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Summary

The following report sums up my work at the Auroville Earth Institute, as
a researcher on the problematic of Poured Earth. This internship occurred
between July and October 2011, when I joined AVEI to go further with
some research which had already been made by a previous intern, Alberic Le
Huede. During these 10 weeks of work, I mainly tried to conciliate the soil
mechanics approach which is developed at the institute with what I would
call a "concrete approach", i.e. bringing the knowledge I have about concrete
construction, being myself a civil engineer. The problematic of my studies
was to design poured earth mixes which would provide the best results in
term of compressive strength, shrinkage and workability, those parameters
being closely related by the water added.

The first tests where performed on the aggregates used to design poured
earth mixes: I conducted simple tests on a whole range of mixes, so as to find
out what ratios would give the best results in term of bulk ratio (compacity
of the mix). Complete sieve analyzes performed on all kind of raw materials
that are being used in Auroville (soil, sand, gravels...) were the second part
of my research. Using a classical method for the formulation of concrete
mixes, I tried to evaluate whether it could also be applied to poured earth.

To go further with these studies and try to optimize the mixes, I real-
ized an important range of samples, both cylinders and cubes, which could
be tested under compressive tests at different times after the day of pour-
ing. According to the results I obtained, I designed some additional samples,
slightly changing some parameters such as the amounts of sand and soil, of
fine particles, or using another binder (cement, lime and plaster of Paris were
tried)... I could finally choose three optimum mixes out of all the ones I had
made, and use them to design 1:1 walls. This three 120%225%24 ¢m walls
where realized in the middle of my internship, and we could analyze their
shrinkage together with the development of cracks in the structure.

In the final part of my internship, I focused on soil analyzes, since I re-
alized no real lab tests were performed at AVEI, often replaced by simple
sensitive tests. Therefore I decided to run my own lab tests on the local soil,
in order to compare the results with sensitive knowledge, and try to be more
accurate in the characterization.
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Introduction

From traditional earthen architecture to CSEB

Earth has been employed for construction for thousands of years, in all parts
of the world. It is a local and cheap material, which can be found everywhere,
although its quality and composition may vary from one place to another.
Today 40% of the world population lives in an earth house. Many differ-
ent techniques exist worldwide, allowing building a various range of housing,
from small shelters to several-stories structures.

However, with the improvement of many others building techniques such
as stone, firebrick, wood or concrete, earthen construction remained only a
traditional way of building, and suffered from a lack of interest from the sci-
entific community, since no real research was carried out for decades.

But since the 50’s, earthen architecture has known a renewed interest, and
an important number of laboratories all over the world are constantly im-
proving the existing techniques in order to develop greener and cheaper ways
of living. Among them we can quote CRATerre, the International Centre for
Earth construction which is based in France and is one of the world leaders
since 1975, and the Auroville Earth Institute based in India, where I interned.

Inspired by different traditional earthen techniques of building, com-
pressed stabilized earth blocks (or CSEB) are a modern technology nowadays
used in various parts of the world. It consists in the compression of a mix
of soil and sand, previously stabilized to guaranty its resistance to water.
Common stabilizers are cement and lime, employed according to the nature
of the local soil. Many studies have been conducted to determine the optimal
ratios of all the components, along with the pressure applied to the block, its
dimensions and conditions of conservation, all of these parameters depend-
ing on the characterization of the soil. A lot of studies have been conducted
here at AVEI, bringing CSEB technology from an experimental scale to a
constructive reality.

Indeed many buildings in Auroville are examples of CSEB architecture,

which allows to build several stories, walls and roofing included when used
along with vaults, domes and arches techniques.

10
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Learning from concrete construction

Alongside research conducted on earth, the X X** century has witnessed the
expansion of concrete, which increasingly developed all over the world in a
few decades, and is now the first materials used in construction. Its strength,
workability and compatibility with steel is an answer to most of architectural
designs.

Poured Earth is a technology which would conciliate the characteristics
of concrete with the employment of local aggregates. The product would
use less cement than a traditional concrete, providing a resistance strength
determined by its intended use. Addition of water to the aggregates would
allow to get a workable (plastic to liquid) mix which could be poured in
frameworks as concrete, allowing manufacturing of walls, beams, slabs... A
possible compatibility with steel would open the way to reinforced poured
earth...

There are many other interests in poured earth technology: as its me-
chanical and chemical behavior would be close to concrete, the full range of
already existing machines could be used. Testing processes and calculation
methods could also be strongly inspired by those developed for concrete tech-
nology, enabling constructors to easily employ it.

Since poured earth can directly be implemented on site in its final shapes,
it would no longer be necessary to have pre-production sites such as for CSEB.
The labor would be reduced with the costs, and the construction cadency in-
creased.

An introduction to poured earth research

For all these reasons, it is understood that poured earth is a strongly promis-
ing technology, which nowadays only exists at an experimental level. There-
fore it is fundamental to implement research projects, and develop on-site
experimentations in the years to come.

I wanted to study poured earth in terms of a new concrete technology,
therefore employing the classical methods and norms inherent to concrete

11
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buildings. Workability tests, sieve analyzes, making of samples or construc-
tion of walls were strongly influenced by concrete knowledge: thus I could
experiment the behavior of poured earth, see its common points with con-
crete, and understand some of their differences to design optimal mixes.

The following pages are a summary of my research work, presenting the
results T obtained, conclusions which can be drawn, and new leads to follow...

12



Chapter 1

Designing dry agreggate mixes

1.1 Objective

The objective of this test is to get a first overview of the different material
ratios which will then be employed to realize the first series of samples. We
aim to find the best dry aggregate ratio, i.e. the dry mix which will reach
the maximum of compacity.

1.2 Principle of the test

The compacity of a dry mix of different materials is defined as its apparent
density (kg/L) divided by its specific density (kg/L) :

Papp
¢ = Htap (1.1)
Psp

1.2.1 Apparent density

The apparent density, or bulk density is defined as the ratio between the
weight of the dry specimen and its apparent volume; i.e. the volume limited
by the external surface of the specimen including any voids. To determine
the apparent density of an aggregate mix, we weight first the mass of the
sample in a cylindrical recipient. By properly leveling the surface of the mix,
we can get its apparent volume.

1.2.2 Specific density

The specific density of a material is the weight of a given quantity of the
material divided by the sum of the volumes of the particles contained in the

13
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same quantity.

Plp/
spec — 1.2
p’p P0+P1—P2 ( )

Where Py, Py, P> as shown on Figure 1.1, p/ = 1 being the density of
water.

! *II” water +1— void
glass
plate == ="
P,
dry Lol ——
aggregate : *’ . fit T aggregate
: 1| mix
mix P
! _I_ELI_ 4+ water
P;

Figure 1.1: Handling for measuring specific density

Principle

e Fill the recipient with water and cover it with the glass plate to make
sure that no air remains between glass and water. Weigh all. Then
remove water from the recipient.

e Weigh a mass P1 of dry mix ;

e Put the mix of weight P1 in the recipient, and then fill it with water,
making sure there is no air remaining by stirring the mix. Complete
filling as before ;

e Weigh everything: P2.

1.2.3 Designing the tests

The test will be done with several mixes, as described below. The different
ratios between soil, sand and gravel should give a sufficient range to get a

14
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first idea about the best dry aggregate mix. We will then pour real samples
and test them under compression to compare the results.

| T MiXz MIX3 | mMix4 Mix5 MIX6 |1/2" GRAVEL|GRAVELCHIPS| SAND SOIL
Soil A0% 30% 25% 20% 15% 10% 173 L7 L] 100%
Sand A0% 20% 5% 20% 25% 20% 0% 0% 100% 0%
Gravel Chips 10% 20% 5% 30% 20% 0% 0% 100% 0% 0%
1/2" Gravel 10% 20% 25% 30% 40% 20% 100% 0% 0% 0%

Figure 1.2: Composition of the six mixes designed

Once the mixes are ready (made by hand, weighing the different masses
of materials), we first determine their apparent density, then their specific
density. Finally, we can easily calculate their compacity and compare the
different results.

