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Abstract This paper investigates the recyclability,
liquid water durability and water vapour adsorption of
both unstabilised and stabilised compressed earth
bricks. Stabilised bricks were manufactured by adding
either cement or the biopolymer guar gum to the base
earth. Unconfined compressive strength tests were
then performed on both unstabilised and stabilised
earth bricks manufactured with recycled material (i.e.
material taken from the failed compressed earth bricks
after the compressive strength tests). These tests
enabled to assess the influence of recycling on the
stiffness, strength and strain energy of all compressed
earth bricks. Immersion and drip tests were subsequently performed to investigate the effect of cement
and biopolymer stabilisation on the durability of the
compressed earth bricks against the weathering action
of water. An additional set of laboratory experiments
was finally conducted by means of a Dynamic Vapour
Sorption (DVS) system to study the effect of earth
stabilisation on the capacity of adsorbing/releasing

water vapour as the ambient humidity changes.
Outcomes from this experimental campaign showed
that both unstabilised and biopolymer stabilised earth
bricks maintained a similar mechanical performance
after recycling, while cement stabilised bricks showed
a remarkable reduction of both stiffness and strength.
Finally, both cement and biopolymer stabilised bricks
improved the liquid water durability while reducing
the water vapour adsorption compared with the
unstabilised earth bricks. Results from this experimental work will be useful for life cycle assessments,
especially for modelling the end-of-life of the material
as well as its potential reuse.
Keywords Compressed earth bricks  Stabilisation 
Recyclability  Mechanical properties  Liquid water
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The adoption of the earth in mainstream construction
is recently gaining the interest of engineers, architects
and material scientists because of its eco-friendly
credentials. Earth can be locally sourced and this
significantly reduces the overall transportation needs
[1]. The manufacturing of earth materials also requires
little embodied energy compared with other building
materials, such as cement or fired earth [2]. During
their service life, earth materials exhibit an excellent
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capacity of regulating indoor hygrothermal conditions
by smoothening daily and seasonal oscillations of both
relative humidity and temperature [3–10]. At the end
of their service life, earth materials can be recycled or
safely disposed without significant impact on the
environment unlike other materials (such as concrete
blocks and fired earth bricks), whose disposal generates pollution and loss of land [11]. Often, earth
materials are chemically stabilised with lime or
cement to improve both mechanical and water durability performance [12–17]. However, stabilisation is
deemed to reduce both the hygrothermal regulator
capacity and the full recyclability compared with the
unstabilised earth, thus limiting its environmental
performance over the entire life cycle [5, 8]. These
considerations on the complete recyclability of unstabilised earth materials and the detrimental effect of
stabilisation are generally based on assumptions,
whereas a systematic experimental investigation on
this subject is missing from the literature. Only a
handful of studies have focused on the effect of
recyclability on the main geotechnical properties of
the earth, such as grain size distribution, plasticity and
linear shrinkage [18]. The main objective of these
studies was to demonstrate that the recycled earth
materials still have suitable geotechnical properties for
earth construction in agreement with existing recommendations. However, these studies did not show
whether the resulting mechanical performance of the
recycled earth matches that of the original material
and whether the recycling process has induced any
deterioration of the material.
To overcome this gap in the literature, this paper
investigates the effect of recyclability on the mechanical behaviour of both unstabilised and stabilised
compressed earth bricks. A set of bricks was stabilised
by adding to the soil the biopolymer guar gum, which
is a neutrally charged polysaccharide extracted from
the endosperm of beans belonging to the family of
Leguminosae plants [19–21]. This biopolymer was
selected as it can be easily sourced and improves both
stiffness and strength of earth materials while reducing
permeability [22–24]. For ease of comparison, another
set of bricks was instead stabilised by adding ordinary
Portland cement to the soil mix. All compressed earth
bricks were also subjected to various laboratory
experiments (i.e. immersion tests, drip tests and
dynamic vapour sorption tests) to assess the influence
of soil stabilisation on the liquid water durability and
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water vapour adsorption. Importantly, outcomes from
the present work can inspire new research into the
post-service life of earth materials, which will be
fundamental for life cycle assessments moving from a
‘‘cradle-to-grave’’ to a ‘‘cradle-to-cradle’’ approach
and in a circular economy perspective.

