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ABSTRACT

The feasibility of using stabilized copper mill tailings 

as a building material for brick manufacturing was investigated in 

this study. A literature survey on the types of earthen homes and 

the factors involved in building them are presented. Details of 

laboratory procedure and tests using different testing equipment 

are also given. Data relating cost and effectiveness are compiled 

for comparison purposes. It was found that cement and Formula 325 

are the most promising stabilizers in copper mill tailings bricks.

x



CHAPTER 1

INTRODUCTION

Mine tailings are becoming one of the biggest ecological prob

lems in many parts of the country due to the large amounts discarded 

by mines„ At this stage, mine tailings are considered one of the 

numerous wastes that plague the country and give engineers and scien

tists challenging problems. Solving these problems is a necessity for 

keeping ahead of the ecological destruction, for these wastes are 

potential contributors to air and water pollution..

Major emphasis is directed to studies of stabilization tech

niques on mine tailings. This will reduce air pollution, but will not 

solve the problem of space required to store this waste. When large 

areas of ground are covered by mine tailings, the plant life is killed 

and large areas of unsightly earth remain. It would be better if 

these studies included not only stabilizing the mine tailings, but 

also using them in a profitable and competitive industry. While 

researching and experimenting the problem of mine tailings, the engi

neer should also concern himself with another problem that is a threat 

to the country; the shortage of building materials. The engineer . 

could attempt to work out a solution to both problems.

The shortage of housing materials is due to the increased 

housing demand. Since the mid-sixties the demand has exceeded the 

supply for housing, and it continues- to do so at an increasing rate.
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The projected population of this country is approximately 300 million 

people by the year 2000. To house that many people would require the 

increase of production of clay bricks from 7 billion (average for the 

last 15 years) to 20 billion units annually. This is impossible unless 

studies are done on the potentiality of using new types of building 

materials as well as a new source for brick manufacturing.

Previous studies were done by research groups at different 

institutions with the financial assistance of the Department of the 

Interior's Office of Coal Research on the possibility of making ceramic 

structural materials from various solid wastes of the mineral industry. 

Pigott, Valdez and Dean (1971) did a study on the waste copper mill 

tailings from accumulations at Magna,-Utah; Anaconda, Montana; and 

Hayden, Miami, and San Manuel, Arizona. The tailings were dry-pressed 

into bricks and fired at high temperatures, and the products were then 

tested in accordance with ASTM Designation C67-66 on sampling and test

ing bricks. The results showed that the standard-size produced bricks 

(2-1/4 by 3-3/4 by 8 inches) passed all the requirements. The produc

tion cost was $34.00 per 1,000 units.

Cockrjell and Shafer (1969) did an extensive study at West 

Virginia University Coal Research Bureau, dealing with the process, 

factors, and cost evaluation for the production of Fly Ash-based struc

tural materials and building brick, ^

Feld, Tyrrell and Barclay (1972) investigated the use of a mix

ture of 70 percent waste glass and 30 percent clay to form building 

bricks by the three conventional methods: dry-pressing, soft-mud
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molding, and stiff-mud extrusion* Afterwards, the bricks were fired 

at high temperatures and tested after they cooled. The results showed 

the bricks to be of good quality. The production cost was estimated 

at approximately $42.00 per thousand bricks for a shuttle kiln plant 

and $29.00 per thousand for a tunnel kiln plant.

In all the mentioned studies, the bricks were burnt at high

temperatures (above 1000°C) to achieve the desired properties. This
3requires high amounts of natural gas (4,000 ft / 1,000 bricks) which 

would contribute to the current energy crisis. It is more favorable 

to achieve the desired properties by stabilizing rather than burning 

the bricks. The science of soil stabilization is progressing rapidly 

due to the numerous techniques and chemicals that have been developed 

recently. Therefore, it is the feasibility not the possibility of 

stabilization that is questionable.

In this investigation, the research was done on copper mill 

tailings which are produced in large amounts: current annual produc

tion is over 125 million tons. Arizona is the major producer of 

copper, and the mines are in a marketable distance from the large 

cities in the state.

The copper mill tailings were stabilized and dry-pressed, but 

not fired. This proved to be sufficient for low-rise buildings. Fired 

bricks, which are of much higher quality, could be used for high-rise 

building.



Scope

In this study, laboratory tests were performed on the stabilized 

bricks abiding by the standards of the Uniform Building Code, Section 

2405 shown in Table 1» A further step was taken by performing tests 

not required by UBC Section 2405, but they were tests that simulated 

the natural weathering process„

Table 1« Uniform Building Code Standards for Unburnt Clay Masonry, 
Section 2405.

Compressive Water Modulus of Fines % Water-
Strength, Absorption, Rupture, Passing Soluble
psi Percent psi #200 Salts

Percent

Average = 300 2.5 Average = 50 25 min„ 0.2
or fines or

Mimimum = 250 less Minimum = 30 45 max. less

The stabilizers used were asphalt, cement, lime, aliquate H226 

(fatty quaternary ammonium chloride), sodium silicate, and Formula 325. 

A discussion of the success or failure of these stabilizers will be 

stated in later chapters.

After forming, the bricks were allowed to dry for ten days at 

a temperature of 70+2°F. This allowed the bricks to dry to less than 

2% moisture content. At this stage the following tests were performed: 

(1) unconfined compressive strength, (2) absorption, (3) flexure, (4) 

rain erosion, (5) freezing and thawing effect on the unconfined compres

sive strength, (6) wetting and drying effect on the unconfined compres

sive strength, and (7) sand blasting.



CHAPTER 2

EARTHEN HOME CONSTRUCTION

History and Development

Earthen homes were probably the first homes man lived in after 

he emerged from the caves. The constructions were very crude and 

primitive, but man found shelter and also had the advantage of mobility. 

Man could live wherever he wanted to.

The first shelters were probably simple holes in the ground » 

covered with branches, skins or sod. Later, man built frames from 

poles above the ground and plastered them with mud. Stones were used 

as building materials for walls, and sod was used too for walls.

More advanced shelters were produced by using a fairly stiff
)mixture of mud, applied in layers, to make a wall. Rammed earth, pise 

de terre (a mixture of water and sandy clay), and adobe were all early 

developments.

There are many earth dwellings that have survived the centu

ries. Earthen homes in fairly dry climates have lasted the longest.

A wet climate is obviously a detriment to an earthen structure.

Adobe was used in Syria and Egypt at an early date. It is

thought that the earliest homes of Sialk, an oasis in Iran, were built

of a crude form of cob before 4000 B.C. Unverified reports indicate 

that gigantic pyramids near Sian Fu, the ancient capital of China,
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said to be over six thousand years old, were build of alternating 

layers of earth and lime (U.S. Housing and Home Finance Agency, 1955).

Earth has continued to be a primary building material through 

the centuries. Today, because of advances in the science of soil 

mechanics, scientists and engineers are able to predict and control 

what soils will do under various conditions.

The scientific road builders have learned a great deal about 

the behavior of soils. By combining the soil with other materials, 

stabilizers, scientists are able to make mixtures from the soil that 

are excellent for building purposes.

Types of Earth Construction

As a result of the varying climates, soils, and building tech

nologies throughout the world, several types of earth wall construc

tion have been developed.

General

In its simplest form, wetted earth is molded by hand into the 

shape of a wall either by the cob method or the wattle and daub method. 

In some areas where timber is available for framework, the Cajun 

method is used. Wooden forms can be used to control the shape of the 

molded earth, as in the adobe method. In areas of advanced building 

technology, larger forms have been used so that walls can be built in 

place monolithically. The advantages of higher strength and better 

stability were realized since the earth can be rammed or compacted in 

these forms. In recent years, industry, research stations and govern

ment self-help programs have made a cooperative effort to develop



machines that will manufacture sufficient earth blocks to construct 

multi-unit projects, These mass-produced blocks have used proven 

stability agents to produce high strength, weather resistant earth 

wallso

Brief descriptions and relative advantages and disadvantages 

of several methods of construction are discussed below. The general 

topics of soil information and other factors related to the method of 

interest to this study (pressed-unburned masonry ) will be discussed 

later.

Cob, The English cob method of construction requires a stiff 

mud, which is piled up in relatively thick layers to form the wall, 

without the use of shuttering (forms). The mud must be mixed to a 

consistency heavy enough so that it will have little tendency to slump. 

If a certain amount of slump or spreading occurs, the mud is put back . 

in place with a trowel, or the edge is sliced off and placed on top 

of the wall. In this type of construction, shrinkage cracks may often 

cause serious trouble.

Essentially, this construction can be accomplished by one work

man, using only occasional part-time help. Earth digging and replenish

ment of the prepared mix can be done by another workman. Due to the 

time required for each course to dry, the work is rather slow, there

fore, the high production rate that could be accomplished by several 

workmen is not practical.

Wattle and Daub, In the wattle and daub method of earth con

struction, a framework of posts and poles is built; onto which reeds 

or rods are woven or fastened to form a base for mud plastering.
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When the plaster reaches the proper consistency for easy working, it is 

applied to both sides of the framework. Shrinkage cracks are common in 

the thin wall. A similar construction consists of a double wall of 

poles and withes filled with mud.

It is to be expected that there will be constant maintenance 

with these types of construction. The required maintenance becomes 

more difficult to accomplish as the occupants of this type of structure 

become less active due to old age or sickness. Consequently, this type 

of construction may fail to give adequate shelter at a time when the 

occupants need the protection. This method is not practical in arid 

areas where the small supply of brushwood must be used for fuel.

Cajun. Cajun is a Spanish name referring to earth wall con

struction in which a clayey soil mix of appropriate consistency is 

used in the form of wall panels supported by a structural wall frame 

of either timber or concrete. Essentially, the advantage of the earth 

is that it eliminates timber- sheathing.

Adobe Blocks. Walls made of adobe blocks represent one of the 

most popular types of eath construction. The blocks are manufactured 

by placing mud of suitable consistency in forms and then curing the 

blocks prior to placing them in the wall. The procedure allows the 

use of soils with higher clay contents than the preceding methods or 

the rammed earth method since shrinkage occurs during the .curing 

period. Usually adobe blocks have been stabilized with straw although 

more effective stabilizing mixtures are available for modern construc

tion.



This method requires more labor than any of the other technique 

since the blocks must be handled during manufacturing, curing, and 

placement in the wall. The results, however, are satisfactory, crack 

free walls. A distinct advantage of adobe block construction is that 

part-time labor can be used to make the required quantity of blocks 

before actual construction of the building.

Poured Adobe. In the poured adobe method, the prepared earth 

in the consistency of a plastic mud may be poured into forms to build 

the wall monolithically to reduce the labor requirement of adobe blocks 

Shrinkage cracks normally occur, and they must be grouted with mud 

plaster.

Rammed Earth. In the rammed earth method of construction, 

walls are built with moist sandy loam, which is tamped or rammed into 

position between heavy formwork. Either pneumatic or hand tampers 

can be used. Careful selection of the soil is necessary to prevent 

shrinkage, and the moisture content must be closely controlled to 

allow proper compaction. The finished wall can be stuccoed or painted, 

if desired, to produce a pleasing and durable finish.

