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Abstract — To build with raw earth, several methods can be
applied. The most common of them are: adobe, compressed earth
blocks and rammed earth. However, not all earth types are
suitable for these construction methods. Indeed, for each
construction technique, there are requirements to fulfilled,
particularly regarding grain-size distribution and plasticity
proprieties of the earth chosen to be used. This paper presents a
case study on a clayey earth. The aim is to check its suitability for
rammed earth technique. an experimental method has therefore
been adopted to achieve this purpose. As a first step of this
approach, the earth has been identified by analyzing its grain-size
and its plasticity. Then, and based on the results of these analysis,
which show that the material does not satisfy the requirements so
that it can be used in rammed earth, texture modification by
adding sand and gravel has been carried out. As a result, clay
activity and shrinkage-swelling potential has significantly
decreased. In the second step, several compaction tests bas been
carried out, which showed a decrease in the optimum compaction
moisture content and an increase in the maximum dry density of
the material after sand was added. These improvements are even
greater after adding gravel. The quantities of sand and gravel
added to raw earth are determined in order to increase the
compactness of the material thus formulated. In the final step,
and to assess the relevance of the stabilizations applied, uniaxial
compression tests are carried out on dry specimens made from
the materials formulated. The results show slight but beneficial
impact on dry compressive strength.

Keywords — Rammed earth, Compaction, Gradation, Shrinkage,
Compressive strength.

1. INTRODUCTION

The methods used around the world to build with raw earth vary
from region to region depending on the nature of the locally
available earth, climatic conditions and local know-how. The
question is: what materials can be used to build sustainable
earthen constructions?

In general, any earth with a sufficient cohesion can be used to
build earthen constructions. Thus, clayey earths can be used in
adobe, while sandy earths are more suitable for the compressed
earth block technique. Concerning rammed earth method, the
most suitable earths the well graded ones containing clay, silt,
sand and gravel [1].

In the case where the construction technique is not prescribed,
the construction method should be chosen according to the
nature of the locally available earth. Otherwise, it is either try
to find, as far as possible, the most suitable earth for the chosen
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method, or to modify and stabilize the locally available earth to
improve its quality.

As earth is a complex and natural material, the same
formulation may not necessarily give the same results in terms
of characteristics. Therefore, no standard formulation is
feasible. However, a standard method can be established for the
formulation of earth-based materials in order to obtain
predefined characteristic properties. It is this approach that we
have followed in the case study covered in this paper.

As for the state of the art on this subject, some references are
discussed in the 3 part in which the proposed experimental
method is described.

2. OBJECT AND AIMS

This paper deals with a case where the rammed -earth
construction technique is imposed by the project owner and
where, at the same time, it is required to use local earth from
the project’s earthworks. The aim is to develop an eco-material
suitable for the rammed earth technique. Stabilization using
additives such as cement, lime or vegetable fibers must be
justified. The material, once elaborated, must meet the
following requirements:

Tab. 1 : Required characteristics for the material to be developed

Dry density @  Com. strength ®  Optimum CMC ©

> 1.85 Mg/m3 > 2.0 MPa <15%

@ Dry density obtained from cylindrical specimens according
to the European Standard EN 12390-7. It is the average of the
densities of the three dried specimens. The value obtained will
be used to estimate the weight of the wall studied.

® Dry uniaxial compressive strength, in the direction
perpendicular to the layers, obtained from earth blocks or
cylindrical specimens according to the European Standard EN
12390-3. This value is the average failure stress of at least three
specimens. Taking into account the scale effect, a partial safety
factor of 0.40 will be applied when designing the wall studied.

© Optimum compaction moisture content obtained by the
Standard Proctor Test according to the European Standard EN
13286-2. This threshold is imposed for two reasons: to reduce
shrinkage deformations and to save water.
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Fig. 1 : Summary of the experimental method applied in this case study
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The project is a tourist complex. The project's building has a
combination of reinforced concrete structures and rammed
earth walls. The walls thicknesses are determined by the
engineering design office using the characteristics given in
table (tab. 1). The material to be processed must therefore
comply with these characteristics. To achieve these results, an
experimental method was adopted. This method shown in the
figure (fig. 1) has been developed with the aim of minimizing
the number of formulations to be tested.

