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ABSTRACT 

Eight soils commonly used in highway construction in Missouri were selected 

for study based on diversity in geologic origin, areal distribution and range in physical 

characteristics. Physical indices, consolidation and shear strength characteristics were 

determined. Theoretical porc pressures possible in field conditions were calculated based 

upon procedures outlined by Hilf. Effective stress stability analyses were performed to 

relate molding moisture at constant compactive effort to height of fill, angle of slope 

and factor of safety. In all cases, saturated strengths were assumed as a limiting condition. 

Potential settlements were related to molding moistures at constant compactive effort for 
various heights of fLll. Limited investigation was made of the effects of variable compactive 

efforts. Results of the study are believed to be in reasonable agreement with limited 

data available from case studies. 
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INTRODUCTION 

The Missouri State Highway Department has experienced massive fill failures 

in recent years where design densities were achieved. Investigation indicated the fill soils 

were placed very wet of optimum. Other fills, placed dry of optimum, have exhibited 

severe deformations with adverse effects on pavements and structures. Dips and sags 

in fill sections throughout the state clearly indicate that design and compaction practices 

have not always achieved desirable results. 

Missouri standards require a minimum of 90% of AASHO T-99 maximum density 

except near bridge ends and in the top 18 inches of the subgradc beneath Oexible 

pavements. Moisture controls, as used, primarily serve to control the effects of swell 

on the pavement or to facilitate attainment of design density where tests are made with 

difficulty as in rocky clay soils. 

Although foundations of embankments are investigated and analyzed routinely 

with respect to stability and settlement, these characteristics of fills are rarely considered 

except on the basis of past experience. It seemed desirable, therefore, that consideration 

should be given to developing a background of engineering data useful for predicting 

behavior of specific soil types, with respect to settlement and stability. when used in 

high fills. Secondly, it was hoped that development of this data would lead to more general 

application in the form of design criteria and specifications to govern construction. 

- 1 -
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CONCLUSIONS 

A background of basic soils engineering data has been accumulated for the eight 

soils studied. Significant differences were found in physical properties and predicted 

behavior. These differences are discussed in detail under a section of this report entitled 

"Implications of the Study with Respect to Soil Type". 

The test data derived from the study soils has been used to develop predictions 

of stability and settlement characteristics of embankments of 30 to 80 feet in height. 

These characteristics suggest limitations, with respect to embankment height, slope, 

moisture content and density. which are believed valid for the particular soils as tested, 

subject to the assumptions and limitations inherent in the study. Care should be exercised 

in extrapolating data and predicted behavior to other than the study soils. 

Most of the study soils were shown to be capable of developing internal pore 

pressures in embankments of 80 feet or less in height, when compacted at moisture contents 

above optimum, such that embankment stability would be effected adversely. The two 

soils of ioessial origin were found to be most sensitive to pore pressure development and 

a residual clay least sensitive. 

The most desirable range of moisture contents to minimize both settlement and 

stability problems was found generally to be somewhat dry of optimum. For the CL 

and CH soils studied, however, there appears to be a danger that compaction very dry 

of optimum, without greater compactive effort to further modify soil siructure, can lead 

to objectionable settlements. These settlements could occur with increases in moisture 

content at some time after completion of a fill and appear as a collapse phenomena. 

The two soils of loessial origin did not appear prone to either settlement or 

stability problems when compacted dry of optimum provided normal minimum densities 

were achieved. 

Assuming the normal 90% of AASHO T-99 maximum density requirement is 

always met, settlements within embankments constructed of any of the study soils should 

rarely be of great concern for fills less than about 50 feet in height. For fills above 

this height, special density requirements may be justified. 

Areas for additional research are indicated. There is a need for relating field 

tests and field construction conditions to those of the laboratory. Particular problem 

areas include curing periods and molding techniques to achieve desired densities while 

simuJating field compaction. The influence of variable gravel content on residual soils 

deserves investigation with respect to pore pressure development, strength and consolidation 

characteristics. Such soils are difficult to test for field control purposes and moisture 

controls properly designed for optimum performance would be of great practical value. 

Also needed are more detailed analyses of embankments as constructed, with 

respect to pore-pressure development and strength, particularly where failures are involved. 

Investigations of such failures have implications beyond the immediate repair of the failed 

section and should be encouraged. 

