THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH THE ORIGINAL
PRINTING BEING
SKEWED
DIFFERENTLY FROM
THE TOP OF THE
PAGE TO THE
BOTTOM.

THIS IS AS RECEIVED
FROM THE
CUSTOMER.



STRENGTH AND WATER DURABILITY OF STABILIZED CLAY
CONTAINING LIME, RICE-HULL ASH, SODIUM CHLORIDE, AND/OR STRAW,
POTENTIAL CONSTRUCTION MATwRIAL FOR ON-FARM STORAGE
IN DEVELOPING COUNTRIES

by
DAYN LARZ CEDERSTROM

B. S., Kansas State University, 1978

A MASTER'S THESIS
submitted in partial fulfillment of the
requirements for the degree

MASTER OF SCIENCE

Department of Grain Science

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1981

Approved by:

%@/u

Co-Major Professors



ACKNOLEDGEMENTS

I wish to take this space to acknowledge those people
who helped make this thesis possible.

First, I would like to express sincere appreciation to
to my committee: Drs. P.A. Seib, D.S. Chung, W.W. Williams,
and R. Nassar for their guidance and the benefit of their
knowledge and experience. A special thanks goes to Dr. Seib
and Dr. Chung for their patience, understanding and above all,
encourage ment.

Thanks also goes to Dr. R. Julian for his sincere interest
in my project and his help in obtaining materials for this
investigation.

I would like to thank my typist, Lori Fitterling, for
typing this manuscript, saving me a great deal of anguish.

Finally and most important, I wish to acknowledge and
thank my parents, Carl and Verna Cederstrom, who without their
love, encouragement, and occassional, at times, dire, menetary
support, the pursuit of higher education and this thesis would

not have been possible for me.



TABLE OF CONTENTS | Page
INTRODUCTION...'.l.'.'l‘l.l.l..l...ﬂ"l'......llll..'.'l

i

LITERATURE REYIEW....."....-.'."'....-.."....l."..'. 6
Clay and Soil CharacteristiCS...-...-...-...-.-.... 6
Lime-SOil Reactions.....-.-....-..-..............-. ?
Plasticity..-.-...........-..-...............-..-.. 8
Elas‘ticity...'.-...‘...'....‘......'...'...."...." 9
Yolume Change--o.-o:on-a-o-nloooioco--ocnlnlcuulloo 9
Strength DeVEIOpment..o...--.---..-....o....--.-... 9
Addition ofSalt.'........l'..........".-.....'... 12
Addition of Silicious Materials..-.........-...-..- 12
Tropical SOilSoo-ln.o.c..ulccloootoiulo-olcnaa-oonl 1
Conclusions From Literature RevieWicesseseoscsoacss 1

OBJECTIVEIIDII...UOlll..'lllll..Ii.l.l.!l.ll.....l.ll'l. 16

MATERIALS AND METHODS sy e sassvsvsiunnonissassnodossnosisis 17
Materials-ioo--ooo-o-oco--n-ou---o-u.oo;nao-nc.o-ol 1?
MOiSture-DenSity Test.-..--......-.............--.. 18
Making of Cylinders.noloo.-toaou---cuooolooatlaoncl 19
Procedure of Adding Additives and TestingZeeeeessoes 19
Testing of Compression Strengthicesscessescsescssss 19
Testing of Tensile Strength-.-u........--.......... 2l
Testing of Durability....-.....-...o..-u.-...-..... 21
Atterberg LIMTES s sin ow ics ww e w6 5 o o v e 0 8 0 aaE TR R e 21

RESULTSANDDISCUSSION.I‘!....lli.l.lli.l.llOl...lllll-l 2L1'
Clay Characteristic and Clay Mineral Contentesseses 2k
Moisture-Density TeSticesesssssosseovasnvaissosiaes 24
Compression and Tension TeSteseesssessosssssesscses 24
Durability TEStuoouo--.oooooo-oon.-no-nto-n-noooto. 42
Retention of Tension Strength.......,......-..o.-.. u9
workability.lllll.ll.‘.l.l...ll...llll!lll‘l‘l.lll' 50
Comparison of 2.5% Ash-4,0% Ca0 Mixture & Adobe.... 57

CONCLUSIONS sseossesssssssvcessassssasssnssassssssssassnnss 60
RECOMMENDATIONS FOR SILO DESIGN.essvessavssssssssasesass 62
RECOMMENDATIONS FOR FURTHER STUDY eeecvesvcesecsoscocsosnos 80
REFERENCES teesseasssssssssonassnesssossssssssnsssnaonssns 81

APPENDIX A..‘........'...."....'.....'......'...'l‘.... 81+
AnalySis Of S1)O0Sssecessscsssasssssasescssssnnssnss 8L
AnalySiS of Cinva-Ram S1lO0sssessesserersressnsensns 85
AnalySiS of Platform-Block SilOi'll.Q..l.l.llll."l 89
Analysis of Rammed-Earth Silosieecscserescosccecrvnes 93

APPENDIX BCI'Il.l.ll.'i.."llli‘!.t......ll.'.illl..ll.l 95
Neutral Axis & Moment of Inertia of Cinva-Ram Brick 95
Neutral Axis & Moment of Inertia of Platform-Block

Silo Bricklill.ﬂlii'il.l.llllll..l'll...l.'lllll. 95



LIST OF TABLES

Table Page
1. Physical Characteristics of Clayesececsssesssassces 25
2, Moisture-Density Test of Clay MixtureS.sesessssees gl
3. Dry Weights and Moisture Contents of Cylinderso... 32

4a, Compression Strength of Control and Limed-Clay
c’ylinders......l'li.lll..Cll".lll.ll'.'l!.'il.l 33

4b. Tension Strength of Control and Limed-Clay
Cylinders....-.-....-..-o......--.......-.------ 34

Sa. Compression Strength of Cylinders Made From 4.0%
Limed Clay with Varying Amounts of AShiesseesses 36

5b. Tension Strength of Cylinders Made From 4.0% Limed
Clay with Varying Amounts of Ashissessssressnsns 37

6a. Compression Strength of Cylinders Made From 4 ,0%
Limed Clay with Varying Amounts of Salteseessses 38

6b. Tension Strength of Cylinders Made From 4.0%
Limed Clay with Varying Amounts of Saltesesessss 39

7a. Compression Strength of Cylinders Made From Either
L4,0% Limed Clay with 2.0% Straw or 4.0% Limed Clay
with 1.0% Salt and 2.0% Strawsececsccscssesasons 4o

7b. Tension Strength of Cylinders Made From Either
4,0% Limed Clay with 2.0% Straw or 4.0% Limed
Clay With 1.0% Salt and 200% Straw..l L3N I B I B BN BN B AR BN ) 41

8a. Durability Test of Control (Untreated Clay)
Cylinders.‘...'-'......"...lll.'."lI...lllll.l l+3

8b. Durability Test of 4.0% Limed Clay and 1.0% Salt-
4.0% Limed Clay---ocnnnnooucln----iuc-ololna--oc 4“

8c. Durability Test of 2.5% Ash - 4.0% Limed Clay and
5.0% Cylinders.....'..."Illl...l'll."l.l'....l Ll’5

9a. Durability Test of 2.5% Ash - 4.0% Limed Clay and
5.0% Ash Limed Clay Cylinders...--.-........-... 51

9b. Durability Test of 7.5% Limed Clay and 10.0% Ash -
4.0% Limed Clay cylinders.lIll!ll..'!!liilloOlll 52

10. Tension Strength of 2.5% Ash - 4,0% Limed Clay
Cylinders Given Several Wet and Dry CycleS.seess 55



LIST OF TABLES (Con't.)
Table Page
11. Atterberg Limits of 2.5% Ash - 4.0% Limed Clayesses 56

12a, Comparison of Compression Strength Between Adobe
Brick and 2.5% Ash - 4,0% Limed Clayeetoeceesases 58

12b. Comparison of Tension Strength Between Adobe Brick
and 2|5% Ash - 4.0% Limed Cla‘yoto-aluonououuctuno 59

13. SpeCificationS ofSilos'.I.I'Il.l.‘lllll.l...ll"l. 66

14, Amount of Materials Needed For SiloSevsessssssensse 79



LIST OF FIGURES

Figure
1. Aparatus For Making CylinderSe.sseescscsssssonssnss
2, Relghle Tegting Maohine ve s e s s e e e s wi e se i
3. Arrangement of Cylinder For Testing Compression...
4, Arrangement of Cylinder For Testing TensioN.:seeees
5. Sieve and Hydrometer Analysis of Clayiesesssvoccss
6. X-Ray Diffraction of Powder Sample, 60% Scan.ssss..
7. X-Ray Diffraction of Slurry Slide, 450 Scan..iesese
8. X-Ray Diffraction of Glycolated Treated Slide, 15°
SCAllessvessssosssssesssssscsssscrosssssensassssnos
9., X-Ray Diffraction of Heat Treated Slide, 45° Scan.
10. Durability of Clay MixtureS:ieesssecssstsessnsssns
11. Effect of Durability Test on Clay Cylinders.seeses
12. Effect of Extended Durability Test on 2.5% Ash -
0% Clay CylinderB e s vesesss awes vs oo ses sy vy
13. Durability of 2.5% Ash - 4.0% Limed Clay Cylinders
14, Durability of Ash-Lime Clay CylindersS.ieecssscccess
15, Effect of Durability Test on Ash-Limed Clay
MiXtUreSeessesessossonsssescsstssssscsnssonsosnns
16. 2.5% Ash - 4,0% Limed Clay Cylinder After 3rd
Cycle of Being Wettedssasossssvssnssarsssrssssns
17. Flow Curve For 2.5% Ash - 4.,0% Limed ClaVesoesesss
18, Cinva-Ram SilOecssssssssossscssosnssasssssosasnass
19. Platform-Block Silo or Rammed-Earth Platform Silo.
20, Rammed-Earth SilOssssesesscssssscssosesscsnssosses
21, Cinva-Ram PresSSsssssesssessssssarsoscasasscsssonses
22. Details of Cinva-Ram Si1lOesesssoseessssesssscnsnes

23,

Details of Platform-Block SilOcesssssosscscsccosss

Page
20
20
22
22
26
27
28

29

30
L6
L7

47
i
53

54

54
56
63

65
67
68
69



LIST OF FIGURES (Con't.)