2 Material and methods
The earth used in the present work was provided by the
brickwork factory Nagen from the region of Toulouse
in the south-west of France. Figure 1 shows the grain
size distribution of the Nagen earth material together
with the boundaries that delimit the recommended
regions according to the manufacturing guidelines for
compressed earth bricks provided by MOPT [25],
CRATerre-EAG and AFNOR [26, 27]. The grain size
distribution was determined by means of wet sieving
and sedimentation as prescribed by the norms XP P94041 [28] and NF P94-057 [29], respectively. Inspection of Fig. 1 indicates that the grain size distribution
of the tested material (i.e. black continuous line with
filled markers) is close to the left boundary of the
recommended regions (i.e. continuous grey line for
MOPT [25] and dashed grey line for both CRATerreEAG and AFNOR [26, 27]), which corresponds to
finer soils. As observed by Jaquin et al. [30] and
Beckett and Augarde [31], finer soils can retain more
water than coarser ones when exposed to the same
hygrothermal conditions, thus resulting in stronger
hygroscopic behaviour but potentially with a weaker
water durability performance.
The plasticity properties of the fine fraction (i.e. the
fraction passing through the 400 lm sieve) were
determined in agreement with the norm NF P94-051
[32]. The liquid limit is 33.0% while the plasticity
index is 12.9%, which correspond to an inorganic clay
of medium plasticity according to the Unified Soil
Classification System [33]. These properties satisfy
the existing recommendations for the manufacture of
compressed earth bricks [26, 27, 34]. The activity of
the fine fraction (i.e. the ratio between plasticity index
and clay fraction) is equal to 0.79, which corresponds
to a normally active soil [35]. This is also consistent
with the mineralogical composition observed by
Bruno et al. [36] via X-Ray diffraction tests, which
indicated a predominant illitic clayey fraction with a
presence of montmorillonite for the same Nagen soil.
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Fig. 1 Grain size distribution of tested earth

Illite is a three-layers clay with good bonding characteristics and limited swelling upon wetting, which
makes it suitable for raw earth construction [37].
Before compaction, the Nagen soil was firstly dried
at 105 C for at least 24 h and then either a) left
unamended for the unstabilised bricks or b) mixed
with a guar gum content of 2% and 4% by mass of the
dry soil for the biopolymer-stabilised bricks or c)
mixed with a cement content of 4% and 8% by mass of
the dry soil for the cement-stabilised bricks. In
particular, for the biopolymer stabilised bricks, the
guar gum was procured from the company M/s
Intralabs and the highest content of 4% used in the
present work is slightly higher than that tested by other
studies [21, 38, 39]. On the other hand, ordinary
Portland cement was used for cement stabilised bricks
and the highest content of 8% is such that the
environmental benefits associated to the use of earth
materials are severely compromised, as also observed
by Bui et al. [40]. Note that, before mixing, both guar
gum and cement were not dried but only stored in
sealed containers at room conditions (i.e. T % 20 C
and RH % 45%) to avoid that the preliminary drying
would affect the bonding properties of both stabilisers.
This was deemed acceptable as the water content of
both guar gum and cement was only negligible. The
unamended soil for unstabilised bricks and soil and
stabilisers for stabilised bricks were then mixed with
8% of water by means of a planetary mixer for a