3. METHODOLOGY
As summarized in the previous figure (fig. 1), the first phase of
the study consists of preliminary tests such as « Smell test »,
« Nibble test », « Wash test », « Cutting test », « Sedimentation
test », «Ball dropping test», «Ribbon test», «Linear
shrinkage test », « Dry strength test », etc. The aim is to assess
the suitability of the material for earthen construction [2]. Some
of these tests are illustrated in a research article from R. A. Silva
(2013) [3].
Note that these tests are only useful when looking for a suitable
location to extract earth whose suitability must be assessed.
Otherwise, one can skip directly to the next phase of the
proposed approach. As the earth to be used is imposed by the
project owner, partly due to environmental reasons, the
preliminary tests are therefore not to be considered in this case
study. Once the earth to be used has been chosen, the next phase
of laboratory identification tests can be started.
One of the most important of these identification tests are grain-
size test and plasticity test, because it allow to check the
suitability of the material for the chosen construction technique.
As for rammed earth technique, Hugo Houben and
Hubert Guillaud recommend, in their book « Traité de
Construction en Terre », to use earth characterized by a grain-
size curve belonging to a specific spindle — R. E. Spindle:
Rammed Earth Spindle — (fig. 2) and by a low to medium
plasticity with a plasticity index around 25% [1].

100 + 3 /
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g = —— ICD20 i
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Fig. 2 : Recommended grain-size spindle for rammed earth (ICD20: Ideal
grain-size curve of earth with 20 mm as maximum grain size | R. E.
Spindle: Rammed Earth Spindle).

The quality of the material thus produced is considered suitable
if its maximum dry density is at least 1.75 Mg/m? obtained
after compaction at an optimum water content of between 5 and
15% [1].

Theoretically, the curve above (ICD20) is the ideal one to
produce the densest material possible.

Indeed, Fuller and Thompson developed in the early 1900s, for
a material made from perfectly rounded grains, a formula
describing the optimum grain size curve for this purpose [4].
This formula is written as follows:

d
P(%) = 100\E (1.a)

Where "D" represents the maximum grains size and "P" the
percentage of grains with a size smaller than the size "d".
This formula can be written in the following general form:

d n
P(%) = 100 (5) (1.b)
Where "n" is the gradation index, which a parameter depending

on the shape of the aggregate (0.5 for perfectly rounded grains).
It can also be expressed as follows:

d\"
P, =P, (d—j) (1.c)

Where " P;" and " P;" are respectively the percentages of grains
with sizes which are smaller than the size " d;" and " d;" (d; <
d]).

As earth grains are not perfectly rounded, the value of "n" is
necessarily different from the one of Fuller and Thompson. For
example, the American Standards use 0.45 as value for this
index, for aggregates used in asphalt pavement for US federal
highways [5].

In the case of sandy earths, used to make road pavement
structures, "n" is generally taken equal to 0.33 [6].

As for earths suitability for buildings, which must contain a
significant quantity of clays, Hugo Houben and Hubert
Guillaud recommend for "n" values varying from 0.20 to 0.25
[6].

Knowing that the earths used in rammed earth have very well
graded texture, the value 0.25 seems to be the most adequate
for "n". Therefore, the optimum grain-size curve above (fig. 2)

is defined by the following equation:
0.25

P(%) = 100 (5)

3.1. Raw earth identification

The earth used is poorly graded (fig. 3). This curve is obtained

by sieving analysis of particles with dimensions over 80 um [7]

and by sedimentation analysis of the rest of the particles [8].

This curve is used to determine a series of parameters useful to

analyze the texture of the earth and to define its classification.

These parameters are mainly: the effective size "d,,", the clay

content "C,,", the coefficient of uniformity "C," and the

coefficient of curvature "C." defined by the following formulas:
2

P )
dio deo X dig

Where "d,." is the size corresponding to "x%" of passing.

These two parameters are required to analyze the uniformity

and gradation of earth texture.