- 2 -



IMPLEMENTATION 

There should be no "cookbook" approach to the implementation of the results 

of this study_ Rather, it is suggested that soils specialists may best use this report as 

a guide, tempered by experience and awareness of the limitations and assumptions of 

the study and the variables between laboratory and field, in developing specific 

recommendations for specific problems. 

The limitations suggested with respect to embankment heights, slopes, factors 

of safety and soil moisture contents are not the only considerations which should determine 

slope design. Swelling pressures, wet-dry and freeze-thaw cycles may also adversely effect 

the performance of slopes. Empirical suggestions are made under "Implications of the 

Study with Respect to Soil Types" for minimal slope designs to cope with these problems 

with the alluvial and glacial soils. Foundations, unusual phreatic conditions or susceptibility 

to erosion, for example, all may dictate even flatter slopes than suggested by this study. 

There would appear to be little point in requiring special moisture or density 

controls for fills with heights within a range such that settlement or stability prob lems 

are shown to be un likely and where normal minimum density requirements are likely 

to be achieved. Since the amount of settlement tolerable normally depends on how it 

will appear and feel in service, careful consideration should be given before applying special 

controls of any kind for control of settlement only. 

The need for moisture controls for possible stability problems should be 

determined by evaluating both the moisture content of available borrow and the indicated 

slopes for adequate stability. Decisions on use of moisture controls should then be made 

by comparing the costs of flattened slopes without moisture control vs. steeper slopes 

with controls. 

The moisture control expected to have most frequent application is an upper 

limit for the loessial soils which have been shown to be subject to serious stability problems 

when compacted wet of optimum. This confirms field experience. No evidence was 

found to indicate need for a lower moisture limit on such soils provided normal minimum 

density requirements are met. Contract special provisions should be developed to govern 

moisture control in accordance with these· findings. 

Considerat ion should also be given to requiring field moisture determinations 

as a part of the soil survey for use in decisions involving moisture control vs. slope 

flattening. 

- 3 -
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SCOPE 

Eight soils, commonly used in highway construction in Missouri were selected 

for study. Factors considered in the selection were diversity of plasticity, areal distribution 

and geologic origin as well as past histories, whenever possible, as problem soils. Non-plastic 

or granular soils were excluded from consideration. 

The selected soils were sampled and prepared for standardized tests with added 

procedural requirements to facilitate achieving specific aims of the study. Tests included 

indices tests, moisture-density relations, consolidation and drained direct shear. Moisture 

equalization and reduction of the effects of thixotrophy were provided for by prolonged 

curing periods during sample preparation. A basic premise utilized in the study involves 

use of the consolidation test on dynamically molded specimens as an indicator of retained 

energy and use of consolidation strain rates to calculate and predict theoretical development 

of internal pressures in field applications. Drained direct shear tests are used as a basis 

for determining effective stresses with simplified procedures originally utilized by HUfl. 

The more rigorous theoretical concepts of Bishop2 and Skempton3 are recognized but 

are considered too difficult for routine application in the laboratory for determination 

of shear strengths. Strength values considered were limited to saturated strengths 

determined from a range of molding moistures and densities. Strength parameters as used 

in the stability analyses were adjusted by a factor based upon the correlation of effective 

angle of internal friction vs. the plastic index as reported by Bjerrum and Simons4 . The 

effect of negative pore pressure on unsaturated soil strength was ignored as a justifiable 

simplifying assumption. 

Settlements are predicted from consolidation data through a range of moistures 

and densities for fills of 30, 50 and 70 feet in height so as to permit estimation of 

intermediate or excess heights. 

Stability was analyzed by effective stress methods using the concepts previously 

described. A computer program, based on the Swedish circle method of analysis and 

using automatic search features, was used to analyze failures limited to embankments. 

The effect of foundations was ignored. Various heights of fills were analyzed so that 

curves could be developed relating slope angle and fill height, through a range of 30 to 

80 feet, to molding moisture and factor of safety. 

- 4 -



SOIL TYPES 

Factors considered in selecting soils for this study included geologic origin, areal 

distribution, frequency of. usage in highway construction and, wherever possible, a past 

history of construction or maintenance problems. Only fine grained soils were considered 

but, within this limitation, the widest possible range of texture and plasticity was sought. 