Figure 1.3: Measuring apparent Figure 1.4: Measuring specific
density density

1.2.4 Results and conclusions for the six mixes

From this first range of experiments we can infer that the best ratio between
the different components of the dry aggregate mix seems to be reached for
the 3rd mix, which includes 50% Gravel (25% half inch Gravels and 25%
Gravel Chips), 25% Soil and 25% Sand. We then decided to improve these
results by launching a second series of tests. We will now work separately on
both ratios half inch Gravels / Gravel Chips and Soil / Sand. Since the soil
we use contains an undefined fraction of sand, it seems interesting to focus
on the mix sand-soil, and find its best ratio.

15
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Dry Aggregate Mixes
W1/2" Gravel
B Gravel Chips
172" |GRAVEL
MIX 1 MIX 2 MIX 3 MEX 4 MIX 5 MIX & SAND S0IL
GRAVEL| CHIPS ® Sand
1/2" Gravel 10% 20% 25% 30% 40% 40% 100% 0% 0% 0% B Soil
Gravel Chips| 10% 20% 25% 30% 20% 30% 0% 100% 0% 0%
Sand 40% 30% 25% 20% 25% 20% 0% 0% 100% 0%
Soil 40% 30% 25% 20% 15% 10% 0% 0% 0% 100%
———
i x\-—-——'_&._
0,550
. gOM pacity
0,450

MIX1 MiX2 MIX 3 MiX4 MIX5

MIX6 GRAVEL Gravell Gravel2 Gravel3
CHIPS

Figure 1.5: Results for the six mixes in term of compacity

1.2.5 Designing a second range of tests

We are now separately trying to estimate the ratios of Gravels and Soil/Sand
which will give us the best compacity when mixed. Therefore we will design
the samples with different ratios of aggregates, as it appears on figure 1.6.

Dry Aggregate Mixes

W1/2" Gravel
B Gravel Chips
B Sand
o Soil
el "y b & ™ e " “ NG k3 L] he B
ngz & sa't‘" & @ '$‘t\ 1‘3‘@ C?é} AT A - R
o & & & & & &
& P

Figure 1.6: Design for the second range of tests

1.2.6 Results

We can first focus on the gravel mixes and analyze the results provided by
the tests we run. We notice that the curve compacity f(ratio) doesn’t seem to

16
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follow a simple tendency : there is no maximum point, so it’s impossible to
infer from the test an ideal ratio between our two kinds of gravels. Perhaps
the protocol of experimentation isn’t precise enough for gravel mixes. It
would be good to run the tests again using a bigger recipient, which should
give better results.

Compacity results for Gravel Mixes
0,600
0,580 =
0,560 / \\*--..
0,540 \
0,520 \
0,500 \‘-
0,480
GRAVEL CHIPS Gravel 1 Gravel 2 Gravel 3 Gravel 4 Gravel 5 1/2" GRAVEL
m— COM Pacity

Figure 1.7: Results for gravels in term of compacity

Concerning the soil/sand mixes, the results are much more useful : there
is a maximum point, located between the mixes SS2 and SS4. Out of the
range of tests done here, the mix SS3 (50% Sand / 50% Soil) gives the best
result, with a compacity of 0,697.

Compacity results for Soil/Sand Mixes

0:5?0 / \

0,650 /——/ \‘

0,630 / \\

0,610 / \

CIJSQCI // \

0,570

0,550

SAND 551 §52 553 554 555 SOIL

Figure 1.8: Results for soil and sand in term of compacity

1.2.7 Conclusions

From this second range of tests, we can’t infer any ideal ratio between half
inch gravels and gravel chips. Some new tests should be run to know more

17
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about the best mix of gravels. On the other hand, we can say that a 50/50
ratio between soil and sand gives a very good compacity.

1.3 Conclusion of dry tests

The different results obtained through these first series of tests seem to be
coherent and lead to the same conclusions: whereas it’s now difficult to guess
the best ratio of gravels, we can conclude that using a 50/50 ratio of soil /sand
will lead to the best compacity. Also the mix including 25% sand, 25% soil,
25% gravel chips and 25% half inch gravels is the best in term of compacity.
We can now pour real samples of the different dry aggregate mixes tested
here, which should confirm the present results, and allow us to know more
about their resistance under compressive strength.

18



Chapter 2

Sieve analyses

2.1 Objective

The aim of performing a sieve analyses on the different dry materials that we
commonly use at the Auroville Earth Institute is to assess the particle size
distribution, or gradation of these granular materials. The results of these
tests are a representation of the gradation on "gradation curves", which will
be useful for the formulation of concrete, or any kind of mix including several
sorts of these materials.

2.2 Principle of the tests

The test is using a sieving machine, in addition with a 10 sieves range, whose
mesh dimensions are (in mm) : 20 ;10 ;5,6 ;3:;2;0,5; 0,425 ;0,3 ; 0,212 ;
0,106 !

1. All sieves are weighed while empty.

2. Sieves are piled up to form a column, from bigger (up) to tinier (bot-
tom) mesh. An additional cup is placed at the bottom.

3. Upper sieve is filled with 1kg of dry material (e.g. soil, sand or gravels),
then covered.

4. Sieves are placed on the machine, which will shake the system for ap-
proximately 1mn.

INB: there was no information given about three of the sieves, therefore the mesh was
approximately deduced by eye and using the modulus written on the sieves. The error
made on this estimation should not disturb the results, but it’s important to note that we
are not performing a 100% rigorous test.

19
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5. Sieves are removed from the machine, then weighed one by one after
manually completing the sieving, using a simple brush.

The test was performed twice for all the materials : raw soil, crushed soil,
sand and gravels. Soil and sand had been left for 24 hours in the oven before
sieving.

Figure 2.1: Sieve shaker used for sieve analyses

2.3 Results

The following paragraphs will sum up the results obtained for the different
tests performed. Additional information about calculation procedure can be
found in the corresponding .xlIs sheet. Also the complete series of gradation
curves is available in annexes.

2.3.1 Soil

Figure 2.2: Soil gradation

It clearly appears that raw soil left outside for a long period presents a
phenomenon of flocculation of its fine particles, probably due to moisture

20
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and variations of weather. Therefore, it is particularly interesting to see if a
proper crushing of the soil will consequently modify its gradation. A proper
portion of soil was dried in the oven, and then crushed by hand with bricks

before running the test.

SOIL SIEVING

100,0 / —
90,0 / - /
80,0 /
70,0
/ S AMPLE @ SOIL O
2 60,0 DATE : 17/08/2011
& / Test performed by : Jerome
£ 500 / e SAMPLE : SOIL 1
& :
2 w00 DATE : 18/08/2011
/ Test performed by : Jerome
30,0 SAMPLE : SOIL 2
/ / DATE : 18/08/2011
20,0 / / Test performed by : Jerome
100 _V
00 I —
0,080 0,800 8,000
Sieves (mm)
Figure 2.3: Gradation curves for soil
2.3.2 Sand
100,0 — S
90,0 /
80,0 /
70,0 /
£ 60,0 SAMPLE : SAND 1
8 so0 F/ DATE : 17/08/2011
s / Test performed by : Jerome
2 400
“ 300 / SAMPLE : SAND2
200 ,/ DATE : 17/08/2011
’ / Test performed by : Jerome
10,0 _—/
00 +—
0,080 0,800 8,000
Sieves (mm)

Figure 2.4: Gradation curves for sand
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2.3.3 Gravels

Two types of gravels were tested : Gravel chips and Half inch Gravels.

