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Chapter 1: Introduction  

1.1 Background 

Geoenvironmental containment refers to practices used to prevent migration of 

subsurface contaminants without actively treating the contaminants. The mitigation and 

control of groundwater has been in the forefront of environmental policy for several 

decades as a result of past decisions specifically in relation to the disposal of industrial 

and toxic waste.  With the publicôs health and rising real estate prices in mind, there has 

been and continues to be a desire to mitigate Brownfields in the United States and abroad.  

The technologies developed to control contaminant migration at these sites are often in-

situ methods of containment. 

1.2 Slurry-Trench Cutoff Walls 

The slurry wall industry began in Italy sometime in the 1940s and has since 

spread around the world (Ressi di Cervia 1992).  The need for long-term control of 

subsurface contaminants has led to the large scale use of soil bentonite (SB) slurry trench 

cutoff walls.  SB cutoff walls are often employed as a containment method in site 

remediation applications to minimize migration of existing subsurface contaminants as 

well as for groundwater flow control. This type of wall is named after the method by 

which it is constructed.  First, a trench is dug where the barrier is needed.  As the trench 

is being excavated, bentonite-water slurry is added to the trench to keep it from 

collapsing.  The soil excavated from the trench (or sometimes imported soil) is then 

mixed with bentonite-water slurry and additional dry bentonite (if necessary) and the 
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trench is backfilled with this mixture.  The backfill mixture is placed in the slurry trench 

in a manner designed to minimize the entrapment of slurry or sediment and, ideally, to 

form a homogeneous vertical barrier with a low hydraulic conductivity.  A great deal has 

been written about construction practices related to SB cutoff walls and those sources 

should be referred to for further information (Boyes 1975, Xanthakos 1979, DôAppolonia 

1980, Spooner 1984, Ryan 1987, McCandless and Bodocsi 1987, Evans 1991, Millet et 

al. 1992, Evans 1993, Lagrega et al 2001) 

It is often necessary for soil-bentonite cutoff walls to have a long performance 

lifetime (i.e., tens to hundreds of years).  Further, vertical cutoff walls are often subjected 

to little or no post construction testing or monitoring.  The limited testing warrants further 

discussion because little is documented about how these walls function on a system level 

and over time.  For example, in laboratory tests on field-mixed samples, the wall may 

have a very low permeability, but macro-features in the wall that are not fully understood 

could cause the system as a whole to have a less than desirable hydraulic conductivity.  

Some possible causes for these higher permeability macro-features include improper 

mixing of the backfill before placement, coarse grained windows caused by spalling, and 

zones of entrapped slurry formed during placement (Barvenik and Ayres 1987, Ryan 

1987, Evans 1993).  Due to the difficulty of investigating these macro-features the wall is 

often assumed to have the hydraulic conductivity of the field collected laboratory 

samples.  Special notice should be made to the bottom of the cutoff wall due to the 

settling of coarse particles during placement.  The higher percentage of coarse particles 

may cause an anomaly in the wall and a possible location for contaminant escape or 
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groundwater flow.  In one study (Evans et al. 2004) the hydraulic conductivity of a cutoff 

wall was 3x10
-4
 cm/s at the base of the wall rather than the desired permeability of 

approximately 1x10
-7 

cm/s.  While these two issues have been considered, much is 

unknown about the relationship between laboratory data and the field system 

performance or the effect of courser material at depth.   These and other questions point 

to the need for further research. 

Limited post-construction testing and monitoring could also lead to a gap in the 

understanding of the state-of-stress in SB walls.  The purpose of a SB wall is to provide a 

low permeability barrier to groundwater flow, sometimes in the presence of harsh 

contaminants.  The permeability and resistance to chemical attack of any soil element, 

and more specifically SB backfill, is directly related to the effective confining stresses on 

that element (Acar 1985, Bowders 1986, McCandless and Bodosci 1988, Mott and Weber 

1991, Shackelford 1993, Evans 1994, Yeo et al. 2005).  Thus knowing the state-of-stress 

is essential for predicting the permeability and chemical compatibility of the wall. 

Misunderstanding the in-situ stress state can lead to laboratory tests being 

conducted at higher stresses than those that actually exist in the wall.  Conducting 

laboratory hydraulic conductivity tests on SB backfill at higher stresses than those that 

actually exist could lead to an over abundance of confidence in the wallôs performance 

hydraulically and in its ability to combat chemical degradation.   

Before 1985, the state of stress in SB walls was believed or at least assumed to be 

equal to that which a geostatic pressure distribution would predict.  A geostatic pressure 

distribution for this discussion refers to a triangular pressure distribution with increasing 
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pressures at depth and in the vertical direction equal to the unit weight of the material 

multiplied by the depth of interest.  In 1985, Evans et al. suggested that, due to shear 

stresses at the interface between the compressible SB backfill and the relatively rigid 

sidewalls of the trench the state of stress in SB walls could be significantly less than the 

geostatic prediction.  Figure 1.1 shows a graphical representation of this original idea.   
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Figure 1.1 Backfill Settlement and Stress State Schematic (after Evans et al. 1985) 

 

In the early 1990s, research was conducted at Bucknell University to investigate 

the state-of-stress in SB walls and how it changes with depth.  The resulting model, used 

to predict the vertical effective stress at any depth, was based on arching principles 

similar to those used in other applications such as predicting pressures in silos and soil 

pressures over buried pipelines.  The arching model, presented in Evans et al. 1995, 

predicts that the vertical effective stress reaches a maximum value at approximately 

seven meters and then no longer increases with depth.  A major assumption made in this 
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stress prediction is that of rigid sidewalls; the sidewalls or formation soils do not move 

during excavation, backfill placement, or backfill consolidation.  Further research has 

indicated that the sidewalls do indeed move in the construction phases as well as over 

time while the consolidation continues to occur (Filz 1996).  Evidence for this 

phenomenon can be found in the measured ground surface deformations adjacent to SB 

walls.  Filz (1996) recognized the limitation of the rigid sidewall assumption made in the 

arching model and presented an alternative model to predict the horizontal earth pressures 

in a SB wall.  This model, referred to as the lateral squeezing model, proposed that while 

frictional forces most likely exist within the wall they are not the controlling factor for 

the stress state.  Instead, the lateral squeezing model treats the wall as a one-dimensional 

consolidation test flipped on its side.  In this model, pressure equalization between the 

formation soils and the SB backfill is achieved by using conventional soil properties 

found in any consolidation test.  This model not only allows for the sidewalls to move, 

but is solely based on that movement and does not consider arching or down-drag of the 

backfill upon the trench sidewall material. 

While each of the proposed models provides a methodology to estimate the state-

of-stress in the trench, field data is lacking to verify the accuracy of the model 

predictions.   

1.3 Goals and Objectives of Research 

The state of stress in SB cutoff walls is not fully understood.  It is known to be 

less than geostatic, but the magnitude and distribution of the stresses is a topic in need of 
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additional research.  The large influence that confining stress has on hydraulic 

conductivity and compatibility makes determining the actual state of stress both 

important and worthy of study. 

The main objectives of the current research project can be broken down to: 

¶ Study how the state of stress varies in all three dimensions 

¶ Study how the state of stress varies with depth 

¶ Study how the state of stress varies with time 

¶ Develop a more reliable method of stress prediction in SB cutoff walls 

¶ Improve the state-of-practice in regards to in situ testing in SB cutoff walls 

In order to accomplish these goals the current research has taken three distinct 

approaches.  The first portion of the research was devoted to the analysis of CPTU data 

from the deepest slurry wall ever built.  The second portion of the research was devoted 

to using Bucknellôs own equipment to conduct a series of in situ tests on an SB cutoff 

wall at different times in the wallôs life (construction, 3 months, 6 months, and 9 months 

old).  Finally, the third portion was devoted to examining the underlying assumptions of 

the two main methods of stress prediction and attempting to develop a new improved 

method of stress prediction for SB cutoff walls. 
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Chapter 2: Mayfield Project  

Abstract 

 

The SB cutoff wall constructed in Mayfield, Australia provided a unique research 

opportunity for three reasons because it is the deepest SB wall ever built and the QC 

testing on the wall included 24 CPTU profiles as well as one vane shear profile in the 

wall.  The state of stress in SB cutoff walls is not entirely understood and is believed to 

be less than that predicted by a geostatic pressure distribution.  The stress is also believed 

to vary in three dimensions.  Typically in a soil element the major principle stress is the 

vertical stress, but this conventional soil mechanics theory may not hold in SB cutoff 

walls.  Current methods of shear strength prediction from CPTU data were derived for 

ñtypicalò soils and therefore may not apply to shear strength estimation in SB cutoff 

walls.  Nonetheless, a method of shear strength estimation from CPTU data is presented 

for use in SB cutoff walls.  This method is superior to other methods because it requires 

no prior knowledge of the state of stress or the in situ pore pressure in the wall.  The 

method only requires one assumption of a correction factor.  The recommended 

correction factor is 12 and should be constant with depth.   
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2.1 Introduction 

Continuous readings with depth, a robust set-up and fast operation have made the 

Cone Penetration Test (CPT) one of the main tools for classifying soils and assigning 

engineering properties to the subsurface.  Its usage has been and is being applied for 

Quality Control (QC) testing of soil-bentonite cutoff walls to ensure backfill 

homogeneity and/or strength design criteria have been met.  

The deepest Soil Bentonite (SB) wall ever built was constructed in Mayfield, 

Australia as part of a brownfield redevelopment project.  This wall was finished in 2006.  

Two papers have been written on the project and wall construction (Jones et al. 2007, 

Ryan and Spaulding 2008) and information regarding general SB wall design and 

construction is well-documented (Evans 1993).  The wall was constructed to a depth of 

49 m at its deepest point and has an overall length of 1500 m.  The QC testing program 

for this project included numerous CPT profiles, providing data for a unique research 

opportunity in three ways.  First, the Mayfield cutoff wall is the deepest SB wall ever 

built and thus provides an excellent opportunity for examining how the properties of 

shear strength and effective stress vary with depth.  Second, there were 24 CPT profiles 

(data sets) taken along the length of the wall which allows an opportunity to look at how 

properties can vary along the length of a trench.  Finally, this project allows for the 

possibility of completing a similar study, years in the future, to determine how the 

properties have changed over time.  
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 The main objective in analyzing the data from the Mayfield wall was to determine 

the undrained shear strength which is related to the state of stress.  The hydraulic 

conductivity is dependent upon the state of stress so, in order to reliably understand the 

distribution of hydraulic conductivity, it is necessary to understand the state of stress.  To 

use the CPT data to determine the undrained shear strength, it was necessary to assess the 

numerous methods available and determine the most reliable method of converting tip 

resistance into undrained shear strength for the unique conditions of a soft backfill placed 

in a narrow trench.  Though the state of stress in SB cutoff walls is known to be less than 

that determined using a geostatic pressure distribution, it is not fully understood (Evans et 

al. 1985, Evans et al. 1995, Filz 1996).  This previous work has increased our 

understanding of how and why the state of stress varies with depth and the effect of stress 

state on the hydraulic conductivity of SB backfill material.  Using the substantial CPT 

data, the findings gleaned from this study will provide additional insight into the variation 

of strength and stress in SB cutoff walls. 

2.2 Methods 

Data from twenty-four CPT profiles from this project were combined with 

relationships presented in Powell and Lunne 2005 to ultimately develop a correlation 

between shear strength and depth within the Mayfield SB wall.   

Powell and Lunne 2005 presented general findings on the use of CPTU (Cone 

Penetration Tests with pore pressure readings) data in fine grained soils for predicting 

soil parameters.  The authors stress that the CPTU is a fundamental method of site 
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investigation and appropriate analysis methods are needed to use the CPTU in design.  

Their approach to determining shear strength was used for this research.  The undrained 

shear strength is a total stress parameter and is highly dependent on the initial stress state, 

direction of loading, rate of loading, and stress history of a soil (Mayne 2001).  It is 

therefore important that analysis methods used are based upon those derived from use of 

the CPT in soils with similar stress histories.  Approaches from Powell and Lunne 2005 

to obtain shear strength information from CPTU data are theoretical or empirical in 

nature.  The theoretical methods include five approaches:  

1. classical bearing capacity theory,  

2. cavity expansion theory,  

3. conservation of energy combined with cavity expansion,  

4. analytical and numerical approaches using linear and non-linear stress-

strain relationships, and  

5. strain path theory.   

All the above models make simplifying assumptions that can have a large effect 

on the results and so the authors suggest the use of empirical equations corrected with site 

specific findings instead.  The three main empirical approaches are: 

1. undrained shear strength estimation using ñtotalò cone resistance (this was 

the method originally used with quality control test data on the Mayfield 

project and somewhat correlated to vane shear test results as later 

discussed),  

2.  undrained shear strength estimation using ñeffectiveò cone resistance, and  
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3. undrained shear strength estimation using excess pore pressure. 

For very soft clays, Powell and Lunne 2005 suggest using the estimation method 

based on excess pore pressures.  Since the backfill material in a SB wall can be described 

as very soft, this method was the first examined using the data from this project.  

However, as is evident in Figure 2.1, this method did not produce results within a 

reasonable (or even feasible) range as some of the resulting shear strength values were 

negative.  In this section of the paper, the implementation of each of the methods is 

presented along with results produced from the methods providing insight into the 

process used to determine the final method for shear strength determination.  Methods 3 

and 4 require calculation of the state of stress which may be straight forward in some 

circumstances.  However, for SB cutoff walls the state-of-stress is not well understood.  

So the results for these two methods are shown for comparison purposes only.  The basic 

equations for the methods are as follows: 

Method 1 (ñexcess pore pressureò) 

Equation 2-1 
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Where: uND  should be between 7 and 10 

The upper range should be used for conservative measurements 
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Method 2 (ñtotal cone resistanceò) 

Equation 2-2 
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Where: ktN  should be between 10 and 20 
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Method 3 ( vos  theory) 

Equation 2-3 
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Method 4 ( m eans  theory) 

Equation 2-4 
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Method 5 (ñeffective cone resistanceò) 

Equation 2-5 
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Where: uS = undrained shear strength 

keN  should be between 6 and 12 and correlates well with Bq (pore 

pressure ratio) 

tq = corrected tip resistance, 

cq = un-corrected tip resistance, 

0u = static pore water pressure, 

2u = pore water pressure read at the shoulder, 

vos = total vertical overburden pressure, 

m eans = average total stress 

 

Figure 2.2 shows the final method of shear strength prediction and Figure 2.3 

shows all of the above methods for predicting undrained shear strength vs. depth using 

data from CPT 10 at station 10+55 on a single plot.  This plot shows the only method that 

consistently yields positive values, and therefore values that are actually theoretically 

possible, is the effective cone resistance method (Method 5).  An important note is that 
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Methods 2-4 require the vertical stress for shear strength prediction.  Given that one of 

the overall goals of this paper is to provide insight into the state of stress in the barrier 

wall, these three methods were not considered appropriate for this project.  Further, until 

a reliable method to predict the effective stress in an SB cutoff walls is available, these 

three methods should be considered inappropriate.  For these reasons Method 5 appears 

to be the best option in predicting shear strength vs. depth for the Mayfield Project, and 

more broadly for any SB wall.  