Webb, Cilliers and Stutterheim (1950) discussed the problems 

encountered in this method of construction. A major problem was the 

difficulty in joining the different layers in the wall due to shrinkage

Alcock (1950) wrote about the rammed.earth technique in West 

Africa, and described a method of providing shrinkage joints in wall 

in situ, by inserting corrugated iron joint strips vertically in each 

course; the strips were removed as soon as the section was rammed.
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When the wall has dried out and the shrinkage taken place, the joint

was grouted or caulked with a suitable mortar mix.

Machine-made Blocks. The recent introduction of block-making 

machines has contributed to renewed interest in earthen home construc

tion. These block-making machines have high production rates and the 

mechanically compressed blocks which they produce combine the high 

density and strength characteristics of rammed earth with the construc

tion ease and crack-free walls of adobe blocks. Soil stabilizers, 

which can be readily added to- the blocks, eliminate, in many cases, the 

need for protective coverings such as stuccoes or paints. The perfor

mance of the stabilized block compares favorably with burnt brick, 

lumber, and other conventional building materials.

In this research investigation, the study was limited to this 

type of construction; therefore, only those factors and details con

cerning machine-made blocks will be discussed.

Soil Characteristics and Criteria

To predict the suitability of any soil for a particular con

struction method, it is necessary to evaluate certain characteristics 

and physical constants of the soil. Based on past experience, many 

methods that approximate standards have been devised. This section 

will cover the usual soil characteristics and physical constants.

Characteristics and Physical Constants

Gradation. Soil grains exist in a variety of sizes from col

loidal particles less than 0.001 mm up to maximum gravel sizes of 3



inches. Normally, the grain sizes are grouped into four main cate

gories: gravel, sand, silt, and clay. However, various soil classi

fication systems place the boundaries between categories at different 

sizes.

For earthen structure purposes, most authors consider only 

two divisions of soil— sand and clay. The "clay" category includes 

silt, so that "fines" would be a more accurate term. Similarly, "sand 

includes grave1 and actually represents the "coarse" category. ' These 

two terms, the coarse and the fine fractions, embrace all the soil 

constituents. The dividing line is between coarse silt and fine sand. 

Many authorities feel this simpler division will suffice except in 

laboratory research studies.' Fitzmaurice (1958) however, disagrees 

that the simple sand-clay ratio is sufficient for design where compe

tent engineering services are being used on the project.

There is a preferable soil gradation for machine-made blocks 

(bricks) but it is not realistic to base the production of this type 

of brick on the gradation. With the many stabilizers on the market 

almost any kind of soil properties could be altered favorably. It is 

probable that soils suitable for rammed earth will show reasonably 

similar properties when pressure-compacted in machines. Soils for .
i

machine-made blocks (bricks) cannot contain the large gravel sizes 

that are satisfactory in rammed earth mixes. - It is necessary to 

remove gravel larger than 1/2 to 3/4 inches in size.

Moisture Content. The moisture content of a soil is the ratio 

expressed in percentage of the weight of water in a quantity of soil 

divided by the dry weight of that soil.
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The optimum moisture content refers to the moisture content at 

which a soil attains its maximum dry unit weight for any given compac- 

tive effort. For soils with low clay contents, compaction at moisture 

contents higher or lower than the optimum will result in low densities, 

low strengths, and poor volumetric stability. Since the optimum mois

ture content varies with the soil and the compactive effort, it must be 

determined by tests performed on the soil mixture to be used and at 

the desired or anticipated compactive effort.

Soils that have low optimum moisture content are better in 

strength than comparable soils having high optimum moisture content.

This becomes very important in arid areas where water is very valuable 

and hard to obtain.

Atterberg Limits. Tests have been devised and standardized 

to determine the moisture content of a soil when it changes from one 

state of consistency to another. The four states usually considered 

are: soild, semi-solid, plastic, and liquid. Boundary moisture con

tents between these four states are shrinkage limit, plastic limit, 

and liquid limit, respectively. These limits are called the Atterberg 

Limits, after the Swedish soil scientist who devised them.

I. The shrinkage limit is the moisture content at which 

shrinkage of the soil will cease with further moisture loss. This 

condition is a very important consideration in earth construction 

because shrinkage cracks are usually detrimental to a building. Since 

clay is the major soil fraction that causes shrinkage, the shrinkage 

limit of a soil is a general index of clay content.
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Since the objective of the machine is to produce high strength 

uniform blocks, consideration must be given to prevent shrinkage, 

According to findings of researchers with rammed earth, cracking can 

be prevented by selecting a soil whose shrinkage limit is equal to or 

above the optimum moisture content. This will require a selective 

gradation.

2. The plastic limit of a soil is the moisture content at 

which a soil changes from a semi-solid to a plastic state. This con

dition is said to exist when the soil begins to break or crumble when 

rolled into 1/8 inch diameter threads. The plastic limit is governed 

to a high degree by clay content. Some silt and sand soils that can

not be rolled into 1/8 inch threads at any moisture content have no 

plastic limit and are termed non-plastic.

3. The liquid limit is the moisture content at which a soil 

changes from the plastic to the liquid state. It has been defined as 

the moisture content at which the sides of a 2 mm wide groove cut in 

the soil flow together a distance of 0.5 inch under the impact, of 25 

blows in a standard testing device. Sandy soils have low liquid 

limits of the order of 20, whereas silty clays and clays have signif

icant liquid limits that may be as high as 80-100 or even higher.

4. The plasticity index is defined as the numerical differ

ence between the liquid limit and the plastic limit. It has been 

correlated to the engineering behavior of soilsand it is an excellent 

indicator of soil performance. Soils with plasticity indexes less 

than 10-15 are volumetrieally stable, whereas soils with high plas

ticity indexes greater than 20-25 have characteristics, such as
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high shrinkage and swelling which render them undesirable for earth 

construction unless they are treated with stabilizers.

Soil Strength. Another characteristic that must be considered 

is the strength of the soil. Finished brick or earth wall must have 

both flexural strength and compressive strength to sustain the loads 

imposed on them. Flexural strength specification are very low (50 

pounds per square inch or less), since wind loads on the walls are

the only principal loads producing tension. The compressive strengths
/

usually specified (around 300-350 pounds per square inch)e For consis

tent results, a constant rate of deformation--usually 0.05 inches per 

minute--should be used to measure both strengths.

Resistance to Weathering. Generally, four types of weathering 

processes must be considered in earth construction. They are:

le Wetting and drying.

2. Freezing and thawing.

3. Erosion by rain.

4. Abrasion.

Tests have been devised to measure the resistance to these 

weathering processes. Although it would appear that the sand-clay 

ratio of a soil should influence its weathering properties, authorities 

do not agree on the correct ratios. Glenn (1943), and other investi

gators at Clemson College found that mixtures increased in weather 

resistance with higher percentages of clay. However, Patty (1936), 

at South Dakota, reported the reverse to be true. It is possible that 

different types of clay minerals in the soils caused this apparent 

contradiction in the investigations.
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Absorption. Absorption is the rate at which water enters a 

specimen due to either capillary flow or immersion. It is measured 

in terms of moisture gain for a specific time period. Absorption of 

water into an earth building material may be caused by both permea

bility and capillarity. As the proportion of sand increase, the pore 

spaces become larger, resulting in increased permeability; however, 

too many fines will allow water to penetrate the soil by capillarity.

In general, the best sand-clay ratio to prevent water passage must be 

determined by absorption tests for the specific soil in use.

Soluble Salt Content. Some soils containing large amounts.of 

soluble salts are not suitable for earth wall construction. In addi

tion to having a high affinity for water, these soils are difficult to 

stabilize with certain chemical stabilizers. Such soils are peculiar 

to arid and semi-arid regions. Even if the bricks were stabilized 

successfully and passed all structural and durability tests, efflores

cence might occur eventually because of excess of soluble salts. 

Efflorescence is a deposit of water-soluble salts upon the surface or 

in the pores of bricks. It is usually white in color, but might be 

in different colors according to the kind of salts.

Efflorescence producing salts are usually sulfates of sodium, 

potassium, magnesium, calcium, and iron (ferrous); carbonates of. 

sodium, potassium, and calcium; or sodium bicarbonates or silicate. 

However, almost any soluble salt that finds its way into the material 

may appear as efflorescence; consequently, chlorides, nitrates, and 

salts of vanadium, chromium, molybdenum, and others are occasionally 

found. 1
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Brownell (1969) studied the causes and control of efflorescence 

on brick work. He described the efflorescent crystal pressure result

ing from deposits within the pores of the bricks as the most harmful.

He stated that "under certain conditions, salts can be deposited below 

the surface of brick in the pores. When this takes place, the force 

of crystallization and growth of crystal can cause cracking and dis

integration of the products."

Sultan (1973a) described some characteristics of an ideal soil 

for brick making. The general important factors of that soil are 

listed below:

1. Soil may have sand and gravel up to 75 percent and clay 

must be less than 30 percent.

2. The plasticity index is between 2 and 15.

3. Optimum moisture content is low.

4. No, or very little, organic content.

5. High-alkali soils are not very suitable without treatment.

Soil Stabilization and Surface Coatings

Probably the most outstanding weakness of earth walls is their 

susceptibility to damage by moisture. A wall which is not protected 

against excessive water absorption will not last for a long period of 

time.

Protection by a resistant surface coating is one way to prevent 

rain water from reaching the bricks. This is not enough, however, in
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the case of capillary absorption from the ground through the founda

tion. Therefore, some sort of stabilization must be applied internally 

to the bricks in case of water absorption to avoid drastic failures.

Soil Stabilization

Soils are stabilized for the purpose of improving one or more 

of their basic properties. This could be done by many methods which 

will not be discussed in this study. Many different agents have been 

used for earth home construction. Some of these are:

Portland Cement. Considerable research has been devoted to 

studying the use of soil stabilized with cement in the construction 

of roads and airfields. However, only a few research projects have 

involved the direct application of cement stabilization to earth wall 

construction. It may be generally stated that the quantity of Port

land Cement required for stabilization of a soil depends on the type 

of soil and the method of preparing the soil-cement mixtures.

Mehra (1953) did a field study on a mass construction project 

of 4,000 houses. He blended different local soils in India to produce 

a stable soil which he treated with 2.5 percent cement. The stabilized 

soil was compacted, dried, and had many tests performed on it. The 

results were excellent.

Webb et al. (1950) investigated various compacted soil and 

soil-cement mixtures for use in buildings. Laboratory tests were done 

on a series of synthetic soils made by blending sand and clay in 

various proportions. In particular, the study concerns the effects of 

soil characteristics, molding moisture contents and cement contents 

on the density, durability,1 water permeability and compressive
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strength of soil-cement bricks made from various soils under different 

conditions»

Some of the conclusions based on this research are listed

below:

lo The density of the blocks decreased as the clay content 

of the soil increased.

2. The increase in cement content caused an increase in the 

dry compressive strength and the ratio of wet to dry 

compressive strength. The strength of blocks molded from 

sandy soils was generally slightly higher when the total 

moisture content in the mix was below the optimums With 

clayey soils, the opposite was true,

3. It was more effective to stabilize sandy soils than clayey 

soils, Blocks molded from sandy soils were generally 

stronger and shrank less during drying.