To encompass a variety in geologic origins, two soils were selected from each 

of four categories, glacial, loessial, residual and alluvial. The general locations within the 

state from which the soils were selected are shown in Figure I. For convenience, the 

soils are identified as R-I through R-B in the figure and throughout this report. A more 

detailed description foUows of the selected soils. 

R-l. This is a CL-ML soil of loessial origin from the bluffs adjacent to the 

Missouri River bottom in Qay County. Past soil survey practice has been to classify 

this soil, along with other loess deJX)sits, only by a pedologic name, Knox. Loess and 

associated glacial and paleosoil stratigraphy in this area is complex and differentiation 

of the various units difficult. The unit sampled for study is tentatively identified as the 

Peoria loess from the Wisconsian stage of the Pleistocene. 

The Peoria and other loesses commonly classified as Knox are used extensively 

in highway construction along the Missouri River and especially in the urban areas of 

Kansas City and St. Joseph. Fills of 50 to 60 feet in height are not uncommon. It 

does not have a reputation for being a problem soil except for erosional characteristics. 

R-2. This is a CL soil of loessial origin found in the eastern part of the state, 

principally on the bluffs adjacent to the Mississippi River. Soil surveys commonly classify 

the soil by a pedologic name, Memphis. The unit sampled from Route 79 in Ralls County 

is tentatively identified as Roxana loess from the Wisconsian stage of the Pleistocene. 

This soil is commonly found in fairly shallow. deposits, usually overlying gJacial 

tills north of the Missouri River. Extremely high fills built entirely of this soil are not 

common but some homogeneous fdls of 50 feet in height have been built. Natural moisture 

contents are frequently high and its reputation as a construction material is poor. Adverse 

behavior encountered ranges from excessive elasticity when worked wet, as it frequently 

is, to sloughs and massive slides during construction. 

R-3. This is a CH soil of residual origin classified in soil surveys as Crawford. 

Its occurrence is primarily in the western plains area of the state. It is derived from 

weathering principally of Mississippian age limestones and frequently is found with a high 

content of admixed chert gravel. 

Crawford does not have a reputation as a problem soil. The sample selected 

for study from near Springfield in Green County is chert free and is somewhat more 

plastic than is typically encountered. 

- 5 -
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R-4. This is a CH soil of residual origin derived from decomposition of dolomitic 

limestones and found throughout the Ozark region of southern Missouri. It is classified 

pedologically in soil surveys as Oarksville. Usually. it is associated with varying amounts 

of admixed chert gravel but pockets of chert free clay are common. The sample selected 

for study from near EUington in Reynolds County is free of significant granular content 

and is average in plasticity for such occurrences. 

Some of the highest fIlls in the state have been and are to be built of Clarksville 

soils. Past construction and maintenance history has been mixed. While slides are not 

common, post-construction settlements have been serious in some cases and only unsightly 

in other cases. 
R-S. This is a highly plastic CH soil of alluvial origin sampled from the Missouri 

River bottom in Holt County. It is classified in soil surveys as Wabash. The principal 

occurrence is throughout the glacial plains area of the state along tributaries of the Missouri 

and Mississippi Rivers. The sample selected is the most highly plastic of all the soils studied 

and, while atypical of most Wabash alluvium, is representative of a type of soil frequently 

encountered in fill construction from side borrow. Its reputation is poor. Fortunately, 

it is most frequently used in fills of low to moderate heights. 

R-6. This is a CL glacial till sampled from Putnam County. The sample appears 

representative of the average glacial till found in this state with an insignificant granular 

content. Soils such as the one sampled have not been considered especially troublesome 

in past construction of fills which have been generally of moderate height. (However, 

some associated deposits of gley and gumbotil have been extremely troublesome. In 

physical characterics these appear most like R-S). 

R-7. This is a CH soil of alluvial origin, classified in soil surveys as Sharkey. 

Its occurrence is limited to the southeast lowlands or "boothee'" area of the state where 

it is frequently worked from side borrow pits. Fill heights are almost always less than 

40 feet but sloughs and slides during and after construction are common. 

The site sampled is located in Scott County near Chaffee. The plasticity of 

the selected sample is average for the soil type. 

