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ABSTRACT

Experimental investigations were carried out in this work to evaluate the impact of
stabilisation on the mechanical and hygric properties of a reference soil-cement couple.
Unstabilized and stabilized soils with two amounts of cement were examined.
Compacted earth samples were prepared at their optimum water content and dry
density. The effectiveness of stabilisation were verified by simple compressive
strength tests conducted on cylindrical samples at different ages of curing. In a second
step, the water vapour resistance factor was determined following the so-called “wet-
cup” method at the age of 28 and 90 days. Then the moisture buffering value was
measured according to the Nordtest protocol. On one hand, compressive strength had
been shown a dependency on the cement amount and the curing age. On the other
hand, it has been found that increasing cement amount increase the vapour resistance,
but it has a limited impact on the measured MBV.

Keywords: Compacted earth, cement stabilization, curing age, compressive strength,
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INTRODUCTION

In pursuit of the world awareness for sustainable development, those who design and
govern the codes of buildings are now keenly interested in earthen architecture and
construction. The renewed interest of earth lies in its sustainability since it is a local
material that can be produced and used immediately on the construction site or nearby
and does not require industrial processing. The environmental advantage of earth
construction referred to their low embodied energy, make them extremely competitive
when compared to conventional materials and construction techniques (Morel et al.,
2001). A second feature of earthen materials is their well-established ability to store
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and manage heat which guarantee interior comfort in shelters (Heathcote, 2011,
Allinson and Hall, 2012; Pacheco-Torgal and Jalali, 2012; Soudani et al., 2016).

In return, the hydrophilic nature of raw earth significantly increases the deformability
of the material, reduces its strength and even change its type of behavior, especially in
humid environment (Morel, Bui and Hamard, 2012). Despite such characteristics, the
existence of ancient earth constructions can be held as a proof of their long-term
durability (Morel et al., 2013). However, it must be recognized that much knowledge
of traditional manufacturing techniques has been lost. Moreover, in function of the
local geological environment, the material variability (composition, granular
distribution, etc.) may be significant. In consequence, even though some earths can be
directly used as a building material in their immediate environment, others may be
inadequate. A way to increase the durability to water and to maximize the use of local
material (and thus reduce the energy and economic costs due to transport) is to stabilize
local earth by adding hydraulic binders, such as cement (Walker, 1995; Bui et al.,
2009; Venkatarama Reddy, 2012).

Over the past few decades, scientists have devoted substantial effort to understand the
impact of cement stabilization on the properties of compacted earth, with a particular
attention to their mechanical characteristics (Walker, 1995; Morel, Pkla and Walker,
2007; Arrigoni et al., 2017) and their water durability (Bui et al., 2009; Cid-Falceto,
Mazarrén and Cafas, 2012). The common feature shared by these studies is that
increasing cement content increases the mechanical performances of stabilized
compacted earths and results in a substantial improvement of their durability toward
water erosion. On the other side, several researches show that cement stabilization
reduces the vapour permeability of compacted earths and their moisture buffering
capacities (McGregor et al., 2012, 2014). Nevertheless, the majority of existing
findings concern the effect of stabilization with ordinary Portland cement (OPC) only.
However, optimizing cement stabilization of compacted earths, which remains one of
the less treated topics, requires a better attention to the cement type employed.

A primary motivation for conducting this study originates in the lack of available
resources on the effect of Portland-limestone cement on the mechanical and
hygroscopic properties of compacted earth. As a starting point, the choice is made to
focus on a well-characterized soil which behaviour can provide useful insight into the
properties of the derived stabilized materials. The effectiveness of stabilization will be
assessed firstly based on unconfined compressive strength after different curing ages
in normal conditions of temperature and relative humidity. Then, in the interest of
exploring the impact of such blended cement on the hygric properties of the selected
earth, experimental procedures will be applied for determining the water vapour
permeability and the moisture buffering. The global interpretation of findings may
contribute to the understanding of cement stabilized compacted earth.



