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ABSTRACT

Plastic bottles are increasingly becoming a menace to the environment due to the
chemicals used in the manufacture, improper use and disposal. As noted by Plastics In-
dustry (2011) reusing plastic bottles may seem safe , but a chemical found in reusable
plastic bottles, known as Bisphenol A (BPA), is suspected of posing a health risk to hu-
manbeings. Hence, the safest way of disposing plastic bottles is to recycle them, particu-
larly they can be used in the construction of low cost housing. The UN Habitat for human-
ity (2007) rightly points out that the housing shortage particularly in Uganda ranges from
33% to 90% and it is estimated that approximately 60% of the Ugandan population lives
in slums and shantytowns. Building with plastic bottles masonry is a possible solution to
provide low cost housing to the housing shortage issues in Uganda.

Some people around the world have demonstrated that it is possible to build houses
using plastic bottles filled with soil as masonry. For example, some eco-friendly projects
have been achieved in Honduras, Central America by a non governmental organisation,
Eco-Tech founded by Andreas Froese. However, there is a lack of engineering data about
this earthen material that could be utilised by architects and engineers to inform theirs
design construction decisions. This research provides a basic structural data about the
plastic bottle masonry notably the compressive strength of the PETE bottles filled with
damp soil as well as their compressive strength in masonry, and the type and properties
of the soil used to fill the bottles along with the type and properties of the soil used for the
mortar joints as a masonry manifests distinct properties due to the influence of the mortar

joints (Kerali et al. 2007).

Keywords: Plastic, Bottles, Earth, Masonry, Compressive, Strength, Moisture

xiv
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Despite the fact that soil remains one of the abundant and the oldest material with a long
ancestral tradition in Uganda (Kerali ef a/, 2007), and it is also considered as being strong
for construction, it is nevertheless not long-lasting on its own as it has little resistance
when it is exposed to water. Duggal (2003) points out that the best way to provide ad-
equate strength to soil is to stabilise it with stabilising agents such as lime and cement in
low quantity. However, encapsulating damp unstabilsed soil in the plastic bottles resolves
better its hurdle with water and moisture than stabilising agents, as the plastic bottles help
to protect their contents, being a weather resistant material (Rajput , 2007). This reduces
considerably the amount of stabilising agent that would have been used for the equivalent
stabilised compressed earth blocks, hence the use of unstabilesd soil improves the PETE

masonry low embodied energy rate.

Adam et al (2001) reveal the importance of mortars in bonding masonry components.
They are utilised mainly to provide regularities in size, shape and surface finishes of

blocks hence accommodating uniformity and stability to a wall. In doing so,
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any gaps between blocks are closed , preventing wind and rain from passing through the
wall. He continues by saying that mortar has a further purpose in that it has some
binding characteristics which improve both shear and compressive strength of the wall.
For earth blocks construction there are various types of mortars that can be used for bond-
ing the blockwork such as mud, lime and sand mixes, pozzolana, cement and sand mixes,
cement and mud mixes, pulverised fuel ashes, and gypsum plaster.

According to Adam et a/ (2001) many factors contribute to the choice of mortar notably
the availability and the quality of the materials, the design of the building, the economic
aspects of the project, or the issues of durability.

In this research mud and cement-mud mix mortars are used for bonding the PETE bottles,
and comparative analysis is made to reveal which mortar provides the best compressive

strength to the wall specimen.

However, we assume that the bonding between the mortar and the PETE bottles is very
poor because of the nature of the PETE bottles. As Rajput (2007) points out, PETE
bottles are thermoplastic materials, they are linear polymers and their properties such
as a high chemical resistance quality, high resistance to deterioration by moisture give
them a very poor adhesive properties with mud and cement. Noteworthy, Plastic Industry
(2011) makes clear that plastic bottles offer protection from impact damage, as well as
from water and chemicals which might contaminate the contents of the bottle. This con-
tribute considerably to the durability property of the PETE bottles, thus plastic masonry,
should theoretically last for more than 1000 years before they start biodegrading (Rajput
, 2007).

Jenkin (2006) draws attention to the fact that although earthen wall subjected to vertical
loads responds well in compression, it still has a maximum load bearing capacity under

which the maximum allowable stress is set. If it is exceeded, the wall is subjected to
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a number of failure mechanisms such as plane shearing, shear cracking and particurlarly
delamination of the compaction planes for rammed earth, that lead to the collapse of the
wall structure. Also, a wall may not perform its intended functions due to water penetra-
tion, and poor finishes (Jenkin, 2006). This is also applicable to PETE bottles masonry as

its structural behaviour should be similar to the one of a typical earth wall structure.

Hence, it is important to have data on the maximum allowable stress that the PETE ma-
sonry can bear and the type of soil to be used for a confident design. This research intends
to investigate the compressive strength of the PETE masonry to give engineers and ar-
chitects basic data on the maximum load that a PETE wall can carry for a safe design. To
achieve this objective, PETE bottles were filled with damp soil, bottles wall specimens
were produced in laboratory environment. The bottles wall specimens were subjected to
destructive tests, while 11 units (PETE bottles) were crushed to failure and theirs respec-

tive compressive strength was recorded.

1.2 PROBLEM STATEMENT

This research has been driven by two main concerns. First, the thriving problem
with plastic bottle environmental issues. According to ENSO Bottles (2009), in the the
1960s plastic bottle production has been negligible but over the years there was an alarm-
ing increase in bottles produced and sold but the rate of recycling is still very low (see
Fig 1). The PETE bottles that are not recycled end up in landfills or as litter, and they take
approximately 1000 years to biodegrade (Rajput , 2007). This has resulted in plastic
pollution problems in landfills (See Fig 2), water ways and on the roadside, and this prob-

lem continues to grow along with the plastic bottle industry.
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Figure 1: PET Bottles sales/recycled. Source: ENSO Bottles, 2009

Figure 2: PET bottles piled up as mountain of waste in Mperere

landfill, Kampala Photo by Author, 2009

Second, the application of PETE bottles in construction as masonry without any structural
behaviour data. This can provide a good amount of confidence in safety and durability
design of structures built with PETE bottles. As a response to the PETE environmental
concerns such individual (See Fig 3) and firm (See Fig 4 and Fig 5) such as Michael
Reynolds (known as The garbage warrior), Echo-Tech (founded by Andrea Froese), and
BUVAD (Butakoola Village Association for Development, a Ugandan Commmunity
based organistion), took the innovative initiative of using PETE bottles as masonry. Un-
fortunately, none of them has done any investigation concerning the strength and struc-

tural behaviour of the PETE bottles as masonry
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Figure 3: Michael Reynolds building a structure with cans

bottles . Source: Bernard , 2008

Figure 4: Andrea Froeses standing near one of his PET

bottles project. Photo by Andrea Froese

= B
T CT YN

Fig 5: BUVAD project in Kayunga, Uganda. Source: Elizabeth, 2011
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Furthermore, not all soils are suitable for construction. First the type of soil used to fill
the bottles may have an influence on the strength of the PETE bottle masonry in the same
frame of reference with earthen material. For example, Adam et a/ (2001) clearly draw
attention to the fact that the compressive strength of compressed stabilised earth building
blocks depends on the soil type, the compaction pressure used to form the block, and the
type and amount of stabiliser. Second, the types of soil for optimum combination of ce-
ment stabilised mortar and the ratio of the mix of this cement-soil combination is difficult

to determine and predict.

1.3 RESEARCH OBJECTIVES

The raison d’étre of this research is to investigate the physical properties (density), the
mechanical properties (strength) of PETE bottles masonry and the type and properties
(Plastic limit) of the soil used to fill the PETE bottles as well as the soil used for the mor-
tars. For this research, two soil samples were studied to identify the relationship between
the soil type and the strength of the PETE bottles wall specimen produced.

In this dissertation the major task is to find out :

- the type and properties of the soil used to produce the PETE bottles wall specimen to
appreciate which soil is more suitable for the PETE bottle masonry

- the moisture content of the soil used to fill the PETE bottles in order to evaluate the
strength of the PETE bottles masonry in compliance with the compaction level of the soil
in the bottle,

- the density of the PETE bottles along with the prism specimen to estimate the strength
in comparison with rammed earth and stabilised compressed earth blocks (SCEB),

- the compressive strength of the PETE bottles as well as the compressive strength of the

prisms specimen to get the allowable working stress for the PETE bottles masonry.
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1.4 SCOPE

The scope of this research entails, first the research on the effect of the types of soil used
to produce the PETE bottles masonry. Two types of soil samples were taken from two
different locations in Nkozi, Uganda. Soil sample A was utilised as the infill main mate-
rial for the PETE bottles prism specimen. The infill soil was damp soil with a moisture
content amounting to 10 percent. Both soil samples A and B were used for the mortar and
the stabilised mortar was made with the ratio 1:15 for cement and soil. The quantity of
water added into the mix was 20 percent from overall dry weight of the cement and soil
was used. A slump test and flow test was conducted to evaluate the consistency of the

fresh mortar.

The standard test for soil classification was performed to identify the type and properties
of the soil. The tests are sedimentation test and dry sieving method. Due to the laboratory
limitation in testing instrument, the cone penetrometer method test to determine the liquid

limit of the soil samples was not conducted.

The compressive strength of the PETE bottles and the compressive strength of the bottles
wall specimen are obtained by a destructive test which was conducted by using com-
pressive strength test on the 14th day. These tests are based on the specification of NZS
4298:1998. The new Zealand standards on earth buildings was the main standard adopted
because of limitations in building construction standards manuals. Most of them wer

rather expensive.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

PETE bottles, plastic rope, soil, portland cement, and water are the main material com-
ponents to produce the PETE bottles masonry. Unfortunately there is no research that has
ever been undertaken to determine structural behaviour of PETE bottles as masonry and
that could have been an appropriate source of reference for a literature review in guiding
this research . The few attempt that have been performed in building structure with PETE
bottles were made by means of ‘trial and error according to Froese (Personal communica-

tion, 2008).