minimum time of 5 min at a relatively slow rotation
rate to minimise dust generation and hence the
material loss. The water content of 8% was selected
based on results from [41, 42], who determined
various compaction curves corresponding to different
compaction energy on the same Nagen soil. The
selected water content corresponded to the optimum
value at a dry density of 2000 kg/m3, which is the
target dry density at which all bricks are compacted in
the present study. Note that, for consistency, the same
water content was used for both unstabilised and
stabilised compressed earth bricks even though this
was the optimum value only for the unstabilised
material. This choice was considered acceptable as all
soil mixes (i.e. both unstabilised and stabilised)
exhibited good workability with the chosen level of
water content. After mixing, the moist material was
statically compacted in a mould with a horizontal
cross-section of 200 9 100 mm2, as shown in Fig. 2.
During compaction, an upper aluminium piston with a
horizontal cross-section of 199.8 9 99.8 mm2 was
lowered inside the compacting mould until the bricks
attained the desired height of 50 mm, which corresponded to the target dry density of 2000 kg/m3. Note
that soil, cement and guar gum have specific gravities
of 2.66, 3.11 and 1.25, respectively. This implies that
different compressed earth bricks were compacted at
the same dry density but at different initial porosities,
as summarised in Table 1. Inspection of Table 1
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in the following sections. On the other hand, a very
high relative humidity was deemed inappropriate for
equalising unstabilised and guar gum-stabilised earth
bricks and hence room conditions were adopted for all
samples for the sake of consistency and also to
reproduce real in-situ applications. After equalisation,
laboratory tests were conducted to investigate the
influence of recycling on the mechanical properties of
both unstabilised and stabilised compressed earth
bricks as well as the effect of stabilisation on liquid
water durability and water vapour adsorption. The
testing procedures followed during this experimental
campaign are briefly summarised in the following
section.

Fig. 2 Compaction mould used for manufacturing both
unstabilised and stabilised compressed earth bricks

indicates that unstabilised bricks have an intermediate
porosity compared with the more porous cement
stabilised bricks and the less porous biopolymer
stabilised bricks.
After compaction, all bricks were left to equalise at
laboratory room conditions (i.e. T % 20 C and
RH % 45%) for a minimum time of ten days until
sample mass varied less than 0.1% over a period of
48 h. At the end of this equalisation stage, all earth
bricks exhibited a water content of about 3%. Note that
cement-stabilised earth bricks would require different
curing conditions with a higher relative humidity (i.e.
normally above 90%). Instead, the drier curing
conditions imposed during equalisation may have
generated a non-optimised hydration of concrete and
material shrinkage with a consequent formation of
microcracks and tensile stresses [43]. This affected the
mechanical and durability performance of cementstabilised compressed earth bricks, as it will be shown

2.1 Effect of recyclability on mechanical
properties of unstabilised and stabilised bricks
The first set of experimental tests was performed to
investigate the influence of recycling on the compressive strength, stiffness and strain energy of both
unstabilised and stabilised compressed earth bricks.
For this purpose, after a minimum equalisation time of
ten days, all bricks were subjected to unconfined
compressive strength tests by means of the Instron
5585H press, as shown in Fig. 3. During testing, the
load was applied at a controlled displacement rate of
0.5 mm/min along the longest dimension of the bricks.
All samples were therefore tested at an aspect ratio of
4 (i.e. ratio between the vertical height of the brick and
the minimum dimension of the horizontal crosssection), which minimised the spurious effect of
end-friction confinement generated at the contact
surfaces between bricks and press plates [44, 45].
Moreover, during the compressive strength tests, each
brick was placed inside an aluminium tray to ensure
the collection of all the material for the subsequent
recycling (Fig. 3).

Table 1 Composition and physical properties of all compressed earth bricks after compaction
Sample

Mass soil (g)

Mass cement (g)

Mass guar gum (g)

Mass water (g)

Dry density (kg/m3)

Porosity (–)