 Using Figure 15 presented in Powell and Lunne 2005 and the pore pressure ratio 

for data in CPT 10 it was determined that a correction factor of 12 would be a good first 

choice for use with the effective cone method.  Using a correction factor of 12 with the 

effective cone method on data from CPT 10 results in the plot presented in Figure 2.2.   

An alternative approach to the determination of the correction factor needed for 

method 5 would be through the use of back-calculation from other undrained strength 

data.  Using a vane shear data set that was collected at this site, the correction factor was 

back-solved using equation 5.  Combining the vane shear strength data with the CPT data 

provides a method for determining changes in the correction factor with depth.  This 

method resulted in Figure 2.4, correction factor vs. depth. 

Figure 2.4 does not include all data points, a few points were excluded because 

they appeared to be anomalies in the vane shear data possibly due to hard clay lumps, 

sand layers, or rocks found within the wall.  The equation obtained by a power fit through 

the data (highest R squared value) is shown in the Figure.  This equation allows for the 

correction factor to be determined at any depth.  By visual inspection it appears that the N 
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value approaches something between 10 and 12 at lower depths (approximately 25 m), so 

the choice of 12 as the constant value appears to be a valid one. 

 The next step in the analysis of the data was to eliminate anomalies in the data 

through ñsmoothingò methods.  The ñsmoothingò method in this case was to combine all 

of the data sets into one by taking an arithmetic average of the twenty-four data sets.  

Also, large values of cone resistance found near the bottom of each CPT profile were 

removed because sediment and/or the trench bottom had been reached and the data no 

longer represented the strength of the backfill.  In addition to removing values near the 

bottom, occasionally values in the middle were removed if they were significantly larger 

than the surrounding data.  These anomalies in the data are most likely caused by sand 

layers in the wall and do not represent the true strength of the wall.  While elimination of 

anomalous data from the CPT profiles required professional judgment, the deleted data 

usually consisted of those values of tip resistances above 300-500 kPa.      

For Figure 2.5 all twenty-four available CPT profile data sets were combined in 

one data sheet.  The raw tip resistance for each data set was corrected for pore pressure 

effects using the following equation: 

Equation 2-6 

2ct u)a1(qq *-+=  

 

Where: tq = corrected tip resistance 

cq = raw tip resistance 

a= area ratio (0.73 for this project) 

2u = pore pressure measured at the shoulder of the cone 

 

 The shear strength of each data set was then calculated using Equation 2-5.  

Calculating the shear strengths individually allows for each data set to be corrected by its 
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own pore pressure data, making the prediction more accurate.  Once the shear strength 

was calculated for each of the 24 data sets (using a constant and varying correction 

factor) they were averaged to create one data set representing the average shear strength 

in the wall.  This average shear strength data set was then subjected to a three point 

running average to help eliminate anomalies and to somewhat smooth the data further.     

2.3 Results and Discussions 

The resulting plots of shear strength vs. depth for this project are found in Figure 

2.5 and Figure 2.6.  Figure 2.5 shows the predicted shear strength using a constant 

correction factor and varying correction factor as well as shear strengths from the vane 

shear plotted with typical shear strength classifications used by Terzaghi and Peck 1967.  

The important thing to note in this figure is the difference in shape between the plot using 

a constant correction factor and that produced using a varying correction factor.  Also, 

notice that the wall is classified as very soft, as would be expected given that the backfill 

is placed as a high-slump flowable material. Figure 2.6 shows the average shear strength 

plotted with one standard deviation in each direction shown.  This plot shows that there 

can be some amount of variability, but the majority of the predicted shear strengths fall in 

the very soft or soft range. 

 As shown in the Figures, the shear strength values predicted by the CPTU, with 

either choice of the correction factor, fall within the range of vane shear values for the 

shear strength. 
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 The method using a varying correction factor results in predicted shear strengths 

that show no strength gain with depth.  The method using a constant N-value of 12 shows 

a slight increase in shear strength with depth.  Both methods predict shear strengths that 

are much smaller than those that would be predicted using a geostatic pressure 

distribution.  The shear strength is known to be directly related to the effective confining 

stress (Holtz and Kovacs 1981, Lambe and Whitman 1969).  Thus there should be a 

linear gain of the shear strength with depth if the effective confining stresses are 

increasing with depth.  If the stress is constant with depth, the shear strength would be 

constant with depth.  

Ryan and Spaulding 2008 presented the shear strength in the Mayfield wall based 

on the total cone resistance method (Method 2).  This method requires the use of the 

vertical effective stress and the in situ pore pressure in the wall, both of which are not 

fully known.   

The shear strength predicted in Ryan and Spaulding 2008 has the same shape as 

that presented in Figure 2.5 for a constant correction factor, but the values tend to be 

smaller.  This is due in large part to the choice of the total cone method rather than the 

effective cone method, as well as the choice of a larger correction factor.  Both of these 

assumptions are critical in determining the shear strength from cone penetration tests and 

are the main topics of this paper. 

It is especially important to note that the CPT tip resistance is not strictly a 

function of the vertical effective stress but rather the mean effective stress.  This 

complicates the issue because the confining stresses on an element of soil in an SB wall 
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vary in all three directions.  It is possible that arching controls in the vertical direction 

(Evans et al. 1995), lateral squeezing effects control in the direction perpendicular to the 

centerline (Filz 1996), and relatively unstudied phenomena control parallel to the 

centerline.   

All CPT models presently derived and used were developed in soil conditions that 

may not necessarily be those that exist in SB walls (See Figure 2.7).  As shown in Figure 

2.7, the principal stresses in an SB wall are rotated as compared to typical normally 

consolidated soils and the stresses in all three directions are different (rather than equal 

minor principal stresses as in typical NC soils).  The effect of these differences in stress 

conditions upon the CPT test results is not known.   

In summary, Method 5, using a constant correction factor, appears to be the most 

reasonable way to find the shear strength in a SB wall from CPTU data.  This method is 

the most suitable for use in SB cutoff walls because it does not rely on any prior 

knowledge or prediction of the in situ stress state or the initial pore pressure in the wall, 

results in a prediction of increasing shear strength with depth, and produces shear 

strength values of a magnitude that are consistent with those from other studies.  The 

major limitation of this method of shear strength prediction from CPTU data is the heavy 

dependence on the choice of correction factor.  The correction factor should be evaluated 

further specifically in reference to its use in SB cutoff walls.  

  Finally, it is important to recognize the general limitations of the CPTU test in the 

testing of SB cutoff walls.  These include the accuracy of the load cells in the cone as 

well as the heterogeneity of the wall.  Many of the cones currently available are intended 



  2.12  

   

to be used in a wide range of soils, including heavily overconsolidated deposits with high 

values of strength.  For this reason, the load cells may not be accurate in low stress 

conditions, such as those found in SB walls.  Also, despite efforts by designers and 

contractors to ensure homogeneity in SB backfill, there can be significant differences in 

the strength of the backfill due to the presence of large clay lumps and rocks.  These 

ñanamoliesò result in measured values of shear strength that may be higher than that of 

the bulk cutoff wall. 

It is therefore concluded that for this project, the ñeffective cone resistanceò 

method, as presented in Powell and Lunne 2005, should be used with a correction factor 

of 12 for shear strength prediction in SB cutoff walls from CPTU data.  This method 

helps to eliminate some sources of uncertainty and should provide the most reliable 

prediction of the shear strength within the wall. 
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Figure 2.1 Shear Strength predicted by Excess Pore Pressure Method (Method 1) 
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Figure 2.2 Method 5 (Method Final) Shear Strength Prediction 
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Figure 2.3 All Applicable Methods for Predicting Shear Strength from CPT Data vs. 

Depth 
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Figure 2.5 Shear Strength vs. Depth for Mayfield Wall with typical shear strength 

dividers shown 
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Figure 2.6 Average Shear Strength using constant correction factor, plus and minus 

one standard deviation vs. Depth for Mayfield Wall 
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Figure 2.7 Stresses on a ñtypicalò soil element vs. those on a soil element in an SB 

wall 

Current CPT models developed for ñtypicalò conditions: 

ů1 = ův > ů2 = ů3 

 

ů2 = ů3 = ůh 

Related to ův 

through ko for NC 
soils 

 

Whereas in SB walls: 

ův = ů2 Í ů3 

 

ů1 = ůh 
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Chapter 3: Birdsboro Project  

Abstract 

 

Soil bentonite (SB) slurry trench cutoff walls have been widely used in the USA 

to control the migration of contaminants in the ground water.  While substantial 

laboratory testing has been conducted, field studies are limited.  A suite of in situ tests 

were conducted on a SB cutoff wall constructed during the summer of 2008.  Measures of 

the cutoff wall properties in situ included cone penetrometer tests (CPT), Marchetti 

dilatometer tests (DMT), vane shear tests (VS), ground water level monitoring on both 

sides of the wall, and in situ VWC readings.  These tests were conducted during 

construction as well as 3 months, 6 months and 9 months after construction.  In addition a 

Shelby tube SB backfill sample was obtained during construction for laboratory testing 

including water content, grain size distribution, Atterberg limits, consolidation and rigid 

wall hydraulic conductivity. 

The field and laboratory data were analyzed to develop a consistent understanding 

of the in situ properties of the cutoff wall backfill.  The VS and CPT showed a modest 

increase in shear strength.  While a slight increase of shear strength with depth was 

found, comparison of shear strength measured with that predicted from Su/sô ratio 

indicates that the average consolidating stress is not geostatic.  Horizontal effective stress 

measurements with the dilatometer were consistent with those predicted by lateral 

squeezing when the dike influence was included.  Laboratory testing revealed a 

decreasing hydraulic conductivity with increasing consolidation stress demonstrating the 
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importance of a reliable estimation of the stress state in the wall.  Moisture probe 

readings indicated that the backfill is experiencing both consolidation and drying. 
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3.1 Introduction  

In order to accomplish the objectives of this research, in situ investigations were 

conducted in a newly constructed wall and as the wall aged.  The opportunity to complete 

the required testing arose when a wall was built around a municipal wastewater facility in 

Birdsboro, PA.  See Figure 3.1 for a Google Earth image of the site before construction 

of the cutoff wall began.   

 
Figure 3.1 Google Earth image of Birdsboroôs Wastewater Treatment Plant 

(Schulkill River in Upper left)  

 

This wall was built as part of a flood control system that surrounds the facility.  

This system is designed to ensure that, during high water events, the wastewater tanks do 

not become buoyant.  Figure 3.2 shows a rough schematic of the layout of the Birdsboro 

Wastewater Treatment Facility. 
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Figure 3.2 Schematic of Flood Control Measures Installed at Birdsboroôs 

Wastewater Treatment Facility (not to scale) 
 

 The wall was constructed under the direction of Pete Maltese, a supervisor from 

Geo-Solutions Inc. Preliminary hydraulic conductivity testing on design mixes showed 

that no dry bentonite was necessary to achieve the desired hydraulic conductivity (1Ā10
-6
 

cm/s), largely due to the high percentage of fines in the soils along the trench alignment.  

However, during construction, approximately one percent dry bentonite was added due to 

an oversupply shipped to the site.  A clay core dike was installed on top of the wall to 

further prevent flooding of the site. 

 

 

 

 

 
 

Schuylkill River  Clay Core Dyke 

Wastewater Treatment Facilities Soil-Bentonite Cutoff Wall 

Test Locations 
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The QC testing done on the wall during construction included; determination of 

the fines content by wet sieve analysis, fresh and in-trench slurry viscosity measurements 

using the marsh cone, fresh and in-trench slurry density measurements using the mud 

balance, fresh and in-trench filtrate loss using the API filter press, pH of the fresh slurry, 

sand content of the in-trench slurry, unit weight of the backfill, measurements of backfill 

slope, and depth of excavation at each location.  See Table 3-1 for a summary of results 

from the QC testing.  

Table 3-1 QC Properties of Birdsboro Wall 

  

Typical 

Range 

Birdsboro 

Range Units 

Fresh Slurry       

Marsh Viscosity > 36 37 - 38 seconds 

Mud Density > 64 66 - 67 pcf 

Filtrate Loss < 20 16 - 19 ml 

pH 6.5 - 10 9 - 9.5   

Trench Slurry       

Marsh Viscosity > 40 41 - 45 seconds 

Mud Density 64 - 85 67 - 77 pcf 

Filtrate Loss < 30 17 - 24 ml 

Sand Content < 15 1 - 11 % 

Backfill Properties       

Backfill Unit 

Weight > 100 110 - 133 pcf 

Percent Fines > 30 41 - 55 % 

Slump 3 - 5 2 - 5.75 inches 

Moisture Content varies 24 - 51 % 

 

 The properties of the backfill and slurry fell within the typical ranges for SB 

walls.   

The deepest section of the wall was keyed into bedrock at approximately fifteen 

feet below the ground surface at the time of excavation.  The dike built on top of the wall 

post construction has put the bottom of the wall at about twenty four feet below the top of 

the dike.  This section of the wall is where the in situ tests were conducted.   
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3.2 Materials and Methods 

Testing for this research was conducted in the section of the wall between 

construction stations 2+30 and 3+25.  The location of these drill sites in relation to 

permanent site features is shown in Figure 3.3. 

 

Figure 3.3 Location of drill sites in Birdsboro Wall  

3.2.1 Cone Penetrometer Testing 

The Cone Penetration Test (CPT) has found wide application in the last two 

decades because of its usefulness in characterizing and determining engineering 

properties of the subsurface materials.  The reason for the increase in cone usage is the 

systemôs robust nature, almost continuous readings with depth, and ease of use (i.e. 

speed).  The usefulness of the cone has led to a large effort in research to help with the 

Access Road 

Telephone Pole 
Sewer Grate 

19.2 m (63 ft) 13.1 m (43 ft) 

9.4 m (31 ft) 
7.9 m (26 ft) 

SB Cutoff Wall 

Station 70m (2+30 ft) Station 99 m (3+25 ft) 

Drill sites 
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derivation of engineering soil properties from the findings of CPTs (Mayne 1995).  It has 

been suggested that the CPTU (a cone penetration test with a pore pressure dissipater) has 

and will continue to replace the vane shear test in the determination of soil properties for 

engineering, even in soft clays (Powell and Lunne 2005).  The reasons include the coneôs 

cost effectiveness, recent improvements in the interpretation of soil properties with regard 

to soil design parameters, and continuous readings vs. depth (Powell and Lunne 2005).  

According to Powell and Lunne (2005), there are two main aspects of a CPT that must be 

understood to reach reliable conclusions about the soilôs properties.  These two aspects 

are 1) the test results must be representative of the ground conditions and 2) proven 

interpretation methods must be used in analyzing the data.  Due to the large amount of 

research that has recently (within the last 20 years) been conducted, it is now possible to 

interpret CPTU data with some certainty.  One limitation of the CPTU (and many in situ 

testing devices) is that it does not directly measure any soil properties and so all data 

must be ñinterpretedò to derive the parameters of interest. 