Consequently, I opted for a literature review dealing with earth materials notably rammed
earth and stabilised compressed earth blocks to gather data on the materials used to pro-
duce earthen masonries such as soil types and properties, cement , and mechanical prop-
erties of earthen masonries. Furthermore, the literature review armed the research with a
short history on bottles practice in construction to understand the reason why people used

it in building their homes.
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2.2 Application of Bottles In Construction

The application of bottles in construction is not a very recent technology. Seltzer (2000)
reveals that the first example of known structure built with bottles is the William F. Peck’s
Bottle House (see Fig 5) located in Nevada (USA). It was built around 1902, and it re-

quired 10,000 beer bottles to be built.

Figure 6: William F. Peck’s Bottle House. Source: Seltzer (2000)

Seltzer (2000) points out that because of the shortage of building materials, early mining
camp settlers in Tonopah (Nevada) constructed their home out of unexpected innumer-
able objects collected at random. This included discarded bottles, coal oil cans and bar-
rels, just to cite a few. These buildings were primarily made out of glass bottles used as
masonry units (See Fig 6) and they were bound using mortar made out of adobe, sand,
cement, clay and plaster (Krepcio, 2007).

In the course of time the phenomenon of bottle house spread all over North America and
around the world especially in the region where there was an increase in housing demand
due to population growth, and also where there was scarcity of building materials such as
Argentina, Australia, Brazil, Japan, Russia and Serbia (Seltzer, 2000). The most famous
examples are the Kaleva Bottle House (see Fig 7) - it houses now the Kaleva Historical
Museum- built by John Makinen in the 1940’s in Kaleva (Michigan) with bottles from a

local bottling plant, and the Grandma Prisbrey’s Bottle Village (see Fig 8 an 9) built

9
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Figure 7:Bottle Brick montage. Source: Krepcio (2007)

in between 1956 and 1980 and it presents a succession of 13 sheds and other small

structures on a small lot of land in Simi Valley, California (USA)

Figure 8: Kaleva Bottle House
Source: Krepcio (2007)



Figure 9: Grandma Prisbrey’s Bottle Village exterior view

Source: Krepcio (2007)

Figure 10: Interior of one building of Grandma Prisbrey’s Bottle Village
Source: Krepcio (2007)

However, plastic bottles praxis in construction is recent and it was adopted by such indi-
viduals and firm such as Michael Reynolds, known as The garbage warrior, Echo-Tech,
founded by Andrea Froese, and BUVAD, a Ugandan community based organisation, in
search of possible solution to the environmental concern of plastic bottles as well as seek-
ing material for low cost housing to inspire cities that suffer from insufficient adequate

housing.

11
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2.3 RAMMED EARTH: A REVIEW

Maniatidis et al (2003) reveal that rammed earth (or pisé) is an ancient technique that
dates back to at least 7000 BC in Pakistan. It has been used in many structures around the

world , most notably in part of the great wall of China.

Rammed earth is form of soil that is just damp enough to hold together. The soil is tamped
between shutters well supported to prevent lateral expansion with pneumatic tamper or
hand hammers, and the compaction is normally done in 100-150mm layers

(Jaquin et al, 2009).

The work of Maniatidis et al (2003) reveals that rammed earth walls are often left as
they are ‘off form’, and they can show a natural-looking strata pattern from the ramming
process. Consistent workmanship is critical for both the appearance and the strength of
rammed earth walls, so they indicate that site work has to be of high quality because an

area of wall that is not mixed or rammed correctly can ruin the whole panel.

However, Jaquin et al (2009) states that one difficulty with the rammed earth method is
that strict limits have to be placed on shrinkage to eliminate cracking. He draws attention
to the fact that many soil types need sand to be added to reduce shrinkage. He refers to
NZS 4298 for shrinkage preconstruction tests and the appropriate limits, compression and
durability tests, and a simple on-site test for moisture content. He concludes that often ce-
ment or hydrated lime is added to improve the compressive strength and the durability of
rammed earth , but successful structures are built using suitable soils without such

additives.

12
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A sandy crumbly soil (with a clay content around 15-30%) is best, as it is easily worked

and has minimal shrinkage ( Jaquin et al, 2009).

2.3.1 Advantages and limitations

Rammed earth construction is one cheap way of providing low cost housing since earth
is an abundant resource, and a simple mechanism is used with semiskilled labour to pro-
duce it (Odul et al, 1985) . However, when using rammed earth as a low cost construction
material for housing it should not be assumed that all housing problems will disappear
(Maniatidis et al, 2003). They reveal that the advantages and limitations of rammed earth

construction are multiple and complementary and they are as follow:

2.3.1.1 Advantages

. Ideally, its production is made on site itself or in the nearby area. Thus, it saves
transportation, fuel, time and money. An appropriate use of materials considerably re-
duces construction cost and hence stimulates the economy;

. Well-designed rammed earth houses can withstand bad weather conditions with-
out being damaged. Rammed earth walls are strong in compression and they can also be
made strong in shear and tension through additives and reinforcement;

. Firewood is not needed to produce rammed earth . This saves forests, which are
being depleted quickly particularly in Uganda, due to short view developments and mis-
management of resources. Also, rammed earth is ecologically friendly and its manufac-

ture consumes less energy and pollutes less than fired bricks;

13



Investigating the Compressive Strength of Plastic Bottles as Masonry

. Rammed earth walls are ideally suited for passive solar construction as they pro
vides the natural comforts of balanced temperatures, humidity and noise control;

. Rammed earth is very good in fire resistance;

. Being produced locally, it is easily adapted to various needs: technical, social
and cultural habits;

. It is a simple technology requiring semi skills and it is easy to get. Simple villagers

will be able to learn how to do it in a few weeks. It allows also unskilled and unemployed

people to learn a skill, get a job and rise in the social scale;

. The equipment for rammed earth is available from manual to motorized tools

ranging from village to semi industry scale. They draw attention to the fact that the selec-

tion of the equipment is crucial, but once done properly, it will be easy to use the best

adapted equipment for each case;

. Rammed earth can adapt itself to various needs, from poor income groups to well

off people or government needs. Its quality, regularity and style allow a wide range of

final house products (Maniatidis et al 2003, Jaquin et al, 2009, and Odul et al, 1985)

2.3.1.2 Limitations

According to the above rammed earth construction is advantageous, but there is some
drawbacks of earth construction technology that makes it sometimes unpopular amongst
professionals. According to Odul et al (1985) the two historical disadvantage of rammed
earth has been water damage and labour intensity.

Odul et al (1985) reveal that the Australians solved the water damage by spraying the
wall with a transparent plastic ideal for wall cleaning with a damp sponge, and labour
intensity has been solved by the use of pneumatic powered tamping devices.

Maniatidis et al (2003) list the following weaknesses of unstabilsed rammed in
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building construction:
. It has extremely low tensile strength and its low load bearing capacity makes it

unsuitable for supporting heavy roofs from large span building.

. It has a very high moisture absorption ratio which also contribute to its structural
failure.
. When proper soil is not used, unstabilised rammed earth (URE) has a low binding

strength for its particles and this contributes to its low compression strength.

. URE has a very high shrinkage and swelling ratio resulting in major structural
cracks when exposed to different weather conditions.

. It has a low social acceptance due to counter examples by unskilled people, or bad

soil and equipment.

2.3.2 Material for rammed earth

According to Maniatidis et al (2003) the evaluation and selection of soil for rammed earth
is done by means of testing its particle size distribution by sieving and sedimentation.
However, a study by Keable (1994 cited by Maniatidis ef al, 2003) acknowledge the fact
that the effect of difference in grading the physical characteristics of rammed earth still
remains unclear.

Jaquin et al (2009) advises that in selecting soil for rammed earth first organic materials
content should be avoided as they may lead to high shrinkage and possible bio deteriora-
tion as well as increasing susceptibility to insect attack, and they can interfere with action

of stabilizers such as cement.
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Furthermore Jaquin et a/ (2009) classifies engineering soils based on the relative size
proportion of their main elements, namely gravel, sand, silt and clay. The New Zealand
Standard grading limits used in the work are:

- Gravel: 60 mm to 2 mm

- Sand: 2.00mm to 0.06mm

- Silt: 0.06mm to 0.002mm

- Clay: less than 0.002mm

According to Maniatidis ef al (2003) a wide variety of sub-soils have been used for natural
rammed earth buildings, with the exception of uniform coarse sands and gravels with no
cementing agents. Ideally the soil should have a high sand/gravel content, with some silt
and just enough clay to act as a binder and help soil compaction. Any material coarser
than 5-10mm should be sieved out (Maniatidis et al, 2003). They indicate that increasing

gravel size reduces the compressive strength of rammed earth cylinders.

Maniatidis et al (2003) recommend that the minimum percentage of combined clay and
silt should be between 20%-25% while the maximum between 30%-35%. Similarly, the
minimum percentage of combined sand and gravel should be between 50%-55% while
the maximum is between 70%-75%. They specify also soil for cement stabilized rammed
earth. They indicate that the soil for cement stabilised rammed earth tends to have pro-
portionally higher sand and gravel content and correspondingly lower fines content. They
suggest that soil suitable for cement stabilization should have a significant sand content,
at least greater than 50% and preferably closer to 75%, and at the same time low clay

content, typically less than 25%.
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Moreover, Maniatidis er al (2003) specify the liquid and plastic limit of unstabilised
rammed earth. They describe soil plasticity as the ability of a soil to undergo unchange-
able deformation while resisting an increase in loading.

According to Houben et al (1994 cited by Maniatidis et al, 2003) liquid limit for unstabi-
lized rammed earth should be between 25% and 50% and the plastic limit between 10%
and 25% ). Jaquin et al (2009) propose additionally a Plasticity index as low as 15%. He
reveals that plasticity index is the numerical difference between liquid and plastic limits.
The plasticity index is an indication of the clay content and characteristics of the soil. The
higher plasticity index is indicative of higher clay content and/or active clay mineral and

that higher shrinkage will occur when the earth dries.

