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CHAPTER 1:  INTRODUCTION 

 

 

1.1  Background 

 

 Highway embankments constitute some of the most common geotechnical 

facilities being built by civil engineers.  The design and construction of highway 

embankments is of great importance to transportation costs and safety.  When the 

embankment is not properly designed and/or constructed, problems such as slope 

instability and excessive settlement can arise.  Also, very conservatively designed 

embankments can lead to significant budgetary waste for the highway 

departments/agencies.  The problems of highway embankments are generally controlled 

by five key factors: (1) the embankment soil's shear strength, (2) the soil's moist unit 

weight, (3) the height of the embankment, (4) the angle of the embankment slope, and (5) 

the pore pressures in the soil. 

 Das (2002) defines the shear strength of soil as “the internal resistance per unit 

area that the soil mass can offer to resist failure and sliding along any plane inside it.”  

There are two important shear strength parameters for soils, the angle of internal friction 

and cohesion.  The angle of internal friction indicates the degree of friction and 

interlocking existing among soil particles, and the cohesion represents the ionic attraction 

and chemical cementation between soil particles.  Both of these parameters can be 

determined in a geotechnical laboratory by performing appropriate shear strength tests.   

Also, there are a few test methods that can be performed in the field to estimate shear 

strength properties of in-situ soils.   

 In Ohio, highway embankments are typically built using silty and clayey soils 

found at/near the construction site.  In some areas of Ohio, the embankments are also 
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constructed largely using weathered shale material.  It has been known that some 

cohesive soils found in Ohio have low to medium shear strengths and also that weathered 

shale material may undergo further weathering over time.  These factors require the 

embankment design engineers in Ohio to carefully study the on-site fill materials and 

specify their engineering properties carefully, so that slope stability failure and other 

problems will not occur.  However, in reality detailed investigations of engineering 

properties of fill material are rarely conducted due to cost and time constraints.  Instead, 

highway embankment engineers in Ohio consult outside sources such as Design Manual 

7.2 by U.S. Dept. of Navy (1982), which present correlations between shear strength 

properties and in-situ or laboratory index test results, to estimate shear strength properties 

of embankment fill materials.   In some embankment projects, unconfined compression 

strength tests may be performed on relatively undisturbed samples of the fill material to 

determine strength properties of the soils.  These practices can lead to either very 

conservative or improper designing of the embankments, since the outside sources 

examined soils from completely different regions of the country or world.  There is a 

need to develop reliable shear strength correlations for embankment fill materials found 

in Ohio.  

  

1.2  Objectives of Study 

 The study described in this report had six objectives.  They are listed below: 

 Conduct a literature review to document information relevant to the design 

and construction of highway embankments in Ohio; 

 Identify a total of nine highway embankment sites in Ohio, which can supply 
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representative samples of major soil fill types existing in Ohio; 

 Perform field soil testing and sampling at the selected highway embankment 

sites in Ohio; 

 Obtain detailed engineering properties of soil samples recovered from the 

highway embankment sites by performing standard index property and shear 

strength tests in the laboratory; 

 Perform a variety of statistical analysis on the field and laboratory test data 

accumulated for the highway embankment soil fill samples to develop reliable 

correlations between shear strength properties and in-situ soil test data and 

between shear strength properties and index properties; and  

 Based on the findings of the current study, develop a set of geotechnical 

guidelines concerning shear strength properties of Ohio embankment soils. 

 

1.3  Outline of Report 

 Chapter 1 laid out background information for and objectives of the current 

project.  The background information described the current state of practice in Ohio and 

problems associated with it.   

Chapter 2 presents results of a literature review conducted as part of the study, 

which are relevant to both highway embankment stability and the types of soil commonly 

found in Ohio.  This information is essential for locating several highway embankment 

sites that represent all of soil types typically used to construct highway embankments in 

Ohio.  Journal and textbook articles related to the standard penetration test (SPT) and 

triaxial compression test are discussed in Chapter 2.  Some useful empirical correlations 
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related to soil shear strength are also identified and presented in this chapter. 

Chapter 3 focuses on the research methodology utilized in the current study.  The 

current study consisted of four phases – 1) preliminary work (literature review); 2) field 

soil testing & sampling; 3) laboratory soil testing; and 4) statistical data analysis.  This 

chapter describes in general the methodology used in each of these phases.    

The aim of Chapter 4 is to present all the field and laboratory test results obtained 

in the study.  The results are presented for each embankment site and include those from 

the standard penetration test (SPT), the laboratory soil index tests, and the laboratory soil 

shear strength tests.  The index properties consist of specific gravity, natural moisture 

content, Atterberg limits (liquid limits, plastic limits), grain size distribution, and 

AASHTO/ODOT soil classification.  The shear strength tests refer to the unconfined 

compression and triaxial compression tests.  The last part of Chapter 4 discusses briefly 

geographical and profile distribution of different soil types and differences in basic 

properties among the soils encountered in the study.   

Chapter 5 presents the results of a variety of statistical analysis performed on the 

state-wide geotechnical data assembled in the study.  The chapter first evaluates those 

empirical correlations presented earlier in Chapter 2, in light of the study data.  Next, it 

describes a few different simpler statistical approaches (linear regression, nonlinear 

regression, multi-variable regression) that were carried out to analyze the geotechnical 

data.  It then presents results from more comprehensive statistical analyses conducted 

with the aid of computer software package SPSS.   In each part, statistically strong 

correlations are clearly delineated for each major soil type encountered.  At the end of 

this chapter geotechnical guidelines are proposed for highway embankment soil fill 
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materials in Ohio, which are based on the results of the empirical correlations evaluated 

and statistical data analyses performed.   

Chapter 6 provides a summary of and conclusions drawn from all phases of the 

current project.  Chapter 7 offers plans that can be implemented easily by ODOT to take 

full advantage of the findings made in the current study and improve the way highway 

embankment structures can be designed in the future.  Finally, a few appendix sections 

follow the bibliography.  This was necessary to provide essential supplementary 

materials.  
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CHAPTER 2: LITERATURE REVIEW 

 

 

 The current research project is related to soil shear strength, highway 

embankment stability, standard penetration test (SPT), empirical correlations, Ohio 

regional geology, and statistical analysis of geotechnical data.  The aim of this chapter is 

to present both general information and research findings on these relevant topics, which 

were assembled through an extensive literature review conducted. 

 

2.1  General 

2.1.1  Shear Strength of Soil 

 The basic definition of soil shear strength was given in Chapter 1.  Also 

mentioned were two important shear strength parameters, the angle of internal friction 

and cohesion.  Shear strength of soil is a function of the normal stress applied, the angle 

of internal friction, and the cohesion.  The angle of internal friction describes the inter-

particle friction and the degree of the particle interlocking.  This property depends on soil 

mineral type, soil particle texture/shape/gradation, void ratio, and normal stress.  The 

frictional component of the soil shear strength cannot exist without any normal stress 

acting on the soil mass.  The cohesion describes soil particle bonding caused by 

electrostatic attractions, covalent link, and/or chemical cementation.  So, with normal 

stress, the angle of internal friction, and cohesion, the following equation, known as the 

Mohr-Coulomb theory, can be used to find the shear strength of soil under a certain 

condition:   

        

f c + (tan (2.1) 
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where f = shear strength; c = cohesion;  = normal stress applied; and  = angle of 

internal friction. 

 

This equation can be plotted on an x-y graph with shear stress on the ordinate and normal 

stress on the abscissa.  This is known as a shear failure envelope and is shown in Figure 

2.1.  Here, the cohesion and the friction angle are represented by the intercept and the 

slop of the linear curve, respectively.  In reality, the shear failure envelope may not be 

perfectly linear.  The degree of electrostatic attraction and cementation of cohesive 

particles in the soil can cause a slight concave downward curve to form instead. 

 

 
 

Figure 2.1:  Shear Failure Envelope for Soil 

 

 

2.1.2  Pore Water Pressure in Soil 

 Saturated soils have water filling all of their void spaces.  This leads to the 

concept of effective and normal stress.  When a column of saturated soil is subjected to 

load, the total stress is carried by both the soil particles and the pore water.  The equation 
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given below describes this:  

 

 =  + u          (2.2) 

where  = total stress;  = effective stress; and u = pore water pressure. 

 

 The effective stress concept can be explained by the soil particles acting as a 

connected skeleton to support the load.  Therefore, the effective stress is often directly 

proportional to the total stress.  Also, the shear failure envelope formula, Equation 2.1, 

can be addressed in terms of effective stresses for saturated soils: 

 

f  = c  + (tan )         (2.3) 

where c  = effective-stress cohesion; and  = effective-stress angle of internal friction. 

 

In the field, however, soil may be only partially saturated.  Bishop et. al (1960) gave the 

following equation to describe the shear strength of unsaturated soils: 

 

' =  – ua –  (ua – uw)        (2.4) 

where ua = pore air pressure;  = degree of saturation; and uw = pore water pressure. 

 

Going back to Equation 2.3 and adding new variables, the shear strength at failure for 

unsaturated soil can be written as: 

 

 f = c  + [σ – ua + (ua – uw)] (tan )      (2.5) 



9 

 

For soil that is completely dry (  = 0), soil that is 50% saturated, and soil that is 100% 

saturated, the following three equations result, respectively: 

 

f = c  + (  – ua) (tan )        (2.6) 

f = c  + (  – 0.5ua – 0.5uw) (tan )       (2.7) 

f = c  + ( – uw) (tan ’)        (2.8) 

 

Typically, ua is less than 0 and uw is greater than 0.  Experiments done by Casagrande and 

Hirschfeld (1960) revealed that unsaturated soil has greater shear strength than the same 

soil in a saturated condition.  In some cases the unsaturated state may be temporary, and 

the soil may become eventually saturated due to surface precipitation and subsurface 

drainage events.  Therefore, it is conservative to design highway embankments using the 

shear strength of saturated soils. 

 

2.1.3  Consolidation 

 As mentioned before, saturated soil will have part of its support coming from the 

soil skeleton and part of it from the pore water pressure.  When loads are applied to clay 

that has low hydraulic conductivity, the pore pressure will increase greatly.  Gradually, 

the pore water pressure will dissipate and in turn the effective stress will increase, 

resulting in a volume reduction.  This can happen over a period of days, months, or years, 

depending on the type of soil and the corresponding drainage paths (Das 2002). 

 This leads to a discussion on the overconsolidation ratio (OCR) for soils.  The 

equation for OCR is given below: 
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'σ

'σ
OCR c           (2.9) 

where c  = the highest past overburden stress for a soil; and  = the current overburden 

stress for a soil. 

 

 Essentially, if the current overburden stress for a soil is the highest stress it has 

ever been subjected to, then the OCR will be 1.  Soils under this condition are referred to 

as normally consolidated.  Soils with an OCR above 1 are overconsolidated.  This means 

they have been subjected to greater stresses than the current overburden one (Das 2002).  

The consolidation of soils and their past stress histories are important for triaxial 

compression testing. 

 

 

2.1.4  Stability of Highway Embankments 

 As it was mentioned in Chapter 1, the five factors that influence stability of an 

embankment are – (1) shear strength of the soil used, (2) the unit weight, (3) the 

embankment height, (4) the slope steepness, and (5) the pore pressures within the soil.  

With this in mind, failure generally occurs in two ways, which are the concerns of 

geotechnical design engineers.  The first case is by the physical sliding action of the 

embankment slope.  This can occur either locally (shallow failure) in a confined segment 

of the slope or more globally through the toe of the embankment (toe circle failure).  The 

second case is by shear failure deep within the base layer.  This is called the base failure 

and typically occurs when the subsurface soils are softer.  This type of failure happens 

most frequently in the short-term period after construction when excess pore pressures 

are still existent.  Figure 2.2 diagrams each of these cases. 
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Figure 2.2:  Different Slope Failure Cases for Embankment 

 

 

 Another concern when building road embankments stems from the use of rock 

fragments.  This could occur in an unglaciated region and can pose long-term stability 

problems due to gradual weathering of the rock fragments (i.e. shale). 

 

2.1.5  Soil Classification 

 Soils are classified into groups based upon their engineering behavior.  Soil 

engineers currently use two systems, the United Soil Classification System (USCS) and 

the American Association of State Highway and Transportation Officials (AASHTO) 

system. 

 The USCS first groups soils based on whether they are gravels and sands or silts 

and clays.  Next, further sieve analysis is done on the gravels and sands to get a more 

detailed classification until a group name is given for the soil.  There are a total of 36 

group names for gravels and sands under the USCS.  For silts and clays, the first divider 
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is the liquid limit value.  Next, the plasticity index and further sieve analysis is done to 

classify the silts into one of 35 group names.   

 The AASHTO system is different.  Soils are divided into seven groups initially 

based upon sieve analysis.  The groups A-1, A-2, and A-3 contain mostly granular 

materials.  Groups A-4, A-5, A-6, and A-7-6 contain mostly silty and clayey materials.  

Liquid limit and plasticity index values are then used to further classify the soils.  A 

group index number can also be used with the silty and clayey groups of soils.  This 

number is based upon the percent of soil going through the No. 200 sieve, the liquid 

limit, and the plasticity index.  Table 2.1 outlines these fine grained soil classifications. 

 

 

Table 2.1:  AASHTO Classifications for Fine-Grained Materials 

 

Group Classification A-4 A-5 A-6 A-7-6 

Percentage Passing Sieve #200 (%) 36 min. 36 min. 36 min. 36 min. 

Liquid Limit (%) 40 max. 41 min. 40 max. 41 min. 

Plasticity Index (%) 10 max. 10 max. 11 min. 11 min. 

 

 

 

 A-4 soils and A-6 soils can be broken down further into the categories of A-4a, A-

4b, A-6a, and A-6b.  A-4a soils are A-4 soils that have between 36 and 49 percent of their 

particles passing through the No. 200 sieve.  A-4b soils are A-4 soils that contain a 

minimum of 50 percent of its particles passing through the No. 200 sieve.  A-4a soils 

contain mostly sands and silts while A-4b soils contain mostly silt.  A-6a soils are A-6 

soils that have a plasticity index range of 11 – 15.  A-6b soils are A-6 soils that have a 

plasticity index greater than 15.  According to ODOT (2006), the maximum dry unit 

weight may be typically close to 120 pcf (18.9 kN/m
3
) for A-4 soils, 110 pcf (17.3 

kN/m
3
) for A-6 soils, and 110 pcf (17.3 kN/m

3
) for A-7-6 soils. 
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2.2  Review of Literature in Ohio 

2.2.1  Glaciers 

 Glaciers covered all of Ohio except for the eastern and southeastern portions of 

the state.  The unglaciated portion is shown as “Soils in Sandstone and Shale,” from the 

Ohio‟s Soil Regions map.   Many of the deposits found in northern and western Ohio 

contain rock fragments that originated from Canada because of the glaciers. Portions of 

the state that were subjected to glaciers characterize two types of drift.  The first, 

stratified glacial drift, is seen by layers in the soil.  Geological features such as kames, 

eskers, and outwash plains, display this layered characteristic.  The second drift, known 

as nonstratified, results from the four documented glacial events which occurred in Ohio.  

Glaciers picked up bedrock and soils along their path and deposited them when they 

melted in random patterns.  Sand and gravel are found in these areas. 

 

2.2.2 Soil and Bedrock 

 The soil found throughout Ohio formed over thousands of years.  Bedrock, 

glaciers, streams, relief, climate, and biota were all contributing factors.  Because of this, 

soil types differ throughout the state.  In Figure 2.3, Ohio‟s seven soil regions can be 

seen.  Lake deposit soils tend to be A-4 when looked at using the AASHTO Classification 

System.  These are seen throughout northern and northeast Ohio.  A-7-6 soils, which 

contain silt and clay, are found throughout central and western Ohio in the glacial till.  A-

6 soils are found in the eastern and southeastern portion of the state, the unglaciated 

region.  They contain silts, clays, and rock fragments.  These soil deposits in Ohio are 

shown in Figure 2.4. 
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 Western Ohio bedrock contains mostly limestone and dolomite.  Some calcareous 

shale can be found also.  Eastern Ohio is mostly sandstone and silaceous shale.   

 

 

Figure 2.3:  Ohio‟s Soil Regions (Source: Johnson 1975) 
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Figure 2.4:  Soil Deposits in Ohio 

 

2.3  Standard Penetration Test (SPT) 

2.3.1  SPT-General 

 The SPT is the oldest and most commonly used test method for subsurface 

exploration.  The general process consists of augering a hole in the ground and then 

hammering a hollow tube through the soil at the bottom.  The hammering is done using a 

large truck with a drill rig attached to the back.  The resistance given off by the soil 

during hammering provides engineers valuable information on the characteristics of the 

soil.  This section will describe in detail the SPT. 

 

2.3.2  SPT Equipment 

 As mentioned earlier, the SPT is performed by using a drill rig attached to the 
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back of a large truck.  Figure 2.5 shows this.  An eight inch hole is created in the ground 

using augers attached to the rig.  Then, a split-spoon sampler is attached to the rig after 

removing the augers.  Augers in use and a split-spoon sampler are shown in Figures 2.6 

and 2.7, respectively.  In some testing procedures, investigators will want to bring up soil 

specimens wider than those found in the split-spoon sampler. In this case, a Shelby tube 

will be attached to the drill rig and pushed into the soil.  A Shelby tube is a hollow steel 

tube about 30 inches (762 mm) long and 3 inches (76 mm) wide.  It brings to the surface 

undisturbed specimens that can be used for laboratory testing. 

 

 

 

Figure 2.5:  SPT Drill Rig Mounted on Back of Truck 
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    Figure 2.6:  Augering into Soil              Figure 2.7:  Split-Spoon Sampler (detached  

            from the drill rig with soil sample                              

                                                              inside) 

 

2.3.3  SPT Procedure 

 Once a hole has been augered into the ground and the split-spoon sampler is 

attached to the rig, a hammer is dropped onto steel rods connected to the sampler.  

Throughout the years, three types of hammers have been used: the donut hammer, the 

safety hammer, and the automatic hammer.  In the procedure, the 140-pound (623-N) 

hammer is dropped 30 inches (0.76 m) onto the steel rods.  This process is done until the 

sampler moves 18 inches (0.46 m) through the ground.  The blows from the hammer it 

takes to move the sampler through each 6 inch (152 mm) interval are recorded.  The blow 

counts from the bottom two 6 inch (152 mm) intervals are then added together, giving the 

raw SPT-N value.   

 Despite the available hammers, the automatic hammer has become the most 

commonly used in recent years for reasons of safety and efficiency, as Drumright et al. 
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(1996) points out.  Their study concluded that the automatic hammer transferred about 

50% more energy to the sampler than the safety hammer.  The automatic hammer also 

reduces the probability of human error involved in the process since the rig does all of the 

work.   

 

2.3.4  SPT Energy Corrections 

 As mentioned in the previous section, different hammers transfer different 

amounts of energy to the split-spoon sampler even if they each drop 140 pounds (623 N) 

over 30 inches (0.76 m).  Therefore, it is important to correct SPT-N values to a 

“standard” measurement.  This standard measurement is the 60% free-fall energy value 

(N60).  Essentially, this is 60% of the energy that would theoretically be transferred by the 

hammer.   

 In most cases, however, the transfer energy is somewhere between 60 and 100%.  

Therefore, the following series of equations is used to convert raw SPT-N values to N60: 

 

EMX = ∫ F(t) ∙ V(t) dt         (2.10) 

where F(t) = force measured at time t; and V(t) = velocity measured at time t. 

 

The value of Equation 2.10 is then put into the numerator for Equation 2.11, given below: 

 

Energy transfer ratio (ETR) = EMX / (Theoretical SPT Hammer Energy)  (2.11)  

where Theoretical SPT Hammer Energy  = 0.35 kip-ft (0.47 kN-m). 
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Finally, the energy transfer ratio can be used to find N60 in Equation 2.12.  This process 

will be described more in detail in Chapter 3 and Appendix A. 

 

N60 = 
60

ETR
 * (raw SPT-N value)       (2.12) 

 

2.3.5  Normalization of SPT-N Values 

 In addition to energy transfer corrections, raw SPT-N values are also normalized 

using a variety of methods.  Using the current overburden stress, the N60 value is 

normalized to an overburden stress of 13.9 psi (95.8 kPa).  This process will convert the 

N60 value to the fully corrected N-value or (N60)1 value as: 

 

(N60)1 = CN * N60          (2.13) 

where CN = depth (or overburden pressure) correction 

 

There are five different normalization factors presented in this section.  The first is Peck 

et al. (1974): 

 

CN = 0.77 log 
'σ

20

0

         (2.14) 

where 0' = effective overburden stress (tsf).  

 

The second method is given as Terzaghi et al. (1996): 
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CN = 
'σ

100

0

 
         (2.15) 

 

The third method is given as Bazaraa (1967): 

 

CN = 
'σ21

4

0

     for 0  < 1.5 ksf (71.8 kPa)  (2.16) 

CN = 
'σ5.025.3

4

0

    for 0 > 1.5 ksf (71.8 kPa)  (2.17) 

where 0' = effective overburden stress (ksf).   

 

The fourth correction factor is given as Seed et al. (1975): 

 

CN = 1 – 1.25 log 
2000

'σ 0         (2.18) 

 

Finally, the fifth correction factor is given as Skempton (1986): 

 

CN = 

)
2000

'σ
(1

2

0

          (2.19) 

where 0' = effective overburden stress (psf).  

 

2.3.6  Static Forces and Stresses in SPT 

 To understand the static forces and stresses involved in the SPT, one must 
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understand how each component works in the process.  It can begin by looking at a 

simple equation, presented by Schmertmann (1979): 

 

F + W’ = Fe + ( Fo + Fi )            (2.20) 

where F = the force transferred from the hammer to the sampler; W’ = the weight of the 

rods and sampler; Fe = the reaction force given by the ground onto the bottom surface to 

the sampler; Fo = the frictional reaction force on the outside of the sampler; and Fi = the 

frictional reaction force on the inside of the sampler. 

 

A diagram of a split-spoon sampler used in a SPT and the forces acting on it is shown in 

Figure 2.8. 

 

Figure 2.8:  Forces and Stresses Acting on Split-Spoon Sampler (Ref.: Schmertmann 

1979) 
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 Next, to better understand the process, some variables will be added to Equation 

2.20.  An assumption is made that the unit friction acting inside and outside of the 

sampler is the same and will be designated with the variable f.  The unit bearing pressure 

acting on the bottom of the sampler will be designated as q.  Also, the standard split-

spoon sampler‟s base area is 10.7 cm
2
.  Using these three new values, Equation 2.20 can 

be changed to the following (Schmertmann 1979): 

 

F + W  = 10.7 q + ( di + do ) π L f       (2.21) 

where di = inside diameter of the sampler; do = outside diameter of the sampler; and L = 

the depth of the sampler into the ground. 

 

 Next, in Equation 2.21, q, the unit bearing pressure on the bottom of the sampler, 

will be replaced with the product: C1qc.  Also, f, the unit frictional force on the sampler 

will be replaced with the product: C2fc.  C1 and C2 are constants with no units.  qc and fc 

are both in units of force per area.  With these assumptions, Schmertmann (1979) gives 

the following equation: 

 

F + W  = C1 qc Ae + ( di + do ) π L C2 fc            (2.22) 

 

Now, with the introduction of another variable, the friction ratio, Rf, which is equal to 

fc/qc, Schmertmann (1979) gives this equation: 

 

F + W  = [C1 Ae + (di + do) π L C2 Rf ] qc              (2.23) 
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The left side of this equation contains the two components that will push the sampler into 

the ground (hammer energy and weight of equipment).  The right side contains the 

reaction forces.  As the sampler is pushed into the ground, L is the only variable on the 

right side (reaction force side) that changes.  Likewise, as the sampler is pushed into the 

ground, the left side of the equation must change too.  Since the weight of the equipment 

is fixed, then F must increase.  Also, as mentioned before, the blow count over a six inch 

interval is the result of the SPT.  As the sampler is pushed further into the ground, more 

force is used and the blow count is increased.  Therefore, this equation (Equation 2.24), 

given by Schmertmann (1979) is logical, since Favg  (the average force used through the 

six inch interval) and ΔL (the length of sample pushed into the ground) are directly 

proportional to an increase in blow count: 

 

ΔN ~  Favg · ΔL              (2.24) 

 

 Finally, a comparison will be made between the blow counts experienced in the 

three intervals: (0 inches – 6 inches or 152 mm), (6 inches or 152 mm – 12 inches or 305 

mm), and (12 inches or 305 mm – 18 inches or 457 mm).  If it is assumed that the 

average depth of the sampler while testing the top interval is 3 inches (76 mm), while 

testing the middle interval is 9 inches (229 mm), and while testing the bottom interval is 

15 inches (381 mm), each of these values can be put into Equations 2.25 – 2.27.  Also, 

replacing F on the left side of Equations 2.25 – 2.27 with ΔN (since they are directly 

proportional), the following three relations can be made (Schmertmann 1979). 
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'W)R10.26CC7.10[(

'W)R2.052C10.7C[(

N

N

f21

f21

1812

60

c

c

q

q
      (2.25) 

'W)R10.26CC7.10[(

'W)R6.156C10.7C[(

N

N

f21

f21

1812
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c

c

q

q
      (2.26) 

1
'W)R10.26CC7.10[(

'W)R10.26C10.7C[(

N

N

f21

f21

1812

1812

c

c

q

q
     (2.27) 

 

 Essentially, under the assumption the soil being testing throughout the entire 18 

inch (457 mm) interval has the same frictional and bearing capacity characteristics, the 

blow counts will increase with each lower interval.  The reason they will increase is 

because more soil is adhering and rubbing against the inside and outside of the split-

spoon sampler, even though that soil may be from a higher up interval.  While testing the 

bottom interval, the soil from the top and middle intervals is affecting the sampler.  The 

sampler is only affected by the soil in the top interval when this section is being tested.  

This explains, why, in many SPTs, the bottom 6 inch (152 mm) interval is highest even if 

the soil is very consistent.   

 

2.4  Empirical SPT Correlations 

 Currently, there are a few correlations involving SPT-N values and friction angles.  

The first one given is between corrected SPT-N values and unconfined compressive 

strength for cohesive soils.  This is shown in Table 2.2.   

 Essentially, as the soil gets harder, it takes more blows to push the sampler 12 

inches (305 mm).  Likewise, the harder and better interlocking between soil particles 

there is, a higher unconfined compressive strength will arise.  The next set of correlations, 
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given by Dept. of Navy (1982) in Table 2.3, uses the unconfined compressive strength 

again, but also factors in the plasticity of the soil. 

 

Table 2.2:  SPT-(N60)1 vs. Unconfined Compressive Strength by Terzaghi 

SPT-(N60)1 Stiffness Strength (psi) 

< 2 very soft < 3.6 

2 - 4 soft 3.6 – 7.3 

4 - 8 medium soft 7.3 – 14.5 

8 - 15 stiff 14.5 - 29 

15 - 30 very stiff 29 - 58 

> 30 hard > 58 

[Reference] Terzaghi et al. (1996) 

Table 2.3:  SPT-(N60)1 vs. Unconfined Compressive Strength by Dept. of Navy 

SPT-(N60)1 
qu (psi) of clays (low 

plasticity) & clayey silts 

qu (psi) of clays 

(medium plasticity) 

qu (psi) of clays 

(high plasticity) 

5 5.2 10.4 17.4 

10 10.4 20.8 34.7 

15 15.6 31.3 52.1 

20 20.8 41.7 69.4 

25 26.0 52.1 86.8 

30 31.2 62.5 104.1 

[Reference] Dept. of Navy (1982) 

 

 

 

 As previously seen in the Terzaghi correlations, an increase in SPT-N value leads 

to an increase in unconfined compressive strength.  Also, the higher the plasticity of a 

soil, the larger the increase in strength typically is.  The last correlation given is between 

the effective angle of internal friction and the plasticity index.  This is shown in Table 

2.4.  The general trend is a decreasing effective friction angle with an increasing 

plasticity index.  Figure 2.9 shows the values of Table 2.4 in an x-y plot.  Finally, a 

correlation between the undrained shear strength of clay and the energy corrected SPT-N 

value is given in the following equation from Stroud (1975): 
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su = f1 pa N60          (2.28) 

where f1 = 0.045; and pa = 14.7 psi (101 kPa). 

 

This equation can only be used if the plasticity index is greater than 40.   

 

Table 2.4:  Effective Friction Angle vs Plasticity Index by Terzaghi 

Plasticity Index ' (degrees) 

10 33.3 

20 30.8 

30 29.2 

40 27.1 

50 25.6 

60 24.6 

70 23.8 

80 23.1 

[Note]   The actual ' value may be off by at least + 3 degrees. 
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Figure 2.9:  Terzaghi‟s Correlation Between ’ and Plasticity Index 
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2.5  Triaxial Compression Test 

 The triaxial compression test is a well-established realistic test method for 

obtaining shear strength parameters of soil specimens.  There are three variations of 

triaxial compression tests available to geotechnical engineers and researchers.  They vary 

in both scope and procedure. 

 

2.5.1  Test Set-up and Equipment 

 The test begins by extracting a soil sample from a standard Shelby tube.  The 

specimen is then encased in a thin rubber membrane and placed on top of the bottom 

platen.  Another platen is then placed on top of the specimen.  There are drainage lines 

built into both platens.  These drainage lines allow the specimen to undergo saturation 

and consolidation stages. 

 

2.5.2  Back Pressure Saturation 

 In a triaxial compression test, saturation of the specimen is achieved by back- 

pressuring water through the drainage lines.  As the specimen is surrounded by a rubber 

membrane on its sides and solid platens at the top and bottom, water is pushed in to fill 

the void spaces inside the soil specimen.  Saturation can be checked by finding the 

specimen‟s B-value.  This is found by closing the drainage valves and increasing the 

confining pressure and recording the corresponding increase in pore pressure.  This ratio 

is known as the pore water parameter B: 

 

B = u / 3          (2.29) 
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where u = increase in pore pressure; and 3 = increase in confining pressure. 

    

If this value is over 0.95, then it can be assumed that the specimen has reached full 

saturation.  

 

2.5.3  Consolidated-Drained (C-D) Test 

 In this test, the specimen is extracted, saturated, and then put through a 

consolidation process.  Consolidation is done by opening drainage lines and removing 

any back pressure.  Then, a confining pressure acts on the specimen, causing all of the 

pore pressures to be removed.  After this, an axial stress slowly compresses the specimen 

with drainage valves open.  Bishop et al. (1960) pointed out that this prevents any excess 

pore pressures from developing, which is important, since this test looks at the long term 

stability of soil when dissipation has already occurred. These tests do take a long time to 

carry out, however, which is why they are not used very frequently. 

 

2.5.4  Consolidated-Undrained (C-U) Test 

 The C-U test differs from the C-D test in a few ways.  First, during consolidation, 

there is a back pressure being applied to the specimen through the drainage lines.  This is 

typically done for a 24 hour period.  Also, because there is back pressure applied, the 

pore pressure in the specimen will not reduce to zero.  So, after consolidation is 

completed, the drainage lines are closed off and an axial stress is applied to the specimen.  

The axial stress is applied by a strain rate that is determined from consolidation data.  

This type of test typically lasts for a few hours to almost one day.  During the loading, a 
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pressure transducer connected to the bottom specimen ends can provide the pore water 

pressure readings. 

 Three different C-U tests are done on the same type of soil, each at different 

confining pressure level.  This will give three different Mohr's circles on a shear stress-

axial stress diagram.  Using these total-stress Mohr's circles, the  angle can be found as 

shown below in Figure 2.10.  This was shown previously in Figure 2.1.  The Mohr‟s 

circles can be also drawn in terms of the effective stresses, which will allow the  angle 

to be measured in a similar manner.  Bishop et al. (1960) also point out that for normally 

consolidated silts and clays, cohesion is approximately zero.  This is why it is important 

the effective consolidation stress be higher than the highest past overburden stress.  The 

effective consolidation stress will be discussed more in Chapter 3. 

 

 

Figure 2.10:  Mohr‟s Circles Created for Three C-U Triaxial Tests 

 

 There is also another method to find the angle of internal friction for a soil 

without drawing Mohr‟s circles as in Figure 2.7.  It is done by using a p-q or p -q  

diagram.  To construct a p-q diagram, the total major ( 1fail) and total minor ( 3fail) 

principal stresses at failure are put into the following equations: 
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p = 0.5 ( 1fail + 3fail)         (2.30) 

q = 0.5 ( 1fail - 3fail)         (2.31) 

 

 Then, they are plotted on an x-y graph with p on the abscissa and q on the 

ordinate.  The same procedure can be used for effective stresses.  Figure 2.11 shows an 

example of a p-q diagram.  In this diagram, the angle between the best-fit line and the 

abscissa can be referred to as α.  And, the intercept on the q-axis is defined as m.  The 

angle of internal friction and cohesion can be found by the following equations: 

 

 = sin
-1 

(tan )          (2.32) 

c = m/cos           (2.33) 

  

 
 

Figure 2.11:  Example of a p-q Diagram 
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Similarly, the C-U test data can be analyzed in terms of effective stresses to 

determine the effective-stress shear strength parameters (c , ) as: 

 

p  = 0.5 ( 1fail + 3fail)        (2.34) 

q  = 0.5 ( 1fail - 3fail)         (2.35) 

 = sin
-1 

(tan )          (2.36) 

c  = m /cos           (2.37) 

where tan  = slope of the linear curve (p -q  diagram); and m = intercept (p -q  

diagram). 

 

2.5.5  Unconsolidated-Undrained (U-U) Test 

 This is the third type of triaxial compression test in use.  It is typically used on 

undisturbed samples of clay and silt to measure the existing strength of natural strata 

(Bishop et al. 1960).  After back pressure saturation is complete, the drainage lines are 

closed off to the specimen and loading begins.  Deviator stress is applied until the 

specimen fails, at which point the test is over.  This type of test is done very fast.  Also, in 

a U-U test, the shear strength is independent of the confining pressure.  Because of this, 

the total stress Mohr‟s circles will produce an angle of internal friction of zero.   

 

2.6  Unconfined Compression Test 

 The unconfined compression (UC) test is similar to the triaxial compression test 

except for the lack of a confining pressure.  It is performed using a soil specimen of 

similar size.  The specimen is placed between two loading platens and then stress is 
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applied to compress the soil.  Since there is no confining pressure and no membrane 

around the specimen, only cohesive soils can be used for this.  During a test, a stress-

strain curve will be created.  The highest stress applied on this curve is defined as the 

unconfined compressive strength (qu).  Plotting this on a Mohr's circle diagram is shown 

below in Figure 2.12.  The undrained shear strength of the soil, entirely dictated by 

undrained cohesion (cu), is simply the unconfined compression strength divided in half.   

 

2

u

u

q
c           (2.38) 

 

 
 

Figure 2.12: Mohr‟s Circle for Unconfined Compression Strength Test 

 

 

 

2.7 Additional Information on Soil Shear Strengths 

During the triaxial compression test, specimen is considered to have failed when 

any of the following conditions is observed: 

 

- Deviatoric stress reaches a peak and then declines by 20% 

- Axial strain goes 5% beyond the strain level corresponding to a peak in the 

deviatoric stress 
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- Axial strain reaches 15%. 

 

During the triaxial compression test, saturated soil exhibits no volume change and 

positive or negative excess pore water pressure when undrained and some volume change 

and no buildup of excess pore water pressure when drained.  The pore water pressure at 

failure tends to be positive for normally consolidated clays and negative for 

overconsolidated clays.  This is seen in the following equation involving the pore water 

pressure parameter A: 

 

uf = 3 + A( 1f – 3)          (2.39) 

 

Shear strength parameters derived from undrained tests can be used to address 

short-term stability of embankment slopes, while those based on drained tests are useful 

for long-term stability of embankment slopes.  Cohesion is essentially zero for 

cohesionless (granular, silty) soils and normally consolidated clays.  Well compacted 

clayey soils behave somewhat similar to slightly overconsolidated clays.  They possess 

small cohesion in addition to friction angle. 

 

2.8 Statistical Analysis of Geotechnical Data 

 Researchers have been compiling and analyzing geotechnical data for many years 

to provide supporting evidences for new theories, develop new useful empirical 

correlations, or validate existing theories/relationships.   Several different mathematical 

functions (or models) were applied to best represent the correlations existing among 
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geotechnical data.   

 Linear functions were used to represent the relationships between the plasticity 

index and the liquid limit in the plasticity chart (Casagrande 1932), between the plasticity 

index and % clay (Skempton 1953), between the specific discharge and the hydraulic 

gradient for clean sands in the laminar flow domain (Darcy 1856), and between the shear 

strength and normal stress in the Mohr-Coulomb failure criterion.  Terzaghi et al. (1996) 

examined the relationship between the effective angle of friction and the plasticity index 

for a wide range of fine-grained soils and summarized the results by a nonlinear function.  

Semi-log functions were relied upon to describe the relationships between the moisture 

content and the blows by the falling cup device (for the determination of liquid limit) and 

between the void ratio and effective stress for clays.  Duncan (1980) utilized a hyperbolic 

function to express the initial tangent modulus of soil in terms of the deviatoric stress and 

axial strain.  Recently, Masada et al. (2006) analyzed a set of laboratory resilient modulus 

test data obtained for fine-grained soils in Ohio and concluded that a hyperbolic function 

can describe the correlation between the resilient modulus and deviatoric stress well.  

Other functions (ex. exponential) were also utilized by geotechnical researchers in the 

past to describe, for example, the relationship between the specific discharge and the 

hydraulic gradient for granular soils in the turbulent flow domain and the relationship 

between effective friction angle and the SPT-N60 for granular soils (Schmertmann 1975). 
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CHAPTER 3: RESEARCH METHODOLOGY 

 

3.1 General 

 The current research work was performed jointly by the ORITE and a private 

geotechnical consulting firm, BBCM Engineering, Inc. (Dublin, OH).  The ORITE was 

the leading institution, and BBCM served as a subcontractor.  This arrangement was 

necessary, since the ORITE does not possess any capability to perform augering, SPT, 

and Shelby tube sampling.  Also, the joint venture between the academic unit and the 

industry was encouraged by the sponsor of the project (Ohio Department of 

Transportation) for maximizing benefits of the research to the engineering community.  

 The project consisted of four phases --- preparations phase, field testing/sampling 

phase, laboratory soil testing phase, and data analysis phase.  This chapter describes 

general methodology employed in each phase and roles played by each member of the 

research team (ORITE, BBCM). 

 

3.2  Site Selection Criteria 

 A set of criteria was established in the preparations phase to select a total of nine 

(9) sites in Ohio, which can represent a range of highway embankment soils typically 

encountered in Ohio.  The criteria were: 

 

Criterion #1: Embankment fill height over 25 ft (7.6 m) 

Criterion #2: Site location on major highway 

Criterion #3: Site estimated to consist of desired soil type(s) 
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Criterion #4: Site location highly recommended by ODOT district geotechnical  

              engineers or subcontractor 

Criterion #5: Site location in unique geographical and/or geological area within  

              the state 

Criterion #6: A lack of gravel size particles and rock fragments 

Criterion #7: No guardrails close to the pavement edge 

Criterion #8: Relatively large and level grassed median area  

 

The first three criteria were proposed during the initial meeting between the Ohio 

Department of Transportation and the ORITE.  Criterion #5 was added by the ORITE 

researchers after studying geological maps of Ohio.  The last four criteria were devised 

by the subcontractor (BBCM) to minimize potential problems during the planned field 

soil testing/sampling work. 

 It was decided during the initial meeting that the embankment age will not be an 

issue.  It was also decided early on that any of the sites selected should not have a history 

of slope instability or other problems.  This was to ensure safe access to the site, reliable 

SPT results, and high quality soil samples.  Any embankment site chosen for the project 

should have an overall height of at least 25 ft (7.6 m), so that a relatively large volume of 

SPT results can be collected within the embankment soil fill.  SPT should not be 

performed into the foundation soil layers.  The sites should be located mostly on major 

highways such as Interstate highways and U.S. routes, due to their relative importance 

over lower class roadways.   

 As part of the preparations phase, the ORITE contacted the ODOT district 
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geotechnical engineer in each ODOT district to briefly describe the research project and 

request for a few recommended highway embankment sites in the region.  Also, 

geotechnical engineers at BBCM, who have supervised subsurface exploration work at 

numerous locations in Ohio, were consulted to come up with a list of recommended 

highway embankment sites.  Any sites recommended highly by the ODOT geotechnical 

engineers and/or BBCM geotechnical engineers received a serious consideration in the 

current project.  

 According to ODOT, the three major soil types (in terms of the AASHTO 

classification system) found in Ohio are A-4, A-6, and A-7-6.  Therefore, the sites 

selected for the project must consist of these major soil types.  The sites should be spread 

throughout the state, covering the northeastern, northwestern, central, southeastern, and 

southwestern regions.  As it was presented in Chapter 2, geological setting in the state of 

Ohio is divided into glaciated and unglaciated regions.  The ODOT Districts 5, 9, 10, and 

11 are mostly in the unglaciated region, while other ODOT Districts are in the glaciated 

plains.  It has been found in the past that silty A-4 soils (lake deposits) are abundant in the 

area surrounding the shorelines of Lake Erie.  Clayey A-7-6 soils have been found in the 

northwestern portion of the state (ODOT Districts 1 and 2).  A-6 soils, which are silty 

clay with possible rock fragments, can be found in the unglaciated eastern and 

southeastern parts of the state.  Based on these reports, it may be ideal to have two sites in 

the A-4 soils (lake deposits) zone, at least three sites in the unglaciated region, and three 

or four sites in the glaciated region. 
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3.3  Subsurface Exploration Protocol 

 All the subsurface exploration work in this project was conducted by the 

subcontractor (BBCM Engineering), with the ORITE researchers involved as decision 

makers.  During the initial meeting, it was decided that a dedicated truck-mounted 

drilling rig equipped with a calibrated automatic hammer should be assigned to the 

project, along with dedicated crew, to minimize undesirable equipment-to-equipment or 

human-factor variability during the SPT.  

 

3.3.1  SPT Hammer Calibration 

 The automatic hammer attached to the BBCM drilling rig identified for the 

project was calibrated by GRL Engineers, Inc. (Cleveland, Ohio), prior to the field work 

at the first site.  The calibration testing was done by hammering the sampler into the 

ground according to the normal SPT procedure.  AWJ rods were used to connect the 

automatic hammer to the split barrel sampler.  Hammering was done at depths of 1, 4.5, 

9, 14, and 19 ft (0.3, 1.4, 2.7, 4.3, and 5.8 m) with corresponding AWJ rod lengths of 6, 9, 

14, 19, and 24 ft (1.8, 2.7, 4.3, 5.8, and 7.3 m), respectively.  As mentioned in Chapter 2, 

the SPT was done by dropping a 140-lb (623-N) hammer over 30 inches (0.76 m).  

Assuming no frictional losses, this operation should produce 0.35 kip-ft (0.47 kN-m) of 

free-fall energy. 

 GRL Engineers used a PAK model Pile Driving Analyzer to measure the strain 

and acceleration exerted on the sampler.  The analyzer converted the strain and 

acceleration measurements into force and velocity, so that the results could be easily 

interpreted.  The average energy transferred from the hammer to the sampler was 0.290, 
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0.277, 0.277, 0.290, and 0.295 kip-ft (0.39, 0.38, 0.38, 0.39, and 0.40 kN-m), for the 

depths of 1, 4.5, 9, 14, and 19 ft (0.3, 1.4, 2.7, 4.3, and 5.8 m), respectively.  Dividing 

each of the above energy values by 0.35 kip-ft (0.47 kN-m) gives the transfer ratio at 

each depth.  The average energy transfer ratio for the five depths resulted at 0.817 

(81.7%).  This means that about 81.7% of the free-fall energy generated by dropping the 

hammer weight was transferred to the sampler as it was pushed into the ground.  The 

calibration test report by GRL Engineers is included in Appendix A. 

 

3.3.2  SPT Protocol and Soil Sampling  

 The ORITE researchers decided to have at each field site a continuous SPT 

performed through embankment soil fill to the depth of 25 ft (7.6 m).  This was necessary 

to collect comprehensive subsurface soil profile data, which can be used to establish 

detailed soil boring logs and aid in selecting the depth ranges for soil sampling.  In a 

typical geotechnical project, SPT is performed at 5 ft (1.5 m) intervals.   A standard split-

spoon sampler, with a retainer, inside liners, and sampling length of 18 inches (457 mm), 

was used during the SPT.  The hammering was done automatically for the depth ranges of 

1.0 to 2.5, 2.5 to 4.0, 4.0 to 5.5, 5.5 to 7.0, 7.0 to 8.5, 8.5 to 10.0, 10.0 to 11.5, 11.5 to 

13.0, 13.0 to 14.5, 14.5 to 16.0, 16.0 to 17.5, 17.5 to 19.0, 19.0 to 20.5, 20.5 to 22.0, 22.0 

to 23.5, and 23.5 to 25.0 ft (0.3 to 0.8, 0.8 to 1.2, 1.2 to 1.7, 1.7 to 2.1, 2.1 to 2.6, 2.6 to 

3.0, 3.0 to 3.5, 3.5 to 4.0, 4.0 to 4.4, 4.4 to 4.9, 4.9 to 5.3. 5.3 to 5.8, 5.8 to 6.2, 6.2 to 6.7, 

6.7 to 7.2, 7.2 to 7.6 m). 

