted samples, it was 8 mm. For future research, it is recommended that, larger
casting moulds are used to achieve a more comparable maximum grain size.

Moreover, the compaction inherent in the ramming method results in slightly higher mate-
rial density, which is subsequently correlated with increased compressive strength. How-
ever, since the difference between the densities were not significant, it is possible that the
combination of the smaller particles and decreased density are causing the differences in
compressive strength. One possible factor could also be the increased water content, which
will lead into lowered cohesion between the particles. When using cement, the hydration
process will create bonds that substitutes the decreased cohesive forces, but it can be con-
cluded from the binder testing done in this thesis, that the hydration process is not as strong
with recycled materials than it is with cement.

The primary vulnerability of casted samples is likely attributed to void formation. The cast-
ing process makes the samples more prone to void formation, especially when the vibration

76



is made with the jolting machine that was used in this study, instead of vibrating table. With
ramming method, the compaction of the VIT hammer likely prevents the formation of ex-
cess voids. The porosity of the material could also account for the recorded lower UPV values
in casted samples and their lowered freeze-thaw durability.

As always, testing variability and the heterogeneity of the materials used may influence the
results. This influence could be mitigated by expanding the size of the test sets. However,
given the relatively low coefficient of variation between samples within the same test set in
this research, it can be inferred that the impact of testing variability is also minimal.

7.3 Effects of freeze-thaw cycles

The impact of the freeze-thaw cycles has been tested and analyzed throughout the thesis.
Table 7.3 presents the UCS values, while table 7.4 displays the UPV values for both rammed
and casted samples. Additionally, the tables also feature the corresponding ratios for each
value, where ratios exceeding 1 signify higher values observed in samples tested without ex-
posure to freeze-thaw cycles.

When scrutinizing the impact of freeze-thaw cycles from table 7.3, a general decline in UCS
values is observed for samples exposed to these conditions. For rammed samples the differ-
ence is not substantial, but it remains perceptible, since the ratio values are mostly slightly
above 1. Noteworthy exceptions are observed in rammed samples utilizing Stora Enso FA as
a binder, as these specimens exhibit increased UCS values after exposure to freeze-thaw cy-
cles. This could be due to the on-going curing process, that has increased the UCS values for
the sample during the 10 days of freezing and thawing cycles. To research this, it is necessary
to conduct UCT tests after 9o days of curing, to ensure that the samples have reached their
final strengths and then compare the values before and after freeze-thaw cycles.

For the casted samples, there is a substantial difference observed before and after freeze-
thaw cycles, as indicated by the ratios ranging from 1,23 to 2,03 in table 7.3. This discrepancy
may be attributed to the increased porosity of casted samples, rendering them more suscep-
tible to the freeze-thaw effect. Additionally, casted samples typically have higher water con-
tent, and any presence of unreacted water could lead to the expansion of freezing water,
further weakening the samples in comparison to rammed samples. Moreover, the weakness
of casted samples from the outset makes them more susceptible to the effects of freeze-thaw
cycles when compared with rammed samples.

Table 7.3. Difference of compressive strength for ramming and casting methods before and
after freeze-thaw cycles. Values have been measured after 28 days of curing. For F-T sam-
ples values have been measured after additional 10 freeze-thaw cycles.

Compressive strength Compressive strength
. Aggregate- . .
Aggregate Binder Binder ratio Ramming [MPa] Casting [MPa]
No Freeze-thaw Freeze-thaw Ratio No Freeze-thaw Freeze-thaw Ratio
QF 0-8 mm Naantali BA 1:3 3,2 3,1 1,06 1,7 0,8 2,03
QF 0-8 mm Stora Enso FA 1:5 7,2 11,4 0,64 3,4 2,3 1,51
QF 0-8 mm Hanko BFS 1:3 4,8 4,9 0,98 2,1 0,9 2,49
QF 0-8 mm CEM 111/B 1:6 16,4 14,7 1,11 10,0 6,7 1,50
CC+QF 0-3 mm Naantali BA 1:3 5,8 5,1 1,12 2,0 1,4 1,42
CC+QF 0-3 mm Stora Enso FA 1:5 8,2 8,5 0,96 2,5 1,8 1,37
CC+QF 0-3 mm Hanko BFS 1:3 4,9 4,5 1,09 2,0 1,0 1,94
CC+QF 0-3 mm CEM 111/B 1:6 18,1 17,7 1,02 11,2 9,1 1,23
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Table 7.4 shows that both rammed and casted samples are experiencing a decline following
freeze-thaw cycles. For rammed samples the decrease of the values is more subtle, since the
ratios are varying from 1,03 to 1,82. Notably, the change in the UPV values does not com-
pletely correlate with the change of UCS values before and after freeze-thaw exposure. Some
of the UCS values increased, despite the decrease in UPV values after freeze-thaw cycles
Conversely, for casted samples, the decrease of UPV values is significant, varying from 1,23
to 2,49. These values correlate well with the substantial decrease in UCS values after freeze-
thaw cycles.

Table 7.4. Difference of UPV values for ramming and casting methods before and after
freeze-thaw cycles. Values have been measured after 28 days of curing. For F-T samples
values have been measured after additional 10 freeze-thaw cycles.

Aggregate Binder A.ggregate.- UPV - Ramming [m/s] : UPV - Casting [m/s] :
Binder ratio  |No Freeze-thaw Freeze-thaw Ratio No Freeze-thaw Freeze-thaw Ratio
QF 0-8 mm Naantali BA 1:3 2887,3 1583,0 1,82 1922,0 882,3 2,18
QF 0-8 mm Stora Enso FA 1:5 3208,0 3116,3 1,03 2646,7 1779,0 1,49
QF 0-8 mm Hanko BFS 1:3 2951,3 2820,0 1,05 2216,0 975,7 2,27
QF 0-8 mm CEM I1I/B 1:6 3824,0 3558,0 1,07 3415,3 1508,3 2,26
CC+QF 0-3 mm Naantali BA 1:3 3133,7 2658,7 1,18 2438,0 1197,7 2,04
CC+QF 0-3 mm Stora Enso FA 1:5 2950,7 2519,3 1,17 2259,0 1687,0 1,34
CC+QF 0-3mm  |Hanko BFS 1:3 2713,0 2479,3 1,09 2157,0 1175,3 1,84
CC+QF 0-3 mm CEM 11I/B 1:6 3753,3 3483,3 1,08 3105,0 2185,0 1,42

In general, the rammed samples appear to withstand the effects of freezing and thawing
quite effectively. Conversely, the UCS values of the casted samples experienced a notable
decrease, posing a concern in Finland where multiple freeze-thaw cycles occur annually. The
primary limitation of the freeze-thaw testing in this instance was the relatively short dura-
tion, consisting only 10 cycles. To obtain more pertinent data regarding the freeze-thaw du-
rability of the material, it would be advantageous to conduct tests for a minimum of 28 days
in the future. Additionally, a more realistic scenario could involve exposing the samples to
additional water during the freeze-thaw cycles.

7.4 Comparison with previous research

Comparison of the maximum UCS values is depicted in the figure 7.8. All samples included
in the comparison that were made with ramming method, have been made using the VTT
hammer. The assessment of inter-work strength properties of materials primarily focuses
on samples not subjected to freeze-thaw cycles, as not all research investigated the effects of
such tests. Various studies encompassed a range of aggregate and binder materials, resulting
in a substantial number of samples. However, the emphasis here is on comparing the best
outcomes and materials.
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Figure 7.8. Comparison of the compressive strengths between previous researches. Values
have been measured after 28 days of curing. (NS=Nilsia Sand; BeM=crushed concrete;
LT=Fly ash; FS=Foundry sand; JpKu=Waste incineration slag)

In Wayu’s (2023) study, the first aggregate used was quartz-silica sand from the Nilsia
quarry (NS). The second aggregate employed in his study was quarry fines from Kiertomaa
Oy’s Saramaki site, also featured in this work. The quarry fines utilized had a particle size o-
8 mm. While exploring various binder options, the majority exhibited unsatisfactory perfor-
mance. Wayu’s investigation included an examination of Stora Enso FA, which was chosen
for this study due to its preliminary results. The reported strength properties in Wayu’s study
were generally moderate. Stora Enso FA proved to be the most effective binder, demonstrat-
ing improved strengths when combined with a QF 0-8 mm+NS mixture in equal proportions
(50 % each). This combination resulted in compressive strength around 7 MPa.

Holopainen (2022) examined waste incineration slag, crushed concrete, and a combination
of excavated fly ash and desulphurization by-product as aggregates in his thesis. Binders he
investigated included fly ash from coal combustion at Helsingin Energia (Helen) and fly ash
from UPM bio-based fly ash. Both Helen’s and UPM’s fly ashes demonstrated effective bind-
ing properties. With the aggregates, the only satisfactory results were obtained with crushed
concrete as an aggregate. However, when utilizing crushed concrete and Helen fly ash or
UPM fly ash the results were good. The material that composed of crushed concrete and
Helen fly ash exhibited a compressive strength of 11,85 MPa, and the combination of UPM
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fly ash and crushed concrete resulted in a compressive strength of 7,64 MPa. In contrast the
combination of waste incineration slag (JpKu) and UPM fly ash yielded only 2,9 MPa. This
is a noteworthy illustration of how varying aggregates can influence the compressive
strength of the material.

In Aromaa’s study (2021), quarry fines and a combination of quarry fines and foundry sand,
with equal proportions of 50% for each aggregate were employed. The binder under investi-
gation was a commercial product called Ecolan Infra 80, comprising 80% coal combustion
fly ash and 20% cement and additional materials. It is noteworthy that the current produc-
tion of Ecolan Infra 80 may no longer align with the formulation used in Aromaa’s study. At
its peak, the material formed by quarry fines and Ecolan Infra 80 attained an average
strength of 9,78 MPa. Meanwhile, the aggregate comprised of foundry sand and quarry fines
reached a maximum compressive strength of 6,68 MPa. A notable aspect of Aromaa’s work
is the exceptionally low amount of binder utilized, as the strengths achieved demonstrated
an aggregate-binder ratio of 1:9. Additionally, test samples with a ratio of up to 1:15,5 were
examined, and the highest compressive strength obtained was 6,72 MPa. This illustrates that
the aggregate-binder ratio of functional commercial product can be adjusted quite low if
desired while still achieving high strengths.

7.5 Aggregates

The optimal results from the ICT experiments were obtained with QF 0-8 mm and CC+QF
0-3 mm as aggregates. Consequently, these aggregates were chosen for both the rammed
earth technique and the casting technique. In both cases, the grain size distribution was fa-
vorable, encompassing both fine and slightly coarser grain sizes.

Upon considering the preparation method and the binder, both materials proved highly suit-
able as aggregates. However, CC+QF 0-3 mm exhibited the highest compressive strengths.
It is anticipated that for larger structures, the difference in favor of CC+QF 0-3 mm may
become more pronounced. This is attributed to the fact that the crushed concrete used in
the aggregate had a grain size distribution of 0-63 mm, allowing for the potential to obtain
an aggregate with an even broader grain size if the construction specifications permit.

The aggregate comprising crushed concrete and 0-3 mm quarry fines offers the added ad-
vantage of limited market appeal for alternative commercial applications. Given its coarser
grain size, QF 0-8 mm is well-suited for various applications in construction industry.
Hence, it has a higher commercial value in comparison to crushed concrete or QF 0-3 mm.
Therefore, it is recommended to give preference to materials with reduced commercial
value.

7.6 Binders

The investigated binders included bio-based bottom and fly ash from the Naantali power
plant, blast furnace slag from the former Koverhar steelworks in Hanko, bio-based fly ash
from Stora Enso Varkaus, and CEM III/B as a commercial environmentally friendly alter-
native.

80



The fly ash from the Naantali power plant was promptly deemed unsuitable for the intended
purpose, as the resulting pieces exhibited softness and failed to strengthen during curing
process. Conversely, the bottom ash from the Naantali power plant demonstrated consider-
able strength of 18,8 MPa when 20% of CEM I was utilized as an activator in the mixture.
However, when subjected to ICT testing, Naantali BA proved weaker than anticipated, ne-
cessitating an increase in it aggregate-binder ratio to 1:3.

Despite the modest performance in ICT tests, the material formed by CC+QG 0-3 mm and
Naantali BA reached a compressive strength of 3,02 MPa. Nevertheless, it was decided to
include Naantali BA in the rammed earth and casting test samples, with the anticipation that
an extended curing time might enhance its strength properties. After 28 days, it was ob-
served that Naantali BA performed decently in the rammed earth method, when combined
with crushed concrete and quarry fines. With CC+QF 0-3 mm as an aggregate, the sample
achieved a compressive strength of 5,8 MPa. However, with casting method the Naantali BA
exhibited the lowest performance among all the binders, yielding a compressive strength of
only 2 MPa.

Hanko BFS exhibited low strength characteristics based on preliminary binder tests. Never-
theless, it was decided to further investigate the material through ICT tests and by creating
test samples using rammed earth and casting techniques. Following the ICT tests, it was
determined to employ a 1:3 aggregate-binder ratio for Hanko BFS. With ramming method,
Hanko BFS achieved nearly 5 MPa with both aggregates, attaining a compressive strength
of 4,9 MPa when combined with the CC+QF 0-3 mm. Unfortunately, the casting technique
resulted in average compressive strengths remaining in the range of 1-2 MPa. Additionally,
Hanko BFS exhibited significant moisture content and a coarse-grained texture. Using it as
a binder would likely necessitate drying and, at the very least, sieving. Therefore, the utili-
zation of Hanko BFS would entail considerable additional effort, coupled with the fact that
its strength properties were at the lower end of the test set.

Stora Enso FA was introduced to the study at a later stage, prompted by the rejection of
Naantali FA in initial tests, and the unsatisfactory performance of Naantali Ba and Hanko
BFS in terms of their strength properties. Despite its geographical distance from Turku,
Stora Enso FA was included in the investigation with the anticipation that similar ashes
might be available closer to the site in the future, providing a foundation for subsequent
studies. In the binder test, Stora Enso FA achieved a compressive strength of 7,5 MPa and a
flexural strength of 2,5 MPa after 28 days of curing. The aggregate-binder ratio was deter-
mined based on tests conducted by Wayu (2023), resulting in a ratio of 1:5.

In the rammed earth method, Stora Enso FA attained a maximum compressive strength of
11,4 MPa. Notably, samples made with Stora Enso FA exhibited an increase in compressive
strength during freeze-thaw cycles when utilizing the rammed earth technique. Like other
recycled materials, Stora Enso FA exhibited moderate performance in samples created with
the casting technique, reaching a maximum compressive strength of 3,4 MPa for the QF o-
8 mm as an aggregate. However, considering the considerable logistical distance of Stora
Enso FA from the Turku region, it may present challenges for practical use in wall structure.

Nevertheless, due to its favorable characteristics, its usage could be comparatively less than,
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for instance, Naantali BA or Hanko BFS. This would mitigate potential concerns related to
transportation costs and emissions, even over considerable distances.

CEM I11/B was included in laboratory testing at a later stage, following a similar reasoning
as Stora Enso FA. Given that CEM III/B is a commercial product, the attained strengths are
expected to be relatively consistent, aligning with the values specified in the product docu-
mentation. Binder tests were conducted, revealing that CEM I1I/B samples achieved an av-
erage compressive strength of 39 MPa and a flexural strength of 5,5 MPa. The ICT tests in-
dicated that the lowest aggregate-binder ratio examined, 1:6, could be chosen. This ratio
could potentially be further reduced based on the final results of the study.

