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I. INTRODUCTION 

A. General Statement 

, Many students of soil engineering approach the soil as a 

system of particles. These particles are weighed and sieved 

to obtain densities and grain size distribution and sizes are 

arbitrarily defined as sand, silt and clay; and the way they 

all go together forms the soil structure. Soil structure, 

according to Brewer (1964), refers to "the physical constitu­

tion of a soil material as expressed by the size, shapa and 

arrangement of the solid particles and voids, including both 

the primary particles to form compound particles and the com­

pound particles themselves; fabric is the element of struc­

ture which deals with arrangement." 

Although the method of analysis to describe a soil which 

emphasizes the particulate approach in soil engineering is 

widely accepted and appears to satisfy the need, there is 

good rationale to take the opposite approach and consider 

soil as a system of voids and void fillers. In most cases 

when a soil does not possess adequate engineering properties, 

the cost of removing the inadeguate soil particles and re­

placing them with better particles is prohibitive. 

Therefore, the normal field solution is to work with the ex­

isting particles, rearrange or reduce the voids and limit the 

void filling water, i.e., densify or chemically stabilize the 

soil mass. 
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The Atterberg limits and related indices are based on 

the concept that fine grained soil can exist in any of four 

states depending on its water content. Clayey soil can be 

solid when dry and upon the addition of water it will proceed 

through semisolid, plastic and finally liquid states. The 

field engineer attempts to control the soil states by simply 

controlling the quantity of void filler (water) . External 

drainage ditches and asphaltic seal coats keep some water out 

of the system while compaction (reduction of void size) may 

decrease internal drainage in the system. Actually, dry 

cohesive soil, regardless of the naturs of soil particLas, 

seldom causes trouble if kept dry. 

Since in practice the soil engineer controls the 

engineering properties of soil by manipulating the void and 

void fillers, it is therefore reasonable to reexamine soil 

engineering and to consider soil as a system of voids. How-

V 2 j.Ai VWXUO XO V il CI L. Clit? UU.UUI.U1. 

tendency is to look at particle size, shape and arrangement 

and not the size, shape and continuity of the void. This is 

understandable because looking into a hole, it is almost im­

possible not to look at the sides and bottom of the hole 

instead of the vacant space. Therefore, to examine a void 

requires the inspection of the complete soil structure, the 

particles which form the voids and finally the voids them­

selves. 
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B. Background 

The purpose of this research was to obtain a better un­

derstanding of the structure of soil through a study of the 

voids of the soil. Initially, many research techniques were 

used to study the differences between undisturbed and 

remolded soil structure. The Differential Thermal Analysis 

(DTA), Transmission Electron Microscope (TEN), and Scanning 

Electron Microscope (éEM) were used to study tropical soils 

in the undisturbed and remolded states; however, the results 

even though encouraging, were not conclusive enough to spend 

additional efforts in those areas. 

The initial DTA results indicated that the heat of reac 

tions were transferred from the undisturbed specimens before 

the heat from equivalent remolded specimens. This differenc 

in transfer rates was attributed to the effects of remolding 

but the influence of other variables present (specimen lensi 

ujr f \̂ \j 1: V ^ y aii.x MSLW k 4. 

DTA data was intarpreted by Kellogg (1972). 

The TE.M. photographs revealed a structural difference in 

relation to the degrees of disturbance; however, because of 

the limitations of the TEH equipment, photographs of 

undisturbed specimens could not be obtained. The SEM was 

able to show both undisturbed and remolded soil structure; 

however, the capabilities of the SEM are best used in 

conjunction with other research techniques. During the 



www.manaraa.com

u 

initial SEH work, a tentative soil fabric classification 

system was developed which would classify soils from SEH pho­

tographs. A copy of this classification system will be in­

cluded as Appendix A. 

At this stage of the research it became apparent that a 

technique of measuring voids of a soil structure was needed 

to complement the SEH study. Hydrometer and sieve analyses 

have been long used to determine particle size distribution. 

What was missing was a means to determine the void size dis­

tribution of a soil system. The quest for a method of meas­

uring pores in soil led to the investigation and the 

acceptance of the relatively new concept of mercury 

porosimetry. 

To better understand the structure of soil required a 

knowledge of the cohesive forces which act on that structure. 

The cohesive forces, particularly in loess, proved to be 

greatly influenced by the void filler water. The effect of 

water on the true and apparent cohesion led to the study of 

clay bonding and surface tension. 

The last phase of the study was to relate the mercury 

porosimetry. cohesion and scanning electron miscroscropy re­

search techniques to practical engineering applications. 

Since the major emphasis of this study was directed toward 

the voids, two major areas of practical applications were 

available, permeability and/or compaction. 
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C. Scope 

This research has concentrated on the study of the 

structure of loess using mercury porosimetry, uaconfined com­

pression test, falling head permeability test, and SEN. By 

combining the quantitative capabilities of the porosimeter, 

compression test, and permeability test with the qualitative 

SEM photographs, a better understanding of soil structure was 

gained. To keep the research in manageable boundaries, the 

following guide lines were established. First, the primary 

test soil was limited to friable western Iowa loess. This 

soil was chosen because of its availability and known 

physical properties. Secondly, the common theme "soil struc­

ture" was studied by using as many different research 

techniques and equipment as practicable. This approach cre­

ated problems in relating and tying together the final work 

but provided an abundance of information about the subject. 

^ ^ ^ ^ ^ ^ ^ ^ 1 ^ 1 ̂  #3 A. «•> ^ ^ A. Z ^ Ak C ^ vue cast xa 1. uuc ̂  Aaui xiia ii wi. 

abundance of data was the development of a simple parameter, 

which quantitatively defines soil strurture. The distribu­

tion ratio, or the ratio of void sizes to grain sizes, was 

developed to describe soil structure. 
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II. LITERATURE REVIEW AND THEORY 

A. General Description of Loess 

Krinitzski and Turnbull (1967) have described loess as a 

well-sorted, slightly indurated, eolian silt which may or may 

not be calcareous. It has excellent vertical slope stability 

if well drained and protected from erosion, Sheeler (1968) 

states that loess is composed primarily of rather loosely-

arranged, angular grains of sand, silt, and clay. Silt is 

usually the dominant size, see Figure 1. Calcite is also 

generally present in amounts ranging from near zero to more 

than 10 percent of the total soil» Gibbs and Holland (1960) 

describe loess as a guartzose, somewhat feldspathic clastic 

sediment composed of a uniformly sorted mixture of silt, fine 

sand, and clay particles arranged in an open, cohesive 

fabric, frequently resulting in a natural dry density of 

70-90 pcf. However, materials which are not cohesive and 

which are composed of silts and fine sani particles are not 

considered as loess. The term "loess" is of German origin 

and is derived from the word "LOSEN," manning to loosen or to 

dissolve (Holtz and Gibbs 1951). 

Loess may be identified primarily by its regional trends 

in properties. It is believed to be wind-blown silt 

originating from streams of glacial outwash. Close to the 

source area the texture is coarse and becomes finer with in­

creasing distance. Density increases and thickness decreases 

with increased distance from the source. The 
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structure and the unique ability to stand in vertical cuts 

are also distinguishing characteristics. 

Loess covers approximately 10 percent of the earth's 

land surface with major loessial deposits located in the cen­

tral part of several continents of the world. The most ex­

tensive loess areas in the Central United States are found in 

Nebraska, Iowa, Wisconsin, Illinois, Tennessee, and 

Mississippi. 

B. Engineering Properties of Loess 

1. Grain size distribution curve 

Holtz and Gibbs (1951) established a clayey loess zone, 

a silty loess zone, and a sandy loess zone for the grain size 

distribution chart, see Figure 1. Holtz and Gibbs's findings 

consisted of 148 samples which were geologically described as 

loess: 76 percent had gradation curves which were in the 

silty loess range: 18 percent were in the clayey loess range: 

aiiu u u wcLc X li ui&T? oaiivjijr xvca^ c # 

2. Composition of arains 

Quartz is the predominant mineral constituent in all of 

the Vicksburg loess. Krinitzsky and Turnbull (1967) show a 

decrease in percent feldspars between calcareous and leached 

loess with a corresponding increase in clay content. The de­

crease in the content of feldspars is attributed to the 

weathering of these minerals into clays. Gibbs and Holland 

(1960) found that Nebraska's loess range at twenty-five to 
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twenty-seven percent quartz and ten to twenty-two percent 

feldspars. They also discovered that the clay mineral 

montmorillonite commonly occurs as thin hulls around the 

grains, while illite has a tendency to occur as individual 

crystals. Larionov (1965) designates two divisions with re­

spect to composition, monomineral, the individual quartz and 

carbonate grains and polymineral, the accumulation of quartz, 

carbonates, and jlays to form aggregates. Harnke (1971) sug­

gests that the fines observed on loess particles represent 

comminution debris, produced in the formation of loess quartz 

material by glacial grinding. 

SILTY LOESS ZONE 
CLAYEY LOESS 
ZONE 

SANDY LOESS ZONE 

100 

0 I I I I 111 «8 I I I I I I J I I IIIII! 
0.0001 0 .001 :  0 . 0 1  

PARTICLE DIAMETER^ cm 

0.1 1.0 

Figure 1. Gradation boundary curves 
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However, it appears that most authors believe, like 

Sheeler (1968), that most of the loess grains are coated with 

thin films of clay, while some of the grains are coated with 

a mixture of calcite and clay. 

3. Sgeçifiç.gravities 

Scheidig (1931) determined specific gravity for loess 

from various locations. Table 1. 

Table 1. Specific gravity 

LOCATION SPECIFIC GRAVITY TEST 

Rossbach 2.69 2 

Volga-Don Canal 2.64-2.66 12 

Collinsyille, Illinois 2.69-2.72 2 

The amount of quartz which has a specific gravity of 

2.65 controls the specific gravity of loess. According to 

Sheeler (1968) the specific gravity of loess in the United 

States varies between 2.57 and 2.79. The range for Iowa 

loess is from 2.58 to 2.79. Gibbs and Holland (1960) found a 

narrow range of 2.57 to 2.69 for loess in Nebraska. 
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• PoÇosit% 

Scheidig's (1934) porosity values for loess vary from a 

high of 65 percent on the Magdeburg Plain to a low of 24 

percent in Vienna, Table 2. 

Table 2. Undisturbed loess properties 

LOCATION POROSITY VOID RATIO DRY DENSITY 
% pcf 

Magdeburg 65.0 1.87 59.0 

Lower Austria 55.5 1.25 76.0 

Alsace 48.0 0.93 87.5 

Central Germany 38.0 0.61 104.0 

Vienna 24.0 0.32 123.0 

Hungary 39.0 0.64 102.5 

Loess generally has a high porosity which is attributei to 

the uniformity of the grains. Bally (1965) used a mean value 

of 49.6 percent with a standard deviation of 2.4 percent for 

the porosity of undisturbed loess from Bucharest, Romania. 
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5. Atterburg_limits 

Sheeler (1968) compiled plasticity data from various lo­

cations around the United States and concluded that the 

Atterburg limits are primarily dependent upon the amount of 

clay present in the loess. 

6. Densities 

The in-place dry density of loess in Southwestern Iowa 

varies from 69.U to 89.5 pcf. Davidson et al. (1953) indi­

cate that in-place density is dependent on the depth and on 

clay content. 

C. Moisture content 

Jumikis (1962) categorizes moisture as follows: 

adsorbed water comprises the hygroscopic soil moisture and 

soil moisture films. Hygroscopic soil moisture covers all 

mineral matter with a very thin film of moisture. In the 

technical literature hygroscopic moisture is also termed 

f O 4 ## K ^ oT ^ A. «« •• m 
L* .» ..fv A. Kf mwxov>vfti.cr^** v i* v c& Sw, v tuc/j.ouu^c;" 

or "surface bound moisture." Film moisture forms in soil 

upon the condensation of aqueous vapor, or remains there 

after the removal of the bulk free water. 

Capillary moisture exists because of surface tension of 

the water menisci which act between the grains. A form of 

capillary moisture is "pore corner or neck moisture," known 

in German by the term POREHINKELWASSER. The contact moisture 

is the annular moisture wedge held by the menisci in the 
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angularities formed at the contact point between grains. 

Visible evidence of water forming menisci at the contact 

points of spheres was shown by Smith et al. (1963). 

Keen (192%) developed an equation for the volume of 

water at the contact points of two spheres. The volume of 

water is defined as the water bound by the meniscus and 

spheres. The meniscus is taken as the arc of a circle 

touching the two equal spheres. The volume is expressed in 

terms of the radius, a, of the spheres and the angle two 

theta subtended at the center of the soil particle by the 

radii from the point of contact of the spheres and the edge 

of the meniscus. 

Additional comments about the the Keen equation are included 

in Appendix B. 

Fisher (1926) also developed a volume equation for the 

water held at the contact point between spheres. Again the 

assumption that the water-to-air surface of the meniscus is 

circular was made. The theta angle in the Fisher equation is 

equal to the two theta angle of the Keen equation, the radi­

us, r, is equal to Keen's raduis, a. Initially, the Fisher 

equation was for the moisture spot on one sphere; however, it 

is shown below for the total water at one contact point. 
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=-nr^ (aeoQ - l)^[l -(tanQ](j-Q)] 2 

Additional comments and comparisons about the Fisher equation 

are included in Appendix B. 

Gravitation water was further subdivided by Juraikis 

(1962) into free water and capillary water. However, it 

appears that the capillary water should be listed with "pore 

Corner" water since both are closely related to surface 

tension forces. 

Jumikis (1962) and Kane (1969) both define boundaries 

between the adsorbed and capillary water. Jumikis calls this 

boundary "critical moisture" and defines it as the moisture 

content interval corresponding to the transition from maximum 

molecular moisture capacity to capillary moisture. Kane de­

scribes the term "critical water content" as the moisture 

Content at which the clay binder is stable and any increase 

in moisture causes neither swelling nor shrinkage. A bounda­

ry may be established between the capillary and gravity 

water. Keen (1924), Haines ( 1925), Fisher (1926) and Haines 

(1927) all discuss the condition in which the amount of 

moisture is increased to the point where the menisci 

coalesce, when all menisci coalesce, the force due to 

surface tension becomes zero. 