 During the SPT, the BBCM drill team kept a soil boring log.  The blow counts 

over each 18-inch (457-mm) penetration interval were recorded.  Whenever the sampler 
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was brought to the ground surface after each SPT, it was split-open to reveal the types 

and thicknesses of soil layers present at the tested depth range.  While logging the soils, a 

hand penetrometer tip was pushed against each soil layer to record the estimated bearing 

capacity value in tons per square foot (tsf).  Soil samples were broken up into sections 

and placed into separate sealed glass jars for transportation and later inspections in the 

laboratory.   

 Once the continuous SPT was performed, the depth vs. raw SPT blow counts data 

was quickly analyzed by the ORITE team.  Since the main objective of the current project 

was to correlate SPT N-values to other soil properties, it is desirable to find three depth 

ranges that differ from each other in terms of SPT-N values.  For example, depths at 

which the SPT-N value was approximately equal to 10, 20, and 30 might be suitable for 

obtaining Shelby tube samples.  Here, it is better to rely on the SPT-N values corrected 

for the overburden soil pressure effect.  Several different correction methods were 

described for the SPT-N value in Chapter 2.   

 To complete the field work at any site, four soil sampling holes were placed about 

3 ft (0.9 m) away from the location of the continuous SPT.  The short offset distance was 

necessary to stay close to the soil conditions encountered during the continuous SPTs.  

This arrangement would assure reliable input data when seeking correlations between the 

SPT-N values and the other soil properties.  Figure 3.1 shows the ideal Shelby tube  

sampling plan to be executed in the field. 

 The procedure for pushing three Shelby tube samples in each soil sampling hole 

was as follows.  First, the hole was located according to the plan shown in Figure 3.1 

Next, the hole was augered with continuous-flight augers to the shallowest depth at which 
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soil sampling was planned.  At that point, the BBCM drill team cleaned out the bottom of 

the hole, attached a Shelby tube to the tip of the AWJ rods, and pushed the Shelby tube 

hydraulically 2 ft (0.61 m) into the ground.  It was preferable that the Shelby tube be 

pushed 2 ft (0.61 m) into the ground.   However, this  did  not always happen since some 

 

Figure 3.1:  Shelby Tubes Sampling Plan 

  

soils gave a great deal of resistance to the Shelby tube penetration.  If this was the case, 

then the drill team pushed the tube as deep as possible.  After the first Shelby tube was 

recovered to the ground surface, removed from the rods, and labeled properly (along with 

its actual soil sample length), the hole was augered down to the middle sampling depth.  

Here, the second Shelby tube was pushed hydraulically.  Next, augering continued down 

to the final depth, where the third Shelby tube captured a relatively undisturbed soil 

sample.   

 The Shelby tube sampling procedure described above was repeated precisely in 

the three remaining holes.  When soil sampling efforts were not successful (low sample 

recovery, crushing of Shelby tube) at one of the four hole locations, an alternative hole 
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was randomly located near the initial continuous SPT hole to progress through the soil 

sampling program. Since there were three tubes obtained per hole, a total of twelve 

Shelby tubes were recovered.  At the end of the soil sampling work, both ends of each 

Shelby tube were sealed with wax and tight plastic caps.  Nine of the tubes (three tubes at 

each sampling depth) were transported to the ORITE laboratory at Ohio University.  The 

remaining three tubes were kept by BBCM and taken to their soils laboratory.  It was 

important that each Shelby tube retained by the ORITE team had a soil recovery length of 

10 inches or more.  This was because at least one good triaxial test specimen had to be 

trimmed out of the soil inside each tube to perform a C-U triaxial test.  A triaxial 

compression test specimen should have a length of approximately 6 inches (152 mm).  

Here, the actual recovery should be much more than 6 inches (152 mm), since the sample 

ends were usually uneven and somewhat disturbed from trimming.  With this requirement 

met, three C-U triaxial tests could be performed at each soil sampling depth.    Each tube 

taken by BBCM also had to have a soil recovery length of at least 10 inches (254 mm), so 

that they could secure a 6-inch (152-mm) length soil specimen for unconfined 

compression strength test and use the rest for index property tests. 

 

3.4  Laboratory Soil Testing Protocol 

 In the current research project, a wide variety of laboratory soil tests was 

performed by BBCM and the ORITE for soil samples recovered from each highway 

embankment site.   The joint efforts were necessary to complete a large number of tests 

within a reasonable amount of time.  The ORITE research team performed C-U triaxial 

compression tests, while BBCM focused mainly on index property tests.   
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3.4.1  Soil Index Property Testing 

 The soil index property tests, as mentioned in Chapter 2, included the specific 

gravity test, natural moisture content test, liquid limit test, plastic limit test, mechanical 

sieve analysis, and hydrometer test.  A laboratory technician at BBCM measured the 

specific gravity of selected soil samples according to the ASTM D-854 method.  Split 

spoon sampler soil samples, broken up and sealed in jars, were used to determine the 

natural moisture content of the soils found at each field site.  Liquid limit and plastic limit 

tests were both performed according to the ASTM D-4318 protocol.  The falling cup 

method was used to determine the liquid limit.  Figure 3.2 shows the liquid limit test 

equipment.   Once the Atterberg limits were found, they provided the plasticity index. 

Grain size analysis consisted of the mechanical sieve analysis and the hydrometer 

test.  The mechanical sieve analysis was performed according to the ASTM D-422 

method.  The main outcome of this test was the grain size distribution curve, which 

provided percent gravel, percent sand, percent fines (silt + clay), and key particle sizes 

(D60, D30, and D10).  The hydrometer test was conducted by following the ASTM D-421 

test method.  This test provided further breakdowns of the fines into silt and clay size 

particles.  The results from the Atterberg limit and grain size analysis tests were then 

combined together to arrive at the AASHTO soil classification designation for each soil 

sample tested.  For soils classified as either A-4 or A-6, the additional steps proposed by 

ODOT were applied to group them into A-4a, A-4b, A-6a, or A-6b.  The soil index 

property test reports issued by BBCM are included in Appendix C.  
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Figure 3.2: Liquid Limit Testing Equipment (Source: Bowles 1992) 

   

 

3.4.2  Unconfined Compression Strength Test 

 In addition to the index property tests, BBCM performed unconfined compression 

tests on Shelby tube specimens recovered from each highway embankment site.  The 

unconfined compression test was performed according to the ASTM D-2166 method.  

Figure 3.3 shows an unconfined compression test machine typically used by soil testing 

laboratories.  Each test was performed in a strain-controlled mode.  The loading rate 
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typically ranged between 0.056 and 0.060 inches (1.42 and 1.52 mm) per minute.  The 

test produced load vs. displacement data until a sign of specimen failure was observed.  

The raw data was then converted into stress vs. strain plots, with unconfined compression 

strength (undrained shear strength) and strain at failure delineated on each plot.  The 

additional data obtained during each unconfined compression test included moist and dry 

unit weights, moisture content, degree of saturation, and void ratio.  The unconfined 

compression test results issued by BBCM can be found in Appendix D. 

 

 

Figure 3.3: Unconfined Compression Test Machine 

 

 

3.4.3  C-U Triaxial Compression Test 

 Accurate determination of shear strength properties of embankment soils 
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commonly encountered in Ohio constituted one of the most important tasks identified in 

the current research project.  The ORITE research team performed all the consolidated-

undrained (C-U) triaxial compression tests in the project, using the Shelby tube soil 

samples recovered from all the highway embankment sites.  The following sections 

provide details on the triaxial test equipment and test procedures. 

 

3.4.3.1 C-U Triaxial Test Equipment 

 The triaxial compression test system housed in the ORITE laboratory comprised 

of many state-of-the-art pieces of equipment to permit a careful and high-precision C-U 

test to be carried out by trained laboratory personnel.  The important system components 

are listed below: 

 

Vacuum Pump  This was used to pull air out of the soil specimen and deair the 

water used to fill the chamber interior and saturate the soil 

specimen. 

Water Tank   This cylinder shaped tank was used to hold the deaired water. 

Load Frame  This device pressed a loading piston downward against the platen 

sitting on top of soil specimen to load it axially.  

Test Cell   This cylinder shaped cell held the soil specimen and pressurized 

   water around it.  The top plate allowed a loading piston to  

   penetrate into the cell.  The bottom assembly connected pressure  

   transducers and drainage/saturation lines to the soil specimen or  

   chamber water. 
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Sensors (a)  Linear Position Sensor (LPS):  This sensor measured the axial  

   displacement of the soil specimen during the test. 

  (b)  Load Cell:  This sensor measured the reaction force on the soil 

   specimen as it is compressed. 

(c)  Pore Pressure Transducer:  This sensor measured the pore wtaer 

pressure within the soil specimen. 

  (d)  Cell Pressure Transducer:  This sensor measured the confining  

   pressure surrounding the soil specimen. 

Panel   This multi-functional unit contained a vacuum regulator and pressure  

  regulator.   Three large burettes mounted on the panel held pressurized  

  water and were connected to the cell water and soil specimen ends.  It  

  controlled the confining pressure and back pressure during testing.  Also,  

  the panel has tubes connecting it to a tap water and air pressure supply. 

Others (a) Network Module:  This device regulates the flow of commands 

and data between the computer and the sensors on the load frame. 

  (b) PC:  A standard IBM-compatible PC ran special software   

  prepared by the manufacturer of the triaxial test system, so that the   

  sensor readings acquisition and test management will be automatic   

  once the soil specimen is conditioned in the test cell.    

Figure 3.4 shows a photograph of the main test setup and the equipment used.  Only 

system components not shown in the photograph are the vacuum pump, water tank, 

network module, and PC. 
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Figure 3.4: Triaxial Compression Test System 

 

3.4.3.2 C-U Triaxial Test Procedure 

 The C-U triaxial compression test procedure followed the guidelines set fourth by 

ASTM Standard D-4767.  The guidelines, however, were fairly general in their 

descriptions.  Major efforts were made to translate some of the specifications outlined in 

the ASTM test protocol into practical steps applicable to the actual test equipment being 

used in the laboratory.   The following list maps out the steps taken in running the C-U 
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test: 

 

Step 1:  Water tank is filled with tap water up to about 1 inch below the top.  A 

vacuum pressure of 13 psi (90 kPa) is applied to the water tank for 4 hours to 

remove most of the dissolved air present in the tap water.  

 

Step 2:  The specimen extraction process is initiated by cutting the Shelby tube 

into an approximate 6 inch (152 mm) length section, using a circular blade saw.  

The ASTM guidelines require the actual soil specimen length to be between 5.6 

and 7.0 inches (152 and 178 mm).  They also require the diameter of the test 

specimen to be close to 2.8 inches (71 mm).  This requirement was met by using 

standard-size Shelby tubes (inside diameter 2.8 inches or 71 mm).  The Shelby 

tube section is mounted on a hydraulic jacking device.   The soil specimen is 

extracted out of the tube (in the direction the soil entered into the tube in the field) 

by slowly advancing the hydraulic piston. Care is needed to prevent bending or 

fracturing of the soil specimen during the extraction process.  

 

Step 3:  If the specimen does not have smooth and flat end surfaces, it may be 

placed sideway on a special curved block to slice off thin uneven sections.  The 

average specimen diameter and length are obtained  with a caliper. The specimen 

is weighed on an electronic scale, so that the initial moist unit weight is known.  A 

small amount of soil remaining inside the tube or trimmed from uneven ends is 

placed into laboratory oven for determining the initial (natural) moisture content 

of the soil. 
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Step 4:  The soil specimen is placed on the bottom platen attached to the base 

assembly of the triaxial test cell. The top platen is then placed on top of the soil 

specimen.   The specimen is enveloped fully with a thin rubber membrane.  The 

ends of the membrane stretching over the top and bottom platens are sealed using 

rubber O-rings.  The test cell is assembled by placing the plexiglass cylinder cell 

wall around the soil specimen and the top assembly over the cell wall.  Flexible 

tubings coming from the panel are attached to the base assembly ports.  The space 

between the specimen and the cell wall is filled with the de-aired water by 

applying positive pressure to the water in the water  tank. The cell should be 

being filled until excess water flows out of the tube connected to the top 

assembly.  

 

Step 5:  Pressurized water is forced into the bottom of the soil specimen, while 

applying a negative air pressure (vacuum) to the top of the soil specimen.  This is 

done to remove air out of the specimen during the initial specimen saturation 

stage.  This step is continued until water starts flowing out of the top end of the 

soil specimen. 

 

Step 6:  The full saturation process is initiated by applying back pressure to the top 

and bottom ends of the soil specimen.  Care must be taken to make sure that the 

chamber water pressure is larger than the backwater pressure by 2.0 psi or 13.8 

kPa (set the chamber pressure at 32.0 psi or 221 kPa and the backwater pressure at 

30.0 psi or 207 kPa).  The specimen needs to be continuously subjected to this 
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state for a period of time until a B-value of 0.95 is reached.  This is done by 

monitoring the pore water pressure reading frequently.  A B-value check is made 

by closing off valves connected to the top and bottom ends of the soil specimen 

and increasing the chamber pressure by 10.0 psi (69 kPa).  The pore water 

pressure reading increases gradually in response to this raised chamber pressure.  

The B-value is determined by dividing the change taking place in the pore water 

pressure (over 2 minutes) by the increase in the chamber pressure. 

 

Step 7:  Once the specimen is fully saturated, the consolidation process can be 

started.  The confining pressure is increased so that the difference between the 

confining pressure and back pressure matches the desired effective consolidation 

pressure.  The effective consolidation pressure should be equal to or higher than 

the estimated overburden pressure that existed in the field.  This is to assure that 

the soil specimen will not exhibit overconsolidated behaviors during the test.  The 

specimen is left in this state for 24 hours.  The burette water level readings and the 

pore water pressure reading must be recorded at specified times.  Also, the axial 

compression  experienced by the specimen can be measured using a caliper.  

These data can be used to verify the  completion of the consolidation process and 

determine the loading rate for the triaxial test based on the t50 value.  The ASTM 

D-4767 states that the loading rate should be set by dividing a default rate of at 

4% per minute by ten times the t50 value (10*t50), so that pore water pressure can 

achieve equilibrium during each increment of the triaxial test. 
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Step 8:  After consolidating the soil specimen, the drainage paths in and out of the 

specimen are all closed off.  The loading piston is carefully brought down, so that 

its tip is in contact with the center depression on the top platen.  At this time, the 

PC can be accessed to go into the computer software and set the loading rate to 

the value specified in the previous step.  The loading process can now begin.   

During the shear load test, the computer records automatically all of the sensor 

readings frequently and update key graphical plots on the computer screen.  The 

actual test duration will depend on the loading rate, maximum axial strain 

selected, and actual behaviors of the soil specimen.   According to ASTM D-4767, 

the test is to be terminated at 15% axial strain, a 20% decrease in the deviatoric 

stress, or 5% additional strain beyond a peak in the deviatoric stress.  

 

Step 9:  Shortly after the triaxial test, the test cell can be fully drained. The cell is 

disassemble carefully to remove the soil specimen.   Photograph and sketch of the 

final conditions of the test specimen are taken to observe the failure mode. If a 

shear plane is visible,  its inclination angle can be measured using a protractor.  

The final moisture content of the soil is determined by placing the entire specimen 

in the laboratory oven. 

 

This completes the general protocol for running the C-U triaxial compression test.   

 

3.5  Statistical Analysis Protocol 

 The main objective of the current research work was to develop for highway 
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embankment soils commonly found in Ohio reliable correlations between shear strength 

properties and in-situ soil test data and between shear strength properties and index 

properties.   This was done by first performing detailed analysis of each triaxial test data, 

grouping the triaxial and all of the other test data (including the original and corrected 

SPT-N values) according to the AASHTO soil types, and performing a variety of 

statistical analyses on the assembled data using computer software. 

 Data produced by each C-U triaxial test were processed to produce p-q and p -q  

diagrams.   A linear curve was fit to the data points on each diagram, providing an 

equation and r
2
 value.   The constants in the equations (m, , m , and ) were converted 

to actual shear strength parameters (cu, , c , and ).   

 Before getting into the comprehensive statistical analysis, the data produced in the 

project were first used to examine the previously published correlation between plasticity 

index (PI) and effective friction angle ( by Terzaghi and between unconfined 

compression strength and SPT-N value by Department of Navy.  This was important, 

because many practicing geotechnical engineers in Ohio had relied on these published 

relationships to estimate shear strength properties of Ohio soils for their highway 

embankment design work. 

 For each data set grouped for a specific AASHTO soil type, single-variable or X-

Y correlations were sought along several different paths, which are listed below, and 

shown again in Figure 3.5: 

 

Path 1 - Correlations between SPT-N values and index properties 

Path 2 – Correlations between triaxial test results and index properties 
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Path 3 – Correlations between triaxial test results and unconfined compression strength 

Path 4 – Correlations between unconfined compression strength and SPT-N values 

Path 5 – Correlations between unconfined compression strength and index properties 

Path 6 – Correlations between triaxial test results and SPT-N values 

 

 

Figure 3.5:  Correlation Paths Identified for Project 

 

With the aid of computer software, many mathematical models (such as linear, 2
nd

 degree 

polynomial, logarithmic, power, exponential, hyperbolic, and reciprocal) could be easily 

applied to the data set to identify the best model and strongest correlations that appear to 

exist for the shear strength characteristics of major highway embankment soils in Ohio.  

 Once the single-variable correlations are exhausted, next multi-variable 

correlations can be explored within each data set.  Two types of multi-variable 

correlations (linear, nonlinear) were investigated.  For each type, incremental forward, 
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backward, and stepwise schemes were adopted to yield the best correlation cases.   

 Statistical analysis was also extended to examine the presence of any regional 

differences.  For example, if A-6 soils were encountered both in northern and southern 

Ohio, their data were analyzed first together and then separately.  For soils classified as 

AASHTO A-4 or A-6, additional statistical analysis was carried out to determine if any 

distinctions exist between their sub-classifications (i.e., between A-4a and A-4b, between 

A-6a and A-6b).  Further details on the analytical phase and the results of the statistical 

data analysis can be both found in Chapter 5. 
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CHAPTER 4:  RESEARCH DATA AND RESULTS 

 
 

4.1 Introduction 

 

 The data for the current research project was mainly produced during the field 

subsurface exploration and laboratory soil testing phases.  In this chapter, the results from 

these two major activities will be presented in detail for the nine highway embankment 

sites explored successfully in Ohio.   

 The results will be presented in three separate sections.  The first section will 

focus on the subsurface exploration work.  The second section will provide the soil index 

properties determined at the BBCM soil laboratory.  The third section will present soil 

shear strength test data, which include unconfined compression test results by BBCM and 

consolidated-undrained (C-U) triaxial test results by the ORITE.   Each section will have 

a number of subsections organized according to the sites.  The order of the sites presented 

in this chapter will be – (Site 1) Interstate 275 site in Hamilton County or HAM-275; 

(Site 2) U.S. Route 35 site in Fayette County or FAY-35; (Site 3) State Route 2 site in 

Lake County or LAK-2; (Site 4) U.S. Route 33 site in Athens County or ATH-33; (Site 5) 

Interstate 71 site in Morrow County or MRW-71; (Site 6) State Route 2 site in Erie 

County or ERI-2; (Site 7) Interstate 75 in Hancock County or HAN-75; (Site 8) Interstate 

70 site in Muskingum County or MUS-70; and (Site 9) Interstate 77 site in Noble County 

or NOB-77.  A brief description and a photograph taken, and a set of field exploration 

data will constitute the site data presentation.   There was actually one more site, located 

on USR 35 in Jackson County (JAC-35).  But, no information will be presented for the 

tenth site, since the subsurface exploration work did not encounter any cohesive soil fill 

materials.  
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4.2 Embankment Sites Selected 

 The nine sites selected for the field testing/sampling phase of the current project 

are listed in Section 4.1.  Figure 4.1 shows general locations of these sites in the State of 

Ohio.   

 

Figure 4.1:  General Locations of Highway Embankment Sites in Ohio 

 

These sites covered a wide variety of geographical locations, geological settings, 

and ODOT districts.  The nine sites represented seven different ODOT districts (Districts 

1, 3, 5, 6, 8, 10, and 12).  Three sites (ERI-2, HAN-75, and LAK-2) are located in the 

northern Ohio.  Four of the nine sites (FAY-35, MRW-71, MUS-70, and NOB-77) are 

found in the central Ohio.  The remaining two sites (ATH-33 and HAM-275) exist in the 
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southern part of Ohio.  Two of the nine sites (ERI-2 and LAK-2) are located in the lake 

deposit area.  Four sites (FAY-35, HAM-275, HAN-75, and MRW-71) are situated in the 

glaciated region of the state, while three sites (ATH-33, MUS-70, and NOB-77) are found 

in the unglaciated region.  

 

4.3       Subsurface Exploration Work 

4.3.1 Calibration Test Result for SPT Automatic Hammer 

The automatic hammer attached to the BBCM drilling rig identified for the 

current study was calibrated by GRL Engineers, Inc. (Cleveland, Ohio), prior to the field 

work at the first site.   GRL Engineers used a PAK model Pile Driving Analyzer to 

measure the strain and acceleration exerted on the sampler.  According to GRL report, the 

average energy transfer ratio was 0.817.  This means that 81.7% of the free-fall energy 

generated by the automatic SPT hammer weight was transferred to the sampler as it was 

pushed into the ground. 

 

4.3.2  Subsurface Exploration Data for I-275 Site in Hamilton County 

 The first highway embankment site is found in the southwestern part of Ohio, 

near the Ohio River.  The site selected was located alongside Interstate Highway 275, 

about 10 miles northwest of downtown Cincinnati, in Hamilton County.  A photograph 

showing a general view of the site is given in Figure 4.2.  This site was recommended for 

the current project by the ODOT geotechnical engineer serving ODOT District 8. 
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Figure 4.2:  Highway Embankment Site No. 1 on I-275 (Hamilton County) 

 

 

Standard penetration tests (SPT) were performed continuously down to a depth of 

19 ft, using an automatic SPT hammer attached to the BBCM drilling rig.  The planned 

maximum depth of 25 ft (7.6 m) could not be reached due to weathered shale found from 

the depth of 16.5 ft (5.0 m).  This was surprising to the field team, because the plan 

drawings obtained from the ODOT did not indicate the bedrock to be located at such a 

shallow depth.  During the filed work, the split-spoon barrel brought samples of relatively 

uniform silty clay soil to the ground surface.  No water table was encountered during the 

field work.  The original (or uncorrected) SPT-N values are tabulated against depth in 

Table 4.1.  The SPT-N value showed a general trend of increasing steadily with depth. 
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Table 4.1:  Uncorrected SPT-N Values at Site No. 1 (Hamilton County) 

Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 - 2.5 7 

2.5 - 4.0 7 

4.0 - 5.5 13 

5.5 - 7.0 24 

7.0 - 8.5 22 

8.5 - 10.0 31 

10.0 - 11.5 20 

11.5 - 13.0 29 

13.0 - 14.5 37 

14.5 - 16.0 29 

16.0 - 17.5 30 

17.5 - 19.0 45 

[Note]  1 ft = 0.3 m. 

  

 

 Based on the original SPT blow counts, it was decided that Shelby tubes would be 

pushed at the depth ranges of 2.5 to 4.5, 4.5 to 6.5, and 10.0 to 12.0 ft (0.76 to 1.37, 1.37 

to 1.98, and 1.89 to 3.66 m).  As it was mentioned earlier, correlations with N values is a 

major objective of this project.  Therefore, selecting a wide array of values is most 

desirable.  Here, values of 7, 13, and 20 can be used for making correlations since they 

correspond to the soil that will be brought up by the Shelby tubes.   

 As it was discussed in Chapter 3, the plan shown in Figure 3.1 represented the 

ideal pattern in which Shelby tube soil samples should be recovered at this site.  

However, when Hole A was drilled, a large amount of gravel was recovered.  This forced 

a change in the plan.  The modified Shelby tube sampling plan, shown in Figure 4.3, was 

then adapted and executed to produce all twelve tube samples.    
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Figure 4.3:  Modified Shelby Tube Sampling Plan at Site No. 1 

  

After extracting all twelve Shelby tubes, the ORITE personnel inspected each 

tube and selected nine of them to go to the ORITE laboratory.  The soil recovery and 

notes on each tube kept by ORITE is included in Appendix B as Table B.2.   

 After the field testing was completed, a series of corrections were done to the 

original SPT-N values.  The first correction made was for the energy transfer to the 

automatic hammer attached to the SPT truck.  This correction was already discussed back 

in Chapter 2.  Also, details on the automatic hammer calibration are given in Appendix A.  

Next, five more corrections were performed.  These are the Peck, Terzaghi, Bazaraa, Seed 

et. al, and Skempton corrections.  These correction methods were also given in Chapter 2.  

Table 4.2 presents the corrected SPT-N values from the I-275 site.  According to the table, 

the correction method by Seed et al. produced values closest to the overall average.  A 

summary of the corrected SPT-N values for this site is given above in Appendix B as 

Tables B.1. 
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Table 4.2:  Hamilton County Site SPT-(N60)1 Values 

 

Depth  

(ft) 

Original 

SPT-N 

Energy  

Correction 

Only 

Peck Terzaghi Bazaraa 
Seed 

et al. 
Skempton  Avg. 

2.5-4.0 7 10 16 26 24 20 18 20 

4.0-5.5 13 18 26 38 37 32 29 32 

10-11.5 20 27 32 37 33 35 35 34 

 
[Note]   The value „Avg.‟ is simply the rounded average of the five previous columns (Peck, 

Terzaghi, Bazaraa, Seed et. al., and Skempton.   

 

  

 

4.3.3  Subsurface Exploration Data for USR 35 Site in Fayette County 

 The second highway embankment site can be found in the central-southwestern 

part of Ohio in Fayette County.  This site, near Jeffersonville, was located on the old USR 

35 embankment about 100 ft (30 m) away from a bridge abutment.  The abutment 

supported a bridge that went over the new USR 35.  Figure 4.4 shows the general view of 

the site.  This site was identified as one of the potential sites, while searching for a site in 

the central region of Ohio.  It was recommended strongly by BBCM based on their prior 

drilling in this area.   

Standard penetration tests (SPT) were conducted to a depth of 25 ft (7.6 m).  

During the filed work, the split-spoon barrel brought samples of hard silt with clay and 

sand to the ground surface.  No water table was encountered during the field work.  The 

original (or uncorrected) SPT-N values are tabulated against depth in Table 4.3.  The SPT-

N value fluctuated mostly between 10 and 25 in the top 20-ft (6.1-m) depth, increased 

with depth from the depth of 20 to 23 ft (6.1 to 7.0 m), and declined to 20 at the 

maximum depth of 25 ft (7.6 m).   
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Figure 4.4:  Highway Embankment Site No. 2 on USR 35 (Fayette County) 

 

 

Based on the SPT-N values, it was decided to utilize Shelby tubes at depth ranges 

of 5.5 to 7.5, 8.5 to 10.5, and 14.5 to 16.5 ft (1.7 to 2.3, 2.6 to 3.2, and 4.4 to 5.0 m).  At 

these depths, the original SPT-N values were 18, 23, and 10.  The original plan for the 

Shelby tube sampling was shown previously in Figure 3.1.  While pushing the tubes, 

Holes A and B produced good recovery at each depth.  However, Hole C gave very little 

recovery at the depth range of 8.5 to 10.5 ft (2.6 to 3.2 m) and no recovery at the 14.5 to 

16.5 ft (4.4 to 5.0 m) range.  This led the field team to modify the plan to the one 

illustrated in Figure 4.5, by adding the fifth sampling hole (Hole E).   This hole was 

located far from Hole C to avoid more problems with soil in that area.  Holes D and E 

gave moderate recoveries at each depth range.   
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Table 4.3:  Uncorrected SPT-N Values at Site No. 2 (Fayette County) 
 

Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 - 2.5 18 

2.5 - 4.0 14 

4.0 - 5.5 21 

5.5 - 7.0 18 

7.0 - 8.5 21 

8.5 - 10.0 23 

10.0 - 11.5 21 

11.5 - 13.0 13 

13.0 - 14.5 14 

14.5 - 16.0 10 

16.0 - 17.5 21 

17.5 - 19.0 16 

19.0 - 20.5 23 

20.5 - 22.0 32 

22.0 - 23.5 43 

23.5 - 25.0 20 

[Note]  1 ft = 0.3 m. 

 

 

 

  In total, fifteen Shelby tubes were recovered at the second site.  Nine of 

the tubes with good sample recovery were kept by the ORITE.  The soil recovery and 

notes on each tube are included in Appendix B as Table B.4.  After field testing was 

complete, a series of corrections were applied to the original SPT-N values.  This was 

done in a similar manner to the ones for the first (Hamilton County) site.  Table 4.4 

presents the corrected SPT-N values from the Fayette County site. A summary of the 

corrected SPT-N values for this site is given in Appendix B as Tables B.3.  
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Figure 4.5:  Actual Shelby Tube Sampling Plan at Site No. 2 

 

Table 4.4:  Fayette County Site SPT-(N60)1 Values 

Depth (ft) 
Original 

SPT-N 

Energy 

Correction 

Only 

Peck  Terzaghi Bazaraa 
Seed 

et. al. 
Skempton Avg. 

5.5-7.0 18 25 34 45 43 40 37 40 

8.5-10.0 23 31 39 45 42 43 42 42 

14.5-16.0 10 14 15 13 14 14 14 14 

 

4.3.4  Subsurface Exploration Data for SR 2 Site in Lake County 

 The third highway embankment site can be found in northeast Ohio, along Lake 

Erie, in Lake County.   The site was located on an embankment supporting two bridges 

carrying State Route 2 over State Route 615.   No site photographs are available for this 

site.  This site was placed in this region with an intention of examining A-4 soils that are 

abundant along the shores of Lake Erie. 

 Standard penetration tests (SPT) were performed continuously down to a depth of 

25 ft (7.6 m), as planned.  During the filed work, the split-spoon barrel brought samples 
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of hard silt and clay to the ground surface.  No water table was encountered during the 

field work.  The uncorrected SPT-N value at each depth range is listed in Table 4.5.  The 

raw SPT-N values fluctuated between 10 and 30 without exhibiting any clear trend with 

depth. 

 

Table 4.5:  Uncorrected SPT-N Values at Site No. 3 (Lake County) 

 

Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 - 2.5 10 

2.5 - 4.0 17 

4.0 - 5.5 25 

5.5 - 7.0 30 

7.0 - 8.5 21 

8.5 - 10.0 12 

10.0 - 11.5 13 

11.5 - 13.0 28 

13.0 - 14.5 9 

14.5 - 16.0 16 

16.0 - 17.5 12 

17.5 - 19.0 18 

19.0 - 20.5 14 

20.5 - 22.0 22 

22.0 - 23.5 13 

23.5 - 25.0 28 

[Note]  1 ft = 0.3 m. 
 

 

 Based on the original SPT blow counts, it was decided to obtain Shelby tube 

samples at depth ranges of 1.0 to 3.0, 4.0 to 6.0, 14.0 to 16.0 ft (0.3 to 0.9, 1.2 to 1.8, and 

4.3 to 4.9 m).  At these depths, the uncorrected SPT-N values were 10, 25, and 16, 

respectively.  Shelby tube soil sampling work went according to the plan (illustrated in 

Figure 3.1) with very few problems and good recovery for each tube.  Nine of the twelve 

total tubes were retained by the ORITE.  The recovery and notes on these tubes are 

included in Appendix B in Table B.6.  After the completion of the field work, corrections 

were applied to the original SPT-N values.  The new, corrected SPT N-values for the 
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Lake County site are shown below in Table 4.6.  A summary of the fully corrected SPT-N 

values for this site is given in Appendix B as Tables B.5.  

 

Table 4.6:  Lake County Site SPT-(N60)1 Values 

 

Depth (ft) 
Original 

SPT-N 

Energy 

Correction 

Only 

Peck  Terzaghi Bazaraa 
Seed 

et. al. 
Skempton Avg. 

1.0-2.5 10 14 26 56 44 34 26 37 

4.0-5.5 25 34 50 69 68 60 54 60 

14.5-16.0 16 22 23 23 21 23 23 23 

 

 

 

 

4.3.5  Subsurface Exploration Data for USR 33 Site in Athens County 

 The fourth highway embankment site was located along U.S. Route 33 in Athens 

County.  It was on top of a large embankment, approximately five miles south of Athens 

on a two-lane portion of the road.  Figure 4.6 provides a general view of the site location.  

This site was identified jointly with the ODOT District 10 Office in an attempt to 

examine typical embankment materials in the unglaciated region of Ohio. 

Field work at this site started with a continuous SPT to a depth of 25 ft (7.6 m), as 

usual.  This went forward with no problems.  A few different types of soil (or different 

mixtures of clays and silts) were encountered during the subsurface exploration work.  

No water table was encountered during the field work.  The uncorrected SPT-N values 

recorded at this site are tabulated against depth in Table 4.7.  The raw SPT-N values 

fluctuated between 15 and 45 without exhibiting any clear trend with depth. 
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Figure 4.6:  Highway Embankment Site No. 4 on USR 33 (Athens County) 

 

Table 4.7:  Uncorrected SPT-N Values at Site No. 4 (Athens County) 

Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 - 2.5 27 

2.5 - 4.0 40 

4.0 - 5.5 16 

5.5 - 7.0 33 

7.0 - 8.5 16 

8.5 - 10.0 17 

10.0 - 11.5 25 

11.5 - 13.0 19 

13.0 - 14.5 20 

14.5 - 16.0 40 

16.0 - 17.5 45 

17.5 - 19.0 36 

19.0 - 20.5 21 

20.5 - 22.0 32 

22.0 - 23.5 21 

23.5 - 25.0 32 

[Note]  1 ft = 0.3 m. 
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Based on the SPT blow counts, it was decided that Shelby tubes be pushed at 

depth ranges of 4.5 to 6.5, 8.0 to 10.0, and 19.0 to 21.0 ft (1.4 to 2.0, 2.4 to 3.0, and 5.8 to 

6.4 m).  This gave the uncorrected SPT-N values of 33, 17, and 21, respectively.  At this 

site, Shelby tube pushing went according to plan (illustrated in Figure 3.1), with no 

problems.  Nine of the Shelby tubes were retained by the ORITE, and the remaining three 

were taken by BBCM.  The recovery and notes on the nine tubes are included in 

Appendix B in Table B.8.  Corrections were made to the original SPT-N values similar to 

the other field sites.  They are shown in Table 4.8.  A summary of the fully corrected SPT-

N values is given in Table B.7 in Appendix B. 

 

Table 4.8:  Athens County Site SPT-(N60)1 Values 

 

Depth (ft) 
Original 

SPT-N 

Energy 

Correction 

Only 

Peck Terzaghi Bazaraa 
Seed 

et al. 
Skempton Avg. 

5.5-7.0 33 45 62 80 77 72 68 72 

8.5-10.0 17 23 28 33 30 32 31 31 

19.0-20.5 21 29 27 27 26 27 27 27 

 

4.3.6  Subsurface Exploration Data for I-71 Site in Morrow County 

 The fifth highway embankment site was located in the median of Interstate 

Highway 71 in Morrow County, about 60 miles (97 km) north of Columbus.  The field 

operation took place on an embankment about 30 feet (9.1 m) high.  The embankment 

supported two bridges for I-71 as it traveled over a small creek and local road at the 

bottom of a valley.  The general view of the site is seen in a photograph inserted here as 

Figure 4.7. 

 At this location, a continuous SPT was done to a depth of 25 ft (7.6 m).  During 

the filed work, the split-spoon barrel brought samples of hard silt and clay to the ground 
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surface.  No water table was encountered during the field work.  The uncorrected SPT-N 

values obtained at this site are given in Table 4.9.  Although the blow counts oscillated, 

they exhibited a general trend of increasing with depth.     

 

Figure 4.7:  Highway Embankment Site No. 5 on I-71 (Morrow County) 

 

 

Table 4.9:  Uncorrected SPT-N Values at Site No. 5 (Morrow County) 

 
Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 - 2.5 11 

2.5 - 4.0 10 

4.0 - 5.5 9 

5.5 - 7.0 13 

7.0 - 8.5 14 

8.5 - 10.0 16 

10.0 - 11.5 9 

11.5 - 13.0 21 

13.0 - 14.5 17 

14.5 - 16.0 25 

16.0 - 17.5 15 

17.5 - 19.0 31 

19.0 - 20.5 16 

20.5 - 22.0 30 

22.0 - 23.5 16 

23.5 - 25.0 35 

[Note]  1 ft = 0.3 m. 
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After analyzing the above data, the ORITE team decided to push Shelby tubes at 

depth ranges of 10.0 to 12.0, 13.0 to 15.0, and 17.5 to 19.5 ft (3.0 to 3.7, 4.0 to 4.6, and 

5.3 to 5.9 m).  This gave the uncorrected SPT-N values of 9, 17, and 31, respectively.  

The original soil sampling plan, shown in Figure 3.1, had to be modified.  The SPT truck 

was setup in the median of the freeway, in the center of the drainage path.  There had also 

been substantial rain in the area the past few days.  The soil was saturated at the surface, 

and it was very difficult for the truck to move around.  Figure 4.8 shows the modified 

pattern. 

 

Figure 4.8:  Actual Shelby Tube Sampling Plan at Site No. 5 
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A total of twelve tubes were pushed with ORITE taking nine of them.  Details on 

the tubes taken by ORITE are given in Appendix B in Table B.10.  Corrections, as done 

with the previous field sites, were also done with this site.  The corrected SPT-N values 

are shown below in Table 4.10.  A summary of the fully corrected SPT-N values is given 

in Table B.9 in Appendix B. 

Table 4.10:  Morrow County Site SPT-(N60)1 Values 

Depth (ft) 
Original 

SPT-N 

 Energy 

Correction 

Only 

Peck Terzaghi Bazaraa 
Seed 

et al. 
Skempton Avg. 

10-12 9 12 14 16 14 15 15 15 

13-15 17 23 24 26 22 25 25 25 

17.5-19.5 31 42 40 40 38 39 39 40 

 

 

4.3.7 Subsurface Exploration Data for SR 2 Site in Erie County 

 The sixth highway embankment site was located on State Route 2, about 210 ft 

(64 m) south of the Edison Bridge south abutment, in Erie County.  At this location, a 

continuous SPT was done in the median section of the highway to a depth of 25 ft (7.6 

m).  During the filed work, the split-spoon barrel brought samples of hard silt and clay to 

the ground surface.  No water table was encountered during the field work.  The 

uncorrected SPT-N values obtained at this site are given in Table 4.11.  Although the 

blow counts oscillated, they exhibited a general trend of increasing with depth.    A total 

of twelve Shelby tubes were pushed according to the plan shown in Figure 3.1, with 

ORITE taking nine of them.  Details on the tubes taken by ORITE are given in Appendix 

B in Table B.12.  Corrections, as done with the previous field sites, were also done with 

this site.  The corrected SPT-N values are shown below in Table 4.12 and Table B.11 (in 

Appendix B).   
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Table 4.11:  Uncorrected SPT-N Values at Site No. 6 (Erie County) 

 
Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 - 2.5 NA 

2.5 - 4.0 7 

4.0 - 5.5 8 

5.5 - 7.0 12 

7.0 - 8.5 6 

8.5 - 10.0 8 

10.0 - 11.5 11 

11.5 - 13.0 14 

13.0 - 14.5 11 

14.5 - 16.0 17 

16.0 - 17.5 20 

17.5 - 19.0 14 

19.0 - 20.5 14 

20.5 - 22.0 24 

22.0 - 23.5 18 

23.5 - 25.0 39 

[Note]  1 ft = 0.3 m. 

 

 

Table 4.12:  Erie County Site SPT-(N60)1 Values 
 

Depth (ft) 
Original 

SPT-N 

 Energy 

Correction 

Only 

Peck Terzaghi Bazaraa 
Seed 

et al. 
Skempton Avg. 

2.5-4.5 7 10 16 28 25 10 17 21 

5.5-7.5 12 16 23 32 31 28 26 28 

11.5-13.5 14 19 23 26 20 25 24 23 

 

 

4.3.8 Subsurface Exploration Data for Interstate 75 Site in Hancock County 

 The seventh highway embankment site was located about 0.5 miles (0.8 km) north 

of Exit 142 (Bluffton Exit) on Interstate 75 in Hancock County.  The site was situated 

more than 200 ft (61 m) away from any bridge abutments.  At this location, a continuous 

SPT was done in the area outside the northbound lanes of the highway to a depth of 25 ft 

(7.6 m).  The uncorrected SPT-N values obtained at this site are given in Table 4.13. 
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Table 4.13:  Uncorrected SPT-N Values at Site No. 7 (Hancock County) 

 
Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 - 2.5 19 

2.5 - 4.0 13 

4.0 - 5.5 14 

5.5 - 7.0 16 

7.0 - 8.5 15 

8.5 - 10.0 23 

10.0 - 11.5 9 

11.5 - 13.0 20 

13.0 - 14.5 12 

14.5 - 16.0 25 

16.0 - 17.5 17 

17.5 - 19.0 33 

19.0 - 20.5 10 

20.5 - 22.0 21 

22.0 - 23.5 21 

23.5 - 25.0 25 

[Note]  1 ft = 0.3 m. 

 

 

The soil coming up to the surface appeared to be uniform and of A-6 or A-7-6 type 

material.  A decision was then made to push Shelby tubes at depths of 5.5, 10.0, and 16.0 

ft (1.7, 3.0, and 4.9 m) below the ground surface.  A total of twelve Shelby tubes were 

recovered, as usual.  The original soil sampling plan, shown in Figure 3.1, was executed 

smoothly.  Details on the tubes taken by ORITE are given in Appendix B in Table B.14.  

Corrections, as done with the previous field sites, were also done with this site.  The 

corrected SPT-N values are shown below in Table 4.14.  A summary of the fully corrected 

SPT-N values is given in Tables B.13 (in Appendix B).   

 

Table 4.14:  Hancock County Site SPT-(N60)1 Values 
 

Depth (ft) 
Original 

SPT-N 

 Energy 

Correction 

Only 

Peck Terzaghi Bazaraa 
Seed 

et al. 
Skempton Avg. 

5.5-7.5 16 22 29 37 36 34 32 34 

10.0-11.5 9 12 14 16 14 15 15 15 

16.0-17.5 17 23 23 23 22 23 23 23 
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4.3.9 Subsurface Exploration Data for Interstate 70 Site in Muskingum County 

 The eighth highway embankment site was located in the grassed median section 

of Interstate 70 in Muskingum County.  This site can be found just west of Exit 153, near 

Zanesville, Ohio.  During the initial SPT work conducted at least 100 ft or 30 m away (to 

the east) from a nearby bridge abutment wall, dense (stiff) sand was commonly 

encountered.  A decision was then made to move the SPT hole location another 100 ft (30 

m) away from the bridge abutment.  The same sand was detected even in the second SPT 

hole.  However, a layer of clayey soil was found from 9.5 to 11 ft (2.9 to 3.4 m) below the 

ground surface.  The uncorrected SPT-N values obtained at this site are given in Table 

4.15.   

 

 

Figure 4.9:  Highway Embankment Site No. 8 on I-70 (Muskingum County) 
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Table 4.15:  Uncorrected SPT-N Values at Site No. 8 (Muskingum County) 

 
Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 - 2.5 15 

2.5 - 4.0 17 

4.0 - 5.5 20 

5.5 - 7.0 42 

7.0 - 8.5 36 

8.5 - 10.0 13 

10.0 - 11.5 19 

11.5 - 13.0 48 

13.0 - 14.5 46 

14.5 - 16.0 53 

16.0 - 17.5 38 

17.5 - 19.0 53 

19.0 - 20.5 44 

20.5 - 22.0 49 

22.0 - 23.5 42 

23.5 - 25.0 61 

[Note]  1 ft = 0.3 m. 

 

 

Table 4.16:  Muskingum County Site SPT-(N60)1 Values 
 

Depth (ft) 
Original 

SPT-N 

 Energy 

Correction 

Only 

Peck Terzaghi Bazaraa 
Seed 

et al. 
Skempton Avg. 

8.5-10.0 13 18 21 24 21 23 22 22 

10.0-11.5 19 26 29 32 28 31 31 30 

 

 

Only five Shelby tube soil samples were recovered from within the thickness of the clay 

soil layer.  The original soil sampling plan, shown in Figure 3.1, was executed smoothly.  

Three of these tubes were transported to the ORITE laboratory.  Details on the tubes 

taken by ORITE are given in Appendix B in Table B.16.  Corrections, as done with the 

previous field sites, were also done with this site.  The corrected SPT-N values are shown 

below in Table 4.14.  A summary of the fully corrected SPT-N values is given in Table 

B.15 (in Appendix B).   
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4.3.10 Subsurface Exploration Data for Interstate 77 Site in Noble County 

 The ninth highway embankment site was located in the grassed median section of 

Interstate 77 in Noble County, about 2,850 ft (0.87 km) north of the CR 13 overpass 

bridge.  The location of this site was chosen carefully to allow testing and sampling of 

highly weathered shale fill material.  It is not uncommon for highway sections to be built 

on weathered shale especially in ODOT Districts 10.  After going through the top soil 

layer, weathered shale resembling reddish brown silty clay was encountered consistently.  

The uncorrected SPT-N values obtained at this site are given in Table 4.17.   At the depth 

of 17 ft (5.2 m), some rock fragments were detected, which raised the blow count.  No 

water table was encountered during the field work.   