MATERIALS AND METHODS

Materials

Soil: The soil used in this study is one of the reference earths of the RILEM Technical
Committee 274-TCE. It comes from a centenarian construction located at the city of
Dagneux in “Auvergne Rhéne-Alpes” region in south-eastern France. The soil was
sieved at 5 mm then its particle size distribution was determined following the French
Standard NF P 94-056. The selected soil is quite fine, with high silt contents (65%)
and quite low sand and gravel contents (15%). It encloses also a moderate amount of
clay (20%) which is generally a desirable condition to build with stabilized earth
(Smith and Smith, 1998). The methylene blue tests were carried out on the 80um
fraction of the soil following the French Standard NF P 94-068 to obtain the methylene
blue value which had been found to be equal to 1,8. This latter indicate that the clay
of our soil is not much active. The XRD analysis of the raw earth reveals the presence
of quartz, albite, illite and traces of vermiculites. This analysis indicates the absence
of expensive clays that can have impacts on swelling and cracking of the materials
according to the US. Geological Survey (Survey, 2001; ElI Nabouch, 2016), which is
quite consistent with blue value.

Cement: In this work, Portland-limestone cement CEM I1/B-LL 32,5R was selected
for stabilization. It’s a combination of 77% by mass of clinker, 22% of limestone and
1% of minor additional constituents as provided by the manufacturer.

Earth Formulations: For any meaningful stabilization, it’s recommended to use at
least 4 to 5% of cement per dry mass of soil to obtain satisfactory mechanical
performance of compacted earth (Fitzmaurice, 1958; Rigassi, 1995). Whereas,
stabilizing earth with a cement dosage higher than 10% becomes generally
unbeneficial in our region. Thus, the choice made in this study was to stabilize the soil
at 5 and 10% cement by its dry mass. The mechanical and hygric properties of three
formulations were evaluated in this work. The unstabilized earth is referenced in what
follow by “US” and the stabilized formulations at 5 and 10% cement are referenced
by “SB5” and “SB10” respectively.

Methods

Sample’s Manufacturing and Conditioning: At a first step, the optimum water
content and its corresponding dry density were determined by compacting earth’s
mixtures at different water quantities (from 11% to 18%) with a random increasing
step. For each water content, three samples were produced by double compaction with
equivalent pressure of 4MPa, using a hydraulic press, inside a cylindrical mold of
35mm in diameter. The detailed compaction procedure can be found in (Champire,
2017). As a result, the optimum water content was plotted against the dry density in
order to deduce manufacturing properties as summarized in

Table 1.



Table 1. Formulation's properties
Optimum water Optimum dry density Average skeletal

Formulations

content [%] [g/cmq] density [g/cm?]
usS 14 £ 0,09 1,85 + 0,005 2,91 + 0,02
SB5 145+0,2 1,78 £ 0,005 2,77 £ 0,05
SB10 15+0,3 1,77 £ 0,005 2,75+ 0,05

Thereafter, samples designed to evaluate the mechanical and hygroscopic
performances were prepared at their optimum moisture content and dry density with
the same compaction pressure of 4MPa. After demoulding, samples were conditioned
in hermetic boxes themselves stored in a climatic chamber at a constant temperature
of 23°C+2°C. The relative humidity inside boxes was maintained using saline solution
of KCO3z according to the NF EN ISO 12571 standard. It was checked with a portable
sensor (Rotronic HygroLog HL-NT) and it was found to be 49%, consistent with an
error lower than 5%RH.



Compressive Strength: Simple compression tests were conducted on cylindrical
samples (®35mmxh70mm) after different curing ages (7, 28, 90 and 180 days) by
applying a continuous loading at a steady rate of 1.2mm/min up to failure. It’s worth
noting that insufficient sample slenderness and the occurrence of friction between the
sample and the press plates can introduce errors in the measurement of compressive
strength (Morel, Pkla and Walker, 2007; Ciancio and Gibbings, 2012). In this study,
the slenderness ratio of all tested samples is equal to two, which is considered
sufficient to avoid measurement errors.

Water Vapour Permeability (wet cup method): The water vapour permeability was
carried out as specified in standard 1SO-12572 following the so-called “wet cup”
method. It involved generating a vapour pressure gradient by setting the relative
humidity at 50% in a climatic chamber and 85% in a hermetic cup. The water vapor
permeability can be determined from the transmission rate of water vapor through the
sample when the steady state is reached. The cup design was done according to the
procedure described in (McGregor et al., 2014). Therefore, a thin bed of silicon was
applied to seal the samples to the plastic cup. A vapour-tight aluminium tape was used
to seal the sides of the sample with the side of the cup. The environmental conditions
(50% RH and 23°C) were constantly controlled by the climatic chamber.
Measurements of mass were done periodically outside of the chamber until a linear
function between mass variation and time was established.