In an attempt to simplify the different types of 

moisture and the related boundaries, a table of moisture 
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terms was developed, Table 3. 

Table 3. Moisture terras^ 

CATEGORIES BOUNDARY CONDITIONS TERMS 

ADSORBED WATER 
hygroscopic water 
film moisture 
molecular moisture 

(zero moisture) 

(clay bonding) 

(critical moisture) OVERLAP ZONE 

CAPILLARY WATER 
pore corner water 
neck moisture 
porewinkelwasser 
contact moisture 
surface tension moisture 

(apparent cohesion) 

(menisci coalescence) 

GRAVITY WATER 
gravitation water 
free water 
bulk water 
ground water 

(100 % saturation) 

(additional 
weight of soil 
due to gravity 
water) 

iThe general concept of this table is similar to the 
Briggs Classification of soil water, Spangler (1960). 
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D, Cohesion 

Jumikis (1962) attributes true cohesion to the inter-

molecular attraction of the soil particles for each other 

throughout the soil mass and apparent cohesion to the binding 

of the soil mass together by the capillary action of the soil 

moisture, 

Lambe and Whitman (1969) define true cohesion as the 

measurable shear resistance when the normal force is reduced 

to zero. From many tests true friction is found to be inde­

pendent of water content, and the true cohesion versus log of 

the moisture content is a straight line. 

When the adsorbed water needs of the clays of a fine 

grained soil are met, water begins to form menisci at the 

contact point between grains. The surface tension developed 

between the water and soil particles causes a grain-to-grain 

pressure within the soil known as intergranular pressure. 

This pressure tends to force the grains together with a 

pressure equal and opposite to the tension through the water. 

The tension forces act in a circular pattern around the par­

ticle at the water-to-solid interface. The y components 

cancel out and the x components act through the center of the 

particles. 

According to Jumikis (1962) the surface tension force-

inducted strength of soil is termed "apparent cohesion" after 

Terzaghi or SAUGFESTIGKEIT after Ohde. 
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Many researchers have been interested in developing 

mathematical equations which could be used to calculate 

apparent cohesion caused by this contact moisture. Haines 

(1925) defined an equation to measure the force between par­

ticles caused by surface tension. Fisher (1926) corrected 

the Haines force equation by adding a term that Haines left 

out. The use of a theoretical approach to calculate apparent 

cohesion requires a simplified concept of the soil system. 

Both the above researchers used an "ideal soil", a collection 

of uniform spheres systematically packed and free from 

colloidal material. 

E. Permeability 

Scheidig (1934) attempted to express soil structure in 

terms of permeability. He stated that in cases of soils with 

simple structures the permeability is often roughly propor­

tional to the pore volume and grain size. Terzaghi (1951) 

describes the permeability of loess as a very elusive proper­

ty. This observation is based on the breakdown of loess 

structure when saturated. The loss of strength due to 

saturation causes densification and consequent change in per­

meability. Lambe (1954) presented and discussed the follow­

ing major factors affecting the permeability of fine-grained 

soils. The influence of composition on permeability is gen­

erally of little importance with silts, sands and gravels. 

However, the presence of some clays, mica and organic matter 
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are of major importance: clays because of the potentially 

high cation exchange capacity; mica for the platey shape; and 

organic matter for clogging and possible growth action. 

Viscosity, density and polarity of the pore fluid must 

be considered in determining the effect of a permeant on per­

meability . 

The void ratio directly affects permeability. The 

void-to-solid relationship is the controlling factor: the 

higher the void ratio the greater the permeability, and, 

conversely, the smaller the void ratio the lower the perme­

ability. 

Permeability depends to a considerable extent on the 

arrangement of soil particles, or "structure." A change in 

structure and a following change in permeability are apparent 

with varying molding water content at compaction, the extent 

of sample mixing, and the presence of chemical dispersants. 

A decrease in permeability occurs when the soil is compacted 

on the wet side of optimum, when the fines are well distrib­

uted, and when a chemical dispersant is used. Also if the 

grains are not dispersed and/or well mixed and are compacted 

on the dry side of optimum, aggregation may occur causing an 

increase in permeability. 

Voids filled with entrapped air are not serving as 

channels for water flow, conseguently, the higher the degree 

of saturation, the greater the permeability. 
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Lambe and Whitman (1969) modified their initial list of 

factors which influence permeability to include particle 

size, void ratio, composition, fabric and degree of 

saturation. This listing expands the initial heading of 

structure into two separate headings of particle size and 

fabric. The smaller the particle size the smaller the voids 

and thus the lower the permeability. Although fabric is one 

of the most important soil characteristics influencing perme­

ability, it is hard to isolate because it is so closely 

interrelated to particle size, void ratio and composition. 

The particle size establishes a range of void ratios, and the 

type of fabric controls the void ratio within that range. 

For an "ideal soil" Graton and Fraser (1935) designated a 

void ratio range of 0.35 to 0.90. The location of this ideal 

soil within this range of void ratios was determined by the 

packing of the spheres, 

Childs and Collis-George (1950) account for the 

uncontrollable variations in permeability as follows: a de­

crease of permeability with time may occur from flowing water 

releasing dissolved air into the pores; from the swelling of 

clays: from the mechanical blocking by movement of finas; 

from the growth of organisms in the pores; and from the chem­

ical effect of the flowing water upon the porous media. An 

increase of permeability with time may occur from solution of 

the initially entrapped air into the flowing water. 
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Gibbs any. Holland (1960) state that the permeability of 

undisturbed loess is principally related to the density when 

the basic properties of gradation and plasticity are 

relatively uniform. This seems reasonable; density, 

gradation and plasticity are functions of void ratio, parti­

cle size and clay content, respectively. Gibbs and Holland 

(1960) cite root-like voids as a cause for the variation in 

permeability of undisturbed versus remolded loess. 

F. Structure 

1• General 

The most difficult task of soil structure study is to 

determine an adequate definition of structure. In fact, 

Jenny (1941) pointed out that there is no generally accepted 

definition of soil, and to find a definition which would sat­

isfy all soil workers was practically impossible. The prob­

lems inherent in defining soil are basically the same as 

those encountered in defining structure. with the structure 

differing profoundly for each soil and with the varying 

interest of the workers studying the structure, it is tio 

wonder that there are so many different definitions. Soil 

structure, according to Brewer (1964), refers to "the 

physical constitution of a soil material as expressed by the 

size, shape and arrangement of the solid particles and voids, 

including both the primary particles to form compound parti­

cles and the compound particles themselves; fabric is the el-
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eraent of structure which deals with arrangement." Baver 

(19U8) defines structure as "the arrangement of sand, silt 

and clay, and of secondary particles into a particular struc­

tural pattern." The II.S.D.A. Soil Survey Manual (1951) 

states that "soil structure refers to the aggregation of pri­

mary soil particles in compound particles, or clusters of 

primary particles, which are separated from adjoining aggre­

gates by surfaces of weakness." Terzaghi and Peck (1962) say 

that "the term structure refers to the pattern in which the 

soil particles are arranged in the aggregate." Lastly, the 

American Heritage Dictionary defines structure as; 

A complex entity. 

The configuration of elements, parts, or contituents 
in such an entity; organization or arrangement. 
The interrelationship of parts of a complex entity. 

All the above definitions have elements, parts or particles, 

arranged, aggregated, patterned or configured together to 

form structures, since there is little agreement of what a 

particle is, as well as of how particles go together, the 

following definition will be used in this study. Sand 

grains, silt grains and clay plates (clay crystals) are con­

sidered the primary soil particles. A composite particle is 

composed of primary particles which are joined together by 

some cohesive force. Soil structure is the physical arrange­

ment of primary and/or composite particles. Fabric is the 

element of structure which deals with a specific arrangement. 
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2.Voids 

An interesting aspect of Brewer's (1964) definition of 

structure was the reference to the the arrangement of voids. 

Table 4. Size classification of voids 

Class name Radius size 
cm 

Mercury injection* 
pressure, psia 

Macrovoids 

coarse 
medium 
fine 
very fine 

>0.25 
0.25-0.10 
0.10-0.05 
0.05-0.0037 

<0.043 
0.043-0.11 
0.11-0.21 
0.21-2.85 

Mesovoids 0.0037-0.0015 2.85-7.12 

Microvoids 0.0015-0.00025 7.12-42.7 

Dltramicrovoids <0.00025 >42.7 

Cryptovoids <0.000005 >2136.0 

ipressure calculated from the Washburn (1921) Equation. 
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Most writers do not include voids as a part of their defini­

tion of structure. The principal identifiable features of 

voids are size, shape and arrangement. Brewer (1964) classi­

fied voids into five size classes for field description of 

soil material, Table 4. 

Shape analyses for particles are based on the concepts 

of sphericity and roundness originated by Wadell (1932,1933, 

and 1935) and as referred to by Brewer (1964) , Sphericity 

concerns the overall form and is a comparison of the degree 

of conformity of the shape of a particle to that of the shape 

of a sphere. Roundness concerns only the sharpness of 

corners irrespective of the form. The shape of individual 

voids can be described in terms of sphericity by measure of 

the length of the principal axes. In conjunction with 

sphericity the variation in the smoothness and conformation 

of the walls of the voids may be considered as relative char­

acteristics. Lastly, voids were classified by Brewer (1964) 

according to distribution patterns (random, banded and 

clustered) and to orientation patterns (parallel and 

branching). In the morphological classification of voids, 

the void types (simple packing voids, compound packing voids, 

vughs, vesicles, chambers, joint planes, skew planes, craze 

planes, and channels) were listed by Brewer (1964) by specif­

ic names. The packing voids were the most commonly observed 

voids associated with the remolded loess. 
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3.fiSisure mont_of_voids_bi_merçurï_Lnjeçtion 

The relatively new technique of mercury injection offers 

an excellent method of measuring pore size and pore volume. 

The concept of mercury injection is based on the Washburn 

(1921) equation which gives the pressure required to force 

mercury into capillary pores. 

p _ - 2T cos 0 where^ P is pressure 3 

T is surface tension 

0 is angle of contact 

r is radius of pore 

After drying and weighing, the sample is placed in the 

mercury injection chamber where a vacuum pump removes the 

pore gases. Then the chamber is filled with mercury, and at 

increments of pressures the volume of mercury intruded into 

the pores is measured. From the pressures obtained# pore 

size and volumes may be determined (Rootare, 1968). Purcell 

(1949) used an apparatus to determine mercury capillary 

pressures up to 2000 psi which filled all accessible pores 

with radii larger than 5.33 x 10-* cm. Table 5. This Shell 

Oil apparatus is similar to the equipment used by this author 

at Iowa State University. Winslow and Shapiro's (1959) 

hydraulic mercury-intrusion porosimeter was capable of 

pressures of 3000 psi. Diamond (1970) used a modified 

Aminco-Winslow porosimeter (American Instrument Company, 
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Silver Spring, Maryland) with a measuring capacity of 15,000 

psi. 

Table 5. Pressure versus pore radius 

Pressure Radius Radius 
(psi) (cm) (angstroms) 

1 1.07 X 10-? 1.07 X 106 

50 2.14 X 10-4 2. 14 X 104 

100 1.07 X 10-4 1.07 X 104 

500 2. 14 X 10-s 2.14 X ,103 

2000 5.33 X 10-G 533 

5000 2.14 X 10-6 214 

10,000 1.07 X 10-6 107 

15,000 7. 1 1 X 10-7 71 

The mercury injection technique of measuring porosities 

and pore size distribution is only an approximation method. 

Sridharan et al. (1971) points out that only those pores are 

intruded which are open to the outside of the sample, and 

then only at the pressure corresponding to their largest 

continuous opening. Consequently, the measured pore sizes 
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are not exact descriptions of the pores of the sample, but 

are adequate parameters for comparative purposes. The fol­

lowing is a listing of possible sources of error which may 

occur using the mercury injection technique: 

a. Deviation from the assumed circular cross sec­

tion in applying the Washburn equation, (Mayer and Stowe, 

1966) . 

b. The selection of correct contact angle between 

the mercury and sample, (Fitter and Drake, 1945). 

c. The selection of a value for surface tension 

of mercury, (Diamond, 1970) . 

d. The incomplete emptying of the pores of water 

or any other fluids before the start of the test, (Diamond, 

1970) , 

e. Completely isolated pores inaccessible to the 

exterior of the sample cannot be measured, (Diamond, 1970). 

f. The effect of the compressibility ot mercury 

during testing, (Rootare, 1968). 

g. Compressibility of the sample during testing, 

(Rootare, 1968) . 

h. Kinetic hysteresis effect, where a time lag 

enters into reading of the mercury penetration before equi­

librium has been reached, (Rootare, 1968) . 

i. Pores accessible only through entryaays of 

smaller diameter will not be intruded until sufficient 
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pressure is applied to intrude the entryway or "necks"; 

hence, all of the volume of such pores will be allocated to 

the diameter class of the neck, (Diamond, 1970). 

i. The voids classed as macrovoids and mesovoids 

are so sensitive to low pressures that they can not be meas­

ured by mercury injection. 

Diamond (1970) found that the mercury injection 

technique of determining pore-size distribution of microscop­

ically homogeneous samples of kaolinite produced identical 

curves. Rootare (1968) states that the reliability of meas­

uring pore-size by mercury intrusion was proven satisfactory 

when compared with results from nitrogen adsorption pore-size 

measurements. 
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III. MATERIALS 

The primacy material used in this research was friable 

western Iowa loess and was obtained from Prospect Hill in 

Sioux City, Iowa. The site was located near the intersection 

of Bluff and Prospect Streets on a larga bluff adjacent to 

and overlooking the Missouri River floadplain. This site is 

normally referred to as the Prospect Hill Site. Figures 2, 

3, U and 5 are SEN photographs of undisturbed losss. 