 

 

Figure 4.10: Highway Embankment Site No. 9 on I-77 (Noble County) 
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Table 4.17:  Uncorrected SPT-N Values at Site No. 9 (Noble County) 

 
Depth Range (ft) Uncorrected SPT-N Value (blows/ft) 

1.0 – 2.5 11 

2.5 – 4.0 10 

4.0 – 5.5 14 

5.5 – 7.0 15 

7.0 – 8.5 9 

8.5 – 10.0 15 

10.0 – 11.5 17 

11.5 – 13.0 18 

13.0 – 14.5 14 

14.5 – 16.0 22 

16.0 – 17.5 44 

17.5 – 19.0 33 

19.0 – 20.5 12 

20.5 – 22.0 20 

22.0 – 23.5 26 

23.5 – 25.0 26 

[Note]  1 ft = 0.3 m. 

 

Based on the SPT-N value data, three depths of 4 ft, 7 ft, and 10 ft (1.2, 2.1, and 

3.0 m) were chosen for obtaining relatively undisturbed soil samples.  Table 4.18 lists the 

fully corrected SPT-N values at the soil sampling depths.  Figure 4.11 below shows 

general locations of four soil sampling holes with respect to the continuous SPT hole.  

Although the material seemed fairly stiff, the soil sampling work went smoothly with a 

good recovery recorded for each tube.  The fifth hole (Hole E) was added to procure an 

additional sample at the depth of 7 ft (2.1 m).  For, soil recovery was very poor at the 

mid-depth in Hole C. 

Table 4.18:  Noble County Site SPT-(N60)1 Values 
 

Depth (ft) 
Original 

SPT-N 

 Energy 

Correction 

Only 

Peck Terzaghi Bazaraa 
Seed 

et al. 
Skempton Avg. 

4.0-5.5 14 19 27 37 36 32 30 32 

7.0-8.5 9 12 15 18 17 17 16 17 

10.0-11.5 17 23 26 28 24 28 27 27 
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Figure 4.11:  Actual Shelby Tube Sampling Plan at Site No. 9 

 

A summary information on the fully corrected SPT-N values and the Shelby tubes taken 

(by ORITE) can be found in Appendix B (see Tables B.17 & B.18). 

 

4.4  Laboratory Index Properties and Sieve Analyses 

 Index properties of soils encountered in the current project were determined using 

the Shelby tube samples obtained in the field.   The index properties included a wide 

range of properties such as natural moisture content, unit weights (dry, moist), Atterberg 

limits (plastic limit, liquid limit, plasticity index), specific gravity, and grain size 

characteristics (percentages of gravel, sand, silt, and clay).  These results will be 

presented for each site in the following subsections. 
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4.4.1  Soil Index Properties for Site No. 1 (Hamilton County) 

 Four sets of index property testing were performed by BBCM on the soil samples 

recovered from the first (Hamilton County) site.  Two sets were done on Shelby tube soil 

samples taken in the depth range of 2.5 to 4.5 ft (0.76 to 1.4 m), one set was done on a 

Shelby tube sample from the depth range of 4.5 to 6.5 feet (1.4 to 2.0 m), and one more 

set was done on a Shelby tube sample from the depth range of 10.0 to 12.0 ft (3.0 to 3.7 

m).  The results of the index and grain size analysis tests are summarized below in Tables 

4.19 and 4.20.   

 

Table 4.19:  Index Properties of Soils at Site No. 1 (Hamilton County) 
 

Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

2.75 15.7 130.4 112.7 2.74 41 19 22 

3.25 22.0 127.4 104.4 N/A 58 21 37 

4.75 17.6 126.7 107.8 N/A 50 20 30 

10.25 15.4 128.9 111.7 2.66 43 22 21 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 

 

Table 4.20:  Sieve Analysis Results for Site No. 1 (Hamilton County) 
 

Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

2.75 11 14 30 46 A-7-6 

3.25 10 13 26 51 A-7-6 

4.75 7 11 34 48 A-7-6 

10.25 6 12 30 51 A-7-6 

 

 

4.4.2  Soil Index Properties for Site No. 2 (Fayette County) 

 Four sets of index property testing were performed by BBCM on the soil samples 

recovered from the Fayette County site.  One set was done on a Shelby tube sample taken 

from the depth range of 5.5 to 7.5 ft (1.7 to 2.3 m), two sets on two separate Shelby tubes 

in the depth range of 8.5 to 10.5 ft (2.6 to 3.2 m), and one set was done on a Shelby tube 
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sample taken in the depth range of 14.5 to 16.5 ft (4.4 to 5.0 m).  As it was mentioned 

earlier, a total of five Shelby tubes sampling holes were created at this site.  This allowed 

for an extra tube being available at each soil sampling depth.  Hence, two tubes were 

tested at the mid-depth range.  The results of the index and sieve analysis tests are 

summarized in Tables 4.21 and 4.22.   

 

Table 4.21:  Index Properties of Soils at Site No. 2 (Fayette County)  
 

Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

5.75 15.3 131.0 113.6 2.68 32 17 15 

8.75 8.8 138.4 127.2 N/A 20 14 6 

8.8 9.1 140.7 129.0 N/A 21 13 8 

14.75 9.2 142.2 130.3 2.65 21 13 8 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 

 

 

Table 4.22:  Sieve Analysis Results for Site No. 2 (Fayette County) 
 

Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

5.75 6 24 40 30 A-6a 

8.75 10 26 45 19 A-4a 

8.8 15 27 39 19 A-4a 

14.75 16 28 38 18 A-4a 

 

4.4.3  Soil Index Properties for Site No. 3 (Lake County) 

 Five sets of index testing were done by BBCM on the soil samples recovered 

from the Lake County site.  One set was done on a Shelby tube sample obtained in the 

depth range of 1.0 to 3.0 ft (0.3 to 0.9 m), two on two separate Shelby tube samples taken 

in the depth range of 4.0 to 6.0 ft (1.2 to 1.8 m), and two on a Shelby tube sample from 

the depth range of 14.0 to 16.0 ft (4.3 to 4.9 m).   The results of the index and grain size 

analysis tests are summarized in Tables 4.23 and 4.24.   
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Table 4.23:  Index Properties of Soils at Site No. 3 (Lake County)  
Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

1.75 14.0 140.0 122.8 2.76 29 18 11 

4.25 12.0 138.9 123.9 N/A 28 18 10 

4.75 12.5 140.9 125.2 N/A 29 19 10 

14.25 11.5 139.3 124.9 2.60 26 16 10 

14.75 13.1 141.8 125.3 N/A 25 18 7 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 

 

 

Table 4.24:  Sieve Analysis Results for Site No. 3 (Lake County) 
Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

1.75 7 23 37 33 A-6a 

4.25 5 27 35 33 A-4a 

4.75 4 23 37 36 A-4a 

14.25 9 23 38 31 A-4a 

14.75 8 24 37 30 A-4a 

 

 

4.4.4  Soil Index Properties for Site No. 4 (Athens County) 

 Five sets of index tests and sieve analyses were done by BBCM on the Athens 

County site.  One set was done on a Shelby tube in the depth range of 4.5 to 6.5 ft (1.4 to 

2.0 m), one was done on a Shelby tube in the depth range of 8.0 to 10.0 ft (2.4 to 3.0 m), 

and three were done on a Shelby tube in the depth range of 19.0 to 21.0 ft (5.8 to 6.4 m).  

The soil varied greatly throughout the tube at the lowest depth.  This is why three tests 

were done on it.  The results of the index and mechanical sieve analysis tests are 

summarized in Tables 4.25 and 4.26.   

 

Table 4.25:  Index Properties of Soils at Site No. 4 (Athens County)  
Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

5.25 12.7 134.9 119.7 2.72 29 18 11 

8.25 12.0 122.4 109.2 N/A 29 18 11 

19.25 15.2 121.7 105.7 2.68 39 23 16 

19.75 14.8 133.8 116.5 N/A 38 22 16 

20.25 22.0 128.2 105.1 N/A 45 21 24 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 
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Table 4.26:  Sieve Analysis Results for Site No. 4 (Athens County) 

 

Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

5.25 4 26 37 33 A-6a 

8.25 5 23 40 32 A-6a 

19.25 8 15 45 32 A-6b 

19.75 12 22 40 25 A-6b 

20.25 1 23 32 44 A-7-6 

 

 

 

4.4.5  Soil Index Properties for Site No. 5 (Morrow County) 

 Four sets of index tests and sieve analyses were done by BBCM on the Morrow 

County site.  Two sets were done on a Shelby tube in the depth range of 10.0 to 12.0 ft 

(3.0 to 3.7 m), one was done on a Shelby tube in the depth range of 13.0 to 15.0 ft (4.0 to 

4.6 m), and one was done on a Shelby tube in the depth range of 17.5 to 19.5 ft (5.3 to 5.9 

m).  The results of the index and grain size analysis tests are shown below in Tables 4.27 

and 4.28.   

 

Table 4.27:   Index Properties of Soils at Site No. 5 (Morrow County)  
  

Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

10.25 14.0 134.7 118.2 2.68 24 16 8 

10.75 11.4 142.7 128.2 N/A 28 15 13 

13.25 14.8 128.0 111.4 N/A 30 17 13 

17.75 16.0 127.5 110.0 2.64 30 18 12 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 

 

 

Table 4.28:  Sieve Analysis Results for Site No. 5 (Morrow County) 

 
Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

10.25 10 28 39 23 A-4a 

10.75 8 27 40 25 A-6a 

13.25 3 23 47 27 A-6a 

17.75 8 24 44 25 A-6a 
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4.4.6  Soil Index Properties for Site No. 6 (Erie County) 

 Five sets of index tests and sieve analyses were done by BBCM on the Erie 

County site.  Two sets were done on a Shelby tube in the depth range of 2.5 to 4.5 ft (0.8 

to 1.4 m), two were done on a Shelby tube in the depth range of 5.5 to 7.5 ft (1.5 to 2.3 

m), and one was done on a Shelby tube in the depth range of 11.5 to 13.5 ft (3.5 to 4.1 

m).  The results of the index and grain size analysis tests are shown below in Tables 4.29 

and 4.30.   

Table 4.29:   Index Properties of Soils at Site No. 6 (Erie County)  
  

Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

2.95 25.4 122.9 98.0 2.68 49 22 27 

3.50 26.0 123.1 97.7 2.68 60 24 36 

6.50 24.6 125.8 101.0 2.68 48 22 26 

7.15 28.1 124.4 97.1 2.68 55 23 22 

11.75 25.7 122.7 97.6 2.71 61 24 37 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 

 

 

Table 4.30:  Sieve Analysis Results for Site No. 6 (Erie County) 

 
Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

2.95 1 3 38 58 A-7-6 

3.50 1 3 34 62 A-7-6 

6.50 0 2 46 52 A-7-6 

7.15 0 2 36 61 A-7-6 

11.75 1 3 30 66 A-7-6 

 

 

 

4.4.7  Soil Index Properties for Site No. 7 (Hancock County) 

 Five sets of index tests and sieve analyses were done by BBCM on the Hancock 

County site.  Two sets were done on a Shelby tube in the depth range of 5.5 to 7.0 ft (1.7 

to 2.1 m), two were done on a Shelby tube in the depth range of 10.0 to 11.5 ft (3.0 to 3.5 

m), and one was done on a Shelby tube in the depth range of 16.0 to 17.5 ft (4.9 to 5.3 
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m).  The results of the index and sieve analysis tests are shown below in Tables 4.31 and 

4.32.   

Table 4.31:   Index Properties of Soils at Site No. 7 (Hancock County)  
  

Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

6.55 20.0 132.1 110.1 2.69 41 19 22 

7.00 21.4 130.1 107.2 2.69 45 21 24 

10.95 21.6 127.8 105.1 2.69 47 22 25 

11.05 20.1 130.7 108.8 2.69 38 20 18 

17.45 18.5 131.9 111.3 2.68 39 19 20 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 

 

 

Table 4.32:  Sieve Analysis Results for Site No. 7 (Hancock County) 

 
Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

6.55 2 19 32 46 A-7-6 

7.00 3 16 33 48 A-7-6 

10.95 1 16 32 50 A-7-6 

11.05 1 19 36 44 A-6b 

17.45 3 17 34 47 A-6b 

 

 

4.4.8  Soil Index Properties for Site No. 8 (Muskingum County) 

 Two sets of index tests and sieve analyses were done by BBCM on the 

Muskingum County site.  They were done on a Shelby tube in the depth range of 9.5 to 

11.5 ft (2.9 to 3.5 m), due to a lack of cohesive soil fill encountered at this site.  The 

results of the index and grain size analysis tests are shown below in Tables 4.33 and 4.34.   

 

Table 4.33:   Index Properties of Soils at Site No. 8 (Muskingum County)  
  

Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

9.75 14.9 136.8 119.1 2.70 29 19 10 

10.25 13.9 138.3 121.4 2.69 30 19 11 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 
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Table 4.34:  Sieve Analysis Results for Site No. 8 (Muskingum County) 

 
Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

9.75 8 22 50 20 A-4b 

10.25 10 29 42 19 A-6a 

 

 

 

4.4.9  Soil Index Properties for Site No. 9 (Noble County) 

 Three sets of index tests and sieve analyses were done by BBCM on the Noble 

County site.  One set was done on a Shelby tube in the depth range of 4.0 to 6.0 ft (1.2 to 

1.8 m), one was done on a Shelby tube in the depth range of 7.0 to 9.0 ft (2.1 to 2.7 m), 

and one was done on a Shelby tube in the depth range of 10.0 to 12.0 ft (3.0 to 3.7 m).  

The results of the index and sieve analysis tests are shown below in Tables 4.35 and 4.36.   

 

Table 4.35:   Index Properties of Soils at Site No. 9 (Noble County)  
Depth of 

Soil (ft) 

Natural w 

(%) 

Moist Unit 

Wt (pcf) 

Dry Unit 

Wt (pcf) 

Specific 

Gravity 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index 

4.25 14.0 141.9 124.5 2.73 37 21 16 

7.25 13.5 139.8 123.2 2.73 39 22 17 

10.25 12.5 142.7 126.8 2.79 36 21 15 

[Note]  1 ft = 0.3 m; and 1 pcf = 0.157 kN/m
3
. 

 

 

Table 4.36:  Sieve Analysis Results for Site No. 9 (Noble County) 
Depth of Soil (ft) % Gravel % Sand % Silt % Clay AASHTO Soil Class. 

4.25 13 11 48 28 A-6b 

7.25 7 17 46 30 A-6b 

10.25 12 15 43 30 A-6a 

 

 

4.5  Soil Shear Strength Properties 

 In this section, the shear strength properties for the soils obtained at each site will 

be given.  This includes data from the unconfined compression and C-U triaxial 

compression tests. 
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4.5.1  Shear Strength Properties for Site No. 1 (Hamilton County) 

 Four unconfined compression tests were performed by BBCM on the soil samples 

taken from this site.  Two were done on Shelby tubes from the highest depth range, one 

from the middle depth range, and one on the lowest depth range.  Table 4.37 summarizes 

the test results.   

A total of eight C-U triaxial compression tests were done on the Shelby tube 

samples taken at this site.  Three were done at the highest depth range, three were done at 

the middle depth range, and two were done at the lowest depth range.  Specimen depth, 

t50,  angles, and effective consolidation stress for each specimen are given in Table 4.38.  

Six of the specimens tested went to 15% axial strain without failure.  Two of them were 

tested to less strain – Specimen A-1 (2.5 – 3.0 ft or 0.76 – 0.91 m depth) to 13.39%; and 

Specimen A-1 (3.1 – 3.6 ft or 0.94 – 1.1 m depth) to 10.2%.  Large rocks (larger than 1/6 

of the diameter of the specimen) were also found in some of the specimens that could 

have affected the results.   

Soil recovery was poor at the lowest depth range for this site.  That is why only 

two tests were done there.  In addition, a variety of plots are in Appendix C related to the 

data just given.  Figures C.1 through C.8 give stress-strain curves for each specimen, and 

Figures C.9 through C.14 give p’-q’ and p-q plots for each depth range. 

 

Table 4.37:  Unconfined Compression Test Results for Site No. 1 (Hamilton County) 

Avg. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

2.75 15.7 112.7 24.8 7.4 

3.25 22.0 104.4 30.6 7.1 

4.75 17.6 107.8 18.7 7.3 

10.25 15.4 111.7 46.9 5.9 

[Note]  1 ft = 0.3 m; 1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 
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Table 4.38:  C-U Triaxial Compression Test Results (Hamilton County) 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

A-1 (2.5' - 3.0') 20.0 11.1 30.8 5.0 

A-1 (3.1' - 3.6') 35.0 10.6 28.0 15.0 

D-1 (2.5' - 3.0') 18.0 11.5 25.3 30.0 

A-2 (5.1' - 5.6') 30.0 13.7 29.2 7.5 

C-2 (4.9' - 5.4') 15.0 10.5 27.9 15.0 

D-2 (4.6' - 5.1') 12.0 10.4 24.5 30.0 

A-3 (10.3' - 10.8') 24.0 12.6 26.4 12.5 

D-3 (10.2' - 10.6') 30.0 14.9 26.8 20.0 

[Note]  1 ft = 0.3 m; and 1 psi = 6.895 kPa. 

 
  

4.5.2  Shear Strength Properties for Site No. 2 (Fayette County) 

 Four unconfined compression tests were performed on soil from this site by 

BBCM.  One was done on a Shelby tube from the highest depth range, two were done 

from the middle depth range, and one on the lowest depth range.  Table 4.39 summarizes 

the test data.   

 

 

Table 4.39:  Unconfined Compression Test Results for Site No. 2 (Fayette County) 

 

Ave. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

5.75 15.3 113.6 36.6 6.8 

8.75 8.8 127.2 47.2 5.9 

8.80 9.1 129.0 41.0 7.1 

14.75 9.2 130.3 45.1 4.6 

[Note]  1 ft = 0.3 m; 1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 

 

  

A total of nine C-U triaxial compression tests were performed on the relatively 

undisturbed soil samples taken from this site.  Four were done at the highest depth range, 

three were done at the middle depth range, and two were done at the lowest depth range.  

Specimen depth, t50,  angles, and effective consolidation stress for each specimen are 
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given Table 4.40.  Every C-U triaxial test specimen went all the way to 15% axial strain 

without showing any failure characteristics.  Rocks were also found in some of the 

specimens after testing. 

 

Table 4.40:  C-U Triaxial Compression Test Results for Site No. 2 (Fayette County) 

 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

A-1 (5.7' - 6.2') 3.7 20.8 37.8 7.5 

D-1 (6.6' - 7.1') 10.2 17.1 32.9 15.0 

E-1 (6.3' - 6.7') 30.5 18.6 30.5 22.5 

E-1 (5.5' - 6.0') 10.1 18.0 36.8 30.0 

A-2 (9.2' - 9.7') 1.3 32.5 34.7 15.0 

D-2 (9.2' - 9.7') 1.1 31.3 34.8 22.5 

E-2 (9.2' - 9.7') 3.4 33.1 33.6 30.0 

B-3 (14.7' - 15.2') 1.8 21.9 33.5 18.0 

B-3 (15.4' - 15.8') 3.6 26.6 34.2 24.0 

[Note]  1 ft = 0.3 m; and 1 psi = 6.895 kPa. 

 

 

Soil recovery was again poor at the lowest depth range for this site also.  That is 

why only two tests were done there.  In addition, a variety of plots are in Appendix C 

related to the data just given.  Figures C.15 through C.23 give stress-strain curves for 

each specimen, and Figures C.24 through C.29 give p’-q’ and p-q plots for each depth 

range. 

 

4.5.3  Shear Strength Properties for Site No. 3 (Lake County) 

 Five unconfined compression tests were performed on the relatively undisturbed 

soil samples recovered from this site by BBCM.  One was done on a Shelby tube from 

the highest depth range, two were done from the middle depth range, and two were done 

on the lowest depth range.  Table 4.41 summarizes the test results.   
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Table 4.41:  Unconfined Compression Test Results for Site No. 3 (Lake County) 

 

Ave. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

1.75 14.0 122.8 57.3 7.1 

4.25 12.0 123.9 79.0 7.2 

4.75 12.5 125.2 71.3 5.5 

14.25 11.5 124.9 30.2 12.3 

14.75 13.1 125.3 46.1 16.9 

 [Note]  1 ft = 0.3 m; 1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 

 

A total of nine C-U triaxial compression tests were conducted on the Shelby tube 

soil samples recovered from this site.  Three were done at the highest depth range, three 

were done at the middle depth range, and three were done at the lowest depth range.  

Specimen depth, t50, internal friction angles, and effective consolidation stress for each 

specimen are given in Table 4.42.  Every specimen at this site was loaded to a 15% axial 

strain without exhibiting any failure conditions.  Very few rocks were found in the 

specimens after testing also. 

 

Table 4.42:  C-U Triaxial Compression Test Results for Site No. 3 (Lake County) 

 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

A-1 (1.6' - 2.1') 8.0 18.8 31.9 5.0 

A-1 (1.0' - 1.5') 10.5 26.9 31.4 15.0 

D-1 (1.1' - 1.6') 9.0 25.5 30.8 30.0 

A-2 (4.1' - 4.6') 2.2 20.3 37.4 7.5 

D-2 (4.0' - 4.5') 2.1 21.4 37.1 15.0 

D-2 (4.7' - 5.2') 10.1 26.0 28.8 30.0 

C-3 (14.7‟ - 15.2‟) 10.2 21.6 30.6 18.0 

A-3 (14.6' - 15.1') 4.1 21.5 30.8 24.0 

D-3 (14.6' - 15.1') 7.2 29.1 30.2 30.0 

[Note]  1 ft = 0.3 m; and 1 psi = 6.895 kPa. 

 

  

 



91 

 

 In addition, a variety of plots are in Appendix C related to the data just given.  

Figures C.30 through C.38 give stress-strain curves for each specimen, and Figures C.39 

through C.44 give p’-q’ and p-q plots for each depth range. 

 

4.5.4  Shear Strength Properties for Site No. 4 (Athens County) 

 Five unconfined compression tests were performed on soil from this site by 

BBCM.  One was done on a Shelby tube from the highest depth range, one was done 

from the middle depth range, and three were done at the lowest depth range.  Table 4.43 

summarizes the test results.   

A total of nine C-U triaxial compression tests were conducted on the relatively 

undisturbed soil samples coming from this site.  Three were done at each depth range.  

Specimen depth, t50,  angles, and effective consolidation stress for each specimen are 

given in Table 4.44.  Eight of the nine specimens were tested to 15% axial strain without 

showing any signs of failure.  Specimen B-3 (20.0 – 20.5 ft or 6.1 – 6.2 m depth) failed at 

12.72% strain.  A few small rocks and shale fragments were found after testing, but they 

were not large enough to affect the results.  Also, it should be mentioned that two tests 

were done with soil from different tubes.  The first specimen listed in Table 4.44 is given 

as A-1 (5.9 – 6.1 ft or 1.8 – 1.9 m) and B-1 (6.1 – 6.4 ft or 1.9 – 2.0 m).  Here, because 

there was not enough soil in each of the tubes to make a specimen of proper height, two 

smaller sections were placed on top of each other.  The same procedure was done with the 

specimen listed as B-2 (9.4 – 9.5 ft or 2.8 – 2.9 m) and D-2 (9.6 – 10.0 ft or 2.9 – 3.0 m).  

In addition, a variety of plots related to the data just given are in Appendix C.  Figures 

C.45 through C.53 give stress-strain curves for each specimen, and Figures C.54 through 
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C.59 give p’-q’ and p-q plots for each depth range. 

 

Table 4.43:  Unconfined Compression Strength Test Results for Site No. 4 (Athens 

County) 

 

Ave. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

5.25 12.7 119.7 38.0 2.1 

8.25 12.0 109.2 25.8 1.3 

19.25 15.2 105.7 15.0 2.1 

19.75 14.8 116.5 31.5 3.8 

20.25 22.0 105.1 41.8 7.0 

 [Note]  1 ft = 0.3 m; and 1 psi = 6.895 kPa. 

 

Table 4.44:  C-U Triaxial Compression Test Results for Site No. 4 (Athens County) 

 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

A-1 (5.9‟ – 6.1‟) & 

B-1 (6.1‟ – 6.4‟) 
6.0 23.2 34.8 7.5 

B-1 (5.5' - 6.0') 7.4 24.3 34.8 15.0 

D-1 (5.9‟ – 6.4‟) 7.5 23.9 33.9 30.0 

B-2 (8.8' - 9.3') 3.2 25.9 34.1 15.0 

D-2 (9.0' - 9.5') 4.0 19.1 33.7 22.5 

B-2 (9.4‟ – 9.5‟) & 

D-2 (9.6‟ – 10.0‟) 
2.9 22.2 31.4 30.0 

A-3 (20.0' - 20.5') 50.0 17.6 27.4 22.0 

B-3 (20.0' - 20.5') 25.0 15.0 25.4 30.0 

D-3 (20.0' - 20.5') 53.0 18.8 27.6 40.0 

 

 

4.5.5  Shear Strength Properties from Site No. 5 (Morrow County) 

 Four unconfined compression tests were performed on soil from this site by 

BBCM.  Two were done on a Shelby tube from the highest depth range, one was done 

from the middle depth range, and one was done at the lowest depth range.  Table 4.45 

summarizes the test results.   
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Table 4.45:  Unconfined Compression Strength Test Results for Site No. 5 (Morrow 

County) 

Ave. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

10.25 14.0 118.2 20.3 8.4 

10.75 11.4 128.2 47.8 8.2 

13.25 14.8 111.4 19.1 9.1 

17.75 16.0 110.0 20.8 9.4 

[Note]  1 ft = 0.3 m; 1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 

 

 

  

 A total of nine C-U triaxial compression tests were performed on the Shelby tube 

soil samples taken from this site.  Three were done at the top depth range, three were 

done at the middle depth range, and three were done at the lowest depth range.  Specimen 

depth, t50, and  angles for each specimen are given in Table 4.46.  All of the specimens 

were tested to 15% axial strain without reaching any failure conditions.  There were also 

a few small rocks found in some of the samples, but they likely did not affect the final 

results.  In addition, a variety of plots related to the data just given are in Appendix C.  

Figures C.60 through C.68 give stress-strain curves for each specimen, and Figures C.69 

through C.74 give p’-q’ and p-q plots for each depth range.  

 

Table 4.46:  C-U Triaxial Compression Test Results for Site No. 5 (Morrow County) 

 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

B-1 (10.5' - 11.0') 2.7 22.3 34.4 15.0 

C-1 (10.5' - 11.0') 5.0 20.9 33.7 22.5 

D-1 (10.5' - 11.0') 9.0 17.7 33.2 30.0 

D-2 (13.3' -13.8') 5.1 25.4 33.8 15.0 

C-2 (13.8' - 14.3') 5.3 25.1 32.7 22.5 

C-2 (13.3' - 13.7') 4.0 21.1 32.7 30.0 

B-3 (17.9' - 18.4') 6.8 23.1 34.1 20.0 

D-3 (18.2' - 18.6') 3.1 20.0 36.9 30.0 

C-3 (17.6' - 18.1') 4.7 15.1 31.8 35.0 

[Note]  1 ft = 0.3 m; and 1 psi = 6.895 kPa. 
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4.5.6  Shear Strength Properties from Site No. 6 (Erie County) 

 Five unconfined compression tests were performed by BBCM on soil samples 

recovered from this site.  Two were done on a Shelby tube from the highest depth range, 

two were done from the middle depth range, and one was done at the lowest depth range.  

Table 4.47 summarizes the test results.   

A total of nine C-U triaxial compression tests were conducted on the Shelby tube 

samples recovered from this site.  Three were done at the top depth range, three were 

done at the middle depth range, and three were done at the lowest depth range.  Specimen 

depth, t50, and  angles for each specimen are given in Table 4.48.  All of the specimens 

were tested to 15% axial strain without reaching any clear failure conditions.  These soil 

specimens contained no gravel size particles and/or rock fragments. 

In addition, a variety of plots related to the data just given are in Appendix C.  

Figures C.75 through C.84 give stress-strain curves for each specimen, and Figures C.85 

through C.90 give p’-q’ and p-q plots for each depth range.  

 

 

Table 4.47:  Unconfined Compression Strength Test Results for Site No. 6 (Erie County) 

 

Ave. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

2.95 25.4 98.0 21.3 13.0 

3.50 26.0 97.7 18.9 16.1 

6.50 24.6 101.0 24.3 6.6 

7.15 28.1 97.1 21.2 7.8 

11.80 25.7 97.6 16.9 8.5 

[Note]  1 ft = 0.3 m; 1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 
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Table 4.48:  C-U Triaxial Compression Test Results for Site No. 6 (Erie County) 

 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

B-1 (2.7' - 3.2') 72.0 13.5 26.7 29.5 

B-1 (3.0' - 3.5') 45.0 10.6 26.6 15.2 

D-1 (3.25' - 3.75') 10.2 9.2 35.6 5.2 

D-2 (6.25' -6.75') 20.0 10.9 25.6 20.0 

D-2 (6.8' - 7.3') 75.0 9.2 28.1 10.2 

B-2 (6.9' - 7.4') 110.0 11.7 25.5 29.9 

B-3 (11.55' - 12.05') 23.0 12.9 26.6 15.0 

C-3 (11.55' - 12.05') 30.0 12.8 27.2 22.3 

D-3 (12.9' - 13.4') 79.0 12.1 26.9 27.2 

[Note]  1 ft = 0.3 m; and 1 psi = 6.895 kPa. 
 

 

4.5.7  Shear Strength Properties from Site No. 7 (Hancock County) 

 Five unconfined compression tests were performed by BBCM on soil samples 

recovered from this site.  One was done on a Shelby tube from the highest depth range, 

three were done from the middle depth range, and one was done at the lowest depth 

range.  Table 4.49 summarizes the test results.  The first two specimens listed in the table 

did not exhibit any peak in the compressive stress when loaded to 20% axial strain. 

 

Table 4.49:  Unconfined Compression Strength Test Results for Site No. 7 (Hancock 

County) 

Ave. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

6.55 20.0 110.1 24.6 20.0 

10.95 21.4 107.2 39.4 20.0 

10.95 21.6 105.1 34.4 8.3 

11.05 20.1 108.8 35.9 11.9 

17.45 18.5 111.3 61.2 10.2 

[Note]  1 ft = 0.3 m; 1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 

 

 

 A total of eight C-U triaxial compression tests were performed on the Shelby tube 

soil samples obtained from this site.  Three were done at the top depth range, two were 
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done at the middle depth range, and three were done at the lowest depth range.  Specimen 

depth, t50, and  angles for each specimen are given in Table 4.50.  All of the specimens 

were tested to 15% axial strain without reaching any clear failure conditions.  These soil 

specimens contained no gravel size particles and/or rock fragments. 

 

Table 4.50:  C-U Triaxial Compression Test Results for Site No. 7 (Hancock County) 

 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

D-1 (6.3' - 6.8') 60.0 14.0 26.2 25.0 

C-1 (6.5' - 7.0') 46.0 15.2 27.6 17.1 

A-1 (6.75' - 7.25') 19.0 16.4 28.0 10.0 

A-2 (10.7' -11.2') 40.0 14.7 28.2 11.9 

B-2 (10.7' - 11.2') 36.0 12.5 26.5 18.9 

A-3 (17.2' - 17.7') 9.0 20.0 29.1 15.1 

B-3 (17.2' - 17.7') 9.3 20.7 30.2 22.3 

D-3 (17.4' - 17.9') 10.0 20.7 28.3 31.3 

[Note]  1 ft = 0.3 m; and 1 psi = 6.895 kPa. 
 

 

 

In addition, a variety of plots related to the data just given are in Appendix C.  

Figures C.91 through C.99 give stress-strain curves for each specimen, and Figures C.100 

through C.105 give p’-q’ and p-q plots for each depth range.  

 

4.5.8  Shear Strength Properties from Site No. 8 (Muskingum County) 

 Only three unconfined compression tests were performed by BBCM on soil 

samples recovered from this site.  They were all done in the depth range where a cohesive 

soil layer was found.  Table 4.51 summarizes the test results.   
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Table 4.51:  Unconfined Compression Strength Test Results for Site No. 8 (Muskingum 

County) 

Ave. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

9.50 14.9 119.1 30.3 11.2 

9.75 15.9 117.2 48.9 10.9 

10.25 13.9 121.4 28.0 8.1 

[Note]  1 ft = 0.3 m; 1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 

 

  

  

A total of five C-U triaxial compression tests were performed on the soils taken 

from this site.  All five tests were done for the depth range, in which a cohesive soil layer 

was encountered in the field.  Specimen depth, t50, and  angles for each specimen are 

given in Table 4.52.  All of the specimens were tested to 15% axial strain without 

reaching any clear failure conditions.  These soil specimens each contained a few small 

gravel size particles. 

 

Table 4.52:  C-U Triaxial Compression Test Results for Site No. 8 (Muskingum County) 

 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

B-1 (9.5' - 10.0') 9.0 19.0 34.7 15.2 

C-1 (9.5' - 10.5') 4.0 24.1 36.4 20.2 

A-1 (10.0' -10.5') 8.0 14.4 35.8 12.6 

B-1 (10.0' - 10.5') 7.0 20.0 33.9 20.4 

C-1 (10.0' – 10.5') 5.0 22.8 34.6 16.6 
 

 

In addition, a variety of plots related to the data just given are in Appendix C.  

Figures C.106 through C.110 give stress-strain curves for each specimen, and Figures 

C.111 through C.114 give p’-q’ and p-q plots for each depth range.  
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4.5.9  Shear Strength Properties from Site No. 9 (Noble County) 

 Five unconfined compression tests were performed by BBCM on soil samples 

recovered from this site.  Two were done on a Shelby tube from the highest depth range, 

one was done from the middle depth range, and two were done at the lowest depth range.  

Table 4.53 summarizes the test results.   

 

Table 4.53:  Unconfined Compression Strength Test Results for Site No. 9 (Noble 

County) 

 

Ave. Depth of 

Specimen (ft) 

Moisture 

Content (%) 

Dry Unit Weight 

(pcf) 

Unconfined 

Comp. Strength 

(psi) 

Strain at Failure 

(%) 

4.25 14.0 124.5 20.2 2.5 

4.75 15.2 117.3 18.4 3.0 

7.25 13.5 123.2 21.2 1.5 

10.25 12.5 123.8 20.8 3.0 

10.50 12.5 126.8 30.3 2.6 

[Note]  1 ft = 0.3 m; 1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 

 

 

  

A total of nine C-U triaxial compression tests were performed on the soil samples 

recovered from this site.  Three were done at the top depth range, three were done at the 

middle depth range, and three were done at the lowest depth range.  Specimen depth, t50, 

and  angles for each specimen are given in Table 4.54.  All of the specimens were tested 

to 15% axial strain without reaching any clear failure conditions.  These soil specimens 

often contained a few small size rock fragments. 

In addition, a variety of plots related to the data just given are in Appendix C.  

Figures C.115 through C.125 give stress-strain curves for each specimen, and Figures 

C.126 through C.131 give p’-q’ and p-q plots for each depth range.  
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Table 4.54:  C-U Triaxial Compression Test Results for Site No. 9 (Noble County) 

 

Specimen (Depth) t50 (min)  (degrees) ' (degrees) 
Effective Consolidation 

Pressure (psi) 

B-1 (6.3' - 6.8') 3.0 12.0 33.6 12.0 

C-1 (6.5' - 7.0') 20.0 13.3 30.6 20.0 

B-1 (6.75' - 7.25') 10.0 13.8 31.0 25.3 

A-2 (10.7' -11.2') 2.0 15.2 33.2 12.7 

D-2 (10.7' - 11.2') 4.5 14.5 31.9 19.9 

E-1 (10.8' - 11.3') 17.0 13.3 29.6 25.5 

B-3 (17.2' - 17.7') 4.3 9.6 31.4 12.9 

C-3 (17.2' - 17.7') 3.5 14.7 32.1 20.2 

D-3 (17.4' - 17.9') 3.0 14.3 32.7 25.2 

[Note]  1 ft = 0.3 m; and 1 psi = 6.895 kPa. 

 

4.6 Shear Strength Parameters for Different Soil Types 

 In the previous section, total-stress and effective-stress angles of internal friction 

were determined for each soil specimen.  Now they can be combined to address shear 

strength properties for each soil type.  Also, the C-U triaxial test data was revisited to 

determine short-term (undrained) and long-term (drained) cohesion properties. 

 

Table 4.55: Effective-Stress Friction Angle for Each Soil Type Encountered 

Soil 

Type 
Drained (or Long-Term) Angle of Internal Friction  (degrees) 

Value 1 Value 2 Value 3 Value 4 Value 5 Value 6 Value 7 

A-4a 34.7 34.8 33.6 33.5 34.2 37.4 37.1 

A-4b 34.7 36.4 --- --- --- --- --- 

A-6a 37.8 32.9 30.5 36.8 31.9 31.4 30.8 

A-6b 29.1 30.2 28.3 33.6 30.6 24.4 31.0 

A-7-6 30.8 28.0 25.3 29.2 27.9 24.5 26.4 

 

Soil 

Type 
Drained (or Long-Term) Angle of Internal Friction  (degrees) 

Value 8 Value 9 Value 10 Value 11 Value 12 Value 13 Value 14 

A-4a 28.8 30.6 30.8 30.2 33.8 32.7 34.1 

A-6a 34.8 33.9 34.1 33.7 31.4 34.4 33.7 

A-6b 33.2 31.9 29.6 --- --- --- --- 

A-7-6 26.8 27.4 25.4 27.6 26.8 26.7 26.6 
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Soil 

Type 
Drained (or Long-Term) Angle of Internal Friction  (degrees) 

Value 15 Value 16 Value 17 Value 18 Value 19 Value 20 Value 21 

A-4a 36.9 31.8 --- --- --- --- --- 

A-6a 33.2 35.8 33.9 34.6 31.4 32.1 32.7 

A-7-6 35.6 25.6 28.1 25.5 26.6 27.2 26.9 

 

Soil 

Type 
Drained (or Long-Term) Angle of Internal Friction  (degrees) 

Value 22 Value 23 Value 24 Value 25 Value 26 Range Average 

A-4a --- --- --- --- --- 28.8-37.4 33.4 

A-4b --- --- --- --- --- 34.7-36.4 35.6 

A-6a --- --- --- --- --- 30.5-37.8 33.4 

A-6b --- --- --- --- --- 24.4-33.6 30.2 

A-7-6 26.2 27.6 28.0 28.2 26.5 24.5-35.6 27.4 

 

Table 4.56:  Undrained (or Short-Term) Cohesions Based on C-U Test Results 

Soil 

Type 

Undrained (or Short-Term) Cohesion (psi) 

Value 1 Value 2 Value 3 Value 4 Value 5 Value 6 Average 

A-4a 14.63 4.82 12.80 15.99 --- --- 12.06 

A-6a 12.48 7.09 12.48 11.90 15.42 --- 11.87 

A-6b 9.53 4.39 12.73 --- --- --- 8.88 

A-7-6 5.37 9.19 1.58 2.60 2.86 13.03 5.77 

[Note]  1 psi = 6.895 kPa. 

 

Table 4.57:  Undrained (or Short-Term) Cohesions Based on UC Test Results 

Soil 

Type 

Undrained (or Short-Term) Cohesion cu (psi) 

Value 1 Value 2 Value 3 Value 4 Value 5 Value 6 Value 7 

A-4a 20.50 22.55 39.50 35.65 15.10 23.05 9.55 

A-4b 15.15 24.45 --- --- --- --- --- 

A-6a 18.30 28.65 19.00 12.90 23.90 14.00 10.40 

A-6b 17.95 30.60 10.10 9.20 10.60 --- --- 

A-7-6 12.40 15.30 12.40 9.35 23.45 20.90 10.65 

 

Soil 

Type 

Undrained (or Short-Term) Cohesion cu (psi) 

Value 8 Value 9 Value 10 Value 11 Value 12 Value 13 Average 

A-4a 10.40 --- --- --- --- --- 22.04 

A-4b --- --- --- --- --- --- 19.80 

A-6a 15.15 --- --- --- --- --- 17.79 

A-6b --- --- --- --- --- --- 15.69 

A-7-6 9.45 12.15 10.60 8.45 12.30 19.70 13.62 

Table 4.58:  Drained (or Long-Term) Cohesions Based on C-U Triaxial Test Results 
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Soil 

Type 
Long-Term Cohesion c  (psi) 

Value 1 Value 2 Value 3 Value 4 Value 5 Average 

A-4a 6.05 8.20 1.03 4.41 --- 4.92 

 A-6a 6.15 0.89 1.80 4.82 --- 3.42 

A-6b 2.97 1.98 8.66 --- --- 4.54 

A-7-6 2.76 4.65 1.35 1.25 6.45 3.29 

[Note]  1 psi = 6.895 kPa. 
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CHAPTER 5: EVALUATION OF EMPIRICAL CORRELATIONS, STATISTICAL 

ANALYSIS, AND GEOTECHNICAL GUIDELINES 

 

 This chapter first evaluates the empirical correlations presented in Chapter 2 in 

light of the data collected in the current study.   Then, meaningful correlations between 

the different soil properties are sought using various linear and nonlinear mathematical 

models and multi-variable regression analysis method.  Appendix E present statistically 

strong correlation plots for shear strength properties of Ohio cohesive soils.  In addition, 

differences between soil type subsets or regions in Ohio are assessed using a T-test 

technique.  Based on the outcome of these data analyses, preliminary guidelines are 

recommended for estimating shear strength properties of embankment soils encountered 

in Ohio. 

 

5.1 Evaluations of Empirical Correlations 

 

5.1.1 SPT-N vs. Unconfined Compression Strength by Terzaghi 

 

 The first empirical correlation to be evaluated is the one between the fully 

corrected SPT-N value and unconfined compression strength proposed by Terzaghi 

(1996).  This correlation was previously presented in Table 2.2.  In Table 5.1, the 

unconfined compressive strengths of A-4 soils measured for four sites (FAY-35, LAK-2, 

MRW-71, and MUS-70) are entered into the chart prepared by Terzaghi, along with the 

corresponding (N60)1 values.  All of the unconfined compression strength data obtained 

for Site 2 (FAY-35) and Site 5 (MRW-71) reside outside the range reported by Terzaghi.  

In contrast, all of the strength measurements from Site 3 (LAK-2) and Site 8 (MUS-70) 

conform to the ranges cited by Terzaghi.  Overall, slightly more than half (54.5%) of the 

data points reside within the range given by Terzaghi. 
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Table 5.1:  Evaluation of Terzaghi‟s Correlation for A-4 Soils 

SPT 

(N60)1 

Unconfined Compressive Strength (psi) 

Terzaghi Values Within Range Values Outside Range 

< 2 < 3.6 --- --- 

2 - 4 3.6-7.3 --- --- 

4 – 8 7.3 – 14.5 --- --- 

8 – 15 14.5 – 29 20.3 45.1 

15 – 30 29 – 58 30.2, 30.3, 46.1, 48.9 19.1 

> 30 > 58 71.3, 79.0 20.8, 25.2, 41.0 

 [Note]  1 psi = 6.895 kPa. 

 

 Next, the unconfined compression strengths of A-6 soils are compared to 

Terzaghi‟s empirical SPT-(N60)1 vs. unconfined compression strength relation for seven 

sites (FAY-35, LAK-2, ATH-33, MRW-71, HAN-75, MUS-70, and NOB-77), as shown in 

Table 5.2.  All the measured values for Site 2 (FAY-35), Site 3 (LAK-2), Site 4 (ATH-33), 

and Site 5 (MRW-71) are falling out of Terzaghi‟s range.  In contrast, all of the strength 

measurements from Site 7 (HAN-75) and Site 8 (MUS-70) conform to the ranges cited by 

Terzaghi.  Only one of the five measured unconfined compression strength values are 

staying within the range reported by Terzaghi for A-6 soils recovered from Site 9 (NOB-

77). Overall, only about a quarter (28.6%) of the data points reside within the range given 

by Terzaghi. 

 

Table 5.2:  Evaluation of Terzaghi‟s Correlation for A-6 Soils 

SPT 

(N60)1 

Unconfined Compressive Strength (psi) 

Terzaghi Values Within Range Values Outside Range 

< 2 < 3.6 --- --- 

2 - 4 3.6-7.3 --- --- 

4 – 8 7.3 – 14.5 --- --- 

8 – 15 14.5 – 29 --- 47.8 

15 – 30 29 – 58 28.0, 30.3, 35.9 18.4, 20.8, 21.2, 25.8, 

61.2 

> 30 > 58 61.2 20.2, 36.6, 38.0, 57.3 
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Finally, the unconfined compression strengths of A-7-6 soil samples encountered 

at four sites (HAM-75, ATH-33, ERI-2, and HAN-75) are applied to the empirical 

correlation of Terzaghi, as seen in Table 5.3.  Only one of the four measured unconfined 

compression test values are staying within the range reported by Terzaghi for A-7-6 soils 

recovered from Site 1 (HAM-75).  The value of 41.8 psi (288 kPa) coming from the Site 

4 (ATH-33) is conforming to the Terzaghi‟s guideline.  On the contrary, five of the six 

measurements obtained for Site 6 (ERI-2) are within the Terzaghi‟s range.  None of the 

data from Site 7 (HAN-75) is falling within the range reported by Terzaghi.  It is noted 

here that unconfined compression strengths of all of the data points are falling within the 

range specified by Terzaghi for cases where the SPT (N60)1 value ranges between 8 and 

15.  It is also noted that unconfined compression strength of every data point is outside 

the range specified by Terzaghi for cases where the SPT (N60)1 value is above 30.  

Overall, about half (53.8%) of the data points reside within the range given by Terzaghi. 