Concerning earth plasticity, there are three limits (Atterberg

limits): liquid limit "w;" [9], plasticity limit "w," [9] and

shrinkage limit "w," [10]. Other parameters can be calculated,

such as the plasticity index "I," and the shrinkage index "I ":

(1.d)

Cy
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Ip(%) = w, — wp 3.a)

(%) = w; — w; (3.b)
These parameters can be used to interpret the plasticity of the
fine earth fraction and to evaluate its shrinkage and swelling
potential [11].
It is also used to determine the activity coefficient of clay
defined by:

=2 @
a Cz#

This coefficient is a parameter used to analyze the activity of
clays, this activity does not only depend on the plasticity of clay
(quality), but also on its proportion in the earth composition
(quantity).
For more details on the Atterberg limits as intrinsic soil
properties, one can see a paper on the subject written by
Sridharan et al. (published in 2000) [12].

3.2. Densification by « gradation »

The principle of densification by « gradation » is to determine
the proportion of each granular fraction in the material, in order
to reduce the void ratio and form a more stable material.

By comparing the grain-size curve of the available earth, the
adjustments to be made can be easily identified. Indeed, If the
grain-size curve does not fit into the spindle, then it should be
required to:

— Or remove by sieving the granular fraction which is

present in significant quantity;

— Either add the fraction whose quantity is insufficient.
Note that these two actions are easier to carry out when it comes
to removing or adding a coarse fraction (gravel and sand).
Another possibility is to mix two earths with different textures
to achieve the same purpose.

These adjustments require determination of grain-size curves of
all ingredients to be mixed, in order to find the appropriate
proportion of each one of them in the final mixture.

If "a" is the proportion of aggregate to be added to earth, in
order to be used in rammed earth, then the mixture passing is:

Py (%) = a.Py(%) + (1 — a). Pz (%) (5)

Where "P,(%)" and "Pz(%)" are respectively aggregate
passing and earth passing.

The optimum value of "a" to use, so that the differences
between the mixture grain-size curve is as close as possible to
the ideal curve, can be determined using graphical methods [1].

3.3. Densification by compaction

In order to obtain the best possible compaction, compaction
tests are carried out by compacting the earth at different water
contents and measuring the respective dry densities.

The aim is to determine the optimum moisture content to
achieve the maximum dry density. The procedures applied are
those of Standard Proctor Test, which is well known in the
geotechnical engineering field [13].

Once determined, these two parameters will serve as required
conditions for the execution of eventual rammed earth walls,
and also to produce specimens.

3.4. Compressive strength test

The aim is to determine the compressive strength of each
formulated material in order to compare them and conclude the
most appropriate stabilization to choose.

e Manufacturing process

Since there are no standards specifically developed for testing
rammed earth, compression tests are carried out on cylindrical
specimens of dimensions according to concrete standards [14].
Therefore, the specimen height must be equal to twice its
diameter, which must be at least equal to five times the greatest
grain size of the material concerned.

In this case study, the greatest grain size is 20 mm, so the
dimensions of the specimens are 100 mm for diameter and
200 mm for height. Theses dimensions are the same adopted
by some researchers such as Rui A. Silva et al. [3].

To manufacture these specimens, an average dry density equal
to that obtained in the Standard Proctor Test +5% was targeted.
Taking into account the dimensions of the mold for specimen
making compared to those of the Proctor mold, the same
compaction methods as those of the Proctor test were adopted
with 5 layers for a height of 200 mm instead of 3 layers for a
height of 116.5 mm.

Each layer is approximately 3.6 cm thick, except the first and
last layer whose thickness is 4.6 cm (3.6 cm of material plus a
thin layer of 1 ¢m thick made up only from grains with size less
than 5 mm, so as to facilitate the preparation of the bearing
surfaces of the specimens). The demolding is done immediately
after compaction.

e « Drying » conditions

Concerning drying conditions, specimens were then stored in a
room with temperatures varying from 20 to 25 °C and relative
humidity of about 60%.

After four weeks, the weights and dimensions of each specimen
are measured, then the densities are determined, according
current European Standards on concrete material [15], and
compared to the aimed dry densities.

These comparisons are used to check the drying of the
specimens. The drying of a specimen is achieved if its density
is equal to the one targeted by compaction +5% and if the
weight of the specimen does not decrease by more than 2/1000
after 48 hours under the drying conditions above.

