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Chapter 1: Introduction

1.1 Backgroumnl

Geoenvironmental containment refers to practices used to prevent migration of
subsurface contaminants without activetyeatingthe 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 disposalsifiaid
and toxic waste. With the publicds health
been and continues to be a desire to mitigate Brownfields in the United States and abroad.
The technologies developed to control contaminant migrationesetsites 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 arond the world (Ressi di Cervia 1992 The need for longerm control of
subsurface contaimants 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 goundwater flow controlThis 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, bentonieter slurry is added to the trench to keep it from
collapsirg. The soil excavated from the trench (or sometimes imported soil) is then

mixed with bentonitevater slurry and additional dry bentonite (if necessary) and the
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trench is backfilled with this mixtureThe 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 thasesso
should be referred to for further informatiddoyes 1975Xanthakos 197906 App ol oni a
1980, Spoonet984, Ryan 1987, McCandless and Bodocsi 1987, Evans 1991, Millet et
al. 1992, Evans 1993, Lagrega et al 2001

It is often necessary faoil-bentonie cutoff wallsto have a long performance
lifetime (i.e., tens to hundreds of yeargjurther,vertical cutoff walls are often subjected
to little or no post construction testing or monitorinthe limited testing warrants further
discussion because létis documented about how these walls function on a system level
and over time. For example, in laboratory tests on -iited samples, the wall may
have a very low permeability, but madematures in the wall that are not fully understood
could causehte system as a whole to have a less than desirable hydraulic conductivity.
Some possible causes for these higher permeability rfieatores include improper
mixing of the backfill before placement, coarse grained windows caused by spalling, and
zones ofentrapped slurry formed during placemeBaivenik and Ayres 1987, Ryan
1987, Evans 1993)Due to the difficulty of investigating these madeatures 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



1.3

groundwder flow. In one studyEvans et al. 2004he hydraulic conductivity of a cutoff
wall was 3x10" cm/s at the base of the wall rather than the desired permeability of
approximately 1x10 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 postconstruction testing and monitoriregpuld also led to a gap in the
understanding of the statd-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 attaahky soil element,
and more specifically SB backfill, is directly related to the effective confining stresses on
that elementAcar 1985, Bowders 1986, McCandless and Bodosci 1988 and Weber
1991, Shackelford 199&vans 1994, Yeo et &20095. Thus knowing the statef-stress
is essential for predicting the permeability and chemical compatibility of the wall.

Misunderstanding the imitu stress state can lead to laboratory tests being
conducted at higher stresses than those that actually exiseimvall. Conducting
laboratory hydraulic conductivity tests on SB backfill at higher stresses than those that
actually exi st could | ead to an over abund
hydraulically and in its ability to combat chemical detathon.

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 lliioh 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 interestin 1985, Evans et atuggested that, due to shear

stresses at the interface between the compressiblbaSKill and the relatively rigid

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

geostatic predictionFigurel.l shows a graphical representation of this originahide

Original Backfill Surface

Backfill Surface
after consolidation

Side Shear A\ !
(slippage) f T

Backfill Settlement resisted by
side shear forces

Depth

Vertical Stress

v

Proposed Actual Geostatic
Stress Stress

Figure 1.1 Backfill Settlement and Stress Stat&Schematic @fter Evans et al. 198%

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

the stateof-stress in SB walls anlabw 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 buriedpglines.

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 ishat 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 he consolidation continues to occuFilg 1996). Evidence for this
phenomenon can be found in the measured ground surface deforsradiacent to SB
walls. Filz (1996)ecognized the limitation of the rigid sidewall assumption made in the
arching modeénd 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 fafcior
the stress state. Instead, the lateral squeezing model treats the wall ediraesrsgonal
consolidation test flipped on its side. In this model, pressure equalization between the
formation soils and the SB backfill is achieved by using conventiso#lproperties
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 cdgmworf the
backfill upon the trench sidewall material.

While each of the mposed 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 understodds known to be

less than geostatic, but the magnitude and distributioneo$ttiesses is a topic in need of
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additional research. The large influence that confining stress has on hydraulic
conductivity and compatibility mads determining the actual statof stress both
important and worthy of study.
The main objectives of the current research project can be broken down to:

9 Study how the state stress varies in all three dimensions

1 Study how the state stress varies with depth

1 Study how the state sfress varies with time

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

1 Improve the statef-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 Bucknell s own equi pment utoff condu
wal | at different times in the wallds |ife
old). Finally, the third portion was devoted to examining the underlying assumptions of
the two main methods of stress prediction and attempting to devebh@pvamproved

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 becausésithe 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 &éygeostatic pressure distributiomhe 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. Curent methods of shear strength prediction from CPTU data were derived for
Atypical o soils and therefore may not appl
walls. Nonetheless, method of shear strength estimation from CPTU data is presented
for use InSB cutoff walls This method is superior to other methods because it requires
no prior knowledge of the state of stress or ithesitu pore pressure in the wallThe
method only requires one assumption of @rrection factor. The recommended

correctionfactor is 12 and should be constant with depth.
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2.1 Introduction

Continuous readings with depta,robust setip andfast operatiorhave made the
Cone Penetration TesCPT) one of the main tools for classifying soils and assigning
engineeringproperties to the subsurface. Its usage has been amnig appliedfor
Quality Control (QC) testing of soHbentonite cutoff walls to ensurdackfill
homogeneityandor strengthdesign critela have been met.

The deepesBoil Bentonite §B) wall ever built was constructed iMayfield,
Australiaas part of a brownfield redevelopment projectis wall was finished i2006.
Two papers have been written on the projact wall construction(Janes et al. 2007
Ryan and Spauldin@008 and information rearding general SB wall design and
constriction is welkdocumented (Evang993) The wall was constructed to a depth of
49 m at its deepest point and has an overall length of 1500ha.QC testingorogram
for this projectincluded numerous CPT profileproviding data for a unique research
opportunityin three ways. First, the Mayfield cutoff wall is the deepest SB wall ever
built and thus provides aexcellent opportunityfor examining how the properties of
shear strength and effective stress vary wipth. 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 similastudy, 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 stattress. The hydraulic
conductivity is dependent upon the statestfess so, in order to reliably understand the
distribution of hydraulic conductivity, it is Bessary to understand the statetogéss. To
use the CPT data to determine the undrained shear strength, it wasneteassess 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 tls¢ate ofstress in SB cutofivalls is known to be less than
that determined using a geostatic pressure distribution, it is not fully under&weus(et
al. 1985 Evans et al. 1995, Filz 1996 This previous work has increased our
understanding of hownal why the state ddtress vaes withdepth 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 cutoflls.

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 @05 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 appropriatanalysis 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 bading, 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 obtin 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 andlinear 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 ofi@hpguations corrected with site
specific findings instead. The three main empirical approaches are:

l.undrained shear strength estimati on
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 estimati on
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3. undrained shear strength estimation using excess pore pressure.

For very soft clays, Powell and Luar2005 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 ifrigure 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 meshod
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 forwaoana
circumstances. However, for SB cutoff walls the stiHtstress is not well understood.

So the results for these two methods are shown for comparison purposes only. The basic
eguations for the methods are as follows:

Met hod 1 (fAexceeds)s pore pressur

Equation 2-1
Du
Su = ,(Du=u, - uy)
I\IDu

Where: N, should be between 7 and 10
The upper range should be used for conservative measurements

Met hod 2 (Atotal cone resistance

Equation 2-2

Su — di - S
th

Where: N,, should be between 10 and 20



2.6

Method 3 (s, theory)
Equation 2-3
5 =8 Su)
u
N

c

Method 4 (s .., theory)
Equation 2-4
S - (qC B Smear)
) N

Cc
Method5( Aief fective cone resistanceo
Equation 2-5
_(qt'uz)
S, =——=
Nk

e

Where:S, = undrained shear strength

N,. should be between 6 and 12 and correlates well with Bq (pore
pressure ratio)
g, = corrected tip resistance,

g.= uncorrected tip resistance,
u,= static pore water pressure,

u,= pore water pressure read at the shoulder,
S ,,= total verticaloverburden pressure,
S meas= Average total stress

Figure 2.2 shows the final method of shear strength prediction Bigdre 2.3
shows all of the above methods for predicting undrained shear strength vs. depth using
data from CPT 10 at statid©+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 24 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. Rurtier,

a reliable method to predict the effective stress in an SEfowlls is available, these
threemethods should be considered inappropriate. For these reasons Method 5 appears
to be the best option in predicting shear strength vs. depth for thiéeelMalyroject, and

more broadly for any SB wall.

Using Figure 15 presented in Powell and Lunne 2005 and the pessupe ratio
for data in CPT 10 was determinethat a correction factor of 12 would be a good first
choice for use with the effective me method Using a correction factor of 1®ith the
effective cone method on data from CPTré6ults n the plot presented fhigure2.2.

An alternative approach to the determination of the correction facestedefor
method 5 would be through the use of baekculation from other undrained strength
data. Using a vane shear data set that was collected at this site, the correction factor was
backsolved using equation 5. Combining the vane shear strengtivitlatthe CPT data
provides a method for determining changes in the correction factor with depth. This
method resulted ikigure2.4, 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 foundthin the wall. The equation obtained by a power fit through
the daa (highest R squared value) is shown in the Figure. This equation allows for the

correction factor to bdetermined aany depth. By visual inspection it appears that the N
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value approaches something between 10 and 12 at lower dapgteximately 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 fAsmoothingd met hods. The Asmoot hi
of the data setsito one by taking an @énmetic average of the twenfpur 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 representethe 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
layersin 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(BDR&Pa.