 

Table 5.3:  Evaluation of Terzaghi‟s Data for A-7-6 Soils 

SPT 

(N60)1 

Unconfined Compressive Strength (psi) 

Terzaghi Values Within Range Values Outside Range 

< 2 < 3.6 --- --- 

2 - 4 3.6-7.3 --- --- 

4 – 8 7.3 – 14.5 --- --- 

8 – 15 14.5 – 29 18.9, 21.2, 21.3, 24.3 --- 

15 – 30 29 – 58 30.6, 39.4, 41.8 16.9, 18.7, 24.8 

> 30 > 58 --- 24.6, 39.4, 46.9 

 [Note]  1 psi = 6.895 kPa. 

 

 The results presented in Tables 5.1 through 5.3 indicate that the empirical 

correlation between the SPT-(N60)1 and unconfined compression strength published by 

Terzaghi is not well suited to the highway embankment soils encountered in Ohio. 
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5.1.2 SPT-N vs. Unconfined Compression by Dept. of Navy 

 The next correlation to be assessed is also concerned with the link between the 

SPT-(N60)1 and the unconfined compression strength.  It was presented by the Dept. of 

Navy (1982), as summarized in Table 2.3.  The correlation here involves the lower and 

upper bounds, depending on the value of liquid limit.  The lower bound is given by the 

values in Table 2.3 listed as „low plasticity‟.  The upper bound is given by the values in 

Table 2.3 listed as „high plasticity‟.  The actual unconfined compression strengths 

measured during the current study can be plotted into the correlation chart.  Figure 5.1 

shows this for all three soil types (A-4, A-6, and A-7-6). 

 

 

Figure 5.1:  Evaluation of Dept. of Navy qu vs. SPT-(N60)1 Plot for All Soil Types 

[Note]  1 psi = 6.895 kPa. 

A total of thirty-eight data points are shown in Figure 5.1.  Nineteen of these 

points fall in the zone between the upper and lower bound curves given by the Dept. of 
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Navy (1982).  This means that exactly half (50.0%) of the measured SPT and unconfined 

compression data for all three major Ohio soil types follow the empirical correlations 

reported by the Dept. of Navy.   Among the nineteen data points located outside the range 

specified by the Dept. of Navy, ten data points (about 52.6%) reside below the lower 

bound curve and nine data points (47.4%) reside above the upper bound curve. 

 To evaluate the Navy‟s empirical correlation further, the data compiled for each 

major soil type are entered into the correlation chart.  Figure 5.2 shows a plot of 

unconfined compressive strength against (N60)1 for A-4 soil samples.  There are ten data 

points shown in the plot.  Five (50.0%) of these points are located between the lower and 

upper bound curves.  Out of the remaining five data points, two (40.0%) of them are 

found below the lower bound curve and three (60.0%) are above the upper bound curve.    

Figure 5.3 shows a similar plot of unconfined compressive strength against (N60)1 

for A-6 soils analyzed in the current study.  The figure contains a total of fourteen data 

points.  Out of these data points, seven (50.0%) are located inside the zone specified by 

the Dept. of Navy.  Among the remaining half of the data points, five (71.4%) are seen 

below the lower bound curve and two (28.6%) reside above the upper bound curve.  

Figure 5.3 includes eight data points of A-6a soils and six data points of A-6b soils.  In 

case of A-6a soils, three (37.5%) data points fall within the zone specified by the Dept. of 

Navy.  Out of the five data points located outside the zone, four (80.0%) are found below 

the lower bound curve and only one point (20.0%) exists above the upper bound curve.  

In case of A-6b soils, four (66.7%) data points fall within the zone specified by the Dept. 

of Navy.  Out of the two data points located outside the zone, one point (50.0%) is found 

below the lower bound curve and one point (50.0%) exists above the upper bound curve.   
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Figure 5.2:  Evaluation of Dept. of Navy Correlation Plot for A-4 Soils 

 

 

Figure 5.3:  Evaluation of Dept. of Navy (1982) Data for A-6 Soils 

[Note]  1 psi = 6.895 kPa. 
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Finally, in Figure 5.4, the unconfined compression strength vs. SPT-(N60)1 data 

compiled for A-7-6 soils is compared with the empirical correlations established by the 

Dept. of Navy (1982). A total of fourteen data exists in the plot.  Seven (50.0%) of the 

data points in Figure 5.4 are staying within the bounds given by the Dept. of Navy.  

Among the remaining seven data points, three (42.9%) are located below the lower bound 

curve and four data points are (57.1%) are found above the upper bound curve.   

 

 

Figure 5.4:  Evaluation of Dept. of Navy (1982) Data for A-7-6 Soils 

[Note]  1 psi = 6.895 kPa. 

  

 In summary, although the amount of data may be still somewhat lacking, the 

results presented above indicate that the empirical SPT-(N60)1 vs. unconfined 

compression strength correlation reported by the Dept. of Navy (1982) is reliable only in 

50% of the cases involving the cohesive soils found in Ohio.    
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5.1.3 Effective Friction Angle vs. Plasticity Index by Terzaghi 

 The third empirical correlation to be tested here is the one between the effective 

friction angle and the plasticity index.  This was established previously by Terzaghi, as 

shown in Table 2.4 and Figure 2.9.  All of the data produced in the current study are 

added to Figure 2.9 to see how well engineering properties of the Ohio embankment soils 

obey to the Terzaghi‟s empirical relationship.  This is shown in Figure 5.5 for all three 

major soil types (A-4, A-6, and A-7-6) encountered in the study. 

 

 

Figure 5.5:  Comparison of Terzaghi & ORITE Data (All Soil Types) 

  

 Figure 5.5 contain a total of seventy three data points.  Looking at the results 

summarized in Figure 5.5, it is noted that fifty six (76.7%) of the data points produced in 

this study land inside the correlation band reported by Terzaghi.  This means that 

seventeen data points (23.3%) are falling outside the band.  The correlation band is 6° 
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deep, with the upper bound and lower bound curves located at + 3° of the central curve.  

Most of the data points located outside the band seem to be positioned within + 5° of the 

central curve.  Out of the points falling outside the range, five data points (29.4%) exist 

above the upper bound curve and fourteen (70.6%) are located below the lower bound 

curve. 

 Statistically speaking, the standard deviation between the measured  values and 

the Terzaghi‟s average  values is 2.51.  More than half (63.5%) of the measured values 

reside within the Terzaghi‟s average value + 1  (standard deviation).  Most (96.0%) of 

the measured values reside within the Terzaghi‟s average value + 2  (standard deviation). 

 The results shown in Figure 5.5 can be also broken down further into each major 

soil type to examine which soil type conform to the Terzaghi‟s -PI correlation more 

closely than others.  Figure 5.6 shows such a plot for the A-4 soil samples tested in the 

current study.  The A-4 soil data points crowd the upper left portion of the plot, where the 

plasticity index values range from 7 to 13.  Out of nineteen data points appearing in the 

plot, thirteen (68.4%) are landing inside the correlation band set by Terzaghi.  This means 

that six data points (31.6%) did not conform to the Terzaghi‟s correlation pattern.  Out of 

these outliers, three (50.0%) reside above the upper bound curve and three are below the 

lower bound curve.   
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Figure 5.6:  Comparison of Terzaghi & ORITE Data (A-4 Soils) 

 

 

 In Figure 5.7 the measured properties of the A-6a soil samples are plotted in terms 

of the effective friction angle against the plasticity index.  The figure has a total of twenty 

two data points.  Out of these data points, twenty data points (90.9%) are falling inside 

the band.  The remaining two data points, which are located outside the band, are both 

found above the upper bound curve.  None are seen below the lower bound curve.  Figure 

5.8 present a similar graphical plot for the A-6b soils tested in the current study.  Here, 

there are nine data points involved.  Out of these, none ended up outside the band.   

  



112 

 

 

Figure 5.7:  Comparison of Terzaghi & ORITE Data (A-6a Soils) 

 

 

Figure 5.8:  Comparison of Terzaghi & ORITE Data (A-6b Soils) 
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Finally, in Figure 5.9, the measured properties of the A-7-6 soil samples are 

plotted over the Terzaghi‟s empirical correlation chart.   Here, a total of twenty three data 

points are presented graphically.  Out of these cases, fourteen (60.9%) are landing inside 

the band reported by Terzaghi.  Most of the outside data points are within 5° below the 

central curve.  None of the outside points are detected near the upper bound curve. 

 

 

Figure 5.9:  Comparison of Terzaghi & ORITE Data (A-7-6 Soils) 

  

In summary, it can be stated that the empirical -PI correlation established by 

Terzaghi appear to be fairly reliable for most of the cohesive soils encountered in the 

current study.  This statement is especially true for A-4 and A-6 soils.  In case of A-7-6 

soils found in Ohio, the actual -PI correlation tends to center about the lower bound 

curve set by Terzaghi. 
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5.1.4 Soil Type vs. Effective Friction Angle by Dept. of Navy 

 The last empirical correlation that can be evaluated here involves the soil type and 

effective friction angle, as reported by Dept. of Navy (1982).  This correlation is shown 

in Table 5.4, along with the range and average effective angle of internal friction 

determined for each major soil type in the current study. 

 

Table 5.4:  Comparison of Dept. of Navy and ORITE Data 

Soil Type ' (degrees) – Dept. of Navy (1982) ' (degrees) – ORITE Value 

A-4 32 Range 28.8-37.4 (Ave. 33.6) 

A-6 28 Range 28.3-37.8 (Ave. 32.7) 

A-7-6  Range 19-28 (Ave. 25) Range 24.5-35.6 (Ave. 27.4) 

 

 

According to this table, the average measured ' value and the Dept. of Navy 

(1982) ' value are fairly close to each other for A-4 soil.  For A-6 soils, the average 

measured ' value is higher than the ' value listed by the Dept. of Navy.  For A-7-6 soil, 

the average measured ' value is slightly below the upper bound of the range reported by 

the Dept. of Navy.   

 

5.2 Single-Variable Linear Regression Analysis 

In Section 3.5, it was stated that many mathematical models (such as linear, 2
nd

 

degree polynomial, logarithmic, power, exponential, hyperbolic, and reciprocal) would be 

applied to the data set to identify the best model and strongest correlations that appear to 

exist for the shear strength characteristics of major highway embankment soils found in 

Ohio.   

 Single-variable linear regression analysis was performed for the soils tested.  As 
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mentioned in Chapter 3, six paths of correlations were formulated.  These paths were 

illustrated in Figure 3.5.   They are described again in Table 5.5. 

 

The following equation was applied in all of the linear regression analyses: 

 

 

y = mx + b          (5.1) 

 

Table 5.5:  Correlation Paths for Single-Variable Data Analysis 

Path Dependent Variable vs. Independent Variable 

1 Corrected SPT-N Values vs. Laboratory Soil Index Properties 

2 Laboratory Triaxial Test Results vs. Laboratory Soil Index Properties 

3 Unconfined Compressive Strength vs. Laboratory Triaxial Test Results 

4 Corrected SPT-N Values vs. Unconfined Compressive Strength 

5 Unconfined Compressive Strength vs. Laboratory Soil Index Properties 

6 Corrected SPT-N Values vs. Laboratory Triaxial Test Results 

 

 

With all the variables involved and the mathematical functions enlisted, the 

analysis along the six paths illustrated in Figure 3.5 created more than one hundred cases 

for each soil type.  Among the variables, both the natural moisture content and % 

compaction were ties to the unconfined compression (UC) tests conducted in the project.  

There are two versions of the dry unit weight (one measured for the unconfined 

compression test and another measured during the C-U triaxial test).  % compaction was 

computed for each UC test specimen using the maximum dry unit values listed 

previously in Section 2.1.5.  Units used for some of the variables include psi for the 

unconfined compression strength (qu), degrees for friction angle ( ) and effective-stress 

friction angle ( ), psi for cohesion (cu) and effective-stress cohesion (c ), pcf for dry unit 

weight ( d), and minutes for 50% consolidation time (t50). Throughout this chapter, the 

correlations will be listed with the strongest one at the top of the table and getting weaker 
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as they go down.  Any correlation with the coefficient of determination (R
2
) value equal 

to 0.8 or above will be viewed as a statistically strong (meaningful) correlation.  

 

5.2.1 A-4a Soils  

Table 5.6 summarizes the results of the linear regression analysis performed for 

SPT-(N1)60 measured in A-4a soils.  None of the correlations listed in the table yielded the 

R
2
 value higher than 0.80.    

 

Table 5.6:  Single-Variable Linear Correlations for SPT-(N60)1 of A-4a Soils 

Dependent 

Variable y 
Independent Variable x R

2
 Equation 

SPT-(N60)1 Unconf. Compr. Strength (qu) 0.354 y = 0.402x + 16.24 

SPT-(N60)1 % Clay 0.201 y = 2.000x – 25.00 

SPT-(N60)1 Plastic Limit (PL) 0.125 y = 2.109x – 2.547 

SPT-(N60)1 Effective Friction Angle ( ') 0.116 y = 1.918x – 31.98 

SPT-(N60)1 Liquid Limit (LL) 0.112 y = 1.196x + 0.728 

SPT-(N60)1 Final Moisture Content (C-U Test) 0.091 y = 1.211x + 15.13 

SPT-(N60)1 % Gravel 0.086 y = -0.841x + 39.38 

SPT-(N60)1 % Silt 0.072 y = - 0.870x + 67.07 

SPT-(N60)1 Plasticity Index (PI) 0.043 y = 1.249x + 19.86 

SPT-(N60)1 Dry Unit Weight (C-U Test) 0.033 y = -0.401x + 83.49 

SPT-(N60)1 Specific Gravity (Gs) 0.020 y = 74.76x – 168.6 

SPT-(N60)1 Friction Angle ( ) 0.007 y = -0.234x + 37.78 

SPT-(N60)1 Natural Moisture Content (w) 0.005 y = 0.386x + 27.21 

SPT-(N60)1 Dry Unit Weight (UC Test) 0.004 y = -0.099x + 44.07 

SPT-(N60)1 % Sand 0.003 y = 0.416x + 21.60 

SPT-(N60)1 % Compaction 0.003 y = -0.115x + 43.67 

SPT-(N60)1 Time for 50% Consolidation (t50) 0.003 y = -0.256x + 33.20 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   

 

Tables 5.7 through 5.11 present similar regression analysis results for unconfined 

compression strength, effective stress friction angle, internal friction angle, cohesion, and 

effective stress (or long-term) cohesion of  A-4a soils, respectively.  No strong linear 
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correlations are surfacing for the unconfined compression strength and effective stress 

friction angle possessed by the A-4a soils (see Tables 5.7 and 5.8).  No statistically 

significant results are seen for the cohesion and effective stress cohesion of the A-4a soils 

(see Tables 5.10 and 5.11).  Only two statistically strong (r
2
 > 0.8) correlations surfaced 

here for A-4a soils.  The first one is a linear correlation between the internal friction angle 

and the dry unit weight measured during the C-U triaxial compression tests (R
2
 = 0.837).  

The second one is a correlation between the effective-stress cohesion and effective-stress 

friction angle (R
2
 = 0.912).  No results can be compiled for the A-4b soils due to a lack of 

data points available. 

 

Table 5.7:  Single-Variable Linear Correlations for Unconfined Compression Strength of 

A-4a Soils 

 
Dependent Variable y Independent Variable x R

2
 Equation 

Unconf. Compr. Strength % Clay 0.701 y = 5.523x – 118.2 

Unconf. Compr. Strength % Silt 0.657 y = -3.894x + 196.0 

Unconf. Compr. Strength % Compaction 0.375 y = 1.822x – 144.7 

Unconf. Compr. Strength Dry Unit Weight (UC Test) 0.374 y = 1.515x – 144.3 

Unconf. Compr. Strength % Sand 0.268 y = 5.485x – 98.44 

Unconf. Compr. Strength Natural Moisture Content (w) 0.256 y = 3.943x + 88.94 

Unconf. Compr. Strength Plasticity Index (PI) 0.149 y = -3.431x + 72.84 

Unconf. Compr. Strength Specific Gravity (Gs) 0.101 y = 246.7x – 622.6 

Unconf. Compr. Strength 
Final Moisture Content (C-U 

Test) 
0.070 y = -1.565x + 61.22 

Unconf. Compr. Strength Liquid Limit (LL) 0.049 y = -1.172x + 70.01 

Unconf. Compr. Strength Effective Friction Angle ( ') 0.044 y = 1.743x – 18.86 

Unconf. Compr. Strength Dry Unit Weight (C-U Test) 0.043 y = 0.681x – 48.02 

Unconf. Compr. Strength 
Time for 50% Consolidation 

(t50) 
0.015 y = -0.900x + 43.36 

Unconf. Compr. Strength Internal Friction Angle ( ) 0.007 y = -0.234x + 37.78 

Unconf. Compr. Strength % Gravel 0.002 y = 0.173x + 37.83 

Unconf. Compr. Strength Plastic Limit (PL) 0.0002 y = 0.117x + 37.42 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.8:  Single-Variable Linear Correlations for Effective-Stress Friction Angle of A-

4a Soils 

 
Dependent Variable y Independent Variable x R

2
 Equation 

Eff. Friction Angle ' Time for 50% Consolidation (t50) 0.559 y = -0.665x + 36.37 

Eff. Friction Angle ' % Sand 0.293 y = 0.688x + 16.12 

Eff. Friction Angle ' Plastic Limit (PL) 0.062 y = -0.264x + 37.73 

Eff. Friction Angle ' Plasticity Index (PI) 0.051 y = 0.240x + 31.06 

Eff. Friction Angle ' Unconf. Compr. Strength (qu) 0.044 y = 0.025x + 32.41 

Eff. Friction Angle ' % Clay 0.043 y = -0.163x + 38.05 

Eff. Friction Angle ' Specific Gravity (Gs) 0.038 y = -18.11x + 82.00 

Eff. Friction Angle ' 
Final Moisture Content (C-U 

Test) 
0.024 y = -0.110x + 34.93 

Eff. Friction Angle ' % Gravel 0.021 y = 0.074x + 32.75 

Eff. Friction Angle ' Natural Moisture Content (w) 0.021 y = -0.136x + 35.11 

Eff. Friction Angle ' Dry Unit Weight (C-U Test) 0.012 y = 0.042x + 27.95 

Eff. Friction Angle ' Dry Unit Weight (UC Test) 0.004 y = -0.020x + 35.76 

Eff. Friction Angle ' % Compaction 0.004 y = -0.022x + 35.66 

Eff. Friction Angle ' Internal Friction Angle ( ) 0.003 y = -0.027x + 34.04 

Eff. Friction Angle ' Liquid Limit (LL) 0.0002 y = -0.010x + 33.65 

Eff. Friction Angle ' % Silt 1E-06 y = -0.0006x + 33.42 

 

Table 5.9: Single-Variable Linear Correlations for Friction Angle of A-4a Soils 

Dependent Variable Independent Variable R
2
 Equation 

Friction Angle  Dry Unit Weight (C-U Test) 0.837 y = 0.718x – 67.79 

Friction Angle  Final Moisture Content (C-U Test) 0.484 y = -0.991x + 38.27 

Friction Angle  Natural Moisture Content (w) 0.413 y = -1.202x + 39.54 

Friction Angle  Liquid Limit (LL) 0.396 y = -0.798x + 45.30 

Friction Angle  Plastic Limit (PL) 0.386 y = -1.316x + 46.01 

Friction Angle  Dry Unit Weight (UC Test) 0.288 y = 0.319x – 14.26 

Friction Angle  % Compaction 0.286 y = 0.382x – 14.14 

Friction Angle  % Gravel 0.239 y = 0.496x + 20.10 

Friction Angle  Specific Gravity (Gs) 0.196 y = 82.22x – 196.2 

Friction Angle  Plasticity Index (PI) 0.188 y = -0.923x + 33.43 

Friction Angle  % Sand 0.101 y = 0.808x + 4.133 

Friction Angle  % Silt 0.033 y = -0.208x + 32.81 

Friction Angle  Unconf. Compr. Strength (qu) 0.016 y = 0.030x + 23.24 

Friction Angle  Time for 50% Consolidation (t50) 0.015 y = -0.218x + 25.39 

Friction Angle  Effective Friction Angle ( ') 0.003 y = -0.107x + 27.98 

Friction Angle  % Clay 6E-05 y = -0.013x + 24.78 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.10: Single-Variable Linear Correlations for Cohesion of A-4a Soils 

Dependent Variable Independent Variable R
2
 Equation 

Cohesion cu % Clay 0.701 y = 2.762x – 59.12 

Cohesion cu % Silt 0.657 y = -1.947x + 98.01 

Cohesion cu % Compaction 0.375 y = 0.911x – 72.35 

Cohesion cu Dry Unit Weight (UC Test) 0.374 y = 0.757x – 72.14 

Cohesion cu % Sand 0.268 y = 2.743x – 49.22 

Cohesion cu Natural Moisture Content (w) 0.256 y = -1.971x + 44.47 

Cohesion cu Plasticity Index (PI) 0.149 y = -1.716x + 36.42 

Cohesion cu Specific Gravity (Gs) 0.101 y = 123.3x – 311.3 

Cohesion cu Final Moisture Content (C-U Test) 0.070 y = -0.783x + 30.61 

Cohesion cu Liquid Limit (LL) 0.049 y = -0.586x + 35.01 

Cohesion cu Effective Friction Angle ( ') 0.044 y = 0.871x – 9.431 

Cohesion cu Internal Friction Angle ( ) 0.016 y = 0.261x + 13.30 

Cohesion cu Time for 50% Consolidation (t50) 0.015 y = -0.450x + 21.68 

Cohesion cu % Gravel 0.002 y = 0.086x + 18.92 

Cohesion cu Plastic Limit (PL) 0.0002 y = 0.058x + 18.71 

 

 

Table 5.11: Single-Variable Linear Correlations for Effective-Stress Cohesion of A-4a 

Soils 

 
Dependent Variable Independent Variable R

2
 Equation 

Cohesion c  Effective Friction Angle ( ') 0.912 y = 1.583x – 47.47 

Cohesion c  Unconf. Compr. Strength (qu) 0.461 y = 0.085x + 1.264 

Cohesion c  Time for 50% Consolidation (t50) 0.410 y = -0.903x + 9.146 

Cohesion c  % Sand 0.339 y = 0.994x – 19.85 

Cohesion c  Natural Moisture Content (w) 0.151 y = -0.491x + 10.96 

Cohesion c  % Clay 0.140 y = 0.341x – 5.147 

Cohesion c  Plasticity Index (PI) 0.107 y = 0.375x + 1.355 

Cohesion c  Plastic Limit (PL) 0.033 y = -0.223x + 8.632 

Cohesion c  
% Silt 0.024 y = -0.093x + 8.631 

Cohesion c  Dry Unit Weight (C-U Test) 0.022 y = 0.086x – 6.326 

Cohesion c  Internal Friction Angle ( ) 0.014 y = 0.076x + 2.947 

Cohesion c  % Compaction 0.014 y = 0.056x – 0.804 

Cohesion c  Dry Unit Weight (UC Test) 0.013 y = 0.045x – 0.706 

Cohesion c  Liquid Limit (LL) 0.011 y = 0.081x + 2.808 

Cohesion c  % Gravel 9E(-5) y = -0.005x + 4.964 

Cohesion c  Specific Gravity (Gs) 4E(-16) y = 1.891x – 0.183 

Cohesion c  Final Moisture Content (C-U Test) 0.000 y = 0.038x + 4.411 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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5.2.2 A-6a Soils 

 

Single-variable linear regression analysis was also performed for the A-6a soil 

data along each correlation path.  Tables 5.12 through 5.17 present the entire outcome.  

Only one statistically meaningful outcome can be seen among the results. The linear 

correlation between the effective-stress cohesion and % silt has a R
2
 value of 0.929 (see 

Table 5.17).  Beyond this, the next best result, found in Table 5.16, exists between the 

cohesion and effective stress friction angle, which were both derived from the C-U 

triaxial test data.   This linear correlation has the coefficient of determination R
2
 of 

0.6215.  Overall, the outcomes reported here indicate that a single-variable linear 

function is not suitable for expressing correlations that exist between various properties 

possessed by the A-6a soils found in Ohio. 

 

Table 5.12:  Single-Variable Linear Correlations for SPT-(N60)1 of A-6a Soils 

Dependent Variable y Independent Variable x R
2
 Equation 

SPT-(N60)1 % Silt 0.293 y = -3.574x + 174.5 

SPT-(N60)1 % Gravel 0.244 y = -2.264x + 49.25 

SPT-(N60)1 % Clay 0.202 y = 1.252x – 3.663 

SPT-(N60)1 
Final Moisture Content (C-U 

Test) 
0.123 y = 2.365x – 5.638 

SPT-(N60)1 Friction Angle ( ) 0.091 y = 0.927x + 13.69 

SPT-(N60)1 Natural Moisture Content (w) 0.083 y = 2.910x – 6.184 

SPT-(N60)1 Dry Unit Weight (UC Test) 0.078 y = -0.590x + 103.0 

SPT-(N60)1 % Compaction 0.078 y = -0.652x + 103.3 

SPT-(N60)1 Dry Unit Weight (C-U Test) 0.069 y = -0.680x + 115.7 

SPT-(N60)1 Plasticity Index (PI) 0.067 y = -1.817x + 55.15 

SPT-(N60)1 Plastic Limit (PL) 0.050 y = 1.776x + 0.380 

SPT-(N60)1 Effective Friction Angle ( ) 0.037 y = 1.373x – 13.70 

SPT-(N60)1 Time for 50% Consol. (t50) 0.024 y = 0.368x + 29.56 

SPT-(N60)1 % Sand 0.009 y = 0.339x + 24.12 

SPT-(N60)1 Liquid Limit (LL) 0.003 y = 0.102x + 29.42 

SPT-(N60)1 Unconf. Compr. Strength (qu) 0.002 y = -0.064x + 34.66 

SPT-(N60)1 Specific Gravity (Gs) 1E(-5) y = 1.109x + 29.250 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.13:  Single-Variable Linear Correlations for Unconfined Compression Strength 

of A-6a Soils 

 
Dependent Variable y Independent Variable x R

2
 Equation 

Unconf. Compr. Strength % Silt 0.451 y = -3.637x + 182.0 

Unconf. Compr. Strength Final Moisture Content (wf) 0.331 y = -3.176x + 88.10 

Unconf. Compr. Strength Dry Unit Weight (C-U Test) 0.302 y = 1.160x – 105.2 

Unconf. Compr. Strength Plastic Limit (PL) 0.285 y = -3.464x + 99.41 

Unconf. Compr. Strength Friction Angle ( ) 0.188 y = 1.093x + 15.30 

Unconf. Compr. Strength Dry Unit Weight (UC Test) 0.175 y = 0.727x – 49.89 

Unconf. Compr. Strength % Compaction 0.173 y = 0.797x – 49.65 

Unconf. Compr. Strength % Clay 0.095 y = 0.705x + 16.95 

Unconf. Compr. Strength % Gravel 0.075 y = -1.033x + 44.95 

Unconf. Compr. Strength Time for 50% Consol. (t50) 0.046 y = 0.414x + 34.15 

Unconf. Compr. Strength Effective Friction Angle ( ) 0.042 y = -1.193x + 77.17 

Unconf. Compr. Strength Plasticity Index (PI) 0.035 y = -1.078x + 50.77 

Unconf. Compr. Strength % Sand 0.030 y = 0.499x + 25.22 

Unconf. Compr. Strength Liquid Limit (LL) 0.027 y = 0.253x + 30.16 

Unconf. Compr. Strength Specific Gravity (Gs) 0.013 y = 33.70x – 54.44 

Unconf. Compr. Strength Natural Moisture Content (w) 0.008 y = 0.740x + 27.41 

 

 

Table 5.14:  Single-Variable Linear Correlations for Effective-Stress Friction Angle of A-

6a Soils 

 
Dependent Variable y Independent Variable x R

2
 Equation 

Eff. Friction Angle ' Specific Gravity (Gs) 0.273 y = -26.55x + 105.6 

Eff. Friction Angle ' % Sand 0.188 y = 0.212x + 28.38 

Eff. Friction Angle ' Time for 50% Consol. (t50) 0.114 y = -0.112x + 34.30 

Eff. Friction Angle ' Liquid Limit (LL) 0.083 y = -0.075x + 35.58 

Eff. Friction Angle ' % Clay 0.063 y = -0.099x + 36.32 

Eff. Friction Angle ' Plastic Limit (PL) 0.052 y = -0.254x + 38.05 

Eff. Friction Angle ' % Gravel 0.048 y = -0.142x + 34.54 

Eff. Friction Angle ' Unconf. Compr. Strength (qu) 0.042 y = -0.035x + 34.79 

Eff. Friction Angle ' Dry Unit Weight (UC Test) 0.026 y = -0.048x + 39.32 

Eff. Friction Angle ' % Compaction 0.026 y = -0.053x + 39.30 

Eff. Friction Angle ' Final Moisture Content (w) 0.022 y = 0.142x + 31.20 

Eff. Friction Angle ' Natural Moisture Content (w) 0.020 y = 0.203x + 30.79 

Eff. Friction Angle ' % Silt 0.007 y = 0.079x + 30.32 

Eff. Friction Angle ' Dry Unit Weight (C-U Test) 0.006 y = 0.029x + 29.86 

Eff. Friction Angle ' Friction Angle ( ) 0.005 y = 0.032x + 32.82 

Eff. Friction Angle ' Plasticity Index (PI) 0.000 y = -0.013x + 33.65 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.15: Single-Variable Linear Correlations for Friction Angle of A-6a Soils 

Dependent Variable Independent Variable R
2
 Equation 

Friction Angle  % Gravel 0.500 y = -1.055x + 27.94 

Friction Angle  % Silt 0.461 y = -1.462x + 78.28 

Friction Angle  Plasticity Index (PI) 0.451 y = -1.536x + 39.38 

Friction Angle  % Sand 0.190 y = 0.491x + 8.235 

Friction Angle  Unconf. Compr. Strength (qu) 0.188 y = 0.172x + 13.60 

Friction Angle  Dry Unit Weight (C-U Test) 0.175 y = 0.351x – 23.10 

Friction Angle  Plastic Limit (PL) 0.171 y = -1.067x + 39.19 

Friction Angle  % Clay 0.133 y = 0.332x + 10.51 

Friction Angle  Specific Gravity (Gs) 0.076 y = -32.43x + 108.2 

Friction Angle  % Compaction 0.047 y = -0.165x + 38.03 

Friction Angle  Dry Unit Weight (UC Test) 0.046 y = -0.148x + 37.83 

Friction Angle  Liquid Limit (LL) 0.020 y = -0.087x + 22.46 

Friction Angle  Final Moisture Content (C-U Test) 0.005 y = 0.168x + 17.33 

Friction Angle  Effective Friction Angle ( ) 0.005 y = 0.171x + 14.29 

Friction Angle  Natural Moisture Content (w) 0.001 y = -0.142x + 21.92 

Friction Angle  Time for 50% Consolidation (t50) 0.000 y = -0.016x + 20.15 

   

 

 

Table 5.16: Single-Variable Linear Correlations for Cohesion of A-6a Soils 

Dependent Variable Independent Variable R
2
 Equation 

Cohesion cu Effective Friction Angle ( ') 0.622 y = 1.822x – 49.05 

Cohesion cu Specific Gravity (Gs) 0.619 y = -78.00x + 223.4 

Cohesion cu % Clay 0.558 y = -0.668x + 32.33 

Cohesion cu % Sand 0.577 y = 1.258x – 19.08 

Cohesion cu Plastic Limit (PL) 0.514 y = -1.654x + 40.32 

Cohesion cu % Silt 0.402 y = 1.161x – 33.16 

Cohesion cu Internal Friction Angle ( ) 0.315 y = -0.748x + 28.16 

Cohesion cu Natural Moisture Content (w) 0.240 y = -0.936x + 24.114 

Cohesion cu Unconf. Compr. Strength (qu) 0.166 y = -0.102x + 16.10 

Cohesion cu Plasticity Index (PI) 0.196 y = 0.743x + 2.804 

Cohesion cu Time for 50% Consolidation (t50) 0.060 y = -0.189x + 13.34 

Cohesion cu % Compaction 0.016 y = 0.056x + 5.803 

Cohesion cu Dry Unit Weight (UC Test) 0.016 y = 0.051x + 5.873 

Cohesion cu Liquid Limit (LL) 0.009 y = -0.188x + 17.40 

Cohesion cu % Gravel 0.003 y = 0.107x + 11.23 

Cohesion cu Final Moisture Content (C-U Test) 0.003 y = 0.071x + 10.74 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   

 



123 

 

Table 5.17: Single-Variable Linear Correlations for Effective-Stress Cohesion of A-6a 

Soils 

 
Dependent Variable Independent Variable R

2
 Equation 

Cohesion c  % Silt 0.929 y = 1.380x – 49.71 

Cohesion c  Specific Gravity (Gs) 0.881 y = -68.14x + 188.4 

Cohesion c  % Clay 0.834 y = -1.601x + 54.66 

Cohesion c  Internal Friction Angle ( ) 0.778 y = -0.901x + 23.37 

Cohesion c  Dry Unit Weight (C-U Test) 0.759 y = -0.686x + 87.57 

Cohesion c  Dry Unit Weight (UC Test) 0.749 y = -0.352x + 44.37 

Cohesion c  % Compaction 0.748 y = -0.389x + 44.56 

Cohesion c  Final Moisture Content (C-U Test) 0.632 y = 1.096x – 14.78 

Cohesion c  
Plasticity Index (PI) 0.540 y = 0.911x – 7.525 

Cohesion c  Plastic Limit (PL) 0.540 y = -3.646x + 68.14 

Cohesion c  Liquid Limit (LL) 0.540 y = 1.215x – 32.74 

Cohesion c  Unconf. Compr. Strength (qu) 0.511 y = -0.135x + 8.749 

Cohesion c  Effective Friction Angle ( ') 0.283 y = 0.887x – 26.18 

Cohesion c  Natural Moisture Content (w) 0.068 y = 0.445x – 2.605 

Cohesion c  Time for 50% Consolidation (t50) 0.056 y = 0.137x + 2.274 

Cohesion c  % Sand 0.040 y = -0.351x + 11.85 

Cohesion c  % Gravel 0.005 y = -0.140x + 4.185 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   

 

5.2.3 A-6b Soils 

 

A set of single-variable linear regression was also performed for the A-6b soil 

data along each correlation path.  Tables 5.18 through 5.23 present the results.  Unlike the 

previous cases with the A-4a and A-6a soil data, some strong correlations are emerging 

for the unconfined compression strength, friction angle, and cohesion possessed by this 

soil type.  There are seventeen statistically strong cases here, with seven of them having 

the R
2
 value above 0.9.  Among numerous index properties, plasticity index (PI), specific 

gravity (Gs), % silt, and % clay appeared more frequently as key independent variables. 
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Table 5.18:  Single-Variable Linear Correlations for SPT-(N60)1 of A-6b Soils 

Dependent Variable  Independent Variable x R
2
 Equation 

SPT-(N60)1 % Gravel 0.556 y = 1.432x + 10.86 

SPT-(N60)1 Plastic Limit (PL) 0.463 y = -5.268x + 137.8 

SPT-(N60)1 Unconf. Compr. Strength (qu) 0.218 y = 0.231x + 21.48 

SPT-(N60)1 Specific Gravity (Gs) 0.206 y = -175.7x + 505.9 

SPT-(N60)1 % Silt 0.172 y = -0.572x + 53.67 

SPT-(N60)1 % Compaction 0.163 y = -0.673x + 100.4 

SPT-(N60)1 Natural Moisture Content (w) 0.150 y = 1.430x + 6.494 

SPT-(N60)1 Liquid Limit (LL) 0.123 y = -3.339x + 156.6 

SPT-(N60)1 % Clay 0.109 y = 0.354x + 16.48 

SPT-(N60)1 Effective Friction Angle ( ') 0.097 y = -1.795x + 83.92 

SPT-(N60)1 Friction Angle ( ) 0.087 y = 0.766x + 17.23 

SPT-(N60)1 Plasticity Index (PI) 0.079 y = 1.547x + 1.939 

SPT-(N60)1 Time for 50% Consolid. (t50) 0.064 y = 0.084x + 26.00 

SPT-(N60)1 Dry Unit Weight (UC Test) 0.063 y = -0.355x + 71.26 

SPT-(N60)1 Dry Unit Weight (C-U Test) 0.044 y = -0.292x + 61.91 

SPT-(N60)1 % Sand 0.01 y = -0.295x + 33.39 

SPT-(N60)1 Final Moisture Content (C-U Test) 8E(-6) y = 0.009x + 28.81 

 

 

 

Table 5.19:  Single-Variable Linear Correlations for Unconfined Compression Strength 

of A-6b Soils 

 
Dependent Variable  Independent Variable x R

2
 Equation 

Unconf. Compr. Strength Plasticity Index (PI) 0.938 y = 10.75x – 155.8 

Unconf. Compr. Strength Specific Gravity (Gs) 0.930 y = -752.6x + 2074. 

Unconf. Compr. Strength % Silt 0.902 y = -2.638x + 146.0 

Unconf. Compr. Strength % Clay 0.877 y = 2.026x – 39.19 

Unconf. Compr. Strength Plastic Limit (PL) 0.864 y = -14.50x + 332.1 

Unconf. Compr. Strength Friction Angle ( ) 0.857 y = 4.841x – 41.83 

Unconf. Compr. Strength Dry Unit Weight (UC Test) 0.692 y = -2.362x + 313.0 

Unconf. Compr. Strength % Compaction 0.690 y = -2.593x + 312.4 

Unconf. Compr. Strength Natural Moisture Content (w) 0.689 y = 6.163x – 64.56 

Unconf. Compr. Strength % Gravel 0.472 y = 2.660x – 1.029 

Unconf. Compr. Strength % Sand 0.384 y = 3.573x – 19.14 

Unconf. Compr. Strength Liquid Limit (LL) 0.281 y = 10.16x – 355.2 

Unconf. Compr. Strength Effective Friction Angle ( ') 0.097 y = -1.795x + 83.92 

Unconf. Compr. Strength Time for 50% Consolid. (t50) 0.064 y = 0.084x + 26.00 

Unconf. Compr. Strength Dry Unit Weight (C-U Test) 0.057 y = 0.674x – 43.44 

Unconf. Compr. Strength 
Final Moisture Content (C-U 

Test) 
0.027 y = -1.165x + 54.70 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.20:  Single-Variable Linear Correlations for Effective-Stress Friction Angle of A-

6b Soils 

 
Dependent Variable y Independent Variable x R

2
 Equation 

Eff. Friction Angle ' % Silt 0.546 y = 0.191x + 22.58 

Eff. Friction Angle ' Unconf. Compr. Strength (qu) 0.485 y = -0.061x + 32.90 

Eff. Friction Angle ' Specific Gravity (Gs) 0.464 y = 49x – 102.1 

Eff. Friction Angle ' Plasticity Index (PI) 0.451 y = -0.669x + 42.65 

Eff. Friction Angle ' Friction Angle ( ) 0.422 y = -0.333x + 36.14 

Eff. Friction Angle ' % Sand 0.410 y = -0.377x + 36.28 

Eff. Friction Angle ' Plastic Limit (PL) 0.398 y = 0.857x + 13.11 

Eff. Friction Angle ' % Clay 0.387 y = -0.126x + 35.30 

Eff. Friction Angle ' Natural Moisture Content (w) 0.338 y = -0.457x + 37.93 

Eff. Friction Angle ' % Gravel 0.321 y = -0.207x + 33.32 

Eff. Friction Angle ' Dry Unit Weight (UC Test) 0.289 y = 0.156x + 12.26 

Eff. Friction Angle ' % Compaction 0.287 y = 0.171x + 12.31 

Eff. Friction Angle ' Liquid Limit (LL) 0.141 y = -0.675x + 56.70 

Eff. Friction Angle ' Final Moisture Content (C-U Test) 0.043 y = 0.151x + 28.02 

Eff. Friction Angle ' Time for 50% Consolid. (t50) 0.030 y = 0.261x + 24.43 

Eff. Friction Angle ' Dry Unit Weight (C-U Test) 0.000 y = 0.003x + 30.46 

 

 

 

Table 5.21: Single-Variable Linear Correlations for Friction Angle of A-6b Soils 

Dependent Variable Independent Variable R
2
 Equation 

Friction Angle  % Clay 0.922 y = 0.419x + 0.812 

Friction Angle  Plasticity Index (PI) 0.919 y = 2.042x – 20.37 

Friction Angle  Dry Unit Weight (UC Test) 0.902 y = -0.590x + 85.99 

Friction Angle  % Compaction 0.901 y = -0.649x + 85.98 

Friction Angle  Natural Moisture Content (w) 0.868 y = 1.598x – 9.209 

Friction Angle  Specific Gravity (Gs) 0.865 y = -145.9x + 411.4 

Friction Angle  Unconf. Compr. Strength (qu) 0.857 y = 0.177x + 9.598 

Friction Angle  % Silt 0.831 y = -0.514x + 37.77 

Friction Angle  Plastic Limit (PL) 0.624 y = -2.391x + 64.86 

Friction Angle  % Sand 0.502 y = 0.874x + 3.030 

Friction Angle  Liquid Limit (LL) 0.483 y = 2.55x – 82.05 

Friction Angle  % Gravel 0.258 y = 0.416x + 10.32 

Friction Angle  Dry Unit Weight (C-U Test) 0.099 y = 0.168x – 3.666 

Friction Angle  Effective Friction Angle ( ') 0.097 y = -1.795x + 83.92 

Friction Angle  Time for 50% Consolid. (t50) 0.064 y = 0.084x + 26.00 

Friction Angle  Final Moisture Content (C-U Test) 0.041 y = -0.271x + 20.53 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.22: Single-Variable Linear Correlations for Cohesion of A-6b Soils 

Dependent Variable Independent Variable R
2
 Equation 

Cohesion cu Time for 50% Consolidation (t50) 0.890 y = -0.308x + 13.79 

Cohesion cu Final Moisture Content (C-U Test) 0.872 y = -4.691x + 97.70 

Cohesion cu Liquid Limit (LL) 0.855 y = 3.370x – 120.3 

Cohesion cu % Sand 0.621 y = 1.071x – 6.582 

Cohesion cu % Gravel 0.270 y = -0.393x + 13.59 

Cohesion cu % Compaction 0.135 y = -0.247x + 35.66 

Cohesion cu Plasticity Index (PI) 0.135 y = 0.742x – 4.231 

Cohesion cu Internal Friction Angle ( ) 0.134 y = 0.362x + 3.204 

Cohesion cu Dry Unit Weight (UC Test) 0.133 y = -0.223x + 35.47 

Cohesion cu % Clay 0.086 y = 0.122x + 4.563 

Cohesion cu Plastic Limit (PL) 0.040 y = 0.547x – 2.424 

Cohesion cu Effective Friction Angle ( ') 0.036 y = -0.561x + 26.18 

Cohesion cu % Silt 0.031 y = -0.093x + 12.90 

Cohesion cu Natural Moisture Content (w) 0.022 y = 0.239x + 5.171 

Cohesion cu Unconf. Compr. Strength (qu) 0.018 y = 0.023x + 8.072 

Cohesion cu Specific Gravity (Gs) 0.018 y = -19.40x + 61.52 

 

 

 

Table 5.23: Single-Variable Linear Correlations for Effective-Stress Cohesion of A-6b 

Soils 

 
Dependent Variable Independent Variable R

2
 Equation 

Cohesion c  Dry Unit Weight (C-U Test) 0.778 y = 0.543x – 57.55 

Cohesion c  % Gravel 0.765 y = -0.566x + 11.33 

Cohesion c  Plastic Limit (PL) 0.434 y = 1.555x – 27.60 

Cohesion c  Time for 50% Consolidation (t50) 0.427 y = -0.183x + 7.450 

Cohesion c  Final Moisture Content (C-U Test) 0.400 y = -2.724x + 56.12 

Cohesion c  Liquid Limit (LL) 0.377 y = 1.917x – 68.96 

Cohesion c  % Sand 0.143 y = 0.440x – 1.829 

Cohesion c  Specific Gravity (Gs) 0.141 y = 47.00x – 122.9 

Cohesion c  Unconf. Compr. Strength (qu) 0.140 y = -0.057x + 6.473 

Cohesion c  Natural Moisture Content (w) 0.132 y = -0.508x + 12.43 

Cohesion c  % Silt 0.113 y = 0.153x – 2.090 

Cohesion c  Effective Friction Angle ( ') 0.104 y = 0.823x – 20.83 

Cohesion c  % Clay 0.048 y = -0.077x + 7.297 

Cohesion c  Dry Unit Weight (UC Test) 0.021 y = 0.076x – 4.525 

Cohesion c  Plasticity Index (PI) 0.020 y = -0.247x + 8.905 

Cohesion c  Internal Friction Angle ( ) 0.020 y = -0.122x + 6.458 

Cohesion c  % Compaction 0.020 y = 0.082x – 4.382 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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5.2.4 A-7-6 Soils 

A comprehensive single-variable linear regression analysis was carried out using 

the project data compiled for the A-7-6 soils.  Results are presented in Tables 5.24 

through 5.29.   Similar to the analysis performed for the A-6a soils, no statistically strong 

correlations are surfacing from the analysis.  The best result is seen in Table 5.24 between 

the SPT-(N60)1 value and dry unit weight of the soil specimen measured before each C-U 

triaxial test.   This linear correlation has the coefficient of determination R
2
 of 0.628.  