Unstabilised
4% Cement

2000
1920

–
80

–
–

160
160

2000
2000

0.248
0.253

8% Cement

1840

160

–

160

2000

0.258

2% Guar gum

1960

–

40

160

2000

0.240

4% Guar gum

1920

–

80

160

2000

0.232

Materials and Structures (2020) 53:149

Fig. 3 Set-up for unconfined compressive strength tests

After testing and before recycling, the failed
samples were collected and then dried at a temperature
of 105 C for a minimum time of 24 h. This drying
stage was considered necessary to add the correct
water content during the subsequent manufacture of
all the recycled compressed earth bricks. It is assumed
that the drying process had only a marginal effect on
the cement stabilised samples preliminarly equalised
at relatively dry conditions. This is in fact due to the
occurrence of two counteracting mechanisms: (a) expansion of existing microcracks and formation of new
ones, which weakened the material and (b) increase of
stabilising capillary actions [46]. On the other hand,
the drying process induced a partial depolymerisation
of the guar gum (i.e. conversion from polymers to a
mixture of monomers) with a consequent reduction of
the molecular weight, as observed by Bradley et al.,
[47] and Srivastava et al. [48]. The newly formed
monomers with lower molecular weight exhibit better
film forming properties and an increased bonding
capacity [49]. This improved bonding of the guar gum
affected the mechanical behaviour of the recycled
bricks stabilised with the biopolymer, as it will be
shown in the following section. After drying, the
material collected from the compressive strength tests
was then broken down using a plastic hammer with
special care to minimise the generation of dust and
material loss. The material was crushed until only the
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0.4% of the initial mass was retained by the 2 mm
sieve, which is similar to the grain size distribution of
the original material. Note that, apart for the largest
particle size, the whole grain size distribution of the
recycled material was not compared with that of the
original one and hence the breakage of soil grains that
may have been produced by the crushing was not
detected. This type of study was considered outside the
main scope of the present work but it constitutes
matter for future research. After crushing, the dry
crushed material was then mixed at a water content of
8% and then recompacted inside the mould to have a
second set of compressed earth bricks. Similar to the
first set of bricks, the second set of samples was also
left to equalise for ten days and then tested under
unconfined compressive strength tests. Note that the
equalisation time was fixed to ten days in order to
replicate the same conditions adopted for the first set
of samples. Finally, this recycling process was again
repeated to perform the third cycle of compressive
strength tests. Note that the three recycling iterations
will be named hereafter as Cycle I, II and III. During
each recycling iteration, about 2 to 5 g of materials
were lost in the re-manufacturing of each brick and
this mass was replaced with unrecycled material with
the same composition as the original brick. It is
assumed that this replacement of unrecycled material
had only a negligible effect on the mechanical
behaviour of the recycled bricks. Furthermore, no
additional stabiliser was added to the composition of
the recycled cement- and guar gum-stabilised earth
bricks. This was considered necessary to isolate the
effect of the recycling process on the mechanical
behaviour of the recycled bricks and to avoid any
interferences from additional stabilisations.
The unconfined compressive strength tests enabled
the measurement of the compressive strength, stiffness
and strain energy of all the compressed earth bricks. In
particular, the compressive strength was simply
obtained as the ratio between the highest load
measured during testing and the initial horizontal
cross-section of the brick. The stiffness of the samples
was instead determined by assuming a linear elastic
behaviour for compressive stresses up to 20% of the
peak strength. Finally, the strain energy, stored by
each sample during unconfined compressive loading,
was determined as the area under the stress–strain
curve up to the peak compressive strength.
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2.2 Liquid water durability
The liquid water durability of all compressed earth
bricks was measured by means of immersion and drip
tests. The immersion tests were conducted according
to the German norm DIN 18945 and provided a first
assessment of the resistance of the bricks against the
weathering action of water. After manufacturing and
subsequent equalisation, both unstabilised and stabilised compressed earth bricks were weighted by
means of a scale with a resolution of 0.01 g and then
submerged in water for 10 min. After immersion, all
bricks were left to equalise at the same ambient
conditions before immersion (i.e. T % 20 C and
RH % 45%) until a constant mass was reached and
then reweighted to determine the mass loss after
immersion. Note that the water content of all bricks
was approximately 3% for all bricks after the equalisation stages conducted before and after the immersion tests. The immersion test was performed on a
single brick for each composition without any additional replicates. This was considered necessary to
optimise the use of the available material for the other
tests of the present experimental campaign. Despite
this lack of repeatability, results from immersion tests
are however deemed reliable as they well match the
outcomes from drip tests, as it will be shown in the
following sections.
The drip tests were performed according to the
norm UNE 41410 [50] to assess the durability
performance of both unstabilised and stabilised compressed earth bricks against rainfall-induced erosion.
During the drip test, the compressed earth brick was
placed on an inclined support with an inclination of
27 to the horizontal and 1 m below a reservoir filled
with 0.5 l of water. The reservoir was then opened to
