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Symbols and abbreviations  

Symbols 

S Degree of saturation 

 

Abbreviations 

OMC Optimal water content  

PSD Particle size distribution  

MDD Maximum dry density 

UCS Uniaxial compressive strength 

PC Portland cement 

SCM Secondary cementitious material 

GGBFS Ground granulated blast-furnace slag 

IS Municipal waste incineration slag  

CC Crushed concrete 

UPV Ultrasonic pulse velocity 

XRF X-ray fluorescence 

ICT Intensive compaction tester 

LCA Life-cycle assessment 

GWP Global warming potential  

  



9 

  

1 Introduction  
Landfilling has historically been the go -to option for the end-use of side-
stream materials deriving from construction, waste management and energy 
industries . However, as the push for circular economy is growing stronger 
due to ambitious carbon reduction  and preservation efforts, the interest in 
using previously overlooked mineral  materials as recycled aggregate materi-
als is growing. Legislation in the European Union sees landfilling as the least 
desirable option in the so-called waste hierarchy. (European Parliament, 
2008) . In Europe, approximately 3  000  million  tonnes of aggregate were 
used by the construction industry in 2021. In Finland, the same figure was 74 
million tonnes  of which 4 million tonnes are circular .  (UEPG, 2024). In-
creasing demand and depleting natural aggregate resources in high popula-
tion areas will lead to growing procurement costs and emissions, increasing 
the attractiveness of circular materials originating from within the growth 
centres. Natural preservations efforts are also amplified by a decrease in nat-
ural aggregate quarrying. (Sormunen, 2017). 
 
The use of waste materials is subject to different legislation due to their po-
tentially hazardous nature. For the recycling of waste to aggregate materials 
in Finland , directive 843/2017  (Valtioneuvoston asetus eräiden jätteiden 
hyödyntämisestä maarakentamisessa, MARA) issued by the government of 
Finland is the one of the most significant legal documents. It pertains to the 
use of certain waste materials in infrastructure construction and sets the cri-
teria for defining and usage process of said materials. The materials regulated 
in the directive include concrete, asphalt, different ashes and slags, foundry 
sands, lime-based waste and rubber tire waste. The directive enables the use 
of these materials in infrastructure construction without an environmental 
permit  in certain  applications and conditions.  (Finnish Government, 2017). 
It is to be noted that the current legislation and guidelines mainly pertain to 
the usage of recycled materials as a load bearing structur al material in road 
and street structures or in similar filling applications. No guidelines or legis-
lation exists for using recycled aggregates in other applications . Exception to 
this is that crushed concrete can be used as an aggregate in ready-mix con-
crete and as a soil improvement substance according to government directive 
466/2022 .  
 
Crushed concrete is manufactured by crushing demolished concrete rubble 
into desired fraction sizes. Sources for the waste concrete are demolition 
sites, ready-mix concrete plants and pre-cast structures industry. Crushed 
concrete is divided into four different classes based on its purity, grain size 
and origin.  Compared to natural aggregates, the usage of crushed concrete in 
structures is subject to many limitations and guidelines. Commonly, crushed 
concrete includes small amounts of other waste materials, such as brick, plas-
tic, wood and metals. The maximum amounts of secondary materials and 
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2 Rammed earth  
The traditional rammed earth construction process has been used through-
out history all around the world. In its simplest form, the rammed earth 
method consists of formwork where moist soil materials are packed using a 
tamper. This forms a structure that can support its own weight and retain its 
form after removing the formwork, based on the internal cohesion of the 
structure. (Minke, 2006) . 
 
In this chapter, t he basic properties that prescribe the function, strength and 
durability of rammed earth structures are explored. The soil mixture that 
forms the body of a rammed structure has the utmost effect on the result. 
Secondary parameters include the water content of the mixture, compaction 
energy and external conditions. 
 
Historically, the bulk of the materials used in rammed earth construction 
have been sourced locally near the construction site. As low carbon emissions 
are one of the main selling points of modern rammed earth construction, the 
importance of short transpor tation distances remains. Also, using recycled 
material that does not have to be excavated from natural soil formations de-
creases emissions and offers the possibility to replace the natural materials. 
To produce and recognize suitable recycled materials, the characteristics of 
materials suitable for rammed earth construction need to be known. (Reddy, 
2022) . 
 
 
2.1 Partially saturated soil and rammed earth  
Partially saturated soil refers to soil that is not completely saturated with wa-
ter nor completely dry. The voids between solid soil grains in fully saturated 
soils are filled with water, and in dry soil with air. In partially saturated soil, 
the voids are filled with both.  This concept is illustrated in figure 2.1. The 
degree of saturation, usually denoted with S, expresses the water content of 
the voids. The degree of saturation can vary between 0 and 100 %. Soil layers 
situated above the ground water level generally are partially saturated. 
(Berney, 2004) . 
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Fig 2.1. A schematic of partially saturated soil.  (Berney, 2004) . 
 
