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Abstract

The construction industry consumes a substantial amount of resources. The associated
environmental degradation and accelerating biodiversity loss highlight the urgent need for
sustainable building materials that can match the performance of conventional alternatives.
The objective of this experimental study was to investigate a fully reused, binder-free
earth-based material that remains recyclable after its useful life. The material consists
of smectite-rich excavation earth and processed demolition waste in a 2:1 ratio, which
was compacted under high pressures and subsequently tested to evaluate its mechanical
properties. Cylindrical specimens were fabricated via double-ended uniaxial compaction
at pressures ranging from 12.5 to 100 MPa and consolidation times between 1 s and 30 min.
They were then tested for their compressive strength and water durability. The findings in-
dicate a strong positive correlation between compaction pressure, density, and compressive
strength. A compressive strength of 19.2 MPa was reached by specimens that were com-
pacted at 100 MPa for 30 min, achieving values comparable to standard C20/25 concrete.
Despite an increase in strength, water durability decreased with increasing compaction
pressure but improved with higher molding water content, possibly due to changes in the
microstructure. The findings confirm that compressed earth can reach similar compressive
strength to conventional materials with a significantly smaller ecological footprint.

Keywords: sustainable building materials; hypercompaction; compressed earth blocks
(CEB); circular construction; recycled construction materials; reuse excavation materials

1. Introduction

The present system of the construction industry has been found to greatly surpass the
ecological limits of our planet by consuming more resources than the Earth can sustainably
provide. However, a substantial transformation is necessary to overcome the numerous
challenges that have emerged, not least as a consequence of this unsustainable practice.
As stated in the Global-Status-Report 2024 /25, the buildings and construction sector is
currently far from meeting its 2030 and 2050 climate targets. Conventional materials such
as cement and steel remain a significant source of emissions, contributing 18% to the
sector’s global carbon footprint. To realign with the 2030 targets, the report posits that
annual emissions would need to be reduced by 10.8%, which is more than double the rate
originally targeted [1].

The implementation of a well-functioning and practiced circular economy, the reduc-
tion in the ecological footprint, while ensuring affordability are the key objectives that
must be addressed in the building sector. Earth has a combination of several positive
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properties, making it a promising construction material of the future due to its potentially
low embodied energy, full recyclability, non-toxic nature and hygroscopic qualities. A
widespread, high availability ensures affordable prices [2,3]. Despite the revival of earth
construction in recent years, further innovations are still needed to bring earth materials
into a position where they can compete with conventional, environmentally harmful alter-
natives. Particularly the water durability and strength of load bearing earthen building
materials show the greatest need for innovation. However, improving these properties
would have a considerable leverage effect, possibly marking a positive tipping point that
would enable their widespread use, also in urban areas.

In many parts of the world, it is common practice to stabilize earth with cementitious
binders to increase water resistance and stability [4]. Unfortunately, this causes a reduction
in the most beneficial properties, such as climate compatibility, the potential for unprob-
lematic recycling and its moisture buffering capacity [5-7]. Accordingly, there has been
a growing focus on finding alternative stabilization methods in recent decades [8], with
biopolymers receiving particular attention. However, their widespread use is constrained
by high production costs, primarily driven by the energy-intensive extraction process [9].

Another procedure that has been demonstrated to enhance the strength of earth ma-
terials is the process of compacting them into solid compressed earth blocks (CEB). The
theoretical premise is that densification minimizes porosity and forces a closer packing of
particles, thereby creating a microstructure comparable to sedimentary rocks. A higher
dry bulk density of CEB is generally associated with higher strength [10]. Bruno et al.
(2017) [11] have investigated a novel approach by increasing the compaction pressure and
consolidation time to higher levels than typically employed in the production of CEB.
They demonstrated that increasing the compaction pressure can considerably enhance
the compressive and flexural strength of compressed earth blocks. In their research, they
explored compaction pressures reaching up to 250 MPa and found that a pressure of
100 MPa in combination with a consolidation time of 20 min was most beneficial. CEB
compacted with these settings achieved a compressive strength of 14.6 MPa comparable to
that of fired bricks, but with much lower energy demand [11]. Nevertheless, subsequent
studies [12,13] have shown that hypercompaction neither improves water resistance nor
can it compensate for a poorly graded earth mix. Both studies investigated ideal mixtures
for the production of CEB with mainly kaolinite or illite clay minerals. Although [13]
additionally compared a variant that was modified by the addition of sand aggregate.
Consequently, the central research gap lies in the development of a sustainable but mechan-
ically resistant earthen building material, while keeping its outstanding inherent qualities.
The term “hypercompaction” was introduced by [11] and refers to a compaction pressure
for producing CEBs that exceeds the pressure range commonly used in the industry. The
grain size distribution of the raw earth mix used in this study was found to be unsuitable
for CEB production (see 2.1.1), necessitating a modification, which was achieved by the
addition of processed construction debris. Previous research supports this approach. For
example, Ref. [14] demonstrated that modifying earth with construction and demolition
waste, such as crushed brick and concrete, significantly increases the compressive strength
and reduces swelling behavior of clays. This was anticipated to be particularly beneficial
for mitigating the unfavorable swelling behavior of the smectite-rich raw earth used in this
study. However, this modification alone proved insufficient in achieving adequate water
durability in the samples of this study.