2.3.3 Properties of rammed earth

2.3.3.1 Dry density

Maniatidis e al (2003) draw attention to the fact that the dry density of soil in rammed
earth applications is dependant on soil type and the moisture content during compaction.
They indicate that knowledge of the dry density of rammed earth is important during
design to calculate load for structural elements. A broad range of dry density values are
provided for rammed earth, varying from 1,700 kg/m3 to 2,200 kg/m3 (Houben et al,
1994 cited by Maniatidis et al, 2003).

In order to achieve maximum density, Jaquin et al (2009) point out that it is important that
the optimum moisture content, appropriate to the method of compaction, is used when
ramming. They encourage a first approximation of the optimum moisture content by us-
ing the ‘drop test’. They describe the procedure as follow:

-a ball of moist soil, approximately 40 mm diameter, is compacted by hand.
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-when prepared the soil ball is dropped onto a hard flat surface from a height of approxi-
mately 1.5m.

-when the soil is too dry the ball breaks into many pieces.

-when enough water has been added so that the ball breaks into only a few pieces, the soil
is very close to its optimum moisture content. If the ball remains in one piece then the soil

1s too wet.

2.3.3.2 Compressive Strength

According to Jaquin ef a/(2009) the strength of rammed earth is very much dependent
on the voids ratio of the soil after ramming, cohesive strength of fines content, aggregate
strength and moisture condition during testing. He points out the fact that the density of
the soil is a very important factor for the strength of the soil. Therefore, in the same way
that it is difficult to give a specific value for the density, it is impossible to predict an ex-
act value for the mechanical strength of a soil based on any kind of description with no
laboratory testing.

The laboratory tests used for determining the compressive strength of rammed earth are
similar to the ones used for concrete, bricks and blocks (Maniatidis et al, 2003).

A summary of the required specimen details for compression strength testing according to
various standards around the world is presented in Table 1.

Maniatidis et al (2003) outline that the compressive strength is usually expressed in terms
of the characteristic value and a height/width correction factor may be applied. The rec-
ommended design values for rammed earth are summarised in Table 2.

As stated previously the presence of cement increases the strength of rammed earth.
Hence the values proposed by different authors, as presented in Table 3, tend to be much

higher that the ones proposed for unstabilised rammed earth.
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Table 1: Compressive strength test specimen details for Rammed Earth.

Source: Maniatidis et al., (2003)

Specimen details
Reference Cylinder Prism Minimum
number of
Diameter Height Height Length Width specimens
(mm) (mm) (mm) (mm) (mm) required
Bulletin 5;
Earth-Wall
Construction, 150 110 150 150 1.3xh 5
CSIRO
1 sample
Standards Aus-
. 150 300 N/A N/A N/A for every
tralia, 2002
25-100m2
New Mexico
Adobe &
Rammed Earth N/A N/A 102 102 102 N/S
Building Code
(Tibbets, 2001)
NZS N/A N/A N/S N/S 2xh 5
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Table 2: Compressive srtength for URE. Source: Maniatidis et al., (2003)

Reference Compressive Strength
Bulletin 5; (Middleton, 1992) 0.7 N/mm?
Standards Australia, 2002 04 - 0.6 N/'mm?

Standards Australia, 2002
0.5 N/mm?

Table 3: Compressive Strength for Cement SRE. Source: Maniatidis et al., (2003)

Compressive Strength (N/mmz2)

ACI Materials Journal Standards Australia,
Committee, 1990 2002 Houben et al., 1994
Sandy and gravely soils 2.76-6.89 - -
Silty soils 2.07-6.21 - -
1.72-4.14
Clayey soils - -
Cement Stabilized
- 1-15 2-5
Rammed Earth
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Altogether material selection is important to the quality of rammed earth. According to
Jaquin et al (2009) the properties of soils used for rammed earth may be appraised using
a variety of physical characteristics, including grading and plasticity. Maniatidis et al
(2003) point out that recommendations for soil grading vary between reference docu-
ments, although there is broad general agreement. Nevertheless, they put across the fact
that unsuitable soils can be readily identified by means of standard soil characterisation
tests, such as grading. The physical characteristics of rammed earth may be measured in
terms of its dry density, strength, surface finish and thermal properties (Jaquin et a/,2009).

They affirm that the physical properties are strongly related to material density.

Odul et al (1985) rightly point out that cement stabilisation is widely used to improve
strength and durability of rammed earth. The evidence seems to indicate that Cement
stabilisation improves the problems associated with using soil. Other forms of stabilisers,
such as lime and natural fibres, are less widely used in rammed earth (Odul et al, 1985).
In summary, soils suitable for rammed earth houses are broad and include sands with suf-

ficient clay and silt, clayey silts, clayey gravels and gravel-sand-clay mixtures
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2.4 STABILISED COMPRESSED EARTH BLOCKS: A REVIEW

The work of Deboucha (2011) reveals that compressed earth blocks (or bricks) is one of
the contemporary lineage to the earth building technology more commonly known as the

adobe block, dating from the 19th century.

Turning to Adams et al (2011), one finds that the approach of compacting earth to ame-
liorate the quality of moulded earth blocks is, however, far from new, and it was with
wooden tamps that the first compressed earth blocks were produced. Odul et al (1985)
similarly point out that the first devices for compressing earth probably date from the
18th century; in France, Francois Cointeraux, inventor of “New pisé” (rammed earth)

designed the “Crecis¢”, a device derived from a wine-press.

But the turning point with the use of presses and the way in which compressed earth
blocks were used for architectural aims surged from 1952, following the invention of the
famous Cinva-Ram press, designed by the engineer Raul Ramirez at the CINVA Centre
in Bogota, as a result of a research programme for affordable houses in Colombia (Maini,

2009)

According to Adams et al (2011) making compressed earth blocks in manual or mo-
torised operated presses is now widespread practice around the world. He makes clear
that the soil, raw or stabilised, for compressed earth blocks is a bit moistened, poured into
a steel press and then compressed. Obonyo et al (2010) similarly draws attention to the
fact that the contribution of soil stabilisation made it feasible to build storied buildings
with thinner walls, which have a much better compressive strength and water resistance.
Obonyo et al (2010) point out that with cement stabilisation, the blocks are cured for four

weeks after manufacturing, and after this period of time, they are dry and can be used like
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common bricks with a soil cement stabilised mortar.

Rigassi (1985) asserts that the blocks are made from dry mix , often stabilised with up to
10% cement. The compression given by the machine compacts the soil particles together
to make dense regular shaped bricks, usually around 300 x 300 x 130 mm in size. Adams
et al (2011) point out that these blocks are the nearest thing on earth to concrete blocks
in design, construction and finish consideration . Normally, sand- cement-earth mix is
used for the mortar, although often a mix hydrated lime, sand and cement perform better

(Deboucha, 2011) .

2.4.1 Advantages and limitations

The advantages and limitations of SCEB are rather similar to the one of rammed earth.

Adams et al (2011) provide a summary illustrated in table 4.-

Table 4: Advantages and limitations of SCEB. Source: Adams ef al. (2011)

Advantages

Limitations

e Soil is available in large quantity in most
regions

¢ Cheap and affordable: In most parts of the
world soil is easily accesible to low income
-groups

e Ease of use: usually no very specialised ma-
chines is required

e Suitable as a construction material for most

parts of the building

¢ Reduced durability if not regularly main-
tained and properly protected, particuralarly in
areas affected by medium to high rainfall

¢ Low tensile strength: poor resistance to bend-
ing moments, to be used in compression such as

bearing walls, domes and vaults
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Advantages

Limitations

*  Fire resistant : No combustible with excellent
fire resistance properties

* Beneficial climatic performance in most re-
gions due to its high thermal capacity, low thermal
conductivity and porosity, thus it can moderate
extreme outdoor temperatures and maintain a
satisfactory internal temperature balance

* Low energy input in processing an handling
soil: only about 1% of the energy required to
process the same volume of cement concrete. This
aspect was investigated by the Desert Architecture
Unit which has discovered that the energy needed
to manufacture one cubic metre of soil is about 36
MJ (10 kwh) while that required for the manufac-
ture of the same volume of concrete is about 3000
MJ ( 833kwh).

e Environmental appropriateness

¢ Low resistance to abrasion and impact if not
sufficiently reinforced or protected

* Low acceptability among most social groups:
considered by many to be a second class and gen-
erally inferior building materials

¢ On account of these problems: Earth as a
building materials lacks institutional acceptability
in most countries and as a result building codes
and performance standards have not been fully

developed.
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2.4.2 Materials for SCEB

Soil, cement, sand and water are the main material components to produce Cement
stabilised Earth Block and the quality of SCEB depends concisely on the type of soil,
the water content in the mix, the type of press, the type and quantity of stabiliser, and the

cure.

2.4.2.1 Soil type

According to Adams et al (2011) soil is a very complex material and knowledge about it
is essential to production of good quality SCEB. They point out the first step is to build
with raw earth which basic composition is clay, silt and sand, but it can present many
variations due to geological characteristics of the clay. According Obonyo et a/ (2010),
there are field test methods used to conclude about the granulometry composition and

plasticity of the suitable soil for SCEB.

Obonyo et al (2010) acknowledge the fact that each construction technology with earth
has the soil type appropriate for it. The most convenient soil for the production of adobes,
for examples, is not good for obtaining rammed earth. They advise that in collecting the
soil tests suitable to the production of SCEB, it should be taken without organic matter
and other impurities and should be sieved through a 4 to 5 mm screen. They make clear
that it is desirable that the soil has 10 to 20% of clay, 10 to 20% of silt, 50 to 70% of sand,
and it is convenient that the soil has a plasticity and a no high liquid limit, in general 40

to 45%
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2.4.2.2 Stabilisation

Stabilization is necessary to achieve a lasting structure, made out of SCEB, from local
soil with the soil properties determining the appropriate stabilisation method

(Adams et al, 2011).