have a controlled water flow of 0.05 l/min. All bricks
were therefore exposed for a duration of 10 min to the
damaging action of water drops, that impacted at the
centre of the largest face of the bricks and then rolled
down due to the inclination of the sample. After
testing, the depth of erosion generated by the water
drops was measured by means of a calliper with a
resolution of 0.01 mm. The drip tests were performed
on two bricks for each composition and this was
considered acceptable as the outcomes from these two
replicates were almost identical. The effect of recycling on the water durability of both unstabilised and
stabilised earth bricks was not investigated and this is
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due to the fact that durability tests have damaged or
completely destroyed the earth samples so that it was
not possible to collect and recycle the material.
2.3 Water vapour adsorption
The effect of soil stabilisation on the water vapour
adsorption of the different compressed earth bricks
was investigated via dynamic vapour sorption tests,
carried out by means of the DVS device from Surface
Measurement Systems. These tests were performed on
small fragments (about 0.25 g) taken from failed
compressed earth bricks from Cycle I of the unconfined compressive strength tests. Note that the compressive strength tests may have densified the earth
samples but this is assumed to only have negligible
effect on the DVS tests as the sorption and desorption
of water vapour at a temperature of 25 C only take
place within nanometric intra-aggregate pores which
are not affected by the mechanical compaction
[51, 52]. During DVS testing, the small fragments
were placed on a plate connected to a balance with a
resolution of 0.1 lg and inside a closed chamber under
controlled hygrothermal conditions. Each sample was
firstly equalised under dry conditions (i.e. at a relative
humidity of 0%) and at a constant temperature of
25 C until the constant mass condition was reached.
After equalisation, the relative humidity was increased
in stages of 10% up to 90% plus a final stage at 98%,
which is the maximum humidity that can be applied by
the DVS system. Following the same stages of the
adsorption branch, the relative humidity was subsequently decreased back to 0%, at a constant temperature of 25 C. The sample mass was continuously
recorded during the cyclic variation of relative
humidity and each stage lasted until the sample mass
varied by less than 0.01% over a minimum time of 1 h.
The DVS test was performed on two different samples
for each brick composition and again this was
considered acceptable given the good repeatability
of the results. Finally, the effect of recycling on the
moisture buffering behaviour of both unstabilised and
stabilised earth bricks was not investigated and future
wok will surely focus on this subject.
Outcomes from the recyclability, liquid water
durability and dynamic vapour sorption tests are
presented in the following section.
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3 Results
3.1 Effect of recyclability on mechanical
properties of unstabilised and stabilised bricks
The effect of earth stabilisation and recyclability was
investigated by means of compressive strength tests
performed on three samples for each brick composition. Figure 4 shows the average peak compressive
strength and corresponding standard deviation of all
compressed earth bricks over three recycling stages
(i.e. Cycle I, II and III). Inspection of Fig. 4 indicates
that, for the original material (i.e. Cycle I), compressed
earth bricks stabilised with 4% and 8% of cement
exhibited the highest compressive strength compared
with unstabilised bricks and bricks stabilised with 2%
and 4% of guar gum. This is due to the strong bonding
of soil particles generated by cement in comparison
with the more flexible polymeric chains formed by
guar gum or the capillary action in unstabilised
samples. After recycling, unstabilised earth bricks
showed an almost identical compressive strength, thus
suggesting that this material can be recycled multiple
times without any loss of mechanical performance.
This is because the mechanical behaviour of unstabilised samples depends on the capillary pressure
[53, 54], which in turn is dependent on temperature,
relative humidity and pore size distribution inside the
material. Although the recycling process could have
affected the fabric of the unstabilised material, this
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effect resulted to be minimal as shown by the very
similar mechanical response exhibited by the unstabilised bricks over the different recycling iterations
(Fig. 4). Compressed earth bricks stabilised with guar
gum exhibited instead a slight increase in compressive
strength and this can be due to the guar gum passing
from a rubbery to a glassy state over the time of
testing, as also observed by Muguda et al. [39], who
observed a slight increase in the compressive strength
of guar gum-stabilised samples passing from 7 to 28
curing days (i.e. upon prolonged curing). This passage
from the rubbery to glassy state therefore seems not to
be deteriorated by the recycling process. Moreover,
the increase of the compressive strength of the
biopolymer stabilised bricks can also be in part
attributed to the drying stage experienced during the
recycling process, which has enhanced the bonding
capacity of the guar gum. Figure 4 finally shows that
cement stabilised compressed earth bricks exhibited
the most significant loss of compressive strength,
which becomes similar to that of unstabilised earth
bricks after three recycling stages, regardless of the
initial cementation level. This reduction of compressive strength is attributable to the breakage of
cementing bonds occurring during recycling.
Figure 5 shows the average stiffness of all compressed earth bricks together with the corresponding
standard deviation. Similar to the peak compressive
strength, the Young modulus of the unstabilised
samples was also relatively unaffected by the