Smectites are very common clay minerals with an expandable interlayer space that
allows water molecules and exchangeable cations to penetrate, resulting in pronounced
swelling upon wetting and shrinkage during drying [15], potentially compromising the
structural integrity of earth construction. Despite the wide availability of loam, its diverse
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compositions render many raw mixtures unsuitable for CEB production [10,16]. Even
though [13] have previously analyzed mixtures with unfavorable particle size distributions,
the effect of hypercompaction on a smectite rich clay fraction modified with demolition
waste has not yet been investigated.

Building on this background, the present study follows an experimental approach
to demonstrate the potential of materials that are generated in large quantities by the
industry but are commonly discarded in landfills. With an annual output estimated at two
billion tons, construction waste accounts for approximately one third of the total global
waste [1]. Consequently, the specimens of this research are entirely composed of recycled or
reused components: two-thirds raw earth (excavation debris containing clay) and one-third
processed construction waste. No additional binding agents were used.

The incorporation of excavation material into earth construction does offer a number
of environmental benefits, including the potential of reducing transport distances and the
repurposing of a resource that is typically landfilled rather than put to use. For instance,
Ref. [17] identified long transport routes as a key contributor to elevated CO, emissions
in new construction. Ultimately, it could help to lower the overall energy footprint of
building materials. Historically, the use of excavated material was a common practice [18]
and various model projects suggest that this approach could once again be a viable solution
today [19,20].

The study pursues three main objectives: (i) to investigate how hypercompaction
affects an earth mixture with a high smectite content, which is generally considered unsuit-
able for conventional CEB; (ii) to investigate the potential of fully recycled raw materials for
competitive building products; and (iii) to gain a deeper understanding of the double-sided
uniaxial compaction process for earth compaction at elevated pressures by analyzing the
relationship between compaction pressure, water distribution in young compacts, and
their molding water content, as well as by comparing press power consumption with the
compressive strength of conditioned compacts. Together, these objectives aim to experi-
mentally investigate the potential of hypercompacted reused earth as a viable, sustainable
alternative to conventional building materials.

2. Materials and Methods

In this research, the compressive strength and water durability of the hypercompacted
earth were tested to evaluate its performance. A schematic overview of the experimental
program and the methodology is presented in Figure 1.

material preparation hypercompaction material testing

. F = between
seving an 12.5 and 100 MPa
recombining
1's, 3 min, 30 min

consolidation time water durability

10 min immersion test

sieving out particles >2mm 5 gryin
washing out particles < 63 ym e

Figure 1. Schematic overview of the experimental program: material processing, specimen fabrication
via hypercompaction, and testing methods.
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2.1. Materials

The raw earth was sourced from a depth of approximately 20 m during the construction
of the U5 subway line at Reinprechtsdorfer Straie 14, 1050 Vienna. This soil, locally known
as Viennese Tegel, is a mostly gray, marly loam that deposited as marine sediment in the

Vienna Basin between 5 and 16 million years ago during the Paratethys and Pannonean
Sea [21].

Raw Material Characterization and Modification

According to the current scientific consensus, the analysis of the physical properties
(see Figure 2) suggests that the raw earth material is unsuitable for CEB production (as
discussed in [6,22-27]). In particular, the high proportion of fine particles can have a
negative impact on water resistance, frost resistance and strength. An elevated clay content
also leads to greater water absorption and associated swelling, which can compromise the
structural integrity of the compressed earth.
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Figure 2. The diagram presents the grain size distribution for the raw earth and modified earth
mixtures, as well as the recommended range for CEB according to the guidelines by (a) AFNOR [23],
(b) CraTerre [24], (c¢) MOPT [25], and (d) Houben and Guillaud [26].