Figure Page
24, Details of Rammed-Earth Silo.ecissessssssnssnssssss 70
25. Details of Rammed-Earth Platform Siloiseceassessees 71
26, Details of Cinva-Ram BricKeessssssssssosionsssosnss 73
27. Details of Brick For Platform-Block SilOcssssssces 73
28. Detail of Mold Insert For Cinva-Ram PressS.:sssssses 74
29, Detail of Brick Mold For Platform-Block Silossssss 7k

30. Arrangement and use of a Wooded Form For a Rammed-
Ear-th Silo..l.l'"..I'll!ll!.llﬂ..ll.i!l..!l.l.. ?5

31, Details of Boards For Outer Form For Rammed-Earth

Silos..l..ll.llllll.l.ll'.l‘!llll.lll...ll.ill'i ?6

32, Details of Boards For Inner Form of Rammed-Earth

S1loBusessavisnssonasdmsssosansinesvssnsonnnesnss 7
33. Force Diagram of Cinva-Ram BricK.sevssessssessesss 87
34, Forces in Tension HOOP:ieeessssseosssasssassascnsesse 88
35, Force Diagram of Platform-Block Silo Brick..isseae 90

36. Tension Forces in Half-Section of Silocecsseeseseee 93



INTRODUCTION

It is a well known fact that considerable amounts of
food grain produced in developing countries are lost due to
inadequate storage facilities and improper storage methods.
The problem of grain loss during storage 1is more acute in
tropical and subtropical countries of the world. Estimates
(1) by FAO put the annual losses of food grains in storage at
10% world wide. However, losses in the tropics and subtropics
are higher. It is estimated that annually in Latin America
stored grain losses are 25 to 50%, in certain African
countries 30%, and in Southeast Asia as high as 50%.

Grain is usually stored at the farm or village level by
traditional methods in developing countries. Often these
traditional methods expose the grain to moisture, insects,
rodents, birds and weather. Thus grain losses are incurred.,
Generally a farmer and his family will eat well immediately
after harvest. From this harvest he will select the Dbest
grain to be used for seed for next year's planting. However,
due to inadequate and improper storage, the grain will become
nutritionally deficient and contaminated by rodents, birds,
insects, and mold as time goes on. Portions become smaller
due to losses, and malnutrition and hunger may be experienced.
If worse comes to worse, such as prolonged dry season, the
farmer may be obliged to eat the grain he has set aside for

gseed and famine will ensue.
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Economics is another problem faced by the farmer. Due
to lack of storage facilities, and repayment of loans, the
farmer is forced to sell his grain at the time of harvest, at
the same time the market is being flooded with grain from other
farmers. Due to the law of supply and demand the market price
is at its lowest. In the ensueing months the farmer will have
to buy back grain for his own use at a higher market price,
thus rapidly depleting his meager income. When his income is
depleted he will then have to buy grain on credit, assuming a
debt. His situation is not improved much should he decide to
store the grain and not have proper storage.

Grain silos constructed of metal or cement can provide
safe storage for grain. Silos of these materials can be
sealed rather easily, barring the grain from moisture, in-
sects, rodents, and birds. Metal silos (2) are lightweight
and can be moved easily, and may pay for themselves from the
farmers increased profits. On the other hand, metal is more
expensive than most locally available materials, construction
requires special equipment and metal rusts quickly in hot,
humid areas. Silos made with cement (2) can be constructed
with materials that are available worldwide, and can be made
into almost any shape. In some areas, cement is cheaper than
metal, Ferrocement is most widely used in construction of
these silos. Ferrocement has a high cement content and is
therefore rather expensive. Knowledge of the technique in
using it is not widely available, and still presents a rela-
tive great expense for the farmer, compounded also with the

expense of steel reinforcement.



3

Clearly there is a need to concentrate research on tradi-
tional storage facilities, methods and materials. Farmers
are reluctant to try new ideas, especially if the benefits
have not been proven. For them it is a matter of survival.
Thus improvement in traditional ways, for which the farmer
has a feel, will be much more readily accepted than those
that are completely new to him, (3).

Traditional methods of storage vary from country to
country and according to the culture of the people and to the
grain being stored. Open storage of unhusked maize is quite
common in countries of Africa, This varies from maize being
tied in a bundle and hung in a tree to being stacked in layers
in a circle on a platform. Threshed grain may be placed in
weaved baskets or huts. These methods of storage allow the
grain to dry further, if there is wind, and are usually pro-
tected from rain by a thatched roof., However, grain stored
by these methods are easily subject to infestation by insects.
In tropical areas where humidity is high, because the grain is
open to the air, the grain stored may never reach a moisture
content safe for storage. Also, unless precautionary measures
are taken, these methods are easily accessable to attack by
birds and rodents.

Clay is a basic indigenous material in traditional earther
structures used in storage of grain. It also has excellent in-
sulating characteristics and thus heat transfer to the grain
is reduced, reducing-also the translocation of moisture within

the grain. The clay structures prevent infestation of birds,
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but depending upon the design and construction‘of the struc-
ture they provide little protection against insects and rodents
(3)« The pusa bin (4) used in India incorporates in its de-
sign sheets of plastic sandwiched between two layers of clay
bricks. This offers protection against insects and moisture,
but rodents are still a problem. Clay by itself can crack
and shrink upon drying, causing openings in the structure
and exposing the grain. Therefore indigenous additives, such
as ant hills, straw and cowdung are often added to the clay.
These make the clay more workable, but do little to improve
its strength and durability. During the rainy season, the
take up of moisture by the clay, combined with the pressure
exerted by the grain on the structure, serves to weaken the
structure which eventually will have to be replaced. However,
storage in clay structures seems favorable and research in
the improvement of this indigenous material seems worthwhile.
In 1977 the total worldwide production of grain was
estimated at 1,459,012,000 metric tons. Based upon the FAO
estimate of a 10% annual post harvest loss, 145,901,200 met-
ric tons of grain were lost during storage. Figuring that a
person eats on the average 200 kilograms of grain a year, the
grain lost in 1977 would have fed 729,506,000 people. If the
10% annual loss could be reduced by 1%, enough grain would
have been saved to feed 72,950,600 people, (5). Thus im-
provement upon the storage of grain is worthwhile attention

and research,
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D. W, Hall (1) states six results that would occur in
preventing post-harvest losses: 1.) more food for consump-
tion by the farmers, 2.) more food available for the farmers
to sell, 3.) a higher living standard for farmers, 4.) more
food available for non-farming populations, 5.) higher quality
and competitiveness of export commodities in world trade and,
6.) a sounder economy for the country and improvement of its

international standing.



LITERATURE REVIEW

Clay and Soil Characteristics

Clay is a cohesive and plastic soll, and in a pure state
is free of organic matter. Clay particles are microscopic,
flake-shaped crystalline minerals. Clays contain various
amounts of silica, alumina, silicates, aluminates, and
alumino silicates.

As the water content of a soil decreases the soil-water
system passes through a series of states., Starting with a
thick soil-water mixture the system passes from a liquid
state through a plastic state and then into a solid state.
The moisture content of the soil at which it passes from a
suspension to a plastic state is known as the liquid limit of
the s0il., The plastic limit of a soil is the water content
at which the soil passes from the plastic state to the solid
state. The range of water content in which the soil is in
a plastic state is the plastic range. Numerically it is the
difference between the liquid 1limit and the plastic limit,
and is referred to as the plastic index. As the water content
is decreased the soil shrinks, or the volume decreases; this
is known as volume change. When there is no more change in
volume, the shrinkage limit or the soil has been reached.,
These characteristics are more evident in clays and soils
containing clay than silts and loesses.

The optimum moisture content of a soil is the moisture

content of the seil at which the soil can be compacted to a
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maximum density. Moisture contents below and above this point

will give lower compacted densities for the soil.