Employing the rammed earth technique, CEM III/B demonstrated an exceptional compres-
sive strength of 18,1 MPa when using CC+QF 0-3 mm, marking the highest result in the
entire test. Even the lowest value of 14,7 MPa obtained with the rammed earth technique
surpassed the second-best binder in the tests, Stora Enso FA. CEM 111/B was the sole binder
in the tests to achieve high strengths in the casted samples, ranging from a high of 11,2 MPa
to a low of 6,7 MPa. Despite containing 30 % cement, the significantly higher strength prop-
erties allow the use of smaller quantities of binder compared to the aggregate. Consequently,
the proportion of cement in the total weight of the material remains within the same range
as other binders tested in the study, while achieving the highest strength properties.
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8 Conclusions and recommendations for further research

The objective of this study was to identify the optimal composition for a non-load bearing
wall structure using recycled materials. Additionally, alternative construction methods, spe-
cifically rammed earth, and casting techniques, were investigated for their influence on ma-
terial properties. While the primary focus was on compressive strength, the study also ex-
plored the freeze-thaw durability. The utility of UPV values in structures constructed from
recycled materials was also examined.

Laboratory investigations revealed that rammed samples exhibited significantly higher
strengths compared to those prepared through the casting method. Furthermore, it was ob-
served that UPV values could offer indicative information but were not a reliable method for
comparing different materials. However, they proved useful for monitoring the evolution of
strength properties over time without destructing the structure. When assessing the impact
of freeze-thaw cycles, it was noted that freezing and thawing alone, without exposure to wa-
ter or salt, had minimal effect on samples prepared using the rammed earth technique with
these materials. Conversely, for casted samples, the compressive strength was approxi-
mately 30% lower on average after undergoing freeze-thaw cycles.

The investigation delved into the manufacturing processes of both rammed earth and cast-
ing techniques and analyzed the implications of various choices made during these pro-
cesses. The compressive strength of the samples was contingent on factors such as the type
of aggregate employed, the quantity and quality of the binder, and the water content. Quarry
fines and combination of quarry fines and crushed concrete were the aggregates utilized in
the research. These aggregates were systematically employed to ascertain the optimal water
content for sample preparation. The samples were prepared with the dual objective of
achieving an optimal aggregate-binder ratio for each material combination to ensure suffi-
cient strength while minimizing the use of cement. The study allowed the samples to set for
7 days to ascertain the optimum aggregate-binder ratio and 28 days to identify the optimal
material combination and its corresponding compressive strengths. Unfortunately, the in-
vestigation could not incorporate the results from a subsequent 9o days of cured samples.

For further research is proposed comprehensive study of these materials on a larger scale.
This could entail establishing an experimental structure where the properties of the materi-
als are examined at a real scale and under various environmental conditions. Exploring op-
portunities for optimizing different construction methods would be beneficial in this con-
text. The construction phase in the case of rammed earth can be labor-intensive without
optimization. The construction of structures using casting technology and precast interlock-
ing concrete blocks becomes more streamlined if structures made from recycled materials
can be rendered more durable. Another valuable aspect of research would be to assess the
cost-efficiency of structures that were constructed with recycled materials and ramming
method or using PICBs. To further advance in this field, a life-cycle analysis is recommended
to evaluate the environmental impact of a rammed earth or PICB structure constructed from
recycled materials. While recycled materials were primarily studied in this work as an eco-
logically friendly alternatives to a high carbon footprint virgin materials, conducting an anal-
ysis of the actual environmental impact would be insightful for further development.
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Regarding binders, future research could concentrate on investigating various activators and
the composition of the binders. Ashes and slag inherently exhibit slow hydration process,
posing a potential challenge if these materials are to be utilized in the construction industry
in the future. In this study, only CEM I was employed as an activator; however, the intro-
duction of alkali solutions, such as lye, may enhance the reactivity of the materials, conse-
quently reducing their curing time. Further examination of the binder compositions could
provide insights into the elements influencing the binders and the reasons behind variations
in their performance.

To integrate recycled materials alongside conventional materials and methods, a producti-
zation process is essential. This process involves through study and testing of the materials,
resulting in a new, competitive product for the market. Legislative support plays a role in
productization, and the willingness of customers, producers, and designers to embrace in-
novation is crucial. The primary challenge for recycled materials lies in their variable quality.
To enhance their incorporation into building technology, extensive research on potential
binder materials should be conducted using consistent methodologies. This approach aims
to identify effective products and reasons for their success, leading to the creation of stand-
ardized products with as predictable properties as possible.

84



References

Alahrache, S. Winnefeld, F. Champenois, J-B. Hesselbarth, F. Lothenbach, B. 2016. Chemical activation of
hybrid binders based on siliceous fly ash and Portland cement. Cement and Concrete Composites. Vol. 66.
pp. 10-23. ISSN 0958-9465.

Alwathaf, A.H. Thanoon, W.A. Jaafar, M.S. Noorzaei, J. Kadir, M.R.A. 2005. Shear Characteristic of Interlock-
ing Mortarless Block Masonry Joints. Masonry International. Vol. 18. pp. 139-146.

Aromaa, R. 2021. Uusiomateriaaleista valmistetun hydraulisesti sitoutuvan meluseinan pakkaskestavyys.
Master’s thesis. Master’s programme in Geoengineering. Aalto University. Espoo, Finland. 70 p.

Arrigoni, A. Beckett, C.T.S. Ciancio, D. Pelosato, R. Dotelli, G. Grillet, A-C. 2018. Rammed Earth incorporating
Recycled Concrete Aggregate: a sustainable, resistant and breathable construction solution. Resources,
Conservation and Recycling. Vol. 137. pp. 11-20. ISSN 0921-3449. https://doi.org/10.1016/j.rescon-
rec.2018.05.025.

Aswad, A. Yilmaz, M.C. Ismail, S.H. 2022. A Systematic review study on different kinds of interlocking con-
crete blocks designs and properties. Turkish Journal of Engineering. 6(4). pp. 327-337. ISSN 2587-1366.
https://doi.org/10.31127/tuje.931076

Attri, G.K. Gupta, R.C. Shrivastava, S. 2022. Sustainable precast concrete blocks incorporating recycled con-
crete aggregate, stone crusher, and silica dust. Journal of Cleaner Production. Vol. 362. 132354. ISSN 0959-
6526. https://doi.org/10.1016/].iclepro.2022.132354.

Autiola, M. 2023. Uusiosideaineet koheesiomaiden stabiloinnissa-kayttokokemukset ja ymparistovaikutuk-
set. Pohjanvahvistuspdiva 2023. Aalto Yliopisto. 28.8.2023. [Cited 2 Nov 2023] Available at:
https://sgy.fi/content/uploads/2023/05/uusiosideaineet-koheesiomaiden-stabiloinnissa-kayttokokemuk-
set-ja-ymparistovaikutukset-opas-merja-autiola.pdf

Avila, F. Puertas, E. Gallego, R. 2021. Characterization of the mechanical and physical properties of unstabi-
lized rammed earth: A review. Construction and Building materials. Vol. 270. ISSN 0950-0618.
https://doi.org/10.1016/j.conbuildmat.2020.121435.

Beckett, C. Ciancio, D. 2014. Effect of compaction water content on the strength of cement-stabilized
rammed earth materials. Canadian Geotechnical Journal. Vol. 51. Issue 5. pp. 583-590.
https://doi.org/10.1139/cgj-2013-0339.

Bui, Q.B. Morel, J.C. Venkatarama Reddy, B.V. Ghayad, W. 2009. Durability of rammed earth walls exposed
for 20 years to natural weathering. Building and Environment. Vol. 44. Issue 5. pp. 912-919. ISSN 0360-
1323. https://doi.org/10.1016/j.buildenv.2008.07.001.

CEN/TS 13286-54:en. 2014. Unbound and hydraulically bound mixtures. Part 54: test method for the deter-
mination of frost susceptibility. Resistance to freezing and thawing of hydraulically bound mixtures. Hel-
sinki: Finnish standards association. 17 p.

Courland, R. 2011. Concrete Planet: The Strange and Fascinating Story of the World’s Most Common Man-
made Material. Prometheus Books. 396 p. ISBN 978-1616144814.

85


https://doi.org/10.1016/j.resconrec.2018.05.025
https://doi.org/10.1016/j.resconrec.2018.05.025
https://doi.org/10.31127/tuje.931076
https://doi.org/10.1016/j.jclepro.2022.132354
https://sgy.fi/content/uploads/2023/05/uusiosideaineet-koheesiomaiden-stabiloinnissa-kayttokokemukset-ja-ymparistovaikutukset-opas-merja-autiola.pdf
https://sgy.fi/content/uploads/2023/05/uusiosideaineet-koheesiomaiden-stabiloinnissa-kayttokokemukset-ja-ymparistovaikutukset-opas-merja-autiola.pdf
https://doi.org/10.1016/j.conbuildmat.2020.121435
https://doi.org/10.1139/cgj-2013-0339
https://doi.org/10.1016/j.buildenv.2008.07.001

Cristelo, N. Glendinning, S. Miranda, T. Oliveira, D. Silva, R. 2012. Soil stabilization using alkaline activation
of fly ash for self compacting rammed earth construction. Construction and Building materials. Vol. 36. pp.
727-735. ISSN 0950-0618. https://doi.org/10.1016/j.conbuildmat.2012.06.037.

Dahmen, A.J. 2015. ‘Who’s afraid of raw earth? Experimental wall in New Enlang and the environmental
cost of stabilization’, in D. Ciancio, C. Beckett (eds). Rammed Earth Construction — Cutting-Edge Research
on Traditional and Modern Rammed Earth. CRC Press. pp. 85-88. ISBN 978-1-138-02770-1.

Delatte, N.J. 2001. Lessons from Roman Cement and Concrete. Journal of Professional Issues in Engineering
Education and Practice. Vol. 127. Issue 3. American Society of Civil Engineers. pp. 109-115. ISSN 1052-3928.
https://doi.org/10.1061/(ASCE)1052-3928(2001)127:3(109) .

Fibo Intercon. [Cited 25 Nov 2023]. Available at: How To Make Concrete Blocks - Fibo Intercon Batching
Plant

Finnsementti Oy. 2023. Kayttoturvallisuustiedote CEM | 42,5 R Parainen. [Cited 6 Dec 2023]. Available at:
https://finnsementti.fi/wp-content/uploads/Ykkossementti ktt 2021-01-21.pdf .

Finnsementti Oy. 2023. Kayttoturvallisuustiedote CEM I11/B 42,5 L-LH/SR Parainen. [Cited 6 Dec 2023].
Available at: https://finnsementti.fi/wp-content/uploads/KolmosBertta ktt fi 29042022.pdf .

Fitz, L. Elliot, M. 2016. More Than Square. Structure Magazine. pp. 39-41. [Cited 26 Nov 2023]. Available at:
https://www.structuremag.org/?p=9872 .

Greenspec. [Cited 6 Nov 2023]. Available at: https://www.greenspec.co.uk/building-design/rammed-earth/

Guerra, B. C. Shahi, S. Mollaei, A. Skaf, N. Weber, O. Leite, F. Haas, C. 2021. Circular economy applications in
the construction industry: A global scan of trends and opportunities. Journal of Cleaner Production, Volume
324. ISSN 0959-6526. https://doi.org/10.1016/j.jclepro.2021.129125 .

Holopainen, K. 2022. Uusiomateriaaleista sullotun maan tekniikalla valmistettu meluseindkoerakenne. Mas-
ter’s thesis. Master’s programme in Geoengineering. Aalto University. Espoo, Finland. 89 p.

Hogan-O’Neill, W.J. 2021. Prefabricated and Modular Architecture — Aligning Design with Manufacture and
Assembly. The Crowood Press Ltd. 176 p. ISBN 978-1-78500-807-8.

Iskhakov, I. Ribakov, Y. 2021. Structural phenomenon based theoretical model of concrete tensile behav-
iour at different stress-strain conditions. Journal of Building Engineering. Vol. 33. ISSN 2352-7102.
https://doi.org/10.1016/].jobe.2020.101594.

Jaquin, P. 2012. ‘History of earth building techniques’, in M.R. Hall, R. Lindsay, M. Krayenhoff (eds). Modern
Earth Buildings. Woodhead Publishing. pp. 307-323. ISBN 978-0-85709-026-3

Jaquin, P. Augarde, C. 2012. Earth building. Watford, United Kingdom: IHS BRE Press. 100 p. ISBN 978-1-
84806-192-7.

Jaquin, P. Augarde, C. Gallipoli, D. Toll, D.G. 2009. The strength of unstabilised rammed earth materials.
Géotechnique. Vol. 59. Issue 5. pp. 487-490. ISSN 0016-8505. https://doi.org/10.1680/geot.2007.00129.

JP Concrete. [Cited 28 Nov 2023]. Available at: Interlocking Concrete Blocks For Retaining Walls - JP Con-
crete .

86


https://doi.org/10.1016/j.conbuildmat.2012.06.037
https://doi.org/10.1061/(ASCE)1052-3928(2001)127:3(109)
https://fibointercon.com/articles/how-to-make-concrete-blocks/
https://fibointercon.com/articles/how-to-make-concrete-blocks/
https://finnsementti.fi/wp-content/uploads/Ykkossementti_ktt_2021-01-21.pdf
https://finnsementti.fi/wp-content/uploads/KolmosBertta_ktt_fi_29042022.pdf
https://www.structuremag.org/?p=9872
https://www.greenspec.co.uk/building-design/rammed-earth/
https://doi.org/10.1016/j.jclepro.2021.129125
https://doi.org/10.1016/j.jobe.2020.101594
https://doi.org/10.1680/geot.2007.00129
https://www.jpconcrete.co.uk/interlocking-concrete-blocks-for-retaining-walls/
https://www.jpconcrete.co.uk/interlocking-concrete-blocks-for-retaining-walls/

Kariyawasam, K.K.G.K.D. Jayasinghe, C. 2016. Cement stabilized rammed earth as a sustainable construc-
tion material. Construction and Building Materials. Vol. 105. pp. 519-527. ISSN 0950-0618.
https://doi.org/10.1016/j.conbuildmat.2015.12.189.

Kiertomaa Oy. [Cited 21 Oct 2023]. Available at: https://www.kiertomaa.fi/kiertomaa-oy/ .

Kitio, V. Ngungui, J. 2015. Interlocking Stabilized Soil Blocks (ISSB). Urban Energy Technical Note 20. UN-
Habitat. 4 p.

Mehta, P. K. Monteiro, P. J. 2014. Concrete: microstructure, properties and materials. McGraw-Hill Educa-
tion, 2014. ISBN 978-0-07-179787-0.

Miller, S. A. Habert, G. Myers, R. J. Harvey, J. T. 2021. Achieving net zero greenhouse gas emissions in the
cement industry via value chain mitigation strategies. One Earth. Vol. 4. Issue 10. pp. 1398-1411. ISSN 2590-
3322. https://doi.org/10.1016/j.oneear.2021.09.011.

Minke, G. 2006. Building with earth: Design and technology of a sustainable architecture. Berlin, Germany:
Birkhauser. 199 p. ISBN-13:978-3-7643-7477-8.

Narloch, P. Woyciechowski, P. Kotowski, J. Gawriuczenkow, |. Wojcik, E. 2020. The Effect of Soil Mineral
Composition on the Compressive Strength of Cement Stabilized Rammed Earth. Materials. 13(2). 324 p.
https://doi.org/10.3390/ma13020324 .

Poundfield Precast — A PPG Company. [Cited 28 Nov 2023]. Available at: Precast Interlocking Concrete
Blocks | Betaloc® XL | Poundfield Precast .

Pylkkanen, K. Nurmikolu, A. 2015. Routa ja routiminen ratarakenteessa. Liikenneviraston tutkimuksia ja sel-
vityksid. Liikennevirasto. Helsinki. ISBN 978-952-317-089-6.

Schuldyakov, K.V. Kramar, L. Y. Trofimov, L. Y. 2016. The properties of slag cement and its influence on the
structure of the hardened cement paste. Procedia Engineering. Vol. 150. pp. 1433-1439. ISSN 1877-7058.
https://doi.org/10.1016/j.proeng.2016.07.202.

SFS-EN 12390-3:2019:en. 2019. Testing hardened concrete. Part 3: Compressive strength of test specimens.
Helsinki: Finnish standards association. 20 p.