R-8. 1bis is a CL~ glacial till which represents a somewhat more plastic 

range than R-6. The sample source is from Callaway County near Fulton. 
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SAMPLE PREPARATION AND ROUTINE AND INDICES TESTS 

The samples of these soils were prepared for testing by oven drying for a 

minimum of 72 hours followed by crushing and screening through the #4 sieve. The 

soil was then mixed, split and stored in sealed polyethylene bags until testing. 

Routine and indices tests performed included: 

I. Mechanical analysis 

2. Atterberg limits 

3. Shrinkage limit 

4. Shrinkage ratio 

S. Specific gravity 

6. Moisture density relations (AASHO T-99, Method C) with the following 

additional procedural requirements: 

a. The soil-water mixtures were aged (a minimum of 24 

hours for clay) prior to molding to provide time for 

moisture equalization through the soil particles. 

b. Interfaces of the layers of the compaction samples were 

defined by narrow foil strips to facilitate identification 

during trimming of the consolidation sample. 

c. The compaction test specimens were ejected from the 

mold, wrapped in Saran and foil , waxed , and stored 

in controlled humid conditions. 

d. The specimens were aged (a minimum of 72 hours for 

silts and one week for clays) before testing to reduce 

possible effects of thixotrophy . 

A summary of indices and routine test results for all of the study soils, R~I 

through R-8, is included as Table I. The A~line plot showing the range of the plasticity 

of the study soils is shown in Figure 2. The relationship of the moisture density curves 

is illustrated in Figure 3. 
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PREPARATION OF CONSOLIDATION SAMPLES 

The basic series of tests for each soil were performed on five specimens molded 

for determination of an AASHO T·99 moisture-<iensity relationship curve. These five 

specimens were defined by points on the curve at 3 to 4% moisture intervals. 

Soils R-2 and R4 were chosen for additional testing due to their past history 

of stability or settlement problems and because they differed widely in plasticity. Three 

specimens of each soil were molded in accordance with AASHO T-lSO (Method C). Thee 

additional specimens of each soil were molded using T -99 procedures except that the energy 

input was reduced from 2S to 10 blows. This will be referred to elsewhere in the text 

and tables as "T-99, reduced effort". 
The moistwe-density relationship curves from the varied compactive efforts used 

with R-2 and R4 are shown in Figures 4 and S. 

- 10 -
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PREPARATION AND TESTING OF SHEAR SAMPLES 

Static molding to predetermined densities was used to form the drained direct 

shear (S) test specimens. Loaded specimens of silty soils were soaked for a minimum 

of 3 days and the more plastic clays for 7 days to insure saturation before shearing. 

The coefficient of consolidation <Cy> and the prcconsolidation pressure (Pc) were used 

to determine the initial load, the rate of loading and rate of applied shear stress. 

The shear strengths were determined on samples prepared at varying degrees 

of compaction and moisture. These were: 

1. 90% T-99 maximum density at optimum moisture. 

2. 95% T-99 maximum density at optimum moisture - 25% of optimum 

moisture. 

3. 95% T-99 maximum density at optimum moisture . 

4. 95% T-99 maximum density at optimum moisture + 25% of optimum 

moisture. 

5. 100% T·99 maximum density at optimum moisture. 

Shear strengths are reported in Table 2 as effective stress shear strength 

parameters, ~' and c', from drained consolidated tests which have been corrected for 

reduction of cros~ctional area. ~. for the case of c'=O was also determined for normal 

loads in excesS of the preconsolidation value. 
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CONSOLlDA TION TESTING 

The consolidation tests were performed in accordance with ASTM 02535-70 

in two series to be referred to as inundated and non-inundated. 

Specimens for the non-inundated series were prepared by trimming from the 

middle of the top lift of the compaction test specimens. The specimens for the inundated 

test series were trimmed from the middle of the middle lift of the compaction test sample. 

After application of the 1/4 KSF load, the specimens were inundated and subsequent 

loads were applied as required to restrain swell. All consolidation tests were continued 

until a minimum of 3 points approximated a straight line on a void ratio. log of pressure 
plot, or to a maximum load of 48 KSF. 

The results of all consolidation tests are summarized on Tables 3 through Table 
12. 
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1lIEORY AND APPROACH 

Terzqhi'.S effective stress equation is expressed as: 

0'= 0'- u 

where 0' is total stress, 0' is effective stress, and u is the pore pressure or the internal 

presslUC of the fluids in the soil. 

In a compacted oohesive soil the two fluids, air and water, are not at equilibrium. 

