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ABSTRACT 

The factors which affect soil flexibility are 

examined in this research. The influence of molding 

water content, dry density, method of compaction, cure 

conditions, and particle size distributions are examined. 

Flexure beams, split and punch tensile, and cube com

pression testing are used in the evaluation of flexibility. 

In addition to physical testing, a fabric analysis study 

using X-ray diffraction techniques is conducted. 

Three artificial soils composed of different 

combinations of Hydrite-10 (Kaolinite), Desert Rose 

Clay, and a Select sand are used as test soils. Two 

moisture density relationships (as specified in ASTM 

D-698 and ASTM D-1557) are established for each soil. 

From each moisture-density curve five typical soil 

molding points are selected. For each of the selected 

molding points four beam specimens are molded. For the 

same beam molding points split tensile and punch tensile 

specimens are molded and tested. From the ends of each 

beam 3 inch cubical specimens are trimmed and subjected 

to uniaxial compression testing. After failure, selected 

beams had X-ray specimens cut from the central portion 

of the beam with one face in close proximity to the 

xi 
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failure surface. The X-ray specimens are immersed in 

a Carbowax 6000 bath until the soil water has been re

placed. After the Carbowax impregnation is complete 

the specimens are polished. The polished specimens are 

then subjected to an X-ray diffraction analysis to estab

lish the degree of fabric orientation. Flexure beam 

specimens are cured for intervals ranging from 24 hours 

to nine months under both constant moisture content and 

air drying conditions. 

Flexibility is shown to increase with: 1) in

creasing molding water content, 2) impact compaction 

with respect to static compaction, 3) increasing per

centages of the fine soil fraction. It is shown, in 

general, that flexibility does not undergo significant 

changes as the compactive energy varies. The curing of 

specimens at constant water content tends to produce 

very slight reductions in flexibility. Specimen curing 

with loss of moisture produces significant reductions in 

flexibility which are a function of the amount of moisture 

lost. In general, the greater the moisture loss in cure 

the greater the reduction in flexibility as compared to 

the as-molded conditions. 

The soil fabric becomes more parallel oriented 

(parallel particles oriented normal to the compaction 

force) with increasing molding water content. The 



xiii 

increased fabric orientation corresponds to an increase 

in flexibility. The fabric study does not indicate a 

significant change in fabric with cure duration. Nor 

is a significant change in fabric detected between 

specimens compacted by static and impact techniques. 

The split tensile, punch tensile, and cube com

pression data produce a good correlation with beam 

flexure strain. As a result of this data, the use of 

these nonflexure tests can be used to predict fabric 

tensile strain. 

One major result of this research is the better 

definition of techniques to minimize or maximize soil 

flexibility. Through the use of 1) selected compaction 

techniques, 2) water content and dry density control 

at molding, 3) grain size selection, and 4) moisture 

control during structure life, flexibility can be 

optimized. 



CHAPTER 1 

INTRODUCTION 

Scope 

The purpose of this research program was to extend 

the available knowledge of soil flexibility. Soil flexi

bility is defined as that property of a soil which enables 

the soil mass to sustain tensile stress while undergoing 

deformation. Its most commonly expressed parameter is the 

tensile strain which is developed at maximum tensile stress. 

Flexibility may also be expressed as deformation due to 

flexure or tensile stresses divided by free span or speci

men geometry respectively. Particular emphasis has been 

placed on examining factors that either increase or reduce 

soil flexibility. The role that soil fabric plays in 

soil flexibility was examined as well as the use of non-

flexure test methods to predict flexibility. 
< 

Three different soils with carefully controlled 

properties were used in the research. The influence on 

flexibility of compactive effort, method of compaction, 

grain size distributions, molding moisture content and 

dry density, and cure intervals were evaluated. Approxi

mately three hundred flexure beam specimens were molded. 



For each beam, in general, eight specimens for indirect 

tension testing were molded under identical conditions. 

Split tensile and punch tensile test data were compared 

to the flexure data. Cube compression data obtained from 

specimens cut from each beam were also compared to the 

beam flexure data. 

The influence of soil fabric on flexibility was 

investigated using physico-chemical techniques. From 

flexure beams at or very near the failure zone.specimens . 

were removed and subjected to Carbowax 6000 replacement of 

the soil free moisture. The stabilized specimens were then 

polished and analyzed using x-ray diffraction data. 

Period of Research Activities 

The author initiated this project during the spring 

of 1971. From spring of 1971 until June of 1972 the labor

atory program was carried on full-time. From June of 1972 

until the fall of 1976 work progressed on a part-time basis 

while the author worked full-time in the geotechnical con

sulting industry. During this time, and after the bulk of 

the author's research and conclusions had been completed, 

other workers began to take interest in this topic. This 

separate and independent research by others has contributed 

to selected parts of the author's program. 



As knowledge of the factors which affect soil 

flexibility increase, more efficiently engineered uses 

compacted soils will result. 



CHAPTER 2 

LITERATURE REVIEW 

General Discussion 

In this literature review three major areas will 

be discussed: 1) Flexibility testing, 2) Nonflexure test 

correlation, 3) Soil fabric review. Each of these three 

areas is an important aspect of the writer's research 

program. They are discussed in the literature review in 

the order of their relative importance to the study of 

soil flexibility. 

The properties of compacted soils have long been of 

general interest to engineers. Extensive research directed 

to compacted soils by geotechnical engineers has, however, 

concentrated on strength, density,; volume change character

istics, permeability, and structure, Seed and Chan (1959), 

Lambe (1958a, 1958b). The aspects of soil deformation or 

flexibility characteristics were largely restricted to 

soil stress-strain characteristics during shearing. Some 

researchers, for example Lambe (1958a), Casagrande (1932), 

recognized that soils were often "brittle" (failing at low 

strain levels) at low moisture contents. 

The importance of soil flexibility in engineering 

practice became apparent when dams began to crack as 
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deformation of the dam occurred. Casagrande (1950) recom-.. 

mended that the core material of earth dams be placed at 

a high moisture content to reduce cracking which occurred 

when differential settlement took place. The placement of 

core material at high moisture contents was intended to 

facilitate deformation of the core without cracking. 

Casagrande (1950) had recognized that plastic soils at 

high water contents could undergo greater amounts of 

deformation without cracking when compared to the same 

soil at lower moisture contents. 

The influence of compaction techniques on soil 

flexibility was investigated by Sherard (1953) who re

viewed the history of six earth dams. As a result of this 

review, he concluded that cracking was prevalent when 

silts and silty clays were placed at low moisture contents. 

The placement of soils with moisture contents below optimum 

was recognized to result in reduced soil flexibility. 

Flexibility 

To date there have been relatively few investigators 

who have undertaken laboratory research programs in the 

area of soil flexibility. Until 1962 geotechnical engineers 

resorted to empirical or intuitive approaches of handling 

flexibility. In an attempt to predict cracking in earth 

dams Narain (1962) undertook an evaluation of soil flexi

bility by testing beams in flexure. Flexure strain 



determined by the shape of the beam deflection was con

sidered to be indicative of flexibility. Six soil types, 

five coming from actual earth dams and the sixth a residual 

limestone soil were used in the testing program. The soils 

from the earth dams were SC-SM soils and the residual soil 

was classified as a silt. Beams 3 inches wide by 2 3/4 

inches deep by 22 1/8 inches long were compacted. The 

beams were tested in flexure with a free span of 20 1/2 

inches. The deflections were measured by optical cathe-

tometer. To compensate for the beam's own weight an 

upward force of approximately 5 pounds was applied at 

the center. Load increments of approximately 0.5 to 2.2 

pounds were applied every two hours except for one long-

term test where the time interval between load increments 

was extended to 48 hours. Tensile strains were determined 

by measuring the radius of curvature from eleven pins 

placed along the beam. Narain (1962) also ran unconfined 

compression tests on specimens taken from the ends of 

failed beams. Only one replicate for each soil density-

moisture content and load duration point was used. 

Conclusions reached by Narain (1962) included: 

1. Increasing compactive effort reduces flexibility at 

comparable water contents in relation to the relative 

location along the compaction, moisture density curves. 



2. Flexibility does not increase, except to a minor degree, 

when the water content is increased beyond 2-3 per

cent wet of optimum. 

3. Dry of optimum increasing water content produces in

creasing flexibility. 

4. The longer the loading sequence the greater will be the 

maximum strain. The effect of loading rate on maximum 

strain decreases with decreasing soil plasticity. 

5. At comparable moisture contents with respect to optimum 

water content, increasing compactive effort produces 

a decrease in flexibility. 

6. Tensile strain at failure is only a fraction of the 

compressive strain at failure (in a ratio of 0.01 to 

0.1). A consistent pattern or trend between the two 

test parameters was not observed. He concluded that 

it would be "hazardous" to assess potential flexi

bility on the basis of stress-strain relationships 

from compression tests. 

Narain (1962) was the first researcher to examine 

flexibility in a well defined laboratory test program. He 

was soon followed by others. Suklje, et. al. (1967) con

ducted beam bending tests on compacted clay. Photographic 

techniques were used to determine deflections of the 

uniformly loaded beams. For a given compactive energy the 

value of the tensile strain at failure increased with 
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molding water content. 

Other researchers who used soil beams included 

Satyanarayana and Rao (1972) who performed simply-supported 

beam bending tests using 50 cm x 5 cm x 5 cm soil beams. 

They correlated direct tension tests with the bending data. 

Although they did not report flexure or bending strains, 

for a CL soil, a decrease in tensile strength when the 

water content approached 1 to 2 percent dry of optimum was 

noted. The reduction in tensile strength continued as the 

water content.increased beyond the optimum. 

Ajaz and Parry (1975a, 1976) also used soil beams 

to evaluate soil flexure. The molded beams used were 

254 mm long by 5-1 mm wide by 51 mm high. A compactive 

energy equivalent to the standard Proctor was used with 

compaction being accomplished by a modified Dietert hammer. 

The specimens after molding were coated with silicone grease 

and were enclosed within rubber membranes. Unconfined 

compression test specimens 76 mm high by 38 mm in diameter 

were cut from similarly compacted soil. Two clays were 

used in the test program. A total of 11 beams were tested, 

13 direct tensile specimens were also fabricated and 

tested, and 13 unconfined compression tests were run. The 

beams were loaded in simple mid span loading configuration 

with loads being applied in increments of 45, 22, 22, 22, 

13.5, and 9N until the specimen failed. A three hour 



increment testing was completed typically in 1 1/2 to 2 1/2 

days, 

Tensile strains were determined using x-rays taken 

of the beams with lead shot embedded along the beams. 

Strains were averaged along the middle of the beam for the 

purposes of analysis. Ajaz and Parry (1975a) attempted to 

correlate flexure strain with direct tensile testing and 

unconfined compression testing techniques. 

Strains and stresses induced by the bending moments 

were calculated by three methods, Ajaz and Parry (1975b): 

1. Elastic bending 

2. Direct method 

3. Differential method 

For the elastic method stresses and strains are 

related by E = £ where 
e 

E = Young's Modulus 
v 

a = Stress 

e = Strain 

For a soil beam in flexure the extreme-fiber tensile 

or compressive stress is determined by a = where (1) 

M — Induced bending moment 

C = Distance from the neutral axis to the extreme fiber 

I = Moment of inertia 

In the direct method of determining tensile and com

pressive stresses it is assumed that plane sections remain 
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plane after bending; that stress is linearly proportional to 

strain; that the deformation modulus in tension may differ 

from that in compression; and that no creep occurs during 

the test, Figure 1, Ajaz and Parry (1974, 1975a). 

f 

Figure 1 (a) Cross Section of Flexure Beam; (b) Strain 
Diagram; (c) Stress Diagram for the Differential 
Method; (d) Stress Diagram for the Direct Method, 
After Ajaz and Parry (1975b) 

Stresses are determined by: 

_ 3M Sc+et 
0(2 bd2 ec 

_ 3M £c+£t 
at " bd? TT 

(2 )  

(3) 

where ac, at are extreme fiber stresses in compression and 

tension respectively and correspond to strains ec and e-fc. 

M = Induced bending moment 

b = beam width 

d = depth of the beam 

The strains were determined by using the imbedded lead shot 

and x-ray technique. 
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In the differential method developed by Prentis 

(1951) plane sections prior to bending remain plane and no 

creep is assuraed. This method does not assume a relation

ship between stress and strain. Instead, the bending stress 

a is a linear function of strain e , and not necessarily 

the same in tension and compression. If Fc and F-j- are 

correspondingly the compressive and tensile forces defined 

by 

(4) 

where a = f(e), Figure 1 (5) 

(6)  

and (7) 

Equating Fc and F^ gives 

(8) 

The moment arm dm is given by 

(9) 

Thus the moment M on the section is given by 

(10) 
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Differentiating equation (10) with respect to ec and et and 

substituting from equation (8) gives 

- 1 

ec+et ^ec 

and 

- _ 1 6 

MCe^+e-b) 
bd2 

2 

M(sc+et)2 

bd2 

(ID 

(12) 

Substituting 

X = M(ec+£t)2 (13) 
bd2 

equations (11) and (12) become 

0c = sfc (x) <14> 

and °t = ^ . (X) (15) 

The Xlexure test program led Ajaz and Parry (1975a) 

to conclude that: 

1. Deflection or tensile strain continued to increase for 

'several days after a load increment was added. 

2. Analysis of x-ray plates showing the imbedded lead shot 

used as part of the radiographic technique indicated 

that regions of high localized strains in the tension 

zone formed but failure did not occur until these 

regions were widespread in the beam. 

3. Strains along the mid-portion or near the mid-span 

vary linearly with depth through the beam. 
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4. The tensile strains at failure increase with molding 

water content. For a given water content strains 

are higher for load controlled than for strain rate 

controlled tests» 

5. The increase in tensile strain continues well past 

optimum water content. 

Ajaz and Parry (1974) did compare strain and load 

controlled test results for direct tension tests on two 

clay soils. They determined that tensile strains were 

greater for load controlled tests than for strain rate con

trolled tests. These differences, though reportable, were 

small. Narain (1962) varied the loading interval from two 

days to six months and only detected an increase in ten

sile strain of from 0.26 percent to 0.33 percent for one 

beam of compacted limestone clay. Narain (1962) con

cluded that a short term test for clays of low plasticity 

would appear to be sufficient for flexibility determination. 

The previous researchers examined flexure of com

pacted soils. Numerous other engineers have examined the 

flexure characteristics of stabilized soils. Though 

obvious differences exist for nonstabilized soils 

there are several contributions to the literature which 

were useful in orienting the writer's research. Included 

in this category is Shen and Mitchell (1966) and Mitchell and 

Shen (1967) used soil cement beams in simple bending to 
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establish beam deflections under repetitive loading con

ditions. Deformations were measured using variable 

differential transformers and bonded wire strain gauges. 