These outcomes point out that a single-variable linear function is not suitable for 

expressing correlations that exist between various properties possessed by the A-7-6 soils 

found in Ohio. 

 

 

Table 5.24:  Single-Variable Linear Correlations for SPT-(N60)1 of A-7-6 Soils 

Dependent Variable  Independent Variable x R
2
 Equation 

SPT-(N60)1 Dry Unit Weight (C-U Test) 0.628 y = 0.96x – 84.21 

SPT-(N60)1 Final Moisture Content (C-U Test) 0.487 y = -1.974x + 67.50 

SPT-(N60)1 Dry Unit Weight (UC Test) 0.472 y = 1.043x – 88.05 

SPT-(N60)1 % Compaction 0.450 y = 1.114x – 84.95 

SPT-(N60)1 Natural Moisture Content (w) 0.424 y = -1.357x + 50.47 

SPT-(N60)1 % Sand 0.410 y = 0.741x + 12.77 

SPT-(N60)1 % Silt 0.391 y = -0.353x + 35.96 

SPT-(N60)1 % Clay 0.324 y = -0.634x + 54.38 

SPT-(N60)1 Plastic Limit (PL) 0.317 y = -2.793x + 81.23 

SPT-(N60)1 Liquid Limit (LL) 0.275 y = -0.624x + 52.00 

SPT-(N60)1 Internal Friction Angle ( ) 0.274 y = 1.778x – 1.941 

SPT-(N60)1 Unconf. Compression Strength (qu) 0.153 y = 0.319x + 12.11 

SPT-(N60)1 % Gravel 0.092 y = 0.714x + 18.62 

SPT-(N60)1 Plasticity Index (PI) 0.090 y = -0.427x + 32.68 

SPT-(N60)1 Time for 50% Consolidation (t50) 0.077 y = -0.095x + 24.74 

SPT-(N60)1 Effective Friction Angle ( ') 0.021 y = -0.571x + 36.65 

SPT-(N60)1 Specific Gravity (Gs) 0.001 y = -17.59x + 68.43 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.25:  Single-Variable Linear Correlations for Unconfined Compression Strength 

of A-7-6 Soils 

 
Dependent Variable  Independent Variable x R

2
 Equation 

Unconf. Compr. Strength % Sand 0.458 y = 0.959x + 17.14 

Unconf. Compr. Strength Internal Friction Angle ( ) 0.408 y = 2.652x – 6.428 

Unconf. Compr. Strength % Silt 0.407 y = -0.441x + 46.46 

Unconf. Compr. Strength Liquid Limit (LL) 0.347 y = -0.858x + 70.40 

Unconf. Compr. Strength % Clay 0.319 y = -0.770x + 68.30 

Unconf. Compr. Strength Plasticity Index (PI) 0.317 y = -0.979x + 54.53 

Unconf. Compr. Strength Dry Unit Weight (C-U Test) 0.315 y = 0.831x – 63.31 

Unconf. Compr. Strength % Compaction 0.252 y = 1.019x – 69.18 

Unconf. Compr. Strength Dry Unit Weight (UC Test) 0.246 y = 0.921x – 68.56 

Unconf. Compr. Strength 
Final Moisture Content (C-U 

Test) 
0.167 y = -1.415x + 61.10 

Unconf. Compr. Strength Natural Moisture Content (w) 0.157 y = -1.012x + 49.75 

Unconf. Compr. Strength Specific Gravity (Gs) 0.070 y = -129.5x + 377.1 

Unconf. Compr. Strength Plastic Limit (PL) 0.034 y = -1.126x + 52.07 

Unconf. Compr. Strength Time for 50% Consolidation (t50) 0.016 y = -0.054x + 29.91 

Unconf. Compr. Strength Effective Friction Angle ( ') 0.016 y = -0.614x + 44.60 

Unconf. Compr. Strength % Gravel 0.000 y = 0.087x + 27.48 

 

Table 5.26:  Single-Variable Linear Correlations for Effective-Stress Friction Angle of A-

7-6 Soils 

 
Dependent Variable y Independent Variable x R

2
 Equation 

Eff. Friction Angle ' Plasticity Index (PI) 0.059 y = 0.088x + 24.96 

Eff. Friction Angle ' Time for 50% Consolidation (t50) 0.054 y = -0.020x + 28.18 

Eff. Friction Angle ' Dry Unit Weight (C-U Test) 0.049 y = -0.069x + 34.94 

Eff. Friction Angle ' Liquid Limit (LL) 0.040 y = 0.061x + 24.31 

Eff. Friction Angle ' 
Final Moisture Content (C-U 

Test) 
0.035 y = 0.135x + 24.18 

Eff. Friction Angle ' Internal Friction Angle ( ) 0.031 y = -0.154x + 29.37 

Eff. Friction Angle ' % Clay 0.017 y = 0.037x + 25.41 

Eff. Friction Angle ' Plastic Limit (PL) 0.016 y = 0.161x + 23.90 

Eff. Friction Angle ' Unconf. Compr. Strength (qu) 0.016 y = -0.027x + 28.13 

Eff. Friction Angle ' % Silt 0.011 y = 0.015x + 26.73 

Eff. Friction Angle ' % Sand 0.010 y = -0.029x + 27.71 

Eff. Friction Angle ' % Compaction 0.009 y = -0.041x + 31.29 

Eff. Friction Angle ' Dry Unit Weight (UC Test) 0.008 y = -0.035x + 31.09 

Eff. Friction Angle ' Natural Moisture Content (w) 0.005 y = 0.040x + 26.50 

Eff. Friction Angle ' % Gravel 0.003 y = 0.034x + 27.26 

Eff. Friction Angle ' Specific Gravity (Gs) 0.002 y = 5.037x + 13.80 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.27: Single-Variable Linear Correlations for Friction Angle of A-7-6 Soils 

Dependent Variable Independent Variable R
2
 Equation 

Friction Angle  % Sand 0.480 y = 0.236x + 10.27 

Friction Angle  Unconf. Compr. Strength (qu) 0.408 y = 0.153x + 8.620 

Friction Angle  Final Moisture Content (C-U Test) 0.302 y = -0.458x + 23.69 

Friction Angle  Dry Unit Weight (C-U Test) 0.266 y = 0.184x – 7.293 

Friction Angle  Liquid Limit (LL) 0.237 y = -0.170x + 21.38 

Friction Angle  % Clay 0.223 y = -0.155x + 21.06 

Friction Angle  % Silt 0.163 y = -0.067x + 15.74 

Friction Angle  Plasticity Index (PI) 0.141 y = -0.157x + 17.19 

Friction Angle  Dry Unit Weight (UC Test) 0.088 y = 0.133x – 1.032 

Friction Angle  % Compaction 0.085 y = 0.142x – 0.695 

Friction Angle  Plastic Limit (PL) 0.059 y = -0.357x + 20.59 

Friction Angle  % Gravel 0.056 y = -0.163x + 13.43 

Friction Angle  Natural Moisture Content (w) 0.031 y = -0.108x + 15.26 

Friction Angle  Effective Friction Angle ( ') 0.031 y = -0.204x + 18.48 

Friction Angle  Specific Gravity (Gs) 0.011 y = -12.44x + 46.44 

Friction Angle  Time for 50% Consolidation (t50) 0.011 y = 0.010x + 12.47 

 

 

Table 5.28: Single-Variable Linear Correlations for Cohesion of A-7-6 Soils 

Dependent Variable Independent Variable R
2
 Equation 

Cohesion cu Plastic Limit (PL) 0.480 y = -1.946x + 46.76 

Cohesion cu % Compaction 0.435 y = 0.605x – 51.85 

Cohesion cu Dry Unit Weight (UC Test) 0.433 y = 0.550x – 51.79 

Cohesion cu Final Moisture Content (C-U Test) 0.337 y = -0.906x + 27.29 

Cohesion cu Natural Moisture Content (w) 0.331 y = -0.654x + 20.01 

Cohesion cu Liquid Limit (LL) 0.278 y = -0.457x + 28.09 

Cohesion cu % Silt 0.234 y = -0.151x + 11.96 

Cohesion cu % Clay 0.166 y = -0.270x + 19.48 

Cohesion cu Time for 50% Consolidation (t50) 0.158 y = -0.103x + 9.857 

Cohesion cu % Gravel 0.095 y = 0.326x + 4.577 

Cohesion cu % Sand 0.076 y = 0.149x + 4.012 

Cohesion cu Plasticity Index (PI) 0.033 y = -0.198x + 11.05 

Cohesion cu Unconf. Compr. Strength (qu) 0.032 y = -0.094x + 8.275 

Cohesion cu Effective Friction Angle ( ') 0.019 y = -0.531x + 20.40 

Cohesion cu Internal Friction Angle ( ) 0.015 y = 0.201x + 3.199 

Cohesion cu Specific Gravity (Gs) 0.004 y = 13.30x – 30.10 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.29: Single-Variable Linear Correlations for Effective-Stress Cohesion of A-7-6 

Soils 

 
Dependent Variable Independent Variable R

2
 Equation 

Cohesion c  % Sand 0.781 y = 0.286x + 0.557 

Cohesion c  Internal Friction Angle ( ) 0.754 y = 1.037x – 9.051 

Cohesion c  Final Moisture Content (C-U Test) 0.753 y = -0.635x + 18.62 

Cohesion c  Dry Unit Weight (C-U Test) 0.731 y = 0.256x – 24.44 

Cohesion c  Liquid Limit (LL) 0.693 y = -0.345x + 20.43 

Cohesion c  % Clay 0.689 y = -0.281x + 17.99 

Cohesion c  Plastic Limit (PL) 0.640 y = -1.004x + 24.44 

Cohesion c  Dry Unit Weight (UC Test) 0.602 y = 0.289x – 27.02 

Cohesion c  % Compaction 0.601 y = 0.317x – 26.94 

Cohesion c  % Silt 0.567 y = -0.110x + 8.000 

Cohesion c  Natural Moisture Content (w) 0.434 y = -0.334x + 10.56 

Cohesion c  
Unconf. Compr. Strength (qu) 0.251 y = 0.242x – 2.368 

Cohesion c  Time for 50% Consolidation (t50) 0.200 y = -0.051x + 5.320 

Cohesion c  Plasticity Index (PI) 0.122 y = -0.178x + 8.150 

Cohesion c  Effective Friction Angle ( ') 0.091 y = -0.554x + 18.66 

Cohesion c  Specific Gravity (Gs) 0.014 y = 10.81x – 25.88 

Cohesion c  % Gravel 0.002 y = -0.025x + 3.933 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   

 

 

5.3.4 All Four Soil Types Combined 

 

 Finally, the data compiled for all four soil types (A-4a, A-6a, A-6b, and A-7-6) 

were analyzed by the single-variable linear regression approach.  Results are summarized 

in Tables 5.30 through 5.35.  No statistically strong correlations can be detected 

anywhere.   The case with the highest R
2
 value (of 0.659) involved friction angle as the 

dependable variable and dry unit weight as the independent variable.  This is 

understandable, considering the fact that hardly any positive results came out of three out 

of the four soil types. 
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Table 5.30:  Single-Variable Linear Correlations for SPT-(N60)1 of All Soil Types 

Dependent Variable y Independent Variable x R
2
 Equation 

SPT-(N60)1 Unconf. Compr. Strength (qu) 0.118 y = 0.266x + 21.64 

SPT-(N60)1 % Silt 0.115 y = -0.993x + 71.89 

SPT-(N60)1 % Clay 0.071 y = 0.555x + 14.74 

SPT-(N60)1 Effective Friction Angle ( ) 0.050 y = 1.258x – 9.975 

SPT-(N60)1 % Gravel 0.034 y = -0.517x + 36.18 

SPT-(N60)1 Final Moisture Content (C-U) 0.028 y = 0.662x + 20.97 

SPT-(N60)1 Dry Unit Weight (UC Test) 0.027 y = -0.296x + 67.08 

SPT-(N60)1 % Compaction 0.027 y = -0.296x + 62.87 

SPT-(N60)1 Friction Angle ( ) 0.025 y = 0.373x + 23.84 

SPT-(N60)1 % Sand 0.012 y = 0.269x + 25.48 

SPT-(N60)1 Natural Moisture Content (w) 0.012 y = 0.588x + 23.51 

SPT-(N60)1 Dry Unit Weight (C-U Test) 0.008 y = -0.146x + 49.51 

SPT-(N60)1 Plastic Limit (PL) 0.007 y = 0.453x + 23.32 

SPT-(N60)1 Plasticity Index (PI) 0.004 y = -0.248x + 34.65 

SPT-(N60)1 Time for 50% Consol. (t50) 0.001 y = 0.041x + 30.96 

SPT-(N60)1 Specific Gravity (Gs) 0.000 y = -5.283x + 45.79 

SPT-(N60)1 Liquid Limit (LL) 0.000 y = 0.032x + 30.54 

 

 

Table 5.31:  Single-Variable Linear Correlations for Unconfined Compression Strength 

of All Soil Types 

 
Dependent Variable y Independent Variable x R

2
 Equation 

Unconf. Compr. Strength % Silt 0.271 y = -0.853x + 69.07 

Unconf. Compr. Strength Friction Angle ( ) 0.235 y = 1.249x + 11.39 

Unconf. Compr. Strength % Sand 0.228 y = 0.908x + 17.04 

Unconf. Compr. Strength Dry Unit Weight (C-U Test) 0.206 y = 0.699x – 48.85 

Unconf. Compr. Strength Final Moisture Content (C-U) 0.189 y = -1.385x + 59.50 

Unconf. Compr. Strength Dry Unit Weight (UC Test) 0.158 y = 0.614x – 36.67 

Unconf. Compr. Strength Plastic Limit (PL) 0.154 y = -2.174x + 75.65 

Unconf. Compr. Strength Plasticity Index (PI) 0.141 y = -0.695x + 46.13 

Unconf. Compr. Strength Liquid Limit (LL) 0.117 y = -0.439x + 49.82 

Unconf. Compr. Strength Natural Moisture Content (w) 0.106 y = -1.009x + 50.33 

Unconf. Compr. Strength % Compaction 0.106 y = 0.599x – 27.42 

Unconf. Compr. Strength Time for 50% Consol. (t50) 0.069 y = -0.173x + 36.77 

Unconf. Compr. Strength Effective Friction Angle ( ) 0.038 y = 0.868x + 7.099 

Unconf. Compr. Strength % Gravel 0.032 y = 0.565x + 30.17 

Unconf. Compr. Strength % Clay 0.022 y = -0.180x + 40.69 

Unconf. Compr. Strength Specific Gravity (Gs) 0.002 y = -23.09x + 96.32 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.32:  Single-Variable Linear Correlations for Effective-Stress Friction Angle of 

All Soil Types 

 
Dependent Variable y Independent Variable x R

2
 Equation 

Eff. Friction Angle ' % Clay 0.533 y = -0.201x + 38.63 

Eff. Friction Angle ' Liquid Limit (LL) 0.487 y = -0.202x + 38.36 

Eff. Friction Angle ' Plasticity Index (PI) 0.445 y = -0.278x + 35.95 

Eff. Friction Angle ' Time for 50% Consol. (t50) 0.444 y = -0.108x + 33.02 

Eff. Friction Angle ' Natural Moisture Content (w) 0.434 y = -0.462x + 38.57 

Eff. Friction Angle ' % Sand 0.407 y = 0.275x + 25.90 

Eff. Friction Angle ' Final Moisture Content (C-U) 0.386 y = -0.450x + 39.35 

Eff. Friction Angle ' Plastic Limit (PL) 0.350 y = -0.740x + 45.24 

Eff. Friction Angle ' Dry Unit Weight (C-U Test) 0.330 y = 0.204x + 6.840 

Eff. Friction Angle ' Dry Unit Weight (UC Test) 0.326 y = 0.200x + 8.002 

Eff. Friction Angle ' Friction Angle ( ) 0.279 y = 0.310x + 25.41 

Eff. Friction Angle ' % Compaction 0.194 y = 0.185x + 12.10 

Eff. Friction Angle ' % Gravel 0.071 y = 0.192x + 29.85 

Eff. Friction Angle ' Unconf. Compr. Strength (qu) 0.038 y = 0.044x + 29.52 

Eff. Friction Angle ' Specific Gravity (Gs) 3E(-5) y = 0.620x + 29.37 

Eff. Friction Angle ' % Silt 0.000 y = -0.009x + 31.43 

 

 

 

Table 5.33: Single-Variable Linear Correlations for Friction Angle of All Soil Types 

Dependent Variable Independent Variable R
2
 Equation 

Friction Angle  Dry Unit Weight (C-U Test) 0.659 y = 0.486x – 39.49 

Friction Angle  Plastic Limit (PL) 0.608 y = -1.676x + 50.16 

Friction Angle  % Sand 0.559 y = 0.552x + 7.740 

Friction Angle  Final Moisture Content (C-U) 0.556 y = -0.923x + 35.08 

Friction Angle  Plasticity Index (PI) 0.519 y = -0.517x + 27.10 

Friction Angle  Liquid Limit (LL) 0.513 y = -0.356x + 30.92 

Friction Angle  Natural Moisture Content (w) 0.380 y = -0.744x + 30.08 

Friction Angle  % Clay 0.300 y = -0.259x + 27.72 

Friction Angle  Effective Friction Angle ( ) 0.279 y = 0.898x – 9.782 

Friction Angle  Dry Unit Weight (UC Test) 0.270 y = 0.312x – 17.94 

Friction Angle  Time for 50% Consol. (t50) 0.247 y = -0.129x + 20.40 

Friction Angle  Unconf. Compr. Strength (qu) 0.235 y = 0.188x + 11.60 

Friction Angle  % Silt 0.079 y = -0.179x + 25.41 

Friction Angle  % Compaction 0.075 y = 0.195x – 2.067 

Friction Angle  % Gravel 0.043 y = 0.259x + 16.42 

Friction Angle  Specific Gravity (Gs) 0.016 y = -24.29x + 83.64 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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Table 5.34: Single-Variable Linear Correlations for Cohesion of All Soil Types 

Dependent Variable Independent Variable R
2
 Equation 

Cohesion cu Plastic Limit (PL) 0.491 y = -1.281x + 33.64  

Cohesion cu Dry Unit Weight (C-U Test) 0.481 y = 0.332x – 30.06 

Cohesion cu Final Moisture Content (C-U Test) 0.453 y = -0.678x + 21.93 

Cohesion cu Time for 50% Consol. (t50) 0.444 y = -0.169x + 12.61 

Cohesion cu Liquid Limit (LL) 0.417 y = -0.299x + 20.33 

Cohesion cu % Clay 0.408 y = -0.274x + 19.80 

Cohesion cu Natural Moisture Content (w) 0.403 y = -0.612x + 19.30 

Cohesion cu % Sand 0.348 y = 0.357x + 2.704 

Cohesion cu Friction Angle (  0.324 y = 0.437x + 1.219 

Cohesion cu Plasticity Index (PI) 0.303 y = -0.337x + 15.23 

Cohesion cu Effective Friction Angle ( ) 0.281 y = 0.862x – 17.31 

Cohesion cu Dry Unit Weight (UC Test) 0.225 y = 0.231x – 17.24 

Cohesion cu % Compaction 0.144 y = 0.228x – 13.99 

Cohesion cu % Silt 0.042 y = -0.112x + 13.93 

Cohesion cu % Gravel 0.015 y = 0.122x + 8.913 

Cohesion cu Specific Gravity (Gs) 0.004 y = -13.96x + 47.14 

Cohesion cu Unconf. Compr. Strength (qu) 0.002 y = -0.013x + 9.872 

 

Table 5.35: Single-Variable Linear Correlations for Effective-Stress Cohesion of All Soil 

Types 

 
Dependent Variable Independent Variable R

2
 Equation 

Cohesion c  Dry Unit Weight (C-U Test) 0.129 y = 0.091x – 6.858  

Cohesion c  Natural Moisture Content (w) 0.125 y = -0.187x + 6.987 

Cohesion c  % Sand 0.117 y = 0.110x + 1.978 

Cohesion c  Time for 50% Consol. (t50) 0.117 y = -0.047x + 4.837 

Cohesion c  Effective Friction Angle ( ) 0.103 y = 0.292x – 5.123 

Cohesion c  % Clay 0.096 y = -0.071x + 6.718 

Cohesion c  Final Moisture Content (C-U Test) 0.072 y = -0.145x + 6.675 

Cohesion c  Plastic Limit (PL) 0.055 y = -0.239x + 8.531 

Cohesion c  Dry Unit Weight (UC Test) 0.054 y = 0.063x – 3.317 

Cohesion c  % Silt 0.053 y = -0.066x + 6.700 

Cohesion c  Liquid Limit (LL) 0.047 y = -0.053x + 5.932 

Cohesion c  Plasticity Index (PI) 0.023 y = -0.049x + 4.818 

Cohesion c  Specific Gravity (Gs) 0.021 y = -15.90x + 46.98 

Cohesion c  Friction Angle (  0.021 y = 0.057x + 2.893 

Cohesion c  % Compaction 0.021 y = 0.050x – 1.217 

Cohesion c  Unconf. Compr. Strength (qu) 0.019 y = 0.021x + 3.243 

Cohesion c  % Gravel 0.002 y = -0.043x + 10.25 

[Note] C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression.   
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5.3  Single-Variable Nonlinear Regression Analysis 

 

 With the outcome of the linear regression analysis rather disappointing, nonlinear 

regression analyses were performed extensively on the geotechnical data compiled in the 

current study to uncover additional single-variable correlations useful to geotechnical 

engineers in Ohio.  These analyses applied six different nonlinear models.  The models 

were the exponential, logarithmic, power, hyperbolic, reciprocal, and second-degree 

polynomial.  These are defined in the equations below: 

 

y = a0 + a1x + a2x
2
   2

nd
 Degree Polynomial   (5.2) 

y = b x
m

    Power      (5.3) 

y = b e
mx

    Exponential     (5.4) 

y = b + Ln(x)    Logarithmic     (5.5) 

x

1
mby     Reciprocal     (5.6) 

x

mxb
y     Hyperbolic     (5.7) 

 

The nonlinear regression model was applied to all of the variables identified along 

the correlation paths for each different soil type.  With all the variables involved and the 

nonlinear functions enlisted above, the analysis created more than one hundred cases for 

each soil type.  Among the variables, both the natural moisture content and % compaction 

were ties to the unconfined compression tests conducted in the project.  There are two 

versions of the dry unit weight (one measured for the unconfined compression test and 

another measured during the C-U triaxial test).  Units specified for the variables include 
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psi for the unconfined compression strength (qu), degrees for friction angle ( ) and 

effective-stress friction angle ( ), psi for cohesion (cu) and effective-stress cohesion (c ) 

pcf for dry unit weight ( d), and minutes for 50% consolidation time (t50).    

 

5.3.1 A-4a Soils 

 Tables 5.36 through 5.41 present strongest nonlinear correlations identified for the 

SPT-(N60)1, unconfined compression strength, effective-stress friction angle, angle of 

internal friction, cohesion, and effective-stress cohesion possessed by A-4a soils.  Due to 

a lack of data, no analytical results are available for A-4b soils.  The tables list results 

with the R
2
 value above 0.50 or 0.60.  All statistically strong correlations are marked with 

the R
2
 values (> 0.8) in bold to stand out.  A large number (twenty-eight) of statistically 

strong correlations were discovered during the analysis, with most of them associated 

with either the friction angle, effective-stress friction angle, or effective-stress cohesion.  

Among the mathematical models, the hyperbolic function appears to have the best ability 

to describe the basic correlations existing for the A-4a soils.  In some cases, other 

mathematical functions (power, exponential, logarithmic, reciprocal) also yielded good 

correlations.  Cautions are recommended for any strong correlations identified through 

the polynomial function, because the 2
nd

 degree polynomial tends to produce an 

imaginary peak over the range of independent variable.  Out of the long list of the index 

and state properties employed in the analysis, % silt, % clay, dry unit weight ( d), and 

effective-stress friction angle ( ) surfaced as key independent variables.   
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 Table 5.36:  Single-Variable Nonlinear Regression Results for SPT-(N60)1 of A-4a 

Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Unconf. Compr. Strength (qu) Hyperbolic 0.821 (N60)1 =  (60.84x – 973.2)/x 

Plasticity Index (PI) Polynomial 0.661 (N60)1 =  -3.258x
2
 + 66.58x – 291.1 

Time for 50% Consolid. (t50) Hyperbolic 0.616  (N60)1 =  (35.00x – 14.99)/x 

Unconf. Compr. Strength (qu) Polynomial 0.597 (N60)1 =  0.018x
2
 – 1.310x + 48.75 

% Clay Polynomial 0.574 (N60)1 =  0.820x
2
 – 47.18x + 703.4 

Effective Friction Angle ( ) Polynomial 0.564 (N60)1 =  1.383x
2
 – 90.33x + 1498.2 

 

 

Table 5.37:  Single-Variable Nonlinear Regression Results for Unconfined Compression 

Strength of A-4a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

% Silt Power 0.805 qu = 3E08x
-4.356

  

% Silt Exponential 0.794 qu = 2411.6e
-0.105x

 

% Clay Hyperbolic 0.793 qu = (213.2x – 4912.0)/x 

% Silt Polynomial 0.770 qu =  0.550x
2
 – 49.32x + 1124.7 

% Clay Polynomial 0.701 qu =  0.018x
2
 + 4.434x – 102.1 

% Clay Log 0.697 qu = 163.6Ln(x) – 508.0 

% Silt Reciprocal 0.695 qu = 6718.0/x – 129.3 

% Clay Reciprocal 0.688 qu = -4775.0/x + 208.4 

% Silt Log 0.677 qu = -162.4Ln(x) + 638.4 

Plasticity Index (PI) Polynomial 0.671 qu =  -4.430x
2
 + 85.38x – 349.9 

% Clay Power 0.635 qu = 9E-05x
3.8426

 

% Clay Exponential 0.629 qu = 0.8844e
0.1288x

 

% Silt Hyperbolic 0.605 qu = (-121.1x + 6391.0)/x 

 

 

Table 5.38:  Single-Variable Nonlinear Regression Results for Effective-Stress Friction 

Angle of A-4a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.988  =  (28.95x + 15.10)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.964  =  (35.47x – 72.07)/x 

Plasticity Index (PI) Hyperbolic 0.923  =  (35.13x – 15.82)/x 

Final Moisture Content (C-U Test) Hyperbolic 0.893  =  (32.07x + 17.19)/x 

Friction Angle (  Hyperbolic 0.887  =  (32.92x + 10.74)/x 

Natural Moisture Content Hyperbolic 0.876  =  (32.33x + 12.46)/x 

% Sand Hyperbolic 0.788  =  (50.88x – 436.9)/x 

Liquid Limit (LL) Hyperbolic 0.787  =  (33.56x – 4.635)/x 

% Gravel Hyperbolic 0.759  =  (-1487x + 530.8)/x 

Plastic Limit (PL) Hyperbolic 0.712  =  (29.26x + 66.43)/x

% Silt Hyperbolic 0.704  =  (33.62x – 9.341)/x
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Table 5.39:  Single-Variable Nonlinear Regression Results for Friction Angle of A-4a 

Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.923  =  (24.19x – 0.556)/x 

Dry Unit Weight (C-U Test) Hyperbolic 0.882  =  (116.5x – 11800.0)/x 

Dry Unit Weight (C-U Test) Power 0.858  =  2E(-7)x
3.8525

 

Unconf. Compr. Strength (qu) Hyperbolic 0.855  =  (23.26x + 57.19)/x 

Dry Unit Weight (C-U Test) Exponential 0.855  =  0.5039e
0.0301x

 

Dry Unit Weight (C-U Test) Polynomial 0.838  =  0.0037x
2
 – 0.237x – 6.747 

Dry Unit Weight (C-U Test) Log 0.833  =  91.63Ln(x) – 420.3 

Dry Unit Weight (C-U Test) Reciprocal 0.828  =  -11634.0/x + 115.2 

% Gravel Hyperbolic 0.618  =  (1260.0x + 425.5)/x 

[Note]  C-U = Consolidated-Undrained Triaxial. 

 

 

Table 5.40:  Single-Variable Nonlinear Regression Results for Cohesion of A-4a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

% Silt Power 0.805 cu = 2E(+8)x
-4.356

  

% Silt Exponential 0.794 cu = 1205.8e
-0.105x

  

% Clay Hyperbolic 0.793 cu = (106.6x – 2456.2)/x  

% Gravel Hyperbolic 0.771 cu = (21.22x – 11.58)/x 

% Silt Polynomial 0.770 cu = 0.275x
2
 – 24.66x + 562.3  

% Clay Polynomial 0.701 cu = 0.009x
2
 + 2.217x – 51.06 

% Clay Log 0.697 cu = 81.80Ln(x) – 254.02 

% Silt Reciprocal 0.696 cu = 3359.2/x – 64.67 

% Clay Reciprocal 0.688 cu = -2387.6/x + 104.22 

% Silt Log 0.677 cu = -81.18Ln(x) + 319.2

Plasticity Index (PI) Polynomial 0.671 cu = -2.215x
2
 + 42.69x – 174.9

% Clay Power 0.635 cu = 5E(-5)x
3.8426

% Clay Exponential 0.629 cu = 0.442e
0.1288x

 

 

Table 5.41:  Single-Variable Nonlinear Regression Results for Effective-Stress Cohesion 

of A-4a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Effective Friction Angle ( ) Power 0.976 c  = 1E(-24)x
16.13

 

Effective Friction Angle ( ) Exponential 0.974 c  = 3E(-7)e
0.497x

 

Dry Unit Weight (C-U Test) Polynomial 0.965 c  = 0.545x
2
 – 143.6x + 9461.0 

Plasticity Index (PI) Polynomial 0.955 c  = -0.641x
2
 + 13.28x – 60.08 

% Clay Polynomial 0.951 c   = 0.456x
2
 – 27.39x + 412.4 

Effective Friction Angle ( ) Polynomial 0.926 c  = 0.210x
2
 – 12.10x + 174.1 

Effective Friction Angle ( ) Hyperbolic 0.910 c  = (55.50x – 1670.0)/x 

Effective Friction Angle ( ) Log 0.909 c  = 51.24Ln(x) – 174.3 

Effective Friction Angle ( ) Reciprocal 0.905 c  = -1656.0/x + 55.07 
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Table 5.41:  Single-Variable Nonlinear Regression Results for Effective-Stress Cohesion 

of A-4a Soils (cont‟d) 

 
Independent Variable x Function R

2
 Correlation Equation 

Unconf. Compr. Strength (qu) Hyperbolic 0.877 c  = (10.38x – 197.6)/x 

Friction Angle ( ) Polynomial 0.867 c  = 0.424x
2
 – 23.83x + 330.2 

Final Moisture Content (C-U 

Test) 
Polynomial 0.784 c  = 1.004x

2
 – 25.15x + 157.5 

Time for 50% Consolid. (t50) Polynomial 0.738 c  = -0.441x
2
 + 3.061x + 1.786 

% Gravel Hyperbolic 0.666 c  = (5.808x – 6.904)/x

[Note]  UC = Unconfined Compression. 

 

 

 

5.3.2 A-6a Soils 

Next, results of a series of single-variable nonlinear regression analysis are 

summarized for A-6a soils in Tables 5.42 through 5.47.  Forty-three statistically strong 

correlations emerged during the analysis, with most of them associated with effective-

stress friction angle and effective-stress cohesion.  Among the mathematical models, the 

hyperbolic function proved to have the best ability to describe the basic correlations 

existing for the A-6a soils.  Other mathematical functions (polynomial, power, 

exponential, reciprocal, log) also yielded some strong correlations. However, cautions are 

recommended for any strong correlations identified through the polynomial function, 

because the 2
nd

 degree polynomial tends to produce an imaginary peak over the range of 

independent variable.  Out of the long list of index and state properties, the time for 50% 

consolidation (t50), measured during each C-U triaxial compression test, surfaced as the 

most important independent variables.   
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Table 5.42:  Single-Variable Nonlinear Regression Results for SPT-(N60)1 of A-6a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consol. (t50) Hyperbolic 0.845 (N60)1 = (35.80x – 14.37)/x 

Dry Unit Weight (UC Test) Polynomial 0.584 (N60)1 = -0.268x
2
 + 63.02x – 3661.0 

% Compaction Polynomial 0.583 (N60)1 = -0.326x
2
 + 69.68x – 3680.0 

% Gravel Polynomial 0.522 (N60)1 = 0.724x
2
 – 14.97x + 97.85 

 

 

 

Table 5.43:  Single-Variable Nonlinear Regression Results for Unconfined Compression 

Strength of A-6a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consol. (t50) Hyperbolic 0.890 qu = (39.27x – 2.316)/x 

Friction Angle ( ) Hyperbolic 0.548 qu = (55.63x – 348.9)/x 

 

 

 

Table 5.44:  Single-Variable Nonlinear Regression Results for Effective-Stress Friction 

Angle of A-6a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.992  = (30.37x + 19.34)/x  

% Gravel Hyperbolic 0.979  = (31.86x + 10.93)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.960  = (31.00x + 87.93)/x 

Liquid Limit (LL) Hyperbolic 0.945  = (32.21x + 31.35)/x 

Friction Angle ( ) Hyperbolic 0.935  = (33.28x + 4.509)/x 

% Sand Hyperbolic 0.927  = (38.13x – 108.5)/x 

% Clay Hyperbolic 0.881  = (31.19x + 63.35)/x 

Plasticity Index (PI) Hyperbolic 0.857  = (33.11x + 4.525)/x 

Final Moisture Content (C-U Test) Hyperbolic 0.844  = (35.56x – 32.81)/x 

Natural Moisture Content (w) Hyperbolic 0.765  = (36.57x – 40.53)/x 

Plastic Limit (PL) Hyperbolic 0.686  = (28.51x + 88.43)/x

[Note]  C-U = Consolidated-Undrained Triaxial. 
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Table 5.45:  Single-Variable Nonlinear Regression Results for Friction Angle of A-6a 

Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.930  = (18.85x + 8.170)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.828  = (27.17x – 245.7)/x 

% Clay Hyperbolic 0.599  = (29.67x – 269.2)/x 

% Sand Hyperbolic 0.586  = (27.79x – 179.0)/x 

% Gravel Exponential 0.564  = 31.40e
-0.06x

  

% Gravel Polynomial 0.542  = -0.091x
2
 + 0.554x + 21.79 

Specific Gravity (Gs) Polynomial 0.534  = -2778.x
2
 + 15169x – 20678 

Plasticity Index (PI) Polynomial 0.504  = -0.555x
2
 + 12.98x – 53.48 

 

 

Table 5.46:  Single-Variable Nonlinear Regression Results for Cohesion of A-6a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Effective Friction Angle ( ) Polynomial 0.860 cu = -1.258x
2
 + 84.78x – 1414.0  

Specific Gravity (Gs) Polynomial 0.823 cu = -1846.0x
2
 + 9975.0x – 13459.0 

Time for 50% Consolid. (t50) Hyperbolic 0.758 cu = (10.88x + 5.359)/x 

% Sand Hyperbolic 0.748 cu = (43.56x – 776.1)/x 

Natural Moisture Content (w) Polynomial 0.736 cu = 1.251x
2
 – 34.37x + 245.0 

Effective Friction Angle ( ) Power 0.709 cu = 5E(-9)x
6.162

 

Effective Friction Angle ( ) Exponential 0.698 cu = 0.023e
0.185x

 

Effective Friction Angle ( ) Hyperbolic 0.692 cu = (70.03x – 1942.3)/x 

Specific Gravity (Gs) Exponential 0.688 cu = 2E(+10)e
-7.91x

 

Specific Gravity (Gs) Power 0.684 cu = 2E(+10)x
-21.40

Effective Friction Angle ( ) Reciprocal 0.642 cu = -2006.0/x + 71.94

Effective Friction Angle ( ) Log 0.631 cu = 60.49Ln(x) – 200.4 

Unconf. Compr. Strength (qu) Polynomial 0.616 cu = -0.016x
2
 + 1.278x – 10.90

Specific Gravity (Gs) Log 0.615 cu = -211.0Ln(x) + 223.1

Specific Gravity (Gs) Reciprocal 0.612 cu = 574.9/x – 200.1

 

 

Table 5.47:  Single-Variable Nonlinear Regression Results for Effective-Stress Cohesion 

of A-6a Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Natural Moisture Content (w) Polynomial 1.000 c  = 1.819x
2
 – 49.27x + 334.1 

Time for 50% Consolid. (t50) Polynomial 0.979 c  = 0.165x
2
 – 2.701x + 12.15 

% Clay Polynomial 0.977 c  = -0.936x
2
 + 57.40x – 873.1 

Friction Angle ( ) Polynomial 0.965 c  = -0.416x
2
 + 16.73x – 160.9 

Specific Gravity (Gs) Power 0.951 c  = 4E(+30)x
-69.5

 

Specific Gravity (Gs) Exponential 0.950 c  = 4E(+30)e
-25.5x

 

Specific Gravity (Gs) Polynomial 0.948 c  = 785.2x
2
 – 4342.0x + 6003.0 
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Table 5.47:  Single-Variable Nonlinear Regression Results for Effective-Stress Cohesion 

of A-6a Soils (cont‟d) 

 
Independent Variable x Function R

2
 Correlation Equation 

% Silt Hyperbolic 0.935 c  = (56.54x – 2042.0)/x 

% Gravel Polynomial 0.934 c  = -2.070x
2
 + 22.63x – 55.84 

% Silt Log 0.929 c  = 53.10Ln(x) – 190.4 

% Silt Reciprocal 0.929 c  = -2042.0/x + 56.54 

Specific Gravity (Gs) Reciprocal 0.885 c  = 505.7/x – 182.8 

% Silt Power 0.884 c  = 6E(-30)x
18.71

 

% Silt Exponential 0.884 c  = 2E(-8)e
0.486x

 

% Compaction Polynomial 0.883 c  = -0.052x
2
 + 10.61x – 534.1 

Dry Unit Weight (UC Test) Polynomial 0.883 c  = -0.042x
2
 + 9.505x – 526.1 

Specific Gravity (Gs) Log 0.883 c  = -185.0Ln(x) + 188.8 

Specific Gravity (Gs) Hyperbolic 0.881 c  = (-182.0x + 503.3)/x 

Dry Unit Weight (C-U Test) Power 0.834 c  = 2E(+67)x
-32.0

 

Dry Unit Weight (C-U Test) Exponential 0.834 c  = 2E(+14)e
-0.26x

 

Dry Unit Weight (UC Test) Exponential 0.830 c  = 2E(+7)e
-0.13x

 

% Compaction Exponential 0.829 c  = 2E(+7)e
-0.14x

 

% Clay Log 0.827 c  = -50.1Ln(x) + 177.2 

Dry Unit Weight (UC Test) Power 0.819 c  = 2E(+32)x
-15.4

 

% Clay Reciprocal 0.819 c  = 1570.0/x – 45.73 

% Compaction Power 0.818 c  = 6E(+31)x
-15.4

 

Final Moisture Content (C-U) Exponential 0.809 c  = 0.001e
0.448x

 

Final Moisture Content (C-U) Power 0.807 c  = 5E(-9)x
7.145

 

 

5.3.3 A-6b Soils 

 

Tables 5.48 through 5.53 present strongest nonlinear correlations identified for the 

SPT-(N60)1, unconfined compression strength, effective-stress friction angle, angle of 

internal friction, cohesion, and effective-stress cohesion possessed by the A-6b soils.  

Tables 5.48 and 5.50 list results having the R
2
 value above 0.50 or 0.60.  Other tables 

present results with the R
2
 value higher than 0.80.  More than one hundred statistically 

strong correlations were discovered during the analysis, with some of them having the R
2
 

value rounded off to 1.00.  Among the mathematical models, the hyperbolic function 

appeared to have the best ability to describe the basic correlations existing for the A-6b 

soils.  Other mathematical functions (polynomial, power, exponential, logarithmic, 
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reciprocal) also yielded good results.  Cautions are recommended for any strong 

correlations identified through the polynomial function, because the 2
nd

 degree 

polynomial tends to produce an imaginary peak for the dependent variable.  % silt, % 

clay, plasticity index (PI), dry unit weight ( d), time for 50% consolidation (t50), and 

specific gravity (Gs) surfaced as key independent variables.   

 

Table 5.48:  Single-Variable Nonlinear Regression Results for SPT-(N60)1 of A-6b Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consol. (t50) Hyperbolic 0.988 (N60)1 = (33.32x – 48.37)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.840 (N60)1 = (40.25x – 291.9)/x 

% Gravel Hyperbolic 0.826 (N60)1 = (41.74x – 130.2)/x 

% Gravel Power 0.653 (N60)1 = 6.651x
0.580

 

Plastic Limit (PL) Polynomial 0.649 (N60)1 = -3.889x
2
 + 153.7x – 1482.0 

% Gravel Polynomial 0.630 (N60)1 = -0.125x
2
 + 4.332x – 3.002 

% Gravel Exponential 0.612 (N60)1 = 13.47e
0.056x

 

% Clay Hyperbolic 0.587 (N60)1 = (45.36x – 553.9)/x 

% Gravel Log 0.586 (N60)1 = 14.66Ln(x) – 6.872 

Friction Angle ( ) Hyperbolic 0.561 (N60)1 = (46.45x – 258.2)/x 

% Clay Polynomial 0.560 (N60)1 = 0.232x
2
 – 17.1x + 327.4 

% Gravel Reciprocal 0.533 (N60)1 = -114.3/x + 40.23 

Plasticity Index (PI) Polynomial 0.502 (N60)1 = 3.677x
2
 – 131.2x + 1189.0 

 

 

Table 5.49:  Single-Variable Nonlinear Regression Results for Unconfined Compression 

Strength of A-6b Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Specific Gravity (Gs) Polynomial 0.998 qu = 42764x
2
 – 23217x + 31513 

Plastic Limit (PL) Polynomial 0.997 qu = 6.632x
2
 – 285.7x + 3095.0 

Plasticity Index (PI) Polynomial 0.985 qu = 2.472x
2
 – 78.53x + 643.0 

Friction Angle ( ) Polynomial 0.979 qu = 0.639x
2
 – 15.77x + 115.7 

% Clay Polynomial 0.974 qu = 0.217x
2
 – 14.33x + 252.1 

Specific Gravity (Gs) Power 0.965 qu = 1E(+26)x
-56.6

 

Specific Gravity (Gs) Exponential 0.964 qu = 1E(+26)e
-20.9x

 

% Silt Power 0.958 qu = 3E(+6)x
-3.03

 

% Silt Polynomial 0.953 qu = 0.269x
2
 – 24.88x + 593.0 

% Silt Exponential 0.950 qu = 689.6e
-0.07x

 

Plasticity Index (PI) Hyperbolic 0.946 qu = (234.8x – 3515.0)/x 

Plasticity Index (PI) Exponential 0.933 qu = 0.168e
0.293x

 

Specific Gravity (Gs) Log 0.931 qu = -2037Ln(x) + 2065.0 

Specific Gravity (Gs) Reciprocal 0.931 qu = 5512.0/x – 1999.0 
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Table 5.49:  Single-Variable Nonlinear Regression Results for Unconfined Compression 

Strength of A-6b Soils (cont‟d) 

 
Independent Variable x Function R

2
 Correlation Equation 

Specific Gravity (Gs) Hyperbolic 0.929 qu = (-1997.0x + 5507.0)/x 

Plasticity Index (PI) Log 0.925 qu = 192.0Ln(x) – 516.4 

% Silt Reciprocal 0.924 qu = 4410.0/x – 72.55 

Plasticity Index (PI) Power 0.923 qu = 9E(-06)x
5.242

 

% Silt Log 0.914 qu = -108.0Ln(x) + 439.2 

Time for 50% Consol. (t50) Hyperbolic 0.913 qu = (19.06x + 106.1)/x 

Plasticity Index (PI) Reciprocal 0.911 qu = -3408.0/x + 228.6 

% Clay Hyperbolic 0.909 qu = (115.1x – 2785.0)/x 

% Clay Exponential 0.905 qu = 3.901e
0.056x

 

Friction Angle ( ) Hyperbolic 0.899 qu = (119.5x – 1273.0)/x 

Plastic Limit (PL) Reciprocal 0.890 qu = 6119.0/x – 264.6 

Plastic Limit (PL) Power 0.887 qu = 2E(+12)x
-8.19

 

% Clay Power 0.880 qu = 0.020x
2.039

 

Plastic Limit (PL) Log 0.878 qu = -298.0Ln(x) + 935.4 

Plastic Limit (PL) Exponential 0.875 qu = 10839.0e
-0.39x

 

% Silt Hyperbolic 0.864 qu = (-70.26x + 4313.0)/x 

% Clay Log 0.851 qu = 73.4Ln(x) – 227.4 

Friction Angle ( ) Exponential 0.848 qu = 3.799e
0.130x

 

Plastic Limit (PL) Hyperbolic 0.848 qu = (-256.0x + 5941.0)/x 

% Clay Reciprocal 0.822 qu = -2595.0/x + 109.6 

 

 

Table 5.50:  Single-Variable Nonlinear Regression Results for Effective-Stress Friction 

Angle of A-6b Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.998 = (29.75x + 6.659)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.995 = (27.98x + 73.62)/x 

% Gravel Hyperbolic 0.980 = (28.48x + 23.77)/x 

% Clay Hyperbolic 0.956 = (25.56x + 178.1)/x 

% Silt Hyperbolic 0.956 = (38.48x – 321.6)/x 

Friction Angle ( ) Hyperbolic 0.946 = (24.88x + 91.21)/x 

% Sand Hyperbolic 0.938 = (25.55x + 73.14)/x 

% Compaction Hyperbolic 0.938 = (-15.44x + 2159.0)/x 

Final Moisture Content (C-U Test) Hyperbolic 0.873 = (34.89x – 74.34)/x 

Natural Moisture Content (w) Hyperbolic 0.847 = (22.83x + 121.9)/x

Plastic Limit (PL) Hyperbolic 0.823 = (47.87x – 350.8)/x 

Dry Unit Weight (UC Test) Hyperbolic 0.736 = (48.72x – 2124.0)/x 

Plasticity Index (PI) Hyperbolic 0.675 = (18.31x + 219.3)/x

Natural Moisture Content (w) Polynomial 0.621 = -0.527x
2 
+ 16.58x – 96.99 

% Silt Polynomial 0.620 = 0.030x
2 
– 2.281x + 72.00 

Unconf. Compr. Strength (qu) Polynomial 0.620 = 0.019x
2 
– 1.649x + 57.00 
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Table 5.51:  Single-Variable Nonlinear Regression Results for Friction Angle of A-6b 

Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Unconf. Compr. Strength (qu) Hyperbolic 0.995 = (24.05x – 220.0)/x 

% Clay Hyperbolic 0.988 = (32.42x – 563.5)/x 

Time for 50% Consolid. (t50) Hyperbolic 0.983 = (9.685x + 49.67.0)/x 

Plasticity Index (PI) Hyperbolic 0.966 = (53.46x – 660.9)/x 

Natural Moisture Content (w) Hyperbolic 0.955 = (42.59x – 411.5)/x 

% Clay Polynomial 0.925 = -0.007x
2
 + 0.981x – 9.239 

% Clay Log 0.925 = 15.51Ln(x) – 39.27 

% Clay Reciprocal 0.924 = -560.0/x + 32.31 

Plasticity Index (PI) Polynomial 0.919 = 0.002x
2
 + 1.941x – 19.47 

Plastic Limit (PL) Polynomial 0.919 = 2.038x
2
 – 85.63x + 911.5 

Plasticity Index (PI) Log 0.919 = 36.751Ln(x) – 89.67

Plasticity Index (PI) Reciprocal 0.917 = -658.0/x + 53.29

Dry Unit Weight (UC Test) Polynomial 0.910 = 0.024x
2
 – 6.269x + 419.8 

Effective Friction Angle ( ) Polynomial 0.910 = 0.029x
2
 – 7.044x + 427.8 

Dry Unit Weight (UC Test) Reciprocal 0.905 = 8197.0/x – 53.36

Effective Friction Angle ( ) Reciprocal 0.904 = 7453.0/x – 53.37

Dry Unit Weight (UC Test) Log 0.903 = -69.6Ln(x) + 348.3

Effective Friction Angle ( ) Log 0.903 = -69.6Ln(x) + 341.7

Natural Moisture Content (w) Polynomial 0.883 = 0.273x
2
 – 7.229x + 60.71 

% Silt Polynomial 0.876 = 0.052x
2
 – 4.798x + 123.4 

Time for 50% Consolid. (t50) Polynomial 0.873 = 0.015x
2
 – 1.042x + 28.10 

% Clay Power 0.871 = 0.494x
0.968

Plasticity Index (PI) Power 0.870 = 0.021x
2.298

Plasticity Index (PI) Exponential 0.868 = 1.606e
0.127x

Specific Gravity (Gs) Polynomial 0.865 = -145.9x + 411.4

Specific Gravity (Gs) Log 0.865 = -394.Ln(x) + 409.5

Specific Gravity (Gs) Reciprocal 0.865 = 1067./x – 377.8

% Clay Exponential 0.864 = 6.048e
0.026x

Natural Moisture Content (w) Log 0.861 = 25.52Ln(x) – 54.15

% Gravel Polynomial 0.860 = 0.170x
2
 – 3.329x + 27.32 

Dry Unit Weight (UC Test) Power 0.856 = 2E(+10)x
-4.35

Effective Friction Angle ( ) Power 0.856 = 1E(+10)x
-4.35

Dry Unit Weight (UC Test) Exponential 0.856 = 1245.0e
-0.03x

Effective Friction Angle ( ) Exponential 0.855 = 1245.0e
-0.04x

Natural Moisture Content (w) Reciprocal 0.853 = -403.7/x + 42.08

Specific Gravity (Gs) Hyperbolic 0.852 = (-377.8x + 1067.0)/x

Unconf. Compr. Strength (qu) Log 0.848 = 6.504Ln(x) – 6.355

% Silt Reciprocal 0.847 = 849.5/x – 4.608
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Table 5.51:  Single-Variable Nonlinear Regression Results for Friction Angle of A-6b 

Soils (cont‟d) 

 
Independent Variable x Function R

2
 Correlation Equation 

% Silt Log 0.840 = -21.0Ln(x) + 94.49

Dry Unit Weight (UC Test) Hyperbolic 0.836 = (-53.16x + 8172.0)/x

Effective Friction Angle ( ) Hyperbolic 0.835 = (-53.15x + 7429.0)/x

Unconf. Compr. Strength (qu) Reciprocal 0.831 = -213.8/x + 23.82

% Gravel Hyperbolic 0.806 = (21.80x – 69.90)/x

[Note]  UC = Unconfined Compression. 

