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CHAPTER I 
 

 

INTRODUCTION 

 

Shallow slope failure is one of the huge problems in the geotechnical engineering projects. These 

failures can cost millions of dollars every year. These failures can occur on embankments and cut 

slopes that lead to expensive repairs and affect budgets, traffic systems, environmental conditions 

and safety.  Embankments and cut slopes often fail when the clay soils become fully softened due 

to shrink-swell action, wet-dry cycles and downhill creep. 

Peak strength values of clay soils are usually available and can be tested economically in 

geotechnical engineering laboratories. On the other hand, fully-softened shear strength values 

require non-routine and costly procedures in the laboratory and are not very practical, especially 

for small and average size projects.  

In this project, the model equation was developed to have a correlation between the peak strength 

values from standard laboratory tests and the fully-softened values which are likely to develop in 

the slopes over time.  

Using peak shear strength from laboratory tests can lead to overestimation of factor of safety. On 

the other hand, using residual shear strength in the analysis can underestimate the factor of safety 

for first time slides. The best solution to this problem is to use the prediction of fully softened 
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shear strength values which can give accurate designs, long term stability, easy ways of repair, 

and can save construction cost. 

It is important to know about all these data including the peak and fully softened strengths to help 

with stability analysis. 

Residual strength is the strength of the soil after a slide surface has developed, which happens 

after failure. On the other hand, the fully softened strength is the strength of soil prior to actual 

failure. The residual strength can be determined by using the reversal direct shear test or ring 

shear test. The peak shear strength as used here means the peak strength value obtained from 

standard laboratory triaxial tests on either in situ condition soil specimens or recompacted soil 

specimens. 

“The residual shear strength of cohesive soils is applicable to new and existing slopes that contain 

a pre-existing shear surface. A pre-existing shear surface, and thus a residual shear strength 

condition, is present in old landslides or soliflucted slopes, bedding shears in folded strata, in 

sheared joints or faults, and after an embankment failure .“ (Skempton 1985). 

Fully softened shear strength of cohesive soils is a very important parameter to help in evaluating 

the stability of slopes that have not undergone previous sliding which can be defined as first time 

slides (Stark 2005). 

In this project, the samples were overconsolidated clay that was obtained in the in situ condition 

in the field. Overconsolidated clay in the field has been subjected to greater stress in the past due 

to previous overburden that has eroded away. Normally consolidated clay in the field has never 

been under greater stress in the past than currently exists. Over consolidated clay with moisture 
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content well below the plastic limit has a dense structure and often has negative pore water 

pressure. The focus in this research was on the overconsolidated clay properties and the 

relationship between the peak shear strength and the fully softened shear strength. 

It will be a good idea to include some field samples of normally consolidated clay in Phase II and 

check the results with the results of overconsolidated clay used in Phase I research.  

The fully softened condition corresponds to the condition after which the over consolidated clay 

has absorbed as much water as it desires, has gone through shrink-swell cycles, and downhill 

creep and has reached equilibrium at a particular site (Stark 2005). 

Skempton (1977) concludes that slopes that have not undergone previous sliding can be designed 

using fully softened shear strength. Investigations by Skempton et al. (1969) and Skempton 

(1977) indicate that softening of an overconsolidated clay reduces the effective stress cohesion 

component of the Mohr-Coulomb shear strength parameters, but doesn’t cause orientation of clay 

particles or reduction in friction angle (Skempton 1970). However, later research by Stark, et al. 

(2005) indicated a modest reduction in friction angle of fully-softened laboratory specimens 

compared to laboratory test results on specimens of normally consolidated clay. 

Skempton (1977) also suggests that the long-term shear strength available in overconsolidated 

clay that has not under gone previous sliding corresponds to the fully softened condition (Stark 

2005). 

Most of research indicates that the residual strength has a relationship with the type of clay 

mineral and quantity clay size particles. The type of clay mineralogy can be indicated by the 

liquid limit, and the clay-size fraction that can give the quantity of particles smaller than 0.002 
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mm. On the other hand, in this project the focus was on correlation of the fully softened strength 

with liquid limit, plastic limit and the entire fines fraction (percent passing number 200 sieve) 

rather than just on the clay size fraction. 