Stresses and strains were determined by applying elastic 

beam theory. For stabilized soils at least, elastic beam 

theory was satisfactory for determining flexure strain. 

Ingles and Prydman (1963) tested stabilized soil-

cement beams in flexure. The beams were subjected to 

third point loading and the results compared to unconfined, 

split tensile, and direct tensile testing. In comparing 

the variance of test data from the various tests the 

direct tensile test was appreciably less reliable. Twelve 

replicates were prepared for each flexure test point. Both 

kaolinite-cement and sand-cement soils were tested. The 

coefficients of variation were higher for the sand soil 

than for the kaolinite, by a ratio 1.86 to 1. For the 

cement stabilized soils examined no significant difference 

in the reproducibility of the flexure, split tensile, and 

unconfined compression test data existed. One of the most 

significant findings of this research was that even with 

stabilized soils direct tension tests are unreliable» 

NONFLEXURE TEST CORRELATION 

The expense and time consuming aspects of beam 

flexure testing make a correlation with an indirect method 

of flexure testing attractive and highly desirable. When 
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a soil beam fails it generally fails because the tensile 

strength of the soil has been exceeded. Therefore, it is 

reasonable to expect that a correlation exists between 

flexure and tensile testing. The tensile properties of 

soils have been examined by numerous researchers as out

lined below: 

Direct Tensile 

Tschebotarioff, Ward, and DePhilippe (1953) tested 

soils composed of different clay mineralogy and varying 

percentages of sand. Both direct tensile and unconfined 

compression tests were used. Pertinent observations as a 

result of their research were: 

1. Tensile strength of pure clay soils increased as sand 

was added, with the maximum strength being obtained 

before the maximum theoretical density was reached. 

The water content of the clay fraction was kept con

stant during the test. 

2. The addition of sand increased the compressive strength 

to a greater extent than the tensile strength of clay 

soils. 

3. Load duration had a significant effect on tensile 

strains. Magnitudes of strain increased with increas

ing load duration. 

Tschebotarioff, Ward, and DePhilippe (1953) did 

not-report difficulties in obtaining test results which are 



16 

free of induced bending moments (normally occur where the 

plattens attach to the specimen and are caused by eccentri

city in the application load). However, a real potential 

for induced bending moments exists at the points of platten 

attachments. 

Hasegawa and Ikeuti (1964) also performed direct 

tension tests by imbedding anchor plates in the test 

specimens which were attached to cables through which 

the tensile force was applied. They reported a signifi

cant percentage of specimen failure at the plattens which 

is indicative of induced bending moments. The direct 

tension data from the central portion of the specimens 

showed that the maximum tensile strain increased with 

moisture content. Hasegawa and Ikeuti (1964) found that 

under constant stress levels strain continued to increase 

as the duration of load increased. However, after the 

constant stress had been held for 30 to 60 seconds the 

resulting increased strain became almost zero. This 

indicates that whatever soil fabric changes are occurring 

under constant stress occur relatively rapidly. 

Rao and Rao (1972) also conducted direct tensile 

testing but experienced specimen failure near the ends. 

An extensive direct tension test program was under

taken by Ajaz and Parry (1974). Two clay soils were 

compacted to densities equivalent to those developed by 
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standard Proctor. Strain measurements were made with 

imbedded lead shot and x-rays. Optical displacement 

measuring devices were also used to measure displacements. 

Both constant strain rate and load controlled loading 

conditions were evaluated. The average test duration was 

1 1/2 to 2 days for the load controlled tests. The 

strain controlled tests were normally completed in 1 to 

2 hours. It was noted that 1) the deformation modulus 

(both initial and secant) of the compacted soils in tension 

is higher under strain controlled conditions than under 

load controlled conditions, 2) the deformation modulus in 

tension and compression were reported to be unequal, 3) 

it was determined from their radiographic techniques 

that the strain deformation was uniform over the specimen 

portion being subjected to the highest tensile stresses, 

4) at relatively low moisture contents the tensile stress-

strain curves are more linear with steeper slopes than at 

higher moisture contents. 

Indirect Tensile 

Direct tensile testing is second only to beam flex

ure testing in difficulty when the techniques available 

for evaluating tensile strength are compared. This diffi

culty has resulted in widespread application of indirect 

tensile test techniques. The split tensile, or Brazilian 

disk tension test, was originally applied to rock cores. 
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However, in stabilized soil research numerous research 

programs have been developed utilizing this test technique, 

Kennedy, Moore, and Anagnos (1971), Kennedy and Hudson 

(1968), Ingles and Prydman (1963), and Thompson (1965). 

The distribution of stresses along axis parallel 

and perpendicular to an applied compressive line load can 

be calculated from Frocht's equations [Kennedy and Hudson 

(1968)] . The vertical stress cry along the horizontal 

diameter is compressive and varies from at the center 
utd 

to zero at circumference .where P, t, and d are defined in 

Figure 2. y 

t = thickness 
d = diameter 

2P 
vES 

r
x, Tension = 

X 

y, Compression = 

-2P 
WES 

Figure 2 Stress Distributions on X-axis (After Kennedy 
and Hudson 1968) 



The horizontal stress ax along the vertical diameter is 

constant with a magnitude , except at the ends. The 
irtd 

vertical stress cr,, is compressive and varies from . 
" irtd 

at the center to infinity at the circumference beneath 

the load. The stress distributions for the horizontal 

and vertical diameters are presented on Figures 2 and 3. 

Y 

x/ Tension = 

= Constant 

CTyr Compression = 

-2P 
irt dt2y ~ 3" 

Figure 3 Stress Distribution on Y-axis (After Kennedy 
and Hudson 1968) 
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C 
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2D 
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Figure 4 Horizontal stress distributions on the y-axis 
for loading strip width equal to d/12 (After 
Kennedy and Hudson 1968) 

Since the load is applied along a strip of finite 

width instead of at a point the magnitude of the vertical 

compressive stress is reduced. Furthermore, the distri

bution of CTx shown in Figure 4 is idealized since research 

has shown that the magnitude of the horizontal stress is 

virtually unchanged near the middle of the specimen, it 

becomes compressive and increases in magnitude near the 

edges, Figure 4. 

Kennedy and Hudson (1968) concluded that the follow

ing factors affect the results of the split tensile tests: 

1. Load-deformation characteristics of the material tested. 

2. Dimensions of the specimen. 

3. Composition and dimensions of the loading strip. 
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4. Rate of loading. 

5. Test temperature. 

On the basis of their laboratory testing program they con

cluded that use of the split tensile test is acceptable 

for evaluating the tensile characteristics of stabilized 

sub base material. The application of this test need not 

be restricted to stabilized soils since the writer has 

established its application to unstabilized soils. 

A recent development in the area of indirect tensile 

testing is the double punch test. In this test two circular 

disks of diameter smaller than that of the specimen to be 

tested are centered on both top and bottom surfaces of a 

cylindrical specimen and forced into the specimen until 

failure occurs. The tensile strength of the specimen can 

then be calculated using the theory of perfect plasticity. 

The initial development of the double punch test was 

oriented towards applications in concrete testing, Chen 

(1970). The extension of this test technique to soils 

was suggested by Pang and Chen (1971). Two assumptions 

utilized in the punch tensile theory are: 

1. Sufficient local deformability of soil in tension and 

compression does exist to permit the application of 

the generalized theories of limit analysis to soil 

idealized as a perfectly plastic material. 
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2. A modified Mohr—Coulomb failure surface in. compression 

and a small but non-zero tension cut-off is postulated 

as a yield surface for soils as shown in Figure 5. 

R » 1/2 qu - *4^ 

Compression 

Tension 

•tra 

Unconfined 
Compression 
Test 

Double Punch 
Test 

ffff 

Figure 5 Modified Mohr-Coulomb Criteria (After Fana and 
Chen 1971) 



The ideal failure mechanism is shown diagrammati-

cally on Figure 6. It consists of simple tension cracks 

along the radial direction and two cone-shaped rupture 

surfaces. As the cones move toward each other as rigid 

bodies the surrounding material is displaced sideways. 

The relative velocity vector <5-w at each point along the 

cone surface is inclined at an angle (J> to the surface, or 

is the separation velocity across a simple tension crack, 

and P the applied force. The punch tensile stress is 

calculated from at = p . 
^ 1(1.0 bH-a^) 

Fang and Chen (1971) on the basis of test data 

obtained for a soil of medium plasticity concluded that: 

1. The tensile strengths calculated from the double punch 

test were in agreement with strengths determined from 

split tensile testing. 

2. The ratio between tensile strength and unconfined com

pressive strength is relatively constant, being equal 

to 1/9 to 1/12 of the unconfined compressive strength. 

3. Tensile strengths of soils compacted on the dry side 

of optimum were higher than those of soils compacted 

wet of optimum. 

4. For all cases examined the load-deflection patterns 

were similar in both double punch and split tensile 

tests. 
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5. For the general case the tensile strength increased at 

a constant water content as the molding density in

creased. 

Rigid Rigid 

Tensile 
Crack 

H 

/ 

VELOCITY RELATIONS 

Figure 6 Failure Mechanism of the Double Punch Test 
(After Fang and Chen 1971) 

Krishnaya, Eisenstein, and Morgenstem (1974) 

utilized split tensile testing to evaluate the tensile 

characteristics of compacted soil. Tensile strains were 

calculated by attaching gauge blocks on the ends of the 
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specimens across the potential failure plane. Deformations 

were measured by strain gauges recording the relative move

ment between the gauge blocks. Mica till from British 

Columbia (LL = 18, PI = 4) with and without bentonite 

added was used in the test program. They established from 

their work that: 

1. Tensile strain increased with molding water content 

becoming asymptotic at 1.6 percent wet of optimum. 

2. Tensile stress decreased -with increasing water content. 

The ratio of failure tensile stress to an average 

observed failure tensile strain also decreased. The 

decrease in tensile stress at failure was linear 

over the molding water content range tested. The 

variation in the ratio of failure tensile stress to 

average observed failure strain over the water content 

range tested was non linear being asymptotic to 

infinity at low water contents and approaching zero 

about 2 percent wet of optimum. 

3. Tensile strain increased at failure with increasing 

compactive effort up to the 50-blow compactive effort. 

4. Tensile strength increased with compactive effort dry 

of optimum, becoming virtually unchanged wet of optimum. 

5. Samples compacted dry of optimum showed a slight 

decrease in tensile strain at failure as the load rate 

increased. Wet of optimum, however, the tensile strain 

at failure increased with the rate of loading. 
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Krishnaya, Eisenstein, and Morgenstern (1974) added 

bentonite to the Mica Till. The Mica Till without bentonite 

yielded a larger tensile strain than the bentonite enriched 

soil at the same water content. However, the data indi

cates that at higher moisture contents, +14 percent, 

the bentonite enriched soil will develop higher tensile 

failure strains than could be achieved by the untreated 

till. Testing to confirm this, however, did not 

occur. 

The results of their work are in general agreement 

with those of Ajaz and Parry (1975a) . Though split tensile 

testing was used it was established by their work and the 

comparison of results with others that similar soil 

behavior is exhibited whether flexure or split tensile 

testing is utilized. This is an important concept since it 

confirms the feasibility of using nonflexure test tech

niques to estimate soil flexibility. 

Unconfined Compression 

As part of either a tensile testing or flexure 

testing program unconfined compression testing was con

ducted by Tschebotarioff, Ward and DePhilippe (1953), 

Ajaz and Parry (1975a) Narain (1962), Ajaz and Parry 

(1974) , Satanarayana and Rao (1972) , and Fang arid Chen 

(1971). In the discussion of test results the writer 



will discuss, where appropriate, the results of these 

researchers with respect to the correlation between flexure 

and unconfined compression data. 

Soil Fabric 

In order to understand such soil phenomena as 

flexibility it becomes important to consider the role of 

fabric on flexibility. Mitchell (1956) defines fabric as 

the appearance or pattern produced by the shapes or 

arrangement of the soil grains, independently of the exter

nal boundaries of the material. Mitchell's definition 

must be expanded to include groups of particles intermixed 

with the clay mineral particles. When a soil mass exhibits 

flexibility (flexure strain) such as do soil beams when 

tested in flexure, the deformation or development of 

flexure strain in influenced by the soil fabric. For 

these beams only water and the soil possessing a particu

lar fabric could be responsible for enabling flexure 

strains to develop. If engineers are to understand and 

utilize soil flexibility in an efficient manner then the 

influence, of fabric on flexibility must be evaluated. 

Early Development of Clay Fabric Theory Using Indirect 
Methods 

Fine grained soil fabric began to come under 

engineering scrutiny early in the twentieth century as 

engineers developed theories to explain the physical 



28 

behavior of soils. Terzaghi (1925) presented a theory in 

which the cohesion of clays was attributed to adhesion 

between adjacent minerals and that adhesive forces were 

sufficiently strong for the building of a honeycomb struc

ture. within this structure comparatively large amounts 

of water could be enclosed. Each cell within the honeycomb 

was visualized as being composed of numerous single mineral 

grains. 

Lambe (1953) twenty-five years later, developed a 

different concept of fabric, which was in effect, a closer 

application of colloid theory. He held what could be 

termed a colloidal chemical viewpoint, and presented 

schematic drawings of the mineral arrangements of clays. 

Undisturbed marine clays were postulated to possess 

an open fabric similar to a "cardhouse" structure. In 

fresh waters the clay fabric was visualized as having a 

denser configuration, and the remolded fabric was expected 

to have a marked improvement in particle parallelism with 

even short range order between particles, Figure 7. 

- Lambe (1953) felt that the patterns of arrangements 

of compacted soils are less complex than those of undis

turbed natural clays. The primary reason for the difference 

in fabric was believed to be the effect of stratifications 

in the natural clay deposits. The naturally sedimented 

clays have layers of different sized particles which 
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resulted from depositional differences on some time scale. 

Lambe also believed that the particles in a floculated 

sediment, though nonparallel at the time of deposition, 

could assume a parallel array. One means by which this 

could be accomplished would be applied pressure, such as 

in one-dimensional consolidation. Increased parallelism 

in particle orientation as a result of one-dimensional 

consolidation has been verified by several later researchers, 

Quigley and Thompson (1966) and Smart (1966). 