The determination of the grain size distribution revealed that the raw material consists
predominantly of fine particles, with the largest grains measuring 0.5 mm. The fine
fraction, smaller than 0.063 mm was analyzed by sedimentation, while larger particles were
measured through sieving, following ISO 17892-4 standard [28]. The particle composition
of the material is dominated by silt, with significant amounts of clay and minimal sand
content. The increasing proportion of fine particles leads to increased water absorption
and swelling. A high moisture content in earth construction can be directly correlated
with reduced stability [29,30]. The consistency limits of the fine particles determined in
accordance with ISO 17892-12 [31] were then used to classify the soil as low plasticity clay
(CIL), as specified by ISO 14688-2 [32]. A semi-quantitative XRD analysis of the clay fraction
revealed a high proportion of smectite, slightly more than half, along with a quarter of
illite and smaller amounts of kaolinite and chlorite. Part of the kaolinite showed signs of
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extensive weathering. Please refer to Table 1 for a comprehensive overview of the raw
earth properties.

Table 1. Material characterization: summary of raw earth properties.

Grain Size Distribution

Sand 0.063-2 mm <1%

Silt 0.002-0.063 mm 73.9%

Clay <0.002 mm 25.8%

Plasticity properties

Liquid limit, wy, 32%
Plastic limit, wp 22%
Plasticity index, I, 10%
Activity index, I5 (-) 0.39

Density of solid particles
Gq 273 g/ cm?®

Smectites are 2:1 clay minerals where chemical substitutions can appear in both the
octahedral and tetrahedral sheets, resulting in a negative layer charge. The charge is
balanced by exchangeable cations between layers. In comparison to other clay minerals,
such as illite, the negative surface charge of smectite remains relatively low. This allows
hydrated cations to enter the interlayer space and expand the lattice, as the bonding forces
between the layers and cations are weaker [15].

Collectively, this mechanism, in conjunction with the substantial specific surface area,
are the fundamental reasons for the significant swelling behavior of smectite. Swelling and
shrinking by drying can be problematic in earthen building materials, as the resulting vol-
ume changes lead to internal tension, potentially compromising its structural integrity [16].

In order to compensate for the unfavorable grain size distribution this study modified
the raw earth with an aggregate to bring it closer to the established recommendations.
Although sand is commonly used for this purpose, its mining can cause serious environ-
mental damage, including habitat destruction and soil erosion [33]. A core constraint of the
experimental setup was the exclusive utilization of reused materials, thereby intentionally
avoiding any primary raw materials in the mixture. Consequently, a more environmentally
friendly approach was applied by using demolition waste instead. Which was kindly
provided by Altlastensanierung und Abraumdeponie Langes Feld GmbH and consists of
an unsorted mixture of fired bricks, mortar and concrete, as it is typically discarded on
construction sites and deposited in landfills. However, the material is unsorted and may
also contain glass and traces of plastic and wood. The mixture is primarily composed of
brick debris, accounting for approximately 70-80% of the total mass. The remaining part
consists of concrete and mortar, with minor fragments of glass and organic material.

For the purpose of this study, the waste was crushed to particles smaller than 2 mm
using a Retsch BB200 jaw crusher. Any particles larger than 2 mm were sieved out, after
which the remaining grains were washed through a 63 um sieve until the water came out
clear. Floating plastic or wood could be easily removed through skimming during this
step, resulting in an aggregate largely free of organic matter. After drying at 105 °C for
1-2 h, the material was separated into five fractions of grain sizes and recombined in equal
parts to ensure a consistently graded composition with grain sizes between 0.063 mm and
1 mm. The processed demolition waste is shown in Figure 3. The analysis of the grading
curve indicated that the most promising parameter was a 1:2 ratio of processed demolition
waste to raw earth. This modification reduced the clay content to 17.2%, a value considered
suitable for CEB production. Although the particle size distribution is, with modification,
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still not fully within the recommended bands by [23-25], it can be considered well-graded.
Reference [13] demonstrated that gap-graded mixtures showed lower water durability than
well-graded ones, even when the grain size distribution of a well-graded mixture did not
fall within the ideal band.

Figure 3. The crushed and washed demolition waste after drying.

Despite the findings of prior studies [34,35], that demonstrated the potential of the
finest particles of crushed fired brick and concrete to enhance the compressive and flexural
strength of compressed earth, it was decided to remove them for the purpose of this study.
This involved a trade-off between optimizing material properties and sustainability. Driven
by the goal of promoting circularity, the fine grain fractions were removed to allow the
demolition waste to fully replace sand as a primary resource and correct the grain size
distribution towards a more favorable composition. This stands in contrast to [35], which
tested a similar grain size distribution of the raw material but relied on substantial sand
additions and used crushed brick only as a minor supplement.