Rigassi (1985) points out that the main objectives of stabilisation are to obtain better
mechanical performances by increasing dry and wet compressive strength; to reduce po-
rosity and variations in volume, swelling and shrinking with moisture content variations;
and improving the ability to withstand weathering by wind and rain: reducing surface

abrasion and increasing waterproofing.

Stabilization techniques can be broken down into three categories, (Houben et al/, 1994
cited by Obonyo et al, 2010):

* Mechanical stabilization: This method is done by compacting the soil and changing its
density, compressibility, permeability and porosity;

* Physical stabilization: This approach is achieved by changing the texture properties of
the soil. This can be done by controlling the mixture of different grain fractions, drying or
freezing, heat treatment and electrical treatment;

e Chemical stabilization: This technique is attained by changing the properties of the
soil by adding other chemicals or additives.

The compressive strength of the soil can be improved by using the right stabilisation
method. This will also improve its durability by increasing its resistance to erosion and
water damage (Kerali et al, 2007).

The main categories of binders used for SCEB construction are cement, lime, bitumen,
natural fibers and chemical solutions such as silicates (Houben et a/, 1994 cited by Obonyo

et al, 2010) as also outlined in NZS 4298:1998, New Zealand Standard.
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According to Deboucha (2011), one of the best and easily available stabiliser is the ce-
ment. 4% to 10% of cement by weight can produce SCEB of excellent quality (Kerali et
al, 2007). They reveal that the amount of stabiliser depends on the type of soil and also
the requested strength. They assert that if the soil has a lot of clay, it will demand at least 6
to 10% of cement but if the soil is excessively sandy, larger rates can be requested. If the
soil has a very good grain distrubution, 4% of cement is enough to give the SCEB blocks
good quality. However, Oti et al (2008a, cited by Deboucha 2011) alternatively suggest
that the most effective alternatives to Cement is the ground granulated blast furnace flag
(GGBS), which has the potential to typically replace up to 80% of the Cement. They point
out that GGBS has extremely low energy usage and CO, emission when compared with
cement. The energy usage of one ton of GGBS is 1300 MJ, with a corresponding CO,
emission of just 0.07 ton, while the equivalent energy usage of 1 ton of cement is about
5000, with at least 1 ton of CO, emitted to the atmospheres MJ Higgins (2007, cited by
Deboucha, 2011).

2.4.2.3 Cure

As concrete, SCEB needs to be cured to avoid the fast exit of the mixture of wa-

ter. A very effective method consists of covering the blocks so soon they are made with

a plastic or the new bricks can be wet for at least seven days (Kerali ez a/, 2007).
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2.4.3 Properties of SCEB

Table 5: Properties of SCEB VS other walling materials. Source: Adams et al (2011)

Lightweight
Fired clay Dense con- | Aerated con-
Properties SCEB concrete
bricks crete blocks | crete blocks
blocks
Wet compres-
sive strength 1-40 5-60 7-50 2-6 2-20
(N/mm?)
Miosture Mou-
0.002-0.2 0.00-0.02 0.02-0.005 0.05-0.10 0.04-0.08
vement(%)
Density(Kg/
1700-2200 1600-2100 1700-2200 400-950 600-1600
m3)
Thermal con-
ductivity 0.81-1.04 0.70-1.04 1.00-1.70 0.10-0.20 0.15-0.70
(W/m'C)
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2.4.3.1 Density and thermal properties

According to Adams et al. (2011) SCEB are denser than several concrete masonry prod-
ucts such as aerated and lightweight concrete blocks, and various types of bricks have
densities within their same range of for example: clay, and concrete bricks The high den-
sity of SCEB may be considered as disadvantage when the blocks have to be transported
over a long distance, however, it is too little consequence when they are produced at or

near the construction site (Adams et al, 2011) .

2.4.3.2 Moisture movement

Building materials with high porosity when used for wall construction may expand slight-
ly in wet and dry conditions and such movement may result in cracking and other defects
to the building (Adams et al/, 2011). Deboucha (2011) points that expension of SCEB
may vary according to the properties of the soil, some soils expand or shrink more than
others. However, Adams et a/ (2011) point out that the addition of a stabiliser reduces
this expansion. Nevertheless, there may be greater movement in structures built with
SCEB than those using alternative construction materials. However, Proper manufacture

and construction methods will reduce such movement (Deboucha, 2011).

2.4.3.3 Compressive strength

The above discussion reveals that the compressive strength of stabilized compressed

earth building blocks (that is, the amount of pressure can resist without collapsing) de-

pends upon the soil type, type and amount of stabilizer and the compaction
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pressure used to form the block. Furthermore, the maximum strengths are obtained by
proper mixing of suitable materials and proper compacting and curing (Deboucha, 2011).
In practice, Adams et a/ (2011) assert that typical wet compressive strengths for com-
pressed stabilized earth building blocks may be less than 4 N/mm?.

They reveal that some soil when stabilised with hydrated high calcium lime give wet
compressive strengths in the range of 6 - 8 N/mm?, strength suitable for many building
purposes. It also competes favourably, for example, with the minimum British Standard
requirements of 2.8 N/mm? for precast concrete masonry units and load bearing fired clay
blocks and of 5.2 N/mm? for bricks (Deboucha, 2011). He continues by saying that where
building loads are small (e.g. in the case of single storey constructions), a compressive

strength of 1 - 4 N/mm? may be sufficient.
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CHAPTER 3

EXPERIMENTAL WORK

3.1 Methods And Methodology

A normative and positivism paradgim research methodology encompassing an explora-
tory and experimental research (Olweny, 2010) was used to collect data for assessing the
compressive strength of the PETE bottles as masonry. A background study and a literature
review were conducted to arm the research with methods of investigating the compres-
sive strength of earthen materials with particular attention to rammed earth and stabilised

compressed earth blocks.

PETE bottles were collected from the surrounding community. The size of the bottles
amounted to 60mm diameter, 200mm length, the bottle top diameter 30 mm, and 500ml
volume. The PETE bottles were filled with the soil specimen (tagged as SI-UMU-A),
gathered from a site located in Nkozi as described in Appendix A.

The soil properties test of the soil specimen SI-UMU-A, SM-UMU-A and SM-UMU-B,
were carried out to identify the type of soil and soil properties of the soil. These tests

included
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Sedimentation test, Moisture Content Test, Dry Sieve Analysis and Plastic Limit Test.
The liquid limit test was not carried out because of equipment limitations. These tests
were carried out to provide information about the granulometric composition and plastic-
ity of the soil specimen, to identify the relationship between properties of the soil and the

strength of the PETE bottles masonry.

Specimens of cement-soil mortar prism were constructed from plastics bottles: 350mm
x 200mm x 700mm. The specimen prisms, having slenderness ratio i.e. height/thickness
= 3.5 were produced in the material laboratory of Uganda Martyrs University. Saman
(2006) points that under the American Society of Testing and Materials (ASTM) stand-
ards C1314-03b, masonry prisms to be tested in laboratory should consist of a minimum

of two units with height to thickness ratio between 1.3 and 5.

For the purpose of investigation, four PETE bottle walls were built with unstabilised
mortar while four PETE bottle prisms were built with 1:15 mix ratio of cement (CM IV/
32.5N)soil mortar, in order to determine whether the use of cement stabilisation provides
more strength to PETE masonry in comparison to unstabilised earth mortar. The PETE
bottles were joined together, using nylon rope that were purchased from a local hardware

shop.

A first compressive strength tests was carried out on eleven PETE bottles specimens,
although I scheduled to conduct compressive tests on forty PETE bottles specimens. but,
the bending testing machine (used as a compressive testing machine) failed during the
tests (See Fig 11).

A second compressive strength tests were performed on PETE bottle wall specimens at 14
days. According to the results of tests carried, the mortar joint has a minimum influence
on the strength of PETE bottles masonry. The mortar effect on the strength of the prism

specimen was only considered as providing stability factor
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Figure 11: Capacitor that failed during test: Photo by Author

to the walls. Since the mortar is not taken as mere binder between the PETE bottles, its
effect in the compressive strength is negligible. However, it was included in the research

as it provides stability to the PETE bottles masonry.

3.2 Materials for PETE bottle masonry

3.2.1 Soil

The soil specimens (see table 8) were taken from two different sites as described in Ap-
penix A. Samples were extracted from excavated homogenous layers and below approxi-
mately two meter from the top of soil to make sure that all the organic matters were not
included in sample.

The weight and quantity of the samples were dependent on the number of PETE bottles
wall specimens that was prepared for the test and with some additional soil to conduct the
soil tests. Each prism specimen required 54 PETE bottles.

The soil sample SM-UMU-A contained various sizes of grain, from very fine dust up to
pieces that were too large to be used for the mortar. Thus, the oversized elements were
manually removed (see Fig 12), using a 4mm screen. For this research, 3 types of stand-

ard tests for soil classification was performed to determine the properties of the soil .
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These tests are sedimentation test, dry sieving method, and test for determining plastic

limit.
Table 6: Annotation for soil specimen
Annotation Meaning
SI Soil used to fill the bottles
SM Soil used for the mortar
Aand B Type of soil in relation to the location

Figure 12: Sieving the soil specimen SM-UMU-A. Source: Personal collection

Before filling the PETE bottles, the soil specimen SI-UMU-A were tested to ensure that
it fulfilled the requirement outlined in the literature review, established for earthen ma-
sonries. The soil test was conducted also on the soil Specimen SM-UMU-A and SM-
UMU-B. These tests were carried out in laboratory environment and they conformed the

specifications of the NZS 4298:1998.
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3.2.2 PETE Bottles

Polyethylene Terephthalate Ethylene (PETE) bottles are thermosplastic materials (Ra-
jput, 2007). He asserts that this type of plastic are polymers and with or without cross-
linking and branching, and they soften on the application of heat, with or without pressure
and require cooling to be set to a shape.