Undisturbed 
Salt Water Deposit 

Undisturbed 
Fresh Water Deposit 

Remolded 

"Figure 7 Soil Fabric Arrangement (After Lambe 1953) 
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Another interesting point was raised by Lambe 

(1958b) who anticipated the controversy over whether or not 

mineral to mineral contact acutally occurred in the soil 

mass. He commented that the "approaching clay particles 

first 'contact' each other when their double layers inter

act" . The double layer theory was first hypotehsized by 

Bolt (1955) as "Due to ionic substitutions in the crystal 

lattice, clay particles carry in general, a negative 

charge. The exchangeable cations which accompany the 

clay particles are attracted to the particle as a result 

of this negative charge. This attraction is opposed by 

the tendency of the ions to distribute themselves evenly 

throughout the system. As a result, a diffuse type of 

distribution of the ions is formed. Since the negative 

charge of the particle and the positive charge of the 

counter ion are spacially separated, this system can be 

regarded as an electric double layer". 

The change in interparticle spacing depends on 

the force system. According to Lambe, when the inter

particle spacing has been reduced to a distance of 

approximately 20 A, all of the water between particles is 

thightly held. With sufficient external applied effective 

stress and/or sufficient time, the tightly held water can 

be removed. The surfaces of clay minerals usually contain 

rough spots which are greater than approximately 7A. Thus 
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the expulsion by intergranular pressure of all the inter-

particle water is impossible, although there might be 

isolated areas of mineral to mineral contact. The exchange

able ions also remain between approaching clay particles 

even though some of the water is forced out. The ions 

must remain to satisfy the net electrical charges on the 

particles. 

Direct evidence on the nature of contact between 

clay particles is lacking. Consolidation tests on clays 

having essentially parallel particles showed that the 

average spacing between particles continued to decrease 

with an increase in pressure, at high pressures, McConnachie 

(1974). These data indicate the difficulty, if not the 

improbability, of extruding all the water from between 

adjacent particles. In this report additional comments on 

this subject will be presented in the direct methods 

section. 

Lambe (1953, 1958a) hypothesized a compaction 

theory in which the soil's reaction to compactive effort 

and moisture content changes was due to particular 

arrangements of fabric. His concepts of fabric changes 

during compaction are shown on Figure 8. 
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Figure 8 Compacted Density Versus Molding Water Content 
with Fabric Changes (After Lambe 1958 a) 

In Lambe's concept a soil particle under any 

given stress level requires a specific amount of water to 

develop fully the double layer. The amount of water used 

in compaction is usually less than that needed to fully 

develop the double layers. At WA in Figure 8 , there is 

insufficient water for the diffuse double layers of the 

soil colloids to develop fully. Increasing the molding 

water content to Wb expands the double layers around the 

soil particles and also reduces the electrolyte concen

tration. The reduced degree of flocculation permits a 

more orderly arrangement of particles and a higher density. 

A further increase of moisture content to We results in 

further expansion of the double layers and a continued 
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reduction in the net attractive forces. Though a more 

orderly arrangement of particles exists at Wc than at W33, 

the density at C is lower because the added water has 

diluted the concentration of particles. In addition the 

greater the compactive effort the more parallel the particle 

arrangement will be. At low molding water content increased 

compative effort will result in decreased particle spacing 

and increased density. However, at high molding water 

contents increased effort may only align particles without 

altering the particle spacing. 

Clay Fabric Determined by Direct Methods 

Mitchell (1956) used an optical technique to observe 

degree of particle orientation. If oriented particles 

are viewed under polarized light looking down the short 

axis, a uniform grayness of the field is observed as the 

sample is rotated about the short axis. If viewed normal 

to the short axis, four stages of illumination and extinc

tion are observed through a 36 0 degree rotation. Mitchell 

prepared wet clay samples and replaced the moisture with 

Carbowax 6000. He believed the effects of water replace

ment were negligible since no volume changes occurred 

during replacement. Fourteen clays were studied, and from 

each clay sample four thin sections with various attitudes 

were taken to ensure fabric evaluation in natural, remolded, 

and consolidated states. The degree of particle orientation 
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was determined as the microscope stage was rotated. The 

greater the degree of orientation the greater the dif

ference between the illumination and extinction intensities. 

During the course of his study, Mitchell (1956) 

made some interesting observations on the fabric of clays 

that were common to the majority of the clays he studied. 

1. Silt particles did not touch each other in the undis

turbed or remolded clays. This was true also of clays 

that had less than 25% particles finer than 2 microns. 

Mitchell thought that since silt particles do not touch 

each other but float in a clay matrix they probably 

have little influence on soil properties. This concept 

differs from that of Trollope and Chan (1960) who 

advocated that the silt particles do have variable 

influence on the engineering properties. 

2. Variability in size and intensity of oriented areas, 

regularity, and transition from one field to another was 

greater for undisturbed clays than for the remolded 

samples. 

3. A result of one-dimensional consolidation is a much 

greater improvement in parallel particle orientation 

for remolded clays than for undisturbed clays. 

4. In remolded clays at natural water content, orientation 

of particles parallel to one plane is not good over 

large areas, however, the orientation is good within 
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small areas (iess than 350 microns). In addition, 

orientation between areas shift smoothly from one 

direction to another. 

Mitchell also found correlations between engineer

ing properties and clay fabric. The most important of 

these correlations are the following: 

1. As orientation increases upon remolding, shear strength 

decreases. For example, a clay of high sensitivity may 

be considered as a flocculated material in the undis

turbed condition and as a dispersed material in the 

remolded state. 

2. The steeper the slope of the straight-line portion 

of the compression curve for the undisturbed clay 

with respect to the remolded clay compression curve, 

the greater the improvement in parallel orientation 

caused by remolding. 

3. The greater the orientation improvement caused by 

remolding, the greater the difference between the 

undisturbed and remolded void ratios at any pressure. 

Shortly after Mitchell's (1956) work, Michaels 

(1959) considered several important particle to particle 

relationships. Michaels agreed that the most probable 

first contact between particles in free motion is between 

a corner and a face. If adhesion could occur at these 

points of contact then this arrangement could acquire some 

degree of stability. Michaels (1959) also states that in a 
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dry clay it is probable that the mineral surfaces are 

capable of adhering to each other. And that if a cohesive 

dry clay, in a "cardhouse" (edge to face) fabric is 

crushed, collapse of the "cardhouse" should occur. The 

resulting fabric would be composed of small randomly 

arranged packets of particles in face to face arrangement. 

This was the introduction of the "packet theory", which is a 

very important concept. These packets which contain large 

numbers of particles, function as a rigid solid. The 

realization that clay fabric contained groups of individual 

clay sized particles which could act as a unit added a new 

dimension to the analysis of soil fabric. 

The theory that clay can exist in packets or aggre

gations of particles was not restricted to Michaels. For 

example, Aylmore and Quirk (1967) have contributed important 

information on this aspect of clay fabric. They examined 

fabric using remolded cores of illite and montmorillonite 

subjected to nitrogen adsorption-desorption isotherm 

analysis and electron micrographs. 

Aylmore and Quirk (1967) found that the illite clay 

consisted mainly of clay plates organized into packets or 

domains, with very few large pores between the domains. 

They suggested that as a clay water system dries from the 

gel state (virgin consolidation curve) the formation of 

domains of oriented crystals of minimum potential energy, 
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cause the volume of water within the gel fabric to decrease 

continually. The domain was envisaged as a microscopic 

region within which the clay particles are in parallel 

array. The domains are randomly oriented with respect to 

one another throughout the clay matrix. 

Meade (1961) using X-ray diffraction, studied the 

fabric of a 2000 ft. section of unconsolidated nonmarine 

Montmorillonite sediment. Meade could find no progressive 

increase in the degree of particle orientation with depth. 

Meade presents what he feels may be reasons for the observed 

lack of particle orientation: 

1. Inadequate pressure has been exerted on the 
sediments. 

2. The presence of silt and sand may inhibit the 
formation of preferred orientation. 

3. The montmorillonites may already have been 
compressed into domains rather than into a 
homogeneous fabric. 

Meade's reasons for not finding increasing orienta

tion with depth would also appear to have application in 

compacted soils. According to Meade (1961), Raitburd (1958) 

reported completely random orientation, determined by x-ray 

diffraction of marine illite and kaolinite particles from 

the Black Sea. In addition, Raitburd compressed a cylinder 

of kaolinite paste between glass plates to one-third its 

original thickness and produced a preferred orientation. 

Meade (1961) also commented on some work of Popov (1944) , 
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who using montmorillonite pastes, found after squeezing 

between plates a preferred orientation parallel to the 

plates. 

Martin (1965), using x-ray diffraction with peak 

ratio techniques (amplitude of 002 peak to the amplitude of 

the 020 peak), examined the orientation of kaolinite par

ticles in a wet clay mass. In his experiments, he observed 

that the direction of maximum orientation is within a few 

degrees coincident with the principle stress direction. 

Sloane and Kell (1966), compacting a commercial 

kaolinite (Hydrite UF), determined that few, if any, 

individual particle to particle contacts existed. Instead, 

oriented aggregates of particles or packets dominated the 

micrographs. At the lower molding water content, these 

packets are in an essentially random array. As the mois

ture content increased to optimum, the horizontal section 

acquired a more oriented fabric, With a water content of 

3 percent above the optimum of the horizontal section, it 

was indicated that a high degree of orientation perpen

dicular to the specimen axis was shown while the vertical 

section showed more horizontally oriented packets. Sloane 

and Kell (1966) interpreted the micrographs as showing a 

high degree of randomness for the packets and that there was 

an indication that there was perhaps more orientation in the 

horizontal plane (normal to the compaction force). Above 



the optimum moisture content, a high degree of orientation 

was observed in both the horizontal and vertical sections. 

Below the optimum moisture content a considerable degree 

of randomness existed. 

Sloan and Kell (1966) concluded that regardless of the 

compactive method, the kaolin fabric consisted of packets 

of oriented clay particles. They did not believe that the 

addition of molding water in less than the amount required 

to produce a viscous suspension would disrupt the packets. 

The absence of individual particle edge-to-edge relation

ships would seem to confirm this hypothesis. Since the 

packet fabric dominates, Sloane and Kell suggested the 

following terminology changes: replace cardhouse with 

"bookhouse" fabric and oriented with "parallel packet". 

Smart (1966) remolded kaolin specimens which were 

then examined by means of ultra-thin sections and replicas. 

The ultra-thin sections were impregnated with Vestopol or 

Araldite after the pore water was replaced with acetone. 

Nothing like a cardhouse or salt flocculated fabric was 

seen by Smart in the kaolin samples examined. The ultra-

thin sections showed the development of turbostratic 

fabric with preferred orientation of particles in failure 

zones. 

The use of x-ray diffraction, optical microscopy, 

and electron microscope techniques have provided basic 
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information on the soil fabric. The general conclusion to 

be drawn is that the typical remolded fine grained soil is 

composed of packets or domains of particles and not of 

individual edge to face or face to face orientations. 

Having established that packets or domains are an impor

tant aspect of soil fabric the relationship between this 

fabric and molding or compactive stresses is of interest. 

The following researchers contributed to the understanding 

of how fabric changes with compaction: 

1. Massanat (1973) compacted kaolinite by both kneading 

and static methods at two compactive efforts. He 

examined the fabric of consolidated specimens using 

x-ray diffraction techniques and electron microscopy. 

It was found that fabric orientation increases with 

molding water content for statically compacted soil. 

For soil compacted by kneading techniques, the degree 

of orientation decreased from optimum to wet of 

optimum water content. The kneading samples showed 

higher degrees of particle orientation than static 

samples except at wet of optimum water content. 

Particle orientation also improves with increased 

compactive effort. 

Massanat (1973) reported that the fabric con

sisted generally of platelets and packets. Parabolic 

plane zones of oriented packets were observed. The 

parabolic distributions are believed to occur due to 



the shearing action of the tamping foot. In general, 

all samples examined were more random than oriented 

in their relative location along a scale separating 

the random and perfectly oriented state. 

Diamond (1971) using x-ray diffraction and electron 

microscopy also observed the packet or domain fabric 

in compacted kaolinite and illite clays. Massanat's 

(1973) observation of slight relative orientation for 

compacted specimens was in conformance with Diamond's 

(1971) observations. Diamond also observed that the 

degree of orientation normal to the axis of compaction 

was twice the orientation parallel to the compaction 

axis. Diamond (1971) failed to detect a consistent 

difference between samples compacted at or above 

optimum moisture content and samples compacted dry of 

optimum. 

Krizek, Edil, and Ozaydin (1975) consolidated kaolinite 

in both anisotropic and isotropic modes. Using x-ray 

diffraction, electron microscopy, and optical micro

scopy techniques they examined the resulting fabric. 

The observed that anisotropic consolidation stresses 

produced a preferred orientation normal to the larger 

consolidation stress. Samples consolidated under 

isotropic stress conditions tended to result in 

basically random orientation. Domains or packets were 
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also suggested in the samples consolidated isotropically. 

Martin (1966) using x-ray diffraction techniques noted 

increased orientation with respect to the principle 

stress direction for kaolinite. 

4. Smart (1966) remolded kaolinite specimens and sheared 

both consolidated and unconsolidated specimens. The 

shear zones were examined using the electron micro

scope. In unconsolidated specimens a random arrangement 

of particles or packets of particles was observed. In 

shear zones a preferred orientation of packets was 

observed parallel to the zone. Smart (1966) reported 

edge-to-edge and face-to-face contacts were observed. 

He did not detect salt flocculated or cardhouse fabric 

in the samples he examined. 

5. McConnachie (1974) with the aid of electron micrographs 

observed the fabric of remolded kaolinite clays. He 

noted the improvement in orientation as consolidation 

pressure increased. The major constituent of the soil 

fabric occurred as packets or domains. The orientation 

of the domains tended to align at right angles to the 

direction of applied pressure. McConnachie (1974) 

detected only slight increases in the degree of orien

tation at high pressures. Morgenstern and Tchalenko 

(1967) observed similar results as McConnachie (1974) 

using optical microscopy. 
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Several generalizations can be drawn drom the work 

of the people evaluating soil fabric by direct techniques: 

1. The major clay soil fabric observed is composed of 

packets or domains. 

2. The fabric becomes more parallel normal to a compactive 

force. The degree of parallelism also improves as the 

compressive or compactive force increases. 

3. The degree of fabric orientation improves, for a par

ticular compactive energy, as the molding water content 

increases. 

4. The role of the double water layer is critical to the 

engineering properties possessed by soils. There remains 

some question, however, as to the relative importance of 

solid to solid contact with soil fabric with respect to 

soil engineering properties. 

Physico-Chemical Aspects of Flexibility 

To date the author is unaware of any research which 

has examined the role of soil fabric with respect to flexi

bility . 