2.2. Methods

Cylindrical samples made from unstabilized earth are statically compacted at four
pressure levels and three separate consolidation times. Then they were conditioned and
tested to assess their compressive strength in a series of six and their resistance to water in
an immersion test in a series of three, as specified in DIN 18945 [36]. The test specimens with
dimensions of 50 mm in diameter and 100 mm in height are compacted using a ZwickRoell
7250 testing machine and a steel mold. The mold consists of a steel tube with an 8 mm
wall thickness and a 50 mm inner diameter, into which the loose earth material is filled.
Two precisely fitting pistons (spacing: 1/10 mm), one positioned at the top and the other
at the bottom, hold the material and compress it into a compact cylinder. This technique
is referred to as double-ended uniaxial compaction, in which friction between the mold
walls and the sample material is minimized, thereby fostering uniform compaction. One
of the pistons is longer, which facilitates the demolding of the young compact by simply
pushing it out of the tube. To ensure an easy escape of air and water during consolidation,
perforated disks are placed between the pistons and the sample material. Each disk has
six 2 mm holes at its center, which has proven to be sufficient for the compressive strength
testing series due to the relatively low moisture content of the material at its respective
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optimum water content (OWC). However, the drainage proved to be insufficient to also test
extreme molding water contents in the immersion test series. In order to prevent clogging
by fine particles, filter paper is used on both sides of each disk. Additionally, three stainless
steel sieves with a mesh size of 63 um are used on the side that faces the sample to support
the filter paper during high pressure. Refer to Figures 4 and 5 for a more comprehensive
overview of the setup.

49.9 mm
+—t
= ™
of——— vent
mounted on the

L upper support
, ) steel disc

perforated

 O>—— filter paper J

steel tube
wall thickness 8 mm

200 mm inner diameter 50 mm

-~

63 um stainless
steel mesh
mounted on the
lower support

Amm _J

Figure 4. Setup of the steel mold.

The raw earth material was dried at 55 °C in an oven, then manually mixed with
water and processed construction waste in 450 g batches until the mixture appeared
homogeneous. Afterwards, the material was placed in sealed plastic bags and stored inside
a closed container to prevent any evaporation. They were then set aside for a minimum of
24 h to facilitate equalization. It has been demonstrated that the required material weight
for a 100 mm high specimen can be calculated accurately, with a tolerance of +0.3 mm,
particularly when the density at OWC is known. This eliminates the need for the circuitous
and error-prone process of cutting specimens to the desired size. In addition, compaction
from both sides ensures that the end faces of the specimens are precisely parallel to the
highly accurate supports of the press (testing machine).
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Figure 5. Section of the steel mold. Dimensions in millimeter.

Subsequently, the mold is filled with the expected weight for the given setting using a
funnel and tamped manually with a wooden stick. After preparation, it is mounted onto
the press and the mechanical compaction process is started. Initially, the press operates
in displacement-controlled mode, applying force at a rate of 0.5 mm/s until a pressure of
2 MPa is reached. Upon reaching this pressure, the system switches to pressure-controlled
mode, where the pressure is increased at a rate of 0.5 MPa/s until the target value is reached
and held for a predetermined duration. In this study, the compaction rate is considerably
slower than the 2 MPa/s of previous studies by [11,37], to ensure full process control.

Companies that produce CEB in accordance with the DIN 18945 [36] standard typically
use a compaction pressure of approximately 12.5 MPa. Consequently, this pressure was
selected as a reference value. In addition, three higher compaction pressures were investi-
gated, which corresponded to a doubling: 25 MPa, 50 MPa, and 100 MPa. To investigate
the influence of the consolidation time, three different settings were used: 30 min, 3 min
and 1 s of consolidation at a constant pressure level. The consolidation time was measured
from the moment at which the target pressure was reached. The 30 min were defined as
a reference value based on previous studies [11] and analysis of the OWC determination
series (see Figure 6).
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Figure 6. Compaction curves at 12.5, 25, 50, and 100 MPa, as well as modified Proctor (MPT). At
Sy =1 the pores are fully saturated, indicating that 100% of the pore volume is filled with water.

2.3. Determining the Optimum Water Content (OWC)

The OWC is the water content of a grain mixture at which compaction is most favorable
and results in the highest dry density at a specific compaction effort [38]. Note that a higher
dry density is associated with greater strength [10]. First, the OWC for each compaction
pressure was determined after 60 min of consolidation. Based on the findings of previous
studies [11], it was assumed that primary consolidation and a significant part of secondary
consolidation are completed after this time.

Immediately after compaction, the young compacts were weighed, measured and
dried at 105 °C until reaching constant mass. Constant mass was defined based on DIN
18945 [36] when two successive weights at 24 h intervals differ by no more than 0.2% of
the smaller value. The dry bulk density was determined by using the mass of the dried
samples and the volume of the freshly compacted samples and represented graphically in
curves. As the compaction effort increases, the density grows, while the respective OWC
decreases. For comparison, the OWC for the modified Proctor was also determined for the
same mixture. The grain density was calculated in accordance with DIN 18124 [39] using
a pycnometer with a capillary plug at 2.73 g/cm?, which marks the theoretical point of
no porosity.
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Furthermore, the young compacts from this series were divided into five disks of 2 cm
thickness in order to examine the water distribution within the samples, which allows
for conclusions about the homogeneity of the compaction. For this purpose, the samples
were first slightly scratched on the surface and then split with a thin metal sheet to prevent
possible evaporation during sawing. The samples could be split evenly. The water content
was determined as the quotient of the mass of the wet sample and the dry sample.