SFS-EN 13242+A1. 2008. Aggregates for unbound and hydraulically bound materials for use in civil engi-
neering work and road construction. Helsinki: Finnish standards association. 42 p.

SFS-EN 13286-2:en. 2011. Unbound and hydraulically bound mixtures. Part 2: Test methods for laboratory
reference density and water content. Proctor compaction. Helsinki: Finnish standards association. 30 p.

SFS-EN 13791:2019:en. 2019. Assessment of in-situ compressive strength in structures and precast con-
crete components. Helsinki: Finnish standards association. 38 p.

SFS-EN 197-1:en. 2012. Cement. Part 1: Composition, specifications and conformity criteria for common
cements. Helsinki: Finnish standards association. 39 p.

SFS-EN 933-1:en. 2012. Tests for geometrical properties of aggregates. Part 1: Determination of particle
size distribution. Sieving method. Helsinki: Finnish standards association. 19 p.

87


https://doi.org/10.1016/j.conbuildmat.2015.12.189
https://www.kiertomaa.fi/kiertomaa-oy/
https://doi.org/10.1016/j.oneear.2021.09.011
https://doi.org/10.3390/ma13020324
https://poundfield.com/precast-concrete-retaining-walls/betaloc-xl/
https://poundfield.com/precast-concrete-retaining-walls/betaloc-xl/
https://doi.org/10.1016/j.proeng.2016.07.202

SFS-EN ISO 17892-3:en. 2015. Geotechnical investigation and testing. Laboratory testing of soil. Part 3: De-
termination of particle density. Helsinki: Finnish standards association. 19 p.

SFS-EN 196-1:2016:en. 2016. Methods of testing cement. Part 1: Determination of strength. Helsinki: Finn-
ish standards association. 33 p.

SFS-EN ISO 14688-1. 2018. Geotechnical investigation and testing. Identification and classification of soil.
Part 1: Identification and description (1ISO 14688-1:2017). Helsinki: Finnish standards association. 29 p.

SFS-EN 12697-31:2019:en. 2019. Bituminous mixtures. Test methods. Part 31: Specimen preparation by gy-
ratory compactor. Helsinki: Finnish standards association. 23 p.

SFS-EN 12504-4:2021:en. 2021. Testing concrete in structures. Part 4: Determination of ultrasonic pulse ve-
locity. Helsinki: Finnish standards association. 18 p.

SFS-EN 13286-41:2021:en. 2021. Unbound and hydraulically bound mixtures. Part 41: Test method for the
determination of the compressive strength of hydraulically bound mixtures. Helsinki: Finnish standards as-
sociation. 12 p.

SFS 5884:2022. 2022. Betonimurskeen maa- ja viherrakennuskayton laadunvalvontajarjestelma. Helsinki:
Finnish standards association. 26 p.

Sivakrishna, A. Adesina, A. Awoyera, P.O. Rajesh Kumar, K. 2020. Green concrete: A review of recent devel-
opments. Materials Today: Proceedings, Volume 27, part 1. ISSN 2214-7853.
https://doi.org/10.1016/j.matpr.2019.08.202.

Solismaa, S. Torppa, A. Kuva, J. Heikkild, P. Hyvonen, S. Juntunen, P. Benzaazoua, M. Kauppila, T. 2021. Sub-
stitution of Cement with Granulated Blast Furnace Slag in Cemented Paste Backfill: Evaluation of Technical
and Chemical Properties. Minerals. 11, 1068. https://doi.org/10.3390/min11101068 .

Stora Enso. 2023. Kuvaus jatteen rinnakkaispoltosta Stora Enso Varkauden kattila K6:lla. [Cited 18 Oct
2023]. Available at: https://www.ymparisto.fi/sites/default/files/docu-
ments/Liite%202%20J%C3%A4tteen%20rinnakkaispoltto%20kattila%20K6%202022.pdf .

Teittinen, T. 2019. Uusiomaarakentamisen ymparistévaikutusindikaattorit ja pdastolaskenta tie- ja katura-
kentamisessa. Master’s thesis. Water and Environmental Engineering. Aalto University. Espoo, Finland. 84

p.

Tellus Design. 2017. Elite Precast Concrete Limited — Reference guide for designing retaining walls using in-
terlocking concrete blocks. Shropshire, United Kingdom. 19 p.

Turun Seudun Energiantuotanto Oy. [Cited 17 Oct 2023]. Available at: https://tset.fi/tuotanto-ja-op-
erointi/laitoksen-esittely/

Tornqvist, J. Jauhiainen, P. 2001. ICT-koe tien rakennekerrosmateriaalien deformaatioherkkyyden maaritta-
misessa. Tiehallinto. Tiehallinnon selvityksia 63/2001. Helsinki, Suomi. 11 p. [Cited 18 Oct 2023]. Available
at: https://www.doria.fi/bitstream/handle/10024/139036/4240tie.pdf?sequence=1&isAllowed=y .

United Nations Environment Programme. 2023. Building Materials and the Climate: Constructing a New Fu-
ture. ISBN 978-92-807-4084-8.

88


https://doi.org/10.1016/j.matpr.2019.08.202
https://doi.org/10.3390/min11101068
https://www.ymparisto.fi/sites/default/files/documents/Liite%202%20J%C3%A4tteen%20rinnakkaispoltto%20kattila%20K6%202022.pdf
https://www.ymparisto.fi/sites/default/files/documents/Liite%202%20J%C3%A4tteen%20rinnakkaispoltto%20kattila%20K6%202022.pdf
https://tset.fi/tuotanto-ja-operointi/laitoksen-esittely/
https://tset.fi/tuotanto-ja-operointi/laitoksen-esittely/
https://www.doria.fi/bitstream/handle/10024/139036/4240tie.pdf?sequence=1&isAllowed=y

Uygunogly, T. Topcu, I.B. Gencel, O. Brostow, W. 2012. The effect of fly ash content and types of aggregates
on the properties of pre-fabricated concrete interlocking blocks (PCIBs). Construction and Building Materi-
als. Vol. 30. pp. 180-187. ISSN 0950-0618.

Venkatarama Reddy, B.V. Prasanna Kumar, P. 2010. Embodied energy in cement stabilised rammed earth
walls. Energy and Buildings. Vol. 42. Issue 3. pp. 380-385. ISSN 0378-7788.
https://doi.org/10.1016/j.enbuild.2009.10.005.

Walker, P. Keable, R. Marton, J. Maniatidis, V. 2005. Rammed Earth — Design and construction guidelines.
IHS BRE Press. 156 p. ISBN-13:978-1860817342.

Wallenius, A. Al-Neshawy, F. Punkki, J. 2023. 'Assessment procedure of determining compressive strength
of hardened reinforced concrete structures’, in Proceedings of the International Conference on Non-De-
structive Evaluation of Concrete in Nuclear Applications — NDE NucCon. Aalto University publication series
SCIENCE+TECHNOLOGY, no. 3, vol. 2023, Aalto University. pp. 127-136. ISBN 978-952-64-1140-8.

Wayu, A. 2023. Technical properties of fine-grained sand from Nilsid quarry and its use in earth construc-
tion. Master’s thesis draft. Master’s programme in Geoengineering. Aalto University. Espoo, Finland.

Winnefeld, F. Leemann, A. German, A. Lothenbach, B. 2022. CO; storage in cement and concrete by mineral
carbonation. Current Opinion in Green and Sustainable Chemistry. Vol. 38. ISSN 2452-2236.
https://doi.org/10.1016/j.cogsc.2022.100672.

Zhang, Y. Korkiala-Tanttu, L. K. Borén, M. 2019. Assessment for Sustainable Use of Quarry Fines as Pave-
ment Construction Materials: Part II-Stabilization and Characterization of Quarry Fine Materials. Materials.

Vol. 12. No. 15. 2450. https://doi.org/10.3390/ma12152450

89


https://doi.org/10.1016/j.enbuild.2009.10.005
https://doi.org/10.1016/j.cogsc.2022.100672
https://doi.org/10.3390/ma12152450

Attachments

Attachment 1: Laboratory test results for quality control of the crushed concrete (Kiertomaa
Oy). 6 pages.

Attachment 2: Laboratory test results for quality control of the crushed rock (Kiertomaa Oy).
4 pages.

Attachment 3: Technical data sheet of CEM I from FinnSementti. 1 page.

Attachment 4: Technical data sheet of CEM III/B from FinnSementti. 1 page.

Attachment 5: Laboratory test results for quality control of the ashes from Naantali power
plant. 16 pages.

Attachment 6: Laboratory test results for quality control of the fly ash from Stora Enso power
plant in Varkaus. 11 pages.

Attachment 7: Charts of the modified Proctor tests. 4 pages.

Attachment 8: Charts of the UCT tests. 16 pages.

90



Attachment 1 (1/6)

Laboratoriopalvelut
M M PAMNK-hyvaksytty testausorganisaatio

Labaratoriopalvelurta vuodesta 1951

RAKEISUUSTUTKIMUS
Asiakas Kiertomaa Oy Kunta Turku
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Laboratoriopalvelut
PANK-hyvaksytty testausorganisaatio
Labaratoriopalveluita vsadesta 1951

RAKEISUUSTUTKIMUS
Asiakas Kiertomaa Oy Kunta Turku
Prujeklj Kiertomaa Oy Materiaali | BeM Il
Urakoitsija Kivikalmio Oy Laijite 0/63 BeM
Paikka Saramiaki Diaarinro | 135/2022/2
Yhteyshenkild | Jussi Kortesoja Kasza
Méytetunnus z Seult | Dhjpalue Lapaisy
yiteenotiopym 24-26.10.2022 mm__1 min__1 max e
Na Lt N N Ed 5 = 100 *
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tilaaja Kiertomaa Oy, Jussi Kortesoja
néyte BeM 0/63 Kiertomaa, Saramaki
néytteanctiaja Kivikalmio Oy

ty&numero 22-227T0

Oza-aineiden osuudet raskoossa 4-63 mm

Attachment 1 (3/6)

Karkean uusiokiviaineksen
osa-aineiden luokittelutesti

osa-aing [cmihka)

keliuvat FL 7.2
kellumattamat osa-aine [3%]
muut (metalli, puu, Kumi, muovi,...) X 0,2
betoni, betonitucttest, laasti, betoniharkot Re 89
kiviaines Ru B9
tiilet, kaakelit, kellumaton vaahtobetoni Rb 22
bitumiset materiaalit Ra 0.0
lasi Rg 0.0

yht. 100
kuivausiampstila, T [50): 105

Testaustulos koskes ainoastaan testatiua nEyletts.

Oulussa 7.11.2022

s Ny,

Tuija Mykyri

Mitta Oy, Oulun laboratorio
Typpitis 1 SO0 Oulu
etunimi sukunimig@mitta. fi

SFS-EN 933-11+AC

waatimus (84372017 )

= 10 crviig

230 p-%
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’ TT Laboratoriopalvelut
/‘ M I A PAMNE-hyvaksytty testausorganisaatio

Labaratoriopalveluita vuodesta 1951

TUTKIMUSSELOSTUS

Asiakas Kiertormaa Oy Kunta

Projekti Saramaki Materiaali | BeM

Urakoitsija Laijite 0/63

Paikka Kiertormaa, Saramdki Diaarinro | 22-2270

Yhieyshenkild |lussi Kortesaja Ka=za

[M‘.fuytahunnus ll | Maytteenottaja | Kivikalrmio Oy I
Kokaan nimi Menatelma ' ksikki Tiiles Luokka
Kiintotiheys SFS-EN 1097-6 Mg/m3 233

[Jakelu l jussikortessja@kiertomaa i

Mitta Oy

. Typpitie 1

i . T~ T A 80120 Culu
Paiviys 08.11.2022 Allekirjoitus ] etuRiMESukwnimi @ mitta.f

Tuija Nykyri

Fvitesst- 1S3 OCL- . 0L 217 () Wi Cly
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r:g Farezgoem phasars

Tutkimuskeskus TESTAUBSELOETUS Sl i BAREED

TERRA::

Togris Matida, pagb. (40 - 340022 12 2072

Hisrtamea Cy
Jussi Kprbesoja

Tilauksanne 14112022
BETONIMURSKEEN PURISTUSLUJULS

Maytteat 1 kpl, BeM 063 mm, Saramaki BeM I [Tampareen yiopiston fyan-
mero [GeolafBA20EY), Mayle on iomitetty Tamperaen yliopistolle
14112022, Nayteenollo @ ndytlean adustavuus aval blsajan vas-
{uulla

Miybleiden esiksibisly  KuvWaamaltomasia naytteestd seuattin < 22 4 mm matariaslia koekesppale-
den walmishusia varbar,

Tastausmeanatalmat Koakappalest (& 100 mm, karkeus 100 mm) valmisiettin kiedebivisbystai-
teela tyfpainaeiia 830 kPa ja 160 kiermosma8ras kiyitden. 17.11.2022 val-
migtalil koskappalasd shlytaltin muavipussiin suljpifuna fivissa muovilag-
bkassa purisiushetkean seti. Purislusnopautena kytetlin 2,5 kb,

Tudoksed Tulokaed on egibalty obeisessa lauukessa. Testil tehiin 171116 12 2022
vilisena aikana, Koskappakaiden vesipitolsws ol punsiushatkais 14,4-15.0
W |a kuivainotieys 1,78-1,81 glem3

Vavlwkko 1 Feld < 224 i puvisfashiios.

Puristuslujuus [hMPa]

Niiyte Tk (24112027 | 28 wrk (15.12.2022)

. yhsittiiset |In:|l:i-'].-ksilliiml keski-
T arrg Hm -

'Gnnlw’lﬂ;!&ﬂzi | DLEOOELD M | 0l 0871, 14:1,070,7h 5% |

Tulokset patavsl ancastaan testalulle niylieile, Teslausselosiuksen
s34 Kopigida ainoasiaan kokaraisuudessaan,

Labaratariobeknigon Tapio Metlila
JAKELL Asiakas

Tamparaen yiopiats
Tulashoms 10122033 PAKK, hyalotyity Moo Baabo

120 Tamgeressn plapisin | Puh, 025 B2 91 | Volarvas 2BSA561 -8 | wees L
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TUTKIMUSSELOSTUS

A s Kiertomaa Oy Kumla Turiku

Frajakii Saramaki Behd Matariaali | Bem

Urakoiaija Lajie 043

Paildcs Saramain Deaamnrn | X2-2270

Yhieyshenkild | ussi Korteoja Kasa

Nayartunnus |: | naytieenokaia | Fr— |
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Laboratoriopalvelut
PAME-hyviksytty testausorganisaatio
Laboratoriopabveluita vuodesta 1951

TUTKIMUSSELOSTUS

Asiakas Kiertomaa Oy Kunta Turku

Projekti Kiertomaa Oy Materiaali | Kah

Urakoitsija Terrawise Oy Lajite 0/15
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PANE-wywiksytty testausorganisaatio
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Tutkimusseloste

Tvinumers 23-490

Kuvaus

Petrografinen kuvaus (SFS-EN 932-3:2022)

Tilaaja Kiertomaa Cry, Jussi Kortesoja

Miiyte Saramiki, Lohkare, Turkn

Niiyticenottaja Urakoitsija, 28.03.2023

Kivilaji Kvartsisyenitti

Mineraalikoostumus

Mineraali Prosenttiosuns {til-%) Rackoko (mm)

Kalmmaasalpd (%] 0.53-12.0

Kvartsi 6 =0.1-6.0

Hiotintty 10 =(), |-3.00

Plagioklaas: B i.3-5.0

Muut mincraalit 4 =0.14.0
incraalien To-osuus laskettu pistclaskunlla

Aksessoriset mineraalit — Granaatt (3 %), Sensutn, Kloruth, Muskovintti, Zirkon

Tekstuuri — Karkearakeinen, Hypidiomorfisgranulaarinen
Supntaptuneisuns —+ Heikostl suuntautunut
Huokoisuus —+ E1 havaitiu
Munttuneisuus —+ Biotuntti—Klomith
Plagioklaasi—Sensiitti
Rapauntumisaste — Rpl), Rapautumaton
Kiderajat — Suorat ja terdvit
Viiri — Punertavan harmaa