CHAPTER 3 

EQUIPMENT AND MATERIALS 

To accomplish the objectives of this research 

program three basic soils were used. Each of the three 

soils were man-made and were composed of three different 

materials. The materials were combined, in differing 

amounts, to form each of the soils. The writer chose to 

use artificial soils in order to insure that the three 

soils would have the same clay mineralogy. By having 

constant or similar clay mineralogy the influence of this 

variable on soil flexibility was removed from the test 

program. By using artifical soils the writer also hoped 

to minimize experimental error by maximizing soil uni

formity. By obtaining adequate quantities of the soil 

components necessary to complete the entire test program 

it was possible to assure consistency of materials used. 

Since approximately 1 1/2 tons of soil were used in the 

test program, consistency of the soil components was an 

important consideration. 

Equipment Used 

The following equipment were used in the laboratory 

testing program: 

44 
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Material Storage 

Materials and mixed soils were stored in tarp-

covered stockpiles and plastic-lined polyethelene refuse 

containers, respectively. 

Soil Mixing 

Soil mixing was accomplished using a rotary paddle 

mixer with a bowl capacity in excess of 20,000 grams. The 

bowl was charged with the three materials comprising each 

soil after being weighed on a 19 kg. triple beam balance. 

Specimen Molding 

The flexure specimens were molded in a steel mold, 

Figure 9. The internal mold dimensions are 3 inches wide, 

by 3 inches high, by 11 1/4 inches long. The specimens 

were statically compacted with a Tinius Olsen hydraulic 

test machine. The impact compacted specimens were molded 

using a 10 lb. hammer with 18 inches of free fall. The 

indirect tensile specimens were molded in the 4 inch 

diameter by 4.6 inch high cylinder compaction mold. The 

Tinius Olsen test machine was used to mold all indirect 

tensile test specimens. 

Physical Testing 

All flexure, indirect tensile, and compression 

testing was conducted using an Instron Universal testing 
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machine. A direct readout of pounds force and loading 

ram movement (in inches) was obtained on an x-y recorder. 

Figure 9 Flexure Beam Mold 

Fabric Analysis 

A General Electric XRD-5 X-ray diffractomerer was 

used to study fabric. Copper radiation passing through a 

1° slit impacts the specimen and then the diffracted beam 

passes through a 0.1° detector slit and nickle filter. A 

xenon-filled counter tube records the diffracted radiation. 

During the fabric study a time constant of 2 and a goni

ometer rotation speed of two degrees 2 per minute were used. 



47 

Miscellaneous Equipment 

Miscellaneous test equipment was used to determine 

soil moisture contents and to establish the basic soil 

properties. The test equipment utilized, conformed to the 

equipment specifications of ASTM D-423, D-424, D-2216, 

D-698, and D-1557. 

Materials Used 

Basic Soil Materials 

The three basic soil components used in creating 

the soil mixtures used in the test program were: 

1) Kaolinite, Hydrite-10 mined and marketed by the Georgia 

Kaolin Company. 

2) Desert Rose Clay, which was quarried southwest of 

Tucson, Arizona. This soil was obtained from a local 

brick manufacturer. 

3) Select sand, the sand was obtained from a sand and 

gravel operator at Tucson, Arizona. 

The grain size distributions, Atterberg limits, and 

specific gravity of the soil components is provided on 

Figure 10. 

X-ray diffraction traces indicate that Kaolinite 

is essentially the only clay mineral found within the 

Hydrite-10. The Desert Rose clay contains Kaolinite, 

smectite, and random mixed clay minerals. Quartz and 
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calcium carbonate also occur within the Desert Rose clay. 

The sand was essentially free of clay minerals. 

The three soil components were combined, by weight, 

in percentages shown in Table 1 to form the soils used in 

this study. 

Table 1 Percentages of Soil Materials Used to Form the 
Study Soils 

Soil Kaolinite Desert Rose Select Sand 
No. in % by weight in % by weight in % by weight 

1 20 80 0 

2 12 48 40 

3 6 24 70 

The various percentages of soil components were 

combined in the percentages shown in Table 1 in order to 

form three soils likely to be used in engineered fills. 

Soils with unified soil classification system descriptions 

of: Silty Clay (CL) , Sandy Clay (CL), and Clayey Sand (SC) 

resulted when the three materials were combined. Two of 

these clayey soils (no's 1 and 2) possess very different 

fine grained fractions, 86 percent versus 54 percent 

passing the no. 200 sieve, respectively. The spread in 

percentage of fines (that soil portion passing the no. 200 

sieve) was intended to provide information on the influ

ence of fines on clay soil flexibility. Desert Rose clay 



was selected as the major fine grained soil component 

because it was the most readily available of suitable 

clay soils. Hydrite-10 was used as the minor fines 

component to facilitate the fabric analysis portion of 

this study. Kaolinite (Hydrite-10) has excellent x-ray 

diffraction properties which are not interferred with by 

the diffraction characteristics of either the Desert Rose 

clay or the sand. 

Soil No. 3 was developed with 30 percent of the 

combined Desert Rose clay and Hydrite-10. Thirty percent 

is the minimum.percentage of these fine grained materials 

which will enable flexure beams to sustain an applied load. 

With less than 30 percent of the fine grained materials 

the beams would not support their own weight in the test 

apparatus. 

Once the three materials were combined, the three 

test soils possessed properties presented in Table 2 and 

Figure 11. 

Table 2 Index Properties of Soils 1, 2, and 3 

Soil 
Liquid 
Limit 

Plastic 
Limit 

Plasticity 
Index 

Specific 
Gravity 

%Passing 
No. 200 

1 32 18 14 2.68 86 

2 23 14 9 2.67 54 

3 18 14 4 2.67 31 
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The moisture-density relationships were determined 

for soils 1, 2, and 3 for two compactive efforts. The 

three soils were compacted in accordance with ASTM D-698 

and ASTM D-1557 procedures. Figures 12, 13, and 14 present 

the moisture-density relationships for each soil. 

During the life of the laboratory test program all 

materials in storage were kept covered with tarps and 

isolated from other soils. The Kaolinite, for example, 

came from one lot and only Kaolinite from the original lot 

was used. 

The care mentioned previously in obtaining uniform 

soil components was carried into the actual soil mixing 

operations. From each stockpile adequate quantities of 

each soil component were taken to mold a complete suite 

of test beams and tensile specimens. This would include 

from four to twelve flexure beams and eight to sixteen 

tensile specimens. The component materials to be used 

for a particular molding point were transferred to an 

interim holding container. The hygroscopic moisture 

moisture contents were determined in accordance with 

ASTM D-2216. Once the hygroscopic moisture contents 

were known the soil was created by combining the soil 

components and distilled water in the rotary mixer. 
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Once the soil was mixed it was placed in double 

plastic bags and then placed in 30 gallon polyetheylene 

containers to temper. The moisture contents were checked 

at this time to insure that the soil conformed to the 

desired moisture content. 

Due to the large quantities of soils being pro

cessed, a considerable potential for experimental variation 

or error existed. The writer attempted to minimize the 

potential experimental variation by: 

1) Checking scale calibration prior to mixing each soil 

batch. 

2) Using moisture retention techniques to insure uniform 

moisture distributions and to insure that moisture 

loss or gain was restricted. These techniques in

cluded a minimum temper time of 24 hours between mixing 

and the first moisture content check of each soil 

"batch". During mixing, and while tempering, the soils 

were either covered by moist cloths or kept in sealed 

plastic bags in the plastic containers. Once mixing of 

a batch was started it was carried to completion without 

delay to minimize moisture loss. 

3) Consistent mixing techniques and uniform material util

ization. Each soil batch mixed for this research 

program was mixed solely by the writer using the same 

techniques and equipment. 
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Monitored hygroscopic and "as mixed" moisture contents 

to insure accurate soil molding characteristics. 

Moisture samples were taken after the temper period to 

insure that the mixed soil was at the correct moisture 

content. After a series of beams were tested moisture 

contents were again taken for comparison with the 

molded moisture conditions. 



CHAPTER 4 

EXPERIMENTAL PROGRAM 

Scope of Experimental Program 

The research program included (1) flexure testing 

of compacted soil beams, (2) indirect tensile testing (both 

split tensile and punch tensile), (3) cube compression, and 

(4) fabric analysis using x-ray diffraction techniques. The 

moisture-density relationships for two compactive efforts 

(ASTM D-698 and ASTM D-1557) were established for the three 

basic soils, Figures 12 through 14. 

For each of the three basic soils five test points 

were selected for each compactive effort. These five points 

correspond to the maximum dry density, 95 percent and 98 

percent of maximum dry density both wet and dry of optimum. 

The typical arrangement of these ten test points for a 

typical soil is provided by Figure 15. 

The ten test points are those dry density-moisture 

content soil conditions to which the compacted test speci

mens were molded. Utilizing the typical molding test points 

the influence on flexibility of the following parameters 

were examined: 

1) Method of compaction: Both static and impact compaction 

methods were examined. 

58 
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2) Compactive effort: Specimens were molded to density-

moisture contents corresponding to values established 

using both ASTM D-698 and ASTM D-1557 specifications. 

3) Method and duration of cure: Cure intervals up to 

nine months were used. Both constant moisture cure 

and air drying control conditions were utilized. 

4) Grain size distribution: The three basic soils pos

sessed very different grain size distributions, Figure 

11. 

5) Moisture and dry density: For each soil by comparing 

changes in soil properties for the ten molding test 

points the influence of molding moisture content and 

dry density were evaluated. 

In order to keep the test-duration within a 

reasonable limit not all aspects of the test program were 

applied to every test point for each of the three soils. 

Table 3 summarizes the specific tests which were conducted 

on specimens from the three basic soils. 

Sample Preparation 

Flexure Beams 

Enough soil was mixed in each batch to make four 

beam or eight tensile replicates for the different molding 

test points. The four flexure and eight tensile replicates 

were designed to enable a statistical analysis to be made 

for each beam. For each set of data obtained for each soil 



Table 3 'Summary of Soil Testing, Numbers Indicate 
the Soil Test Points for Which the Data Exists 

Soil 
No. 

COMPACTION EFFORT 

FLEXURE TESTING 

CURE CONDITIONS (ASTM D-698) 

ASTM D-698 ASTM D-698 ASTM D-1557 24 Hr. 24 Hr. 4 Mo. 
Static Impact Static 

9 Mo. 
Static Impact Static Static 

(1) (2) 

1,2,3,4,5 1,2,3,4,5 6,7,8,9,10 1,2,3,4, 1,2,3,4, 3 / 
5,6,7,8, 5 
9,10 

1,2,3,4,5 1,2,3,4,5 6,7,8,9,10 1,2,3,4, 1,2,3,4, 2,3,4 2,3,4 
* 5,6,7,8, 5 

9,10 

9 Mo. 
Impact 

(2)  

2,3,4 

NON-FLEXURE 
TESTING 

Indirect 
Tensile S 
Cube 
Compression 

1,2,3,4,5, 
7,8,9,10 

1,2,3,4,5, 
6,7,8,9,10 
* 

1,2,3,4,5 1,2,3,4,5 1,2,3,4, 1,2,3,4, 2,3 2,3 
5,9 5 

1,2,3,4,5 

(1) = Cure at constant moisture content in wet room 
(2) = Cure with moisture being lost as specimens air dry 
* A 6th test point was compacted and tested. 
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by test point the mean, standard deviation, and coefficient 

of variation was calculated. Previous researchers had 

failed to prepare more than one beam for each density-

moisture point being examined, Narain (1962), Ajaz and 

Parry (1975a), and Satyanarayana and Rao (1972) . 

During the soil mixing operations the soil bowl 

was covered by wet rags to insure uniform moisture distri

bution and to control water loss due to" evaporation. Once 

the soil was brought to the correct molding water content 

and had been cured for the desired period of time, the 

flexure beams were molded. The soil beams were compacted 

in a steel mold with internal dimensions: width - 3 inches; 

height - 3 inches; length - 11 1/4 inches. Figure 9 shows 

the assembled mold. Prior to placing the soil in the mold 

the latter was coated with a very thin film of petroleum 

jelly. 

The soil beams were fabricated in three layers, 1 

inch thick each. To accomplish the layer construction in a 

consistent and reproducible manner, the following steps were 

followed: 

1) Once the correct amount of soil was calculated for each 

molding point enough soil for one layer was taken from 

the storage container. The weight of soil for one layer 

was quickly weighed to the nearest 0.02 gram and placed 

in a 9 x 15 inch plastic bag which was then sealed. 
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2) After the three soil layers for each beam had been 

weighed out and sealed in individual sacks the beam 

molding began. The first soil layer was then compacted. 

The surface of this layer was slightly scarified and 

then the two succeeding layers were placed. 

3) Two methods of compacting the soil were employed. The 

first, or static method utilized a Tinius Olsen testing 

machine to apply force to a steel ram. The steel ram 

had bottom dimensions of 11.125 inches long by 2.9 

inches wide. To insure correct layer thickness the ram 

had depth calibrations on each end. Adequate force was 

applied to the ram to insure that the correct layer 

thickness was applied. 

The second method of compacting the soil beams 

was ah impact method. Each of the three layers were 

compacted using the 10 lb. hammer with eighteen inches 

of free fall, ASTM D-1557 hammer. The layers were 

placed with an equivalent amount of compactive energy 

per volume of soil as for the appropriate compaction 

test, ASTM D-698 or ASTM D-1557. Normally when the 

third layer was placed the beam thickness was very 

close to 3.0 inches. To insure that the beam density 

was the same as desired, the steel ram used in the 

static compaction mold was used to bring the specimen 

thickness to 3.0 inches. The smooth bottom surface of 
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the impact compacted beams was the surface subjected 

to tensile stress. 

The two methods of compaction were utilized in this 

test program to compare the influence of localized shearing 

during compaction on flexibility. The impact method of 

compaction produced similar densities as compared to the 

static method of compaction. However, as the hammer pene

trated into each layer shear zones were developed in the 

layer being compacted. 

Once a specimen was removed from the mold it was 

immediately sealed in two layers of Saran Wrap and two 

layers of aluminum foil. Some of the early trial beams 

were then dipped in molten paraffin wax to assist in main

taining the correct moisture content. However/ the molten 

wax dip was soon omitted when it became apparent that 

damage to the beam during the dipping process was more of a 

risk than was the potential moisture loss. Once sealed, the 

samples began the cure period. Those beams being cured at 

constant moisture content were placed in the wet room. The 

beams being air dried were placed in locked cabinets in an 

air conditioned laboratory where they remained, undisturbed, 

until testing. 