2.4. Determining the Compressive Strength

Prior to testing, the compacts were conditioned in a series of six at 23 °C and 50% RH
until they reached a constant mass. To ensure failure of the test specimens within 30 to 90 s,
as required by DIN 18945 for earth blocks [36], a test speed of 0.03 mm /s was selected for
the 12.5 MPa series with the lowest density. For the specimens with the highest density
from the 100 MPa series however, a test speed of 0.05 mm /s was chosen.

2.5. Determining the Water Durability

As a representative method to assess the water durability of the compressed earth
material, an immersion test was conducted. The test specimens are submerged in water for
10 min, while their mass loss is recorded.

Greater compaction effort increases the density and strength of compressed earth but
does not necessarily improve their water resistance as shown by [13,40]. While replicating
the field conditions to which CEBs are exposed is challenging, DIN 18945 provides three
standardized tests to determine the water resistance of earth blocks [36]. They are primarily
used to evaluate the suitability of CEBs for construction sites and to ascertain their resistance
to water from mortar or plaster. The Norm presupposes cuboid samples. However, it
does not specify how different sample dimensions should be taken into account in the
measured mass loss during an immersion test. This results in a systematic distortion: with
identical material properties, larger specimens show a smaller absolute mass loss because
they have a lower surface-to-volume ratio and thus relatively less surface area is exposed to
water during a stress test. The test specimens of this study are cylindrical and significantly
smaller than typical earth bricks. Consequently, the results of the immersion test cannot be
directly associated with the DIN standard. Nevertheless, the samples of this study were
tested under identical conditions and are therefore able to be compared. Secondly, the
water resistance of the samples in this study was evaluated based on the methodology
of [13], which also used the same specimen dimensions. Specifically, cylindrical samples
with a diameter of 50 mm and a height of 50 mm were tested. To ensure consistency with
the other test series in this research and to avoid reducing friction during compaction due
to smaller sample heights, the compacts of this series were also produced with a height of
100 mm and subsequently cut in half.

In accordance with DIN 18945 [36] they were then conditioned to a stable mass at 23 °C
and 50% RH. Afterwards, the specimens were weighed to determine their initial mass (1)
and then immediately submerged in a bucket filled with water. A wide steel mesh served
as sample platform (see Figure 7), thereby enabling water exposure from all directions.
The compacts were submerged for 10 min, during which their erosion was documented
photographically. Then, the specimens were dried at 40 °C and subsequently reconditioned
at 23 °C and 50% RH until constant mass. Now their final mass (mf) was measured, which
can be used to calculate the percentage loss of mass using the following formula:

Y%Am = ((mi — mf)/mi) x 100. (1)
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Figure 7. The immersion test setup, with the specimen surrounded by water.

3. Results

The analysis of the water distribution of the OWC determination series immediately
after demolding revealed an inhomogeneous distribution, caused by boundary friction
between the mold and the earth. This finding suggests that the compaction may not have
been uniform within the sample, leading to a higher porosity in the center.

In general, the water content was found to increase from the end faces A, B toward the
center C (see Figure 8). This effect increased with rising molding water content (MWC) and
decreased slightly with increasing compaction pressure. At the OWC of the 12.5 MPa-30
min-samples, the difference in water content between the outermost and middle disks
was 1.2%. In contrast, for 100 MPa-30 min-samples, this difference shrank to 0.2%. The
results suggest that this reduction is primarily due to the decreasing OWC associated with
increasing compaction pressure.

1% 12%

@)

Figure 8. Water distribution of specimen compacted with 12.5 MPa for 60 min at its OWC (11.1%).

Furthermore, Figure 9 shows the vertical displacement during compaction at 100 MPa in
relation to the consolidation time. After just a few minutes, the displacement rate slows down
significantly, along with a slower density growth of the compact. Between 30 and 60 min, the
change in displacement is only 0.1 mm, which is no longer aligned with the invested time and
energy for compaction (compare Figures 9 and 10 with the energy consumption presented
in Section 3.4). Based on the minor displacement beyond 30 min and the disproportionate
energy demand, a consolidation time of 30 min was defined as the feasible upper limit for
the objectives of this study. Moreover, it is reasonable to assume that very long consolidation
times are not practical in the industrial production of compressed earth.
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Figure 9. Typical curve of the vertical displacement of the press supports during consolidation for
60 min at 100 MPa. The dashed lines represent the markers for 50% of the vertical displacement
relative to the 30-min reference point, as mentioned in the text.
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Figure 10. Typical curve of the displacement rate during consolidation for 60 min. The average ()
values correspond to the displacement rate over the prior minute.