Having high liquid limit corresponds to a high clay-size fraction which may lead to the wrong 

estimation of fully softened strength correlations in some clay soils. Therefore in this project the 

data were developed based on the liquid limit (LL), plastic limit (PL) percent passing the number 

200 sieve (<200) and correlation with peak strength to lead to more accurate estimations of fully 

softened strength. 

The soil samples in this research were overconsolidated as received from the field and the in situ 

test condition was on the overconsolidated specimens. However, after processing in the 

laboratory for fully softened condition, the specimens were normally consolidated during the 

remaining testing. 

There was no need to find the residual strengths in this project because the research subject is 

fully softened strength in embankment and cut slopes that have not experienced previous slope 

failures. Prior to failure, it is important to know the peak and fully soften strengths, specially, for 

the embankment and slopes that may become fully softened. That may lead to failures in many 

cases because of an unstable situation. 

Stability analysis depends mainly on the factor of safety, which can tell if the slope is stable or 

not stable. The factor of safety in a limit equilibrium analysis is the resistant forces divided by the 

driving forces. In other words, it is the available shear strength divided by the shear stress 

required for equilibrium of the slope. 
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Phase I of this research project has only one type of soil, which consists mostly of lean clay with 

a few samples that classify as fat clay.  The soil is very similar because both the lean clay and fat 

clay are near the boundary of the classifications for these soils and are separated in most cases by 

only a few points in liquid limit. The project also included only undrained shear strengths.  The 

correlation equation between standard shear strengths and the fully softened shear strength values 

provides an easy and rapid calculation of fully softened shear strength values of different clay 

samples from peak strength values and its index properties. Determination of peak strength values 

involves a routine and practical process that can be done in most standard geotechnical 

laboratories. On the other hand, determination of fully softened shear strength values in the 

laboratory is time consuming and expensive. It is not practical to determine fully softened shear 

strength by laboratory testing for most routine projects. 

The Phase I project will make it easier to have more accurate designs of embankments and cut 

slopes by being able to estimate undrained fully softened shear strength from peak strength values 

and index properties. It also can save cost in repairing and stabilizing some slope failures. 

Definitely, shallow slope failures can be better understood and minimized because of being able 

to correlate peak strength values and fully softened strength values for routine projects. 

Benefits 

The results of this research allow rapid calculation of fully softened shear strength values from 

peak strength values and the index properties for the clay type and in situ conditions studied in 

this research.  
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The model equation will facilitate calculating the fully softened shear strength without the need of 

doing the triaxial tests on fully softened specimens. This also will facilitate having more 

accuracy, less expenses, designing new slopes, repairing, and stabilizing of existing slopes. 

Report Format 

The report format of this research includes the main body of the report, and an appendix that 

includes all the laboratory test results and a summary table of the model calculations. The body of 

the report has photographs and a large table that shows the soil properties and sample locations.  

This report contains main headings and subheadings to make it easy for the reader to follow and 

understand it in a better way.  

Research Funding    

This research has been funded by two private industries (two firms at $5000 and $6000) and 

Oklahoma Department of Transportation (ODOT) funding ($5000). The total of Phase I funding 

was $16,000 for the public and private funding. The funding of this research was limited for 

Phase I so only one clay soil was used in the soil lab and only undrained shear strengths were 

performed. 
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Background 

A preliminary equation for estimating fully-softened shear strength values of clay soils using the 

standard peak strength values and correlation with index properties and moisture content of the 

peak strength specimens at the time of testing has been previously developed (Gregory 2011). 

The equation is based on embankment fills consisting of clay soils. The equation appears to 

provide a good correlation, but is based on limited test data and only on fill soils. This research 

project included additional testing of clay samples using both undrained peak strength and 

undrained fully-softened strength test procedures on the same soil specimens to more accurately 

develop the coefficients in the equation for the particular soil type considered in this research. A 

proposed future research study (Phase II) will address four additional soil types and will include 

testing of soils in the in-situ condition, recompacted condition, and soil specimens prepared in the 

fully-softened condition. Phase II will also include undrained and drained shear strength testing. 

Phase II has not been funded or authorized at this time. 