GRAVELSIEVING

100,0
90,0
80,0
70,0
60,0
50,0
40,0
30,0
20,0
10,0 -

0,0 A NPLE @ 1/2° GRAVEL 2
0,500 5,000 DATE : 19/08,/2011
Sieves (mm) Test performed by : Jerome

=S AMPLE - GRAVEL CHIPS 1
DATE : 19/08/2011
Test performed by : Jerome

SAMPLE : GRAVEL CHIPS 2
DATE : 19/08/2011
Test performed by : Jerome

Sievings (36)

A NMPLE @ 1/2° GRAVEL 1
DATE : 19/08/2011
Test performed by : Jerome

Figure 2.5: Gradation curves for gravels

Figure 2.7: Half inch Gravel gradation

2.3.4 Granite Dust

Finally, I also made some additional tests on granite dust, a material which
is obtained throughout the making of gravels out of granite stone. It is easy
to get, and quite cheap, therefore it could be an interesting alternative to
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sand. Analyzing its gradation will give us a good idea on how and in which
proportions it could be included in a poured-earth mix. The gradation curves
are in the annex files, and was also added to the figure 2.8 : we see that it
contains a lot of fine particles?, which is not really good for our tests : actually
there is already a lot of fine sand, silts and clays in the soil that we use, and
adding more to our concrete would give poor resistances and high shrinkage.
It seems that it is a way we should forget about.

2.4 Conclusions

There are no real “conclusions” which can be drawn out of these analyses.
However, it is fundamental to get knowledge about the materials we are
using here for all kinds of purposes. Since these soil, sand and gravels are
used a lot at AVEI and even in the whole Auroville, getting to know there
gradation can be very useful, particularly as they help formulating aggregate
mixes (concrete, blocks, road construction). They also represent a good way
to know more about the quality of the sand (is it a good for concrete?), and
about the components of the soil (fraction of fine particles = silts and clays).
The following graph sums up all the tests performed for this report : average
values are used to draw the curves corresponding to each type of material.
We are using results for crushed soil rather than "raw" soil.

2Note that granite dust is a residue from the grinding of granite stones; these “fine
particles” are a fine powder of granite and do not include clay.

23



INSA de Lyon 5GCU - Internship Report
Génie Civil et Urbanisme Jérome COCHET

SIEVINGS : SYNTHESIS
100,0 _* = . J

=

&
=}
+

SAND.

50IL

Sievings (%)
g

CHIPS

~ HALF

N R

30,0

DUST

+

200 P

100

00 F F 4+ =
0,080 0,800 8,000
Sieves {mm)

Figure 2.8: Half inch Gravel gradation
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Chapter 3

Designing a Tool for Formulation
Applications: samples and walls.

3.1 Objective

After processing sieve analyses on all the variety of materials that we can
find in Auroville and AVEI, I thought it would be interesting to develop a
tool which could help designing the poured earth mixes. According to the
ratios included, it would give an idea of the final quality of the concrete.

3.2 Principle and How To Use the Tool

Since we don’t know much about poured earth, and no real documentation
nor databases are available, I chose to base this tool on concrete methods.
Indeed, exception made for the soil, the other components are all similar to
those used in a traditional concrete mix, and therefore it should provide us a
good approximation. The tool is a basic software designed on an excel sheet.
The gradation results obtained for each type of material are given first, and
average values are calculated to characterize them separately, as we can see
on the picture below.

The user can then enter in the appropriate cells the percentages of dif-
ferent components that he wants to mix together: soil, sand, granite dust,
gravel chips, half inch gravels and one inch gravels are included. It is of
course possible in the future to add new types of materials if necessary. The
ratios should be entered out of volume, then the software will automatically
calculate the corresponding mass ratios, according to the apparent density,
which are already provided for all kinds of aggregates.

As we can see on figure 3.4, the software allows to draw up to 6 curves
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Figure 3.1: Data board (results obtained thanks to gradation tests)

100,0 100,0 100,0 100,0 100,0
99,8 100,0 99,2 99,8 784
99,3 99,9 68,4 995 15,2
97.3 98,6 17,0 96,0 2,2
94,8 96,5 9.3 85,3 13
29,9 58,0 4.3 45,6 0,7
271 54,9 4,1 435 0,7
59 30,4 238 253 0,6
2,2 22,6 2,2 17,8 0.5
0,2 74 13 6,2 0,5
0,0 0,0 0,0 0,0 0,0

Figure 3.2:

Average values, obtained thanks to the data board
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GRANTITY [Siver] [ an 30 [ 30
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e e CHIPS HALF ove | ot |

CUANTITY (Sl o 30 40 L] el

OUANTITY Smas) 0,00 28,62 39,20 3,00 bl

Figure 3.3: User interface, the ratios should be entered in the white cells

simultaneously, which can be interesting if a comparison between a wide
range of mixes is necessary. On the example which is given here, we will
draw the curves which correspond to the six different mixes we designed in the
first range of cylindrical and cubic samples (series 1Cy and 1C, whose results
under compression strength will be easily found in the corresponding report).
Then the software will automatically draw the curves that are designed, all
together on the same graph, and compare them with an "ideal" area, in
which our curve should be located in order to get a good concrete mix, as a
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matter of compacity, strength and homogeneity.
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Figure 3.4: Gradation curves obtained for each one of the six mixes previously
designed

All of these mixes have been also poured in cylindrical and cubic samples,
so as to be able to compare the results after breaking: we should be able to
match the location of the curve in or out of the grey area, and the compression
strength obtained. Here we observe a lack of big gravels, since we cannot
include them in samples. Also it seems that there is always a lack of fine
and medium sands, while the fine particles ratio is difficult to evaluate on
the only base of dry sievings.

For the making of walls, which was decided later, T tried to adapt these
curves with using 1" gravels. The mixes were designed according to the
results that we obtained under compressive strength : we chose to keep only
the 3rd, 4th and 5th mixes, which were giving the best resistance.

Agpregate S0 | saND CHIFS HALF ONE o7
OQUAKTITY (kv 25 25 15 15 20 0
DUANTITY (%mas| | 22,79 | 27.80 | 1490 | 1479 | 1972 100

0L SAND CHIPS. HALF: ONE TOT

OUANTITY (Rvol] 20 20 20 20 20 1K
CDUANTITY (%maza) | 1828 | 2229 | 15891 | 1876 | 1876 100
S0 SAND CHIPS HALF ONE TOT

15 25 15 25 20 100

| 1358 | 2759 | 1479 | 2447 | 1957 | mw

Figure 3.5: Design for the walls

These ratios gave the following cuve. We clearly observe a lack of sand
and medium gravels according to concrete optimums. On the other hand,
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the ratios of fine particles seem coherent.
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Figure 3.6: Design for the walls

3.3 About the method : conclusions

This tool is based on a french method for concrete design, written by engi-
neers Dreux and Gorisse in :

Composition des bétons : méthode Dreux-Gorisse, G. Dreux et F. Gorisse,
Annales de U'Institut Technique du Batiment et des Travauxr Publics. N°/1J.
Beton 214. May 1983.

It provides a complete method for the formulation of concrete, based on
a wide range of experiments whose results where then gathered and analyzed
to elaborate global procedures. The dry aggregate mix is part of it, and the
curve that I should to use represent the average area for dozens of concrete,
as a matter of gradation. I kept for this software two different curves, re-
spectively corresponding to D<20mm and D<40mm, D standing for the size
of the biggest aggregate. Here we will chose one of the other graph if we use
1" gravels (D<40mm) or not (D<20mm). I would conclude by saying that
this software is now only an experimental tool, based on my own laboratory
tests, with limited equipment (see the Sieve Analyzes report), and which
therefore contains some errors an approximations. Also the comparison be-
tween poured earth and concrete should provide some hypothesis, leads and
new ideas for next formulations, which would need to be compared with me-
chanical tests (shrinkage and compressive tests). It must not be used as a
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design tool, as we still have no precise idea about "poured earth" character-
istics.
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Chapter 4

Compressive tests

4.1 Objective

A wide range of samples were designed and tested under compression strength.
This file reports the results for 85 samples (61 cylinders and 24 10x10x10
cubes), giving their compressive strength respectively 7, 14 and 28 days after
the day of pouring. We are testing here different ratios of aggregates (the
dry soil/sand /gravel mix), in addition to different amounts of binder (cement
or lime). Information about water required and workability reached are also
included. We will therefore follow the evolution of the strength of these mixes
according to the time of setting, and determine the best ratios of different
materials which should be used in poured-earth.