For Figure 2.5 all twenty-four availableCPT profiledata 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

qt :qc+(l_ a)*UZ

Where:q, = corrected tip resistance
g.= raw tip resistance

a= area rdab (0.73 for this project)
u,= pore pressure measured at the shoutleéne cone

The shear strength of each daet was then calculated usirgguation 2-5.

Calculating the shear strengths individually allows for each data set to leetedrby its
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own pore pressure datmakingthe prediction more accurate. Once the shear strength
was calculated for each of the 2ta setqusing a constant and varying correction
factor) they were averaged to create one data set representing thgeasbear strength

in the wall. This average shear strength data set was then subjected to pothtee

running average to hegdiminate anomalies and to somewhat smooth the data further.

2.3Results and Discussions

The resulting plots of shear strength depth for this project are found kingure
2.5 and Figure 2.6. Figure 2.5 shows the predicted shear strengging a constant
correction factor and varying correction faces well as shear strengths from the vane
shearplotted with typical shear strength classifications used by TerzaghPeck 1967
The important thing to note in this figure is the difference in shape batthe plot using
a constant correction factor and that producedguairvarying correction factorAlso,
noticethat the wall is classified as very soft, as would be expected given that the backfill
is placed as a highlump flowable materiaigure2.6 showsthe average shear strength
plotted with one standard deviation in each direction shoWwhnis plot shows that there
can besome amount of variability, but the majority of the predicted shear strengthsifall i
the very soft or soft range.

As shown in the Figuse the shear strength values predicted by the (G RAith
either choiceof the correction factorfall within the range of vane shear values for the

shear strength
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The method using a varying correctitactor results in predicted shear strengths
that show no strength gain with depth. The method using a constaltié&lof 12 shows
a slight increase in shear strength with depth. Both methods predict shear strengths that
are much smaller than those thabuld 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 Whitmi®69. Thus there should be a
linear gain of the shear strengththvidepth 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 Mayfielothaadl
on the total coe resistance method (Method 2Yhis 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 irfrigure 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 agtbhoice 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 notlystaic
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 irvéngcal 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 wadaeeloped in soil conditions that
may not necessarily be those that exist in SB walls F&pee 2.7. As shown inFigure
2.7, the principal stresses in an SB wall are rotated as compared to typical normally
consolidated soils and the stresses in akehdirections are different (rather thaqual
minor principal stresses astypical NC soil3. The effect of these differences in stress
conditions upon the CPT test results is not known.

In summaryMethod 5 using a constant correction factappeas to be the most
reasonable way tbnd the shear strength in@B wall from CPTU data This methods
the most suitable for use in SB cutoff walls because it does not rely orpramy
knowledge omrediction of the in situ stress state or the initiateppressure in the wall
results ina prediction of increasingshear strength with depth, amoduces shear
strengthvaluesof a magnitudethat areconsistent with those from othstudies. The
major limitation of this method of shear strength predicfireom CPTU data is the heavy
dependece on thechoice ofcorrection 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 G U test in the
testingof 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
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to be used im wide range of soils, including heavily egensolidated deposits with high
values ofstrength. For this reason, the load cellay not beaccurate in low stress
conditions, such as those found in SB wall8lso, despite efforts by designers and
contractordo ensure homogeity in SB backfill, here can be significant differences in
the strength of the backfill due to the presence of large clay l@angsocks. These
i a n a madsult énan@asured values of shear strength that may be higher than that of
the bulk cutoff wall

It is therefore corluded thatfor this project,t he fieffective <cone
method, as presented in Powell and Lunne 2005, should be used with a correction factor
of 12 for shear strength predictian SB cutoff wallsfrom CPTU data. This method
helps to eliminate somsources of uncertainty andauld provide the most reliable

predicton of the shear strength within the wall.



2.13

References

Evans, Jeffrey C, Hsafang Fang, and Irwin J Kugelman. (1985). "Containment of
Hazardous Materials with SeBentonite Slurry WallS.Proceedings of the
6th National Conference on Management of Uncontrolled Hazardous Waste Sites
Washington, DC Nov. 198369-373.

Evans, J. C. (1993)Vertical Cutoff Walls," Chapter 17 ieotechnical Practice for
WasteDisposal Ed. D. E Daniel, Ghapman and Hall

Evans, J.C., Cost a, M.J., and Cool ey, B.

sl urry Tr en cGeoduronmént 2000aGedteshnidal Special Publication
No. 46 Y. B. Acar and D.E. Daniel, Eds., American Society of d&ngineers, pp.
11731191.

o

Filz, G.M. (1996). n @BemostweBdcklati ed $teaeasbes,

Proceedings, ? International Congress on Environmental GeotechriitsKamon,
Ed., Osaka, Japan, pp. 4502.

Holtz, Robert D, and William Xovacs. (1981)An Introduction to Geotechnical
Engineering Upper Saddle River, New Jersey: Prentitadl, Inc.

Lambe, T. William, and Robert V. Whitman. (1968pil Mechanics, S| VersiomMNew
York, New York: John Wiley and Sons, Inc.

Mayne, P.W., (R01). "StressStrainStrengthFlow Parameters from Enhanced3itu
Tests,"International Conference on 18itu Measurement of Soil Properties and Case
HistoriesBali, IndonesiaMay 21sti 24th2001, pp. 2748.

Powell, J., and LECw®PAdeDaTa. i h2C0a)y sStuifid) s e
Geotechnica et Mechanic’pl. XXVII, No. 3-4, 5363.

Ryan, Christopher R, and Charles A Spaulding. (2008). "Strength and Permeability of a
Deep Soil Bentonite Cutoff Wall.The Challenge of Sustainability the
GecoEnvironment Proceedings of the GEongress 2008, ASOfew Orleans, LA.

Jones, Stephen, Charles Spaulding, and Patrick Smyth. (2007). "Design and Construction

of a Deep SoiBentonite Groundwater Barrier Wall at Newcastle, Australia.”
10th Augralian New Zealand Conference on Geomechanics Common Ground
Oct. 2007.

Terzaghi, Karl, and Ralph B. Peck. (1963pil Mechanics in Engineering Practice,
International EditionN.p.: A Wiley.

(2]



Depth (m)

O = |
5 .
10~ .
15— -
20— -
L < _
25— (S":‘E .
| | | | | ‘ ‘ ‘
30, 0 20 40 60

2.14

Shear Strength, S (kPa)

(0]
o

Figure 2.1 Shear Strength predicted by Excess Pore Pressure MethdMethod 1)

Depth (m)

0

) = =
o ) o

N
a1

30

(%.
A I ...~ S R SR H R AR B R R A BT

—

o

10 20 30 40 50 60 70
Shear Strength, S, (kPa)

Figure 2.2 Method 5 (Method Final) Shear Strength Prediction

(0]
o



2.15

07 i ]

i Method 1 ]

S N A A Method 2 ]

i — — Method 3 i

- Method 4 8

105 Method 5 B

é 15; ]
= o ]
s 0 ]
S T ]
D [ i
ZOj .
25— .
30" |

- -
-40 -20

Shear Strength, S (kPa)
Figure 2.3 All Applicable Methods for Predicting Shear Strength from CPT Data vs.

Depth
0 T T T T T 1T T ‘ T T T T T T T T T T T T T 17T
i oo ]
5 _
L &
E 1
= 10 —
-.5- |- —
o - -
(@] L B
15 y = 0.058441 * x21612 o |
| R?= 0.43643 |
L S o i
L <& |
20 I I I Y | ‘ I I S A | ‘ I I Y I M ]
0 5 10 15

Correction Factor, N,

Figure 2.4 Correction Factor vs. Depth



2.16

00 20 40 60 80 100
N ————— ] | —
i 2\ % ., ]
- N\ = N=12 :
S ‘%— Varying N B
i (= Geostatic ]
1ok N =3 O Vane Shear | -
- 2 )
= L O 3 i
S - —
< B =) 7
2 [ S 1
w0 R :
: <= ]
i = ]
30- | | L N

‘Very‘/ So{‘t éoft Medium
Shear Strength, S (kPa)

Figure 2.5 Shear Strength vs. Depth for Mayfield Wallwith typical shear strength
dividers shown



2.17

0 - w e——— —
5 I .
10 E— — ,:
E = |
e — £—— :
2 B = 1
o %: == ]
20 N —E; 7
—— = _ 1
o —— ]
% e ]
30 —— _'—— = — \ \ 1

0 20 40 60 80 100

Undrained Shear Strength, S, (kPa)

Figure 2.6 Average Shear Strength using constant correction factor, plus and minus
one standard deviationvs. Depth for Mayfield Wall



Current

Figure2.7St r es s es

2.18

CPT odel s devel op
ljlzljv 02:&3

[V 3

| Lolz = 03: Clh
Related to Uy
through ko 1or NC
soils

Whereas in SB walls:

o Clz

E

Uy

on a Atypical o soil el ement

wall



3.1

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 limieduite ofin situ tests
were conductedn a SB cutoff wall constructed during the summer of 2008. Measures of
the cutoff wall propertiesn situ included cone penetrometer tests (CPT), Marchetti
dilatometer tests (DMT), vane shear tests (VS), ground water level mogitan 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 fordadrg 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 thein situ properties of the cutéfwall 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 fifsd S r at i o
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 testwvepleel 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 wdbisture probe

readings indicated that the backfill is experiencing both consolidatidmieying.
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3.1Introduction
In order toaccomplish the objectives of thissearchin situ investigations were

conducted in a newly constructed wall and as the wall aged ofpeatunity to complete
the required testing arose when a wall was built aroundricipal wastewater facility in
Birdsboro, PA. SeeFigure3.1 for a Google Earth image of the site before construction

of the cutoff wall began.