4. Blocks molded from clayey soils lost moisture much slower 

than those molded from sandy soils,

5. The increase in cement content caused a decrease in the 

permeability of the blocks.

6. Unstabilized specimens failed to survive one cycle of a 

wet-dry weathering test. Six percent cement blocks lost 

9 percent weight after 20 cycles. Twelve percent cement 

blocks lost 1 percent weight after.20 cycles.

7. For the production of soil-cement blocks, soils with a 

maximum grain size of 10 mm were recommended. The
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material finer than .005 mm should not exceed 20 percent 

by weight and should preferably be below 10 percent. The 

plasticity index should not exceed 20 and should prefer

ably be below 10, while the linear shrinkage should not 

exceed 6 percent and should preferably be below 4 percent.

8. Cement contents less than 6 percent by weight were not 

recommended.

9c . Blocks should be cured for at least two weeks and should 

be kept damp and protected from direct rays of the sun.

They may be used for construction of wall about four weeks 

after manufacture when well air-dried.

10. It was recommended that after 28 days of curing followed

by 24 hours of immersion, the compressive strength of the
2blocks exceed 15 kg/cm (about 210 psi) and the moisture

absorption be less than 12 percent.

Portland Cement Association (1946) did experimental research 

studies on wet and moist soil-cement mixtures for building materials. 

The study recommended that soils for soil-cement blocks or cast-in- 

place should be limited to U.S. Public Roads Administration soil 

groups A-2-4 and A-4 which contain less than 50 percent fines (silt 

and clay) having usual affinity for cement and which may be hardened

with relatively low percentages of cement.

Stone (1952) did an engineering study for the Columbian 

government which evaluated the factors involved in the use of soil- 

cement for simple structures. One hundred types of soil were tested,
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and it was found that small quantities of cement5 as low as 2 to 8 

percent by weight, stabilized most of these soils with the exception 

of those containing greater than 85 percent or less than 10 percent 

clay, or more than 8 percent organic matter.

Patty (1940) did a study which determined the effect of admix

tures on the compressive strength of rammed earth, but not upon the 

resistance to weathering. Fifteen percent portland cement (based on 

the dry weight of the soil) was added to four different soils which 

had sand contents varying from 26 to 80 percent. No added strength 

was provided by the cement for a soil which contained 26 percent sand. 

The compressive strengths were doubled and almost tripled by the 

addition of the 15 percent portland cement to the remaining soils with 

sand contents varying from 48 to 80 percent.

Emulsified Asphalt. This mixture is an emulsion of asphaltic 

cement and water containing a small amount of emulsifying agent (usually 

soap). There are many types and grades of asphaltic emulsion and care 

must be exercised in selecting the proper one for the particular job. 

Emulsions !,breakH or settle out at varying rates of time and come as 

fast-, medium-, or slow-breaking (setting) emulsions.

The primary function of an asphaltic emulsion is not to increase 

the compressive strength, but to retain the original dry strength of 

the raw soil through waterproofing. In fact, the strength of the stabi

lized mixture will often decrease with increasing asphalt content. 

Therefore, the minimum amount of asphalt that will satisfactorily water

proof the mix, is the optimum content.
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Hansen (1941) did an extensive study on the suitability of 

stabilized soil for building construction. His results indicated that 

the compressive strength of a dry soil block was increased by the addi

tion of a small amount of emulsified asphalt, but it decreased after 

a certain amount was added. When the specimens were allowed to absorb 

water, the compressive strength increased as the stabilizer contents 

increased. An increase in stabilizer content lowered the absorption 

of water.

U.S. Housing and Home finance Agency (1955) reported that the 

correct quantity of asphalt emulsion can usually be determined only 

by experiment, but it appears to depend primarily upon the amount of 

fine silt and clay contained in the soil. As a rough guide, the 

following percentages have been suggested to approximate the amount 

of slow-setting type emulsion which may be needed:

Sandy loams 4 to 6 %

Clay loams 7 to 12 %

Heavy clays 13 to 20 %

These rules, when used for preparing samples or making quick 

estimates, are helpful, but it must be remembered that the amount of 

stabilizer required will generally increase not only with the amount of 

clay in the soil, but also with colloidal content. It should also be 

recognized that the water affinity of the fines in various soils may 

vary and that the nature of the stabilizer is variable also.

Lime and Lime-Admixtures. • Lime, as an admixture, has been used 

in agriculture to improve clay soils with respect to their plant sus

taining qualities, workability, and transmission of surface water. It
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has been used by highway engineers to increase the load carrying 

capacity of heavy clays and to reduce their softening upon saturation.

In earth building construction, particularly in India, lime separately 

or with additives has been used to improve strength and weathering 

properties.

Chu et alo at Iowa Engineering Experiment Station (1955) did 

a study in which four silty and clayey soils were stabilized with lime- 

flyash. The shrinkage limits for the untreated soils were considerably 

lower than the optimum moisture contents. The sand-clay ratios for 

the four soils were 8:92, 3:97, 1:99, and 8:92. It is obvious that 

these soils would not have been suitable for earth construction with

out being stabilized.

The following conclusions were made from this study:

1. Lime-fly ash decreased the maximum dry density and increased 

the optimum moisture content.

2. Lime-fly ash materially improved the compressive strength 

of soaked samples. Untreated samples failed during immer

sion while stabilized samples gave 64 to 223 psi compres

sive strengths after 7 days' moist cure and 360 psi after 

28 days' moist cure.

3. With 25 percent lime-fly ash, strengths varied slightly for

lime to fly ash ratios from 1:1 to 1:9.

4. For a given lime to fly ash ratio, compressive strengths

increased with increasing percentages of admixture.
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Other Chemical Stabilizers. A large number of chemicals have 

been tested and found to be of some benefit in either waterproofing 

or cementing soils. The individual performance records of the chemi

cals will not be enumerated, however, the source of the information 

is listed.

Sultan, Kriegh, and Sogge (1971) conducted an investigation on 

fifty-seven resin formulations. The objective was to find quick- 

curing resinous materials capable of stabilizing sand and silty clay 

soils by improving their in situ strength characteristics. Compressive, 

flexural, and shear strength tests were performed at variable moisture 

contents. Twenty-four formulations passed the screening test criterion 

with penetration resistances in excess of 400 psi at 0.5 inch pene

tration.

Smith and Hough (1952) at Cornell University, under the sponsor

ship of the Army Corps of Engineers, developed a process called briquet

ting, in which soils were stabilized with sulphite liquor (waste to 

pulp producers). This waste mixed with potassium or sodium bichromate 

formed a water-insoluble jelly. The low viscosity of the mixture 

allowed good penetration in the soil 3 to 6 inches.

Other Stabilizers. Most stabilizers which are used in foreign 

countries are made from products which are available locally, with the 

exception of portland cement and lime. The builder of low cost homes 

has turned to available and inexpensive materials that appear to bene

fit construction. Organic admixtures have been commonly used: manures,
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fibers, and rotted plants have been used. They are normally discredited 

however, in American engineering papers.

The use of straw or other fibers in adobe is a controversial 

subject. Narayana (1953), in India, reported that jute fiber contri

buted additional weathering resistance. Neubauer (1950) reported that 

the advantages of adding straw to the mix were doubtful. He suggested 

that its use might improve drainage and ventilation through the block 

(during curing), promote uniformity of drying, assist in avoiding 

checks and cracks, and perhaps improve the tensile strength of the 

blocks. Harrington (1945) discounted the use of straw and considered 

that it reduced the compressive strength of the block. Some authorities 

suggested that in hot arid areas, termites might eat the straws.

The following materials have been reported to have been used 

as soil stabilizers:

1. Cow dung.

2. Grass

3. Flax straw.

4. Oat straw.

5. Tannic acid.

6. Jute fiber.

7. Surki (a pozzolan made in India).

8. Cattle urine.

9. Rotted plantain leaves (West Africa).

o 1—1 Molasses.

11. Sawdust and wood shavings.
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12. Juice from Euphorbia lactia plants or Optintia plants 

(Principally in Venezuela and Union of South Africa, 

but common to nearly all tropical countries).

13.3 Gum arable..

14. Hardwood ashes.

Surface Coatings

Surface coatings have been applied to earth structures to pro

long their life by limiting erosion and water absorption. Surface 

coatings are only needed on unstabilized earth structures in moderate 

climates, but in severe climates both surface and internal forms of 

protection are needed.

The use of portland cement has been satisfactory for coatings, 

but in most areas cheaper substitutes are necessary. Mud plasters, 

lime stuccoes, dung washes, and plant juices have all been used.

In the development of wall treatments, the requirements men

tioned below have been established.

Watertightness. Some mud plasters and cement or lime stuccoes 

perform unsatisfactorily due to a high sand content which is permeable 

enough to pass.water. The proper sand content must be determined 

very carefully since too little, sand will result in checking of the 

covering and too much sand produces a permeable surface.

Durability. High cement contents will give a strength that is 

sufficient to resist weathering. In the wall treatment, the principal 

structural weakness is that of bond to the underlying earth. Usually,
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mechanical bonds such as lath or wire will prevent failure, but they 

add considerably to the cost. Cheaper but less effective mechanical 

bonds can be made by placing nails in indentations. Another mixture 

that has been used as an undercoat to improve the bond is portland 

cement and water (cement washes).

Appearance. Cement or lime stuccoes usually produced the most 

attractive color for home structures. The resulting light color also 

provides a better-lighted interior because of higher reflection.

Economy. The high percentage of cement in stuccoes (usually 

25 percent) accounts for the high cost for their use for surface coat

ings. In low-income countries the prevalence of mud or "dagga" plaster 

for surface coatings is proof that the more durable stuccoes are also 

the more expensive product.

The grading, consistency, technique of application, and mater

ials in dagga plaster must be improved for use in areas where cement 

or lime are not economically available. In West Africa, for example, 

they have discovered that a kaolin-rich clay can be used as an ad

mixture to the regular dagga plaster to give good results.



CHAPTER 3

MATERIALS ? TEST PROCEDURES AND EQUIPMENT 

Materials

Soil

When copper ore is extracted from the ground3 it contains 

large amounts of impurities such as rock and soil. This coarse ore 

goes through a grinding process, and the output is a fine powdery 

product. The crushed product is then charged into flotation pots 

where frothing and dispersing agents are added to help separate the 

copper compounds from the impurities. The impurities, suspended in 

great amounts of water, are then pumped in pipes and deposited in

large ponds. The deposited solids are called "copper mill tailings-"

In this study, the term "soil" will be used for the copper mill tail

ings for practical purposes. It should be realized, however, that

copper mill tailings are synthetically formed soil, since it did not
.

go through the natural weathering process in its final form.

The "soil" used for this study was copper mill tailings. How

ever, another soil from the Yaqui village was used for comparison

reasons. An extensive study was done on the Yaqui soil (Sultan and 

Zakhour 1973), which proved it to be an ideal soil for brick making. 

