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A dedication to someone special

Sometimes at the beginning of a publication one finds a dedication to a certain person
or member of the family who has been an influence in the author’s life either in
general or specifically in generating the work in question. There is one person in my
life that immediately springs to mind who is worthy of such a dedication.
Furthermore, my experience with this person is not unique as millions of others have
found him to be a great inspiration, comfort, guide and friend. “What’s his name?”’
you may be asking yourself and, “Why haven’'t | heard of this incredibly influential
person”. The sad thing is that you probably have, but you have never accepted him as
such or welcomed him into your heart and life. Well, now you have an opportunity to
do just that. Please read on.

The man’'s name is Jesus and athough he was born nearly 2000 years ago his
testimony still remains and his power to save is just as great. “ Save from what?” you
may ask, sin and the consequences thereof, or more specificaly, your sins and the
consequences you face when you die. As humans we demand justice to be done, and
justice will be done, but on a perfect scale and to a perfect standard. That leaves us all
falling short and without hope when we come face to face with a holy God. But, God
in his great love towards us send his only begotten Son into the world that the world
through him might be saved. Jesus Christ died for you so that you would not have to
be punished for what you have done wrong. Y ou can be spared eternal punishment in
hell and enjoy love and peace in the presence of God forever. Today the choice is
yours. Reject God's free gift of love at your peril, accept it and who knows you too
may have the joy of writing a dedication such as this someday. Please ponder the
verses below and make your choice carefully, it will be the most important decision
you ever make.

“For by grace are ye saved through faith; and that not of yourselves: it is the gift of
God: not of works, lest any man should boast.” Ephesians 2:8,9.

“For God so loved the world, that he gave his only begotten Son, that whosoever
believeth in him should not perish, but have everlasting life.” John 3:16.

“For whosoever shall call upon the name of the Lord shall be saved.” Romans 10:13

“He that believeth on him is not condemned: be he that believeth not is condemned
already, because he hath not believed in the name of the only begotten Son of God.”
John 3:18.

“Jesus saith unto him, I am the way, the truth, and the life: no man commeth unto the
Father, but by me.” John 14:6.



Abstract

After a brief study of some relevant texts documenting the production, characteristics
and use of Portland cement a better understanding of its cementitous qualities has
been gained. The bonding of cement is caused by the hydration of the cement particles
which grow into crystals that can interlock with one another giving a high

compressive strength.

In order to achieve a successful bond the cement particles need to coat most of the
material particles so that upon hydration a crystalline structure is created throughout
the mixture of particles. Particle intimacy is important to ensure a good number of
cementitic bonds between adjoining particles and this can be helped by mixing the
cement into a mixture of particles with a good size distribution. The water in the
mixture needs to be monitored to guarantee sufficient hydration of the cement and
also to ensure adequate workability of the mix. Too much water will leave voidsin the
mixture after the water has evaporated off and will reduce the final set strength of the
material.

The limitations to cement besides the careful control of materials and moisture are
that cement requires time to fully cure and that it is susceptible to chemical attack.
Never-the-less it is a highly suitable method of stabilisation and can easily be applied

to stabilise amoderate variety of different soilsfor use in making building materials.



Nomenclature

Aggregate: Pieces of crushed stone, gravel, etc. used in making concrete.

Brick: An object usually of fired clay used in construction, usually of rectangular
shape, whose largest dimension does not exceed 300mm.

Block: A larger type of brick not necessarily made of fired clay, but stabilised in some
way, sometimes with central cores removed to reduce the weight.

Cement: Ordinary Portland Cement (OPC), a finely ground clinker which sets hard
after mixing with water.

Clay: The finest of the particles found in soil, usually of less than 0.002mm in size
and possesses significant cohesive properties.

Clinker: A dlag formed when clay and lime a burnt in afurnace together.

Concrete: The finished form of a mixture of cement, sand, aggregate and water.

Dynamic Compaction: A process that densifies soil by applying a series of impact
blowstoit.

Gravel: A mixture of rock particles ranging from 2mm to 60 mm in diameter.

Green: Describing the state of material containing cement and water before it reaches
the critical time, after which further plastic deformation hinders the final
set strength.

Gypsum: A hydrated form of calcium sulphate.

Mortar: A mixture of sand, cement and water.

Sand: A mixture of rock particles ranging from 0.06mm to 2 mm in diameter.

Sandcrete (Cured Mortar): The finished form of a mixture of cement, sand and
water.

Sharp Sand: Describes the angular nature of sand particles that are very good for
making concrete or mortar.

Silt: Moderately fine particles of rock from 0.002mm to 0.06mm in size.

Slaked Lime (Lime): Quicklime (calcium oxide obtained by burning limestone), that
has been mixed with water creating calcium hydroxide which has further
setting qualities.

Soil: Material found on the surface of the earth not bigger than 20mm in size, not
including rocks and boulders and predominantly non-organic. If soil is to
be used for building material it must not contain any organic material and
it can be a natural selection of particles or a mixture of different soils to
attain amore suitable particle distribution.

Soil-cement: Similar to mortar, but prepared from soil with a wider particle
distribution.

Stabilised soil: Soil which has been stabilised (treated to improve structura
characteristics) by using one or more of the following stabilisation
techniques. mechanical, chemical and physical.
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1. Introduction

Cement is to be the primary means of chemically stabilising the soil samples during
this research project. Consequently a good understanding of how cement works and
how it forms cemetitious bonds with other particles would be most desirable. This
report will briefly outline what cement is made of, and how it is produced, but it will
spend more time detailing the bonding and curing processes in concrete. During the
report it will also establish the various requirements that cement has in being able to
perform properly as a stabilising medium. Finally, these theories will be applied to the
stabilising of soil.

As a stabilising material cement is well researched, well understood and its properties
clearly defined. Portland cement is readily available in most urban areas, and usually
available in semi-urban areas, as it is one of the major components for any building
construction. Earlier studies have shown that cement is a suitable stabiliser for use
with soil in the production of soil-cement blocks, (International Labour Office, 1987),
(p. 38). As this is established and recognised technology it provides a suitable basis
for further research into the production of better soil-cement materials. Further studies

hope to minimise the quantity of cement required to form soil-cement structures.

For the purposes of this report and further study it is assumed that ordinary Portland
cement (OPC) is readily available in bags on location. A significant cost may have
been incurred in getting the cement to where it is needed, but this report is not
intended to analyse the cost effectiveness of cement over other brick stabilising
methods. Instead it is to concentrate on modifying and improving the existing cement

stabilising of soil, with perhaps a breakthrough in the entire block production routine.



2. Some facts about cement.

This section will concentrate on establishing the properties and composition of
cement. This knowledge will provide a simple foundation for understanding the way
that cement works. It will not describe in too much detail the characteristics or
production of cement, as this has already been previously established to a sufficient
level, (Akroyd, 1962), (p. 46-54), (United Nations, 1972).

2.1 Chemical composition and production

Cement can simply be described as being a mixture of lime and clay which is heated
to about 1,500°C, and the resulting clinker has gypsum added and the sum is then
ground to very fine powder. An extract from (Akroyd, 1962), (p. 50) contains

sufficient detail of the chemical composition of cement itself, featured below.

Percent (%) Average(%)
Lime (Ca0) 59 -67 64
Silica (SiO9) 17-25 21
Alumina (A1203) 3-9 7
Iron oxide (FepO3) 0.5-6 3
Magnesia (MgO) 0.1-4 2
Sulphur trioxide (S03) 1-3 2
Sodium potash 0.5-1.3 1

Below is adiagram showing both the Wet and Dry cement manufacturing processes as
extracted from (Akroyd, 1962), (p. 48). There has been a move from the former to the

latter in recent years, as the dry process requires less energy per unit of cement output.
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2.2 Relative cost to other materials

The price per kilogram of cement will vary greatly depending on the distribution
network and the proximity to the cement processing plant. Cement can usually be
considered to be one of the more expensive materias necessary for building
construction. In the field of low tech, low cost soil brick housing, it is crucial that the
total cost of the cement as a proportion of the entire structure is kept as low as
possible. One would ultimately like to minimise the cement content and maximise the
strength and life of the structure. Through a variety of procedures the amount of
cement necessary can be reduced and these may be investigated in more depth

separately later on in the research. For the moment, the author is taking previous



research to suggest that a nominal 5% cement is sufficient for good stabilising of soil
blocks.

2.3 Distribution problem

In the vast majority of cases OPC will not be made on site, consequently it will have
to be delivered. Once cement has been manufactured, it is generally available in two
forms. It can be purchased in a bulk form from a silo, or it can come in bags of 50 kg
each. (A new bag size of 25kg is becoming popular in some countries.) Cement that is
purchased from a silo is mixed and delivered using cement trucks. These will usually
ensure that the cement arrives in good condition, ready for immediate use. However, if
cement is purchased in bags, there is no guarantee what state the cement will arrivein.
Cement is usualy distributed in a multi-layer paper bag that only gives it a small
degree of protection. If bagged cement has come along distance and has been exposed
to the elements for any period of time it is highly likely that the cement will have
absorbed some moisture and will have started to set. This partial setting of the bag of
cement does not render the entire bag useless but it does hinder the use of what is till
OK. The good cement has to be sifted out and the remaining lumps can be broken up

to make alower quality cement.



3. Making concrete

In this section the main focus will be on the existing procedures for making concrete.
There are established techniques for achieving different grades of concrete, each of
which performs a specific task. The analysis of these different grades and how exactly
they are all generated is not of great relevance here, but understanding the underlying
principles of concrete manufacture will be helpful in later applying similar methods to
stabilising soil. Some specialised grades of concrete requiring cements other than
OPC, but for the ensuing discussion assumes that OPC has been sel ected.

3.1 Material selection and requirements

Cement can be mixed with virtually any size and shape of sand or aggregate,
depending on the purpose of the concrete that is to be made. Particles are usually
graded according to physical size ranging from clay particles (< 0.002 mm) up to
boulders (> 200 mm). Particles smaller than 0.02 mm are considered to consist of silts
and clays, too much of which will hinder the cementitous process. Particles larger than
60 mm are only usually used in large continuous structures such as dams etc. Cement
is mixed in with these other particles and when water is added that starts a chemical
reaction within the cement particles that grow to form an interlocking matrix. To aid
the particle intimacy, a mixture of aggregate grades are mixed together giving a
spectrum of different particle sizes that reduces the size of air voids in the material.

This further enhances the final concrete block strength.

The concrete composition depends on the job that is being done. Each concrete mix
should be designed for the purpose for which it is intended, (for example a concrete
mix for a floor cast will be very different to a mortar mix for brick laying.). This
requires a selection of grades of sands and aggregates to be mixed with specified
guantities of cement and water. Additional ingredients can give the concrete specia
properties if necessary and these need to be determined and added in the correct
guantity. These may affect one or more of the following; workability, strength,
density, thermal characteristics, elastic modulus, durability and speed of setting.

10



The two characteristics of sands and aggregates that affect their performance when
mixed with cement are the particle’ s shape and surface texture. The shape affects the
workability of the cement during mixing and placement and the surface texture affects
the bond between the particles and the cement. Very large angular particles decrease
the workability of the mix, whilst smaller more rounded particles do the opposite.
Angular shaped particles are generally formed by crushing larger particles down to
size. More rounded particles can exist naturally as their shape has been formed due to
slow abrasive action between particles in the environment. Angular particles usually
have a lower workability but achieve a higher strength since angularity is usually
accompanied by surface roughness. Crushing or selection of angular aggregates is
only necessary when a very high compressive strength (over 50MPa) is necessary,
(Teychenne et al., 1988), (p. 7). For the purposes of this project a compressive

strength of that order will not be necessary.

3.2 Mixing quantities and preparation

The approximate quantities of cement, sand and gravel are often found quoted in a
ratio of their respective volumes, e.g.: 1:2:4; one part cement, two parts sand and four
parts gravel. There are standards for mixing cement so that a required compressive
strength can be reached in a given time provided that the type of aggregate and the
free-water to cement ratio is known, (Teychenne et al., 1988), (p. 10).

The free-water content is calculated from the Slump or Vebe time test. In simple terms
the higher the free-water content the greater the amount of slump will occur over a
given period. Ideally the amount of water used in the mix should also be monitored to
be sufficient to hydrate all the cement and not more than is necessary to fill al the
voids present in the material as further moisture drives the particles further apart.
Unfortunately this yields a highly unworkable mixture and more water has to be added
to form the mixture into the desired shape. Excess free-water increases the workability
of the mix but will be detrimental to the final strength of the concrete. The minimum
water/cement volume ratio is between 0.22 and 0.25 (Akroyd, 1962), (p. 13) for
adequate cement hydration, but this is generally increased to the order of between 0.5
and 0.8 for normal mixes, (Lea, 1970), (p. 392).

11



The aggregates that are to be used in the concrete mix usually need to be washed
before mixing with the sand and cement. The washing process removes fine particles
on the surface of the aggregate allowing the cement to achieve a better bond. In the
case of purchased aggregate this is usually done for you, but if excavation is part of
the process then washing should be included in the preparation of the aggregate

particles before mixing with cement.

3.3 The effect of compaction

It has been shown that if the particles in a cement mixture are in some way brought
closer together, the greater particle intimacy results in a higher final strength.
Achieving this closer particle intimacy can be done in a number of ways. We have
aready noted that excess water in the cement mix will drive particles further apart and
will cause a loss in strength. So keeping the free-water content to a minimum is a

good way of ensuring closeness between particles.

Another method is to use a vibrator, that effectively shakes the cement mixture and
helps to drive any air pockets to the surface. Thisis usually done in concrete casts as
the vibrator can be inserted into the mix and the vibrating action will permeate
throughout the mix. The size and number of vibrators will depend on the size of the
cast. Obvioudy this technique cannot be used with very small casts (where it is
normal to externaly vibrate the whole mould instead) and there are some other
drawbacks to the method. A higher free-water content is necessary for gravity-cast
concrete in order to permit the cement mix to flow into al parts of the mould.
Properly mixed concrete will have the different grades of aggregate well dispersed
throughout the mixture. Using a vibrator in a cast with a high free-water content can
cause the larger particles of the mix to sink to the bottom, resulting in a non-uniform

distribution of particles.
As yet the author has not found little information (other than previous work at

Warwick) on the compacting of a green mix using a moving mass, such as a hammer
or weight. This process has been hinted at in (Akroyd, 1962), (p. 196), but no details

12



were given, as the compaction process has been replaced by internal and external
vibrators to reduce the labour costs of manual compaction. It is precisely this manual
compaction that is of interest to this project as the stabilised soil samples are to be
compacted and hence the cement also is compacted. What we can learn from the

references Akroyd and Gooding, is that compacted concrete has stronger
characteristics than un-compacted concrete.
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4. Curing process

By way of a simple illustration of the adhesive qualities of cement we can look at a
much simpler example of Papier Maché. Papier Méché consists of a flour suspension
in water into which paper strips can be immersed and then laid over aformer to create
a hard shell when it dries. Neither flour nor water have adhesive properties on their
own, but when mixed and allowed to dry with a close particle particle intimacy a
remarkably strong structure can be created. The flour particles become embedded into
the pieces of paper, because the paper absorbs some of the water as well, and once the

water is displaced by evaporation, strong bonds between the pieces of paper remain.

The analogy between Papier Maché and cement breaks down when you add water to
the structure again. Cement will retain much of its strength (e.g. 50%) whilst Papier
Méché will break down again and become weak. With Papier Méaché the bonds stay
strong so long as moisture is absent, the cohesion is caused by inter-particle intimacy
and that breaks down when water is added, as the particles are driven apart by the
presence of water coating the surface of the particles. Cement on the other hand
undergoes a chemical reaction that remains strong even after moisture is re-applied.
Exactly what happens as cement bonds with adjoining particles is what this chapter

will endeavour to describe.

4.1 Inter-particle bonds, Why are they formed?

Originally they were two popular theories about how OPC worked. The older of the
two was a crystaline theory of Le Chatelier which dates back to 1882. This theory
stated that the hardening is due to the locking together of an inter-growth of crystals
hence giving the crystalline theory. The alternative theory came later in 1893 proposed
by Michaelis which was the gel theory. He suggested a non-reversible gel isformed in
saturated solution which surrounds the cemented particles. As the gel coagulates the
cement sets. These two theories were then integrated into a combined gel/crystalline

theory that describe the different stages of curing, (Lea, 1970), (p. 253-260).

14



Once cement, sand, aggregate and water are mixed thoroughly the mixture gains a
certain cohesion with itself. This cohesion greatly depends on the amount of free-
water present as an excess of water will lead to a more runny consistency. Assuming
the correct amount of water is applied to ensure complete hydration of the cement,
each cement particle will be coated in water and this turns into a gel-like film. These
gel-coated particles of cement are themselves coated all over the sand and aggregate
particles throughout the mixing process. At this stage the cement is still workable and
has not begun to set. The reaction between the water and the cement begins a

crystallisation process and small single crystals begin to form.

After the “critical time” has passed, these single crystals grow into one another and a
huge crystalline network begins to form. The critical time is loosely defined as the
time after which further working of the cement is detrimental to the final set strength.
Adjoining crystals do not chemically join, but are attracted to one another by Van de
Waal forces. The smal single crystals begin to inter-link to form a network of
interlocking crystals throughout the mixture. If the mixture has been properly graded
to include a good range of particles sizes, and these have been thoroughly mixed
together with the cement, the crystalline structure will be surrounding each of the

particles interlocking them one to another.

There may still be moisture present in the mixture after the crystalline network has
been formed and this will slowly be evaporated to the atmosphere as the water
particles are drawn to the surface by capillary action. During this drying out phase the
concrete will experience a small amount of shrinkage depending on the excess of free-
water present. Part of the attraction of employing blocks rather than mass concrete
walling is that shrinkage takes place where, due to lack of hard constraints, cracking is
unlikely to ensue. This drying out process can take some time to finish completely, but
for general purposes it can be assumed that the concrete has virtually reached its' final
strength after 28 days. The final result is a chemically bonded solid mass with a very

high compressive strength.

The difference between the strength available in tension and compression is suggested

to be that in tension the particles are held together with relatively weak Van der Waal
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forces. However, in order to separate the particles in compression the forces are acting
against the much stronger hydrogen bonds in the crystals that are heavily interlocked
with one another. It has been suggested that the crystals do not actually bond with one
another, but instead nest together giving the concrete a more mechanical bond than a
chemical one. Compression intensifies this bond whereas tension opens up cracks that
in turn generate stress concentrations at their ends. The fina tensile strength of
concrete is typically only 10% of the compressive strength and consequently if loaded
in this fashion it must be reinforced with steel. For the purpose of building walls the
load is almost always compressive and so this reinforcing with steel is not going to be

considered further asit will be outside of the scope of this project.

The diagram below aims to help visualise the bonding process between the cement
particles and the sand particles which are in turn bonded to the larger lumps of
aggregate. This diagram is not to scale nor is any of the chemical changes that occur
noted in diagrammatic form. It merely illustrates the particle arrangement and the
presence of moisture coating the cement particles that in turn disappear leaving the

strong cementitic bonds behind.

Hydrated

Cement
GREEN SANDCRETE * Particle

Cement
Particle

Water

Sand
Particle

SET SANDCRETE
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4.2 Wet strength and curing times or cycles

As mentioned above the cement mixture can still be worked up until the critical time
is reached without causing a loss in the final set strength. After this point the
crystallisation process begins to give the mixture a more rigid nature. The mixture has
not fully set at this point, but it does have some internal cohesion as bonds are being
formed. The strength of the mixture early on in the curing process is called the “wet
strength” or the “green strength”. Certain levels of green strength will permit the
mixture to be handled in a solid form, but it will still be very fragile. Below is atime-

line diagram to illustrate the setting of cement.

Cementitous
reaction Critical Cement begins
begins time to gain strength
Cement is Cement is not workable
unaffected | Cement mix is“green” and workable _ | andconsideredtobeset
| Y Y

Dry particles|| DRY WET MIX Crystallisation|| Crystalsbegin || Further || Excesswater
MIX Gel formation of cement tointerlock || crystalline|| dismissal and
Dry cement Cement hydration growth hardening

Water

Time Scale:  zero minutes 15min? 45min?  days months

In the example of making blocks from concrete the mixture is placed into a mould and
after a set period of time the formed block can be removed and put to one side so that
the mould can be reused. The length of time that the block must be left in the mould
will depend on the wet strength that is required for gection from the mould and
subsequent handling. The time to reach this point will vary depending on the speed of
the cement curing and beginning the crystallisation process. This will depend on the

amount of cement present, the final block density and the free-water content.

In order to maximise the green strength of the mixture one needs to ensure that the
free-water content is as small as possible and to leave the mixture untouched for as
long as possible to permit the cementitous action to bond the particles together. The
exact length of time that is necessary to achieve this may be discovered by trial and

error, but as mixture quantities and handling techniques may vary “as long as
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possible’ may be a good initial estimate. Setting can take place in as little as 45
minutes, but useful hardening will take much longer, (Stulz & Mukerji, 1993), (p. 63).
The green strength of mixed samples can be tested to give a more accurate answer,
using both destructive, i.e. compressive tests, or non-destructive, i.e. scratch tests, to

determine the approximate green strength of the formed mixture.

