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The traditional societies developed eanh as one of the most Important constrection materfials by
taking cognizance of the strength requirements, durability of resulting structures and the
environmental concern in processing and wsing the material. Owver the years, however, modern
earth construction has replaced the traditional methods, Unfortunately, these methods are alsa
accompanied by high energy consumption and environmental degradation, This paper
examines the methods of improving earth construction in two major villages in Botswana,
Tests with different stabilizers showed that only certain proportions were effective and o was
concluded that the traditional sarth construction may be improved by using certain ratios of

cement and lime as stabilizers.
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Introduction

After several cenwries of trial and emor, the traditionai
societies managed 1w develop earth as one of the most
important building materials. Successful solutions in earth
constracton did not result from deliberate scientfic
regsoqung, but grew oul of coumtless experiments and
accidents and the experience of bailders who continued o
use what worked and rejected what did not', Given the
variety of soil types, climatic conditions, cultural back-
grounds and economic factors, several ways in which earth
was used as a constraction material evolved, amongst
which were rammed earth, bricks moulded in raw earth and
baked i sun, compressed bricks, ete.” Since the traditional
societies could not expend lange guantities of ol or coal w0
process earth, - most penple found that natural ehergy
sources, £g. the sun, wind, ete. could be relied upc:an!'.
This required & precise and detailed knowledge of local
climsatic conditions on the one hand, and op the other, a
reasonable understanding of the performance characteris-
tics of earth as a building material”.

Ower the years, the use of earth as a building material
has changed. This was pecessitated partly. by the needs for
continuous maintenance and frequent repair or re-grection
of the rammed earth structures and earth-brick buildings
due to their low durability, and parily by the advent of new
technolegies which made processing of earth prodocts
poszible, Unforunately, the adoption of modern earth

constoection and contemporary  building  materials has

resulted in the abandonmen: of developinent in the
iraditional =arth constroction. Modern earth construction
materials catail e use of energy-intensive processes which
result in large quantines of carbon dioxide and other
emissions”. While il 5 important to acknowledoe the

contribution of the modern clay-brick production and other
modern eanth copstruction malerials i improving e
overall properies of eanth structures, it is equally imporiant
woconsider the environmental effects caused by thess
mcthods,

Traditional earth construction uses low-enerey materials
that can be upgraded o improve their properties, e.g
strength, durability, etc. with ltile additonal costs in
ferms of energy, and carth can also be reinforced with
low-cost natural fibres such as sisal and bamboo®. Because
of the familiarity with and low cost of earth as a bulding
material, wpgrading it for wide wse would appear to
be a strafegy more hikely o succeed than replacing it
with new and unfamiliar materials, or by processing it
using methods which are expensive and unsustaingble.
There 15 some evidence that building materials often
constinate” 70% of actuz! construction costs™ . For any
shelter programme 1o be soceessful, the cost of the
matenals should be as fow as possible and also the
maeterials should be as durable as possible. The energy
content of earth, as 8 low-cpergy material, mainly consisss
of the energy spent in some primary crushing and tansport
Hence, as earth can be produced locally, thése costs can be
almost negligible,

Against this background, the aim of this study was o
assess the traditional wse of earth as a construction matzrial
in Botswana and determine which methods can be adopted
from the modern construction technologies to address thess
problems. Two villages which waditionally practice earth
constrocton were selected and dhe problems faced by the
carth structures were analysed to determine their main
causes. It was found that although earth Tonstuction in
these villages is characterised by both lew soedgih and low
durabality, the later 15 more critical,



Requirements of earth as a construction material
According 1o Hammond®, the main canses of deterioration
of earth buildings are shonkage, cracking, erosion, under-
scoring and mechanical demage, due directly or indirectly
to water. However, by using seitahle architectural designs,
structural lechnigues, stabilization measures and care n
siting, earth buildings can be successfully built in almost all
tvpes of climatic regions; and with proper care and
maintenance, they should last for decades'",