According to Bishop, the equation may be modified to: 

a = (0' - u,,) + x (u" - "w) 

where ua is internal air or gas pressure, Uw is internal water pressure, and X is a factor 

relating to the degree of saturation varying from 0 for a totally dry soil to 1.0 for a 
fuUy saturated condition. 

Blight6 subsequently indicated that although the factor X cannot be satisfactorily 

determined, the sums of the two independent stress components, (0'- ua) and (ua - uw)' 

control the actinl effective stress rather than the actual values of 0; ua• or llw. The 
component «(1. ua) indicates that internal gas pressures directly effect the intergranutar 

effective stress of a compacted cohesive soil. The component (ua - llw) is related to 

the relative amount of soil suction and directly effec~s the acting normal forces. 

As the component (u,. • llw) only effects the normal forces acting in the soil. 

the basic tests conducted for this study were consolidation tests under saturated conditions 

to determine the compressibility of the soil structure and drained direct shear tests to 

determine the shear stress parameters. For these tests, conducted at atmospheric pressure, 

the negative capillary forces were considered at a minimum due to prolonged inundation, 

and the degree of saturation at the maximum that would be expected under field 

conditions. Additional, non-inundated consolidation tests were conducted for comparison 

purposes. 

Yoshimi and Osterberg? have indicated that, for compacted cohesive soils, no 

outflow of water occurs with compression in the range of degree of saturation of 10 

to 97%. nus is due to (ua • uw) being a negative stress under the condition of atmospheric 

pressure with no flow occwring against this negative gradient. This condition offers validity 

to assumptions of 0'= 0'. Ua, with Ua determinable by volumetric strain measured from 

consolidation testing, and of no drainage occurring from a compacted soil mass. The 

assumption of lla = l1w for compacted cohesive soils should thus be satisfactory for 

establishing design criteria based upon the worst field condition; i.e., saturation. 

This procedure of calculating ua from volumetric strain was initially presented 

by Hilf and has been further verified by Yoshimi and Osterberg. 
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For the purposes of this study, the effective shear strength is determined by 
the modified Coulomb equation: 

s = (0' - ua) tan 0' + e 
where s is shearing resistance, tan 0' is the tangent of the angle of internal friction, and 

c' is the cohesion intercept from the direct shear test. 

The pressure u3 was determined by Hilf's simplified formula which is based upon 

Boyle's Law and Henry's Law for the compressibility and solubility of gasses in solutions, 

in this case basically air and water. Hilf's simplified formula is: 

u = 
Va+h(Vw-A) 

where ~ is volumetric strain, Pais atmospheric pressure, Va is the initial volume of air I 

Vw is the initial volume of water and h is Henry's constant. 

For comparison purposes the calculated internal excess pressures for the eight 

soils are tabulated in terms of the pore pressure ratio, Ru 

where" d is the maximum dry density determined by the AASHO T-99 procedure and 

h is the height of fill. 

Stability analyses were prepared by further modifying the Coulomb equation 

as follows: 

s = N (1 - Ru) tan ~' + c' 

(or) 

, = N (I - Ru) tan 0' (for the ca,e of c' = 0), 

(whichever value is greater) 

where N is the normal component of the weight of a slice of the circular failure arc. 

Shearing resistance across the base of each slice of the Swedish circle type stability analyses 

was computed on the basis of the formula which provided the maximum resistance to 

failure for that slice. 
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ANALYSIS OF DATA 

Settlement Prediction 

Settlements for the eight soil types have been calcu lated and arc presented in 

Figure 6 through Figure J 3 in terms of fill heights of 30, 50 and 70 feet. TI1CSC calculated 

settlements are based on the following assumptions: 

1. Vertical loads at any point in an embankment can be 

approximated by the height of rill at that point times a wet 

density cqull to maximum dry density at optimum moisture. 

2. The settlement of a finite layer is a function of the decrease in 

void ratio between the point of preconsoiidation (Pc) and the 

vert ical load (P2) of the layer. 

3. No settlement occurs under vertical loads less than the 

preconsolidation pressure. 