It may be possible to put the mixture through a series of curing cycles to achieve a
greater overal strength over alonger period of time. The initia curing time may only
be sufficient to manipulate the formed mixture and place it in its final position, in a
wall for example. Further cycles of wetting and drying could then encourage any
unhydrated cement particles to become hydrated and cure within the finished product.
This is of particular interest where the cement content, and therefore the water
content, is very low. Thislow water content may be able to hydrate all the cement, if
given time to do so, but evaporation takes over and takes away the moisture before the

cement has had a chance to hydrate properly.

The amount of hydration that is necessary to achieve the desired strength is another
point in question. Tests done by Grun (Lea, 1970), (p. 268) have been done that
illustrate that even after a cement sample has fully cured, it can be broken up again
and rehydrated and encouraged to cure again. This evidence strongly suggests that all
the cement is not hydrated in the first setting period. Therefore, in order to achieve a
desired strength, in the long term, complete hydration could theoretically occur over a

period of time ranging from weeks to even years depending on the circumstances.

As concrete is porous when set it would still be able to receive moisture into the
surface and permit further hydration of the unhydrated cement particles. What
increase in strength this would give is not clear as the porosity itself is a weakening
factor due to the voids present between particles. These voids provide no structural
strength and the re-hydration will only help the overall strength if has the potentia of
filling some of these voids with cementitic crystals. Although this is perfectly

plausible, how effectiveitisin practiceisunclear.
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4.3 Moisture dismissal and shrinkage

The moisture content of a cement mixture is of great importance, primarily because
too little water will cause insufficient cement hydration, and too much water will
reduce the final set strength. Keeping the right moisture content during the mixing and
forming stage would therefore be quite important to monitor and control, if possible.
This is especialy true in hot climates where the moisture content will drop rapidly if

left in the environment unmonitored and uncontrolled.

In order to ensure that the cement goes through a complete hydration process, and
maximising final strength, the water content needs to be minimised, whilst aso
preventing the existing moisture from escaping. In practice this has been done in two
ways. Once the initial cement has set the formed mixture can be submersed in water
during the hardening process. This guarantees that there is sufficient water present for
the cement to hydrate, but since the immersion occurs after initial setting, the extra
water present will not affect particle intimacy and jeopardise the fina strength of the
formed mixture. The other, smpler, method is to keep the formed mixture in an
environment with a 100% humidity. This prevents water within the block from
escaping to the surface too quickly as the surface evaporation will be almost non-
existent in an environment with a 100% humidity. In practice this too can be difficult
and so a compromise of sprinkling water over the formed mixture repeatedly during
the hardening process helps to minimise internal moisture from evaporating too

quickly.

We have already discussed the movement of water through the mixture during the
curing process by mechanisms of evaporation and capillary action. What now needs
looking at is the effect that this moisture movement has on the finished article. By
inspection the limiting factors for shrinkage are the amount of excess water present
and consequently the voids that it leaves behind, and the overall density of the mixture

prior to curing.

To minimise shrinkage one must minimise the potential space between particles in the
mixture. Clearly the sand and aggregate particles themselves do not shrink, and

similarly the cement and formed cementitic crystals are not prone to shrinkage. This

19



leaves the physical gaps between adjoining particles and the gaps left by excess water
when it has evaporated off, being the primary cause for potential shrinkage.

The problems associated with shrinkage are mainly to do with uneven shrinkage and
different relative amounts of shrinkage. If every mixture shrunk in exactly the same
way and by the same amount each time, then it could be accounted for and there
would be no problem. In practice the shrinkage is often uneven, due to insufficient
mixing or uneven drying. The desired form into which the cement mix was placed
will not be the same as what is finally achieved after the hardening process is finished,

and this may not completely finish for many months.

The amount of potential shrinkage is not insignificant either. Gessner discovered that
using a pure OPC-water mixture a volumetric change of over 6% could be noted in
the 28 day curing time, (Lea, 1970), (p. 269). The cement samples that were used had
quite a high water content using three parts cement to one part water. Previous
suggestions were that the ratio should be closer to four to one or four and a half to one
instead of the three to one that Gessner used. This could partially account for the high
shrinkage, and a better cement to water ratio may yield much better shrinkage results,
never-the-less, it does illustrate the significance of potentia shrinkage that may occur
during curing. As we will see later, this potential shrinkage is a considerable nuisance

when trying to build structures with many dlightly different formed cement mixtures.

4.4 Strength testing

The strength of a concrete structure is limited by one of two factors. Simply speaking,
either the bond between the cement and the aggregate fails (cement matrix failure), or
the aggregate itself fails and shears along existing fault lines within the material.
Usually the former occurs because the aggregate has a higher crushing strength than
cement, (Akroyd, 1962), (p. 85). A stronger bond between the cement and aggregate
can be achieved if the aggregate is angular and clean, which has aready been

recommended earlier in this report.
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The final set strength of a concrete mix is directly proportional to the water/cement
ratio, provided that the workable concrete is compacted so that it contain less than 1%
by volume of air voids. This relationship can be expressed as S = A/B*, where Sis the
compressive strength, x is the water/cement ratio, and A and B are constants
determined by the materials used and the conditions of the test. The table below,
based on (Lea, 1970), (p. 392), shows how the water/cement ratio affects the strength
of the concrete after different periods of curing.

The influence of water content on the strength of a 1:2:4 concrete based on Lea,
Table 59.

TABLE 59
Water/cement Compressive strength (MPa)
ratio 3 days 7 days 28 days 90 days
0.5 16.55 24.82 35.85 48.27
0.6 11.72 18.62 28.96 37.92
0.7 7.58 13.79 21.37 29.65
0.8 4.83 10.34 17.24 24.13

Or viewed graphically:

Compressive strengths for different water/cement
ratios (standard concrete mix 1:2:4)(Lea, 1970)
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4.5 Longevity, environmental attack

Well-made concrete using quality ingredients is usually considered to be a building
material of a very high standard. Such concrete has a very high resistance to
environmental attack of any kind, apart from major natural disasters of course.
Conseguently as a building material it can in theory last for avery long period of time.
There are of course certain chemicals that will cause slow deterioration of finished
concrete, but most of these can be ignored as their occurrence would be so improbable
in wall construction that they are not worth considering. (Akroyd, 1962), (p. 247-250),
gives a list of such chemicals, Carbon dioxide, Chloride, Chlorine, Chromium salts,
Detergents, Fatty oils, Formaldehyde, Fruit juices and sugars, Gypsum, Hydrogen
sulphide, Inorganic acids, Lactic acid, Lead, Oils, Organic acids, Salt for de-icing and
Water.

Two of the above chemicals stand out as being strange in a list of things harmful to
concrete; gypsum and water. Gypsum is an additive used in making cement, but it is
also a sulphate and all sulphates attack concrete, so it must be included in the list.
Water itself is not harmful to cement, but water often carries with it harmful salts and
sulphates and these are what cause the problem. In extremes of temperature change,
where frost and freezing occur water can pose a problem if the porosity of the concrete
is high. If water is permitted to penetrate the surface of the concrete and this is
subsequently frozen it will expand can cause damage to the concrete. This damage
may occur superficially as spalling or it may cause deep internal cracking that is much
more severe. These cases are worth considering generally, but for the purposes of this

project such extremes are not going to be considered.
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5. Application of cement to stabilise soil

By now we have a better understanding of the way that cement bonds with itself and
other particles in making concrete. We also know some of the important guidelines
that need to be followed when making successful mixes of concrete. Furthermore,
many of these guidelines can be followed when applying the same principles to

mixing cement with soil as this chapter will set about to illustrate.

5.1 Basic requirements of soil

According to the ideal specifications given by the United Nations, in “ Soil-cement: Its
use in Building, (1964)”, as quoted by (Gooding, 1993), (p. 263), the best soil
composition for soil-cement is as follows, 75% sand, 25% silt and clay, of which
more than 10% is clay. This composition will yield a sandcrete product if mixed with
cement and will exhibit good structural characteristics. Unfortunately, soil with these
exact characteristics will not be found easily near every potential building site and so
one of two things must be done. Either the soil is tested and the required parts added
to make the ideal soil, or a compromise is made and a slightly higher percentage of

cement is used to ensure a satisfactory outcome whatever the type of soil is used.

Unfortunately, there is an underlying problem with randomly mixing cement with any
type of soil, and it is to do with the clay fraction of the soil. Clay consists of the finest
particles in the soil and can, in same way that cement does, coat the other particles
when mixed with water and cause a significant cohesion after the mixture is dried.
Indeed this is how the magjority of earth bricks are made today. Clayey soil is mixed
with water, formed in moulds, gected and left to dry in the sun. The clay in the soil
has to be protected from getting wet again, as moisture will drive the clay particles
apart and cause considerable material breakdown. To do this, these formed bricks can
be fired, or be placed into a structure and protected from the elements with some form

of paint or render, an effective damp-course and an effective roof.
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Clay and cement will work against one another if the quantities are not carefully
monitored. Too much clay will result in the cement not coating all the particles
sufficiently and subsequent wetting will cause expansion of the formed mixture
breaking apart the cement crystals and causing breakdown. [Remember,] Cement is
not strong in tension and the expansion of the clay particles cause internal expansion
working against the weaker of the cementitous bonds. Also because clay is so very
small (0.002 - Omm) it is difficult for the cement to successfully coat the clay
particles. Therefore, let us assume that a high composition of clay in asoil that isto be

stabilised with a very small quantity of cement, makes it unacceptable.

According to (Norton, 1997), (p. 16), a suitable particle size distribution for building

with earth is:
Sand/fine gravel 40 - 75%
Silt 10 - 30%
Clay 15 - 30%

The values may of course need to be more closely defined for soil-cement, and it may
be the case that the clay fraction is the critical quantity. Clays can be removed from
soils by washlines. However washlines may be impractical in the field because of the
large amounts of water necessary and another source of soil may have to be found.
Sieving the soil can also separate out the larger grains but thisis aso time consuming
and labour intensive. Soil sieving may only be practical for removing large particles

such as coarse gravel, (over 20 mm in size).

Particles within the soil will generally be rounded due to the natural environment that
the soil is being excavated from. Secondary crushing techniques are assumed not to be
used in developing countries because of the high cost of the complex and heavy duty
machinery required to crush large aggregate into smaller angular particles. The
extraction and breaking up of soil clumps will be enough of a labour intensive
exercise, without having to further crush rocks up into smaller angular pieces. For the
purposes of soil-cement building materials any particles over 20 mm are considered
too large and should be discarded. Thus we will normally be working with soils

having rounded particlesin the size range clay to fine gravel.
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5.2 Particle, particle interaction/intimacy

The main source of soil will beto digit out of the ground. It will therefore be removed
in dense clumps which will have to be broken up and have the cement thoroughly
mixed into it. This process of breaking up the clumps will lower the overall density of
the soil and reduce the particle intimacy. This will need to be reversed after the

cement is mixed into the soil to ensure maximum strength and minimum porosity.

We have described already the necessity of keeping the particles closer together in the
previous chapter, and also the consistency of particle intimacy throughout the mix.
Keeping particles close together reduces the air voids present in a soil mixture and
will generate two distinct benefits. Firstly the closer particle interaction will help to
ensure good bonds between the cement and the particles, and secondly the porosity of

the mixture will decrease leading to reduced levels of water penetration.

It is intended that the soil samples will be compacted by impact and this requires a
degree of workability within the soil and compatible with a high speed of production.
Good workability is desirable as the particles will need to “flow” past each other to
achieve a uniform density through the compacted sample. Workability is determined
by particle shape and the moisture content, the former depends on the soil and the

latter we want to keep aslow as possible.

The time between mixing in the cement and water and the final finishing impact could
be the most crucial factor in compacting the mixture. One hardly wants to be breaking
the cementitious bonds through the impacting process and therefore the compacting
of the mixture should take place before the mixture passes the critical time. In order to
achieve this, the time taken for the mixture to reach the critical time in different
circumstances will need to be determined. More practically, this will probably lead to
a small batch production of the cement mix so that it can be quickly compacted into
finished stabilised blocks.

25



5.3 The curing process re-applied

The curing of the cement within the soil needs to take place in the same way that it
would in a well mixed batch of concrete. Before adding moisture and alowing the
curing process to begin, there should be a good particle size distribution and al the
particles in the mixture should be closely packed with one another and the cement.
The theory behind the bonding of the hydrated cement crystals is exactly the same
with soil asit is with concrete additives. Upon the addition of water the crystals form
and grow to interlock with one another leading to a high compressive strength. Full
strength will not be reached for many weeks and to help the cement hydrate fully the
finished mixture should be kept in a 100% humidity environment for the curing

period.

5.4 Moisture attack

Most soils contain a fraction of clay as a part of their overall composition. Clay is the
finest of the soil particles and can actually bond other particles together if sufficient
clay and moisture is present. Clay has a very large volumetric expansion when water
is added. If the moisture in unstabilised soil increases, swelling occurs. Conversely,
drying causes shrinkage and therefore danger of cracking. This process leads to the
breakdown of the soil and internal strength is lost making the material useless for

building construction.

The balance of clay with respect to the other fractions is quite important. On one hand
clay helps bond particles together, yet if another stabilising medium is not applied the
clay can be instrumental in driving the particles apart should the material get wet. The
common practice of firing clay bricks converts aloose particulate material into a solid
ceramic. These fired bricks are no longer affected by moisture and although a modest
level of porosity is still present, sustained contact with water is not detrimenta to the
integrity of the brick. Firing of the brick uses a great deal of energy, which either
means using large quantities of firewood for small scale manufacture, or consuming
fossil fuels in large-scale dedicated tunnel furnaces. The manufacture of cement also
uses a large amount of energy, but that can be done away from the building site and
the finished product can be delivered to where the structure needs to be erected.
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6. Conclusions and recommendations for further work

Cement as a stabilising medium can be very effective if used properly. Appropriate
particle size distribution, thorough mixing and maintenance of optimum moisture
levels will yield a successful mix with maximum final set strength. A compromise in
any of the above will result in areduction in strength of the finished product. However
final set strength is not the only requirement of a cement, adequate workability and
adequate (if low) strength prior to curing are two others. These other requirements
often conflict with the maximisation of final strength — for example by calling for a

higher clay content.

A suitable soil can be considered to be one that has no organic material, has a clay
content between 10% and 20% and has a fair range of well distributed particle sizes
up to a maximum of 20mm in diameter. The moisture of the soil-cement mixture
needs to be carefully controlled. There needs to be sufficient moisture for the cement
to fully hydrate but no excess of water which would reduce the final density, increase

porosity and reduce final strength.

The dry soil isto be mixed with the cement and the required water added. The mixture
then needs to be formed and left in a 100% humidity environment within 30 to 45
minutes of mixing the cement and soil with the water. This is to ensure that the
cement has sufficient water to hydrate and also that the mixture is not manipulated

again after the critical time.

Curing of the mixture takes several weeks, but the green strength of the material must
be sufficient to remove the formed material, handle it and perhaps even directly place
it into a structure. Multi-stage curing may be possible, but the re-application of
moisture may cause surface cracking and the extent of this needs to be further
investigated.

Topics for further investigation
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A more detailed account of the interaction between cement and clay and why too

much clay in the mixture is detrimental to the effectiveness of the cement.

» A brief study of the effect of multi-stage curing or wetting cycles on cement
stabilised soil. Is an environment of 100% humidity totally necessary? or can a
series of wetting cycles be just as adequate?

» How critical is the moisture content for dynamic compaction? Can a drier mix of
soil can be compacted by this method better than quasi-staticly compressed soil-
cement?

» |If amuch drier soil is used for compacting, can wetting after compacting encourage

further cement particles to hydrate and hence increase the overall strength?
These questions and more will hopefully be answered later on in the project after

further investigation into the available literature and perhaps after some experimental

analysis of some of the interesting characteristics of soil-cement.
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7. Summary

The subject of how cement stabilises soil has not been exhaustively investigated and
documented during this report. However, what has been achieved is a broad
understanding of the simple processes and requirements of the technique of using
cement to stabilise soil. By investigating the literature available on how concrete is
made, we are able to make general statements on how to stabilise soil effectively

using cement as a stabiliser.

The investigation has revealed that many different factors are responsible for ensuring
agood bond between the cement and the particles mixed within it. These requirements
not only affect the components of the mixture used, how it is prepared, delivered into
its final state, but also subsequent curing times and environmental conditions of the
finished product.
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A dedication to someone special

Sometimes at the beginning of a publication one finds a dedication to a certain person
or member of the family who has been an influence in the author’s life either in
general or specifically in generating the work in question. There is one person in my
life that immediately springs to mind who is worthy of such a dedication.
Furthermore, my experience with this person is not unique as millions of others have
found him to be a great inspiration, comfort, guide and friend. “What’s his name?”’
you may be asking yourself and, “Why haven't | heard of this incredibly influential
person”. The sad thing is that you probably have, but you have never accepted him as
such or welcomed him into your heart and life. Well, now you have an opportunity to
do just that. Please read on.

The man’s name is Jesus and athough he was born nearly 2000 years ago his
testimony still remains and his power to save is just as great. “Save from what?’ you
may ask, sin and the consequences thereof, or more specifically, your sins and the
consequences you face when you die. As humans we demand justice to be done, and
justice will be done, but on a perfect scale and to a perfect standard. That leaves us all
falling short and without hope when we come face to face with a holy God. But, God
in his great love towards us send his only begotten Son into the world that the world
through him might be saved. Jesus Christ died for you so that you would not have to
be punished for what you have done wrong. Y ou can be spared eterna punishment in
hell and enjoy love and peace in the presence of God forever. Today the choice is
yours. Regject God's free gift of love at your peril, accept it and who knows you too
may have the joy of writing a dedication such as this someday. Please ponder the
verses below and make your choice carefully, it will be the most important decision
you ever make.

David E. Montgomery

“For by grace are ye saved through faith; and that not of yourselves: it is the gift of
God: not of works, lest any man should boast.” Ephesians 2:8,9.

“For God so loved the world, that he gave his only begotten Son, that whosoever
believeth in him should not perish, but have everlasting life.” John 3:16.

“For whosoever shall call upon the name of the Lord shall be saved.” Romans 10:13

“He that believeth on him is not condemned: be he that believeth not is condemned
already, because he hath not believed in the name of the only begotten Son of God.”
John 3:18.

“Jesus saith unto him, I am the way, the truth, and the life. no man commeth unto the
Father, but by me.” John 14:6.



Abstract

The monetary cost of low-cost walling in developing countriesis greatly dependent on
the expensive additives that are used to manufacture the building units and the cost of
transportation of raw materials or finished products to the site of construction.
Another cost associated with the production of anything is an energy cost and that can
give an approximate overall measure of environmental impact. Within this paper
severa different types of existing walling materials are investigated for their overal
cement and energy consumption. The purpose is to see how favourably they compare
with high-density compressed and stabilised soil blocks using these suitable
comparative measures. Assessment of suitability of local and on-site production will

also be indicated for each of the materialsin this study.

The study indicates that only three of the materials examined utilise less than 15kg/m?
of cement, two of those are unsuitable for local production and the third uses about
three times the energy in production. High-density compressed and stabilised soil
blocks use dlightly more than 15kg/m?2 of cement but have a low energy requirement
for production. The other sections of this paper dea with the possible methods of
further reducing the cement requirement of high-density compressed and stabilised

soil blocksto a value below 15kg/m?.

Several different cement-reducing methods are outlined within this paper. These
include: placing voids in the block, incorporation of a cement rich-skin (either within
the block itself or applied as a render), interlocking blocks requiring very little or no
mortar and taller blocks that reduce the number of block courses needed for
mortaring. In isolation each method does not reduce the cement demand below
15kg/m2. However, it is possible to apply severa of these methods together that safely
brings the cement requirements to well below the target of 15kg/m? with alow energy

COSt.



Nomenclature

Brick: An object (usually of fired clay) used in construction, usually of retangular
shape, whose largest dimension does not exceed 300mm.

Block: A larger type of brick not necessarily made of fired clay, but stabilised in some
way, sometimes with central cores removed to reduce the weight.

Cement: Ordinary Portland Cement (OPC).

Clay: The finest of the particles found in soil, usualy of less than 0.002mm in size
and possesses significant cohesive properties.

Concrete: The finished form of amixture of cement, sand, aggregate and water.

Dynamic Compaction: A process that densifies soil by applying a series of impact
blowsto it.

Fines. General category of silts and clays.

Green Strength: The strength present in afreshly formed block prior to curing.

Sand: A mixture of rock particles ranging from 0.06mm to 2 mm in diameter.

Silt: Moderately fine particles of rock from 0.002mm to 0.06mm in size.

Soil: Material found on the surface of the earth not bigger than 20mm in size, not
including rocks and boulders and predominantly non-organic. If soil is to
be used for building material it must not contain any organic material and
it can be a natural selection of particles or a mixture of different soils to
attain amore suitable particle distribution.

Stabilised soil: Soil which has been stabilised (treated to improve structura
characteristics) by using one or more of the following stabilisation

techniques. mechanical, chemical and physical.