This loess has the physical property of being able to 

stand in nearly vertical cuts. It is predominataly a silty 

to sandy loess with approxiaately 14 pecceat clay. The 

engineering properties of the loess usel throughout this re­

search are shown in Table 6. Two techniques of obtaining 

undisturbed! samples were employed. The Shelby tube method, 

in which a thin-walled steel tube is forced into tha soil by 

jacking and the hand carved method, which requires only a 

cutting knife and patience, were used t] obtain undisturbed 

samples. After sampling, Shelby tubes ore capped, marked, 

sealed and shipped to the laboratory. The hand carved 

samples were placed in a container, marked, sealed and 

shipped. All samples were stored in a 100 percent 

>The term undisturbed is only relative because it is im­

possible to remove, transport and store a soil sample without 
some degree of disturbance, Spangler (1960) . 
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Figure 2 SEM photograph of UND loess at 200x 

Figure 3 SEM photograph of UND loess at lOOOx. 
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Figure H SEM photograph of UND loess at 500x 

Figure 5 SEM photograph of UND loess at 2000x. 
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Table 6. Engineering properties of 
friable western Iowa bluff loass 

Properties Remarks 

Grain Size Distribution 

Specific Gravity 

Dry Density of Hand Carved 

Porosity of Hand Carved 

Liquid 6 Plastic limits* 

Standard Proctor Compaction 
optimum moisture 
maximum Dry Density 

AASHO Classification* 

Field Moisture 

Strengths^ 

Minerals Presents 
(X-ray Analysis) 

See Figure 12 

2.70 (average of 9 tests) 

88.2 pcf 

aex 

30 B 26 % respectively 

16.5 X 
109.4 pcf 

A-4(8) 

7-10% 

(j)=32.20,c = 1 .Opsi 

Quartz 
Montmorillinita 6 illite 

W V* te a'V w »• 

Dolomite 6 Feldspar 

iHandy, (1956) . 

^Badger, Fox and Johnson unpublished triaxial report of 
drained test vritten for Dr. Lohnes^ 

^Badger, Fish and Klockow unpublishad X-ray analysis 
report written for Dr. Demirel. 
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humidity room until testing. Table 7 sbsws the samples use 

and size. 

Table 7. Remolded loess sample use and size 

Use Size and Remarks 

Mercury Injection Test 

Onconfined Compression Test 

Permeability Test 

Permeability Test 

SEN Photographs 

Cylinder with 1/2 inch 
diameter and 1 inch length, 
statically molded 

1.32 inch diameter with 
2.8 inch length 
statically & dynamically 
molded. 

Harvard miniature cylinders. 

Cylinder with 2.8 inch 
diameter >5.6 inch length, 
statically molded. 

Segment from the center 
f a 1 yo m i ̂  m ^ ̂ V» »» «>* 9 f mm fcMWM VA Ml W WC t 

cylinder, statically molded, 

The definition of the terms "undisturbed," "hand carved" 

and "remolded" are given in Table 8. The undisturbed and 

hand carved specimens were trimmed to Harvard Miniature and 

Triaxial sample size. The SEM and Mercury Injection samples 

of undisturbed and hand carved were small peds broken from 
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Table 8. Sample types and designations 

Designation Full Name Remarks 

OND loess undisturbed loess samples from Shelby 
tube 

HC loess hand carved loess considered in the 
undisturbed category 

REM loess remolded loess loess taken from 
the UNO & HC specimen, 
hand pulverized, sieved 
through a number 10 
sieve and oven dried. 

Silt loess derived silt loess was processed 
through 14 sedimentation 
cycles and boiled in 
a solution of 
hydrogen peroxide 
to separate the clay 
and organic matter 
from the silt. 

the larger samples. For the SEN work, the speciaeas were 

broken to approximately 1/8 inch by 1/U inch by 1/4 inch 

size. And for Mercury Injection samples, the UNO and HC 

specimens were broken to a 3/4 inch cuba size. 
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IV. COHESIVE FORCES ACTING ON THE SOIL STRUCTURE 

A. General 

To complete the study of soil structure requires an un­

derstanding of the cohesive forces which hold the mineral 

skeleton together. These forces are usually divided into 

true cohesive forces, which are attributed to carbonates, 

salts and clay bonding cementation, and apparent cohesion, 

which is attributed to surface tension. The true cohesion 

was determined by removing the effect of the apparent 

cohesion forces from the total cohesion of the soil. 

In fine grained soils capillary water in a form known as 

"contact moisture" collects at the points where grains touch 

or nearly touch forming menisci. The surface tension of the 

water in the menisci provides a force which pulls the grains 

together giving the soil apparent cohesion. Figure 5 shows a 

typical contdci: poinl between spheres and the volume of 

contact water formed by the spheres and meniscus. 

The equation for the volume of water at a contact point was 

developed in terms of meniscus angle theta and sphere radius, 

(Appendix B) . 

- {1-00QQ) (2-i-COB'à) 

B. Theoretical Apparent Cohesion 

(fr:-co80; - (j-Q)tanQ] 4 
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Figure 6 Volume water at contact point. 

To develop a theoretical means of calculating apparent 

cohesion, the selection of a model soil was made. The first 

model selected was that of uniform spheres in square layers 

in a cubic arrangement. Figure 7 shows a unit cell in the 

cubic arrangement. This arrangement is designated case one 

and has a porosity of U7.6U percent. The volumes of solids, 

voids and total were all derived from this geometrical ar= 

rangement shown in the unit cell. 
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Figure 7 Unit cell in the cubic arrangement. 

By combining the contact water volume equation and the 

volume of void equation with the degree of saturation equa­

tion, an equation for the meniscus angle as a function of 

saturation was obtained. 

S = -^KlOO = ^ 264.85'f.(Q) 5 
V 

Q = 164.8Sf~'̂  (S) 6 

By combining the meniscus angle equation with the Fisher 

equation, which was rearranged into terms of meniscus angle 

and sphere radius, the desired apparent cohesion equation for 

cpen packing as developed in Appendix C becomes: 



www.manaraa.com

36 

ttT 
^ " 2all + tan(2. 3 In S + 10.59) \ For S = 0 to 20% 7.A 

lïT 
^  2 a i l  +  t a n ( 7 .  8  I n  s  -  0 . 1 1  )  \  F o r  S  =  1 0  t o  9 0 %  7 . B  

In the above apparent cohesion equation, "C" is cohesion, "a" 

is the sphere radius, "S" is the degree of saturation and "T" 

is the surface tension of water. Since case one was limited 

to a sphere arrangement of 47.64 percent porosity, a 

refinement of the apparent cohesion equation was required to 

include all porosities. Four types of sphere arrangement 

were selected over the range of loosest to closest packing 

(Table 9). Figure 8 indicates the different meniscus angles 

obtained for varying saturations and porosities. Figure 9 

indicates the density correction factor which adjusts for the 

changing number of contact points and the decreasing cross-

sectional area. To determine the apparent cohesions for soil 

of any porosity, the meniscus angle obtained from Figure 8 

and the density factor from Figure 9 are substituted into the 

modified cohesion equation; 

a[l + tan—"] 

In the modified apparent cohesian equation, "C" is cohesion, 

"a" is sphere radius, "theta" is the meniscus angle and "Df" 

is the density factor (Appendix C). 
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Table 9. Ideal soil systems of uniformed spheres^ 

Case numbers 12 3 4 

Arrangement Cubic Ortho- Tetra- Rhombo-
rhombic gonal hedral 

volume voids 3.81a3 2.743' 1.81a' T.47a3 

volume total B.OOa' 6,93a3 ô.OOa' 5.66a3 

porosity 47.64 39.54 30.19 25.95 

density 88.23 101.87 117.63 124.77 

void ratio 0.910 0.654 0.431 0.350 

contact points 3 4 5 6 

area of side 4az 2\f^ a^ 2 VSa^ 2V? a2 

iGraton and Fraser (1935), 

The theoretical apparent cohesion equation provided a 

basis to compare the experimental results to theoretical cal­

culations. However,, as in the case of most theoretical con­

cepts, the results are only as good as the conditions and as-

sumptions made during development. The conditions were: 
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Figure 8 Porosity curves for meniscus angle and saturations, 
Curve 1 is for a porosity of U7.65 percent. 
curve 2 is for a porosity of 39.5U percent. 
Curve 3 is for a porosity of 30.19 percent. 
Curve 4 is for a porosity of 25,95 percent. 



www.manaraa.com

39 

55 

bO 

45 

40 

25 

30 

25 

1 . 0  
• 

2 . 0  

DENSITY FACTOR, 

2 . 0  

Figure 9 Density correction factor for the apparent cohesion 
equation. 
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Soil composed of uniform spheres. 

Wetting fluid is water. 

The menisci are circular. 

No colloidal particles present to adsorb moisture. 

C. Experimental Apparent Cohesion 

The true test for any theoretical concept is experimen­

tal verification. Conveniently, the loess used for testing 

probably more closely matched the case one model soil than 

any other soil available. The friable Iowa loess was an ex­

tremely uniform soil, low in clay content, high in porosity 

with a sphericity of 0.76 (Handy et al. 1955). The 

"Soiltest" apparatus (Chicago, AP-170-1) was used for all 

unconfined compression tests. The procedure used followed 

the outline for the unconfined compression test listed in 

Lambe (1951) . 

D. Results and Discussion 

À series of unconfined compcessiori tests on undisturbed 

loess were conducted. The tests were made at various degrees 

of saturation and are plotted in Figure 10. It was apparent 

that the unconfined compressive strength, qu, did decrease 

with increased moisture; however, other properties of loess 

probably contributed to this qu strength in addition to 

contact water surface tension. 
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Figure 10 Unconfined compressive strength of UND loess. 
Curve 1 is UND Vicksburg Loess at 90.0 pcf 
dry density. Lutton (1969) 
Curve 2 is UND Iowa Loess at 88.3 pcf dry density. 
Curve 3 is REM Iowa Loess at 85.5 pcf dry density. 
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To eliminate any influence of calcijia carbonate or oth?r 

forms of cementation that may have been prssent in tIND loess, 

the cohesion for ramolded loess was detarnined. 

k series of unconfined compression tests for loess 

remolded to 85 pcf was conducted. Figure 11. The strangth 

of the undisturbed loess was foand to be greater than 

remolded loess of equivalent densities. The iifferences in 

strength may be attributed to thixotropLc affects, cohesion 

from calcium carbonate, or to particle stacking and 

interlocking. Although an attempt was made to rework the 

remolded samples back to approximately the same density as 

the undisturbed loess, there was no way to restack the parti­

cles in the same order as the particles were stacked during 

deposition of the loess. There was littla indicatian that 

calcium carbonate cementation was present. Rn attempt to in­

crease the strength of loess by numerous wetting ani drying 

cycles with a solution or calcium bicarbonate failed. 

To separate the effect of contact Hater surface tension 

from clay bonding^, the loess was processes throjgb auaarous 

sedimentation cycles ani treated with a solution of hydrogen 

peroxide. This washed silt had most of its colloidal 

iClay bonding is defined as the cohésion obtained when 
the experimental apparent cohesion is sabstracted from the 
total experimental cohesion. 
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Figure 11 Unconfined compressive strength of REM loess at 85 
pcf density. 
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12 Grain size distribution of loess and silt. 
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particles removed. Figure 12. The clay in the loess was 

reduced from 14 percent to less than 1 percent, represented 

by Area A of Figure 12. Some large particles of organic 

matter were removed in the hydrogen peroxide bath as indicat­

ed by Area B; however, this area may also represent a change 

in size of quartz grains when the clay specks and skins were 

removed. 

A series of unconfined compression tests on washed silt 

was conducted to determine the cohesion of a soil without the 

influence of clay. Figure 13. It appears that the unconfined 

compresive strength of remolded loess (Figure 11) is in ap­

proximately the same range as that of the silt (zurve 1, 

Figure 13), and that the cohesion developed from clay bonding 

does not become a significant contributing factor in cohesive 

strength until higher densities are reached. 

In Figure 13, the experimental cohesion of silt is 

plotted as curve 1. Curves 2, 3, 4 and 5 are theoretical 

values calculated from the apparent cohesion equation case 

one for spheres of 0,0003 cm,- 0=0005 cm, 0,001 era and 0.003 

cm radii respectively. 

Curve 1, experimental values, were obtained graphically 

by extending the Mohr-Coulomb failure envelope (^=32°) to the 

left of the origin to the intersection with the horizontal 

axis. The distance on the horizontal axis from the in­

tersection to the origin may be thought of as an internal 
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Figure 13 Curve 1, internal initial stress (cohesion) 
obtained from qu tests at 85 pcf dry density, 
curves 2, 3, 4 and 5 are theoretical apparent 
cohesion curves for uniform spheres. 
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initial stress which is inherent in the material and is asso­

ciated with the cohesion property, Spangler (1960). The term 

cohesion is applied to the theoretical apparent cohesive 

stress (tensile stress) which is also represented by the 

horizontal distance between the intersection of the failure 

envelope and horizontal axis and the origin. By using the 

above convention the experiment results were compared to the 

theoretical calculations. 

The experimental values obtained in testing silt at dif­

ferent saturation disclose a sensitivity to any variation in 

densities as well as moisture. With lowar densities the 

apparent cohesion decreases; and conversely, with higher 

densities the cohesion increases. This experimental behavior 

of density sensitivity is in agreement with the concepts in­

herent in the development of the apparent cohesion equation. 

In the model soil system the open packing produces three 

contact points per sphere. Since acre contact points occur 

in a more dense packing, there are more and smaller menisci 

formed at the same degree of saturation. Therefore, a change 

in density changes the apparent cohesion. Figure 1%. 

Since the loess particles are not all the sane size, the 

number of contact points generated by the smaller particles 

is unknown. However, the number is obviously more than the 
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six contact points which are shown in Table 9. Also with 

the additional number of contact points and with the 14 

percent clay in the loess consuming moisture, the degree of 

saturation for coalescence of menisci will be much greater 

than the 13.21 or 24.3 percent listed by Fisher (1926). It 

is estimated that the theoretical apparent cohesion equation 

is valid up to 80 percent saturation when used for calcula­

tion in loess type soils. Lutton (1969) shows an experimen­

tal curve of gu strength versus saturation for UNO Vicksburg 

loess. At 80 percent saturation there seems to be a break in 

his curve which appears to be the boundary between the 

apparent cohesion zone and the gravitation water zone. 