Figure3.1Googl e Earth image of Birdsboroods
(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 eventsastenater tanks do
not become buoyantrigure3.2 showsa rough schematic of thayout of theBirdsboio

Wastewater Treatment Facility.
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The wall was constructed under the directioffefe Maltesea supervisor from

GeoSolutionsinc. Preliminary hydraulic conductivity s8ing on design mixes showed

that no dry bentonite was necessary to achieve the desired hydraulic cond(ctiviy1 0

cm/s),largelydue to thehigh percentage of fineis the soils along the trench alignment

However, during constructigapproximatelyone percent dry bentonite was addee to

an oversupplghipped to thaite A clay core dike was installed on top of the wall to

further prevent flooding of the site.
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The QC testing done on the wall duriognstruction includedetermination of
the fines content by wet sieve analysis, fresh ar@nch slurry viscosity measurements
using the marsh cone, fresh andrnench slury density measurements using thad
balance, fresh and4tnench filtrate loss using the API filtpress, pH of the frestusry,
sand content of the itnench slurry, unit weight of the backfilheasurementsf backfill
slope, and depth of excavation at each locat®eeTable3-1 for a summary ofesults
fromthe QC testing.

Table 3-1 QC Properties of Birdsboro Wall

Typical Birdsboro
Range 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 9-95
TrenchSlurry
Marsh Viscosity > 40 41-45 seconds
Mud Density 64- 85 67-77 pcf
Filtrate Loss <30 17-24 mi
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 surfacethe time of excavationThe dike built on top of the wall
post construction has put the bottom of the wall at about twenty foundet thetop 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

Testingfor this researclwas conducted in the section of the wall between
constructiorstations 2+30 and 3+25. The location of these drill sites in relation to

permanent site featuréesshownin Figure3.3.

[&————— Dirill sites g
Station 70m (2+30 ft) Station 99 m (3+25 ft)
r 7 7 7 T 7
///*/ / SB Cutoff Wall / /#////
/ [ [/ [ | ]
9.4 m (31 ft) \
7.9 m (26 ft)
19.2 m (63 ft) 13.1 m (43 ft)

Sewer Grate
Telephone Pole

Access Road

Figure 3.3 Location of drill sites in Birdsboro Wall

3.2.1Cone Penetrometer Testing

The Cone Penetration Test (CPT) has found wide application in the last two
decades bmuse of itaisefulness ircharactezing and determining engineering
properties of the subdiacematerials The reason for th@crease in cone usagethe
syst embs ratmost cntinuous teadmgs with depdimd ease of use (i.e.

speed) The usefulness of the cone has ledlarge effort in research teelp with the
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derivation of engineering soil properties from the findings of CPTs (Mayne 199%s

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

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

engineering, even in soft clayBowell and Lunne 2005 The reasons include tkeo n e 6 s

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

to soil desig parametersand continuous readings vs. depth (Powell and Lunne 2005).

According to Powell and Lunn@0059), there are two main aspects of a CPT thastbe

understoodo reach reliable conclusions about the i ptopedies. These two aspects

arel) the test results must be representative of the ground conditior®y praven

interpretation methods must be used in analyzing the @ata.tothe large amount of

research thatas recently (within the lasb2years) been conducted, it is now possible

interpret CPTU datavith somecertainty. One limitationof the CPTWand many in situ

testing devicess that it does not directly measure any soil propertiesarall data

must be fAinterpretedo to derive the par amet
The CPTUs conduted in this study were done using a Type 2 cone manufactured

by A.P. Van Den Ber¢SeeFigure3.4). This cone has a diameter of 35.7 mm, which

correspods to a projected area of 10 Grand a sleeve area 150 an®. The Type 2

cone dacribes the location of the porous filter eleme@in a Type Zonethe elements

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

resistance, especially important in soft s@ayne 19%), such as those encountered in

this study.
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4=Cable connection for data acquisition

Figure 3.4 Schematic of CPT used in this study

The testing procedure used in this study follows the methods prese#&d i
D 3441, buta general outline will be given her€urther information can also be found
in Appendix L

First, the cone and all related equipmerte taken out of the box fan
inventory. Second, the connectiamsthe data aegsition unit werechecked to ensure
proper electrical connectiondNext, the data acquisition systerojtage supply, and
computer wergéurned on.Based on earlier evaluationbgse pieces of equipment
neeckd fifteen minutes for the electronics to waup and reacteady conditios. After
the electronicsvere turned on and were warming up, the conedisesssembled and
visually checkedo ensure everythingiasin working order. When the cone check was
complete, the next step wasinstall a new satatedporous filter element This
procedure wasonducted in a bucket of water to enstnat full saturation waachieved

and maintained The tipwasremoved andemporarily stored ahe bottom of the bucket.
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Filter elements intended for use were satied in ethylene glycol for weeks in advance to
ensure complete saturation. na&w filter elementvas then selectedndalong with a
prophylacti¢c wasplaced in the buckedf water Thelower end of the&eone washen
submerged, ensurirthat the electroics on the uppeend remained dry. The old filter
element wasemoved andhe passageways at the tip of the cone from the porous stone to
the pore pressure transducer were purged of air with a hypodermic.dezlieew,
saturated porous stone was thestalled followedoy theattachment of the cone tip.
While the cone wastill submerged, the prophylactic wast over the congép, to ensure
that the element stayedturated until theone was in the soil. Whehe electronic
equipmentvas finished waning up, the next step wéas string the cable through the
drill rods and connect theone to the rod. Once thassemblyhadbeen completed a zero
reading wasgaken while the coneias hanging vertically in the air and the prophylactic
wascovering the poous filter. After all of the test setup was complete the actual test was
ready to begin A Labview® interfaceworks withthe data acquisition systeim take
readings of the voltag@t the prompting of the operatpsubtract the zero voltage,
convert he voltage into a pressure, plabe data (including the zero valie and the
output voltage) iran MSExcel® compatibldile, and savehefile. Readings fothis
study were taken everyl 50 mm (6 in) The readings were always taken while the cone
was leing 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 Chdpr 2. The methods used for this specific study

aredescribecdhere.
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After the datehad been collected, it wégaded intoMSExcel®for further
analysis. The firsmanipulationmade to theaw datawasto take the CPT outputshich
were based on outdated calibrations and revise theldatagh the use afalibration
equations collecteih the lab The tip calibration for this correction is shob®lowin
Figure3.5. This figurealsoshows the inheremariability of the cone tip readingsd the
low stresses encounteredarSB walland the upper and lower bounds of the actual
pressure for each CPT output pressufgure3.6 shows a similar calibration curve for
the pore pressure dat@ihe sleeve resistance did not show variability like thertigh a
pore pressure readings

The main goal in the analysis of the CPT data was to gaieasuref the
undrained shear strength of the wall and to usentiei@gsure of shear strengthpredict
the state of stress with depth. In order to accomplish tredjp pressure and the pore
pressure readings were used to find the shear strengththrotgh e fnef f ect i ve ¢
me t hpedented ifPowell and Lunng2005. The equation used for this is:

Equation 3-1
Su — (qt B uO)
N ke
Where S, = undrained shear strength (kPa),
g, = corrected tip resistance (kPa),
U, = in situ pore pressur@vater table at top of wall)
N .= effectivecone 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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q,=q+ (- 0.73*u,

Where g = un-correced tip resistance and
all other variables have been previously defined
u,= 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 sedse unusable and so the theoretical pore pressure
(which compares well according to dilatometer reswmis$ used to approximate the pore
pressure response.

The choice ofN,, was investigated in the Mayfield studyescribed in Chagt 2

as well ador the Birdsboro ProjectResults 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 faatoecommended 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 seemedditfv known strengthtrendsand magnitudes
from previous studies (Evans et al. 19@5d from a detailed analysis of the Mayfield
data.
In order tosmooth some ahe large variability betweesdjacent datpoints, the
next step in the analysis was &ké arunning logaverage of the data. This was done by
taking the log of each data point, then taking a three point running averagé&hkimng

the inverse log of the averagalue to get backo the predicted shear strengfhihe
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variability of short dstances 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 gtio {0 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 frietighe of a soil and the direction
of loading (Mayne 2001). Nonetheless the following approaches have been taken:
Lambe and Whitman 1969:

(s,/ Uofac=0.3+/1 0.1
Jamiolkowski et al. 1985 (normally consolidated to slightly ovesctidated):

(s,/ Uofc=0.23 +/i 0.4
Mayne 2001 (for friction angle 006=26U):

Theoretical WrothPrevost Model:
(s,/ Uofc=0.1-0.3
Normalized Ratio from critical state model:
(s,/ Uoftc=0.1-0.3

Degroot 2001:

SHANSEP procedure evaluated at OCR =1, 2, and 4:
s,/ 0o 0.19(OCR}"™
SHANSEP procedure evaluated at OCR = 1:
s,/ 98 0.18(OCR}"

Using anOCR = 1.3(Evans and Ryan 2005) themae equations produce:
(s,/ Uofac=0.23
(s,/ Uo)Ac=0.22
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Robertson and Cabal 2007 (for a friction ar
(s,/ Uo)ac=0.22
OCR refers to the overconstdition ratio. Given all the presentethta, the value for

(s,/ Uofitc in an SB wall vasassumedo be0.22for this research project
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Figure 3.5 Tip PressureCalibration
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Figure 3.6 Pore Pressurecalibration

3.2.2Flat Plate Dilatometer Testing

The fla plate dilatometer was developedtaly duringt he 19706s by Dr .
Marchetti(Schmertman 1988) The flat wedged shape of the dilatometer was chosen to
reducethestrains caused by the insertion of the instrumentchvallowsfor a more
accurate prediction of the pnesertion soil conditionsinformation from the dilatometer
to soil progerty correlation isemi-empirical in nature but hastheoretical backing.