The following properties of polyethylenes are pointed out by Rajput (2007)

» Wax like in appearance, translucent, odoureless and one of the lightest plastics.

+ Flexible over a wide temperature.

+ High dialectic strength.

* Chemically resistant.

* Do not absorb moisture.

* Their dielectric losses and dielectric constant are low

Furthermore, Rajput (2007) and The Engineering ToolBox (2011) provide mechanical
properties of HDPE (High Density polyethylene) that can be affiliated to PETE mechani-

cal properties and they are shown in table 7.

Although, the PETE bottles when filled with soil is not theoretically homogenous and
continuous, it will be considered as a composite material because it is made of two ma-
terials: PETE bottles and soil. According to Thomas (2008), a composite materials is
composed of two different materials featured by their modulus of elasticity and their
allowable working stress. But in order to engage in any structural calculation method,
Thomas (2008) accurately draws attention to the fact that some general hypothesis should

be set such as:
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* A material is continuous (no gaps), homogeneous (same properties in all points) and
isotropic (same properties in all direction) .

* A plane section perpendicular to the centre line of the element, before loading remain
plane and perpendicular to the centre-line after loading (Navier, 1826 and Bernoulli, 1694
cited by Thomas, 2008).

» Itisassumed that elastic deformations are very small compared to the cross-sectional
sizes of the element. Therefore, deflections do not alter the horizontal position of the

loads and the internal forces remain regular.

* The principle of BARRE de St VENANT. It suggests that the manner the loads are op-
erating has only a confined impact and the difference between two loading systems fade

rather rapidly when one moves away from the point of application of the loads .

~d

Figure13: Distribution of stress over a vertical axially loaded element

Source: Thomas (2008)
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Bearing in mind that mechanical properties of PETE bottles (see Fig 14), when set side by
side with HDPE mechanical properties, may have an influence on PETE bottles masonry
structural behaviour, the above may help in further PETE bottles masonry structural

investigations.

Table 7: Mechanical properties of HDPE. Source (Rajput, 2007)

Properties HDPE( High density Polyethylene)
Density ( kg/m?) 95-140

Softening point (°C) 90-100°

Thermal Conductivity (W/mK) 0.42-0.55

Thermal expension (1/K) 120x10°¢

Specific Heat Capacity (J/kg°C) 2100-2310

Tensile strength (N/mm?) 200-300

Compressive strength (N/mm?) 20-30

Coefficient of Friction 20-25

Young’s modulus (N/mm?) 550-1050
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Figure 14: PETE bottles used in the research: Photo by author

3.2.3 Nylon Rope

Nylon rope is gotten from coal, petroleum, air and water (Rajput, 2007). It is a polyamide

thermoplastic produced by series of condensation reaction between an amine and organic

acides. Rajput outlines the properties of nylon as follow:

Good abrasion resistance.

Tough and strong but flexible too.

High impact strength.

Absorb water which causes reduction in strength and impact properties
Resistant to most of the solvents and chemicals

High softening temperatures and thus moulding becomes difficult.

Additionally, The Engineering Toolbox (2011) provides data about mechanical properties

of Nylon illustrated in Table 6.

38



Investigating the Compressive Strength of Plastic Bottles as Masonry

Table 8: Mechanical Properties of Rylon Rope. Source: The Engineering ToolBox (2011)

Weight (kg/m) 0.013
Safe Load (Safety Factor 12) (kN) 0.326
Minimum Breaking Strength (kN) 391
Density (kg/m?) 1150
Tensile Modulus (N/mm?) 2000 - 3600
Tensile Strength (N/mm?) 82
Specific Modulus 2.52
Specific Strength 0.071
Maximum Service Temperature (°C) 75-100
Yield Strength ( N/mm? ) 45
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Nylon rope has a very high tensile strength. As the nylon rope is used as the main binder
for the PETE bottles masonry, hence further research is needed to investigate its effect on
the the shear strength, the bending strength, the tensile strength, the modulus of elasticity,
the shear modulus and the ductility factor on the PETE bottles masonry, as these proper-

ties are determinant for investigating the resistance of a masonry (Curtin, 2006).

The nylon rope (see fig15 ) that is used in this research had a diameter amounting to 3mm

Figure 15: Nylon rope used in the research

Photo by author
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3.2.4 Water

Water is in a similar way like cement, an active component in mortar. For cement-sand
mortar, without water no hydration can be attained, hence no strength can be achieved.
Water is responsible for the workability of a fresh mortar. Although, the effect of the mor-
tar is not taken into account in this research, as soil and cement are not able to bond with
PETE bottles due to its properties, 20 percent of the overall weight of the cement and soil
was used to determine the quantity of water to be used in the mix. A slump test and a flow

test were conducted to evaluate the consistency of the fresh mortar.

3.3 Soil Tests

3.3.1 Sedimentation test

Although sedimentation test for fine particles presents satisfactory results Rigassi (1985)

advises that sedimentation test with the addition of salt should not be exceptionally ad-

opted because it overestimates the amount of fine fractions and does not promote efficient

dispersion.

Method

The first step consists in taking a transparent cylindrical jar or bottle of at least 1/2 litre

capacity that is filled with approximately 1/4 soil and 3/4 water.

The second step is to seal the top of the transparent bottle using your hand and to
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shake well. After 45 minutes, the same operation is repeated. The final step is inherent in
leaving the content of the bottle to settle for at least 24 hours, and afterwards the sedimen-

tation layers are measured accordingly.

Implications

The coarse material (gravels) are set on the bottom, followed by sands, then silts, with
clays at the top.

The depth of each layer gives an indication of the proportion of each type of material.
These proportions are only approximate: the layer of gravel, which contains many voids,
will seem relatively “deep” compared to that of clay, which will have very few voids.
Nevertheless, the test shows if the soil has a rather reasonable distribution of all types of
material or if on the contrary it contains too much of one type. The relative proportions,
and hence percentages, of each fraction can be determined by measuring approximatively

the depth of each layer (see Fig 16 and Fig 17).The results are reported in chapter 4.

*"Z="=% — -Organic materials

e - Clay

“.v; e .
By 0 el _Sand
. —.-Gravel

Figure 16: Sketch of sedimentation test procedure. Source: Rigassi (1985)
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Figure 17: Sedimentation test showing organic materials, water, clay , silt, sand and

gravel Photo by Author

3.3.2 Dry Sieving Test

Equipment

In the Uganda Martyrs University laboratory the available sieve equipment is a R20 series
(see fig 18) with 10 sieves ranging from 0.063mm up to 31.5mm. As the largest size of
soil aggregate that is permissible in a typical adobe blocks amount to a 20mm, 8 sieves
were selected to perform the test. The soil specimen SM-UMU-A was sieved in advance
to remove all the soil aggregate with very large size with a 4mm screen. Additionally, an
electromechanical sieve shaker model: Control 15-D040( see Fig 19) was used to support
the sieve test. An electronic scale model Kern model CB12KI, range 12kg, 1 digit cor-

responding to 1g(see Fig 20), was used to weigh the soil.
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Figure 18: The sieve plates used for the dry sieving test. Photo by Author
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Figure 19: The electromechanical shaker with sieve plates.
Photo by Author
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Method

The first step in the sieve analysis is to thoroughly mix up the soil specimen that will be

used for testing. Prepare at least 500g for each soil specimen.

The size of the soil particles determines the maximum sieve size (8mm for SI-UMU-A

and 4mm for SM-UMU- A and B).

Stack the sieves in decreasing order and the receiver goes on bottom

.Put the sample and the lid.

Install stacked sieves in electro-mechanical shaker and shake for at least 10min.
Finish the operation by a manual check for the larger particles.

Weighing of the individual retained refusals (weighing accuracy linked to the scales:

lg of total mass) The results are reported in Chapter 4.

Figure 20: Electronic balance model Kern model CB12KI. Photo by authors

Figure 21: Sieved soil specimen on plates ready for weighing. Photo by authors
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3.3.3 Plastic limit test

Method

Samples of about 70 g soil pastes is prepared and they are placed on the mixing plate
(see Fig 22). Each soil paste is allowed to dry partially on the plate until it become plastic
enough to be shaped into a ball.

* Roll the ball of the soil between an open flat hand and a glass plate until the heat of the
hands dries the soil sufficiently for slight cracks to appear on its surface.

* Divide the sample into two sub sample of about 10g each and carry out separate deter-
mination on each portion.

* Divide each sub sample into four more equal parts and treat each part as specified in
the process below

* Mold the soil in the fingers to equalize the distribution of moisture, then form the soil
into a thread about 6mm (see fig 24) diameter between the first finger and thumb of each
hand.

* Repeat the process until the thread shears both longitudinally and transversely when it
is rolled to about 3mm diameter.

* Do not gather the pieces of soil after they crumble. In order to reform a thread and to
continue rolling, the first crumbling point is the plastic limit.

* Gather the portion of the crumbled soil thread together.

* Transfer the crumbled soil to a container (see fig 25) and determine the moisture con-

tent of the soil in the container. The results are reported in Chapter 4.
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Figure 22: Soil paste on the mixing plates

Source: Personal collection

Figure 23: Shaping the soil into a ball

Source: Personal collection

Figure 24: Soil formed into a thread of 6mm

Source: Personal collection

Figure 25: Crumbled 3mm soil thread

Source: Personal collection
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3.3.4 Moisture content test

The test is conducted on the soil specimen SI-UMU-A and on the the soil specimen SM-

UMU-A and SM-UMU-B.

Method

A kilo of the damp soil SI-UMU-A is prepared while only 70g of the crumbled thread of
soil SM-UMU-A and SM-UMU-B is used.

* After the mass of the soil plus the container is recorded, place the soil specimens in the
oven model CONTROL 10-D1390 (seee Fig 26) with a maximun temperature capacity of
200°C and an accuracy of +/- 5°C.