The CPTUs conducted in this study were done using a Type 2 cone manufactured 

by A.P. Van Den Berg (See Figure 3.4).   This cone has a diameter of 35.7 mm, which 

corresponds to a projected area of 10 cm
2
, and a sleeve area of 150 cm

2
.  The Type 2 

cone describes the location of the porous filter element.  On a Type 2 cone the element is 

located on the shoulder, just above the tip.  This location is ideal for correcting the tip 

resistance, especially important in soft soils (Mayne 1995), such as those encountered in 

this study.   
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Figure 3.4 Schematic of CPT used in this study 

 

 The testing procedure used in this study follows the methods presented in ASTM 

D 3441, but a general outline will be given here.  Further information can also be found 

in Appendix I. 

 First, the cone and all related equipment were taken out of the box for an 

inventory.  Second, the connections on the data acquisition unit were checked to ensure 

proper electrical connections.  Next, the data acquisition system, voltage supply, and 

computer were turned on.  Based on earlier evaluations, these pieces of equipment 

needed fifteen minutes for the electronics to warm up and reach steady conditions.  After 

the electronics were turned on and were warming up, the cone was disassembled and 

visually checked to ensure everything was in working order.  When the cone check was 

complete, the next step was to install a new saturated porous filter element.  This 

procedure was conducted in a bucket of water to ensure that full saturation was achieved 

and maintained.  The tip was removed and temporarily stored at the bottom of the bucket.  

31.75 cm 

3.58 cm 

13.67cm 

1 2 

3 

4 

1=Movable Steel Tip, Projected Area = 10 cm^2 

2=Movable Steel Sleeve, Area = 150 cm^2 

3=Porous Filter element located at shoulder position 

4=Cable connection for data acquisition 
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Filter elements intended for use were saturated in ethylene glycol for weeks in advance to 

ensure complete saturation.  A new filter element was then selected, and along with a 

prophylactic, was placed in the bucket of water.  The lower end of the cone was then 

submerged, ensuring that the electronics on the upper end remained dry.  The old filter 

element was removed and the passageways at the tip of the cone from the porous stone to 

the pore pressure transducer were purged of air with a hypodermic needle. The new, 

saturated porous stone was then installed followed by the attachment of the cone tip. 

While the cone was still submerged, the prophylactic was put over the cone tip, to ensure 

that the element stayed saturated until the cone was in the soil.  When the electronic 

equipment was finished warming up, the next step was to string the cable through the 

drill rods and connect the cone to the rod.  Once this assembly had been completed a zero 

reading was taken while the cone was hanging vertically in the air and the prophylactic 

was covering the porous filter.  After all of the test setup was complete the actual test was 

ready to begin.  A Labview® interface works with the data acquisition system to take 

readings of the voltage (at the prompting of the operator), subtract the zero voltage, 

convert the voltage into a pressure, place the data (including the zero voltage and the 

output voltage) in an MSExcel® compatible file, and save the file.  Readings for this 

study were taken every ~150 mm (6 in).  The readings were always taken while the cone 

was being pushed to ensure that there was always pressure on the cone.   

 The data collected in this study were analyzed in a manner similar to that used for 

the Mayfield project (described in Chapter 2).  The methods used for this specific study 

are described here. 
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 After the data had been collected, it was loaded into MSExcel® for further 

analysis.  The first manipulation made to the raw data was to take the CPT outputs which 

were based on outdated calibrations and revise the data through the use of calibration 

equations collected in the lab.  The tip calibration for this correction is shown below in 

Figure 3.5.  This figure also shows the inherent variability of the cone tip readings at the 

low stresses encountered in a SB wall and the upper and lower bounds of the actual 

pressure for each CPT output pressure.  Figure 3.6 shows a similar calibration curve for 

the pore pressure data.  The sleeve resistance did not show variability like the tip and 

pore pressure readings. 

 The main goal in the analysis of the CPT data was to gain a measure of the 

undrained shear strength of the wall and to use this measure of shear strength to predict 

the state of stress with depth.  In order to accomplish this, the tip pressure and the pore 

pressure readings were used to find the shear strength through the ñeffective cone 

methodò presented in Powell and Lunne (2005).  The equation used for this is: 

Equation 3-1 

( )

ke

0t
u

N

uq
S

-
=  

 

Where: uS  = undrained shear strength (kPa),  

tq = corrected tip resistance (kPa),  

0u = in situ pore pressure (water table at top of wall) 

keN = effective cone method correction factor  

 

The corrected tip resistance used in the above equation was found using the following 

equation: 

Equation 3-2 
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( ) 2t u73.01qq *-+=  

 

Where q= un-corrected tip resistance and  

all other variables have been previously defined 

2u = pore pressure read at shoulder 

 

Typically the pore pressure read at the shoulder is used in the effective cone method, but 

some of the pore pressure data sets were unusable and so the theoretical pore pressure 

(which compares well according to dilatometer results) was used to approximate the pore 

pressure response.  

The choice of keN  was investigated in the Mayfield study, described in Chapter 2 

as well as for the Birdsboro Project.  Results were compared using:  

1. variable correction factor as determined using vane shear data,  

2. constant correction factor using average correction factor based upon vane shear 

data and,  

3. constant correction factor recommended in the literature. 

It was decided that an average correction factor found through site and time specific vane 

shear data would be used for this study.  For the Birdsboro data, the results found using 

this average correction factor seemed to follow known strength trends and magnitudes 

from previous studies (Evans et al. 1995) and from a detailed analysis of the Mayfield 

data.   

 In order to smooth some of the large variability between adjacent data points, the 

next step in the analysis was to take a running log average of the data.  This was done by 

taking the log of each data point, then taking a three point running average, then taking 

the inverse log of the average value to get back to the predicted shear strength.  The 
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variability of short distances is attributed to the presence of stones and rocks common in 

the Birdsboro backfill. 

Once a representative value of the shear strength was obtained it was necessary to 

determine a satisfactory value of the undrained shear strength ratio (
us /ůôvo).  Many 

different values for this ratio have been proposed and the following will be a presentation 

of some of the possible choices.  There are limitations to the following due to the fact that 

undrained shear strength depends heavily on the friction angle of a soil and the direction 

of loading (Mayne 2001).  Nonetheless the following approaches have been taken:  

Lambe and Whitman 1969: 

 

( us /ůôvo)NC = 0.3 +/ ï 0.1 

 

Jamiolkowski et al. 1985 (normally consolidated to slightly overconsolidated): 

 

( us /ůôvo)NC = 0.23 +/ ï 0.4 

 

Mayne 2001 (for friction angle ūô=26Ü): 

 

Theoretical Wroth-Prevost Model: 

( us /ůôvo)NC = 0.1-0.3 

Normalized Ratio from critical state model: 

( us /ůôvo)NC = 0.1-0.3 

 

Degroot 2001: 

 

SHANSEP procedure evaluated at OCR = 1, 2, and 4: 

us /ůôvo = 0.19(OCR)
0.75 

SHANSEP procedure evaluated at OCR = 1:
 

us /ůôvo = 0.18(OCR)
0.73

 

 

Using an OCR = 1.3 (Evans and Ryan 2005) the above equations produce: 

( us /ůôvo)NC = 0.23 

( us /ůôvo)NC = 0.22 
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Robertson and Cabal 2007 (for a friction angle ūô=26Ü, in direct simple shear): 

 

( us /ůôvo)NC = 0.22  

 

OCR refers to the overconsolidation ratio.  Given all the presented data, the value for 

( us /ůôvo)NC  in an SB wall was assumed to be 0.22 for this research project. 
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Figure 3.5 Tip Pressure Calibration  
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Figure 3.6 Pore Pressure calibration  

 

3.2.2 Flat Plate Dilatometer Testing 

The flat plate dilatometer was developed in Italy during the 1970ôs by Dr. Silvano 

Marchetti (Schmertmann 1988).  The flat wedged shape of the dilatometer was chosen to 

reduce the strains caused by the insertion of the instrument, which allows for a more 

accurate prediction of the pre-insertion soil conditions.  Information from the dilatometer 

to soil property correlation is semi-empirical in nature but has a theoretical backing. 

For this project the dilatometer provided a unique opportunity for direct 

measurement of the in situ horizontal earth pressure.  The state of stress of a soil element 

in a SB vertical containment wall is not fully understood and for this study was assumed 

to be varying in three directions.  Due to the variability in all three directions, the 
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dilatometer test was conducted oriented both perpendicular and parallel to the trench line 

(See Figure 3.7) and data were gathered at 0.30, 0.61, or 0.91 m (1, 2, or 3 foot) 

increments, depending on time.  

 
Figure 3.7 Blade orientation relative to trench 

 

 The dilatometer also provided a measure of the undrained shear strength, which 

proved helpful in comparing data between instruments.  Over time two different 

membranes have been developed for use with the flat plate dilatometer.  The two types 

are known as the S-membrane and the H-membrane.  The differences of the two 

membranes come from the properties of the steel from which they are made.  Generally, 

it is recommended that the softer S-membrane be used in softer soils and so this 

membrane was chosen for this study.  See Figure 3.8 for a schematic of the dilatometer 

used in this study. 

 

Parallel (par.) Perpendicular (perp.) 

Orientation is in reference to membrane, not blade 

Centerline of SB Wall Sidewall of SB Wall 
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Figure 3.8 Schematic of Flat plate dilatometer used in this study 

 

 The testing procedure used in this study follows closely with the one presented in 

Schmertmann (1988) combined with recommendations from ASTM Standard D 6635-01.  

A general procedure was as follows and more information about the dilatometer set-up 

and preparations can be found in Appendix II. 

 First the dilatometer was removed from its casing and connected according to the 

procedure described in section 2.3.4 of Schmertmann (1988).  This procedure was also 

used in the determination of the AD  and BD  values.  Once the AD  and BD  values were 

found and recorded, the test was ready to begin.  The operator used the drill rig to push 

the rod into the ground stopping at the desired depth.  When the blade was inserted into 

the ground the control unit emitted a high frequency continuous buzz indicating that the 

membrane was being pressed against the blade by the earth pressures.  If the control unit 

did not buzz when the dilatometer was pushed in the ground, the test had to be stopped 

and the system investigated for problems.  When the blade was at the desired depth the 

D= 60 mm 

L = 330 mm 

Type S Steel Membrane 
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A-pressure reading was taken within 15 seconds by applying pressure behind the 

membrane until the buzz stopped.  The pressure at which the buzz stopped was recorded 

as the A-pressure.  After the A-pressure was read, the B-pressure was determined within 

15 seconds by again applying pressure from the nitrogen tank until the buzz started again.    

The pressure at which the buzz started again was recorded as the B-pressure.  It was 

important that the operator of the control unit (applying the pressures) did not pressurize 

beyond the B-pressure because doing so can cause damage to the membrane.  Once the 

B-pressure was determined, within fifteen seconds the operator relieved the pressure and 

recorded the C-pressure.  The C-pressure was recorded as the pressure reading when the 

buzz began again.    Once the A, B and C readings were obtained and recorded at the test 

depth, the control unit operator signaled the drill rig operator to push the dilatometer to 

the next depth.  It is important to keep the toggle valve open during penetration to ensure 

there is no residual pressure built up behind the membrane during penetration.   

 The data were analyzed according to the procedure presented in Schmertmann 

(1988).   

Corrected A-pressure (bar) = op  

Equation 3-3 

 
( )

( )BGageZeroBpressure05.0

AGageZeroApressure05.1po

D+-*

-D+-*=
   

 

Corrected B-pressure (bar) = 1p  

Equation 3-4 

 AGageZeroBpressurep1 D--=    

 

Corrected C-pressure (bar) = 2p  

Equation 3-5 
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 AGageZeroCpressurep2 D+-=    

 

Material Index (unitless) = 
DI  

Equation 3-6 
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Horizontal Stress Index (unitless) = 
DK  

Equation 3-7 
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=    

 

Dilatometer Modulus (kPa) = 
DE  

Equation 3-8 

 ( )o1D pp7.34E -*=    

 

Undrained Shear Strength (kPa) = uS  

Equation 3-9 

 ( )( )100K5.0'22.0S
25.1

Dvou ***s*=    

 

Overconsolidation Ratio (unitless) = OCR 

Equation 3-10 

 ( )56.1

DK5.0OCR *=    

 

Earth Pressure Coefficient (unitless) = K  

Equation 3-11 

 6.0
5.1

K
K
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ç

å
=    

 

Where all variables are defined  

 'vos = vertical effective stress prior to testing (t/m
2
)  

ou = the pore water pressure before insertion of the probe (bar). 

 

The most important aspects of the dilatometer data analysis were to determine a 

reliable estimate of the lateral earth pressure and a representative value of the undrained 

shear strength.  The lateral earth pressure can be taken to be equal to the corrected A-
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pressure, op  according to Schmertmann (1988).  In order to determine the undrained 

shear strength from the dilatometer findings the vertical effective stress had to be 

estimated.  The vertical effective stress was calculated by assuming that arching 

conditions control the vertical stress in the wall. The arching method is presented in more 

detail in Chapter 4.   The dike built between construction and three months was assumed 

to arch over the trench and so the increase in stress due to the dikeôs placement was 

ignored for vertical stress calculations. 

3.2.3 Vane Shear Testing 

The vane shear test was invented for measurement of weak marine clays in 

Sweden sometime in the early 1900s (Chandler 1988).  Since its invention, the vane has 

been widely used to measure the in situ undrained shear strength of a soil.  This test has 

been widely used and continues to be a common in situ test for subsurface 

characterization. 

The Vane Shear Testing conducted in this study was done using a trapezoidal 

vane manufactured by A.P. Van Den Berg.  This vane has a projected area of 

approximately 120 cm
2
.  See Figure 3.9 for a schematic of the vane used in this testing.  
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13.7 cm

3.7 mm

D=

13.7 cm

H = 6.5 cm

13.7 cm

3.7 mm

D=

13.7 cm

H = 6.5 cm

 

Figure 3.9 Schematic of Vane used in this study 

 

This was the largest vane available and was used for improved accuracy in the 

low shear strength soils encountered in this study.  The torque was measured using a 

digital torque meter.  The smallest measurable torque for this apparatus was 

approximately 0.1 Nm, which is smaller than the shear strengths encountered in this 

study.  Due to the disturbances in the soil caused by the rotation of the vane, the vane 

tests were conducted at 0.61 m (2 ft) increments. 

 The testing procedure used in this study follows closely with the one presented in 

ASTM Standard D2573-01.  A general procedure will be presented and more information 

on procedure and set-up can be found in Appendix III. 

 First, the vane and all associated rods were unloaded from their steel carrying case 

and inventoried to ensure all necessary components were there.  The next step was to 

ensure that the batteries of the torque meter were in working condition by turning the 

torque meter on and checking the display.  Once these tasks had been performed the 

actual test was ready to begin.  The vane was pushed with the drill rig to the desired 
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depth.  Once the vane was at the desired depth the actual test would begin.  The first part 

of the test was to measure the rod friction by turning the rod a quarter turn, until the 

coupling was screwed back into the vane indicating that the soil was now resisting the 

shear.  The average value observed during the test for rod friction was then recorded.  