Fig. 4 Compressive strength of unstabilised and stabilised compressed earth bricks over three recycling stages (i.e. Cycle I, II, III)
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recycling process. Instead, compressed earth bricks
stabilised with 4% and 8% of cement exhibited a
significant reduction in stiffness during recycling, with
values of Young modulus in Cycle III similar to those
of the unstabilised bricks. Interestingly, the stiffness of
the guar gum increased during recycling and this is due
to the passage from a rubbery to a glassy state for the
biopolymer as well as the improved bonding due to the
drying stage of the recycling process. Inspection of
both Figs. 4 and 5 suggests therefore that cement
stabilisation produces stronger and stiffer bonds of the
soil particles compared with the biopolymer stabilisation. However, cement bonds exhibited a more brittle
behaviour upon breakage and only a negligible
reactivation during mixing and subsequent re-compaction. Instead, the guar gum produced more ductile
polymeric bonding chains that can be reactivated
during multiple stages of recycling. Interestingly, this
different effect of the recycling process on the
mechanical behaviour of cement and biopolymer
stabilised compressed earth bricks suggests that earth
stabilisation is not necessarily detrimental to the
recyclability of earth materials and bespoke investigations should be carried for each type of stabilisation.
Figure 6 shows the strain energy stored by the
compressed earth bricks during unconfined compressive loading. Similar to the stiffness and strength, the
strain energy of the unstabilised bricks is also only
limitedly affected by the recycling process. Cementstabilised bricks exhibited a remarkable loss of strain
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energy with values lower than those of the unstabilised
samples after three recycling stages. Guar gum
stabilised bricks exhibited instead a slight increase of
stored strain energy over recycling. The difference
between the cement and the biopolymer stabilisations
can be interpreted with a different type of bonding
generated between the soil particles. In fact, cement
stabilisation produced strong, stiff but brittle cementing bridges with a limited deformation capacity. This
reduced the amount of strain energy that can be stored
by cement-stabilised compressed earth bricks. Conversely, the polymeric chains formed by the guar gum
are weaker and less stiff compared with the cement
bonds but with a higher tendency of deforming under
compressive loading, thus leading to a better capacity
of storing strain energy.
3.2 Liquid water durability
The liquid water durability of both unstabilised and
stabilised compressed earth bricks was investigated by
means of immersion and drip tests. Results from
immersion tests are presented in Fig. 7 together with
the benchmark values of the mass loss as given by the
norm [20]. Figure 7 shows that, as expected, the
unstabilised sample exhibited the weakest resistance
to water erosion with a mass loss after immersion that
further confirms the results obtained by Bruno et al.
[51]. Conversely, both cement and biopolymer stabilisations significantly improved the resistance of the