 

 

 

Table 5.52:  Single-Variable Nonlinear Regression Results for Cohesion of A-6b Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Plasticity Index (PI) Polynomial 1.000 cu = -2.351x
2
 + 85.94x – 768.7 

% Gravel Polynomial 1.000 cu = 0.225x
2
 – 5.468x + 37.43 

% Clay Polynomial 1.000 cu = -0.142x
2
 + 10.96x – 190.8 

% Silt Polynomial 1.000 cu = -0.906x
2
 + 73.94x – 1457.0 

% Sand Polynomial 1.000 cu = -0.640x
2
 + 18.78x – 124.7 

Plastic Limit (PL) Polynomial 1.000 cu = 3.636x
2
 – 148.0x + 1509.0 

Dry Unit Weight (UC Test) Polynomial 1.000 cu = -0.217x
2
 + 50.92x – 2962.0 

Natural Moisture Content (w) Polynomial 1.000 cu = -26.63x
2
 + 866.8x – 6910.0 

Final Moisture Content (C-U) Polynomial 1.000 cu = 51.97x
2
 – 1997.x + 19180.0 

Unconf. Compr. Strength (qu) Polynomial 1.000 cu = -2.907x
2
 + 236.8x – 3592.0 

Time for 50% Consolid. (t50) Polynomial 1.000 cu = 0.095x
2
 – 4.043x + 38.54 

Friction Angle ( ) Polynomial 1.000 cu = -0.566x
2
 + 19.19x – 146.0 

Effective Friction Angle ( ) Polynomial 1.000 cu = -21.13x
2
 + 1285x – 19514.0 

% Compaction Polynomial 1.000 cu = -0.261x
2
 + 55.59x – 2940.0 

Dry Unit Weight (C-U Test) Polynomial 1.000 cu = -0.006x
2
 + 2.207x – 157.8 

Dry Unit Weight (C-U Test) Reciprocal 1.000 cu = -9277.0/x + 90.17 

Dry Unit Weight (C-U Test) Hyperbolic 1.000 cu = (90.16x – 9276.0)/x 

Dry Unit Weight (C-U Test) Log 0.999 cu = 81.67Ln(x) – 378.0 

Dry Unit Weight (C-U Test) Power 0.980 cu = 1E(-21)x
10.58

 

Time for 50% Consolid. (t50) Power 0.974 cu = 52.14x
-0.72

 

Time for 50% Consolid. (t50) Reciprocal 0.957 cu = 81.56/x + 1.555 

Time for 50% Consolid. (t50) Exponential 0.954 cu = 15.76e
-0.04x

 

Final Moisture Content (C-U) Power 0.942 cu = 3E(+16)x
-12.2

 

Final Moisture Content (C-U) Exponential 0.942 cu = 1E(+6)e
-0.63x

 

Liquid Limit (LL) Power 0.930 cu = 2E(-27)x
17.47

 

Liquid Limit (LL) Exponential 0.930 cu = 2E(-7)e
0.459x

 

Time for 50% Consolid. (t50) Log 0.920 cu = -5.39Ln(x) + 22.71 

Time for 50% Consolid. (t50) Hyperbolic 0.909 cu = (1.837x + 78.06)/x

Unconf. Compr. Strength (qu) Hyperbolic 0.887 cu = (10.01x – 29.28)/x

Final Moisture Content (C-U) Reciprocal 0.873 cu = 1723.0/x – 82.26

[Note]  C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression. 
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Table 5.52:  Single-Variable Nonlinear Regression Results for Cohesion of A-6b Soils 

(cont‟d) 

 
Independent Variable x Function R

2
 Correlation Equation 

Final Moisture Content (C-U) Log 0.872 cu = -89.9Ln(x) + 273.3

Liquid Limit (LL) Hyperbolic 0.863 cu = (135.8x – 4862.0)/x

Final Moisture Content (C-U) Hyperbolic 0.860 cu = (-82.13x + 1721.0)/x

Liquid Limit (LL) Log 0.855 cu = 128.0Ln(x) – 457.9

Liquid Limit (LL) Reciprocal 0.855 cu = -4862.0/x + 135.8

[Note]  C-U = Consolidated-Undrained Triaxial; and UC = Unconfined Compression. 

 

 

Table 5.53:  Single-Variable Nonlinear Regression Results for Effective-Stress Cohesion 

of A-6b Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Dry Unit Weight (C-U Test) Polynomial 1.000 c  = 0.090x
2
 – 19.95x + 1106.0 

% Compaction Polynomial 1.000 c  = -0.238x
2
 + 50.99x – 2717.0 

Effective Friction Angle ( ) Polynomial 1.000 c  = -17.45x
2
 + 1062.0x – 16154.0 

Friction Angle ( ) Polynomial 1.000 c  = -0.516x
2
 + 17.03x – 129.4 

Time for 50% Consolid. (t50) Polynomial 1.000 c  = 0.186x
2
 – 7.470x + 55.74 

Unconf. Compr. Strength (qu) Polynomial 1.000 c  = -2.330x
2
 + 189.7x – 2880.0 

Final Moisture Content (C-U) Polynomial 1.000 c  = 96.29x
2
 – 3695.0x + 35410.0 

Plastic Limit (PL) Polynomial 1.000 c  = 2.391x
2
 – 96.16x + 966.6 

% Silt Polynomial 1.000 c  = -0.742x
2
 + 60.82x – 1206.0 

% Sand Polynomial 1.000 c  = -0.825x
2
 + 23.26x – 154.1 

% Clay Polynomial 1.000 c  = -0.124x
2
 + 9.403x – 163.5 

% Gravel Polynomial 1.000 c  = 0.109x
2
 – 3.030x + 22.90 

Plasticity Index (PI) Polynomial 1.000 c  = -2.144x
2
 + 77.43x – 688.1 

% Gravel Reciprocal 0.915 c  = 59.72/x – 1.483 

Dry Unit Weight (C-U Test) Exponential 0.876 c  = 3E(-6)e
0.121x

 

Dry Unit Weight (C-U Test) Power 0.867 c  = 2E(-28)x
13.78

 

% Gravel Log 0.856 c  = -6.17Ln(x) + 19.32 

 

 

5.3.4 A-7-6 Soils 

 

Next, results of a series of single-variable nonlinear regression analysis are 

summarized for A-7-6 soils in Tables 5.54 through 5.59.  Over twenty statistically strong 

correlations surfaced by the end of the analysis.  Among the mathematical models, the 

hyperbolic function proved to have the best ability to describe the basic correlations 

existing for the A-6a soils.  In one case, another mathematical function (polynomial) also 
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yielded a good correlation.  Cautions are recommended for any strong correlations 

identified through the polynomial function, because the 2
nd

 degree polynomial tends to 

produce an imaginary peak over the range of independent variable.  Out of the long list of 

index and state properties, % gravel and % sand appears to serve as the most important 

independent variables.   

 

Table 5.54:  Single-Variable Nonlinear Regression Results for SPT-(N60)1 of A-7-6 Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

% Gravel Hyperbolic 0.885 (N60)1 = (21.51x + 7.240)/x  

% Sand Hyperbolic 0.853 (N60)1 = (27.75x – 36.66)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.724 (N60)1 = (33.16x – 304.8)/x 

Dry Unit Weight (C-U Test) Hyperbolic 0.704 (N60)1 = (125.1x – 11367)/x 

Dry Unit Weight (C-U Test) Power 0.662 (N60)1 = 5E(-11)x
5.680

 

Dry Unit Weight (C-U Test) Exponential 0.653 (N60)1 = 0.067e
0.051x

 

Dry Unit Weight (C-U Test) Polynomial 0.652 (N60)1 = -0.026x
2
 + 6.869x – 407.0 

Dry Unit Weight (C-U Test) Reciprocal 0.640 (N60)1 = -11547/x + 126.8 

Dry Unit Weight (C-U Test) Log 0.635 (N60)1 = 105.5Ln(x) – 474.5 

% Gravel Polynomial 0.603 (N60)1 = -0.630x
2
 + 7.197x + 11.96 

Friction Angle ( ) Hyperbolic 0.595 (N60)1 = (45.07x – 299.8)/x 

% Sand Power 0.552 (N60)1 = 8.858x
0.370

 

Dry Unit Weight (UC Test) Hyperbolic 0.545 (N60)1 = (128.3x – 11190.0)/x 

% Compaction Hyperbolic 0.524 (N60)1 = (125.0x – 9864.0)/x 

% Sand Reciprocal 0.522 (N60)1 = -37.12/x + 27.80 

Final Moisture Content (C-U) Exponential 0.512 (N60)1 = 237.4e
-0.10x

 

Dry Unit Weight (UC Test) Polynomial 0.501 (N60)1 = -0.061x
2
 + 13.91x – 756.8 

 

 

 

Table 5.55:  Single-Variable Nonlinear Regression Results for Unconfined Compression 

Strength of A-7-6 Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

% Sand Hyperbolic 0.864 qu = (39.35x – 78.89)/x 

% Gravel Hyperbolic 0.835 qu = (26.49x + 5.36)/x 

Friction Angle ( ) Hyperbolic 0.699 qu = (66.62x – 485.0)/x 

Time for 50% Consolid. (t50) Hyperbolic 0.635 qu = (20.31x + 260.0)/x 

% Sand Exponential 0.500 qu = 17.80e
0.034x
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Table 5.56:  Single-Variable Nonlinear Regression Results for Effective-Stress Friction 

Angle of A-7-6 Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.994 = (26.14x + 36.55)/x 

% Sand Hyperbolic 0.991 = (26.91x + 3.683)/x 

% Gravel Hyperbolic 0.989 = (27.72x – 0.708)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.971 = (26.44x + 23.32)/x 

% Silt Hyperbolic 0.930 = (28.24x – 33.18)/x 

Friction Angle ( ) Hyperbolic 0.894 = (26.12x + 15.28)/x 

Plasticity Index (PI) Hyperbolic 0.876 = (30.24x – 75.15)/x 

Liquid Limit (LL) Hyperbolic 0.779 = (30.89x – 171.4)/x 

% Clay Hyperbolic 0.767 = (29.48x – 108.3)/x 

Final Moisture Content (C-U Test) Hyperbolic 0.736 = (32.16x – 111.3)/x

Plastic Limit (PL) Hyperbolic 0.547 = (31.33x – 84.79)/x

 

 

 

Table 5.57:  Single-Variable Nonlinear Regression Results for Friction Angle of A-7-6 

Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

% Gravel Hyperbolic 0.972 = (11.20x + 3.578)/x 

% Sand Hyperbolic 0.935 = (16.39x – 26.58)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.901 = (18.21x – 131.7)/x 

Time for 50% Consolid. (t50) Hyperbolic 0.877 = (12.24x + 31.71)/x 

% Silt Hyperbolic 0.720 = (9.40x + 133.5)/x 

% Sand Polynomial 0.583 = 0.017x
2
 – 0.170x + 11.70 

 

 

 

Table 5.58:  Single-Variable Nonlinear Regression Results for Cohesion of A-7-6 Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Friction Angle ( ) Polynomial 0.895 cu = -1.256x
2
 + 34.87x – 226.9 

% Gravel Hyperbolic 0.827 cu = (6.293x + 2.951)/x 

% Gravel Reciprocal 0.778 cu = -8.495/x + 8.929 

Plastic Limit (PL) Polynomial 0.638 cu = 1.405x
2
 – 62.17x + 688.8 

% Gravel Polynomial 0.544 cu = -0.291x
2
 + 3.412x + 1.539 

% Sand Polynomial 0.536 cu = -0.059x
2
 + 1.564x – 0.971 
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Table 5.59:  Single-Variable Nonlinear Regression Results for Effective-Stress Cohesion 

of A-7-6 Soils 

 
Independent Variable x Function R

2
 Correlation Equation 

Final Moisture Content (C-U Test) Exponential 0.899 c  = 628.5e
-0.22x

 

Final Moisture Content (C-U Test) Power 0.897 c  = 1E(+8)x
-5.48

 

Friction Angle ( ) Hyperbolic 0.890 c  = (17.73x – 168.9)/x 

Friction Angle ( ) Polynomial 0.882 c  = -0.597x
2
 + 16.63x – 108.4 

Unconf. Compr. Strength (qu) Polynomial 0.876 c  = 0.145x
2
 – 6.767x + 79.38 

Dry Unit Weight (C-U Test) Power 0.859 c  = 3E(-20)x
9.810

 

% Sand Exponential 0.853 c  = 1.058e
0.097x

 

% Sand Power 0.851 c  = 0.707x
0.687

 

% Clay Power 0.837 c  = 5E(+9)x
-5.39

 

% Sand Hyperbolic 0.834 c  = (6.138x – 16.21)/x 

% Clay Exponential 0.830 c  = 515.5e
-0.10x

 

 

 

5.3.5 All Cohesive Soil Types Combined 

 

Once again, the data of all four cohesive soil types tested was combined for the 

nonlinear single independent variable analysis.  Table 5.60 presents the top sixteen (with 

nine of them being very strong) nonlinear correlations identified for the effective-stress 

friction angles of all four soil types encountered.  Table 5.61 shows other strong single-

variable nonlinear regression models that surfaced during the analysis for all the soil 

types.  Among of the index and state properties, the time for 50% consolidation (t50), 

measured during each C-U triaxial compression test, surfaced as the most important 

independent variable.  No strong correlations surfaced for cohesion (cu) or effective-stress 

cohesion (c ). 
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 Table 5.60:  Top Sixteen Nonlinear Regression Models for All Four Soil Types 

 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.996  =  (26.23x + 37.59)/x 

% Gravel Hyperbolic 0.976  =  (31.95x – 0.876)/x 

% Sand Hyperbolic 0.960  =  (35.30x – 61.84)/x

Friction Angle ( ) Hyperbolic 0.950  =  (36.95x – 96.21)/x

Plasticity Index (PI) Hyperbolic 0.940  =  (24.91x + 88.90)/x 

Unconfined Compressive Strength 

(qu) 
Hyperbolic 0.939  =  (33.36x – 68.46)/x 

% Clay Hyperbolic 0.891  =  (22.30x + 297.7)/x 

Liquid Limit (LL) Hyperbolic 0.879  =  (22.24x + 253.6)/x 

Natural Moisture Content (UC Test) Hyperbolic 0.853  =  (22.13x + 133.7)/x 

Final Moisture Content (C-U Test) Hyperbolic 0.779  =  (22.38x + 149.5)/x 

% Silt Hyperbolic 0.759  =  (27.86x + 130.1)/x

Dry Unit Weight (UC Test) Hyperbolic 0.732  =  (53.45x – 2553.0)/x 

Dry Unit Weight (C-U Test) Hyperbolic 0.724  =  (55.15x – 2836.0)/x 

% Compaction Hyperbolic 0.639  =  (49.85x – 1910.0)/x 

Time for 50% Consolid. (t50) Power 0.633  =  37.62x
-0.08

 

Time for 50% Consolid. (t50) Log 0.628  = -2.53Ln(x) + 36.89

 

 

Table 5.61:  Additional Nonlinear Regression Models for All Four Soil Types 

 

(a)  Dependent Variable y = SPT-(N60)1 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.961 y = (33.07x – 7.872)/x 

 

(b) Dependent Variable y = Unconfined Compression Strength (qu) 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.810 y = (22.54x + 116.8)/x 

 

(c) Dependent Variable y = Friction Angle ( ) 
Independent Variable x Function R

2
 Correlation Equation 

Time for 50% Consolid. (t50) Hyperbolic 0.922 y = (11.69x + 51.05)/x 

Unconf. Compr. Strength (qu) Hyperbolic 0.832 y = (25.71x – 217.8)/x 

% Sand Hyperbolic 0.817 y = (26.05x – 114.2)/x 

 

5.4  Multi-Variable Linear Regression Analysis 

 Until now, linear and nonlinear correlations were explored between a dependent 

variable and a single independent variable.  There were some moderately strong to very 

strong correlations emerging from these relatively simple regression analyses.  But, 
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numerous very weak correlations were produced during the single-variable regression 

analysis.  The next logical step is to look at correlations between a dependent variable 

and two or more independent variables.  General form of the linear multi-variable 

regression model is given below: 

 

y = a0 + a1x1 + a2x2 + a3x3 + …       (5.8) 

where a0, a1, a2, a3 , … =  linear regression model coefficients.  

 

 This section presents results of the multi-variable linear and nonlinear regression 

analyses performed for each major soil type and all three soil types combined.  A 

powerful computer software package SPSS (version 17.0) was utilized to perform these 

advanced analyses efficiently and comprehensively.  SPSS has been one of the most 

powerful and popular statistical packages for many decades.  The use of this software was 

necessary due to the fact that the data amassed in the current study involved different soil 

types and many variables coming from the field and laboratory tests.  All possible cases 

must be investigated, and there are over eighty cases that can be addressed here.   

 The linear regression analysis features included in SPSS allow the user to apply 

any one of the three available schemes – forward selection, backward elimination, and 

stepwise selection.   In the forward selection scheme, the linear model starts out with no 

variables in the linear equation.  It will search for the first variable out of a pool of all 

independent variables so that the selected variable has the largest positive or negative 

correlation with the dependent variable.  The software performs the F test against a 

criterion to decide whether to select the variable or not.  Next, the software will search for 
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the second variable out of the pool of remaining independent variables so as to strengthen 

the correlation further.  This process can continue on to keep adding more independent 

variables.  The forward selection process can be terminated abruptly at any stage if there 

are no variables that can meet the F statistic criterion.  In the backward elimination 

scheme, the model starts out with all independent variables in the linear equation.  It will 

then drop the variables one by one so as to strengthen the correlation.  The F-test is 

performed in each step to justify the elimination.  The process can be terminated at any 

time if it fails to find variables that can meet the elimination criterion.  Finally, the 

stepwise selection scheme takes advantages of both approaches described above.  The 

stepwise selection process will first add two variables to the regression equation in the 

same way FS selects its first two variables.  Then, it will examine if the first variable 

should drop out or not by performing the F test.  Next, the stepwise selection will pick up 

the third variable.  It will then examine to see if any of the variables already in the 

equation should stay or not.  The process will go on until either no more variables can be 

added or dropped. 

The correlations established in the previous section are those between dependent 

variable and single independent variable. To explore stronger and more reasonable 

correlations, the effective approach, displayed in this section, is to consider multiple 

independent variables. Since the combination of independent variables is more than 

thousands, it is more efficient to analyze the integration of all independent variables by 

SPSS. The analytical schemes ultimately utilized are stepwise selection and backward 

elimination. This is because the forward and stepwise selection methods always yielded 

identical results in any analysis case.   
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Tables 5.62 through 5.66 present the results of the linear multi-variable regression 

analysis for each soil type as well as all four soil types combined.  The results are 

qualified if their ultimate R
2
 value is greater than 0.80. The satisfying correlations 

revealed in this section are arranged by the order of dependent variables, which are SPT-

(N60)1 value, unconfined compression stress, friction angle, effective-stress friction angle, 

cohesion and effective-stress cohesion. 

Table 5.62 shows that a total of eight statistically strong multi-variable linear 

regression models are identified for the A-4a soils tested in the current study.  The 

number of independent variables needed for a reliable regression model is ranging from 

three to eight.  Among the variables, % clay, % sand, and % compaction appear more 

frequently in these multi-variable regression models.  The analysis was successful, for at 

least one satisfying model emerged for each dependent variable.   The lowest R
2
 value is 

0.909.  No results are available for the A-4b soil type, due to a lack of the data. 

Table 5.63 shows that a total of seven statistically strong multi-variable linear 

regression models are identified for the A-6a soils tested in the current study.  The 

number of independent variables needed for a reliable regression model is ranging from 

three to seven.  Among the variables, % compaction, natural moisture content, specific 

gravity, and % silt appear more frequently in these multi-variable regression models.  The 

analysis was less successful, for no satisfying model emerged for the effective-stress 

friction angle possessed by this soil type.  The R
2
 value is all equal to 1.000. 

Table 5.64 shows that a total of ten statistically strong multi-variable linear 

regression models are identified for the A-6b soils tested in the current study.  The 

number of independent variables needed for reliable regression models is ranging from 
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only two to seven.  Among the variables, % compaction, fully corrected SPT-N value, 

time for 50% consolidation, % gravel, and % sand appear more frequently in these multi-

variable regression models.  The analysis was successful, for at least one satisfying model 

emerged for each dependent variable.  The R
2
 value is 1.000 for most of the models. 

 

 
 

Table 5.62: Multi-Variable Linear Regression Models for A-4a Soils 

 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60)1 

Gs, %Gravel, %Clay,  

%Sand, PL, 

%Compaction 

1.000 

(N60)1 = -2168.608 + 960.817(Gs) 

+15.822(%G) + 16.132(%C) + 

6.539(%S) + 5.813(PL) - 

12.229(%Comp) 

Unconfined 

Compress. 

Strength 

SPT-(N60)1, %Clay, 

%Sand 
0.985 

qu = -225.762 + 0.380(N60)1 + 4.575(%C) 

+ 4.872(%S) 

Unconfined 

Compress. 

Strength 

%Clay, %Sand, PL, 

wf,  , , 

%Compaction 

0.988 

qu = -337.145 + 5.754(%C) + 

12.774(%S) + 3.031(PL) + 1.049(wf) + 

1.541( ) - 1.381( ) - 1.628(%Comp) 

Friction 

Angle 

%Clay, %Sand, PL, 

wf, qu, t50, , 

%Compaction 

0.954 

= 165.295 - 2.738(%C) - 6.981(%S) -

2.149(PL) - 0.629(wf) + 0.480(qu) + 

0.507(t50) + 1.264( ) + 0.924(%Comp) 

Effective 

Friction 

Angle 

%Clay, %Sand, PL, 

qu, t50, , 

%Compaction 

0.909 

 = -31.176 + 0.916(%C) +2.989(%S) + 

0.956(PL) - 0.146(qu) - 0.353(t50) + 

0.331( ) - 0.525(%Comp)

Cohesion 
SPT-(N60)1, %Clay, 

t50 
1.000 

cu = 49.308 - 0.095(N60)1 - 1.16(%C) + 

0.043(t50) 

Cohesion 
%Clay, , 

%Compaction 
1.000 

cu = 77.770 - 1.418(%C) - 0.599( ) -

0.040(%Comp) 

Effective 

Cohesion 

%Clay, , 

%Compaction 
1.000 

c = -51.949 + 0.280(%C) + 1.546( ) -

0.025(%Comp) 

 

[Note] %G = % Gravel; %C = % Clay; %S = % Sand; PL = Plastic Limit; %Comp = % 

Compaction (based on standard Proctor max. dry unit weight); wf = Final Moisture 

Content (measured at the end of C-U triaxial test); qu = Unconfined Compression 

Strength (in psi); and t50 = Time for 50% Consolidation (in minutes). 
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Table 5.63: Multi-Variable Linear Regression Models for A-6a Soils 

 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60)1 

Gs, %Gravel, %Silt, 

PL, w, qu, 

%Compaction 

1.000 

(N60)1 = -559.743 + 193.570(Gs) -

5.523(%G) - 5.477(%M) - 0.913(PL) + 

8.113(w) - 2.003(qu) + 2.835(%Comp) 

SPT-(N60)1 

%Gravel, %Silt, PL, 

LL, w, qu, 

%Compaction 

1.000 

(N60)1 = -68.756 - 4.501(%G) -

6.201(%M) + 2.733(PL) + 0.234(LL) + 

6.393(w) - 1.637(qu) + 2.778(%Comp) 

Unconfined 

Compress. 

Strength 

SPT-(N60)1, Gs, PI, 

%Gravel, %Silt, w, 

%Compaction 

1.000 

qu = -239.466 - 0.527(N60)1 + 80.669(Gs) 

+ 0.114(PI) - 2.826(%G) - 2.975(%M) + 

3.976(w) + 1.469(%Comp) 

Unconfined 

Compress. 

Strength 

SPT-(N60)1, 

%Gravel,   %Silt, 

PL, LL, w, 

%Compaction 

1.000 

qu = -42.013 - 0.611(N60)1 - 2.750(%G) -

3.789(%M) + 1.670(PL) + 0.143(LL) + 

3.906(w) + 1.697(%Comp) 

Cohesion 
%Gravel, %Clay, 

LL,  
1.000 

cu = 60.979 - 1.795(%G) - 1.288(%C) -

0.002(LL) + 0.051( ) 

Cohesion 
SPT-(N60)1, PI, w, 

%Compaction 
1.000 

cu = 20.492 + 0.077(N60)1 + 1.962(PI) -

2.337(w)-0.042(%Comp) 

Effective 

Cohesion 

%Sand, w, 

%Compaction 
1.000 

c = 34.361 + 0.255(%S) + 0.888(w) -

0.464(%Comp) 

 

[Note] Gs = Specific Gravity; %G = % Gravel; %M = % Silt; w = Natural Moisture 

Content (measured during unconfined compression test); qu = Unconfined Compression 

Strength (in psi); %Comp = % Compaction (based on standard Proctor maximum dry unit 

weight); PI = Plasticity Index; and %S = % Sand. 
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Table 5.64: Multi-Variable Linear Regression Models for A-6b Soils 

 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60) 

%Gravel, %Sand, 

wf, t50, , , 

%Compaction 

1.000 

(N60)1 = -29.538 - 0.589(%G) -

5.833(%S) - 4.796(wf) + 1.032(t50) + 

6.532( ) + 3.242( ) + 0.216(%Comp) 

Unconfined 

Compress. 

Strength 

Gs, %Silt, w 1.000 
qu = 2402.086 - 862.857(Gs) - 

0.214(%M) - 1.143(w) 

Unconfined 

Compress. 

Strength 

%Gravel, %Sand,     

%Compaction 
1.000 

qu = 204.568 + 1.843(%G) + 1.611(%S) -

1.997(%Comp) 

Friction 

Angle 

SPT-(N60)1, 

%Gravel, %Sand, 

wf, t50, , 

%Compaction 

1.000 

= 4.522 + 0.153(N60)1 + 0.090(%G) + 

0.893(%S) + 0.734(wf) - 0.158(t50) -

0.496( ) - 0.033(%Comp) 

Effective 

Friction 

Angle 

PI, t50 0.869  = 43.337 - 0.599(PI) - 0.189(t50)

Effective 

Friction 

Angle 

SPT-(N60)1, 

%Gravel,   %Sand, 

wf, t50, , 

%Compaction 

1.000 

 = 9.110 + 0.308(N60)1 + 0.182(%G) + 

1.799(%S) + 1.479(wf) - 0.318(t50)-

2.015( ) - 0.067(%Comp) 

Cohesion wf, t50 1.000 cu = -1076.189 + 60.898(wf) - 4.270(t50) 

Cohesion 
SPT-(N60)1, 

%Compaction 
1.000 

cu = 98.455 - 0.387(N60)1 - 

0.718(%Comp) 

Effective 

Cohesion 
SPT-(N60)1, w 1.000 c = 0.965 - 0.413(N60)1 + 1.046(w) 

Effective 

Cohesion 

SPT-(N60)1, 

%Compaction 
1.000 

c  = 52.875 - 0.352(N60)1 - 

0.347(%Comp) 

 

[Note]   %G = % Gravel; %S = % Sand; wf = Final Moisture Content (measured at the 

end of C-U triaxial test); t50 = Time for 50% Consolidation (in minutes); %Comp = % 

Compaction (based on standard Proctor maximum dry unit weight); Gs = Specific 

Gravity; %M = % Silt; w = Natural Moisture Content (measured during each unconfined 

compression test); and PI = Plasticity Index. 

 
 

 

Table 5.65 shows that a total of seven statistically strong multi-variable linear 

regression models are identified for the A-7-6 soils tested in the current study.  The 

number of independent variables needed for reliable regression models is ranging from 
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only two to eleven.  Among the variables, % compaction, fully corrected SPT-N value, 

unconfined compression strength, and specific gravity appear more frequently in these 

multi-variable regression models.  The analysis was less than successful, for no satisfying 

model emerged for the effective-stress friction angle.  The lowest R
2
 value is 0.858. 

 

Table 5.65: Multi-Variable Linear Regression Models for A-7-6 Soils 

 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60)1 

PI,Gs, %Gravel, 

%Silt,  %Sand, PL, 

LL, d, w, qu, 

%Compaction 

0.989 

(N60)1 = 266.112 + 0.391(PI) - 

162.730(Gs) - 2.997(%G) + 3.234(%M) -

0.565(%S) - 33.120(PL) + 5.914(LL) -

9.414( d) -2.363(w) + 3.486(qu) + 

14.941(%Comp) 

Unconfined 

Compress. 

Strength 

SPT-(N60)1, PI, Gs, 

%Gravel, %Silt,   

%Sand, PL, LL, d, 

w, %Compaction 

0.999 

qu = -71.183 + 0.272(N60)1 - 0.114(PI) + 

43.838(Gs) + 0.853(%G) - 0.920(%M) + 

0.179(%S) + 9.455(PL) - 1.675(LL) + 

2.759( d) + 0.665(w) - 4.323(%Comp) 

Friction 

Angle 

SPT-(N60)1, Gs, 

%Silt, PL, LL, d, qu, 

t50, %Compaction 

0.858 

= -207.728 + 0.401(N60)1 + 

124.361(Gs) - 0.902(%M) + 8.512(PL) -

1.760(LL) + 2.854( d) -

0.754(qu)+0.024(t50)-4.829(%Comp) 

Cohesion SPT-(N60)1, qu 0.872 cu = 3.556 + 0.473(N60)1 - 0.295(qu) 

Cohesion 
PI, Gs, , , 

%Compaction 
1.000 

cu = 497.741 - 0.390(PI) - 245.297(Gs) -

0.961( ) + 1.515( ) + 1.585(%Comp) 

Effective 

Cohesion 

SPT-(N60)1, %Clay,     

%Sand,  
1.000 

c = -2.649 + 0.185(N60)1 + 0.002(%C) + 

0.014(%S) + 0.163( ) 

Effective 

Cohesion 

qu, , , 

%Compaction 
1.000 

c = -18.586-0.206(qu) +1.027( )-

0.250( ) + 0.225(%Comp) 

 

[Note]   PI = Plasticity Index; Gs = Specific Gravity; %G = % Gravel; %M = % Silt; %S 

= % Sand; PL = Plastic Limit; LL = Liquid Limit; d = Dry Unit Weight (in pcf); w = 

Natural Moisture Content (measured during each unconfined compression test); wf = 

Final Moisture Content (measured at the end of C-U triaxial test); %Comp = % 

Compaction (based on standard Proctor maximum dry unit weight); qu = Unconfined 

Compression Strength (in psi); and t50 = Time for 50% Consolidation (in minutes). 
 

 

 

Finally, Table 5.66 shows that a total of four statistically strong multi-variable 

linear regression models are identified for all the soil types (A-4, A-6, and A-7-6) tested 
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in the current study.  The number of independent variables needed for reliable regression 

models is ranging from seven to seventeen.  Among the variables, % clay, % sand, % 

compaction, plasticity index, and plastic limit appear more frequently in these multi-

variable regression models.  The analysis was successful, for at least one satisfying model 

emerged for each shear strength parameter.  The lowest R
2
 value is 0.795, which is very 

close to the minimum acceptable value of 0.800. 

 

Table 5.66: Multi-Variable Linear Regression Models for All Soil Types 

 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

Friction 

Angle 

PI, %Clay, %Silt, 

%Sand, PL, wf, 

%Compaction 

0.795 

= 32.324 - 0.350(PI) + 0.283(%C) + 

0.117(%M) + 0.380(%S) - 0.492(PL) -

0.517(wf) - 0.115(%Comp) 

Cohesion 

SPT-(N60)1, PI, Gs, 

%Gravel, %Clay,   

%Silt, %Sand, PL, 

LL,  d, w, wf, qu, t50, 

, , %Compaction 

1.000 

cu = 805.708 - 0.400(N60)1 - 0.099(PI) -

431.512(Gs) - 4.818(%G) - 5.728(%C) -

4.304(%M) - 9.302(%S) -7.193(PL) + 

1.765(LL) + 2.840( d) + 8.928(w) + 

13.764(wf) + 0.339(qu) - 1.869(t50) + 

9.247( ) + 1.223( ) + 1.368(%Comp) 

Effective 

Cohesion 

SPT-(N60)1, PI, Gs, 

%Gravel, %Clay,   

%Sand, PL, LL, d,    

w, qu, t50,  

0.995 

c = 153.883 - 0.217(N60)1 - 0.336(PI) -

96.823(Gs) + 0.316(%G) - 0.861(%C) 

+1.642(%S) + 2.123(PL) + 2.786(LL) -

0.195( d) - 2.257(w) + 0.195(qu) -

0.422(t50) + 1.481( ) 

Effective 

Cohesion 

SPT-(N60)1, PI, Gs, 

%Gravel, %Clay,   

%Silt, PL, LL, d, w, 

qu, t50, , , 

%Compaction 

1.000 

c = 204.186 - 0.347(N60)1 - 0.512(PI) -

137.863(Gs) - 0.079(%G) - 1.516(%C) -

1.177(%M) + 3.549(PL) + 3.248(LL) -

0.156( d) - 1.219(w) + 0.187(qu) + 

0.475(t50) + 3.051( ) + 2.444( ) + 

0.019(%Comp) 

 

[Note]   PI = Plasticity Index ; %C = % Clay; %M = % Silt; %S = % Sand; PL = Plastic 

Limit; wf = Final Moisture Content (measured at the end of C-U triaxial test); %Comp = 

% Compaction (based on standard Proctor maximum dry unit weight); t50 = Time for 

50% Consolidation (in minutes); Gs = Specific Gravity; %G = % Gravel; LL = Liquid 

Limit; d = Dry Unit Weight (in pcf); w = Natural Moisture Content (measured during 

each unconfined compression test); qu = Unconfined Compression Strength (in psi); and 

t50 = Time for 50% Consolidation (in minutes). 
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5.5 Multi-Variable Nonlinear Regression Analysis 

 As the final stage of the comprehensive statistical analysis, the data compiled in 

the current study was analyzed by the multi-variable nonlinear regression model available 

in SPSS.  The single-variable regression analyses carried out earlier produced more 

strong correlations with the nonlinear models than with the linear model.  General form 

of the nonlinear multi-variable regression model is given below: 

 

y = a0 (x1)
a1

 (x2)
a2

 (x3)
a3

  …        (5.9) 

where a0, a1, a2, a3 , … =  nonlinear regression model coefficients.  

 

No automated schemes (such as the forward selection, backward elimination) are possible 

with the nonlinear analysis.  Thus, the above model was applied to each successful case 

that surfaced during the previous multi-variable linear regression analysis.  It was hoped 

that a few holes observed among the results of the multi-variable linear regression 

analysis would be filled during the nonlinear regression analysis.   

Table 5.67 shows a total of five statistically strong nonlinear regression models 

identified for the A-4a soils.  The number of independent variables needed for reliable 

regression models is three to eight.  The analysis is considered reasonably successful, 

although it produced a less number of strong models than the linear regression did.  The 

R
2
 value is ranging from 0.893 to 0.982 in the list. 
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Table 5.67: Multi-Variable Nonlinear Regression Models for A-4a Soils 

 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60)1 

Gs, %Gravel, %Clay,  

%Sand, PL, 

%Compaction 

0.893 

(N60)1 = 2.370*10
13

*(Gs)
65.182

*(%G)
2.498 

*(%C)
13.067

*(%S)
2.453

*(PL)
-1.834

* 

(%Comp)
-31.049

 

Unconfined 

Compress. 

Strength 

SPT-(N60)1, %Clay, 

%Sand 
0.962 

qu = 9.148*10
-9

* (N60)1
0.110

* 

(%C)
3.487

*(%S)
3.118

 

Unconfined 

Compress. 

Strength 

%Clay, %Sand, PL, 

wf,  , , 

%Compaction 

0.982 

qu = 8.780*10
-9

*(%C)
3.817

*(%S)
7.125 

*(PL)
0.937

*(wf)
0.091

*( )
0.878

*( )
-1.727

* 

(%Comp)
-2.861

 

Friction 

Angle 

%Clay, %Sand, PL, 

wf, qu, t50, , 

%Compaction 

0.970 

= 995514.958*(%C)
-2.015 

*(%S)
-7.239

* 

(PL)
-1.483

*(wf)
-0.481 

*(qu)
0.670

* (t50)
0.147

* 

( )
2.777

*(%Comp)
2.711

 

Effective 

Friction 

Angle 

%Clay, %Sand, PL, 

qu, t50, , 

%Compaction 

0.936 
 = 0.973*(%C)

0.455
*(%S)

1.900
*(PL)

0.407 

*(qu)
-0.133

*(t50)
-0.049

*( )
0.202

*(%Comp)
-1.159

 

 

[Note]  Gs = Specific Gravity; %G = % Gravel; %C = % Clay; %S = % Sand; PL = 

Plastic Limit; %Comp = % Compaction (based on standard Proctor maximum dry unit 

weight); qu = Unconfined Compression Strength (in psi); wf = Final Moisture Content 

(measured at the end of each C-U triaxial test); and t50 = Time for 50% Consolidation (in 

minutes). 
 

 

Table 5.68 lists four statistically strong nonlinear regression models identified for 

the A-6a soils.  The number of independent variables needed for reliable regression 

models is three to eight.  The analysis is considered not so successful, for the nonlinear 

analysis failed to fill the void (no strong model for effective-stress friction angle) left by 

the linear analysis.  The R
2
 values are all high (ranging from 0.998 to 1.000) in the table. 

Table 5.69 presents only two statistically strong nonlinear regression models that 

surfaced during the analysis for the A-6b soils.  The number of independent variables in 

these models is only two or three.  The R
2
 values are again high in the table.  No 

judgment for the success of the results shown here is necessary, since the linear 

regression analysis carried out earlier was satisfactory (see Table 5.64). 
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Table 5.68: Multi-Variable Nonlinear Regression Models for A-6a Soils 

 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60)1 

Gs, %Gravel, %Silt, 

PL, w, qu, 

%Compaction 

1.000 

(N60)1 = 4.884*10
-13

*(Gs)
4.217 

*          

(%G)
-1.293

*(%M)
-2.101

*(PL)
1.682 

*(w)
3.052

*(qu)
-1.054

*(%Comp)
6.149

 

SPT-(N60)1 

%Gravel, %Silt, PL, 

LL, w, qu, 

%Compaction 

1.000 

(N60)1 = 1.625*10
-11

*(%G)
-1.215 

*       

(%M)
-2.459

*(PL)
2.196

*(LL)
0.056 

*(w)
2.875

*(qu)
-0.983

*(%Comp)
6.237

 

Unconfined 

Compress. 

Strength 

SPT-(N60)1, Gs, PI, 

%Gravel, %Silt, w, 

%Compaction 

0.998 

qu = 6.387*10
-10

*(N60)1
-0.641 

*(Gs)
8.440

* 

(PI)
-0.101

*(%G)
-0.846 

*(%M)
-1.623

* 

(w)
2.435

*(%Comp)
4.284

 

Unconfined 

Compress. 

Strength 

SPT-(N60)1, 

%Gravel,   %Silt, 

PL, LL, w, 

%Compaction 

1.000 

qu =7.555*10
-9

*(N60)1
-0.891 

*(%G)
-0.999

* 

(%M)
-2.945

*(PL)
1.769 

*(LL)
0.064

* 

(w)
2.606

*(%Comp)
5.559

 

[Note]  Gs = Specific Gravity; %G = % Gravel; %M = % Silt; PL = Plastic Limit; w = 

Natural Moisture Content (measured during each unconfined compression test); qu = 

Unconfined Compression Strength (in psi); %Comp = % Compaction (based on standard 

Proctor maximum dry unit weight); LL = Liquid Limit; and PI = Plasticity Index. 
 
 

 

Table 5.69: Multi-Variable Nonlinear Regression Models for A-6b Soil Type 

 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

Unconfined 

Compress. 

Strength 

Gs, %Silt, w 1.000 qu = 67.623*(Gs)
26.046

*(%M)
-6.049

*(w)
-1.532

 

Effective 

Friction 

Angle 

PI, t50 0.935  = 75.261*(PI)
-0.275

*(t50)
-0.050

 

[Note]  t50 = Time for 50% Consolidation (in minutes). 