In the current research project, the use of soil properties is very important to better define an 

equation to calculate the fully-softened shear strength values from available peak values. These 

soil properties like the Atterberg limits (LL and PL) and percent passing the number 200 sieve do 

not change with the change of environment. On the other hand, soil parameters like shear 

strength, permeability, hydraulic conductivity and compressibility are not constant and can 

change with the change of the environment. For example, the shear strength goes down when the 

soil get wet, which will increase the compressibility. Once the index properties are determined for 

a particular clay soil, these values will remain constant and only routine peak strength testing for 

different conditions will be required to develop data for prediction of fully softened strength. 
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This research project includes different tests of clay samples using both the undrained peak 

strength and undrained fully softened strength processes to know and verify the coefficients in the 

equation which considers one clay soil type.  

Objectives 

The objective of this research is to find a correlation between peak strength values and fully-

softened strength values by using the moisture content, Atterberg limits, and percent passing No. 

200 sieve of all the soil samples tested. 

This correlation can be found by formalizing an equation that can calculate the fully-softened 

strength from peak strength values and its index properties. 

 

 

. 
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CHAPTER II 
 

 

SOIL DESCRIPTION AND PROPERTIES 

 

Soil Sample Locations 

The site location where the soil samples were collected is approximately four miles south of 

Cushing, Oklahoma. The site is southwest of the intersection of CR EW750 AND CR NS3510. 

This location is within Map index number 53 of the NRCS soil survey of Payne County, 

Oklahoma (1987) and is within the Stephenville fine sandy loam soil series. Geologically, the site 

is within the Vanoss-Ada Unit (Gregory 2011). 

 

Soil Sample Depths and Diameter 

The 18 samples were collected from different depths in ten boring locations, which have been 

performed by Terracon (Gregory 2011). The sample depth varies from one foot to 29 feet. Two 

samples were collected from the same boring in most cases.  

 

The samples were obtained with a nominal 3-in OD thin-walled (Shelby) tube sampler, which 

gives 2.8 inch in diameter samples. A photograph of these samples before trimming can be seen 

in Figure 1. 
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Soil Classification 

Most of the soil samples classified as lean clay (CL) in accordance to the Unified Soil 

Classification System (USCS). Only three soil samples were classified as fat clay (CH).  

Lean clay samples have a liquid limit less than 50; on the other hand, fat clay samples have  

liquid limit of  50 or greater (see Table 1). 

Sample Selection and Identification 

The selection of samples depends on having enough length and good visual shape, without any 

obvious cracks. The sample of each boring number was long enough to have two specimen of 

principal length. Most of the cases have one specimen from one sample. 

 

 

 

Figure 1 – Soil Samples Prior to Trimming 
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Table 1-- Soil Properties and Sample Locations 

              

No-Location,Depth Classification Visual Color LL PL PI %< 200 

1- B-6, 3-5 Lean Clay (CL) Dark Yellow Brown 33 14 19 83 

              

2- B-11, 3-4 Lean Clay (CL) Brown 37 12 25 84 

              

3- B-11, 4-5 Lean Clay (CL) Yellowish Brown 41 15 26 84 

              

4- B-13, 1-3 Fat Clay (CH) Brown 51 37 14 77 

              

5- B-23, 1-3 Lean Clay (CL) Dark Yellow Brown 39 13 26 73 

              

6- B-23, 3-5 Lean Clay (CL) Dark Yellow Brown 39 13 26 73 

              

7- B-27, 8-9 Lean Clay (CL) Dark Yellow Brown 35 12 23 81 

              

8- B-28, 1-2 Sandy Lean Clay Dark Brown 26 11 15 78 

              

9- B-28, 3-5 Sandy Lean Clay Dark Brown 26 11 15 78 

              

10- B-31, 1-2 Lean Clay (CL) V. DK. Grayish Brown 36 15 21 87 

              

11- B-31, 6-7 Lean Clay (CL) V. DK. Grayish Brown 36 15 21 87 

              

12- B-31, 28-29 Lean Clay (CL) DK. Yellowish Brown 30 11 19 80 

              

13- B-32, 1-3 Lean Clay (CL) DK. Yellowish Brown 38 12 26 83 

              