4. No allowance is made for recompression or swell. 

The predicted settlements are shown as total settlement in feet vs. placement 

moisture at a constant compactive effort. Settlements are also tabulated in Table 13 
in terms of predetermined degrees of placement moisture, at optimum, optimum - 20% 

of O.M., and optimum + 20% of O.M. In both the figures and tables the settlements 

are expressed for both inundated and non-inundated cases. The effect of inundation on 
soils of low density compacted dry of optimum is apparent in Table 14. The degree 

of collapse which occurred during these series of consolidation tests is reflected by 
settlements that are predicted to occur at fin heights of 30, 50 and 70 feet through a 

range of placement moistures varying from optimum - 30% of O.M. to optimum - 10% 

of O.M. The settlement differentials between the inundated and non-inundated cases for 

the same heights of fln and placement moistures are indicative of what could occur should 

inundation or saturation occur after nil completion. 

Consolidation samples, as trimmed from the mid-points of lifts from those 

compaction specimens molded dry of optimum, generally were calculated to have higher 

densities than the entire compaction specimens from which they were trimmed. This 

difference, significant only dry of optimum, varied from as little as 1 % for an ML-CL 

soil to as much as 7% for a CH soil. Differences in densities were greater for the inundated 

series trimmed from the middle lifts of compaction specimens than for the non-inundated 
series trimmed from the top lifts. This indicates that settlements occurring with actual 

fIU placement may be somewhat greater than the calculated settlements presented. 

Consolidation test data from specimens of soil types R-2 and R-4, prepared by 

dynamic molding by "T-99 reduced effort" (See Preparation of Consolidation Samples) 
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and by AASHO T-lSO, were used to predict the range of settlements that could occur 

under fill heights of 30, 50 and 70 feet for these va ried compact ive efforts . These predicted 

settlements are presented in Figures 14 and IS and included in Table 15. Since the 

previously cited figures and tables are based upon constant compactive effort, with initial 

density variable as a function of moisture content, data was retabulated in Table 15 to 

reflect predicted settlements at a constant degree of density. 90% of T-99 maximum 

density. the minimum normally acceptable under Missouri specifications, was selected for 

this table. 
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Excess ·Internal Pressure 

Theoretical internal excess pressures are tabulated for heights of 30, 50 and 

70 feet in Table 16, for each of the soil types, in terms of the pore pressure ratio Ru' 

These are presented in terms of degree of placement moisture for the range of optimum 

- 20% of O.M. to optimum +20% of O.M. These pore pressures, calculated according 

to Hilrs procedure, are based upon the following assumptions: 

1. That ua and Uw are equal (surface tension phenomena are ignored 

with no corrections for capillary pressures.) 

2. That volume change occurs as a function of the compression index 

(Cc) for the pressure increments in excess of the preconsolidation 

pressure. 

3. That initial gas volume is based upon the degree of saturation. 

4. That atmospheric presswe exists in the voids prior to application 

of loads in excess of the preconsolidation pressure. 

5. That no drainage of water or gas occurs. 

6. That the densities of the consolidation specimens were 

representative of the compaction specimens from which they were 

trimmed. 

As discussed Wlder Settlement Prediction, the consolidation specimens actually 

tended to be somewhat denser than the total compacted specimen at moisture contents 

drier than optimum. Except wet of optimum where they are most significant , the 

calculated pore presswe ratios could therefore be somewhat high. 

n~ u 
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Stability 

The initial determination of the stability of various slope configurations was 

accomplished with the use of Singh'S8 stability charts. Based on these initial findings, 

computer analyses based on the Swedish circle type solution were used to determine 

stability at varying degrees of consolidation according to the principle of effective stress. 
The analyses were based on the following assumptions and conditions. 

1. Foundation soils were not considered and all failures were limited 

to the ml. 

2. Slopes considered varied between extremes of 1.5 and 4 to I 

depending upon the degree of slope required for factors of safety 

in the range of 1.0 to I.S . 

3. Loading was assumed instantaneous with no drainage occurring. 

4. Both tan ~' and c' as averaged from test data were modified for 

use in stability analyses. Bjerrum and Simons reported a 

correlation of effective angle of internal friction (0 ') to plastic 

index indicating that 0', for the case of c' = 0, decreases with 

increasing plasticity. This correlation, as shown in Navdocks 

OM-7, Soil Mechanics, F?undations and Earth Structures9, is 
reproduced in Figure 16 of this report with a plot of the eight 

tested soils superimposed. The average tested strengths of these 

soils were adjusted for use in the analyses as follows: The tested 

shear strengths, both 0' and c', are adjusted by dividing them 

by a ratio of the tested angle of internal friction, for the case 

c' = D, to the angle represented by the average correlation minus 

one standard deviation. Both averaged and modified shear 

strength parameters with the adjustment factors used are tabulated 

in Table 17. 

s. It was assumed that the circle furnishing the lowest factor of 

safety was determined by the program used, a major modification 

of Bureau of Public Roads Program S-3. Choice of alternate 

parameters, tan 0' and c' or tan 0' for the case of c' = 0, was 

made by the program for each slice of each failure circle. 