The copper mill tailings and the Yaqui soil will be referred to as 

Soil #1 and Soil #2,respectively. According to the triangular classi

fication chart prepared by the Mississippi River Commission, Vicksburg
27



28

Laboratorys both soils were classified as silty sand soils. The soils 

have grain size distribution curves shown in Figure 1.

A mineralogical analysis was done on Soil #1, and the results 

are shown in Table 2.

Table 2. Mineralogical Analysis of Copper Mill Tailings.

Minerals

Major Minor

Illite,
Quartz,
Feldspar (plagioclase)

Chlorite,
Kaolinite,
Amphibole,
Smectite

Figures (2) and (3) show the standard AASHO compaction curves 

for Soils #1 and #2,respectively; Soil #1 with a maximum dry density 

of 116.3 pcf occuring at an optimum moisture content of 14.0 percent 

and Soil #2 with a maximum dry density of 129.8 and an optimum mois

ture content of 8;5 percent. The physical properties of both soils 

are compiled in Table 3.
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Table 3. Physical Properties of Soil #1 and #2.

Physical Properties Copper Mill Tailings Yaqui Soil
Soil #1 Soil #2

Gravel, percent -- 7.5

Sand, percent 60.0 61.5

Silt, percent 35.0 19.8

Clay, percent 5.0 11.2

AASHO classification A-4 (2)

Liquid limit 17.8 23.0

Plastic limit ... 16.0

Plasticity index NP 7.0

Shrinkage limit 16.0 11.3

Shrinkage index ... 5.0

Specific gravity 2.76 2.71

Maximum dry density, pcf 116.3 129.8

Optimum Moisture Content 14.0 8.5

Soluble Salts, Percent 0.2 0.11

In Table 4, general properties of Soils #1 and #2 are listed 

along with the properties required in an ideal soil for pressed adobe 

bricks. The table shows that Soil #2 is an excellent soil for that 

purpose.
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Table 4. General Factors for Soils #1 and #2 Versus an Ideal Soil

Ideal Soil Soil #1 Soil #2

Sand and gravel, percent up to 75.0 60.0 69.0

Clay, percent less than 30.0 5.0 11.2

Plasticity Index 2.0 - 15.0 , NP 7.0

Moisture Content, percent low, optimum 14.0 8.5

Organic material none, or little none little

Alkalinity low pH = 6.5 pH = 7.4

Stabilizers

The stabilizers are listed below» but their levels of treat

ment will be discussed later.

Cement. Low alkali cement from the Arizona Portland Cement 

Company was used.

Asphalt. Chevron RC-250 was used. It had 65 percent bitumi

nous material and 35 percent volatiles by volume.

Formula 325. It is a chemical stabilizer generally marketed 

as a waterproofer. Fatani (1973) worked on a modification of this 

chemical and demonstrated its effect on silty clay soil by performing 

numerous tests. He described the chemical as "generally composed of 

an ionized polysolaxene base (sodium methyl siliconate) which is a 

water repellent chemical and a cementing agent of an organic nature." 

The chemical was diluted with 30 parts of water to 1 part of Formula 

325 by volume (30:1).
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Aliquat H2260 It is a fatty quaternary ammonium chloridee 

Dunlap et al. (1962) did a thorough investigation bn the chemical and 

its effect in the laboratory and the field. They obtained some favor

able results with silts and highly plastic clays. For this study it 

was diluted with water according to the manufacturers recommendation.

The solution had 93.5 percent water and 6.5 percent solid.

Sodium Silicate. Sodium silicates constitute a group of chem

icals that have a wide range of chemical and physical properties. They 

have many uses in industry. Silicates are produced at various alkali, 

NagO, to silica, SiO^, ratios, water contents, and particle sizes 

depending on their proposed use. Usually they are derived from the 

relatively abundant raw materials of silica, sodium salts, and water.

The chemical used in this study was diluted in water. The sodium sili

cate "N11 solution, known as water glass, had 38.56 percent sodium sili

cate, 61.44 percent water, and a density of 11.6 pounds per gallon.

Lime. Lime is a product from natural limestone. There are 

different kinds of lime which have different effects on soils.. The 

parent material and the production process would affect the type of 

lime. Hydrated lime [Ca(OH)3 from Paul Lime Plant, Inc., in Arizona 

was used.

Sample Preparation

The additives and their levels of treatment used with both 

soils have different effects on varying the dry density-moisture con

tent relationships, but it would have been beyond the scope of this
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study to determine the mentioned relationships for each level of treat

ment for each chemical. Therefore, all bricks from both soils were 

molded at maximum dry density and optimum moisture content, with +0.5 

percent tolerence, of the raw soils. Regardless of the type of the 

additive, be it powder or liquid, the solids or volatiles in each chem

ical were part of the final dry density and the moisture content of 

the molded bricks. For example, the term "dry density" means the 

weight of total solids per unit volume. Similarly, the term "moisture 

content" means the ratio, in percent of the total weight of volatiles 

in a given mass to the total weight of dry solids. Volatiles, in this 

case, are defined to be those materials evaporated from a treated soil 

upon drying in an oven at 105°C for 24 hours.

Levels of Treatment

Since admixtures such as cement and asphalt are expensive, it 

is desirable to determine the lowest quantity that can be used to meet 

the specifications. In the case of some admixtures, particularly 

asphalt, the performance suffers with too much admixture. Therefore, 

an optimum admixture content exists which should be determined by 

trial with test specimens.

Cement. Portland Cement Association (1958) has worked out a 

short-cut procedure for determining the amount of cement to be used.

This procedure is too conservative since the charts used are plotted 

for 7-day compressive strength. The treatment levels used in the 

current study were 2, 4,\and 6 percents of soil dry weight, in order 

to keep the cost of the stabilizer at a reasonable level.
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Asphalt. It was assumed that dark bricks were not desired 

from the thermal9. lighting, and appearance aspects, especially in hot 

climates and for unpainted or unplastered walls. Therefore, the cri

teria for amount of additive was visual rather than scientific. The 

treatment levels of RC-250 were 1, 2, and 3 percents of the soil dry 

weight. The amount of volatiles was considered as part of the liquids 

needed to achieve the desired moisture content.

, Formula 325. Due to the high content of water in the Formula 

325 solution (30 parts water to 1 part Formula 325), the solution was 

added to the soil like water. For example, if 100 gms of water were 

required, 100 gms of Formula 325 solution were used instead.

Aliquat H226. The percents of solution added to the soil were

based on the solids in the solution to the weight of dry soil. Three

treatment levels were used: 1/8, 1/4, and 1/2 percents. The chemical

had no bonding agents, therefore, 2 percents of cement were added to 

each level of treatment. This was only done with Soil #1 (copper mill 

tailings) because it had low compressive strength in its untreated 

state.

Sodium Silicate. When both soils were treated with cement, it 

was known before hand that no matter how successful the treatments were,

the bricks still would not pass the UBC specifications (in absorption) •

due to the absence of waterproofing agents. Therefore, three different 

sets of cement treated bricks with the addition of 2 percent sodium 

silicate solids were molded. This was done on Soil #1 only.



37
Lime, Lime by itself is not usually recommended for non- 

plastic soils. In this study, it was added to check its reaction with 

Soil #1. Soil #1 had very poor workability due to the lack of plas

ticity. Lime is usually added to clays of high plasticity to improve 

their workability by reducing their plasticity index. In the case of 

Soil #1, there was no plasticity anyway, and the addition of lime did 

not worsen the workability of the soil. Lime was not added to Soil #2 

because its plasticity was reasonable enough to allow good workability 

and low shrinkage.

Specimen Molding and Compaction

Both soils were oven dried at a temperature of 105°C for 24 

hours. The soils were then taken out of the oven and allowed to cool 

for 4 hours before using. Moisture gain in the soils during that time 

was very small and was neglected to compensate for evaporation that 

occured during mixing. Chemicals of powder consistency were mixed 

thoroughly with the dry soils before adding the water needed. Chemi

cals of liquid consistency were mixed thoroughly with the water needed, 

and then the mixture was introduced to the dry soils and mixed further. 

To insure homogeneous mixture in each case the chemicals, dry soils, 

and water were mixed vigorously in a Blakeslee mixer„ The mass was 

then hand-mixed for about one minute. The desired density, then, was 

achieved by statically compressing a known weight of the wet soil in 

the designated mold of a known volume.

The static compaction was done at a constant slow rate through 

a 60k capacity Tinius Olson Testing Machine. When the desired specimen
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thickness was reached, which was very accurately controlled by stoppers, 

the load was maintained for about 30 seconds to minimize the specimen's 

rebound. This was followed by slow unloading. Immediately after com

paction, the specimen was extruded by a modified Soil Test Extruder,

The specimen weight and thickness were checked afterwards.

All bricks were molded at maximum dry density and optimum mois

ture content with tolerances up to + 0,5 percent. Brick sizes were 6 

inches long, 3 inches wide, and 2 inches thick for all tests except 

for the flexure test. Flexure beams sizes were 11-1/4 inches long,

3 inches wide, and 3 inches thick. The load during static compaction 

was applied to the 6 inch x 3 inch surface to form the bricks and to 

the 11-1/4 inch x 3 inch surface to form the flexure beams. The pres

sure levels required to compact the bricks varied from 800 to 1,200 

psi, with the highest levels of treatment for cement and lime requir

ing the highest pressure.

Representative moisture content samples were taken to measure 

the exact molding moisture content. This was done after mixing and 

before compacting the specimens,

The specimens were then cured for 10 days for Soil #1 and 14 

days for Soil #2 at 70° + 2°F, (Figure 4), The term specimens, in 

this study, referred to the bricks (6 inch x 3 inch x 2 inch) and the 

flexure beams (11-1/4 inch x 3 inch x 3 inch) together. If reference 

was made to one or the other alone, the terms bricks or flexure beams 

were used.
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Figure 4. Bricks During Curing at 70° + 2°F.
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Testing of Specimens

At the end of the curing period, which was determined by the 

number of days required for the water content of the specimens to 

reach below 2 percent, the specimens were ready for testing. Only 

those specimens that passed the UBC Section 2405 standards,shown 

in Table 1, were passed on for further testing.

Structural Tests

These tests were done to examine the structural integrity of 

the specimens.

Unconfined Compressive Strength. In accordance with the UBC 

Standard No. 24-25-64 the bricks were tested flat on their 6 inch x 

3 inch area,and the load was applied to that surface. This did not 

allow shear planes to form across the bricks. Therefore, a more appro

priate name for this test would have been "unconfined crushing, 

strength", since the bricks were actually crushed, whereas the first 

name suggested a standard soil mechanics test. The bricks were also 

tested standing on their 3 inch x 2 inch area,and the data is listed 

but not discussed later.

UBC Section 2405 required that the bricks be tested flat 

mainly to simulate the actual loads applied to the bricks in a wall.

The bricks were tested on the Tinius Olson Machine at a loading rate 

of .05 inch/minute. The procedure abided by UBC Procedure Section 

24.705 (b).

After failure, representative portions of each brick were put 

in a moisture can, weighed, and placed in an oven at 105°C for 24 hours.
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If the moisture content at the time of testing was higher than 2 per

cent, the test values were disregarded, and the test was repeated.
This criteria applied to all tests.