Note that the dry state of the compacted material means that the
water content has reached its equilibrium value close to and not
equal to zero.

e Compression procedure

After preparing their bearing surfaces of the specimens making
them parallel and flat, the dry specimens are compressed using
a press that complies with the current European Standard EN
12390-4 [16] and has a constant loading speed of 0.05 MPa/s
according to the European Standard on concrete EN 12390-3
[17].

Each formulated material's compressive strength is determined
by calculating the arithmetic average of the failure stresses of
three specimens.

3.5. Remarks
Tensile and flexural tests are not included in this case study,
since the only strength required to be tested is the compressive
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Semi-crushed sand from local alluvial deposits, containing a

significant quantity of fines, and whose grains absolute

strength. In fact, and for safety reasons, the tensile strength is Sand
taken to be zero. 0/5 M
Taking into account the nature of the walls thickness (40 to 50 density is 2.70 Mg /m?.
cm), thermal tests seem to be unnecessary. As for durability Gravel Rounded gravel, with heterogeneous petrography, extracted
tests such as erosion and abrasion tests, they are not carried out S/ESVQ from alluvial deposits of a local river, composed of almost
in this project as it is expected that the wall facades will be spherical grains whose absolute density is 2.70 Mg/m?®.
covered with lime plaster.
4. RESULTS AND DISCUSSIONS 100 S :
4.1. Materials identification o0 £ Sz
The earth studied is sieved to remove some big particles. Raw earth /
Therefore, the maximum grain size "D" is 20 mm. 0 e
As shown in the figure (fig. 4), the grain-size curve 70 !
.. . . . . ~ === Gravel !
characterizing this earth does not fit into the spindle specific to S 60 + i
rammed earth construction technique. Indeed, the fine granular £ 50 &
fraction (silt and clay) is quite important. This curve can be K w0 £
adjusted by adding sand, the proportion of which depends on /
its own grain-size curve. 30 £
The values of the Atterberg limits show that the raw earth used 20 + ’
is highly plastic with a high swelling-shrinking potential (tab. 10 £ i
5). This plasticity proprieties are not the ones that are . e == i
0.001 0.01 0.1 1 10 100

recommended for rammed earth construction technique [1].
In order to ensure that this mixture grain-size curve is perfectly
in conformity with the spindle specific to rammed earth
technique, the mixture is made with weight ratio of 1/3 sand
and 2/3 earth.
The grain-size curve of the mixture produced (fig. 4) can be
improved to approach the ideal curve by adding gravel. This is
a stabilization proposal that can be relevant if the improvements
in the material's mechanical performances are significant.
The gravel used for this stabilization is rounded gravel from
local alluvial deposits (fig. 3). The mixture obtained is
produced with weight ratio of 1/4 gravel, 1/4 sand and 2/4 earth.
The sand available to densify the earth by gradation is a 0/5
semi-crushed sand whose grain-size curve is given in the figure
(fig. 3).
Pic. 1 : Photos showing the three materials used (Raw earth on the left, Sand
in the middle and Gravel on the right).

Grains sizes (mm)

Fig. 3 : Grain-size curves of studied materials (earth, sand and gravel).
Starting from this paragraph and in order to make it easier to
draft this paper, the following designations will be used:

— MIXO0: Raw earth;
— MIX1: Earth mixed with sand;
— MIX2: Earth mixed with sand and gravel.

Tab. 3 : Formulation of the three materials to be studied (M1X0, MIX1 and

MIX2).
Material MIX0 MIX1 MIX2
Raw earth (%) 100 67 50
Semi-crushed sand (%) 0 33 25
Rounded gravel (%) 0 0 25

Sieving and sedimentation analysis was carried out and the
above curves are obtained (fig. 4).

100
90 +
80 1
70 ~
60

As shown in the figure (fig. 3), raw earth studied is non-uniform
with a fine granular fraction of more than 50%. Sand, however,
has a relatively uniform texture with a fine granular fraction of
8%. As for gravel, it is clear and of a perfectly uniform texture.

Tab. 2 : A brief description of the three materials used to formulate rammed
earth.