 
 

 

Table 5.70 lists the only one statistically strong nonlinear regression model 

identified for the A-7-6 soils.  This is a demanding model, as the number of independent 

variables in this reliable model is eleven.    No judgment for the success of the results 

shown here is necessary, since the linear regression analysis carried out earlier was 

satisfactory (see Table 5.65).  The R
2
 value is again very high. 
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Finally, the multi-variable nonlinear regression analysis returned only one 

statistically strong regression model when it was applied to the entire project data 

involving all of the soil types (A-4, A-6, and A-7-6).  The number of independent 

variables needed for this relatively reliable model is seven.    The analysis is considered 

unsuccessful, for the nonlinear analysis failed to fill the void (no strong model for 

effective-stress friction angle) left by the linear analysis.   

 

 

Table 5.70: Multi-Variable Nonlinear Regression Models for A-7-6 Soils 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

Unconfined 

Compress. 

Strength 

SPT-(N60)1, PI, Gs, 

%Gravel, %Silt,   

%Sand, PL, LL, d, 

w, %Compaction 

0.908 

qu =5.416*10
-7

*(N60)1
0.033

*(PI)
-1.038 

*   

(Gs)
-0.797

*(%G)
-2.909E-8

*(%M)
 0.264

* 

(%S)
0.323 

*(PL)
3.092

*(LL)
0.766

* 

( d)
0.990

*(w)
0.208

*(%Comp)
0.964

 

[Note]  d = Dry Unit weight (in pcf). 

 

 

Table 5.71: Multi-Variable Nonlinear Regression Models for All Soil Types 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

Friction 

Angle 

PI, %Clay, %Silt, 

%Sand, PL, wf, 

%Compaction 

0.817 

= 0.695*(PI)
-0.354

*(%C)
0.829

*(%M)
0.892 

*(%S)
0.513

*(PL)
-0.345

*(wf)
-0.260

* 

(%Comp)
-0.371

 

[Note]  PI = Plasticity Index; %C = % Clay; %M = % Silt; %S = % Sand; PL = Plastic 

Limit; wf = Final Moisture Content (measured at the end of each C-U triaxial test); and 

%Comp = % Compaction (based on standard Proctor maximum dry unit weight). 
 

 

5.6      Revised Multi-Variable Linear Regression Analysis 

Earlier efforts to find reliable prediction models for shear strength parameter values 

possessed by the cohesive soils of Ohio through the multi-variable linear regression 

analysis included independent variables that are nearly impossible to obtain unless 

embankment structures are already in existence.  These variables included fully corrected 
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SPT-N value SPT-(N60)1, unconfined compression strength (qu), time for 50% 

consolidation (t50), and internal friction angle ( ).  With this in consideration, the data 

assembled in the current study was analyzed again by the multi-variable linear regression 

analysis option available in SPSS.  During the revised analysis, the variables mentioned 

above are removed from the list of independent variables.  Table 5.72 through 5.75 

present the results for A-4a, A-6a, A-6b, and A-7-6 soil types, respectively.   Symbols 

appearing in the correlation equations have been defined previously.  During this 

reanalysis, no statistically strong models surfaced when the entire data was treated as one 

set of data (or when all soil types were combined together). 

 

Table 5.72: Revised Multi-Variable Linear Regression Models for A-4a Soils 
Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60)1 
Gs, w, PI, %Clay, 

%Silt, %Sand, 
1.000 

(N60)1 = 1370.435 + 28.454(PI) + 

129.616(Gs) -13.655(%C)-20.890(%M) - 

22.391(%S) - 13.633(w) 

SPT-(N60)1 

Gs, %Gravel, %Clay,   

%Sand, PL, 

%Compaction 

1.000 

(N60)1 = -2168.608 + 960.817(Gs) + 

15.822(%G) + 16.132(%C) + 6.539(%S) 

+ 5.813(PL) -12.229(%Comp) 

Unconfined 

Compress. 

Strength 

%Clay, %Sand, LL 0.953 
qu = -332.785 + 5.208(%C) + 7.306(%S) 

+ 1.53(LL) 

Unconfined 

Compress. 

Strength 

Gs, %Gravel, %Clay,   

%Sand, 

%Compaction 

0.970 

qu = -638.239 + 212.659(Gs) + 

4.197(%G) + 10.411(%C) + 6.955(%S) - 

3.973(%Comp) 

Effective 

Friction 

Angle 

Gs, %Sand, d 0.810 
 = -57.709 + 33.074(Gs) + 1.873(%S) - 

0.369( d) 

Effective 

Friction 

Angle 

Gs, %Sand, 

%Compaction 
0.809 

 = -57.281 + 32.89(Gs) + 1.878(%S) -

0.443(%Comp)

Cohesion 
%Clay, %Sand,       

%Compaction 
1.000 

cu = 62.494 - 1.496(%C) - 1.1(%S) + 

0.207(%Comp) 

Effective 

Cohesion 

%Gravel, %Sand, 

LL 
1.000 

c = -110.941 + 1.03(%G) + 2.106(%S) + 

2.128(LL) 

Effective 

Cohesion 

%Clay, %Sand,       

%Compaction 
1.000 

c = -12.544 + 0.481(%C) + 2.837(%S) - 

0.66(%Comp) 
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Table  5.73:  Revised Multi-Variable Linear Regression Models for A-6a Soils 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60)1 

PI, Gs, %Silt, PL, 

LL, w, 

%Compaction 

1.000 

(N60)1 = 2107.777 + 0.097(PI) -

857.641(Gs) - 9.418(%M) + 18.956(PL) 

+ 1.247(LL) -1.32(w) + 2.508(%Comp) 

SPT-(N60)1 

PI, %Gravel, %Silt, 

PL, LL, w, 

%Compaction 

1.000 

(N60)1 = 84.221 + 12.917(PI) -7.897(%G) 

- 7.592(%M) + 11.863(PL) - 2.674(LL) - 

5.753(w) + 0.774(%Comp) 

Unconfined 

Compress. 

Strength 

Gs, PI, %Sand, PL, 

LL, w, 

%Compaction 

1.000 

qu = -338.124 + 168.105(Gs) -3.611(PI) - 

1.02(%S) -7.417(PL) + 0.228(LL) + 

5.495(w) + 0.847(%Comp) 

Unconfined 

Compress. 

Strength 

PI, %Gravel, %Silt, 

PL, LL, w, 

%Compaction 

1.000 

qu = -93.476 - 7.893(PI) - 2.075(%G) -

0.85(%M) -5.579(PL) + 1.777(LL) + 

7.422(w) + 1.224(%Comp) 

Cohesion Gs, %Sand, LL, w 1.000 
cu = 232.891 - 81.412(Gs) + 0.727(%S) - 

0.633(LL) + 0.037(w) 

Cohesion 
PI, %Gravel, w, 

%Compaction 
1.000 

cu = 9.948 + 1.918(PI) - 1.041(%G)-

1.949(w) + 0.095(%Comp) 

Effective 

Cohesion 

%Sand, w, 

%Compaction 
1.000 

c = 34.361 + 0.255(%S) + 0.888(w) -

0.464(%Comp) 
 

 

 

Table  5.74:  Revised Multi-Variable Linear Regression Models for A-6b Soils 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

Unconfined 

Compress. 

Strength 

PI, Gs, %Clay, PL 1.000 
qu = -6.156 + 9.989(PI) + 16.667(Gs) -

0.7(%C) - 7.589(PL) 

Unconfined 

Compress. 

Strength 

%Sand, PL, LL, 

%Compaction 
1.000 

qu = -38.999 - 0.039(%S) - 15.33(PL) + 

8.615(LL) + 0.555(%Comp) 

Friction 

Angle 

%Gravel, %Sand,     

%Compact 
0.929 

= 67.712 + 0.09(%G) + 0.252(%S) -

0.524(%Comp) 

Cohesion PL, LL 1.000 cu = -152.567 + 3.637(PL) + 1.067(LL) 

Cohesion 
%Gravel, 

%Compaction 
1.000 cu = 97.618 - 0.882(%G) -0.722(%Comp) 

Effective 

Cohesion 
%Gravel, w 1.000 c  = -0.576 - 0.944(%G) + 1.059(w) 

Effective 

Cohesion 

%Gravel, 

%Compaction 
1.000 c  = 52.112 - 0.804(%G) -0.351(%Comp) 
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Table  5.75:  Revised Multiple Variable Linear Regression Models for A-7-6 Soils 

Dependent 

Variable 

Independent 

Variables 
R

2 Correlation Equation 

SPT-(N60)1 

PI,Gs, %Gravel, 

%Clay, %Silt, 

%Sand, PL, LL, d, 

w, %Compaction 

0.834 

(N60)1 = 479.726 - 0.112(PI) -

160.565(Gs) - 1.08(%G) + 1.36(%C) -

0.082(%M) + 1.184(%S) -5.172(PL) + 

0.94(LL) + 4.194( d) - 2.036(w)-

4.518(%Comp) 

Unconfined 

Compress. 

Strength 

Gs, %Silt, PL, LL, 

d, %Compaction 
0.980 

qu = - 87.002 + 55.792(Gs) -1.042(%M) + 

8.878(PL)-1.524(LL) + 4.459( d) - 

6.029(%Comp) 

Unconfined 

Compress. 

Strength 

%Gravel, %Clay, 

%Silt, %Sand, PL, 

LL, d, 

%Compaction 

0.989 

qu = 87.779 + 0.523(%G) + 0.44(%C) -

0.984(%M) + 0.48(%S) + 8.015(PL) -

1.619(LL) + 3.831( d) - 5.692(%Comp) 

Cohesion %Silt, PL 0.804 cu = 127.646 + 0.58(%M) - 6.915(PL) 

Cohesion 
Gs, %Clay, %Sand,    

PI, %Compaction 
1.000 

cu = 304.328 - 0.074(PI) - 192.832(Gs) + 

0.62(%C) -0.043(%S) + 2.025(%Comp) 

Effective 

Cohesion 

PI, %Sand, Gs, 

%Compaction 
1.000 

c = 158.752 + 0.026(PI) - 73.936(Gs) + 

0.101(%S) + 0.445(%Comp) 
 

 

5.7       t-Tests Between Soil Type Subsets 

One of the fundamental questions identified for the current project early on was 

whether any noticeable differences exit in terms of shear strength properties between soil 

type subsets.  Here, A-4a and A-4b soils can be considered subsets of AASHTO A-4 soil 

type.  In a similar manner, A-6a and A-6b soils can be considered subsets of AASHTO A-

6 soil type.  In addition, A-7-6 soils in the northern region of Ohio and A-7-6 soils in the 

southern region of Ohio can be regarded as subsets of AASHTO A-7-6 soil type. 

In the field of engineering statistics, there is a standard method for detecting 

differences between two sample populations.  The method is referred as the standard t-

test for two means ( 1, 2) having unknown variances.   The null hypothesis is to be 

tested here is that the means of two populations are the same: H0: 1 – 2 = 0, and 
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the test statistics is given by:  
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; and n1, n2 = number of samples in 

population 1, 2. 

 

According to the statistics textbook (Walpole & Myers, 1989), the above null 

hypothesis is accepted (i.e., the means of two populations are considered the same) if: 

 

 – t /2, n1 + n2 – 2 < t <  t /2, n1 + n2 – 2       (5.10) 

where   = level of significance (ex. 0.05).   

 

Table 5.76 below lists critical t-statistics values at different degrees of freedom. 

Table 5.77 summarizes the t-test results for A-4a and A-4b soil subsets.  The numbers of 

data points were seventeen for A-4a soils and only two for A-4b soils.  Table 5.78 

summarizes the t-test results for A-6a and A-6b soil subsets.  The numbers of data points 

were twenty-two for A-6a soils and nine for A-6b soils.   
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Table 5.76:  Critical Values of t-Distribution at  of 0.05 

t /2,  t /2,  t /2,  

1 3.078 11 1.363 21 1.323 

2 1.886 12 1.356 22 1.321 

3 1.638 13 1.350 23 1.319 

4 1.533 14 1.345 24 1.318 

5 1.476 15 1.341 25 1.316 

6 1.440 16 1.337 26 1.315 

7 1.415 17 1.333 27 1.314 

8 1.397 18 1.330 28 1.313 

9 1.383 19 1.328 29 1.311 

10 1.372 20 1.325 +  1.282 

[Note]  (deg. of freedom) = n1 + n2 – 2. 

 

Table 5.77: Summary of t-Test Results for A-4a and A-4b Soil Subsets 

Type Gs LL PL PI %G %S %M 

A-4a 2.68 26.2 16.4 9.8 8.7 25.1 40.2 

A-4b 2.70 29.5 19.0 10.5 0.0 17.0 59.0 

Sp 0.026 3.76 2.25 2.24 4.7 1.87 4.14 

t value -0.086 -1.18 -1.54 -0.438 2.48 5.79 -6.07 

t critical 1.333 1.333 1.333 1.333 1.333 1.333 1.333 

Hypothesis Accept Accept Reject Accept Reject Reject Reject 

 
Type %C d (pcf) %Comp qu (psi) (N60)1 t50 (min.)  (deg.) 

A-4a 25.9 121.2 101.0 39.3 32.1 4.5 33.4 

A-4b 24.0 117.2 97.7 48.9 22.0 6.5 35.6 

Sp 5.75 8.02 6.68 19.90 13.40 2.81 2.40 

t value 0.451 0.670 0.670 -0.644 1.000 -0.962 -1.200 

t critical 1.333 1.333 1.333 1.333 1.333 1.333 1.333 

Hypothesis Accept Accept Accept Accept Accept Accept Accept 

[Note]  1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 

 

Table 5.78: Summary of t-Test Results for A-6a and A-6b Soil Subsets 

Type Gs LL PL PI %G %S %M 

A-6a 2.71 30.41 17.95 12.45 7.50 24.00 39.82 

A-6b 2.71 38.33 20.67 17.67 7.33 14.44 43.11 

Sp 0.0387 4.944 2.635 3.154 13.04 13.78 25.52 

t value 0.050 -4.051 -2.601 -4.176 0.0323 1.753 -0.326 

t critical 1.311 1.311 1.311 1.311 1.333 1.311 1.311 

Hypothesis Accept Reject Reject Reject Accept Reject Accept 
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Type %C d (pcf) %Comp qu (psi) (N60)1 t50 (min.)  (deg.) 

A-4a 28.68 119.80 108.91 37.20 32.27 7.30 33.48 

A-4b 35.44 119.01 108.19 33.89 28.56 9.20 30.83 

Sp 45.79 39.94 33.01 243.9 163.9 34.47 3.514 

t value -0.373 0.050 0.0552 0.0344 0.0573 -0.1396 1.905 

t critical 1.311 1.311 1.311 1.311 1.311 1.311 1.311 

Hypothesis Accept Accept Accept Accept Accept Accept Reject 

[Note]  1 pcf = 0.157 kN/m
3
; and 1 psi = 6.895 kPa. 

 

Table 5.79 summarizes the t-test results for A-7-6 (north) and A-7-6 (south) soil 

subsets.  The numbers of data points were almost well balanced with fourteen for 

northern A-7-6 soils and eleven for A-7-6 southern A-7-6 soils.   

 

Table 5.79: Summary of T-Test Results for A-7-6 Soil Subsets 

Type Gs LL PL PI %G %S %M 

A-7-6 N 2.69 52.2 22.4 29.9 1.07 7.86 33.9 

A-7-6 S 2.70 46.5 20.5 25.9 6.18 15.2 31.3 

Sp 0.0205 6.64 1.47 5.63 2.58 6.45 3.56 

t value -1.65 2.15 3.05 1.74 -4.92 -2.82 1.85 

t critical 1.319 1.319 1.319 1.319 1.319 1.319 1.319 

Hypothesis Reject Reject Reject Reject Reject Reject Reject 

 
Type %C d (pcf) %Comp qu (psi) (N60)1 t50 (min.)  (deg.) 

A-7-6 N 57.1 102.0 92.3 24.6 17.9 47.5 27.5 

A-7-6 S 47.4 108.0 98.5 32.3 25.0 28.4 27.2 

Sp 5.99 4.47 4.07 10.0 7.83 23.08 2.22 

t value 4.05 -3.80 -3.80 -1.92 -2.26 2.06 0.35 

t critical 1.319 1.319 1.319 1.319 1.319 1.319 1.319 

Hypothesis Reject Reject Reject Reject Reject Reject Accept 

 

It was not possible to perform the t-test on soil cohesion (cu and c ) values due to a 

much smaller data points they had.  It is interesting to note here that Table 5.73 shows 

that the A-4a and A-4b soils are statistically indistinguishable, except in a few 

fundamental properties.  On the contrary, according to Table 5.74 shear strength 
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properties are slightly different between A-6a and A-6b soils.  Table 5.75 indicates that A-

7-6 soils found in the northern and southern regions of the state share many different 

basic properties but are nearly identical in terms of their shear strength parameters. 

 

5.7 Geotechnical Guidelines  

The outcome of the empirical correlations evaluated in light of the current project 

data and the comprehensive statistical analysis of the data presented throughout this 

chapter can be combined to formulate a set of guidelines that geotechnical engineers can 

apply to estimate more confidently shear strength properties of highway embankment 

soils commonly encountered in Ohio.  The guidelines presented in this section address 

both short-term and long-term shear strength parameters.  The guidelines are established 

at multiple levels to allow varying degrees of sophistication involved in the estimation 

process.  A-6 soil type includes highly weathered shale often encountered in the 

southeastern region of Ohio. 

 

Short-Term Shear Strength Parameters (cu, ) of Ohio Embankment Soils 

Level 1: Set  = 0°.  Use the following default short-term (or undrained) cohesion 

for each soil type found in Ohio: 

 A-4 Soils ……………. cu = 9 to 20 psi  (average 14.5 psi) 

     cu = 62 to 138 kPa  (average 100 kPa) 

 A-6 Soils ……………. cu = 9 to 18 psi  (average 13.5 psi) 

     cu = 62 to 124 kPa  (average 93 kPa) 
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 A-7-6 Soils  ……………. cu = 9 to 14 psi  (average 11.5 psi) 

cu = 62 to 97 kPa  (average 80 kPa) 

Level 2:  Set  = 0°.  Use any of the following single-variable regression formulas 

to estimate the undrained cohesion for each soil type found in Ohio.  Or, a few 

different formulas may be simultaneously applied to compute the average value of 

short-term cohesion. 

 A-4a Soils: cu (psi) = 2.762(%C) – 59.12 ….. R
2
 = 0.701 

   cu (psi) = [106.6(%C) – 2456.2]/(%C)  ….. R
2
 = 0.793 

cu (psi) = 2E(+8) (%M)
-4.356 

….. R
2 
= 0.805 

 A-6a Soils: cu (psi) = - 1846.0(Gs)
2
 + 9975.0(Gs) – 13459.0  ….. R

2
 = 0.823 

 A-6b Soils: cu (psi) = - 0.308(t50) + 13.79  ….. R
2
 = 0.890 

cu (psi) = - 5.390 Ln(t50) + 22.71  ….. R
2
 = 0.920 

cu (psi) = [1.837(t50) + 78.06]/t50  ….. R
2
 = 0.909 

cu (psi) = 52.14(t50)
-0.72  

….. R
2
 = 0.974 

cu (psi) = 3.370(LL) – 120.30  ….. R
2
 = 0.855 

cu (psi) = [135.8(LL) – 4862.0]/LL  ….. R
2
 = 0.863 

cu (psi) = - 9277.0/( d) + 90.17  ….. R
2
 = 1.000 

cu (psi) = [10.01(qu) – 29.28]/qu  ….. R
2
 = 0.887 

 A-7-6 Soils: cu (psi) = [6.293(%G) + 2.951]/(%G)  ….. R
2
 = 0.827 

Level 3: Set  = 0°.  Use any of the following regression formulas to estimate the 

undrained cohesion for each soil type found in Ohio: 

A-4a Soils: cu (psi) = 62.494 – 1.496(%C) – 1.10(%S) + 0.207(%Comp)  ….. 

R
2
 = 1.000 
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cu (psi) = 49.308 – 0.095(N60)1 – 1.16(%C) + 0.043(t50)  ….. R
2
 = 1.000 

  cu (psi) = 77.770 – 1.418(%C) – 0.599( ) – 0.040(%Comp)  ….. R
2
 = 1.0 

A-6-a Soils:     cu (psi) = 232.891 – 81.412(Gs) + 0.727(%S) – 0.633(LL) + 

0.037(w)  ….. R
2
 = 1.000 

cu (psi) = 9.948 + 1.918(PI) – 1.041(%G) – 1.949(w) + 

0.095(%Comp)  ….. R
2
 = 1.000 

cu (psi) = 60.979 – 1.795(%G) – 1.288(%C) - 0.002(LL) + 

0.051( )  ….. R
2
 = 1.000 

cu (psi) = 20.492 + 0.077(N60)1 + 1.962(PI) – 2.337(w) - 0.042(%       

            Comp)  ….. R
2
 = 1.000 

 A-6b Soils: cu (psi) = – 152.567 + 3.636(PL) + 1.067(LL)  ….. R
2
 = 1.000 

cu (psi) = 97.618 – 0.882(%G) – 0.722(%Comp)  ….. R
2
 = 1.000 

cu (psi) = 98.455 – 0.387(N60)1 – 0.718(%Comp)  ….. R
2
 = 1.000 

 A-7-6 Soils: cu (psi) = 127.646 + 0.580(%M) – 6.915(PL)  ….. R
2
 = 0.804 

cu (psi) = 304.328 – 0.074(PI) – 192.832(Gs) + 0.62(%C) –      

                0.043(%S) + 2.025(%Comp)  ….. R
2
 = 1.000 

cu (psi) = 3.556 + 0.473(N60)1 – 0.295(qu)  ….. R
2
 = 0.872 

 

Long-Term Shear Strength Parameters (c , ) of Ohio Embankment Soils 

Level 1:   Use the following default  values for each of the three major 

embankment soil types found in Ohio: 

 A-4a & A-4b Soils   …….  = 33° 

 A-6a Soils …………….  = 32° 
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 A-6b Soils …………….  = 30° 

 A-7-6 Soils  …………….  = 27° 

In addition, use the following default long-term cohesion for each soil type: 

A-4a & A-4b Soils   ……. c  = 4 psi (28 kPa) 

 A-6a Soils ……………. c  = 3 psi (21 kPa) 

 A-6b Soils ……………. c  = 4 psi (28 kPa) 

 A-7-6 Soils  ………...…. c  = 3 psi (21 kPa) 

Level 2:   Determine plasticity index (PI) of the soil.  Estimate the long-tern friction 

angle of any major embankment soil type (A-4a, A-6a, A-6b, A-7-6) using the 

empirical  vs. PI correlation chart established by Terzaghi (1996).   For A-4 and 

A-6 soils, use the average value resulting from the chart.  For A-7-6 soils, lower 

the average  value by 3°.   

Next, estimate the long-term cohesion by using any of the single-variable 

regression formulas below.  Or, a few different formulas may be simultaneously 

applied to compute the average value of long-term cohesion. 

 A-4a Soils: c  (psi) = 1.583( ) – 47.47  ….. R
2
 = 0.912 

c  (psi) = [10.38(qu) – 197.6]/qu  ….. R
2 
= 0.877 

 A-6a Soils: c  (psi) = 1.38(%M) – 49.71  ….. R
2
 = 0.929 

c  (psi) = [56.54(%M) – 2042.0]/(%M)  ….. R
2
 = 0.935 

c  (psi) = 53.1 Ln(%M) – 190.4  ….. R
2
 = 0.929 

c  (psi) = - 50.1 Ln(%C) + 177.2  ….. R
2
 = 0.827 

c  (psi) = 1570.0/(%C) – 45.73  ….. R
2
 = 0.819 
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c  (psi) = 505.7/(Gs) – 182.8  ….. R
2
 = 0.885 

c  (psi) = 4E(+30)(Gs) 
– 69.5  

….. R
2 
= 0.951 

   c  (psi) = 2E(+7) exp{-0.14(%Comp)}  ….. R
2
 = 0.829 

A-6b Soils: c  (psi) = 59.72/(%G) – 1.483  ….. R
2
 = 0.915 

c  (psi) = - 6.17 Ln(%G) + 19.32  ….. R
2
 = 0.867 

c  (psi) = 0.543( d) – 57.55  ….. R
2
 = 0.778 

 A-7-6 Soils: c  (psi) = 0.286(%S) + 0.557  ….. R
2
 = 0.781 

c  (psi) = 3E(-20)( d)
9.810

  ….. R
2
 = 0.859 

c  (psi) = 0.707(%S)
0.687

  ….. R
2
 = 0.851 

c  (psi) = 5E(+9)(%C)
-5.39

  ….. R
2
 = 0.837 

Level 2 (alternative): Estimate both the long-term friction angle by using any of the 

single-variable regression formulas below.  Or, a few different formulas may be 

simultaneously applied to compute the average value of long-term (or drained) 

angle of friction. 

Long-term (or drained) cohesion is obtained from the single-variable 

regression models listed above.   

A-4a Soils:  (deg.) = [35.13(PI) – 15.82]/PI   ….. R
2
 = 0.923 

 (deg.) = [28.95(t50) + 15.10]/t50  ….. R
2
 = 0.988 

 (deg.) = [35.47(qu) – 72.07]/qu   ….. R
2
 = 0.964 

A-6a Soils:  (deg.) = [32.21(LL) + 31.35]/LL  ….. R
2
 = 0.945 

    (deg.) = [33.11(PI) + 4.525]/PI  ….. R
2
 = 0.857 

 (deg.) = [31.86(%G) + 10.93]/(%G)  ….. R
2
 = 0.979 
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 (deg.) = [38.13(%S) – 108.5]/(%S)  ….. R
2
 = 0.927 

 (deg.) = [31.19(%C) + 63.35]/(%C)  ….. R
2
 = 0.881 

 (deg.) = [30.37(t50) + 19.34]/t50  ….. R
2
 = 0.992 

 (deg.) = [31.00(qu) + 87.93]/qu  ….. R
2
 = 0.960 

A-6b Soils:  (deg.) = [47.87(PL) – 350.8]/PL ….. R
2
 = 0.823 

 (deg.) = [28.48(%G) + 23.77]/(%G)  ….. R
2
 = 0.980 

 (deg.) = [25.55(%S) + 73.14]/(%S)  ….. R
2
 = 0.938 

 (deg.) = [38.48(%M) – 321.6]/(%M)  ….. R
2
 = 0.956 

 (deg.) = [25.56(%C) + 178.1]/(%C)  ….. R
2
 = 0.956 

 (deg.) = [- 15.44(%Comp) + 2159.0]/(%Comp) ….. R
2
 = 0.938 

 (deg.) = [29.75(t50) + 6.659]/t50  ….. R
2
 = 0.998 

 (deg.) = [27.98(qu) + 73.62]/qu ….. R
2
 = 0.995 

A-7-6 Soils:  (deg.) = [30.24(PI) – 75.15]/PI  ….. R
2
 = 0.876 

 (deg.) = [27.72(%G) – 0.708]/(%G)  ….. R
2
 = 0.989 

 (deg.) = [26.91(%S) + 3.683]/(%S)  ….. R
2
 = 0.991 

 (deg.) = [28.24(%M) – 33.18]/(%M)  ….. R
2
 = 0.930 

 (deg.) = [26.14(t50) + 36.55]/t50  ….. R
2
 = 0.994 

 (deg.) = [26.44(qu) + 23.32]/qu  ….. R
2
 = 0.971 

All Above Soil Types Combined:  

    (deg.) = [31.95(%G) – 0.876]/(%G)  ….. R
2
 = 0.976 

 (deg.) = [35.30(%S) – 61.84]/(%S)  ….. R
2
 = 0.960 

 (deg.) = [22.30(%C) + 297.7]/(%C)  ….. R
2
 = 0.891 
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 (deg.) = [22.24(LL) + 253.6]/LL  ….. R
2
 = 0.879 

 (deg.) = [24.91(PI) + 88.90]/PI  ….. R
2
 = 0.940 

 (deg.) = [33.36(qu) – 68.46]/qu  ….. R
2
 = 0.939 

 (deg.) = [26.23(t50) + 37.59]/t50  ….. R
2
 = 0.996 

Level 3: Estimate both the long-term cohesion and friction angle by using any of 

the following multi-variable regression formulas: 

A-4a Soils:  (deg.) = - 57.709 + 33.074(Gs) + 1.873(%S) – 0.369( d)   

….. R
2
 = 0.810 

 (deg.) = - 57.281 + 32.89(Gs) + 1.878(%S) – 0.443(%Comp) 

….. R
2
 = 0.809 

 (deg.) = - 31.176 + 0.916(%C) + 2.989(%S) + 0.956(PL)  

- 0.146(qu) – 0.353(t50) + 0.331( ) – 0.525(%Comp)   

….. R
2
 = 0.909 

where  (deg.) = 0.718( d) – 67.79;  (deg.) = [24.19(t50) – 

0.556]/t50;  (deg.) = [23.26(qu) + 57.19]/qu;  or  (deg.) = 

[116.5( d) – 11800.0]/ d 

c  (psi) = - 110.941 + 1.03(%G) + 2.106(%S) + 2.128(LL)   

….. R
2
 = 1.000 

c  (psi) = - 12.544 + 0.481(%C) + 2.837(%S) + 0.66(%Comp) 

….. R
2
 = 1.000 

c  (psi) = -51.949 + 0.280(%C) + 1.546( ) – 0.025(%Comp) 

….. R
2
 = 1.000 

A-6a Soils: c  (psi) = 34.361 + 0.255(%S) + 0.888(w) – 0.464(%Comp) 
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  ….. R
2
 = 1.000 

 A-6b Soils:  (deg.) = 43.337 – 0.599(PI) – 0.189(t50)  ….. R
2
 = 0.869 

 (deg.) = 75.261(PI)
-0.275

(t50)
-0.050  

….. R
2 

= 0.935 

c  (psi) = - 0.576 – 0.944(%G) + 1.059(w)  … R
2
 = 1.000 

c  (psi) = 52.112 – 0.804(%G) – 0.351(%Comp)  ….. R
2
 = 1.000 

c  (psi) = 0.965 – 0.413(N60)1 + 1.046(w)  ….. R
2
 = 1.000 

c  (psi) = 52.875 – 0.352(N60)1 – 0.347(%Comp)  ….. R
2
 = 1.000 

A-7-6 Soils: No regression formula available for .  Go to Level 2 for . 

c  (psi) = 158.752 + 0.026(PI) – 73.936(Gs) + 0.101(%S)  

+ 0.445(%Comp)  ….. R
2
 = 1.000 

c  (psi) = -2.649 + 0.185(N60)1 + 0.002(%C) + 0.014(%S) +  

   0.163( )  ….. R
2
 = 1.000 

c  (psi) = -18.586 – 0.206(qu) + 1.027( ) – 0.250( ) + 0.225(%  

   Comp)  ….. R
2
 = 1.000 

where  (deg.) = [11.20(%G) + 3.578]/(%G); = [16.39(%S) – 

26.58]/(%S); = [18.21(qu) + 31.71]/qu; or = [12.24(t50) + 31.71]/t50 

 

Symbols appearing in the above regression equations are defined below: 

Gs = specific gravity; %G = % gravel (by mass); %S = % sand (by mass); %M = % silt 

(by mass);  %C = % clay (by mass); %Comp = % compaction (based on standard Proctor 

maximum dry unit weight, see the note on the next page); LL = liquid limit (%); PL = 

plastic limit (%); PI = plasticity index (%); w = natural moisture content (%); ; d = Dry 

Unit Weight (lb/ft
3
); SPT-(N60)1 = SPT-N value fully corrected to energy ratio and 
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overburden stress level (blows/ft); t50 = time for 50% Consolidation (minutes); qu = 

unconfined compression strength (lb/in
2
);  = internal friction angle (degrees); and  = 

effective-stress or drained friction angle (degrees); c = short-term or undrained cohesion 

(lb/in
2
); c  = long-term or drained cohesion (lb/in

2
); and Ln(x) = natural log of x. 

 

Note 1:  % Compaction is based on the following standard Proctor maximum dry unit 

weight values – A-4 soils (120 pcf or 18.9 kN/m
3
), A-6 soils (110 pcf or 17.3 kN/m

3
), and 

A-7-6 soils (110 pcf or 17.3 kN/m
3
). 

 

Note 2:  Unit conversions are – 1 ft = 0.305 m; 1 lb/ft
3
 = 0.1572 kN/m

3
; and 1 psi = 6.895 

kN/m
2
. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 

 

 

6.1 Summary 

 Highway embankments constitute some of the most common geotechnical 

facilities being built by civil engineers.  The design, construction, and field performance 

of these embankments are of great importance to transportation costs and safety.  When 

the embankment is not properly designed and/or constructed, serious problems such as 

slope instability and excessive settlement can arise.  Very conservatively designed 

embankments can lead to significant budgetary waste for the highway 

departments/agencies.    

 In Ohio, highway embankments are typically built using silty and clayey soils 

found at/near the construction sites.  In some areas of Ohio, the embankments are also 

constructed often using weathered shale material.  It has been known that some cohesive 

soils found in Ohio have low to medium shear strengths and weathered shale can undergo 

further weathering over time.  These factors require the embankment design engineers in 

Ohio to study the on-site fill materials and specify their engineering properties carefully, 

so that slope stability failure and other problems will not occur.  However, in reality 

detailed investigations of engineering properties of fill material are rarely conducted due 

to cost and time constraints.  Instead, highway embankment engineers in Ohio consult 

outside sources such as Design Manual 7.2 by U.S. Dept. of Navy (1982), which present 

correlations between shear strength properties and in-situ or laboratory index test results, 

to estimate shear strength properties of embankment fill materials.   In some embankment 

projects, unconfined compression strength tests may be performed on relatively 

undisturbed samples of the fill material to determine strength properties of the soils.  
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These practices can lead to either very conservative or improper designing of the 

embankments, since the outside sources examined soils from completely different regions 

of the country or world.  There is a need to develop reliable shear strength correlations for 

embankment fill materials found in Ohio.  

 The study described in this report had six objectives.  They are listed below: 

 Conduct a literature review to document information relevant to the design 

and construction of highway embankments in Ohio; 

 Identify a total of nine highway embankment sites in Ohio, which can supply 

representative samples of major soil fill types existing in Ohio; 

 Perform field soil testing and sampling at the selected highway embankment 

sites in Ohio; 

 Obtain detailed engineering properties of soil samples recovered from the 

highway embankment sites by conducting standard index property and shear 

strength tests in the laboratory; 

 Perform a variety of statistical analysis on the field and laboratory test data 

accumulated for the highway embankment soil fill samples to develop reliable 

correlations between shear strength properties and in-situ soil test data and 

between shear strength properties and index properties; and  

 Based on the findings of the current study, develop a set of geotechnical 

guidelines concerning shear strength properties of Ohio embankment fill soils. 

In order to meet the above objectives, various tasks were conceived and executed 

by the leading research institute (ORITE) researcher with assistance from a subcontractor 

(BBCM Engineering).  Task 1 consisted of a review of literature related to soil shear 
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strength and highway embankment stability.  Information on the geological features and 

types of soil found in Ohio was presented, since this information would be valuable for 

locating several highway embankment sites that represent all of the major embankment 

soil types typically encountered in Ohio.  Under Task 1 journal articles related to the 

standard penetration test (SPT) and triaxial compression test are also reviewed and 

summarized.  Also, soil shear strength-related empirical correlations were identified as 

part of this initial task.  These included the fully corrected SPT-N value (N60)1 vs. 

unconfined compression strength (qu) correlation by Terzaghi, SPT-(N60)1 vs. qu 

correlation by Department of Navy, plasticity index (PI) vs. effective-stress friction angle 

( ) chart by Terzaghi, and default cohesion and friction angle values for AASHTO soil 

types by Department of Navy.  

Task 2 of the current study focused on the subsurface exploration work conducted 

at each highway embankment site.  A set of clear site selection criteria was first set up to 

screen potential highway embankment sites.  A total of nine sites spanning across Ohio 

were identified.  A systematic subsurface exploration work was established to conduct a 

continuous SPT to a depth of 25 ft (7.6 m). and collect twelve Shelby tube samples at 

three depth ranges.  Prior to the initiation of the field work, a mobile drill rig, equipped 

with a automatic SPT hammer, was calibrated to measure its actual energy delivery ratio.  

Throughout the field testing/sampling phase, the calibrated drill rig was operated by the 

same two crew to eliminate equipment-to-equipment and human-related variations.  At 

the end of Task 3, data was produced to present all the field test results obtained for the 

soils encountered at the selected highway embankment sites.   

Under Task 3 of the study, soil samples recovered from the highway embankment 
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sites were tested in the laboratory to characterize their geotechnical properties.  The 

subcontractor (BBC & M Engineering) performed index property tests (natural moisture 

content, specific gravity, grain size analysis, liquid limit, plastic limit, and soil 

classification) as well as unconfined compression strength test.  The leading research 

institute (ORITE) performed all of the consolidated-undrained (C-U) triaxial compression 

tests.  All the tests were conducted according to the current test standards. The test 

programs at these laboratories were coordinated closely to examine engineering 

properties of the soils taken from the same depth ranges.  At the end of this task, a large 

volume of data was produced.  

Task 4 was concerned with various analyses of the geotechnical data produced in 

the study.  First, the empirical correlations identified during Task 1 were evaluated in 

light of the project data. Secondly, single-variable linear and nonlinear regression 

analyses were carried out for each soil type data as well as the entire project data in an 

effort to create simple correlations that can be used to estimate shear strength properties 

of Ohio embankment soils.  The third part of this task dealt with multi-variable linear and 

nonlinear regression analyses to produce more comprehensive prediction models for the 

embankment fill soils typically found in Ohio.  These analyses were conducted with the 

aid of computer software package SPSS. At the end of this final task, a set of 

geotechnical guidelines was proposed for highway embankment fill materials in Ohio, by 

taking full advantage of the proven empirical correlations and reliable results yielded 

from the statistical analyses.  

 

 



182 

 

6.2 Conclusions 

 This section summarizes key findings and conclusions reached under each task of 

the study.   They are summarized below in the order of the tasks performed.  

 

6.2.1 Literature Review 

 Factors that influence stability of an embankment are – 1) shear strength of the fill 

soil; 2) unit weight of the fill soil; 3) embankment height; 4) embankment slope 

steepness; and 5) pore pressures within the fill soil.  Soil fill embankment failure 

generally occurs in two ways.  The first case is by the physical sliding action of the 

embankment slope.  This can occur either locally (shallow failure) in a confined segment 

of the slope or more globally through the toe of the embankment (toe circle failure).  The 

second case is by shear failure deep within the base layer.  This is called the base failure 

and typically occurs when the subsoils underneath the embankment are soft.  This type of 

failure happens most frequently in the short-term period after construction when excess 

pore pressures are still existent.   

The soils found throughout Ohio formed over thousands of years.  Bedrock, 

glaciers, streams, relief, climate, and biota were all contributing factors.  Because of this, 

different soil types are detected throughout the state.  Lake deposit soils tend to be A-4 

when looked at using the AASHTO Classification System.  These are seen throughout the 

northern and northeastern Ohio.  A-7-6 soils, which contain silt and clay, are found 

throughout central and southwestern Ohio in the glacial till.  A-6 residual soils are found 

in the eastern and southeastern portion of the state, the unglaciated region.  They contain 

silts, clays, and rock fragments.   
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 The underlining theory for soil shear strength is the Mohr-Coulomb theory. This 

theory can be expressed in either total stresses or effective stresses.  The theory contains 

two parameters that dictate soil shear strength – the angle of internal friction and 

cohesion.  The angle of internal friction describes the inter-particle friction and the degree 

of the particle interlocking.  This property depends on soil mineral type, soil particle 

texture/shape/gradation, void ratio, and normal stress.  The frictional component of the 

soil shear strength cannot exist without any normal stress acting on the soil mass.  The 

cohesion describes soil particle bonding caused by electrostatic attractions, covalent link, 

and/or chemical cementation.  Cohesion is zero for granular soils and normally 

consolidated clays.  For the short-term analysis of soil embankment slopes, undrained 

cohesion (cu) is an important shear strength parameter. Both effective-stress angle of 

friction ( ) and effective-stress cohesion (c ) are needed for the long-term stability of 

embankment slopes.   A few standard laboratory test methods are available for measuring 

soil shear strength parameters.  Among them, triaxial compression test method is 

regarded as the most advanced and realistic test method. 

 Soils making up highway embankment structures are normally unsaturated.  

Experimental evidences show that unsaturated soil has greater shear strength than the 

same soil in a saturated condition.  However, the unsaturated state may not always exist.  

At many embankment sites soils do become saturated periodically, due to surface 

precipitation and subsurface drainage events.  Therefore, it is sound to design highway 

embankments using the shear strength of saturated soils (to address worst site 

conditions).   

 



184 

 

6.2.2 Field and Laboratory Test Results 

A total of nine embankment sites were selected for the field phase of the current 

study.  The sites are listed here as – Site 1 = Interstate 275 site in Hamilton County or 

HAM-275; Site No. 2 = U.S. Route 35 site in Fayette County or FAY-35; Site No. 3 = 

State Route 2 site in Lake County or LAK-2; Site No. 4 = U.S. Route 33 site in Athens 

County or ATH-33; Site No. 5 = Interstate 71 site in Morrow County or MRW-71; Site 

No. 6 = State Route 2 site in Erie County or ERI-2; Site No. 7 = Interstate 75 in Hancock 

County or HAN-75; Site No. 8 = Interstate 70 site in Muskingum County or MUS-70; 

and Site No. 9 = Interstate 77 site in Noble County or NOB-77. These sites covered a 

wide variety of geographical locations, geological settings, and ODOT districts.  The nine 

sites represented seven different ODOT districts.  Three sites (ERI-2, HAN-75, and LAK-

2) are located in the northern Ohio.  Four of the nine sites (FAY-35, MRW-71, MUS-70, 

and NOB-77) are found in the central Ohio.  The remaining two sites (ATH-33 and 

HAM-275) exist in the southern part of Ohio.  Two of the nine sites (ERI-2 and LAK-2) 

are located in the lake deposit area.  Four sites (FAY-35, HAM-275, HAN-75, and MRW-

71) are situated in the glaciated region of the state, while three sites (ATH-33, MUS-70, 

and NOB-77) are found in the unglaciated region.  

The automatic hammer attached to the BBCM drilling rig identified for the 

current study was calibrated by GRL Engineers, Inc. (Cleveland, Ohio), prior to the field 

work at the first site.   GRL Engineers used a PAK model Pile Driving Analyzer to 

measure the strain and acceleration exerted on the sampler.  According to GRL report, the 

average energy transfer ratio was 0.817.  This means that 81.7% of the free-fall energy 

generated by the automatic SPT hammer weight was transferred to the sampler as it was 
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pushed into the ground.  For normalizing the raw SPT-N values, the correction method 

proposed by Seed et al. (1975) is recommended over other methods by Bazaraa, Peck, 

Skempton, and Terzaghi.  This is because the average of all the corrected N values tends 

to be closest to the value given by the Seed method.   

 During the subsurface exploration work, A-4a soils were encountered at three 

sites (FAY-35, LAK-2, MRW-71), A-4b soils at only one site (MUS-70), A-6a soils at six 

sites (ATH-33, FAY-35, LAK-2, MRW-71, MUS-70, NOB-77), A-6b soils at two sites 

(HAN-75, NOB-77), and A-7-6 soils at four sites (ATH-33, ERI-2, HAM-275, HAN-75).  

Thus, it may be stated that A-6a soils are widespread throughout Ohio.  In contrast, A-4a 

and A-6b soils are rather rare in Ohio.  The fully corrected SPT-N value or (N60)1 ranged 

from 20 to 61 at Site No. 1 (HAM-275), from 14 to 68 at Site No. 2 (FAY-35), from 13 to 

64 at Site No. 3 (LAK-2), from 25 to 115 at Site No. 4 (ATH-33), from 15 to 40 at Site 

No. 5 (MRW-71), from 13  to 49 at Site No. 6 (ERI-2), from 12 to 70 at Site No. 7 (HAN-

75), from 22 to 87 at Site No. 8 (MUS-70), and from 17 to 57 at Site No. 9 (NOB-77).   

 

6.2.3 Empirical Correlations 

The empirical correlation between the SPT-(N60)1 and unconfined compression 

strength published by Terzaghi is not well suited to the highway embankment soils 

encountered in Ohio.  The percentage of the current project data that conformed to the 

Terzaghi‟s correlation was 54.5% for A-4 soils, 28.6% for A-6 soils, and 53.8% for A-7-6 

soils. 

Similarly, the correlation between the SPT-(N60)1 and unconfined compression 

strength published by the Department of Navy was not highly reliable for embankment 
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fill soils in Ohio.  Exactly half (50.0%) of the measured SPT and unconfined compression 

data conformed to the correlation chart established by the Dept. of Navy.   Among the 

nineteen data points located outside the range specified by the Dept. of Navy, ten data 

points (about 53%) reside below the lower bound curve and nine data points (47%) reside 

above the upper bound curve. 

The data produced during the current study was superimposed on top of the 

plasticity index (PI) vs. effective-stress friction angle ( ) chart developed by Terzaghi.  

Out of seventy three data points, fifty six (76.7%) of the data points landed inside the 

correlation band reported by Terzaghi.  The correlation band is 6° deep.  Statistically 

speaking, the standard deviation between the measured  values and the Terzaghi‟s 

average  values is 2.51.  More than half (63.5%) of the measured values reside within 

the Terzaghi‟s average value +  (standard deviation).  Most (96.0%) of the measured 

values reside within the Terzaghi‟s average value + 2  (standard deviation).  Only 

negative observation that can be made here is that the data points belonging to A-7-6 soil 

type centered around the lower bound curve set up by Terzaghi.  These observations point 

out that the PI vs.  chart developed by Terzaghi is applicable to A-4 and A-6 

embankment soil fills found Ohio.  A minor adjustment is necessary only for A-7-6 soils. 

