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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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Tiivistelmä 

Kierrätysmateriaalien käyttö on keskeinen osa kestävää kehitystä rakennusalalla. Tässä tutkimuk-

sessa tarkastellaan Turun seudulta saatujen kierrätysmateriaalien soveltuvuutta sullotun maan- 

sekä valumenetelmällä rakennetussa ei-kantavassa muurirakenteessa.  

Perinteisessä sullotun maan menetelmässä kosteaa luonnonmaata tiivistetään muotin sisään. 

Muotti voidaan poistaa välittömästi maan tiivistämisen jälkeen, jolloin jäljelle jää tiivistetystä 

maasta muodostuva rakenne. Valumenetelmää tutkittiin keskittyen erityisesti esivalettuihin lukkiu-

tuviin betonielementteihin. Niiden avulla voidaan valmistaa yhteen liitettäviä elementtejä, jotka 

mahdollistavat tehokkaan rakentamisen. Molempia tekniikoita käyttäen tavoitteena oli luoda kier-

rätysmateriaaleista ympäristöystävällinen rakennusmateriaali. Molempien rakennustapojen sekä 

luodun materiaalin tärkein ominaisuus on puristuslujuus.  

Tässä tutkimuksessa sideaineina käytettiin biopohjaista lento- ja pohjatuhkaa, masuunikuonaa ja 

CEM III/B:tä. Kiviaineksena on käytetty betonimursketta ja kivituhkaa. Sementtiä on käytetty pie-

ninä määrinä massojen aktivaattorina, jolloin sen kokonaispitoisuus oli 3,33–5,00 massaprosenttia 

materiaalien kuivamassasta.  

Kierrätysmateriaalien ominaisuuksia ja soveltuvuutta tutkittuihin rakennusmenetelmiin arvioitiin 

laboratoriokokeilla. Tutkimuksessa keskityttiin materiaalien puristuslujuuden määrittämiseen 

käyttämällä ultraäänipulsseja sekä yksiaksiaalista puristuskoetta. Myös jäätymis-sulamissyklien 

vaikutusta materiaalien ominaisuuksiin tutkittiin. Kustakin sarjasta testattiin kuusi näytettä, joista 

kolme altistettiin jäätymis-sulamissyklit ja kolme testattiin ilman altistumista jäätymis-sulamissyk-

leille. Kierrätysmateriaaleja käytettäessä sullotun maan menetelmällä saavutettiin korkeammat pu-

ristuslujuudet kuin valumenetelmällä. Kun sullotun maan näytteet olivat kovettuneet 28 päivää, nii-

den puristuslujuudet vaihtelivat 3,1–18,1 MPa:n välillä. Kun taas valumenetelmällä valmistettujen 

näytteiden puristuslujuudet vaihtelivat välillä 0,8–11,2 MPa. Jäätymis-sulamissyklien vaikutus sul-

lotun maan tekniikalla valmistettuihin näytteisiin oli lähes merkityksetön ja Stora Enson lentotuh-

kaa käytettäessä, näytteiden maksimaalinen puristuslujuus oli korkeampi jäätymis-sulamissyklien 

jälkeen. Sitä vastoin valumenetelmällä valmistettujen näytteiden puristuslujuus laski keskimäärin 

37 %, kun ne altistettiin jäätymis-sulamissykleille. 

Kierrätysmateriaalien käyttö sekä valamis- että sullotun maan menetelmällä soveltuvat parhaiten 

yksinkertaisiin, ei-kantaviin rakenteisiin, jotka eivät vaadi korkeita rakenteellisia ominaisuuksia, 

kuten suurta puristus-, veto-, tai leikkauslujuutta. Kierrätysmateriaalien käytön suurin etu on niiden 

pieni hiilijalanjälki verrattuna esimerkiksi perinteiseen betoniin.  

Avainsanat  sullottu maa, rammed earth, precast interlocking concrete block, uusioma-

teriaalit, lentotuhka, pohjatuhka, betonimurske, kivituhka, ympäristövaikutus 
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Symbols and abbreviations 
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F 

V 

L 

T 

m-% 

s 

ua 

uw 

τu 

τ0 

µ 

σn 

[kN] 

[m/s] 

[mm] 

[µs] 

[%] 

[kPa] 

[kPa] 

[kPa] 

[kPa] 

[kPa] 

 

[kPa] 