Lime-Soil Mixtures and Characteristics
Lime-soil reactions

Modification of soil by the addition of lime causes changes
in the physical characteristics of the sdil. Notable among
these changes are strength, plasticity and wvolume change.

Lime added to modify the soil reacts with the uncombined
silicates and aluminates of the soil to form pozzolanic min-
erals, (6,7). These pozzolanic reactions increase with in-
crease in curing time and temperature.

Lime reactivity with soil can be defined as the increase
in the compressive strength of the lime-soil mixture compared
to the untreated soil, (8). Lime dissolves in the water and
reacts with silicates and aluminates of the clay to form poorly
crystallized, colloidal material that cements the clay parti-
cles together, (7, 10, 12). The major group of these reaction
products are tobermonite material or calcium silicate hydrates.
Strength characteristics of calcium silicate hydrates are
characterized as cementitious, and are a major part of the
strength production in portland cement concrete, (7). The
major reaction products of lime-soil mixtures are calcium sili-
cate hydrate (CSH gel) or tobermonite gel, calcium silicate
hydrate I (CSH I) and calcium silicate hydrate II (CSH II),

(7, 11). CSH gel is a high calcium compound and is formed

readily at normal temperatures. CSH I has a much lower cal-
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cium content and is also formed at normal temperatures. CSH
II has a high calcium content but is formed at high hydrothermal
conditions. Calcium aluminate hydrates are formed at normal
temperatures and occur in several forms (11), however their
role is less significant than the silicate compounds for
strength development, (1). Ormsby and Kinter (13) in their
investigation of lime-montmorillonite detected no calcium alum-.
inates in cured specimens.

Reactivity of a soil depends upon the amountrof pozzolans
in the soil. Pozzolans are primarily silicious materials
that react with lime and water to form cementitious compounds,
(10, 13). For pozzolanic reactions to occur, lime content must

exceed the amount needed to modify the soil, (6, 7).

Plasticity

Generally upon the addition of lime to soil, the plasti-
city index is sharply reduced, (6, 10, 11, 12). The increase
of the liquid limit is not as great as the plastic limit, and
the combination of both yields a decrease in the plastic index
of the lime-soil mixture, (11). Additional amounts of lime
beyond an optimum level may increase the plasticity index,
(11). In some cases, the addition of lime may initially increase
the plastic index, but as the curing period is extended the
process is reversed, with the plastic index decreasing to a

non-plastic state, (11).



Elasticity

When pressure is applied to a material which returns to
its former shape or volume when the pressure is removed, the
material is elastic. In general, lime-soil mixtures behave
elastically. The modulus of elasticity of lime-soil mixtures
is greater than the modulus of elasticity for untreated soils,
(9, 13). Thompson reports modular ratios, Elime-soil/Bsoil,
of 3 to 25, (9). As intensity of curing is increased (in-
creased temperature and time) there is a tendency towards a

more elastic behavior of the mixture, (9, 13).

Volume Changg

The tendency of lime added to soils is to reduce the
volume change that occurs in the soil as it dries, (10, 11).
As the lime content is increased, the shrinkage limit increase
and the shrinkage ratio decreases. Swelling of soils is also
decreased. Volume change will decrease up to an optimum

lime content.

Strength Development

The main factors affecting the strength development of
lime-soil mixtures are lime content, lime type, soil type,
density of mixture, time of curing, and type of curing, (10).
All are interrelated and no one is more important than another

Generally as the lime content increases in a lime-soil
mixture the strength increases, (10, 13, 14). Depending upon
the type of soil, there may or may not be an optimum lime

content, depending primarily on curing time, (10).
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Strength gain for lime-soil @ixtures will vary with type
of soil, (10, 14, 16, 22). As stated previously, reactivity
of a soil depends upon the amount of pozzolans in the soil.
The development of pozzolanic reactions are related to the
systems gain in strength.

The maximum density of a soil is reduced upon the addi-
tion of lime, (10, 11, 22). Strength of the lime-soil mixture
is increased when the mixture is compacted to a higher unit
weight with greater compactive effort, (10, 11, 21). Opti-
mum moisture content needed to achieve maximum density in the
soil aldne usually increases in the lime-soil mixture, (10).
Further additions of lime, once the optimum moisture content
has increased substantially, produces little additional
increase in the optimum moisture content.

Lime-soil mixtures increase in strength with age, (10, 21).
There is a rapid increase in strength, then the system 1evelsv
offs

The rate of gain in strength is directly related to the
temperature at which the lime-soil mixture is cured, (10, 11,
21). At low temperatures, gain in strength is very low. At
normal temperatures, gain in strength is greater and at high
temperatures, increases in strength are rapid.

Ormby and Kinter (14) investigated the strength develop-
ment for two clay minerals, kaolinite and montmorillonite,
using two types of lime, calcitic and dolomitic. Results fol-
lowed the general discussion on strength development and are

shown below.
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Concentration of Unconfined Compressive Strength (psi)1
lime in lime-soil
mixtures Calcitic Lime Dolomitic Lime
% Moist cured Moist cured Moist cured Moist cure:
28 days/RT 2 days/1209F 28 days/RT 2 days/120
Kaolinite
0 252 235 252 233
2.5 354 396 297 306
5.0 418 639 Los Y
745 529 946 L26 555
10.0 615 1002 442 597
Montmorillonite
0 182 224 182 224
2.5 143 182 190 169
5.0 170 202 206 230
7.5 203 256 242 271
10.0 284 334 327 306

1. Each strength value is the average of 8 replicates.
RT - room temperature.

As can be seen with the kaolinite clay using both types
of lime, as the lime percentages increase, the strength gain
increases. Calcitic lime gives superior strength gain than
does the dolomitic lime for kaolinite. There is a decrease
in strength in the montmorillonite with 2.5% calcitic lime,
but with further increases of lime strength increases over the
untreated sample. Montmorillonite with dolomitic lime shows
increments of strength with each increase in lime content
for the 28 day curing. With the 2 day cure there is a decrease
in strength with the first addition of lime but an increase
over the untreated specimen there after. With the montmoril-

lonite, the dolomitic lime gave the superior strengths.
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Addition of Salt (Sodium Chloride)

The formation of tobernonite materials by pozzolanic
reactions is increased when sodium chloride is added to the
lime-soil system, and thus increasing rthe strength of the
soil. (15, 16, 17) A pH of 10 or greater increases the solu-
- bility of silica (18), making it more available to enter into
pozzolanic reactions. (16) Only small percentages of sodium
chloride are needed to increase the strength of lime-soil mix-
tures (1, 2 or 3% of dry weight of soil) and this depends
upon the type of soil. (16, 17) Addition of sodium chloride
also produces an increase in compacted unit weight. Marks
and Haliburton (15) showed that a clay treated with 5% lime
compacted to a maximum dry density at 0% salt, to 94 pcf. At
0.5%6 and 1.0% salt contents, the maximum compacted dry
densities were 98 pef and 100 pcf. At 1.5% salt content
maximum density was 96 pcf, showing that an optimum salt con-
tent was reached to produce a maximum compacted dry density.
Corresponding to the increase in compacted densities, there
was a decrease in the optimum moisture content. Marks and
Haliburton (16) in a later experiment showed that the addition
of salt increased the compressive strength of clay. Compres-
sive strength for a clay at 8% lime content, 0% salt content,
was 100 psi, while that for the same clay containing 1% salt

content was 120 psi.

Addition of Silicious Materials
Pozzolans can be added to soils to increase and to ach-

jeve the desired reactions in soils. (10) As has been stated
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pozzolans are primarily silicious materials and these react
with lime in pozzolanic reactions., Fly ash, a by-product
of burnt coal and a pozzolanic material, has been added to
lime-soil mixtures and increased the compressive strength as
much as 290% over that containing no fly ash, (19). Mohan and
"Rai (20) report that pozzolanic reactions have been obtained
using rice hull ash (which contains silica) in lime-clay

mixtures, although no results or evidence were given.

Tropical Soils

Lateritic soils cover much of the tropics and subtropical
regions of the world, (21, 22). Harty and Thompson (22) inves-
tigated the reactivity of tropical soils with lime. Conclu-
sions were generally the same as other experiments. They con-
cluded, however, that lime requirements to maximize strength
of tropical and subtropical soils are generally higher than
those temperate zone soils. Twenty-six tropical soils from
various parts of the world were teéted. 0f interest are two
soils from Panama, Panama Howard and Panama Albrook. Compres-
sive strength for untreated Panama Howard was 106 psi; 7, 28,
and 56 day cures gave compressive strengths of 245, 712 and
800 psi, respectively. Untreated Panama Albrook compressive
strength was 111 psi; 7, 28 and 56 day cure, compressive

strengths were 147, 325 and 365 psi, respectively.
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Conclusions From Literature Review

From the previous discussion the following conclusions

are drawn.

1,

So0il reactivity depends upon the amount and availabi-
lity of pozzolans in the soil. Lime reactivity is
related to the increase of strength of the lime-soil
mixture over that of the untreated soil.