14- B-32, 3-5 Lean Clay (CL) DK. Yellowish Brown 38 12 26 83 

              

15- B-34. 3-4 Lean Clay (CL) DK. Yellowish Brown 39 12 27 86 

              

16- B-34, 4-5 Lean Clay (CL) DK. Yellowish Brown 39 12 27 86 

              

17- B-38, 1-3 Fat Clay (CH) Brown 50 12 38 82 

              

18- B-38, 3-5 Fat Clay (CH) DK. Grayish Brown 51 12 39 82 
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CHAPTER III 
 

 

LABORATORY TESTING PROGRAM 

 

All the procedures had been done in the civil engineering soil lab at Oklahoma State University. 

The program consisted of liquid and plastic limits tests (ASTM D 4318), Percent passing the 

number 200 sieve test (ASTM D 1140), Hydrometer tests (ASTM D 422), and Unconsolidated 

Undrained Trixial Tests (ASTM D 2850). 

 

 The hydrometer tests were done on two different samples of two different classifications of clay 

soil which were generally representative of all the soil samples. This hydrometer test is very 

beneficial because of its ability to provide the percentage of clay and the percentage of silt in the 

fine fraction. The liquid and plastic limits tests and percent passing the number 200 sieve were 

done to provide index properties.  

 

The UU trixial tests were done to find the shear strength. Shear strength is equal the cohesion plus 

the normal stress times the tangent of the friction angle. Single specimen UU trixial tests always 

produce a friction angle of zero, so the shear stress equals the cohesion of the soil. The laboratory 

procedures are described in detail with some selected photographs. 
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Samples Preparation and Lab Procedures- In-Situ Condition 

 

Eighteen samples were selected from different borings locations. These samples need to be 

trimmed by using laboratory miter box, which will produce planar ends that are perpendicular to 

the longitudinal axis of the samples. 

The in-situ samples were also trimmed diameter with a height-to-diameter ratio of at least 2. The 

range of this ratio should be between 2 and 2.5 (Liu and Evett 1997). 

The samples were trimmed in length that should be at least 4 inches and in diameter with at least 

2 inches. All samples were trimmed to nominal 2-inch diameter in a hand operated soil lathe. 

Trimming the samples is very important and beneficial to remove the more disturbed outer side of 

the samples. The three minimum height measurements (120 degrees apart) and at least three 

diameter measurements at each of the quarter points of the height had been taken (Liu and Evett 

1997).  Some of these trimmed samples are illustrated in Figure 2. 

 

Specimen shall be of uniform circular cross section perpendicular to the axis of the specimen. 

Where pebbles or crumbing results in excessive irregularity along the outside edges of the 

specimen or at the ends, soil from the trimming was packed in the irregularities to produce the 

desired surface (Liu and Evett 1997). The moist weight and the length and diameter dimensions 

had been taken after trimming has been done. 

 

Slurry-processed specimen had been included in the project as well. By breaking the undisturbed 

samples in small pieces, the broke soil was remixed with water by using spatula to thick slurry 

and then put in zip locks bags to save the moisture content. Then reform the specimen by putting 



 

14 

it in the mold that has 1.4 inches of diameter and that produces a final length of at least 2.8 

inches. Care was taken to avoid entrapping air in the specimen.  

Compacted samples were not included in the project. Compacted samples require a compaction 

method consisting of compacting the material in multiple layers using a pressing or kneading 

action into a split mold of circular cross section. These types of compacted samples will be 

included in Phase II. 

 

  

 

Figure 2 – Trimmed Samples in Length and Diameter 
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The trimmed dimensions, moisture content, and the dry unit weight density of the in-situ 

condition specimens are illustrated on the Triaxial Shear Test Reports, Plates UUIS.1 through 

UUIS.18, in the Appendix. 

 

During the trimming of these samples, there were a lot of soil cuttings from the trimmed 

specimens that were used to determine the in-situ moisture content, liquid limit, plastic limit, and 

percent passing number 200 sieve. The results of these tests can also be found on Plates UUIS.1 

through UUIS.18 in the Appendix.  