50 1+

Passing (%)

40 A
30 1
20

10 +— ==

0 t
10

—

0.1

0.001
Grains sizes (mm)

Material Brief description (pic. 1)

Raw marly earth of a whitish color, whose main granular
Earth fraction is the fine one with an absolute density of
0/20 2.50 Mg/m3. The earth was extracted near Agadir city

from 0.50 to 3.00 meters deep using an excavator.

and MIX2).

100

Fig. 4 : Grain-size curves of the three formulated materials (M1X0, MIX1
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These curves show that, unlike the grain-size curve
characterizing raw earth (MIX.0), the curve of the earth-sand
mixture (MI1X1) is well within the spindle specific to rammed
earth construction technique, but is still far from the optimum
curve (icd20). However, the third curve representing the earth-
sand-gravel mixture (M1X2) is more in line with this optimum
curve. From these curves, it is easy to read or calculate the
following parameters:

Tab. 4 : Parameters describing the textures of the materials formulated
(MIX0, MIX1 and MIX2).

Material MIX0 MIX1 MIX2
dyo (mm) < 0.001 0.001® 0.002
d3, (mm) 0.006 0.025 0.100
dgo (mm) 0.250 0.400 2.50
C. - 400 1250
C. - 1.56 2.00
Cz (%) 78 75 59
Co4 (%) 64 60 45
Cgop (%) 52 37 28
C2p (%) 20 13 10

) value estimated by extending the grain-size curve.

Tab. 5 : Atterberg limits of the three formulated materials (M1X0, MIX1 and

MIX2).
Material MIXO0 MIX1 MIX2
w; (%) 51.8 32.8 32.8
w, (%) 26.7 22.2 22.2
g (%) 111 16.8 16.8
I, (%) 25.1 10.6 10.6
I; (%) 40.7 16.0 16.0
C, 1.26 0.82 1.06

Raw earth material (MIX0) is mainly fine-grained, with more
than 50% of its grains having a size of less than 80 um.

The behavior of this material will therefore be largely
influenced by that of its fine fraction, in particular clays, which
represent a significant proportion of around 20%.

As for the grain texture of the other two materials (MIX1 and
MIX2), they are coarse-grained earths, whose uniformity
coefficient (C, » 2) and curvature coefficient (1 < C. < 3)
values show that they are well graded.

Concerning Atterberg limits, obtained after these changes in the
earth's grain-size, they show a decrease in plasticity and
swelling potential (tab. 5).

In fact, there is a decrease in both liquid limit and plasticity
index, with an increase of almost 5% in shrinkage limit,
meaning that shrinkage index is decreased by about 13%.

The two materials MIX1 and MIX2 are characterized by the
same plasticity because their granular fraction 0/0.4 is the same.

There is also a decrease in clay activity from high activity
(1.25 < €, < 2) in the case of MIX0 material to medium
activity (0.75 < C, < 1.25) in the cases of MIX1 and MIX2
materials [18].

Note that MIX1 material has the lowest clay activity (C, =
0.82). Which means that it is the most stable material facing
water content changes (i.e. less volume change when wetted
and less shrinkage when dried).

These results are actually well-known by the scientific
community. Liquid limit and plasticity index increases with the
specific surface area of the grains [19], which is important in
the case of fine earths, clayey earths in particular, compared to
that of coarse earths.

Also, the impact of the addition of sand and/or gravel on the
shrinkage limit is confirmed by some studies [20].

Supposing that shrinkage phenomenon is isotropic, the
volumetric shrinkage of the 0/0.4 granular fraction of earth
material can be estimated, before and after its stabilization,

using the following formula:
3

) X100  (6)

Dy
S, (%) = 100% — (
sat
Where D, and Dg,; are respectively the diameter of sample in

its dried state and in a state approaching saturation, which
corresponds to the liquid limit.

Pic. 2 : Photo showing the volumetric shrinkage of the 0/0.4 fraction of
MI1X0 material (left), MIX1 and MIX2 materials (right).

Dsat Dsat

Dq

As a result, the volumetric shrinkage of the earth studied
decreases from 38% before stabilization to 17% after
stabilization.