For this project the dilatometer providedunique 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 stwdgassumed

to be varying in three dections Due to the variability in all thredirections the
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dilatometer test was conductedented both perpendicular and parallel to the trdimeh
(SeeFigure3.7) and data wergatheredcat0.30, 0.61, or 0.91 m (1, 2, or 3 foot)

incrementsdepending on time

Centerline of SB Wall Sidewall of SB Wall

Parallel (par.) Perpendicular (perp.)
Orientationis in reference to membrane, not blade
Figure 3.7 Blade orientation relative to trench

The dilatometer also providedmeasure of the undread shear strength, which
provedhelpful in comparing data between instruments. Over time two different
membrane$fiave been developed for use witie flat plate dilatometer. The two types
are known as the-snembrane and the-Fhembrane The differences ahe two
membranes come from the properties of the steel from which they are made. Generally,
it is recommended that tle®fterS-membrane be used in softer soils and so this
memlyane was lksosen for this study. Séegure3.8 for a schematic of the dilatometer

used in this study.
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le— D=60 mm —¥ / Type SSteel Membrane
.
(HEN
TTTT
N
| L =330 mm >

Figure 3.8 Schematic of Flat plate dilatometer used in thistudy

The testing procedure used in this study follows closely with the one presented in
Schmertmani{1988 combined with recommendations froh$TM Standard D 66351.
A general pocedurewas as followsnd more information about the dilatometerigat
andpreparationgan be found i\ppendix Il.

First the dilatometer wagmovedfrom its casing and connected according to the
proceduredescribed in section 2.3af Schmertmann (1988 Thisprocedure was also
used in the dermination of theDA and DB values. Once th®A and DB valueswere
foundand recorded, the test was readpeégin. The operatarsed the drill rig to push
the rod intathe groundstopping at thelesired depthWhen the blade was inserted into
the ground the control unémitted a high frequency continuous birxdicating that the
membrane was being pressed against the blade by the earth pressures. If the control unit
did not buzawhen the dilatometer was pushedhe ground, the test had to be stopped

andthe systeninvestigated foproblems When the blade was at the desired depth the
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A-pressurgeading was taken within 15 seconds by applying pressure behind the
memlyane until the buzz stoppedhe pressure at which the buzz stopped was recorded
as the Apressure.After the A-pressure was read, thegBessure was determined within
15 seconds by again applying pressure from the nitrogen tank until the buzz staited ag
The pressure at which thetz started again wascorded as thB-pressure. It was
important that the operator of the controltapplying the pressures) dibt pressurize
beyond the Boressurdecause doing so caausedamageo the membraneOnce the
B-pressure was determined, within fifteen seconds the operator relieved the pressure and
recorded the @ressure The Gpressure warecorded as the pressure reading when the
buzzbeganagain. Once the A, B and C readings were obtainedracdrded 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 teenbrane during penetration.

The data were analyzed according to the procedure preser8ethiertmann
(1988.

Corrected Apressure (bar) P,
Equation 3-3
p, =1.05* (Apressure GageZeror DA)-
0.05* (Bpressure GageZeror DB)

Corrected Bpressure (bar) 9,
Equation 3-4
p, = Bpressure GageZere DA

Corrected Gpressure (bar) P,
Equation 3-5
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p, = Cpressure GageZera- DA

Material Index (unitless) ¥,
Equation 3-6
(P, - p,)

(, - u,)

l D

Horizontal Stress Index (unitless)ke
Equation 3-7

_P,-u
KD - OS VO' O
Dilatometer Modulus (kPa&y E,

Equation 3-8
E, =347*(p, - p,)

Undrained Shear Strength (kPajs:
Equation 3-9
s, =(0.22* s, *(05* K, J*°)* 100

Overconsolidation Ratio (unitless) @CR
Equation 3-10

OCR=(0.5* K )**°

Earth Pressure Coefficient (unitlessk=
Equation 3-11

2K 047
K =%-28 _06
(5:1.5+

Where all variables are defined
S, = vertical effective stresgrior totesting(t/m?)

u, = the pore water pressure before insertion of the probe (bar).
The most important aspeatéthe dilatometer data analysis weocedetermire a
reliable estimate of the lateral earth pressamd a representative ual ofthe undrained

shear strength. The lateral earth pressure can be taken to be equal to the cofrected A
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pressure p, according tdSchmertmann (1988 In order todeterminehe undrained

shear strengtfrom the dilatometefindingsthe vertical effective stressd tobe

estimated. The vertical effective stress was calculated by asstimairayching

conditions control the vertical stress in the wahle arching method is presented in more

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

to arch over the trench and so the increasce

ignoredfor vertical stress calculations

3.2.3Vane Shear Testing

The vane shear test was invented for measurement of wealerakays in
Swedersometiman the early 1900&Chandler 1988) Since its invention, the vane has
been widely used to measuhein situundrained shear strength of a soil. This test has
been widely used and continues to be a common in situ test farfades
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 cfn SeeFigure3.9 for a schematiof the vane used in this testing.



3.20

NN

O
1
<—

13.7 cm T 3.7 mm T

|‘—H:6.5cm—’|

« 13.7 cm .

Figure 3.9 Schematic of Vane used in this study

This was the largest vane availabledwas used for improved accuracy in the
low shear strength ssierncountered in this studyThe torque was measured using a
digital torque meter. Themallest measurable torque for this apparatus was
approximatelyd.1 Nm, which is smaller than the shear strengths encountered in this
study. Due to the disturbances inetlsoil caused by the rotation of the vane, the vane
tests were conducted at @.61 (2 ft) increments.

The testing procedure used in this study follows closely with the one presented in
ASTM Standard D25781. A general pocedure will be presented and manformation
on procedurand setup can be found iMppendix IIl.

First the vane and all associated rods were unloaded fromstieeircarrying case
and inventoried t@nsureall necessary component&re there The nexistep was to
ensure that the batteries of the torqueter were in working conditiooy turning the
torque meter oand checking the displayOnce these tasks had been performed the

actual test was ready to begin. The vane was pushed with the drilkhig desired
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depth. Once¢he vane was at the desired dejbthactualtest would begin. The first part

of the test was to measure the rod friction by turning the rod a quarter turrthantil
coupling was screwed back into the vamdicating that the sbwas now resisting the

shear. Thaverageralueobserved during the tefir 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 vaniésoil while monitoring the torque
being appliedo the rod The rate that thikestwas donewvas generallyas slowly as the
operator was able to conduct the test continuouBEypical times to failure were one to

two minutes. After the soil had beefailed, the vane was turned beterefive and ten
revolutions to remoldhe soil. During this process it was important not to allow the vane
to Ascrewod i nto undi st ursdfieientlysemoldedthe When t he
remoldedshear strength was @ured by recording the averagequeof theremolded

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 depthpaockedse
repeated.

In orde 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 usad tioef shear

strength from thenaximum torque was (found in section 9.1 of the standard
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Equation 3-12
12* T, .,

p*DZ*%CD T
Rosi,) costy) 8

Wheres,, = undrained sheatrength from vane shear test

S =

uv

Tax= Maximum toque corrected for rod friction
D = diameter of te vane

i =top angle in degrees

i ;= bottom angle in degrees

H = height of the vane

More information about the above method of shear strength prediction from vane
sheartorques can be found in Silvestri and Aubertin (198&)e final correction made
was Bjerrumds cunr(X9e3y Thisccorrection wasedBg take into
account the plasticity of the clay.hib corrections:

Equation 3-13
t mobilized = n]/ (Suv)

Equation 3-14
m, =1.05- 0.045P1)*°

Wheret . .i,ec= Mobilized shear strength
Pl= plastigty index of soilbeing testedfound using Atterberg
Limits)

m, = correction factor

3.2.4Consolidation and Rigid Wall Hydraulic Conductivity Testing

In order to determinthe relationship between effective confining stress and
hydraulic conductivity, a stalard one dimensional consolidation test was rua on
Shelby tubesampletaken five days after the wall had been built. The sample was taken

atapproximately 3 nibelow the top of the wall because this depth was deemed to be a
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representativeepth forhow the rest of the walinightact (no large rocks like those that

may be found at the bottom and no top effects). The procedsed to conduct the
consolidation tests followed those presenteASTM D2435. The hydraulic

conductivity testing was conducteding 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 baftl), 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

Aundi st ur sesampleshoold e candidered remolded due to the disturbances
imparted during test seip. 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 he 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 incresaefatling head fixed
wall hydraulic conductivity test was conductefeeFigure3.10 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 stud¢Barben
2008

The tests were terminated when the fistec
been found, which for this project was considered to be when 4 conseailties were
within +/- 25% of themean. This termination criteridnllows 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 congutetsting
was conducted at the completion of a loading increment, the final tedtght

consolidatiorof the specimen was used in hydraulic conductivity calculations.

3.2.5Time Dependent ReflectometerTDR) Moisture Probes

The TDR sends an electrsggnal dong two metal prong6SeeFigure3.11for 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 forhte signal to travel the length of the metal proagd back
thefrequencyof the signalis correlated to a soil moisture content found through
calibrations. These probes have a wide range of applications including, but not limited
to, determining whetlrecompaction specifications have been met at the surface and
measuring the water content in liner applications.

The proles used in this study ameade by Campbell Scientific and are known
more specifically as CS615 reflectometers. These probes can dgyrraag voltage
sensing datéogger, but the provide@ampbell Scientificystem was used for this study.
Calibration of these probes wdsne in a five gallon bucket wittite specific soils. On
the day of construction, the bucket was filled to thewdp 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.vdlbmetric water content
readings in the bucket and those in the trench wetten 1% of each otheand so the
bucket was deemed a reliable placedmplete subsequent calibrations

The TDR probeesults in meases ofvolumetric water content (VWC), and
because of thjghe VWC of the soil in the bucket had to be fododcalibration of the

probes In order to find the VWC of the soil in the bucket three things were needed; the
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volume of the soiin the bucketthe weight of the soih the bucketand the gravimetric

water content of the soil. Calibrations were done by takinee 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 bufckenoisture content

determination The contents of the bucket were then allowedrypin 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 wagtakigure3.12 shows a plot of the

calibration data collected for this site soil.