Some criteria for selecting the effective radius of par­

ticles for use in the apparent cohesion equation for loess 

type soils was needed. The determination of the radius of 

the spheres in the model soil was obviously easy. However, 

when applying the apparent cohesion equation to loess, the 

size selection of the effective radius became more complex, 

since the smaller grains generate higher cohesive values at 

equivalent saturation than the larger grains, the influence 

of these smaller grains is greater than the influence of the 

large grains. Working from this hypothesis, the effective 

grain size radius should not be an average radius at 50 

percent passing by weight or volume but should be the radius 

of the mean particle size. The number of particles in each 
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of the 10 percent by weight passing increment was deter­

mined. The average radius for the 10 different weight incre­

ment classes were taken from the grain size distribution 

curve for silt. For example, the average radius in the first 

class was taken at the 95 percent passing size as 3.75 x 

10-3. This radius was selected as the reference base. The 

volume of a sphere for the reference radius was determined 

and equated to the volume of number of spheres for the aver­

age radius of the remaining classes. One reference sphere 

volume in the 90-100 percent class is equal to 1000 spheres 

calculated from 0-10 percent increments average radius. The 

most identifiable point near the centroid of the area under 

the curve generated by plotting the number of grains per 

class was the 10 percent passing size. Figure 15. By using 

this value as the effective radius, the effective radius de­

termined from the grain size distribution curve for silt was 

0.00065 Cm. By mOuifying the apparent cohesion squatior. for 

uniform spheres, the equation for silts and loess was ob­

tained, 
^ _16.4 X g 

rg[2 -f tanj] 

In the above equation, "C" is the cohesion in psi, "theta" is 

the meniscus angle, " Df is the density factor and "re" is 

the effective radius. The surface tension value is reduced 

to a constant by assuming the water is at 25®C. 
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Figure 15 Equivalent particles distribution curve for 
determining effective radius. 
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Using this equation with an effective callus of 3.33065 cm, 

the calculated cohesion values plot just below curve 3 in 

Figure 13. 

The calculated value was slightly lower than the experi­

mental value, but by using effective radius instead of the 

equivalent sphere radius for the theoretical equation, the 

apparent cohesion for silt or loess may be realistically cal­

culated. some of the reasons why the values were lower are 

the effect of the lack of sphericity of the loess and silt 

particles, the sensitivity of the experimental data to densi­

ty/porosity, and the coalescence of the menisci associated 

with the smaller particles before the coalescence of menisci 

associated with the larger particles. 

Due to the lack of sphericity, menisci may form at the 

corners of grains which would provide smaller radii and con­

sequently higher cohesive forces than an equivalent sphere 

radius. The equivalent sphere radius is the radius of the 

smallest circle that circumscribes a given loess particle. 

However, menisci are probably forming where the corners are 

in contact. To account for the effect of these corners, a 

reduction factor was developed which would reduce the equiva­

lent radius by approximately 1/3. The reduction factor was 

obtained by dividing the average corner radius by the equiva­

lent radius. The average corner radius was determined by 

scaling the length of radii from SEM photographs. The reduc-
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t-.ion factor of 1/3 is the average of five randomly chosen 

loess and silt particle calculations. However in the smaller 

grain size range, the menisci are large compared to the 

grains and even larger compared to the corners. At this 

scale the menisci probably bridge over any corner, negating 

any effect the corner may have, since the smaller grain pro­

vides the majority of the cohesive force, and since the re­

duction is probably effective only in the larger particle 

range, it was not considered sufficiently significant to be 

included in the eguation. 

The sensitivity of the apparent cohesion is probably due 

to the degree of saturation which is directly affected by any 

change in density or porosity. This effect may be corrected 

by applying the exact porosity of the test soil to the proper 

curves in Figures 8 and 9. 

Lastly, the coalescence of the menisci associated with 

the ssall grains occurs before the coalescence of the larger 

grain menisci, with a small change in moisture in the lower 

saturation levels, a large number of small menisci may 

coalesce, while in upper saturation levels, a small change of 

moisture may not coalesce any large menisci. In the model 

soil all coalescence would occur at the same time, whereas in 

loess the smaller grain menisci coalesce first. This varia­

tion in coalescence rate probably caused the difference in 

slope of the theoretical and experimental curves in Figure 13. 
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E. True cohesion 

Figure 16 shows the rapid increase of qu strength with 

density after the 90-100 pcf range. This rapid increase can 

not be attributed to apparent cohesion in either the theoret­

ical analysis or the experimental results. By comparing the 

magnitudes of the gu strengths in Figure 17 for REM loess, it 

seems that a change in density greatly outweighs a change in 

moisture. It is realized that an increase in density in­

creases apparent cohesion. However it appears that clay 

bonding is the significant contributing factor, although 

apparent cohesion is dependent on density and does contribute 

some of this strength. It seems reasonable that density is 

important in clay bonding because the closer one primary clay 

covered silt particle is to another particle, the better the 

chance of clay bonding. As in apparent cohesion, an increase 

of moisture decreases the cohesive strength of the clay 

bondinq. Figure 17. 
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NOTE 

molding moisture = 15 ±2% 

testing moisture = 15 ±2% 

X 
70 80 90 100 

DRY DENSITŶ  pof 

110 120 

Figure 15 Unconfined compressive strength for loess molded 
at optimum moisture content versus dry density. 



www.manaraa.com

56 

DEGREE OF SATURATION, % 

Figure 17 Unconfined compressive strength for a REM loess 
at lOU pcf dry density with varying degree of 
saturation at testing. 
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V. PERHE&BIIITY 

ft. General 

There is an extreme shortage of permeability information 

about loessial soils, some of the available permeability 

data are shown in Table 10. 

Table 10. Summation of loess permeability data 

References Remarks Type Density Permeability 
pcf cm/sec 

(Good Drainage) 

Fenton C hor und 77 6 x 10-2 
Terzaghi und 10-3 
Scheidig und 10-3 
Holtz Neb und 75 10-3 

(Poor Drainage) 

Bailey Europe und 84 10- 4  

Fenton C hor und 92.7 4 X 
Tut hi 11 Iowa und — — — >1.4 
G ibbs Neb rem 100 10-5 

(Practically Impermeable) 

Handy plastic und 6.3 x 10-* 
Holtz Neb und 111 10-? 
Gibbs Neb rem 111 lO"? 
Scheidig Europe rem 10-® 
Lambe 95 10—* 
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In order to obtain more data and to evaluate the effect 

of molding moisture, density, type of compaction and soil 

composition on permeability, a series of permeability tests 

was conducted. 

B, Apparatus 

The apparatus known as the variable head permeameter or, 

more commonly, the falling head permeameter was used, see 

Laabe (1951), Host of the tests were run in the Harvard 

Miniature Molds, but a few tests were conducted while the 

samples were in the Triaxial Testing Machine, 

C. procedure 

The majority of the samples were statically compacted 

under measured loads into the Harvard Miniature cylinder and 

immediately placed into the falling head apparatus. Then the 

samples were saturated from the bottom up to reduce the pos­

sibility of entrapping air bubbles in the pores. The samples 

were placed under a head of '4^ to 56 inches of distilled 

water. The permeant was allowed to flow through the samples 

for approximately one-half hour before the change in head was 

recorded. For high density samples additional flow time was 

needed, and because of the long duration of these tests, cor­

rections for evaporation of the permeant were made. Perme­

ability data for the different test series conducted are 

listed in Appendix D. 
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D. Calculations and Discussion 

During the entire series of permeability tests, constant 

temperature distilled water was used on 100 percent saturated 

samples. All the loess used was taken from the Prospect Hill 

Site from within a 10 foot radius. Therefore, the soil com­

position of the loess samples probably remained unchanged. 

The three major variables tested were density, compactive 

effort and molding moisture, shown in Figures 18, 19, 20 and 

21, respectively. 

Test series one and two, shown in Figure IB, indicate 

that the dynamically compacted samples produce higher perme­

ability values at equal densities than the statically 

compacted samples. The dynamic compaction procedure closely 

resembles the AASHO compaction method. However, for the pur­

pose of studying various densities, the procedure was slight­

ly modified. ̂ 

In order to obtain the desired densities the statically 

compacted samples were compacted to a predetermined sample 

height on the unconfined compression apparatus. The static 

compactive load for loess and silt of different densities and 

moistures are shown in Figure 19. It is interesting to note 

that the same points that deviate from the compactive effort 

»See dynamic compaction data in Appendix D, test series 
two. 
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curve also deviate from the permeability-density curve. 

This is probably due to a moisture difference or a lack of 

homogeneity within those samples. 

The relationship between the permeability and the 

molding moisture content is clearly shown in Figure 21, where 

the permeability decreases with increased moisture. A 

probable explanation for this variation ia permeability is 

that the molding moisture content influences the type struc­

ture formed by the loess. A more dispersed structure formed 

at the higher moistures produces lower permeability values. 

The effect of molding moisture is independent of densi­

ty, as seen in Figure 22 where the relationship of higher 

moistures, lower permeabilities holds over a range of 

densities from 75 to 110 pcf. Curve 1, the 7 percent molding 

moisture, indicates a higher permeability than Curve 2, the 

16 percent molding moisture,over the entire density range. 

The permeability values foe the low density, Lemoldêu 

loess samples were plotted in Figure 23. The scatter noted 

in this permeability data is significant «hen compared to the 

good reproducibility of permeability data obtained at the 

higher densities. It indicates the wide variation in pore 

configurations available when remolding loess at low 

densities and when varying moisture contents. 
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A y = 75 ± 1 paf 
O Y =• 75 ± 3 paf 

10 - 5  

J I I L I I I 
-1» 

10 

PERMEABILITY, Qm/sea 

1 ' I L_L 

10 

Figure 23 Molding moisture-permeability data for loess. 



www.manaraa.com

67 

One of the reasons cited by Terzaghi (1951) for the dif­

ficulty in determining permeability of loess is that 

saturation causes structure collapse and densification. Al­

though this seems reasonable, the densification was not di­

rectly measurable. However, a decrease of permeability with 

time within the same sample was noted (Figure 2U). A possi­

ble interpretation would be the movement of fines within the 

loess structure to critical points in the flow channels which 

could reduce permeability. On the other hand, no movement of 

fines was observed. Another possible explanation would be 

the growth of organisms in the pores. However, distilled 

water was used on BEN loess which had been ovendried at 105® 

C. And lastly perhaps the fines were coating the porous 

stone filters causing a decrease in permeability. In the 

final analysis, probably some or a combination of all the 

above mentioned reasons contributed to the permeability de­

crease. 

Figure 25 shows the comparison of loess and silt molded 

at equal moisture contents. From this graph it appears that 

loess and silt have the same permeabilities, indicating that 

the 1U percent clay present in the loess has little influence 

on permeability. However, the clay does have significant in­

fluence in determining the load required to mold loess, com­

pared to the load required to mold the silt. A possibility 

which may have caused the similarity in the loess and silt 
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permeability data is a crushing of silt grains during 

remolding. The estimated crushing stress for silt compacted 

to 89.2 pcf dry density is over 4,000,000 psi* which is high 

enough to crush the guartz of the silt. The silt with small­

er grains would provide lower permeability values. 

Permeability values from each of the various type tests 

were plotted in Figure 26 as dry density versus permeability. 

The boundaries shown are those defined originally by Holtz 

and Gibbs (1951), They classify samples which fell above 

boundary curve 1 as sandy loess, those below boundary curve 2 

as clayey loess or reworked loess, and those in between the 

boundary lines as silty loess. All their permeability tests 

were for undisturbed natural loess and were conducted in a 

one-dimensional consolidation apparatus. When the friable 

Iowa loess permeability values were plotted in relation to 

the Holtz and Gibbs boundaries, most of the values were in 

t'ue cewOirked zone with two exceptions, rirst the values tor 

the undisturbed and hand carved saeples fell within the 

undisturbed silty loess boundaries. Secondly, the dynamical­

ly compacted samples molded at low moisture contents fell 

within the boundary lines. This is as it should be. 

ilambe and Whitman (1969) give a value for the actual 
contact area for sand as 0.0003 square inches per inch and 
the crushing strength of guartz as 200,000 psi. 
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"Remolded" loess values should fall in the "reworked" clas­

sification whereas undisturbed friable loess values should 

coincide with undisturbed values. One may conclude, however, 

that dynamically compacted samples result in permeability 

values which approximate those of undisturbed loess. 
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VI. VOID VOLUMES MEASURED BY 

MERCURY INJECTION 

A. General 

The mercury injection technique to determine the pore 

volume of undisturbed and remolded loess of different 

densities provides a means of comparing the change in pore 

volume caused by remolding. From this comparison a better 

understanding of the structure of loess, the influence of 

compaction and the relationship of void sizes to density was 

obtained. 

B. Apparatus 

The Mercury Injection apparatus is composed of essen­

tially three components: the mercury displacement pump, the 

sample chamber, and the pressure manifold system. These com­

ponents are shown schematically in Figure 27. For a more de­

tailed treatment of the Shell Development Company Porosimeter 

see Purcell's (1949) article. 

C. Procedure 

The oven dried specimen is placed in a porosimeter 

chamber where a vacuum of 30 microns is then obtained. 

Twenty minutes is usually required to remove most of the 

entrapped air and moisture from the loess samples. 

Mercury is introduced into the chamber completely sur­

rounding the specimen. With the mercury level at the upper 

reference mark, and the chamber under 30 microns pressure. 
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the zero psia reading is taken. At this point the vacuum 

pump is stopped and 5 psia of nitrogen is applied to mercury 

in the chamber. 

At predetermined increments of pressure, the nitrogen 

forces mercury into the loess sample. The volume of mercury 

forced into the specimen is recorded at these pressures up to 

the 2000 psia, the limit of this apparatus. 