Soil stabilization measures deal directly with the
behaviour of earth by addressing some of 15 weaknesses.
For all types of earth construction, the important properties
to be comsidered for improvement are the compressive
strenpth, water absorption and weather resistance'’. The
compressive strength of earth, as a building material,
enables an earth wall to sustain its load without failure or
local crushing at peints of high stress. Compressive
strength is normally an indication of durability also, which,
in this report, is defined after Sneck'® as the resistance of a
material to deterioration caused by exposure 10 the
environment. The compressive strength of soil blocks and
bicks is determined according to BS 3921 1985". The

specimens are tested on 2 wniversal testing machine where *

the pressure s gradually increased until creshing occurs.
The highest stress reached is recorded and averaged over a
sample of five blocksbricks'™ ',

Water absorption of an earth construction material such
as a brick 15 a measure of 15 porosity. Some porosity is
desirable, bot highly porous bricks may absorb and transmit
toe much water and thus may swell and shrink or may lack
durability. The water absorption of an individual brick is
most accurately measured by oven-drying the brick at
105°C for 24 b and then weighing it Tt is then immersed in
water for a further 24 h and re-weighed, The water ahsor
plion is the difference in weight expressed as a percentage of
the dry weight, averaged over a sample of five blocks'™'®

Weathenng resistance of an earth construction clement
is its ability to resist the erosion of material by rain, wind or
other environmental agents. The weathering resistance of a
pressed soil brick may be measured by water-spray test in
which the brick is subjected to a specified water spray
under pressure for a period of 2h. The brick is then
inspected for signs of deterioration™, It can also be
measwred by abrasion test whereby the brick is subjected
o 12 cyeles of wewting and drving for specified perods,
followed by wire brushing to remove loose material. The
weight loss is then determined and sccording to CRA-
TERRE", it should not exceed 10% by weight based on the
initial oven-dry weight. .

These requirements of garthi as a construction material
are supposed 10 be compated with established standards to
determine therr suitability for construction. Few countries
have formulated specific standards for earth construction,
Even those which have done so, there appears 0 be
differences in the minimum critenia set for varows

standards; for example, Z1S: 1077-1986" specifies a

minimum of 3.5 N/mm® {Gr common bricks while BS
3921: 19857 specifies u mmimum of 5 Nimm® for similar
tvpe of brcks.

Sail improvement methods

Traditionally. the three main tvpes of earth construction
are mud brick, rammed ecarth and pressed earth blocks”,
However. they are all characterised by low compressive
strength and  durability.” They are also vulperahle to
waler absorption and other environmental agents. Several
methods have been developed with the aim of allevia-
ting these disadvantages. Among them are those given
helow.

Fired bricks

Fired bricks require production temperatore in the 700-
1000°C range for strength and durability. As a result, large
amounts of fuel are needed which depend on the kiln type,
ie updrawght or continuons kiln, on the type of fuel being
used and the type of bricks produced. Production of fired
bricks 15 accompamed by emissions of carbon dioxide o
the atmosphere,

Soil stabilizanion

Soil stabilization implies the modification of the properties
of a s;l-waler-air syslem in order o obtain lasting
properties which are compatible with a particular applica-
tion. Stabilization 15 necessary when the material is
exposed o modsture, IF it is established that stabilization
is shsolutely essential and economic resources are avail-
able, the type and amount of stabilization have o he
determined by experiment,

Stabilization wsing fibrer

Plant and vegetable fibres have been used extensively in
traditional earth construction. These fibres act as a
reinforcing material, i the same manner as fibres in
fibre-reinforced concrete, and hinders cracking upon drying
b distributing the tension arising from the shrinkage of
clay throughout the bulk of the material"". With respect to
dry compressive strength, the addition of fibres such as
straw permils an increase in Strength by at least 15% in
refation to material without fibres, The fibres contained in
the soil will be preserved without deterioration on the
condition that the material 15 kept dry,

Stabilization using cow-dung

Many traditional societies emploved cow-dung and other
animal excreta as stabilizing agents in eanh construction,
When cow-dung is miroduced into a soil-mass 10 wet or
fincculant form, an inert matrix is created in which the
cohesion between the sodl particles is increased. The cow-
dung, in effect, suFrounds the soil particles and gloes them
iogether on drving and mamntains their stabilicy as long as i
i5 not subjected 1o excessive moisture. The presence of
fbres in the cow-tdung also reduces crack formation in the
product, The current, lneramre does mnot indicate the
mnfluence of cow-dung on the strength of the soil products,
and 50 i was investrgated in this soudy.