Table of Contents

DEDICATION. ittt et e e e et e e st e e s s sab e e s sasbeeessabeeesabeeessssssssbbeessanbenesasssnessssbnnesan 3

PN =S I 72X O 4

NOMENGCLATURE ...ttt ettt e s s et e s e ett e e s seaaeasssabeeesasbeeesssssesssbenessabenessases 5

R VI {1 16 O 1 1\ 7
2. SUMMARY OF EXISTING MATERIALSFOR BUILDING........cociieeeeee e 9
2.1 HOLLOW CONCRETE BLOCKS ... uuutiiiiiiiiititriieseesiessatesesesssesssssssssssssesssssssssessssssssrssssesssssssssssssesss 9
2.2 AERATED CONCRETE BLOCKS . .uutiiiiiiiiittttiieeeesiesibstteesesssesssasasssesssssssbasssesssesssssssssesssesssssssssesss 10
2.3 KILN FIRED BRICK .....uutttteitieeiiiiiusteeiiesssesisbassesssessassssssesesssassssssssesssesssssesssesssssssssssssesssssssssssnns 11
2.4 CLAMP FIRED BRICK ....utttiiiieeiieittesiiesssesstbssseesssssessbabasssesssasssbasssesssssasbasssessssssssssrsnesesseesns 11
25 COMPRESSED AND STABILISED SOIL BLOCKS....cciiiiiiitiiiieie ettt sibane e s sibasaees e s s seans 12
3. CRITERIA FOR COMPARING WALLING MATERIALS AND ASSESSMENT OF
CURRENT MATERIALS ..ottt sttt e st e ettt e s s e e e e s s st e e e s eabae s s sabaeessbbeessstenesasnens 14
31 ASSESSMENT RESULTS.c.ciiiiiiittttiieseieiiitbestresesssessbssesesesssasssabasesesssessssbasssesssesssbssssesssesssrssssesss 15
4, PERFORATED AND INDENTED BLOCKS.......c ottt ettt ven e eaaee s evaee e 18
41 RESULTS OF MATERIAL REMOVAL ...vviiiiiteieeeetteeeeeiteeeeseteeeesssteeesessesssssssesssssesssasssesssssssssssnsesesans 20
42 ANALY SIS OF MATERIAL REMOVAL .....uvvieeiitteieeeiteeeesieeeeessteeesesssesssseeesssssesesesssssssssseesssssesessnses 22
43 NOTE ON STRENGTH OF RIVAL WALLING MATERIALS ...vveeiiittieeceteiecereeeeesereeeeeseesssnseeessnseeesans 23
B, CEMENT -RICH SKIN oottt ettt e s e e st e e s sa e e s s sab e e e s esbaessssbaeessabbesssanbenessanens 25
51 NON-HOMOGENEOUS BLOCKS. .. uutttiieiiiiiitririieseesiisssseresesssasisssssssesssesssssssssesssesssssssssessssssssssens 25
52 RENDERED SOIL BLOCK CONSTRUCTION ...vvvtiiiiiiiiitreriieeeesiessssseessesssesssssesesesssesssssssseessssssssssnees 26
6. MORTAR REDUCTION METHODS ...ttt st 28
6.1 VARIABLES AFFECTING MORTAR QUANTITY 1eeeeiiteieeiiteeeeeesteeeeeseesssseeesssssesesesssssssnsseesssssesssanses 28
6.2 MORTARLESS BLOCKS ... .ueieiiitteieieteieeitseesesstesesasseesssesssessassesesasssssssasssssssssesesasssessssssseessssesesans 30
6.3 BLOCK ALIGNMENT WHILE “GREEN ......uuviiiiittieeieiteeeeireeessssreeesesssesssssssesssssesesesssesssssssssssssesesans 31
6.4 INWALL CURING.......uttieiiteeeeeetteeeeeteeessteeeesssbesesesaesssesseesssssesesasssesssasssesssnbeseseastesssaseeessaseneesns 32
6.5 TALL THIN BLOCKS ..o cetteee e etteeeeesteee e steeesssstesssessaesssssseessssbesesasssesssessssssansesesasssessssssnessansenessnnes 33
7. CONCLUSIONSAND RECOMMENDATIONS......c oottt 35
LSl S @ T 2 YN 37




1. Introduction

Cement (opc) is the norma material used to stabilise soil in compressed block
walling. It gives them a‘wet strength’ they would otherwise lack. Other stabilisers are
possible, but few meet the requirement of being readily and economically available in
the target area for low-cost house walling, namely developing countries. However
work at Warwick on micro-silica (both in its classical form and as a product of low
temperature rice-husk processing) has led us to investigate its advantages as an opc
additive in block-making. Interestingly, at clay contents below 15% Kaolin equivalent,

lime has not proved to be a useful substitute for opc in soil block manufacture.

Cement is expensive in some countries (e.g. over $0.2 per kg in Uganda) and the ratio
of (50kg) cement cost to daily wage exceeds 5 in most developing countries. It is
currently uneconomic to use much cement — say more than 15 kg cement per m? of
walling. Additives like micro-silica, while they are only used to substitute a small part
of the opc, are considerably more expensive per kg and therefore even more restricted

in their concentrations.

If we take as a norm a wall thickness of 140 mm, and assume mortaring consumes
30% of the available cement, then we are restricted to about 4% opc by weight within
the blocks, or less than 4% if a costly additive is included. Even with very high
moulding pressures (10 MPa), or high impact energies, it is difficult to produce really
durable blocks with so little stabiliser.

There are however some paths we might follow that would alow us to use denser
stabilisation without exceeding this cost target (of 15kg opc per m?). One is to
produce hollow or indented blocks that use less material per unit area of walling.
Saving 50% of the material would allow a doubling of the cement:soil ratio. A second
path is to employ non-homogenous material, increasing the concentration of stabiliser
in the block faces (where deterioration is focussed) and reducing it in the block

interior. A third path isto reserve much of the cement for arender, placed over hardly-



stabilised blocks. A fourth is to employ dimensionaly tight interlocking blocks

requiring little mortar to lay.

The purpose of this Research Progress Report is to discuss the advantages,

disadvantages and practical implications of following each of these paths.



2. Summary of existing materials for building

In this document we cannot provide an exhaustive list of building materials, just some
of the more popular methods of providing walling at tolerable cost. Hollow and
aerated concrete blocks, clamp and kiln fired brick and compressed and stabilised soil
blocks (hereafter CSSB) are the main materials for consideration. Some of these
materials require a thicker level of mortar to compensate for the irregularities of the
blocks. Furthermore certain materials need further protection from the elementsiif they
are to last for tolerable periods and this is usually done by applying a render to the
external face of the building. Sometimes this is only done for visual reasons, but for
the purposes of this investigation we will assume that aesthetics are not the primary

concern and certainly not worth extra expense.

Possibly one of the most striking differences between different types of building
materials is their width. Some concrete hollow blocks are 250mm (10”) wide whist
the clay fired brick is usually only 103mm (4”) wide. A wider block is more stable and
can be used to build taller walls with a high slenderness ratio, (width/height). A single
skin 103mm wall is not considered to be stable enough except for in-fill walling
between columns and beams or for relatively small structures. In our analysis of single
skin brick construction we have included a buttress pillar of two bricks at 1-metre
centres, which increases the brick and material requirement by 25%. It is more
common to make a single skin brick wall of closer to 150mm (6”) thick and this

practice can be extended to two storey construction.

2.1 Hollow concrete blocks

These are expensive due to their need for graded sand and large amounts of cement
(12-17% by weight). If manufactured properly they can have a very high strength and
have excellent durability. Cost reduction is achieved by removing material from the
block core thus making it lighter as well. Machinery for production requires a
vibrating table to settle the cement mix into the mould. Sometimes a heavy hinged lid

slammed a couple of times or low pressures are applied to compress the material.



High-pressure compaction of these blocks is highly uncommon and is well out of the

scope of low-cost building materials.

Good dimensiona accuracy means that these blocks can be laid on a 10mm mortar
joint. However, due to the voids in the block much mortar falls down these holes and
is wasted. (In calculating the required mortar we have assumed that the mortar
actually used is closer to the total surface area of the entire top surface of the block
rather than just the edges where a joint is made with the neighbouring block.) These
blocks are sometimes rendered for aesthetic reasons, which we will omit from any

calculations for the time being.

2.2 Aerated concrete blocks

Aerated concrete is a much lighter form of concrete that omits the use of coarse
aggregate and includes a high percentage of air voids in the material. A cement rich
mixture has a foaming agent applied to it before the materia is pumped or can be cast
into suitable moulds (Neville, 1995). This material has been developed into a high
performance building material and is currently marketed as aerated concrete blocks
(Thermalite, 2001). The large proportion of air within the block reduces the density to
around 500kg/m3.

Although these blocks are not considered suitable for heavy-load bearing conditions,
(over 7TMPa), they are highly favourable to low-rise structures such as typical homes.
Other features such as high wall area per block, low thermal conductivity, easily
shaped by hand tools and low moisture penetration make this a highly attractive
material. The production costs are reasonable as the main ingredient is coal ash from
power stations, (which itself is a pozzolanic material that helps the cementitic
process), but the complexity of the process makes it relatively unsuitable for small-
scale manufacture. Moreover coal-burning power stations are not present in all

countries
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A —Aircrete B — Thermalite block C — Thin mortar joints

The above photographs show the structure of aircrete (A), it's ease of handling (B)
and the high dimensional accuracy required for thin mortar joints (C). The textured
surface of the blocks help to bond the to the block mortar, (if desired as it is not

necessary on externa walling).

2.3 Kiln fired brick

Over the centuries the process of burning clay to make brick has become more and
more automated, sophisticated and complex, but not necessarily more cost effective,
particularly in developing countries. (Parry, 1979) very eloquently and persuasively
describes two methods of brick production in terms of cost and shows quite clearly
that where labour costs are low, kiln-fired brick production would be unsuitable. Kiln-
fired brick production requires a high capital investment and a significant amount of
infrastructure to support production. A greater degree of material selection must be
employed, staff needs to be highly skilled, spares and servicing is highly specialised
and energy requirements are considerable. Production output is very high, typically
10,000 - 30,000 bricks per day and needs to be continuous if to achieve high

efficiency and to achieve the greatest return on investment.

The characteristics of such kiln-fired bricks are highly desirable as the material has a
high wet-compressive strength and does not deteriorate rapidly over time even in the
harshest of climates (Hanson, 2001). The material is pleasing to the eye and is sought

after as an attractive material for home building.

2.4 Clamp fired brick

Can be inexpensive in monetary terms because the raw materials are dug from the

ground and the energy required firing the brick could come from collected firewood.
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Clay fired blocks need good sources of clay for production and like graded sand must
be obtained from a suitable source nearby. Forming the blocks requires a wooden or
metal mould and after forming they are laid out to dry. After drying they are stacked
into a clamp where fires are burnt inside (Parry, 1979). These fires raise the
temperature of the blocks to the point where the particles bond together (Stulz &
Mukerji, 1993). Thorough burning is necessary to fire al the blocks properly and this
takes several days to achieve. The finished blocks can be quite badly misshapen and
this requires a thick layer of mortar between the blocks, sometimes as thick as 20mm.
Furthermore, if the blocks are poorly fired then in order to achieve adequate durability
they may need to be rendered as well. Fired blocks are considered attractive and so

they are not generally rendered unless necessary.

This is a particularly poor example of clamp-fired
bricks and thick poorly used mortar. The result is
unattractive and wasteful of cement.

However, due to the high cement content of the
wall and the fired brick used it will probably
achieve adequate durability.

The poor dimensional accuracy of the bricks can
be clearly seen in this photograph.

2.5 Compressed and Stabilised Soil Blocks

These blocks use the same parent materia as unstabilised mud but offer the
significant advantage of wet compressive strength. One of the methods of stabilisation
is to compact a soil sample to reduce the voids in the finished block. Compaction is
achieved by applying some mechanica effort to the soil, which in turn drives out
some of the air voids. Increasing the density of the material gives it a higher
compressive strength and aso reduces the potential for ingress of moisture into the
block (Houben & Guillaud, 1989), (Norton, 1997). CSSB are further stabilised with
the addition of a chemical stabiliser that helps to bind the particles together. Cement
or lime are expensive additives but are generally available and athough the practice of
adding them to soil is reasonably popular the results can be disappointing unless it is

done carefully.
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Here is a good example of a wall made of
stabilised soil blocks.

The blocks are approx. 0.4 x 0.2 x 0.125m and
may have some voids through the centre. No
render has been applied to the wall and no
significant roof eaves have been used.

A solid cement rich foundation had been used to
build the blocks onto. This is a high quality
construction and would have been quite costly
but not as much as hollow cement blocks.

CSSB can be compacted using low or high-pressures or dynamically compressed
using falling weights. The greater the level of compaction the greater the compressive
strength of the block and the more effective any added stabiliser becomes, (Gooding,
1993). CSSB compacted to higher densities are also usually more dimensionally
consistent and therefore can be laid using a thinner mortar layer of around 10 — 15mm.
Some CSSB need to be rendered in order to enhance the protection from the elements,
but this can be avoided with higher levels of compaction and or higher quantities of
stabiliser. Making a hollow CSSB can be done by straight-through perforations or
deep and shalow frogs (Houben & Guillaud, 1989). Each of these reduces the
material present and therefore reduces the stabiliser quantity necessary for each block.
Removal of material from the core must be done carefully as it decreases the

maximum supportive load of the blocks.
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3. Criteria for comparing walling materials and assessment of

current materials

There are a number of criteria we could use for comparing walling materials. For our
present purposes we would like to hold ‘performance constant so that we can
meaningfully compare some of the costs of production. Whilst different building
materials have can have very different characteristics, we can suggest a minimum
standard that all the materials must comply with. We have therefore chosen the
following performance specification:

- bulk wet crushing strength =1.5MPa

- exterior surface wet crushing strength =3.0MPa
Blocks with this performance should be wholly adequate for low-rise housing
construction up to a roof-ridge height of 8 meters (for which the bottom-course
pressure < 0.15 MPa). It has been suggested that blocks that have a wet compressive
strength of over 3.0 MPa can be used in tropical environments without the need for
external render. We will therefore consider that a block with a similar surface strength

will exhibit adequate durability for most circumstances.

Market cost is the most familiar criterion for materials comparison, but is not easy to
use in gituations where part of the building process is performed within the
subsistence economy. A fairly universaly applicable measure of resource-use in
walling is ‘primary energy consumed per square meter’. This is the sum of primary
energy required in the extraction and manufacture of the materials, in their
transportation to site and in their fina erection on site. However as the last item is
comparatively small and also very difficult to estimate, we have chosen to neglect it.
Transport energy obviously depends upon distance and we have chosen, for various
reasons, to estimate distance as 25% of the mean spacing between points of
production in one country (namely Uganda), i.e. 100km for cement and less for other

materials.

For those types of walling for which cement (opc) is the main bonding agent, or is the

only purchased material, cement content provides another comparative measure. The
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energy required to produce the cement will aso be included in the energy calculations.
The cement literature suggests that the energy requirements for material extraction,

processing, firing and grinding for cement production is approximately 6M J/kg.

For low-cost housing in developing countries, there is an additional criterion for
comparing materials. It is their ease of access (geographical or socio-economic) to
potential users. Thus a material that can sensibly be manufactured ‘locally’ — say on a
scale of under 10,000 m? walling per year — is more likely to be available in an area of
poor transport, and more likely to receive production investment, than a material

requiring atrans-national scale of capital.

An even more severe constraint arises where the production of housing does not fall
wholly within the monetary economy, i.e. where the tradition has been for
householders to construct their own housing out of ‘free’ local materials. Actually few
traditional materials meet the wet strength criteria listed above. However there
remains a strong householder interest in making some use of local or on-site materials

or of employing artisanal members of their own community in materials production.

3.1 Assessment results

We have therefore chosen to assess the most commonly used walling materials
according to the four measures:

*  Primary energy consumption in MJ per m* walling

« Cement usage in kg per m* walling

» Ranking for suitability for small-scale (‘local’) production

» Ranking for suitability for on-site production using mainly on-site materials

To limit the number of materials we have chosen those most prevalent in humid areas
of East Africa and South Asia (excluding stone and timber walling) and added one
high-tech material namely foamed PFA blocks. These are compared with two well-
established variants of stabilised-soil blocks, namely low-density low-cement CSSB
and high-density very-low-cement CSSB.

15



The table and associated notes below is a summary of a spreadsheet used to make the

calculations.
M aterial Dimensions Note | Energy | Cement | Suitability for production
(Ixbxh) ‘Locally’ On-site
mm MJIm? kg/m? Ranking (1 = best)

High-density CSSB 290 x 140 x 90 1 290 18.7 2 1
Low-density CSSB 290 x 140 x 90 2 420 34.1 1 1
Brick ( kiln-fired) 215x 105 x 65 3 430 8.1 2 3
Brick (clamp-fired) 215 x 105 x 65 4 1340 114 1 2
‘Cement’ block (hollow) N | 300 x 150 x 200 5 430 27.0 1 2
‘Cement’ block (hollow) F | 300 x 150 x 200 6 590 27.0 1 2
Foamed PFA-cement block | 440 x 140 x 215 7 230 12.4 2 3

Notes

1. High-density (2000kg/m?) solid blocks manufactured on-site from local soil/cement mix (5%

cement), laid with 10 mm of soil/cement mortar (20% cement) and no render, (Cement transported
100km).

2. Low-density (1700kg/m?) solid blocks manufactured on-site from local soil/cement mix (10%
cement), laid with 15 mm of soil/cement mortar (20% cement) and 15mm render, (Cement
transported 100km).

3. Kiln fired brick (3000M J1000 bricks) laid with 10 mm of sand/cement mortar (20% cement) and
no render, double brick buttress column at 1m centres, (Cement transported 100km).

4. Clamp fired brick (16000MJ/1000 bricks) laid with 15 mm of soil/cement mortar (20% cement)
and no render, wall has double brick buttress column at 1m centres, (Cement transported 100km).

5. Hollow (50% voids) cement blocks made from 10% cement mixed with gravel and sand from
nearby source, with a 10mm mortar joint, (sand/cement, 4:1 ratio). Cement transported 100km.

6. Hollow (50% voids) cement blocks made from 15% cement mixed with gravel and sand
transported from 50km away, with a 10mm mortar joint, (sand/cement, 4:1 ratio). Cement
transported 100km.

7. High-tech aeration process using coa ash mixed with cement (15%) to make a very light

(480kg/m?) material. Laid with a 3mm mortar joint using cement rich paste (50% cement). Blocks
transported 50km.

Of the materias listed above only three of them use less than the desired 15kg of

cement per m® of walling, two of which are unsuitable for local production and the
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third has an extravagant energy requirement. High-density CSSB is the only material
that uses a modest amount of cement, a low energy requirement and is suitable for
local and on-site production. The following chapters will discuss other methods that

may further reduce the cement requirement of High-density CSSB to less than the
desired 15kg per m? of walling.
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4. Perforated and indented blocks

When considering to place indentations or to perforate a block it is a good idea to
determine the reasons behind existing block shapes to see what can be learnt from
them. There are a huge variety of block shapes and sizes available and we shall not
investigate them all. For the purposes of this study we will limit the possible shape of
the blocks to those that specifically remove material from the block core to reduce

material. These will include perforated blocks, deep and shallow frog indentations.

The design of ablock can vary agreat deal depending on the application. The standard
clay fired brick includes a shalow frog that aids the process of keying the brick into
the underlying mortar. This purpose of the frog is not really to reduce the overall
material of the brick, but this is a beneficia result of the technique. In a similar
fashion hollow concrete blocks are hollow typically for two reasons. Firstly due to
their size a solid block would be much too heavy for easy manual movement and
placement in a wall. Secondly the hollowness of the blocks permits the inclusion of
reinforcement for more massive structures to gain sufficient strength even in areas

with seismic activity.

In order to remove significant amounts of material from the centre regions of a block
there must be sufficient block width to accommodate the voids left behind. Also the
minimum material thickness needs to be carefully chosen so that the material does not
become too weak to support the necessary loads. The drawback to including any
perforations or voids in a block is that it increases the mould complexity and reduces

the ease of block manufacture, particularly block ejection.

Below are a series of images depicting different types of concrete blocks with

different shapes.
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NOTES

Block A has the least material but mortar joints on the top and bottom surfaces are limited to the front
and back face.

Block B overcomes this problem by putting a central web so that block tessellation can occur and good
mortar contact is achieved.

Block C incorporates a double web so that the block can be more easily split into halves for wall ends
etc.

Block D adds a few further flanges on the ends of the block to reduce the mortar contact area and also

to help with more accurate tessellation of the blocks.

With all of the above blocks there is a significant problem with mortar falling into the
holeswhen it islaid. A better block would have a flat surface onto which athin layer
of mortar could be placed. This idea follows the deep frog concept where a significant

internal void is achieved but without going though the entire block.
An even better example of block is like the one shown below, where the internal

voids don’t go al the way through. The thin lines indicate the outline of the material,

more clearly showing the internal voids.
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If mortar is being used to join the blocks
together then a deep frog arrangement is better
than the hollow section as less mortar is
wasted. Chapter five of this document deals
with the proposal of interlocking blocks that
have no need of mortar between the courses.