The next part of the test was to determine the maximum torque required to fail the soil in 

shear.  This was done by slowly turning the vane in the soil while monitoring the torque 

being applied to the rod.  The rate that this test was done was generally as slowly as the 

operator was able to conduct the test continuously.  Typical times to failure were one to 

two minutes.  After the soil had been failed, the vane was turned between five and ten 

revolutions to remold the soil.  During this process it was important not to allow the vane 

to ñscrewò into undisturbed soil.  When the soil had been sufficiently remolded, the 

remolded shear strength was measured by recording the average torque of the remolded 

soil over a quarter or half turn of the vane (or until a stable value could be found).  When 

all of these steps were complete, the vane was advanced to the next depth and the process 

repeated.  

In order to determine a representative value of the shear strength found from the 

vane shear test a few corrections to the data were made.  The first correction was for rod 

friction.  This correction was done by subtracting the torque during the rod friction test 

from the maximum applied torque.  The value that is left should be the torque required to 

fail the soil against the projected area of the vane.  The equation used to find the shear 

strength from the maximum torque was (found in section 9.1 of the standard): 
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Equation 3-12 
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Where: uvs = undrained shear strength from vane shear test 

maxT = maximum torque corrected for rod friction 

D = diameter of the vane 

Ti = top angle in degrees 

Bi = bottom angle in degrees 

H = height of the vane 
 

More information about the above method of shear strength prediction from vane 

shear torques can be found in Silvestri and Aubertin (1988).  The final correction made 

was Bjerrumôs correction from Bjerrum (1973).  This correction was used to take into 

account the plasticity of the clay.  This correction is: 

Equation 3-13 

( )uvvmobilized sm=t  

   

Equation 3-14 

 ()5.0

v PI045.005.1 -=m    

 

Where: mobilizedt = mobilized shear strength 

PI= plasticity index of soil being tested (found using Atterberg 

Limits) 

vm= correction factor 

3.2.4 Consolidation and Rigid Wall Hydraulic Conductivity Testing 

In order to determine the relationship between effective confining stress and 

hydraulic conductivity, a standard one dimensional consolidation test was run on a 

Shelby tube sample taken five days after the wall had been built.  The sample was taken 

at approximately 3 m below the top of the wall because this depth was deemed to be a 
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representative depth for how the rest of the wall might act (no large rocks like those that 

may be found at the bottom and no top effects).  The procedures used to conduct the 

consolidation tests followed those presented in ASTM D2435.  The hydraulic 

conductivity testing was conducted using falling head methods similar to those described 

in Yeo et al. (2005).  Sample preparation included: pushing the cutting ring (diameter = 

64 mm and height = 24 mm) into the Shelby tube (could not extract the sample due to the 

weak strength of the backfill), extracting the cutting ring with sample inside and intact, 

smoothing the edges of the ring and removing any rocks that were larger than the height 

of the cutting ring.  A sample from a Shelby tube is typically considered to be 

ñundisturbedò, but these samples should be considered remolded due to the disturbances 

imparted during test set-up.  However, despite the fact that the samples were disturbed 

the results are still representative of what is happening in the wall due to the high slump 

nature of the backfill. 

 Consolidation then proceeded allowing 24 hours for full consolidation at each 

increment.  Readings with time were taken for a seating load, 1/8 tsf., 1/4 tsf., 1/2 tsf., 1 

tsf., and 2 tsf.  At the completion of each of these loading increments a falling head fixed 

wall hydraulic conductivity test was conducted.  See Figure 3.10 for a schematic of the 

consolidation testing apparatus used in this study. 
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Figure 3.10 Schematic of the rigid wall consolidation cell used in this study (Barben 

2008) 

 

The tests were terminated when the ñsteadyò state hydraulic conductivity had 

been found, which for this project was considered to be when 4 consecutive values were 

within +/- 25% of the mean.  This termination criterion follows ASTM D5084.  Upon 

completion of the hydraulic conductivity test, the remaining head was removed so that 

the next consolidation load could be applied.  Because all hydraulic conductivity testing 

was conducted at the completion of a loading increment, the final height after 

consolidation of the specimen was used in hydraulic conductivity calculations. 

3.2.5 Time Dependent Reflectometer (TDR) Moisture Probes 

The TDR sends an electric signal along two metal prongs (See Figure 3.11 for a 

schematic of the TDR).   
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Figure 3.11 Schematic of the TDR Probes used in this study 

 

The time it takes for the signal to travel the length of the metal prongs and back, 

the frequency of the signal, is correlated to a soil moisture content found through 

calibrations.  These probes have a wide range of applications including, but not limited 

to, determining whether compaction specifications have been met at the surface and 

measuring the water content in liner applications. 

The probes used in this study are made by Campbell Scientific and are known 

more specifically as CS615 reflectometers.  These probes can be read by any voltage 

sensing data logger, but the provided Campbell Scientific system was used for this study.  

Calibration of these probes was done in a five gallon bucket with site specific soils.  On 

the day of construction, the bucket was filled to the top with fresh backfill.  A reading 

was then taken in the bucket using the TDR probe.  After the reading in the bucket had 

been taken, a few readings were taken in the trench.  The volumetric water content 

readings in the bucket and those in the trench were within 1% of each other and so the 

bucket was deemed a reliable place to complete subsequent calibrations.   

The TDR probe results in measures of volumetric water content (VWC), and, 

because of this, the VWC of the soil in the bucket had to be found for calibration of the 

probes.  In order to find the VWC of the soil in the bucket three things were needed; the 

50 mm (2ò) 

356 mm (14ò) 
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volume of the soil in the bucket, the weight of the soil in the bucket, and the gravimetric 

water content of the soil.  Calibrations were done by taking three probe readings in the 

bucket, weighing the contents of the bucket, measuring the height of the soil in the 

bucket, and taking three samples of soil from the bucket for moisture content 

determination.  The contents of the bucket were then allowed to dry, in order to change 

the gravimetric water content.  When the soil had dried for a few days, the contents of the 

bucket were removed from the bucket and sufficiently mixed, to ensure some degree of 

homogeneity, before the next calibration point was taken.  Figure 3.12 shows a plot of the 

calibration data collected for this site soil. 
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Figure 3.12 Backfill Specific Probe Calibration Plot 
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In order to measure the in situ water content of the SB backfill a reliable method 

of probe insertion, that properly protected the prongs, had to be found.  The procedure 

deemed most reliable and practical involved sliding the probe into a 51 mm (2ò) PVC 

pipe that would hold the probe during insertion, but allow the probe to slide out when the 

pipe was pulled upwards.  Figure 3.13 shows a schematic of the method of insertion.   

 
Figure 3.13 Schematic of Installation Apparatus for TDR Probe Installation  

 

The probes were installed in the wall at 0.61 m (2ô) increments, with the prongs of 

the probes facing the top of the wall (See Figure 3.14).  The probes were placed 

immediately after construction to ensure they were in the center of the wall and so that a 

saturated moisture content could be found. 

2ò PVC Pipe 

Side View 

End View 

Top View 

Data Collection 

Wire 
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Figure 3.14 Figure Showing the Orientation of the Probes in the Trench 

 

The location of the probe wire ends used for data collection is included in Figure 

3.15. 
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Figure 3.15 Location of Data Collection wires for TDR probes 

 

Despite all efforts to maintain that the probe prongs remained parallel during 

insertion, it is believed that some, possibly all, of them were distorted.  This deviance 

from parallel necessitated a method of correcting the information collected from the 

probes back to some known or actual value.  When SB backfill is placed in the trench it is 

a valid assumption to consider it to be completely saturated.  Through the correction of 

all of the initial probe readings back to the actual VWC content (found through the 

calibration presented above in Figure 3.12) at saturation a correction factor was 

determined for each of the probes.  The equation to determine the correction factor is: 

Access Road 
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Equation 3-15 

obePr

Known

VWC

VWC
FactorCorrection =  

 

Where, KnownVWC = Calibrated Volumetric Water Content  

at Saturation (VWC = 0.41 for Birdsboro Backfill),  

obePrVWC = Volumetric Water Content read from probe 

 

 After determining a correction factor for each probe, this correction factor was 

used to correct subsequent readings taken using the following equation: 

Equation 3-16 

 FactorCorrectionVWCVWC obePrActual *=    

 

Where, ActualVWC = Actual Volumetric Water Content reading  

corrected through calibration and for prong  

deviations from parallel 
 

 Information on how to collect the moisture probe data is provided in Appendix 

IV.  Readings were taken at the same times that the in situ tests were conducted; 

construction, 3 months, 6 months, and 9 months.  An extra data set was collected at 

approximately 1.5 months during one of the monitoring wells installations. 
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3.3 Results and Discussions 

The combination of the laboratory tests conducted on the Shelby tube sample 

from the Birdsboro wall and the suite of in situ tests conducted as the wall aged provides 

a unique picture of how SB walls behave and possibly how or if these properties are 

changing over time. 

The general classification tests on the backfill included grain size distribution, 

Atterberg limits, and water content measurements.  Figure 3.16 shows the grain size 

distribution (ASTM D422-63) of the Birdsboro backfill found through wet sieve analysis.   
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Figure 3.16 Grain Size Distribution of Birdsboro Backfill  
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 The most important thing to note is the large percentage of fines ~43%.  This 

fines percentage was within the QC testing range found during construction, which is an 

indication that this Shelby tube is a representative sample of the backfill.  

 The Atterberg limits of the backfill were taken according to the procedure in 

ASTM D4318-05.  These resulted in a plastic limit of 17%, a liquid limit of 28% and a 

plasticity index of 11%.  This is a low plasticity index for a soil with active clays, but 

given the large percentage of fine sand and silt in the soil it is a reasonable value. The 

USCS classification (ASTM D2487-00) of the backfill soil according to the Atterberg 

limits and the grain size distribution is SC, silty clayey sand with gravel. 

 The average moisture content of nine samples taken from the Shelby tube prior to 

consolidation testing was 28%, with a high of 31% and a low of 24%.  The average 

moisture content was equal to the liquid limit indicating that the backfill was placed in a 

liquid condition. 

Once the general classifications were complete a consolidation test was conducted 

on the backfill as described previously.  From the consolidation testing it was found that 

the backfill has an average compression index equal to 0.16 and an average modified 

compression index equal to 0.10.  These values are similar to those found in other studies 

relating to SB backfill (e.g. Evans and Ryan 2005, Yeo et al. 2005, Baxter et al. 2005, 

Barben 2008).  Figure 3.17 and Figure 3.18 show the plots used to determine these two 

indexes.  More complete information found during the consolidation testing can be found 

in Appendix V. 
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Figure 3.17 Final Void Ratio vs. Effective Stress 
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Figure 3.18 Final Vertical Strain vs. Effective Stress 



3.34 

   

 At the end of each consolidation test a rigid wall hydraulic conductivity test was 

conducted.  The results of this testing indicated a trend of decreasing hydraulic 

conductivity with increasing effective (confining) stress.  This finding supports trends 

from similar studies.  This phenomenon is shown graphically in Figure 3.19. 
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Figure 3.19 Average Hydraulic Conductivity vs. Effective Stress (logarithmic scale) 

 

 Typically SB walls are designed to have a hydraulic conductivity that is equal to 

or less than 1Ā10
-7
 cm/s although the requirement for the Birdsboro site is 1Ā10

-6
 cm/s.  

According to the rigid wall hydraulic conductivity testing conducted on the Birdsboro 

backfill, a soil element would need to be experiencing a confining pressure equal to or 

greater than 20 kPa to ensure that the hydraulic conductivity requirement 1Ā10
-6
 cm/s was 

met (or 40 kPa for a hydraulic conductivity requirement of 1Ā10
-7
 cm/s).  In addition to 

the decreasing hydraulic conductivity with increasing confining pressure, it is also 



3.35 

   

important to note that there is reduced variability in final hydraulic conductivity at higher 

effective confining stress.  This finding could be important in determining how these 

walls behave on a macro scale.  For instance, in the Birdsboro wall, if the effective stress 

were to fall below 20 kilopascals there could be a large degree of uncertainty in the value 

of hydraulic conductivity.  Also, the variability shown here only represents the changes 

within one Shelby tube sample and there is likely greater variability between samples 

obtained at different locations in the wall.  Complete hydraulic conductivity test data are 

included in Appendix VI. 

 Groundwater monitoring wells were installed between the construction of the wall 

and the tests conducted at 3 months.  The water table in the outside well was generally 

encountered at 2.38 m (7.8 ft.) below the top of the well.  The water table in the inside 

well was generally encountered at 3.90 m (12.8 ft.) below the top of the well.  There is 

approximately a two foot drop in elevation from the top of the outside well to the top of 

the inside well.  Figure 3.20 shows this information in an easier to understand fashion and 

includes the water table heights in reference to the top of the wall and the top of the dike.  
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Figure 3.20 Groundwater levels in comparison to SB wall, Original Ground Surface, 

and Current Ground Surface 

 

  The noticeable difference in the groundwater table level inside and outside the 

wall is an indication the wall is functioning as intended.  The difference in water table 

levels is due to groundwater mounding on the outside of the wall, which indicates that the 

wall is behaving as a barrier to water flow. 

In situ tests were conducted during construction of the wall and when the wall 

was 3, 6, and 9 months old.  The main goal of these in-situ tests was to determine how the 

shear strength varies with depth and time.  The combination of the three methods allowed 

for a comparison of the shear strength prediction of each method.  The results of this 

comparison indicated that in most circumstances the vane shear tends to result in larger 

shear strengths than the CPT or dilatometer, but in general the backfill classifies as very 
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soft according to shear strength classifications (Terzaghi and Peck 1967) and typically 

gains very little with depth. 

The raw tip resistances found in the CPT test indicated some strength gain over 

time and with depth, but the majority of this gain was between construction and 3 

months.  Beyond 3 months there does not appear to be significant strength gain with time.  

It is possible that the strength gain exhibited in the CPT tip resistance values was affected 

by the placement of the clay core dike over the wall.  The raw data from the CPT is found 

in Appendix VII.  For this study, the vane shear was used in the determination of the 

shear strength found with the CPT data.  The shear strengths derived from the tip 

resistance of the cone are shown in Figure 3.22.  As shown in this figure, there is strength 

gain between construction and 3 months, but no significant gain beyond that.  This figure 

also shows that there is some strength gain with depth, but less than that predicted using a 

geostatic state of stress in the backfill. 