As the lime content is increased there 1is a decrease
in the plasticity of the soil up to a certain lime
content. The soil becomes elastic and elasticity

is increased as the intensity of the curing condition
(time and temperature) are increased.

Volume change (shrinkage) is decreased upon the addi-

tion of lime. Shrinkage limit of the soil is increased,

In general, as lime content is increased in lime-soil
mixtures, compressive strength is increased. Factors
affecting this are 1) lime content, 2) lime type,

3) soil type, 4) density, 5) curing time, and 6) type
of curing. All factors are interrelated for most types
of soils. |

]

i. Lime content -generally as lime content increases
there is an increase in strength.

ii. Lime type -strength gains will be different for

different lime types and how they react with the
soil,

iii., Soil type -strength gain depends upon the reacti-

vity of the soil with the lime being used.

iv. Density -density of lime-soil is less than that

of untreated soils. For maximum strength, lime-
s0il mixture must be compacted to maximum density.
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Also as lime is added, the optimum moisture con-

tent is increased.

v. Curing time -as time of cure is increased, strength
is increased.

vi. Type of curing -as temperature is increased,
strength is increased.

5. Addition of salt increases the strength gain and
density of lime-soil mixtures.

6., Additional pozzolanic material can be added to the
lime-so0il mixture to increase strength.

7. Lime requirements to produce strength gains in
tropical soils are generally higher than those of

temperate zone soils.
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OBJECTIVE

The broad objective of this study was to develop an
indigenous construction material for on-farm grain storage in
developing countries., The specific objective was to test the
strength and durability of clay cylinders with the addition of
lime, rice hull ash, salt, and straw. The durability of coate
versus non-coated clay cylinders was also tested. Finally
recommendations on the design of a one-ton grain silo were

made using the clay mixture developed in this study.
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MATERTALS AND METHODS

Materials

The clay used was obtained from the Cloud County Ceramic
Company in Concordia, Kansas. The clay was tested by the
Kansas Department of Transportation Testing Services to deter-
mine its physical characteristics and clay mineral content.
The tests conducted were standard proctor density test, grain
size analysis, determination of Atterberg limits, and deter-
mination of specific gravity according to the specifications
of the Kansas Department of Transportation. To determine clay
mineral content x-ray diffraction tests were preformed on i) a
powder sample with a 60° scan, and 3 oriented slides prepared
from a slurry of clay passing a No. 200 sieve, ii) an un-
treated slide with a 45° scan, iii) a glycolated treated
slide with a 15° scan and a heat treated slide (600°C) with
a 45° secan,

Clay was oven dried at 110°C for 24 hours. For moisture-
density tests the dry clay was ground so that 100% passed
through a U.S. Standard No. 4 sieve. For preparation of clay
cylinders to test compression, tension and durability, the
clay was ground so that 100% passed through a No. 20 sieve.
Additives were hydrated lime, rice hull ash, table salt, and
straw. Percentages of additions were based upon the dry
weight of the clay.

Lime (Ca0) is the active chemical of hydrated lime in
combination with water in the formation of pozzolanic reactions.

Therefore, the percentages of lime added to the clay is based
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upon the ratios of the atomic weight of lime (Ca0), 56 to the
atomic weight of hydrated lime (Ca(OH)p), 74. Additions
of calcium oxide wers 2.0, 4.0, 6.0 and 8.0%.

When burned, rice hulls produce two types of ash, a white
ash and a black ash. The black ash is the carbon element of
the hulls and is formed at the bottom due to incomplete ashing
White ash is formed on top and is the mineral content of the
hulls. White ash was added to the clay in amounts of 2.5,
5.0, 7.5 and 10.0%.

Additions of salt were 0.5, 1.0 and 1.5%. Straw added

was 2.0% only.

Testing Methods -
Moisture-Density Test

The moisture-density test of the Standafd Proctor Com-~
paction Test was performed to determine the maximum densities
of the clay mixtures at their optimum moisture content. Water
was added to 2000 grams at a selected moisture content and
thoroughly mixed for 2 minutes using a soil-test mixer. The
mixture was compacted in three layers into a mold, 4.6 inches
by 4 inches in diameter, with each layer receiving 25 evenly
distributed blows. The blows were delivered by a 5.5 lb.
hammer free-falling one foot above each layer, After compac-
tion, the mixture was trimmed, and removed from the mold,
weighed and dried for 24 hours at 110°C, After drying, the dr
weight was recorded to calculate the dry density and actual
moisturé-content. This procedure was repeated 5 or 6 times

for each mixture.
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Making of Cylinders

For each mixture, the amount of dry ingredients needed
was weighed and mixed thoroughly for 2 minutes with an secil~
test mixer., The amount of mix needed for each cylinder was
placed in an evaporating dish with the required amount of wate
which was previously determined by the moisture-density test.
The mixture was hand mixed until ingredients were thoroughly
moistened, and then transferred to a cylindrical mold and com=-
pressed into a cylinder (2-inch diameter by 4-inch long)
shown in Figure 1. The clay cylinders were compressed by a
compression machine with compression plug and then extruded
from the mold. The wet cylinders were individually wrapped in
plastic wrap and aluminum foil, placed in an oven and cured
for 30 hours at 49°C. After curing, the cylinders were un-

wrapped and dried for 72 hours at 49°C,

Proceduré of Adding Additives and Testing Strength

Limed clay cylinders were tested for strength first. The
other additives were tested with lime at the level where it
produced maximum strength, noting the effect they had upon

the strength of the lime-optimum,

Testing of Compression Strength

Compression strength of mixtures was tested by axially
compressing the cylinders to failure, using a Reighle machine,
(Figures 2 and 3). Compression computed by the formula
o = P/A, pouhds per square inch, where P is the load causing

failure and A is the cross sectional area of the cylinder.

-
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Figure 1. Apparatus for making cylinders. From left to
right, compressing plug, bottom plug, collar, and resulting

cylinder.

Figure 2. The Reighle testing machine.
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Testing of Tensile Strength

Tensile strength was tested by using the split cylinder
tensile test. The cylinders were placed horizontally in the
Reighle testing machine, and compressively loaded until fail-
ure of the cylinder occurred, (Figure 4). Tension was computec
by the formula, fgp = 2P/mdL, pound per square inch, where P
is the load causing failure, d is the diameter of the cylinder

and L is the length of the cylinder.

Testing of Durability

Durability of mixtures were tested by immersing the cyl-
inders in water at room temperature. After an alotted time
period, the cylinders were removed and weighed, noting either
gain or loss in weight caused by the water. The cylinders
were again immersed and the procedure repeated until there was
no notable weight gain in the cylinders, or until obvious
deterioration was observed. Clay cylinders that had been
coated with a water vinyl sealer were also tested for dura-

- bility over a 5-minute period.

Atterberg Limits

The Atterberg limits were determined for the 4.0% limed
clay with 2.5% ash using a standard procedure in Soil Testing
For Engineers by T. Williams Lambre, John Wiley & Son's, Inc.,
pages 22-28. The Atterberg limits are the liquid 1limit and
plastic limit. The liquid limit is the water content at which
the clay has such a small shear strength that it flows to

close a groove of standard width when jarred in a specfic man-
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Figure 3. Arrangement of cylinder for testing compression.

Figure 4. Arrangement of cylinder for testing tension.
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ner, The liquid 1limit is determined by a device in which a cup
containing a paste of water and clay is dropped 0.394 inches
a number of times, to close a grcoove that has been drawn through
the clay. The water content generally accepted as the 1li-
quid limit of the clay is when the groove closes at 25 drops
or blows. The plastic limit is the water content at which
the clay begins to crumble when rolled into threads of specified
size. Clay is rolled by hand on a glass plate into a thread.
The water content of a clay accepted as the plasticllimit is

when a 1/8 diameter thread of clay shows signs of crumbling.
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RESULTS AND DISCUSSION

Clay Characteristic and Clay Mineral Content

Physical characteristics of the clay are shown in Table
1 and Figure 5. Results of x-ray diffraction test are shown
in Figures 6, 7, 8 and 9. The powder slide and the untfeated
oriented slide showed the clay to be.comprised of kaolinite,
illite and guartz minerals. The glycolated slide showed the
clay contained no expansive clays and in the heat treated

slide, the kaolinite peaks were destroyed.