To reduce experimental variation only one steel mold 

was used throughout the program and only the writer fabri

cated the specimens. 
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Indirect Tensile Specimen Molding 

At the same time a series of beams were being molded 

eight indirect tensile specimens were molded to correspon-

ing density and water content. Four of the tensile 

specimens were intended for split tensile testing. The 

remaining four specimens were designed for punch tensile 

testing. 

The tensile specimens were statically compacted in 

the standard 1/30 cubic foot compaction mold, 4 1/2 inches 

in diameter. The soil was pre-weighed and placed in indi

vidual plastic bags for placement in three individual lifts. 

The mold was lightly coated with petroleum jelly before each 

specimen was compacted. The upper surface of the bottom 

lift was lightly scarified before the next lift was placed. 

Lift thickness was controlled by a calibrated ram. The 

same Tinius Olsen test machine was used to compact the 

specimens. Only one compaction mold, one ram, and one 

operator fabricated all indirect tensile specimens. 

Specimen Cure Schedule 

Two general cure periods were utilized for the test 

program. Most samples were tested approximately 24 hours 

after molding. Other groups of specimens were stored for 

approximately 4 and 9 months and then tested. Refer to Table 

3 for a detailed summary of soil specimens selected for 

the extended cure times. The specimens undergoing the 24 hour 
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cure after molding were held in a humid room until test

ing. 

The samples stored for the extended periods were 

either stored under constant moisture content conditions in 

a wet room or allowed to slowly lose moisture under con

ditions of relatively constant temperature and humidity. 

For those specimens allowed to lose moisture the Saran Wrap 

and aluminum foil was designed to protect the sample. Both 

protective covers provided assurance that the moisture loss 

would be slow enough that damage to the beams through rapid 

drying would be avoided. Since neither the Saran Wrap nor 

the aluminum foil were air tight, desiccation could still 

occur. Moisture content samples were taken from beams 

cured under constant moisture and air dried conditions. In 

this manner moisture content changes resulting from the cure 

time were determined. It should be noted that the specimens 

placed in the wet room were placed inside plastic bags to 

insure that the moisture contents did not increase during 

the cure time. 

None of the beams which were allowed to cure for 

either period of time contained desiccation cracks. All 

beams put into storage successfully completed the cure time 

without damage. 
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Flexure Beam Testing 

Once the cure period was completed the beams were 

tested. All four replicate beams were tested in rapid 

sequence without stop to insure that test conditions were 

identical for each beam in the series being tested. The 

beams were tested in flexure with third point loading 

configuration# Figure 16. 
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Figure 16 Flexure Beam Load and Instrumentation Arrangements 
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The shear and bending moments diagrams for the beam-

loading configuration is presented in the Appendix. Flexure 

strains were determined by measuring the deflections at the 

mid-span of the beam and utilizing the theory of elasticity. 

Ajaz and Parry (1975a) found that the strains determined 

using elastic theory for soil beams were unsatisfactory. 

They believed that a differential method using measured 

deformations was superior. 

The writer verified the acceptability of elastic 

theory to the soils used by comparing bending strains calcu

lated by elastic theory with a parameter using-the actual 

beam deflection. The parameter F =-mid-span deflection (<5) 
span length (L) 

is used as a measure of the beam flexibility by the writer. 

For a simply supported beam with third point load

ing the deflection 6 within the zone of constant moment is 

given, according to the theory of elasticity, by: 

,£EL.L-27X2 + 27LX - L2] 
g = 324 : . (Refer to Appendix 

A for development of the 
deflection relationship) 

where P = applied load 

X = distance from end support 

L = total free span 

A = EI or the product of Young's modulus and the 

moment of inertia of the beam 

Figure 17 depicts the load, span, and deflection relation

ship for this beam. 
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Figure 17 Deflection Load Relationship for a Simply 
Supported Beam 

when X = L/2 the deflection at the mid-span of the beam is 

PL3 
6 = 56.3478 

(EI) 

Since 6 is measured at the mid-span during the test, 

Young's modulus is determined by: 

PL3 

E = 56.3478 
( 6 1 )  

With P, L, I, and <S known, E is solved for each beam tested 

in flexure. Since P and the bending moment M is known 

(refer to Appendix for derivation of M for the simply 

supported beam with third point loading). 

The tensile stress (a) at the bottom external force 

is a = MC 
I 

where C = the distance from the neutral axis to the 

bottom external fiber. 

According to the theory of elasticity E = £L 
£ 

where e = strain 
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then for the flexure beam test it is possible to calculate 

the tensile strain <S in flexure using e and P. 

By definition F = £. or 6 = FL where the deflection 
Ij 

6 at mid-span is directly proportional to F. Since e is 

calculated using <5, thus for each value of 6 there is a 

corresponding value of e to be determined. 

e =' o  ( S T )  -  5b  
• • ' PL3' • 

56.3478 

where B = <$I 

PL3 

56.3478 

Therefore, if the soil beam actually behaves as an elastic 

member when loaded to failure a linear relationship between 

e and F will exist. Figure 18 is a plot of F versus e 

and shows that for moisture conditions both wet and dry of 

optimum a linear relationship does exist even for the soil 

beams developing the highest values of flexure strain. The 

elastic bending theory is, therefore, applicable to deter

mining both elastic stresses and strains. Once the 

applicability of elastic theory was established the writer 

calculated flexure stresses and strains by: 

r, _ MC , _ a a - — . and e = _ 
E I ' 

The value of E was calculated for each beam using the value 

of 6 at failure. 
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Specimens tested both dry 
of optimum and at the 
maximum water content wet 
of optimum, for both Soils 
1 and 2. 

Specimens tested both dry 
of optimum and at the 
maximum water content wet 
of optimum, for both Soils 
1 and 2. 

0 12 

Flexure Strain e at Failure in Percent 

Figure 18 Comparison Between Beam F Versus Flexure 
Strain Calculated Using Elastic Theory 
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All components of the test apparatus conformed to 

the equipment specifications of ASTM D-1634. To minimize 

third point apparatus induced beam load the upper loading 

assembly was constructed from plate-aluminum and aluminum 

tubing. 

The exact center and third point locations were 

accurately marked on the beam prior to placing the beam on 

the load assembly. The upper loading assembly was then 

placed using the appropriately marked locations. 

Deflections were measured with two dial gauges cali

brated and readable to 0.0001 inch. The same two gauges 

installed at the same location were used throughout the 

test program. One gauge was located at the mid-span and 

the other immediately below the left-hand load point. 

Deflections due to the weight of the beam-load apparatus 

were so small that they could not be accurately measured 

at all moisture contents less than those corresponding to 

95 percent of maximum dry density, wet of optimum. . For 

those points with high water contents the initial deflec

tions due to the beam and loading apparatus weight were 

less than 0.001 inch which.constituted a small part of 

the total deflection at failure. Due to the small initial 

deflections the dial gauges were zeroed prior to applying 

the load. 

The load was applied by an Instron Universal test

ing machine. A direct readout of pounds force and 
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deflection, was obtained on an x-y recorder. The test 

machine's load cell and readout were checked against a 

calibrated proving ring at frequent intervals during the 

testing program. The rate of deformation output was also 

checked by a calibrated dial gauge and stop watch at fre

quent intervals. 

All flexure tests were strain-controlled at a 

deformation rate of 0.005 inch per minute. The defor

mation controlled rate of 0.005 inch per minute was 

selected in order to allow for maximum amounts of fabric 

change to occur during testing and still enable the test 

to be completed within a short period of time. To insure 

that moisture content changes during the test were small 

all beams were tested to failure in less than 30 minutes. 

After the beam failed, and normally the beam did not 

collapse after peak load was recorded, the beam was quickly 

removed from the loading frame. Moisture samples were taken 

from the center of each beam. From each end of the beam a 

three inch cubical specimen was removed. These cubes were 

sealed in Saran Wrap until all beams in a test series were 

completed. In this fashion the cube compression tests for 

a particular beam were conducted within hours of the beam 

test itself. In addition to the moisture specimen, samples 

were taken for x-ray diffraction testing. The x-ray dif

fraction samples were located as shown on Figure 19. 
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X-ray 
Specimen 

X-ray Diffraction Typical Specimen Location 

Cube Compression Testing 

The cube compression specimens were tested under a-

uniaxial stress field in the Instron Universal testing 

machine. Figure 20 shows the compression test arrangement. 

Soil Cube 

VVXVXVVXX 

Figure 20 Cube Compression Test Apparatus With Soil 
Specimen 

The specimens were tested at 0.05 inch per minute, 

until peak load had been reached. Load and deformation data 

were given on the x-y recorder. 
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Indirect Tensile Testing 

The indirect tensile test program included both 

split and punch tensile testing. The specimens were placed 

in the Instron Universal testing machine and tested at a 

rate of 0.05 inch per minute. Specific details about 

each test are as follows: 

Split Tensile 

The split tensile test was strain-controlled with 

the load being applied through 1-inch wide steel strips. 

The specimen was placed on a level surface and a vertical 

line bisecting cylinder end was marked on the specimen. 

This line was oriented vertically in the test frame and 

used to position both the upper and lower plattens. The . 

rate of testing was 0.05 inch per minute. 

Punch Tensile 

The punch tensile test was strain-controlled at 0.05 

inch per minute.- Two 1-inch diameter steel cylinders . 

were used to penetrate the sample. A clear plastic circu

lar disc with a diameter of 4 inches and a 1-inch diameter 

hole at the center was used to center the punch specimens 

and the penetrating cylinders in the test machine. A ball 

bearing loading platten was used to insure that bending 

moments were not introduced into the specimen. 

Fabric Evaluation 

In order to examine the soil fabric it is necessary 

to" prepare polished faces. Before the soils used in the 



76 

fabric analysis could be examined it was necessary to rein

force the soil fabric so that it would not be destroyed 

or changed during polishing. The soil fabric was reinforced 

by carbowax 6000. Carbowax 6 000 is soluble in water and 

becomes a molten state at 65°C, By placing the moist soil 

specimens in a carbowax 6000 bath at 65°C the carbowax 

gradually replaces the interstitial pore water. The 

replacement of pore water by carbowax is accomplished with

out disruptive influence to the soil fabric. Neither 

significant expansion nor shrinking of the soil fabric 

occurs during the carbowax impregnation. Mitchell (1956) 

verified that the carbowax replacement had not signifi

cantly altered soil fabric during the water replacement 

process. Numerous other researchers have used this 

technique with satisfactory results, Meade (1961)., Smairfc 

(1966), Massanat (1973), Nowatzki (1966), Martin (1965), 

and Martin (1966). 

After several carbowax bath replacements were 

completed, the soil specimens were removed from the molten 

wax. Each soil specimen was cut down to a prism with 

approximate dimensions of 1 inch, by 5/8 inch, by 1 inch, 

Figure 21. Highly abrasion-resistant hacksaw blades were 

used to trim the specimens to the final dimensions. Clear 

Lucite plates oriented at right angles were.used to insure 

that the cut surfaces were at right angles to one another. 
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Three faces were polished on successively finer sheets of 

Emery paper from no. 60D to no. 600. A series of trial soil 

cubes were polished and then subjected to x-ray diffraction 

analysis until the satisfactory level of polishing was 

obtained. A satisfactory level of polishing was obtained 

When no visible scratches were observed while holding the 

specimen to reflect light from a strong source. Under a 

10 power magnification this level of polishing appeared 

smooth. 

Once the proper degree of polishing was established, 

this degree of polishing was applied to all the specimens 

used in the test program. Martin (1966) had established 

that with proper carbowax replacement, polishing would not 

adversely affect the surface fabric. 

Hydrite-10 (Kaolinite) was used as one of the major 

soil constituents in order to facilitate the. x-ray diffrac

tion portion of the; program. In;: addition to being 

compatible with the two other soil materials from the 

standpoint of x-ray diffraction analysis, Hydrite-10 is 

coarser than the ultra fine (UF) grades of Georgia-Kaolinite 

•which are also commercially available. Since a minimum 

change in fabric was desired during the carbowax impreg

nation it was felt that the Hydrite-10 would have less of 

a swell potential than would the UF-Kaolinite. Hydrite-10 

is.also essentially free of non Kaolinite material. 
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Massanat (1973) had also found Hydrite-10 to be well suited 

for use in consolidation fabric study. 

The kaolinite 020 and 002 basal reflections were 

selected for use in the evaluation of the fabric orientation. 

Martin (1965), Martin (1966), Nowatzki (1966), and Diamond 

(1971) have used these reflections in fabric studies. 

These reflections were selected since they are strong 

reflections, do not interfere with other reflections from 

soil crystalline materials and they are close enough 

together that they will receive x-rays over roughly the 

same soil volume, Martin (1965). 

The x-ray diffractometer using copper-nickle 

radiation at 35 kv and 23 ma was used in the study. 

+5/8" 

a, bf c = polished surfaces 

+i" 4«bJ 

Figure 21 Location of X-ray Diffraction Specimen with 
Polished Faces Indicated and General Relationship 
Between the Fracture Surface and the Specimen 
Defined 
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A three legged sample holder using ball bearing 

rollers was fabricated to insure that during polishing the 

soil surfaces would be planar and at right angles to each 

other. The peak ratios for the kaolinite 020 and 002 peaks 

were obtained by running three scans at 2° per minute on 

each sample face. The peak ratios are the ratio of counts 

per second for the 020 to 002 reflection peaks. The peak 

ratio is identical to the orientation index (01) which is 

defined as: 

Oi - ((020) reflection)-(background radiation at (020)) 
((002). reflection)-(background radiation at (002)) 

Nowatzki (1966). As the 01 increases, the degree of parallel 

fabric orientation is increasing. The average 01 value was 

calculated using the results of the three scans per polished 

face. The comparisons of fabric orientation between the 

different soil specimens were made using the orientation 

index. 

In order to assess the overall degree of orientation, 

Diamond (1971) introduced the concept of degree of orienta

tion (D)). DO is defined as: 

DO = sample)- (01 of random sample) • 
(01 of maximum oriented sample)-(01 of random.'sample) 

As the DO approaches 1.0, maximum possible fabric orientation 

is being approached. To evaluate the degree of orientation 

existing for the samples examined, the maximum oriented and 

random fabric were developed for Soils 1 and 2. Soil 3 was 
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excluded from the fabric analysis because the high percentage 

of silt and sand size particles was believed to be too large 

to allow a meaningful fabric study to be made. The fabric 

analysis conducted on Soils 1 and 2 was sufficient for the 

purposes of this study. 

The maximum oriented fabric was obtained by centri-

fuging a soil-distilled water suspension onto a porous plate 

at 15,000 rpm for 15 minutes. Sample preparation conformed 

to the procedure suggested by Kinter and Diamond (1956) 

The fully random fabric was approached by dumping the 

powdered soil samples into molten carbowax 6000. This 

technique for random fabric development was given by 

Martin (1966). 

