


 

 
 
 
 
 
Copyright ©202 3 Anssi Luoma 







5 

 

Table of Contents  
 

1 Introduction  ..................................................................................................................... 9 

2 Earth construction  .......................................................................................................... 11 

2.1 Histor y ...................................................................................................................... 11 

2.2 Construction method of rammed earth technique  .................................................. 13 

2.3 Properties of rammed earth ..................................................................................... 14 

2.3.1 Strength ............................................................................................................. 14 

2.3.2 Freeze-thaw resistance ...................................................................................... 17 

2.3.3 Environmental impact  ....................................................................................... 18 

2.4 Suitable materials for rammed earth method ......................................................... 20 

3 Precast interlocking concrete blocks ............................................................................. 24 

3.1 History  ..................................................................................................................... 24 

3.2 Constructing method of precast interlocking concrete blocks ............................... 26 

3.3 Properties of precast interlocking concrete blocks ................................................. 28 

3.4 Environmental impact  ............................................................................................. 30 

3.5 Suitable materials for precast interlocking concrete blocks .................................... 31 

3.5.1 Case study (Attri et al., 2022) ............................................................................ 31 

3.5.2 Case study (Uygunoglu et al., 2012) ................................................................. 32 

4 Researched materials and methods ............................................................................... 35 

4.1 Aggregate materials .................................................................................................. 35 

4.1.1 Crushed concrete ............................................................................................... 37 

4.1.2 Quarry fines ...................................................................................................... 38 

4.1.3 Mixture of quarry fines and crushed concrete ................................................. 38 

4.2 Binder materials  ...................................................................................................... 39 

4.2.1 CEM I ................................................................................................................ 39 

4.2.2 Blast furnace slag .............................................................................................. 40 

4.2.3 CEM III/B  ......................................................................................................... 40 

4.2.4 Naantali bio -based fly ash and bottom ash ....................................................... 41 

4.2.5 Stora Enso Varkaus bio-based fly ash .............................................................. 42 

5 Laboratory tests ............................................................................................................. 43 

5.1 Water content .......................................................................................................... 43 

5.2 Sieving ..................................................................................................................... 43 

5.3 Specific gravity......................................................................................................... 44 

5.4 Modif ied Proctor test ................................................................................................ 45 



6 

 

5.5 pH-values .................................................................................................................. 45 

5.6 Preparing of test samples ......................................................................................... 45 

5.6.1 Casting of the binder samples .......................................................................... 46 

5.6.2 Intensive compaction tester .............................................................................. 47 

5.6.3 VTT compaction hammer ................................................................................. 50 

5.6.4 Casting ............................................................................................................... 52 

5.7 Ultrasonic pulse velocity  .......................................................................................... 53 

5.8 Unconfined compression test ................................................................................... 54 

5.9 Freeze-thaw test ....................................................................................................... 55 

6 Results of laboratory tests .............................................................................................. 57 

6.1 Index-tests ................................................................................................................ 57 

6.1.1 Water content .................................................................................................... 57 

6.1.2 Sieving ................................................................................................................ 57 

6.1.3 Specific gravity .................................................................................................. 58 

6.1.4 Modified Proctor test  ........................................................................................ 60 

6.1.5 pH-values .......................................................................................................... 60 

6.2 Ultrasonic pulse velocity  .......................................................................................... 61 

6.3 Unconfined compression test .................................................................................. 63 

6.3.1 Binder samples ................................................................................................. 63 

6.3.2 ICT compacted samples .................................................................................... 64 

6.3.3 Samples made with VTT hammer (ramming)  ................................................. 66 

6.3.4 Samples made by casting .................................................................................. 68 

7 Analysis of the research results ..................................................................................... 70 

7.1 Relationship of UPV and UCS ................................................................................. 70 

7.2 Ramming vs. casting ................................................................................................ 73 

7.3 Effects of freeze-thaw cycles ..................................................................................... 77 