Moisture-Density Test

Results of the moisture-density test are shown in Table 2.
Difficulty was experienced in making a uniform, smooth cylinder
at the moisture content that gave maximum density. Satisfac- |
tory cylinders were obtained at a moisture content about 2%
higher than the optimum moisture content. The dry weights and
nominal moisture contents used in making the cylinders are
shown in Table 3. No moisture-density test was performed on
mixtures with straw. The moisture content used for clay with
straw was that used in the corresponding mixture without
straw and the weight of the straw clay cylinders determined

bymtrial and error,

Compression and Tension Test

The results of compression and tension tests of the con=-
trol and lime-clay mixtures are shown in Tables 4a and 4b.
The addition of lime increases the compression strength of

the clay, with maximum strength obtained at 4.0% lime, at which



Table 1. Physical Characteristics of Clay. 25
STANDARD-PROCTOR DENSITY TEST

Moisture Content, % Dry Density (Pounds per cubic fogt)
9.9 107.6
12,2 106.6
13.9 109.9
16.2 111.3 (maximum density)
17.6 109.6
20.1 106,2

GRAIN STIZE ANALYSIS

Sieve Analysis '
Sieve Number Opening (milimeters) Percent Passing

10 2.00 100.0
20 0.84 98.6
Lo 0.42 97.0
60 0.250 95.6
100 0.149 o4 .2
200 0.074 90 .4
Hydrometer Analysis
Maximum Grain Size Actual Grain Size Percent in Suspension
(milimeters) {milimeters)
0.112 0.049 84
0.078 0,036 80
0.055 0.025 78
0.035 0.016 76
0,020 0.010 71
0.014 0.0067 69
0,010 0.,0047 65
0.005 0.0024 57
0.002 0.0010 L

ATTERBERG LIMITS

Liquid Limit (L.L.) 40, 0%
PlaS'tic Limit (P-Lo ) 1?05%
Plastic Index (PiIu ) 22!5%

SPECIFIC GRAVITY
2.73
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Table 3. Dry weights and moistre content of cylinders.,

Mixture Dry Weight, grams Moisture Content, %
Control 369 18.0
2.0% lime 335 22.0
L.,0% lime 335 22,0
6.0% lime 330 22.0
8.0% lime 324 24.0
2.5% ash-4,0% lime 335 22,0
5,0% ash-4.0% lime 324 22.0
7.5% ash-4,0% lime 315 25.0
10,0% ash-4.0% lime 309 26,0
0.5% salt-4.0% lime 335 200
1.0% salt-4.,0% lime 335 22.0
1.5% salt-b.0% lime - 350 ' 20.0.
2.0% straw-4,0% lime | 329 22.0
2.,0% straw-1.0% salt-4.0% lime 329 22.0

Moisture content based upon dry weight of mixture.
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level the compression strength was 53.5% higher than the con;
trol. Tension strength generally decreased with the additions
of lime compared to the control but when 4.0% lime was added
tension strength was about the same as that of the control,
(Table 4b).

Rice-hull ash was added to the 4.0% limed clay. Results
are shown in Tables 5a and 5b. Maximum strength, in both
compression and tension was obtained by the initial and smal-
lest addition of rice hull ash, 2.5%, to the 4.0% limed
clay. With 2.5% rice-hull ash compressive strength was in-
creased 38.6%, while tensile strength gained 91.5%. Strengths
for higher levels of rich-hull ash were significantly lower.

Salt was added at levels of 0.5, 1.0 and 1.5% to the 4.0%
limed clay. Results are given in Tables 6a‘and 6b. The level
of salt needed for maximal strength is not easily derived be=-
cause of the considerable deviation of the data. However,
the 4,0% limed clay with 1.0% salt added was the most consis-
tent, and gave a 53.4% gain in compression and a 92.2% gain in
tension strength 4.0% limed clay control,

Tables 7a and 7b show the results of 2.0% straw added to
the 4.,0% limed clay and 4,0% limed clay with 1.0% salt added.
The addition of straw to the 4.0% limed clay decreased compres-
sion strength but greatly increased tension strength by 58.0%.
Addition of straw to the 1.0% salt - 4.,0% limed clay pro-
duced an adverse effect in both compression and tension. Com-
pression decreased by 42.0% and tension by 8.8%. The straw
may compete with the clay for the sodium ions and therefore
the desirable reactions in 4,0% limed clay with 1.0% salt added

do not occur to the same extent when straw is added.
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7 Durability Test

Cured test cylinders made from untreated clay (control),
limed (4.0%) clay, limed clay with ash (2,5%) and limed clay
with salt (1.0%) were tested for durability. Results are
shown in Tables 8a, 8b and 8c and in Figure 10. Figure 10
shows the control gained in weight by water absorption up to
six minutes, then began to slowly deteriorate and lose weight.
The cylinder made from limed clay gained water rapidly up to
3 minutes, but rapidly deteriorated. The cylinder made from
limed clay with 1.0% salt began to deteriorate rapidly im-
mediately upon immersion. The cylinders made from the 4.0%
limed clay with 2.5% ash showed a continual weight gain from
0-20 minutes,; (Figure 10). Figure 11 shows clay cylinders
before and after immersion in water. In another experiment
the cylinders from the mixtures of lime, ash and salt mix-
tures were sealed with a vinyl water sealer (Product #34,
Ferlemann & Associates, 2924 Sherwood Road, Columbus, Ohio
43209) and tested for durability, (Figure 10). There were
only very slight gains in weight of the coated cylinders
during five minute period of submersion.

The durability test period was extended to find the time
at which the cylinders made from 4.0% limed clay with 2.5%
ash might deteriorate. Results are shown in Table 8c and
Figure 13. The peak gain in weight was reached at about
80 minutes. Only slight gains in weight were measured after
the peak. Visual examination of the cylinders showed only

slight deterioration on the ends, (Figure 12).
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Table 8a. Durability test of control (untreated clay) cylinders.

Weight, grams
Replicate i 2 3 Average
Minutes |
0 356.88 353.56 356.80 355.68
5 4 361.46 356.86 361.11 359.81
2 363.85 359.05 363,12 362.02
3 365.80 361.31 365.18 364,10
L 366.42 362.66 366.86 365.32
5 368 .44 362.92 367.86 366.41
6 368.43 363 .25 367 .35 366.34
9 369.69 358.82 367 .84 365.45
12 367.41 353.98 366.07 362.49
15 362,00 351.00 366.00 359.67
20 359.12 349.22 354 .80 354.38
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Table 8c. Durability test of 2,5% ash-4.0% limed clay cylinders.

Weight, grams

Replicate 1 2 3 Average
Minutes

0 |, 336412 336.12 - 335.90 336.11

3 350.36 351.10 350.56 350.67

6 356.60 356.75 357.72 357.02

9 361.69 360.75 363,31 361.92

12 366.18 365,04 368,00 366.41

15 369.91 368.74 371.92 370.19

20 374.71 373.66 376.95 375.11

25 378.92 378,00 381.55 379.49

30 381.91 381.00 384,63 382.51

4o 386.42 386.15 389,38 387 .42

50 389.69 389.38 392.84 390.70

60 391.96 391.76 394 .98 392,90

80 393.43 392.86 396.52 394,27

140 393.73 392.96 396.76 394,48

200 393.81 393.09 397.00 394 .63

560 394 . 34 393.61 | 397.51 39515
Sealed

0 336.38 337.58 336.44 336.80

1 336.42 337.82 336.50 336.94

2 336.46 338.10 336.58 337.05

3 336.52 338.14 336,52 337.06

" 336.58 338,24 336.52 337.11

5 336,64 338.32 336,54 337.17
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Figure 11. Effect of durability test on clay cylinders.
From left to right, 2.5% ash-4.0% limed clay, 1.0% salt-
4,0% limed clay, 4.0% limed clay, and control (untreated
clay).

Figure 12. Effect of extended durability test on 2.5% ash-
4,0% limed clay cylinders. Cylinder-on the right has not
been immersed in water, while cylinder on the left was im-

mersed in water for 560 minutes.
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Table 5a and 5b show that the smallest addition (2.5%)
of ash to the limed clay produced the greatest compression
strength. The higher levels of ash (5.0, 7.5 and 10.0%) gave
much lower compressive strength than the 2.5% level, but at
levels higher than 5.0% added ash, the strength did continue
to gradually increase, but never did reach the strength at
the 2.5% level. The cylinders made at the four levels of
ashes were tested for durability to determine whether the
increase of rice-hull ash affected durability. Results are
shown in Tables 9a, 9b, and Figure 14,

The results followed closely those observed for the 4.0%
limed clay with 2.5% ash. The peak in weight gain in water
absorption occurred at about 80 minutes for the 5.0% ash mix-
ture, which is the same as observed for the 2.5% ash mixture.
At the 7.5% and 10.0% addition of ash, peak weight gain oc-
curred in the cylinders at about 150 minutes.

It should be mentioned that cracks developed during
testing of the cylinders with 5.0% and 7.5% ash. In the
5,0% ash mixture there were horizontal and vertical cracks
forming an I-shape. In the 7.5% ash mixture only horizonfal
cracks developed. Deterioration, other than cracking, was
limited to only the surface of the ends of the cylinders,
as in the 2.5% ash mixture. In the 10.0% ash mixture, no
cracking or deterioration other than that on the ends of the

cylinders was noted, (Figure 15).