The shear strength values found from the vane shear test are shown in Figure 

3.23.  Comparing Figure 3.23 with Figure 3.22 shows the larger shear strengths predicted 

by the vane shear.  During the vane shear tests it was noted that the operators could feel 

rocks against and alongside the vane which could be a source of the larger shear strengths 

exhibited in the results.  One of the benefits of the vane compared to other in situ tests is 

that it measures a comparatively large amount of soil providing an average and therefore 

is often considered more representative shear strength prediction.  This benefit for typical 

soils is a disadvantage when used in SB backfill made up of soils with a large percentage 

of rocks.  For the data collected at three months, it is also possible that some of the vane 
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was in the side of the trench during the tests, which would lead to larger shear strengths 

due to the influence of the stronger formation soils.  Comparing the results from 

construction and 9 months, the vane results correlate well to the CPT results but not so 

with the data at 3 and 6 months.  The raw data from the vane is found in Appendix IX. 

The shear strength values found from the dilatometer are shown in Figure 3.24.  

As indicated in this figure, the dilatometer does not show significant strength gain with 

depth.  There appears to be some strength gain over time, and as with the other tests the 

majority of this gain occurred sometime between construction and 3 months.  The shear 

strength calculation for the dilatometer requires the assignment of a value for the in situ 

effective stress.  For these calculations the influence of the dike was ignored.  Since a 

geotextile system was used to span the trench, all of the dike stress was assumed to arch 

over the trench as per the design.  The vertical stress distribution in the trench was 

calculated using the arching method (described more in Chapter 4).   

In addition to an estimate of the shear strength, the dilatometer provides a means 

to compute the lateral earth pressure and pore pressure within the wall.  Both of these 

computations may be affected by excess pressures created during the insertion of the 

probe, but are valuable for comparison to theoretical values.  The lateral earth pressure is 

assumed to be roughly equal to the corrected A-pressure, po and the pore pressure is 

assumed to be roughly equal to the corrected C-pressure, p2.  Figure 3.25 shows plots of 

horizontal effective stress predicted by subtracting p2 from po.   

These computed values of horizontal effective stress are compared to the 

theoretical horizontal effective stress computed using the lateral squeezing model 
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including additional lateral stresses as a result of the dike loading.  The stresses from the 

modified lateral squeezing model were calculated using: 

Equation 3-17 

amlsmh kÖsD+s¡=s¡  

Where,   
hs¡    = horizontal effective stress in trench 

 mlsms¡ = horizontal effective stress from modified lateral       

squeezing 

 sD    = change in vertical stress (outside the trench) due to    

influence of dike 

 ak     = active earth pressure coefficient of soil outside trench 

 

The method used to determine the influence of the dike was taken from Murthy (2003).  

The solution was for an infinite strip load.  Figure 3.21 shows the dimensions and 

properties of the dike, as well as the influence factor used to determine the change in 

stress at depth.   
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Figure 3.21 Dike dimensions and influence factors used to determine excess stress 

caused by dike 
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The dike was not included in the horizontal effective stress at construction.  The higher 

lateral stresses measured by the dilatometer at construction as compared to those 

predicted by the lateral squeezing model are due to the fact that, at construction, the 

backfill behaves as a viscous liquid with an earth pressure coefficient close to 1.  Further 

the lateral squeezing method is based on the sidewalls of the trench consolidating the 

backfill over time and therefore is limited in predicting the stresses in the backfill 

immediately after construction. 

The data set from 3 months (parallel to the trench) should probably be ignored 

because it does not make sense in comparison to the others and the membrane was 

changed during this test.  The data from the dilatometer can be found in Appendix VIII. 
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Figure 3.22 Shear Strength from CPT vs. Depth 
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Figure 3.23 Shear Strength from Vane Shear vs. Depth 
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Figure 3.24 Shear Strength from Dilatometer vs. Depth  
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Figure 3.25 Horizontal Effective Stress from Dilatometer (3 months parallel is not 

available) and Lateral Squ. (including horizontal pressure from dike) vs. Depth 
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 Table 3-2 shows the moisture probe readings corrected for changes caused to the 

probes during insertion.  More VWC data is located in Appendix X. 

Table 3-2 Corrected Moisture Probe Readings 

Depth 

(m) Correction Factor 

Volumetric Water Content (VWC) 

7/29/08 9/22/08 11/19/2008 3/4/2009 6/11/2009 

0.61 1.34 0.41 0.66 0.62 0.56 0.59 

1.22 1.12 0.41 0.37 0.36 0.31 0.33 

1.82 0.49 0.41 0.30 0.29 0.27 0.28 

2.43 0.61 0.41 0.32 0.32 0.31 0.31 

3.04 0.69 0.41 0.33 0.33 0.32 0.32 

3.65 0.74 0.41 0.39 0.38 0.37 0.36 

4.26 0.55 0.41 0.39 0.38 0.37 0.37 

 

The data on Table 3-2 is shown graphically in Figure 3.26 below. 
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Figure 3.26 Corrected VWC vs. Depth 

 

Independent of how the moisture probe data is corrected for problems during 

insertion and calibration errors; the probes indicate that the soil is losing moisture due to 
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1) drying and/or 2) consolidation.  These two possible causes of changes in VWC over 

time are illustrated in Figure 3.27. 

 
Figure 3.27 Possible causes of changes in VWC 

 

If the soil has remained saturated (no drying) then the VWC is equal to the 

porosity and the effective stress can be determined from the relationship between void 

ratio and mean effective stress from consolidation testing (shown in Figure 3.28).  The 

mean effective stress at each consolidation stage was calculated using the following 

expression: 
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Equation 3-18 

3

k2 vov
mean

s¡+s¡
=s¡  

The applied load from the consolidometer was used as the vertical effective stress and 0.5 

was used as the lateral earth pressure coefficient. 
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Figure 3.28 Relationship between Void Ratio and Mean Effective Stress for 

Birdsboro Backfill  

 

Figure 3.29 shows the predicted mean effective stress, from the correlation to void 

ratio, if the wall is assumed to be completely saturated at all ages (all VWC changes were 

attributed to consolidation). 
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Figure 3.29 Mean Effective Stress from Moisture Probes assuming backfill remains 

saturated 

 

The unrealistically large values of effective stress shown in the Figure 3.29 

indicate that drying is occurring.  The second approach to stress prediction from the 

VWC is to allow for some drying at each depth, while also allowing for consolidation to 

occur.  This method requires a prediction of the mean effective stress, which can then be 

used to determine the degree of saturation.  The mean effective stress was calculated 

assuming that the horizontal earth pressure was equal to that estimated by lateral 

squeezing including the influence of the dike (described previously) and the vertical 

stress was calculated using the arching model.  The resulting mean effective stress is 

shown in Figure 3.30.  The influence of the dike was not included for the mean effective 

stress during construction.  The phase diagram used in this prediction of the effective 

stress is included in Appendix XI. 
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Figure 3.30 Effective Stress found by varying Volume of Voids 

 

The degree of saturation that satisfies the phase diagram for the effective stresses 

in Figure 3.30 is shown in Figure 3.31. 
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Figure 3.31 Degree of Saturation from Moisture Probe Data manipulation 

The predicted degrees of saturation are not realistic values because the degree of 

saturation can never be greater than 1.  The unrealistic degrees of saturation point to a 

lack of understanding in the actual mean effective stress.  In order to predict realistic 

degrees of saturation using the relationship between mean effective stress and void ratio, 

the estimated mean effective stress would need to be lower than the one used in this 

study.  The overestimation of the mean effective stress could be associated with the 

assumption that the effective stress is equal parallel and perpendicular to the trenchline. 

3.4 Conclusions 

The SB wall built in Birdsboro, PA was built as a flood control measure to help 

prevent wastewater treatment tanks from becoming buoyant during flood events.  This 

wall was built with a relatively small percentage of dry bentonite ~1% due to the large 



3.51 

   

percentage of fines in the soil underlying the site and the modest hydraulic conductivity 

requirement of 1x10-6 cm/s. 

This wall provided a unique research opportunity for several reasons including 1) 

there were no contaminants in the groundwater that could be detrimental to the wallôs 

performance over time or to the health and safety of the investigators 2) the researchers 

were granted full access to the wall for tests, samples, and installation of instruments 3) 

the wall will be available for future monitoring and testing.  The in situ investigations of 

this wall were completed on the day of construction and after the wall had aged 3, 6, and 

9 months.  The investigations completed at these times included ground water 

monitoring, cone penetration, vane shear, and flat plate dilatometer tests.  The in situ 

investigations enabled the estimation of shear strength, horizontal effective stress, and 

pore pressure at depth.  The results of these tests indicated that there is some shear 

strength gain with depth, but less than geostatic theory would predict.  There was some 

strength gain over time, most of which occurred sometime between construction and 3 

months.  The horizontal effective stresses from the dilatometer are closely modeled by 

the lateral squeezing method including some increase in stress from the dike.  There is 

some indication that the stresses perpendicular to the trenchline are less than those 

parallel to the trenchline, but more data at greater depth is needed to support this 

assertion.  The pore pressure readings from the dilatometer indicate that the pore pressure 

in the wall is approximately equal to the pore pressures expected if the groundwater table 

were assumed to be at the top of the wall.  The in situ pore pressures that exist in the wall 

are probably smaller due to excess pore pressures generated during blade insertion.   
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In addition to in situ testing a Shelby tube sample was taken immediately after 

construction of the wall for laboratory testing.  The testing conducted on this sample 

included grain size distribution by wet sieve analysis, Atterberg limits, moisture contents, 

consolidation testing, and rigid wall hydraulic conductivity testing.  The combination of 

the atterberg limits and grain size distribution resulted in the USCS classification of the 

backfill as SM, due to the large percentage of fines (~43%) and low liquid limit and 

plasticity index (28 and 10).  The average moisture content of the backfill at the time of 

construction was 28% indicating that the backfill was placed in a liquid condition.  The 

consolidation testing resulted in the determination of a compression index equal to 0.16 

and a modified compression index equal to 0.10.  Results from the rigid wall hydraulic 

conductivity testing indicated that the hydraulic conductivity decreases as effective 

confining pressure increases.  A further finding from the hydraulic conductivity testing 

was that the error of final hydraulic conductivity values decreased as effective confining 

pressure increased.  This response was expected.   

Finally, moisture probes were installed in the wall, during construction, at ~0.6 m 

increments.  These probes measure the VWC of the soil and remain in the wall.  The 

readings from these probes indicate that there drying and/or consolidation of the backfill 

occurring in the wall, due to decreases in VWC observed over the 9 months.  The extent 

to which the wall is drying and consolidating is unknown, but the most probable cause for 

the change in VWC over time is a combination of the two, where the degree of saturation 

is decreasing while the density is increasing.   
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Overall, a great deal of information about how SB walls behave over time and 

with depth was found through this study.  Hopefully a future study will be completed on 

this wall to determine how these walls behave on a longer time scale.
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Chapter 4: Modeling Effort  

Abstract  

 

Soil-bentonite (SB) cutoff walls have been widely employed as a means for the in situ 

containment of groundwater and subsurface contamination.  However, despite the wide 

application and use of SB cutoff walls, limited information exists regarding their in situ 

state of stress.  Previous research suggests that the state of stress in constructed SB cutoff 

walls is less than geostatic, but is not entirely understood.  Two mathematical models 

have been developed to estimate the stress state in SB walls; arching and lateral 

squeezing.  The models, as well as the limitations and advantages associated with each 

are discussed.  After which, the modified lateral squeezing model is presented which 

improves upon the original by providing tables and figures critical to its solution as well 

as a constrained modulus (Db) that varies with stress.  Finally, the horizontal effective 

stress prediction of all three models is compared to the other models and geostatic 
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4.1 Introduction 

Since the 1970s, soil-bentonite (SB) vertical barriers (cutoff walls) have been 

widely employed for in situ containment of ground water and subsurface contamination.  

Despite the wide application and common use of SB cutoff walls in practice, there is 

limited information on field performance, especially as it relates to the state of stress in 

the barrier.  Previous research suggests that the state of stress within a constructed SB 

cutoff wall is less than that predicted by a geostatic pressure distribution (e.g., see Evans 

et al. 1985).  However, considerable uncertainty exists regarding the true distribution of 

vertical and horizontal stresses in constructed SB cutoff walls, the mechanisms governing 

the development of these stresses at the time of construction, and the changes in stress 

that may occur over time.  The state of stress within a constructed SB cutoff wall is an 

important consideration from the standpoint of hydraulic performance, given that 

increasing confining pressure typically causes a decrease in hydraulic conductivity and an 

increase in resistance to chemical attack of soil barriers (e.g., Acar et al. 1985, 

McCandless and Bodosci 1988, Evans 1994, Shackelford 1994, and Yeo et al. 2005).  

Hydraulic conductivity tests conducted on SB backfill specimens using confining 

pressures based on an assumed geostatic pressure distribution could yield 

unconservatively low values of hydraulic conductivity. 

Mathematical models have been developed by previous researchers in an attempt 

to predict the state of stress in SB cutoff walls (Evans et al. 1995, Filz 1996).  However, 

the underlying mechanics principles associated with these existing models have not been 

fully elucidated.  Also, the applicability of the models for accurate prediction of the state 
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of stress in SB cutoff walls is unclear.  Thus, the objectives of this paper are (1) to review 

the existing models, (2) to assess the limitations of these models and propose 

modifications where possible, and (3) to compare the models using properties and 

conditions representative of field SB cutoff wall installations. 

4.2 Background 

 

The uncertain nature of the state of stress in SB cutoff walls was first discussed by 

Evans et al. (1985).  In this paper, the authors hypothesized that frictional forces along 

the sidewalls of the trench during consolidation of the SB backfill may cause a nonlinear 

stress distribution, such that the stress at a given depth in the wall is lower than that 

predicted based on geostatics (i.e., the self weight of the SB backfill above the point of 

interest).  Evans et al. (1985) proposed that the vertical stress distribution with depth may 

follow the general trend illustrated in Figure 4.1. 

Subsequently, there have been two mathematical models developed to predict the 

state of stress in SB cutoff walls.  The first model, presented by Evans et al. (1995), is 

based on principles conventionally applied to problems involving buried pipelines, 

commonly termed arching, and predicts vertical stresses.  The free-body diagram used as 

the basis for the arching model, shown in Figure 4.2, includes the overburden pressure 

above the backfill element, the reactionary pressure below the backfill element, the 

frictional resistance along the sidewalls of the trench, and the self-weight of the backfill 

element.  The cutoff wall is assumed to be a unit length, and the groundwater table is 

assumed to be
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Figure 4.1 Schematic illustrating the effect of trench side friction on the stress 

distribution with depth in a SB cutoff wall (redrawn after Evans et al. 1985) 
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Figure 4.2 Free-body diagram for arching in SB cutoff wall (redrawn after Evans et 

al. 1995) 

 

at the ground surface.  Based on these conditions, the vertical effective stress can be 

solved by summing forces in vertical direction and integrating with respect to depth (see 

Costa 1996).  Assuming that the interfacial adhesion and interfacial friction angle along 
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the trench sidewalls are equal to the internal cohesion cb and internal friction angle bf¡ of 

the backfill, respectively (i.e., a = cb andd = bf¡), the closed-form analytical solution for 

the vertical effective stress vs¡ is as follows (Evans et al. 1995): 

 
Equation 4-1 
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where the remaining terms are defined in Figure 4.2. The horizontal effective stress in the 

backfill, hs¡, then may be estimated using the equation hs¡= vs¡Ā kob.   