Figure 4.1: 1st range of samples : 1Cy and 1C series

4.2 Samples design

It was decided to produce samples containing 5%, 7,5% and 10% of cement
and 7,5% of lime, added to the six different mixes designed in Chapter 1, as
reminded on Fig. 4.2. The amounts of materials where calculated according
to the volume required to make a slump test, then three cylinders ! and

1210x104 mm
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one cube 2. The cylinders would be respectively tested under compressive
strength after 7, 14 and 28 days, whereas the cubes would be tested only
after 28 days. Cement samples were cured during 28 days by humidification
twice a day, while lime samples were simply left outside to dry. Details about
the composition of dry mixes can be found on Figure 1.2

Dry Aggregate Mixes
100%
80%
60%
A40%
20%

MIX B W 1/2" Gravel

1/2"Gravel | 10% | 20% | 25% | 30% | 40% | 40% W Gravel Chipss
Gravel Chips | 10% 20% 25% | 30% 20% 30% m Sand

sand 40% | 30% | 25% | 20% | 25% | 20% |  msoil

Soil 40% | 30% | 25% | 20% | 15% | 10%

Figure 4.2: The six different dry agreggate mixes used for designing samples

4.3 Procedure for making of samples

Since the slump test required a consequent volume of admixture, in order
not to waste it the pouring of the cylindrical samples for the compressive
strength test was done just after. The casting of the cylindrical samples and
the compressive strength test were all done according to the American stan-
dards ASTM C31. The cylinders used here were cut out of pipes and had a
21cm height and a 10,4cm diameter. It is necessary to have at least a height
twice longer than the diameter, and the diameter of the cylinder should be
at least 3 times the nominal size of the coarse aggregate used in the earth
concrete.?

e The interior surface of the mould was oiled. Then the mould was
placed on a ceramic tile in order to avoid adhesion when hardening
and unmolding. The admixture was poured in two equal layers each
tamped 25 times with a 1,6cm diameter rod.

2100x100x100 mm
3For every mix, one cubic sample was poured in a cast iron mould, in addition to three
cylinders made as explained above.
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e The surface was leveled with a trowel. The samples were unmolded 3
to 24 hours after. The samples with cement were then cured for 27
days whereas the sample with lime were left outside for 28 days.

o After 28 days of curing for cement based samples, and drying for lime
based samples, they were ready for the compressive strength test. *

4.4 Water content of the mixes

For every mix, the water is sensitively adjusted, according to the global
workability of poured earth. Since the mix was done by hand and trowel in a
simple wheelbarrow, and the sample poured manually and only tamped with
a small rod (no vibration or ramming), it is clearly understood that 1:1 mixes
will require less water. Indeed, using a concrete mixer and a vibrating needle
will help a lot to diminish the ratio of water, therefore improve the strength
and limit the apparition and growing of cracks in the structure. In spite of
these lacks of precision, I tried every time to adjust the water in order to get
a sufficient workably, i.e. allowing pouring in the molds. I estimated that a
Slump of 5 to 10 (S2 Class), was the best, and tried to stick to this range of
water contents. For every mix a Slump Test was realized, using the Abrams
Cone.

Class | Slump range |Target '

53 100 ~ 150 | 130
54 160 ~ 210 | 180

slump
Eq st | 10 ~ 40| 20
3 slump $2 | 50 ~ 90 | 70
__:ImIlrn

basa N s5 | 210 ~ n/a | 220
p!ate—| 4 : P " Table 1. Slump class from BS8500
Figure 4.3: Water contents for Figure 4.4: Water contents for
S1, S2 and S3 Slump classes S2 and S3 Slump classes

We can sum up the results that we obtained for the water content, on the
figure 4.5. It is here given in percentage, as the mass of water divided by the
total mass of dry aggregates (excepted cement).

It is also possible to focus on the S2 and S3 classes only, since S1 mixes
were slightly too dry to reach a really good workability (see Figure 4.6).

4Details and photographs about the procedure are to be found in appendix, page 65.
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10%«:...<11% 11%<...<12%| 12%<...<13% | 13%<...<14% | 14%<...<15%| 15%<... |

14,91%

15,87% 14,27%
15,79% 14,30%
18,28% 15,86%

Figure 4.5: Water contents for S1, S2 and S3 Slump classes

1D%=:...=:11% 11%<...<12% | 12%<...<13% | 13%<...<14% | 14%<...<15%| 15%<.. |

14,91%

14,30%
18,28% 15,86% 14,17%

Figure 4.6: Water contents for S2 and S3 Slump classes

First we can notice that the water required evolves according to the com-
position of the mixes, especially with the ratio soil/aggregates. The more
soil we add, the more water we have to add to the mix. This is due to clay
particles, which will absorb a lot of water and swell. Therefore it is required
to add more water in order to complete the hydration of cement and to get
a sufficient plasticity for pouring. Since clay is swelling, it is also not so
good to add to much water, because of the shrinkage phenomenon which
will appear while drying, and cause cracking in the structure. The second
aspect which it is important to take into account is the fact that the samples
made using lime require much more water than those made with cement. In
fact, adding lime to soil will strongly increase its limit of plasticity, so it will
be necessary to add water if we want to reach a workability class similar to
cement-samples. This is of course a bad deal for a poured earth mix, as we
explained above.

4.5 Estimation of the density

Prior to compressive tests, the samples were weighed, dried in the oven then
weighed again. This procedure usually gives good informations about water
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content, but since the samples were cured every day (i.e. water was spread
twice a day, thus in order not to allow them to dry), any information about
their water content is not really relevant here. However, it is interesting
to gather results in term of density after drying : indeed, to reach a good
strength, any concrete sample should be the more compact as possible.
Therefore the samples were weighed after drying : the results in term of
density are given on Fig.4.7 for the cylinders and on Fig.4.8 for the cubes.

Density of Cylinders

Density (kg/m3)
8
8
T\

1800,00
|
| 1} —~
17a000 w4
1 .
sy aysy
Cylindzrs =
Series 1 Cylinders days days d” 28 »
" ays < p
ceries 2 Cylinders days e 14 —— . >
" ays 28 >
D-7,5% Lime - Cylinders days ' ;:x'““»
s 28
A-5% Cement Seriecd Cylinders days davs
HE-7,5% Cement Series 5 Cylinders
B C-10% Cement Series 6

Figure 4.7: Values of density measured on cylindrical samples

2200,00
2100,00

= 2000,00

Densit

Series 2 -

Series 3
Series4

D-7,5%Lime mB-7,5% Cement

A-5%Cement BC-10% Cement

Figure 4.8: Values of density measured on cubic samples

We can conclude for these two graphs that among the different mixes
that we designed, the density increased with the ratio of gravels (gravel chips
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and half inch gravels) : for example the dry mixes 4 and 5. As in a concrete,
whose density is on average between 2000 and 2600 kg/m?, the more compact
the sample is, the most important compressive strength it will reach. We can
also notice that the nature of the binder seems to play an important role in
the final density : the samples containing cement are much heavier than
those containing lime. It is also interesting to notice that the quantity of
cement does not seem very influent: adding more than 5% cement will not
consequently increase the final density of the sample.