Flexural Strength. The Third-Point Loading Method was used 

according to ASTM Procedure Designation: D1635-63. The. flexure beams 

(11-1/4 inch x 3 inch x 3 inch) were tested on the Instron Testing 

Machine. Figure 5 shows a flexural strength test in progress. All 

fractures occured within the middle third of the span length, there

fore, the modulus of rupture was calculated as follows:

where:

R = modulus of rupture in pounds per square inch,

P = maximum applied load indicated by the testing machine 4- 

weight of apparatus above the flexure beam in pounds,

L = span length in inches,

b = average width of flexure beam in inches, and 

d = average depth of flexure beam in inches.

The load was applied at a constant rate of .05 inch per minute. 

A diagrammatic view of the apparatus used for flexure testing by the 

Third-Point Loading Method is shown in Figure 6.

The moisture content after the flexure test was obtained in 

the same manner as in the compressive strength case.



Figure 5. Flexural Strength Test in Progress
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Load

Steel ball
Steel rod Steel rod

1 in. min 1 in. min

Specimen

loading
structureL/3 L/3 L/3

Span Length, L

Figure 6. Diagrammatic View of the Apparatus 
Used for Flexure Test by the Third- 
Point Loading Method.



Durability Tests

These tests were performed to examine the resistance of the 

bricks to weathering.

Capillary Absorption. A laboratory procedure was conducted

to test the capillary absorption of the bricks simulating the water

rise in a wall if water was made available to the bricks (Figure 7).

The bricks were tested in an apparatus shown diagrammatically in

Figure 8. The bricks were weighed, and then placed on filter paper,

and then positioned in water on a support so that the water level

was approximately 1/8 inch above the base of the bricks. To insure a

constant water level throughout the test, water was supplied to the

tank,and the excess water was drained by a slot about 1/8 inch above

the base of the bricks. The bricks were left in the tank with water

continuously available to them for one week. Afterwards, the bricks
owere weighed and placed in an oven at 105 C for 24 hours to determine 

the moisture content after testing. The difference in moisture con

tent before and after the test represented the absorption in percent.

Rain Erosion. This test was done to simulate the effect of 

rain on the bricks. The machine used was the rainfall simulator known 

as the ffRotadisk Rainulator” (Figure 9). This machine was built at 

the Civil Engineering Department, based on an initial design by Morin, 

Cluff, and Powers (1970). Fatani (1973 p .40) stated: !,The Rainulator

gives a combination of relatively low intensity rain with realistic 

drop sizes and high impact velocity by using a pressure controlled 

high capacity nozzle and slotted rotating disks to regulate the impact



Figure 7. Capillary Absorption After 7 Days.

1. 6% Cement-Treated Brick, Unsprayed.
2. 6% Cement-Treated Brick, Sprayed

With Formula 325 Solution.
3. 2% Asphalt-Treated Brick.
4. 3% Asphalt-Treated Brick.



water
feed
line support water levelscreen

excess
water
opening

‘fir

Approx 
1/8 in

Figure 8. Diagrammatic View of the Apparatus Used 
For the Capillary Absorption Test.
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Figure 9. Rotadisk Rainulator.
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velocity and.intensity011 Morin, Goldberg and Seginer (1967) and Morin 

et ale (1970) gave full information and work done on the machine»

This test was performed following the test procedures outlind by 

Sultan (1972) for rain erosion studies. Under the Rain Simulator 

there is an aluminum sheet metal base with 16 slots. El-Rousstom 

(1973) established correction factors for each slot to give a true 

representation of the eroded soil.

The bricks were weighed and laid at a slope of 4.5° and an 

average rainfall intensity of 1.98 inches per hour, was selected. The 

rain duration lasted for one hour. Immediately after the test, the 

bricks were weighed and placed in an oven at 105°C for 24 hours to 

dry and then re-weighed for moisture content (rain absorption) and 

erosion determination.

Freeze and Thaw Test. This test was performed to simulate the 

repeated cycles of frost and thaw and their effects on the compressive 

strength of bricks in nature. It was obvious that if the water pene

trated the bricks and frost action took place, some expansion of the 

water-filled voids would occur; and when thawed, the soil particles 

would be dislodged.

The bricks were weighed and then placed on a fully saturated 

1/4 inch thick cotton pad and placed in the freezing room at a tempera

ture of 10° + 2°F for 24 hours. The bricks were taken out of the 

freezing room and left in a room at a temperature of 70° + 2°F for 

24 hours to complete one cycle» The bricks were subjected to 3-1/2 

cycles, ending with the freezing cycle. At that time, the bricks were
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allowed to thaw for approximately 4 hours and then tested flat in the 

Tinius Olson Machine for unconfined compressive strength. The four 

hour period of thawing was determined to be that time where the ice 

had just thawed and drying was about to start. If the bricks were 

tested before the 4 hour thawing period, the strength of some ice in 

the voids would have contributed to the strength of the bricks. If 

the bricks were tested much later than the 4 hour period, the bricks 

would have started drying and gaining in strength. Therefore, it was 

intended to test the bricks at their minimum strength condition.

The moisture content after failure was' obtained in the same 

manner as in the compressive strength case.

Wet and Dry Cycles. The bricks were weighed and placed in a 

100 percent relative humidity room at a temperature of 70° + 2°F for 

24 hours. The bricks were covered with a plastic cover in a way that 

humidity was allowed, but direct water was prevented from reaching the 

bricks. After the wetting period, the bricks were taken out and left 

in a room at a temperature of 70 * 2°F for 24 hours to complete one

cycle. The bricks were subjected to 3-1/2 cycles. Immediately after 

the bricks were taken from the 100 percent relative humidity at the 

end of the wetting period, they were tested flat in the Tinius Olson 

Machine for the unconfined compressive strength. The moisture content 

was checked for each brick tested.

Sand Blasting Test. This test was performed to simulate sand 

storm effect (abrasion) on walls. It was a subjective test. The 

bricks were weighed and subjected to sand blasting from a nozzle 8
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feet away from the bricks«, Approximately 1,200 cubic centimeters of 

#20 size sand were blasted on the bricks at a pressure of 100 psi for 

4 minuteso At the end of the blasting period, the bricks were weighed 

and erosion was calculated.

Rain erosion was calculated in percent, which is similar to 

most previous studies. This is not general, but it has the advantage 

of. easiness to understand for comparison purposes. It's disadvantage 

is in the additional calculations that must be done to approximate 

erosion of a surface area of an earthen wall.
oSand blasting erosion was calculated in gm/in . This has the 

advantage of easiness of calculating the erosion of an earthen wall 

if the surface area is given.

For this research study, it is adequate to list erosion in its 

two forms as stated earlier. For field purposes, the following factors 

of conversion could be used.

Soil #1:
oErosion in percent x 0.61 = Erosion in gm/in

2Erosion in gm/in x 1.65 = Erosion in percent

Soil #2:
2Erosion in percent x 0.67 = Erosion in gm/in

2Erosion in gm/in x 1.50 = Erosion in percent



CHAPTER 4

DATA PRESENTATION AND ANALYSIS

Adequate testing is a necessity for successful earthen home 

construction, especially when many additives are being used as stabi

lizers, Screening tests must be performed to eliminate those stabili

zers that did not satisfy the specifications. Some of the additives 

used in this study proved to be very effective. The results demonstrated 

the feasibility of using stabilized copper mill tailings as building 

materials for brick manufacturing. The effects and performances of the 

used additives with the copper mill tailings will be discussed in this 

chapter. Test results of Soils #1 and #2 are listed in Tables 5 through 

8, shown later in this chapter. •

Efflorescence

Excessive efflorescence occurred when sodium silicate, cement 

and sodium silicate, or Formula 325 were mixed with Soil #1. Formula 

325 and sodium silicate solutions had pH values of 12.3 and 12 respec

tively, which indicates very basic solutions. At this high level of 

alkalinity, the solubility of alumina and silica is extremely high.

This high solubility facilitated chemical reactions between the silica 

and alumina in Soil #1 and the mentioned additives.

The surfaces of the bricks that were mixed with Formula 325 or 

sodium silicate had an ugly mold-like efflorescence (Figure 10) which 

was a nuisance to remove and caused the bricks to be unsightly.

51
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Figure 10. Excessive Efflorescence On Copper 
Mill Tailings Brick Treated With 
Sodium Silicate.
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However9 it should be stated that bricks made of Soil #2 mixed with 

Formula 325 solution did not show any form of efflorescence. This is 

by no means the most disadvantageous aspect of efflorescence. The 

efflorescent crystal pressure resulting from deposits within the pores 

of the brick is the most damaging due to the cracking and disintegration 

caused by crystallization (Brownell 19*69). This is verified in this 

study by x-ray diffraction tests done on the shavings of bricks that 

had efflorescence. The tests showed considerable traces of soil minerals 

in addition to the salts. This proved that disintegration of the bricks 

made from Soil #1 and the mentioned additives had occurred. The x-ray 

tests showed that the efflorescence-producing salts were mostly sulfates 

of sodium and iron, carbonates of sodium, and sodium silicate.

In the case where sodium silicate and cement were added to 

Soil #1, the efflorescence was caused by calcium hydroxide in addition 

to the other salts. Calcium hydroxide is an inevitable product of the 

reaction between cement or lime and water. When this calcium hydroxide 

is brought to the surface by water, it combines with carbon dioxide in 

the air and forms calcium carbonate (very slightly soluble), which then 

appears as a whitish deposit.

The principal objection to efflorescence in this study were 

based on the appearance characteristics and possible future deteriora

tion and flaking in the bricks. Therefore, all specimens made of Soil 

#1 that had Formula 325 or sodium silicate mixed in them, were rejected 

and no further tests were performed on them.

Specimens that needed waterproofing treatment were sprayed 

with a solution of water and Formula 325 (30:1). No efflorescence



occurred as a result of spraying the solution on the bricks made of 

either soil. This is mainly due to the small amounts of solution

sprayed. Another reason is that the solution penetrated the surface\
of the brick to a shallow depth of approximately 1/4 inch, thus avoid

ing the two important causes of efflorescence, namely the slow drying 

and salt migration to the surface, that were experienced in the fully 

treated bricks.
 ̂ .

Structural Tests 

The design of an earth-wall house differs slightly from that 

of a house built of other types of masonry. The structural integrity 

of the bricks is the most important property since all failures ulti

mately occur as structural failures. Therefore, the stabilized bricks 

must pass the minimum structural requirements to be acceptable.

Unconfined Compressive Strength

The UBC Standards, Section 2405, require a minimum average 

compressive strength of 300 psi. The UBC requires that the unsupported 

height of every wall of unburnt clay bricks shall be not more than 10 

times the thickness of such walls. This restriction is conservative 

even for bricks of 300 psi compressive strength, and totally unfair 

for some of the stabilized unburned clay bricks which had compressive 

strengths 5 times the required strengths Bricks made from Soil #2 

and 6 percent cement had compressive strength in excess of 10 times 

the required strength (Table 5). A more appropriate requirement would 

be to list the allowed wall heights versus the available compressive



Table 5. Results of Structural Tests on Stabilized Bricks.