Water decreases the friction between soil grains, allowing the grains to slide 
along the surfaces of other grains when subjected to compaction efforts. The 
smaller the voids between soil particles, the higher will be the density of a 
finished rammed earth structure.  However, if too much water is present in 
relation to the volume of the voids, the water will push the soil grains apart, 
preventing compaction. Therefore, to find the greatest compaction state in a 
given soil, the water content needs to high enough to maximise the lubrica-
tion between grains, but low enough to not prevent compaction before this 
point is reached. This water content is called the optimal water content 
(OMC). (Berney, 2004) . 
 
The internal structure and strength -forming properties of rammed earth are 
not completely understood. This follows from the historical use of rammed 
earth as a technique to exploit the local soil, leading to recipes being empiri-
cally derived from experience. The use of stabilizing binders in modern 
rammed earth construction further complicates the strength -forming pro-
cess. (Jaquin, et al., 2008) . 
 
Unstabilized rammed earth can be seen as soil that has been compacted and 
has a low degree of saturation. As the structure is demoulded, the degree of 
saturation drops even further as a result of water evaporation. In unstabilized 
rammed earth, cementation between the soil particles is non-existent. As it 
stands, the internal force resulting in the soil particles staying in contact is 
described as suction resulting from the drying of water. This effect is known 
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as apparent cohesion, as it resembles cohesion, a well-known phenomenon 
in geotechnical engineering. However, the relationship between the degree 
of saturation and apparent cohesion is not linear nor uncomplicated. 
(Jaquin, et al., 2008) . 
 
In the study of unsaturated soils, the formation of apparent cohesion is cred-
ited to a phenomenon known as liquid bridge. A liquid bridge forms into a 
soil pore, where both air and water are present. The air pressure acts on the 
liquid surface, causing tension to form. This tension along with the surface 
tension of the water causes weak attractive forces between the soil particles. 
As the water in the structure dries, for example due to evaporation in hot 
weather conditions, the amount of water lessens, weakening the bond. The 
structure has a degree of saturation in which the suction force caused by this 
phenomenon peaks, after which the structure will get weaker if drying per-
sist. (Jaquin, et al., 2008) . 
 
As a result of the liquid bridge, many rammed earth structures depend on the 
relative humidity of their surroundings for their apparent cohesion and 
strength, although it is unclear how large the effect is in practice. This might 
be an explaining factor on why some rammed earth structures have survived 
longer than others. 
 
2.2 Assessment of materials for the rammed earth tech-

nique  
 
Grain size distribution  
 
Soil is a granular material . Natural soils contain a range of different grain 
sizes. The relative proportions  of these grain sizes, also known as grading, are 
presented by with  a grain size distribution curve , also known as a particle size 
distribution curve  (PSD). This distribution is the foremost characteristic of a 
material to be considered when designing rammed earth mixtures. (Reddy, 
2022) . 
 
Soil particles are classified into subgroups called the particle size fractions 
based on their grain size. (Finnish Standards Association SFS, 2018) Sub-
groups used in rammed earth construction are gravel, sand, silt and clay. 
Very coarse soils are classified into additional subgroups, but they are not 
considered in rammed earth construction.  The classification of soil into soil 
groups and particle size fractions is presented in table 1.1. (Reddy, 2022). 
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2.3 Stabilized rammed earth and cementitious reactions  
Portland cement (PC) is formed by four main chemical compounds: alite 
(C3S), belite (C2S), aluminate (C3A) and ferrite  (C4AF). Alite forms 50 -70 % 
of cement mass, belite 15-30 % and aluminate and ferrite 5-10 %. Alite and 
belite are silicates, meaning that silicon oxide (SiO2) is forms a functional 
group in their formulas. During the cement manufacturing process silicate s 
form when the raw materials  of cement, limestone and clays, are mixed and 
heated. Silicates are the main reactive compounds present in Portland ce-
ment. (Neville & Brooks, 2010). 
 
Secondary cementitious materials (SCM) refer to materials with some hy-
drating capabilities that are mixed with Portland cement to decrease the CO2-
impact of the resulting binder, or to achieve favourable properties during us-
age of the cement. Common SCMs are ground granulated blast-furnace slag 
(GGBFS) and different fly ashes. Currently, they are widely used in concrete 
industry for increased control over concrete parameters such as heat devel-
opment and final strength. They are also used and researched for their po-
tential role in decreasing CO2-emissions of the cement industry, which is re-
sponsible for 5-8 % of humankinds annual CO2-emissions. (Lothenbach, et 
al., 2011). 
 
The process where dry, powdered cement is turned into a solid, bound struc-
ture is known as hydration of cement. As the term suggests, water (H 2O) is 
an integral part of these reactions. During the hydration process, water and 
the silicates present in cement form new compounds, known as hydration 
products. These reactions are exothermic, meaning that they release heat, 
which is known as heat of hydration. This heat can be easily tracked, and it 
can be used to infer the different stages of cement hydration that are com-
monly recognized in the hydration of standard Portland cement. These stages 
are presented in figure 2.2, after Scrivener, et al. (Neville & Brooks, 2010). 
 