4.1 Results of material removal

In the production of low-cost building materials cost reduction is paramount, and if
the cost can be reduced without jeopardising the strength of the material beyond
acceptable limits then this would be a significant advantage. One obvious way of
achieving this cost reduction is to reduce the amount of raw materials that are
necessary to make the block, or more specifically to reduce the expensive raw
materials that are necessary to make the block, i.e. opc. If the material mass of each
block could be reduced by 50% then that would constitute a saving of opc of 50% in
the block itself. If the materia strength remained the same then the maximum load

that could be applied to the block would also be approximately 50% less.

Now that we have seen a number of different types of hollow and indented blocks, we
now need to assess the effectiveness and notice any implications that the addition of
indentations will have. Indentations will quite clearly remove material from the core
of the block and therefore reduce the amount of material required to produce each
block. Thisremoval of material aso reduces the maximum load of the block itself and

this should be taken into account when designing the structure.

Strengths of materials are usualy given in compressive strength terms in MPa or
equivalent N/mmz2. Thus block strength is directly proportional to the surface area on
the compression face. In the case of a hollow block removing 50% material reduces
the compressive surface area by 50%. This means that the same material will only be

able to support 50% of the load. Fortunately the reduction of material from the cores

20



reduces the mass of the block so that the mass of walling is also reduced and therefore
asimilar height wall can still be accommodated. In order for the block to support the

same load it will need to have an increased compressive strength.

Significant indentations can only really be accommodated if the materia strength is
high enough and this may require the addition of more stabilisation, (compaction
and/or opc). The strength of the material is dependent on the amount of compaction
and the amount of opc present in the material. This relationship is not a linear one
either for the compaction or for the cement. For a certain range of densitiesit has been
found that an increase in density by 10% yields a 100% increase in compressive
strength. Furthermore the doubling of the cement content has the effect of more than
doubling the achieved strength of the material.

Density/Strength relationship for cylindrical
samples (Soil-B, 200g, 5% cement)
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The above graph shows research results from the author’s work that indicates the
relationship between density and strength. It clearly shows that a small increase in
bulk density can yield a significant increase in strength for the same cement content.

Both the dynamic and quasi-static methods of compaction were used to make these
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samples the latter being much more difficult to increase the compactive effort if it is

necessary.
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This graph shows the change in compressive strength with extra pressure and extra
cement. For the low pressure samples (1 and 2 MPa) as the cement content doubles
the strength also doubles. For the higher pressure samples the fractional increase in
strength for the same increase in cement is greater. This clearly indicates that the
effectiveness of the cement present increases as the level of compaction is aso
increased.

With the combination of increasing the cement content and increasing the level of
compaction it would be possible to remove significant amounts of material from the
centre regions of a block without jeopardising the strength and gaining an overal

reduction in costly opc.

4.2 Analysis of material removal

According the graph above a sample with 10% cement and compressed to 4MPa has a
wet compressive strength of 3MPa. A standard block 0.29 x 0.14 x 0.09m and an
approximate bulk density of 2060kg/m3 would have a cement mass of around 0.7kg
present in it. If the level of compaction was increased to 10MPa the cement content

drops to 8% to achieve the same 3MPa compressive strength. The same block has

22



now reached a bulk density of 2160kg/m3 and would have a cement mass of around
0.58kg present in it. A more than two-fold increase in pressure results in only an 18%
drop in cement content. This has aready been shown to be a false economy in quasi-
static compaction because this extra moulding pressure seriously increases the

machinery rental and labour costs of production.

Now if half of the material present in the block is removed then the cement mass
would naturally drop to 0.28kg per block which is less than half of the original value.
This removal could be achieved by the inclusion of voids in the material. The higher
density of the material would yield sufficient strength for forming and handling and
whilst the absolute load that the block could sustain would be less, the compressive
strength would still be within the required limits. This option would not be possible
with blocks of lower densities, as they would not be strong enough to have such large

voids placed in them and still keep strong enough for forming and handling.

4.3 Note on strength of rival walling materials

If house walls ‘fail’, it is usually by surface erosion, by overturning of by internal
material changes like swelling. To prevent erosion we require adequate surface
properties such as hardness or wet-compressive strength that are unaffected by
whether or not the building blocks are hollow. To prevent overturning we look first to
architectural measures such as providing adequate foundations, connecting
perpendicular walls or constraining the outwards thrusts from roofs. However the
block properties also affect awall’s ability to resist horizontal forces applied to itstop.
Increasing both block mean density (=p) and wall thickness (=Block width b) are
beneficial. Although there are various overturning failure modes, amost al have a
force threshold determined by pb2. For example the formation of a hinge at the wall
bottom (assuming the mortar has no tensile strength) occurs when F=pgh%2 where F

isthe outward force per unit length of awall.

The table below compares different materials by this criteria. Employing hollow

blocks instead of solid ones lowers F because it lowers the mean block density p
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Material Wall Mean Failure
Thickness (b) | Density (p) Force (F)
m kg/m?3 N/m
Single skin brick 0.105 1350 74
Double skin brick 0.220 1350 327
Solid cement block 0.150 2200 248
Hollow (50%) cement block 0.150 1100 124
Foamed cement block 0.140 480 47
Low-density solid CSSB 0.140 1700 167
High-density solid CSSB 0.140 2000 196
High-density hollow (30%) CSSB 0.140 1400 137
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5. Cement-rich skin

As mentioned in Chapter 3, there are several different methods that are under
investigation for cement and energy reduction in the production of low-cost building
materials. This chapter will briefly assess the method of putting the greatest
stabilisation in the region of the block were it is needed most. This can be
accomplished by either incorporating a cement-rich layer in the external face of every
block, or by adding a cement render to the surface of a block which has a very low

cement content.

5.1 Non-homogeneous blocks

As an dternative to reducing the cement content of the block to perilously low
guantities, it may be possible to concentrate the cement in the area where it is needed
most, i.e. the exterior surface. This cement rich layer would effectively be acting as a
built in layer of render protecting the more fragile materia behind it from the
elements. For example instead of having 5% cement throughout the block one could
put 10% cement in the first 20mm and have the rest of the block stabilised with only
3% cement. Providing that the cement rich layer did not suffer from de-lamination
from the rest of the block, (which is doubtful if the block contains cement and the
courses of blocks are joined with a cement based mortar), then this could reduce the

cement demand for each block.

The production of such blocks with this cement rich layer greatly increases the
complexity of the block production and construction processes. A very clear means of
identification would be necessary to indicate which face of the block was cement rich,
and furthermore the staff erecting the structure would need to be trained to lay the
blocks in the correct manner. Homogenous blocks would also be necessary for the
corners and any exposed edges, that adds another type of building material to the
construction. The calculations carried out on this type of construction shows that the

saving in cement is not terribly significant, (approximately 13%).
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5.2 Rendered soil block construction

There are a number of reasons why a wall might be rendered. Leaving aside the
aesthetic reasons, rendering is usually done to protect the walling from the elements or
other forms of attack. Unstabilised walling has to be protected in humid areas and this
can be achieved through the application of render. Cement-based renders do not work
with an unstabilised soil wall as the coating is much too stiff to accommodate the
movement of the soil wall as it absorbs and rejects moisture from the atmosphere.
Lime-based renders are more suitable for this purpose. However, with more stable
forms of walling, cement render is acceptable providing a good bond can be achieved

to the surface of the block.

It may be possible to achieve a sufficiently high degree of surface hardness to negate
the need of arender altogether as discussed earlier. Thisisindeed the most favourable
option as the cement render is an expensive component of the walling construction if
it has to be applied. In the application of render there are only really three different
variables that are of interest if cost reduction is the main objective. They are the render
thickness, the cement content of the render and the surface area that needs to be

rendered.

The size and shape of the blocks under the render don’'t have a direct effect on the
quantity of render needed to cover the wall, (providing the external surface is flat).
Thisis a pity, as larger blocks need less mortar per m? than smaller blocks. The same
gains however are not achieved when it comes to rendering. If we assume that the
thickness of the render has already been minimised and also the cement/lime content
has also been minimised then the only variable left to work with is the surface area

that the render covers.

A practise that has been used in developing countriesis to restrict the rendering to the
areas of the walling most prone to attack. This generally constitutes render application
to the corners of the building and the first 300 to 600mm of walling above ground
level. The vast mgjority of the walling is then left in barefaced brick.
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This photograph shows an earth walled
house with a limited amount of
rendering at the lower level.

A small amount of render has also been
applied to the corners of the building.

Notice too the significant roof eaves that
have been constructed to protect the
walls from precipitation.

If the cement was concentrated in the render on the external surface of the wall and a
very small amount was used to stabilise the blocks behind the render, then this might
provide a saving in cement use. If we assume that the entire wall needs to be rendered
to achieve adequate durability then we can calculate the cement requirements for this
type of construction. Unfortunately the calculations do not suggest that this is a
favourable method of reducing the cement quantity need per square metre. Applying a
15mm render (20% cement) to a 3% cement stabilised block actually increases the
cement used per m? by 3%. If portions of the wall could be protected by some other
means and the area of rendering reduced, then this method might yield greater saving

in cement use.
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6. Mortar reduction methods

In the previous chapters we have seen some suggestions for minimising the cement
content in the blocks and in the render, but we haven’t yet discussed the mortar that
joins the blocks together. The mortar used in wall construction can account for a
significant part of the cement cost and if this can be minimised then this would be an
added saving. Fortunately the mortar required is dependent on the size and shape of
the blocks used to construct the wall and even in some circumstances the mortar may

be omitted entirely like with interlocking blocks.

Mortar is necessary to carry out two basic functions, one is alignment and the other is
cohesion. Due to the surface irregularities of blocks a certain amount of mortar is
needed to ensure that the two faces of adjoining blocks sit well together and spread the
load over the entire surface of the blocks. This layer of mortar also permits a degree of
alignment so that the wall can be built to conform to a vertical face. The mortar
between the blocks also creates a physical joint that will help to keep all the separate
block unitsin the wall bonded together.

6.1 Variables affecting mortar quantity

Apart from making the mortar thinner one can reduce the mortar requirements by
changing the size and shape of the block. These adjustments change the mortar
requirements for each block, but also change the requirements per m? of walling. If the
block size is increased then the mortar necessary per block increases, but the overall
mortar requirement for the walling goes down. In order to determine the most
important variables in wall production a spreadsheet was drawn up. It calculated the
changes in cement demand for small changes in every variable that could be atered in

block design and wall covering.

The table below shows all of these variables and the sensitivity that a change of that

variable of £10% gives to the overall cement requirement per square meter of walling.
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Cement (kg/m?)

Variable +10% 0% -10%  Sensitivity
Block Length 34.5 34.5 34.6 0.02
Block Breadth * 37.6 345 314 -0.98
Block Height 34.3 34.5 347 0.06
Block Density * 36.9 345 32.1 -0.76
Cement content of block * 36.9 345 321 -0.76
Cement content of mortar 35.2 345 339 -0.19
Mortar Thickness 34.8 345 34.2 -0.08
Render Thickness 34.9 345 34.2 -0.11
Voids fraction of block * 321 345 36.9 0.76
Combination of four * variables 46.5 345 255 -0.89

The four main variables are ‘block breadth’, ‘block density’, ‘cement content of
materia’ and ‘voids fraction’. Reducing the block breadth is not an option and we

want to achieve the highest density possible to give the greatest strength.

Below is atable showing the four block variables that exhibit the greatest sensitivity
to changes of 10% with the effect that each one has on the different areas of cement

use, namely in the material, the mortar and the render.

Cement mass required (kg) Cement
Variable Material Mortar Render Total Sensitivity kg per m?
Standard block configuration 0.731 0.197 0.108 1.035 N/A 345
10% decrease in breadth 0.658 0.177 0.108 0.943 -0.98 314
10% decrease in material density 0.658 0.197 0.108 0.962 -0.76 321
10% decrease in cement in Mat. 0.658 0.197 0.108  0.962 -0.76 321
10% decrease in material (voids) 0.658 0.197 0.108 0.962 -0.76 321
Combination of all variants 0.479 0.177 0108 0.764 -0.89 255

By concentrating on the variables that have a significant effect on the cement in the
material and the mortar use we can suggest a combined scenario that may give a

tolerable cement usage. A suggestion is shown in the table below.

Cement mass required (kg) Cement
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Variable Material Mortar Render Total kg/m? Reduction (%)

Standard block configuration 0.731 0.197 0.108 1.035 345 N/A
25% increase in height 0.974 0.212 0.140 1.326 34.0 1
Removal of render 0.731 0.197 0.000 0.927 309 10
50% decrease in cement in Mat. 0.365 0.197 0.108 0.670 22.3 35
25% decrease in material (voids) 0.548 0.197 0.108 0.853 28.4 18
Combination of all variants 0.365 0.212  0.000 0.577 19.2 44

Instead of getting the cement per m?2 down to as low as 15 kg/m?2 the minimum

suggested hereisonly 19.2kg.

Note:
Standard block to be considered as the following:
External dimensions (L x B x H) = 0.29 x 0.14 x 0.09m
Material = 2000kg/m3 (dry) with 10% cement, (NB different to Tablein Ch 3)
Mortar = 1800kg/m? (dry) with 20% cement and 0.01m thick
Render = 1800kg/m? (dry) with 20% cement and 0.01m thick

Internal void volume =0

This vaue for the cement demand per m? of walling is still too high. It is estimated
that the Thermalite blocks described in Ch 2 use approximately 12.4kg of cement per
m2. If the mortar could be removed entirely from the example above then the total
cement demand would reduce to 12.2kg per m?, below our target cement consumption

per square metre.

6.2 Mortarless blocks

Interlocking blocks have been available in a number of different styles for quite some
time now. The designs differ but the basic principles are the same. Some form of
indentation and protrusion on facing blocks form a mechanical link between the two
building units. The difficulty with producing mortarless blocks is that you no longer
have any freedom of adjustment during the laying process. Any alignment errors
present in the lowest block course will be present in every subsequent layer on top.
Not only does the bottom layer have to be set very accurately, but also every block
must have a very high dimensional accuracy. An error of only 1mm in the height of a

block between the internal and external face of a 150mm wide block will generate a
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vertical alignment error of 13mm at the top of a 2m wall. A 2mm error leads to
26mm, etc. Alignment errors approaching 25% of the block width would be of great

concern as the wall stability is significantly reduced.

The other role that mortar plays is one of ensuring that the load is spread over the
entire face of the block. Mortar removes any stress concentrations that would
otherwise be there if the blocks were laid on top of one another. Even blocks with
very high dimensional accuracy will still suffer from this. However, the process of
production of stabilised soil blocks may offer a solution to both the problems of

alignment and stress concentrations found in mortarless construction.

6.3 Block alignment while ‘green’

When a cement-stabilised block is formed it has what is referred to as a “green
strength”. It is this strength that needs to be there for the block to be handled
immediately after production. This strength enables the formed block to be moved
from the production machine to a place of curing where blocks may even be stacked
one on top of another to conserve curing floor area. Full strength of the material is not
achieved for some time and the strength of the blocks at the time of production is a

small fraction of the final compressive strength.

This low initial strength could be an advantage in mortarless construction. If the
blocks are formed and placed directly into the wall then this may solve the two
problems with mortarless construction. (The process of building walls from freshly
made mud bricks is currently in use in the U.S. but these walls are not stabilised and
an external render is applied to protect the bricks.) The construction of the wall in its
green state enables a degree of flexibility with the material itself. Asthe material hasa
small amount of “give’ to it, the different courses could be laid and as the blocks
settle and begin to harden they will be taking the shape of their neighbours and

therefore greatly reduce the chance of stress concentrations.

The other issue that has been raised is the one of aignment. If dimensional accuracy

of £0.5mm can be achieved then the maximum *out of plumb’ for a single storey wall
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would be a tolerable 13mm. However, this is a very high level of accuracy and
probably not possible with CSSB production techniques. Blocks that are laid in their
green state will accommodate a degree of manipulation and this may be al that is
necessary to ensure that the blocks are being built in aignment with the vertical. Very
dlight adjustments could be made to the finished blocks during the construction

process that would be impossible to do once the block has fully cured.

Even if remova of the mortar entirely is not a feasible option, the reduction of its
thickness will generate great savings in cement. The thermalite blocks described in Ch
2 use a very thin mortar joint of around 3mm. The mortar is more of durry
consistency than a paste and is amost poured into position. Such a system could
easily be incorporated into wall erection if the dimensional accuracy was as high as
described able. Even a tolerable +1.0mm error in the block height would still be able

to use this very-thin mortar technique.

6.4 In wall curing

The process of building awall of green uncured material generates a fresh problem of
achieving a high strength successfully to an exposed material. Once the blocks are
placed into the wall there is almost maximum exposure to the air and therefore to the
blocks drying out. If cement is the stabiliser of choice then this drying out process
must be hindered and even stopped if possible. While the blocks are on the ground or
in tidy piles it is much easier to cover them and keep them moist than if they are
aready made into awall.

Curing the blocks in the wall may be achievable if something could be draped over the
wall that protects the block from the wind and the drying of the sun. If plastic sheets
are used then this would be acceptable although would incur a greater cost even if the
sheets are reused a number of times. Keeping the blocks under plastic sheets in the
direct sun would have the effect of raising the temperature of the blocks and the
cement within the block would achieve a higher strength faster then through normal
temperature curing. This early higher strength caused by the higher temperatures

would result in adlightly lower overall strength in the block once curing is finished.
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The effect of temperature on pure cement is well documented and the following
information just summarises some of these that may be of use in curing the blocks in
the wall. The table below clearly shows that if a small reduction in final compressive
strength can be accommodated then curing the material at a higher temperature can
increase early strength. This may be arather desirable side effect to construction in the

humid tropics and one that should be exploited if possible.

Extracted from graph found in (Neville, 1995)

Time Strength in MPa at curing temperature (°C)

20 35 50 65 80
6 hours 30 55 100 135 140
1 day 140 165 165 165 165
7 days 220 210 200 190 180
28 days 250 235 230 210 195

If three times the strength could be achieved in the material after 6 hours if it was
being cured at 50°C then construction could proceed at a faster rate as well. The only
problem is that we do not know if these results still apply to a material that has such a

small amount of cement as would be used in CSSB production.

6.5 Tall thin blocks

The ratio of ablock’s height to width isits’ slenderness ratio (height/width), (Norton,
1997), (Keable, 1996). Typically this senderness ratio is not more than 1 but with
some more advanced materials at can be as high as 2. If the height of the block islarge
then this will reduce the number of blocks necessary to fill the same area of walling.
Another measure that we can have to assess the shape of a building block is the
number of blocks required per square meter of walling. In order to maximise the use
of the material therefore we want to have a high slenderness ratio and a large surface

area of the external face of the block.
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As mentioned in the pervious section the larger the external surface area of a block is
the smaller the number of blocks needed per square metre and consequently less
mortar is required. Increasing the height of the block therefore doesn’t so much as
reduce the cement requirement per block as reduce the mortar requirement to lay the

same area of walling.

In section 6.1 a suggested block arrangement was drawn up to try and reduce the
overall amount of cement. One of the variables that were changed was the block
height. This increased the amount of cement required in the material, mortar and
render per block, but actually decreased the overall cement requirement per square
metre. Although the decrease was quite small, if that is then applied to blocks with
less cement in the material, laid with thinner mortar and without any render then

significant savings can be made.
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7. Conclusions and recommendations

The high-density compressed and stabilised soil block seems to be a reasonable
contender in low-cost building materias. It requires less energy than al of the
available competitors and dightly less cement than most of them. Variants on the
CSSB can reduce the cement still further making it even more acceptable to a wider
range financial capacity. Furthermore the ability for the CSSB to utilise loca
materials and be manufactured either on-site or very locally makes the material more

suitable to cottage industries and self-build schemes.

The table below summarises the different possible variants that can be accomplished
with the CSSB and how each one performs with reference to the unmodified CSSB.
By combining several of these variants into a single block the material can
theoretically achieve a tolerable cement requirement, (less than 15kg/m?), without
excessive energy consumption. The tall, hollow, interlocking block as described
below even uses less cement then the clamp fired bricks outlined in Ch 3. Asthisis
one of the more common and more wasteful methods of making satisfactory building

materials, this confirms that this variant of CSSB is areal contender.

Material Dimensions Note | Energy | Cement | Suitability for production
(Ixbxh) ‘Locally’ On-site
High-density CSSB Mm MJI/m? kg/m? Ranking (1 = best)
Normal 290 x 140 x 90 1 290 18.7 2 1
Hollow 290 x 140 x 90 2 220 151 2 1
Cement-rich skin 290 x 140 x 90 3 270 16.3 1 2
Interlocking 297 x 140 x 97 4 270 154 2 1
Tall 290 x 140 x 90 5 280 17.6 2 1
Rendered 290 x 140 x 140 6 300 19.3 2 1
Tall, Hollow, Interlocking 297 x 140 x 147 7 190 11.0 2 1

Notes
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1. High-density (2000kg/m?) solid blocks manufactured on-site from local soil/cement mix (5%
cement), laid with 10 mm of soil/cement mortar (20% cement) and no render, (Cement transported
100km).