 Lastly, the average  value recommended for each cohesive soil type by the 

Department of Navy was evaluated.  For A-4 soils, the average  value (33.6°) measured 

in the current study was very close to the value (32°) by the Department of Navy.  For A-

6 soils, the average  value (32.7°) obtained in the study was higher than what was 

suggested (28°) by the Department of Navy.   For A-7-6 soils, the average value (27.4°) 

produced by the current study corresponded to the upper bound of the range (19°-28°) 
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reported by the Department of Navy. 

 

6.2.4 Statistical Analyses 

Due to a lack of data available, no statistical analysis of geotechnical data was 

feasible for A-4b soil found at Site 7 (MUS-70). The single-variable linear regression 

analysis yielded only a few statistically strong correlations for A-4a, A-6a, and A-7-6 

soils.  In contrast, the analysis produced many good results for A-6b soil type.  For this 

soil type, plasticity index (PI), specific gravity (Gs), % silt, and % clay proved to be key 

predictors.  

The single-variable nonlinear regression analysis was more successful than the 

linear version of the same analysis in finding statistically strong correlations for each 

cohesive soil type.  Many of these good results were based on the hyperbolic function.  

Among the long list of independent variables, % silt, % clay, time for 50% consolidation 

(t50), and dry unit weight ( d) proved to be primary predictors of shear strength properties 

of cohesive soils in Ohio. 

The multi-variable linear regression analysis was executed by SPSS in a fully 

automated mode.  It utilized three different schemes (forward selection, backward 

elimination, and stepwise selection) to maximize its ability to locate the best linear 

models.  The analysis was successful only with the A-4a soil data.  For other soil types, 

the multi-variable linear regression analysis yielded rather disappointing outcome, for it 

came up with no statistically strong models for all of the shear strength parameters.  

Among the long list of independent variables, % compaction, % sand, specific gravity 

(Gs), and fully corrected SPT-N value (N60)1 often emerged as key variables in the multi-
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variable regression models.  The multi-variable nonlinear regression analysis was carried 

out in a limited scope by SPSS.  It did not produce any additional insightful models.  

After performing the multi-variable nonlinear regression analysis, the multi-variable 

linear regression analysis was ran again because of some difficult-to-obtain independent 

variables (ex. fully corrected SPT-N value, unconfined compression strength qu, time for 

50% consolidation t50, internal friction angle , …) being involved in the earlier SPSS 

analyses.  The revised multi-variable linear regression analysis produced some reliable 

prediction models for shear strength properties of the Ohio cohesive soils.  Here, % 

compaction, % sand, % gravel, and specific gravity emerged as important predictors of 

cohesive soil shear strength properties. 

A series of t-tests were made to compare the average geotechnical properties 

possessed by similar soil type subsets.  It was noted that A-4a and A-4b soils in Ohio are 

statistically indistinguishable, except in a few fundamental properties.  On the contrary, 

shear strength properties are slightly different between A-6a and A-6b soils examined in 

the study.  A-7-6 soils found in the northern and southern Ohio regions share many 

different basic properties but are nearly identical in terms of their shear strength 

properties.  Additional data are helpful to verify these conclusions reached by the t-tests. 

 

6.2.5 Geotechnical Guidelines 

The outcomes of the empirical correlations evaluated in light of the current 

project data and the comprehensive statistical analysis of the geotechnical data were 

combined to formulate a set of guidelines that geotechnical engineers can apply to 

estimate more confidently shear strength properties of highway embankment soils 
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commonly encountered in Ohio.  The guidelines address both short-term and long-term 

shear strength parameters and are multiple leveled to allow varying degrees of 

sophistication for the estimation process.  At Level 1, default shear strength parameter 

values are listed for each major cohesive soil type.  At Level 2, statistically strong 

correlations that emerged during the single-variable linear and nonlinear regression 

analysis are incorporated to allow more site- or project-specific estimation of soil shear 

strength properties.  At Level 3, statistically strong models that surfaced during the multi-

variable regression analysis were brought in to provide the most comprehensive 

prediction tools. 
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CHAPTER 7:  IMPLEMENTATIONS 

 

Based on the findings made during the current study, the following implementation 

plans are recommended to ODOT: 

 

 A mobile rig equipped with automatic SPT hammer should be utilized for any 

future highway embankment-related subsurface exploration work in Ohio.  

The SPT hammer system should be calibrated prior to each major site work so 

that its energy delivery ratio is precisely known. 

 For normalizing original SPT-N values, the correction method proposed by 

Seed et al. (1975) should be applied. 

  For any new highway embankment construction project, consider the Level 1 

approaches described under the geotechnical guidelines as minimal measures 

to estimate shear strength parameter values.  

 For any future highway embankment construction project, for which the main 

borrow area has been identified, representative soil samples taken from the 

borrow area should be tested in the laboratory to determine their index 

properties (grain size distribution, specific gravity, liquid limit, plastic limit, 

plasticity index, and AASHTO/ODOT soil type).  Once these properties are 

determined, the Level 2 or Level 3 approaches described under the 

geotechnical guidelines can be applied to derive site-specific shear strength 

parameter values.  

 For select highway embankment projects in which the existing embankment 
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structure will be modified (ex. roadway widening), additional geotechnical 

data such as SPT-N values (recorded in the field) and unconfined compression 

strength or time for 50% consolidation (measured in the laboratory on 

relatively undisturbed Shelby tube samples) available from the existing 

embankment section can be utilized to estimate shear strength parameter 

values using the multi-variable regression equations available at Level 3 of the 

geotechnical guidelines.   
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Appendix A:  SPT Equipment Calibration Test Data 

 

 
Below is a short report from GRL on SPT equipment calibration. 
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APPENDIX B:  SUBSURFACE EXPLORATION DATA 

 

 

Site No. 1 (I 275 in Hamilton County or HAM-275) 

 

 

Table B.1:  Variations of SPT-N Value with Depth (HAM-275) 

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

SPT-N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 7 26 10.0 – 11.5 20 34 

2.5 – 4.0 7 20 11.5 – 13.0 29 46 

4.0 – 5.5 13 33 13.0 – 14.5 37 56 

5.5 – 7.0 24 53 14.5 – 16.0 29 42 

7.0 – 8.5 22 44 16.0 – 17.5 30 42 

8.5 – 10.0 31 57 17.5 – 19.0 45 61 

 

 

Table B.2:  Basic Information on Shelby Tube Samples Taken by ORITE (HAM-275) 

Tube Depth (ft) Recovery (in) Note 

A-1 2.5 – 3.8 15.6 Bottom end is slightly crushed. 

A-2 4.5 – 5.6 13.2 Tube appears to be in good shape. 

A-3 10.0 – 11.0 12.0 Tube appears to be in good shape. 

B-1 2.5 – 3.9 16.8 Tube appears to be in good shape. 

C-2 4.5 – 5.4 10.8 Tube appears to be in good shape. 

C-3 10.0 – 11.1 13.2 Tube is slightly pushed inward along one side. 

D-1 2.5 – 3.8 15.6 Tube appears to be in good shape. 

D-2 4.5 – 5.4 10.8 Tube appears to be in good shape. 

D-3 10.0 – 10.9 10.8 Tube appears to be in good shape. 
 

 

Site No. 2 (USR 35 in Fayette County or FAY-35) 

 

Table B.3:  Variations of SPT N-Value with Depth (FAY-35) 

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

SPT-N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 18 68 13.0 – 14.5 14 21 

2.5 – 4.0 14 41 14.5 – 16.0 10 14 

4.0 – 5.5 21 52 16.0 – 17.5 21 29 

5.5 – 7.0 18 40 17.5 – 19.0 16 21 

7.0 – 8.5 21 42 19.0 – 20.5 23 29 

8.5 – 10.0 23 42 20.5 – 22.0 32 39 

10.0 – 11.5 21 35 22.0 – 23.5 43 50 

11.5 – 13.0 13 20 23.5 – 25.0 20 23 

 

[Note]  1 ft = 0.3 m; and 1 in = 25 mm. 
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Table B.4:  Basic Information on Shelby Tube Samples Taken by ORITE (FAY-35) 

Tube Depth (ft) Recovery (in) Note 

A-1 5.5 – 6.4 10.8 Tube appears to be in good shape. 

B-1 5.5 – 6.3 9.6 Slight elliptical shape at the bottom 

D-1 5.5 – 7.2 20.4 Elliptical shape over the bottom 6” 

E-1 5.5 – 7.0 18.0 Tube appears to be in good shape. 

A-2 8.5 – 9.9 16.8 Tube appears to be in good shape. 

D-2 8.5 – 9.7 14.4 Tube appears to be in good shape. 

E-2 8.5 – 9.9 16.8 Tube appears to be in good shape. 

B-3 14.5 – 16.0 18.0 Tube appears to be in good shape. 

D-3 14.5 – 16.0 18.0 Tube appears to be in good shape. 

  

 

 

Site No. 3 (SR 2 in Lake County or LAK-2) 

 

 

Table B.5:  Variations of SPT-N Value with Depth (LAK-2)  

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

SPT-N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 10 37 13.0 – 14.5 9 13 

2.5 – 4.0 17 48 14.5 – 16.0 16 23 

4.0 – 5.5 25 60 16.0 – 17.5 12 16 

5.5 – 7.0 30 64 17.5 – 19.0 18 23 

7.0 – 8.5 21 41 19.0 – 20.5 14 18 

8.5 – 10.0 12 21 20.5 – 22.0 22 27 

10.0 – 11.5 13 21 22.0 – 23.5 13 15 

11.5 – 13.0 28 43 23.5 – 25.0 28 32 
 

 

Table B.6:  Basic Information on Shelby Tube Samples Taken by ORITE (LAK-2) 

Tube Depth (ft) Recovery (in) Note 

A-1 1.0 – 2.7 20.4 Tube appears to be in good shape. 

A-2 4.0 – 5.4 16.8 Tube appears to be in good shape. 

A-3 14.0 – 15.6 19.2 Tube appears to be in good shape. 

B-1 1.0 – 1.8 9.6 Bottom end is deformed badly. 

B-3 14.0 – 15.6 19.2 Tube appears to be in good shape. 

C-2 4.0 – 4.6 7.2 Tube appears to be in good shape. 

D-1 1.0 – 2.1 13.2 Tube appears to be in good shape. 

D-2 4.0 – 5.2 14.4 Tube appears to be in good shape. 

D-3 14.0 – 15.4 16.8 Tube appears to be in good shape. 

 

[Note]  1 ft = 0.3 m; and 1 in = 25 mm. 
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Site No. 4 (SR 33 in Athens County or ATH-33) 

 

 

Table B.7: Variations of SPT-N Value with Depth (ATH-33) 

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

SPT-N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 27 101 13.0 – 14.5 20 30 

2.5 – 4.0 40 115 14.5 – 16.0 40 57 

4.0 – 5.5 16 39 16.0 – 17.5 45 62 

5.5 – 7.0 33 72 17.5 – 19.0 36 48 

7.0 – 8.5 16 32 19.0 – 20.5 21 27 

8.5 – 10.0 17 31 20.5 – 22.0 32 39 

10.0 – 11.5 25 42 22.0 – 23.5 21 25 

11.5 – 13.0 19 30 23.5 – 25.0 32 37 

 

 

Table B.8:  Basic Information on Shelby Tube Samples Taken by ORITE (ATH-33) 

Depth range (ft) Tube Recovery (in) Note 

4.5 – 6.5 

A-1 20.4 Tube appears to be in good shape. 

B-1 24.0 Tube appears to be in good shape. 

D-1 24.0 Tube appears to be in good shape. 

8.5 – 10.5 

A-2 10.8 Oval shaped at the bottom. 

B-2 20.4 Oval shaped at the bottom 

D-2 24.0 Tube appears to be in good shape. 

19.0 – 21.0 

A-3 22.2 Tube appears to be in good shape. 

B-3 24.0 Tube appears to be in good shape. 

D-3 24.0 Tube appears to be in good shape. 

 

 

Site No. 5 (I 71 in Morrow County or MRW-71) 

 

 

Table B.9: Variations of SPT-N Value with Depth (MRW-71)  

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

SPT-N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 11 40 13.0 – 14.5 17 25 

2.5 – 4.0 10 28 14.5 – 16.0 25 35 

4.0 – 5.5 9 21 16.0 – 17.5 15 20 

5.5 – 7.0 13 27 17.5 – 19.0 31 40 

7.0 – 8.5 14 27 19.0 – 20.5 16 20 

8.5 – 10.0 16 28 20.5 – 22.0 30 36 

10.0 – 11.5 9 15 22.0 – 23.5 16 18 

11.5 – 13.0 21 32 23.5 – 25.0 35 39 

 

[Note]  1 ft = 0.3 m; and 1 in = 25 mm. 
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Table B.10:  Basic Information on Shelby Tube Samples Taken by ORITE (MRW-71) 

Depth range (ft) Tube Recovery (in) Note 

10.0 – 11.5 

D-1 19.2 Tube appears to be in good shape. 

B-1 19.2 Tube appears to be in good shape. 

C-1 14.4 Tube appears to be in good shape. 

13.0 – 14.5 

D-2 10.8 Tube appears to be in good shape. 

B-2 10.8 Tube appears to be in good shape. 

C-2 15.6 Tube appears to be in good shape. 

17.5 – 19.0 

D-3 14.4 Tube appears to be in good shape. 

B-3 12.0 Tube appears to be in good shape. 

C-3 7.2 Very small recovery but usable. 

 

 

Site No. 6 (SR 2 in Erie County or ERI-2) 

 

 

Table B.11: Variations of SPT-N Value with Depth (ERI-2)  

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

SPT-N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 7 21 13.0 – 14.5 17 26 

2.5 – 4.0 8 21 14.5 – 16.0 20 30 

4.0 – 5.5 12 28 16.0 – 17.5 14 20 

5.5 – 7.0 6 13 17.5 – 19.0 14 19 

7.0 – 8.5 8 16 19.0 – 20.5 24 32 

8.5 – 10.0 11 20 20.5 – 22.0 18 23 

10.0 – 11.5 14 23 22.0 – 23.5 39 49 

11.5 – 13.0 11 18 23.5 – 25.0 NA NA 

 

 

Table B.12:  Basic Information on Shelby Tube Samples Taken by ORITE (ERI-2) 

Depth range (ft) Tube Recovery (in) Note 

10.0 – 11.5 

A-1 22.0 Tube appears to be in good shape. 

B-1 22.0 Tube appears to be in good shape. 

D-1 23.0 Tube appears to be in good shape. 

13.0 – 14.5 

A-2 21.0 Tube appears to be in good shape. 

B-2 23.0 Tube appears to be in good shape. 

D-2 22.0 Tube appears to be in good shape. 

17.5 – 19.0 

D-3 20.0 Tube appears to be in good shape. 

B-3 21.0 Tube appears to be in good shape. 

C-3 20.0 Tube appears to be in good shape. 

 

[Note]  1 ft = 0.3 m; and 1 in = 25 mm. 
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Site No. 7 (I 75 in Hancock County or HAN-75) 

 

 

Table B.13. Variations of SPT-N Value with Depth (HAN-75)  

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

SPT-N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 19 70 13.0 – 14.5 12 17 

2.5 – 4.0 13 36 14.5 – 16.0 25 35 

4.0 – 5.5 14 33 16.0 – 17.5 17 23 

5.5 – 7.0 16 34 17.5 – 19.0 33 42 

7.0 – 8.5 15 29 19.0 – 20.5 10 12 

8.5 – 10.0 23 40 20.5 – 22.0 21 25 

10.0 – 11.5 9 15 22.0 – 23.5 21 24 

11.5 – 13.0 20 30 23.5 – 25.0 32 36 

 

 

Table B.14:  Basic Information on Shelby Tube Samples Taken by ORITE (HAN-75) 

Depth range (ft) Tube Recovery (in) Note 

5.5 – 7.0 

A-1 18.0 Tube appears to be in good shape. 

C-1 21.6 Tube appears to be in good shape. 

D-1 16.8 Tube appears to be in good shape. 

10.0 – 11.5 

A-2 15.6 Tube appears to be in good shape. 

B-2 22.8 Tube appears to be in good shape. 

D-2 16.8 Tube appears to be in good shape. 

16.0 – 17.5 

A-3 21.6 Tube appears to be in good shape. 

B-3 21.6 Tube appears to be in good shape. 

C-3 24.0 Tube appears to be in good shape. 

 

 

Site No. 8 (I 70 in Muskingum County or MUS-70) 

 

 

Table B.15:  Variations of SPT-N Value with Depth (MUS-70)  

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

SPT-N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 15 54 13.0 – 14.5 46 66 

2.5 – 4.0 17 47 14.5 – 16.0 53 72 

4.0 – 5.5 20 47 16.0 – 17.5 38 50 

5.5 – 7.0 42 87 17.5 – 19.0 53 67 

7.0 – 8.5 36 67 19.0 – 20.5 44 53 

8.5 – 10.0 13 22 20.5 – 22.0 49 57 

10.0 – 11.5 19 30 22.0 – 23.5 42 47 

11.5 – 13.0 48 72 23.5 – 25.0 61 67 

 

[Note]  1 ft = 0.3 m; and 1 in = 25 mm. 
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Table B.16:  Basic Information on Shelby Tube Samples Taken (MUS-70) 

Depth range (ft) Tube Recovery (in) Note 

9.5 – 11.5 

A 21 Silty Clay Sample; Retained by OU-ORITE 

B 21 Silty Clay Sample; Retained by OU-ORITE 

C 21 Silty Clay Sample; Retained by OU-ORITE 

D 21 Silty Clay Sample; Went to BBC & M 

E 21 Silty Clay Sample; Went to BBC & M 

 

 

Site No. 9 (I 77 in Noble County or NOB-77) 

 

 

Table B.17:  Variations of SPT-N Value with Depth (NOB-77)  

Depth Range 

(ft) 

SPT-N Value Depth Range 

(ft) 

Uncorrected N Value 

Uncorrected Corrected Uncorrected Corrected 

1.0 – 2.5 11 40 13.0 – 14.5 14 20 

2.5 – 4.0 10 27 14.5 – 16.0 22 30 

4.0 – 5.5 14 32 16.0 – 17.5 44 57 

5.5 – 7.0 15 31 17.5 – 19.0 22 27 

7.0 – 8.5 9 17 19.0 – 20.5 12 14 

8.5 – 10.0 15 25 20.5 – 22.0 20 23 

10.0 – 11.5 17 27 22.0 – 23.5 26 29 

11.5 – 13.0 18 27 23.5 – 25.0 26 28 

 

 

Table B.18:  Basic Information on Shelby Tube Samples Taken (NOB-77) 

Depth range (ft) Tube Recovery (in) Note 

4.0 – 6.0 

A-1 22 to 23 Weathered Shale; Retained by BBC & M 

B-1 22 to 23 Weathered Shale; Retained by OU-ORITE 

C-1 22 to 23 Weathered Shale; Retained by OU-ORITE 

D-1 22 to 23 Weathered Shale; Retained by OU-ORITE 

7.0 – 9.0 

A-2 22 to 23 Weathered Shale; Retained by OU-ORITE 

B-2 22 to 23 Weathered Shale; Retained by BBC & M 

C-2 Very poor Weathered Shale; Discarded 

D-2 21 to 22 Weathered Shale; Retained by OU-ORITE 

E-2 22 to 23 Weathered Shale; Retained by OU-ORITE 

10.0 – 12.0 

A-3 22 to 23 Weathered Shale; Retained by BBC & M 

B-3 21 to 22 Weathered Shale; Retained by OU-ORITE 

C-3 18 to 19 Weathered Shale; Retained by OU-ORITE 

D-3 12 to 13 Weathered Shale; Retained by OU-ORITE 

 

[Note]  1 ft = 0.3 m; and 1 in = 25 mm. 
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APPENDIX C: TRIAXIAL COMPRESSION TEST PLOTS 
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Figure C.1:  Specimen A-1 (2.5‟ – 3.0‟ Depth) – Site No. 1 
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Figure C.2:  Specimen A-1 (3.1‟ – 3.6‟ Depth) – Site No. 1 
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HAM-275 (D-1)
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Figure C.3:  Specimen D-1 (2.5‟ – 3.0‟ Depth) – Site No. 1 
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Figure C.4:  Specimen A-2 (5.1‟ – 5.6‟ Depth) – Site No. 1 
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HAM-275 (C-2)
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Figure C.5:  Specimen C-2 (4.9‟ – 5.4‟ Depth) – Site No. 1 
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Figure C.6:  Specimen D-2 (4.6‟ – 5.1‟ Depth) – Site No. 1 
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Figure C.7:  Specimen A-3 (10.3‟ – 10.8‟ Depth) – Site No. 1 
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Figure C.8:  Specimen D-3 (10.2‟ – 10.6‟ Depth) – Site No. 1 
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Figure C.9:  p’-q’ Diagram for the Highest Depth Range – Site No. 1 
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Figure C.10:  p–q Diagram for the Highest Depth Range – Site No. 1 
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Figure C.11:  p’-q’ Diagram for the Middle Depth Range – Site No. 1 
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Figure C.12:  p-q Diagram for the Middle Depth Range – Site No. 1 
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Figure C.13:  p’-q’ Diagram for the Lowest Depth Range – Site No. 1 
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Figure C.14:  p-q Diagram for the Lowest Depth Range – Site No. 1 
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Figure C.15:  Specimen A-1 (5.7‟ – 6.2‟ Depth) – Site No. 2 
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Figure C.16:  Specimen D-1 (6.6‟ – 7.1‟ Depth) – Site No. 2 



212 

 

FAY-35 (E-1, bottom)

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Axial strain (%)

E
ff

e
c
ti

v
e
 p

ri
n

c
ip

a
l 

s
tr

e
s
s
 (

p
s
i)

Sigma 1

Sigma 3

 
Figure C.17:  Specimen E-1 (6.3‟ – 6.7‟ Depth) – Site No. 2 
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Figure C.18:  Specimen E-1 (5.5‟ – 6.0‟ Depth) – Site No. 2 
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Figure C.19:  Specimen A-2 (9.2‟ – 9.7‟ Depth) – Site No. 2 
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Figure C.20: Specimen D-2 (9.2‟ – 9.7‟ Depth) – Site No. 2 
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Figure C.21: Specimen E-2 (9.2‟ – 9.7‟ Depth) – Site No. 2 
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Figure C.22:  Specimen B-3 (14.7‟ – 15.2‟ Depth) – Site No. 2 
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Figure C.23:  Specimen B-3 (15.4‟ – 15.8‟ Depth) – Site No. 2 
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Figure C.24:  p’-q’ Diagram for the Highest Depth Range – Site No. 2 
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Figure C.25:  p-q Diagram for the Highest Depth Range – Site No. 2 
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Figure C.26:  p’-q’ Diagram for the Middle Depth Range – Site No. 2 
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Figure C.27:  p-q Diagram for the Middle Depth Range – Site No. 2 
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Figure C.28:  p’-q’ Diagram for the Lowest Depth Range – Site No. 2 
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Figure C.29:  p-q Diagram for the Lowest Depth Range – Site No. 2 
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Figure C.30: Specimen A-1 (1.6‟ – 2.1‟ Depth) – Site No. 3 
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Figure C.31:  Specimen A-1 (1.0‟ – 1.5‟ Depth) – Site No. 3 
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Figure C.32:  Specimen D-1 (1.1‟ – 1.6‟ Depth) – Site No. 3 
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Figure C.33:  Specimen A-2 (4.1‟ – 4.6‟ Depth) – Site No. 3 
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Figure C.34:  Specimen D-2 (4.0‟ – 4.5‟ Depth) – Site No. 3 
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Figure C.35:  Specimen D-2 (4.7‟ – 5.2‟ Depth) – Site No. 3 
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Figure C.36:  Specimen C-3 (14.7‟ – 15.2‟ Depth) – Site No. 3 
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Figure C.37: Specimen A-3 (14.6‟ – 15.1‟ Depth) – Site No. 3 
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Figure C.38:  Specimen D-3 (14.6‟ – 15.1‟ Depth) – Site No. 3 
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Figure C.39:  p’-q’ Diagram for the Highest Depth Range – Site No. 3 
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Figure C.40:  p-q Diagram for the Highest Depth Range – Site No. 3 
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Figure C.41. p’-q’ Diagram for the Middle Depth Range – Site No. 3 
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Figure C.42:  p-q Diagram for Middle Depth Range – Site No. 3 
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Figure C.43:  p’-q’ Diagram for the Lowest Depth Range – Site No. 3 
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Figure C.44:  p-q Diagram for the Lowest Depth Range – Site No. 3 
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Figure C.45:  Specimens A-1 (5.9‟ – 6.1‟ Depth) & B-1 (6.1‟ – 6.4‟ Depth)  - Site No. 4 
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Figure C.46:  Specimen B-1 (5.5‟ – 6.0‟ Depth) – Site No. 4 
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Figure C.47:  Specimen D-1 (5.3‟ – 5.7‟ Depth) – Site No. 4 
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Figure C.48:  Specimen B-2 (8.8‟ – 9.3‟ Depth) – Site No. 4 
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Figure C.49:  Specimen D-2 (9.0‟ – 9.5‟ Depth) – Site No. 4 
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Figure C.50:  Specimens B-2 (9.4‟ – 9.5‟ Depth) & D-2 (9.6‟ – 10.0‟ Depth) – Site No. 4 
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Figure C.51:  Specimen A-3 (20.0‟ – 20.5‟ Depth) – Site No. 4 
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Figure C.52:  Specimen B-3 (20.0‟ – 20.5‟ Depth) – Site No. 4 
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Figure C.53:  Specimen D-3 (20.0‟ – 20.5‟ Depth) – Site No. 4 
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Figure C.54:  p’-q’ Diagram for the Highest Depth Range – Site No. 4 
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Figure C.55:  p-q Diagram for the Highest Depth Range – Site No. 4 
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Figure C.56:  p’-q’ Diagram for the Middle Depth Range – Site No. 4 
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Figure C.57:  p-q Diagram for the Middle Depth Range – Site No. 4 
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Figure C.58:  p’-q’ Diagram for the Lowest Depth Range – Site No. 4 
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Figure C.59:  p-q Diagram for the Lowest Depth Range – Site No. 4 
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Figure C.60: Specimen B-1 (10.5‟ – 11.0‟ Depth) – Site No. 5 
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Figure C.61:  Specimen C-1 (10.5‟ – 11.0‟ Depth) – Site No. 5 
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MRW-71 (D-1)
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Figure C.62:  Specimen D-1 (10.5‟ – 11.0‟ Depth) – Site No. 5 
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Figure C.63:  Specimen D-2 (13.3‟ – 13.8‟ Depth) – Site No. 5 
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Figure C.64:  Specimen C-2 (13.8‟ – 14.3‟ Depth) – Site No. 5 
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Figure C.65:  Specimen C-2 (13.3‟ – 13.7‟ Depth) – Site No. 5 
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Figure C.66:  Specimen B-3 (17.9‟ – 18.4‟ Depth) – Site No. 5 

 
 

MRW-71 (D-3)

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Axial strain (%)

E
ff

e
c
ti

v
e
 p

ri
n

c
ip

a
l 

s
tr

e
s
s
 (

p
s
i)

Sigma 1

Sigma 3

 
Figure C.67:  Specimen D-3 (18.2‟ – 18.6‟ Depth) – Site No. 5 



239 

 

MRW-71 (C-3)

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Axial strain (%)

E
ff

e
c
ti

v
e
 p

ri
n

c
ip

a
l 

s
tr

e
s
s
 (

p
s
i)

Sigma 1

Sigma 3

 
Figure C.68:  Specimen C-3 (17.6‟ – 18.1‟ Depth) – Site No. 5 
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Figure C.69:  p’-q’ Diagram for the Highest Depth Range – Site No. 5 
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Figure C.70:  p-q Diagram for the Highest Depth Range – Site No. 5 
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Figure C.71:  p’-q’ Diagram for the Middle Depth Range – Site No. 5 
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Figure C.72:  p-q Diagram for the Middle Depth Range – Site No. 5 
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Figure C.73:  p’-q’ Diagram for the Lowest Depth Range – Site No. 5 
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Figure C.74:  p-q Diagram for the Lowest Depth Range – Site No. 5 
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Figure C.75:  Specimen B-1 (3.0‟ – 3.5‟ Depth) – Site No. 6 

 

 

 

 
Figure C.76:  Specimen D-1 (3.3‟ – 3.8‟ Depth) – Site No. 6 
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Figure C.77:  Specimen D-1 (2.7‟ – 3.2‟ Depth) – Site No. 6 

 

 

 
Figure C.78:  Specimen B-2 (7.0‟ – 7.5‟ Depth) – Site No. 6 
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Figure C.79:  Specimen D-2 (6.9‟ – 7.4‟ Depth) – Site No. 6 

 

 

 
Figure C.80:  Specimen D-2 (6.3‟ – 6.8‟ Depth) – Site No. 6 
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Figure C.81:  Specimen B-3 (11.6‟ – 12.1‟ Depth) – Site No. 6 

 

 

 
Figure C.82:  Specimen C-3 (11.7‟ – 12.2‟ Depth) – Site No. 6 



247 

 

 
Figure C.83:  Specimen D-3 (13.0‟ – 13.5‟ Depth) – Site No. 6 

 

 

 
Figure C.84:  Specimen D-3 (12.3‟ – 12.8‟ Depth) – Site No. 6 



248 

 

 
Figure C.85:  p‟-q‟ Diagram for the Highest Depth Range – Site No. 6 

 

 

 
Figure C.86:  p-q Diagram for the Highest Depth Range – Site No. 6 
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Figure C.87:  p‟-q‟ Diagram for the Middle Depth Range – Site No. 6 

 

 

 
Figure C.88:  p-q Diagram for the Middle Depth Range – Site No. 6 
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Figure C.89:  p‟-q‟ Diagram for the Deepest Depth Range – Site No. 6 

 

 

 
Figure C.90:  p-q Diagram for the Deepest Depth Range – Site No. 6 
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Figure C.91:  Specimen A-1 (6.8‟ – 7.3‟ Depth) – Site No. 7 

 

 

 
Figure C.92:  Specimen C-1 (6.6‟ – 7.1‟ Depth) – Site No. 7 
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Figure C.93:  Specimen D-1 (6.4‟ – 6.9‟ Depth) – Site No. 7 

 

 

 
Figure C.94:  Specimen A-2 (10.8‟ – 11.3‟ Depth) – Site No. 7 
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Figure C.95:  Specimen B-2 (10.8‟ – 11.3‟ Depth) – Site No. 7 

 

 

 
Figure C.96:  Specimen D-2 (10.9‟ – 11.4‟ Depth) – Site No. 7 
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Figure C.97:  Specimen A-3 (17.3‟ – 17.8‟ Depth) – Site No. 7 

 

 

 
Figure C.98:  Specimen B-3 (17.3‟ – 17.8‟ Depth) – Site No. 7 
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Figure C.99:  Specimen D-3 (17.3‟ – 17.8‟ Depth) – Site No. 7 

 

 

 
Figure C.100:  p‟-q‟ Diagram for the Highest Depth Range – Site No. 7 
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Figure C.101:  p-q Diagram for the Highest Depth Range – Site No. 7 

 

 

 
Figure C.102:  p‟-q‟ Diagram for the Middle Depth Range – Site No. 7 
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Figure C.103:  p-q Diagram for the Middle Depth Range – Site No. 7 

 

 

 
Figure C.104:  p‟-q‟ Diagram for the Lowest Depth Range – Site No. 7 
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Figure C.105:  p-q Diagram for the Lowest Depth Range – Site No. 7 

 

 
Figure C.106:  Specimen B-1 (9.5‟ – 10.0‟ Depth) – Site No. 8 
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Figure C.107:  Specimen C-1 (9.5‟ – 10.0‟ Depth) – Site No. 8 

 

 

 
Figure C.108:  Specimen A-1 (10.1‟ – 10.6‟ Depth) – Site No. 8 
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Figure C.109:  Specimen B-1 (10.1‟ – 10.6‟ Depth) – Site No. 8 

 

 

 
Figure C.110:  Specimen C-1 (10.1‟ – 10.6‟ Depth) – Site No. 8 
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Figure C.111:  p‟-q‟ Diagram for the Highest Depth Range – Site No. 8 

 

 

 
Figure C.112:  p-q Diagram for the Highest Depth Range – Site No. 8 
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Figure C.113:  p‟-q‟ Diagram for the Lowest Depth Range – Site No. 8 

 

 

 
Figure C.114:  p-q Diagram for the Lowest Depth Range – Site No. 8 
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Figure C.115:  Specimen B-1 (4.0‟ – 4.5‟ Depth) – Site No. 9 

 

 

 

 

 
Figure C.116:  Specimen B-1 (4.6‟ – 5.1‟ Depth) – Site No. 9 
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Figure C.117:  Specimen C-1 (4.0‟ – 4.5‟ Depth) – Site No. 9 

 

 

 

 

 
Figure C.118:  Specimen D-1 (4.0‟ – 4.5‟ Depth) – Site No. 9 
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Figure C.119:  Specimen A-2 (7.0‟ – 7.5‟ Depth) – Site No. 9 

 

 

 

 

 
Figure C.120:  Specimen D-2 (7.0‟ – 7.5‟ Depth) – Site No. 9 
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Figure C.121:  Specimen E-1 (7.0‟ – 7.5‟ Depth) – Site No. 9 

 

 

 

 

 
Figure C.122:  Specimen D-3 (10.0‟ – 10.5‟ Depth) – Site No. 9 
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Figure C.123:  Specimen B-3 (10.0‟ – 10.5‟ Depth) – Site No. 9 

 

 

 

 

 
Figure C.124:  Specimen C-3 (10.0‟ – 10.5‟ Depth) – Site No. 9 
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Figure C.125:  Specimen C-3 (10.6‟ – 11.1‟ Depth) – Site No. 9 

 

 

 

 

 
Figure C.126:  p‟-q‟ Diagram for the Lowest Depth Range – Site No. 9 
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Figure C.127:  p-q Diagram for the Lowest Depth Range – Site No. 9 

 

 

 

 

 
Figure C.128:  p‟-q‟ Diagram for the Middle Depth Range – Site No. 9 
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Figure C.129:  p-q Diagram for the Middle Depth Range – Site No. 9 

 

 

 

 

 
Figure C.130:  p‟-q‟ Diagram for the Highest Depth Range – Site No. 9 
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Figure C.131:  p-q Diagram for the Highest Depth Range – Site No. 9 
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APPENDIX D:  PLOTS FOR SOIL COHESION DETERMINATIONS 

 

 

 
 

Figure D.1:  Combined p‟-q‟ Diagram for All A-4a Soils 

 

 

 

 
 

Figure D.2:  Combined p‟-q‟ Diagram for All A-6a Soils 
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Figure D.3:  Combined p‟-q‟ Diagram for All A-6b Soils 

 

 

 

 
 

Figure D.4:  Combined p‟-q‟ Diagram for All A-7-6 Soils 
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APPENDIX E:  STATISTICAL CORRELATION PLOTS 

 

 

 
Figure E.1:  vs. t50 (Hyperbolic Function) – A-4a Soil Type 

 

 
Figure E.2:  vs. qu (Hyperbolic Function) – A-4a Soil Type 

 

 
Figure E.3:  vs. PI (Hyperbolic Function) – A-4a Soil Type 
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Figure E.4:  vs. wf (Hyperbolic Function) – A-4a Soil Type 

where wf = final saturated moisture content (measured during C-U triaxial test) 

 

 
Figure E.5:  vs. w (Hyperbolic Function) – A-4a Soil Type 

 

 
Figure E.6:  C vs. %Clay (Linear Function) – A-4a Soil Type 



276 

 

 
Figure E.7:  C vs. qu (Linear Function) – A-4a Soil Type 

 

 
Figure E.8:  C vs. %Gravel (Hyperbolic Function) – A-4a Soil Type 

 

 
Figure E.9:  C vs. %Clay (Power Function) – A-4a Soil Type 
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Figure E.10:  C vs. %Clay (Exponential Function) – A-4a Soil Type 

 

 
Figure E.11:  C vs. %Clay (Logarithmic Function) – A-4a Soil Type 

 

 
Figure E.12:  C vs. %Clay (Reciprocal Function) – A-4a Soil Type 
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Figure E.13:  C vs. %Clay (Hyperbolic Function) – A-4a Soil Type 

 

 
Figure E.14:  C vs. qu (Exponential Function) – A-4a Soil Type 

 

 
Figure E.15:  C‟ vs. qu (Hyperbolic Function) – A-4a Soil Type 
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Figure E.16: vs. t50 (Hyperbolic Function) – A-6a Soil Type 

 

 
Figure E.17: vs. %Gravel (Hyperbolic Function) – A-6a Soil Type 

 

 
Figure E.18: vs. wf (Hyperbolic Function) – A-6a Soil Type 
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Figure E.19: vs. LL (Hyperbolic Function) – A-6a Soil Type 

 

 
Figure E.20: vs. %Sand (Hyperbolic Function) – A-6a Soil Type 

 

 
Figure E.21: vs. %Clay (Hyperbolic Function) – A-6a Soil Type 
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Figure E.22: vs. PI (Hyperbolic Function) – A-6a Soil Type 

 

 
Figure E.23:  C’ vs. Gs (Linear Function) – A-6a Soil Type 

 

 
Figure E.24:  C’ vs. %Clay (Linear Function) – A-6a Soil Type 
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Figure E.25:  C’ vs. %Silt (Linear Function) – A-6a Soil Type 

 

 
Figure E.26:  C’ vs. Gs (Exponential Function) – A-6a Soil Type 

 

 
Figure E.27:  C’ vs. Gs (Exponential Function) – A-6a Soil Type 
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Figure E.28:  C’ vs. Gs (Logarithmic Function) – A-6a Soil Type 

 

 
Figure E.29:  C’ vs. Gs (Reciprocal Function) – A-6a Soil Type 

 

 
Figure E.30:  C’ vs. Gs (Hyperbolic Function) – A-6a Soil Type 
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Figure E.31:  C’ vs. %Clay (Logarithmic Function) – A-6a Soil Type 

 

 
Figure E.32:  C’ vs. %Clay (Reciprocal Function) – A-6a Soil Type 

 

 
Figure E.33:  C’ vs. %Silt (Power Function) – A-6a Soil Type 
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Figure E.34:  C’ vs. %Silt (Exponential Function) – A-6a Soil Type 

 

 
Figure E.35:  C’ vs. %Silt (Logarithmic Function) – A-6a Soil Type 

 

 
Figure E.36:  C’ vs. %Silt (Reciprocal Function) – A-6a Soil Type 



286 

 

 
Figure E.37:  C’ vs. %Silt (Hyperbolic Function) – A-6a Soil Type 

 

 
Figure E.38:  C’ vs. d-uc (Power Function) – A-6a Soil Type 

where d-uc = Initial dry unit weight (measured during unconfined compression test) 

 

 
Figure E.39:  C’ vs. d-uc (Exponential Function) – A-6a Soil Type 
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Figure E.40:  C’ vs. wf-cu (Exponential Function) – A-6a Soil Type 

 

 
Figure E.41:  C’ vs. %Compact (Power Function) – A-6a Soil Type 

 

 
Figure E.42:  C’ vs. %Compact (Exponential Function) – A-6a Soil Type 
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Figure E.43:   vs. %Gravel (Hyperbolic Function) – A-6b Soil Type 

 

 
Figure E.44:   vs. %Clay (Hyperbolic Function) – A-6b Soil Type 

 

 
Figure E.45:   vs. %Silt (Hyperbolic Function) – A-6b Soil Type 
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Figure E.46:   vs. %Sand (Hyperbolic Function) – A-6b Soil Type 

 

 
Figure E.47:   vs. PL (Hyperbolic Function) – A-6b Soil Type 

 

 
Figure E.48:   vs. w (Hyperbolic Function) – A-6b Soil Type 
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Figure E.49:   vs. wf-cu (Hyperbolic Function) – A-6b Soil Type 

 

 
Figure E.50:   vs. qu (Hyperbolic Function) – A-6b Soil Type 

 

 
Figure E.51:   vs. t50 (Hyperbolic Function) – A-6b Soil Type 
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Figure E.52:   vs. t50 (Hyperbolic Function) – A-7-6 Soil Type 

 

 
Figure E.53:   vs. qu (Hyperbolic Function) – A-7-6 Soil Type 

 

 
Figure E.54:   vs. %Gravel (Hyperbolic Function) – A-7-6 Soil Type 
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Figure E.55:   vs. %Silt (Hyperbolic Function) – A-7-6 Soil Type 

 

 
Figure E.56:   vs. %Sand (Hyperbolic Function) – A-7-6 Soil Type 

 

 
Figure E.57:   vs. PI (Hyperbolic Function) – A-7-6 Soil Type 
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Figure E.58:  C vs. %Gravel (Hyperbolic Function) – A-7-6 Soil Type 

 

 
Figure E.59:  C’ vs. %Clay (Power Function) – A-7-6 Soil Type 

 

 
Figure E.60:  C’ vs. %Clay (Exponential Function) – A-7-6 Soil Type 
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Figure E.61:  C’ vs. %Sand (Power Function) – A-7-6 Soil Type 

 

 
Figure E.62:  C’ vs. %Sand (Exponential Function) – A-7-6 Soil Type 

 

 
Figure E.63:  C’ vs. %Sand (Hyperbolic Function) – A-7-6 Soil Type 
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Figure E.64:  C’ vs. wf (Power Function) – A-7-6 Soil Type 

 

 
Figure E.65:  C’ vs. wf (Exponential Function) – A-7-6 Soil Type 

 

 
Figure E.66:  C’ vs. d-cu (Power Function) – A-7-6 Soil Type 

where d-cu = Initial dry unit weight (measured during C-U triaxial test) 
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Figure E.67:   vs. PI (Hyperbolic Function) – All Cohesive Soil Types Combined 

 

 
Figure E.68:   vs. qu (Hyperbolic Function) – All Cohesive Soil Types Combined 

 

 
Figure E.69:   vs. % Clay (Hyperbolic Function) – All Cohesive Soil Types Combined 
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Figure E.70:   vs. SPT-(N60)1 (Hyperbolic Function) – All Cohesive Soil Types 

Combined 

 

 
Figure E.71:   vs. t50 (Hyperbolic Function) – All Cohesive Soil Types Combined 

 

 
Figure E.72:   vs. wf (Hyperbolic Function) – All Cohesive Soil Types Combined 
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APPENDIX F: LIST OF SYMBOLS 

 

 

A = pore water pressure parameter 

c = cohesion  

cu = undrained cohesion 

c  = effective-stress cohesion  

CD = consolidated drained 

CU = consolidated undrained 

C1 , C2 = dimensionless constants 

di = inside diameter of the sampler 

do = outside diameter of the sampler  

EMX = maximum energy transferred to the rods 

ETR = energy transfer ratio 

 = axial strain 

f = the unit frictional force on the sampler  

fc = side friction stress (associated with the cone penetration test) 

F = the force transferred from the hammer to the sampler  

Favg  = the average force used through the six inch interval  

Fe = the reaction force given by the ground onto the bottom surface to the sampler 

Fi = the frictional reaction force on the inside of the sampler 

Fo = the frictional reaction force on the outside of the sampler  

F(t) = force measured at time t 

Gs = specific gravity 

L = the depth of the sampler into the ground. 

LL = liquid limit 

n1 = number of samples in population 1 

N60 = standard penetration N value at 60% free-fall energy delivery  

(N60)1 = standard penetration N value corrected for energy delivery and depth effects 

PI = plasticity index 

PL = plastic limit 

pa = atmospheric pressure = 14.7 psig (101 kPa) 

p, q = stress path parameters (in total stresses) 

q = the unit bearing pressure on the bottom of the sampler 

qc = tip resistance stress (associated with the cone penetration test) 

qu = unconfined compression strength 

p , q  = stress path parameters (in effective stresses) 

r
2
 or R

2
 = coefficient of determination 

Rf  = friction ratio  

sp
2
 = pooled variance 

s1
2
 = variance in population 1 

SPT = standard penetration test 

t = student t-statistics  

t50 = time for 50% consolidation 

u = pore water pressure 

ua = pore air pressure  
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UC = unconfined compression 

uf = pore water pressure at failure 

uw = pore water pressure. 

UU = unconsolidated and undrained 

V(t) = velocity measured at time t 

w = soil moisture content 

wf = final soil moisture content (measured during triaxial compression test) 

W’ = the weight of the rods and sampler 

1x  = the mean in population 1 

%C = percent clay (in mass) 

%Comp = percent compaction 

%G = percent gravel (in mass) 

%M = percent silt (in mass) 

%S = percent sand (in mass) 

 = level of statistical significance 

ΔL  = the length of sample pushed into the ground 

N =  an increase in blow count 

u = increase in pore pressure  

3 = increase in confining pressure. 

 = angle of internal friction 

 = effective-stress angle of internal friction 

moist unit weight 

d dry unit weight

 = total normal stress applied 

d = deviatoric stress 

= major principal stress = d + 3

f = major principal stress at failure = ( d)f + 3

= minor principal stress = confining pressure or chamber pressure

 = effective overburden stress 

c  = the highest past effective overburden stress 

0' = effective overburden stress 

f = shear strength 

 = degree of saturation 
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