Simpukan kooret —+ E1 havaittu

Kiviaineksen mineraloginen soveltuvuns

Kivttikohde | Standardi Soveltuvous | Vaadittavat lisitestit
itomatiomat | 5F5- oveltuu

Asfaltty SF5-EN 13043 Soveltuu

Randesepeli SFS-EN 13450 Soveltuu

Mitta, Laboraimnapahasiot
Younnus (7 TOIRR3-3

Typmme 1 SOGI0 Dk
wears. mitta

ehrimisukunimijigmita. i
400621114
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Tutkimusseloste

XX MITTA

PANE-ywaksytty testausorganisaatio

| Kivilaji CE merkintiin -~ | Kvartsisyeniitti kalliomurske |

Olussa 2804 2023

FiTTIrS u‘~ A

Lauri Herukka
Geologiharjontelijn
{Petrografinen kuvaus koskee ainoastaan tutkittua niytetts)
Mia, Laboratoropalvekn TyppRe 1 S0EED Oul ot sukrmi T T

Younnes 7 TOLEEL. 3 wearly. mitla 400881114
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Laboratoriopalvelut
PAME-hyvdksytty testausorganisaatio

Laboratonopaiveluita veodesta 1951

RAKEISUUSTUTKIMUS, KESKIARVD

Aziakas TerraWise Kunta Turku
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Ykkds e

SEMENTT -

Ykkdssementti is a specialty made cement and its for
chemical properties are tailored for special applications
and dry products. Ykkissementti is manufactured at
the Parainen plant

Cement properties Requirements (SFS-EN 197-1)
Strength 2 d = 20 MPa
Strength 28 d 42,5 MPa and = 62,5 MPa
Initial setting tirme = B min
Soundnass =10mm
Loss on ingnition =5
Insoluble residue = 5%
50, = 4,0%
Chloride cantent =0,10%
Cri+ =2 mg/kg
Cement composition Regquirements (SF5-EM 197-1)
Cement clinker = 95% and = 100%

FINNSEMENTTI

ACRHCOMPANY

Finnsementti Oy

FI-X&00 Parainan, Tel. 358 201 206 200

infa@finnsermenttifi, name surname@finnismenttif c E
semnetfi, finnsementtif
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Blast furnace cement
CEM IIVE 425 L - LH/SR

KolmosBertta is a blast furnace slag cement. As a LH and SR grade
cement, it is suitable for use in concrete applications requiring sulphate
resistance and low heat of hydration. Thanks ta its low heat of hydra-
tion (270 /g), KolmosBertta is ideal far massive concrete structures.
Thanks to the high blast furnace slag mix, KolmosBertta is Finnsement's
rmost environmentally friendly cement, currenthy.

KolmasBertta is suitable for use in concrete alone or in combination
with other binders, which gives the concrete manufacturer wide
possibilities to implement various applications.

Cement properties Requirements (SF5-EM 197-1)
strength 7 d z 16 MPa
strength 28 d =425 MPa and = 62,5 MPa
Initial setting time = 60 min
soundness =10 mm
Lass on ingnition = 5%
Insoluble residue < 5%
50, =4,0%
Chloride content =0,10%
Cre+ <2 me/kg
Heat of hydratation =270 /g
Cement composition Requirements (SF5-EN 197-1)
Cement clinker z 20% and = 34%
GGBFS = 66% and = 30%

FINNSEMENTTI

ACRH COMPANY

Finnsermentti Oy
FI- 1600 Parainen, Tel, $358 201 206 200
infa@fAnnserment ti.fi, namea surname@finndemeantti.f
semrelfi, finnsementtih




Attachment 5 (1/16)

i TUTKIMUSTODISTUS 1(8)

Tilzmes: Z207E92
Pvm: 312023

Turun Seudun Energiznbustants Oy

Satu Viranko E —~ =

Satamatie 16

21100 Maantali T ENERNES R

Tilauksan nimi: MARA- ja Kaatopaikkakelpoisuus, pohjatuhka

[d&yta: 22HY0448 NAY pohjalubka

Pdytleennticaka; 28.11.2022

Mavte saapui; 15122022 Maytteenatiaja: Janna Sinereo

Analysomli aloitethu: 19.12.2022

Pﬁﬁﬂwﬁ Yhsikkd |Tutkimustulos Laatuvaatimus/ Laatusuositus/ |Menetelma

Raja-arvo Ohjearvo

Huiva-aine % 100,0 SF5-EN
14346

Doc mgkg 59 800 CENTR

’ 161922020,

SFS-EN
14841947

Hehkutushayid kuiva-aineessa | % < 0,1 SFE-EN
15165

TG, kuiva-zinesssa % <01 5 % Sis. maen, P-
LAE-KREK-
A2

pH 13 Wahintidan 6,0 SF3-EN
16162

Fenoli-indeksi, alihankinta kg <0, 10 IS0 144072 T

Oljypiloisuus (S10-021) mgkg = 50 SFS-EN
140038 mod.

Oljypitoisuus (C21-C40) mgikg < &) SFS-EM
141034

Ojypitoisuus {C10-Cdd) mg'kg < & 2500 SFS-EM
14039

BTEX-yhdmiaiden summsa g kg = 1,0 Laskennalli-
e

Bantasean| mgkg < 0,01 SFS-EM 150D
22155:2016

Tolueeni mgkg < 0,01 SFS-EM 150
22155:2016

Ksyleeni mgikg < 0,01 SFS-EMISO
221552018

Etyviibantseani mg'kg < 0,01 SF3-EN IS0
22155218

Maftalzeni mg'kg < 0,05 SF5-EN

| 17503 mod. | |

“Akkredioiiy mensteimi. Akkrediloint of koske lausuntoa, Tulakse! pabaval vain estatuille nagttalle, Raportlia 6 9aa kopicida ositlain inan
Ipalauslaboratodion lupaa. Analyysen milasspivarmuudet aval saalandlla pyydeltidessda. Mittausepavamuutta of ale huomioku
lausunnassa vermananasa hdolsia laahsasmikain,
SG5 Firdand Oy | Lopalantie 8, FIO2E00 Karkila, Firiand
L +355 B 2252 BED, wwew.sgs.N
J Hlamber of BG5S Groug
Buninsas 1D MM 24T




Attachment 5 (2/16)

_S'GS‘ TUTKIMUSTODISTUS 2(8)

Tilaus: 2207652
Pvm: 3.1.2023
Turun Sewdun Energiantuotants Oy m
Saty Viranko F . AS
Satamatie 16 THT |EM BSOAEC 17825
21100 Maantal

Asanallylean mg' = 10,05 SF3-EN
e e 17503 mod.

Asenafteen matkg < 0,05 SFS-EN
17503 mod.

Flucreani motkg  |< 0,05 SF5-EN
17503 mod.

Fanantreani gk =< 1,08 SFS-EM
17503 rmeod.

Intraseeni matka = 0,05 SFS-EM
17E03 maod.

Fluoranteani mgikg < 0,05 SFS-EN
17503 mod.

cE m =005 SFS-EN
i o 17503 mod.

Benits{alantraseani m =0,05 SF5-EMN
@ e 17503 mod.

Krysean mgikg < 0,05 5F5-EM
17603 mod.

Bants Muaranieeni rmgikg < 0,05 SF3-EM
il 17503 mod.

Bentso(k flucranteeni motka = 0,05 SFS-EN
17503 mod.

Bentso(a ni < 0,05 SFS-EM
o{alpyres kg cails oy

Indena(1,2,3-cd ni mgikg = 0,05 SF5-EM
. piree 17503 mod.

Dibentzala,hlantraseeni mgikg = 0,05 SFS-ENM
t 17503 mod.

Banisoig h.ijperyeeni migikg <0,05 SFS-EN
) 17503 maod.

PaH-yhdisbeden summa mgikyg =05 150 SFS-EM
17503 mod

PCB-28 mokg  |< 0,002 SFS-EN
17322 mod

CB-52 mgkg <, 002 SF5-EM
r 17322 mod

PCE-101 mgik < 0,002 SFS-EN
I 17322 mod

FLE-118 mgk = 0,002 EFS-EM
¢ 17322 mod

*pkrngilcite mensiskmia. Akkiedioinli 8 kaske luasuntos, Tulokset pabtavit vain testabuills ndylleilks, Raparta of saa kopicida ositan iman
teslauslaboratonon lupaa, Analyysien mitausepdarmuoudet avat sastenilla pydetibess b Mitausapdarmuutia = e huomiotu
lisinnossa verratiaessa oloksia laabrrssfrm ksin,



_SGS.

Turun Seudun Energiantuctanto Oy

Salu Viranko
Satamatie 16
21100 Maantak

TUTKIMUSTODISTUS
Titaus: FROTEHZ
Pvm: 3.1.2023

Attachment 5 (3/16)

38}

FINAS

TATH [EM BONEC 17038}

|PGB—13~E

mgikg

= 0,002

SFS-EN
17322 mod,

|PcE|-153

migkg

= 0,002

|SFS-EN
17322 mod.

FCB-180

mg/'kg

= 0,002

SFS-EM
17322 mod.

PCE-yhdisteiden summa

mgkg

= 0,05

SFS-EM
1732 mad.

Arseeni, iukoinen (As)

kg

= 0,010

CEMNTR
161922020,
SFE-EM IS0
17294
220146,

mod, ICP-M-
El

Bariwm, liukoinen (Ba)

2,6

100

CENTR
16192-2020,
SF5-EM 150
17204
2-2018,
rnod. 1GP-h-
si

Kadmium, liskoinen (Cd)

mg/kg

= (0,010

CENITR
161922020,
SF5-EM 120D
17294
2:2018,
mod. ICP-M-
Sl

Horomi, liukainen (Cr)

mg'kg

0,25

10

CEMNTR
16182:2020,
SF5-EM IS0
17204~
22018,
rrad, 1GP-M-
157

“Akkracitoiby menelelnd. Alkredileini ei koske lausuntoa. Tulokes! patevat vain iestabille nayiteille. Rapartia ol saa kopicida osittain iiman
leslauslaboratancn lupaa. Analyysin mittais spivamaicdel aval asatailta pywvdetliesad. Mitlausepdvarmuutia & ole huomicil

lausunncass warrallaessa hicksia laabsaatimuksin.



_SGS.

Turun Seudun Energiantuotanto Oy

Satu Viranko
Satarnaltie 16

21100 Maantah

Attachment 5 (4/16)

TUTKIMUSTODISTUS 48}
Tiaus: 2207802
Pwimi: 31,2023

FINAS

TOT [EN ISCHIEC 17825]

fupar, liukoinen (Cu)

= (.20

CENTR
161822020,
BFS-EN 150
17 204-
228,
mad, 1GP-k-
Si

[Elahiopes, lukoimen (Ha)

mg'kg

=000

0.2

CENTR
161822020,
SFS-EM IS0
17204-
220186,

mod, [CP-M-
3-

Malybdesn, liukoinen (Mo}

mg'kg

0,74

CEMTR
16192-2020,
EFS-EM 150
17294-
22016,
mod. CP-M-
Sl

Mikkeli, liukoinan (Ni)

mmgkg

=< 0,050

10

|CENTR

| 16192:2020,
|SFS-EM IS0
17294-
22016,

i, HCP=M-
5‘-

Ly, likaingn (Ph)

|

migkg

< 0,050

10

CEMNTR
161922020,
SFS-EM 150
172584
2:2016,
meod. HZP-R-
EF

Antimioni, ukoinan (S&)

mgikg

= 0,050

0.7

CENITR
16192: 2020,
SFE-EM 120
17254
2:2018,
maod. ICR-h-
Si-

“Akdrediloiy mersteln, Akkreditaintl gl koske lausuntoa. Tulaksel pabewdt vain loslatadle ndytislle, Raporitia of saa kopicds asittein iman
{estauslaboratorion lupaa. Analyysien mitlauwsepivanmuudel oval aaataila pyydetidcssd. Mtausepdvarmiouiia ai ols huoeniaku

lausunncesa verrafiaesss lubskaia lpaliaatimuksin




Attachment 5 (5/16)

‘ TUTKIMUSTODISTUS Si8)

Tilas: 2207602
Pym: 312023

Turun Seudun Enarganteatanta Oy ?
EELVIRED Eum"mm

Satamatie 16
TOTH (EM ISOAEC 1
21100 Maaniali : e

Seleeni, Bukoinen [Sej kg < ), (50 0.5 CENTR
16192: 2020,
SFS-EN IS0
17244-
2:2018,
v, 1CP-pA-
Si-
‘anadini, liukoinen (V) magikn = {0010 CEMITR
16192:2020,
SF5-EN 150
17294-
22016,
mod, [GP-M-
Sk &

inkki, liuksdnen [Zn) mgikg 0,40 50 CEMTR
16192:2020,
SFS-EN 150
17284-
22018,
mad. ICP-k-
Ei
kaksivaihzinen ravisielutesi Tehty SFS-EM
12457-3

Klomdi {Cl-) mgiks = B0 15000 CEMITR
161922020,
SFS-EM 150
10304-
1:2000*
[Flugsidl (F-) mgkg =& 150 CEMITR
1619222030,
SFS-EM 15O
10304-
1: 20009
thl:ﬁnjnhlauuus m3/m 1000 SF5-EN
27568:1994
(Si5. men,
0a0)
Haihdutusjaannos, TDS mig'kg 43000 G000 SFS-EN
15126 mod.
Hapon neutralonitiapas teatli mol H+ £ |&,0 Mgy ItkKinava CEMNTS
RAMNC) kg ]ja arvicitava 15384 2006,
imod.

“Akknadioiy menalelmd. Akkreditairi oi koshe lzasunioa. Tulboosed pitevit vain fosiatulle niytbelle. Raporifia ei saa kopicida ositain iman
hastauskbaratoncn lipaa, Analyysian mlauaspdvarmosdel oval eaatavila nrdetibeasd. Mtlausepdvarmaitla ai abs hiomsil
lausunroess werallnessa fuloksia batuvaat muisiin,



Attachment 5 (6/16)

‘ TUTKIMUSTODISTUS &{B)

Tilaues: 2H0TESE

Pym: 3.1.2023
Turun Seudun Enargiantectants Cy h
Satu Viranko F AS
Satamatie 16 TOT (EM IBOAEE 17028
21100 Naantali
[Sulfaatti (S04 mgkg 15000 20000 [CENTR ]
I - [16182:2020,

SFS-EN IS0

10304-
- 1:2009*

*Akkracitoiby menatema, Akkredoainti ol koskos usunioa. Tulokset pilesd vain lealabudle ndytiella, Raportlia ol soa kopicida osiain iman
testausiaboratorion lupaa Analyysien mittausepdvarmuudal oval sastavilla pyyoetticssd. Mttausepdvarmunils & oks huomasiig
lauBuneess vare e luleksis laaluvaabimuisin,



Attachment 5 (7/16)

I TUTKIMUSTODISTUS 7(B)

Tilaus: 2207e02

P 3.1.2023
Turun Seudun Energianfucianio Oy ?
Satu Viranko F NAS
Satamatie 16 s isrinminbacon

21100 Maantal

Lausunto Maylemateriaali tiyttad hydtykdytiokelpolsauden vaatimuksel lehlyjen madanlysten osalla
kun s& kayletddn paallystetyissa wayldrakenteisaa tai tecllisuus- ja warastorakennusien
pohjarakenteessa tai slabilointiainesna edella mainfuissa maarakentamiskohteissa. Sa i
kuitenkaan sovellu kdyvtettbvaksl peitethynd kentthrakenteisin ndytlesn bukolssen
malybcdeeni- ja sulfaatlipioisuuksien vuoksi, eika se sovellu peiteliyna vaylarakeniaisiin,
paallyatettyna kenttdrakentsisin eka whkamursketeibin sen livkoisen sulfaatlipitoisuudaen
vucksi. (WMa 843/2017)

WVallioneuvoston ssetuksessa 8432017 klordile, sulfaatile ja fluordile asstattuja raja-
arvoja e sovelleia rakentessesn, joka tEytiaa kaikki seuraavat edelytykest: sijaitzae
enintddn 500 m elasyydeld meresta, rakenteen lpi suotautuvan veden purkautumissuunta
an mersen sekd rakenteen ja meren vElllE e ole talousvedenotioon kavtettavis kabvoia
(WMa BLIR2AT)

Lopulisen paatoksen jElleiden hyodyntbrdsestd maanrakentamisessa tekee palkallinen
ynparisioviranomainen,

Maytemateriaal voidaan liukoiswusiestn ulosten pensstesiia iehbyjen maaritysien osalla
oppusijoillas vaaratioman jdlleen kasiopaikalle (Wha 331/2013),

Maytbesn ANGC on kohitalsinen.