 

The two hydrometer tests were done on two samples from boring B-6 between three and five feet, 

and from boring B-38 between three and five feet. The hydrometer tests show that the samples 

have about 55% silt and 28 % clay. All the fines with the clay and silt were included and 

determined. Having plastic fines in the soil can be a problem in some cases. That can lead to have 

very hard soil when it is dry and very soft soil when it is wet. The fully-softened soil of plastic 

fines can lead to a huge drop of the shear strength of the soil. However, some other researchers 

only used the clay fraction without considering the silt fraction. Specially, in the areas that just 

have small fractions of plastic silt. Oklahoma is one of the states that has both clay and plastic 

silt, which will lead to consideration of all the fines. Having a lot of clay and plastic silt can lead 

to shrink-swell problems, which may contribute to the fully softened condition. 
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Atterberg Limits Tests 

 

There are four states of consistency for fine grained soils: liquid, plastic, semisolid, solid. The 

liquid limit is the dividing line between liquid and plastic states. The plastic limit is the dividing 

line between plastic and semisolid states. The plasticity index is the difference between the liquid 

limit and plastic limit.  

Atterberg limits test were performed in general accordance with ASTM D 4318. The general 

procedure in the lab is as follows: 

(1) Use 70 g of the sample in the liquid limit procedure for Method A as following: 

• Place a portion of the prepared soil in the cup of the liquid limit device 

• Squeeze it down and spread it into the cup to depth of 10 mm at its deepest point. 

• Form a groove in the soil pat by drawing the grooving tool through the soil on a 

line connecting the highest point to the lowest point. 

• Lift and drop the cup by turning the crank at a rate of 1.9 to 2.1 drops per second 

until the two halves of soil pat come in contact at the bottom of the groove of a 

distance of half inch. 

• Record the number of drops required to close the groove. 

• Repeat doing that until you get something between 20 and 30. 

• Liquid limit is the water content when the groove is closed one-half inch in 

length. A small sample of the soil from the closed portion is obtained for over 

drying and determination of moisture content. The Liquid Limit is determined 

from this moisture content and a calculation using the number of drops of the 

Liquid Limit device required closing the groove by one-half inch in length. 
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(2) Use 30 g of the sample in the plastic limit procedure as follows: 

• Roll the sample between the plates of the plastic limit device with just sufficient 

pressure to minimize its moisture content (this procedure is often done by hand 

rather than using the plastic limit device, but the plastic limit device was used in 

this research). 

• Repeat until the mass turns into threads and reaches 1/8 inch in diameter and will 

no longer hold together in one piece and crumbles due to drying 

• Gather the portions of the crumbled thread together and place in a weighed 

container. 

• Put it in the oven for 24 hours and weigh it again to determine the moisture 

content. This moisture content is the plastic limit expressed as a percentage.        

 

 Percent Passing Number 200 Sieve Procedure 

This test determines the percentages of soil particles that can pass number 200 sieve. Percent 

passing number 200 sieve test was performed in general accordance with ASTM D 1140. The 

general procedure in the lab is as follows: 

(1) Take 50 g of soil and soak it in liquid dispersing agent for 24 hours. 

(2) Start the procedure by using number 200 and number 40 sieves to determine 

how much soil is retained on these sieves. 

(3) Put the retained soil in a tare dish and weigh it, then put it in the oven for 24 

hours. 
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(4) Take it out of the oven and weigh it again to determine the dry weight.   

(5) The percent passing the number 200 sieve is then determined by comparing the 

dry weight of the retained soil with the initial dry weight of the entire sample. 

 

Hydrometer Test Procedure 

The clay and silt particles are the soil particles that can pass sieve number 200.  This test provides 

the percentages of clay and silt in the fines content (percent passing number 200). The 

Hydrometer tests were performed in general accordance with ASTM D 422. The procedure in the 

lab is generally as follows: 

(1)  Use 50 g of soil, a small amount of water and 125 ml of dispersing agent NaPO3. 

(2) Mix in a high shear mixer for 2 minutes. 

(3) Wait for 24 hours so the dispersing agent can go through soil 

(4) Put the mix in the hydrometer cylinder and add water to get 1000 ml 

(5) Then put the cap on it and shake it until it is homogenous. 

(6) Then the test should be started. 

(7) Put the hydrometer in the cylinder and wait until it settles down. 