Fig. 5 Young modulus of unstabilised and stabilised compressed earth bricks over three recycling stages (i.e. Cycle I, II, III)

Materials and Structures (2020) 53:149

Page 9 of 15

149

Fig. 6 Strain energy of unstabilised and stabilised compressed earth bricks over three recycling stages (i.e. Cycle I, II, III)

Fig. 7 Mass loss after immersion tests of unstabilised and stabilised compressed earth bricks

bricks against water erosion. Interestingly, guar gum
stabilisation outperformed the cement stabilisation
and this can be due to the lower porosity of the
material stabilised by the biopolymer (and hence a
lower permeability) as well as the more diffused
stabilising effect of the polymeric chains in comparison with the localised bonds produced by the cement
stabilisation. This consideration could be confirmed
by microstructural testing (e.g. microscopy or
porosimetry), but this type of characterisation is
considered outside the scope of the present paper
and it will constitute a matter for future research.

Inspection of Fig. 7 indicates that, as prescribed by
the German norm DIN 18945, the unstabilised bricks
could only be used for dry applications while cement
stabilised bricks and bricks stabilised with 2% of guar
gum could be used for internal walls or external walls
not exposed to the weathering action of water (e.g.
rainfall erosion, capillary rise from the foundation
soil). The best performing brick stabilised with 4% of
guar gum could be instead used for coated external
walls exposed to natural weathering. Note that this
brick classification is only indicative and other durability tests (i.e. contact test and suction test) should
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have been performed to fully categorise the application of the compressed earth bricks in agreement with
the norm [20].
Figure 8 shows results from the drip tests performed on two samples for each brick composition in
agreement with the norm UNE 41410 [50]. Figure 8
also shows the limiting value of erosion depth (i.e.
10 mm) which provides the outcomes of the drip test
in terms of pass (i.e. erosion depth lower than 10 mm)
or fail (i.e. erosion depth higher than 10 mm). Similar
to what observed from the immersion tests, also results
from drip tests highlighted the weak water durability
of the unstabilised bricks and the improvement
induced by both cement and biopolymer stabilisation.
Inspection of Fig. 8, therefore, indicates that both
unstabilised and cement stabilised compressed earth
bricks failed while both samples stabilised with 2%
and 4% of guar gum passed the drip tests. This
difference can be explained not only by the stabilising
effect of the polymeric chains but also by the occlusion
of the smaller pores, which limited both the swelling
of the clay fraction and the subsequent cracking of the
material. The assumption that the biopolymer stabilisation reduced the portion of smaller pores to a greater
extent compared with the cement stabilisation is also
corroborated by the results from the dynamic vapour
sorption DVS tests, as it will be shown in the next
section.
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3.3 Water vapour adsorption
The capacity of both unstabilised and stabilised
compressed earth bricks to adsorb/release water
vapour as ambient humidity changes has been assessed
by means of dynamic vapour sorption tests. Results
from DVS tests are presented in Fig. 9 in terms of
average mass change (i.e. the difference between
current and initial mass divided by the initial mass)
from two DVS tests performed on each material
composition. Inspection of Fig. 9 confirms the excellent capability of the unstabilised material to buffer
water vapour during the cyclic variation of relative
humidity, which is due to the presence of the illite and
montmorillonite fractions with a high specific surface
and a strong hydrophilic behaviour [51, 55]. This is
also consistent with the weak liquid water durability of
the unstabilised materials observed during both
immersion and drip tests. Figure 9 also shows that
both cement and biopolymer stabilisation reduced the
moisture buffering capacity of the material. This is
because both stabilisations occluded the pores where
evaporation and condensation of water vapour naturally occur under the hygrothermal conditions
imposed during DVS tests. Inspection of Fig. 9 also
suggests that the hygroscopic behaviour of the samples
stabilised with 8% of cement is similar to that of
samples stabilised with 2% of guar gum, while a
further increase of the biopolymer content induced a
more significant reduction of the moisture buffering

Fig. 8 Erosion depth after drip tests of unstabilised and stabilised compressed earth bricks
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Fig. 9 Mass change during DVS tests of unstabilised and stabilised compressed earth bricks

capacity. Numerical values of the maximum standard
deviation for each brick composition are also reported
in Table 2. All brick compositions exhibited the
maximum standard deviation at the highest level of
relative humidity of 98% and this can be related either
to slightly different adsorption capacity due to the
heterogeneity of the material or to the chosen equalisation criterion adopted for the DVS tests. Moreover,
the unstabilised earth bricks exhibited the lowest
scatter of results followed by the cement- and guar
gum-stabilised bricks.
Results from DVS tests are also plotted in Fig. 10 in
terms of hysteresis (i.e. the difference in mass change
between the desorption and sorption curves at a given
value of relative humidity) for each brick composition.
Inspection of Fig. 10 indicates that both cement and
bio-polymer stabilisations induced a more significant
Table 2 Maximum standard deviation for all brick compositions measured during DVS tests
Sample

Maximum stadard deviation (%)