* Dry the soil specimen within 24 hours at a constant temparature of 120°C.

* Weight the dried soil specimens and record the respective moisture contents. The re-

sults are reported in Chapter 4.

~
y |
!

Figure 26: Soil specimen in the oven model CONTROL 10-D1390. Photo by author
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3.3.5 Slump test

Equipment

The test device used to determine the consistency of the fresh mortar consists of a trun-
cated conical steel mould with a bottom diameter of 200mm; a top diameter of 100mm,
and a height of 300mm; a truncated funnel with a lower diameter of 100mm; a stiff metal-
lic support and a steel tamping rod with rounded ends diameter of 16mm and a length of

600mm

Procedure

The first step consists in moistening the inside of the truncated mould and the metallic
support.

* Centre the mould on the plate and fill it in three layers of equal height.

e Tamp each layer 25 times with tamping rod and truck off the top layer with the rod.
 Just after the filling operation, remove the mould carefully and vertically.

* Measure the settlement of the mortar cone (see Fig 27). The results are reported in

Chapter 4.

Figure 27: Measuring the slump of the fresh mortar. Source: Personal collection
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3.3.6 Flow test

Equipment

The test device used to determine the consistency of the fresh mortar with the flow test
consists of a wooden square board with a side length of 700mm, covered with a steel
plate weighing 16kg, with the board hinged along one side to the base board and the top
table is able to be lifted up over 40mm; a truncated conical steel mould with a bottom
diameter of 200mm, a top diameter of 130mm, and a height of 200mm, a truncated fun-
nel with a lower diameter of 100mm; and a square wooden tamper with the side length

of 40mm

Procedure

The first step consists in moistening the inside of the truncated mould and the metallic

support.

Cnetre the mould on the plate and fill it in two layers of equal height.

Tamp each layer 10 times with tamping rod and truck off the top layer with the ro

Just after the filling operation, remove the mould carefully and vertically.

Lift the top table to its maximum (40mm at free hand) and leave it to fall freely, and
repeat the operation 15 times.

» After the fresh mortar spread over the top table, measure the two diameters parallel to
the side of the table (see Fig 28).

* The average value gives the flow of the mortar. The results are reported in Chapter 4.
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-

Figure 28: Measuring the flow of the fresh mortar. Source: Personal collection

NB: It is important to note that the slump test and the flow test are not soil tests but con-

crete test

34 Producing the PETE wall Specimens

The operation begins with making provision for all the materials such as PETE bottles,
soil, sand, Cement, water and the frame to support the bottles wall specimen during con-

struction. The frame size depends on the effective size of the bottles wall specimen.

The bottles wall specimen size adopted amounts to 350mm length, 200mm depth and
700mm height. This is by reason of the limitation in size of the compressive installation
support. The volume of the prescribed bottles wall specimen required 54 PETE bottles;

Hence, the size of the wooden support frame (outside measurement) prepared is: 20mm

thick, 390mm long, 240mm deep and 720mm high (see Fig 29 and Fig 30);
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Figure 29: Measurements of the wooden frame support, Scale 1:10

Figure 30: Image of the wooden frame support. Photo by author
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* Fill the PETE bottles (see Fig 31) with the soil specimen SI-UMU-A in 4 layers by
compaction with a steel bar at a moisture content amounting to 10.1%.

* Place a polythene sheet on the inner face of the wooden frame support to protect it
against moisture;

* Two types of mortars are prepared (see Fig 32). The first mortar has 37kg of soil SM-
UMU-A without cement and the second has 35kg of soil SM-UMU-B with 1:15 ration
cement CM IV/ 32.5N.

* Addd water amounting to 20 percent from overall dry weight of cement-soil mix;

—
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Figure 31: Filling the PETE bottles Figure 32: Mixing the mortar

Source: Personal collection Source: Personal collection

* Build the bottles wall specimens (see Fig 33) using the PETE bottles laid according to
their longitudinal axis, and tied together with a nylon rope on their two extremity (see Fig
34 and Fig 35) to prevent horizontal displacement.

* To prevent expansion, protect the bottles wall specimen using a 120x35x9 steel clamp.

The results are reported in Chapter 4.

Figure 33: Building the bottles wall. Source: Personal collection
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Figure 34: Bottles wall specimen Drawing, Scale

1:10

Figure 35: Sewing the front ties.

Source: Personal collection

Figure 36:Rear ties.

Source: Personal collection
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3.5 Compressive test

According to several researchers, compressive strength is one of the most important prop-
erties of masonry in structural design. Saman (2006) points out that the specified com-
pressive strength of a masonry assemblage (f° ), is used to determine its allowable axial

and flexural compressive stresses and shear stresses.

Saman (2006) additionally drew attention to the fact that the compressive strength of
the masonry assemblage can be evaluated by the properties of each constituent material,
called the “Unit testing method,” or by testing the properties of the entire masonry as-
semblage, termed the “Prism Testing Method” as a function of the mortar type and the

compressive strength of the unit employed to construct the masonry.

In order to have reliable and confident data on the compressive strength of PETE bottle
masonry, Thomas (2011) advised to perform both the single bottle testing method and the
bottles wall testing method. This is also attributable to the fact that there has never been
any structural behaviour investigation concerning the PETE bottle masonry, hence it is
very difficult to predict its compressive strength using one method because the nature of
the PETE masonry is different with other types of masonries which bottles wall compres-
sive strength depend on the strength of the type of mortar used. For instance, Mamlouk
(2009) reveals that numerous researchers accurately correlate the brick masonry assem-
blage compressive strength with several factors such as prism height to thickness ratio,
brick unit compressive strength, mortar type, hollow versus solid brick units, the mortar
joint thickness and the grout. He reveals a rule of thumb relationship between prism
compressive strength and unit compressive strength where the {°_is approximately 80%

of the unit compressive strength.
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Furthermore, Saman (2006) suggests an equation that links the unit compressive strength
of clay masonry to its assemblage compressive strength, given as follow:
f¢ =A(400 +Bf ) where A= inspected masonry; B= type of mortar ; f = average com-

pressive strength of brick unit ; and f* = specified compressive strength of masonry

Following the above, the two methods for determining the compressive strength of ma-
sonries were adopted. The unit testing (single bottle test) method was carried on 11 PETE
bottle units (named PB-SA 1to 11) , using a bending testing machine 100KN capacity,
model CONTROL 53-C0900 (See Fig 37), while the bottles wall testing method (Bottles
wall test) was carried on 8 PETE bottle bottles wall specimens (see table 9), using two
hydraulic jack (RC 106 n°® D5001 C and n° D 3702 C), individual capacity 101kN, stroke
150mm, a manual operated high pressure pump (ENERPAC P392) with a maximum pres-
sure of 700 bar provided with a 250 bar dial gauge ( approximatly 33kN per jack) and a
700 bar dial gauge ( approximatly 101kN per jack) . A modified steel frame support was

used to accommodate the testing process (See Fig 38.)

Figure 38: Hydraulic long ram jack machine
Figure 37: Bending testing machine

installed on a modified steel frame support

Photo by author
Photo by author
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Table 9: Annotation for PETE wall

Annotation Meaning
S Bottles wall specimen with stabilised mortar
Us Bottles wall specimen with unstabilised mortar
A Soil SM-UMU-A
B Soil SM-UMU-B
Llto3 Lateral support are provided
Nlto2 No lateral support are provided

Procedure

Single Bottle test method

* First, clean the bearing surface of the plate to remove any loose grit.

 Put the PETE bottle specimen in the testing machine relatively to its longitudinal axis,
at the centre coinciding with the axis of the machine.

* Make a final check of the correct positioning, and then apply the load up to failure.

* Consider the first cracks that appears on the PETE bottle specimen as the failure point

* Stop the machine and record the cross section area of the PETE bottle in contact with
the platen using a vernier calliper (see Fig 39).

* Record the maximum load at failure as well as the rate of loading (N).The results are

reported in Chapter 4.

The crushing strength is calculated as follow:

Compressive strength = Maximum Load ( KN) )
Cross section Area ( mm?2 )
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Figure 39: Recording the cross section area of the PETE bottle in contact with the platen

Source: Personal collection

Bottles Wall test method

* Clean the bearing surface of the concrete plate to remove any loose grit.

* Put the bottles wall specimen in the testing machine and position the hydrolic cylin-
ders at an eccentricity e = /2= 100mm, e =1/3= 115mm. The distance between the cylin-
ders head amounted to 120mm (See Fig 40 and Fig 41).

* Put thet load distribution steel sections on top of the bottles wall specimen to uni-
formly distribute the load;

* Make a final check of the correct positioning, and then apply the load up to failure.;

The maximum load at failure is recorded as well as the rate of loading (N)
The crushing strength is calculated as below:

Compressive strength = Maximum Load ( KN))
Cross section Area ( mm2 )
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This test was conducted with consideration of the effects of lateral supports especially
vertical lateral on the resistance of a wall, as walls without lateral support tend to have
less strength and stability than a wall with lateral support when subjected to horizontal or
vertical forces (Curtin et al, 2006). Thus, 5 bottles wall specimen (see Fig 40) were tested

without vertical lateral support while 3 bottles wall specimens (see Fig 41) were tested

with the support.