Force, compressive and flexural 

Velocity 

Length 

Time 

Dry mass percentage 

Apparent cohesion 

Pore air pressure 

Pore water pressure 

Shear strength of PICB joint 

Shear strength at zero pre-compression stress 

Actual friction coefficient in joint interface 

Normal stress from pre-compression load 

Vol-% 

E50 

[%] 

[MPa] 

Volume percentage 

Young’s modulus 

   

   

Abbreviations 
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BFS 

CC 

CE 

Bottom ash 

Blast furnace slag 

Crushed concrete 

Circular economy 

CEB 

CEM I 

CEM III/B 

CSS 

CW 

Compressed earth blocks 

Portlandcement, CEM I 42,5 R 

Blast furnace slag cement, CEM III/B 42,5 L – LH/SR 

Crushed sandstone 

Concrete waste 

FA 

F-T 

ICT 

ISSB 

MW 

OWC 

PICB 

RE 

SRE 

UCT 

UPV 

Fly ash 

Freeze-thaw 

Intensive compactor tester 

Interlocking stabilized soil block 

Marble waste 

Optimal water content 

Precast interlocking concrete block 

Rammed earth 

Stabilized rammed earth 

Unconfined compression test 

Ultrasonic pulse velocity 

VTT 

QF 

Technical research centre of Finland 

Quarry fines 
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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 Saramäki 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 



12 

 

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 – The citadel of Bam (Iran) before and after 2003 earthquake (Langenbach, 

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 São 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 15th 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). 

 

 
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 
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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. (Ávila 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. (Ávila 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. (Ávila 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 = 𝑢𝑎 + 𝑢𝑤         (2.1) 

 

 𝑤ℎ𝑒𝑟𝑒  

𝑠 = 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 (𝑠𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒) 

𝑢𝑎 = 𝑝𝑜𝑟𝑒 𝑎𝑖𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

𝑢𝑤 = 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. (Pylkkänen 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. (Pylkkänen 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 



19 

 

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 

(mm) 

Optimal composi-

tion for RE-method* 

Coarse soil Gravel >2,0 to ≤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 CO2 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). 

 

 
Figure 3.1. The Pantheon dome – Word’s largest unreinforced concrete dome (Sean O’Neill, 

2014). 

 

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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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. (Poundfield Precast, 2023). 
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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). 
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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. 

 
  𝜏𝑢 = 𝜏0 + 𝜇 × 𝜎𝑛    (3.1) 

 
 𝑤ℎ𝑒𝑟𝑒  

𝜎𝑛 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 𝑓𝑟𝑜𝑚 𝑝𝑟𝑒 − 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑙𝑜𝑎𝑑 

𝜏0 = 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑎𝑡 𝑧𝑒𝑟𝑜 𝑝𝑟𝑒 − 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑠𝑡𝑟𝑒𝑠𝑠 𝑜𝑟 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 

𝜇 = 𝑎𝑐𝑡𝑢𝑎𝑙 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 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). 

 
Figure 3.3. Reusable formwork for PICB in HSY Ämmässuo. 

 

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 

PVC molds in three layers and compacted using a vibrating table. The compacted molds were 

subsequently stacked for a 24-hour period at room temperature (27° 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 CO2 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. 

 

3.5.2 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 Tunçbilek, Kütahya/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. 

 

 

 
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 Saramäki 

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 4.1 Quarry fines (0-5 mm) at Kiertomaa Oy Saramäki site.  

Figure 4.2. Crushed concrete (0-63 mm) at Kiertomaa Oy Saramäki 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 0 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 0,98 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/cm3.  

 

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 

 

 
Figure 4.3. Crushed concrete 0–63 mm. 
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4.1.2 Quarry fines 

 

Quarry fines, later referred to as QF, investigated in this study originates from the Saramäki 

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/cm3. 

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 



39 

 

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 III/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 

III/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). 

 

4.2.1 CEM I 

 

Finnsementti’s “Ykkössementti” is a portlandcement, denoted as CEM I. 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). 

 

 
Figure 4.5. Sieved blast furnace slag from Koverhar steel factory, Hanko.  

 

4.2.3 CEM III/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 FinnSementti. 

 

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). 

 

 
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 CO2-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 

CC 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 I 20 0,6 UPV, UCT, 3-point bending 

Naantali BA+CEM I 20 0,35 UPV, UCT, 3-point bending 

Hanko BFS+CEM I 20 0,5 UPV, UCT, 3-point bending 

Stora Enso FA+CEM I 20 0,6 UPV, UCT, 3-point bending 

CEM III/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. 

 

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 90 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. 

 
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. 