Stabilization wsing cemens
Hydrated cement reacts in two different ways in soil, first,
it may react with itself or with the sandy skeleton to form



mmortar, and second, 1€ may undergo a three-phase reaction
with the clay o form cement gel and clay aggregates which
ultimately become intimately entwined. The required
guantities of cement depend on the grain-size distribution
and the siructure of the soil, and the way 1t is used. Good
results are obtamed with cement content in the 3-12%
range. lmmediately above 3%, the cement gel stanis to fill
the voids in e seil™, While the product formed with
cement, 3-0% 1n content, shows improved water resistance,
the increase in strengih is not appreciable”, Cement
contents above 6% show hoth incressed water resistance
and increazed strength™, Sidies by Spence and Cook™
showed that the cement ratio 15 also affected by the density
of the suil; the denser the soil the lower the cement ratic
which can give the same effect

Stabilizarion wsing lime

Lime stabilization is the method commonly applied for
soils - which contain a significant clay fraction. Resuolts of
lime stahilization vary depending on the nature of clay
minerals and are best with high contemts of alemina—
silicates, silicas and ferrous hydroxides™ . The mixing must
e very carcfully carmed out in order to ensure infinate
minghng of the sml and hme. For very plastic soils, mixing
should be done in two stages, with a break of one or two
days in between, to allow the lme o loosen the lumps.

Stabilizing wsing bitwmen

Bitumen, in this report, refers to a product codsisting of at
least 40% of heavy hydrocarbons and Gller, To be wsed for
stabilization, the bitwmen muest either be mexed with
solvents resulting in ‘cut-back,’ or dispersed in water as

emulsion, As a general role, =oils which contain mare than
50% sand require 4-6% emulsified bitumen by weight for
effective stabilization, while soils which contain less than
0% sand require 7-12%%. The effectivencss of the
bitumen stabilization depends very largely on muxing.
Too muoch mixing can increase water absorption afler
drying because of the premature break-down of the
emulsion,

The study on earth construction in Botswana

The study on earth construction in Bolswana resulted from
a study on housing in the major villages of Botswana which
was undertaken to examine the housing situation in these
villages. The stedy found that the main mechanmism of
house delivery in these villages is by indigenous construc-
tion techmigues which are based on earth as the main
building material. It was then concluded that, [or any
propozed improvement to succeed, it has to be’ based on
carth as the building material so that the construction skills,
which the people inherited from the foregone pencrations,
could be continued instead of replacing them with alien
ones. Twie major villages in Botswana, namelv, Mahalapye
and Tsabong were selected for a preliminary study. In
Mahalapye, the walls of the howses are constructed using
sun-dried 501l bricks and rendered with sollfcow-dung
mixture {Fignre 1), while in Tsabong, the walls are
constructed wsing vertical poles and the spaces between
them are filled with soilicow-dung mixture which 15 also
wsed {or plastering (Figure 23 The vse of sun-dred sodl
brick for wali construction has started o make mroads in
Tsabong recently.

Figure 1 Wall showing a house. consiracted using son-dried soil beicks and readered with soillcow-dung mixiure (Mabakapye)



Figare 2 Howse constructed using vertical poles with the spaces berween filled with soilicow-dung mixture [Tsahong)

On inspecting the existing structures both in Mahalapye
and Tsabong, the following were found o be the common
problems:

1. Cracking of the walls and renderings,

I Water absorption by the wall materisl when it rains,
leading o increased weight and lowering of strength.

3. Erosion of the walls when subjected to driving rain.

4. Separation of the rendering in the form of large panels
which eventually fall down.

3. Foul smell from the cow-dung when it 15 wel

In general terms, the main problerm is not about the strengeh
of the walls. It is concerned with the low durability of the
walls due to the effects of water, and this has resulied m
high mainienance demands. - .
In order to determine an effective method for improvin
the wall matenal, soil samples from the two villages were
collecied and experimented with the soil improvement
methods outlined earlier. The procedures adopted in
collecting andtesting the samples are outlined below.

Spil sample collection

It is common in tie meral areas of Botswana for people to
extract soil for construction purposes from the construction
site of from the surrounding plots. However, in most cases,
there are common pits from which this soil is extracted
because it has proved saitable for construction. From zach
of the two villages, samples were collected from five such
COMIMAT B0Urces.