Vertical lateral support

Figure 40: Bottles wall without vertical lateral support. Figure 41: Bottles wall with vertical lateral support:
Photo by author Photo by author
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Figure 43: Position of the hydraulic cylinder. Photo by author
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CHAPTER 4

RESULT AND ANALYSIS

4.1 Results of soil tests

4.1.1 Sedimentation test results.

Two types of soil were tested: SI-UMU-A /SM-UMU-A and SM-UMU-B. SM-UMU-A
was sieved with a 4mm screen and yield SM-UMU-B. The sedimentation test was
conducted on the two SM soils. Each layer of the soil deposited on the glass flask were

measured as well as the water and the values got are as follow:

Table 10: Recorded Values for Sedimentation Test

Recorded Values(mm) SM-UMU-A SM-UMU-B
Flask content 96 96
Water 38 35
Clay and silt 13 17
Sand 20 35
Gravel 25 9
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Table 11: Sedimentation test Result

SM-UMU-A SM-UMU-B
Clay and silt 22.4% 27.9%
Sand 34.5% 57.4%
Gravel 43.1% 14.7%
Table 12: Sedimentation test result Chart
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Analysis and Observations

The laboratory classification of the soils taken from below the top soil at approximately
two metres shows that soils tested contained a range of soil particles reported as follow:
43.1% of gravel for SM-UMU-A and 14.7% for SM-UMU-B; 34.5% of sand for SM-
UMU-A and 57.4% for SM-UMU-B; 22.4% of clay and silt for SM-UMU-A and 27.9%
for SM-UMU-B;

4.1.2 Sieve analysis test results

The mass retained on each individual sieve and in the receiver was determined by weigh-
ing. The individual retained mass was deducted from the total mass and yielded the cu-
mulated passing masses (see Table 13). These masses were divided by the total mass of

the sample to get the cumulated passing percentage( see Appendix G).

Table 13: Sieve test result

Test sieve size SI-UMU-A SM-UMU-A SM-UMU-B

mm Cumulated Passing Cumulated Passing Cumulated Passing
Mass(%) Mass(%) Mass(%)

8 100 100 100

4 89 100 100

2 61 65.72 92

1 40 40 79

0.5 34 22 64

0.25 13 10 40

0.125 5 3 11

0.063 2 1 2

Receiver - - -
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Table 14: Sieve test result Chart

Percentage passing mass(%)
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Analysis and Observations

The results got from the dry sieve analysis revealed the following distribution of particles:
for SI-UMU-A approximately 40% of the soil particles were gravel, over 50 % were sand
and less than 10% were silt and clay; for SM-UMU-A around 35% of the soil particles
were gravel, over 55 % were sand and less than 10% were silt and clay;

for SI-UMU-B nearly 5% of the soil particles were gravel, over 85 % were sand and less

than 10% were silt and clay.

All the three soil specimen show a great amount of sand, a relatively high amount of
gravel for SI-UMU-A and SM-UMU-A, and a slight amount of clay and silt. Hence they
can be classified according to NZS 4298:1998 as Silty or Clayey Sand for SM-UMU-B
and slightly silty or clayey gravel and sand for SI-UMU-A and SM-UMU-A.

From the Dry sieve analysis and the sedimentation test we can relate the relationship be-
tween the particles size of the soil specimen with the best soil specimen to be utilised to
fill the bottles for a better compaction and for producing the best Cement Stabilised mor-
tar. From the literature review, the proportions of particles of soils that are recommended
for the manufacture of compacted earthen blocks (Houben et al., 1994 cited by Obonyo et
al., 2010) are: Gravel:0-40%; Sands:25-80%; Silts 10-25% Clays 8-30%, soil classified

as sandy soil (Rigassi, 1985).

Hence, SM-UMU-A and SI-UMU-A were the ideal soil to use to fill the PETE bottle
(SI-UMU-A was used to fill the bottles.) and SM-UMU-B was the best soil to produce
the cement stabilised mortar- SM-UMU-A produced 3 PETE bottles wall specimen with
unstabilised mortar and 2 PETE bottles wall specimen with cement stabilised mortar,
while SM-UMU-B produced 3 PETE bottles wall specimen with cement stabilised mor-

tar.
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4.1.3 Moisture content test results

The soil specimen SI-UMU-A, SM-UMU-A and SM-UMU-B were dried at constant tem-
perature of 120°C within 24 hours, and then they were left to cool. Their respective mass
was recored and yielded their moisture content. This test provided also data for the plastic

limit test . The calcualtion are obtained as follow:

Mass of damp soil - Mass of dried soil

Moisture content= - - 100
Mass of dried soil x

Table 15: Moisture content results

Mass Unit SI-UMU-A SM-UMU-A SM-UMU-B

Mass of container g 513 515 517

Mass of damp soil +

g 1513 589 593
container
Mass of damp soil g 1000 74 76
Mass of dried soil +
g 1421 579 581
container
Mass of dried soil g 908 64 64
Moisture content % 10.1 15.6 18.7
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Table 16: Moisture content results Chart
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4.1.4 Slump test results

In order to evaluate the consistency of the fresh mortar, the test was undertaken on the

following mix proportions:

* Soil=35kg . |

e cement= 2.3kg ﬁé 1 ;'32mm

e water=7.51 ;" T } ”:\\

Slump= 32mm \ Jf‘, | 0 R . Il"ll
. \ [

The slump consistency (see table 17) is between 10<S<50 (class 1).

Table 17: Slump consistency classes. Source: Thomas (2008)

Class S1 S2 S3 S4 S5

Slump(mm) 10 to 40 50 to 90 100 to 150 160 to 210 >220
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4.1.5 Flow test results

The flow of the mortar was calculated as follows:

- (w- (d1+d2)) + (w-(b1+b2))
2

w
] ;
The recorded values were:
w=700mm A»(} v
d1=195mm
I o

d2=219mm

bl=198mm
b2=210mm
F=(700- (195+219)) + (700-(198+210))/2= 289mm < 340 (class F1)(see table 18)

Table 18: Flow consistency classes. Source: Thomas (2008)

Class F1 F2 F3 F4 F5 F6

flow(mm) <340 350to 410 | 420to480 | 490to 550 560 to 620 >630

Analysis and Observations

The results from the flow test and the slump test revealed that the mix had a consistency
affiliated to class S1 for the slump test and F1 for the flow test. This implies that the mor-
tar had the right amount of water for workability reasons that is linked to the strength of

the mortar (Thomas, 2008).
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4.2 Results of Compressive tests.

4.2.1 Single Bottle compressive strength test results

The following equation was used to calculate the density of the PETE unit specimen:

Density = mass/volume

Table 19: Single bottle compressive strength Versus PETE bottles unit density Chart
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1858 1880 2148

Density: kg/m?

Analysis and Observations

The PETE bottles units exhibited a rather complicated state of stresses (see Fig 44) under
the compressive force that commends further research in order to equip the PETE bottles
masonry technology with efficient and reliable structural and stress analysis data. How-
ever, one should bear in mind that the stresses induced by the compressive force included

tensile stresses in the axis perpendicular to the axis of action of the applied load (o),
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’m

Before loading After loading

Figure 44: Distribution of stresses in the PETE unit

compressive stresses (o) parallel to the axis of action of the applied load and normal
stresses o (circumferential to the spherical surface of the PETE bottles) induced by the
pressure caused by 6 . It was observed that these stresses caused deformations that were
increasing as the acting force increased. The tensile stresses caused elongation (see Fig
45) of the PETE bottles unit (d > d ) and was the main cause of their failure (the PETE
bottles were cracking where the tensile strength was high) with the addition of the nor-
mal stresses, while the compressive stresses and the corresponding shortening (d,, < d,)
tended to increase the strength of the PETE bottles unit as the applied load increased (see

Fig 46).

Figure 45: PETE bottle A4 unit under compres- Figure 46: PETE bottle A4 at failure
sion Source: Author Source: Author
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The results got from the unit compressive strength tests ranged between 10.9 N/mm?and
23.IN/mm? and when compared with the unit compressive strength of some masonry
blocks, these results fall in the same range. For example, the masonry units produced in
Uganda have the following compressive strength: compressed earth blocks have a com-
pressive strength less than 6 N/mm?; that of adobe blocks less than 4 N/mm?*, while fired
bricks compressive strength lies between 5 and 9 N/mm? and that of concrete blocks are
between 5 and 7 N/mm? (Kerali et al, 2007). Also, Adams et al (2001), provided compres-
sive strength of some masonry units with rather large value intervals notably 1 to 40 N/
mm? for stabilised compressed earth blocks, 5 to 60 N/mm? for fired bricks, 10 to 55 N/
mm? for calcium silicate bricks, 7 to 50 N/mm? for dense concrete blocks, 2 to 6 N/mm?

for aerated concrete blocks, and 2 to 20 for concrete blocks.

Conceivably, one of the most important observation made about the PETE bottles struc-
tural behaviour is the correlation between the density and the compressive strength of
the PETE bottles . It was observed that the PETE bottles with the lowest density had the
highest compressive strength, while for all others earthen materials and masonry units it
is the direct contrary, a certainty exposed in the literature review. For example, the data
provided by Adams ef al. (2001), showed that for stabilised compressed earth blocks with
density ranging from 1700 to 2200 kg/m* the compressive strength will respectively fall
between 1 to 40 N/mm?, meaning that the compressive strength increases with an increase

in density.

The compressive strength- density relationship of PETE bottles, is explicable with the
fact that the PETE units filled, with moist soil is a composite material and both materials
undergo the same strain with the corresponding stresses causing the failure to the PETE

bottles (Thomas, 2008).
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The tensile stresses, induced by the compressive forces on the PETE bottles filled with
the compacted soil, tended to push the soil outward perpendicularly to the axis of ac-
tion of the applied load, and consequently caused normal stresses, circumferential to
the spherical surface of the PETE bottles, thus an increase in the applied load caused an

increase in the tensile stresses pushing then the soil toward the PETE bottles.

Consequently, the circumferential normal stresses in the PETE units increased and at the
failure point the stresses broke the PETE unitss. Therefore, if the density of the PETE
unitss was low, the rather little amount of soil undergoing the strain caused by the tensile
stresses would have caused small circumferential normal stresses in the PETE units and

would have increased as a matter of fact the compressive strength of the PETE units.