Tab. 6 : Classification of the three materials formulated (MIX0, MIX1 and

MIX2).
Material MIXO0 MIX1 MIX2
AASHTO System A-7 A-6 A-6
USCS System CH SC GC

AASHTO System is the American Association of State Highway and
Transportation Officials Classification System [21] and USCS System is the
Unified Soil Classification System [22].

According to USCS System, the raw earth material (M1XO0) is
a Fat Clay with a high plasticity « CH », which is rarely suitable
for unstabilized earth construction. As for the earth-sand
mixture (Clayey Sand «SC») and the earth-sand-gravel
mixture (Clayey Gravel «GC »), they are suitable and
sometimes need fine earth to be added [23].
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4.2. Optimum compaction characteristics

The compaction tests on the three materials M1X0, MIX1 and
MIX2 were carried out according to the terms of the Standard
Proctor Test [13].

2.10 ¢ RN

100% Saturation lines

2.05 +
2.00 +
1.95 -
190 +

1.85 +

Dry density (Mg/m?)

1.80 +
1.75 +

1.70 +

1.65 +

6o b
5.0 10.0 15.0 20.0

Water content (%)

Fig. 5 : Compaction test curves according to Standard Proctor Test of the
three materials formulated (M1X0, MIX1 and MIX2).

Tab. 7 : Maximum dry density (P gmax) @nd Optimum moisture content
(womc) Of the three materials formulated (MIX0, MIX1 and MIX2).

Material MIX0 MIX1 MIX2
womc (%) 14.8 13.0 95
Pamax (Mg/m3) 1.78 1.90 2.00

The curves obtained from these tests are given below (fig. 5).
As shown in the previous results, there is an increase in the dry
density of earth-sand material (MIX1) by 0.12 Mg/m3
compared to raw earth (MIX0). This increase in density is
associated with a decrease in the optimum compaction moisture
content from 14.8% to 13.0%, meaning that about 12% of water
has been saved.

The results concerning the earth-sand-gravel material (M1X2)
are much more significant. Indeed, there is an increase in dry
density from 1.78 Mg/m3 to 2.00 Mg/m?3, which represents
more than 0.22 Mg /m3 increase. As for the optimum moisture
content, it has been decreased to 9.5%, which means a water
saving of about 36% compared to raw earth (MI1X0). These
curves show an increase in dry density and a decrease in the
optimum compaction moisture content (tab. 7).

The maximum dry density increases for two reasons: first,
because absolute density of aggregates is higher than the one of
substituted earth (2.70 Mg/m3 > 2.50 Mg/m3), second,
because the mixture grain-size curve is closer to the ideal curve
described in the figure (fig. 4).

As for the optimum compaction moisture content, its decrease
can be explained by the same factors that have reduced
plasticity and liquid limits. Moreover, some studies (A.
Sridharan, 2005 [24] ; T. Tsegaye, 2017 [25]) show that there
is a correlation between the Atterberg limits of earths and their

Comparing the optimum compaction moisture contents of each
of the three formulated materials with their respective
shrinkage limits, it appears that, contrary to raw earth (M1X0),
the use of the two materials MIX1 and M1X2 can be in the solid
state under shrinkage limit (wopc < ws). AS a result, cracks
caused by shrinkage can be avoided.

4.3. Compressive strength

The compaction of the specimens was carried out in their
optimum moisture contents as previously estimated.
Immediately after compaction, each specimen weight and sizes
are measured to calculate its wet density (p;,).

Three specimens per formulation were manufactured using the
same procedure described in the 3™ part of the present paper.
The specimens manufactured are then kept in the conditions
previously described for at least four weeks before checking
their drying. Once they are "completely dry", compressive tests
are carried out according to the methods described before.
Concerning compaction, results show that specimens' dry
densities are slightly greater than the maximum density
achieved by compaction test (1.04 to 1.07 times greater). This
is because the thickness of layers used to make specimens
(about 3.6 cm) is less than that one used in compaction test
(about 4.6 cm), while the compaction energy remains the same.

Pic. 3 : Photo showing some of specimens prepared for compressive test
(MIX0 material).
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As for compressive strength of specimens, there is an increase
of 0.09 MPa for MIX1 material compared to MIX0 material,
and an increase of 0.10 MPa for MIX2 material compared to
MIX1 material.