It is important to realize that the maximum and 

random fabric orientation concepts are very relative. In 

engineering practice it is very unlikely that fabrics 

resulting from centrifuge forces or dumping soil in carbo

wax will be encountered. The degree of orientation remains 

strictly a concept which places the degree of fabric 

orientation within an arbitrarily assigned range. For 

practical purposes in engineering practice a compacted soil 

may possess a highly oriented fabric in terms of the degree 

of orientation which is practically possible, however, when 

compared to the centrifuged and carbowax-mixed scale of 

reference the orientation would be poor. 



CHAPTER 5 

DISCUSSION OF TEST RESULTS 

Flexure Testing 

In order to evaluate flexibility which the writer 

defines as "that property of a soil which enables the soil 

mass to sustain tensile stress while undergoing deforma

tion" , it is useful to examine flexure strain. Strain is 

defined by Timoshenko and Young (1935) as the ratio of 

the change in specimen length to the original specimen 

length or for a soil beam tested in flexure e = . 
dx 

This relationship is developed with reference to Figure 22 

where section cd' at a distance y from the neutral axis 

elongates by d'd = yd0. Since the original length was 

cd' = dx, strain is ex = 

Figure 22 Strain Relationships for Beam in Pure Bending 

For the purposes of this research the values of 

tensile strain (e) were determined as follows. First, 

dx 0  

81 
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the beam mid-span deflection 6 was measured directly. 

Then Young's Modulus (E) was determined by solving the 

elastic beam deflection equation for a simply supported 

beam with third point loading (Refer to Appendix for 

the derivation of the applicable deflection equation). 

Tensile stresses were then determined using the relation

ship 

a = MC 
I 

Where M = Induced bending moment (Appendix) 

C = Distance from the neutral axis to the 

external fiber 

I - Beam moment of inertia 

Finally, e was calculated from Hooke's law using the values 

of a and E determined from each beam flexure test. 

Effect of Molding Water Content and Dry Density on Flexure 
Characteristics 

Presentation of Experimental Results: For the general case' 

the average values of flexure stress (a), flexure strain 

(e), dry density (yd), and water content (w/c) were used 

to evaluate the interrelationships among these and other 

parameters such as cure time. Four replicates (specimens) 

were prepared for each soil molding point being examined 

and the average values of a, e, Ydr and w/c were deter

mined using the data gathered from the four specimens. 

The relationships between o, e, Yd/ and w/c for 
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Soils 1, 2, and 3 are shown on Figures 23 through 25. 

These plots were prepared for soils cured at constant 

moisture content for a 24 hour period. Each plotted 

point represents the average of the four specimens at 

failure. Failure for all1 aspects of the flexure test 

program is defined as the point where peak load started 

to decrease. At that point the beam either collapsed or 

began a period of accelerated deformation which was 

accompanied by visible tensile cracks. 

As indicated in Figures 23a and 24a Soils 1 and 

2 exhibit a well defined increase in e with increases 

in molding water content. The increase in e is most 

discernable at or just dry of optimum w/c. Though e 

was continuously increasing dry of optimum the increase 

was very slight. Figures 23c and 24c indicate that dry 

density decreases wet of optimum as w/c and e increase. 

Figures 23b and 24c show that the maximum values of cf 

occur at maximum and optimum w/c. 

As shown in Figure 25, there was no clear-cut 

trend in e with respect to either Yd of molding w/c for 

Soil 3. Although the trend of a is to decrease as the 

water content increases, the decrease appears to be 

unaffected by changing values of yd. 

Additional insight into the influence of water 

content on e may be obtained from Figure 26• A plot of 
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Figure 23 Soil 1, Flexure Stress-Strain Properties at Failure 
24 Hour Cure. 
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flexure strain at failure versus for various values of r 

w/c is shown. In order to provide sufficient variations 

in Yd a partial compaction curve was prepared using a Yd 

maximum slightly less than that developed by ASTM D-698 

(Ydmax = 127 Pc^ versus 129 pcf). Utilizing Figure 26, 

the relationship between e at failure and constant Ya, 

while w/c varies, can be examined. As can be noted from 

Figure 26, there is a significant increase in e at 

failure as the w/c increases. 

Discussion of Data and Comparison with Previous Research: 

From the observations presented above it would appear 

for any one of two mechanisms may be operating: 

1) there are no significant changes in the manner in 

which the soil particles interact. In this case the 

soil fabric is similar both sides of optimum. This 

means that the observed increased flexibility or (e) 

wet of optimum occurs because the increased soil mois

ture level facilitates • "slipping" of the soil particles 

while developing the same a increase. 

2) The soil fabric is different between both 

wet and dry of optimum w/c specimens. Dry of optimum the 

fabric is less parallel oriented than wet of optimum. 

Consequently, flexure strain increases wet of optimum even 
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though flexure stresses at failure remain comparable for 

both wet and dry of optimum water contents. 

The X-ray diffraction analyses established that 

there are differences in fabric between the two molding 

conditions. As shown in Figure 27, wet of optimum there 

is an improved orientation of soil particles oriented 

normal to the direction of compaction. The addition of 

moisture facilitates the reorientation of the soil 

particles during compaction and very small changes in 

fabric can produce significant changes in flexure 

strain at failure without appreciably changing the 

strength characteristics. 

Compactive 
Force 

Dry of Optimum Wet of Optimum 

Figure 27 Relative Relationship Between Direction of 
Compactive Force and Fabric Orientation, 
When Molded Dry and Wet of Optimum 

Consequently, it appears that the second possibility (2) 

best explains the mechanism responsible for soil flexi

bility changing with w/c. 

Narain (1962) concluded that flexibility did not 

significantly increase much"beyond optimum moisture con

tent. It is possible that Narain, who in general 

fabricated only one specimen for each test point, was 
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observing the natural scatter or variance typical of 

flexure testing. Using split tensile testing, Krishnaya, 

Eisenstein, and Morgenstern (1974) observed increased 

tensile strain at failure as the molding water content 

increased. They used a mica till (LL=18, PI=4) which, 

when compared to the three soils the author used, 

corresponds most closely with soil 3. Ajaz and Parry 

(1975a) also reported significant increases in flexure 

strain as the molding moisture content increased 

irrespective of whether load or strain rate controlled 

flexure tests were used. The work of Krishnaya, Eisen

stein, and Morgenstern (1974) and that of Ajaz and 

Parry (1975a) corresponds to the writer's results. 

The natural scatter or variation in test data can 

be a significant aspect affecting the interpretation of 

flexure test results. In Table 4 an example of data 

variation is provided. 

Table 4 Summary of Flexure Strain (e) Variation, Soil 1, 
Static Compaction, 24 Hr. Cure at Constant Water 
Content, Four Replicates per Molding Point 

Molding Point 
1 2 3 4 5 

Standard Deviation 0.017 0.031 0.072 0.075 0.070 

Coefficient of Variation 0.229 0.187 0.130 0.093 0.075 

Mean Value 0.074 0.166 0.554 0.807 0.933 
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As can be seen from Table 4, the coefficient of 

variation ranged from 23 percent to 8 percent. The 

scatter in test results was generally reduced, resulting 

in a lower value of the coefficient of variation, as the 

moisture content increased beyond wet of optimum. There 

is no question in the writer's opinion that the data 

gained from multiple test specimens far outweighs the 

effort involved in preparing and testing additional 

specimens. The scatter in the data that resulted, in 

spite of a very careful attempt to prepare and test 

samples as carefully and consistently as possible, indi

cates just how sensitive flexure testing is. 

Effect of Fabric on Flexibility 

Presentation of Experimental Results; The primary objec

tives of the flexure-fabric examination were: 

1) Obtain information which would assist in the under

standing of flexibility by reviewing fabric changes. 

2) Evaluate the relative changes in fabric during test

ing as compared to differences in fabric obtained 

during molding. 

To accomplish these objectives specimens of Soils 

1 and 2 were subjected to X-ray diffraction analysis. 

Soil 3 was omitted because of low clay content. The 

orientation index of each of four replicates for five 
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molding points was obtained. Pertinent statistical data 

is provided for Soil 1 in Table 5. By using a one-way 

classification analysis of variance, Duncan's test, 

Steel and Torrie (1960), a significant difference in 

fabric orientation at the 95 percent level was found to 

exist. The following significant differences were 

detected: 

Table 5 

Analysis of Variance of Orientation Indices (01) 
for Soil 1, Static Compaction, ASTM D-698, 24 Hour Cure 

Point 1 2 3 4 5 

Mean Value of 01 
for the Bottom 
Sample Face OI 1,59 ' 1.54 1.56" 1.77 2.12 

where the underlines indicate those points for which with 

four replicates, a significant difference iri 01 could not 

be detected with a 95 percent probability level. 

The writer chose to check for significant differ

ence at the 95 percent probability level feeling that a 

higher error level than that chosen (5 percent) was 

unacceptable. It is, of course, likely that had a lower 

probability level been chosen, for example 90 percent, 

that additional significant differences would be detect

able. However, the possibility of incorrectly assigning 

significant difference to data even 10 percent of the 

time is believed to be excessive. Note that the mean 01 
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values indicate that fabric orientation is becoming more 

parallel even though the number of replicates is not 

large enough to detect a difference near optimum mois

ture content at the 95 percent level. 

The degree of fabric orientation is improving 

parallel to the direction of compaction as the molding 

water content increases. Table 6 presents the 01 data 

for the bottom face of specimens compacted by both 

static and impact methods. The 01 data from the two 

vertical faces and the bottom face, Figure 21, normal 

to the compactive force were examined. The highest values 

of 01 occurred for the bottom face. This is indicative 

of a greater orientation of soil fabric with the particles 

parallel to the bottom face of the beam. The magnitudes 

of 01 for the bottom face also increased as the molding 

water content increased (points 1 to 5), Table 5. This 

orientation agrees with the work of other investigators, 

Martin (1965), Nowatzki (1966), Smart (1966), Diamond 

(1971), and Massanat (1973). Therefore, as fabric 

orientation improves parallel to the direction of 

applied tensile stress the flexibility increases for 

Soil 1. 

The question of fabric changes occurring during 

flexure were also examined. Figure 21 shows a typical 

X-ray specimen's location in a failed beam. Surfaces 
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Table 6 

Kaolinite (020) & (002) Orientation Index Data for Soil 1, 
Bottom Face, Static Compaction, ASTM D-698, 24 Hour Cure at 

Constant Water Content 

Sample Type-
Replicate No. 

95%, 
Dry 

98%, 
Dry • 

100%, 
-Opt. 

98%, 
, W6t 

95%, 
Wet 

Static 
Compaction 

1 1.31 1.34 . 1.68 1.70 1.86 

2 1.66 1.32 1.40 1.72 2.37 

3 1.76 1.57 1.57 1.88 2.27 

4 1.64 1.74 1.57 1.79 1.97 

Average 1.59 1.54 1.56 1.77 2.12 

Variance 0.039 0.04 0.013 0.0067 0.057 

Std. Deviation 0.197 0.20 0.114 0.0819 0.239 

Coefficient of 
Variation (%) 12.39 13.42 7.31 4.63 11.27 

Impact 
Compaction 

s 

1 1.27 1.87 1.88 2.01 1.76 

2 1.48 2.03 1.83 1.56 2.54 

3 1.49 1.21 1.67 1.55 1.70 

4 1.56 1.53 1.31 2.19 2.14 

Average 1.45 1.66 1.67 1.83 2.04 

Variance 0.016 0.133 0.0663 0.1043 0.1513 

Std. Deviation 0.125 0.365 0.0257 0.323 0.389 

Coefficient of 
yariation (%) 8.62 22.0 15.39 17.67 19.07 
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a, b, and c were polished. Pace b was cut as close to 

the fracture surface as possible in order to detect 

fabric very close to the actual failure. Face a was 

cut to the left of the zone of constant bending moment 

for the samples used in the fabric change analysis. 

The fabric orientation index for both faces 

were determined and no significant fabric differences 

were detected between the faces for four replicates. 

Though the mean values, of 01 for the two faces differ 

by a factor of 2, the scatter in data was large 

enough to prevent a significant differenct to be 

detected. These data are summarized in Table 7 for 

specimen faces shown on Figure 21. However, if the 

number of replicates was increased it is likely that 

the data would indicate that a change in fabric, 

becoming more random, occurs within the zone of tensile 

failure. As the number of replicates increases the 

mean and variance values of the population being 

sampled improve. This is particularly critical for 

soil testing where, due to non homogeneous soil condi

tions, considerable variance in the data normally 

exists. 
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Table 7 

Summary of Orientation Index for 
Soil 1 for Two Vertical Parallel Faces 

Face 01 (mean) 

a 1.88 

b 0.97 

Slight changes in flexibility occurred between 

soils allowed to cure 24 hours and 4 months. Soil 2 X-ray 

diffraction specimens, allowed to cure 4 months at con

stant moisture content, were compared to specimens with 

the 24 hour cure. No significant difference in fabric 

orientation at the 95 percent level was detected, Table 8. 

Table 8 

Comparison of Orientation Index for Soil 2 Specimens 
Cured 24 Hours and 4 Months at Constant Water Content 

Cure Time 01 (mean) 

24 Hours 1.53 
\ 

4 Months 1.00 

The changes in soil fabric occurring with time are believed 

to be very slight for the soil examined. 

Discussion of Data and Comparison with Previous Research: 

On-the basis of the data summarized in Table 4, the 

writer believes that very slight changes, undetectable 

with four replicates, in soil fabric produce significant 
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changes in flexibility at high relative molding water 

contents for the reasons discussed earlier in this chapter. 

The overall degree of orientation, DO, is rela

tively low since the maximum orientation index is 45.7 

and the random orientation index 0.89 as established by 

previously described methods. However, as pointed out 

earlier, the standard of maximum orientation is an arti

ficial one. 

As a result of this fabric analysis it can be 

concluded that soil fabric changes with molding water 

content and for the same compactive energy. This change 

in fabric is accompanied by a change in flexure strain 

at failure. Fabric, therefore, does have an influence 

on flexure strain though it is likely not a sole influ

ence. As discussed in detail in Chapter 2, numerous 

other researchers have recognized a change in fabric, 

similar to that detected by the author (for example, 

Massanat (1973), Diamond (1971)). In general, these 

researchers detected a change in fabric with increasing 

compressive stress. The change took the form of increas

ing parallel particle or packet orientation. .In 

addition to changes in orientation resulting from com

pressing stresses Nowatzki (19 66) and Smart (1966) 

observed changes in orientation within shear zones. 