0.42 T T T T ‘ T T ‘ T T ‘ T T ‘ T T T T
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Probe Output VWC
Figure 3.12 Backfill Specific Probe Calibration Plot
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In order to measurthe in situ water content of the SB backfill a reliable method
of probe insertionthat properly protected the prondmd to be found. The procedure
deemed most reliabknd practicainvolved sliding the probe into%l mm @2 pPVC
pipe that would holdhe probe during insertiotout allow the probe to slide out when the

pipe was pulled upwarddg-igure3.13 shows a schematic of the method of insertion.

20 PVC |
End View
Data Collection
Wire
Side View Top View

Figure 3.13 Schamatic of Installation Apparatus for TDR Probe Installation
The probes were installed in the wall0a61 m (2 Yoincrements, with the prongs of
the probes facing the top of the wall (Segure3.14). The proles 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.
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Figure 3.14 Figure Showing theOrientation of the Probes in the Trench

The location of the probe wire ends used for data collecsiorcluded inFigure
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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 corregthe 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 batk the actual VWC content (found through the
calibration presented abovefigure3.12) at saturation a correction factor was

determined for each of the probes. The equation to determine the correction factor is:
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Equation 3-15

) VWC
CorrectiorFactor= ———Knewn
Probe

Where, VWC . .,.,= Calibrated Volumetric Water Content

at Saturation (VWG 0.41for Birdsboro Backfill),
VWC, .= Volumetric Water Content read fropnobe

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

VWC =VWC,, .. * CorrectiorFactor

Actual

Whee, VWC ,, .= Actual Volumetric Water Content reading

corrected through calibration and for prong
deviations from parallel

Information on howto collect the moisture probe data is providedppendix
IV. Readings were taken at the satinges that the in situ tests were conducted;
construction, 3 months, 6 months, and 9 months. An extra data set was caitected

approximately 1.5 months duririge of the monitoring wellmstallations
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3.3Results and Discussions

The combination ofite laboratory tests conducted on the Shelby tube sample
from theBirdsboro wall and the suite of in sitests conducted as the walled 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 backfitluded grain size distribution,
Atterberg limits, and water content measuremehigure3.16 shows the grain size

distribution(ASTM D422-63) of the Birdsboro backfilfound troughwet sieve analysis.
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Figure 3.16 Grain Size Distribution of Birdsboro Backsfill
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The most important thing to note is the large percentage of fines ~¥8%.
fines percentage wadgthin theQC testingangefound 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 accordingh® procedure in
ASTM D431805. These esulted ima plastic limit of 1%, a liquid limit of 28%anda
plagicity index of 124. This isa low plasticity index for a soil with active clays, but
given the large percentage of fine sand and silt in the soiitaasonablealue The
USCS classificatiofASTM D248700) of the backfill soil according to the Atterberg
limits and he grain size distribution is SC, silty claysgnd with gravel

The average moisture content of nine samples taken from the Shelby tube prior to
consolidation testing was 28%, widhhigh of 31% and a low of 24%.he 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 aglescribed previously. From the consolidation testing it was found that
the backfill hasn averageompression index equal to 0.&6dan averagenodified
compression index equal to 0.10hese values are similar to those found in other studies
relatingto SB backfill €.g. Evans and Ryan 200Beo0 et al 2005, Baxter et al. 2005,

Barben 2008 Figure3.17 andFigure3.18 show the plots used to determitese two
indexes. More complete information fond during the consolidation testing can be found

in Appendix V.
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At the end of each consolidation test a rigid wall hydraulic conductiegiywas
conduced. Theresults of this testing indicated a tremiddecreasing hydraulic
conductivity with increasing effective (confining) stresghis finding supportérends

from similarstudies. This phenomenon is shown graphicallyFHigure3.19.
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Figure 3.19 Average Hydraulic Conductivity vs. Effective Stress (logarithmic scale)

Typically SB walls are designed to have a hydraulic conductivityishequal to
or | ess’cmhbalnt MoAulgoh t he requir emefiam/sf or t he
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 thar20 kPa to ensure that the hydraulic conductivity requirerhefticén/swas
met(or 40 kPa for a hydraulic conductivity requirement. A icén/s) In addition to

the decreasing hydraulic conductiviggth increasing confining pressyreis also



3.35

important to note that therereducedvariability in final hydraulic conductivityat higher
effective confining stress. Thimnding could be importanin determining howhese
wallsbehaveon a macro scale. For instance, in the Birdsbord, Wathe effective stress
were to fallbelow 20 kilopascals themuld bealarge degree of uncertainty thevalue

of hydraulic conductivity Also, the variability shown here only represents the changes
within one Shelby tube sample and thesrékely greater variability between samples
obtained at different locatioms thewall. Complete hydraulic conductivity test datee
includedin Appendix VI.

Groundwater monitoring wells were installed between the construction of the wall
and the tests conducted at 3 monthke water table in the outk wellwas generally
encountereat 2.38m (7.8 ft.) below the top of the well. The water table in the inside
well wasgenerally encountereat 3.9 m (12.8 ft.)below the top of the well. There is
approximatelyatwo foot drop in elevation frorthe topof theoutside well to théop of
theinside well. Figure3.20 shows this information in an easier to understand fashion and

includes the water table heights idem@nce 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 the groundwater tableevelinside and outsidthe
wall is an indicatiorthe wall is functioning as intended.he difference in water table
levels is due to groundwater mounding on the outside of the wiaich indicatsthat the
wall is behaving as a barrier to watervilo

In situ tests were condied during construction of the wadind when the wall
was 3, 6, and 9 months old. The main goal of thesgtuntests was to determine hole
shear strengtharieswith depth and timeThe combination of the three methods allowed
for a comparisomwf the shear strength predictiof 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 dilatomedat in general the backfill classifies as very
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soft accoding to shear strength classificatigqii®rzaghiand Peck 1967and 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 ranisin 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 walaedfected
by the placement of the clay core dike over the wdlhe rawdatafrom the CPTis found
in Appendix VII. For this study, the vane shear was used in the determination of the
shear strength found with the CPT datde shear strengths derived from the tip
resistance of the coraeshown inFigure3.22. 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 isrmestrength gain with depth, but less thaa predicted using a
geostaticstate of stress in the backfill

The shear strengthalues found from the vane shear test are showfignre
3.23. ComparingFigure3.23 with Figure3.22 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 resudt One of the benefits of the vane compared to other in situ tests is
that it measures a cquaratively large amount of s@toviding an average and therefore
is often considered morepresentative shear strength prediction. This benefit for typical
sois is a disadvantage when usedSB backfill made up of soils with a large percentage

of rocks For the data collected at three monthss also possible that some of the vane
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was in the side of the trench during the testsich would lead to largehgar strengths
due to the influence of the stronger formation sof®mparing the results from
construction and 9 monththe vanaesults correlate well to tHePT results btinot so
with the data at 3 andronths The raw data from the varefoundin Appendix IX

The shear strengtralues found from the dilatometer are showrFigure3.24.
As indicated in this figure, the dilatometer does not shigmificantstrength gain with
depth. Thereppears 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 requittes assignment of a value fibre in situ
effective stress. For ésecalculatiorstheinfluence of thedike was ignored Since a
geotextile system was used to span the treaitbf thedike sresswas assumed tarch
over the trenclas per the design. hEvertical stress distributiom the treachwas
calculated using the arching method (described more in Chapter 4)

In addition toan estimate of the shear strength, the dilatometer proaide=ans
to computethe lateral earth pressure and pore pressure within the wall. Bothsef the
computaions may be affected lgxcess pressures created dutimginsertion of the
probe, but are valuable for comparison to theoretical values. The lateral earth pressure is
assumed to beughly equal to the correctedgkessure, pand the pore pressure is
assumed to beoughly equal to the correctedf@essure, p Figure3.25 shows plots of
horizontal effective stress predicted by subtractiniggm p..

These computed values of horizontal effective stress are compahed to t

theoreticalhorizontal 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
Sil :Sinlsm+DSC"ka

Where, sj = horizontal effective stress in trench
Si.m= horizontal effective stress from modified lateral
squeezing
Ds = change in vertical stress (outside the trench) due to
influence of dike

k., = active earth pressure coefficient of soil outside trench

a

The method used to determine the influence of the dike was takerMiuotiny (2003).
Thesolution was for an infinite strip loadzigure3.21 shows the dimensions and
properties of the dikeas well as the influence factosed to determine the change in

stress at depth.

Depth, m Influence Factor 1.8 m
0 1 }4_ (69
0.5 0.98 T
S
» — Osat = 17 kN/n# (110pcf) l
2.5 0.84
3 08 }47 6.1 m (20 —>{
35 0.75
4 0.67 Depth (0) = Bottom of Dike = Top of Wall
4.5 0.63
5 0.5

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 cotistrud hehigher
lateral stresses measured by the dilatonadteonstructia 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 closé&tather
the lateral squeezing method is based on the sitkeofahe 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 montfyarallel to the trenchghould probably be ignored
because it does not makense in comparison to the others and the membrane was

changed during this test.he data from the dilatometer can be foundppendix VIII.
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Table3-2 shows the moisture probe readings corrected for changes caused to the
probes during insertionMore VWC data is located iAppendix X

Table 3-2 Corrected Moisture Probe Readings

Depth Volumetric Water Content (VWC)

(m) Correction Factor | 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 omable3-2 is shown graphically ifrigure3.26 below.