Lausunte perustuu insdddanndn (VNa 33102013) raja-arvaihin ja tebiydhin madrityksiin
aika sind oteta hueomioon naylemateriaalin jGeluckitusta. Ympdristdviranomainen iekee
lopullisen padtoksen niviemateriaalin koppusijcittamisesia.

Ragportilla nakyvissa olevat raja-arsol: vaarattoman jabesn kaatopaikka (VMNa 33102013).

5GS Finland Oy

N =

Anu Willberg
Kernist

Tamé Wwikimustodisius on allekirjoietiv sahkoizest.

Tuloksia koskavat tiedustelut
Elintandikkest, rehul, Eeva Luoma, Laatupaallikkd, puh. +358 50 464 7587,
MEanparannEssinest ja eava lsomaiisgs, com
wdet

“Akborediboibu menaleimé. Akkracitoiri & koske [ausieion. Tulokael philaval vain eelauile ndyleibe. Rapohis @i =as kopiaida csiltsin ilman
Isalaualaboratanon lupaa . Arakyysien mitsusepavarmuudet owad saatavila pyydatisesss, Mitausepdvarmuuta ol ole oamiotu
Lusunnossa werrallaeasa uldsia Baiuvaalimukain



Attachment 5 (8/16)

m TUTKIMUSTODISTUS a{8)

Tilaus: 220TE02
P 3.1.2023
Turun Seudun Energeaniuctanio Oy F
Satu V-'gnkn:r Flanist Accraditatien Saivize
Satamatie 16 TOTH [EM ISDNIEG 17035)
21100 Maantali
Metallianalytikla Anu Villberg, Kemisti, puh. +358 43 830 1146,
anu.villoergi@lsgs.com
Ympdrisidanahtikka Elnoora Koskinen, Chemist, +358 9 235 286 2,
elfinoora. koskineni@sgs.com

Lisdtledot Hilivetytulosten millausepaiarmiuus:
=01 0-C21, =C21-=C40 ja >C10-=C40: 50-300 mgikg 235 %, 300-1000 mofkg 218 %, Wi
1000 migfkg £13 %

PAH-yhdisteiden mittausepavanmueus: 0,05-0.5 mgkg £39 %, 0,520 ma/kg £33 % ja wi 2.0
matkg £20 %.

Yksittdistan PCB-yhdisteiden millawsepdvarmuus on £50 %,

Yksiftéisien bensiingiilivetyian (BTEX) mittausepavarmuus: 0,01-0,056 magkg £50 %, 0,061-
0,5 mgikg +30 %, vl 0,51 mgikg +20 %.

Liukalgtan metallien analysien (ICP-MS5) apivarmuusardio: < 0,5 matkg 50 %, 0.5-5
moykg £20 % ja yii 5 mokg £10 %.

DO ja TOC-rmaanitystan mitlausapdvarmuus an £20 %,

Kuva-ainemadrtyksen mittausepivarmuus on 21,9 subt.-%.

IC-maaritysten mittausepdvarmuude! ovat Fluonidi: £50 %, klordic £25 %, sulfaalli; £23 %,

Laboratoriot
7 SG5 Finland Oy, Kolka (akknedioiiu testauslaboratono T156, akkreditointivaatimues SF35-
EM ISOVEC 17025)

Jakelu satu.viranko@turkuansrgia. fi
Laskutus  Turun Sewdun Engrgiantuctanto Oy, Satamatie 16, 21100 Naaniali

¥rilya on anlanut [@man dolummantn pakbolujen yleisten imbusehicjensa mukaisesli, jolka gval spatadilia osciilvessa

hHps: {awew. 535 comieniterms-and-conditions. Taimitusehdo! s5dllduat mjciuksia wilysen vaningonkorveusvastuuseen. hydlykein
ja ki walinkaan, Thrdn dokumentin hakian tukes huomiakda, @il informaatio (dssa dokumentises kuvas Glaniaan sellasana kuin
yhilih an sen hpdsuonhksensa akana lodennut asiakkasn mahdolislen ohjeiden mukaisesi. Yiilysen vasiuu rajoiiuu yniyksen
asiakkazmsen eiki tama dokbumentli esll kaupan caapuola Bayiamasts kaupan asakinojen mukaists aleukss @ selailteila. Taman
dokuimentin sisEltn el ulernycdan luvalon mustiaminen, vaanerlamimen lai vBdnsbsly on lainvaslaisla ja ki veidaan aseltaa
Epyiaesean lain arkarimman hikinnan mukaisesti

“akkradioi mencemi. Akkredicointi oi kosios Busunica. Tulodzet pilead) vain lesialaile niylleile. Rapartia i saa kopicida asltain iiran
tostaustaboralorion lupaa. Analyysien millaus epdwarmundal oval saatarila pyyoetidessa. Mittausepdtarmiualls & ole Fuomaci
L AnaRaE verraliisessa wloksia laatuvasimuksin,



Attachment 5 (9/16)

‘ TUTKIMUSTODISTUS 1{8)

Tilauws: 220TE0
P 3.1.2023
Turun Sewdun Energiantuctanis Oy
Satu Viranko F?N%
Satamatie 16
21100 Maantali TP fEN e rna
Tilauksan nimi; MARA- ja Kaatopaikkakelpoisuus, lentotuhks
Maytea: 2EHY04AT MAL lenlotubka
Mayteenaioaika: 28.11.2022
Mayte saapul; 15.12.2022 MNiytteenottaja: Janne Sinerwo
Anahesointi aloitetiu: 19,12 2022
[Maaritys Yksikkd [Tutkimustulos |Laatuvaatimus/ Laatusuositus! Meneatelma '
Raja-arvo Ohjearvo
Huhva-aine % 100,0 SF5-EN
143446
DOC mglkg B 1000 CENTR
16192:2020,
SFS-EM
1484 19ar
Hehkutushavio kwiva-aineessa | % 049 10 % SF5-EM
15168
TOC, kuiva-ginesesaa % 024 6 % Siz. men. P-
LAB-KRKK-
402
Tuhka kuiva-aineessa % 49 5 SFS-EN
13038
pH 13 SF5-EN
| 16182
[Fenoli-indeksl, alihankinta migkg 0,10 150 14402 |7
Oljypitoisuus (C10-C21) mghg < &0 SFS-EN
N 14038 mod.
Hiypitoisuus (C21-C40) mg'kg = B SF5-EM
14039
Clljypitoisuus (C10-C40) mg'kg = B EF5-EN
14033
FTEE—yﬂameiﬂm SUMMa | makg <1,0 Laskennalli-
nen
[Benisean mokg =001 SFS-EN ISO
2155216
Tolweani mgkg 0,02 SFS-EN IS0
| 2215852016
Ksyleani mg'kn = {1, SFS-EN IS0
221562018
Etylibentzaan rrgika < 1,01 SFS-EM 120
N 22155: 2016

*Adirediboiiy mensieimi. Akreditoint e koska lausuntos, Tiloksel ptavi] vain leatatuile rduttells, Rapodlis ei sas kopicida osigain iman
teslaislaboratanion lupsa. Analyysen millausepdvarmuudet oval saatavilla pyydeltdassd, Miltausapsyarmudtta & ok huomiai
lausunnessa varradlanssa hdoksia leahrsssienukein.

365 Firdand Oy | Lopolantie 5, FIN03600 Karkkila, Firdand
Lo+ 355 8 2352 BR0, wew.sgs i

1 bk iy o S15E: Groagp
[Eapaaess D EMTaTa
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Attachment 5 (10/16)

TUTKIMUSTODISTUS 2(8)
Tiaus: 2207e51
Pvm: 312023
Turun Seudumn Energiantuoianta Oy ?
Salu \-'I@Im F NAS
Satamatie 16 TETH EN ISCUEC 1T028)
21100 Maantali
Nafaleeni mglkg 0,11 SFS-EN
17503 mod.
Aszenaftyleeni mg'kg < 0,05 SFS-EN
17503 mod
Asenafteani mgikg < 0,05 SFS-EN
17503 mod
Fluoreani mgiky < 0,085 SFS-EN
17503 mod.
Fenantreani mgikg < 0,05 SFS-EN
17503 mod.
Anitraseani mg/kg = 0,05 SFS-EN
17503 mod.
[Flugsanteeni mg'kg = 0,05 SFS-EN
17503 mod.
B mig'kg < 0,05 SF3-EN
i 17503 mod.
Bants{alantrasean mgfkg = 0,08 SFS-EN
17503 mod.
Kryseani rmglkg = 0,058 SF5-EN
17503 miod.
Eenls ranteani i < 0,05 SF5-EN
olEie £ 17503 mod.
Bentsolk Hluoranteani mgikg = [,05 SFS-EN
ki 17503 mad.
Bentsolajpyrean mgkg = 0,05 SFS-EM
¢ 17503 mod.
Indenod 1,2, 2=cd jpyreeni mgikg < 0,05 SF3-EM
= il 17503 mod.
Dabenisala h)amdraseeni mgikg = 0,05 SF5-EMN
. 17502 mod.
Bentzo(g.h.ilpardeani gk < [, 06 SFS-EM
i 17503 mad
PaH-vhdisteidan summa mgik < (),5 SF5-EMN
e J 17503 mod
FCEB-28 mig'kg < 0,002 SFS-EN
17322 mod
IFCB-52 mg'k < 0,002 EF5-EM
? 17322 mod
PCE-101 mgik < 0,002 EFS-EM
¢ 17322 maod

*skkredilodu menstsimi . Skkradibainti ai kashs Busunics, Tuloksed patesdt vain tastatuille ndylb=ille. Raponiia g 5aa kopioida asizain man
sestauslaboralodian lupaa. Analyyslan mistausepdvarmuoudet oval saateills pyydetifeasd, Mitausapdvarmuutia i abs huomiceba

laLELnnns s verratanssa loksa laaluvaabimek=ain,



Attachment 5 (11/16)

‘ TUTKIMUSTODISTUS HE)

Tilaus: 2207891
Pem: 5.1.2023

Turun Saudun Energiantuotanto Oy ?
Satu Viranko F NAS
Finaish Accrediiation Sarvics

Satamalie 16
21100 Naanial T IEN RO AT

PCE-118 mgkg < 0,002 SFS-EN
17322 mod.

PCBE-138 mgkg < (1,002 SFS-EMN
17322 mod,

FCE-153 mg'kg < 0,002 SFE-EM
17322 miod.

PCE-180 mg'kg < 0,002 SF5-EN
17322 mod.

FCB-yhdisiaidan summa migikg < {1, (35 5F5-EN
17322 mod.

frsaeni, liukcinen {As) gk 0,031 25 CEMTR
181892:2020,
SFS-EN IS0
172481-
2:2018,
mod. ICP-M-
Sl

Barium, hukainen (Ba) mg'kg 12 30 CENTR
16192-2020,
SFE-EMN IS0
17204-
2:2016,
i, [GP-M-
B‘i
Fadmium, liukoinen (Cd) mgika = 0010 ] CEMTR
16192:2020,
SF5-EM 150
172%4-
222016,
maod. ICP-M-
EI

Krarmi, Bukainen (Cr) mg'kg 26 70 CENTR
161922020,
SFS-EN IS0
17294-
2:2016,
e, ICP-M-
S:i

*flkradiioity mencboimb. Akkrodboini al kaske ksunios. Tobossel pibewil vain lestabuilie nayiteils. Raportia ei saa kooicida osicain iman
testauslaboralorion lupaa. Anahysien mitausepdvarmuudat oval saatevila pyydsitbiassd. Mausapdvarmuumia & aka huoemici
lausunnassa vmallaatsa lukoksia Baluvaalimuosaiin,




Attachment 5 (12/16)

_sGi TUTKIMUSTODISTUS 408}

Tilaus: 2207881
P 3.1.2023

Turun Seudun Energianiuciands Oy F

Satu Viranko
Satarmatie 16 e ——
21100 Haantali

Hupari, liukoirsen {Cu o (3,200 100 CEMITR
P . e 16192:2020,
SFS-EN ISO
17294-
£2016,
mod. ICP-M-
Sl

hopea, liskoinen < 0,010 2 CENITR
i el ks 16192:2020,
| EFS-EMN IS
| 17294-
22018,
mod, ICP-M-
5"

ii r (Mo m a4 |30 CENTR
o W ) = 161822020,
SFS-EM |50
17294.
2:2018,
maod. ICP-M-
Ei‘

Wikkeli, iukainen (Ni) makg | < 0.050 40 CENTR
16192:2020,
SFS-EM IS0
| 17294-
22016,
mod. ICP-M-
| 5"
liukaln m 0,32 =] CENTR
s icines () et 16192:2020,
SFS-EN IS0
17204-
2-2018,
rad, (CP-k-
Ei
Antimoni, liukainen (Sh) mgkg  |< 0.080 5 CENTR
16102:2020,
SFS-EN IS0
17204-
2-2048,
mod. ICP-M-
s-

*Akkecitoly menateima. Akkreciboire e keske lausumion. Tulokeel pSteval vain testatullie niylieile. Raportite o =88 kopinida osittain iiman
testaushaboratarion hepaa. Arabysien miltsusepivarmuudal ovat sastavila pyydeitbessd. Miltsusepivarmiatia @ ole framicity
Imsunrasss varrallaessa lukiksia laatuvaatimussiin,



_SGS

Turun Seudun Energéanbualanta Oy

Satu Viranko
Satamatie 16
21100 Maantali

Attachment 5 (13/16)

TUTKIMUSTODISTUS a8
Tikauis: 2207a91
Pvm: 312023

FINAS

TT1 (EN EONEC TT928)

Seleani, liukoinen (Se)

gk

7 CENTR
161922020,
SF5-ENISD
17204~
22016,

mod, ICP-h-
5l

Vanadiini, liukoinen (V)

mglkg

0,013

CENTR
16192:2020,
SF35-EN IS0
17.294-
2:2018,
mod. ICP-M-
si

Sinkki, Bukainan (£n)

mgkg

0,98

200 CEMTR
161922020,
SFS-EN IS0
17294-
2:2018,
mod. ICP-M-
Ei-

raivaiheinen ravistelutest

Tehty

SFS-EN
12457-2

laridi (1)

mrgkg

17000

25000 CENTR
161922020,

SFS-ENISD
105E04-
1:2000*

Fiuaridi (F-)

=48

a00 CEMTR
16192:2020,
SF5-EN IS0
100504-
12008

[Sahkanjohlavuus

mSm

15040

5F5-EN
2TERE1094
(Sis. men.
080y

Halhdutesjinnas, TDS

mg'kg

B1000

100000 SFS-EN
15126 mod.

Hapon neutralointikapasiteatt
ANC)

il He |
kg

5B

Aina lulkitlava CEMITS
ja arviodlava 153842006,
[ mod

“Akirediloiiy menetedma. Skkreditainti ei koske lausuntoa. Tubokse patewd? vain testatulle ndyttelle. Raportlia ef saa kopicida asittain iman
Inalaigslaboratofion lupaa Analyyaien millausepdvarmoudel aval saalsvilla pyydelidessd. Millausepdvanmuulla ei ale huceiu
leusunnossa vermitanssa luloksa laahsassmuksin,
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‘ TUTKIMUSTODISTUS B(8)