Upon removal of the loess sample each specimen was 

visually inspected. In no case was any sample crushed or 

damaged, however, the samples shrunk 0.8 percent by volume 

and each sample appeared to be completely saturated with 

mercury when broken apart. 

psiJjo 

VACUUM PUMP ( / 

N 
2 

^ SAMPLE CHAMBER 

UPPER REFERENCE WINDOW 

hiV LOWER REFERENCE LOWER REFERENCE WINDOW 
PISTON ^ 

CRANK ̂  SCALE CRANK 

PISTON 

Figure 21 Schematic of shell type porosimeter. 
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D. Calculations 

The loess specimens were weighed before and after drying 

to determine the molding moisture. The remolded cylinder 

specimens were measured and the total volume calculated. 

with the dry weight and total volume, a dry density for each 

specimen was determined. 

For undisturbed samples of irregular shapes, the total 

volucte of the specimen was determined by subtracting the 

volume of mercury introduced to the chamber, when the 

specimen was in it, from the total volume of the chamber. 

This initial reading was taken with a chamber pressure of 5 

psia. It is assumed that at that pressure the mercury com­

pletely surrounds the specimen, filling all large surface 

voids but not filling the internal voids. Thus 5 psia was 

used as the zero datum for all tests. 

The mercury volumes corresponding to the different 

pressures were corrected for mercury compressibility. 

The 2000 pisa pressure was used as the upper limit in 

the majority of the tests. However, a few tests were 

conducted at 1600 to 1800 psia and are so noted. The volume 

of mercury which filled the voids between 5 to 2000 psia was 

designated the total volume of voids. 

The pressures were then converted to radius of pores by 

use of the Washburn Eguation. 
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The volume of mercury injected into the sample per 

pressure/radius increments was divided by the total void 

volume and multiplied by 100 to obtain percent void volume 

per total void volume. This percent volume was plotted in 

incremental or accumulative volumes versus pressures or radi­

us of voids. 

E. Discussion of the Experimental Technique 

To eliminate as many sources of possible error as practi­

cal, the following selections, corrections and techniques 

were used: 

The selection of a contact angle and surface tension ' 

value was made after an extensive literature search. The 

values of 140° and 480 dynes/cm appear realistic values for 

loess. The values for sands and clays from Table 11 ware av­

eraged, and these values were used for loess. 

By waiting 20 minutes for the pump down of the 30 micron 

vacuum and by ovendrying for days at 105°C, most of the 

moisture and air were removed from the sample. The shrinkage 

due to oven drying of the loess was less than 1 percent by 

volume. 

The effect of compressibility of the mercury was reduced 

by corrections, 

A correction for the kinetic hysteresis effect was made 

by waiting until the mercury level stabilized before taking a 

reading. 
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Table 11. Contact angle and surface tension values* 

Authors 0 T Materials 
(degrees) (dynes/cm) tested 

Bitter G Drake 1U0® 
(1945) 

Purcell 110® 
(1949) 

Winslow & Shapiro 130® 
(1959) 

Klock et al. 130® 
(1968) 

Diamond 139® 
(1970) 147® 

Sridharan et al. 137° 

(1971) 

480 

480 

473 

473 

484 
484 

454 

glass 
earth 

sand 

glass 
iron 

sand 

clays 

kaolin 

grundite 
blue clay 

iThis Author used values of 6=140® and T=480 dynes/cm. 
Diamond used 139® for kaolinite 6 illite. 
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There seems to be no solution to the problem of the 

inaccessible pore or the neck phenomenon. However, for loess 

with its near spherical and blocky grains, inaccessible pores 

may not be too signficant. It is difficult to calculate the 

exact number of inaccessible pores in the cryptovoiâ range 

because of the variation in measuring the macrovoids and 

mesovoids, but it is probably less than 2 percent of the 

total void volume. 

The selection of an appropriate lower reference datum 

caused considerable consternation. The normal reference for 

mercury injection of rocks is 5 psia pressure. However for 

loess with its larger voids, a notable difference in void, 

solid and total volumes vere determined at a 0 psia datum as 

compared to the 5 psia datum. Calculations at the 0 psia 

datum reveal a large volume of surface voids (10 to 20 

percent of total volume) in the 0 to 5 psia range. Figure 28 

sho^s the pcrcsitiss plotted versus isasitv for data calcula­

ted from the 0 and 5 psia reference as sell as data based on 

gross weight and volume aeasuresent-s sade on cylindrical 

samples, Froa this plot it appears that the 0 psia reference 

provides better porosity, density and voluae values. Howev­

er, the 5 psia reference, which does not seem to have as much 

initial variation as 0 psia, provides a more stable base. In 

either case, the general shape of the curves do not change. 

The 5 psia reference was used in this study. 
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P. Discussion of Results 

The comparison of the void volume of undisturbed loess 

with remolded loess at the same densities is shown in Figure 

29. This comparison reveals a number of significant differ­

ences. First, the very fine nacrovoids found in the 

undisturbed loess are partly eliminated by remolding. Sec­

ondly, a rearrangement of pore volume distribution caused by 

remolding is evidento The dominant peak for the remolded 

loess represents 50 percent of the pore volume, whereas the 

dominant peak for the undisturbed loess represents only 30 

percent of the pore volume. Lastly, the maximum pore volume 

peak of the loess is increased from 13 to 20 percent in 

volume and the pore radius from 2.7 x 10-* to 5.3 x 10-* by 

remolding. In general, the undisturbed loess has a more 

uniform distribution of pore volume. The engineering signif­

icances of the redistribution of voids caused by remolding is 

an increase in permeability. 

A coaparisoa of iacreaeatal void voluses for a series of 

refolded loess saaples of various densities also shoes pat­

terns of âlisinating larger voids first. However this com­

parison indicates a lack of dramatic change in the lower den­

sity range even though there is a significant change in the 

higher density range. Figure 30. 
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A comparison of cumulative void volume for a series of 

remolded loess samples of various densities shows an inter­

esting change in void distribution. Figure 31 clearly 

discloses a pattern in which the voids are eliminated in 

order of largest to smallest as the density is increased. 

This is reasonable since the larger voids formed by the 

arching of individual grains would be the weakest structural 

link of the soil system. This is seen from rudimentary con­

siderations of the larger moments developed in larger arches. 

For low density range, the remolded loess samples 

disclose relatively little differences in void distributions 

to density changes, (Figure 30). In the high density ranges 

a small change in density generates a relatively large void 

distribution change. This behavior is attributed to the lim­

itation of mercury injection to measure the mesovoids and 

macrovoids and to the variable nature of the loess structure 

at low densities. 
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VII. STRUCTURE 

. A common method of describing a soil for engineering 

purposes is the grain size distribution curve obtained from 

sieve and hydrometer analyses. This data compared to void 

size distribution data provides an excellent way to 

guantitively describe the soil structure. By converting the 

amount of mercury injected into the voids into eguivalent 

diameters and accumulating the volume filled, the void size 

distribution curve can be compared to the grain size distri­

bution curve on a volume basis. Figure 32. However, to make 

this comparison, one assumes the specific gravity of the 

loess particles are constant in all size ranges. It is real­

ized that this assumption probably does not hold in the clay 

size range and the lower portion of curve 3 in Figure 32 

should shift. However, the upper portion and center of the 

curve will probably move very little. 

Figure 32 shows the void size distribution curves for 

remolded and undisturbed loess plotted with the grain size 

distribution curve for loess. The similarity of shapes of 

the three curves is clear. Evidently the particle size and 

shape has a significant influence on the size of the voids. 

Although the void volume distributions are difficult to 

obtain, they should serve as excellent indicators of any 

change in structure or fabric when compared to their respec­

tive grain size distributions. 
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A conceptal approach to describe soil structure is to 

use the distribution curves in Figure 33 as boundaries and to 

establish structural zones. Table 12. The boundaries are 

based on physical features of loess, the first boundary is 

the void size distribution curve obtained for maximum labora­

tory density without crushing the primary particles. The 

second boundary is the void size distribution curve for UND 

loess. The third boundary is the grain size distribution 

curve for loess, zone & represents an area above the maximum 

laboratory density for loess. To attempt higher densities 

will probably cause crushing of primary particles. Any void 

size distribution curve falling in this zone will be classed 

as an altered particle structure. Zone B represents an area 

of relatively dense loess (normally higher than the 

undisturbed field density) in which primary particles are in 

contact with each other. Any void size distribution curve 

falling in Zone B will be designated a particulate structure. 

Zone C represents an area in which many of the primary par­

ticles are joined together forming composite particles and 

two classes of voids. The composite void formed between 

composite particles, and the particulate void formed between 

primary particles forms the different void classes. The 

large composite voids characterize the structure in this zone. 



www.manaraa.com

9D 

80 

70 

'60 

SO 

40 

30 

20 

.10 

0 

re 

VOID SIZE DISTRIBUTION 
y = 119 pof REMOLDED LOESS 
mXIMJM LABORATORY DENSITY 

ZONE D ZONE C ZC KE A 

VOID SIZE DISTRIBUTION 
Y = 86.5 paf UNDISTURBED lOESS 

GRAIN SIZE DISTRIBUTION 
CURVE 

10 

GRAIN AND VOID DIAHETEBŜ  am 
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Table 12. Type structure and corresponding 
photograph references 

Zone Type structure Sketch Photograph 
references 

Altered particle Figure 3m 

Particulate 

Composite 

Honeycomb 

Figure 35 

P -i n n r o 1 A 

Figure 37 

iThis photograph is actually of a structure of loess in 
the upper portion of Zone B, but provides the massive 
appearance of the type structure defined in Zone A. 
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Figure 34 SEH photograph of REM loess at 116 pcf dry density 
and 200x magnification. 

Figure 35 SEH photograph of REM loess at 94 pcf dry density 
and 200x magnification. 
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Figure 36 SEM photograph of REM loess at 76 pcf density 
and 200x magnification. 

Figure 37 SEM photograph of clay from loess settled out of 

distilled water at 10,000* aagnifizatisn. 
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Any void size distribution curve falling in this zone will 

be called a composite structure. And lastly. Zone D repre­

sents the loosest structure where the voids are larger than 

their adjacent grains and probably could only be formed by 

extreme bridging and arching of flat particles. Any void 

size distribution curve falling in this area will be labelled 

honeycomb structure. 

It can be observed in the SEN photographs that remolded 

loess forms two distinct structures, the particulate (120-85 

pcf density) and the composite (85-65 pcf density) , shown in 

Figures 35 and 36 respectively. The other two structure 

classes are more theoretical or boundary-type structures and 

will probably never be obtained in loess. 

Although the zones clearly show the structure, a method 

was needed to quantify the structure numerically. A grain 

size to void size ratio was developed for three size classes, 

50, 80 and 90 percent passing respectively. This ratio is 

identified as "distribution ratio". 

The distribution ratio was initially conceived while 

working on the soil classification system (Appendix A), 

modified while defining the types of structural zones (Table 

12), and developed as an attempt to quantify the structure of 

loess. For example, enter Figure 32 at 50 percent passing 

and read across the page to the void size distribution curve 

for hand carved (HC) loess. Then read down to determine the 
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void diameter, which is 0.00062 cm. Continue across the 

figure at 50 percent passing to the grain size distribution 

curve and read down to determine the grain diameter, which is 

0.0031 cm. By dividing the grain diameter 0.0031 cm by the 

void diameter of 0.00062 cm, the distribution ratio of 5.0 is 

obtained. The distribution ratio is defined as the ratio of 

the particle diameter at the 50 percent passing size divided 

by the diameter of the voids at 50 percent filled by mercury. 

(If mercury injection is not used to determine the void 

sizes, then the void diameter at which 50 percent of the 

voids are larger and 50 percent are smaller will be used), 

The particle and void size at 50 percent was selected over 

the 80 and 90 percent sizes because it seemed to be easier to 

determine and it seemed to have less scatter when plotted 

with the other two sizes. Figure 38. 

The distribution ratio for HC loess is 5.00 compared to 

3.65 for loess remolded to eguivalent dry density. At this 

85 pcf dry density and 10 percent saturation, the unconfined 

compressive strength for HC loess is 7.0 psi and for REM 

loess is 2.7 psi shown in Figures 10 and 11 respectively, 

since the density and saturation are the same for the HC and 

REM loess, part of the difference in strengths may be attri­

buted to the structure. Figure 16 shows the relationship of 

unconfined compressive strengths to density. 
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If this is the case, then the distribution ratio may be used 

to correlate structure to strength. 

For loess, the distribution ratio of 5 seems to be the 

boundary between composite structure and particulate struc­

ture, Figure 38 and 39. And all ratios higher than 5 proba­

bly indicate a type structure that would indicate an adequate 

foundation material. All ratios lower than 5 indicates an 

inadequate foundation material. The curve in Figure 38 is 

bipartite and differentiates between the composite and 

particulate structure. However, the boundary between the two 

type structures is at approximately 100 pcf density which is 

higher than the chosen 85 pcf density boundary between Zones 

B and C. In the particulate structure range the distribution 

ratio is a function of density, but in the composite struc­

ture range the ratio is independent of density. By plotting 

the distribution ratio versus permeability, the ratio in the 

particulate range is a function of permeability, whereas in 

the composite range, there is little correlation. The lack 

of mercury injection data in the macrovoid range places a 

significant limitation on the interpretation of the distribu­

tion ratio correlations. However, the distribution ratio 

concept is considered a good method of quantitatively 

defining the soil structure. 
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When the mercury injection technique of measuring the 

macrovoids is improved, the correlation of density, perme­

ability and unconfined compressive strength to distribution 

ratio in the composite structure range should be obtainable. 
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VIII. DISCUSSION 

A parameter named "distribution ratio" which quantifies 

the soil structure was developed. For loess the distribution 

ratio smaller than 5 denotes poor strength values, while a 

ratio larger than 5 indicates good strength values. The 

friable Iowa loess forms two basic types of structures when 

remolded. First, loess forms a composite structure 

characterized by large variable size voids associated with 

composite particles. This structure which corresponds to 

distribution ratios less than 5 is formed in the 69-85 pcf 

dry density range. The scatter of the permeability and 

mercury injection data in this range indicates the variable 

nature of this type structure. Loess also shows an extreme 

sensitivity to any change in molding moisture. Due to the 

large voids and consequently high permeability, loess in the 

composite structure has good internal drainage, facilitating 

rapj-u intake of mozsture. Tlixs increase of moistuce reduces 

both apparent and true cohesive strengths causing this densi­

ty loess to become a structurally undesirable foundation ma­

terial. The second basic structure which corresponds to dis­

tribution ratios more than 5 is a particulate structure in 

the dry density range of 95 pcf and above. The voids of this 

type structure are formed between individual particles and 

this void size is governed by the size of the neighboring 

grains. This type structure is characterized by restrictive 
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internal drainage, by a high degree of clay banding and by 

high surface tension induced strengths. Although lacraased 

moisture decreases both types of cohesion, the restrictive 

internal drainage natara of this structira teads to keep tha 

moisture out of this density loess. With high strengths and 

minimum collapsible voids, loess with a particulate type 

structure is considered a good foundation material. 