Retention of Tension Strength
The cylinders made from 4.0% limed’ clay with 2.5% ash

were tested for retention of tensile strength after being
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wetted.to its highest level of water absorption and dried.
Results are shown in Table 10, For cycles 1 and 2, tension
strength declined from the initial tension strength by an
average of 39.7%. Cycle 3 showed a decline of 45.0%. The
cylinders in cycle 1 showed only slight deterioration on the
ends, Horizontal cracking and deterioration of the surface
on the sides appeared in cycle 2. In cycles 3, horizontal cracks
in some cylinders deepened enough to break the cylinders apart.
Deterioration did not progress much further than that which
occurred in cycle 2, since cylinders in cycle 3 were still

recognizable, (Figure 16).

Workability

The ability to add moisture to clay was greatly improved
in the presence of lime and/or ash.

The clay itself when mixed at its optimum moisture con-
tent, formed several large clumps of wetted clay, with a
small amount of dry clay which had to be wvigorously worked
into of the wetted clay. This characteristic of clay, known
as coagulation, did not occur in the presence of lime and/or
ash, which allowed a more even absorption of the water to the
mixture. The lime and ash changes the Atterberg limits of
the clay, The clay itself has a plastic index (P.I.) of
22.5%, which is the difference between its liquid limit
(L.L.) of 40.0% its plastic limit of 17.5%. For the 4.0%
limed clay with 2.5% ash there is an increase in both the
liquid 1limit and plastic limit., Howewver the plastic index is

about 50% less than that of clay, (Table 11 and Figure 17).
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Figure 15. Effect of durability test on ash-limed clay
cylinders. From left to right, 2.5% ash-4.0% limed clay,

5.0% ash-4.0% limed clay, 7.5% ash-4.0% limed clay, and
10.0% ash-4.0% limed clay.

FPigure 16. 2.5% ash-4.0% limed clay cylinder after 3rd
cycle of being weetted and dried.
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Comparison of Adobe Brick and Clay Cylinders made from 4.0%
Limed Clay with 2;5% Ash

A grain storage system constructed of adobe material
being used in Chad was evaluated by Kansas State University
in the spring of 1977, (23). The adobe material used con-
sisted of the following locally available ingredients: clay,
straw, ant hill (as a binding agent), and water. Samples
of this adobe were tested for compression and tensile stren-
gth. The comparison of results is shown in Table 12a and 12b.
The cylinders made from the 4.0% limed clay with 2.5% ash
were considerably superior in strength, especially compression
strength. The durability of the adobe material is unknown,
as no test was conducted by the original investigators. No
adobe material was available to conduct a test in this inves-
tigation. The only ingredient of the adobe material that
may enhance the durability- of the adobe.mixture, would pos-
sibly be the ant hill.



58

UOT}1BTAS(Q PIBPUBLE 4

€5 2+  GeScy 88° 0+ G°2% %" 0'S
9€°29 €488 z26°21 4 €8T sFeasAy
9€* €9 106 g ¢ GLT €
1665 4h8 26°€1 861 2
82 #9 #16 2521 84T T
MHMMﬂmm Ted Mmmwﬂmm 1sd s1eoTTday
SWTT %0°H#-Use %5°Z aqopy

*Le1o pawll %0°"H-USE %5°Z pue YOTJq 2qO0pe Usamilaq YjBusajs uorsseadwoo Jo uostJaedwoyn °*ezl a1qRe]

LY



29

ﬂo.m..._..m..n.PwD PIBPURL G 5
Gz o+ G Cy 09° T+ L 22+ 2°0°S
t8°9 €46 L6° 4 404 a8eJaAy
28°9 L6 91°¢ S ¢
0t1° 4 101 96°¢ 64 2
19°9 46 61°9 898 1
Nso\%mx Ted NSO mmx Tsd ajeotrTday
SWTT %0°H-UsSe %G°g 2qopy

*AeTo pawr %0°4-US® %G°Z DUB }OTJq sqope

usaMm3aq YyiJusals uoTsusy Jo uostaedwon

*qetl °Tqel



60
CONCLUSIONS

Conclusions drawn from this investigation are summarized

below:

1. When test clay cylinders are made, the addition of lime
to clay, when properly cured, increased the compression
strength. Maximum strength was produced by addition of
4.0% lime; further additions of lime, while producing
greater compfession strength than the control clay,
produced lower strength than the grains in tensile stren-
gth upon addition of lime were negligible.

2. The addition (2.5%-10.0%) of rice hull ash at the op-
timum level of lime produced additional increases in
compression and tension strength. The maximum increase
in strength was obtained with the initial and smallest
addition of ash (2.5%).

3. The strength of the cylinders also increased with the
addition of salt to the 4.0% limed clay.

L, Straw added to the optimum mixture of lime and clay
further increased the tensile strength of cylinders
while decreasing their compression strength. Straw
added to the optimum mixture of limed clay with 1.0%
salt decreased both compression and tensile strengths.

5. Cylinders prepared from the ash-lime optimum were the
most durable when submerged in water at 250C., Dura-
bility of all cylinders was increased when coated with
a water sealer.

6., The tensile strength of cylinders made from a clay
mixture containing 2.5% ash and 4.0% lime, decreased

when subjected to wet and dry cycles.
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7. Clay containing added lime and/or ash was more
workable than clay alone.,

8. Clay containing 2.5% ash and 4.0% lime is considered
most suitable for bricks to construct a silo. It is
proposed that bricks prepared from this mixture would
be strong and the most durable, compared to other

mixtures tested.,
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RECOMMENDATIONS FOR SILO DESIGN

Four different types of 1-ton silos were analyzed in
Appendix A, The grain used in these analyses was maize.
Lateral and vertical pressures imposed by the maize on the silos
were calculated using Janssen's formulas. These pressures
were used to compute flexural and bearing stresses that oc-
cur in the silos. The stresses for the first siloc analyzed
were 2.18 psi, compression flexure, 2.26 psi, tension flexure
and 11.4 psi, compression bearing pressure. For the second
silo, the stresses were 2.82 psi, compression flexure, 2.89 psi
tension flexure and 6.40 psi, compression bearing pressure. The
third and fourth silo have the same stresses; 2.85 psi, axial
tension and 6.40 psi, compression bearing pressure. The limits
of compression (887 psi) and tension (97 psi) strength of the
4,0% limed clay with 2.5% ash are more than adequate in com-
pensating for these imposed stresses in the one ton silos.
Therefore, based upon these analyses, the silos shown in Figures
18, 19 and 20 are recommended as four types of silos that may
be constructed using the ash-limed clay. The Cinva-Ram silo
(Figure 18) and the Platform-Block silo (Figure 19) are stave
type silos, constructed of individual bricks, placed side by
side to form a circle. The.bricks for the Cinva-Ram silo are
manufacted by using a Cinva-Ram (Figure 21) and the bricks for
the Platform-Block silo are made by using a brick mold. The
Rammed-Earth Platform silo (Figure 19) and the Rammed-Earth
silo (Figure 20) are constructed by tamping the ash-limed
clay between an inner and outer form. The resulting struc-

ture, once the forms have been removed, is a seamless, con-
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Figure 18. Cinva-Ram silo.



Figure 19. Platform-block silo. or Rammed-Earth Platferm silo.



e‘20. Rammed-Earth silo.

Figur
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Figure 21. Cinva-Ram press.
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Figure 24.
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tinuous grain silo. Specifications of the silos are given
in Table 13.

Details of the silos are shown in Figures 22, 23, 24 and
25. The Cinva-Ram silo and the Rammed-Earth silo would be
used in dry areas or in locations away from flooding. The
purpose of the gravel upon which the silos rest is to break up
the capillary action of the ground water, keeping it away from
the structure. The Platform-Block silo and the Rammed-Earth
Platform silo would be used in areas where there is a lot of
ground moisture or where flooding occurs. Hoop tension in the
Cinva-Ram silo and the Platform-Block silo is provided by
either using wire that has been tightened or by using wet raw-
hide, tieing it tight around a tier of bricks and allowing it
to dry. Construction of the brick silos is completed by plas-
tering the outside with a clay-mixture plaster and then pain-
ting the inside and out of the silo with a water sealer. No
plastefing of the Rammed-Earth silos is required, however, they
should be coated with a water sealer. The silos are filled at
the top. When filled, the top of the silo can be covered
with boards, cut to the sha@é of the silos and the boards cov=-
ered with clay or mud, sealing the grain in the silo. A tha-
tched roof placed over the silo will shed rain away from them.
Grain is removed through a coffee tin (hole in both ends) that
has been inserted in one of the bricks or placed in the wall.

Details of the bricks for the silos are shown in Figure
26 for the Cinva-Ram silo and Figure 27 for the Platform-
Block silo., Figure 28 shows the details of the mold insert

that is placed in the Cinva-Ram press to produce the brick
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Arrangement and use of a wooden form for a

Figure 30.

Rammed-Earth silo.
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seen in Figure 26. Figure 29 shows the details of the brick
mold for making the bricks for construction of the Platform-
Block silo.