7.4 Comparison with previous research ........................................................................78 

7.5 Aggregates ............................................................................................................... 80  

7.6 Binders ..................................................................................................................... 80  

8 Conclusions and recommendations for further  research ............................................. 83 

References ............................................................................................................................. 85 

Attachments .......................................................................................................................... 90 

 

 



7 

 

Preface  

Over the past few years, Aalto University has been researching how to enhance the utiliza-
tion of recycled materials in civil engineering. These studies have aimed to encourage the 
incorporation of recycled materials in construction projects and to promote the commercial-
ization of such materials. The overarching objective is to establish carbon sinks in infrastruc-
ture through the effective use of recycled materials. Given the positive outcomes observed 
in prior research, there is an interest in expanding the studies to explore various construc-
tion metho ds and the effect of the freeze-thaw effect. This thesis has been commissioned by 
Kiertomaa Oy. 
 
I would like to thank Professor Leena Korkiala -Tanttu for acquiring the topic for this thesis, 
and for providing guidance, and feedback throughout the process. Additionally, I extend my 
appreciation to advisors Anoosheh Iravanian and Henry Gustavsson for their advice and 
assistance. I would also like to thank the laboratory staff at the Department of Civil Engi-
neering in Aalto University, for their assistance in conducting the laboratory experiments. I 
would also like to acknowledge Antti Kuosmanen, the Managing Director of Kiertomaa Oy, 
for his contributions.  
 
A special acknowledgement is reserved for my wife, Sofia, whose encouragement, and sup-
port have been essential not only in this thesis but also in other aspects of my life.  
 
Espoo 29.12.2023  
Anssi Luoma 







10 

 

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 i ncluded 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). Th is 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 afford ed 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 formw ork. 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 constr uction of buildings at elevated locations, mitigating the risk associated 
with flooding. (Jaquin et al., 2012) .  
 
Earth construction techniques have a history spanning over 9000 years. Remarkable find-
ings, such as mud brick (adobe) houses dating back to 8000-6000 BC in Russian Turkesten, 
exemplify the enduring legacy of earth-based construction. In Assyria, foundations crafted 
with rammed earth technique, dating approximately to 5000 BC, serve as further testament 
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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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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 compressiv e 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 t he 
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 invo lves 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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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 footpri nt 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, leadi ng 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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The binders utilized in th eir 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 propor tioned to achieve optimal particle packing and, consequently, 
minimal voids. A constant wa ter-to-binder ratio of 0,45 was maintained across all series, 
with a binder content of 300 kg/m 3. 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 Research ed material s 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 app roximately 
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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4.1.2 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 q uarry 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 opt imal gradation curve conven-
tionally employed within the rammed earth construction technique. Specifically, the mixture 
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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 l ocation, 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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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-
controll ed 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 t he 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 HI9 9121 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.  Initi al 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-
tai led 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 fo r a more focused investiga-
tion.  
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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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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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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 alkalin e. 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 6.7. 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 FA1:5 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 mmNaantali BA 1:3 2402 2446 2466 2438,0 32,7 1,3 %
CC+QF 0-3 mmStora Enso FA1:5 2243 2238 2296 2259,0 32,1 1,4 %
CC+QF 0-3 mmHanko BFS 1:3 2265 2097 2109 2157,0 93,7 4,3 %
CC+QF 0-3 mmCEM 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 FA1:5 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 mmNaantali BA 1:3 1191 1150 1252 1197,7 51,3 4,3 %
CC+QF 0-3 mmStora Enso FA1:5 1697 1616 1748 1687,0 66,6 3,9 %
CC+QF 0-3 mmHanko BFS 1:3 1134 1231 1161 1175,3 50,1 4,3 %
CC+QF 0-3 mmCEM III/B 1:6 2125 2363 2067 2185,0 156,9 7,2 %
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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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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 manifest ed 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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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 materia ls. 
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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 ful l-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 o ther 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 bind er 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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