The arching model given by Equation 4-1 predicts that, at a certain depth, side 

friction will negate any increase in vertical stress associated with the backfill self weight, 

such that vs¡approaches a constant value (e.g., see Fig. 1).  However, the arching model 

assumes that the sidewalls of the trench are perfectly rigid, i.e., no movement of the 

sidewalls occurs toward the centerline of the trench.  Filz (1996) indicates that this 

assumption is unrealistic and presents a ñlateral squeezingò model that accounts for 

movement of the trench sidewalls after cutoff wall backfill placement.  The lateral 

squeezing model assumes that inward lateral displacement of the sidewalls must occur in 

order to maintain horizontal stress equilibrium across the trench sidewalls.   

According to Filz (1996), lateral displacement of the trench sidewalls can occur 

during three stages, as illustrated conceptually in Figure 4.3. The first stage involves 

inward displacement of the sidewalls as the trench is excavated and filled with slurry, 

thereby reducing the horizontal effective stress ( hs¡) in the soil adjacent to the trench.  In 
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this initial stage, hs¡ immediately outside the trench would be lower than at-rest pressure 

but higher than active pressure, as evidenced by the fact that the trench does not collapse.  

The second stage involves replacement of the slurry with SB backfill having a greater 

unit weight than the slurry, potentially causing rebound (i.e., outward displacement) of 

the trench sidewalls.  In the third and final stage, inward displacement of the sidewalls 

would occur as the backfill consolidates.  The lateral squeezing model proposed by Filz 

(1996) assumes that inward displacement of the trench sidewalls during backfill 

consolidation begins from the at-rest position and, thus, ignores any displacements that 

may occur in the first two stages.   

The lateral squeezing model uses pressure equalization and stress-strain 

compatibility between a cohesionless native soil outside the trench and the SB backfill 

within the trench to predict the state of stress within the wall.  The governing expression 

given by Filz (1996) is as follows: 

 
Equation 4-2 

amb

vo

kD2

B D
=

s¡
 

 

where vos¡ is the vertical effective stress outside the trench using a geostatic approach, B 

is the wall width prior to displacement, Db is the constrained modulus of the backfill, D is 

the deflection of the trench sidewall (one side only), and kam is the mobilized active earth 

pressure coefficient of the soil outside the trench (i.e., ko > kam Ó ka, where ko and ka are 

the at-rest and active lateral earth pressure coefficients, respectively).  Filz (1996) 

suggests that Db values for use in Equation 4-2 can be determined from one-dimensional 
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consolidation testing of site backfill.  Since kam is a function of D (for example, see 

Clough and Duncan 1991), an iterative approach can be used to determine the appropriate 

value of Dand the corresponding kam such that Equation 4-2 is satisfied.  The horizontal 

effective stress hs¡ then can be determined by hs¡= vos¡Ā kam. 
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Figure 4.3 Stages of sidewall movement during construction and consolidation in an 

SB cutoff wall (redrawn from Filz 1996) 

 

The arching model is advantageous relative to the lateral squeezing model in that 

Equation 4-1 is a simple closed-form expression, whereas solution of Equation 4-2 

requires an iterative approach.  Also, the results of a recent field study by Ryan and 

Spaulding (2008) indicate that the shear strength of SB backfill shortly after cutoff wall 

construction may be approximately constant with depth.  These results suggest that side 

friction may limit stress development with depth as predicted by the arching model.  

However, the assumption of rigid sidewalls may result in an underestimation of the true 

state of stress, particularly for SB cutoff walls installed in cohesionless formations. 
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The assumption of moving sidewalls in the lateral squeezing model may more 

realistically represent the behavior of SB cutoff walls. For example, Filz (1996) suggests 

that ground surface displacements observed adjacent to SB cutoff walls may be caused by 

inward displacement of the sidewalls.  Later, Filz (1999) presented a case study in which 

a building adjacent to a SB cutoff wall was damaged due to ground surface 

displacements.  These displacements were attributed by Filz (1999) to inward movement 

of the trench sidewalls.  However, the model requires determination of kam values that 

develop only when the inward sidewall deformation (D) is less than that required to 

mobilize fully active conditions.  These values of kam are a function of D as well as the 

friction angle of the native soil outside the trench.  Clough and Duncan (1991) provide a 

method for determining the relationship between kam and D for different soil types but do 

not provide specific friction angles for these soil types.  Also, the lateral squeezing model 

utilizes a single constrained modulus, Db, to represent the consolidation behavior of the 

backfill, despite the fact that Db varies with stress.  These limitations are addressed in the 

modified lateral squeezing model presented below. 

4.3 Modified Lateral Squeezing Model 

 

One of the practical challenges associated with use of the lateral squeezing model 

given by Equation 4-2 is determining a proper relationship between kam and D.  Clough 

and Duncan (1991) provide estimated values of normalized deformation (i.e., D/H, where 

H = wall height) required to mobilize fully active and passive conditions for different soil 

types, as shown in the first four columns of Table 1. If inward displacement of the trench 
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sidewalls is not sufficient to cause fully active conditions to be reached in the adjacent 

native soil, then kam will be less than the at-rest earth pressure coefficient ko but greater 

than the active earth pressure coefficient ka (i.e., ka < kam < ko). In such cases, both ko and 

ka must be known in order to estimate kam. Thus, for the purposes of this modified lateral 

squeezing model, values of the effective friction angle (f́) have been assigned to each 

soil type.  The assigned values of f́ are included in the fifth column of Table 4-1 along 

with corresponding values of ko = 1 - sinf́ and Rankine values of ka = tan
2
(45-f́/2) and 

kp = tan
2
(45+f́/2) in the remaining columns of the table.  

Table 4-1 Normalized active and passive deformations for different soil types, along 

with corresponding assumed friction angles and lateral earth pressure coefficients.
1
 

Soil Type 
d=ȹ/H Assigned Properties

2
 

At Rest Active Passive f́ (°) ko ka
 

kp 

Dense Sand 0 0.001 0.01 40 0.35 0.22 4.59 

Medium Dense Sand 0 0.002 0.02 35 0.42 0.27 3.69 

Loose Sand 0 0.004 0.04 30 0.50 0.33 3.00 

Silt 0 0.002 0.02 25 0.57 0.40 2.46 
1
 Soil types and ȹ/H values from Clough and Duncan (1991). 

2
 Rankine values of ka and kp. 

 

In Figure 4.4, values of ko and ka are plotted against the corresponding values of 

D/H for each of the four soil types in Table 4-1 to illustrate the manner in which kam is 

assumed to vary between ko and ka.  Various s-shaped curves have been presented that 

define the relationship between lateral earth pressure coefficient and deformation.  

Although the mathematic expressions for these curves typically are not reported (e.g., see 

Cernica 1982, Spangler and Handy 1982, Das 2000, and Murthy 2003), Clough and 

Duncan (1991) suggest the relationship between k and D/H using a logarithmic spiral.  

The curves shown in Figure 4.4 are second-order polynomials and approximate the 
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logarithmic spirals given by Clough and Duncan (1991) for deformations between at-rest 

and active earth pressure stress states.  The second-order equations provided in Figure 4.4 

can be used to compute kam for a given value of D/H as needed for the modified lateral 

squeezing model. 
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Figure 4.4 Mobilized active earth pressure coefficients (kam) plotted as a function of 

normalized deformation (D/H) for soil types in Table 1. 

 

Another limitation of the lateral squeezing model is the use of a single value of 

the constrained modulus, Db, in Equation 4-2.  The constrained modulus is the slope of 

the stress-strain (ś-e) curve from a one-dimensional consolidation test, i.e.,  

Equation 4-3 

e

s
=

'
Db  
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Consider the one-dimensional consolidation test data shown in Figure 4.5 for SB 

backfill collected from a cutoff wall site in eastern Pennsylvania.   
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Figure 4.5 One-dimensional consolidation test results for SB backfill collected from 

a cutoff wall site in eastern Pennsylvania. 

 

As illustrated in Figure 4.5a, the stress-strain curve obtained in this test is not linear when 

the data are plotted on an arithmetic scale.  Thus, Db is not constant and, in fact, varies 

widely as a function of the effective consolidation stress (i.e., ś).  For example, if Db is 

determined by drawing a tangent to the stress-strain curve as shown in Figure 4.5a, then 

values of Db ranging between 500 and 1600 kPa are obtained from this data set 

depending upon the stress at which Db is evaluated. However, the slope of the stress-

strain data is constant when the data are plotted on a semi-logarithmic scale, as shown in 

Figure 4.5b.  In this case, the slope is termed the modified compression index, Cce, and is 

expressed as follows (Holtz and Kovacs 1981): 

Equation 4-4 

s¡

e
=e

logd

d
Cc  



4.12 

   

 

The best fit logarithmic function found from consolidation data (as plotted in Figure 4.5b) 

will be of the form: 

 
Equation 4-5 

1c ClogC -s¡=e e  

 

Where, 
1C = scalar value equal to the strain at an effective stress of 1 (units can vary) 

 

 

By combining Equation 4-3 and Equation 4-5 an expression to determine a constrained 

modulus at a given effective stress is found, resulting in: 

 
Equation 4-6 
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For horizontal stress equilibrium and constrained lateral squeezing of a SB cutoff wall, ś 

in Equation 4-6 is the horizontal effective stress hos¡in the native soil immediately outside 

the trench. In this case, substitution of Equation 4-6 into Equation 4-2 yields the 

following: 

Equation 4-7 
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Moreover, since voamho k s¡=s¡ , Equation 4-7 may be written as follows: 
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Thus, Equation 4-8 represents a modified lateral squeezing model that accounts for the 

variation in the constrained modulus with stress/strain.  This revised model is solved by 
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determining a deformation, D, that satisfies Equation 4-8.  The D is then used to 

determine 
hs¡ from either side of Equation 4-8. 

4.4 Model Comparisons 

Predicted horizontal effective stress distributions in a SB cutoff wall based on at-

rest geostatic conditions (i.e., zk bobh g¡=s¡ ), the arching model, and the original and 

modified lateral squeezing models are compared in Figure 4.6.  In all simulations, the 

wall thickness B = 1 m and the groundwater table is at the ground surface.  The soil 

properties used in each model also are shown in Figure 4.6.  The backfill is assumed to be 

cohesionless and to exhibit the stress-strain characteristics shown in Figure 4.5.  The 

native soil is assumed to be medium dense sand (see Table 4-1 and Figure 4.4).  
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Figure 4.6 Horizontal effective stress distributions in SB cutoff wall (B = 1 m) 

predicted by arching, lateral squeezing, modified lateral squeezing, and geostatic 

models (groundwater table at ground surface). 
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The results in Figure 4.6 show that (1) all three models generally predict lower hs¡ 

at a given depth than the geostatic case, and (2) the differences between the geostatic hs¡ 

and the values of hs¡ predicted by the models increase with depth in the wall.  The 

deviation from the geostatic hs¡ at z = 30 m is approximately 50 kPa for the modified 

lateral squeezing model and over 100 kPa for the arching model.  As stated previously, 

the arching model may underestimate hs¡ for vertical barriers due to the assumption of 

rigid sidewalls.  The modified lateral squeezing model predicts stresses within the limits 

of those predicted by the original lateral squeezing model for the minimum and 

maximum values of Db exhibited by the data in Figure 4.5.  Despite the differences in the 

model predictions, all three models illustrate that the horizontal stress distribution with 

depth in a SB cutoff wall may be considerably lower than a geostatic distribution, 

particularly in deep walls.  This factor should be considered when selecting effective 

confining pressures for laboratory hydraulic conductivity tests.  The logic used to solve 

all of the models is included in Appendix VII for use. 

4.5 Conclusions 

This paper provides a review of available models to predict the state of stress in a 

SB cutoff wall, highlights the limitations and advantages of each of these models, and 

presents a modified lateral squeezing model that explicitly accounts for the stress 

dependent nature of SB backfill compressibility.  The modified lateral squeezing model 

improves predictions of lateral earth pressures in SB cutoff walls but does not address 

vertical stresses in such walls.  It is possible that, while lateral squeezing effects dominate  
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the horizontal stress conditions normal to the wall alignment, arching is still occurring 

and may provide a reasonable prediction of the vertical stress in the wall.  Given the 

indications from limited field studies that shear strength of SB backfill in constructed 

walls may not increase substantially with depth, the mean stress may reflect some 

combination of lateral squeezing and arching.  Moreover, none of the models developed 

to date address the horizontal stress distribution normal to the longitudinal axis of a cutoff 

wall.  A further limitation of the original and modified lateral squeezing models is the 

assumption that the starting stress state for backfill compression is ko.  The computed 

lateral stresses could be more or less if the starting stress state is other than ko. Additional 

model development and field studies are needed to better understand the stresses in all 

three dimensions independently. Additional research to investigate the stresses in a SB 

cutoff wall constructed in predominantly cohesive soils also is warranted.   
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Chapter 5: Recommendations and Conclusions 

5.1 Summary  

 

The objectives of this research, provided in Chapter 1, were to: 

 

¶ Study how the state of stress in SB cutoff walls varies in all three dimensions 

¶ Study how the state of stress in SB cutoff walls varies with depth 

¶ Study how the state of stress in SB cutoff walls varies with time 

¶ Develop a more reliable method of stress prediction in SB cutoff walls 

¶ Improve the state of practice in regards to in situ testing in SB cutoff walls 

These objectives were accomplished through three distinct research avenues.  The first 

was an investigation of the deepest SB cutoff wall ever built.  This portion of the project 

resulted in the presentation of a method to determine an estimate of shear strength from 

CPTU data in SB cutoff walls.  The proposed method does not require any prior 

knowledge of the state of stress or the pore pressure in the wall.  The shear strength 

estimation from this wall indicated that there is some strength gain with depth, though 

this gain is less than a geostatic pressure distribution would predict. 

 The second portion of the research was devoted to laboratory and in-situ 

investigations on a small SB cutoff wall in Birdsboro, PA.  A Shelby tube sample was 

taken five days after construction for laboratory testing.  The laboratory tests on this 

ñundisturbedò sample included incremental consolidation, rigid wall hydraulic 

conductivity, atterberg limit determination, grain size distribution by wet sieve analysis, 

and water content measurements.  The in situ investigations included CPTU, Vane Shear, 
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and Dilatometer.  These in situ tests were conducted during construction of the wall and 

after the wall had aged 3, 6, and 9 months.  In addition to the laboratory and in situ tests 

long term monitoring equipment was installed on the site.  This equipment included a 

groundwater monitoring well on the inside and outside of the well, as well as in situ 

moisture probes.  The moisture probes were installed at 0.6 m increments with depth and 

remain in place for future readings.   