3.1. Effect of Pressure on Compressive Strength

The findings indicate a substantial influence of compaction pressure on the compres-
sive strength of compressed earth. As the compaction pressure increased, the compressive
strength was found to be significantly enhanced. The increase in compressive strength
between 12.5 MPa and 25 MPa was more pronounced, followed by a slight flattening at
higher pressures (see Figure 11). Nevertheless, the overall growth in compressive strength
with rising compaction pressure remained at a relatively high level. The samples that
were compacted at 100 MPa for 30 min achieved the highest compressive strength among
all test series, reaching 19.2 MPa, a value that is already in the scope of standard con-
crete. In comparison, the samples that were compacted at 12.5 MPa for 30 min achieved a
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compressive strength of 8.8 MPa. Moreover, the standard deviation increases with rising
compression pressure.

T
ol F

compressive strength (MPa)

0 |
0 25 50 75 100 125
compaction pressure (MPa)

Figure 11. Compressive strength of specimens at different compaction pressures with a consolidation
time of 30 min (series n = 6). Error bars represent the standard deviation.

It is worth noting that an inclined fracture surface was observed across the test spec-
imen in approximately two-thirds of the cases (see Figure 12). Fracture patterns are in-
fluenced by numerous factors and are insufficiently investigated for compressed earth,
making them a promising topic for future research.

Figure 12. Failure pattern after compressive strength test in approximately two-thirds of the cases.

3.2. Effect of Consolidation Time on Compressive Strength

Additionally, this study found that the influence of a longer consolidation time on
the increase in density and compressive strength of compressed earth becomes more
pronounced, with increasing compaction pressure. At the lowest compaction pressure
of 12.5 MPa, the effect was moderate: between a consolidation time of 1 s and 30 min,
the compressive strength increased by 0.48 MPa. However, at an extended compaction
pressure of 100 MPa, the observed increase was more pronounced: in this case, extending
the consolidation time from 1 s to 30 min resulted in an increase in compressive strength
of 4.22 MPa. Nevertheless, these improvements are coupled with a significantly higher
energy demand (compare Figure 13 with the energy consumption presented in Section 3.4).
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Figure 13. Compressive strength of compacts compressed at different pressure levels in relation to

consolidation time (series n = 6).

Furthermore, a comparison of the density of test specimens produced under varying

parameters with their respective compressive strength revealed a constant, linear increase

in compressive strength with increasing density (see Figure 14).

compressive strenght (MPa)
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Figure 14. Compressive strength of compacts in relation to their dry bulk density. The symbols ‘X’

represent the individual data points of the tested specimens.
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3.3. Effect of Compaction Pressure on Water Durability

An analysis of the data from the immersion test showed that the water durability of all
tested compacts was, in general, low. Moreover, the results indicated a trend: as compaction
pressure increased, water resistance continued to decrease for specimens compacted at
their OWC (see Figure 15). A second relationship was revealed between the molding water
content (MWC) and water resistance. Even a small increase in MWC, by a few percent, with
all other parameters unchanged, led to a substantial reduction in mass loss (see Figure 16).
The MWC is defined as the water content at which the specimens are compacted. Figure 17
illustrates the test specimen prior to and following the 10-min immersion test.

190 ——

L

(o]
o
I

N
o
I

mass loss (%)
(@]
o
[

N
o
I

12.5 25 50 100
compaction pressure (MPa)

Figure 15. Mass loss of specimens during an immersion test (series # = min 3). The different colors
represent the four compaction pressure levels (12.5, 25, 50, and 100 MPa), while the ‘X’ symbols are
used to represent the mean values.
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Figure 16. Influence of molding water content (MWC) on water durability in an immersion test at
different pressure levels (series 7 = min 3).
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Figure 17. A test specimen before and after the 10 min immersion test. The specimen shown
experienced a mass loss of 51%.

3.4. Influence of Consolidation Time and Compaction Pressure on Energy Consumption

The used press (testing machine) functions based on the principle of a spindle press.
Power demand increases proportionally with the compaction pressure. Once the de-
sired compaction pressure is reached, the energy demand remains relatively constant (see
Figure 18). At higher levels of compaction pressure, energy increases. Consequently, overall
energy consumption increases substantially with longer consolidation times (see Figure 19).
Therefore, applying higher compaction pressure appears to be more efficient than extending
consolidation time.