2. As1. but with 30% material remove from the block core.

w

As 1. but with 10% cement in first 20mm of exterior block surface and 3% in the body of the
block.

As 1. but with thin mortar of 3mm required.

As 1. but with increased block height to 1740mm to reduce mortar per square metre.

As 1. but with 15mm render on a block with only 3% cement in the body of the block.

N o g A

As 1. but with a combination of tall, hollow and interlocking arrangements.

Many different variants of the CSSB have already been successfully made. However,
the author is not aware of any specific manufacturer that can produce the tall, hollow,
interlocking CSSB variant that seems so frugal in its cement use. It is hoped that the
application of compaction by impact can yield such a material without the addition of

expensive machinery, but has yet to be confirmed.

Tests need to be conducted to see if such a variant of CSSB can indeed be made
successfully. Following that it would need to be tested to determine whether or not it
exhibits the necessary level of durability for use in the humid tropics. If these proved
successful, then a pilot scheme would need to be implemented to disseminate the
information and necessary technology to a suitable area where low-cost housing is
needed.

36



Bibliography

1. Gooding, D. E. M. (1993) Improved processes for the production of soil-cement
building blocks, Unpublished doctoral dissertation: Warwick, University

of Warwick.

2. Hanson. (2001) Hanson Bricks [Web Page]. URL www.hanson-brickseurope
[Accessed: 2001].

3. Houben, Hugo and Guillaud, Hubert Earth Construction: A Comprehensive
Guide, Intermediate Technology Publications.

4. Keable, Julian (1996) Rammed Earth Sructures. A code of practice,
Intermediate Technology ([gto] TH1421 K3).

5. Neville, A. M. (1995) Properties of Concrete, Longman.

6. Norton, John (1997) Building with earth - a handbook, Intermediate Technology
Publications London. (UWL - TH 1421 N6).

7. Parry, J. P. M. (1979) Brickmaking in developing countries, Building Research
Establishment UK. (UWL - [qto] TP 827 P2).

8. Stulz, R. and Mukerji, K. (1993) Appropriate building materials, SKAT (UWL -
TH 145 S8).

9. Thermalite. (2001) Thermalite [Web Page]. URL www.thermalite.co.uk
[Accessed: 2001].

37



Deveopment Technology Unit
School of Engineering

University of Warwick o)
1
Coventry cv4 7AL UK
Tel (Office) +44/0 1203 522339
Director 523122, Fax 418922 IC ]<
Email dtu@eng.warwick.ac.uk
Web site at

http://www.eng.warwick.ac.uk/DTU/

Stabilised Soil Research Progress Report
SSRPRO0O6

Initial critique of existing papers on
dynamic compaction of stabilised soill
samples

Author: Mr D E Montgomery
April 1999

E-mail: esrsj@csv.warwick.ac.uk
These reports cover ‘work in progress by research students in the Development Technology Unit (DTU) o the
School of Engineering a Warwick University. Ther primary purpose is interna - aformeat for recording idess and
datain away that dlows them to be better discussed before their incorporation into theses, DTU Working Papers
or externa publications. However they dso have a secondary purpose, that of facilitating the sharing of our
research with other innovators in the field of building with stabilised soil. Each report, after some initid internal
discussion and refining will be posted as a title and synopsis on the DTU web pages (home page=
http://mww.eng.warwick.ac.uk/dtu). Full copies can be obtained from the respective named authors.







Titles of Stabilised Soil Research Progress Reports Produced to date:

[Put printed list of current reports in place of this page.]



A dedication to someone special

Sometimes at the beginning of a publication one finds a dedication to a certain person or
member of the family who has been an influence in the author’s life ether in generd or
gpecificdly in generating the work in question. There is one person in my life that
immediady sorings to mind who is worthy of such a dedication. Furthermore, my
experience with this person is not unique as millions of others have found him to be a great
inspiration, comfort, guide and friend. “What's his name?’ you may be asking yoursdlf and,
“Why haven't | heard of this incredibly influentid person”. The sad thing is that you
probably have, but you have never accepted him as such or welcomed him into your heart
and life. Well, now you have an opportunity to do just that. Please read on.

The man’s name is Jesus and athough he was born nearly 2000 years ago his testimony il
remains and his power to save is just as gredt. “ Save from what?’ you may ask, sn and the
conseguences thereof, or more specificaly, your sins and the consegquences you face when
you die. As humans we demand justice to be done, and justice will be done, but on a
perfect scale and to a perfect sandard. That leaves us dl fdling short and without hope
when we come face to face with aholy God. But, God in his great |ove towards us send his
only begotten Son into the world that the world through him might be saved. Jesus Chrigt
died for you so that you would not have to be punished for what you have done wrong. Y ou
can be spared eternd punishment in hell and enjoy love and peace in the presence of God
forever. Today the choice is yours. Regect God's free gift of love a your peril, accept it and
who knows you too may have the joy of writing a dedication such as this someday. Please
ponder the verses below and make your choice carefully, it will be the most important
decision you ever make.

“For by grace are ye saved through faith; and that not of yourselves: it is the gift of
God: not of works, lest any man should boast.” Ephesians 2:8,9.

“For God so loved the world, that he gave his only begotten Son, that whosoever
believeth in him should not perish, but have everlasting life.” John 3:16.

“For whosoever shall call upon the name of the Lord shall be saved.” Romans 10:13

“He that believeth on him is not condemned: be he that believeth not is condemned
already, because he hath not believed in the name of the only begotten Son of God.”
John 3:18.

“Jesus saith unto him, I am the way, the truth, and the life: no man commeth unto the
Father, but by me.” John 14.6.



Abstract

Implusion (dynamic) compaction of soil building blocks has been shown to promise certain
advantages over block pressing, however previous researchers have dready expressed their
dismay a the generd lack of information in the field of dynamic compaction of soil blocks.
This paper reviews what such information is redily available. The information that is available
on dynamic compaction mainly comes from the cvil engineering industry from ground
compaction methods. Whilst these are auitable for ganing a basc undersanding of soil
compaction, they are not entirely applicable to compaction of blocks confined in a mould.
Modedling of the compaction process has been attempted within this fidd and some
mathematical models are described in this report.

Dynamic compaction of soil blocks without the use of cement has been investigated to
edtablish optimum compaction efficiencies when the energy transfer is kept congtant. This
has shown that between 8-32 blows gives the grestest compaction for the same total energy
transfer. The research did not investigate the effect of adding cement to the compaction
process, nor did it identify the moisture content to optimise dry block strength. Research
done in the avil engineering industry has briefly invedigated the effect of moisture on
uncongrained compaction as well as the efficiency of different methods of energy trandfer.
These results are dgnificant but cannot easily be gpplied to the research done on block
compaction.

Severa mgor gaps in the understanding of soil compaction il exist, and these need to be
tackled one by one. It is of fundamenta importance that thorough testing of dynamicdly
compacted cement stabilised block be carried out in the near future. Optimisation of energy
transfer can yidd amdl increases in dengity, which results in much greater gains in strength.
More time spent researching the optimum method of energy transfer would be a valuable
exercise especidly with the addition of cement which has an effect on the compaction
process.



Nomenclature

Bre-pack machine: A high qudity 20MPa manua block-making machine as developed in
the U.K. for block manufacture in developing countries.

Brick: An object (usudly of fired clay) used in congruction, usudly of rectangular shape,
whose largest dimension does not exceed 300mm.

Block: A larger type of brick not necessarily made of fired clay, but stabilised in some way,
sometimes with central cores removed to reduce the weight.

Cement: Ordinary Portland Cement (OPC).

Clay: The finest of the particles found in soil, usudly of less than 0.002mm in sze and
possesses significant cohesive properties.

Concrete: Thefinished form of amixture of cement, sand, aggregate and water.

Dynamic Compaction: A process that densifies soil by gpplying a series of impact blows
toit.

Fines: Generd category of sltsand clays.

Green: Describing the state of materid containing cement and water before it reaches the
critica time, after which further plagtic deformation hinders the find set srength.

Permeability: Describing a materid that permits a liquid or gassous substance to trave
through the materid.

Porosity: A measure of the void volume as a percentage of the totd materia volume.

Sand: A mixture of rock particles ranging from 0.06mm to 2 mm in diameter.

Silt: Moderatdy fine particles of rock from 0.002mm to 0.06mm in Sze.

Soil: Materia found on the surface of the earth not bigger than 20mm in Sze, not incdluding
rocks and boulders and predominantly non-organic. If soil is to be used for
building materid it must not contain any organic materid and it can be a natura
sdection of paticles or a mixture of different soils to atain a more sitable
particle digribution.

Stabilised soil: Soil which has been stabilised (trested to improve structurd characterigtics)
by usng one or more of the following stabilisation techniques. mechanicdl,
chemica and physicd.



Table of Contents

DEDICATION....cuiieirereeeeeissesstssessssssssssssessssssssssssssssssssssssessessassssssssssssssssssessessessssssssssssssssssssessases 2
N 2 2 7N O PP PP 3
NOMENCLATURE ..ottt tssssss st sssssss s ssssssssssssssssssssssssssssssssssssssesssssssssssssssnsans 4
1. INTRODUCTION ..coisiieieeirrieessssessssssssssssessessesssssssssssssssssssssssssessessessesssssssssssssssssssassessessessessssssssssssssssssasseses 8
2. PRINCIPLES OF SOIL COMPACTION ....ocririeireressessssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssessesans 9
21 AIR VOID REDUCTION. ....cuiuiriesressessessssssssessesssssssssssssssssssssssssessessesssssssssssssssssssssassesssssssssssassssassassesans 9
22 COMPACTING METHODS.....ccuvuieeeseaseessesessssssssssssssssessssssssssssssssssssssssssssessessssssssssssssssssssessessessssssnsas 10
221 SOil COMPACTION LESES .....oveececeeireecte ettt bbbt s s 11
222 COoMPACL ON TESt ANAIYSIS ......cvevececicrece et s s st s s 12
3. PREVIOUSDYNAMIC COMPACTION RESEARCH........ccoiinireineiniieieseesessstsstsssssssssssssssesssssssssssssns 14
31 MATHEMATICAL MODELLING ..cvututtrtetstssessssssesssssessssssssssssssssssssssessessessessssssssssssssssssssssessessesssssssnes 14
32 DYNAMIC COMPACTING EQUIPMENT ASUSED IN CIVIL ENGINEERING ... 19
33 RESEARCH DONE BY GOODING FOR HIS PHD.....c.ouriiirineesesessessssssessessesssssssssssssssssssssessessssssssssnnes 2
331 QUASI-Stati C COMPACLION........cueeiicecretiecte ettt a et ss s en st naes 22
332 DYNAMIC COMPACLION......cucucvececicieiecie ettt s st ae b s s s st st b s s e st s s asaesesanssantes 23
333 Other research that Was dONE...........cueeurerininreneeseneesese sttt seaees 24
34 THE AUTHOR’ S PREVIOUS RESEARCH ....vutuiurieisesstse st sssssssssssssssssssssssssssssssssssssssssssssssssssssssanens 25
4, DISCUSSION OF RESEARCH.......costirtirririersisstssisssssssssesssssssssssssssssssssessesssssssssssssssssssssssssassessessesssssssanes 27
5. CONCLUSIONSAND RECOMMENDATIONS.......cccouitirirerrstnstnsiesssssessesssssssssssssssssssssessessessssssssssssns 30
B, SUMMARY ...ttt sttt s bbbt s st bR bbb s Rt 32
BIBLIOGRAPHY ...ttt s e st £ 15 31




1. Introduction

There is a andl quantity of exiding information on dynamic compaction of stabilised soil
blocks, but thisis limited to a few smple surveys and thesis reports. Much of the work for
this project will reference these previous works as they too discovered alack of information
in this field. Other sudied have provided information of direct rlevance to other fields, but
which can only be gpplied to the fidld of interest with asmall degree of confidence.

Soil compaction is an important area of sudy within the civil engineering and geotechnics
and thisis amilar to the working being carried out here. Some sources give a bit of detall on
aform of dynamic compaction that is used to compact soil prior to congtruction, or to aid
stabilisation of dopes etc. These are of interest especidly if any quantitative description of
the compaction processis given that would be ussful in application to compaction of blocks.

Ground compaction aways concentrates on a small area of ground where compaction is
desired and the machinery used has to move around the area to ensure thorough compaction
of the desired surface. This type of compaction could be consdered anaogous to the
tamping down of soil in a block mould or the compaction of soil between shutters for
rammed earth walling. However, smultaneous compaction of the entire block surface is not
in the same category as there are no potentia dip planes for soil movement under the direct
compaction force. Unlike ground gtabilisation the compaction force is uniform over the
whole surface of the block making the two processes fundamentdly different to each other.
This makes the information in thisfied interegting, but not entirdy useful. Consequently much
of the research into dynamic compaction of soil blocks will be received from previous

research done by Dr. Gooding and his thes's.



2. Principles of soil compaction

Soil generdly conssts of a mix of solid, liquid and gas. These are more commonly referred
to as the soil particles, water and air. The combination of the volume occupied by the water
and the air is called the void volume. Compaction of a soil sample is done to decrease the
ar voids present in the soil and hence increase the dry dendty of the sample. Dynamic
compaction achieves this by permitting a moving mass to srike the surface of the soil sample
and ddiver energy into the sample that causes dengfication. The level of dendfication that
can be achieved relates to a number of different parameters, the most important of which are
the moisture content and the compacting energy transferred. Other factors that affect the
dengfication are the number of blows gpplied to the soil and the momentum of each blow
delivered by the faling mass.

2.1 Air void reduction
An ar dry mass of il will have a certain amount of spaces between the soil particles and

these spaces are referred to as “air voids’. Thisis sometimes expressed as a percentage of
the total volume (air + soil) occupied by the air. Indirectly it can be represented by the “dry
dendty” of the soil, asthe weight of ar in asoil is negligible compared with the weight of the
soil paticles. If a soil sample is compacted a it's dendty-optimum moisture content, by
definition it will be at its grestest dry dendty for that compacting pressure. After such
compaction, the volume occupied by the moisture will be virtualy equd to the percentage of
ar voids present in the sample after subsequent drying out. Incidentaly the density-optimum
moigture content is not the same as the strength-optimum content. We must not use
volumetric definition of OMC as it changes (rises) during the compaction process. We use a
meass definition. Alternatively we use volume but define when it is measured, eg. immediately

after compaction.

The dengty-optimum moisture content (OMC) depends on the compacting energy ddivered
into the sample. The greater the compacting energy the lower the OMC and hence the
greeater the final dry dengity. The diagram below taken from Head, 1980, pg. 270, illustrates
the particle arangement of a soil sample a different moisture contents as well as the OMC.,
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Severd methods for dynamicdly compecting a soil sample exig as tests for soil

compactability. These involve a mass that is raised to a congstent height above the surface

of a soil sample congrained within the walls of a mould. Some impactor designs cover the

entire area of the soil sample whilst others are dropped over the surface in a standard

pettern. The latter technique could be analogous to tamping the soil down into a block

mould, whilgt the former is like the dynamic compaction tests as done by Gooding. Both

tests are of interest but the former will be more helpful when trying to extend Gooding's

research.
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2.2.1 Soil compaction tests
The complete description of dl the possble compaction tests is not necessary for the

purposes of this report. A brief outline of each test is given and their possible relevance to
the dynamic compaction research will be suggested. The tests described below are taken
from Head, 1980, pg. 281-306.

BS Ordinary Test (or the Proctor test)
Thistest uses a 2.5 kg meta rammer with a 50mm diameter face thet fdls into a cylindrical

mould of 105mm diameter. The drop height is kept a a congtant 300mm to ensure
consigtent energy transfer between blows. The blows follow a pattern over the face of the
sample to ensure repeatability and consstent compaction of the entire sample. Each sample
made up of three layers of soil that has passed through a 20mm sieve and each layer isgiven
27 blows of the rammer. After compaction the sample is trimmed off to a set height that
gives a congtant volume of 1000cm?. This is then weighed and the density can be ca culated.

BSHeavy Test

Thistest isvirtudly identica to the BS Ordinary Test, with the only difference being the mass
of the rammer and the drop height. For this test a 4.5 kg rammer is used and it is dropped
from a congtant height of 450mm above the level of the soil. Compaction is also carried out

infivelayersingead of three. All other dimensons and quantities remain the same.

Compaction by Vibration

This test uses an eectric vibrating hammer operating a a frequency of between 25-45 Hz
and a power consumption of 600-700 W. The soil is compacted in a cylindrica mould with
an internd diameter of 152mm and a height of 127mm (CBR mould). The vibration from the
hammer is tranderred into the soil through a stedl rod with a circular foot 145mm in
diameter, (i.e. that nearly fills the mould). The soil is compacted in three layers by the
hammer action and a steady force of 300-400N is applied to the vibrating hammer to
prevent it from bouncing up and down on the surface of the soil. The find compacted height

ismeasured usng asted ruler. The mass of the soil and mould is then weighed and weight of
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the empty mould subtracted from it. From these measurements of height and net weight the
density can be calculated.

Dietert Compaction
Of dl the compacting methods this one is most Smilar to the tests done by Gooding. It isa

hand-operated device that uses a large cam to lift a mass of about 8kg through a constant
height above the surface of the soil. The cam permits the mass to be dropped repegtedly
onto a foot that rests on the surface of the soil sample transferring the energy into the ol
and causng compaction. This gpparatus uses a standard 50mm mould and the foot is
fractiondly smdler (48mm) to ensure free movement on impact. Dengty is caculated from
measuring the height of the soil in the mould and the mass of the soil that is origindly placed
into the mould; the number of blows gpplied is recorded.

Harvard miniature compaction

In the Stuation where materid for andysis is scarce and the soil particles are finely grained
this test may be used. It uses a hand-held spring-loaded tamper and a speciad mould. The
soring ensures that a congstent force is gpplied to the surface of the soil during each
successive ‘tamp’. This force equates to 178N and is applied through a tamper rod of
12.7mm in diameter over the surface of the soil. The mould is 33.3mm in diameter and
71.5mm high. This volume yields the useful feature that the mass of sail, in grams, isequd to
its dendity in pounds per cubic foot.

2.2.2 Compaction test analysis

Both the BS Ordinary test and the BS Heavy compaction test show smilarities to the
compaction process thet is of interest because they involve a mass dropping onto the surface
of the soil in amould. To compact the soil sample evenly the rammer must be dropped in a
pattern over the surface of the soil. Although the soil is restrained within the Sdes of the Htiff-
Sded mould it is only semi-confined to a volume. In other words, compaction applied to one
aea doesn't cause compection in another and dip planes within the soil can exis.

Conversdly, confined compaction is similar to the Dietert compaction where the compaction
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occurs over the entire surface of the soil in the mould, thereby confining the volume and
regtricting any dip planes in the soil. Both of these compaction methods are very different to

the unconfined ground compaction as used in civil engineering.

Now we can separate out any compaction test into three classes groups. confined, semi-
confined and unconfined compaction. Of the three, confined compaction is of most interest
as it replicates the dynamic compacting process that will be employed for block manufacture
during this project. Semi-confined and unconfined compaction may be ussful to investigate,
but will be limited in their gpplication to this project. Below is a ketch to illustrate the three

classes of compaction.

Unconfined Semi-confined Confined

Unconfined compaction is limited to ground compaction as used in civil engineering and no
compaction tests have been described above for this case. Semi-confined compaction tests
are BS Ordinary and Heavy tests as wel as the Harvard miniature compaction tes.
Confined tests are the Dietert and the Vibrating Hammer compaction tests, athough the

latter uses a different means of trandferring the compaction energy.

It is not advissble to compare compaction methods that use vibration with impact
compaction. Vibration expes ar from the mixture and does not usudly crush soil samplesin
any way. Instead vibration redistributes particles (largest ones sink) and it does not leave
compressed air pockets.
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3. Previous dynamic compaction research

It has been suggested dready that the information on dynamic compaction of stabilised soil
blocks is very scarce. Up till now the author is only aware of two pieces of work that cover
this topic, and only one of which he has been able to access. There are however, other
publications that dedl with the subject of soil compaction, both from a theoretica and
practica viewpoint.

3.1 Mathematical modelling
In the unconfined state, a soil sample that receives an impact will compress in the localised

area and send shock waves through the surrounding soil. It can be modeled as a highly
damped spring with characterigtics that depend on the Y oung's Modulus, Dilation Ve ocity,
Poisson’s Retio, and Elagtic Limit of the soil. Scott R. A. and Pearce R. W. give an equation
that links these characteristics to the rate of decdleration of amoving mass in order to model

the stress and movement at the impact surface.

Scott and Pearce 1976 modelled an unconfined ness of soil that has been hit by a faling
weight. They investigate the effect of unsaturated and saturated soils monitoring the dadtic
properties, surface deflection and stress concentrations. They aso suggest a modd for a
one-dimensona dtudion that may be andogous to dynamic compaction within a
congrained mould. Below is an extract from their paper as found on pg. 23-26 of
GROUND TREATMENT BY DEEP COMPACTION.

“Loose unsaturated soils subject to steady locdised surface loading deform typicaly
as shown by the curve A of Fig. 2. The deformation is of a generdly eadtic nature at
low dress levels and at these stresses the soils can propagate seilsmic waves. With
increasing dress the dope of the deformation curve fals more or less sharply due to
the relaive ease with which voids can be collgpsed at the higher stress levels.