The indigenous construction methods in both villages
employ cow-dong o treat the =oil. For this reazon, the sodl
samples from these villages were treated with cow.dung
and other availzble binding agents — lime, Portland cemen
and bitemen — to determine their effect on the bebaviour
of the soil.

Testing procedures

Laboratory tests included physical analysis of soil samples
from the two villages and stabilization, curing and failure
testing of bricks produced using soil from the two villages

FPhysival analyvsis of the soil samples

Physical analyses performed on the snil samples were
particle-size distribwtion to BS 1201 1973, sedimentation
and Atterberg limit tests, The resell for the samples from
each village differed slightly, but the average results are
shown in Tatle |

Yrabilized soil blocks
For the production of the bricks, the following Lypes and
contents of stahilizers were adopted:

* Pressed soil bricks with no stabilizer (unstabilized)

* 5oil bricks, pressed and stabilized with lime in contents
of 5, 7.5, 10 and 15%.

»  Soil bricks, pressed and stabilized with Portland cement
in contents of 5, 7.5, 10 and 15%.

e Soil bricks, pressed and stabilized with cow-dung in
contents of 10 and 20%.

» Soil brcks, pressed and stabilized with hitemen in
contents of 10 and 20%

Table 1 Atterberg-limits and sedimentation resubts on soil samples from
Mahalapye and Tsahong .

Mahalapye soal Tsabang soil

Sand contsnt ($9) 7 L
Cley coatent (%) 48 14.5
Zil conzent (%) 25 215
Laguid limit (L1} il 50
Plastic limit ( PL} 1% - 24

Plasticiry index (1} s 26




Hydrated lime and cement, in ratios by weight of dry soil,
were added to the soil, mixed by hand in the dry siate and
then enough water was added o ensure adequate work-
ability. Bituminous emulsion. and cow-dung were maxed
with the seil in wet state until 2 uniform mix was observed
through the colowr. The wpper limits of cement, lme amd
emulsions described earlier in the review were selected
from observations of previous researches™ .

Moulding of the bricks was done by CINVA ram™
which had undergone =zome modifications o spit the
conditions of Botswana for producton of bncks of the
sige 260mm = 120mm = ¥mm. The compaction speed
depended on the sirength of the workers, but the pressure
was 2N/mm”. As a control, unstabilized bricks were
maoulded w the same compacting pressure, The lime and
the cement-stabilized bricks were stored under polythene
sheets away from direct sunlight and cured by sprinkling
with water daily for the first seven days and intermittently
afterwards. The bitumen and the cow-dung-stabilized
bricks were stored in the open and were not sprinkled with
Water.

Failure tests of the bricks

The tests carried on the specimens were basically directed
to measure the parameters associated with durability, ie.
water absorption, loss of soil, and disintegration. However,
compressive sirength was also measured because it also
indicates the durability of the materigl. The tests were
carried out using the same estng equipment under similar
environmental conditions.

Water absorprion, soil erasion gnd disintegrarion

As water absorption is the main parameter for durability of
an earth wall, the test was comducied o compare the
unstabilized and the stabilized earth bricks in terms of
water absorption, erosion from the brick surface by welting
and brushing after drying and disintegration. The tests were
conducted according 1w ASTM D 559 Standard test
method'®, However, the tests were carried out in three
cycles and only the averages of the results were recorded, o
compare the produced bricks rather than to determune the
soil loss, because the method is not very accurate in
measuring the soil loss, Accordingly, the weight of the air-
dried specimen (Ap) was measured; then immersed into
water for 24 h. The specimen was removed from the water,
its surfaces were wiped dry and its weight (A4;) was
measured immediately. Then, the volume of the specimen
was determined by re-weighing it in water to obtain 4.,
From these measurements, the density of the brick was
calculated as Agfd; while its water absorption was
calculated as Ap/ A = 1005,

The specimens were then dried under the sun for three
days, then all sides were brushed wsing a wire brush, The
lest resulls are presented in Tables 2 and 3.