0
: T- eegEes¥—i -0
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4~ . -
f 1l |
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0.2 0.3 0.4 0.5 0.6 0.7

Volumetric Water Content
Figure 3.26 Corrected VWC vs. Depth

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

insertion and calibratioarrors;the probes indicate that the soilasing moisture due to
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1) dryingandbr 2) consolidatn. Thesetwo possible causes of chasge VWC over

time areillustrated inFigure3.27.

Consolidation Lower Void Drying- Lower Degree of
Ratio Saturation

[ ] Solid
[ Ar
I \ater
Figure 3.27 Possible causes of changes in VWC
If the soil has remained saturat@m drying)then the VWC is equal to the
porosity and the effective stress can be determined from the relationship bebidken
ratioandmean effective stress from consolidatioesting(shown inFigure3.28). The

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

expression:
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Equation 3-18
. _ S| t2KS|
S hean ™ T
The applied load from the consolidometer was used as the vertical effective stress and 0.5

was used as the lateral earth pressure coefficient.

07 T T 17 \\\\\‘ T T 1T

y = 0.78682 - 0.16277log(X)

0.65 R2= 0.99709

©
o

0.55

Void Ratio, e

o
o

0.45

0.4 I ‘ I ‘ I
1 10 100 100C

Mean Effective Stress, (kPa)

Figure 3.28 Relationship betweenvoid Ratio and Mean Effective Stress for
Birdsboro Backiill

Figure3.29 shows the predicted mean effective stress, from the correlation to void
ratio, if the wall is assumed to be complgtshturated 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

Theunrealistcally large values of effective stresBown in theFigure3.29
indicate thadryingis occurring Thesecond approach to stress prediction from the
VWC is to allow for some drying at each depth, while also allowing for consialidto
occur. This method requirea prediction of the mean effective stress, which can then be
used to determine the degree of saturatibime mean effective stress was calculated
assuming that the horizontal earth pressure was equal to that estoydaéetal
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 inFigure3.30. The influence of the dike was not included for the mean effective
stress during constructiolhe phase diagram used in this prediction of the effective

stress isncluded inAppendix XI.
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Figure 3.30 Effective Stress found by varying Volume of Voids
Thedegree of saturatioimat satisfies the phase diagram for the effective stresses

in Figure3.30is shown inFigure3.31.
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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 greathan 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 estimatednean 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.

3.4Conclusons

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
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percentage of fines in the soil underlying the aitd the modest hydraulic condivty
requirement of 1x1® cm/s

This wall provided a unigue research opportunity for sdveesons including 1)
there wereno contaminants in the groundwater thatcduld det r i ment al t o
performance over timer to the health and safety of the investiga®)rthe researchers
were granted full access to the wall for tests, samples, and installation of instruments 3)
the wall will be available for futurenonitaing andtesing. 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 inctwdadd water
monitoring,cone penetration, vane sheand flat plate dilatometer test§hein situ
investigatiors enabledhe estimationof shear strengtthorizontal effective stress, and
pore pressure at depth. The results of these tests indicated that there is some shear
strength gain with depth, bless than geostatic theory would predict. There was some
strergth 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 metthocluding 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 prssure readings from the dilatometer indicate that the pore pressure
in the wall is approximately equal to the pore pressures expected if the groundwater table
wereassumed to bat the top of the wall. The in situ pore pressuthas exist in the wall

areprobablysmaller due to excess pore pressures generated during blade insertion.
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In addition to in situ testing a Shelby tube sample was takerediately after
construction of the wall for laboratory testing. The testing conducted on this sample
included grain size distribution by wet sieve analy8igerberg limitsmoisture contents,
consolidation testing, and rigid wall hydraulic conductivity testing. The combination of
the atterberg limits and grain size distribution resulted in the USCSifatasion of the
backfill as SM, due to thiarge pecentage of fines (~43%) ahol 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 iquadl condition. The
consolidation testing resulted in the determioaibf acompression index equal to 0.16
and a modifiecompression index equal to 0.1Results from the rigid wall hydraulic
conductivity testing indicated that the hydraulic condugtidecreases 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.his response was expected

Finally, moisture probes were installed in the wdllring constructiopat ~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 dmathr consolidation of theackill
occurring in the walldue to decreases in VWC observed over the 9 moriths.extent
to which the wall is drying and consolidating is unkngwat the most probable cause for
the change in VWC over time is a combination of the two, where the defgsaturation

is decreasing while the densityincreasing
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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 howhese 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 Hite
containment of groundwater and subsurface contamination. However, despite the wide
application anduse of SB cutoff walls, limited information exists regarding theisitu

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 modulusjCthat varies with stress. Finally, the horizontal effective

stress prediction of all three models is compared to the other modelsastdtg



4.2

4.1 Introduction
Since the 1970s, sdientonite (SB) vertical barriers (cutoff walls) have been

widely employed foiin situ containment of ground water and subsurface contamination.
Despite the wide application and common use ofcaB®ff 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 predect 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 athese 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 conihing pressure typically causes a decrease in hydraulic conductivity and an
increase in resistance to chemical attack of soil barrferg., Acar et al. 1985,
McCandless and Bodosci 198Byans 1994, Shackelford 1994, and Yeo et2805.
Hydraulic condictivity tests conducted on SB backfill specimens using confining
pressures based on an assumed geostatic pressure distribution could vyield
unconservatively low values of hydraulic conductivity.

Mathematical models have been developed by previous reseanctan 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 &xcurate 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 congpdhe 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 hypotées$iat 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., théweight 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 Figure4.1.

Subsequently, there have been twohmatatical 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 predictsti@l stressesThe freebody diagram used as
the basis for the arching model, showrrigure4.2, 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 thevesdiht of the backfill
element. The cufbwall is assumed to be a uténgth,and the groundwateable is

assumed to be
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Figure 4.1 Schematic llustrating 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 adhesiand interfacial friction angle along
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the trench sidewalls are equal to the internal cohesiandinternal friction anglé; of
the backfill, respectively (i.e., a s@ndd = f}), the cbsedform analytical solution for

the vertical effective stress;, is as follows (Evans et al. 1995):

Equation 4-1
aB@ . 2¢,0
& - . R N
S = 92?5 B +‘el expg 2Kk ézgtan(f')w
V= . I+ - & ) b/
Koo tan(f ) i € bg;B_+ w

wherethe remainingerms are defined iRigure4.2. The horizontal effective stressthe

backfill, s}, then may be estimated using the equatigr s j A op.k

The arching model given Wyquationd-1 predicts that, at a certain depth, side
friction will negate any increase in vertical stress associated with the backfill self weight,

such thats j approaches a constant value (e.g., see Fig. 1). However, the archielg mo

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 prtefrent s a
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 maintairnorizontal stress equilibriucross the trench sidewalls.

According to Filz (1996), lateral displacement of the trench sidewalls can occur
during three stages, as illustrated conceptualligare4.3. The first stage involves
inward displacement of the sidewalls as ttench is excavated and filled with slurry,

thereby reducing the horizontal effective stresg) in the soil adjacent to the trench. In
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this initial stage,sj immediatelyoutside the trench would be lower thatrrest 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 reboural,(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 ofrigrech sidewalls during backfill
consolidation begins from the-egst position and, thus, ignores any displacements that
may occur in the first two stages.

The lateral squeezing model uses pressure equalization andstta@ss
compatibility between aahesionless 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
SiB_ D
2Db kam

wheresj, is the verticakffective stress outside the trench using a geostatic appi®ach,

is thewall width prior to displacemenDy, is theconstrained modulus ¢lie backfill Dis
thedeflection of tharenchsidewall(one side only)andkanis themobilized active earth
pressure coefficierdf the soil outside the trench (i.eqkkamO o kvhere k and k are
the atrest and active lateral earth pressure coefficientseotisply). Filz (1996)

suggests that Pvalues for use ifEquatiord-2 can be determined from omémensional
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consolidation testing of siteackfill. Since knis a function oD (for example, see
Clough and Duncan 1991), anraéive approach can be used to determine the appropriate
value of Dand the correspondingksuch thaEquationd-2 is satisfied. The horizontal

effective stress j then can be determidéby sj= sj,A amK

R I
| | | |
| | | I
I : I :
| | | |
T 1
i I i I
| |
1l ——
i - ™o
| |
.l s
Sidewalls move towards  Sidewalls rebound Sidewalls move
centerline during during backfill towards centerline as
excavation and slurry placement backfill consolidates
placement

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 mdus! |
Equationd-1 is asimpleclosedform expression, whereas solutionEgjuation4-2
requires an iterative approachlso, the results of a recent field study by Ryan and
Spaulding (2008) indicatedhthe 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 assumipn 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 assumptionf moving sidewalls in th&ateral squeezing model may more
realistically represerthe behavior of SB cutoff wall&or example, Filz (1996) suggests
that ground surface displacements observed adjacent to SB cutoff walls may be caused by
inward displacement of the sidewalllsater, Filz (199) presented a case study in which
a buildingadjacent to &B cutoff wall was damaged due to ground surface
displacementsThese displacements were attributed by Filz (1998)ward movement
of thetrenchsidewalls However, the model requires determination gfidaluesthat
develop only when #inward sidewaldeformation(D) isless than tatrequired to
mobilize fully active conditions. These values gflre a function ob as well as the
friction angle of thenativesoil outside the trenchClough and Duncan (1991) provide a
method for determining the relationshipween knandD for different soil types but do
not providespecificfriction angledor thesesolil types. Also, the lateral squeezing model
utilizes a single constrained modulus, B represent the consolidation behavior of the
backfill, despite the fadhat O, varies withstress. These limitations are addressed in the

modified lateral squeezing model presented below.