 
Fig 2.2. Stages of cement hydration. (Scrivener, et al., 2019). 
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When water is mixed into an aggregate mix containing cement, dissolution 
of the cement clinker starts immediately. This dissolution releases energy, 
which is observed as heat. In figure 2.2, this heat is visible in stage I. Stage I 
includes the initial heat release and the period of slow reaction, also known 
as dormant or induction  period. After some hours, the acceleration period 
starts in stage II of the hydration , marked by significant heat release. This is 
the primary hardening phase of cement. After reaching a peak in the heat of 
hydration, the heat flow starts to lessen. At this point, most of the strength 
that the cement or concrete mix can achieve has been reached. In 180 days, 
about 90 % of the heat will be released when using standard Portland cement. 
The total amount of heat released and the rate of heat release can be con-
trolled with SCMs and by modifying the properties of the binder, for example 
by grinding it to a finer grain size.  The hydration of cement continues in small 
extent for years, although the heat release from this long-term hydration is 
so miniscule that it is not observable. However, long-term strength increase 
in cement-bound structures can be observed when sampling aged structures. 
(Neville & Brooks, 2010). 
 
The strength gain in concrete, stabilized rammed earth and other structures 
bounded with cement mainly bases on the formation of calcium silicate hy-
drates, which are formed after reactions of alite and belite with water. In  ce-
ment and concrete studies, these hydration products are referred as C-S-H 
or CSH. They form the cement paste that binds aggregates together. Other 
constituents of cement also form hydrates, but majority of the void -filling 
paste is formed from alite. (Hilal, 2016) . 
 
Other main hydrates form ed are: 
 

- Calcium hydroxide, Ca(OH)2, CH. Also known as portlandite. Formed 
as a byproduct of calcium silicate (C3S, C2S) hydration, calcium hy-
droxide has some binding properties, while contributing more to the 
alkalinity of cement, which in turn protects steel rebar from rusting.  

- Ettringite, formed from  aluminate  (C3A) and gypsum. Ettringite con-
tributes to the early strength development of curing cement.  

- Alumino -ferro-monosulfate hydrates, AFm. Group of calcium alumi-
nate hydrates that form when aluminate and ferrite react with water. 
Ettringite can also form into AFm on the later stages of hydration.  
(Neville & Brooks, 2010). 

 
The cement hydrates can be identified when a hydrated cementitious sample 
is observed with a scanning electron microscope (SEM). Example pictures of 
the hydration products are presented in figures 2.3 and 2.4. C-S-H forms 
dense needles that protrude from the surface of a cement grain. CH forms 
hexagonal crystals in the empty spaces between C-S-H needles. Ettringite 



18 

  

forms long hexagonal cylinders, while AFm forms thin flake -like crystals. 
(Hilal, 2016) . 

 
Figure 2.3. C-S-H, CH (calcium hydroxide) and ettringite as seen in SEM-
imaging. (Margeson, 2009) . 
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Figure 2.4. AFm flakes in SEM-imaging. (Lothenbach 2007).  
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Table 3.1. Recipes of the wall sections in Konala. 

 
 
 

 
Fig 3.1. Top-view schematic of the test structure with sample locations 
marked. 

Wall section 1 2 3 4 

Recipe 
CC + Fly ash 

(Helen)  
CC + Fly ash 

(UPM)  
IS + Fly ash 

(Helen)  
IS + Fly ash 

(Helen)  
Binder to aggre-
gate ratio 1:5 1:5 1:4 1:5 
Aggregate (satu-
rated) [kg]  3047 3060 2609 2609 
Aggregate w% 9,4 9,4 19,4 19,4 
Water in aggre-
gate [kg] 262 263 424 424 
Aggregate dry 
weigth [kg]  2785 2797 2185 2185 
Fly ash [kg] 473 476 464 372 
Cement [kg] 84 84 82 66 
Planned w % 10 10 17 17 
Added water [kg]  104 104 90 108 
Actual w% 11 11 19 20 
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Fig. 3.2. The Konala test structure 
 
3.2 Research plan  
 
3.2.1 Erosion assessment  
Erosion of the structure was assessed mainly visually and haptically.  Each 
face of each test section was examined, and all damages and alterations were 
marked into a paper containing a blueprint image  of the wall. The results 
were then studied to recognize common patterns of erosion related damage. 
The intact parts of the structure were tested using touch and sound. Using 
their knuckles or an object, the examiner can identify parts of the surface 
where the smooth surface layer has detached from the aggregate matrix be-
neath it. These parts gave out a hollow, dull sound when struck, as opposed 
to intact structure that gave out a noticeably sharper sound.  
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Figure 3.3. Measuring grid for UPV measurements. 
 