Additive
Treatment
level.

Unconfined Compressive 
Strength, psi

Flexural Strength, 
R-Value, psi

Precent

Flat
Soil #1

Standing
Soil #2 

Flat Standing Soil #1 Soil #2
None -- 255 106 1578 464 23 61

2 767 329 1222 380 47 --

Cement 4 1283 426 1883 430 74 85

6 1400 508 3333+ 810 88 118

1 278 128 1033 374 57 96

Asphalt 2 317 150 1210 427 47 124
RC 250

3 311 152 1106 398 43 150

1/8 744 209
(no

1061
Cement) 

199 61
(no Cement 
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2% Cement 1/4 675 184 772 194 . 72 52
+ Aliquat

1/2 567 166 661 186 64 58

2 494 153 - - - --- -- -

Lime 4 778 158 --- ------ -----

6 1000 329 -  -  - --- 84
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strength in the brickse This would eliminate excessive over-design of 
these masonry units.

Untreated Bricks. The superiority of the Yaqui soil over the 

copper mill tailings became apparent in the unconfined compressive 

strength test (Table 5).

Bricks made of Soil #1 had poor bonding between the particles. 

The bricks failed by crumbling which is usual with non-plastic soils.

The bricks did not meet the UBG requirement.

Bricks made from Soil #2 demonstrated excellent natural cemen

tation between the particles. The bricks failed in small wedges along 

shear planes. Their failure was brittle, resembling that of the cement- 

treated bricks. The bricks were more than 5 times stronger thatn the" 

required strength.

Cement0 The use of cement with soils to improve their struc

tural properties is very common. In this study, it was used to improve 

and maintain the strength of the bricks under adverse weather condi

tions .

1. Copper Mill Tailings: The presence of bonding agents in

the cement increased the unconfined compressive strength of the bricks 

(Figure 11, shown on p. 62). The average percent increase, based on 

the untreated values, ranged from 200 percent to 450 percent. All 

levels of treatment easily passed the UBC requirement for compressive 

strength. Soil #1 responded well with small amounts of cement, even 

at the lowest level of treatment of 2 percent. This is due to the 

small volume of voids. Soils that have large voids require



considerable amounts of cement to fill the voids and attach the soil 

particles to each other before any significant gain in strength is 

obtained (Maclean and Lewis 1963)„

2. Yaqui Soil: The lowest amount of cement (2 percent) re

duced the strength by 22.5 percent. This may be due to the large voids 

and the small amount of cement, which was not enough to replace the 

strong natural bonding between the soil particles (Table 5). The 4 

and 6 percent treatments improved the strength based on the untreated 

values, by 19.3 and 111.2 percent, respectively. All cement-treated 

bricks passed the UBC requirement very easily.

Cement treated bricks made from either soil, particularly the 

strongest ones, failed (brittle failure) with more or less vertical 

planes at the edge of the brick when tested flat. Bricks made of the 

Yaqui soil were superior in strength to bricks made of the copper mill 

tailings, although the latter improved at a better rate with cement 

treatment.

. , Asphalt (RC-250). The primary function of asphalt stabili

zation is not to increase the compressive strength, but to retain the 

original dry strength of the raw soil through waterproofing, by coat

ing the soil particles with a thin film of bituminois material.

1. Copper Mill Tailings: The increase in the unconfined com

pressive strength due to the asphalt treatment was not appreciable 

(Table 5). This was expected since all authorities recommend against 

stabilizing with asphalt any soil having more than 25 percent passing
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#200 sieve„ The increase in strength ranged from 9 percent (for 1 per

cent asphalt) to 24 percent (for 2 percent asphalt), based on the 

untreated values» Bituminous material in concentrated form appeared 

in mumerous globules in the bricks after failure. This indicated the 

irregularity in mixing (not the lack of it), which is usual with soils 

of high percentages of fines. The failure pattern in the asphalt- 

treated bricks indicated poor cementation between the particles simi

lar to that in the untreated bricks. The treated bricks with 2 and 3 

percent asphalt (RC-250) passed the UBC by small margins of 17 psi 

and 11 psi, respectively. At this stage, the asphalt treated bricks 

were not rejected from the testing program although they had an unde

sirable appearance (gray with black dots) and poor strength.

2. Yaqui Soill The asphalt treatment reduced the compressive 

strength by 34.5 percent (for 1 percent asphalt)e The bricks gained 

slightly in strength with the 2 percent treatment and lost strength 

with the higher concentration (3 percent asphalt). The bricks looked 

uniformly darker than the untreated bricks, but there were no concen

trated globules of bituminous material. This indicated uniform mixing. 

The failure pattern indicated good bonding between the particles. The 

bricks did not crumble at failure, which was more plastic than that 

of the cement-treated bricks. All levels of treatment easily passed 

the UBC requirement for compressive strength (Table 5).

Asphalt-treated bricks made from either soil achieved their 

optimum additive content for compressive strength at approximately 2 

percent. Other than this similarity the contrast between the bricks
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made from the Yaqui soil and those made from the copper mill tailings 

was distinct. Bricks made from Soil #2 had an acceptable appearance 

and excellent strength, contrary to those made from Soil #1.
J

Aliquat H226. This chemical is mainly a water-repellent and 

has no bonding agents« This became apparent when the increase in con

centration caused a decrease in the strength of the Aliquat H226- 

treated bricks (Table 5). The solids in Aliquat H226 (fatty quaternary 

ammonium chloride) weakened the natural friction and interlocking 

between the soil grains by coating the particles with a waxy, lubricant- 

type chemicale

Aliquat H226-treated bricks made from Soil #1 passed the UBC 

compressive strength requirement because of the 2 percent cement added 

to each level of treatmente

Aliquat H226-treated bricks made from Soil #2 passed the UBC 

requirement without the use of cement*

Lime. The increase in the compressive strength due to lime 

addition to the copper mill tailings ranged from 94 percent to 298 

percent (Table 5) , based on the untreated values« Lime-treated bricks 

at all levels of treatment passed the UBC requirement for compressive 

strength.

It was expected that lime would not improve the workability of 

_the copper mill tailings. The tailings had very poor workability and 

the lime treatment did not improve it. This makes^lime-treated bricks 

impractical for field production. In this study, the poor workability 

of the wet lime-soil mix was overlooked for the purpose of finding
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the lime effects on the bricks after they had dried, that is to allow 
cementation to take place.

Only the bricks treated with 6 percent lime had all the remain

ing tests performed on them, and it was considered sufficient to demon

strate the effects of the lime treatment.

Lime was not used with the Yaqui soil due to its low plasticity

index. If lime had been used with Soil #2, the plasticity would have 

been reduced. This would have required the use of other additives to 

improve the workability.

Flexural Strength

UBC and most other specifications require a minimum strength 

in flexure of 50 psi, although design methods consider zero flexural 

strength. This minimum requirement is mainly to accomodate the tensile 

stresses during handling and transporting the bricks. When in the wall, 

the bricks receive low tensile stresses from wind loads. If the design

required the bricks to carry major tensile stresses, then steel rein

forcements would be necessary.

Untreated Bricks. The behavior of the untreated bricks in 

the flexure test was similar to that in the unconfined compressive . 

strength test.

Bricks made from Soil #1 had very poor flexural strength and 

did not meet the UBC requirement. Bricks made from Soil #2 demon

strated good flexural strength that passed the UBC requirement easily.

Bricks made from either soil had failures of the brittle type. 

Those made from the Yaqui soil experienced larger deformations before 
total failure.
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Cemento. The usual hair cracks that develop in almost all 

soil-cement products were not visible to the naked eye. If there had 

been any cracks, they were so fine that interlocking between the two 

sides of the cracks remained high, thus not damaging the flexural 

strength of the cement-treated bricks.

1. Copper, Mill Tailings: The cementation of soil with cement

improved the flexural strength.of the bricks. The increase in flexural 

strength was proportional with the level of treatment. The improvement 

varied from 78 percent for 2 percent treatment to 282 percent for 6 

percent treatment, based on the untreated values (Figure 12). The

two highest levels of treatment (4 and 6 percent) passed the UBC 

requirements. All failures were of the brittle type occurring at low 

deformations.

2. Yaqui Soil0. The levels of treatment of cement with the 

Yaqui soil, for this test, were 4 and 6 percent. The improvement in 

strength due to the cement treatment was proportional to the cement 

concentration. The increase in flexural strength, based on the un

treated values, ranged from 39.4 percent to 93.5 percent for the 4 

and 6 percent concentrations, respectively (Table 5). Both levels 

of treatment passed the UBC requirement. All failures were of the 

brittle type. —

Although bricks made from both soils experienced the same 

type of failure, those made of Soil #1 failed completely (broke in 

half) under the highest stress levels, while bricks made from Soil #2 

carried some load beyond the highest level of stresses and did not 

fail completely until much higher deformations were reached. This
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would indicate that walls made from Soil #2 are safer, since there 

would be a time lag between the structural and the complete failures. 

Walls made from Soil #1 would fail abruptly once their structural 

strengths.were exceeded. In either case, complete failures would 

not occur unless high tensile loads were applied, which is unlikely, 

unless winds of hurricane proportions were applied or poor design during 

construction existed.

Asphalt (RC-250)o Authorities stress the importance of varia

tion of temperature on the structural (particulary flexural) properties 

of asphalt-stabilized soils. In this study, flexure beams were tested 

in the laboratory at a temperature of 70° + 2°F, It was recognized 

that the results were not indicative of the true flexural strength of 

the asphalt-treated bricks at temperatures above 100°F, which occur 

almost daily in Arizona in the summer. The UBC requires that asphalt 

be the only additive that could be used to stabilize unburnt bricks.

The UBC does not specify the temperature that the flexure strength 

must be tested at. This demonstrates the unfairness of the UBC towards 

other stabilizers that maintain almost a constant flexural strength 

under the temperature ranges predominant in Arizona,

1. Copper Mill Tailings', The flexural strength was improved 

with the asphalt treatment, but it was inversely proportional to the 

level of treatment (Table 5), The 1 percent.asphalt-treated flexure 

beams were the only ones that met the UBC requirement,

2, Yaqui Soils Asphalt treatment improved the flexural 

strength of the Yaqui bricks. The increase ranged from 57,4 percent
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(for 1 percent treatment) to 146.0 percent (for 3 percent treatment).

The increase in flexural strength was porportional with the level of 

treatment (Table 5). All flexure beams easily passed the UBG require

ment.

All failures of beams made from either soil were of the plastic 

type occuring at higher deformations than in the cement-treated beams.

Aliquat H226. The waxy consistency of Aliquat H226 had obvious 

effects on the type of failure the beams experienced. The beams made 

from either soil were more plastic and failure occured at much higher 

deformation levels than in the asphalt-treated beams. The increase in 

concentration of Aliquat H226 increased the degree of plasticity and 

the level of deformation experienced at failure.

1. Copper Mill Tailings* The 2 percent cement added to Ali

quat H226 treatment improved the flexural strength considerably with 

the 1/4 percent Aliquat H226 treatment level possessing the highest 

R-value (Table 5). All levels of treatment met the UBC requirement.