For clayey soil it may be possible to form three basic 

type structures. First, a honeycomb structure in which the 

distribution ratio may be less then one. That is, the voids 

formed may be larger than the adjacent particles. This type 

of structure is of significant interest because it exhibits 

extreme settlement characteristics. Therefore, any soil with 

a distribution ratio of less than one is even more 

undesirable as a foundation material. Secondly, a composite 

structure similar to the composite structure of loess may de­

velop with characteristics like the composite structure of 

loessial soils, and lastly, the particulate structure is 

foraed where the clay plates are face to face. 

During remolding the voids of the loess ace reduced in 

size in order of the largest voids first. Since the larger 

voids are composite type voids, the loess can be reduced in 

total volume by breaking minimum clay bands; consequently, 

small compactive efforts are needed. It appears that clay 

bonding contributes significant strengths to andlsturbed and 
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high density remolded loess but contributes little strength 

to the low density remolded loess. However, in the 

particulate structure range the smaller voids are more diffi­

cult to eliminate because of the increased number of clay 

bonds which have to be broken. This increases the required 

compactive energy. Any additional moisture decreases the 

clay bonding strength, reducing the needed compactive energy. 

However, too much moisture produces pore pressures which in­

crease the compactive effort. This emphasizes the importance 

of compaction at optimum moisture content under proper 

compactive effort; otherwise slickensides may develop. 

Moisture greatly affects the stability or strength of 

loess and this moisture may be categorized into three 

classes. The molecular moisture which is adsorbed by the 

clay causing a loss of true cohesive strength forms the 

initial class. The capillary moisture which forms the 

menisci at the contact points constitutes the next class. 

The apparent cohesive strength decreases with increased 

moisture up to menisci coalescence. Lastly, the 

gravitational water which fills the large voids aiding total 

weight to soil mass may cause a condition where the loess may 

fail from its own weight. A simple test will clearly demon­

strate that undisturbed loess will collapse on saturation. 

When a dry undisturbed sample is placed on a porous stone 

which is slowly wetted, the sample fails under its own 
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weight. Each type moisture acts on the soil mass in the pri­

ority order of molecular, capillary and gravitational water 

r e s p e c t i v e l y .  F i g u r e  U O .  

For different porosities the degree of saturation that 

is adsorbed by the clay is shown in Table 13. These 

saturation values denote the boundary between the molecular 

moisture zone and the overlap zone shown in Figure 40. 

Table 13 Moisture adsorbed by the clay 

Porosity Density Saturation 
percent pcf percent 

47.64 88.23 3.84 

J / . 3 4  

30. 19 

25.95 

117.63 

124.77 

8.09 

10 .00  

The permeability of loess is primarily a function of 

density and structure. The composite structure (low density) 

produces higher permeabilities, while the particulate struc­

ture (high densities) produces low permeabilities. 
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A small amount of moisture present at molding causes a 

composite (flocculated) structure, and high molding moisture 

causes a particulate (dispersed) structure which produces low 

and high permeabilities respectively. The friable Iowa loess 

permeability values are comparable to the Nebraska loess per­

meability values of Holtz and Gibbs (1951). 

Although the mercury injection technique provides good 

comparative data in the microvoids, ultramicrovoids and 

cryptrovoids ranges, it does not provide adequate data in the 

macrovoids and mesovoids ranges. The macrovoids are the most 

significant voids in determining permeability values and for 

comparing void configurations for different structures. To 

improve the mercury injection technique of soil in the 

macrovoids range will reguire a more sensitive pressure meas­

uring device in the 0.1 psi to 10 psi range. A second alter­

native is to supplement the existing mercury injection data 

\^ith sacrcvcids data ssasured from the 3Sn puotograpus. How­

ever, it was found to be extremely difficult to relate the 

two dimensional scaled SEM values to the mercury injection 

data o 

The theoretical apparent cohesion equation provides a 

good method of predicting apparent cohesion in fine grained 

soils. This apparent cohesion contributes significantly to 

the total cohesion in silts and loess type soils. For fine 

soil with an effective radius of 0.0002 cm and a porosity of 
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26 percent, apparent cohesive values of 18-22 psi were deter­

mined in the 0-30 percent saturation range. This equation 

with proper adjustments may be used over a range of 

porosities from 26.9 to 47.5 percent. 

Apparent cohesion plays an important role in the design 

or retaining wall and the determination of maximum slopes in 

stability work. The change in apparent cohesion with corre­

sponding change in moisture content is evident; however, a 

simple mathematical relationship which could predict the 

amount of apparent cohesion in terms of saturation and 

porosities was needed. The apparent cohesion equation devel­

oped in Appendix C provides a simple and fairly accurate 

equation that can be used to calculate apparent cohesion in 

the zero to 80 percent saturation range for fine grained 

soils Jumikis (1962) lists an increase in moisture as a pri­

mary contributing factor in slope failure because of the de-

jk. 'v VA >1^ v. x/n VI uc vw uuxo X iio ̂  va oc;u. utv^xouULC* tt J. 

though the apparent cohesion is only one of the elements 

which contributes to this total cohesion,- an equation which 

allows the designer to predict the amount of apparent 

cohesion is extremely important. 
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IX. CONCLUSIONS 

1. The distribution ratio serves as an accirate 

indicator of any change in structure of loess. 

2. Remolded loess forms tiro basis types of structure, 

particulate at high densities/high distribution ratios and 

composite at low densities/low distribution ratios. 

3. At 85 pcf dry density (composite structure) the gu 

strength of remolded loess is approximately equal to tha gu 

strength of silt and the cohesion developed from clay bonding 

does not become a contributing factor until highar densities 

(particulate structure) are obtained. 

U. Clay bonding is the dominant cohesive força in a 

particulate structured loess, 

5. Apparent cohesion is the dominant cohesive force ia 

a composite structured loess. 

(. Clay bonding in loess is a function of density and 

moisture, increasing as density increases and dacreasiag as 

moisture increases. 

7. The developed theoretical appacsnt couasion equation 

provides a good method to predict apparent cohesion in fine 

grained soils. This apparent cohesion contributes 

signficantly to the total cohesion in silts and loess type 

soils. 

8. The larger the grains the smaller the cohesive force 

obtained from surface tension with 0.003 cm radius, the 
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boundary where the grains begin to act Liks flat plates. 

9. The smaller the grains the more sensitive the 

apparent cohesive force is to moisture changes. 

10. The apparent cohesive strength of loess decreases 

with increased moisture up to menisci coalescence at which 

time it becomes zero. 

11. Moisture greatly affects the stability of loass 

slopes, and this moisture may be categorized into three 

classes, molecular, capillary and gravitational. 

12. Low molding moisture causes a composite structure 

with relatively high permeability while high molding moisture 

causes a particulate structure of relatively Low 

permeabilities. 

13. Friable loess shows a decrease in permeability with 

an increase in molding moisture. 

14. Permeability for low density remolded loess sample 

exhibits extreme scatter when plotted because of the variable 

nature of the composite structure. 

15. At equal densities the dynamically compacted sampls 

produces higher permeability values than the statically 

compacted samples. 

16. The permeability of loess is primarily a function 

of density and structure. 

17. The friable Iowa loess permeability values are 

comparable to the Nebraska loess permeability values of Holtz 
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and Gibbs (1951) . 

18. The qu strength of the 85 pcf density undisturbed 

loess was found to be greater than the 85 pcf density 

remolded loess. 

19. Undisturbed loess has a more uniform distribution 

of pore volume than remolded loess which clearly indicates 

the effect of remolding. 

20. At each increment of compactifa effart, the largest 

void available in the soil structure is eliminated before the 

next smaller sizes are collapsed. 

21. Although the mercury injectioi technique provides 

good comparative data in the miccovoids, ultrimizrovoids and 

cryptovoid ranges, it does not provide adequate data in the 

macrovoids and mesovoids range. 

22. There is a need for a mercury iijsctioi apparatus 

which is capable of measuring macrovoids and mesovoids of 

soils. 
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X. SUGGESTION FOR FURTHER RESEARCH 

A. Mercury Injection Apparatus for Soils 

There is a need for a mercury injection apparatus which 

is capable of measuring macrovoids of soils. This new appa­

ratus should have a pressure gage which is sensitive enough 

to measure low pressure in the range of 0.1 to 1.0 psia. The 

low psia is needed for the large composite voids of low den­

sity loessial soils. A chamber-sample holder large enough to 

hold a Harvard Miniature sample is recommended, 

B. Soil Structure study 

The variation of soil structure may be determined by 

mercury injection. It is anticipated that the soil structure 

will differ with changing soil types, molding moisture, den­

sity and compactive effort. The structure should also vary 

within one soil group with density and moisture changes. Any 

change in soil structure should be clearly shown in a corre­

sponding change in void size distribution. With this addi­

tional void size distribution data, a better correlation of 

the distribution ratio and soil parameter could be made. 

Therefore a variety of soils should be studied 

simultaneously. 

C. Correlation of Pore Size Distribution Data 

to Permeability Values 

With a complete range of pore size distribution data 

available, a correlation between the pores and permeabilities 
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should be obtainable. Marshall (1958), Hillington and Quirk 

(1959) and Purcell (1949) developed equations where perme­

ability could be calculated from pore size distribution data. 

The primary advantage of being able to determine 

permeabilities from pore size distribution data is that only 

relatively small size samples are required. Also an 

irregularly shaped sample can be intruded with mercury with 

the same accuracy as more regularly shaped samples. The 

mercury injection determined pore size distribution data then 

could be used in a Marshall type equation to calculate 

undisturbed permeability values. 

D. soil Classification from SEM Photographs 

As the different type soils are tested in the ERI Labo­

ratory, a 200x, 500x, lOOOx and 5000x series of photographs 

should be taken of typical undisturbed samples at some refer­

ence depth and orientation. Probably the best reference 

depth would be the average footing depth for Iowa. When an 

adequate number of photographs and related soil parameters 

are obtained, a correlation between classification number and 

soil parameter can be made. 
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XIII. APPENDIX A: SOIL FABRIC CLASSIFICATION 

A. Purpose 

The purpose for including thé soil classification study 

in this paper is two-fold. First, it shows the initial steps 

in the development of the concepts of structure treated in 

the thesis. And secondly, this classification concept exhib­

its adequate promise to be recorded. The initial phase of 

development emphasized the classification and reproducibility 

of the classification number. The last phase of the study 

was to have related the classification number to the physical 

properties of the soil; however, because of a lack of data a 

satisfactory correlation was not achieved. 

B. Apparatus 

The Scanning Electron Microscope is an instrument used 

primarily for studying the surface phenomenon of specimens 

with a clarity and depth which surpass the conventional light 

optical microscope ten to one. Image formation is produced 

using a scanning electron beam of less than 100 angstroms in 

diameter. The secondary electron emissions from the specimen 

are used to modulate a picture tube which is simultaneously 

scanned along with the specimen^ photographs of the picture 

tube are made to record the configuration of the relatively 

undisturbed sample surface. Two different SEH'S were used, 

the Phillip's AMR, Advance Metal Research Corporation. 

Burlington, Massachusetts, serial Number OOOE-1 (courtesy of 
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the United state Army Corps of Engineers, Waterways Experi­

ment Station) and the^ JSM-U3, Japan Electron Optics Laborato­

ry Co# LTD, Serial Number xm15116-73 (courtesy, Iowa State 

University) . 

C. Procedure 

All samples were air dried and broken to proper size, 

see Chapter III and Table 6. With the silver paint "GC 

Electonic" the sample was secured to the SEK specimen stub. 

After the paint was dry, the samples were placed in the 

evaporator and a lO-s torr vacuum obtained. The samples were 

then coated with carbon which was evaporated under a poten­

tial of 90 volts and a current of 1,0 amp for 10 seconds at a 

distance of 8 cm from the specimen and 200 angstroms of 60 

percent gold and UO percent palladium (8 mil wire, Ladd Re­

search Industries, Burlington, Vermont). Upon removal from 

the evaporator the samples were stored in a zero humidity 

desiccator. 

D. General 

While attempting to analyze a large group of SEN photo­

graphs it became apparent that some system of controls and 

limits were required. The initial approach to analyzing SEM 

photographs was to develop a check-list of properties which 

were marked if observed. However, just a yes or no check did 

not provide adequate means for comparing soil types. 
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To quote from Lord Kelvin (1824-1907), "I often say 

that when you can measure what you are speaking about, and 

express it in numbers, you know something about it; but when 

you cannot express it in numbers, your knowledge is of a 

meager and unsatisfactory kind; it may be the beginning of 

knowledge, but you have scarcely, in your thoughts, advanced 

to the stage of Science, whatever the matter may be." The 

next developmental step was to measure grain sizes, to de­

scribe shapes, and to designate magnifications. After many 

trials, errors and corrections, a Soil Fabric Classification 

System using the SEM photographs was developed. It is iden­

tified in this report as the Soil Fabric Classification, and 

in short form, as the SFC. 

The SFC is subdivided into eight groupings, each dis­

cussed in order: 

1 Magnification. The magnifications of 200x, 500x, 

lOOOx and 5000x seem to be the best magnification levels to 

study soil properties. These magnifications give sizes as 

follows: 

1 cm at 200x represents 0.005 cm (50 microns) on the 

sample. 

1 cm at 500x represents 0.002 cm (20 microns) on the 

sample. 