4.3Modified Lateral Squeeziniglodel

One of the practical challenges associated with use of the lateral squeezing model
given byEquation4-2 is determining a proper relationship betwegp &ndD. Clough
and Duncan (1991) provide estimated values of normalized deformatiolHewhere

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 inwasgdldcement of the trench
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sidewalls is not sufficient to cause fully active conditibde reachedh the adjacent
native soil, then k, will be less than the akest earth pressure coefficieny lbut greater
than the active earth pressure coefficienfile., k, < kam< ko). In such cases, both knd

ka must be known in order to estimatg,KThus, for the purposes of this modified lateral
squeezing model, values of the effective friction an@lé fave been assigned to each
soil type. The assigned valuesfofare included in the fifth column dfable4-1 along
with corresponding values of k 1 - sinf~ and Rankine values of.k tarf(45-f "/2) and

Kp = tarf(45+f "/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.

. d= o/ H Assigned Propertiés
Soil Type At Rest| Active | Passive|l f° (°) Ko Ka Kp
Dense Sand 0 0.001 0.01 40 0.35 | 0.22 | 459
Medium Dense San 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

"Soiltypesadqp/ H val ues from@@)ough and Duncan
? Rankine values ofjand k.

In Figure 4.4, values of k andk, are plotted against the corresponding values of
D/H for each of the four soil typeas Table4-1 to illustratethe manner in whiclkym is
assumed to vary betweeg &nd k. Variouss-shaped curves have been presented that
define the relationship between lateral earttespure coefficient and deformation.
Although the mathematic expressions foese curvegypically are not reportefe.g., see

Cernica 1982, Spangler and Handy 1982, Das 2@@d,Murthy 2003, Clough and
Duncan (1991suggestthe relationshipbetween k andy/H using a logarithmicspiral.

The curve shown inFigure 4.4 are secondrder polynomiad andapproximatethe
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logarithmic spirals given by Clough and Duncan (1991) for deformations betweest at
and active earth pressure ssestates The secongrder equations provided Figure4.4
can be used to computg.kfor a given value ofYH as needed for the modified lateral

squeezing model.

""""" Dense Sand (= 40): k, = 115000p/H)? - 2550/H) + 0.357
Med Dense Sanfl' & 39): k= 25200D/H)? - 1270/H) + 0.426
Loose Sand (= 30): k, = 82600/H)? - 74.50/H) + 0.500
""" Silt (f* = 29): k= 27800D/H)? - 1400/H) + 0.577
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Figure 4.4 Mobilized active earth pressure coefficients (k) 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 modus, D, in Equation4-2. The constrained modulus is the slope of
the stresstrain 6 -€) curve from a onglimensional consolidation test, i.e.,

Equation 4-3
s’

Dbzg
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Consider the ondimensional consolidation test data showrrigure4.5 for SB

backfill collected from a cutoff wall site in eastern Pennsylvania.

Effective Stress' (kPa) Effective Stress' (kPa)
0 50 100 150 200 1 10 100 1000
0,007\ T T ‘ T T T ‘ T T T ‘ T T \7 00 [ T T \\HH‘ T T \\HH‘ T T \HHL
0.02] (@ 0.02- (b) -
0.04/ - 0.04- -
a - 1 @ - ]
= 0.06 41 £ o006 -
g C ] g L CCG ]
) 0.08- - ) 0.08— -
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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 inFigure4.5a, the stresstrain curve obtained in this tastnot linear when
the data are plotted on an arithmetic scale. Thyss Dot constant and, in fact, varies
widely as a function of the effective consolidation stress §.9., For example, if Dis
determined by drawing a tangent to the stsssn curve as shown iRigure4.5a, then
values of [} ranging between 500 and 160dPa are obtained from this data set
depending upon the stress at which iB evaluated. However, the slope of the stress
strain data is constant whéme data are plotted on a selmgarithmic scale, as shown in
Figure4.5b. In this case, the slope is termed the modified compression ingean@ is

expressed as follows (Holtz and Kovacs 1981):

Equation 4-4
de

_dlogsi

ce
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The best fit logarithmic function found from consolidation data (as plottéejure4.5b)
will be of the form:

Equation 4-5
e=C_logsi- C,

Where, C = scalar value equal to the strain at an effective stress of 1 (units can vary)

By combiningEquation4-3 and Equation4-5 an expression to determine a constrained
modulus at a given effective stress is found, resulting in:
Equation 4-6

Si
C,logs'-C,

b

For horizontal stress equilibrium and constrained lateral squeezing of a SB cuto#fwall,
in Equation4-6 is the horizontal effective stress, in the native soil immediately outside

the trench. In this casesubstitution ofEquation 4-6 into Equation 4-2 yields the

following:
Equation 4-7
S i/OB(Cce |Og S iwo B Cl) — D
ZS i’lO kam

Moreover, sincesj, =k,,Si,, Equationrd-7 may be written as follows:

Equation 4-8
4%0.c,8
®B "%
® Cce g

Si/okam = 1089 )
Thus, Equation4-8 represents a modified lateral squeezing model that accéamtse

variation in the constrained modulus with stfsgain This revised modek solved by
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determining a deformationD, that satisfiesEquation 4-8. The Dis then used to

determinesj, from either sideof Equation4-8.

4.4Model Comparisons

Predicted horizontal effective stress distributions in a SB cutoff wall based on at
rest geostatic conditions (i.ej, =k,.gjz), the arching model, and the original and
modified lakeral squeezing models are comparedrigure 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 shoviAigare4.6. The backfill is assumed to be
cohesionless and to exhibit the stregin characteristics shown Figure4.5. The

native soil is assumed to beedium dense sand (s€able4-1 andFigure4.4).

Parameter | Units | Value Horizontal Effective Stress, (kP9

Lateral Squeezing(LS) Model O0 50 100 150 20C

% KN/ 21 N\

Dy, (min)* kPa 500 ) U R e ]

Dy (fmaX)l - kPa 1220 6% \\ |- LS (D,=500 kPa) ||

o egrees W | ) ]

Arching Model and Geostatic — -5 (B, To00kre

% KN/ 195 E 1oF ]

Co kPa 0 f‘:} C ]

2 degrees 30 Q [ b

Kob 05 i8¢ 7

Modified Lateral Squeezing(MLS) Model

&% kN/m® 21 oal- 1

Ce' 0.10 B ]

C -0.00 : ]

fo degrees 35 Yo | —— ]

! values based on data in Fig. 5.
% from Baxter et al. (2005)

Figure 4.6 Horizontal effective stress distibutions in SB cutoff wall (B = 1 m)
predicted by arching, lateral squeezing, modigd lateral squeezing, and geostatic
models (groundwater table at ground surface).
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The results irfFigure4.6 show that (1) all three models generally predict lowpr
at a given depth than the geostatic casel, (2) the differences between the geostajic
and the values ot predicted by the models increase with depth in the wall. The
deviation from the geostatisj at z = 30 m is approximatey0 kPa for the modified

lateral squeezing model and over 100 kPa for the arching model. As stated previously,

the arching model may underestimate for vertical barriers due to the assumption of

rigid sidewalls. The modified laterabueezing model predicts stresses within the limits
of those predicted by the original lateral squeezing model for the minimum and
maximum values of Pexhibited by the data iRigure4.5. Despite the differences in the
model pedictions, 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 tesifie logic used to solve

all of the models is included in Appendix VII for use.

4 5Conclusions

This paper providea review ofavailablemodelsto predict the state of stress in a
SB cutoff wadl, highlights thelimitations and advantages each of these models, and
presents a modifiedateral squeezingnodel that explicitly accounts for the stress
dependent nature of SB backfill compressibilitfhe modified lateral squeezing model
improves pedictions of lateral earth pressures in SB cutoff walls but does not address

vertical stresses in such wallk.is possiblethat, while lateral squeezing effects dominate
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the horizontal stress conditionsormal to thewall alignment, aching is still ccurring

and may provide a reasonabjwediction of the vertical stress 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 riagt iome
combination of lateral squeezing and archingoreover, 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 latersqueezing models is the
assumption that the starting stress state for backfill compressiyn i§he computed
lateral stresses could be more or less if the starting stress state is other Alaalitiknal
model development and field studies are neetiedetter understanthe stresssin all

three dimensions independentidditional 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 objective of this research, provided in Chapter 1, were

1 Study how the state stress in SB cutoff walls varies in all three dimensions

1 Study how the state stresan SB cutoff walls varies with depth

1 Study how the state stresan SB cutoff walls variesvith time

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

1 Improve the site ofpractice in regards to in situ testing in SB cutoff walls
These objectives were accomplished through three distinct research avenues. The first
was an inestigation of the deepest SB cutoff wall ever built. This portion of the project
resulted inthe presentation of a methad determine an estimatd shear strength from
CPTU datan SB cutoff walls The proposed method does not requimg @rior
knowledge of the state aftress or the pore pressure in the wall. The shear strength
estimationfrom 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 pdion of the research was devoteddaboratoryandin-situ
investigations on a small SB cutoff wall in Birdsboro, PAShelby tube sample was
taken five days after constructidor laboratory testing. The laboratory tests on this
Aundi st ur baudead ingeanenpal censdlidation, rigid wall hydrauli
conductivity, atterberg limit determinatipgrain size distribution by wet sieamalysis,

and water content measurement$iein situinvestigations included CPTU, Vaneésatr,
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and Dilatometer. Thesn situ tests were conducted during construction of the wall and
after the wall had aged 3, 6, and 9 montlmsaddition to the lab@tory andin situ tests
long term monitoring equipment was installed on the site. This equipment included a
groundwatemonitoring well on the inside and @ide of the well, as well as situ
moisture probes. The moisture probes were install®dbanincrements with depth and
remain in place for future readings.