2. Yaqui Soil° Aliquat H226 reduced the flexural strength 

of the beams by a small margin. The increase of Aliquat H226 concen

tration had little effect on the flexural strength of the beams 

(Table 5). All levels of treatment met the UBC requirement.

It was obvious that the good performance of the flexure beams 

made from Soil #1 was due to the 2 percent cement added to each level 

of Aliquat H226 treatment. The Yaqui soil demonstrated its structural 
superiority over the copper mill tailings by meeting the UBC require

ment without any bonding additives.
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Lime. The strength-producing pozzolanic reaction occuring 

between the lime and soil silica and/or alumina,improved the flexural 

strength by 265 percent for the 6 percent treatment (Table 5). Failures 

of the 6 percnet beams due to flexure were very abrupt and brittle.

They occured at smaller deformation than the cement-treated beams.

Durability Tests 

Earth walls have in the past been susceptible to two main 

defects. The first being the softening effect of rain and the abrasive 

effect of wind, which have led to erosion of exposed faces. The 

second involves weather effects like freezing and thawing and wetting 

and drying which have produced cracking and disintegration of the 

walls. Such.defects can only occur due to lack of durability of the 

bricks under environmental conditions. Therefore, durability tests 

were performed to detect the behavior of the bricks under such weather

ing conditions, hoping that through such studies many of the defects 

which have marred earthen walls in the past would be eliminated.

Capillary Absorption

The UBC requirement is that the bricks shall not absorb more 

than 2.5 percent moisture after 7 days of standing in 1/8 inch of 

water. This test is too strict for Arizona and is not required by 

the Phoenix City Code.

Untreated Bricks. As the proportion of sand increases, the 

pore spaces become larger, resulting in increased permeability. How

ever, too many fines will allow water to penetrate the soil by capil

larity.
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1. Unstabilized Copper Mill Tailings: The high percentage of 

fines caused excessive absorption of water by capillarity (Figure 13)„

The high absorption caused the bricks to collapse and lose their 

strength completely within a short time after the test had started.

When the bricks were sprayed with a 30:1 solution of water: Formula

325, the absorption was controlled and reduced quite effectively 

(Figure 14). The untreated bricks passed the UBC requirement after 

they were sprayed with the solution of Formula 325.

2. Unstabilized Yaqui Soilt The capillary absorption for the 

Yaqui bricks was much higher than the 2.5 percent requirement by the 

UBC, and much lower than that for the copper mill tailings (Table 6).

This may be attributed to the lesser amount of fines. The bricks 

collapsed after two days of soaking. Spraying the bricks with Formula 

325 solution reduced the absorption considerably, but not enough to 

meet the UBC requirement (Table 7)»

Formula 325 solution penetrated the surface of the untreated 

bricks made from Soil #1 to a much larger depth than those made from 

Soil #2. This might have been the reason for the higher absorption 

in the Yaqui bricks although they had7 less fines. The deep penetration 

of the solution in the copper mill tailings bricks (1/4 inch for Soil 

#1 to 1/8 inch for Soil #2) may be attributed to the smaller amount 

of clay in Soil #1.

The complete loss of strength prohibits the use of either type 

of bricks without internal stabilization. The spraying of the surfaces
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Table 6. Results of Absorption and Rain Erosion Tests on Stabilized Bricks„

Additive
Treatment
level.

Capillary Absorption, 
Percent

Rain Absorption, 
Percent

Rain Erosion, 
Percent

Percent Soil #1 Soil #2 Soil #1 Soil #2 Soil #1 Soil #2
None — - - 25.0 11.5 28.4 16.1 70.7 5.9

2 16.0 10.4 13.9 9.6 Negl. 0.8
Cement 4 16.3 10.4 13.9 9.3 0 Negl,

6 15.9 8.4 13.6 7.4 0 Negl.

1 10.4 9.4. 4.3 3.9 Negl. 3.1

Asphalt 2 8.2 8.5 1.5 1.4 Negl. 0.4
RC 250

3 8.0 6.0 0.8 1,0 0 0.3

. 1/8 , 15.8
(no Cement) 

1.8 13.8
(no Cement) 

1.8 0
(no Cement) 

1.1
2% Cement 1/4 15.7 2.8 12.9 1.4 0 Negl.
+ Aliquat

1/2 15.6 3.4 10.3 4.0 0 Negl.

2 -- --- 16.5 --- 4.6 ---

Lime 4 15.9 7.0 ---

6 17.2 14.9 0.9
Negl. = value of 0.1 or less.



Table 7. Results of Absorption and Rain Erosion Tests on Stabilized Bricks Sprayed with Formula 325.

Additive
Treatment
level.

Capillary Absorption, 
Percent

Rain Absorption,. 
Percent

. Rain.Erosion, 
Percent

Percent. . Soil #1 Soil #2 . Soil #1 Soil #2 ... . . Soil .#l Soil #2

None 1.0 3.3 1.3 2.1 Negl. 1.5

2 0.7 1.2 1.1 1.1 Negl. 0.4

Cement 4 0.8 1.0 0.8 1.1 0 Negl.

6 1.1 1.0 2.3 0.9 0 0

2 -- --- 0.3 - - - 0 ------

Lime 4 — 0.7 --- 0

6 2.4 - - - 0.8 Negl.

Negl. = value of 0.1 or less.
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of the bricks may not be enough to stop absorption and may lead to 

eventual collapse in case of accidental chipping or cracking.

Cement. Several authorities have reported that the addition 

of cement to soils reduced their capacity for water absorption. This 

may be due to the filling of the voids which reduces the available 

volume for water, absorption.

1, Copper Mill Tailings: The cement treatment reduced the 

amount of absorption considerably compared to the untreated values.

The increase in cement concentration had no effect on the absorption 

capability (Figure 13). The high capillary absorption, which may be 

attributed to the high amount of fines was far above the limits speci

fied by the UBC. However, when the bricks were sprayed with a 30:1 

solution of water: Formula 325, the absorption for all levels of treat

ment was reduced tremendously (Figure 14). The cement-treated bricks 

passed the UBC requirement after they were sprayed with Formula 325 

solution. The tremendous reduction in absorption indicated the excel

lent waterproofing property of Formula 325 (Figure 7).

2. Yaqui Soilc Cement treatment reduced absorption slightly 

compared to the untreated values. The addition of cement that causes 

plugging of the voids of the soil with a non-pervious material (parti

cularly after curing), will cause a reduction in the capillary poten

tial of the treated soil due to a general reduction in its permeability. 

The reduction in the capillary absorption remained constant for the

2 and 4 percent concentration and began to decrease again for the 6 

percent treatment (Table 6). Although the capillary absorption for
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this soil was less than that for Soil #1, none of the cement concen

trations met the UBC requiremento All levels of treatment passed 

the specifications when the bricks were sprayed with Formula 325 solu

tion (Table 7).

The larger voids may be credited for the lower capillary absorp

tion in bricks made from Soil #2. However, for that same reason, it 

took greater amounts of cement to fill the voids and to cause any 

significant reduction in absorption* In Soil #1, the reduction of 

absorption was considerable mainly due to the small amount of cement 

needed in filling the smaller voids.

It is obvious that the use of waterproofing agents with the 

cement treatment is necessary to meet the UBC specifications in absorp

tion.

Asphalt(RC-250)« Asphalt improved and considerably reduced the 

absorption characteristics of the bricks made from either soil (Table 

6), However, the absorption was in excess of 2.5 percent and therefore 

none of the bricks met the UBC requirement. The absorption was in

versely proportional to the asphalt concentration which is illustrated 

in Figure 7.

Asphalt-treated bricks were not sprayed with Formula 325 solu

tion because asphalt itself was mainly used for waterproofing purposes. 

The spraying would have been more of a repetition of treatment for the 

same purpose. Reviewing the results of the asphalt-treated bricks, 

one finds out that while 2 and 3 percent asphalt treatment for Soil #1 

passed the compressive strength requirement they failed the flexural



strength specification* Asphalt treated bricks made from Soil #2 

passed the compressive and flexural strength tests. None of the

asphalt-treated bricks made from either soil at any level of treatment

passed the UBC specifications in absorption. Therefore, asphalt by 

itself was rejected as a stabilizer to these soils. Further tests

were performed on the asphalt-treated bricks, and the results are not

discussed; however, they are listed in Tables 6 and 8 (see p. 80).

Aliquat H226. This chemical is marketed as a waterproofing 

agent. It is suggested that once this chemical is adsorbed on the 

surface of a material the surface becomes hydrophobic.

1. Copper Mill Tailings! The addition of cement and Aliquat 

H226 reduced the absorption from 25 percent to approximately 16 percent, 

which is similar to the cement treatment by itself (Table 6). This 

indicates that the reduction in absorption may have been mainly due

to the cement and not due to Aliquat H226. It is obvious that the 

waterproofing property of this chemical is not effective with this 

soil. No spraying with Formula 325 solution was done for the same 

reasons mentioned in the asphalt treatment. Reviewing the results 

of the cement and Aliquat H226 treatment with copper mill tailings, 

one finds good compressive and flexural strength properties of the 

bricks. However, since the Aliquat H226-treated bricks did not pass 

the UBC specifications in absorption, they were rejected as building 

bricks.

2. Yaqui Soil: The use of Aliquat H226 was more effective
■ ' . ' 

with this soil. It reduced the capillary absorption considerably.



Howevers the increase in concentration of the chemical caused an in

crease in the absorption (Table 6)„ The lowest concentration(1/8 per

cent) met the UBC requirement in absorption. This particular concen

tration was the only one that met the UBC specification in compressive 

strength, flexural strength, and absorption. However, meeting the 

UBC requirement in flexure was only marginal for this level of treat

ment. It should be realized that the performance of the bricks manu

factured in the field may not be as good as those made in the labora

tory due to the lower efficiency in mixing and forming. Therefore, 

the marginal success of the 1/8 percent treatment in the laboratory was 

a decisive factor in the rejection of Aliquat H226 as a chemical sta

bilizer for building bricks.

This chemical had better performance with Soil #2 in the capil

lary absorption test. This is in accordance with the results obtained 

by Dunlap et al. (1962). Their results showed the chemical to be 

most effective on materials having high plasticity or containing 

moderate amounts of silt, which is more applicable to the Yaqui soil.

Lime. Lime had approximately the same effect on absorption as 

the cement (Table 6). Lime-treated bricks were sprayed with Formula 

325 solution. The sprayed bricks barely passed the UBC requirement.

Rain Erosion

. Rain erosion has been most damaging to earthen homes in the 

past. Rain erosion is the detachment and transportation of soil 

particles from the body of soil. The most important soil-detaching
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agent is the falling raindrop. The kinetic energy of a raindrop at 

impact with the soil causes a damaging erosion called "sheet erosion," 

This erosion is essentially a uniform removal of a thin layer or "sheet" 

of soil from a given area of land. The larger the raindrop size (mass) 

and the faster its descent, the greater is its energy and the more 

efficient a detaching agent it becomes. Flowing wafer is an important 

transporting agent active in soil erosion. It transports soil because 

of its buoyancy and turbulence.