An arrangement and use of an outer and inner form made out
of wood is shown in Figure 30, The clay mixture is tamped in
between the forms. Spacers placed between the forms keep the
thickness of the wall (2 inches) even. As the form fills,
the spacers are removed. Details of the boards used for the
form are shown in Figures 31 and 32. Twenty-four boards are
needed for the outer form and twenty-four for the inner form.
The forms are put together by insefting bolts in the corners of
the cross pieces, putting the inner form together first and
then the outer form. The same forms can be used for construc-
ting both the Rammed-Earth silo and the Rammed-Earth Platform
gilo. Only in construction of the Rammed-Earth silo, the form
will have to be moved up to complete construction.

It is important in the manufacting of bricks or the con-
struction of the Rammed-Earth walls of the ash-limed clay that
they be moist-cured to attain proper strength and durability.
This may be done by covering the bricks or the walls with
sheets of plastic, or covering the bricks or the walls with
jute sacks and keeping them wet during the curing pefiod.
After curing, the bricks or the walls should be dried before
using.

The amount of materials needed for construction of these

silos is given in Table 14,



Table 14. Amount of materials needed for silos.

Cinva-Ram silo

Clay 2060 1b

Lime 108 1b

Ash 52 1b
Gravel 2.7 tons
Sealant 0.5 gallons

Platform-Block silo

Clay 1971 1b
Lime 105 1b
Ash 50 1b
Sealant 0.5 gallons

Rammed=Earth silo

Clay 1750 1b

Lime 100 1b

Ash L 1b
Gravel 3.6 tons
Sealant 0.5 gallons

Rammed-Earth Platform silo

Clay 2080 1b
Lime 110 1b
Ash 52 1b

Sealant 0.5 gallons

93k.7
49,0
23.6
1.2
1.9

894,73
b7.6
22.7

1.9

794.,0
L5 4
20.0

3.3
1.9

9437
50.0
23.6

1.9

kg
kg
kg
metric

liters

kg
kg
kg

liters

kg
kg
kg
metric

liters

kg
kg
kg

liters

79

tons

tons
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RECOMMENDATIONS FOR FURTHER STUDY

This investigation is by no means complete regarding the
improvement of clay as a construction material for on-farm
grain storage in developing countries. Listed below are
recommendations for further study:

1. In this investigation, clay was optimized by the ad-
dition of lime, rice-hull ash, salt, and straw for stren-
gth, then tested for durability.. Since strength was suf-
ficieﬁt in all clay mixtures for 1-ton silos, a future
study should optimize clay for durability, then test
for strength.

2. Clay mixtures were tested in this investigation at
their standard-proctor density, the maximum density of
the clay mixture at an optimum water content. This
water content was in the range of 18% to 26% for the
various clay mixtures. Because of this low moisture
content bricks and walls of the silos recommended must
be made with some sort of applied force, either mech-
anical or tamping with weights to achieve the necessary
density of the clay mixture. A future study shodld
investigate the strength and durability of clay mix-
tures at higher water contents (within the plastic range
in the hopes of finding a clay mixture that is strong
and durable. Such a clay mixture could be worked by
hand, enabling the construction of a grain silo with-
out the use of any specialized equipment (rampress,

brick molds, or forms).
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APPENDIX A

Analysis of Silos

The most widely used formula used to determine the
forces imposed upon a silo by grain are Janssen's formulas.
for lateral and vertical pressure, shown below:

Lateral Pressure

L = wD (1-e-4KuH/D)
oW

Vertical Pressure

V = wD (H+e=*KMi/D _p /iy

LIvj.{D
where: L = lateral pressure, psf
V = vertical load, plf
w = grain bulk density, pcf
D = equivalent diameter, ft.
K = ratio of lateral to vertical internal pressure
K = (1-sin @) / (H sin #) where g = angle of
repose of grain
m = coefficient of friction, material on wall
H = depth of fill

It is recommended that these formulas be used for deep
silos only; where the heigth of the silo is greater than its
diameter. TFor a shallow silo the formulas recommended to
compute the static loads imposed by grain on the silo are
shown below:

Lateral Pressure

L = EFD x H, psf

Vertical Pressure

V = m x EFD x H%/2, plf |
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where: u = coefficient of friction, material on wall
H = depth of fill
EFD is the Equivalent Fluid Density
EFD = w tan? (450 - g/2) pcf
where: w = grain bulk density, pcf
angle of repose of grain

Maize is the grain used in the analysis of the silos and
the bulk density is 45 pcf. The coefficient of friction,
is 0.54 and the angle of respose, @, for maize is 270.
Therefore,

K = (1-sin 27°) / (1+sin 27°) = 0.546 / 1.454 = 0,376

Analysis of Cinva-Ram Silo
Lateral Pressure
The lateral pressure exerted by the maize at the bottom

of the silo is:

- -4(0.376)(0.54)6.23/3.17
L = 42%3.1E§ (1- )
0.5 °

At one brick higher in the Cinva-Ram silo 11.5 inches,

63.25 inches from the top, the lateral pressure is:

L = L5(3.17) (1-e-4(0.376)(0.54)5.27/3.17)
‘E‘Hs °

L8.9 psf

Changing these loads from pounds per square foot to
pounds per lineal foot, so as to compute the moments imposed
by the lateral loads on the brick, the forces are multiplied
by 4.98 / 12 feet, to obtain 20.3 plf and respective to 48.9
psf and 52.7 psf. To further make it easier to compute
moments, the loads per lineal foot are converted to pounds

per lineal inch, 1.69pli and 1.83 pli, respectively.
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Therefore, assuming linear distribution over the length
of the brick, the loading diagram is shown in Figure 33. The
resistive forces, Ry and Rg are generated by the tension hoops
located £ of the brick's length from the ends. Solving for
the resistive forces:

Mg

(1.69 Eli)(ll.E in)(2.875 in)+
(0.18 p1i)(11.5 in)(4.79 in)/2-5.79 in Rg=0

5.79 in Rgp = 59.74 in-p
RB = 10039 P

and

=
o
i

-(1.69 ﬁli)(ll.S in)(2.875 in) -
(0,14 p1i)(11.5 in)(0.96 in)/2+5.75 in Ry = O

5.75 in Ry = 56.65 in-p
Ry = 9.85p
The free body diagram, shear and moment diagram, are shown
in figure 26.
The maximum moment is 7.75 in-p. Using the flexuse
formula and checking for tension that occurs on the inner
face of the brick.

fp = Mc = 7. in- 017 in) = 2,26 psi, tension
I 3 7 in

where, M is moment in inch pounds, ¢ is distance in inches
from the neutral axis to the face of the brick, and I is the
moment of inertia (see Appendix B for calculations of neutral
axis and moment of inertia). Compression occurs at the outer
face of the brick and is,

fo = Me =7, in-p (0.983) = 2.18 psi, compression
" § 3.487



1.69 pli 1.83 pli
i i !
Loading Diagram L l ) 4 Y Y Y v ¥ _$‘ ¥ 1
" R " R "
_‘2.8?5. -.-TL*A 575 71LB 2.875
11.5"
1.59 pli 1.83 Pli
I
Free Body Diagram 3 {r Y Y v v ¥ v 9 !
9.85 p | 10.39 p
4.94 5.21
Shear Diagram, p
\
.4.91 "5-18

Moment Diagram,

in-p \\\\\\

-?.06 -?-?5

Figure 33. Force Diagram of Cinva-Ram brick.



88

Vertical Load
The vertical static load, V, imposed on a vertical unit

length of the silo wall by the maize is,

Vo= 45(3.17)(6.23+e-4(0.376)(0.54)6.23/3.17 3 17 /() -
x(0.376)(0.54))
V = 111.26 plf

The total vertical load imposed by the grain is,

Vg = 111.26 plf x (3.17f) = 1108p

To check for bearing pressure that occurs along the
bottom of the silo wall all vertical forces must be computed.
The weight of the wall is,

Vw = (3.5ft2 - 3,177t2) /4 x 9.15Ft x 101.0 pef = 1598p
Weight of the top, when sealed, is,

Vt = (3.5ft)%/4 x 2/12ft x 101.0 pef = 162p
Therefore the total vertical weight is,

Vo = 1108p + 1598 + 162 = 2868p
Therefore checking bearing pressure,

fp = VT/A = 2868p/24(10.47 in®) = 11.4 psi, compression

Comparison of Pressures
The forces exerted by the grain on the silo are
compared to the limits of the 2.5% ash - 4.0% limed clay

mixture below. -
Limits of 2.5% ash

Imposed Pressures -4 0% Limed Clay
Compression Flexure 2,18 psi 887 psi
Tension Flexure - 2.26 psi 97 psi

Bearing Pressure 11.4 psi 887 psi
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As can be seen, the design of the silc is more than adequate

to withstand the pressures imposed by the grain.

Hoop Tension

The lateral pressure of the grain imposed on the silo
exerts tension in the circumference of the silo. In stave
silos, this tension force is transfered to the tension hoops
that hold the staves together. In the Cinva-Ram silo the

greatest hoop tension occurs at the bottom.

Figure 34.