(8) Take the reading, then take out the hydrometer and close the cylinder with a glass 

plate. 

(9) Continue taking the reading at different times during the 24 hours. 

(10) Use the readings and the ASTM equation for the particular type of hydrometer to 

calculate the percent of silt and clay in the specimen. 
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UU- Triaxial Shear Testing—In-Situ Condition 

The Triaxial compression test is similar to the unconfined compression test but the major 

difference is that triaxial tests are performed on cylindrical soil samples installed in rubber 

membranes with confining lateral pressure (σ3). The lateral pressure is applied to all sides of the 

sample. This lateral pressure called minor principal stress. The test also applies a unit axial load 

(Deviator load) to the sample. The combination of the unit axial load plus minor stress gives the 

major principal stress (σ1). The failure stress is equal to σ1 – σ3 at the maximum stress level. 

The 2 inch diameter in-situ condition samples were tested by using the Unconsolidated Undrained 

(UU) Triaxial shear tests. These tests were performed with a special triaxial cell. The cell was 

made from aluminum cylinder instead of plastic cylinder for safety reasons, which allows air to 

be used in the aluminum cell instead of water. A plastic cell should not be used with air because 

in the event of a cylinder rupture particles of plastic will explode with high velocity.    The UU 

Triaxial test of in-situ samples are shown in Figure 3. 
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Figure 3--UU Triaxial Test of In-Situ Samples 

A latex membrane was used in the test to isolate the sample from the cell fluid. The latex 

membrane was installed on all the samples and enough all-around air pressure was applied to 

produce 10 psi. There is no drainage in UU Triaxial shear test so, no need for drain lines in the 

cell. The strain rate was 0.03 inches per minute in the tests. As strain increases, the shear strength 

of soil typically reduces from a peak value to lower value, indicating failure. If failure does not 

occur prior to 15 percent strain, the test is typically terminated and the shear stress at 15 percent 

strain is taken as the failure stress. 

No sample was consolidated before any test. The Undrained shear strength test results from the 

in-situ samples are shown on plates UUIS.1 through UUIS.18a in the Appendix. 
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UU triaxial tests are done by placing a sample in the chamber and giving it lateral pressure 

without letting the sample consolidate (drain) under confining pressure. The axial load is applied 

fairly rapidly without permitting drainage of the sample.  

This test is done quickly because the sample is not required to consolidate under the confining 

pressure or drain during the application of axial load. 

 UU Triaxial shear test was performed in general accordance with ASTM D 2850. The procedure 

in the lab is generally as follows: 

• Place the latex membrane around the sample and seal it at the cap and base with O-rings. 

• Put the sample with its rubber membrane in the cell, then assemble the triaxial cell 

• Place the cell in position in the triaxial loading device. Align and connect the axial loading 

device, the axial load-measuring device (transducer), the displacement transducer, and the 

triaxial cell in a manner that will prevent the application of lateral force to the piston. 

• Attach the pressure source and pressure gauge and fill the chamber with the confining air 

pressure (10psi). 

• Adjust the pressure to exactly 10 psi and make sure to set the two measurement devices to 

zero. 

• Apply the axial load to produce axial strain at a rate of 0.03 inches per minute to achieve 

maximum deviator stress. 

• Record load and deformation values at about each 0.01 inches of deformation.  
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• Take sufficient reading until the sample fails, indicated by reduction load cell reading over 

at least 3 reading or to 15 percent strain, whichever is first.  One of the failed samples is 

shown in Figure 4. 

 

 

Figure 4--In-Situ failed sample 

 

 

• After completion of the test, remove the test sample from the chamber. Find the water 

content of the test sample by oven drying. 
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• Repeat all the previous steps with the other samples. All these samples after shear testing 

are shown in Figure 5. 

  

 

Figure 5--The Eighteen In-Situ Samples after shear Testing 

 

Sample Preparation- Fully-Softened Condition 

The exact same individual specimens used in the in situ condition tests were used for the 

individual specimen preparation for the fully softened tests. This gave a direct comparison 

between in situ condition peak strength and fully softened strength on each individual specimen. 
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Each in-situ sample was chopped into small pieces using mortar and pestle in the lab. Then, the 

sample was mixed with distilled water by using spatula to turn the mix to slurry that looks like a 

thick milk-shake as shown in Figure 6.  