Tilaus: 2207691
P 3.1.2023
Turun Seudun Energiantuctants Oy ﬁ
Satu Viranke NAS
. Finnizh Acciedilalian Service
Satamatie 16 ey p———
21100 Naantali
Sulfaatti (S04} mgkg 18000 |S0000 [CENTR
16192:2020,
SFS-EN IS0
10304-
|1:2009*

*akkredboiy mongteimé. Akkredibaint oi koske Eusunioa. Tulokael pileit vain fostabila ndyttelln. Raporilia ei saa kopicida asillain iknan
testausiabarataion upas. Analysien mitlausapdvarmusdet ovad saalavila pyydetiiessi. Mistausepdvarmuuils & obs hucmioiu
| Al s Wi s Tuloksia laaluvaat mukcsiin,
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' TUTKIMUSTODISTUS 7(8)

Tilaus 2207681
Pwmi: A.1.2023
Turun Seudun Energiantuciants Oy
Satu Vivanko
Satamalie 16 TeT1 E"mi-ﬁm|m

21100 Maantall

Lausuntos

Haylemateraali & tyla hyblykdytidkelpoisuuden vaatimuksia miss&En
rmaanrakentamiskohteessa nayitesn iukomsen kloridipitoisuuden veoksi. LisSksi ndytiean
liukeiset kromi-, molybdeani- ja sulfaattipdclsuudet Wittdedt tetyville masrakeniamiskohbeille

asebetut raja-anal, (Ve 84302017)

WValtlonewvoston asetuksessa 8432017 kloridille, suifaatille ja flucrdile asetatiu)a raja-
arsoja e aovelleta rakenleeseen, joka HHylias kaikki seuwraavat edelvtykest: sijaitses
enintdan 500 m etdisyydelld merestd, rakenteen @pi suatautuvan veden purkautumissuunta
on mereen seki rakentesn ja maran valilla ei ole talovsvedenotioon kaytettévid kalvoja
{WMa 8432017

Lopullizen pdatiksen jalieiden hyddyntimisesta maanrakentamisessa tekee palkallinen
ympdristiviranomainen,

MEytermateriaakia @i voida liukoisuustestin tulosten perusteslia tehiyien maarntysten osalla
loppusijoitas vasrattoman jEleen kaalopakale sen liukoisen klondipitoisuudan ja
Buennsiden aineiden kokonaismaardn (TDS) veoks! (Wha 331/2013)

Maylemateriaali voidaan liukolsuustestin lelaslen perusteslla tehtyjen maaritysten ozalta
loppusijoittaa vaarallizen jEtteen kaatopaikalle (VNa 331/2013),

Maytteen AMC on kohtalainen,

Lausumnio perusiuu lainsaadanndn (WNa 331/2013) raja-aroihin ja tehtyhin madniyksin
eikd siind oleta huomicon nédyternateriaalin Eleluokilusta. Ymparistéviranomainen tekes
kxpullisen padtiksan naytemateriaalin loppusipoittamisasta,

Raportilla ndkyvissa oleval raja-arvod: vaaralisen jittesn koalopaikka (WNa 331/2013).

SGS Finland Oy

[/jm- ﬁfﬁf’ -

Anu Villberg

Kemisti

Tama tutkimuztadistus on allekifoiletty sahkbisest.

Tuloksia koskevat tledustelut

Elintarvikkeet, rehut, Eeva Luoma, Laatupaalikid, puh. +358 50 464 7567,
maanparannusaineat | eeva. luomaii=gs. com
vedet

“Akkrediaibu menetelimd, Akkrediaint ai koske laieunied. Tubdciet pileydt vain estabdle naytieile. Raportia ol saa koplokda csittain dman
testamislabaratonon bapaa. Anahysien miftausepdvammuudal oval saatavila pyydetiieasd. Mitsusspdvarmuuma e cle buamicitu
lausunnossa verallaesss (ukikas B lyvaalimoksin,
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‘ TUTKIMUSTODISTUS aig)

Tilaus: 22078
P 3.1.2023
Turun Seudun Enargiantuctanta Oy
Satu "-'ira:rlkﬂ -
Satamatia 16 TOT (EM IBIWES 17025}
21100 Maantal
Metalizmalytiikks Anu Villberg, Kemisti, puh. +358 43 850 1146,
anu.villbergiEsgs. com
Ymparistianalylikka Ellinoora Koskinen, Chemist, #3558 9 225 286 20,

gllincora koskinenilsgs. com

Lisitiedot  Hiilivetytuloslen mittausepavarmuus:
>C10-C21, >C21-<C40 ja >C10-<C40: 50-300 mgkg £35 %, 300-1000 mgikg +18 %, yi
1000 mgikg 13 %.

PAH-yhdisteiden mitausepavarmues; 0,05-0,5 motg £39 %, 0,520 mgkg £33 % Ja i 2,0
mgkg £20 %.

Wksittdisten PCB-yhdisteiden mitausepdvanmuus on £50 .

¥hsittfisten bensininidvetyen (BTEX) mitlausepavarmuws: 8,01-0,05 mgkg £50 %, 0,051-
0.5 mofkg £30 %, i 0.51 mgkg 220 %,

Liukoisten matallien anahyysion (ICP-M3) epdvarmuusarvio: < 0,5 mglkg £50 %, 0.5-5
mg/kg £20 % ja i 5 mgikg 210 %,

DOC- ja TOC-mBaritysten millausepivarmuus on £20 %,
Kisva-ainemadrityksen mittausepavarmuus on £1,9 suhl,-%,

IC-maaritysten mittausepdivarmuudet ovat: Fluoridiz £50 %, klond: $23 9%, sulfaatt- +25 %

Laboratoriot
7 SGS Finkand Oy, Katka (akkraditou testauslaboratorio T156, akknaditcantivaatimus SFS-
EM ISOAEC 17025)
Jakelu satu. viranko@turkuenergia fi

Laskutus  Turun Seudun Energlaniuctantio Oy, Satamatie 16, 21100 Naantal

Fritys on anlarl EmEn doumandn patseljen yleisien iomilusshiciens muksaesh, jotka cvat saatavila osoiftlsesss

hitps: ihwasn.5gs. comdeniterms-and-candilians, Toimilusahoal st rajoehiesia yritgksen vehingonkarauivasnsenn, Mpysin
o fairt wadlintaan. Tdmin dokumantin ialiijan tules huamioida, wld infommaalio L dokumenlissa oovaa tilanioen selaisens kuin
yhiit an s6n hisugiBuksensa alkana todennut asiskiesan mahdellizian chigiden mukaisest. Yotgksen vastuy rejelboy yrlyksan
asiskkaaseen ek tama dokumentli el kaupan csapaoka kiyitdmasti kaupan asiakijojen rakatia dhsulsla ja velealieita. Taman
dakumentin gisilée lai ulkamicdon luvaton mustiaminen, vBdrentEminen tai widristaly an laimvasiaista ja bekijs woidaan el
syyiteesean lain ankarimman bikinnan muksisesi.

*pkkreditnily marsteimd. Akkredioint ei koeke lausurias, Tulksal patavil vain testatuile ragtieile. Raportia ai &8 kopicida osittan iman
fsstauslaboratonion lupas . Arclyysien milsspivamoude! orat saxtavila pyydettbessd. Mittassapivanmuuta e ole buomioty
laimiFnaaas verratlaassa bulcksia lanhresatimuksin
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4% eurofins

Sivu 1/11
I||||I|I|I|I||||||II|I|I Tutkimustodistus  AR-22-YB-0D09512-01
PdivAmadra 16.03.2022

Tutkimusnro EUFI0S-00012935
Asiakasnro YBO001291
4503306666
Stora Enso Oyj/ Varkaus
Susanna Kiiskinen
PL 169
TE201 VARKALS
FINLAND
s-postl: susanna.kliskinenf@storasnso.com

Tilauksen kuvaus
Stara Enso Varkaus, uhkan kasiopakkakelpoisus

Niytonumero E93-2022-0000 5688
Maytisen nimi KB Lertobuhica
T-14.2.2022
Niyttson kuvaus Tuhka
Matriisi Tuhka
Miytieenotiopdiva
Vastaanotbopdiva .02 2022
Analyscinti algitettu T1.02. 2022
Miytisenotiaja Asiakag
Analyysit Testikoodi Yksikks  Tulokset
Fysikaalis-kemialliset tutkimukset
Kurva-ainegilosuus YBC1G % a6
Hetlulushangd (550 “C)YBCT1 % b 65
Orgaaninen kokonasshill'BE3IZ % kA 4.4
(TQC)
pH 1:10 YBCOT 126
AMNC, pH 12 + YBCOT moles 0,54
Hlky ka
AMC, pH 11 = YBCOT moles 1.4
Helky ka
AMNC, pH 10 + YBCOT moles 1.9
Hlkg b
AMC, pH 9 # YBCOT moles 24
Hlky ka
AMC, pH & # YBCOT moles 29
Halkg ka
AMNC, pH T # YBCOT moles 4
Hlkg b
AMC, pH & # YBCOT moles 4.4
Hlky ka
AMC, pH 5 + YBCOT moles G4
Halkg ka
AMNC, pH 4 # YBCOT moles 6.5
Hlkg ka
Kuiva-ainepilosuus *  RZDRAY % 100
Alkuaineanalyysit
Elehopea [Hg) * YEHG1 mghgka 073
Arseeni (As) YBE15M mighkg ka 13
Barium (Ba) YB15H gk ka 1200
Eurcfine Ahma Oy
Mualtasaanente 17
S0400 Ol

FINLAND www aurofing fi
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<% eurofins

Sivu 2M1
1 RO Tutkimustodistus ~ AR-22-Y8-008512.01
Paivamadra 16.03.2022
Miytenumers £93-20 2200005688
Miytean nimi K& Lertobuhia
7-14.2. 2022
Miytieen kuvaus Tuhka
Miatriisi Tuhka
Miytheenottopiiva
Vastaanottopdivi .02.20x2
Analysointi aloitettu 21.02.2022
Miyteenotiaja Asiakag
Analyysit Testikoodi Yhsikkt  Tulokset
Alkuaineanalyysit
Lyify [Pk * YE1SP mghg ka 16D
Kremi (Cr) * ¥B150 mgkgka TE
hisied (Mi) YB155  mghkgka &1
Ardimani (Sh) YE15U mghgka 23
Kadmium (Cd) * YBISW  mgkgka B1
Kohaltti (Ca) YB1SZ mgkgka 17
Malybdeeni (Ma) ¥E181 mghkg ka 11
arsdiini (V) YBI85  mghgka &9
Kupar (Cuj * YBIET mghg ka 180
Sinkdi {Zn) * YB1EF mgkgka 1100
Mikreaaltshajoius YBE3D tshiy
PAH
Asenafiesn; * RZP34  mghgka =001
Asenaftylesni © RZP3d mghg ka 0,070
Arfrasesni * RZP34 mghgka 0,013
Bentsojajantasesni * RIP34 mghg ka 0,014
Beniojbfluoranieeni ‘RZP34  mghgka 0067
Bentso(kMuorantesni * RZP34  mghgka 0011
Bentsojajgyreeni * RZP3d mghg ka =001
Bentsa(g,hijperyleeni * RZPS4 mghg ka =001
Dibentseda hjanirasseniR ZP54 mglgka =001
Ferantreeni * RIP34 mypkg ka 0,89
Flugrseni * RZP3d mghg ka =001
Fluteaniser * RZP34 mghgka 040
Krysesni * RZP34 mghg ka 0,054
Indenci1 2 3-cdipyreeniRZPS4  mphghka <001
Maftalesni * RZP34 mgkgka 1.5
Pyreeni * RZIP34  mgkgka 0,068
Summa 16 EPA-PAH  RZP34 mghgka 332
[upper Baund) *
Li52, 2-valh rav.testl SFS-EN 12457-3

Eurcfins Ahma Oy

MNualtasaarenta 17
S04.00 Ol

FINLAMD v, eurcdin. fi
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Attachment 6 (3/11)

Sivu 311
N0 IF TR Tutkimustodistus  AR-22-YB-009512-01
Paivamaara 16.03.2022
Haytenumers B83-2022-00006605
Hiytieen nimi K8 Lertobuhla
7-14.2.2022
Miytiesn kuvaus Tuhka
Mhatriisi Tuhka
Hiytieenotiopdiva
Vastaan otbopivi 1,02, 2022
Analyssinti aloitetiu 1,02, 2022
Miytieenotiaja Asiakag
Analyysit Testikoodi Yksikké  Tuloksst

Li52, 2-yalh rav.testl SF5-EN 12457-3
pH Lig=2* YEJ21 127
Sahkonjobtavuus LiZ=2YBJ31 maEdm 2200

Arsesni (Ae) L/S=3* YBDGO  mghgks <0002
Barium (Ba) LiS=2*  ¥BOGR  mghgka 088
Kadmium [Cd) LiS=2 * ¥BOH1 ~ mghgka <0001
Kromi [Cr) L/S=2°  YBOGT  mgkgka 019
Kupari (Cu) L/S=2*  ¥BOM3  mghgks 0,019
Elshopes (Hy) LiS=2* YBOHD — mghgka <0001
Molybdesni (Mo) LiS=2 YBOH4 ~ mghg ks 27

Milsh (Mij LIS=2*  YBOGU  mghghka  =0.002
Lyify (Pb) L/S=2 * ¥EOES  mghkgka 0001
Artimoni (Sb) LS=2° YBEOEY  mghgka <0002
Selegni (S6] L/S=2*  YEDHE  mgkgka 0,075
Varadini (V) LS=2* YBDEV  mghgks <0002
Sinkki (Zn}LS=2*  YEOHB  mgkgka 026

Eledidi LiS=2* YEOOE mgpka ka 3000
Fluosidi LiS=2* YEOOC mgpka ka &E
SuMaatti LiG=2 * YEODA g ka TH0D
DOC LiS=2 * YEJO mighkg ka 21
TS Lig=2* YEJ41 mighg ka 20000
LS540 kum., 2-valh. rav.testi SFS-EN 12457-3
pH LiS=8* YEJZE 12,6
Sahkonjoiiavuus LIS=8YB.32 mEm 20
Arsesni (A%] LUS=10 YBOMH  mgkgka =001
(Kum.) *
Barium (Ba) LIS=10  YBEONI g ka 27
(Kum.) *
Eadrmium (Cd) LS=10 YBEOMND mgpka ka =00, 008
(Kum.) *
Kromi (Cr) LIS=10  YBOMJ  mghkoka 1.2
(Kum.) *
Kupasi (Cu) L'S=10  YBOPD  mghgks =005
(Kum.] *

Eurcfins Ahma Oy

Muattasaarents 17

S0400 Oudu

FINLAMD www eurofing fi
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Attachment 6 (4/11)

Sivu 411
R Tutkimustodistus ~ AR-22-Y8.008512.0
PaivEmasra 16.03.2022
ﬁrm"m 643
Maytioen ndmi K Lentohshica
1422022
Maytinen kuvaws Tuhika
Matriisi Tuhika
Maytioenottopahi
Vastaanotiopaia 21.02 2022
Analysointi alodtetha 21.02 2022
Maytioenottaja Amakas
Analyysit Testikood| Yksikké  Tuloksat

Elohopea (Hg) L/S=10 YBONP
(M.