3.2.3 Uniaxial compressive strength  
Uniaxial compressive strength (UCS) is the single most important  material  
parameter to be considered when designing rammed earth structures. It 
serves as basis when designing structures, although the UCS itself is derived 
from testing small, simple test samples. The testing of the compressive 
strength of hydraulically bound  mixtures is standardised in SFS-EN 13286-
41. According to the standard, the samples are to be cylindrical or cubical 
with certain sizes. The samples are subjected to compressive force in a hy-
draulic or mechanical press. The pressing is carried out with a predetermined 
speed, for example 3 millimetres per minute. The force required to keep up 
with t his speed is recorded. Knowing the dimensions of the test sample, the 
induced stress in the sample can be calculated. The highest stress that the 
sample experiences is the ultimate compressive strength of the sample. If 
deemed successful, the test results can be used as a basis for structural design 
of rammed earth structures. 
 
Rammed earth is primarily used in massive structures where compressive 
stress is the only primary stress. Performing UCS tests to samples produced 
from tentative granular materials  or binders offers a rapid way of gaining in-
sight on the suitability of said materials for use in the rammed earth method.  
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For the Konala wall structure, a test plan consisting of three samples per each 
wall section was decided upon. Blocks were extracted from the walls using a 
gas-powered rotary diamond blade concrete saw. The blocks were cut final 
sample dimensions using a table saw in the case of sections 1 and 2. Blocks 
from sections 3 and 4 were cut to sample dimensions using a regular hand 
saw. A gypsum mortar was used to level the pressing surfaces when required. 
 
3.3 Results  
 
3.3.1 Sampling  
The extraction of the samples suffered from practical problems during the 
sampling process. As a result, the sample sizes especially in samples from 
sections 1 and 2 where crushed concrete was used as the aggregate is deviat-
ing from the planned 100x100 mil limetre cube. Firstly, due to the cutting 
depth of the saw blade (150 mm) and the physical constraints imposed by the 
tool and the structure samples were able to be extracted only near the sur-
faces of the walls. As the surfaces experienced various amounts of erosion, 
the samples were flaky and breaking. The grain size used in sections 1 and 2 
was fairly large, which exacerbated the problem. Large grains become loose 
in the edges of the samples and broke off from the sample body. This indi-
cates that the bond between the crushed concrete grains and the finer paste 
is very weak. Also, even when there was no significant erosion on the surface, 
about 20 to 30 mm layer on the surface was clearly weaker than rest of the 
sample and commonly broke off during processing of the sample. Picture of 
a sampling location is presented in figure 3.4. The acquired samples along 
with their dimensions, masses and densities are presented in table 3.2. 
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Figure 3.4. Crushed concrete- based wall section after sampling. Large grains 
of crushed concrete can be seen, with the gaps filled with hardened paste. 
 
The aggregate material on sections 3 and 4 was incineration slag graded to 
0-2 mm, therefore making it easier to cut samples that were in the correct 
dimensions. However, the tensile and shear strength of the samples was ex-
tremely low, causing samples to fracture during normal handling.   A regular 
hand saw was able to cut through the material, as showcased in figure 3.5. 
Careful handling was required when processing the samples made from in-
cineration slag.  
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Figure 3.5. The incineration slag- based samples could be cut into correct 
dimensions using a hand saw. 
 
The finished samples were measured, weighted and photographed. UPV 
measurements were performed as described in chapter 3.3.2. Before the UCS 
tests, a gypsum mortar was applied to pressing surfaces of the samples to 
ensure the evenness of the surfaces. Example picture is provided in figure 
3.10. 
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Table 3.2. Samples taken from each wall section and their final dimensions 
and masses after processing. 

  Dimensions [mm]      
Sample Height  Width  Depth Mass [kg] Density [kg/m3]  

1. CC + Fly ash (Helen) 
Sample 1 85 70 72 0,82 1914,1 
Sample 2 104 112 94 1,94 1771,8 
Sample 3 91 60 61 0,61 1831,5 
Sample 4 58 71 61 0,49 1950,7 

2. CC + Fly ash (UPM) 
Sample 1 100 53 45 0,42 1761,0 
Sample 2 90 105 102 1,72 1784,4 
Sample 3 95 94 101 1,56 1729,6 

3. IS + Fly ash (Helen) (1:4) 
Sample 1 101 100 102 1,48 1436,6 
Sample 2 92 104 108 1,47 1422,6 
Sample 3 100 101 103 1,48 1422,7 

4. IS + Fly ash (Helen) (1:5) 
Sample 1 102 104 98 1,34 1289,0 
Sample 2 95 101 97 1,25 1343,1 

Sample 3 102 110 99 1,45 1305,4 
 
 
3.3.2 Erosion assessment  
Cursory visual assessment of the test structure reveals specific failure pat-
terns depending on the aggregate used. In test sections 1 and 2, where 
crushed concrete was used as the aggregate, surface erosion takes place lo-
cally all around the face of the walls. It seems that due to the large grain size 
used in the mix (max. 60 mm), the fine paste formed by the finer fractions of 
the mix has not been able to properly fill the voids between the larger grains. 
This effect is magnified on the wall faces, where the mixture was compacted 
against a plywood board. This caused cavities to form on the surface of the 
structure, which later acted as locus points for freeze-thaw induced erosion. 
The cavities were clearly visible right after the construction process was com-
pleted and the formwork stripped, as evidenced by photographs taken by 
Holopainen (2022).  
 