 

Figure 6--Slurry Mixing of Sample 

All these individual slurry samples were transferred to the zip-lock bags and given a minimum of 

16 hours to be hydrated. Then, the samples were transferred to a special consolidation device 

containing a split mold, base with threaded rods and cross arms, porous stones, filter papers, a 

loading piston, weights, and a digital dial gauge. 
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All samples were consolidated under a load of 10 psi, which was the same as the cell pressure of 

triaxial tests. The sample goes through a normal consolidation condition which can be called a 

slurry-processed normally consolidated (SPNC) sample. The SPNC has a diameter of 1.4 inches, 

which is the diameter of the split mold. The length of the samples should not be less than about 

4.25 inches, initially in order to result in a final length of at least 2.8 inches. One of the SPNC 

devices is shown in Figure 7.  

  

Figure 7--SPNC Device 
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All the samples had a minimum of 48 hours for consolidation. Consolidation was confirmed 

following the initial 48-hour period by observing no change in the dial gauge during three 

consecutive readings over four hours.  Most specimens required 72 hours or more to reach the 

end of primary consolidation.  Placing the slurry in the molds and letting them consolidate are 

shown in Figure 8 and Figure 9. 

 

 

Figure 8—Putting Slurry inside the Mold 
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Figure 9—Consolidation with SPNC Devices 

 

After being done with consolidation, all samples were extracted by loosening the split mold and 

take it out of the device. Next, invert the mold and extrude the samples by pushing the piston 

inside the mold. Then, the samples were double packaged in cling-wrap, labeled, and put in 

protective chest cooler until ready for testing.  
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UU-Triaxial Shear Testing—Fully-Softened Condition 

The samples of fully softened condition have 1.4 inch diameter which were tested for undrained 

shear strength (Cu) in the same aluminum triaxial cell that had been used for in-situ samples. The 

triaxial tests were set at 10 psi cell pressure with a strain of 0.03 inches per minute. 

These UU-Triaxial Shear tests have the same procedure as the in-situ UU-Triaxial test but the 

only difference is that the latex membrane has smaller diameter (1.4 in) than the in-situ latex 

membrane (2.8).  These different sizes of latex membrane are required to fit the different two 

sizes of the samples. All the next Figures (10-15) show the different important steps of the fully-

softened UU-Triaxial Shear tests. 

 

Figure 10--Mounting sample on Triaxial Base  
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Figure 11--Samples on Trixial Base with Their Filters 

 

Figure 12--Installing Membrane on Samples Using Vacuum Pump 
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Figure 13—Sample installed inside Membrane With Two O-Rings 

 

 

Figure 14—Assembly of Triaxial Cell 
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Figure 15--UU Triaxial Test of Fully Softened Samples 
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CHAPTER IV 
 

 

DATA ANALYSIS AND MODEL DEVELOPMENT 

 

Data Analysis 

The data and results from the in-situ and fully-softened tests were analyzed statistically and 

mathematically to produce different equations that can result in a general equation for  a 

relationship between peak strength of in-situ condition  and the fully-softened shear strength.  

There are different values that have been analyzed such as in-situ moisture content (wi), fully-

softened moisture content (wf), liquid limit (LL), Plastic Limit (PL), Plasticity Index (PI), and 

percent passing the number 200 sieve (<200). Using these property values can help to determine 

parameters like cohesion index (CI) (Gregory 2008), Softening Index (Is), the limit coefficient 

(α), and the basic reduction factor for moisture (RFm). 

These equations are as follows: 

�� �
������	

�

�


                                   (1) 

Where: 

CI = Cohesion Index 

PI = Plasticity Index 
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<200 = Percent Passing No. 200 Sieve 

Is =  
�

��������
                                  (2) 

 

Where: 

Is = Softening Index 

wi = In-situ moisture content (moisture content at time of test of in situ condition specimens) 

α = Limit Coefficient = (wf/(LL+PL)) ≈  0.5  for shear strength correlation 

wf = Fully softened moisture content 

LL = Liquid Limit 

PL = Plastic Limit 

��� � ��
��� ����

                             (3) 

Where: 

RFm= Basic Shear Strength Reduction Factor for moisture content  

All these equations have been used to calculate the values in the spreadsheet presented in Table 2 

in the Appendix. The table lists the minimum, maximum, and average values for each column. 