Dynamic Moisture Exchange Behavior (Moisture Buffering Value): Moisture
buffering tests have been performed following the Nordtest protocol since it is the
method commonly used for earth building materials (McGregor et al., 2016). This
protocol proposes a unique value, the MBV, defined as “the amount of water that is
transported in or out of a material per open surface area, during a certain period of
time, when it is subjected to variations in relative humidity of the surrounding air”
(Rode et al., 2005). The procedure consists of a repeatedly exposing of the samples to
8h in a high-humidity environment (75% RH) followed by 16h in a low humidity
environment (33% RH) under constant temperature (23°C) conditions. To undertake
this test, the cylindrical samples having 100mm in diameter and 40mm thickness, were
sealed from water exchange with aluminum tape in all surfaces except one providing
one-dimensional conditions. The environmental conditions (temperature and RH
cycles) were controlled by a climatic chamber. Samples were weighted periodically
until detecting stable cycles, whose are considered reached when the variation between
the final mass (end of cycle) of the sample and its initial mass (beginning of cycle) is
lower than 0.1%.

RESULTS AND DISCUSSION

Unconfined Compressive Strength
Compressive strength of each sample was determined from its failure load and
averaged cross section area. Results are plotted in Figure 1 in function of curing age.



As expected, stabilization has improved the mechanical performance of samples in a
global manner with respect to cement dosage. Unstabilized samples showed a
relatively stable compressive strength with curing age. Results also indicates that
stabilization at 5% cement didn’t improve the performance of compacted earth sample
at the early age of 7 days. It appears that moisture content of samples was not sufficient
for the complete hydration of this low cement percentage, inducing unreacted particles
in sample’s matrix.

For both cement dosages, compressive strength shows a rapid increase from 7 to 28
days, followed by an unexpected decrease at the later ages. This may refer to the high
rate of moisture content loss at early age, which may cause shrinkage of compressed
stabilized earth samples, resulting in the loss of long-term strength. Similar
phenomenon had been observed by L. S. Ho et al. (Ho et al., 2018) in the case of sand-
clay mixture treated with OPC analyzed under drying conditions at 20°C/60%RH.

Besides, humid curing is usually recommended for strength development of stabilized
compacted earth (Rigassi, 1995) which hadn’t been performed in this work. Along the
same line, it’s a common belief among practitioners that conditioning cement
stabilized compacted earth blocks under plastic bags for a duration varying between
one and four weeks improve the mechanical performance of their product. However,
it’s quite hard to find a study in the literature that treat explicitly the effectiveness of
humid curing on the short and long-term strength of stabilized compacted earth. It’s
noteworthy that humid curing effect will lead to case-by-case studies, since long-term
strength development will depend strongly on the mineralogical composition of the
studied soil. Studying curing effect on the strength development of stabilized
compressed earth is outside the bounds of the present work, but it may be investigated
in the future.

After being tested in simple compression, samples were oven-dried at 105°C and then
their skeletal density was measured via a gas pycnometer. Concerning drying
procedure, studies demonstrated that oven drying at 105°C generate significant
damage of the microstructure of cement based materials in the range of capillary
porosity (Gallé, 2001; Garci Juenger and Jennings, 2001; Collier et al., 2008).
However, analyzing the microstructure of the studied formulations is beyond the scope
of this work. Thus, oven drying was applied on all samples as being the simplest drying
procedure. Therefore, the mass of a sample is considered as “dry mass” when the
difference between two successive masse’s readings of the oven-dried sample is
negligible with an accuracy of 0.01g. Results presented in

Table 1 indicate a slight decrease in the skeletal density after stabilization due to the
supplementary fine material (cement).
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Figure 1. Compressive strength variation with curing age and cement content

Water Vapour Permeability

The water vapour permeability can be deduced from Fick’s law of diffusion. The
obtained value must be corrected as recommended by EN 1SO-12572 standard. This
latter correction takes into consideration the resistance of the air layer between the
sample and the salt solution. Additional correction, were proposed by (McGregor et
al., 2017) to take into account the effect of sample thickness. However, it was found
here that this correction was of subordinate importance. This may be attributed to the
perfect smooth surface state of the prepared samples and the mineralogical
composition of the soil used.