If such asoil is subjected to impact by afagt faling weight, the soil rigidity may play a
much less important role than the soil inertia in controlling the decderation of the
weight and in absorbing the energy of the impact. An idedlised representetion of a
compactable soil in respect of these inertid and energy consuming effectsin the dasto-
plagtic soil is represented by the curve B of Fig. 2. The stress leve of the plateau has
been chosen to lie in the region of the reduced dope.
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Fig. 2. Axid deformation of confined compactéble soil

A three-dimensond trestment of the reaction of the soil underlying the contact is
impracticable as the drains are generdly so large that the shear restraints due to
flanking regions of soil are not easy to quantify.
However, when the impact momentum is high the weight will punch through the upper
s0il layers and carry down a growing zone of compacted materid of a generdly
cylindrical shape. For present purposes of illugtration we shdl discount the inevitable
lateral spread of the compacted zone and use a one-dimensional description based on
the gpproach mapped out for example by Salvadori (1960).
Immediately upon impact the stress level rises because of stress wave reaction due to
the dadtic nature of the first smal movements of the soil at the contact surface. When
the stress level has reached the levd s, of the plateau, the soil particles at the surface
have acquired a veocty v associated with a radiating stress wave which travels
downwards into the medium with the saismic dilation velocity ¢ gppropriate to initia
eadicity. The wave is accompanied by a pressure front in which the axid sress is
given by aform of equation (1) thet is,
S, =rov
The radiation of the dress wave is followed amost immediatdy by a further
accderation of the surface particles such as to bring the surface to the same
ingantaneous velocity V asthe weight.
If z is the ingantaneous position of the front of the steadily lengthening compacted
materid (Fig. 3) the retarding stress gpplied at the bottom surface of the weight is
e U s, ®)
where m is written for the ratio M/pa? and r . is the compacted density. The distances
z and u can be shown to be related by the expression z=k(u-vt)+ vt where k=r ¢/(r c-
r). Thisrdation can be used to diminate z in equation (8), with the result that
d, dé
ma(u V) + K Eg(u vt)

d .
-m—(u-v)=r
dt( )

d u _
a(u- Vt)E|+SL =0 9)
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The displacement u of the surface is obtained by solving equation (9) hence

u=vt+m(F - 1)/k (10)
where
2 .1/ 2
F:§+ - Sigel
m g
The surface sressin the soil is then given by
s, +k, (V- v)?
s = L r (\/ V) (11)

F 3
Surface motion ceases after a time given by t=m(V-v)/s, and a this time the find
depth h of the compacted zone is given by evduating (z-u) and therefore by

1/2

p=mig kv (12)
r.yé S. b

It should be observed that while the stress just ahead of the compaction zone is at the

dadic limit gress s, the diress at the surface may be congderably higher, especidly at

the early stages of compaction.”
The author does not confess to understand al of the above nor what approximeations have
been made to develop such a mode. Further reference to other source texts will be
attempted to try and establish an gppropriate mode for a fully constrained soil. This mode
would then need to be checked with actua readings taken from the dynamic compaction
process to verify its consstency. Both of these have yet to be done, but they are included in
the scope of this project.
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Another theoreticd andyss of the impact method was found in Parsons pg 199 asfollows:

“Theoretical analysis of the factors influencing the performance of dropping-
weight compactors

12.27 To give an indication of the important factors to be considered in the design of
impact compactors in general, and dropping-weight compactors in particular, Lewis
(1957) produced a smplified theoretical analyss of the impact pressures produced on
the surface of soil by a rammer. The experimenta dropping-weight compactor shown
in Plates 12.3 and 12.4 was used to verify the theoretical anayss.

12.28 From the well known equations of motion:-
V2 =2fx (@)
And pA = Mf 2

where 'V =vdocity of rammer on impact
f = decderation of rammer on griking soil
X = deformation of soil during impact
p = pressure generated on surface of soil by the impact
A = area of rammer base
M = mass of rammer
aMkV? 6

Hence- p = TN
a

3

where k = P
X

=dynamic modulus of deformation of the soil

In the case of arammer fdling fredy from aheght h:-

_ [Mhgk,
P=—0 (4)

If the accderation of the faling weight islessthan g as aresult of frictiond losses-

_ |Mhg'k
P (5)

where g' = actud accderation of the faling rammer.

p=vEKk (6)

where Eg = specific energy

12.29 These rdations indicate that the impact pressure is a function of the
energy per unit area of the rammer base (specific energy) and the deformation
properties of the soil under dynamic conditions of loading. The latter factor is dso
likely to be a function to some extent of the area and shape of the rammer base, but
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little information was available on that agpect at the time that the andysis was made. If
it is assumed that the dynamic modulus of deformation behaves smilarly to the Static
modulus of deformation in that the modulus is often found to be inversdy proportiond
to the square root of the loaded area, then:-

C

ks = ﬁ (7)

where C is a congtant

The expresson for the impact pressure devel oped can then be written:-
MV*C
= 8
SR YN ©

where C = congtant for the particular soil conditions.

Thus, if the rammer area is changed, the compaction energy provided by each blow
per unit area of rammer base (pecific energy)

2 .
E%M \%gwould have to be kept proportiona to the square root of the area of the
a

rammer base («/K)for aconstant pressure to be developed.”

The author can apply these formulae to his results from the dynamic compaction of full-szed
blocks that was done in 1997. The table below shows the increase in energy that was
delivered by the impactor as the soil block was compacted. It aso indicates the total
transfer of energy into the block after a certain number of blows.

Impactor stroke (m) 0.1364, 0.1571] 0.1661| 0.1748| 0.1814| 0.1866 0.1913
Energy(J) / blow 55.5 58.7 61.7 64.0 65.9 67.5
Energy increase 7.3 3.2 3.1 2.3 1.9 1.6
Energy transferred O blows | 1 blows| 2 blows | 4 blows| 8 blows | 16 blows| 32 blows

after blows (J) 0 55.5 104 221 468 980 2035

Between the initid resting place of the impactor and the resting place after one blow thereis
a distance of (0.1571 — 0.1364) = 0.0207m. This is the deformation of the soil during
impact (x). The velocity of the impactor prior to impact can be assumed to be

V =./2gh =+/2" 9.81" 0.1364 = 1.64 /s .. etc.

Bdow is a cdculaion table with the rest of the cdculations for multiple blows during a
compaction cycle using the above formulae.

18



1 blow 2 blows (3 blows) (4 blows) (8blows) (16 (32
blows) blows)

Velocity prior to final impact 1.64 1.76 1.81 1.83 1.88 1.91 1.94
(m/s)

Stopping distance (m) 0.0207 0.0090 0.0043 0.0044 0.0016 0.0006 0.0003
Mean deceleration (m/s?) | 64.6 171 375 384 1070 2800 6380
Calculated stopping time (s) 0.025 0.010 0.005 0.005 0.0018 0.0007 0.0003
Pressure generated (MPa) | 0.057 0.152 0.332 0.341 0.948 2.488 5.656
Dynamic mod of deformation 2.768E+6 1.687E+7 7.635E+7 7.835E+7 5.743E+8 3.828E+09 1.925E+10
Mean force in tonnes (final 0.233 0.616 1.35 1.38 3.85 10.1 23.0
impact)

N.B. The veocities and stopping distances for the blow numbers in brackets have been
linearly estimated from compaction data for multiple blows. These figures are probably
accurate to £10% and despite not being spot on experimentaly they do show the continued

trend.

Two things are immediately obvious from the table of results above. Firgly, the dramatic
increese in force that is gpplied during impact between the firgt blow and much later ones.
Secondly, the dynamic modulus of deformation for a soil compacted in a confined manner
will incresse as it becomes compacted. Therefore the characteristics and behaviour of the
soil will change during the compaction process. This will make accurate moddling the
compection sgnificantly more difficult than an unconfined soil with a congant dynamic
modulus of deformation.

Another thing to consder from these reaults is the magnitude of the force that can be
delivered using a bigger dynamic compaction machine. For example: a 50kg impactor with a
maximum velocity of 2m/s sopping in 0.0001m will deiver an instantaneous force of 100
metric tonnes Ddlivering forces of this magnitude will necessitate a secure foundation for the

machine, perhaps even larger than origindly anticipated.

3.2 Dynamic compacting equipment as used in civil engineering

Within the fidd of civil engineering there are many different types of equipment that have the
capacity of compacting a mass of soil. Many of these will not be of interest as they possess
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very little dynamic properties that help to compact the soil. Even smooth vibrating rollers and
vibrating sheep’s foot rollers are outsde of the field of interest as compaction viavibration is
quite different to dynamic compaction.

Of the remaining equipment that is regularly used in civil engineering there are no devices that
compact soil in a confined fashion. At a stretch of the imagination, one could say that some
pneumatic and power rammers could be classed as being semi-confined if they were
compacting soil in a trench. The dynamic compaction equipment almost dways compacts

the soil in an unconfined state, and there are severd examples of these that can be looked at.

Vibro-tampers

These devices are essentialy an engine driven reciprocating rammer that bounces up and
down on the surface of the soil with its location controlled by an operator. They range from
50 — 150 kg in weight and vibrate a a frequency of around 10 Hz. The amplitude of

vibration can vary depending on the machine anywhere between 10— 80 mm. A picture of a
Vibro-tamper can be seen in part (a) of the above diagram.
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Power rammers

A controlled explosion of a petrol/air mixture is used to force a piston ground-wards. This
causes the power rammer to jump up into the air compressing the soil beneeth it and
compacting the soil on its descent. A photo of a power rammer can be seen in part (b) of
the above diagram, and a power rammer in use can be seen in part (c). Power rammers
typicaly have a mass of about 100 kg with a circular base of about 250 mm in diameter.
These rammers are manudly controlled and guided around the ground surface. They jump
between 300 — 360 mm into the air and ddliver ablow of between 315 — 370 Jblow. This
equates to an energy transfer per unit area of compacting base of between 6.3 — 8.1 kJm?2.

A much larger variety of power rammer is the frog rammer, typicaly around 600 kg with a
750 mm compacting base. This machine ‘hops aong the surface of the soil compacting it
with each ‘hop’. It aso moves forward with each ‘hop’ in order to reduce the directive
force required by the operator. The operator turns the rammer into the direction that (S)he
wantsiit to travel and the rammer hops adong in that direction. Must be a fascinating machine
to watch! Although this machine ddivers 1835 Jblow it delivers a smdler 4.3 kJm? than
the other type of rammers.

Multi-dropping weight compactor

A picture of this machine is included in part (d) of the diagram above. The unit is towed
behind a suitable traction unit and is designed to provide adequate compaction in a sSingle
pass over the surface. It uses an arrangement of six 200 kg cast iron weights that are lifted
and dropped onto the surface of the soil by rotating cams driven by an on board diesdl
engine. Each weight is lifted through 330 mm and ddlivers around 515 Jblow. The base of
the rammers are 330 X305 mm and therefore have a specific energy of about 5.1 kJ/m?.

Mobile dropping-weight compactor

This machine is caled the Arrow D500 dropping-weight compactor and is sdf propelled
with a hydraulicdly lifted impactor a the front of the machine. A picture of the machine can
be seen in part (€) of the above diagram. This device can lift the impactor through a variable
height up to a maximum of 22 m. A 36 kW diesd engine drives a pump for the hydraulic
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system to lift the 588 kg mass to the desired height. This can then ddiver a maximum of
11167 Jblow, and with a 305 x 305 mm base this equates to a considerable specific
energy of 120 kJma.

All of the above information is taken from research carried out a the Trangport Research
Laboratory as reported by A. W. Parsons 1992. At TRL tests were carried out using the
above machines on different types of soil and their different compaction abilities were noted.
Some of the different types of soil that were used were; heavy clay, sandy clay, well-graded
sand, grave-sand-cdlay and dity day. Different machines within the same dass of
compactors were assessed relative to each other in the different soil types. TRL aso
developed an experimenta faling weight compactor that was used to help determine the
effidency of the other faling waeight compactors that were available.

3.3 Research done by Gooding for his PhD

This source of information has proved to be highly vauable in the planning of future research
in this field. Gooding has been the sole available reference for dynamicaly compacted soil
samples that are compacted in a confined manner. Although Gooding thoroughly
investigated the dynamic compacting process, he didn't actudly dabilise any of the
dynamicaly compacted samples with cement. The characteristics and effectiveness of the
combined processes was not looked into. Other samples were stabilised using both
compaction and cement but in these circumstances quas-static compaction was aways
used.

3.3.1 Quasi-static compaction

Before Gooding began to investigate dynamic compaction, he looked into the process of
guasi-static compaction (i.e. pressing). His research included varying the cement content, the
applied pressure, mould taper, double and single sided compaction, pressure cycling and
mould wall roughness. Throughout his tests he used afabricated soil cdled soil A witha

congtant moisture content of 8%.
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Gooding looked at the relationship between pressure verses wet compressive strength,
cement content verses wet compressive strength and developed a model to estimate the wet
compressve srength of a sample with known cement content and applied pressure. This
mode was based on actud experimentd results taken from tests carried out using arange of
pressures and cement contents. A smal cylindrical mould specified in BS1924 was used for
al of these tests. All the cylinders had their wet compressive strength tested after seven-day
curing and subsequent soaking for 16 hours.

The mode that Gooding developed suggests that a sample of soil-A with 5% cement and a
compaction pressure of 10 MPa should have a wet compressive strength of around 1.6
MPa Initid tests by the author using the Bre-pack machine have yidded blocks with
compressive drengths of dightly less than this vaue, (1.5 MPa for a block with 4.9%
moisture content). This goparent smilarity has to be discounted for two reasons. Firgly, the
test specimen the author used was a 100 mm cube instead of a 50 mm cylinder. And
secondly, the difference in moisture contents would lead to congderably different results.
Whereas Gooding was able to test the compressive srengths of the finished cylinders, the
author found it more advantageous to cut the full Sze blocks into two 100 mm cubes. This
resulted in generating two tests for the same block and it also uses a standard sample Size,

as used in the concrete testing procedures.

3.3.2 Dynamic compaction

Gooding invedtigated the efficiency of impact compaction usng undabilised soil — A.
Consequently the wet compressive strength of compacted stabilised soil samples could not
be measured as unstabilised soil bresks down when immersed in water. Instead each sample
received the same energy but by different impact arrangements and the achieved density was
measured. Dengty was cdculated by measuring the find cylinder height &0.05mm) and
mass (+0.1g) on gection from the mould. Each cylinder received a congtant 279 Jkg and
the mass of each cylinder was kept at around 1.66 kg. Other factors such as the number of
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blows and momentum of impactor were varied to find any optimum parameters for this

technique.

Each sample received one of 1, 2, 4, 8, 16, 32 or 64 blows. The optimum number of blows
(number that yielded the greatest dendty) was found to be at 16 blows, but it was dso
noted that only a 3-4% reduction in compaction efficiency occurred when this was varied

from 8 to 32 blows for each of the different masses.

If different number of blows and different masses were used to compact the samples then
the height through which each mass was lifted had to be varied. A lighter mass had to be
raised higher to transfer the same energy per blow as a heavier mass dropped from a lower
height. Smilarly, if less blows were being applied then the mass had to be raised higher to
transfer the same totd energy. This has the effect of changing the momentum of each blow
gpplied as momentum depends on the mass and the velocity of the mass prior to impact and
velocity depends on the distance through which the mass fdls. Three different masses were
used in the experiments on the samples (23.35, 35.00, 46.80 kg) and it was noted that the
bigger masses dropping a dower speeds were more effective. Yet, the 23.35 kg mass and
the 35.00 kg mass were only 0.4% and 0.2% less efficient respectively a the 16 blow
configuration than the 46.80 kg mass.

This area needs to be further investigated using cement and doing proper compressive tests
to suggest better accuracy for the environment in which the samples will findly be placed.

3.3.3 Other research that was done
Gooding 1995 was involved in producing “Survey of the potentia for cement-stabilised

building blocks as a building materid in developing countries’. During this fied survey of
many countries he encountered a couple of sructures that were made out of cement
gtabilised dynamicaly compacted materid. He compares them with other structures in the
area, condructed using smilar appropriate techniques, with some interesting observations.
Below is an extract from that survey, pg 58 covering Botswana.
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One soil-cement house is of particular interest. In 1985 a soil-cement house was
constructed at the Camphill Community Centre in Otse using the Ranko Block Maker.
This is a manua machine which uses impact to compact the soil-cement to high
pressure. It was designed by Agas Groth, a Botswanan nationa. The house has now
been standing for ten years without any maintenance work having been carried out and
is in excelent condition. The blocks were produced with a cement ratio of 1:16 and
having been well cured and laid in the wall were rendered with a low-cement bagwash.
This should be compared with houses constructed by BTC for their experimental staff
housing project using imported quas-static machinery; the Hydraform and Ceratec
machines which cost 60,000 P (£14,000) and 100,000 P (£24,000) respectively. The
blocks were produced with a cement ratio of 1:10 and powered mechanical soil seving
and mixing were used. These houses have now been standing for only two years but are
aready deteriorating. In the case of the Ranko block walling production was estimated
to cost between 20 and 30 % less than the prevailing price for sandcrete blocks
(Enyatseng 1987). In comparison the blocks produced using the Ceratec machine were
found to be 18% more expensive than stock cement bricks and 46% more than
sandcrete blocks (BTC 1995). The high cost of the Ceratec blocks was attributed to the
low productivity of the machine. Although this machine was capable of producing 1200
blocks/hour this figure was never achieved as two motorized mixers would have been
required to continuously sipply the machine with soil. If a lower cost machine were
available, capable of high pressure compaction but with a useable maximum output then
the economics of production would be significantly improved.

The author is currently trying to get a copy of the research work done by Agas Groth to
compare it with Gooding's investigations.

3.4 The author’s previous research
As part of an undergraduate degree programme the author had to do some research on a

subject that was suggested by one of the resdent lecturers. The author discovered that
Gooding had a smdl project that would be suitable both for the project requirements and for
the author’'s abilities. This project was subsequently undertaken and labelled “Design and
redisation of a test rig to research the production of full Sze dynamicaly compacted soil-
cement blocks’. This project was completed in 1997 and achieved the following results. A
full sze dynamic compaction test rig was designed and manufactured. The design chosen
was suited to the level of appropriate technology available in developing countries. Severd
blocks were produced and their densities and surface resi stance was measured. Two blocks
were sabilised usng cement, but these were not used in the experimentation as they were
only intended to be demonstrator blocks. This means that up to date there has not been any
research done on dynamically compacted cement stabilised soil blocks.
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Gooding quasi-staticaly compressed a block to 9.7 MPa and noted that it achieved a
densty of 2038 kg/me. This compaction pressure equated to a transfer of 279 Jkg. By
comparison, the author dynamicaly compacted a full sze block to a density of 2040 kg/m?®
by applying 32 blows to it from a 36 kg impactor. This block received a total of 2035 J
from the fdling impactor. For a 10-kg block this equates to approximately 204 Jkg, some
26% less energy required than the quas-daticaly compressed block, which is dill a
sgnificant saving. This research indicated that the savings in energy that Gooding had found
could be extrapolated onto full size blocks and warranted further research.

The author aso did not sabilise any of the full sze dynamicaly compacted blocks as these
were trids to test the feashility of full sze compaction. Consequently there are not ay
known characterigtics of the produced blocks gpart from a handful of penetrometer tests
done on the freshly demoulded block. These give little indication of the core strength and
only sought to etablish the level of uniformity of density throughout the block.
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4. Discussion of research

The experiments done by the Research Trangport Laboratory, Gooding and the author can
in some way be compared with each other. The experiments described in section 3.2 can be
compared to the tests carried out by Gooding, but only with the soil thet is closest to the ol
used by Gooding during his research, which are the sandy clays. Even this soil has a much
higher percentage of clay than the soil used by Gooding, but the other soils are vadtly
different. It can be noted from these compaction results that greatest compaction was
achieved with the experimenta rig when it delivered 4, 5 or 7 blows with the same tota

energy transfer at the optimum moisture content as discovered by the 2.5 kg rammer test
(described in section 2.2.1). The compaction was about 4% better in this configuration than
the big multi-weight machine (described earlier), and about 8% better than the experimenta

rig ddivering 2 blows, (40% of the energy as transferred compared to the 4,5 or 7 blow

arrangement).

The author during his previous research aso noted the dight reduction in compaction from a
massive reduction in energy transfer. The graph below shows severad blocks that were made
by dynamic impact. Each blow had gpproximately equa energy after the first few blows so
40% energy of ablock that received 32 blows should equate to about 12 blows. Block C2
achieved a dengity of around 1975 kg/m? after 12 blows, but its dendty only increased to
2070 kg/m? after a further 20 blows. Thus a decrease of 60% in energy transfer only led to

adecrease in density of lessthan 5%.