Unstabilised
4% Cement

0.046
0.074

8% Cement

0.133

2% Guar gum

0.127

4% Guar gum

0.306

hysteretic behaviour compared with the unstabilised
material for a relative humidity up to 70%, as also
observed by Cagnon et al. [56]. For this range of
ambient humidity, the limited hysteresis of the unstabilised material can be associated with its high
breathing ability to exchange water vapour as relative
humidity changes. For higher levels of relative
humidity, the increase of hysteresis for the unstabilised samples can be instead related to the large
intake of water vapour, which was not readily released
at the reversal point between the sorption and the
desorption curves. Interestingly, Fig. 10 also suggests
that the biopolymer and cement stabilisation induced
two distinct effects on the hygroscopic behaviour of
the material. In particular, the biopolymer stabilisation
tended to increase the hysteresis at a relative humidity
up to 50% and this suggests that guar gum mostly
affected the connectivity of the smaller pores involved
in the condensation/evaporation of water vapour
occurring at this range of relative humidity. This is
also in agreement with results from the liquid water
durability tests, which showed the good performance
of the biopolymer stabilised bricks as a consequence
of the occlusion of the smallest pores and hence the
limitation of the swelling potential of the clay fraction
of the material. Cement stabilised samples exhibited
instead a more significant influence on the larger pores

149 Page 12 of 15

Materials and Structures (2020) 53:149

Fig. 10 Hysteresis of unstabilised and stabilised compressed earth bricks measured during DVS tests

which are involved in the condensation/evaporation of
water vapour at the high levels of relative humidity.
In conclusion, compressed earth bricks stabilised
with a low percentage of guar gum offered a good
balance between mechanical behaviour, recyclability,
liquid water durability and water vapour adsorption.
Considering that the production of guar gum requires a
relatively low level of embodied energy, it is predictable that this stabilisation method also provides
better environmental performance compared with that
of cement stabilisation. However, this statement
would need to be supported by a quantitative study
based, for instance, on life cycle assessments. This
type of analysis is however considered outside the
scope of the present work.

4 Conclusions
The present paper investigated the effect of recycling
on the mechanical behaviour of unstabilised and
stabilised compressed earth bricks. Earth stabilisation
involved either addition of ordinary Portland cement
or the bio-polymerisation of the base earth by means of
guar gum. Both unstabilised and stabilised bricks were
also subjected to immersion and drip tests to explore
the influence of stabilisation on the water durability of
the bricks. Another set of laboratory tests was finally

performed to assess the capacity of unstabilised and
stabilised compressed earth bricks in adsorbing/releasing water vapour as the surrounding relative
humidity changes. The main outcomes of this research
can be summarised as follows:
• Both cement and biopolymer stabilisation
improved the mechanical properties of the compressed earth bricks in comparison with the
unstabilised samples. This is associated with the
bonding of soil particles generated by both stabilisation methods.
• Recycling only induced negligible changes in the
mechanical performance of unstabilised compressed earth bricks and this is associated with
capillary actions, which were only marginally
affected by the recycling process.
• Biopolymer stabilised compressed earth bricks
exhibited a slight improvement of mechanical
properties after recycling. This is due to the
improved bonding of the guar gum produced by
the drying stage of the recycling process.
• Cement stabilised earth bricks exhibited a significant reduction of mechanical properties after
recycling, with final stiffness and strength similar
to those of the unstabilised materials. This is
associated with the breakage of cement bonds
between soil particles occurring during sample
destruction and subsequent re-compaction.

Materials and Structures (2020) 53:149

• The recycling process had opposite effect on
cement- and guar gum-stabilised bricks. This
suggests that stabilisation is not necessarily detrimental to the recycling of earth bricks and that
bespoke investigation should be carried for each
stabilisation method.
• Both stabilisation methods induced major
improvements in the liquid water durability of
compressed earth bricks as resulted from both
immersion and drip tests, with the guar gum
stabilisation outperforming the cement stabilisation as shown from both immersion and drip tests.
• Dynamic vapour sorption tests confirmed the
excellent capacity of unstabilised earth bricks in
exchanging moisture with the environment as
relative humidity changes, while both cement and
biopolymer stabilisations reduced the moisture
buffering capacity
• Compressed earth bricks stabilised with a relatively low percentage of guar gum offered a good
balance between mechanical behaviour, recyclability, liquid water durability and water vapour
adsorption.
Finally, the present work has presented an unprecedented study on the recyclability of earth materials,
which has the potential to trigger new research into the
end-of-life of earth materials. Outcomes from this
research will be particularly useful for environmental
studies and life cycle assessments in a circular
economy perspective.
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