Though the research by others was not directed to 
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flexibility, the previous work supports the results ob

served by the writer. 

Effect of Compaction Methods and Energy on Flexibility 

Presentation of Experimental Results: For Soils 1 and 2 

the specimens compacted by both static and impact methods 

exhibit very similar a versus and w/c relationships. 

At values of yd and w/c wet of optimum, however, a marked 

difference in flexure strain occurs between the specimens 

prepared by the two different techniques. For both Soils 

1 and 2 the impact compacted specimens show significantly 

greater values of e than do the static specimens at 

similar Yd and w/c conditions. Wet of optimum the ratio 

of eimpact to Static is as great as 2*9 for Soil 1 and 

2.1 for Soil 2. 

The lack of a consistent e versus Yd and w/c 

trend for Soil 3 complicates the development of a general

ly applicable relationship among these parameters. It 

appears, however, that except for a region well dry of 

optimum (corresponding to molding points 1 and 2), the 

impact specimens have greater values of e than do the 

statically compacted specimens. 

It can also be noted from Figures 23 through 25 

that for all three soils the specimens compacted to 

densities determined by ASTM D-1557 have larger values 

of a than do those compacted by static or impact 
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techniques in accordance with ASTM D-698. This is to be 

expected because greater compaction energy generally 

results in higher dry density at a given w/c. The 

condition of higher a persists over the entire range of 

comparable w/c values. For Soil 2 at the optimum w/c 

determined by ASTM D-698, the values of o for the dif

ferent compactive energies were so close together that 

for practical purposes there is no difference in values 

of cr. The figures also' show that values of e are com

parable regardless of for all three soils up to the 

point of maximum Y^ for the ASTM D-698 curves (note that 

only the maximum Ya point for Soil 3 had beams molded in 

accordance with densities determined by ASTM D-1557). 

For Soil 2, wet of optimum with respect to the ASTM 

D-698 curve, the data indicates a slightly reduced value 

of e as the.value of Yd increases (when compared to 

the ASTM D-1557 curve). This data wet of optimum for 

Soil 2 is in conflict with the data from Soils 1 and 3. 

A review of the influence of compactive effort 

on flexibility for the three soils indicates that over 

the range of w/c examined, the influence of compactive 

effort on e is small. When two points, one dry and the 

other wet of optimum, are selected at the same value of 

Y(j it is noticed that the maximum flexure stresses at 

failure are,, for practical purposes, identical. However, 
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the values of e are much greater for the point wet of 

optimum. 

Discussion of Data and Comparison with Previous Research: 

The specimens molded by impact methods had higher average : 

values of e at failure than did the statically compacted 

specimens at the same and w/c. As indicated pre- . . 

viously, the X-ray analyses mentioned did not detect a 

significant change in fabric, between specimens compacted 

by both methods dry and wet of optimum. Since both sets 

of flexure specimens were molded at the same and w/c 

the writer offers two possible explanations of the 

increased e at failure: 1) During compaction the impact 

hammer produces microzones of high and low density. 

Flexure strain at failure is relatively insensitive to 

at a particular w/c. However, it is possible that at 

higher values of w/c low density zones exist between the 

higher density areas and are especially susceptible -

to deformation. Therefore, though there are sufficient 

high density zones to enable equal flexure stresses to 

develop at failure, when compared to the static compacted 

specimens, the beam deflections are greater than those of 

statically compacted specimens even before the full stresses 

are developed. 

2) Based on the slight but detectable changes in 

fabric, for the statically compacted specimens, which 
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occur with large changes in w/c it is believed by the 

writer that there are differences in fabric which, account 

for the larger flexure strains at failure for the impact 

specimen. A very slight increase in the overall degree 

of fabric orientation caused by the impact hammer, 

although statistically insignificant, could cause the 

increased flexure strains observed. An analysis of 

variance was conducted between Orientation Indices for 

Soil 1 specimens compacted wet of optimum by static and 

impact techniques. With four replicates for each molding 

point no significant difference in fabric orientation was 

detected between the two methods of compaction at the 95 

percent level. If Table 6 is examined it can be seen 

that the mean values of 01 do not show a consistent 

trend in terms of one method of compaction producing 

either a more or less parallel oriented fabric. Table 6 

presents the 01 data obtained from Soil 1. It appears 

that neither decreasing w/c nor fabric changes with time 

have as direct an impact on e as does the method of com

paction. This could be attributed to the fact that the 

impact method of compaction which produces a non-uniform 

soil beam also produces variations of: 1) degree of 

solid to solid particle contact. 2) Water content and 

degree of fabric orientation. These variations apparently 

are of such a magnitude that whatever changes in the 
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properties which affect e, occur they are relatively small 

when compared to the initial variable conditions within 

the beams. 

As discussed previously in this chapter, Narain 

(19 62) concluded from his data that at comparable moisture 

contents, with respect to optimum, an increase in compac-

tive energy reduces flexibility. Krishnaya, Eisenstein, 

and Morgenstern (1974) using split tensile tests observed 

tensile strain at failure to increase with compactive 

energy at a particular water content. The increase in 

tensile strain was greatest as the compactive energy 

increased from the lowest level to an intermediate level. 

From an intermediate level to the highest level tested 

the change in tensile strain was very small. Their 

results are in general agreement with the writer's. 

The writer did not detect significant difference in 

e as the compactive energy increased for the compactive 

energy levels used in this research. 

Effect of Curing on Flexibility 

Presentation of Experimental Results; The influence of 

curing period was also examined but due to time limitations 

was restricted to Soil 2. Specimens were static and impact 

molded then cured, either air dried or at constant w/c, for 

up to nine months (Figure 28). Figure 29 compares a and e 
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properties of the 24 hour and four month statically 
t 

compacted specimens under constant w/c conditions. The 

four month cure period resulted in decreased e at failure 

while wet of optimum a at failure increased. Dry of 

optimum there was a slight decrease in a for the four 

month cure. 

Figure 28a indicates the influence of changing 

moisture content and method of compaction on flexure 

strain at failure during various cure intervals. From 

Figures 28a, 28b, and 28c it can be seen that at a given 

initial w/c as the water content loss increases, the 

resulting e at failure decreases. The reduced value of 

e when compared to the 24 hour cure at constant w/c is 

not significantly different between the statically com

pacted specimens with a nine month cure interval and the 

specimens cured for four months (except at wet of optimum 

w/c where the nine month cure average e is greater). 

This indicates that whatever change in fabric occurs 

during cure is very slight and is of secondary importance 

when compared to the influence of decreasing w/c during 

cure. The maximum change in e occurred for the specimens 

which lost the greatest percentage of water content. 

Discussion of Data and Comparison with Previous Research; 

It becomes apparent that molding water has an important 
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role not only in developing flexibility (as expressed by 

flexure strain e through the several mechanisms pre

viously discussed which included facilitating change in 

fabric) but also in maintaining flexibility. 

Another influence of cure time on flexure strain 

at failure which is of interest concerns the behavior of 

the impact compacted specimens after a nine month cure 

interval. As Figure 28 shows, the impact compacted 

specimens wet and dry of optimum have slightly higher 

values of e at failure than do the static compacted 

specimens. At optimum w/c the impact e i.s essentially 

the same as the value obtained for the statically com

pacted, nine month cure period at constant w/c. During 

the nine month cure period the decrease in w/c is approxi

mately 1 percent as compared to the 24 hour cure statically 

compacted specimens. 

Since the change in w/c during the cure interval 

was very small (less than 0.3 percent) a slight change in 

fabric is believed responsible. It is likely that soil 

particle movements during a cure process would be facili

tated by higher w/c values. As an example, if specimens 

of fine grained soil are molded at a variety of water 

contents to the same the penetration resistance will 

decrease as the w/c increases. It is reasonable to 

assume that the same particle mobility that is reflected 
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in the shear strength changes of thixotropic soils, could 

occur for the soils used in this research. The fact that, 

dry of optimum, there was no change in e at failure after 

four months of cure, while wet of optimum a reduction in 

e at failure occurred, corresponds to what would be 

expected if the fabric wfere changing during the cure 

period. The X-ray diffraction analyses of fabric did not 

detect a significant change in fabric during the cure 

period. However, as indicated by the small changes in 

values of e presented on Figure 29 this would not be 

unexpected. The change in e is so slight that in all 

probability more than four specimens would need to be 

examined before a statistically significant difference in 

fabric could be detected. 

The writer is unaware of research by others which 

examined the influence of cure time and conditions of 

curing on flexibility or tensile strain. However, Narain 

(1962) concluded that duration of test under constant 

moisture conditions did not have a significant influence 

on flexibility. Ajaz and Parry (1975a) reached similar 

conclusions though their test period was short compared to 

Narain (1962) ( 2 1/2 days versus up to 6 months). It is 

noted that duration of test is not the same as curing the 

specimens prior to starting a test. 
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Effect of Particle Size Distribution and Plasticity Index < 
Flexibility 

Presentation of Experimental Results: Figure 30 shows the 

influence of particle size distribution, and plasticity 

index on flexibility. In Figure 30 Soils 1 and 2 exhibit 

similar variations in flexure strain as the molding water 

content changes. Soil 3, however, although appearing to 

possess a e versus w/c relationship similar to Soils 1 

and 2 for most w/c values dry of optimum, displays either 

constant or decreasing values of e as "W/c increases for 

w/c just dry of optimum and over the entire range wet of 

optimum. On the basis of results obtained for Soils 1 

and 2 it becomes apparent that, for a particular water 

content, e decreases as the soil portion passing the 

number 200 sieve and the plasticity index increases (note 

that though w/c is constant Yd varies). In order to 

compare e at constant and w/c a comparison can be made 

only between Soils 2 and 3. In this comparison at w/c 

values dry of optimum e increases as the percentage of 

fines and the plasticity index decreases. This corres

ponds to the overall trend between Soils 1 and 2 with 

variable conditions » Comparing Soils 2 and 3 wet of 

optimum, there is a slight decrease in e as the percentage 

of fines and the plasticity index decreases. 
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Discussion of Data and Comparison with Previous Researchers 

The general relationship between molding water content and 

flexure strain at failure has been discussed previously. 

The analysis of the interaction between water content and 

the fine grained soil fraction centers on the concept of 

water availability. The writer has previously presented 

the concept of "slipping" solid soil particles fostered 

by double layer development as water is added to the 

soil. In order for changes in e to occur as the w/c 

changes, the moisture changes occurring within the soil 

must affect that portion of the soil which controls e. 

The data strongly indicates that it is the finer 

soil particles which control soil flexibility. It is 

apparent from Figure 30 that as the percentage of soil 

fines increases increasing water content is required to 

produce a given level of e. This is attributed to the 

fact that as water is first added to a soil it tends to 

concentrate in the finer soil fraction. Therefore, at 

the early stage of molding, when the soil has a relative

ly low water content, a slight increase in w/c produces an 

increase in flexure strain at failure. For Soil 3, which 

has the smallest portion of fines, the point is soon 

reached where the fines have been exposed to all the water 

they can attract. At this point maximum effective double 

layer development in the fines is believed to have occurred 
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As the Yfl increases to the maximum value there is a 

relatively constant value of e even though the w/c is 

increasing. Since soil is a non-homogeneous material it 

is reasonable to expect either slight increase or 

decrease in e for soil molded around optimum w/c. 

However, for Soil 3, as w/c continues to increase well 

beyond optimum, the additional moisture, which now is in 

excess of that required to fully develop the double 

layer, acts to displace the solids which are responsible 

for flexibility. The decrease in e wet of optimum is 

therefore predictable. Because of the relatively low 

percentage of fines present in Soil 3, the water content 

of the fine grained fraction is approximately 30 percent. 

It is anticipated that both Soils 1 and 2 would experience 

the same reduction in e when the water content of the fine 

grained fraction is approximately 30 percent. 

The data on Figure 30a for Soils 1 and 2 very 

graphically depicts the changes in E as the water avail

able for the fines increases. In evaluating the 

flexibility of a particular soil, consideration must be 

given to both the fine grained soil fraction and the 

availability of water for this fraction if flexibility 

is to be maximized. 
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The examination of flexibility with respect to 

grain size distribution can be extiended based on work by 

Tschebotarioff, Ward, and DePhilippe (1953) and Krish-

naya, Eisenstein, and Morgenstern (1974), who, using 

direct and split tensile testing respectively, examined the 

influence of clay mineralogy on tensile, strain. It was 

determined that the addition of a smectite clay mineral 

(Wyoming bentonite) to natural soils significantly in

creased the tensile strains at failure. On the basis of 

their work it is apparent that clay mineralogy in con

junction with the percentage of the fine grained soil 

fraction affects soil flexibility to a significant degree. 

Nonflexure Test' Results 

As discussed in Chapter 4, the nonflexure test 

program incorporated split tensile, punch tensile, and 

cube compression testing to obtain data that could be 

compared with the flexure beam test data. 

Indirect Tensile Testing 

1. Split and Punch Tensile Test Data 

a. Stress Relationship 

A comparison between flexure beam stress and split 

tensile and punch tensile stresses for Soils 1, 2, 

and 3 is presented on Figures 31 through 33. 
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Although there is a considerable amount of 

scatter in the data, reasonably good correlation 

exists between the flexure and indirect tensile 

test stresses at failure. The scatter is indica

tive of the sensitivity of flexure and tensile 

testing to both molding and testing conditions. 

As shown on Figures 31 and 32 respectively, 

the flexure stress at failure for Soils 1 and 2 

is approximately 2 1/2 to 3 times that of either 

the split or punch tensile stresses. Soil 3, on 

the other hand# is affected by a relatively low 

fines content and, therefore, produces a much 

different relationship. Figure 33, For Soil 3 the 

correlation between the stresses from flexure and 

indirect tensile testing appears similar to that for 

Soils 1 and 2 to a stress of 3 psi. Beyond this 

stress level the flexure stress increases rapidly 

as compared to punch or split tensile stress.. For 

Soils 1 and 2 when the flexure stress exceeds 30 

psi it has increased to about 3 times the split 

and punch tensile data. Such a relationship is 

not evident for Soil 3. , On the basis of this 

information, it appears possible to predict the 

flexure stress at failure for soils "with suffi

cient fines by increasing the split or punch 



tensile stress values by an appropriate factor. 

Strain Relationship 

The primary objective of the indirect 

tensile test program was to establish the relation

ship of beam flexibility to indirect tensile 

flexibility. In order to analyze the split and 

punch tensile data in terms of flexibility it 

was necessary to develop a flexibility factor F. 