1 cm at lOOOx represents 0.001 cm (10 microns) on the 

sample. 
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1 cm at SOOOx repceseats 0.0002 cm (2 nierons) on the 

sample, 

200x magnification seems to be the bgst aagnification to 

study soil structure of loess while 100}x and SOOOx 

magnification seems best for clays. 

2 Structure. Descriptive and distinctive terms were 

needed to classify the soil structure. Parshar and Means 

(1963) used terms like slickensided, fissured, friable, 

crumbly, marly and vared. The Soil Survey Manual (1951) used 

terms like ped, clod, fragment and conccation. rerzaghi and 

Peck (1962) used tarns like loose or dense singla-grain, 

honey-combed, skeleton, clustered, transvarse isotropy and 

transverse anisotropy. Although, these terms were descrip­

tive and distinctive, they applied to soils on a macroszopis 

scale, what was needed for SFC analysis were terms which 

would describe two dimensional black ani white photographs La 

terms meaningful for both macroscopic ani microsopic scales. 

The following structural tsrms were selaztel: 

a. Massive A soil structura which appears to ba 

continuous, all one large massive particle. Figure 34. 

b. Particulate A soil structura which appears 

to be composed of many individual grains. Figure 35. 

c. Composite A soil structure which appears to 

have grouping of primary particles clustaraJ into larger 

composite particles. Figure 36. 
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d. Additional descriptive words to describe the 

above structure groups are; 

(1) Fissured--denoting cracks 

(2) Non-interlocking—no grain interplay. 

(3) Interlocking--grains so stacked as to influence each 

other when stressed. 

(U) Cemented-Other substances holding grains together. 

(5) oriented—showing grains in some pattern. 

(A combination of terms may be used to describe the struc­

ture) . 

.3 Grain shape. Initially only geometrical terms were 

used. Emphasis was placed on two-dimensional figures, then 

on three dimensional models. This provided so many different 

terms to choose from that reproducibility in selecting shapes 

was impossible. This necessitated a reduction to the follow­

ing shape terms: 

a. spherical Any grain which appears round or 

ellipsoidal. 

b. Cubic Any grain which appears blocky. 

c. Wedge-shaped Any grain which appears 

angular. 

d. Rod-shaped Any grain which appears long in 

one dimension and rounded in the other two dimensions. 

e. Platy Any grain which appears flat, could 

have round or sguare shape. 
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4 Grain size. Initial attempts at measuring grains 

and calculating the actual size were to3 time soasuming to ba 

useful. A more expeditious method of determining grain size 

was needed. The use of a transparent plastic ona centimeter 

grid technigue was developed. By the relatively simple 

method of determining the average number of grains per grid 

square, and taking the reciprocal of that number, the average 

area of the grains is determined. Howsfsr, when thsre are 

five to ten grains per square just the designation B is used, 

and when there are more than ten grains par sjuare, just the 

designation C is used. 

5 Grain size distribution. This îisrribution is de­

termined by inspection using the classification from Parcher 

and Means (1963): 

U - Onifora, All grains approxiaately the same size. 

P - Poorly graded. Two or more sizes predominate, 

w - Mell graded. All sizes preseifc from coarsest to 

finest. 

6 Void opening shape. à lack of ceproiucibility re­

sulted when two dimensional shapes or three dimensional 

models were used to describe the void openings. Therefore, 

just the two groupings of angular and roinded waca finally 

selected. 

7 Void opening size. For ease of classification, the 

same grid technigue used in determining grain size is used 
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for determining void opening size. An estimate of the aver­

age void opening area per grid square for the ten largest 

openings on a single photograph is made, and the average area 

in percent of one grid square is recorded. 

8 void opening distribution. The same classification 

as used in grain size distribution is used, uniform, poorly 

graded and well graded. 

An example of how to use the SFC on loess is presented 

below: 

1. Magnification, A photograph of 200x magnification is se­

lected because the photograph is clear and distinct. The 

magnification number becomes 200x, Figure 2. 

2. Structure, Examination shows particulate structure which 

is classed as 2, and interlocking which is B. Then the 

structure number is 2B. 

3. Grain Shape, Examination shows an angular wedge-shaped 

grain. The shape letter is W. 

<4. Grain Size, When the photograph is covered with the 

plastic grid sheet it is evident that each grain fills ap­

proximately one grid square. A 1 cm distance on a 200x 

magnification photograph is 0.005 cm. Therefore the grain 

size is listed as 0.005 cm, or 50 microns. 

5. Grain Size Distribution, Examination shows that all 

grains are approximately the same size. Then the distribu­

tion factor is uniform, U. 
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6. Void Opening Shape, Examination shows that the void 

openings are angular. 

Then the shape description is angular, A. 

7. Void Opening size, Again cover the photograph with the 

grid and determine the average opening size in percent for a 

typical grid sguare for the ten largest openings. This esti­

mate is approxtnately 30 %, 

8. Void Opening Distribution, Examination shows that the 

void opening appears well graded, WG. 

Then the combined number becomes the soil fabric classi­

fication number for loess, (200x2BW50UA30WG). 

This initial soil classification technique has many 

shortcomings, some of which are discussed below: 

a. Lacks complete reproducibility. Even at lOOOx 

magnification the soils vary so greatly that it is difficult 

to neatly place the soil into subgroupings. Most clay 

appears massive in structure which complicates the procedure 

of determining grain size and shape. One solution would be 

to establish a SFC system for loess and a different SFC 

system for clays. The current SFC system allows the classi­

fier too much subjectivity. A revised SFC system which is 

more objective is desired. To obtain this objectivity will 

require identification and analysis of just how subjectivity 

is introduced in the present classification, and the 

elimination of this subjectivity in a revised SFC system. 
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b. Eliminate research prejudices. The natural tendency 

is to photograph differences, not typical sections. Usually 

the photographer will take photographs of some special grain 

shape or void opening. This treatment of the specific case 

and not the general case makes classification tendentious. 

The reguirement for random selection of Vhere a photograph 

will be taken may be necessary. 

c. Subgroupings have no direct connection with physical 

properties of the soil. The terras used in the subgroupings 

were selected because of their decriptiveness and not because 

of any relationship to the physical properties of soils. An­

other approach would be to start with the physical properties 

and select soil property terms to describe the SEH photo­

graphs. 

d. Create a classification technique based on simplic­

ity. The present SFC has eight sub-groupings which gives a 

SFC number of approximately 15 characters. The size of this 

classification number is much too large. One method of 

reducing the number of groupings is to keep usage factors for 

each grouping and eliminate any category not being used. 

Currently, the data base is inadequate to properly check the 

groupings for usage. 

e. Sample preparation technique not perfected. Without 

careful study of what effect the evaporating and coating 

process has on the soil samples, it is difficult to determine 
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if what appears to be a cementing agent is really an agent or 

just the coating. Also without viewing some freeze-dried 

samples, it is difficult to determine the structural change 

which may take place during the evaporation process. 

The soil fabric classification system should reflect the 

engineering characteristics of a soil. Therefore a correla­

tion chart could be developed, i.e. after the SFC number is 

obtained the engineer should be able to go to the chart and 

find out what his soil really is - e.g. friction angle, 

cohesion, permeability, consolidation coefficiency, frost 

susceptibility and etc. Establishment of such a correlation 

is a major project by itself. However, such an undertaking 

may be significant and fruitful. 
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Table Al. Soil fabric classification guidelines 

I. MAGNIFICATION: (200x, SOOOx, lOOOx or SOOOx) 
II. STRUCTURE: 

1-MASSIVE (If soil is classified massive go to next 
higher magnification) 

2-PARTICULATE 
3-COMPOSITE 
(Additional descriptive words) 
A-FISSORED 
B-INTERLOCKING 
C-NON-INTERLOCKING 
D-CEHENTED 
E-ORIENTED 

III. GRAIN SHAPE: 
S-SPHERICAL 
C-CUBIC (Blocky) 
W-WEDGE-SHAPED (Angular) 
E-EOD-SHAPED (Angular) 
P-PLATY 

IV. GRAIN SIZE: 
Group A -1 to 5 grains per grid square calculated and 

list the size. 
Group B - 5 to 10 grains per grid square list as B. 
Group C - More than 10 grains per grid list as C. 

V. GRAIN SIZE DISTRIBUTION: 
U-UNIFORH 
P-POORLY GRADED 
S ^ W E L L  G R A D E D  

VI. VOID OPENING SHAPE: 
A-ANGDLAR 
R-ROONDED 

VII. VOID OPENING SIZE: 
(Average void opening area per 1 square cm grid) 

VIII. VOID OPENING DISTRIBUTION: 
P-POORLY GRADED 
W-WELL GRADED 
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XIV. APPENDIX B: DEVELOPMENT OF THE EQUATION FOR 

THE VOLUME OF CONTACT WATER 

To calculate the volume of contact watar between 

spheres, the water was subdivided into shapes with known 

volume equations. Shape CHFD represents the frustum of a 

cone. Shape HOFL represents the segment of a sphere. And 

shape CHG is the sector of a circle and when rotated around 

axis AOB forms a modified torus. The actual shape of contact 

water is represented by shape GHOEF. 

X 

Figure 8.1. Volume water at contact point 

From Figure B.I, the following relationships were obtained; 
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+ Tg = a tan 0 

I » ,  =  — -  a  =  r a s e c 0 - a ^  
2 oosQ 

BO = BE = BF = AO = AG = AE = a 

LB = KA = a Q08 0 

OL = OK == a - a ooa 0 

LH = LF = KG = KE = a ain 0 

From Figure B.1, the equation for the total volume of water 

at one contact point can be written as: 

y? = 27^,-27,2,-7^0, S.J 

The standard equation for the frustum of a cone is: 

B.2 

The areas and height are shown in in terms of a and 0 from 

Figure B. 1 

A^=Area HF = "n (LH)^ =-n (a sinQ)^ 

A^=Area CD = i^(OC)^ = t{(t^-hr2)^ ='^(o. tanQ)^ 

h = OL = (a-a cosQ) 

and after substituting and reducing. Equation B.2 becomes: 

= ̂-na^ (l-co8Q)[sin^Q+tan'^Q+sinQtanQ2 B.2A 
fa 3 

The standard equation for the volume of a segment of a sphere 

B.3 

The radius and height are shown in terms of a and 9 from 

Figure IB. 
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R = a 

h = (OL) = (a-a aosQ) 

= (OL)^ = (a-a o o bQ)^ 

And after substituting and reducing. Equation B.3 becomes: 

Vgeg = (S+aosd)} 

^aeg ~ (l-ooaQ) [ (l-oosQ) (2+q o8Q) ] B. 3A 

Lastly , the equation for the modified torus was generated by 

rotating a sector of a circle 2 'fl' radians. 

= (211) (Area Sector) (r^+r^-Centroid of Sector) B.4 

Area Sector = ̂  

2R sina 
Centroid of Sector =— 

And the radius and centroid are shown in terms of a and 9 

from Figure IB. 

r̂ -fr-̂  5= a tanQ 
1 ^ 

a = 90°-Q = Cj - Q)radians 

And after substituting and reducing. Equation B.U becomes: 

/ 4 \ / 8in(^-Q) \ 

<3 (J - 0; 
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NotBj 8in(j-Q)=cf08Q 

o o bQ 

3 1-coaQ) 
3 aoa^Q QJtanO 

•)] 

V^OB " " (l-aosQJ 
3 ( I - o o b Q )  
ooe'̂ B 

^j(2-008Q) - B.4A 

Finally, combine Equations B.I, B.2A, B.3A and B.UA to obtain 

volume of water at a point in terms of a and 3: 

V =-T{a^ (l-oo8Q)\(8in^Q+tan^Q+8inQtanQ) - (I-008B) ( 2+oo8Q) 
T 3 L 

The above developed volume of contact water Equation B.5 

proved to be equivalent to the Keen (1924) and Fisher (1926) 

equations, volume of water values calculated for particles 

of 0.003 cm and 0.0001 cm and a Theta angle of 40® for each 

of the three equations gave the same values, 4.2367 x 10-* 

and 1,5691 x 10-13 QQ respectively. 

f 3(l-ao8Q) (hj-aoaQ) - (\-Q)tanB B. 5 

Simplified form as : 

V^=^a^f(Q) B.SA 
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XV. APPENDIX C: APPARENT COHESION EQUATION DEVELOPMENT 

Fisher (1926) corrected the Haines (1925) force equation 

by adding a second term after the plus sign; 

C. 1 

This equation may be rearranged in terns of surface tension 

(T), particle radius (a) and meniscus angle by substituting 

relationships front Figure B. 1 into Equation C.I: 

Pj+Pg=a tanQ 

2 " ̂ aosQ a) = (a secQ - a) 

= a tanQ -

^2 = a tanQ - (a seoQ - a) 

r^ = a(l+tanQ -seoQ) 

By rearranging Equation C.I: 

F = 

F = nPgf 

rgfj ! + S 

2'L rjfg J 

F = ÏÏP^T 

By substituting a 6 6 values for r, and r^ in the above egua-
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tion, the force equation becomes: 

a tanQ 
F = Trî" 

F = Î AT 

a(Utan̂  - aeĉ j 

(1+tanQ -aeoQ)(tanQ) 

[ 1  +  

seoQ - 1 

sinQ 1 

f = Traf ' ooaG 

lsinQ\ 
0/ \ao8QJ 

: -2 

F = ÏÏAT 

aosQ 

einQ(ooeQ+einQ - 1) 
oobQ 1 - ooeQ 

since: 

(1 -q o bQ) (1 + aoaQ) - 1 -ooe^Q = ein Q̂ 

and; 

(aoaQ fetnG - 1) (aoaQ + einQ + 1) 

= (aoaQ + einQ)^ - 1 

= ooa'^Q + ein^Q + 2einQaoeQ - 1 

= 1 + zeinQcos^d - 1 = ÈainQcosQ 

(1 + aoaQ) (1 faoaQ + ainQ) ̂  j 
(1 -h oosQ) (1 oosQ f einQ) 
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By multiplying the force equation by the last trigonometic 

functions and subtituting two preceding trigonometic rela­

tionships: 

„_ „ sinQ ËeinQoosB (1 + oosQ) 
~ aosQ (1 -f- oosQ + sinQ) 

F - naT f oosQ) 
^ (1 + aosQ-hsinQ) 

F = 2vaT 

F = 2T\aT 

(1 + oosQ +sinO) 
(1 +aosQ) 

- ^ sin0 
1 + 

1 + (3080 

Since; 

ainO 
= 1 +0080 

The force equation is; 

The above equation is Fisher's force equation in terms of the 

surface tension, radius of sphere and the meniscus angle. To 

develop the apparent cohesion equation an "ideal soil" of 

uniform spheres packed in an open cubic arrangement as 

defined by Graton and Eraser (1935) was selected. The 

simplest complete unit cell is a cube composed of 1/8 of each 

of 8 spheres formed by passing three pairs of parallel planes 

through the centers of the 8 spheres whose corners are locat­

ed at the 8 corners of a cube of edge length 2a. The follow­

ing relationships were derived from this geometrical 
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arrangement; 

Total Volme, 2a x 2a x 2a = dâ  

Volume Solids, = 8(l/8)4/3-na = yfra 

Volume Voidst 7, = 7,-7 = 8a^- = ̂(S - irJa^ 
V V B 0 S 

Side Surface Area, = 2a X 2a = 4a' 

C. 2 

C.3 

C.4 

C.5 

In the unit cell, cube arrangement, there is a total of 

three complete contact points, The numbers in Figure C.1 

represent 1/4 contact point per number. 