However, it can also be assumed that the moisture content of soil to be loaded in the
PETE should should be slightly high, as soil with high moisture content have a low com-
paction rate that yield a low density. The compression rate of earthen material is func-
tion of the optimum moisture content of the soil. A relatively low moisture content, as
recommended by the literature review on earthen materials, yield the best density for the

compressed earthen masonries ( Maniatidis et al, 2003).
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4.2.2 Bottles Wall compressive strength test results

One of the most important factor in the analysis of the compressive strength of the PETE
bottles wall specimens that was not undertaken is the calculation of the density of the bot-
tles wall specimen. This is ascribed to the lack of balance with a capacity above 100kg
in the laboratory in view of the fact that the bottles wall specimen had a weight above

100kg.

Table 20:Unstabilised bottles wall compressive strength Versus stabilised bottles wall compressive

strength Chart
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Table 21:S-N bottles wall compressive strength versus S-L bottles wall compressive strength chart
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Analysis and Observation

The results obtained from the bottles wall compressive strength varied from 0,048 to
0.84 N/mm?. Set side by side with the data from the literature review on the compres-
sive strength of rammed earth and stabilised compressed earth blocks, it is evident that
the PETE bottles masonry can be confidently used as a load bearing masonry. Maniatidis
et al (2003) revealed that a typical load bearing rammed earth wall has an established
compressive strength that lies betwenn 0.4 to 0.7 N/mm?, while load bearing stabilised
compressed earth walls have compressive strength around 0.5 to 1.8 N/mm?( Felix, 2009;

Heath et al ,2009; Maini, 2009).

It has been registered that the compressive test results from the bottles wall specimen
built without lateral support showed a slight difference in between the compressive
strength of the specimen built with stabilised mortar and the one built without cement
stabilised mortar. Hence, it is recommended to built PETE bottle masonry with cement
stabilised mortar from a sandy soil, as it gives the PETE masonry a better strength than

an unstabilised mortar.

Although the influence of the mortar joint was not considered in this research, it is clear
that adequate mortar may contribute to the compressive strength of the PETE bottles ma-
sonry, hence there is a need for further research to investigate the influence of the cement
stabilised mortar on the strength of PETE bottles masonry, while bearing in mind that the
bond in between the PETE bottles, in the masonry assemblage depends considerably also
on the nylon rope and it should not be put aside.

Furthermore, the results on the bottles wall compressive test revealed that there was a
very large variation in the compressive strength results of the bottles wall specimens built

with vertical lateral support relatively to the one built without vertical support.
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One important observed factor that influenced the compressive strength of the bottles
wall specimen was the mode of failure. The bottles wall specimen tested without lateral
support failed due to bond failure (see Fig 48 and Fig 49). Due to limitations in equip-
ment that could have measured the strain induced by the compression force on the bottles
wall specimen ( deformations of masonry in laboratory environment are usually meas-
ured with strain gauges, available in many model), thus some properties of the PETE
unitss masonry could not be established such as the stress-strain relationship, the modulus
of elasticity, the shear modulus and a concise analysis of the bond failure. However, the
bottles wall specimen built with vertical support demonstrated a large resistance against
shear failure. While they revealed very small elastic deformation (they did not recover
their original height after failure), the compressive forces tended to give more strength to

the masonry assemblage as the load increased (see fig 50 and Fig 51).

Figure 47: S-A-N1 Bond failure Figure 48: US-A-N1 Bond failure

Source: Author Source: Author
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Figure 49: S-L-1 before failure. Source: Author Figure 50: S-L-1after failure. Source: Author
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CHAPTER 5

CONCLUSION

Based on the findings from the tests conducted and the literature review, it can be con-
cluded that the proportion of the soil is an important aspect in producing PETE bottles
masonry with adequate compressive strength.

The three soil specimen tested fell within the ideal limit in particle size distribution, thus
producing PETE bottles masonry with commendatory compressive strength when com-

pared to the compressive strength of different types of earthen masonries.

It was observed that the stabilised soil specimen SM-UMU-B produced the highest com-
pressive strength PETE wall specimens with a provision of vertical lateral support than
the stabilised SM-UMU-A because the PETE wall specimens built out of them did not

have vertical lateral support.

Moreover, all three soil specimen had a low plastic limit with an average moisture con-
tent of 10.1% for SI-UMU-A, 15,6% for SM-UMU-A and 18.7% for SM-UMU-B, all of
them lying in the range specified by NZS 4298:1998 of 2 to 30% for the suitable soil for

cement stabilization.
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The mix ratio may play an important role in determining the suitable soil-cement mortar
for PETE units masonry, as it was noticed that though in theory the mortar have little in-
fluence in the bonding strength of the PETE bottles, the cement stabilised mortar provid-
ed a rather better compressive strength to the bottles wall specimen than the unstabilised
mortar. Besides, the properties of the soil can be a factor of producing the higher strength

in Cement Stabilised mortar PETE bottles masonry.

It was noticed that there was a clear relationship between the density and the compres-
sive strength of the PETE bottles tested . From the PETE bottles investigated, it was
noted that parameters such as moisture content of the soil can influence the compressive
strength of the PETE bottles in terms of the compressive effort put during compaction
that on the other end influenced greatly the density of the PETE bottles. It was discovered
that to improve the PETE bottles compressive strength , the soil should have a slightly
higher moisture content, in order to have a low compression rate that will result in a low

density PETE bottles .

From the compression strength tests conducted on the PETE units and walls, the findings
revealed that the PETE units can be confidently used as masonry but it is commended that
a complete structural investigation is undertaken in order to acquire sufficient and reli-
able structural behaviour data that can boost the utilisation of PETE units as masonry. It
is recommended that the structural research to be engaged, should comprise the following
investigations:

* Flexural bending strength ,

* Flexural bond strength of mortar,
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* Shear strength,

* Tensile strength,

* Modulus of Elasticity,

* Combined compression and bending,
* Out- of plane flexural capacity,

* Design for shear,

and Modulus of rupture to cite just a few.

Finally, this research has demonstrated that plastic bottles masonry has structural poten-
tialities and it can be recommended in the building industry, especially in providing low
cost housing, because its use may reduce considerably the impact of plastic bottles on

the environment.
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APPENDICES
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APPENDIX A

LOCATION OF SOIL SPECIMENS

The soil specimens were gather from Nkozi, in the compound of the Uganda Martyrs
University. Uganda Martyrs university is located approximately 3km from Kayabwe, a

small town about 82km from Kampala along the Kampala-Masaka highway.
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Figure 51: Location of Nkozi, Uganda
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Figure 52: Location of Uganda Martyrs University
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APPENDIX B

DATA OBTAINED FROM SIEVE ANALYSIS TESTS

Data anlysis: Specimen SI-UMU-A

Total mass of dry soil = 500g

Sieve Size Individual retained | Cumulated Passing | Cumulated Passing | Cumulated Passing
(mm) Mass (g) mass (g) mass (%) mass (% Rounded)
8 57 496 100 100
4 137 439 88.51 89
2 102 302 60.89 61
1 81 200 40.32 40
0.5 57 119 33.99 24
0.25 35 62 12.50 13
0.125 19 27 5.44 2
0.063 6 8 1.61 2
Receiver 2 - - -

Total Mass After sieving: 496g

Error: 0.8%
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Data anlysis: Specimen SM-UMU-A

Total mass of dry soil = 500g

Sieve Size Individual retained | Cumulated Passing | Cumulated Passing | Cumulated Passing
(mm) Mass (g) mass (g) mass (%) mass (% Rounded)
4 0] 493 100 100
2 169 324 65.72 66
1 126 198 40.16 40
0.5 91 107 21.70 22
0.25 57 50 10.14 10
0.125 33 17 3.45 3
0.063 12 5 1.01 1
Receiver 5 - - -

Total Mass After sieving: 493g

Error: 1.4%
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Data anlysis: Specimen SM-UMU-B

Total mass of dry soil = 500g

Sieve Size Individual retained | Cumulated Passing | Cumulated Passing | Cumulated Passing
(mm) Mass (g) mass (g) mass (%) mass (% Rounded)
4 0] 495 100 100
2 38 457 92.32 92
1 65 392 79.19 79
0.5 77 315 63.63 64
0.25 116 199 40.80 40
0.125 144 55 11.11 11
0.063 44 11 2.22 2
Receiver 11 - - -

Total Mass After sieving: 495g

Error: 1.0%
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APPENDIX C

DATA OBTAINED FROM COMPRESSIVE STRENGTH TESTS

1. Unit compressive strength test results

Diam- . . Failure f

Length | Width | Volume | Area Mass | Density B
Sample eter (mm) (mm) 0 (mm?) © (kq/m?) Load N/
(mm) g @ ®N) | mm?)
Al 60 154 25 0.5 3,850 968 1936 76 19.7
A2 60 154 25 0.5 3,850 1,014 2028 64 16.2
A3 60 154 25 0.5 3,850 986 1972 73 18.9
A4 60 154 25 0.5 3,850 939 1878 86 22.3
A5 60 154 25 0.5 3,850 1,056 2112 47 12.2
A6 60 154 25 0.5 3,850 986 1972 74 19.2
A7 60 154 25 0.5 3,850 999 1998 69 17.9
A8 60 154 25 0.5 3,850 940 1880 84 21.8
A9 60 154 25 0.5 3,850 1,045 2090 56 14.5
A10 60 154 25 0.5 3,850 929 1858 89 23.1
All 60 154 25 0.5 3,850 1,074 2148 42 10.9
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2. Prism compressive strength test results

Sample Length Height Depth Area Failure load .
(mm) (mm) (mm) (mm?) (KN) (N/mm?)
US-A-N1 350 700 200 70,000 3.32 0.048
US-A-N2 350 700 200 70,000 3.05 0.044
US-A-N3 350 700 200 70,000 2.78 0.039
S-A-N1 350 700 200 70,000 4.71 0.067
S-A-N2 350 700 200 70,000 5.55 0.079
S-B-L1 350 700 200 70,000 43.29 0.62
S-B-L.2 350 700 200 70,000 57.45 0.82
S-B-L3 350 700 200 70,000 58.86 0.84
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