Measurements also show improvements in absolute and bulk
density and compactness of the material because of
densification performed.

To assess the efficiency of the formulations selected and the
manufacturing processes applied in this case study, the
compressive strength obtained can be compared to the values

compaction characteristics. recommended by documents regulating rammed earth
construction.
IJERTV8IS070140 www.ijert.org 351

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org
www.ijert.org

Published by :
http://lwww.ijert.org

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
Vol. 8 Issue 07, July-2019

One of these documents is « The Australian earth building
handbook »  (HB 195, 2002), which recommend a dry
unconfined characteristic strength obtained from earth blocks
or cylindrical earth specimens of at least 2.0 MPa [26].

The compressive strength obtained can also be compared to
results of similar research studies. Some of these results were
summarized in an article of L. Miccoli et al. (2014) [27]. Thus,
one of these studies (V. Maniatidis and P. Walker, 2008), was
carried out on a earth with physical and compaction properties
relatively close to those of the MIX2 material, and has obtained
an average compressive strength equal to 2.46 MPa determined
on cylinders with the same dimensions as those used in the
present case study [28].

In another case study carried out on a clayey sand (Soil S4) in
northern Portugal, the compressive strength obtained, for an
unstabilized rammed earth, is about 0.41 MPa [3].

There is also a case study conducted by L. Miccoli et al., in
2017, to investigate decay in historic rammed earth structures,
in which the compressive strengths obtained are 0.67 MPa for
extracted samples from ancient walls, 2.07 MPa for remixed

samples and 1.67 MPa for local earth [29].
Tab. 8 : Specimens characteristics of MIX0, MIX1 and MIX2 materials.

Specimens MIXO0 MIX1 MIX2
Compaction 0 o o
water content 15% 13% 10%
Wet density

2.21 2.27 2.30
(pn [Mg/m?])
Dry density

1.91 1.98 2.09
(pa[Mg/m?])
Compactness 76% 7% 80%
Pa/Pimaxr 107% 104% 105%
Average Ratio
Compressive 1.94 2.03 2.13
strength (MPa) +0.14 +0.12 40.11

Pic. 4 : Photos showing the compressive system (photo on the left) and a
specimen after it has been compressed (photo on the right).

As these comparisons show, the compressive strength obtained
seems to be satisfactory, especially since it meets the
requirements of the project owner.

4.4. Stabilization possibilities

As the characteristics of gravel-sand-earth material meets the
requirements of the project owner, stabilization using additives
(cement, lime or bitumen) is not necessary.

However, if there is an interest in improving these
characteristics, the most appropriate stabilizer, in relation to the
material plasticity, is cement (according to H. Houben et al.,
1995 [2]). Indeed, there are quite few papers dealing with this
subject. One of these papers is a paper by S. Kenai et al (2006)
that shows the positive effect that cement stabilization can have
on dry compressive strength. The paper showed, among other
things, an almost linear correlation between cement content and
dry compressive strength [30].

Despite these improvements highlighted by this paper among
many others, the use of cement as a stabilizer is not advisable
due to its negative environmental impact. In a recent paper, H.
Van Damme and H. Houben pointed out that the cement
stabilization «is in general neither technically nor
environmentally advisable as it brings only moderate
mechanical improvements at a high environmental cost » [23].
On the other hand, stabilizing the earth studied with plant fibers
is quite feasible because as some studies pointed out, such as
those of K. Ghavami et al [31], J. Prabakar et al. [32] and M.
Bouhicha [33], if the optimum content and the appropriate fiber
length are assessed, the use of fibers can improve both thermal
and mechanical properties.

4.5. Recommendations for field manufacturing

The field manufacturing process depends on the equipment
used for compacting: manual tamper or pneumatic tamper. It
also depends on the compaction method applied as revealed an
experimental study carried out by R. Bahar et al.[34] and S.
Kenai et al. [30]. This study about the effect of the compaction
methods on the mechanical properties and durability of earths
pointed out that dynamic compaction « seems to enhance the
mechanical properties and water resistance of the [earth] as
compared to the static or vibro-static compaction ».