Splitting the silo in half as in Figure 134, and taking
the bottom tier of brick, the resistance force in the tension
hoop_is 2P, which can be determined by the formula

2P =Lt xr

where LT
T

lateral pressure per unit length, plf
radius, ft

The lateral pressure along the bottom half tier of bricks is
2L.8 plf, therefore,

1(24.8 plf) 1.75 ft
L3.L p

2r
P

i u

Therefore the material providing hoop tension should be able

to provide 50 pounds of tension.
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Analysis of Platform-Block Silo

The Platform-Block silo is a shallow silo and therefore
the second set of equations must be used in calculations of
loads.
Lateral Pressure

The Equivalent Fluid Density for maize is

EFD = 45 tan® (45° - 27°/2) = 16.9 pef
Therefore, the lateral pressure is,

L =EFD xH = 16.9 pef x 3.94 £t = 66.6 psf
and at one brick higher the lateral pressure,

L = 16.9 pef x 2.96 ft = 50.0 psf

Changing these loads to pounds per lineal inch, the
forces become 2.16 pli and 2.88 pli respective to 50.0 psT
and 66.6 psf.

The force diagram is shown in Figure 35. Solving for
the resistive forces Rp and Rg:

My = 2.16p1i(11.8in)(2.95in)+(0.724;0)(11.5in)(4/920m)/
2-5.9imRg = 0

5.9Rg = 95.56 in-p
Ry 16.20p

([

and

-2,16pli(11.8in)(2.95in)-(0.72p1li)(11.8in)(0.98in)/
2+5.9inR, = 0

=
las]
il

5:9inRg = 79.35 in-p
Rp = 13.45p

Maximum moment is 12.8 in-p. Checking for flexure

nn

fp = (12.3 in-p)(1.013in) = 2.89 psi, tension
4,312 in™




2.16 pli ’
Loading Diagram 1 3 ] [ T Y Y -
> 2'95" :,li‘ﬁ 5'9:: :i_R_B 2'95"‘__
11.8 7l
2.88 pli
2,16 p1i
Free Body Diagram S " ? T, "
13.45 16.20
8.14
6.81
Shear Diagram, p
-‘6.6z+
-8,06

Moment Diagram, in-p

-12.30

Figure 35. Force Diagram of Platform-Block Silo Brick.
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and

fe = (12.3 in-p)(0.987in) = 2.82 psi, compression
4,312 in¥

Vertical Pressure

The vertical load imposed on the silo is,

V = 0.54 x 16.9pcf (3.94ft)2/2 = 71.0 plf
The total vertical load imposed by the grain is,

Vg = 71 plf x (4.02ft) = 897 p
The weight of the wall is,

Vw = (4.35%2-4.,02%) /b x 3.94ft x 101.0 pef = 863 p
Weight of top when sealed,

v, = (4.357t%)/b x 2/12£% x 101.0 pef-= 250 D
Therefore the total vertical load on the walls is

Vp = 897 + 863 + 250 = 2010 p
Checking bearing pressure for the wall,

fy = Vp/A = 2010 / 24(13.13) = 6.4 psi
Now checking the bearing pressure exerted on the foundation
legs, the loads are the weight of wall and the top, 1113 p,
the weight of the grain, 2204 p and the weight of the base,
which is,

Vy = (4.60£t)%/2 x 0.5ft x 101.0 pef = 837
The total weight is,

Vp = 1113 + 2204 + 837 = 4154 p
Checking bearing pressure for the legs,

£, = 4154p/5(139.24in?%) = 5.97 psi
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Comparison of Pressures of Platform-Block Silo

The forces exerted by the grain on the silo are com-

pared to the limits of the 2.5% ash - 4.0% Cal clay mixture

below.
Imposed Pressures
Compression Flexure 2,89 psi
Tension Flexure 2.82 psi
Wall Bearing Pressure  6.40 psi

‘Leg Bearing Pressure 5.97 psi

Hoop Tension of Platform-Block Silo

Limits of 2.5% ash
-4 ,0% Limed Clay

887 psi
97 psi
887 psi
837 psi

The tension in the bottom tension hoop is,

2P
2

2(28.7 plf)(2.01 £t)
57.7 P

W

Analysis of Rammed-Earth Silos

Lateral Pressure

The rammed-earth silos are shallow silos, therefore

lateral pressure is:

L =16.9 pcf x 3.94 £t = 66.6 pst

The critical stress in the rammed-earth silos is tension.

The action of the lateral pressure is outward on the silos, and

in a sense, trying to split the silo.

P P

Figure 36 shows the

Figure 36. Tension Forces in Half-Section of Silo.
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action of the lateral pressure per lineal foot, Lt, upon a

hélf-section of the silo. Tension in the half-section is res-
isted by the tension forces, 2P, The lateral pressure per
lineal foot, L+, is:

Lt = 66.6 psf x 3.94 ft x % = 131.2 plf

The tension force may be computed by the formula,

2P = 2Ly x
where r = 2,05 ft, in this case.,
Therefore
2P = 2(131.2 plf)(2.05 ft)
P=2690p

The cross-sectional area of the silo wall is 94.5 in2, there-
fore the actual tension stress is,

fy = P/A = 269 p/9%.5 in? = 2,85 psi, tension
The tension limit (97 psi) of the 4.0% limed-clay with 2.5%
ash 1s more than adequate to compensate for the actual ten-

sion stress imposed upon the rammed-earth silos.

Vertical Loads
The vertical loads and bearing pressures imposed upon
the rammed-earth silos are the same as those imposed upon

the Platform-Block silo.
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APPENDIX B

Neutral Axis and Moment of Inertia of Cinva-Ram Brick

The dimensions of the brick made with the Cinva-Ram press

are shown below.

4.98"

T

i

VT
AR
N

5'5“

]

The neutral axis of the brick is,

= (4.98in)(2in)(1in) + (0.52in)(2in)(2 2
(4,98in)(2in) + (0. 521n5f21n5§2

Np = 0.983 in, from the bottom

The moment of inertia is therefore,

= 1/12(4.984n)(2in) )3+(4.98in) (21n)(g .017in)2+1/36(9.52in)
(2in)“+(0.52in)(2in)(0.316in)</2

IO = 3,487 inLF

Neutral Axis and Moment of Inertia of Platform-Block Silo Brick

The dimensions of the Platform-Block silo brick are shown

below,
6'3_n .
| i
[ \
/ \ on
| 6.82" |
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(6.3in) (2in) (1in) + (0.50in)(2in)(2/3in)/2
(6.31in)(2in) + (0.50in)(2in)/2

= 0,987 in, from the bottom.

Therefore, the moment of inertia is,

Io

1/12 (6.3in)(21in)3+(6.31in)(2in)(0.013in)2 + 1/36
(0.52) (2in)4+(0.52in) (2in)(0.32in)2/2

"

4,312 in



STRENGTH AND WATER DURABILITY OF STABILIZED CLAY
CONTAINING LIME, RICE-HULL ASH, SODIUM CHLORIDE, AND/OR STRAW,
POTENTIAL CONSTRUCTION MATERIAL FOR ON-FARM STORAGE
IN DEVELOPING COUNTRIES

by

DAYN LARZ CEDERSTRCM

B. S. Kansas State University, 1978

AN ABSTRACT OF A MASTER'S THESIS

submitted in partial fulfillment of the

requirements for the degree

MASTER OF SCIENCE

Department of Grain Science

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1981



ABSTRACT

Clay cylinders were prepared to test the effects of four
additives on the strength and durability of clay. Lime, fice-
hull ash, salt (sodium chloride) and straw were added to clay,
respectively at four levels (2.0%-8.0%), four levels (2.5%-
10.0%), three levels (0.5%-1.5%) and one level (2.0%). Mois-
tened clay samples were compacted into a 2-inch diameter by
L-inch long cylinder, moist cured for 30 hours at 49°C, then
dried for 72 hours at 49°C. Compression strength was tested
by axially loading the cylinder, where tension strength was
tested by using the split-tension test, in which the cylinder
is placed horizontally in a compression machine. Durability
was tested by immersing the cylinders of clay in water and
noting either weight gain or loss after an alotted time perioed.

Compression and tension strength of the control clay
cylinders were 417 psi and 50 psi, respectively. The optimum
of the limed clay cylinders was at 4.0%, 640 psi in compres-
sion and 51 psi in tension. Rice-hull ash (2.5%) added to the
4,0% limed clay, produced 887 psi in compression and 97 psi in
tension. Strength for the 4.0% limed clay cylinders with 1.0%
salt added was 983 psi in compression and 98 psi in tension.
Straw (2.0%) added to the 4.0% limed clay increased tensile
strength of the cylinders to 81 psi but decreased compression
strength to 603 psi. Straw (2.0%) added to 4.0% limed clay
with 1.0% salt decreased both compression and tension strength

to values of 570 psi and 89 psi, respectively.



Upon immersion in water, control, limed clay and salt-
limed clay cylinders deteriorated. Cylinders prepared from the
ash-limed clay were immersed for 560 minutes and did not deter-
oriate. Durability of all clay cylinders were increased when
coated with a vinyl water sealer.

Specifications of bricks are given that can be made using
clay containing 2.5% rice-hull ash and 4.0% lime. Recommenda-

tions of types of silos using these bricks are suggested.