6. The fill was zoned into strata of constant vertical depth with 

the depth of the ftrst stratum determined by the height of ftll 

required to equal the preconsolidation pressure as determined by 

consolidation testing. The pore pressure ratio (Ru) was 

considered zero for this upper strata. Additional strata were 
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zoned down to a maximum depth of 80 feet. An average 

theoretical pore pressure ratio was used for each stratum. The 

average pore pressure ratios used in the analyses are listed in Table 
16. 

The results of these stability analyses are graphically illustrated in Figures 17 

through 26 as fill height vs. degree of slope for various placement moistures and for two 

factors of safety, 1.0 (or failure) and l.S, the minimum normally sought for long term 
stability. 
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IMPLICATIONS OF THE STUDY WITH RESPECT TO SOIL TYPES 

Soil R-l (Peoria? loess, IIKnox"). This study shows that this soil does not exhibit 

significant settlements when compacted dry of optimum. Settlements, as shown in Figure 

6, increase rapidly wet of optimum however, with rapid increases of excess internal 

pressures computed to occur. Such pressures would effect stabiUty severely and suggest 

limitations on design slopes and heights of fill (see Figure 17) where this soil will be 

placed wet of optimum. Except for erosional problems, past construction experience with 

"Knox tl has generally been very good. This is believed primarily due to low moisture 

contents typically found in borrow sources and to the quick drying possible with 

manipulation of a loose, friable soil. Another positive factor is the high angle of shearing 

resistance (0 ') which permits a wide range of heights and slopes with computed factors 

of safety intermediat"e between failure and the normally desired minimum of 1.5. This 

soil also has the highest permeability of any of those studied and the assumption of no 

drainage may have limited validity . 

Soil R-2 (Roxana? loess, "Memphis"). This soil has physical properties and 

a geologic origin similar to R-I, but is of somewhat higher plasticity. This study shows 

the same trends for R-2 as for R-l with settlements (see Figure 7) becoming more severe 

and stability more critical when compacted at optimum or above. This is substantiated 

by field experience. R-2 borrow sources frequently are very wet and the soil is sufficiently 

plastic that considerable manipulation is required for drying. At least two massive fill 

slides are known to have occurred in fills of 46 and 48 foot heights, with 2 to I slopes, 

where placement moistures were well above optimum and densities averaged about 95% 

of maximum. Figure 18 indicates that the factor of safety should reach 1.0 when R-2 

is placed at optimum moisture or above (density in excess of 90%) to a height of 52 

feet with 2: 1 slopes. The documented failures occurred at somewhat lower heights but 

are known to have had tension cracks filled with rainwater at failure. Since the effects 

of cracks, and hydrostatic pressures therein, were not considered in the stability analyses 

of this study, the failures offer substantial confirmation of the validity of Figure 18 for 

use in slope design for this soil type. Use of this figure will require prior knowledge 

of field moisture contents. This will permit consideration of slope flattening vs. drying 

for optimum performance and economy. 

Soil R-3 (Crawford). Results of this study indicate that this soil has a wide 

working moisture range and that both significant settlements and internal excess pressures 

are unlikely to develop within fills constructed to heights of 80 feet or less within normal 

density requirements. 

Fills in excess of 60 feet should have slopes flattened in excess of 2: 1. Figure 

19 can be used for estimating required slopes and figure 8 for estimating possible 

settlements. 
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Soil R-4 (Clarksville): Study results indicate a range of moisture contents below 

optimum moisture at standard cornpactive effort for most satisfactory performance in 

terms of both settlement and stability. This is indicated by comparison of Figure 9 and 

Figure 20. Lower moisture contents are shown to lead to high settlements, possibly a 

collapse phenomenon, under high loads. This has been confirmed by field experience 

where fills of Clarksville, compacted dry of optimum and near the lower limit of standard 

density requirements (90%). have subsequently exhibited deformations in pavements and 

guardrails after increases in soil moisture. 