The unstabilized bricks produced using the soils of
Mahalapye and Tsabong disintegrated a short time after
immersing them into water, The cow-dung-stabilized bricks
ook a longer tme to disintegrate in water. However, this
occurred in the 12-24 h range after the commencement of
the test. Also, these samples disimtepgrated into larger

Table 2 Average density, soil erosion and waler absorpriom of the cement
amdl the lime-stabilized soil bricks produced from Mahalapye

Materal Ratio of Dersil;; Fail Water
dahilizalion {gmm’) erosion absorpeion

(%) (gh %)

Cement 5.0 1.7% 54.0 1000
7.5 1.51 fL2i] Tl
10 1.28 145 T4
15.0 LKy 57 G5

Lime 20 187 TEG 852
7.3 .00 7549 854
100 102 .0 556
150 108 235 LR]

Table 3 Avemges density, soil erosion and water absamption of the cement
and the lime-stahilized anil bricks prodoced from Tsabong soil

Material Bagio af Duns.i:;r Sl Waler
stabilizztson (Edmm Er0Eian absorplion
(%) g (%)
Cement 50 (3] 1063 R57
.5 1.89 4594 .20
100 189 313 03
15.0 03 150 665
Lime A 181 JL i 10,99
R 192 171.0 1m
10.4 1493 615 1126
15.0 1.9 1235 12.88

fragments than the uwnstabilized bricks. The biumen-
stabilized bricks did not disintegrate, but developed large
cracks which rendered them unsuitable for use. All these
bricks disintegrated into large fragments when dropped
from a height of 300 mm. The unstabilized. the cow-dung
and the bitumen-stabilized bricks were considered unac-
ceptable in terms of water erosion.

The cement and the lime-stabilized bricks did not
disintegrate. The cement-stabilized bricks with cement
content of 5% absorbed more water than those with 15%
cement content. Therefore, the increase in the cement
decreased the water absorption of the bricks, with a
maximum of 7% absorption for bricks with cement content
of 7.5% produced from the somls of the two villages
(Tables 2 and 3),

Water absorption of lime-stabilized bricks increased
with increase in lime coment. The results showed that the
increase in lime content not only increased the strength, but
also the water absorption of the bricks which in all cases
was more than 7%. This is contrary to what was observed
for cement stabilization. Therefore, the lime-stabilized
bricks produced with the soils from both villages should not
be considered as an effective material for walls subjected 1o
EXIENSIVE SXPOSUTE [0 WaLeT,

Erosion of the bricks produced with soils [rom both
villages and cement and lime stabilization decreased
considerably when the amount of stabihzation material
increased in the mixes (Tables 2 and 3). The results also
showed that the bricks produced from Tsabong soal lost
four times more soil than the bricks produced from the
Mahalapye soil. As it was established from the physical est
of the soils, the Tsabong soil has a high sand content while



Table 4 Mean compressive slrmgm-of the: pressed and the pressed and stabalized sedl bricks from Mahalapye and '[‘s.ah-nn;_ soils

Tyvpe of hrick and Compressive strength of =0l hricks iN-"mm?}
atabilizer ratio (%)
Unstabilized Cenment
Mahalapye soil
0.0 1.54
A0 4.55
7.5 5.90
Lo %]
150 E.50
20,1
Teahong sodl
L 15D
A0 498
1.5 602
10.0 H.12
150 1064
0.0

the Mahalapye soil has a high clay content, Alzo, the lime-
stabilized brcks from both the Tsabong and Mahalapye
sodls lost about six times more soil than the cement-
stabilized ones,

Compressive strengeh

Besides indicating its ability to carry load, the compressive
strength of an carth wall is also an indication of durability.
The compressive strength test was done according to BS
5021 : 1985 to establish the crushing strength of the earth
bricks. Five specimens were randomly taken from each
type of brick and tested on a universal (esting machine. The
mean compressive strengths are given in Table 4. The test
results were directly compared with the standard strength of
5 N/mm®. The strengths of the unstabilized and the cow-
dung-stabilized Mahalapye soil were, respectively, 1.84 and
1.80 Nimm?® showing that cow-dung did not increase the
strength of the bricks. The strengths of the cement and the
lime-stabilized Mahalapye =01l tose with increased contents
of the stabilization agents, The strength of the cement-
stabilized bricks is ~ 709% higher than the bricks stabilized
with lime, as the strength of lime moar is only a third of
the cement mortar, The strength of bitumen-stabilized
Mahalapye soil decreased with increased content of the

stabilizing agent and all bitumen-stabilized specimens |

displayed lower strength than the unstabilized soil brick.