4.6 Compressive strength

The compressive strength test were performed on the manual hydraulic press
of the Institute, according to the test protocols in force here. The samples
are places between two plates of steel, and the load is manually increased by
moving up the bottom plate, until the sample breaks. It is then possible to
measure the maximum load thanks to the stress gauge included.

4.6.1 Failure modes

The cylinders and the cubes were loaded until we could observe the failure
of the sample. Different failure modes can occur : for the cylinders, we
generally observe a cone-shaped failure. When the tensile strength inside
the sample gets to important, shear stress can trouble the trial and cause
a diagonal crack, known as "shear failure"®. It is advisable to avoid this
phenomenon by being careful to accurately center the sample on the plates,
otherwise the failure will occur before reaching th real compressive limit,
therefore providing biased results.

4.6.2 The case of lime

It clearly appears in all the different tests and for all the dry agreggate mixes
used that lime is a very poor binder for poured earth. After 7, 14, 28 and
even 56 days®, the samples never reached a minimum of 1 MPa, and most
of the time the machine did not even record any load when breaking. Once
broken, they could be easily crushed by hand, as if there was no binder at
all inside (cf. Fig. 4.9).

5Refer to appendix .4.3, page 68 for more details and pictures of these examples
6A previous sample left at the Institute by Alberic Lehuede was tested after 56 days
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Figure 4.9: Tllustration of the friability of the samples made using lime

4.6.3 Results on cylinders

We can first sum up the different results obtained for the cylindrical samples
on the Fig. 4.10. Tt is clear that the compressive strength of poured earth

Compressive Strength on Cylinders

Compressive Stregth (MPa)
)

Cylinders
Cylinders G
Series 1 Cylinders
es Series 2 Cylinders
o Series3 Cylinders
WA D Etement Series 4 _ Cylinders
EB-7,5% Cement MC-10% Cement Series5

3eries 6

Figure 4.10: Compressive strength obtained on cylinders
increases when the ratios of gravels are increased and the amount of soil de-

creases. Globally, the resistances vary between 1 MPa and 5 MPa, according
to the different amounts of materials and stabilizer.
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Percentage of stabilizer and curing process

Tests were conducted for all the different mixes with different amounts of
stabilizer”: while we only used 7,5% lime, we also designed samples with
respectively 5%, 7,5% and 10% cement, in order to be able to find out which
quantity of cement was the optimal one. After pouring, samples were cured
every day, and broken after 7, 14 and 28 days. The results® corresponding to
these different parameters are given on Fig. 4.11. As for classical concretes,

Influence of curing and stabilizationon
compressive strength —® A-s%cement

—®=B-7,5% Cement
6,00

== - 10% Cement

n
(=]
(=]

F 7 days 14 days 28 days /
§ 4,00
B
£ 3,00 » / s
WA/l
g - .
o 2,00 F §
£
5 <. 7

1,00 - - - v [ '_. L]

L ] L]

12345 12345 12345

Figure 4.11: Variations of strength with curing time and quantity of cement

the genuine resistance of the sample is reached only after 28 days. During
this period it is important to maintain a certain amount of water inside the
materials, for the chemical reactions in cement to occur, and binding the
agreggates together. It seems obvious that the more cement and gravels are
added, the more final resistance we will obtain, while important ratios of soil
seem to weaken the final strength. It will be then important to clearly define
the desired resistances to formulate a poured earth mix...

4.6.4 Results on cubes

It was decided also to manufacture cubes for the different mixes tested under
compressive strength : one cube per mix was made, and cured during 28 days

"Refer to Fig. 4.2, p. 31 for their exact composition

8Results are given only for the series 1, 2, 3, 4 and 5 since the sixth contained too much
gravels, disturbing its manufactering. Moreover, since its soil ratio is very small, it is not
a relevant formulation for "poured earth".
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before testing with the same hydraulic press. The results of the tests are to
be found on Fig. 4.12 We observe the same tendancy than with cylinders :

Compressive Strength on Cubes

1000 v T

300 - - B

6,00 ~| i

4,00 -

2,00 +

0,00 -+

Series1

T

Compressive Stregth (MPa)

T

Series 2
Series 3

Series 4

D-7,5% Lime  WB-75% Cement series s

Series 6

BA-5%Cement MC-10%Cement

Figure 4.12: Compressive strength obtained on cubes

the best resistances are reached by the samples containing less soil, and more
gravels and cement. Therefore the same conclusions can be drawn.

4.6.5 Comparison between cubes and cylinders

It can be interesting to try to characterize more precisely the results provided
by cubic and cylindrical samples : indeed, if they seem to give the same kind
of results about the ratios of materials and binders, the results obtained under
compressive strength are not exactly the same. The same global tendancy is
obtained, but we can also notice (see Fig. 4.13) that the compressive strength
of cubes is much higher than that of the cylinders. This result is well-known
for concrete samples?, and we can notice that it is also valid for poured earth.
Moreover, the cylinders used for these tests were of small dimension (21 cm
height and 10 ecm diameter): which is not enough to sufficiently get rid of
the troubles due to shear stresses. I suggest in the future to focus only on
cubic samples, since they seem to be more accurate.

Ye.g. if we observe a resistance of 20 or 30 MPa on a cylinder, we will respectively find
25 and 37 MPa on a cube made of the same concrete
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Figure 4.13: Results on cubes and cylinders

4.7 Estimation of the Young’s Modulus

The results obtained by processing compressive strength tests only provide
stress in the material when it breaks. This value is interesting, but it does not
give any information about its general behavior. I wanted to go further, and
to characterize more precisely poured earth, mainly in term of elasticity and
plasticity: therefore I decided to run some simple compressive tests, using a
"home-made" device to obtain the elasticity limit of the samples, also known
as "Young’s Modulus". These tests were performed on 10x10x10 mm cubes,
after 28 days of curing.

4.7.1 Tests on poured earth
Protocol for testing

A compressive strength test was performed just as for classical tests, but a
dial gauge was fixed to the machine in order to measure the displacement of
the bottom plate, thus the inner deformations of the sample. By regularly
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taking pictures of the machine, it is possible to get at the same time the stress
and strain dials, then to draw the corresponding stress-strain curves. I used
Microsoft Excel for this part, reading and entering manually the values of
load and displacement. Please refer to appendix .4.4, page 69 for photographs
and explanations.

Results

After importing the different values, we can draw the stress-strain curve for
every samples, as o Fig. 4.14. We can observe that the general shape of the
curve follows the classical laws : an elastic area with its limit, then a plastic
area which ends with the failure of the sample. Despite this interesting

Stress-Strain Curve : Sample 1C2B
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Figure 4.14: Example of strain-stress curve for a cube

results, there seems to be a problem when we try to estimate the Young’s
Modulus of poured earth, since all the results are giving values in a range
between 100 MPa and 500 MPa, which is way too low according to average
values!?. So we can challenge the procedure, and wonder if an error occured
in the tests...

4.7.2 Tests on steel

Seeing the results given by the different cubes of poured earth tested under
compressive strength using AVEI "Shiva" machine, T decided to make some

10¥oung’s modulus for concrete is between 20 and 50 GPa...
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additional trials using a well-known material. Therefore I ordered a 50x50x50
mm cube at Aureka (Auroville’s steel construction workshops). I managed
to obtain a 5235J0 steel, whose mechanical average characteristics are given
below.

Minimum Yield strength (thickness between 40 and 63 mm): 215N /mm?

As for classical steels, the Young’s Modulus should be approximately of
200GPa. Performing compressive tests on the cube should give us a compar-
ison between this theoretical value and the results obtained experimentally.

Protocol for testing

Four trials were conducted for this experiment : the cube was first compressed
twice between two sheet of cardboard (thickness of 3 mm), then twice with
no sheet, directly between the two steel plates of the machine. Compression
was stopped when the indicator reached 350 kN (about 140 MPa), two avoid
any plasticization and stay in the elastic area of the material.