As for the present case study, the equipment to be used is a
pneumatic tamper. Therefore, it is a dynamic compaction, the
recommendations of which are as follows.

e Mixture production

The mixture of the different ingredients should be performed in
dry state, or at its natural water contents as long as they are not
too wet, according to the formulation corresponding to the
MIX2 material.

o Compaction water content

The water content of the mixture must be corrected to the
optimum water content of about 10%. Note that the purpose is
to produce a material with a density equal to or close to the
maximum dry density obtained by the standard Proctor test,
which is about 2.10 Mg/m3. Compliance with the optimum
water content is therefore not an objective in itself, but a
parameter that must be taken into account since it has an
influence on the compaction energy needed to achieve the
targeted density. The mixture must be homogenized and stored
in a dark place and covered by an impermeable tarpaulin to
prevent evaporation.
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e Compaction procedures

Compaction procedures have to be defined in such a way that
the average dry density of the earth is greater than or equal to
2.10 Mg/m3.

These procedures must be established in a reproducible way by
specifying the thickness of the layers, the distribution of the
tamper's blows and, the number of passes per layer. It is
therefore required to carry out field tests to validate these
procedures.

Dry density can be tested on samples taken by coring. These
samples must be representative. Some research studies have
been carried out on the representative volume element of
rammed earth material. For example, an article from Q. B. Bui,
J. C. Morel et al. notes that in each layer, a material density
gradient is observed [35]. Indeed, « the upper portion of a layer,
directly in contact with the tamper during compaction, is
denser, while the lower portion, not affected by the tamper, is
less dense ». Therefore, samples made up of two layers are
proposed to be used as representative volume element (RVE)
of rammed earth.

e Quality control

The results obtained in this case study, and summarized in the
table above (tab. 8), indicate a correlation between dry density
and compressive strength (fig. 6). Therefore, quality control can
be limited to dry density control. The latter can be calculated
from the wet density by subtracting the moisture content.
Nevertheless, the compressive strength of the material
manufactured can also be measured by testing core specimens.
However, particular care must be taken in this procedure as
there can be, as discussed by some papers [36], a difference
between cast and core specimens results. One of the factors of
this difference can be attributed to the use of water and
vibration generation during coring which can lead to the
separation of the earth layers [35].

In any case, specimens must be made up of at least three layers
so that the height is twice the diameter. Also, and taking into
account the anisotropy of rammed earth material [37], coring
must be carried out in a perpendicular direction to layers.

2.40 T

2.00 + R

1.80 + \

2.03 213
1.60 1 1.94 :

Compressive strenght (MPa)

1.40 +

1.20

1.91 1.98 2.09
Dry density (Mg/m?3)
Fig. 6 : Correlation between dry density and compressive strength.

5. CONCLUSIONS AND PERSPECTIVES

The experimental method applied in this study case to make the
earth studied suitable for the chosen construction technique,

which is the rammed earth method, has been successful as it
made it possible, by testing only three formulations, to:

— Decrease clay activity and shrinkage-swelling potential
of the raw earth studied;

— Increase dry density by almost 7% for earth-sand material
and by more than 12% for earth-sand-gravel material;

— Reduce optimum compaction moisture content, and
therefore save water, by 12% for earth-sand material and
36% for earth-sand-gravel material, which is an
ecological advantage when applying this stabilization
method;

— Manufacture the material in a solid state under its
shrinkage limit, and avoid cracks due to shrinkage
following drying;

— Improve compactness and compressive strength of the
compacted earth.

Comparing the results obtained to the required characteristics,
the variant of the earth-sand-gravel (MIX2 material) can be
considered satisfactory. As for durability, it is expected that the
building facades, especially those exposed to rain, will be
covered with lime plaster. Therefore, the unstabilized earthen
material formulated can be used without any problem.

Also, the following recommendations can be considered for the
construction of a prototype wall on site:

— 10% as compaction water content, this value is for
information only and can be increased slightly depending
on the compact energy on site;

— 2.1 Mg/m3 minimum dry density, a value that must be
targeted to ensure the required compressive strength;

— Specimens for compressive strength test are to be made
according to the on-site compaction procedures in order
to control the quality of the prototype wall produced.

Once the conformity of the prototype is confirmed, the building
of walls, according to the established on-site conditions, can be
started.
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