The general conclusions from the Birdsboro testing included 1) the backfill had a 

high percentage of fines (~40%), a relatively small percentage dry bentonite (~1%), 

classified as SM, with a plastic limit of 17, a liquid limit of 28 and a plasticity index of 

11, and finally an average water content of 28% during construction indicating that the 

backfill was placed in a liquid condition (all of these findings indicate that the Birdsboro 

backfill is typical of a SB backfill with a small percentage of dry bentonite added) 2) the 

consolidation parameters of the backfill were typical for SB backfills with a compression 

index equal to 0.14 and a modified compression index equal to 0.08 3) hydraulic 

conductivity testing on the backfill indicated that the hydraulic conductivity decreases 

with increasing confining pressure and that in order to ensure that the general 

specification of 1Ā10
-6
 cm/s has been achieved the confining pressure must be greater than 

or equal to 20 kPa 4) the groundwater table inside the wall was always substantially 

lower than that outside the wall indicating that the wall is behaving as a barrier to 

groundwater flow 5) the strength in the wall is gaining slightly with depth (less than 

geostatic and depending on N-value) 6) there was noticeable strength gain between the 

tests conducted at construction and 3 months, but nothing substantial beyond that point 7) 
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there was a modest difference between the stress measured by the dilatometer parallel 

and perpendicular to the trench, but further data is needed to determine if the stress is 

truly varying in all three dimensions 8) the volumetric water content probes indicate that 

the wall is undergoing consolidation and drying.  Generally, the combined conclusions 

from the Birdsboro testing are that there is a slight increase in stress with depth and that 

the wall is drying, the extent to which is unknown.   

 The final portion of this research was dedicated to investigating the current 

models for estimating the state of stress with depth.  The results of this investigation 

indicated that there are two methods of stress prediction available; arching and lateral 

squeezing.  Each of these models has inherent advantages and disadvantages associated 

with it due to the underlying assumptions made in the model derivations.  This portion of 

the research was also dedicated to developing an improved model for stress prediction in 

SB walls, which resulted in the modified lateral squeezing model.  This model improved 

upon the original lateral squeezing model by providing a method to account for the 

variability in the constrained modulus with effective stress. 

5.2 Recommendations for Future Study 

 

 Overall the original objectives of the research were, to some extent, covered by 

each portion of this research.  However, there is still a great deal of uncertainty regarding 

the state of stress in SB walls and therefore the following will be a presentation of the 

limitations of the current research and recommendations for future study. 

Limitations of the current research include: 
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¶ The Birdsboro wall, despite all of its benefits, is limited as a research site due to 

the shallow depth to bedrock (~ 4.5 m). 

¶ In addition to the shallow bedrock depth, the Birdsboro site is limited due to the 

large difference in groundwater table from the inside to the outside of the wall. 

¶ The Birdsboro wall was also built using soils with a large portion of rocks.  This 

complicated in-situ testing. 

¶ The placement of the dike over the cutoff wall complicated testing at the 

Birdsboro site.  The complications included: ensuring the tests were being 

conducted in the center of the wall and determining what stress gain was 

attributable to self-weight consolidation as opposed to increased stress from the 

dike placement. 

Recommendations for future study: 

¶ The same in-situ data set completed during this study should be performed years 

down the road to determine if and how the wall properties have changed on a 

longer time scale.  A similar data set would be of even greater importance if it 

were conducted on a deeper wall built in largely cohesionless soils. 

¶ The moisture probes installed in the wall should be read every few months for the 

next couple of years to determine if seasonal variations in the groundwater have 

an effect on the drying and consolidation of the wall.  Similar moisture probes 

installed below the groundwater table in a deep wall could provide a large amount 

of information regarding stress development in these walls. 
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¶ Triaxial shear strength testing should be completed on the Birdsboro backfill and 

other model SB backfill mixtures to determine a reliable value for the undrained 

shear strength ratio, the friction angle of SB backfill, and the lateral earth pressure 

coefficient. 

¶ Further investigation of the existing stress prediction models should be completed 

to eliminate some of the uncertainty and limitations of the current models.  A 

model that combines arching principles with lateral squeezing phenomena would 

be the most useful and accurate.  It is also important to determine the effect of 

sidewall movements occurring during slurry and backfill placement.  This study 

lends itself to finite element analysis. 
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Chapter 6: Appendices 
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Appendix I  

Cone Penetration Test procedures and notes 

Date: June 5, 2008 

 

Step 1 

Unload CPT from carrying case and ensure that all necessary components are present.  

These components include, but may not be limited to: the cone, saturated porous 

elements (saturated refers to elements that have been saturated under a vacuum of one 

atmosphere for at least 24 hours), orange cable, data acquisition unit, laptop to run 

program, power source, voltage source, and enough drill rods to complete the test to the 

desired depth. 

Step 2 

Set-up the voltmeter, laptop, data acquisition system, and any other electronic devices 

being used and connect them all to the power source.  Power these systems up and allow 

them to sit for 15 to 30 minutes before testing begins to ensure that the electronics are 

sufficiently warmed up when testing begins. 

Step 3 

Position the drill rig over desired drill location. 

Step 4  

Once the electronic systems have been allowed to warm up, take initial baseline readings, 

with the cone in the air.  No load should be on the cone during this reading. 

Step 5 

Next set the hydraulic feed of the drill rig to 20 +/- 5 mm/s for advancement of the cone. 

Step 6 

Check all equipment to ensure there is no damage.  This includes visual inspection of the 

cone itself as well as the drill rods to ensure they are not bent.  It may be necessary to 

clean and lubricate the sleeve between soundings given the soft soils being tested. 

Step 7 

In order to maintain that the porous elements remain fully saturated the cone needs to be 

assembled in a submerged manor.  In order to obtain accurate pore pressure readings 

below the water table, it may be necessary to prebore down to the water table. 

Step 8  

It is now time to begin the test.  Push the cone into the ground at the rate specified above.  

Stoppages should be kept at a minimum and noted where they occur on the data sheet.  

Interruptions for the addition of rods can have negative effects on the initial readings and 

need to be noted on the data sheet.  Note all unusual occurrences during testing. 

Step 9 

Upon completion of the test, withdraw the cone as soon after as possible.  The cone 

should then be inspected to ensure no damage has occurred.  Especially check to see that 

the sleeve can be rotated 360 degrees by hand without any noticeable binding.  Once this 

is complete, again take baseline readings ensuring that they are within 2% FSO of the 

original baseline readings. 

Step 10 

Close the hole if necessary.  In the soils being tested, the hole should close itself. 
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Note: Make sure to read and understand ASTM standard D 5778-07 before conducting 

the Cone Penetration Test and strive not to deviate from this standard in any procedure 

used.  If any deviations do take place, make note of these deviations on the laboratory 

data sheet. 

 

Notes: 

Well in Advance 

-Measure all dimensions of cone and make sure that the dimensions meet tolerances set 

up in Figure 2 of ASTM D5778-07 

-Calibrate tip and sleeve resistance using load tests, thermal tests, and mechanical tests 

(procedures provided in annex of ASTM D5778-07).  Try to perform all tests at similar 

temperature conditions to those found in the field. 

-Make sure that computer system is 16-bit resolution or higher given the soils being 

tested (7.2) 

-Determine which filter element is best for this application.  Most likely polypropylene 

(7.1.8.5) 

 

24 Hours Before 

-Place cone tip in pressurized chamber and subject to rapid changes in pressure to check 

dynamic response of the cone (11.2.1) Compare to applied pressure changes to ensure 

responses match. 

-Place filter elements in pure glycerin or silicone oil bath (less tendency to cavitate 

because of high viscosity) under a vacuum of 90% of one atmosphere. Ultrasonic 

vibration and low heat can expediate process.  Allow full saturation to occur over 24 

hours in this manner. (11.2.2) 

 

In the Field 

-Power computer system for 30 minutes before beginning sounding to ensure all circuits 

are warm (11.1) 

-Baseline readings must be taken before and after each sounding to ensure quality 

readings (10.1.2).  The change in initial and final baseline should not exceed 2% FSO 

(full scale output) for the cone tip, friction sleeve, and pressure transducer. 

-Set ram feed to advance at rate of 20+-5 mm/s (12.1.2) 

-Dismantle cone tip and friction sleeve after each sounding to clean and lubricate as 

required.  Inspect for damage at the same time (12.1.4) 

-Assemble all elements submerged in de-aired medium.  Flush all confined areas to 

remove air.  Place a prophylactic over the porous element to maintain saturation until 

testing begins (12.3.2) 

-For accurate projects load range checks should be done before and after the project 

(10.1.3.3) 

-If unsaturated soil will be encountered and dynamic porewater readings are desired 

below the water table it may be better to pre-drill to the water table to eliminate the 

change of de-saturating the fluid filter (12.3.3) 
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-Record readings before and after addition of a push rod, this short pause can sometimes 

affect initial cone and friction sleeve readings (12.4.2) 

-Monitor rod inclination.  Inclination exceeding 5 degrees over 1 m can cause damage to 

the apparatus.  Most likely something closer to .5 degrees over entire length will skew 

results for soil type dealt with. (12.4.1.3) 
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Appendix II  

Flat Plate Dilatometer Test procedures and notes  

Date: June 4, 2008 

 

Step 1 

Un load dilatometer from case.  Check to make sure that all neccesary components are 

present.  These components include:  marchetti blade, control unit with pressure readout, 

calibration syringe, pneumatic electrical cable, ground cable, gas pressure tank, load cell 

to measure thrust. (some of these will not be found in the marchetti case, but are 

neccesary for the test) 

Step 2 

Position the drill rig over drill location.   

Step 3 

Visually inspect blade to ensure that it is not damaged or bent.  Once this is complete 

attach the pressure source and pneumatic=electrical cable to the control unit.   

Step 4  

Check the system for leaks.  Apply 4000-6000 kPa tp the cable when it is connected to 

the blade, then close the flow control valve and watch for any drops in pressure.  Small 

leaks (less than 100 kPa/min) are not desirable, but can be acceptable.   

Step 5 

Feed the cable through as many drill rods as neccesary to take measurements to the 

desired depth. 

Step 6 

Attach the cable to the control unit and connect the ends of the ground cable to the 

control unit and blade.  To ensure that a circuit has been created, press on the membrane 

of the blade to activate the signal on the control unit. 

Step 7 

While the membrane is unrestrained, determine and record the A and B parameters.  

Repeat these calibrations multiple times to ensure consistency.  The electrical and audio 

signal should start and stop automatically at the 0.05 mm and 1.10 mm expansions.  

These calibrations help to provide the final check on the system.  Any changes made after 

these checks have been done will require that the calibrations be done again. 

Step 8  

Now its time to begin the test.  With the vent valve half open, advance the blade 

vertically into the ground at a rate of 10-30 mm/sec.  Record the thrust right before test 

depth.  Blade penetration should produce an audio signal that ensures that the membrane 

is pressed flush to the blade. 

Step 9 

Within a window 15 seconds after the blade has reached test depth the static load must be 

removed, the vent valve closed, and the membrane pressurized.  The gage pressure at the 

instant the signal stops is recorded as the A pressure, this should be found within 15-30 s 

after gas flow has begun.  Without stopping the gas flow record the pressure when the 

signal starts again as the B pressure.  This reading should occur 15-30 s after the A 

pressure was taken.  Once the B presure has been reached, the vent valve should be 
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immediately opened to prevent over expansion of the membrane.  Every few tests should 

include a measure of the C pressure, which is the pressure obtained at the 0.05 mm 

extension while depressurizing the system. 

Step 10 

Repeat this procedure for the entire test depth with increments no less than 100 mm (4 

inches) between tests.  Pressure checks should be done every third test. 

Step 11 

Upon completion withdraw the blade and inspect for any damage, make notes of any 

changes.  Measure the A and B calibration values agaIn.  If these values differ from the 

original ones by a substantial amount, replace the membrane and repeat the sounding. 

Note: Make sure to read and understand ASTM standard D 6635-01 before conducting 

the Flat Plate Dilatometer Test and strive not to deviate from this standard in any 

procedure used.  If any deviations do take place, make note of these deviations on the 

laboratory data sheet. 

 

Notes: 

Well in Advance 

-Make sure blade conforms to the following dimensions: blade 96 (95-97) mm wide, 15 

mm thick (13.8-15), membrane 60 mm diameter 

-Control unit that can vary in type, range, and sensitivity (accuracy should be .25 percent 

of span recommended, these gages should be calibrated against a traceable standard). 

-Make sure calibration syringe available. 

-Drill rig should have capability to perform a quasi-static thrust 

-Make sure enough rod is available, use same rods as those used for a CPT sounding 

-Secure a gas pressure tank using any nonflammable, noncorrosive, nontoxic gas as the 

pressure source.  The recommended gas is dry nitrogen. (6.4) 

-Secure a suitable load cell just above the blade, used to measure the thrust (P) that is 

applied during penetration (6.5) 

-The testing blade should conform to manufacturerôs internal tolerance adjustments and 

should be in good visual condition.  Make sure blade has no bend, defined as a clearance 

of 0.5 mm or more under a 150 mm long straight edge placed parallel to the bladeôs axis.  

The penetrating edge should be straight and sharp and should not deviate more than 2 

mm transverse to the axis of the rod. (7.1) 

-Check system for leaks.  This is done by attaching pressure source and pneumatic- 

electrical cable to the control unit and applying 4000-6000 kPa to the cable, close the 

flow control valve and observe the gage for pressure drops.  Small leaks which are 

defined as less than 100 kPa/ min are undesirable, but should not affect results. (7.1.2) 

-Check the circuitry by hooking everything up and pressing on the membrane to make 

sure a signal appears on the control unit.(7.1.4) 

-Perform calibrations as laid out in section 7.1.5 several times. 

 

24 Hours Before 

 

In the Field 
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-Test sequence requires 2 minutes (4.1) 

-Penetration increment typically used ranges between 0.15 and 0.3 m (0.5 ï 1 ft) (4.3) 

-Perform a membrane calibration before and after each sounding (4.4) 

-Perform calibrations as laid out in section 7.1.5 immediately before testing 

-Advance the blade at a rate of 10-30 mm/s.  Record the thrust just before reaching test 

depth in a field sheet similar to that found in Figure X1.2 (7.2.1) 

-In order to assure the membrane is pressed flush against the blade the penetration should 

produce an electrical/audio signal (7.2.2) 

-Within 15 seconds of reaching test depth static force should be unloaded from push rods, 

the vent valve should be closed and the membrane pressurized (7.2.3) 

-When the gage pressure stops record the value on the electric/audio output as the A 

pressure, this value should be obtained within 30 seconds of starting the gas flow.  

Without stopping gas flow continue pressurizing until signal comes again.  When this 

occurs record this value as the B pressure, this value should be obtained no longer than 

30 s after the A pressure (7.2.3) 

-The time limits will be slower in soft soils.  The gages should be read to an accuracy of 1 

kPa. (7.2.3) 

-Once the test is complete the system should be immediately depressurized to prevent 

overexpansion of the membrane to prevent changing the calibrations (7.2.3) 

-Measure the C pressure by depressurization at least every other sounding (7.2.4) 

-Minimum penetration increment is 100 mm or 4 inches, pressure checks should be done 

every third or fourth test(7.2.5) 

-Reference 7.3.2 and 7.3.3 for dissipation test methods 

-Upon completion of a sounding inspect blade for any damage (blade bending, membrane 

damage, cutting edge damage) and note any changes.  Repeat calibration from 7.1.4 and 

record these values.  If the calibrations differ greatly from those at the beginning of the 

test replace the membrane and repeat the test. (7.4.1) 

-The report should be in the form laid out in section 10. 