Results

The strain-stress curves corresponding to the four tests can then be drawn
on a same graph (see Fig. 4.15)!". We can notice that the behavior of the
cube is not the same whether or not cardboard is used for testing protocol.
Without cardboard, we observe a linear evolution between stress and strain,
while the curves with cardboard seem to follow an exponential evolution...
From this we can conclude that cardboard could represent a real problem for
the accuracy of measures, since it will trouble the general aspect of the curve.
To go further, we can draw the same curve by eliminating their non-linear
areas, i.e. the first part of loading, when important displacements occur in the
cardboard sheets. Therefore it is possible to evaluate the Young’s Modulus
of the material, corresponding to the slope of this line, on Fig. 4.16. We can
read on the graph four different values for this modulus of elasticity, which
are quite close. Also the presence of cardboard does not seem to have a real
influence on Young’s Modulus reading. What remains strange is the fact that
we obtain a modulus of about 5000 MPa, while it should reach for common
steels about 200 GPa (40 times more!). This test confirms the fact that our

HThe curves referred as "Steel 1" and "Steel 2" stand for the cube with cardboard,
while "Steel 3" and "Steel 4" stand for the same cube of steel with no cardboard.
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Strain Stress Curves for Steel
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Figure 4.15: Strain-stress for a 50x50x50 cube of steel
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Figure 4.16: Strain-stress for a 50x50x50 cube of steel : linear area
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protocol of testing does not provide a suitable method for evaluating the
elasticity of materials.

4.7.3 Conclusions about Young’s Modulus

In spite of testing a lot of different cubes, comparing with a well-known
material (steel) and always trying to improve the testing methods, e.g. by
designing a system with the dial gauge, trying to find out whether or not
cardboard played an important role in the measures, I remained unable to
get accurate and coherent results in matter of elasticity. However, knowledge
on the behavior of poured earth is fundamental, and we cannot be satisfied
with the only values of shrinkage and compressive strength. Finding out why
these trials failed, and finding a way to improve the measures and obtain
relevant values of the Young’s Modulus would be an important step.
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Chapter 5

The walls

5.1 Introduction and objective

During the second part of my internship, and regarding the results already
obtained on the different samples, it was decided to pour real walls of dimen-
sions 24*120*225 ¢cm. Three different walls were made, using different ratios
of materials, as described on Fig. 5.1'. They were all stabilized with 7.5% ce-
ment out of total mass. The main objective of these experiments was to test
the realizability of poured earth walls on site, with heavy equipment? and a
team of four to five workers. We also aimed to measure the final shrinkage of
the walls, and to observe the apparition of cracks inside the structure after
drying. Tt was also decided to cure the walls during the 28 days following

their manufacturing.

Wall 1

Wall 2

Wall 3

Soil (L)

Sand (L)

Gravel Chips (L)
1/2" Gravels (L)
1" Gravels (L)

25%
25%
15%
15%
20%

20%
20%
20%
20%
20%

15%
25%
15%
25%
20%

Figure 5.1: The three different dry agreggate mixes used for designing walls

LGiving only ratios for agreggate mixes, without cement

2Formworks, vibrator...
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5.2 Procedure for pouring a wall®

All volumes of dry aggregates required were measured using buckets and
wheelbarrows, while the precise mass of cement was weighed. All materials
were manually mixed by three persons, directly on the floor, which had pre-
viously been saturated to avoid soaking of water by the soil thereafter. Then
water was gradually added to the mix, while slump-tests were performed
until it reached a sufficient workability for pouring®.

The final mix was then poured by hand in the formworks which had
previously been installed, oiled and made wet. It is important to pour the mix
in 20 to 30 cm layers, which should be properly vibrated using a mechanical
vibrator. This process was conducted until the top of the formwork was
reached. Then the wall was perfectly leveled with trowels and floats.

The final wall was then covered with a plastic sheet to avoid drying, and
left for setting. The formworks were removed after 24 hours; water was then
spread on the walls, which was covered again with a plastic sheet for three
additional days. Next 28 days, the wall was cured every day by spreading
water on its surface.

Figure 5.2: The three walls after unmolding and 28 days curing

5.3 Results and comments

5.3.1 General comments

All the three walls appear on Fig. 5.2. We can see that after curing there
was no cracks on their surface, which is very smooth. The poured earth mix

3Please refer to Appendix .5, p. 70 for all the correponding pictures.
4Tt was observed that a 2 to 3 cm slump was sufficient, since the mix was then vibrated
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set very fast, since it was possible to unmold it only 24 hours after pouring;
at this time, a test performed with a penetrometer indicated that the wall
had hardened quickly.

I could not get in time the results in term of compressive strength, but
one 20x20x20 cm cubic sample was made for each wall, which should be now
broken to get an idea of their resistance. It could be interesting to compare
with the results obtained on cubic and cylindric samples, since the walls used
less water, and were vibrated instead of tamped, allowing a much higher final
density.

5.3.2 About water

I could notice that thanks to the use of a vibrator on site, it is possible to
reduce consequently the amount of water in the final poured earth mix. If we
compare the results with those we got while manufacturing samples (see Fig.
4.6 and 4.6 p. 33), we can note a significative difference with those reported
on Fig. 5.3 for the walls.

Ref. Wall 1 | Wall 2 | Wall 3
Amount of water | 10.45% | 10.33% | 10.25%

Figure 5.3: Quantity of water used for the walls

While we required up to 12 or 13% of water when making samples, we
see here that an average of 10.3% only was used for the wall. Therefore we
can conlude that the use of vibration is very interesting, since it will reduce
the final shrinkage of the structure together with the water initially included
in the mix...

5.3.3 Final densities

Ref. Wall 1 | Wall 2 | Wall 3
Expansion rate 0.61 0.54 0.53

Figure 5.4: Expansion rates for the walls

Because of the physical properties of the different materials, which all
have different gradations (see chapter 2), the final density of the walls is more
important than the different specific densities of the aggregates. Therefore
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the final volume of the mix is less than the sum of the volumes of its different
components. It is then interesting to define the expansion rate of every walk:
I estimated it by dividing the final volume of mixture by the sum of the
volumes of the agreggates included. The results are to be found on Fig. 5.4,
were we can see that the optimum of density is reach for the third wall,
corresponding to the dry mix n°5 (see previous chapters for more details).

5.3.4 Conclusion

These three walls were the first real scale project conducted in the Institute on
poured earth. Since we managed to produce walls presenting a good surface,
a sufficient resistance of several MPas, with a good workability and an easy
process for pouring, allowing to work very fast with only a few workers, we
can say this experiment is a great success. Indeed it proves that poured earth
is a credible alternative to CSEB, and that it is now possible to go further
in this way, using the technique for real construction.

On the other hand, it could be argued that the only thing we made it is
reinventing concrete. It is true that the composition of our walls is clearly
that of a classical concrete mix, in which a certain amount of soil would
have been included. This giving of course interesting results, but way lower
to those we would have obtained on a real concrete. Therefore the next
trials should be focusing on how to include higher amounts of soil in the mix
while preventing the shrinkage to increase and the compressive strength to
decrease. Reducing the total amount of cement would also be an interestig
lead, maybe by replacing it by other binders, or using additives...
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Chapter 6

Additional samples

6.1 Objective

Regarding the results given in chapter 4, I decided to conduct some other
tests, including in the poured earth mixes different amounts of other materi-
als, binders or additives. Among the different experiments I made, is the use
of plaster of paris as binder instead of cement, or crushed firebricks instead
of soil... Unfortunately I had not enough time to properly design a sufficient
range of samples and test them ater 28 days. I could only collect data after
14 days, therfore the final results are not really relevant, and I won’t include
them in this report!. I will only describe the new ideas and leads that I
imagined, designed or tested during the last weeks of internship. Some of
them could be interesting to follow in the future...