The p factor is defined as the ratio between the vapour diffusivity coefficients in air
and into the porous material. In our case, the effect of stabilization was confirmed by
the net increase in p factor, up to 37%, in the case of the two cement dosages. To
inspect more in depth the effect that may have the age of curing on the calculated p
factor, water vapor permeability was conducted also at 28 days on only 4cm thick
samples since thickness effect was neglected. An increase in the calculated p factor
between 28 and 90 days was signed (Figure 2). Concerning untreated earth, the 28
days value remain in the error bar of the calculated values at 90 days and the slight



difference between the two values may refer to some existent heterogeneity of the
samples. Regarding stabilized formulations, the gap between the calculated p factors
is much more important. It appears that the  factor of stabilized compacted earth may
be underestimated if the permeability test is undertaken only after no significant
change in the mass of the sample is detected. For stabilized compacted earth, a constant
mass is usually attained between 2 and 4 weeks in normal conditions of temperature
and relative humidity.
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Figure 2. p factor calculated for the samples of 4cm thickness tested after 28 and 90
days of conditioning

In addition, evaluating the vapour resistance factor only at 28 days, may deliver
inaccurate global interpretation of the impact of cement stabilization on this hygric
property of earth. At 28 days, p factor tend to increase with increasing cement dosage,
which is commonly observed in the available literature. However, at 90 days, and even
if the delivered value is higher than that obtained at 28 days, increasing cement
percentage lead to stagnation of u factor. These findings put into question the testing
age of the sample. It will be interesting to examine in a future work the microstructural
phenomena responsible for behavioural changes with curing age.

Moisture Buffering Value

The moisture buffering, called MBVractical, Were calculated from the moisture uptakes
and moisture releases of the last stable cycle using the following equation given by
Rode et al. (2005):

Am
MBVjractical = A ARH @)



Where Am is the mass variation (in g), A is the exposed surface and ARH is the
difference between high and low relative humidity levels (in %).

Results presented in Figure 3 show a reduction in the MBV which is in accordance
with previous studies when a decrease in the measured MBV by more than 20% had
been detected at 8% of cement addition (McGregor et al., 2014). Despite the reduction
in the MBV, stabilized product are still lying in the range of good buffering materials
according to the classification proposed in (Rode et al., 2005).
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Figure 3. The calculated moisture buffering value at 28 days

Otherwise, it’s clear that an increase in the cement amount from 5 to 10% didn’t affect
significantly the quantity of water transported from and to the samples during the test
performed. This outcome agrees with the water vapor resistance factor achieved at 90
days, which demonstrated a similar behavior between the two cement dosages. It
seems that these hygroscopic properties converge with increasing cement amount from
5 to 10%. It’s important to underline that stagnation of the hygroscopic properties
obtained in this work cannot be generalized, since they depend mainly on the clay
mineralogy of the studied soil and the cement properties together with the applied
initial conditioning.

CONCLUSION

The present work explores the effect of a blended limestone cement type on the
unconfined compressive strength, the water vapor resistance factor and the moisture
buffering of compacted earth samples in normal conditions. Results are consistent with
previous observations on stabilized earth, where stabilization improves mechanical
properties and reduces hygroscopic performances.



The main outcomes can be summarized as follows:

- Unstabilized compacted earth show a relatively stable mechanical and hygric
behavior with respect to the age of the tested sample.

- The increase of strength is less marked for stabilized samples at 5% cement
than for the 10% ones. The highest compressive strength in both cases was
reached at 28 days, and was followed by a slight decreasing at 90 and 180 days.
This was attributed to the high initial rate of water loss during conditioning.

- The curing age has boosted the vapor resistance factor of stabilized
formulations, which show an increase with increasing cement amount at 28
days. However, calculated values at 90 days demonstrate a sort of stagnation
with respect to cement dosage.

- Stabilization reduces moisture-buffering capacity computed at the age of 28
days by similar amount without a clear dependency on the dosage of stabilizer
in the range of 5 to 10%.

Finally, the findings of this study will lead to further investigations dedicated to
analyzing the microstructure of stabilized compacted earth in order to better
understand the relation linking the age of the product and its nature (clay nature,
porosity, cement type) to its hygroscopic properties. In addition, it would be interesting
to check how the long-term compressive strength of cement-stabilized earth evolve
depending on the initial conditioning with respect of soil’s mineralogy and cement
composition.
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