Upon hapti c and auditory examination, it was observed large areas of the vis-
ually intact surface on sections 1 and 2 were detached from the grain matrix . 
In these cases, when struck with a knuckle, a hollow sound was emitted from 
the surface, indicating a discontinuity beneath the smooth surface layer. 
Also, these detached areas were situated close to visible patches of erosion, 
and their edges often crumbled as a result of light touch. These observations 
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indicate that the erosion and defects are not necessarily visually noticeable. 
Also, it can be concluded that the condition of the walls is not stable, and 
accelerating erosion can be expected during the coming winters. 
 
The condition of wall sections 3 and 4 differs markedly from sections 1 and 
2. The main difference in the recipes was that on sections 3 and 4 incineration 
slag (0-2 mm) was used as the aggregate. In sections 3 and 4 the effect of 
weather protection provided by the roof is evident. The top parts of the walls 
are mostly intact, but the lower parts are readily disintegrating. Sections 3 
and 4 are pictured in fig ure 3.8. The westernmost end of section 4 is most 
heavily damaged, as it is open to all directions.  
 
Despite the apparent intactness of the top part, the material is very weak and 
starts eroding when disturbed with a tool or even a finger. In the bottom  parts 
light touch or even the wind is enough to cause grain erosion. The material 
erodes in a fine sand-like form, indicating that the bond between the incin-
eration slag particles is very weak. The hastened erosion of the bottom halves 
of the wall sections is caused by increased exposure to weather conditions, 
namely rain.   
 
According to the photogrammetric analysis and comparison produced by 
Telila, the largest recorded surface deformation was located in section 4 of 
the test structure. This deformation measured to 69,4 mm. In comparison, 
the largest deformation in crushed concrete-based section 2, was 20,2 mm. 
Volumetric deformation was measured to be 0,37 %, 0,59 %, 1,39 % and 2,36 
% in sections 1-4 respectively. (Telila, 2024) . These results are in line with 
the observations made during the erosion assessment, as the largest defor-
mations are on wall sections where incineration slag was used as the aggre-
gate material. Visual comparisons of the models are shown on figures 3.6 and 
3.7. 
 

 
Figure 3.6. The end of wall section 4 imaged with photogrammetry  after 

and before, showing significant erosion. (Telila, 2024) . 
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Figure 3.7.  Wall section 4. The model only contains the sides of the walls. 

(Telila, 2024) . 
 
White staining is present in all sections. This staining is indicative of a phe-
nomenon known as efflorescence. It occurs due to moisture migration inside 
the structure.  As the structure begins to dry after experiencing a high degree 
of saturation due to weather conditions, the moisture carries salts to the sur-
face of the wall, where it sticks as a white powder as the water evaporates. 
Efflorescence is common in concrete structures, and its source is likely the 
impurities contained in the waste materials. It does not necessarily have a 
structural effect.  
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Figure 3.9. UPV testing of sawed cubical samples. The UPV device is seen in 
the left corner.  
 
The UPV measurements are presented in table 3.3. On sections 1 and 2, re-
sults measured from points where surface erosion was minimal are compa-
rable with typical values recorded from concrete structures. However, on 
many points the UPV values were unrealistically low for concrete structures. 
On these points, the surface of the wall was eroded and uneven. Excluding 
the measurements taken from points with clearly damaged surface, the aver-
age value for section 1 was 1662 m/s and 1492 m/s for section 2. Comparing 
to literature  values on UPV testing on concrete structures, the results indicate 
very low strength or damaged concrete.  
 
The UPV measurements were also performed on the samples sawed from the 
sections for the UCS tests. On section 1 (crushed concrete as aggregate), the 
average values were 1858 m/s in the direction of compaction, and 2013 m/s 
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3.3.4 Uniaxial compressive strength  
The UCS tests were performed using a Zwick & Roell screw press. The test 
setup is presented in figure 3.10. The results are presented in table 3.4 and 
figure 3.11. For clarity, results from Holopainen  (2022) done on samples 
made during the construction are also presented. 
 

 
Figure 3.10. Cubical sample ready for pressing. Gypsum was used to level the 
pressing surfaces. 
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Table 3.4. The results of the UCS tests. 975-day values were measured in this 
study. The 28-day values are according to Holopainen.  