6.2 New leads for poured earth mixes

6.2.1 Plaster of Paris (P.O.P.)

As an interesting alternative to poured earth, we can find in the world dif-
ferent projects conducted on Cast Earth, mainly in America?. Using a small
percentage of P.O.P. as binder (around 15%), it seems to be possible to reach
very important resistances under compressive strength (up to 20 MPa accord-
ing to the builders). It is then possible to erect entire buildings with this
cast earth. Its main strength is, unlike concrete, to be compatible with soil,
since the fine particles (silt and clay) don’t counteract its effect. But, while

' The complete calculus and data sheets corresponding to this chapter can be found on
the AVEI server
2See for example http://www.castearth.com/
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cement and lime are reacting well with water and moisture years after build-
ing, P.O.P. is very sensitive to humidity, and only suitable to dry climates.
Therefore the south of the U.S.A. is the perfect place for broadcasting this
technoogy, while India does not seem to be so appropriate.

Still, it is observed that gypsum is often used for stabilization of soils,
mainly in the agricultural field. Therefore we can wonder if one or another
form of gypsum (such as P.O.P.) could play an interesting role in mixes, as
stabilizer or binder. It would be interesting to proceed to a whole range of
tests, using different amounts of P.O.P., to confirm or infirm this hypotheses.
Another problem is the setting time of P.O.P., which becomes hard within
5 minutes, making cast earth very difficult to work with. Other components
retarding its setting should then be looked for...

6.2.2 Crushed firebricks

The origins of mortar and concrete are to be found in the antic Rome, where
crushed fired tiles were included in the mixes, confering them much higher
strengths. T wondered if heating the soil at high temperatures would change
its physical and chemical composition, and making more suitable for poured
earth. Therefore I crushed local firebricks, made of the same soil available in
Auroville, and used it instead of raw earth. I could only pour two samples,
which is not enough to draw any conclusion, but the results on these samples
were not lower than those obtained with raw earth. It could be an idea to
carry on with these tests, even if I am not convinced that it is the best lead
to follow...

6.2.3 Lime + Cement

I could not design any experiment for this lead, but I had the idea it could
be interesting to use both lime and cement. Cement acts in poured earth
as a binder, but its effects are partially counteracted by the fine particles,
particularly by clay. Therefore it seems to be a possibility to use lime as a
stabilizer, seeing its well-known effects on clay, in addition to cement which
would still play the part of binder. I would recommand to try 1% lime + 5%
cement to begin with.

6.2.4 Chemicals and additives

In the concrete industry, many additives have been found to improve the
properties of concrete mixes. Reducing the water content, increasing the
densities and the compressive strengths, retarding or accelerating the setting,
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improving the workability are some examples of great improvements made
during the last years of research. Since poured earth aims to be a green, cheap
and durable way of building, I would totally proscribe the use of artificial
chemicals. It is tempting to employ water-reducers and super-plasticizer, but
since we are trying to work with small quantities of cement, their effect is
very relative, and their employment not advisable.

On the other hand, it would be very useful to manage to deflocculate the
particles in soil, thus consequently allowing to reduce the volumes of water.
Washing powder or soapnut work well for this purpose?, since they decrease
the pH of the mix, breaking the electrical bounds between water and clay.
On the other hand, it seems that a low pH counteracts the effect of cement;
the samples become very weak under compressive strength. Some research is
conducted in France on this topic, and interesting results have been carried
out by a team of CRATerre/ MATEIS INSA Lyon with wood ash for example.
It is advisable to follow their work and exchange with them in the future...

3See Alberic Lehuede’s report for more information
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Chapter 7

Conclusion

The R&D project on poured earth still has a bright future ahead, since there
are still many things to discover. T tried during this internship to follow
different leads, between concrete and earthen construction. Some interesting
results were found, some others turned out to be ways to forget about. Any-
way, I could define and draw new lines of work, and lay the foundations for
next steps.

Laboratory tests were carried out on all aggregates, and complete sieve
analyses were performed. One of the key for poured earth will be to design
a perfect dry mix, therefore we will need to adjust the gradation of soils,
which may vary from one place to another, in order to make it suitable for
our purpose. It is fundamental to get first a perfect knowledge about the
composition of all the materials involved in the process: sand, gravels, soil.
Additional specific laboratory tests should be conducted for soil, to know
more about its behavior!.

Manufacturing an important range of samples (near 100 samples in two
months) and regularly testing them under compressive strengths allowed us
to get more information about the mechanical behavior poured earth, which is
close to concrete. We learnt that it is possible to reach important resistances
(up to 10 MPa on cubes), but it is now required to precisely define our
attempts. It is now important to include a maximum amount of soil in the
mixes, without decreasing too much the compressive strength, thus to define
a compromise between the ratios of aggregates that we want to use and the
mechanical properties acceptable.

'T would suggest to perform wet sievings, sedimentation, blue methylene and Atter-
berg’s limits tests. Not only they allow to get a good overview of the composition of the
soil, but also they guarantee the comparability of all kinds of results with other laborato-
ries in the world, since we use national or international standards. I performed all these
four tests during my internship, which can be found on AVEI server.
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In continuity, it is now time to continue real scale work: the first steps
have been taken with the realization of three walls. The results obtained
on samples should allow now to include more earth in the mixes, decrease
the amounts of cement, and build longer structures with less shrinkage. The
methods could be then adapted on site, and used on a bigger scale. The
interaction of steel and poured earth is still to be tested.
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Chapter 8

Next steps

I started performing different soil tests, which are of four kinds, accord-
ing to the standards designed by CRATerre, which are available on the
server : wet sieving, sedimentation test, blue methylene test and At-
terberg’s limits. It is advisable to go on with these tests and record all
the results for Auroville Earth Institute’s Earth. It would be then very
useful when sharing experimental results with other laboratories, such
as CRATerre where people recommended me to conduct these tests.

It could be interesting to test other binders than cement: 1 wanted
to follow the lead of Plaster Of Paris, which is known to provide good
results under compressive tests, and no shrinkage when drying. Though
it does not react well with moisture, it would be worth making some
additional tests.

Lime seems to be a very poor binder for poured earth; however it would
be interesting to use it as a stabilizer for clay in small quantities, in
addition to cement as a binder. For example trying a 1% lime 5%
cement mix could be very interesting.

New walls should be made, decreasing the amount of stabilizer and
increasing the amount of soil. I would advise to focus on a 50% soil
50% aggregates for next tests, since the three experimental walls made
so far where more concrete than "poured earth".

Interaction steel/poured earth has not been explored now: some sam-
ples could be designed for traction/compression and adherence evalua-
tion.

All tests so far were conducted on dry sample: testing wet compressive
strength could be very good in the future.
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e [ have been trying to determine Young’s Modulus on poured earth
samples, but failed in getting relevant results. This work should be
continued until finding out where the error came from, and finally get-
ting accurate data.

e Research is going on in France on poured earth: the way of cement
stabilization has already been explored by CRATerre, and different
people from INSA de Lyon (MATEIS lab) are currently conducting
laboratory tests to find new leads for stabilization and deflocculating.
Some parts of their work is already available (see the corresponding
folders), and I have been in contact with them during all my internship.
It would be good to keep in touch in the future and exchange results.

e Last but not least, finding some partnerships between the AVEI and
industrial firms (such as cement manufacturers) could be very useful for
the development of poured earth. The green aspect of this technology
as its similarities with the concrete industry is an interesting way to
explore, since it could unlock funds and allow to launch new projects...
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.1 Introduction

The following pages are an addition to the report, and contain various com-
plementary elements such as graphs and photographs which illustrate this
research project conducted on poured earth. Mainly it will give the reader
additional information about field and lab tests, and technical aspects of the
work.
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.2

Appendix to Chapter 2

.2.1 Procedure for sieve analyes(cf. Fig. 1)

All sieves are weighed while empty.