For the Tsabong soil, the unstabilized and the cow-dung-
stabilized bricks showed results similar to the Mahalapye
soil. The compressive strengths of the cement-stabilized
Tsabong scil bricks, on the other hand, rose with the
increased cement content and were 20% lugher than the
comesponding  cement-stabilized Mahalapye soil bricks.
The lime-stabilized Tsabong soil bncks rose slightly with
increased lime content, 2,16 to 3.93 for 5 and 15% lime
content, respectively. The increase in the compressive
strength of the cement-stabilized Tsabong soil brick was
~ 130% higher than the lime-stabilized one. As with the
Mahalapye soil; the bitumen-stabilized Tsabong soil brick
showed decreasing stremgth with therincreasing ratio of the
stabilizing agent. The strenpths Were als0 Tower han those
of unstabilized bricks, ~ : T

Bilamen

165
314
385 180 170
500

1.3 125
216
300
1.1 1.75 AR
373

1.43 1.349

Conclusions

The objective of the study was to examine ways to improve
the durability of earth buildings by modifying the proper-
ues of earth 50 as to increase its strength and reduce is
water absorption and other detrimental effects of water. In
order to determine the guality of earth materials, strength,
water absorption, soil loss and disintegration were con-
sidered the main criteria and were hence analvred.
Stabilization with additives and compaction was considered
ter be the most efficient means of modification of the earth.
Several pressed and stabilized bricks were produced and
tested for these criteria.

During the tests, the unstabilized bricks disintegrated
within a short time after immersing in water, while the cow-
dung-stabilized bricks took 12-24 h to break into larger
fragments than the unstabilized bricks. The bitumen-
stabilized bricks did not disintegrate within 24 h, but
developed large unstable cracks which might be the result
of insufficient hand mixing of the sodl with bitumen.
Mechanical mixing, which enables a uniform distribution
of bitumen in the soil, may eliminate the weak points and
stop the cracks, thus making the bricks more. durable.
However, this study reveals that the unstabilized, the cow-
dung and the bitemen-stabilized bricks are inadequate in
terms of soil loss and disintegration,

The cement-stabilized bricks did not disintegrate when
they were immersed in water, The increase in the cement
content decreased the water absorption of the bricks and
bricks stabilized with more than 7.5% cement met the
standard limit of 7% water ahsorption, which is acceptable
for fired bricks used in damp-proof course,

For the lime-stabilized bricks, the increase in the lime
content, unlike for the cement-stabilized bricks, increased
the water absorption of the bricks. The lime-stabilized
bricks did not meet the standard requirements for water
absorption, . -

Soil erosion in both the cement and the lime-stabilized

* ‘bricks decreased when the amount of stabilization materil

was inereased in the mixes. The tests showed that the bricks

. prodiced from the soil with high sand content eroded three



to five times more than the bricks produced from soils with
high clay content.

The test resulls revealed that the strengths of cement
stabilized bricks are more than twice the strength of the
bricks stabilized with lime,

The results verified that soil with high sand content and
low clay content 15 more suitable for cement stabilization,
while the soil with high clay content is better for lime
stabilization in terms of strength. The lime-stabilized carth
bricks produced with soil having high sand content should
be stabilized with more than 15% lime, or moulded with
higher pressure to meet the standard requirement.

The bricks produced from soil with high sand content
satisfy the criteria in terms of sirength, water absorption
and zoil erosion when stabilized with cement content of
5%. For soil with high clay content, in the 5-7.5% range,
cement stabilization is required 1o produce satisfactory
earth bricks. The lime-stabilized bricks meet the required
strength if they are produced from soils with high clay
content with at least 15% lime content. However, the
increase in lime content incresses the water absorption of
the bricks.

Since both lime and cement are readily available in thess
two villages, the indigenous earth construction can he
improved hy stabilizing using them. However, as the siady
verified, the stabilizing agemts should not be used
indiscriminately as is presently done with cow-dung.
Adequate experiments should be camied out to identify
the most appropriae type of the stabilizing agent and the
right contents,
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