* 

Figure C. 1 Unit cell with contact point numbers. 
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From Appendix B the equation for the volume of water for 

each contact point was obtained. By multiplying Equation B.5A 

by three, the number of contact points per unit cell for open 

packing, the volume of contact water per unit cell becomes: 

= (3)j-na^f(Q) = 2va^f(Q) C.6 

The degree of saturation, S, expressed as a percent is 

defined as the volume of water divided by the volume of voids 

and multiplied by 100. By substituting the amount of water 

per unit cell (Equation C.6) and the volume of voids per unit 

cell (Equation C.U) the degree of saturation is expressed in 

terms of a constant and a function of meniscus angles. 

S = ^ 164.85'f(Q) C,7 

Q =leé.SSf"^(S) C.7A 

The particle radius cancels and consequently has no influence 

on the curve of the relationship between the degree of 

saturation and the meniscus angles, Figure 8, curve 1. The 

following explicit expressions for Equation C.7ft were devel­

oped by least squares curve fitting (curve 1 of Figure 8). 

— 2, 3 tn S + 10, 59 Fov S = 10% C.8A 
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= 7.8 In S - 0.11 For S-10 to 90% C.8B 

To obtain the cohesion equation, the Fisher force Equa­

tion C.I A was divided by the surface area of one side of the 

unit cell. Equation C.5. 

 ̂ _ 2-naT . C.9 
^ ~ A 4a^ (1 f tan^Q) JoTTTtanW) 

8 

Equations C.8A S B were substituted into Equation C.9 pro­

viding the desired apparent cohesion equations: 

vT 
2a[l +tan(2.3 tnS + 10.59}.\ S = 0 to 10% C.lOA 

f 'acLi+tan/fTl tnS-O.lDÏ ® 

For temperatures of 25° C the surface tension of water is 

71.97 uyTiêS péC Cm « By âSSUmifiy d CùûsLâûL LempêCâLura û£ 

25® c, the apparent cohesion equation becoaes; 

S ̂  10 to S0% C.UB 

C is cohesion in psi. 

a is particle radius in cm. 

S is degree of saturation in percent. 
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Example calculation for S = 20%, a = 0.0001 cm and n = 47.65% 

is: 

„ X JG"** 
^ " Q,0001\l •{•tan(7.8 In 20 - 0.21)'] 

16.4 16.4 
C — 4 . -L ft » « = 

1 f tan 23. 23" ~ 1 + 0.430 

C = 11.4 pai 

This apparent cohesion equation is limited to a system 

of spheres in open cubic arrangement with a 47.64 percent 

porosity obtained from equations C.2 and C.4 as follows; 

To expand this concept to include soil systems of vary­

ing porsities requires that additional systems be analyzed, 

see Table 9. 

Ill case 1, the cubic arrar.gsser.t shicb yas treated in 

the first part of the appendix, there are 3 contact points 

per unit cell. The assumption was made that one contact 

point provides a force in the x-direction, another in the y-

direction and the last in the z-direction. Therefore, the 

cohesion developed in Equation c.11 considering 3 contact 

points, one in each direction, is valid at 47.6 percent 

porosity. 
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Table C.I Density factor, Df 

cases contact points area density 
force factor factor factor 

1 1 1 1 

2 _i J_ _8_ 
3 3 ifP 

3 _5_ H 20 
3 3 9 

<4 2 J. JL 
sTT vT? 

However, when using case 2 with 4 contact points, 4/3 of 

the force acts in each direction. And in case 3 with 5 

contact points, 5/3 of the force acts in each direction. = 

Lastly in case 4 with 6 contact points, 2 times the force 

acts in each direction. The contact point correction is in­

cluded in Figure 9 with the decreasing side area correction 

for the unit cell. 

The side area for the cube, case 1, was used as the 

standard and the side areas for each of the other cases was 
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divided into the standard. The contact point force factors 

were multiplied by the area factors to obtain a total correc­

tion or density factor, see Figure 9. In a system of uniform 

spheres, the maximum porosity is U7.64 percent and in any 

looser arrangement the spheres would not be in contact with 

each other. Also for uniform spheres the minimum porosity is 

25.95 percent, and in any closer arrangement would cause 

crushing of spheres. The density factor for the desired case 

is multiplied times the case 1 apparent cohesion eguation 

values. 

The last adjustment is a correction for the degree of 

saturation. As the porosities decrease from case 1 to case 4 

the degree of saturation increases, see Figure 8. 

Example calculations for S = 40%, a = 0.0002 and n = 35% 

are; 

a[l+ tan-s-1 
ij-

Go to Figure 8 and enter at S = 40%, read across to approxi­

mately 1/2 the distance between curves 2 and 3 and read down, 

theta equals 43°. Go to Figure 9 and enter at n = 35% read 
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C = 1.86 X. 16.4 mo 

0. OOOBll f tan(^-)] 
= 10.9 psi 

The last modification on Equation C.12A before it can be used 

on loess type soils is the replacement of the sphere radius 

"a" with the effective radius of loess "re". Then the 

apparent cohesion equation for loess becomes: 

+ t-an-] 

With C in psi 

D f from Figure 9 

water at 25°C 

re from grain distribution chart where re is the radius 

at 90% passing in the silt range. 

xo u au appjL Li^uxa ut; oauui.auj.uii aiiu 

porosity. 
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XVI. APPENDIX D; PERMEABILITY DATA 

Test series Number One, Static-Constant Moisture-16% 

soil Remolded Friable Iowa Loess 
Type Test Falling Head 
Size Sample Harvard Miniature 
Compaction Static 
Permeant Distilled Water (25-29° C) not ( 
Saturation 100%, bottom to top 
Head 44 inches 

Dry Density Molding Moisture fertneabilit 
pcf (%) cm per sec 

74.8 15.3 1.9 X 10-4 
78.3 15.6 4.6 X 10-5 

83.3 16.7 2.4 X 10-5 
88.3 15.8 5.8 X 10-* 
93.1 16.4 6.3 X 10-& 
94.4 16.2 1.6 X 10-& 
99.7 16.8 5.9 X 10-» 
102.1 16.5 1.9 X 10-7 
104.0 17.2 7.6 X 10-8 
109.6 16,5 2,2 X 1 0-8 
114.0 16.4 7.2 X 10-» 
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Test Series Number Two, Dynamic-Constant Moisture-16% 

Soil 
Type Test 
Size Sample 
Compaction 

Permeant 
Saturation 
Head 

Remolded Friable Iowa Loess 
Falling Head 
Harvard Miniature 
Dynamic 
Distilled Water (25-29° C) not deaired 
100%, bottom to top 
44 inches 

pcf (* )  cm per sec 

79.6 
82.5 
88.9 
93.1 
102.5 
103,1 
108.1 
109.3 

15.1 
16.4 
15.6 
16.7 
15.6 
15.7 
15.5 
16.4 

1 . 2  
1 . 1  
1 . 8  
9.4 
1.4 
3.7 
2.4 
2 . 0  

10-4 
10-4 
10-5 
10-6 
10-6 
10-7 
10-f 
10-7 

Dynamic CompactivG Effort 

density layers tamps lbs/tamp total load 
pcf  lbs 

79.6 6 7 2.5 105 
82.5 5 11 2,5 137 
88.9 6 11 3.0 198 
3 3 0 1 5 11 3® 0 165 
102.5 5 3 43.5 348 
103.1 5 4 43.5 870 
108.1 6 7 43.5 1383 
109.3 5 15 43.5 3160 
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Test Series Number Three, Constant Density-75 

Soil 
Type Test 
Size Sample 
Compaction 
Permeant 
Saturation 
Head 

Remolded Friable Iowa Loess 
Falling Head 
Harvard Miniature 
Static 
Distilled Water (25-29® C) not deaired 
100%, bottom to top 
56 inches 

Dry Density Molding Moisture Permeability 

pcf ( « )  cm per sec 

77.9 6.8 8.5 X 10-5 

74.2 S. 1 9,9 x 10-5 

79. 1 8.2 3.2 X 10-5 

79.5 13.1 3.8 X 10-5 

78.0 14.5 3.8 X 10-5 

79.0 14.6 1.0 X 10-5 

78.5 14.9 1.3 X 10-5 

77.1 18.0 4.8 X 10-& 

78.4 18.5 7.1 X 10-G 

75.5 18.6 6. 1 X 10-& 

75.8 19.3 1.9 X 10-5 

74.5 20.8 1.2 X 10-5 
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Test Series Number Four, Constant Density-85 

soil 
Type Test 
Size Sample 
Compaction 
Permeant 
Saturation 
Head 

Remolded Friable Iowa Loess 
Falling Head 
Harvard Miniature 
Static 
Distilled Water (25-29® C) not deaired 
100%, bottom to top 
56 +1, -1, inches 

Dry Density Molding Moisture permeability 
pcf { % )  cm per sec 

87.7 3.1 2.5 X 0-5 

87.7 3.3 2.3 X 0-s 
85.5 5.6 1.9 X 0-5 

84.0 6.5 4.2 X 0-5 
84. 1 6.9 1.6 X 0-5 

84.4 6.9 2.0 X 0-5 
82.8 7.0 3.6 X 0-5 

86.8 7.2 1.9 X 0-5 

89.6 7.4 1.9 X 0-5 
84.1 7.4 3.3 X 0-5 

82.4 8.3 1.2 X 0-5 

82.3 8.5 3.6 X 0-5 
81.6 9.0 3.5 X 0-5 

82 c 2 9,7 3.6 X 0-5 

85.7 10.5 9.5 X 0-6 

81.0 11.4 2.0 X 0-5 

80.1 11.6 8.7 X 0-6 

85.6 12.9 1.1 X 0-5 
84.9 15.6 4.9 X 0-6 
84.9 17.1 4.0 X 0-6 

86,1 18.8 7.8 X 0-7 
85.7 20.8 1. 1 X 0-6 
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Test Series Number Five, Constant Moisture-7% 

soil 
Type Test 
Size Sample 
Compaction 
Permeant 
Saturation 
Head 

Remolded Friable Iowa Loess 
Falling Head 
Harvard Miniature 
Static 
Distilled Water (25-29® C) not deaired 
100%, bottom to top 
56 +1, -1, inches 

Dry Density Molding Moisture Permeability 
pcf (%) cm per sec 

7 1 * . 2  (3) 8 . 1  9 . 9  X 1 0 - 5  
7 7 , 9  (3) 6 . 8  8 . 5  X 1 0 = 5  
7 9 . 1  (3) 8 . 2  3 . 2  X 1 0 - s  
8 2 . 8  m) 7 . 0  3 . 6  X 10- s  
8 6 . 8  (4) 7 . 2  1 . 9  X 10- s  
8 9 . 6  7 . 4  1 . 9  X 1 0 - 5  
9 4 . 0  5 . 7  1 . 1  X 10- s  
9 4 . 6  6 . 9  4 . 0  X 1 0 - *  
1 0 0 . 3  7 . 6  5 . 9  X 1 0 - 7  
1 0 0 . 4  6 . 4  1 . 7  X 1 0 - &  
1 0 9 . 2  7 . 6  2 . 6  X 1 0 - 7  

(3) S (U) denotes test which appear in other test series 
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Test Series Number six, Hashed Silt 

Soil 
Type Test 
Size Sample 
Compaction 
Permeant 
Saturation 
Head 

Washed Silt 
Falling Head 
Harvard Miniature 
Static 
Distilled Water (25-29® C) not deaired 
100%, bottom to top 
56 +1, -1, inches 

Dry Density 
pcf 

74.8 
79.8 
85.5 
89.8 
94.8 

Molding Moisture 
% 

1.6 
1 . 0  
1 . 1  
1 . 2  
1 . 2  

Permeability 
cm per sec 

9.9 X 10-4 

5.8 X 10-s 
5.8 X 10-& 
9.4 X 10-7 

4.3 X 10-* 
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Test Series Number Seven, Tciaxial Samples 

Soil Undisturbed & Remolded Loess 

Type Test Falling Head 
Size Sample (Dia. =2.8 inches 6 Len, = 5.6 inches) 
Compaction Static 
Perraeant Distilled Water (25-29® C) not deaired 
Saturation 100%, bottom to top 
Head 5U +2, -2, inches 

Density 
pcf 

87.3 (tot) 
93.2 (tot) 
85.3 (dry) 
86.0 (dry) 
85.0 (dry) 
85.0 (dry) 

Moisture 
(%) 

a.6 

11.3 
11.3 

Type Sample 

undisturbed 
undisturbed 
undisturbed 
hand carved 
remolded 
remolded 

Permeability 
cm per sec 

1.0 X 10-4 
5.4 X 10-5 

7.0 X 10-s 
7.0 X 10-s 
7.8 X 10-s 
1.2 X 10-s 
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