Sieves are piled up to form a column, from biggest (up) to tiniest (bot-
tom) mesh. An additional cup is placed at the bottom.

Upper sieve is filled with 1kg of dry material (e.g. soil, sand or gravels),
then covered.

Sieves are placed on the machine, which will shake the system for ap-
proximately 1mn.

Sieves are removed from the machine, then weighed one by one after
manually completing the sieving, using a simple brush.

(a) Filling sieves (b) Placing sieves on the shaker

(c) Weighing Sieves

Figure 1: Sieve analyses
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.2.2 Sample calculation sheet

SAMPLE : SAND2
DATE : 17/08/2011
Test performed by : Jerome
QUANTITY {g) of dry material : 1000
Number Mesh {mm) | Empty Weigh [g] | Full Weigh [g) | Quantity i lg) (g) (g} (56) | Cumulted
20,000 0 0 0 0 9954 100,0 0,0
10,000 344 344 0 0 954 100,0 0,0
5,600 420 426 6 6 988 99,4 0.6
200 3,000 434 454 20 26 968 97,4 2,6
170 2,000 236 278 22 43 946 95,2 4,8
50 0,500 462 1042 580 628 366 36,8 63,2
0,425 354 388 34 662 332 334 66,6
30 0,300 432 692 260 922 72 7.2 92,8
0,212 348 394 46 968 26 2,6 974
0,106 292 316 24 992 2 0,2 99,8
Bottom 282 284 2 994 0 0,0 100,0
TOTAL 3624 4618 994
100,0 —
20,0
80,0
70,0
£ 60,0
2 s00
E 40,0
w
30,0
20,0
10,0
00 +—
0,080 0,800 8,000
Mesh (mm)

Figure 2: 1st range of samples : 1Cy and 1C series

.2.3 Gradation curves for all materials

SAMPLE : SOIL 0 (raw)
DATE :17/08/2011
Test performed by : Jerome

100,0 +

— -+ -
80,0 /
60,0

40,0

Sievings (%)

20,0

0,0
0,080 0,800 8,000

Mesh (mm)

Figure 3: Soil 0
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SAMPLE : SOIL 1 (crushed)
DATE :18/08/2011
Test performed by : Jerome
10,0 — — *
g 5o ——
E 60,0
'S 40,0
&2
w200
00 * :
0,080 0,800 8,000
Mesh (mm)

Figure 4: Soil 1

SAMPLE : SOIL 2 (crushed)
DATE : 18/08/2011
Test performed by : Jerome

1000 —— - "

Sievings(%)
838
o oo

200 =

o
=]

§

0,800 5,000
Mesh (mm)

Figure 5: Soil 2

SAMPLE : SAND 1
DATE :17/08/2011
Test performed by : Jerome

20,0 >

Sievings(26)

30,0

20,0

10,0

0,080 0,800 8,000
Mesh (mm)

Figure 6: Sand 1
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SAMPLE : SAND2
DATE :17/08/2011
Test performed by : Jerome

1000

50,0

80,0

70,0

60,0

50,0

400

Sievings (%)

30,0

20,0

10,0

o0
0,080

0,800
Mesh (mm)

8,000

Figure 7: Sand 2

SAMPLE : GRAVEL CHIPS 1
DATE :19/08/2011
Test performed by : lerome

70,0

Sievings (%)
3

0,800
Mesh (mm)

8,000

Figure 8: Gravel Chips 1

SAMPLE : GRAVEL CHIPS 2
DATE :19/08/2011
Test performed by : lerome

100,0

™

0,0

70,0

50,0

Sievings (%)

40,0

30,0

20,0

10,0

0.0
0,080

0,800
Mesh (mm)

8,000

Figure 9: Gravel Chips 2
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SAMPLE 12" GRAOVEL 1
DATE : 19/08/2011
Test performed by : lerome
100,0 =
0,0 —
80,0 i
70.0 7
Z e
2 so /
& aop 4
30,0 7
200 *
10,0 o~
0.0 - Attt —
0,020 0,800 8,000
Mesh (mm]
Figure 10: Half Inch Gravels 1
SAMPLE 12" GRAVEL 2
DATE : 19/08/2011
Test performed by ; lerome
100,0 —
80.0 —
2 g /
H /
g 00 ra
- 20,0 —
o0 + + + 4 + =
0,020 0,800 8,000
Mesh (mm]
Figure 11: Half Inch Gravels 2
SAMPLE : GRANITE DUST 1
DATE : 27/08/2011
Test performed by : Jerome
100,0 —¥ +
80,0 =
£ 600
2
'E 40,0 =
20,0
00
0,080 0,800 8,000
Mesh (mm)

Figure 12: Granite Dust 1
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SAMPLE : GRANITE DUST 1
DATE :27/08/2011
Test performed by : Jerome
1000 /_
80,0
£ 60,0
B
£ 200
=
a /
n
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0.0
0,080 0,800 8,000
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Figure 13: Granite Dust 2
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.3 Appendix to Chapter 3

.3.1 Dreux and Gorisse method: ideal gradation areas
for concrete mixes, D<20mm and D<40mm
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Figure 14: D<20mm, ideal area located as "Fuseau de référence"
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Figure 15: D<40mm, ideal area located as "Fuseau de référence"
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.3.2 Views of the tool interface
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Figure 16: Interface
Gradation Curves for designed mixes
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Figure 17: Interface
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.4 Appendix to Chapter 4

.4.1 Procedure for making samples

5 . N

(a) Equipment (b) Dry agreggate mix

(e) Wet mixing (f) Oiling Abram’s cone

(g) Filling Abram’s cone (h) Tamping three layers (i) Removing the cone

(j) Measure of the slump (k) Oiling cubic mold (1) Oiling cylindrical mold

Figure 18: Sample making (1)
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(d) Filling cylinder (e) Tamping cylinder (f) Leveling cylinder

Figure 19: Sample making (2)
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4.2  Close-ups on the different samples (series with ce-
ment)

(a) 1CCylabc (b) 1CCy2abc

(e) 1ICCy5 abc

Figure 20: Series 1CCy
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4.3 Tests under compressive strength : cylinders and
cubes

Figure 23: Failure on cube
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4.4 Young’s modulus : data collection

RAM DIA. | B8

Figure 25: Close-up on strain and stress screens
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.5 Appendix to Chapter 5

.5.1 Procedure for making walls

(a) Frameworks (b) Mixing dry compo- (¢) Adding water and
nents mixing

< A :
P L

(j) Leveling (k) Leveling (1) Unmolding

Figure 26: Building walls (1)
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(a) Unmolding (b) Close-up

Figure 27: Building walls (2)
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Chapter 9
Bibliography

This bibliography covers the documentation both collected by Alberic LeHuede
and Jerome Cochet during their respective internships. See Alberic’s report
for more details.

9.1 Books & Publications

Batir en terre - AVEI Library

An introduction to poured earth - Michael Frerking
Earth Manual, U.S. DEPARTMENT OF THE INTERIOR
Bilan CRATerre 2005-2009, CRATerre

Graine de Batisseur rapport 2004-2010, CRATerre
Dossier Béton d’argile, Caracol

Compte Rendu GAIA, CRATerre

Cohésion et comportement mécanique de la terre comme matériau de
construction, Laetitia Fonlaine

Norme NF EN 12390

ASTM C39C39M

9.2 Main Websites

www.wikipedia.org

www.earth-builder-links.com

www.earth-auroville.com

http://www.eco-caracol.com

http://www.estigc.fr/labo/beton/abrams.htm
http://webarchive.nationalarchives.gov.uk/+ /http://www.berr.gov.uk/files/file15138.pdf
http://www.la.refer.org/materiaux/chapitre six.html
http://www.vbcoa.org/resources/testcylinders.pdf
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