 
UCS (975d) 

[MPa]  
UCS average 

[MPa]  UCS (28d) [MPa]  
UCS average 

[MPa]  

 1. CC + Fly ash (Helen) 
Sample 1 5,51 

5,87 

3,41 

3,68 
Sample 2 2,88 4,19 
Sample 3 7,39 3,43 
Sample 4 7,71 - 

 2. CC + Fly ash (UPM) 
Sample 1 2,47 

4,48 
3,25 

3,08 Sample 2 5,17 2,96 
Sample 3 5,79 3,03 

 3. IS + Fly ash (Helen) (1:4) 
Sample 1 0,37 

0,44 
- 

- Sample 2 0,57 - 
Sample 3 0,39 - 

 4. IS + Fly ash (Helen) (1:5) 
Sample 1 0,48 

0,46 
1,32 

1,25 Sample 2 0,41 1,15 
Sample 3 0,5 1,28 

 

 
Figure 3.11. The UCS results from test wall sections. 
 
Comparing the results from the samples made during the construction  of the 
test structure and samples extracted from the structure, it can be noted that 
the UCS value on crushed concrete-based mixes is higher for the samples that 
were taken from the test structure. One explaining factor is the age of the 

0

1

2

3

4

5

6

7

1. CC + Fly ash
(Helen)

2. CC + Fly ash
(UPM)

3. IS + Fly ash
(Helen) (1:4)

4. IS + Fly ash
(Helen) (1:5)

C
om

pr
es

si
ve

 s
tre

ng
th

 a
ve

ra
ge

 
[M

P
a]

Wall section

Konala test wall UCS averages
28d - 975d

975d

28d



36 

  

samples. The wall samples were 975 days old when tested. The hydration of 
the cementitious materials used in the mixtures has continued during this 
time when permitted by the outside conditions . The samples made from the 
same mix during the construction were 28 days old upon testing. However, 
according to Holopainen (2022), the samples made during the construction 
are not completely representative of the test structure, because they were 
made using a 100x100x100 millimetre cube mould. The mixes used in the 
construction of the test structure contained grain sizes up to 60 millimetres, 
which i s too large considering the moulds. This means that the degree of com-
paction these samples reached was likely less than in the test structure. Com-
pared to samples made in laboratory with maximum grain size of 16 millime-
tres, the UCS of section 1 reached only 31,7 % of the compressive strength. 
Density was 92,8 % of the laboratory reference. In section 2, the correspond-
ing values were 39,7 % and 93,9 %. The average strength of samples made in 
the laboratory with the same recipe as in section 1 was 11,61 MPa and 7,76 
MPa in section 2. These values are clearly higher than the values acquired 
from testing the 975-day samples, even when these samples should not suffer 
from the suboptimal compaction that is likely causing the low values of the 
28-day samples. The low strength values of the 975-day samples can be ex-
plained with the low quality of the samples. The sample size was too small 
considering the grain size and low bond strength of the mix. The samples 
suffered from dimensional defects. Many samples contained structural de-
fects, such as cracks and voids due to detached aggregate grains.  
 
The UCS values for samples taken from sections 3 (IS + Fly ash (Helen) (1:4)) 
and 4 (IS + Fly ash (Helen) (1:5)) are similar ly low. In these sections, incin-
eration slag was used as the aggregate. During the construction, samples for 
section 3 were discarded due to the mass sticking to the mould walls. In sec-
tion 4, the UCS value of the 975-day sample is only 37 % of the UCS value of 
the 28-day sample. Both values are smaller than what achieved in laboratory 
with similar recipe, where UCS was 3,35 MPa. Results indicate that despite 
ongoing hydration, the UCS of the incineration slag-based mixtures has de-
creased. This might have been caused by outside disturbance to the test struc-
tures. Earth-moving activities using excavators and heavy trucks have taken 
place near the test structures during the hardening period. The vibrations 
caused might have broken the weak bonds forming between the binder paste 
and the incineration slag grains. Also, considering the offset between the la-
boratory values and the onsite 28-day values, it can be inferred that the mix-
ture made onsite is not equal to the laboratory mixture. According to Holo-
painen (2022), the mixture used in section 3 was visibly drier and dustier 
compared to the lab mixture, which suggests that the water content was lower 
than planned. This was the case despite that water content measured from 
the mix during the construction process was higher than the planned 17 %, 
up to 21 %. 
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4 Laboratory Test Program  
A laboratory test program was planned to further investigate the use of 
crushed concrete and incineration slag as aggregate materials to be used in 
the rammed earth method. The objective of the test program was to study the 
effect of mixing a minor portion of incineration slag to crushed concrete to 
form the aggregate. Another group of tests was planned to study the effect of 
hydrophobizing the mixture by applying a hydrophobizing agent to the incin-
eration slag and mixing it with crushed concrete. Also, samples were made to 
study and compare the function of a novel circular binder, the EcoIntellect 
E65 with established binders containing waste materials, CEMIII/A and CE-
MIII/B.  Methods for assessing the performance of different recipes include 
uniaxial compression test, capillary rise test, water absorption test and 
freeze-thaw test. The test matrix and sample sets are presented in table 4.1. 
 
Table 4.1. The laboratory test matrix . 

 
Objective Aggre-

gate 
Binder 
type 

B-A 
ra-
tio  

Water % 
Hydro -
phobi-
zation 

UCS Cap. 
sat. 