Thegeneral conclusions from the Birdsboro testindudedl) the backfillhad a
high percentage of fines (~40%relatively smallpercentagelry bentonite (~1%)
classified as SiMwith a plastic limit of 17, a liquid limit of 28 and a plasticity index of
11, and finally an average water content of 28%rduconstruction indicating that the
backfill was placed in a liquid conditiqall of these findings indicate that the Birdsboro
backfill is typical of a SB backfill with a small percentagedof bentonite added)) the
consolidation parameters of theckdll were typical for SB backfills with a compression
index equal to 0.14 and a modified compression index equal to Pre&iaulic
conductivity testing on the backfill indicated that the hydraulic conductivity degease
with increasing confining presee and that in order to ensure that the general
specification of A 1°@m/shas been achieved the confining pressure must be greater th
or equal to 2&Pa 4) the groundwater table inside the wall was always substantially
lower than that outside the wahdicating that the wall is behaving as a barrier to
groundwater flow 5}he strength in the wall is gaining slightlytividepth (less than
geostatiand depending on-Malug 6) there was noticeable strength gain between the

tests conducted at constrieet and 3 months, but nothirsybstantiabeyond that point)
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there was modestifference between the stress measured by the dilatometer parallel
and perpendicular to the trendjut further data is needed to determine if the stress is
truly varying inall three dimension8) the volumetric water content probes indicate that
the wall isundergoing consolidation and dryin@generally, the combined conclusions
from the Birdsboro testingre that there ia slight increase in stress with deghd that
thewall is drying, the extent to which is unknown.

The final portion of thisesearch was dedicated to investigating the current
models for estimating the statesifess with depth. The results of this investigation
indicated that there are two methardsstress prediction available; arching and lateral
squeezing. Each of these models has inherent advantages and disadvantages associated
with it due to thaunderlying assumptiormmade in the model derivationd his portion of
the research was also dederhto 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 accotuhé for

variability in the consained modulus with effective stress.

5.2 Recommendations for Future Study

Overall the original objectives of the research w&resome extentoveredoy
each portion of this research. However, there is still a great deal of uncertaintimeggar
the stateof 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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1 The Birdsboro wall, despite all of its benefits, is lied as a research site due to
the shallow depth to bedrock (~ 4.5 m).

1 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.

1 The Birdsboro wall wa also built using soils with a large portion of rocks. This
complicatedn-situ testing.

1 The placement of the dike over the cutoff wall compliddtssting at the
Birdsboro site. The complications includesiisuring the tests were being
conducted in theenter of the walhnd determining what stress gain was
attributable to selfveight consolidation as opposed to increased stress from the
dike placement.

Recommendations for future study:

1 The same irsitu data set completed during this study should bpeed years
down the road to determine if and how the wall properties have changed on a
longer time scaleA similar data set would be of even greater importance if it
were conducted on a deeper wall built in largely cohesionless soils.

1 The moisture probs 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 walilmilar moisture probes
installed below the groundwattable in a deep wall could provide a large amount

of information regarding stress development in these walls.
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9 Triaxial shear strength testing should be completed on the Birdsboro backfill and
other model SB backfill mixtures to determine a reliable védu¢he undrained
shear strength ratio, the friction angle of SB backfill, and the lateral earth pressure
coefficient.

1 Further investigation of the existing stress prediction models should be completed
to eliminate some of the uncertainty and limitatiofithe current models. A
model that combines arching principles with lateral squeezing phenomena would
be the mostiseful and accuratdt is also important to determine the effect of
sidewall movements occurring during slurry and backfill placemenis Sthdy

lends itself to finite element analysis.



Chapter 6: Appendices

6.1
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Appendix |

Cone Penetration Test procedures and notes
Date: June 5, 2008

Step 1

Unload CPT from carrying case and ensure that all necessary components ate presen
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

Setup the voltmeter, laptop, data acquisition system, and any other electronic devices
being used and connect them all to the power source eRtbese 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 systes 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 26 $/mm/s for advancement of the cone.
Step 6

Check al 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 \ideer ta

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 effectthe 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 hasext.clEspecially 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 thenole 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-®&7 Bb&fore conducting

the Cone Penetration Test and strive not to deviate from this standard in any procedure
used. Ifany 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 D57787

-Calibrate tip and slee resistance using load tests, thermal tests, and mechanical tests
(procedures provided in annex of ASTM D570B). Try to perform all tests at similar
temperature conditions to those found in the field.

-Make sure that computer system isldibresoluton 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 atmospheesaddic

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 redings 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 adwnae at rate of 206 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 iraideed medium. Flush all confined areas

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 aryshamic porewater readings are desired
below the water table it may be better to-gr#i to the water table to eliminate the
change of desaturating the fluid filter (12.3.3)
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-Record readings before and after addition of a push rod, this short pausenedimes

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 eil type dealtwith. (12.4.1.3)
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Appendix Il

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 compemis 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 fothe 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 tle system for leaks. Apply 408D00 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 thecable 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 createdopréesmembrane

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
sigral 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-BO mm/sec. Record the thrust right before test
depth. Blade penetration should produce an audio signal that ensures that thamaembr

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 recordesithe A pressure, this should be found withirB05

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 oc80rslafter the A

pressure was taken. Once 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 depressurizinige 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, mék® of any
changes. Measure the A and B calibration values agaln. 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-®@b8&foreconducting

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 the following dimensions: blade 96 (93) mm wide, 15

mm thick (13.815), 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 ageacstadle standard).

-Make sure calibration syringe available.

-Drill rig should have capability to perform a quasatic thrust

-Make sure enough rod is available, use same rods as those used for a CPT sounding
-Secure a gas pressure tank using anylaomwhable, 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 shoulded or m t o manufacturerds interna
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 | ong strai
The penetrating exe 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 preumatic
electrical cable to the control unit and applying 48000 kR 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 pregsin 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 rasfgpetween 0.15 and 0.3 m (0.3 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 020 mm/s. Record the thrustsjubefore 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 reachirngst 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 obtainethini30 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)

-Thetime 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 calibrati@r®) (7.

-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 teghous

-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 thenegiof 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 pressimcrement 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 aagrate 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 expectedaear 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 verticaNaxis.

significant effect on data occurs as long as soundings do not stray more than 15 degrees
from vertical axis.

-Check leaks periodically. If aleak is found apply a pressure cR00&kPa during
withdrawal to make sure there is no intrusion of sod aster 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 thedBessue 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 conded 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 withirs3borehole diameters from hole bottom.
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Appendix Il

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
torgue meter, electronitorque 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 treethaoughout 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 torugee¢@ane 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 can2€10

minutes in very soft clays. Note any unusual occurences, and record maximum torque.
Step 7

Upon completion of maximum toque deterntina 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’B-@b 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 #sshould be known before beginning test.

-Obtain standards ASTM D651, 1587 and5434before 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 €oil.Q)

-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 edigeaoe to increase in torque diameter is
approximately 150 mm. (6.1.5)




6.10

-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 possitde¢hat

the data is hantbrqued.

-Make sure rod diameter is within the range of2ZBBmm (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 tle 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 teting 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 andaetrod 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 (0i06.2 deg/s) which generally require$?2

minutes per test, but can be-20 minutes in a softlay. (8.6)

-Once the max torque has been found rotate valf®tines 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 1V
Moisture Probe Data Collectiomdtedure

1. Exposemoisture 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 yponnect thelata acquisition system to the
computer.

4. Upon completion of Step 3at PC400.The program is located on the desktop in
the folder titled Moisture Probe Programs.

5. When PC400 is up and runnincheck to make sure that Bucknell Soils is the
only availabledata acquisition system in the program. If so, p@swect 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.héh in this dialog box choose the program titled 01
and press sendhis 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
electronicsare sufficiently warmed up, it is now time to take a reading.

8. Connect the wires to the data acquisition system as folloake sure to connect
a ground cable to the data acquisition system and a rod hammered into the

ground)
CS616 Wire Color CR23X Datdogger
Green 1H
Clear G
Black G
Red 12V
Orange C1l

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 sigaapectively.

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 PC4pfbgram interface labeled with the corresponding
step in the procedure.



Step 7

i PC400 Datalogger Support Software - Gucknell Soils { CR23X )
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Datalogger Information
D atalogger Mame: Bucknell Soils
Datalogger Type: CR2%<

Direct Connect Connection
CO Port: COM1

Datalogger Settings
Baud Rate: 19200
Security Code: 0
Extra Fesponse Time: 0
Max Time Online: 0d Oh Om

Datalogger Clock
[ratalogger
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Appendix V
Consolidation Testing Summar

Applied | Applied | Void Total Effective

Load Load Ratio, | Porosity, DensitBy, He_ight, Verti_cal Stress

(tsf) (kPa) e n (g/cm”) (in.) Strain (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| 19152 | 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 1197 | 0.65 0.39 2.00 2.41 0.03 7.70
0.25 2394 | 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
Dial Cum. Change in Sample Cum. Change in Sample
Time (sec) Reading | Size (inches) Sample Size (cm) 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
Dial Cum. Change in Sample Cum. Change in Sample
Time (sec) Reading | Size (inches) Sample Size (cm) 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
Dial Cum. Change in Sample Cum. Change in Sample
Time (sec) Reading | Size (inches) Sample Size (cm) 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
Dial Cum. Change in Sample Cum. Change in Sample
Time (sec) Reading | Size (inches) Sample Size (cm) 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
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Sample A 2 tsf
Dial Cum. Change in Sample Cum. Change in Sample
Time (sec) Reading | Size (inches) Sample Size (cm) 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




























































































