Mciybdeeni (Mo LG=106BONS
[ *

Mikdosli (Mi} LiS=10 YROML
{Mum. =

Lyijy {Pb) LiS=10 [Kum. ) BORE

Antimoni (Sb) LMS=10 YBOMNMN
[Fun.j ™

Seleeni (Se) LiS=10  YBONT
(M. *

Vamadind (V) L'S=10  YBORM
{Mum. =

Sinkki [Zn] LIS=10 YBOPY
[Fuwem i ™

Kiaridi LiS=10 (Kwm.j * YBOQE
Fluondi L'S=10 {Kum_} "r¥BOOF
Sulfaatt LiS=10 (Mum.) YBOQD

DOC LS=10 (Kum ) * ¥YBEM2
TOS LS=10 (Kwm.)*  ¥BM2
PCDDIF -yhdisbest

2,47 ATetraCDOD * RZPIS
1,237 B-PentaCDD * RZPAS
1,234,7 B-HeksalDD "RZPIS
1,236 7 B-Heksal DD "RZPIS
1,237 8,5-HeksaCDD "RZPIS
1,234 6,7 8-HeptaCDDAZ PG

Ol 00 RZPAS
2,37 B-TetraCOF = RZPI%
1,237 B-PentaCDF *  RZP3S
2,247 B-PentaCDF *  RZPAS
1,234,7 B-HeksaCDF *RZP3S
1,236 7 B-HeksaCDF *RZPIS
2,34.5,7 B-HeksaCDF *RZPIS
1,237 8 &-HeksalDF *RZPIS

mgikg ka
mgikg ka
mgikg ka
mgikg ka
mgikg ka
mgikg ka
mgikg ka
mgikg ka

mgikg ka
mgikyg ka
mgikg ka

mgikg ka
mgikyg ka

poig ka
pgip kax
poig kx
poig kx
poig ka
poig kx

poig kx
poig ka
pgip ka
poig ka
poig kx
pgip kax
poig kx
pgip b

L5110 kum., 2-vaih. rav.besti SFE-EN 12457-3

=0, 004

5.5

&7
Ba000

1.2
28
=2
<2
=2

]

1z
28
<2
=2
<2
<2

Eurofins Ahma Oy
MNuottasaarentie 17
S0 Culu
FIMLAMND

wweazunofins. §
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l.‘ -
-
<% eurofins
Sivu 5M1
AR Tutkimustodistus ~ AR-22-Y8-009512.01
PaivEmaara 16.03.2022
-E'rhm.rrl-'\n
Maytioen ndmi KB Lentohshica
Ta14.2 2022
Miytinen kuvaws Tuhia
MAtriisi Tuhka
Mayticenotbopaiva
Vastaanotiopdiva .02 2022
Analysointi alofteths 21.02 2022
Maytinencttaja Azakaz
Analyysit Tostikoodi Yksikkd — Tulokset
PCDDNF -yhdisbest
1,23, 46,7 B-HeptaCOF RZP35 poig ka =2
1,23.4.7 8 8.HeptaCOF RZPAS Py ka =
ChasaCDF - RZPa& poig ka <&
-TEQ [NATOMCCME] RZPIS mgikg ka  0,0000060
alarya ”
LTEQ (NATOWCCMS) RZPIS mgikg ka  0,0000067
ms. 12 Lo -
-TEQ [(NATOMCCMS) RZPAS mgkg ka  0,0000074
yidraja ”
WHO 1998-PCDDW  RZP3S mgkg ka  0,0000073
TED alaraja *
WHO{1998)-PCODF  RZPIS mgikg ka  0,0000080
TEQ incl. 152 LO0 =
WHO 1988-PCDODW  RZP3S mgikg ka  0,0000087
TED ylarma *
WHOR2ME)-PCDDWE  RZP3IS mgkg ka  0,0000067
TED alaraja *
WHOR2008)-PCDDW  RZP3S mgkg ka  0,0000074
TED sis. 12 LOG "
WHO2008)-PCODW  RZP3S mgikg ka  0,0000081
TEQ ylarma *
PCB T RZPa& poig ka 4.0
PCBRB1" RZPaR poig ka =4
PCE 105~ RZPaR poig ka 5.1
PCE 114 ° REPIE  pgigka =4
PCB 118" RZPaR poig ka 13
PCB 123" RZPa& poig ka =4
PCB 126~ RZPaR poig ka =4
PCB 156 - RZPa& pgig ka =4
PCB 157 = RZPaR Py ka =4
PCB 167 - RZPaa poig ka =4
PCB 163 * RZPaR Py ka =4
PCB 183 - RZPaR poig ka =4
WHOZ008)-PCRB TEQ RZP3IR mgikg ka  0,00000000
alarya 4
WHO2008)-PCR TEQ RZPIR mgkg ka  0,00000028
=5, 12 L00*
Eurofins &hma Oy
Nuottasaarentie 17
SO4.00 Oulu
FINLAND wwewzurofies.
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s eurofins

Sivu 6M1
AT Tukimustodistus  AR-22-Y8-009512.01
P&ivEmasrs 16.03. 2022
MAytenumern B93- 2022 00006605
Maytioen nami KIS Lemiotuina
T14.2 2023
Maytioen kuvaws Tuhic
Matriisd Tushia
Maytinenottopdva
Vastaanobiopdiva .02 2022
Analysointi aloftet 2.0 2022
KayHoenottaa Amakas
Analyysit Tostikoodi Yksikkt  Tulokset
PCDDVF ~yhdisteet
WHO2008)-PCE TEQ RZPIR mgikg ka 0, 00000052
yidraga ”
“Mengiedmd on akkredioby.
Kommentti
Mrysemaara 55 ky
ALLEKIRJOITUS
LT EE - Ry
Hanne Korsa Analyysipaivelupadlikko
HanneKorsafieurofins § +388 4067B4084
Tutkimusiodistus on sahkbisssh hyvaksythy.
Eurofins Ahma Oy
Muottasaarente 17
S0400 Oulu

FINLANL wwew zurofines.
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% eurofins

Sivu THA
0 AREEA AR TA Tutkimustodistus ~ AR-22-YB-009512.01
Paivamdara 16.03.2022
Menetelmatiedot
Testikoodi Paramatnin nimi Maneteiman Menobeiman Akkrodorhy Mz naoima Labaratorio
mittau 5
Fysikaalis-kemialliset tutkimuksot
YRC1S | Kuva-anspiosues <2840 Blyke az2 [ SFSEN 15934: 2012 b
>28:+ 3%
YBCH | Hehkulushavio (850 “C) <8+ 2%yks ka a2 E SFS-EN 180652007 hi:]
=4+ 0%
YEE3Z |Orgaaninen kokoraishili | <180 Peyks ka a5 Kylla SFSEN 131372001 by
{roc) >1.3:420%
YRCOF  |pH 1210 + 0.3 pH yks. E CENTS 183642006 hi:]
YRCOF | ANC, pH 12+ 2 20% 0,01 [ CEMTS 15364: 2008 b
YRCOF | ANC, pH 11 + 2 20% 0,01 E CEMTS 15364: 2008 b
YECOF | ANC, pH 10+ % 20% a1 E CENTS 183642006 hi:]
YECOT |AMC, pHY + 4 20% a1 E CENTS 153642008 hi:]
YRCOF | ANC, pHE = 2 20% 0,01 [ CEMTS 153642006 b
YRCOF |AMNC, pHT = 2 20% 0,01 [ CEMTS 15364: 2006 b
YECOT | ANC, pHE + 4 20% a1 E CENTS 153642008 hi:]
YECOT | ANC, pHE + 4 20% 0,01 Ei CENTS 153642008 hi:]
YRCOF | AMNC, pH4 = 2 20% 0,01 [ CEMTS 15364: 2006 b
RZDAY | Kumva-ainepiosuus e <30 3 Kylla SFS 3008; SF5-150 11465; RZ
158 =) SFSEN 15934
Alkuaineanalyysit
YEHGE1 || Elchopea (Hg) =0 2:+0 (Amgikgka 0,04 Kylla EP& 308 14; SFE-150 16772:en b
0.2+ 16% [F0aT)
YE16M || Arseeni (fs) <1l:+1. 5mg'kgka 3 Kylla EPA 30814 5FS-EN 120 B
>10:+18% 11885 700E
YEIEW | Barium (Ba) <84, kgka 1 E EP® 308 14; SFS-EN IS0 hi:]
2841 11885 20600
YRIS® | Lyjy (Po) =11 Gmgkgka 2 Kyila EP& 308 14; SFS-EN 150 b
=10:41 6% 1180852009
YE180 | Eromi [Cr) =8 5:+1 Smgikgka 2 Kyila EP& 308 14; SFS-EMN IS0 kit
b S [ 11885 20600
YEISS || Mikkeli (Hi) wfel 1 Kyila EP& 308 14; SFS-EN 150 b
8+ 1B% 1180852009
YEABU | Aedmani {Sh) =1{:+2 Omg'kgka 2 E EP® 308 14; SFS-EN IS0 hi:]
=10:+200% 11885 2059
YEISW || Eadmium (Cd) =1.4:+0 20mgikgka 03 Kyila EP& 308 14; SFS-EN 150 b
>1.4:414% 118052039
YBI14AZ |Kobol (Co) ;0 1 E EP# 30814; SFS-EN 150 Y8
o441 11885 2000
YE1E1 | Malybossni (Ma) =8:40.Smgikgia 1 E EP& 308 14; SFS-EN 150 b
=81 18% 11885 20670
YEUWEE | Vanadiini (V) =1l:+1. Tmg'kgka 2 E EP® 308 14; SFS-EN IS0 hi:]
>10:417% T1BA5: 700E
YHWT | Hupan (Cu) =1lk£1. kgka 2 Kylla EP& 308 14; SFS-EN 150 b
=10:41 1180852009
YBI6F | Sinkkd {Zn) <12:+2 Omg'kgka 3 Kylla EP& 308 14; SFS-EN 150 Y8
=12:417% 118857009
YEE3D ||AMkroaakohajohes E EP& 30814 b
PAH
RZP34 | Asenadeeni 0% | oo | wkwa  |sesewnisser nz
Eurofins Ahma Oy
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Attachment 6 (8/11)

Sivu 811
WAL T Tutimustodistus  AR-22-YB-009512.0
PEvEmadrd 16.03.2022
PaH
RIFM | Asenafiylesn % 001 Kyila SFS-EM 15827 RZ
RZFM | Anvaseeni 25% 001 Kyila SFS-EM 15827 RZ
RIPAY || Besrrisolajanrasseni 18% 001 Kyila SFS.EN 18827 RE
RIPA4 | Bervtsol b duorans=eni 3a% 001 Kyila SFS.EN 15827 RZ
RIF34 || Benisolkfucranbesni 41% 0,01 Kyila SFS-EN 18527 RZ
RIPAL || Bervisod a)pyresni M 001 Kyila SFS-EN 18827 RZ
RIPA4 | Benisolp hijperiesn 2% 001 Kyila SFS.EN 15827 RZ
RZFM | Dibentsolahjantrseen 2% 001 Kyila SFS-EM 15827 RZ
RZIFM | Fenanireen 2% 001 Kylla SFS-EM 15827 RZ
RZFA | Fluoreeni 23% 001 Kyila SFS-EM 15827 RZ
RIPAL | Fluoramieeni 23% 001 Kylla SFS.EN 15827 RZ
RZFA | Enyseeni 42% 001 Kyila SFS-EM 15827 RZ
RZFA | indenci1,2,3-cd)jpyreeni 22% 001 Kyila SFS-EM 15827 RZ
RIPA | Maftalesni 8% 001 Kylla SFS.EN 15827 RZ
RiIF3d || Fymeeni 24% 0an Kyila SFS-EN 18827 RZ
RZIPM | Summa 16 EPRPRH 0,16 Kyila SFS-EM 15827 RZ
juppesr bowund)
Li&2, 2+vaih rav.besti SF5-EN 12467-3
YBI21  |[pH LS=2 + 0.3 pH yks. Kylla SFSEN 180 108232012 B
YB3 ‘Sankonjohtavuus LiE=2 <1B:23ImSim -] Kyila SFS-EN ZTRAR 1594 Ya
=15:+20%
YBOGO | Arsseni (As) LiS=2 =(0.01:+0.002mgkpka o0z Kyila SFSEN 180 17294.2:2018; B
=001 +30% SFES-EM 12457-3:02
YBOGR | Earium (Ba) L&=2 <0 068:+0 O imgkpka 001 Kyila SFSEN 180 17294-2:2018; YB
>0 CHA 1 5% SFS-EN 12a57:3:02
YBOM1 | Kadmium (Cd) LiS=2 <0.007:+0.001m a 0,001 Kyila SFE-EN 180 17294-2:2018; b
=0007:+14 SFS-EN 12887-2:02
YBOGT | Eromi (Cr)LS=2 =001 3: 0 002mpkpka o0z Kyila SFSEN 180 17294.2:2018; B
=003+ 5% SFES-EM 12457-3:02
YBOMI | Kupar (Cu) LiS=2 <0.08:+0 01 mgikgka 001 Kyila SFSEN 180 17294-2:2018; YB
=006 +20% SFS-EN 12a57:3:02
YBOMO | Elchopea (Hg) LiS=2 <(0.006: 0 00 1m a 0,001 Ia SFE-EN 180 17294-2:2018; b
e =-1:-.1:H3||5:::'|:"gm'w o SFS-EN 12887-3:02
YBOHS | Maolybdesni (Ma) LiS=2 [ <00013:40 002mg'kgka o0z Kyila SFSEN 180 17294.2:2018; B
0001341 5% SFS-EM 12457-3:02
YBOGU | Mikkeli (Ni) LiS=2 =001 30 002mpkpka 0002 Kyila SFSEN 180 17294-2:2018; YB
=00013:+1 5% SFS-EN 12457:3:02
YEOGE Ly (Ph) L&=2 <0.005:+0.001m a 0,001 Ia SFES-EN 180 17294-2:2018; b
" ﬁm:mgm o SFS-EN 12887-2:02
YBOGY | Ansmoni (Sh) LS=2 =(0.01:+0.002mgkpka o0z Kyila SFSEN 180 17294.2:2018; B
=001 30 SFS-EM 12457-3:02
YBOME | Seleeni (Se) LS=2 =0 056+ Oimgkpka 001 Kyila SFSEN 180 17294-2:2018; YB
>0 0 +1 8% SFS-EN 12a57:3:02
YBOGY | Vanadini (V) Li&=2 <0.01 %0 002mpkgka o0z Kyila SFES-EN 180 17294-2:2018; b
=0013:41 SFS-EN 12887-2:02
YBOHE | Sinkia {Fn) LS=2 <(008:+0 01 mgikgka oat Kyila SFSEN 180 17294.2:2018; B
=005 30 SFS-EM 12457-3:02
YBoos (Ko LS=2 =FE+Smpgfagka 10 Kyila SFS-EN 150 10304-1:2009 YB
>T8:+1 7%
YBOOC | Fluond LiS=2 tﬁ:tﬂ.?‘ﬁ'lg:hgta 1 Kyila SFE-EN 150 10304-1:2009 b
=511
Eurcfins Ahma Oy
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Attachment 6 (9/11)