Identifier 
No. Aggregate Binder 

Aggregate- 
Binder 

Cement 
(%) 

Water  
content 
(%) 

Curing  
Age 
(days) 

Tests  
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 0-5 mm 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 CC Naantali FA 1:5 3,33 % 10 7 UPV, UCT 

20 CC Naantali FA 1:6 2,86 % 10 7 UPV, UCT 

21 CC Naantali BA 1:5 3,33 % 10 7 UPV, UCT 

22 CC 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+QF 0-3 mm CEM III/B 1:5 5,00 % 11 7 UPV, UCT 

36 CC+QF 0-3 mm CEM III/B 1:6 4,29 % 11 7 UPV, UCT 

37 CC+QF 0-3 mm CEM III/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 VTT compaction hammer stage. The VTT 

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-

cess. 

 

 
Figure 5.4. The VTT compaction hammer 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 90 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 VTT 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 90-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) 

Aggregate Binder 
Amount of 
samples 

Aggre-
gate- 
Binder 

Cement 
(%) 

Water  
content 
(%) 

Curing  
Age 
(days) 

Tests  
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 III/B 3 1:6 4,29 % 10 28 F-T, UPV, UCT 

QF 0-8 mm CEM III/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 III/B 3 1:6 4,29 % 11 28 F-T, UPV, UCT 

CC+QF 0-3 mm CEM III/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 VTT 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 90 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) 

Aggregate Binder 

Amount 
of  
samples 

Aggregate- 
Binder 

CEM  
(%) 

Water  
content 
(%) 

Curing  
Age 
(days) 

Tests  
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 1:3 5,00 % 13,40 % 28 UPV, UCT, 3-PB 

QF 0-8 mm Hanko BFS 3 1:3 5,00 % 16,40 % 28 F-T, UPV, UCT, 3-PB 

QF 0-8 mm Hanko BFS 3 1:3 5,00 % 16,40 % 28 UPV, UCT, 3-PB 

QF 0-8 mm CEM III/B 3 1:6 4,29 % 15,44 % 28 F-T, UPV, UCT, 3-PB 

QF 0-8 mm CEM III/B 3 1:6 4,29 % 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 5,00 % 15,80 % 28 F-T, UPV, UCT, 3-PB 

CC+QF 0-3 mm Naantali BA 3 1:3 5,00 % 15,80 % 28 UPV, UCT, 3-PB 

CC+QF 0-3 mm Hanko BFS 3 1:3 5,00 % 18,80 % 28 F-T, UPV, UCT, 3-PB 

CC+QF 0-3 mm Hanko BFS 3 1:3 5,00 % 18,80 % 28 UPV, UCT, 3-PB 

CC+QF 0-3 mm CEM III/B 3 1:6 4,29 % 15,88 % 28 F-T, UPV, UCT, 3-PB 

CC+QF 0-3 mm CEM III/B 3 1:6 4,29 % 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.  

 

UPV 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 E50 was determined from the load 

displacement curve. 
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Figure 5.6. UCT apparatus.   

 

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 VTT 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. 

 

 
Figure 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 =
(𝑤𝑤−𝑤𝑑)

𝑤𝑑
× 100%     (6.1) 

 

 𝑤ℎ𝑒𝑟𝑒  

𝑤 = 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 

𝑤𝑤 = 𝑤𝑒𝑡 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑖𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑘𝑔] 

𝑤𝑑 = 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 

CC 0-63 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 

CC 0-63 mm 2,63 

 

 
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. 

 

𝜌𝑠 =
𝑤0

𝑤0−(𝑤𝑏−𝑤𝑎)
   (6.2) 
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 𝑤ℎ𝑒𝑟𝑒  
𝑤0 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑘𝑔] 

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

𝑤𝑑 = 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. 

 
 

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 III/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 III/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/cm3) 

QF 0-3 mm 12 2,00 

QF 0-5 mm 11 2,08 

QF 0-8 mm 10,5 2,15 

CC 0-63 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 I 11-13,5 (Finnsementti Oy, 2023) 

CEM III/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.  

 

                                                            𝑉 =
𝐿

𝑇
    (6.3) 

 

 𝑤ℎ𝑒𝑟𝑒  

𝑉 = 𝑝𝑢𝑙𝑠𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 [
𝑚

𝑠
] 

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. 

 
 

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 III/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. 