By the writer's definition 

F = jy x 100 in percent 

where 6 = deforamtion corresponding to maximum 

specimen load 

D = dimension of specimen (diameter, 4.0 

inch for split tensile, 4.58 inch 

height for punch tensile) 

Figures 34 through 36 show the relation

ship between flexure strain at failure and the 

indirect tensile F values for Soils 1, 2, and 3. 

As shown on Figures 34 and 35, Soils 1 and 2, 

possessing more than 50 percent fines, exhibit an 

essentially linear relationship between split and 

punch tensile flexibility factor F and flexure 

tensile strain. For Soil 3, however, the low 

relative percentage of fines restricts the 
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development of a well defined e versus F relation

ship. Figure 36 essentially depicts a scattering 

of data without a consistent trend. The points 

on Figure 36 are connected only, to show the order 

in which the specimens were molded. Each point 

corresponds to one of the five typical molding 

points. Whereas Soils 1 and 2 show increasing 

values of e with F as the molding water content 

increases, Soil 3 does not. It is significant, 

however, that for Soil 3 both split tensile and 

punch tensile F values follow the trend of flex

ural strain, i.e., as e for the last point tested 

(at 95 percent of Yd maximum wet of optimum) 

decreased so did the two values of F. This^ is 

indicative of the correlation which' exists 

between the flexural strain and indirect tensile 

tests over the entire range of moisture contents 

used. If e decreased while F values continued to 

increase, the correlation would be questionable. 

The data from Soil 3 does not warrant a detailed 

regression analysis, however, the data points on 

Figure 36 clearly show that the indirect tensile 

tests can be used to predict general flexure 

strain levels. 

For Soils 1 and 2 equations developed from 

visual best fit curves are provided on Figures 
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34 and 35. These equations can be used to predict 

flexure strain from split and punch tensile data. 

The punch tensile plot oil Figure 35 is a least 

squares fit. For the other plots the writer 

preferred not to use the least squares technique 

in order to assign a greater weight to the data 

from the higher and lower ranges of e. The data 

for the beams molded at the higher values of w/c/ 

in general, had the least scatter. The beams, for 

Soils 1 and 2, at low w/c were in the same range 

of actual w/c ^alues for Soil 3. In order to 

facilitate comparisons between the different 

soils as well as develop the most representative 

relationships, the best visual fit curve selection 

technique was used. 

Krishnaya, Eisenstein, and Morgenstern 

(1974) determined the tensile strain across the 

split tensile failure zone for a mica till. They 

used gauge blocks attached to the specimen ends 

and measured the divergence of the blocks during 

testing. The ratio of-the change in gauge block 

spacing to the original spacing was used to cal

culate tensile strain. The variation in tensile 

strain at failure with respect to w/c> ^d# an^-

compactive effort was similar to the results 
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obtained for Soils 1 and 2 of this study. The 

mica till had a tensile strain at failure which 

was increasing with molding water content. 

To the knowledge of the writer, tensile 

strain has not been defined nor measured for the 

punch tensile test. The difficulties involved 

in measuring strain which is not uniform through 

both the punch and split tensile specimens makes 

the utilization of strain criteria questionable for 

these tests. The writer preferred to rely on the 

parameter F for flexibility correlation with flex

ure testing. The parameter F refers to the strain 

being experienced throughout the entire specimen 

due to a change in tensile stress and not just the 

strain on one relatively small area which happens 

to be instrumented. 

There exists considerable differences 

between Soils 1 and 2 with Soil 3 with regard to 

flexure strain versus split and punch tensile F 

relationships. Obviously, the flexibility and 

flexure stresses exhibited by Soil 3 are not 

indicative of those caused by a sand, which 

should exhibit zero flexibility. Instead, the 

behavior of the Soil 3 specimens is what would 

be anticipated by a soil which, though granular, 
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contained enough fines to develop flexural 

strength. Though flexibility was exhibited, 

there was insufficient fines to enable Soil 3 

to behave similarly to Soils 1 and 2 once the 

double layers had been fully developed. 

Cube Compression Testing 

The writer chose to conduct compression testing in 

order to compare the relationships between compres

sive and flexure strains. Cube compression testing 

was selected for the following reasons: 

A. The cube specimens could be cut from the actual 

beam tested in flexure. This removed the possi

bility of not exactly duplicating w/c and Yd 

conditions between the compression and flexure 

specimens. 

B. The cube compression specimens could be obtained 

with a minimum disturbance from each beam. There 

was no supplementary trimming which would have 

been necessary if cylindrical specimens had been 

trimmed from the beams. The additional distur

bance caused by trimming was unacceptable. 

Cubical specimens of approximately 3 inches 

a side were cut from the failed flexure beams sub-, 

jected to uniaxial compression. The axial strain (ec) 

of these cubes was determined from: 
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ec = | x 100 (in percent) 

where 6 = axial deformation at peak load or for 

specimens wet of optimum where the 

specimen starts to deform under constant 

load. 

H = original height of specimen. 

Because of the cubical shape of the specimen/ the 

platten influence extended through most of the speci

men. The contact of steel platten on the specimen 

results in a confinement or restriction on soil 

particle movement. In effect, the friction between 

steel and soil significantly changes the stress-strain 

properties of the soil affected. For this reason 

attempts to utilize compressive stresses for a 

correlation study with flexure stresses were not 

made. Values of ec versus flexural strain (e) at 

failure are shown on Figures 37 through 39. 

As shown in Figures 37 and 38 Soils 1 and 2 

have reasonably well defined relationships between 

axial strain and flexure strain at failure. The 

scatter of the data is in general, greater than for 

the split and punch tensile data. The major reason 

for this is believed to be the influence of the 

plattens for the cube compression tests. Equations 

based on a visual best fit for e versus ec are 
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presented on Figures 37 and 38 for Soils 1 and 2. 

The factors believed responsible for theie-F relation

ships, as discussed previously, are similarly believed 

to affect the e-ec relationships presented here. 

Though ec can be used to predict e for fine grained, 

soils, the correlation between e and ec is not -

as good as that between e and F determined from 

indirect tensile testing. 

For Soil 3, Figure 39 shows that, as with the 

relationship between e and F both indirect tensile 

tests, e does not increase monotonically with eC/ 

i.e., as e decreased for the point withthe highest 

value of w/c, so did ec. Consequently, the regression 

analysis between e and ec for Soil 3 experienced the 

same difficulties as did the analyses for the 

relationship between e and F for the split and punch 

tensile testing. The reason that a small change in 

e results in a large change in ec over the center 

section of the plot on Figure 39 is believed due to 

a combination of water content and platten effects. 

The platten confinement of the soil prevents failure 

until relatively large deformations have occurred. 

In effect, the net increase in strength due to the 

platten influence is greater than the strength loss 

and subsequent deformations within the central section 
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of the cube. At very high water contents there is 

so much free moisture in the fines that the central 

section of the cube fails at low strain. At high 

water contents the platten effect is. believed to be 

significantly reduced, thus explaining the cube 

failure at low strain levels. 

With respect to Figures 37 through 39 it is 

important to realize that compressive testing can 

be used to predict soil flexibility. In fact, there 

is a strong possibility that better correlation could 

be obtained by other types of compression tests. For 

example, standard unconfined compression tests, where 

platten influence is minimized, would probably yield 

better correlations with flexure data.. Though Narain 

(1962) did not find compression testing to be a 

promising technique to evaluate flexibility the writer 

believes his data indicates a strong potential for 

compression testing becoming a primary soil flexibility 

evaluation tool. 



CHAPTER 6 

CONCLUSIONS 

The following conclusions result from this 

research program: 

1. Soils 1 and 2 exhibit a well defined increase in 

flexibility (e) as the molding w/c increases. Soil 

3, having the lowest percentage of fines does not 

show a consistent trend for e as w/c varied. In 

general, for soils with a sufficient amount of fines, 

flexibility can be increased at a particular value 

of Yd by increasing the molding w/c up to a point. 

2. At lower w/c values flexibility is shown to increase, 

for particular values of overall w/c as the percentage 

of fines decreases. Soil with a relatively low per

centage of fines follow this trend dry of optimum 

w/c. Wet of optimum, however, the low fines content 

soil does not possess a well defined e-w/c relation

ship. The maximum potential value of flexibility 

in general increases as the percentage of fines 

increases. 

3. Over the range of w/c tested no significant differ

ences in e are observed between specimens compacted 
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energy equivalent to either ASTM D-698 or ASTM D-1557. 

For Soil 2 dry of optimum, as determined by ASTM ! 

D0698, the values of e increase with Y^. The flex

ure stresses for Soil 1 and 3, however, are greater 

for the higher compactive energies for similar molding 

conditions. Wet of optimum, between the specimens 

compacted in accordance with ASTM D-698 and ASTM 

D-1557, there is no difference in cr. For Soil 2 the 

lowest compactive energy samples developed values of 

ff higher than those of the ASTM D-698 specimens wet 

of optimum. However, the lowest compactive energy 

samples were modled dry of optimum w/c. Therefore, 

in general, soils can be compacted at higher energy 

levels to obtain higher a values without a decrease 

in flexibility. 

4. The values of e are similar for both static and impact 

methods of compaction dry of optimum. Wet of optimum 

the impact specimens yield much higher e values at 

similar molding conditions. Flexibility is, in 

general, maximized when methods of compaction are 

used which produce soil fabric similar to that pro

duced by impact compaction. 

5. For cure periods up to four months duration at 

constant w/c a slight decrease in e occurs as compared 

to the 24 hour cure. During this cure period, a dry 
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dry of optimum, decreased while wet of optimum a in

creased. Specimens cured for periods of up to nine 

months under conditions of changing w/c undergo a 

decrease in e as the w/c decreases. As w/c decreases, 

the values of cr increase. Though slight, the effect 

of extended soil curing after compaction under con

stant w/c conditions is to reduce flexibility. If 

the w/c is allowed to decrease during cure then a 

significant reduction, which is a function of the 

magnitude of w/c change, in e occurs. 

6. On the basis of the fabric study conducted on Soil 1 

and 2, the following conclusions can be drawn: 

a. A more parallel oriented fabric (normal to the 

compactive force) is developed as the molding w/c 

is increased. The increase in oriented fabric 

coincides with the increase in e. 

b. No significant difference in fabric is observed 

between the different methods of compaction. 

c. No significant difference in fabric is observed 

between 24 hour and 4 month cure periods at con

stant moisture conditions. 

7. The nonflexure test program indicates that: 

a. Nonflexure testing can be used to predict soil 

flexibility. 
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Of the three nonflexure tests, the split tensile 

and punch tensile tests give the best correlation 

with e. However, even the cube compression test 

data can be correlated with e. 

The nonflexure test data accurately reflected 

the behavior of the beam specimens for all three 

soils tested. Where Soils 1 and 2 exhibited a 

well defined e versus w/c relationship the three 

nonflexure tests did also. When Soil 3 failed to 

sustain a well defined e versus w/c relationship 

the nonflexure tests also failed while responding 

similarly to the results of the flexure testing. 



CHAPTER 7 

RECOMMENDATIONS 

In the interest of extending the knowledge of 

soil flexibility the following areas are considered by 

the writer to warrant additional research: 

1. Clay mineralogy is unquestionably an important 

factor in flexibility. A program designed to yield 

flexibility information for soil compacted from the 

basic clay minerals would provide data in an area 

critical to the ultimate understanding of flexibility. 

2. The writer's research has shown that soil flexibility 

will decrease with time if the molding wa.ter content 

decreases. Therefore, research into ways of pre

serving flexibility without maintaining constantr 

moisture conditions would be a significant contri

bution to geotechnical engineering. 

3. An expanded program designed to provide nonflexure 

testing correlation with beam flexure testing could 

hopefully enable development of quantitative tech

niques to predict flexibility. Due to the relatively 

high costs of flexure testing there would be obvious 

advantages.to such a development. 
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4. A program designed to evaluate the effect of pore 

fluid chemistry on soil flexibility would also 

warrant attention. Pore fluid chemistry has pro

nounced influences on other fine grained soil 

properties such as permeability. Therefore, the 

examination of the effect of fluid chemistry on 

flexibility could influence the ultimate design 

program for each flexure application. 



APPENDIX 

SHEAR AND BENDING MOMENT DIAGRAMS 
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The flexure beams were subjected to a third 

point loading arrangment. The loading apparatus weighs 

0.85 lb. and was added to the loading machine force. 

The geometrical arrangement of loading and 

reaction forces with respect to the soil beam is as 

shown below. 

Beam Geometry 

1  1 /2"  

P/2 . 
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P/2 

v= o -
-p 
/ 2 

Shear Diagram 

pl/6 

M = 0 

Moment Diagram 

Maximum Bending Moment (M^) is PL/6. when 

^ ~~ ^ ^max = 1.5P. 

Since the loading apparatus weight is 0.85 lb., the 

total applied moment is Mmax =1.5 (P + 0.85) in-lb. 

The shear and bending moments due to the beam 

weight alone are as follows: 

1 1 1 w 1 1 L L 

1.125W 

1.125W 

Shear Diagram 
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10.125W 

M = 0 
-6.33W 

"s/"_ 6.33W 

Moment Diagram 

The bending moment due to beam weight is 10.125W in lb. 

For the beams fabricated W will vary from 0.675 

lb/in to 0.767 lb/in. 

Mmax = 6.83<^ x < 1 . 1 7  in-lb. 

The average value of Mnic>x for the beams fabricated is 7.3 

in lb. 

Using the total applied load only, the beam deflections are: 
Bending Moments 

M = 0 
L/3 L/3 L/3 

. 

(1) (2) 

For Area (1) 0<^ x <L/3 

?X 
2 

i£ 
dx 

M = PX 

EI = dfy = -PX , EI = a,*£hL = 
2 dx 

- P X f +  C i  
4 

pv3  
AY = g_ + ClX + C2 

When x = 0, y = 0 

C2 = 0 
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For Area (2) h /3< x <2L/3 

m = pl 
6 

, d2y _ -PL A dy _ -PLX , n 
A d F - ~ ~ 6 - '  a E ~ ~ 5 -  +  D i  

Ay = "5^- + Dix + D2 

When x = l/2, gj = 0 

D - PL' D1 " IT" 

At L/3, AY(1) = AY(2) 

- +c PLX^ + PLfx + 
12 1 12 12 

In addition, at L/3,A SjZ(1) = A g(2) 

Therefore ~p^2 + Cx = + jip-

p.. = "PL2 + PL2 + PL2 _ PL2 

1 18 12 36 18 
3 

* J24 

Then for L/3£. x <_L/2 

AY = [-27X2 + 27LX - L2] 

For all beam deflection calculations the applied load P 

includes the weight of the load apparatus. 
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