&% eurofins

Sivu 811
TR Tutkimustodistus  AR.22-YB-009512.01
PaivEmadra 16.03.2022
&2, 2-vaih ravtest SFS-EN 124573
YEOOA || Sutfaami LIG=2 =TH:+8mpgfogia 19 Kylla SFES.EN 150 103041 2009 by
=41 2%
YBEM1 (DOC LS=2 <5l +lmgiogka 1a Kyila SFEEN 1484: 15487 YR
=50:418%
YBM1 | TDS LS=2 £ 13% ) Kylla SFS.EN 1821852008 by
Li&10 kwm., 2-vaih. rav.testl SFS-EN 124573
YRA22 |pH LS=8 + 0.3 pH yks. Kylla SFS.EN 150 108233012, byl
YBUA2 | Sshkonjohtavous LiS=8 <1E:+3ImSim -1 Kyila SFE-EN ZTREE: 1994 e
=18:4210%%
YEONH || Arseeni (As) LS=10 <0085 £0.01mgikgka o.a1 Kyila SFEEN 150 17284-2:2005; e
{Kum. =0 08+ SFE-EN 12467-3:02
YEOMI | Barium (Ba) LS=10 w0 28: 005 ka 0,08 Kylla SFS-EN IS0 172942300, by
{Kum) =0 28: SFE-EN 12467-3:02
YEOMO | Wadmium (Cd) LS=10 | <0u025: &0 005mpkgka 0,005 Kyila SFEEN 120 17284-2:200&; e
{Kum. ] =0 0286+ 0% SFS-EM 12487-3:02
YEOMS || Kromi (Cr)LS=10 <0085 £0.01mgikgka o.a1 Kyila SFEEN 150 17284-2:2005; e
{Kum) =0 08: + 0% SFG.EM 12487-3:02
YEOPD || Mupan (Cu) LS=10 ﬁij:tbﬂﬁﬂngu 0,08 Kylla SFS.EN 150 1729423006, by
{Kum) =0.23: SFE-EN 12467-3:02
YBONP | Elohopea (Hg) LS=10 =0.02:+0 O0smgkgka 01,004 Kylla SFSEN 150 172942300, by
(K] =0 02+ 0% SFS.EM 12487-3:02
YEONE | Molybdesni (Ma) LiS=10 | =0.062::000 imgkgka o.a1 Kyila SFEEN 120 17284-2:200&; e
Kum) =0 062:+18% SFG.EM 12487-3:02
YEOML | MiEkeli (M) LIS=10 «ans&:mnm&m- a1 Kyila SFS.-EN 150 172942300 8; b
{Kum.) =0 086:+1 SFES.EN 12487-3:02
YBONK | Lyjy (Phb) L'S=10 {Kum } | =00028: £0 006mpkpka 0,005 Kylla SFSEN 150 172942300, by
= 0286+ 0% SFS.EM 12457-3:02
vl || AnSmoni (S LS=10 <008:+0.01mgikgka a1 Kylla SFS-EN 150 172942300 &; |
{Kum) =0 08: + 0% SFG.EM 12487-3:02
YEONT | Seleers (Sej LS=10 =1 240 04 ka 0,04 Kyila SFE.EN IS0 1720423005, ¥R
{KurmL) =0 34 SFS-EN 12487-2:02
YROMM || Vanadiini (V] LiS=10 <0067 :+0 0 imgkgka o1 Kylla SFSEN 150 172942300, by
{Kum.} =0 06721 5% SFE-EN 12467-3:02
YEOEY || Sinkid (Zn) LS=10 =0 28: +0 OSmgikgka [iTal.} Kylla SFSEN 150 172942300, vE
{Kum ) >0.26: £ SFG.EN 12457-3:02
YEOOE || Mlords LiS=10 {Kum.] <300+ 8mgikgka -] Kyila SFEEN 150 1030412008 e
>300:+ 18%
YEOOF || Fluond LS=10 (#um.) =-+4mgiogka -1 Kyila SFES.EN 150 1030412009 ¥R
=20+ 2 0%
YREOOD || Swifaa®i L'S=10 (Kum.} <300+ 5mgikgka -] Kyila SFE-EN 150 1030412009 e
> 300+ 18%
YEM2 |DOC LS=10 Fum.] <200:+40mgikgka -] Kyila SFE-EN 1484: 1587 e
=200+ 3%
YEM2 | TOS LS=10 {Kum. ) 2 14% 1250 Kyila SFEEN 182152008 e
PCODOVF -yhdisteet
RIP29 |23 7 A TetralOD TN 1 Kyila EPA 161%; SF5-150 13814; RZ
SFS-EN 16190
RIP2E 12,37 8-PentaCDD A5% 2 Kylla EPA 1613; SF5-150 13814; RZ
SFE-EN 16180
RZP2S 12,247 8-HeksaCDD % 2 Kiyila EP# 1813; SF5-150 13814 RZ
SFS.EM 16180
RZIF2E 12367 8-HeksalOD 6% 2 Kyila EPA 1613; 5FS-1S0 13814, RZ
SFS-EN 16190
RIP2S 12,370 9-HeksalOD TN 2 Kyila EPA 1613; SF5-150 13814; RZ
SFE-EN 16180
Eurofins Ahma Oy
Muottasaarenbe 17
0400 Ouiu
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Attachment 6 (10/11)

Sivu
AR i Tutkimustodistus  AR-22.YE00951881
Paivamdadra 16.03.2022
PCDIVF -yhdistost
RIF3E | 123467 8-HepalhD 5% 4 Kylla EPA BT, SFS-150 13814; RZ
SFE-EN 16180
RIF3E | OkiaCOD 5% 8 Kylla EPA1B1; SFS-150 13814; RZ
SFS-EN 16180
RIF3E | 23,7 B TetlDF 5% 1 Kylla EPA1B1Y; SFS-1S0 13814; RZ
SFS-EN 16180
RIP3 1237 8-PentalDF 5% 2 Kylla EPA 1B1E; SF5-150 13804; RZ
SFSEM 16180
RIPM  |23478-PentalDF 5% 2 Kylla EPA 1B1E; SF5-150 13804; RZ
SFS-EN 16180
RIP3IE 12347 8-HeisalOF 5% 2 Kylla EP& 1513; SF5-150 13514; RZ
SFPS-EM 16180
RIF3E | 1.23678-HeksalDF 5% 2 Kylla EPA BT, SFS-150 13814; RZ
SFE-EN 16180
RIFIE  |23.4B7T8-HeksalDF 5% 2 Hyila EPA1E13; SFS-1S0 13804 RZ
SFS-EN 16180
RIF3E 123,785 HeksalDF 5% 2 Kylla EPA1B1Y; SFS-1S0 13814; RZ
SFE&EM 16180
RZP38 123467 8-HeplalDF 5% 4 Kylla EPA 1B1E; SF5-150 13804; RZ
SFSEM 16180
RZP38 1123478 %HepalDF 5% 4 Kylla EP& 1513; SF5-150 13514; RZ
SFS-EN 16180
RIFIE | OktaCDF 5% -] Kylla EP& 1513, SF5-150 13814; RZ
SFE-EN 16180
RIF3E | LTEG (NATOICOME) Kylla EPA BT, SFS-150 13814; RZ
Aarap SFS-EN 16180
RIFM | LTEQ (NATOVCCME) 0, D002 1 Kyila EP&1ETE; SFS-150 13504; RZ
sis. 162 LOG SFS-EN 16180
RIF3 | LTEQ (NATOVCCME) 00, D004 Kyila EPR BT, SFS-150 13504; RZ
ylarag SFE&EM 16180
RIFIE  |'WHO 1958-PCDONF Kylla EPA 1B1E; SF5-150 13804; RZ
TEG alarai SFSEM 16180
RIPIE | WHO 1598 PCDDF 01, DOO002E Kylla EP& 1513; SF5-150 13514; RZ
TEQ incl. 152 LOG SFS-EN 16180
RIFIE  |'WHOD 1998-PCDONF 01, D005 1 Kylla EP& 1513, SF5-150 13814; RZ
TEL yiaraja SFS-EN 16180
RIF3E | WHO2008 )-PCDOF Kylla EPA BT, SFS-150 13814; RZ
TED alaraia SFS-EN 16180
RIPME | 'WHOE0S-PCDOF 00, DO00023 Kyila EP&1ETE; SFS-150 13504; RZ
TEQ ms. 172 LOO SFS-EN 16180
RIPME | 'WHOE0SPCDOF 00, 0000047 Kyila EPR BT, SFS-150 13504; RZ
TEQ yiaraja SFEEM 16180
RIPMS |PCETT 5% 4 Kylla EP& 1568; SF5-150 13514; RZ
SPSEM 16180
RIP3S | PCHEBY 5% 4 Kylla EPA 1568, SF5-150 13814; RZ
SFE-EN 16180
RIPF3E | PCHE 108 5% 4 Kylla EPA 1568, SF5-150 13814; RZ
SFS-EN 16180
RIF3E | PCE 114 5% 4 Kylla EPA 1558, SFS-150 13814; RZ
SFS-EN 16180
RIFME |PCB 1A 5% 4 Kyila EP& 1 568; SFS-150 13504; RZ
SFS-EN 16180
RZP2E | PCH 123 kLY 4 Kylla EP& 1568; SF5-150 13514; [=Fd
SFEEM 16180
RIFME |PCHE 128 5% 4 Kylla EP& 1568, SF5-150 13514; RZ
SFE-EN 16180
RIP3E | PCH 156 5% 4 Kylla EPA 1568, SF5-150 13814; RZ
SFE-EN 16180
Eurofins &hma Oy
Muottasaarenbe 17
Sd400 Oulu
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Attachment 6 (11/11)

&% eurofins

Sivu
0 A O Tutkmustodistus ~ AR-22-YE-0035 1341

Paivamadra 16.03.2022
PCOOUF -yhdistoet
RIFam  |PoE sy A% 4 iyila EPA 1558; SFE-IS0 13814; (k4
GFS.EN 18180
RFFaE | PCR 6T A% 4 iyila EP 1588; SFE-IS0 13814; [
GFS-EN 15180
RIFam  |PCoes A% 4 byila EPA 1588; SFS-IS0 13814; R
SFE.EN 16180
REFaE | PoE e A% 4 Kyila EPA 1688; SFS-IS0 13814; RZ
EFS-EN 16180
RIPAS | WWHOGENOS)-PCE TED Kyila EPA 1688; SFS-IS0 13814; [+d
daraja GFE.EN 185180
RIFAE | WWHOE0S)PCR TED 0, DO iyila EPA 1558; SFE-IS0 13814; (k4
sis U2 LOI0 BFS.EN 16180
RIPAS | WWHOGNOS)-PCE TED 0,00000082 Kyila EPA 1688; SFS-IS0 13814; [+d
slaraa GFS-EN 16180
Laboratorio
RZ Eurcéins Eriranment Testing Firland (Lakti] SFSEN ISONEC 170252017 FINAS TO2S
B Eurcéins Ahma - Culy SFSEN ISONES 170283017 FIMAS T131

dakelu : FPPanalab varkaus@sioraenso com

Huomautukse? u

Tutiamestodishuksen csittainen kopiciminen an salit vain laboratonon kinalisella kvalla. Testawshiokss! koskoeat van

vastaanoftetua ja buliithea nayieta Mahdolinen ausunio = kuwly akkrediboinmn pinin. FIN As
Fiangh AcEisdialed Saimee
T139 {EM ISDAEL 1T

Ewrofins Ahma Oy

Muottasaarenbe 17

0400 Ouiu

FINLAMD wweaeurciines. &



DRY DENSITY, p, [Mg/m3]

1,98

1,96

1,94

1,92

1,9

QF 0-3 mm

8 9 10

FINAL WATER CONTENT, wy, [%]

11

12

Attachment 7 (1/4)
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DRY DENSITY, p4 [Mg/m?3]

2,1

2,08

2,06

2,04

2,02

QF 0-5 mm

7 8 9

FINAL WATER CONTENT, wq, [%]

10

Attachment 7 (2/4)
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DRY DENSITY, p, [Mg/m?3]

2,2

2,15

2,1

2,05

QF 0-8 mm

6

FINAL WATER CONTENT, wg, [%]

10

Attachment 7 (3/4)

12



DRY DENSITY, p, [Mg/m3]

1,85

1,8

1,75

1,7

1,65

1,6

Crushed Concrete

6 8
FINAL WATER CONTENT, wg, [%]

10

Attachment 7 (4/4)

12 14



Stress [MPa]

10

0,2%

Rammed - CC+QF 0-3 mm+Stora Enso FA

——

—
/ ~

0,4 % 0,6 %
Strain [%]

0,8 %

1,0%

Attachment 8 (1/16)

—28d

—28d

—28d
28d+F-T
28d+F-T

28d+F-T

1,2%



Stress [MPa]

w

»

0,2%

0,4 %

0,6 %

Rammed - CC+QF 0-3 mm+Naantali BA

0,8 %

Strain [%]

1,0%

1,2%

1,4%

Attachment 8 (2/16)

1,6 %

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

1,8%



Stress [MPa]

0,2%

0,4 %

Rammed - CC+QF 0-3 mm+Hanko BFS

0,6 % 0,8 %
Strain [%]

1,0%

Attachment 8 (3/16)

1,2%

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

1,4%



Attachment 8 (4/16)

Rammed - CC+QF 0-3 mm+CEM 111/B

20

18 P

16 7
14

12

Stress [MPa]
=
o

0,0% 0,1% 0,2% 0,3% 0,4 % 0,5% 0,6 % 0,7%
Strain [%]

—28d

—28d

—28d
28d+F-T
28d+F-T

28d+F-T



Stress [MPa]

14

12

10

Rammed - QF 0-8 mm+Stora Enso FA

Attachment 8 (5/16)

—28d

—28d
28d+F-T
28d+F-T

28d+F-T

—

0,0 %

0,5%

1,0%

Strain [%]

1,5%

2,0%

2,5%



Stress [MPa]

3,5

2,5

1,5

0,5

0,0 %

0,5%

Rammed - QF 0-8 mm+Naantali BA

—

1,0%

Strain [%]

1,5%

2,0%

Attachment 8 (6/16)

—28d

—28d

—28d
28d+F-T
28d+F-T

28d+F-T

2,5%



Stress [MPa]

0,2%

0,4 %

0,6 %

Rammed - QF 0-8 mm+Hanko BFS

0,8 %

Strain [%]

1,0%

1,2%

1,4 %

Attachment 8 (7/16)

1,6 %

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

1,8%



Attachment 8 (8/16)

Rammed - QF 0-8 mm+CEM Il1/B
20

18

16

14

=
N

Stress [MPa]
=
o

0,0% 0,2% 0,4 % 0,6 % 0,8 % 1,0% 1,2% 1,4% 1,6 %
Strain [%]

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T



Stress [MPa]

4,5

3,5

2,5

1,5

0,5

0,0 %

0,5%

Casted - QF 0-8 mm+Stora Enso FA

1,0%

1,5%
Strain [%]

2,0%

Attachment 8 (9/16)

2,5%

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

3,0%



Stress [MPa]

18

1,6

1,4

1,2

0,8

0,6

0,4

0,2

0,0 %

0,5%

1,0%

Casted - QF 0-8 mm+Naantali BA

1,5%
Strain [%]

2,0%

Attachment 8 (10/16)

25%

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

3,0%



Stress [MPa]

2,5

1,5

0,5

0,0 %

0,5%

1,0%

Casted - QF 0-8 mm+Hanko BFS

1,5%

2,0%
Strain [%]

2,5%

3,0%

Attachment 8 (11/16)

35%

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

4,0%



Stress [MPa]

12

10

0,0 %

1,0%

2,0%

Casted - QF 0-8 mm+CEM 111/B

3,0%

Strain [%]

4,0 %

5,0%

Attachment 8 (12/16)

6,0 %

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

7,0 %



Stress [MPa]

Casted - CC+QF 0-3 mm+Stora Enso FA

2,5

1,5 \

0,5

0,0% 1,0% 2,0% 3,0% 4,0 % 5,0%
Strain [%]

6,0 %

7,0%

8,0%

Attachment 8 (13/16)

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

9,0 % 10,0 %



Stress [MPa]

2,5

1,5

0,5

0,0 %

0,5%

Casted - CC+QF 0-3 mm+Naantali BA

1,0%

1,5%

2,0%
Strain [%]

2,5%

3,0%

Attachment 8 (14/16)

35%

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

4,0 %



Stress [MPa]

2,5

1,5

0,5

0,0 %

2,0%

4,0 %

Casted - CC+QF 0-3 mm+Hanko BFS

6,0 %
Strain [%]

8,0%

Attachment 8 (15/16)

10,0 %

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

12,0%



Stress [MPa]

12

10

0,0 %

1,0%

2,0%

Casted - CC+QF 0-3 mm+CEM I11/B

3,0%
Strain [%]

4,0 %

Attachment 8 (16/16)

5,0%

—28d

—28d

—28d

28d+F-T

28d+F-T

28d+F-T

6,0 %