 
 

Upon examination of the samples made with VTT hammer, it is evident that the obtained 

values are significantly higher compared to the samples made with casting method. Like-

wise, samples prepared with VTT hammer and CEM III/B as a binder exhibit the highest 

UPV values. Conversely, the lowest values are recorded with this preparation method 

1 2 3

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 5,7 %

QF 0-8 mm Hanko BFS 1:3 2143 2168 2337 2216,0 105,5 4,8 %

QF 0-8 mm CEM III/B 1:6 3415 3466 3365 3415,3 50,5 1,5 %

CC+QF 0-3 mm Naantali BA 1:3 2402 2446 2466 2438,0 32,7 1,3 %

CC+QF 0-3 mm Stora Enso FA 1:5 2243 2238 2296 2259,0 32,1 1,4 %

CC+QF 0-3 mm Hanko BFS 1:3 2265 2097 2109 2157,0 93,7 4,3 %

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 %

CC+QF 0-3 mm Naantali BA 1:3 1191 1150 1252 1197,7 51,3 4,3 %

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 4,3 %

CC+QF 0-3 mm CEM III/B 1:6 2125 2363 2067 2185,0 156,9 7,2 %
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 deviation [m/s]
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1 2 3

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 4,9 %

QF 0-8 mm Hanko BFS 1:3 3002 2780 3072 2951,3 152,5 5,2 %

QF 0-8 mm CEM III/B 1:6 3620 3867 3985 3824,0 186,3 4,9 %

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 5,4 %

CC+QF 0-3 mm Hanko BFS 1:3 2771 2662 2706 2713,0 54,8 2,0 %

CC+QF 0-3 mm CEM III/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 %

QF 0-8 mm Hanko BFS 1:3 2939 2756 2765 2820,0 103,2 3,7 %

QF 0-8 mm CEM III/B 1:6 3574 3546 3554 3558,0 14,4 0,4 %

CC+QF 0-3 mm Naantali BA 1:3 2957 2141 2878 2658,7 450,0 16,9 %

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 III/B 1:6 3437 3445 3568 3483,3 73,4 2,1 %
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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 VTT 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 =
𝐹

𝐴𝑐
    (6.4) 

 

 𝑤ℎ𝑒𝑟𝑒  

𝑅𝑐 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑀𝑃𝑎] 

𝐹 = 𝐹𝑜𝑟𝑐𝑒 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑁] 

𝐴𝑐 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑚𝑚2] 
 

In addition to maximum compressive strengths, the Young’s modulus E50 have been defined 

for final samples made with casting and VTT hammer methods. E50 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, E50 is often used to char-

acterize the mechanical behavior of soils and other materials. High E50 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 E50 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. 

 
 

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.  

 

 
Figure 6.2. Naantali FA samples after demolding. 

 

6.3.2 ICT compacted samples 

 

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 

1 2 3

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 %

CEM III/B 41,9 36,7 38,3 39,0 2,7 6,8 %

Stora Enso FA 7,3 7,7 7,6 7,5 0,2 3,1 %

Naantali FA - - - - - -

Naantali BA 5,1 4,2 4,7 4,7 0,4 9,2 %

Hanko BFS 1,7 1,7 1,7 1,7 0,0 0,9 %

CEM III/B 5,0 5,6 6,1 5,5 0,5 9,5 %

Stora Enso FA 2,4 2,5 2,6 2,5 0,1 2,2 %
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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. 

 
 

Both table 6.10 and figure 6.3 collectively demonstrate that, except for CEM III/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 

Aggregate Binder Aggregate-Binder ratio
Peak compressive strength

[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 0-5 mm 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 1,4

QF 0-8 mm Hanko BFS 1:5 1,5

QF 0-8 mm Hanko BFS 1:3 2,4

CC Naantali FA 1:6 0,2

CC Naantali FA 1:5 0,1

CC Naantali BA 1:6 1,2

CC Naantali BA 1:5 0,7

CC Hanko BFS 1:6 0,8

CC 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 III/B 1:5 10,5

CC+QF 0-3 mm CEM III/B 1:3 13,5
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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.  

  

 

6.3.3 Samples made with VTT hammer (ramming) 

 

The most auspicious mixtures were prepared by both casting and ramming with VTT ham-

mer. The results of the UCTs conducted on samples prepared with the VTT 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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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.   
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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. 

 
 

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 VTT hammer.  

 

Table 6.12 illustrates the Young’s modulus E50 of samples prepared with the VTT hammer. 

Notably, the E50 values align with the high compressive strengths exhibited by correspond-

ing samples. The sole conspicuous anomaly in the E50 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 E50 value nearly twice that of the subsequent samples. Generally, the E50 

values indicate a correlation between high compressive strength and increased rigidity and 

elasticity, and vice versa, Furthermore, it appears that ramming with the VTT hammer does 

not adversely impact the E50 values of the samples.  