However a smdl drop in dendgty can have a dgnificant effect on the find compressive
grength of a compacted block. From Gooding's research it can be noted that a cylinder
stabilised with 5% cement that was compacted to a dendity of 2124 kg/m? achieved a cured
wet compressive strength of 1.63MPa. Another cylinder compacted to 2032 kg/m? (a drop
of less than 5% in dengity) only yielded a cured wet compressive strength of 1.20MPa, (a
drop of over 25% in drength). This trend of high gainslosses of drength for smdl
increases/decreases in dendty fits throughout the results that Gooding received from his
experiments.
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From the above results that have been highlighted for comparison, there are a few trends
that can be noted and will help in further research. Find cured strength of cement stabilised
blocks is highly dependent on the find compacted density. It is dso true that smal changes
in dendty can only be achieved by much greater changes in energy transferred into the
block. Dynamic compaction has proved to be a more efficient compaction process than
quasi-gtatic and it dso has the added advantage thet it is relatively easy to increase the
energy trandfer by smply applying more blows.

Any quas-datic compaction machine will have a working limit and will be unable to
compress to a higher compaction pressure than that. Gooding suggested that pressure
cycling would yield a smdl increase in fina density and subsequently a higher strength, pg.
137, but thisis time consuming and is ill highly limited. Dynamic compaction would only be
limited by the time required to produce each block, and even then the impact time could be
reduced by modifying the machine design. Dynamic compaction, therefore, has a much
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greater potentia for increasing the energy trandfer and consequently increesing density and
fina cured grength.

Furthermore there is agreement among dl the sources that compaction via multiple blowsis
more effective than with a sangle or a few larger blows. This characterigtic is highly
advantageous with dynamic compaction as larger numbers of blows can deliver the same
energy into a block as a much larger impactor faling from a grester height. This method of
energy transfer is much easer to design into a machine than a very large compactor faling
through a great height.
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5. Conclusions and recommendations

There is 4ill more information that needs to be found and investigated. This will continue
throughout the project and will be written up in due course. Severa other sources are
aready being sought and they will help to shed new light on this relatively undocumented
field of research.

The limitations of the existing information are ggnificant and these need to be tackled during
the project if a better understanding of the dynamic process is to be achieved. Dynamic
compaction of cement stabilised samples needs to be undertaken, both for cylinders and for
full sze blocks. These will reed to be tested according to the seven day wet compressive
srength test and their performance noted. It is known that dynamic compaction provides
better and more efficient compaction, but it is not clear if these will in turn regp Sgnificant
benefits when the addition of a cement stabiliser is included in the stabilisation process. Will
a dynamically compacted and quas-daicdly formed block perform samilarly if they both

achieve the same dengity and contain the same amount of stabiliser?

In order to achieve a higher dendity asignificant amount of extraenergy has to be transferred
into the block. Reducing this energy trandfer, or changing the way it is transferred has a
marked effect on the find dendty that can be achieved. Smdl changes in density have large
repercussions with other important characteristics of the finished block, such as the
compressive strength and porosity. Consequently the greatest factor in the production of a
cement-gabilised block is the find dengty and maximising this cheracteristic should be done
in wherever possible. If cement is the expensive commodity and this has been reduced to an
absolute minimum, then the gpplication of extra energy in the most efficient manner is surely
judifiable.

Optimisation of the number of blows for smdl cylindrical samples was done by Gooding for

a constant moisture content. This optimisation needs to be extrapolated onto full size blocks

to determine if there are any better arrangements for ddivering a fixed amount of energy into
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a sample of stabilised soil. The moisture content has not been dtered with respect to the
cement content and this may be of sgnificance. A lower moisture content may not yield the
block with the grestest dengty, but it may yidd a block with a higher wet compressive
drength and durability. Parsons reported small changes in moisture content around the
optimum to try and discover if the different compacting method yielded a different optimum

moisture content. A sSimilar exercise needs to be done with confined stabilised soil samples.

Gooding never used cement to dabilise his dynamicaly compacted cylinders and
consequently nothing is known of the effect that the presence of cement has on the
compacting process. It has been suggested in that cement will hinder the compacting
process when the cement crystds are forming. Furthermore, compaction of the soil during
crysd growth will be detrimentd to find strength as bonds that have aready formed will be
broken and will need to be reformed again. It is the author's experience with the two
dynamicaly compacted blocks that were stabilised with cement that dightly lower dengties
were achieved using smilar compaction regimes. It was adso noted that the gection of the
block from the mould was considerably more difficult than with the blocks formed without

the use of cement.
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6. Summary

The dearth of information on dynamically compacted soil blocks has only been a preiminary
setback for the purposes of this research project. In one sense it gives complete freedom to
explore any other area of the field that may be of interest as very little has been done before.
The specific areas that have been covered provide adequate information and andyss and
leave the author in no doubt of their accuracy. These areas do not need to be covered again,
but they need extending to include other areas within the research field.

Dynamic compaction has been studied mainly for use within the civil engineering industry for
ground compaction. This research gives helpful pointers to the behaviour of soil when it is
compacted by an impact blow and aso provides examples of equipment that are used within
the indudtry. This research does not fit the same modd as the fully condrained soil that
would be used for dynamic compaction of soil blocks, but much of the data for impact
ddivery, energy transfer and soil deformation can be gpplied to this Stuation.

The undergtanding of what happens to the soil during an impact blow is ill in infancy. It is
dangerous to assume linear deceleration during the impact as the caculations in the latter
part of section 3.1. This is probably not the case as the soil will act as a highly damped
soring with variable damping and spring congtants. A thorough investigation of the actud
energy disspation and resstive forces gpplied by the soil on impact may not be possible
within the scope of this project. It would be good to know a bit more about this mechanism
and the author intends to try and work this out, but he fedls that the substance contained
with such astudy may warrant the commitment of awhole project on its own.
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A dedication to someone special

Sometimes at the beginning of a publication one finds a dedication to a certain person
or member of the family who has been an influence in the author’s life either in
general or specifically in generating the work in question. There is one person in my
life that immediately springs to mind who is worthy of such a dedication.
Furthermore, my experience with this person is not unigue as millions of others have
found him to be a great inspiration, comfort, guide and friend. “What’s his name?”’
you may be asking yourself and, “Why haven't | heard of this incredibly influential
person”. The sad thing is that you probably have, but you have never accepted him as
such or welcomed him into your heart and life. Well, now you have an opportunity to
do just that. Please read on.

The man’s name is Jesus and athough he was born nearly 2000 years ago his
testimony still remains and his power to save is just as great. “Save from what?’ you
may ask, sin and the consequences thereof, or more specifically, your sins and the
consequences you face when you die. As humans we demand justice to be done, and
justice will be done, but on a perfect scale and to a perfect standard. That leaves us all
falling short and without hope when we come face to face with a holy God. But, God
in his great love towards us send his only begotten Son into the world that the world
through him might be saved. Jesus Christ died for you so that you would not have to
be punished for what you have done wrong. Y ou can be spared eterna punishment in
hell and enjoy love and peace in the presence of God forever. Today the choice is
yours. Regject God's free gift of love at your peril, accept it and who knows you too
may have the joy of writing a dedication such as this someday. Please ponder the
verses below and make your choice carefully, it will be the most important decision
you ever make.

“For by grace are ye saved through faith; and that not of yourselves: it is the gift of
God: not of works, lest any man should boast.” Ephesians 2:8,9.

“For God so loved the world, that he gave his only begotten Son, that whosoever
believeth in him should not perish, but have everlasting life.” John 3:16.

“For whosoever shall call upon the name of the Lord shall be saved.” Romans 10:13

“He that believeth on him is not condemned: be he that believeth not is condemned
already, because he hath not believed in the name of the only begotten Son of God.”
John 3:18.

“Jesus saith unto him, I am the way, the truth, and the life: no man commeth unto the
Father, but by me.” John 14:6.



Abstract

Sail is the major component of a stabilised soil block and consequently its properties
are of great interest to the Stabilised Soil Block (SSB) manufacturer. Some soils are
considered to be unsuitable for manufacturing SSB’s and need to be modified or
discarded, whilst satisfactory soils have certain physical characteristics that can be
generaly suggested. The soil properties that have been found to yield satisfactory
SSB’s are only asmall selection of the wide range of different soil characteristics. The
properties of the soil used will partly determine the way it performs under moisture
attack. Other factors such as the forming technique and any stabilisation process

applied will aso affect the performance of the SSB during moisture attack.

The general characteristics of soil are listed in this report and special emphasis is
placed on those that are known to cause detrimental effects to the SSB’s during
moisture attack. If the poorer characteristics of the soil can be isolated and rectified by
some means, then the result will be an enhanced product with better qualities. Those
factors that cause expansion on wetting are the ones that prove to be the most negative
of the characteristics. Those can be isolated into three parts, the presence of a clay
fraction, the presence of porosity and the presence of moisture movement. Only with
all three parts present will expansion occur and the removal or minimising of any of
them will result in the removal or minimising of potential expansion of the SSB. How

this can be done is the matter for another study.



Nomenclature

Aggregate: Pieces of crushed stone, gravel, etc. used in making concrete.

Brick: An object (usually of fired clay) used in construction, usually of retangular
shape, whose largest dimension does not exceed 300mm.

Block: A larger type of brick not necessarily made of fired clay, but stabilised in some
way, sometimes with central cores removed to reduce the weight.

Cement: Ordinary Portland Cement (OPC).

Clay: The finest of the particles found in soil, usualy of less than 0.002mm in size
and possesses significant cohesive properties.

Concrete: The finished form of a mixture of cement, sand, aggregate and water.

Dynamic Compaction: A process that densifies soil by applying a series of impact
blowstoit.

Fines. General category of silts and clays.

Gravel: A mixture of rock particles ranging from 2mm to 60 mm in diameter.

Green: Describing the state of material containing cement and water before it reaches
the critical time, after which further plastic deformation hinders the final
set strength.

Permeability: Describing a material that permits a liquid or gaseous substance to
travel through the material.

Porosity: A measure of the void volume as a percentage of the total material volume.

Sand: A mixture of rock particles ranging from 0.06mm to 2 mm in diameter.

Silt: Moderately fine particles of rock from 0.002mm to 0.06mm in size.

Soil: Material found on the surface of the earth not bigger than 20mm in size, not
including rocks and boulders and predominantly non-organic. If soil is to
be used for building material it must not contain any organic material and
it can be a natural selection of particles or a mixture of different soils to
attain amore suitable particle distribution.

Stabilised soil: Soil which has been stabilised (treated to improve structura
characteristics) by using one or more of the following stabilisation
techniques. mechanical, chemical and physical.
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1. Introduction

Of the 29% of the earth’s surface that is not covered with water, the vast mgjority has
a soil layer on top of the underlying rock. It is this soil that supports life, man and his
structures and will be the main focus of this report. Soil is a general term for particles
formed by the gradual wearing away of parent rock material that is then deposited into
layers onto the surface of the earth. The parent material of the rock from which the

soil has been formed will largely define the composition of the soil present.

Between the top layer of soil and the rock structure there is usualy a series of bands
that each contain a soil with slightly different characteristics. The very top layer of soil
usually contains organic material from the vegetation that has fallen to the ground and
is slowly breaking down. Under this layer, one can find a mixture of organic material
and small soil particles or “fines’. The particle size grows as one digs deeper until the
rock structure is reached. Size distribution in the soil is approximately dependent on

depth. Larger particles dominate lower levels whilst finer particles the upper levels.

The basic composition of all of these layers may be the same as the underlying rock.
Alternatively, material from elsewhere could have been deposited there by natural
means, causing a different composition of the top layers to the bottom ones.
Glaciation, floods and volcanic activity are some mechanisms through which soil
from another area may be deposited locally. The composition of the small particles
(sands) found in soil can generally be assessed as minerals that are silicas, silicates or
limestones. As well as the solid rock particles and fragments, soil will have a
proportion of water and air that fill the gaps between adjoining particles in the soil.

This gives natural soil a non-homogenous and porous characteristic.

Soil that is used for building can undergo detrimental physical changes when it
becomes wet. Soil will swell and contract when the water content changes and this
usually leads to cracks forming in the structure. These physical changes are dependent
on the characteristics of the soil both before and after processing to make the building

material. The characteristics of the soil that cause these physical changes are the ones



that are going to be investigated in this report. The mgority of these physical changes
are due to the presence off very small particles called clays. Clays perform a valuable
function in the production of building blocks, but they can have a detrimental effect
on the stability of the material if they get wet.

Clay is necessary to achieve sufficient green strength in a freshly formed block to
enable de-moulding and handling without excessive breakage. The low moisture
content and the clay particles act as a bonding agent throughout the mixture of other
particles before any chemical stabilisation process has had a chance to occur. In the
example of using cement as a stabiliser, a considerable period of time must pass
before there is any significant gain in strength offered by the cement. A partnership of
the clay and cement must be entertained, but their proportions need to be carefully
monitored so that the clay gives sufficient initial strength and yet does not blind the

cement particles or provoke excessive material expansion upon wetting.



2. Characteristics of soils

During this chapter the author will outline some properties of soil. These properties
will include particle composition, shape, size and surface texture, some of which have
standards for defining them. Ranges of values for these properties will be suggested
but the basic techniques for discovering the properties of a soil sample will be
described in alater chapter. This chapter will provide a summary of the characteristics

that are possible to determine from a sample of soil.

2.1 Physical

Some of the physical characteristics that could be used to define soil particles are:
colour, size, shape, surface texture, density and specific surface area. The variety of
physical characteristics of soil particles that can be found is considered to be virtually
infinite. The analysis of some of these characteristics can been done using a ssimple set
of field tests and personal interpretation, or, more complex and accurate tests can be
carried out in the laboratory. Systems for identifying some major characteristics have
been developed to define different ranges of soil characteristics. The most common of
these is the size distribution of the soil particles. Below is a list of physical
characteristics than can define a sample of soil. See (Houben & Guillaud, 1989), (p.
30,31) for more details.

Colour: Can range from white through to black with shades of tan, brown, red, grey
and even blue and green. This is however an arbitrary and trivial description
that is not standardised and based entirely on personal interpretation. Good for
quick visual identification and can even suggest chemical composition of the

s0il, but accurate measurement is not defined.

Shape: Broadly defined as three different categories; angular, sub-angular or rounded.
This can be assessed using visual interpretation and/or the feel of the soil. Only
used as a general descriptive term, as accurate measurement is not a viable
option. The ratio of particle surface area to the surface area of a sphere of the

same mass can be an indication of shape and is defined as:



A= Surface _area_of _ particle
Surface_area_of _sphere

Where: Rounded—1<A <12
Semi-Angular —1.2<A <15
Angular —1.5<A

Note: afour faced pyramid has A value of 1.49.

Apparent bulk density: This is a measurement of the overall density of the soil
sample including air and/or moisture present within the sample. The
measurement of apparent bulk density is a trivial exercise, as one only needs

the volume of a sample and its mass. Apparent density of a block is simply

M
Poparent = VW‘"E (measured in kg/m?).

sample

Specific bulk density: Can be accurately measured following British Standard
BS7755: 1998. This method splits up the soil into two sections and measures
the density of the two sections in different ways. For particles smaller than 2
mm in size a small sample is placed in a pyknometer and the displaced water
at a known temperature will give the volume occupied by the soil. The sample
is also accurately weighed to give the mass of the sample. The specific bulk
density is calculated from the mass of the sample and the displaced volume of
water in like manner to the apparent bulk density. For particles over 2 mm in
size the sample is weighed and is then suspended in water that is resting on a
set of scales. The mass of the displaced water gives the volume for a known
ambient temperature and the specific bulk density can be calculated from these

two values, (also measured in kg/m3).

Size or texture: One of the most common methods of identifying the size of particles
that can be found in a sample of soil is to use the British Standard BS7755:
1998 classification for particle sizes. This separates the soil into different
fractions depending on physical dimensions by means of a number of different
meshes and sieves. The sample of soil is passed through the largest mesh first
and each subsequent mesh until all the soil has been separated off at a level



appropriate to its size. For laboratory testing the soil needs to be dry and any
particles defloccul ated to ensure accurate results. The size ranges as defined by

the British Standard along with their common names are listed below.

Trivial name Sizerangein mm
Boulders > 200
Cobbles 60 — 200
Gravel (Coarse) 20-60
Gravel (Medium) 6-20
Gravel (Fine) 2-6

Sand (Coarse) 0.6-2

Sand (Medium) 0.2-0.6
Sand (Fine) 0.06 -0.2
Silt (Coarse) 0.02-0.06
Silt  (Medium) 0.006 — 0.02
Silt  (Fine) 0.002 - 0.006
Clay < 0.002

Moisture content: Soil is very seldom totally dry, and how much moisture is present
is important for determining the properties of the soil in general. Measuring this
moisture content is done through a process of weighing and drying in an oven.
Following British Standard BS1377: 1990 the sample must be weighed at
regular intervals until the difference between consecutive weights are less than
0.1% of the whole sample mass. This usually means drying the sample for about
24 hours to ensure that it is virtually dry. The difference in mass from the initial
weighing to the last weighing will be the mass of water. The moisture content is

calculated as a percentage of the total mass of the sample before drying.

Porosity or voids ratio: A substance is considered porous if it has a matrix of voids
throughout it. A very simple and common example of a porous object is a
sponge. Soil is another such substance, but the porosity of soil can vary
enormously depending on the particle size and distribution within the soil
sample. To calculate the porosity of a sample of soil one needs to know both the
apparent bulk density and the specific bulk density of the sample. The porosity
or voids ratio is unity minus the ratio of the volume of soil alone to the volume
of the sample, both of which will have been found when the apparent bulk
density and the specific bulk density of the sample were measured. Porosity:

P=1- Ve (generally expressed as a percentage).

sample
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Permeability: A porous material becomes permeable when these air pockets are
arranged in such away so that a gas or fluid can pass through the substance. The
permeability will largely depend on the porosity present in the sample. A sandy
soil will be considered highly porous and will have a low resistance to the
passage of water through it. A clayey soil is the opposite and will resist the
penetration and passage of water. Permeability is a measure of how fast a fluid
moves through a substance. The British Standard BS 8004:1986, (Craig, 1997),
(p. 40) gives alist of coefficients of permeability and also tests for permeability
that can be carried out in the laboratory. A falling head test and a constant head
test are two ways that permeability can be measured. The flow of water through
asample is measured and described as aflow rate per unit of time. (Permeability

of stabilised soil istoo low to be measured by these means).

Effective surface area: Particles that are so small that they will pass through even the
finest sieve usually have a different means of identification. This is called the
effective surface area of the particles in question and is usually measured in
m2/g of material. This helps to distinguish between smal and large clay
particles for which any other classifications are useless. Three appropriate
examples of this analysis are the three main types of clays Kaolinites, Illites
and Montmorillonites that have approximate effective surface areas of 30m?#/g,
80m?/g and up to 800m?/g respectively, (Houben & Guillaud, 1989), (p. 27).

Adhesion: Described as the ability of soil to stick to other objects at a given humidity.
It will increase as the humidity increases up to a point after which it will then
decrease as the humidity continues to rise. Of interest usually with soil sticking

to metdlic tools.

Specific heat capacity: Defined as the amount of energy required raising one kilogram

of the soil by one degree Kelvin. Units are JkgK, (joules/kilogram Kelvin).

Dry strength: Highly dependent on the quantity and type of clays present in the soil
sample. Measured in MPato crush (effectively describing the shear strength of

11



the soil sample). The dry strength of clays varies from around 0.07 MPato 7
MPa, (Craig, 1997), (p. 31).

Linear contraction: Sometimes described as the shrinkage of a particular sample.
Linear contraction is highly dependent on the clay type and content and the
water content. Standard shrinkage tests start with a soil at it’s liquid limit. It is
usually tested in along narrow trough that is filled with moist soil and allowed
to dry out. The contraction is limited to one direction and the linear quantity
can be measured as either a percentage or as a ratio of overall length. The

general ruleis, the greater the shrinkage the greater the clay content.

2.2 Chemical

The chemical composition of the soil particles will be of interest when chemical
stabilisation is taking place, or if the soil will be in an environment where the
elements will be susceptible to chemica attack, (e.g. limestone is attacked by acid
rain). Soil is generally a stable compound because it has been formed over a long
period of time and any chemica changes will have already occurred to it in the
environment. For the majority of cases the scientist can assume that soil will be

chemically unaffected by the environment.

Composition: The soil particles will have roughly the same chemical composition as
the parent rock from which the soil was formed. This chemical composition can
range from salts or chalk composition through to iron and aluminium oxide
composition. (Houben & Guillaud, 1989), (p. 36,37) gives more details on the
many different types of soil that are present and their respective chemica

composition.

Mineral content: Minerals present in the soil are unstable components that are being
processed by the environment usually as a result of decaying organic matter.
Any organic matter should be avoided and unstable components resulting from

them should also be regarded as potentially detrimental to structure longevity.
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Metallic oxides: Soil can contain a significant quantity of metallic oxides such that
they are used to produce the metal through smelting the soil. Bauxite for

aluminium and ferrous oxide for iron are two common oxides present in soils.

pH levels: Soils can be either acidic or basic in pH level, but they do not usually stray
very far away from the neutral point. Their pH will depend on the H" and OH’
ions that are present and these ions will depend on the chemical composition of

the particles themselves and their interaction with one another.