Freeze-
thaw 

Set 
1 Control  100 % 

CC E65 
1:6 

10/12/14   x     

Set 
2 

Recipe 
properties 
(strength)  

80 % 
CC, 20 
% IS E65 

1:6 
14   x     

Set 
3 

Recipe 
properties 
(strength, 

freeze-
thaw) 

80 % 
CC, 20 
% IS 

E65 

1:6 

14   x   x 

Set 
4 

Recipe 
properties 
(water ab-
sorption ) 

80 % 
CC, 20 
% IS E65 

1:6 

14     x   

Set 
5 

Effect of hy-
drophobi-
zation on 

freeze-thaw 
UCS 

80 % 
CC, 20 
% IS 

E65 

1:6 

14 x x x x 

Set 
6 

Effect of hy-
dropbi-

zation on 
water ab-
sorption  

80 % 
CC, 20 
% IS 

E65 

1:6 

14 x x x   

Set 
7 

Study the 
effect of 
crushed 

slag on hy-
drophobi-

zation 

80 % 
CC, 10 % 
IS, 10 % 

pow-
dered IS 

E65 1:6 14 x x x   

Set 
8 

Comparison 
of E65 and 
CEMIII/B  

100 % 
CC CEMIII/B  

1:6 
14   x     

Set 
9 

Comparison 
of E65 and 
CEMIII/B  

80 % 
CC, 20 
% IS CEMIII/B  

1:6 
14   x     

Set 
10 

Comparison 
of E65 and 
CEMIII/B  

100 % 
CC CEMIII/A  

1:6 
14   x     

Set 
11 

Comparison 
of E65 and 
CEMIII/B  

80 % 
CC, 20 
% IS CEMIII/A  

1:6 
14   x     
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Figure 4.1. Crushed concrete aggregate containing grains from 0 to 16 milli-
metres. 
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Figure 4.2. Grain size distribution of the crushed concrete used in this 
study. (Rudus Oy, 2024). 
 
4.1.2 Incineration slag  
Incineration slag refers to processed slag that is left behind after municipal 
waste is burned at a waste-to-energy power plant. Processing entails separa-
tion of ferrous and other metallic items and particles from the raw slag. This 
is done through magnetic separation. However, due to technical limitations 
of this method the end-product contains small ferrous particles. Similarly as 
crushed concrete, incineration slag can be used as a construction material in 
Finland with a permit from the environmental aut hority or in limited appli-
cations according to the procedure described in the MARA-directive.  
(Finnish Government, 2017). 
 
In Uusimaa region, all municipal mixed waste is transported to a waste-
power plant operated by Vantaan Energia in Vantaa. In the Helsinki metro-
politan area, Helsinki Region Environmental Services (HSY) is responsible 
for collecting and transporting the was te. After incineration, the unprocessed 
slag is transported to a HSY storage site in Ämmässuo, Espoo. There the slag 
is processed to remove large ferrous objects and stockpiled. The processing 
also involves crushing the slag and sieving it to different grain size distribu-
tions. In 2024, the available grain sizes are 0-2 mm, 2-5 mm, 5-16 mm, 16-
50 mm and 2-50 mm mixed from the other fractions. In Ämmässuo, the slag 
has been used as a structural fill material in the stockpiling yards. As the us-
age of the recycled slag is much less than the amounts that are being stock-
piled yearly, available space is diminishing. From a legal point of view the 
stockpiled slag is in intermediate storage, which means that it is awaiting 
transport to an end-of-life destination. La ndfilling is one option, but consid-
ering the waste directive of the European Union recycling is seen as the more 
favourable option. However, the use of incineration slag in road and streets 
structures needs to increase in the coming years to offset the increasing 
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amounts of slag formed. New uses for the slag should also be investigated. 
(Rautiainen, 2024) . 
 
Incineration slag used in laboratory studies of this thesis is originating from 
the HSY 0-2 mm stockpile in Ämmässuo. The grain size distribution curve 
for similar material is presented in figure 4.4. The material can be observed 
in figure 4.3. Production batch number was 15. According to leaching tests, 
the leaching values are too high for chromium (Cr), mercury (Hg), molyb-
denum (Mo), antimony (Sb), F - (fluoride ion), SO4 (sulfate) and TDS (total 
dissolved solids) for the incineration slag to be considered as inert waste. 
However, none of the values are high enough to cause the slag to be consid-
ered as dangerous waste. The complete result sheet is presented in the ap-
pendices. 
 
The high aluminium content of incineration slag prevents it from being used 
as a sole aggregate material in rammed earth structures. Aluminium forms 
hydrogen gas, that can cause the structure to crack. Also, the silicates present 
in the slag, originating from glass waste, can lead into alkali-silicate reac-
tions. (Telén, 2023). 
 