— 150
£
100 s
o
2
50 9
ol

10 20 30 40
time (min)

Figure 18. Power demand of the press and its control system in relation to the compaction pressure
during specimen production for this research. The orange line represents the compaction pressure (in
MPa), while the olive-green line denotes the power demand (in W).
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Figure 19. Total energy consumption of the press without its control system during compaction at
different pressure levels.

4. Discussion

Double-ended compaction is commonly used in the industry for producing CEBs. It
creates a more homogeneous density by reducing the friction between the mold walls and
the earth [40]. However, the analysis of water distribution within the young specimens
of this study, suggests that boundary friction between mold and moist earth during com-
paction causes a pressure gradation from the end faces toward the center (see Figure 8). As
a consequence, water migrates into regions of lower pressure. It is hypothesized that the
redistribution of water toward the center may result in increased porosity in these regions.
This observation is particularly relevant in light of the better performance exhibited by
the compacts with higher MWC in terms of water durability. The hypothesis is based
on insights from studies of ceramic powder compaction, such as [41], which provides
a detailed analysis of the influence of boundary friction during double-ended uniaxial
compaction on the homogeneity of dry ceramic powder.

For the compressive strength tests of this study, compacts were produced at their
respective OWC, which decreases with increasing compaction pressure. Consequently, it
could be expected that the homogeneity within a compact should increase with higher
compaction pressures, as the overall moisture is reduced. Nevertheless, in view of the
present results, additional studies on this topic are necessary to precisely determine the
influence of the MWC on the distribution of porosity within a CEB produced by double-
ended compaction.

The evaluation of the consolidation behavior provides further insights. It indicated
that at least 50% of the total displacement occurred within the first 3 min relative to the
displacement after 30 min at all utilized compaction pressures. This is consistent with the
observations reported by [11], who found that primary consolidation was completed after
a few minutes. Moreover [11] demonstrated that both young modulus and compressive
strength after hypercompaction increase with consolidation of up to 20 min, whereupon the
growth rate significantly levels off. This indicates that the material’s stiffness and strength
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are mainly developed during primary consolidation within the first minutes, revealing the
significance of sufficient, but not excessive consolidation time. However, from an industrial
perspective, the necessity of even a few minutes of consolidation remains a significant
limitation when compared to the fast cycle times of conventional CEB production.

Furthermore, the relationship between compaction pressure, dry density, and compres-
sive strength was an important outcome. A clear positive correlation between increasing
compaction pressure, dry density and compressive strength was seen (see Figure 14), which
is consistent with the results reported in the literature [10,11,27,42]. A comparative analysis
with previous studies indicates that the compressive strength of 19.2 MPa reached in this
study surpasses both the 14.6 MPa reported by [11] for unstabilized hypercompacted earth
under similar pressure levels and the typical compressive strength of cement stabilized
CEB, which is usually below 10 MPa [6,10]. This performance is particularly noteworthy
given that the raw material was initially considered unsuitable for CEB due to its extreme
silt and high smectite content. It is reasonable to suggest that the modification of the
raw earth with processed demolition waste contributed to the development of a more
robust grain skeleton. However, the results implicate that this mechanical stability is likely
attributable to a combination of grain structure and high compaction energy (pressure and
consolidation time).

Ref. [43] also studied the influence of high compaction pressure on compressive
strength, but reached in general much lower values than the present study. In their
experimental series, the unstabilized specimens achieved a compressive strength of only
6.08 MPa, despite a much longer consolidation time of 3 h. They used a very different
raw earth composition with a maximum grain size of 20 mm. Furthermore, they do not
mention the exact physical properties or the clay mineral percentage of their mixture, which
complicates the direct comparison.

Although longer consolidation provides significant gains in compressive strength, it
limits feasibility on an industrial scale where consolidation times of only a few seconds are
standard. However, specimens with a compressive strength of 14.99 MPa were produced
in just 1 s of consolidation at 100 MPa. Given the substantial strength gains achieved by
increasing pressure, it appears more feasible to increase the compaction pressure than to pro-
long consolidation time for industrial productivity. Nevertheless, it is reasonable to assume
that there is an upper limit to the compaction pressure beyond which no further strength
enhancement occurs. For example, previous research by [43] found that earth mixtures
compacted at 200 MPa performed better than those at 400 MPa, because excessive pressures
eventually lead to grain crushing, which compromises the material’s performance.

While improvements in strength are evident, the water durability of the material is
more complex. The presence of smectite as the predominant clay mineral in CEBs might be
directly related to poor water resistance, as its swelling potential in contact with water leads
to expansion and degradation. Findings from this and previous studies [13,40] support the
conclusion that hypercompaction does not enhance water resistance of a smectite-rich mix.
On the contrary, the results of this research even identified a negative impact of increasing
compaction pressure on water durability. This could also be attributed to the internal stress
induced by the swelling behavior of smectite. While higher compaction effort increases dry
bulk density, a denser bedding may offer less space for internal expansion during exposure
to water, leading to structural failure. The findings indicate that hypercompaction and the
modification of the raw earth with demolition waste may not directly lead to enhanced
water durability for grain mixtures with elevated smectite content.