Sulphates: These are soluble compounds of elements and will be affected by changes
in moisture. Leeching of soil can occur if water passes through it removing any
soluble salts or substances with it. Sulphates can cause problems with cement
and soils with sulphates present should be avoided if cement is being used as a

stabilising medium.
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3. Measuring soil characteristics

In the previous chapter many different physical and chemica characteristics of soil
were defined. However, most of the processes for measuring each of those different
characteristics were omitted, that will be the focus of this chapter. It is not necessary
for al of the above characteristics to be determined for every soil sample taken. The
relevant ones will be discussed and listed. Following this some techniques for
measuring these properties will be described. Some techniques are restricted to the
laboratory, whilst other are considered to be sufficiently accurate for field tests using

limited equipment.

3.1 Some relevant properties for making SSB’s

With so many different characteristics that one could discover about a sample of soil,
it would be foolhardy to try and discover them al in every situation that soil is to be
used for making SSB’s. Only a small number of different characteristics are of real
relevance to the scientist testing the soil. The chemical composition of the soil is of
little importance once the absence of unstable compounds and organic matter has been
established. The physical properties are of greater interest for making SSB’s as these
will help to determine its ease of mixing, forming, de-moulding, porosity,

permeability, shrinkage, dry strength and apparent bulk density.

The particle size distribution or texture of the soil is a necessary characteristic to
determine, as it will help the scientist to measure the sand, fines and clay content.
These are necessary to ensure that the material being used falls within the parameters
suggested for making SSB’s. The moisture content of the soil is another critica
characteristic as it affects a number of factors in SSB production. What moisture
content the soil has in relation to its optimum moisture content is of great interest to
the SSB manufacturer as this will help determine potentia shrinkage. For soil
mechanics the Optimum Moisture Content (OMC) is defined as the maximum amount
of water that can be added to the sample that completely fills al the air voids present
throughout the material and no more. The moisture content also has a marked effect

on material workability, cement curing, drying times, de-mould slump and porosity.

14



Consequently the OMC for a soil may not necessarily be the optimum moisture
content for stabilised soil material.

3.2 Field tests

Field-testing methods are many and varied, and will depend vastly on the judgement
and previous experience of the person carrying them out. There also seems to be
conflicting information about what certain tests reveal about the characteristics of the
soil. Gooding noted these differences in his thesis and the summary below is largely
taken from his suggestions for interpreting the results received from each test.
Assuming that the exact characteristics of the soil are not necessary, these field tests

will give the user areasonable idea of the type of soil that is present.

Smell test: Detects the presence of organic material if a musty odour is sensed. Soil
with organic material is unsuitable for manufacturing SSB’s and should be
rejected. The organic layer usually exists on the top of the soil and can easily be

removed to reveal more suitable soils underneath.

Visual-touch test: This test will determine the range of particle sizes present. A soil
containing mostly large particles (over 2 mm in size) is a sandy and gravely soil,
it will easily break up and run through the fingers. Such a soil has a low fines
content and is unsuitable for making SSB’s. Conversely a soil containing no
sand particles and only smaller particles that is hard to the touch, difficult to
break up and reveals a fine powder that is difficult to wash off is classified as a
soil with an excess of fines and clays. This too is unsuitable for making good
SSB'’s.

Thread test: If amixture of sands and fines is present then the soil can be formed into
a thread upon the addition of some water to increase its plasticity. If the thread
can be rolled to a diameter of less than 3 mm then the fines content is too high
and more sand will need to be added. If athread of as little as 5 mm diameter

cannot be formed then insufficient fines is present and more will need to be
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added. A thread that breaks up at a diameter of around 4 mm has a sufficient

fines content for making SSB’s.

Shinetest: After the above tests have been carried out the shine test indicates the level
of fines present in the sample. A mixture with a high fines content will achieve a
shiny surface if scratched with the fingernail. This shiny surface is caused by a
moderately high presence of silt and clay and is be acceptable for making SSB’s.
A dull surface finish will indicate a sandy composition with a low fine content

and thisis also suitable for SSB production.

Glassjar test: This test will give the investigator a rough idea of what percentage of
each fraction is present in the soil sample. The test requires a glass straight-
sided jar to be a quarter or athird filled with soil and the remainder filled with
water. The jar is then seadled and rotated end over end for several minutes to
ensure that all the particles have been broken up and held in suspension within
the water. The jar is then placed on aflat surface and left undisturbed for some
time. A cloudy mist of very fine particles may stay in the solution indefinitely,
held there by Brownian motion, but these are only particles less than 0.0002
mm, (Craig, 1997, p. 7) and can be ignored. All the other fractions should have
settled to the bottom within a few days and should be easily distinguishable
from one another. A sandy layer should be present at the bottom with smaller
particles at higher levels. The particles in suspension fall out of solution
according to Stokes' law, which states the larger the particle size the faster the
decent velocity and vice versa, (Craig, 1997, p. 6). The clay and silt fractions
may not be distinguishable from one another and these can often be combined to
yield a simple coarse to fines ratio for the soil sample. The quantity of the
different fractions can be found by measuring the depth of particles within each
fraction and cal culating each fraction as a percentage of the whole settled depth.

A basic analysis of the results found from the glass-jar test can be summarised as

follows:

* More than 80% sand and gravel (if present) indicates very low fines content and is

considered unsuitable for making SSB’s.

e Between 70 — 80% sand shows a low fines content and can be used for SSB’s.
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» Between 50 — 70% sand shows a high fines content and can aso be used for
SSB’s.
* Less than 50% sand indicates very high fines content and should not be used for

manufacturing SSB’s.

Shrinkage test: A mould of dimensions 40 x 40 x 600 mm is filled with soil near its
liquid limit, (the point at which the soil passes from a solid state to a liquid
state). This soil is then left to dry out slowly. The mould walls are treated with
grease or alubricant so that as the bar of soil shrinks in size it slides along the
mould walls. The difference between the initial length and the final length is the
linear shrinkage. This is usually represented as a percentage of the origina
length.

All the above field-tests it can be done on arelatively short period of time with simple
equipment. The interpretation of the results is where the inconsistencies can arise,
especialy between different field scientists. Nevertheless these tests are sufficient asa
preliminary check for initial analysis and use for even medium-sized projects. Small
projects would be classified as the building of one or two dwellings undertaken by an
individual or family. Larger projects would have significant funding and could justify

further tests to establish soil characteristics more accurately.

3.3 Laboratory tests

The larger projects that require more careful analysis of the soil properties will find
that field tests will be insufficient and laboratory testing will need to compliment
these to ensure an accurate analysis of the soil present. Testing is usualy only justified
if a very large amount of soil will be used and an area of land is being surveyed for
excavation. The survey will reveal the different properties of the soil in different
locations and will help to direct the SSB manufacturer to the best source of soil for
making the SSB’s. Below is a list of characteristics and the methods for accurately

measuring those properties.

17



Particle distribution: Accurate measurement of the particle distribution has already
been hinted at in chapter two, where the particle size distribution or texture of
the soil was defined as a physical characteristic of soil. British Standard
BS7755: 1998 classification for particle sizes describes a process that separates
the soil into different fractions depending on physical dimensions by means of a
number of different meshes and sieves. The exact method of this should be
referenced from the British Standard as such standards are updated regularly, or

itslocal or national equivalent.

Apparent and specific density: If these two values for the soil are known then the
porosity can be measured. Measuring the apparent density is straightforward as
only the overall volume and dry mass is required of the soil sample. The water
must be removed from the sample before weighing as it will add to the overal
mass of the soil and give an inaccurate density of the soil and air mixture.
Suggested measurements and calculations are as follows:

Volume of undisturbed soil sample (including air voids that may be partially
filled with water) =V

Mass of dried soil sample=M

Apparent Density p,,,, = %

The specific density has to be measured in accordance with British Standard
BS775:1998 and again this should be referenced to include current changes and

modifications.

Porosity/permeability: In simple terms the volume of dispersed air voids within a
sample is proportional to the porosity. Porosity can be easily calculated from the
specific and apparent bulk densities of the soil sample if they are known. The

porosity can be calculated both before and after processing of the soil.

Permeability can be measured as a function of the flow rate of a fluid through a
porous substance. Darcy’s empirical law defines the permeability of soil, but
this is only limited to one dimensiona flow of water through a fully saturated
soil, (Craig, 1997), (p. 39).
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Darcy’slaw states: g = Aki

where q = the volume of water flowing per unit of time, A = cross-sectiona area
of the soil corresponding to the flow q, k is the co-efficient of permeability and i
isthe hydraulic gradient.

Darcy’slaw can aso be written as:

v=d -k
A

where v isthe discharge velocity of the water through the soil.
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4. Effect of moisture on soils

The fundamental problem with building with soil is that it will lose compressive
strength when it becomes wet. This is not a desirable characteristic for walls
supporting a roof structure with inhabitants underneath it. Consequently it is the
responsibility of the designer to ensure that either the weakening effect that moisture
has on the soil is greatly reduced, or the possibility of the soil getting wet is removed.
For building with soil where there is little or no rain, then the problem is negligible,
but for wetter climates it is a serious concern. Techniques used in the past to
overcome the problems of building with soil in wet climates have included
mechanical and chemical soil stabilisation, wall painting or rendering and use of wide

roof eaves.

4.1 Detrimental characteristics

It is important to isolate the characteristics that are most useful for the SSB
manufacturer to know about the soil that is being worked with, so that they can be
closely monitored. These are usually the characteristics that greatly affect the
resistance of the soil to moisture attack. Below is a list of these poor characteristics

and how they might be improved for general use.

High porosity/permeability: These are two characteristics of soil that can cause the
potential swelling and cracking that is so detrimental to SSB’s durability. No
matter how much clay is present, if water cannot penetrate then the clay will not
swell and integrity can be preserved. Render or paint will provide such
protection, but only at significant cost and regular maintenance is always
required. A high porosity will permit moisture to penetrate the surface of the
block and then subsequently flow into the internal structure of the soil particles
distributing moisture to other soil particles. This process causes water to coat
the soil particles and by the process of surface tension drive neighbouring
particles further apart. This mechanism is particularly severe with the clay

fraction of the soil. Reducing the porosity can be achieved by compacting the
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soil and therefore increasing its apparent bulk density. Porosity of the soil itself
can never be reduced to zero, but a significant improvement to the resistance of

moisture penetration can result through compaction.

A very high level of porosity in the finished block will mean that the structure
will no longer be able to keep out the elements, such as wind, rain and
temperature variation. Clearly thisis undesirable, as these are some of the most
basic functions of a dwelling. As porosity cannot be removed completely from a
basic building material such as soil, the level of porosity that is acceptable or
even desirable needs to be identified. Taking the other extreme, in a
hermetically sealed dwelling, there is no potential for the passage of air or
moisture from the inside of the dwelling to the outside world. This is aso
unacceptable as humidity and oxygen levels from respiration will make the
living space uncomfortable. A balance between the two extremes needs to be
rationalised.

A magjor factor that would concern a dwelling designer is the time taken for the
building material to respond to changes in climate both inside and outside the
dwelling. For example, if outside has avery high humidity and the inside is kept
comfortably dry, how long will it take (assuming the conditions are sustained
until equilibrium is reached) for the inside of the wall to have the same
characteristics as the outside. Perhaps a better analogy is using one of heat. If the
outside temperature is 10°C and the inside temperature is 20°C then there is a
thermal gradient of 10° between the internal and external faces of the wall. The
thermal gradient exists because the wall possesses a thermal resistance and the
internal temperature is being sustained by a heat source. If that heat source was
removed the temperature of the wall would equalise and the gradient would be
reduced to zero. The same principle can be applied to the moisture content of
the wall. If the outside is wet due to rain, and the wall is porous then the
moisture will migrate to the inside face of the wall saturating the wall. Ensuring
that the internal face of a wall can remain dry and the wall itself can survive a
50-year storm would not be an unreasonable request for the average

homeowner.
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Depth of moisture penetration is another consideration that would concern the
SSB builder as a small degree of penetration can be tolerated, but deeper
penetration may be unacceptable in the long term. Moisture ingress affects the
strength of SSB’s but the effect on strength is usually not so significant to cause
collapse. A more common mode of failure is spalling of the surface of the
blocks as moisture has penetrated, caused expansion and subsequent contraction
and cracks have occurred. These cracks permit further moisture penetration and
cause more expansion and cracking to occur. These cracks if permitted to
continue begin to jeopardise the integrity of the block surface initially and then
the structural strength of the block itself. Over time the surface of the block falls
away permitting deeper moisture penetration and progressive destruction of the
block.

High fines/clay content: The smallest of the particles in the soil are the ones that
exhibit the greatest expansion when they become wet. If there is a high
percentage of this fraction of soil then the potential expansion will be significant
as more particles become coated with water and drive neighbouring particles
apart. There are two remedies for the effect of this type of soil, firstly to reduce
the fines/clay content by mixing in coarser grains, or to add a stabiliser such as
cement in such high quantities that the particles are restrained from moving
when water is added. Both will work in practice, but the latter is an expensive

exercise and the former should be attempted if possible.

The larger sized fractions of soil are generally unaffected by moisture. They will
gain athin film of water on their surface, but this will be small compared to the
grain size. The smaller grain fractions achieve a similar thin film of water on
their surface that is of the same order or magnitude or bigger than the grain size.

The diagram below illustrates this phenomenon.
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Large soil grain (2 mm) Small soil grain (0.02 mm)
coated with water coated with water

The Large soil grains will be coated with athin layer of water, but this will not
increase the size of the particle significantly. If thicker layers of water tried to
coat the particle gravity would begin to have an effect and excess water would
drip off the bottom of the grain. The surface tension that holds the water onto
the grain surface will not be strong enough to create pore pressure that pushes
other particles further away from each other. The small grains, on the other
hand, will be significantly larger when coated with water and will cause a
volumetric expansion of the particles. At this scale the surface tension will be
strong enough to move particles further apart and to cause significant overall

expansion.

High linear contraction: Again, thislinear contraction is due to the presence of clays
and fine particles that shrink back together when the moisture around them is
removed. The contraction will also depend on the moisture content when the
soil is formed and then left to dry/harden/cure. Higher initial moisture contents
will result in higher overall shrinkage of the soil. Clearly reducing the initial
moisture content will help to reduceinitial shrinkage, but ultimately it is the clay
content that will determine the amount of expansion and shrinkage. Again the
shrinkage can be limited by the addition of cement to the soil. The amount of
shrinkage will determine the quantity of cement that will be required to
effectively stabilise the soil. As described in (International Labour Office,
1987), (p. 38-39), the cement to soil ratio is as follows for a given shrinkage as

determined by the shrinkage test described in chapter 3.2.
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Measured Shrinkage (mm) Cement to soil ratio
Under 15 1:18 parts (5.56%)
15-30 1:16 parts (6.25%)
30-45 1:14 parts (7.14%)
45— 60 1:12 parts (8.33%)

Adhesion: If the soil is moist and has a high adhesion to metallic surfaces, it will
cause significant problems when de-moulding. The simplest way of reducing the
adhesion exhibited by the soil is to reduce the moisture content when the sail is

formed in the mould.

4.2 Significance to making SSB’s

The above section detailed the characteristics that the SSB manufacturer would want
to avoid. In practise these characteristics are impossible to remove altogether and a
compromise needs to be made somewhere along the line. This section aims to explain
the effects that the above characteristics have on SSB’ s produced in the field.

Expansion of a SSB can only occur if three
characteristics are present: Clays or fines and
Porosity & Permeability and Moisture movement. If

any one of those is absent then expansion and

contraction will not occur, (ignoring chemical and
thermal expansion and contraction). The diagram to
theright illustrates the idea.

It is the job of the SSB manufacturer to minimise these characteristics in the blocks
that are being produced so that potential expansion is reduced to acceptable levels.
External environmental changes will cause the moisture levels to rise and fall over
time. This will not have an effect on the SSB unless the moisture levels within the
SSB aso change. Moisture will only be able to penetrate the SSB if porosity and
permeability are present. Swelling and shrinkage will only take place if the moisture
reaches a fraction of clay present within the SSB and sufficient cement is not present

to resist the potential expansion offered by the clay or fines. Therefore there are three
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factors that want to be controlled: the clay fraction, the porosity of the material and the

rate of moisture movement.

Controlling the clay fraction: Too much clay results in unacceptably high expansion
upon wetting or excessive amounts of cement to combat this. Too little clay
causes low adhesion between particles and hence causes high breakage rates on
de-moulding of the SSB’s. Either situation is unacceptable and this can only be
achieved by monitoring the clay and moisture content when the soil is to be
formed. How closely this has to be done to achieve satisfactory results is not
clear. An optimum fines content for making SSB’ s was suggested by the United
Nations to be about 25% of which more than 10% is clay, (Gooding, 1993), (p.
263). From the literature it is unclear how much a change of say £5% to the clay

content will have on the overall performance of the SSB.

Porosity: An ideal for the level of porosity for any type of SSB would have to be zero.
Since this is a physical impossibility a small amount of porosity needs to be
tolerated. The greater the porosity the more susceptible the SSB will be to the
elements and more specifically, the permitting of water penetration. In certain
cases it is impossible to avoid water getting onto the face of the block, e.g.
blowing rain, but what must be stopped is the water penetrating into the block
itself. Water in the block will cause expansion and deterioration of compressive
strength unless it is compensated for with a high cement content. If the level of
porosity at the surface is much less than deeper into the block then thisalsoisan
acceptable situation. If water does not penetrate the surface then it will not
matter if the porosity is lower where the water does not reach as this areawill be
unaffected. Using steel-sided moulds and dynamic compaction give good
surface finishes and will result in a dightly lower surface porosity than deeper

into the SSB core.
Possible moisture penetration models:

Capillary action without differential pressure - Unknown mechanism but very

effective on small pored materias.
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Gravitationa force pushing water into pores of SSB - Surface water on SSB
pushes water into SSB through pores.
Pressure difference flow - Low pressure internally in block with high pressure

outside SSB drives moisture from one side to the other.

Moisture levels. More water means more shrinkage upon drying and potentially
higher adhesion to metal surfaces, but some moisture is required to keep the soil
in a workable state and also to hydrate any cement particles if they are used to
help in the stabilisation process. Careful control of the moisture levels is also
required to ensure that the soil has adequate adhesion to itself to reduce SSB
breakage upon de-moulding. If the moisture level change during the life of the
SSB, then moisture movement has occurred. Initially this happens when the
block is dried out after it is formed. Subsequent moisture movement should be
avoided. Moisture will only be able to enter or level the block if porosity and
permeability are present and these can be reduced by adjusting the particle size
distribution and the apparent density of the finished block.
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5. Conclusions and recommendations

The characteristics that define soil are many and varied. Defining a soil with any
degree of accuracy from all the different soils present in the world is a difficult task.
With such a variable substance, one can appreciate the difficulties posed to the SSB
manufacturer to ensure that the soil that is chosen will be acceptable for the intended
task. An even greater problem is determining what effect slight changes to the soil’s
texture, porosity and moisture content will have on the finished product. This is not
helped by the fact that these properties will affect one another as they are sometimes
inter-dependant. For example, if the moisture content is high during manufacture then
there will be a higher porosity when all the moisture has been removed. If the texture
is carefully controlled then this will have an effect on the porosity and apparent

density.

Further analysis of how different characteristics affect one another in genera should
be looked into more closely. A cause and effect chart displaying all the different
characteristics and how each is effected by changes in different characteristics would
be very helpful. It may be possible to determine that all the different characteristics are
linked mathematically and any change in one property will result in changes in a
number of others. This model may have to be limited to only a few simple
characteristics as the overall variability and complexity of soil may be too difficult to

model with any degree of accuracy.

The mechanism through which water penetrated a block is another area where further
study should be undertaken. How and why water wishes to permeate a porous
substance against the forces of pressure and gravity is a question that needs to be
answered. The adhesion of water to surfaces and the internal cohesion that it has with
itself are major factors in the situation. How these forces can be hindered so that water
isless likely to penetrate a block would be very useful to know if it is possible. Water
cannot penetrate certain porous objects because the pores are too small for the water
to penetrate into them. At what level this occurs and whether it can be achieved by
modifying soil characteristics physically is not known at the moment and should be
investigated further.
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6. Summary

Some physical characteristics of soil have a maor influence in the potential for
expansion when it becomes wet. These can be isolated into the clay/fines fraction, the
porosity/permeability and the moisture movement. Only with all three factors present
will expansion occur. Monitoring the clay fraction and apparent density can be easily
done using simple tests, but finding the porosity and hence the potential for moisture
movement is a bit more complex. Cement will hinder expansion to a certain degree,
but if the root problem can be eliminated rather than trying to constrain the effect of

the problem then that would be much more advantageous.

As the SSB’s will be in an environment that exhibits changes in moisture and clay is
an important component of the block’s composition then the only factor that can be
reduced is the porosity and permeability of the SSB. The porosity cannot be reduced
to zero, but there may be a point at which the SSB becomes impermeable to water.
This is the desired condition and this may be achieved by monitoring the particle size
and distribution, the moisture content and the apparent density of the final SSB. How
exactly this can be done in practice is still open to further discussion. At least now we
know the offending characteristics that cause material expansion and consequently we

are better equipped to minimise their effects and to deal with their consequences.
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