 
Figure 4.3. Incineration slag in grain size 0 to 2 millimetres.  
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4.1.4 Stearic acid  
Stearic acid (also known as octadecanoic acid) is a saturated fatty acid. It is a 
component in many animal and vegetable fats. It is produced by separating 
it from different fats and oils through a chemical process. Stearic acid is com-
monly used in a range of industries for different purposes, and it is non -toxic. 
It is used for example in coatings of medicine capsules, as an additive in skin-
care products and soaps and in food manufacturing. It can be purchased as 
solid, waxy pellets with white colouring an d a grain size of about 2-4 mm. 
Stearic acid is known to be somewhat prone to degradation through environ-
mental stresses like ultraviolet light exposure and mechanical stresses. 
(National Center for Biotechnology Information, 2024) . 
 
According to Roy et al. (2024), stearic acid can be used as a hydrophobizing 
agent in low-strength cementitious blocks. In their study, stearic acid was 
used to coat fly ash and iron ore tailing slag used as components of mortar 
with cement and fly ash as binders. One of their findings was that when 30 % 
of the base aggregate was replaced with the similar aggregate that had been 
hydrophobized, the water absorption of cemented mortars reduced as much 
as 87 % in conditions of 100 % relative humidity.  (Roy, et al., 2024). 
 
In this thesis, the hydrophobization procedure described by Roy et al. (2024) 
was applied to the rammed earth method. Samples with parts of hydro-
phobized incineration slag went through tests to determine their capillary 
water absorption properties and resistance to freeze-thaw induced damages. 
The results were compared against values from tests made with control sam-
ples. As the ethanol that is used as dispersing agent for mixing in the stearic 
acid is evaporated, the stearic acid is left behind and it impregnates the sur-
face of the incineration slag grains. This forms a waterproof, hydrophobic 
lining to the pore surfaces of the granular material or aggregate. This lining 
prevents excess moisture originating from air humidity or capillary action for 
absorbing into the aggregates.  
 
4.2 Sample  preparation  
In this study, cylindrical samples with a diameter of 100 mm and height of 
approximately 150 mm were made to be used in the laboratory tests. This 
specimen type was selected based on the reported experiences by Holopainen 
(2022) and Aromaa (2021). Cubical samples were used in these studies, but 
they suffered from break-offs in the sharp corners of the samples, and stick-
ing of the rammed earth mixture to the walls of the moulds. Cylindrical sam-
ples were also used by Luoma (2023) and Wayu (2024) in their studies on 
the rammed earth method. Cylindrical in presented in figure 4.5. 
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samples was prepared. The mould used was originally meant for making in-
tensive compaction testing (ICT) samples and deemed to work sufficiently 
for making rammed earth samples. The mould consisted of a cylindrical main 
body, a base plate and a thin top plate. The plates were inserted into the bot-
tom of the mould. Using a jacking device, the finished samples could be ex-
truded out of the mould by applying force to the base plate. A round plastic 
sheet was also inserted to the bottom of the mould before commencing the 
sample-making. This is done to help the sample slide off the base plate after 
extrusion. The walls of the mould were also lubricated with oil. The samples 
were made by pouring the mixture into the prepared mould using a scoop. 
Each sample consisted of five layers of approximately 440 grams of rammed 
earth, totalling into an approximately 150 mm high sample. Each layer was 
compacted with 20 blows of the VTT hammer. The VTT hammer is com-
prised of drop weight fixed to a steel bar and a bottom plate with a diameter 
of 100 mm. As the 4 kg weight is dropped from an elevation of 0,45 m, it 
delivers 17,7 joules of compaction energy. Compaction is showcased in figure 
4.6. Tops of each layer, except of the top layer, was scored using a knife or a 
steel rod to facilitate interlocking between the aggregate grains of the upper 
and lower layers. The finished samples were slid of the jacked base plate onto 
a rigid plastic sheet to avoid any deformation due to uneven stresses. Then 
they were covered with a plastic bag and placed into a curing room with con-
stant moisture and temperature. The relative humidity of the room was >95 
% and the temperature 21 °C. The samples were kept in the curing room for 
28 days according to the test program before subjected to the tests described 
in earlier chapters.  
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Figure 4.6. Compaction of a stabilized rammed earth into a mould using the 
VTT hammer. 
 
4.3 Hydrophobization  
To study the effect of hydrophobization on the capillary rise and water ab-
sorption experienced by the sample, samples were made using hydro-
phobized incineration slag as a material. The procedure for hydrophobizing 
the materials was outlined by Roy et al. (2024) and applied for this study.  
 
First, the incineration slag was dried overnight in an oven at 100 °C. Then, 
ethanol was measured into a glass beaker. The mass of incineration slag used 
in one batch should correspond to two thirds of the mass of the ethanol meas-
ured into the beaker. After the ethanol, stearic acid was placed into the 
beaker. The amount of stearic acid was 3 % of the weight of the ethanol. The 
ethanol and the stearic acid were mixed using a magnetic stirrer until the 
stearic acid was completely dissolved into the ethanol, leaving behind a clear 








































































