The authors of this study hypothesize that the observed improvement of the water
durability with increasing MWC may be explained by a change in microstructure, as
described by Wagner [38]. In [38] it is noted that clay platelets disperse more effectively
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at higher water contents, thus facilitating their alignment perpendicular to the maximum
pressure, and consequently parallel to each other. This more efficient bedding results in a
shift in the pore size distribution toward smaller pores [44]. This raises the hypothesis that
smaller pores are less likely to intersect. In turn, this could make it more difficult for water to
penetrate the material and thereby slow down erosion. Other studies, in a different context,
have also found a clear correlation between MWC and water conductivity [44—46]. The
higher the MWC, the lower the permeability. Despite the potential of this microstructural
reorganization, the practical implementation remains a challenge. Testing higher MWCs
at each pressure level was not feasible with the current setup. At higher MWCs fine
material entered the space between piston and mold wall and resulted in high friction
and blockage while demolding. This technical issue shows that while increasing MWC
during hypercompaction might be a promising approach for increasing water durability, it
requires further research into more efficient drainage and mold design.

In particular, future experimental setups could consider incorporating a vertical
drainage system within the mold. A drainage layer composed of sintered metal, with
protection from a thin perforated metal sheet, could facilitate pore water drainage along
the entire specimen height during compaction. This modification would also facilitate an
easy demolding of the young compact.

5. Conclusions

The present experimental study demonstrates that the hypercompaction of fully
reused, binder-free earth material can produce a building material that can reach the
compressive strength of standard concrete. These results could enable earth-based materials
with a significantly smaller ecological footprint to compete with conventional, more climate-
damaging building materials that consume large amounts of resources. Nevertheless, the
water durability of the smectite-rich mixture remains low and even decreases with higher
compaction pressure. Although compaction at a MWC on the wet side of optimum showed
potential for improving water durability, possibly through a more favorable microstructural
arrangement of the clay platelets, this study also highlights technical constraints that
currently limit the production of specimens at higher MWCs.

e  The results of this study suggest that the compressive strength of a recycled material
could be greatly enhanced by compaction at elevated pressures of up to 100 MPa.

e  The experiments showed that specimens compacted at 100 MPa for 30 min achieved a
compressive strength of 19.2 MPa, which is significantly more than conventional CEB.

e  Furthermore, longer consolidation times are beneficial for reaching greater strength,
particularly at higher compaction pressures. However, long consolidation times may
hinder industrial production, making the increase in the pressure more feasible.

e  Moreover, the observed increase in density resulting from longer consolidation was
accompanied by a significantly higher energy input. Energy consumption during
long consolidation times is no longer proportional to the gained strength. Conse-
quently, it seems more practical to enhance compaction pressure rather than extending
consolidation time.

e  Within the scope of this study, a consolidation time of 3 min was found to be most
effective in terms of compressive strength, as a substantial part of the consolidation had
already occurred by then. The specimens that were compacted for 3 min at 100 MPa
achieved a compressive strength of 17.6 MPa.

e  Despite the significant improvements in compressive strength, the water durability
of the material with a smectite rich clay fraction remained limited. In fact, the water
durability in an immersion test decreased with increasing compaction pressure.

https:/ /doi.org/10.3390/buildings16020340


https://doi.org/10.3390/buildings16020340

Buildings 2026, 16, 340 20 of 22

e Nevertheless, a molding water content on the wet side of the optimum led to an
improvement in water durability, which might be ascribed to the microstructure of
the material and the organization of the clay platelets. These observations should
be further investigated in future studies to better understand the mechanisms and
optimize the properties of hypercompacted earth materials in relation to water.

e However, improved water durability has been associated with higher water content
during compaction. At the same time, the higher MWC resulted in an uneven water
distribution, potentially leading to a heterogeneous porosity within the compact.
Future research should explore these relationships in greater depth, with emphasis on
more efficient drainage during compaction.

e  According to a classification based on DIN 18945 [36], the compacted earth material
examined in this study is only suitable for interior walls or applications with rigorous
structural weather protection due to its limited water resistance.

e  All attempts to test mixtures with higher MWC than was used in this study were
unsuccessful, mainly due to material entering between the pistons and mold, which
resulted in numerous complications.

e  From a sustainability perspective, the study highlights the great environmental and
technical potential of this approach. Additionally, the exclusive use of recycled materi-
als, excavation debris and processed demolition waste, supports the principles of a
circular economy in construction.
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