 

 

 

  

1 2 3

QF 0-8 mm Naantali BA 1:3 3,4 2,8 3,4 3,2 0,3 10,7 %

QF 0-8 mm Stora Enso FA 1:5 test fail 8,9 5,6 7,2 2,4 33,1 %

QF 0-8 mm Hanko BFS 1:3 5,1 4,4 4,9 4,8 0,4 7,5 %

QF 0-8 mm CEM III/B 1:6 15,1 17,8 16,3 16,4 1,4 8,3 %

CC+QF 0-3 mm Naantali BA 1:3 5,8 5,9 5,5 5,8 0,2 3,3 %

CC+QF 0-3 mm Stora Enso FA 1:5 8,9 8,1 7,5 8,2 0,7 8,6 %

CC+QF 0-3 mm Hanko BFS 1:3 5,4 4,9 4,3 4,9 0,5 10,9 %

CC+QF 0-3 mm CEM III/B 1:6 17,1 18,9 18,4 18,1 0,9 5,2 %

QF 0-8 mm Naantali BA 1:3 3,5 3,0 2,7 3,1 0,4 14,6 %

QF 0-8 mm Stora Enso FA 1:5 12,2 11,7 10,3 11,4 1,0 8,5 %

QF 0-8 mm Hanko BFS 1:3 5,5 4,4 4,9 4,9 0,5 10,6 %

QF 0-8 mm CEM III/B 1:6 15,2 15,9 13,0 14,7 1,5 10,2 %

CC+QF 0-3 mm Naantali BA 1:3 5,8 4,5 5,2 5,1 0,6 12,5 %

CC+QF 0-3 mm Stora Enso FA 1:5 9,0 8,8 7,6 8,5 0,8 8,9 %

CC+QF 0-3 mm Hanko BFS 1:3 4,7 4,7 4,1 4,5 0,4 8,3 %

CC+QF 0-3 mm CEM III/B 1:6 18,9 18,3 15,9 17,7 1,6 8,8 %
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Table 6.12. Young’s modulus (E50) 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. 

 
 

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 

III/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 0-

8 mm.  

 

The E50 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 E50 values, albeit 

this time reaching only 329 MPa, compared to 1695 MPa, which was highest recorded value 

for sample made with VTT hammer.  

 

  

1 2 3

QF 0-8 mm Naantali BA 1:3 148,7 121,8 155,1 141,8

QF 0-8 mm Stora Enso FA 1:5 test fail 477,0 441,5 459,3

QF 0-8 mm Hanko BFS 1:3 322,4 230,2 309,0 287,2

QF 0-8 mm CEM III/B 1:6 1276,9 1967,5 1407,1 1550,5

CC+QF 0-3 mm Naantali BA 1:3 358,4 303,5 331,2 331,0

CC+QF 0-3 mm Stora Enso FA 1:5 857,3 459,6 579,4 632,1

CC+QF 0-3 mm Hanko BFS 1:3 371,4 245,7 227,6 281,6

CC+QF 0-3 mm CEM III/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

QF 0-8 mm Hanko BFS 1:3 315,0 218,7 236,7 256,8

QF 0-8 mm CEM III/B 1:6 933,6 1214,6 970,3 1039,5

CC+QF 0-3 mm Naantali BA 1:3 296,5 269,4 262,5 276,1

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 III/B 1:6 1211,0 1256,8 974,2 1147,3

Average
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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. 

 
 

Table 6.14. Young’s modulus (E50) 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. 

 

1 2 3

QF 0-8 mm Naantali BA 1:3 1,8 1,6 1,7 1,7 0,1 4,3 %

QF 0-8 mm Stora Enso FA 1:5 3,8 3,5 3,4 3,4 0,2 6,1 %

QF 0-8 mm Hanko BFS 1:3 2,2 2,1 2,2 2,1 0,1 3,4 %

QF 0-8 mm CEM III/B 1:6 9,9 10,0 10,3 10,0 0,2 1,8 %

CC+QF 0-3 mm Naantali BA 1:3 1,9 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 %

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 III/B 1:6 10,8 11,4 11,4 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 %

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 III/B 1:6 6,9 6,8 6,4 6,7 0,3 4,3 %