The average values were used in development of the model. The table also has a graph of in-situ 

undrained shear strength (Cu) values versus the calculated fully-softened (Cu) values. 
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Model Development 

Using the average values and the three previous equations (1-3), a model equation for the clay 

type in Phase I research was developed. This model is an equation that can estimate the fully-

softened undrained shear strength (Cuf) by using the peak undrained shear strength values of the 

in-situ condition (Cuis) samples and index properties of the clay soil. 

Taking comparisons between in-situ and fully-softened shear strength tests can help in slope 

design. The model equation uses the basic reduction factor (RFm ) for moisture content at time of 

shear testing and a β factor which depends on the in situ moisture content and the softening index 

as defined below. 

The density ratio in Table 2 is the ratio of fully-softened density to in-situ density. The β factor 

varies approximately between 1 and 10 based on previous studies and research (Gregory 2011). 

By knowing these parameters, the Cuf value can be determined by multiplying the known Cuis 

value times (RFm/β). β is determined using the average wi and the average Is in Table 2 as shown 

in equation 4. 

β = wi ln(1/Is )                       (4) 

 

Where: 

wi  =  In-situ moisture content 

Is = Softening Index 
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Ln(1/Is) ≤ 1.0 

β ≥ 1.0 

When a clay soil is already fully softened in the field that means the fully softened shear strength 

will equal the in-situ shear strength. The softened index for fully softened soil is approximately 

equal 1.0, which means RFm and β equal 1.0, using the above equations. Equation 5 shows that 

the fully softened shear strength is equal to the in-situ shear strength when β and RFm both equal 

one. 

 Having the average of reduction factor for moisture content and the average β factor, results in 

the final proposed equation which is presented as equation 5. 

Cuf = 
���������

 
                          (5) 

Table 2 on the following page shows that the average of Cuf was 3.17 psi which is very close to 

the average of Cuf test values which was 3.04 psi. Figure 16 shows the consistency of the equation 

that gives a good consistent relationship between calculated Cuf and Cuis. 

The data in figure 16 shows that R2 value of the power curve is approximately 0.74 which is 

considered acceptable for soils. The equation can be used as an interim predictor of Cuf values 

from Cuis test values and index properties but only for the clay type that considered in this 

research. The equation will be refined and modified for other clayey soil types in a future Phase 

II. However, it is anticipated that Equation 5 should be applicable for all clayey soils, but this 

must be verified in Phase II. 
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CHAPTER V 
 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Using the data in this research, a model equation has been developed to predict the fully softened 

undrained shear strength of clay soil which has a relationship with the in-situ condition peak 

undrained shear strength and the index properties. The equation was developed based only on the 

clay type used in this research project and must be verified for other clay soil types. 

One of the advantages of using this equation is that the fully softened undrained shear strength 

can be calculated from peak strength and index properties without having to perform the time 

consuming and expensive fully softened tests in the laboratory. This equation can be used on an 

interim basis for predicting the fully softened undrained shear strength of similar clay soil types 

by applying UU Triaxial shear strength tests in the in-situ condition and performing other 

laboratory tests to determing the liquid limit, plastic limit, percent passing the number 200 sieve 

and unit dry weight.  

It is also recommended to have a future Phase II research study for further developing and 

expanding the model in Phase I. The Phase II project should have at least four additional clay soil 

types. These additional clayey soil types will cover the full range of clay soils including clayey 

sand (SC).  
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The samples should be tested in the in-situ condition, laboratory recompacted condition, and fully 

softened condition. Phase II should consist of both the drained and undrained shear strength 

testing. Each clay soil type should have at least 18 samples (Gregory 2011).  

Having all these samples will result in at least 216 samples for the undrained condition. It will be 

also recommended to have at least 6 drained tests (CU triaxial with pore pressure measurement or 

CD triaxial) to all different types of clay soil. That will lead to 72 drained tests to determine 

drained parameters. The Phase II project will require about 2 to 3 years to be completed. 
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