Wet of optimum, internal excess pressures are computed to develop with resulting 

decreases in slope stability. These, as indicated in Table 16 and Figure 20, suggest imposing 

limitations on either placement moisture or on slope design for normally desired factors 

of safety. Field experience with Clarksville however does not generally confirm study 

results with respect to stability. This is believed due to the fact that the study soil is 

atypical of Oarksville as generally used en masse. While pockets of chert-free clay similar 

to that used in the study arc frequently found, these are normally spread in thin lifts. 

En masse, the typical Oarksville fill has a substantial admixed content of chert gravel 

which is believed to substantially change behavior. This gravel content possibly makes 

fills so permeable that significant pore pressures are impossible. There are also obviously 

beneficial effects on shearing strength from the gravel content. 

It is therefore concluded that: 

(l) Study results appear fully applicable only to a soil similar to that 

used in the study, i.e., substantially rock free. 

(2) Field experience would suggest that the need for a lower limit 

on moisture content, indicated by the study, is valid regardless 

of rock content. 

(3) Further investigation of rocky Oarksville soil is indicated to 

determine strength parameters, permeabilities and pore pressure 

development. Large diameter triaxial testing is believed the best 

vehicle for determining these properties. 

Soil R-5 (Wabash). This alluvial soil appears to be fairly non-critical with respect 

to moisture content as it effects mass fill stability within the limits of normal density 

requirements. Figure 10 indicates settlements possible with various molding moistures. 

For minimal settlements, moisture controls, particularly an upper control, are indicated. 

Considering that borrow sources are usually quite wet, there appears to be little practical 

need for a lower moisture limit. 

Field experience with very high flIls of this material is limited. However, shallow 

sloughs and slides are encountered in fills of low height. This suggests a more conservative 

approach to slope design than indicated by Figure 21. Such distress is believed to be 

basically a surface phenomenon, not considered in stability analyses of this study, resulting 
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from high volume ch~nge characteristics. Wet~ry cycles are believed to ultimately reduce 

strengths near the surface to near residual values and lead to development of cracks which 

fill with rain water and produce shallow failures. Experience indicates the need for slopes 
of at least 3:1 to control such surface failures in this soil, regardless of height of fill. 

Soil R-6 (Glacial' till). Settlements are shown to be minimal at or below optimum 
moisture with significant increases possible with increasing moisture content. Internal 

excess pressures are computed to develop rapidly at optimum and above. These factors 

would suggest an upper limit on moisture control if fill heights are in such a range thaI 
settlement or stability, as indicated by Figure II and Figure 22, are likely to be a problem . 

Natural moisture contents of most borrow sources however, tend to be near optimum 
moisture. This is believed to be the principal reason why massive failures are unknown 

except with seepage pressures from external sources. 
Shallow failures, essentially surface sloughs, are not uncommon with 2: I slopes 

for reasons previously discussed for soil R·5. Experience indicates that slopes of at least 

2.5: 1 are needed to control such failures in this soil. 
Soil R·7 (Sharkey). Study results indicate optimum performance, in terms of 

both settlement and stability. is obtained with moisture contents dry of optimum. Borrow 
sources, however, are almost invariably very wet of optimum and drying of this tenacious 
clay is difficult. This suggests that slopes should generally be designed conservatively, 

assuming placement wet of optimum and using Figures 12 and 23. Past experience indicates 
surface failures of the type previously discussed for R·5 and R-6 often occur and that 

slopes of at least 3: 1 are required regardless of fill height or placement moisture. 

Soil R-8 (Glacial till). Settlement data indicates that optimum performance is 

achieved with a moisture range from slightly above optimum to several percentage points 
below optimum with the permissible spread a function of fill height and tolerable 

settlement. From a stability standpoint, best performance is achieved with moisture 
contents below optimum (refer to Figure 24). like . R-6. natural moisture contents of 

borrow sources are usually near or below optimum. Most distress observed in the field 
has been the type of shallow surface failure previously discussed lor R-S, R-6 and R-7 . 

Slopes of at least 2.5: 1 are believe necessary, based on experience, to control this type 

of failure regardless of flll height or placement moistures. 
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