 

Special Considerations can be found in section 8, but the main ones that apply to a soft 

clay are: 

-Use a steady readable pressure increment when running the test.  Check this test rate by 

closing the flow control valve and observing the gage drop.  If pressure drops in excess of 

2 percent than the rate is too quick.  Longer cables generally require a slower flow rate to 

achieve accurate readings. 

-For sensitive soils choose a membrane with low and consistent calibration values.  

Variability occurs mostly in upper layers and may be avoided by bypassing shallow 

testing through pre boring. 

-Replace any membrane that will be expected to wear or wrinkle that could inhibit 

smooth expansion of the membrane. 

-Weak soils provide poor lateral support to the rods and can increase the risk of damage 

to the rod and blade. 
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-Deeper readings could cause appreciable deflection from the vertical axis.  No 

significant effect on data occurs as long as soundings do not stray more than 15 degrees 

from vertical axis. 

-Check leaks periodically.  If a leak is found apply a pressure of 100-200 kPa during 

withdrawal to make sure there is no intrusion of soil and water into the system. 

-Make gage readings promptly and accurately. 

-If the electric audio signal does not cease this could be a short circuit in the system, 

which needs to be corrected before testing can continue.   

-Make sure to not exceed the B-pressure to ensure that overexpansion of the membrane.  

This can occur if soil makes its way behind the membrane causing an electrical 

discontinuity.  Fix this problem if it is believed to be occurring before the testing is 

continued. 

-Tests should not be conducted closer than 1 m from existing CPT borings and 25 boring 

diameters from uncased or unbackfilled borings.  This test should be done first if 

possible. 

-If pre bored disregard results within 3-5 borehole diameters from hole bottom. 
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Appendix III  

Vane Shear Test procedures and notes  

Date: June 3, 2008 

 

Step 1 

Un load vane shear from carrying case.  Check to make sure that all neccesary 

components are present.  These components include: all vanes, associated rods, hand 

torque meter, electronic torque meter, metric socket that fits rods 

Step 2 

Position the drill rig over drill location.   

Step 3 

Attach desired vane to vane rod.  Place hexagonal end cap on the vane. 

Step 4  

Push vane into the ground.  Make sure to maintain verticality of the vane throughout the 

testing. 

Step 5 

Measure the friction of the rod by turning the rod a quarter turn. 

Step 6 

Now begin the test.  The time between when the vane is finished pushing to when the test 

starts should no t exceed five minutes.  Apply the toruqe to the vane at a rate of 0.1 deg/s 

(0.05 -.2 deg s permissible).  Normal time to failure is 2 to 5 min, b ut can be 10-20 

minutes in very soft clays.  Note any unusual occurences, and record maximum torque.   

Step 7 

Upon completion of maximum toque determination rotate the vane 5 to 10 revolutions.  

Measure the remolded strength of the soil for sensitivity determination. 

Step 8  

Continue to conduct measurements at increments no less than 0.5 or 0.75 m. 

Note: Make sure to read and understand ASTM standard D 2573-01 before conducting 

the Vane Shear Test and strive not to deviate from this standard in any procedure used.  If 

any deviations do take place, make note of these deviations on the laboratory data sheet. 

 

Notes: 

Well in Advance 

-Knowledge of nature of soil should be known before beginning test. 

-Obtain standards ASTM D 1651, 1587, and 5434 before test since these will be used for 

this test. 

-Make sure undrained strength of soil is less than 200 kPa. (5.1) 

-Select a larger diameter vane for a softer soil (6.1.1) 

-Normal blades have a thickness less than 3 mm (6.1.2). Vane blade thickness above 

blades should be less than 17 mm (6.1.3). 

-Make sure vane area ratio is less than 12%, often less than 10% with tapering. 

-Check to make sure distance from top edge of vane to increase in torque diameter is 

approximately 150 mm. (6.1.5) 
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-Check accuracy so that it produces a variation of less than 1 kPa in computed shear 

strength. (6.2) 

-Obtain a geared drive to apply torque if possible. (6.2.1) If this is not possible note that 

the data is hand-torqued. 

-Make sure rod diameter is within the range of 18-25 mm (6.3) 

-Check rigidity of rods to make sure the steel will not twist during testing. 

-Find out how large the rotation must be to engage the vane. (6.4) 

-Calibrate the torque measurement.  This is done by inserting a rod with a moment wheel 

into the device.  Known weights are hung from the wheel with a set radius and the torque 

measurements are taken and compared to the applied moments. (7.1) Records of these 

calibrations should be kept and maintained.   

 

24 Hours Before 

 

In the Field 

-If rod friction measurements are taken make sure no side thrust is applied and should 

only be done if applied torque is done using a balanced moment. (6.3.2) 

-Correct the data for any twisting that may occur in the steel rods. (6.3.2) 

-Vane must be pushed vertically and straight. 

-Vane should be pushed in a single thrust and cannot be hammered, vibrated or rotated to 

the test depth. (8.4) 

-If friction rod coupling available measure and record rod friction. (8.5.1) 

-Make sure that time between vane penetration and rotation does not exceed 5 minutes. 

(8.6) 

-Apply torque at a rate of 0.1 deg/s (0.05 ï 0.2 deg/s) which generally requires 2-5 

minutes per test, but can be 10-20 minutes in a soft clay. (8.6) 

-Once the max torque has been found rotate vane 5-10 times and then perform test for 

remoulded shear strength within 1 minute after remoulding process (8.7) 

-Smallest interval of testing should be 0.5 m 
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Appendix IV  

Moisture Probe Data Collection Procedure 

 

1. Expose moisture probe wire ends. Location of wire ends is shown above in 

Chapter 3. 

2. Warm up computer and data acquisition system.  Username for computer = soils, 

Password = dirtlab03! (case sensitive) 

3. While electronics are warming up, connect the data acquisition system to the 

computer. 

4. Upon completion of Step 3 start PC400.  The program is located on the desktop in 

the folder titled Moisture Probe Programs. 

5. When PC400 is up and running, check to make sure that Bucknell Soils is the 

only available data acquisition system in the program.  If so, press Connect to 

open up a line of communication between the computer and the data acquisition 

system. 

6. Now in the bottom corner of the program box, under Datalogger Program, press 

Select and Send Program.  When in this dialog box choose the program titled 01 

and press send. This program will take continuous readings of specified channels, 

but does not record any values. 

7. Once the program has been sent, choose the tab titled Monitor Values.  If the 

electronics are sufficiently warmed up, it is now time to take a reading. 

8. Connect the wires to the data acquisition system as follows (make sure to connect 

a ground cable to the data acquisition system and a rod hammered into the 

ground):  

 

CS616 Wire Color CR23X Datalogger  

Green 1H 

Clear G 

Black G 

Red 12V 

Orange C1 

 

9. When the wires are connected the program will take a new reading every 15 

seconds.  Record the value for VW_uS and PA_uS.  These values correspond to 

the probe output VWC and the period of the signal respectively.   

10. Repeat the wire connection procedure for the remaining probes and place the wire 

ends back in their protective box. 

 

See the following Figure of the PC400 program interface labeled with the corresponding 

step in the procedure. 
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Step 5 

Step 5 

Step 6 

Step 7 
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Appendix V 

Consolidation Testing Summary 

  

Applied 
Load 
(tsf) 

Applied 
Load 
(kPa) 

Void 
Ratio, 

e 
Porosity, 

n 
Density, 
(g/cm

3
) 

Total 
Height, 

(in.) 
Vertical 
Strain 

Effective 
Stress 
(kPa) 

Sample A 0 0.00 0.70 0.41 1.98 2.49 0.00 0.00 

  0.125 11.97 0.67 0.40 2.00 2.44 0.02 8.60 

  0.25 23.94 0.60 0.38 2.04 2.34 0.06 19.62 

  0.5 47.88 0.53 0.35 2.09 2.24 0.10 43.15 

  1 95.76 0.48 0.32 2.13 2.17 0.13 90.89 

  2 191.52 0.43 0.30 2.17 2.09 0.16 186.34 

Sample B 0 0.00 0.63 0.39 2.04 2.50 0.00 0.00 

  0.125 11.97 0.60 0.38 2.07 2.45 0.02 8.13 

  0.25 23.94 0.55 0.35 2.10 2.36 0.05 19.26 

  0.5 47.88 0.51 0.34 2.13 2.31 0.07 43.29 

  1 95.76 0.48 0.32 2.15 2.26 0.09 90.91 

  2 191.52 0.41 0.29 2.21 2.16 0.13 186.57 

Sample C 0 0.00 0.70 0.41 1.97 2.48 0.00 0.00 

  0.125 11.97 0.65 0.39 2.00 2.41 0.03 7.70 

  0.25 23.94 0.63 0.39 2.02 2.38 0.04 18.84 

  0.5 47.88 0.58 0.37 2.05 2.30 0.07 43.00 

  1 95.76 0.53 0.35 2.08 2.23 0.10 90.77 

  2 191.52 0.48 0.32 2.12 2.16 0.13 186.58 
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Sample A .125 tsf       

Time (sec) 
Dial 
Reading 

Cum. Change in Sample 
Size (inches) 

Cum. Change in 
Sample Size (cm) 

Sample 
Height 

0 0.1336 0 0 2.49 

15 0.133 0.0006 0.001524 2.49 

30 0.1328 0.0008 0.002032 2.49 

60 0.1326 0.001 0.00254 2.49 

120 0.1323 0.0013 0.003302 2.49 

240 0.1316 0.002 0.00508 2.49 

480 0.1305 0.0031 0.007874 2.48 

900 0.1292 0.0044 0.011176 2.48 

1800 0.1274 0.0062 0.015748 2.48 

4020 0.1261 0.0075 0.01905 2.47 

7980 0.1239 0.0097 0.024638 2.47 

14700 0.1246 0.009 0.02286 2.47 

76800 0.1179 0.0157 0.039878 2.45 

82800 0.1176 0.016 0.04064 2.45 

Secondary 
Consolidation 0.1124 0.0212 0.053848 2.44 

Secondary 
Consolidation (2) 0.0998 0.0338 0.085852 2.41 

 

Sample A .25 tsf       

Time (sec) 
Dial 
Reading 

Cum. Change in Sample 
Size (inches) 

Cum. Change in 
Sample Size (cm) 

Sample 
Height 

0 0.0998 0 0 2.41 

15 0.0909 0.0089 0.022606 2.38 

30 0.0904 0.0094 0.023876 2.38 

60 0.0896 0.0102 0.025908 2.38 

120 0.0885 0.0113 0.028702 2.38 

240 0.0871 0.0127 0.032258 2.37 

480 0.0852 0.0146 0.037084 2.37 

900 0.0832 0.0166 0.042164 2.36 

1800 0.0812 0.0186 0.047244 2.36 

4020 0.0798 0.02 0.0508 2.36 

7200 0.0784 0.0214 0.054356 2.35 

15840 0.0774 0.0224 0.056896 2.35 

24180 0.0771 0.0227 0.057658 2.35 

85500 0.0752 0.0246 0.062484 2.34 

Secondary 
Consolidation 0.0726 0.0272 0.069088 2.34 

Secondary 
Consolidation (2) 0.0721 0.0277 0.070358 2.34 
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Sample A .5 tsf       

Time (sec) 
Dial 
Reading 

Cum. Change in Sample 
Size (inches) 

Cum. Change in 
Sample Size (cm) 

Sample 
Height 

0 0.0721 0 0 2.34 

15 0.0646 0.0075 0.01905 2.32 

30 0.0638 0.0083 0.021082 2.32 

60 0.0627 0.0094 0.023876 2.31 

120 0.0592 0.0129 0.032766 2.30 

240 0.0573 0.0148 0.037592 2.30 

480 0.0546 0.0175 0.04445 2.29 

900 0.0516 0.0205 0.05207 2.28 

1800 0.0471 0.025 0.0635 2.27 

3600 0.0421 0.03 0.0762 2.26 

7200 0.0391 0.033 0.08382 2.25 

14400 0.0376 0.0345 0.08763 2.25 

26760 0.0367 0.0354 0.089916 2.25 

104100 0.0353 0.0368 0.093472 2.24 

Secondary 
Consolidation 0.0349 0.0372 0.094488 2.24 

Secondary 
Consolidation (2) 0.0346 0.0375 0.09525 2.24 

 

Sample A 1 tsf       

Time (sec) 
Dial 
Reading 

Cum. Change in Sample 
Size (inches) 

Cum. Change in 
Sample Size (cm) 

Sample 
Height 

0 0.0346 0 0 2.24 

15 0.0277 0.0069 0.017526 2.22 

30 0.027 0.0076 0.019304 2.22 

60 0.0261 0.0085 0.02159 2.22 

120 0.0241 0.0105 0.02667 2.21 

240 0.0221 0.0125 0.03175 2.21 

480 0.0194 0.0152 0.038608 2.20 

900 0.0162 0.0184 0.046736 2.19 

1800 0.0125 0.0221 0.056134 2.18 

3600 0.0096 0.025 0.0635 2.18 

7800 0.0075 0.0271 0.068834 2.17 

11760 0.0069 0.0277 0.070358 2.17 

35880 0.0058 0.0288 0.073152 2.17 

90120 0.0052 0.0294 0.074676 2.17 

Secondary 
Consolidation 0.0052 0.0294 0.074676 2.17 

Secondary 
Consolidation (2) 0.004 0.0306 0.077724 2.16 

 

 

 

 



6.16 

   

Sample A 2 tsf       

Time (sec) 
Dial 
Reading 

Cum. Change in Sample 
Size (inches) 

Cum. Change in 
Sample Size (cm) 

Sample 
Height 

0 0.004 0 0 2.16 

15 0.2471 0.0069 0.017526 2.15 

30 0.2457 0.0083 0.021082 2.14 

60 0.2443 0.0097 0.024638 2.14 

120 0.2425 0.0115 0.02921 2.13 

240 0.2401 0.0139 0.035306 2.13 

480 0.2371 0.0169 0.042926 2.12 

900 0.2342 0.0198 0.050292 2.11 

1800 0.2313 0.0227 0.057658 2.11 

3600 0.2295 0.0245 0.06223 2.10 

8040 0.2282 0.0258 0.065532 2.10 

17880 0.2275 0.0265 0.06731 2.10 

52860 0.2265 0.0275 0.06985 2.09 

90300 0.226 0.028 0.07112 2.09 

Secondary 
Consolidation 0.2249 0.0291 0.073914 2.09 

Secondary 
Consolidation (2) 0.2249 0.0291 0.073914 2.09 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


















































