CC+QF 0-3 mm Naantali BA 1:3 1,2 1,4 1,5 1,4 0,2 12,6 %

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 III/B 1:6 9,8 8,7 8,9 9,1 0,6 6,3 %
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1 2 3

QF 0-8 mm Naantali BA 1:3 11,1 12,1 12,1 11,8 0,6 4,8 %

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 %

QF 0-8 mm CEM III/B 1:6 325,4 318,2 329,4 324,3 5,7 1,8 %

CC+QF 0-3 mm Naantali BA 1:3 20,3 29,4 14,1 21,2 7,7 36,2 %

CC+QF 0-3 mm Stora Enso FA 1:5 19,5 25,3 39,1 28,0 10,1 36,0 %

CC+QF 0-3 mm Hanko BFS 1:3 15,6 24,0 15,9 18,5 4,8 25,7 %

CC+QF 0-3 mm CEM III/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 %

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 III/B 1:6 77,1 59,9 63,5 66,8 9,1 13,6 %

CC+QF 0-3 mm Naantali BA 1:3 7,5 13,5 10,5 10,5 3,0 28,6 %

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 13,2 %

CC+QF 0-3 mm CEM III/B 1:6 228,1 145,4 164,2 179,2 43,4 24,2 %

Average
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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. 

 

 
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 VTT 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. 

 

 
 

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 VTT 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 VTT hammer and utilizing Stora Enso FA as a binder, 

as these specimens exhibit increased UCS values after exposure to freeze-thaw cycles.  

 

 
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 E50. 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 E50 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. 

 
 

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. 

 

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

QF 0-8 mm CEM III/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

CC+QF 0-3 mm Stora Enso FA 1:5 8,2 2,5 3,3 632 28 22,6

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 III/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 III/B 1:6 14,7 6,7 2,2 1040 67 15,6

CC+QF 0-3 mm Naantali BA 1:3 5,1 1,4 3,7 276 11 26,3

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
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Young's modulus, E50 [MPa]Compressive strength [MPa]

Ramming Casting Ratio 

QF 0-8 mm Naantali BA 1:3 2242,6 2145,6 1,05

QF 0-8 mm Stora Enso FA 1:5 2300,1 2256,2 1,02

QF 0-8 mm Hanko BFS 1:3 2141,0 2163,2 0,99

QF 0-8 mm CEM III/B 1:6 2404,0 2216,7 1,08

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 0-3 mm 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

QF 0-8 mm Hanko BFS 1:3 2155,9 2155,8 1,00

QF 0-8 mm CEM III/B 1:6 2400,9 2163,7 1,11

CC+QF 0-3 mm Naantali BA 1:3 2050,8 2000,9 1,02

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 III/B 1:6 2128,2 2116,6 1,01

N
o 
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w

Fr
ee

ze
-T

ha
w

Aggregate Binder
Aggregate-

Binder ratio
Density [kg/m3]
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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 VTT 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 E50 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.  

 

 
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. 

 

0

1

2

3

4

5

6

7

8

9

10

0 0,01 0,02 0,03 0,04 0,05 0,06

St
re

ss
 [

M
P

a]

Strain [%]

Rammed, F-T Rammed, F-T Rammed, F-T Rammed Rammed Rammed

Casted, F-T Casted, F-T Casted, F-T Casted Casted Casted



76 

 

 
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 
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is made with the jolting machine that was used in this study, instead of vibrating table. With 

ramming method, the compaction of the VTT 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 90 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. 

 

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 III/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 III/B 1:6 18,1 17,7 1,02 11,2 9,1 1,23

Compressive strength

Casting [MPa]Aggregate Binder
Aggregate-

Binder ratio

Compressive strength

Ramming [MPa]
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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. 

 
 

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.  

 

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 III/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 0-3 mm Hanko BFS 1:3 2713,0 2479,3 1,09 2157,0 1175,3 1,84

CC+QF 0-3 mm CEM III/B 1:6 3753,3 3483,3 1,08 3105,0 2185,0 1,42

Aggregate Binder
Aggregate-

Binder ratio

UPV - Ramming [m/s] UPV - Casting [m/s]
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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=Nilsiä 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 Nilsiä 

quarry (NS). The second aggregate employed in his study was quarry fines from Kiertomaa 

Oy’s Saramäki site, also featured in this work. The quarry fines utilized had a particle size 0-

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. 
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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 0-

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, 



82 

 

for instance, Naantali BA or Hanko BFS. This would mitigate potential concerns related to 

transportation costs and emissions, even over considerable distances.  

 

CEM III/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 III/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 III/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 90 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.  
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