Untreated Bricks. The absence of bonding between the grains 

due to the lack of plasticity and excess of silt size particles caused 

the copper mill tailings brick to erode excessively (Table 6). The 

high permeability of this soil may have allowed the water to penetrate 

the surface and fill the voids. The buoyant effect of water then 

carried the soil particles away from their place. The natural bonding 

between the particles in the Yaqui soil resisted detachment, thus. 

resulting in considerably less erosion (Table 6). However, when both 

types of bricks were sprayed with Formula 325 solution, the copper 

mill tailings responded better to the spraying (Table 7). The erosion 

was almost eliminated with the spraying of the untreated copper mill 

tailings brick.

Cement. Realizing that detachment is prerequisite to runoff 

and erosion, cement was added to improve the bonding between fhe soil 

particles.

1. Copper Mill Tailings0. Cement has been found to be very 

effective for rainfall erosion control in this study, as illustrated
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in Figure 15. Two percent treatment reduced the erosion to a negligible 

level, and 4 and 6 percent treatments eliminated erosion completely.

The erosion of the untreated bricks was 70 percent, demonstrating the 

weakness of the untreated soil and effectiveness of the cement treat

ment even at the lowest concentration. Spraying the cement-treated 

bricks did not affect the rain erosion since it was minimal to start 

with, but it reduced the rain absorption considerably which is illus

trated in Figure 16.

2. Yaqui Soil: The good suitability of this soil for brick

production was once more demonstrated in the sound performance in all 

previous tests even when not treated. Cement reduced erosion to a 

negligible level which is illustrated in Table 6. Spraying these 

bricks did not affect the rain erosion, since it was already quite 

small, but it reduced the absorption considerably, which is illustrated 

in Table 7.

Lime. Some authorities have recommended doubling the amount 

or the curing period when lime is used instead of cement. This is 

mainly due to the longer time required for cementation to take place. 

Since this was not done in this study, it was expected that lime would 

not perform as well as cement. In this test, lime reduced erosion 

considerably, but not as effectively as cement (Table 6).

At this stage, it is obvious that cement-coupled with Formula 

325 solution as a spray, presented the most effective treatment with 

either soil. Therefore, only cement treated bricks will be discussed 

further.
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Figure 15. Rain Erosion Versus Cement 
Content, Soil #1.
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Figure 16. Rain Absorption Versus Cement 
Content, Soil #1.



Freeze-Thaw Strength .
■ ' • '

Soil engineers use the term frost-heaving to describe the dis-

lodgement of soil particles due to freezing of water in the pores.

The mechanics of the frost-heaving phenomenon are extremely complex 

and include many factors. It is important to realize that for frost- 

heave to take place, all of certain factors must be present. Three 

factors must exist at a site for frost-heaving to occur, namely, frost- 

susceptible soil, a freezing temperature, and a water source.

The freeze-thaw test was designed to simulate internal expan

sive forces by moisture change in the fine-grained soils.

Cement. Alternate freezing and thawing while curing will 

almost completely destroy the strength of soil-cement. If the soil- 

cement is allowed to set-up, even though it does not completely harden 

before freezing, the harm is not as serious. In this study, the bricks 

were allowed to dry before testing, to eliminate the possibility of 

damage from this source.

1. Copper Mill Tailings11. After 10 days, the cement-treated 

bricks were sprayed with Formula 325 solution and were allowed to dry 

for 2 more days before the freezing and thawing cycles were started.
The cement treatment improved the strength considerably (Figure 17).

The strength increased proportionally with the cement concentration.

The freeze-thaw test did not worsen the strength appreciably for the 

two lowest concentrations compared to the original unconfined compres

sive strength. The highest concentration had a higher freeze-thaw
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. . strength than the original unconfined compressive strength. This may

be attributed mainly to the two extra days of drying.

2. Yaqui Soil. The freezing and thawing cycles reduced the 

compressive strength of the cement-treated bricks considerably (Table 

8)0 The cement treatment was not as effective with this soil as with 

the copper mill tailings. This may be attributed to the larger voids 

in the Yaqui soil, which would require larger amounts of cement to 

fill the voids and cement the soil particles.

Wet-Dry Strength

This test was designed primarily to simulate shrinkage forces. 

The wet-dry test was performed on sprayed cement-treated bricks. The 

test reduced the strength by 50 percent for all levels of treatment 

for the copper mill tailings bricks, based on the original unconfined 

compressive strength values. At all the cement concentrations the 

copper mill talings bricks had considerable strength after the test 

(Figure 18). There was little change in the value of the 4 percent 

treatment due to the wet-dry cycles. However, there was a considerable 

reduction in the strength value for the 6 percent treatment (Table 8).
In both soils, the reduction in strength is due to the increase in 

moisture content in the bricks at the time of testing. The bricks 

were purposely tested at their weakest level to get the minimum 

strength. The strength loss is~ partially due to density reduction 

as a result of volume expansion. In other studies, where cement was 

used, strength gain rather than strength loss resulted from the wet- 

dry test. This was attributed to the nature of the test where the



Table 8. Results of Freeze-Thaw, Wet-Dry, and Sand Blasting Tests on Stabilized Bricks.

Additive
Treatment
level.

Freeze-Thaw 
Strength, psi

Wet-Dry 
Strength, psi

Sand Abrasion 
gm/in^

Percent ' Soil #1 " Soil #2.. ' Soil #1 Soil #2 Soil #1 Soil #2

None --/V --- 1250 — - — 1167 10.8 2.7

2* 698 ~ ” 490 - 4.1

Cement 4* 1049 930 654 1989 1.3 2.1

6* 1445 1444 783 2222 0.6 0.7

. 1 -- --- --- -- - 5.1 --

Asphalt 
RC -250

2

3

- - - 1283 1167 2.3

0.8

1.2

Lime . . . ./... 6* 763 ~ w ” 596 - -- 3.7 - ” ~

*-Bricks were sprayed with Formula 325 solution.
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drying cycles were done in an oven. The strength improvement was

attributed to temperature effect. Packard and Chapman (1963) reached

consistent results of strength gain after the wet-dry test, but they 

recommended that drying must be done in the air to simulate the actual 

conditions in the field. This was done in this study,and the results 

are more indicative of the field conditions.

Sand Blasting Abrasion

The erosion of earthen homes by wind-blown sand is a complex 

process influenced by innumerable conditions of wind, soil, and the 

nature of the eroding surface. Abrasion is the chipping off of par

ticles of dust and coarse fractions from soil clods and other hard 

materials as a result of impacts from grains moving in saltation. This 

form of erosion varies widely, depending on soil texture and other con

ditions and is particularly prevalent on the leeward side of fields 

where the quantity of soil carried is the greatest.

Since soil erosion by wind is a natural phenomena, it is very

difficult to study it in the field since it requires a tremendous 

amount of data collection and long periods of time to study the speci

fic factors. Zingg and Chepil (1950) attempted to simulate nature in 

the laboratory with wind tunnels which allowed them to have control 

over the data in an accelerated form and came up with equations approxi- 

-mating soil erosion by wind. "



In this study5 a test was formulated to simulate the abrasion 

effect of wind-blown sand. The untreated bricks had high abrasion 

values with the copper mill tailings bricks having the higher values 

(Table 8).

The cement treatment had a similar effect on both types of 

bricks, although it was more effective with the copper mill tailings 

(Figure 19). Cement reduced the degree of abrasion of both types of 

bricks. The abrasion is inversely proportional to the concentration 

of cement. Since erosion occurs by detachment of the soil particles, 

cementation could be a major factor in reducing the amount of eroded 

soil. Cement bonded the soil particles together causing resistance 

to detachment.

Cost Evaluation and Comparison 

Sultan (1973b) did a cost analysis for different types of bricks. 

His analysis showed that a 4 x 8 x 16 inch brick of copper mill tail

ings and 6 percent cement cost approximately 10.0$, which is broken 

down as follows:

Capital cost 4- operating cost = 7 . 5 $  per brick

6 percent bulk cement (at 3/4$ for 2 percent) = 2.25$ per brick

Spraying with Formula 325 solution = 0.25$ per brick

10.00$ per brick
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Burnt adobe, comparable in size to the copper mill tailings 

bricks, are marketed in the Tucson area at a cost of 22$ per brick. 

Some tests were performed on the burnt adobe and the results obtained 

are:

Unconfined compressive strength = 843 psi (flat)

Flexural strength = 120 psi

Capillary absorption = 13 percent
2Sand blasting abrasion = 0.26 gm/in

It is apparent that those test values do not make the burnt 

adobe superior to the copper mill tailings brick treated with 4 or 6 

percent cement. This would allow a producer of copper mill tailings 

bricks to be competitive and still make a considerable profit.



CHAPTER 5

CONCLUSIONS

This investigation was initiated with the aim of studying the 

chemical stabilization effect on copper mill tailings for the purpose 

of brick production* The work presented is basically a comparative 

laboratory study; therefore, correlation and verification from field 

investigations are necessary for a better understanding of the perfor

mance of the bricks *

_ The following conclusions can be drawn from this study:

1* Asphalt did not improve the properties of the bricks appre

ciably* This was expected with a soil having such high amounts of 

fines*

2* Aliquat H226 was not effective with this soil as a water- 

repellent*

3* Although lime had favorable results with the copper mill 

tailings, it should not be used without other additives to improve the 

workability and handling characteristics*

4* Cement was the most effective additive* It improved the 

structural properties of the bricks quite considerably*

5* Formula 325 proved to be an excellent waterproofing agent* 

The success of this study relies on this chemical* Without it none 

of the bricks would have passed the UBC absorption requirement.

6* The sprayed cement-treated bricks are competitive with

concrete blocks or other burnt adobe in the market.

■
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7. Bricks made of copper mill tailings are weak in tension 

and compression and have high amounts of fines which increases the 

susceptibility to absorption. This soil requires an internal struc

tural stabilization and an external waterproofing application. When 

so stabilized, the results proved to be excellent.

Recommendations for Further Research

1. Efflorescence is very dangerous for bricks as mentioned 

earlier. Therefore, a standard efflorescence test must be incor

porated in future studies. The wick test (ASTM designation C67) 

should be performed on the final product to evaluate the efflorescing 

potential of the bricks. If excessive efflorescence occurs, a small . 

amount (0.5 - 1 percent) of barium carbonate can be added (Feld et 

al« 1972), to reduce this harmful effect.

2. Structural and durability tests were performed in this

study. For a more complete study, comfort tests (thermal and accous-

tic) should be performed on the final product.

3. Earthquake resistance or the reaction of earth walls to 

earthquakes should be studied.

4. This study emphasized the use of stabilizers rather than

burning of the bricks, which is preferable in most cases. However, 

for mines that have smelters, a tremendous amount of usable heat is 

wasted. Therefore, in future studies, an attempt should be made to 

investigate the feasibility of utilizing this wasted heat as a source 

for burning the mill tailing bricks.
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5o The copper mill tailings had very poor green strength, 

even when stabilized with 6 percent cement. Calcium lignosulfonate 

or other bonding stabilizers may be added to improve the workability 

of the soil and make the copper mill tailings a practical source for 

brick production in the field.
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