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SECTION 1
VADOSE ZONE TRANSPORT FIELD STUDY
SISSON AND LU SITE
200 EAST AREA, HANFORD SITE
RICHLAND, WASHINTON

INTRODUCTION

Applied Research Associates, Inc. (ARA), under contract to Battelle ingtaled nine Electrica
Restivity Tomography (ERT) arrays a the Sisson and Lu Site of the Hanford Site, Richland,
Washington. In addition to the ingalation of the ERT arrays, piezocone testing was performed to
collect tip stress, deeve friction, pore pressure, volumetric soil moisture, and soil resstivity vaues. Six
advanced tensometers and 4 PVC welswere dso indtdled at the Site. Thisreport documents ARA's
steinvedtigation efforts, test techniques, and andysis of the data for fieldwork conducted from 2 May
2000 to 16 May 2000. Continuous soil sampling was performed using an innovative wireline approach
at onelocation on July 21, 2000. Presented are the field testing methods, data andysis techniques, and

abrief discusson of the reaults.
TEST LOCATIONS

Nine ERT arrays, six advanced tensometers, and 4 cross borehole access wells were installed
using cone penetrometer techniques at the Sisson and Lu Site. Each ERT location and two of the cross
borehole locations included complete piezocone testing. Figure 1 shows the location of each
ingdlation. The stedl cased wells were dready present at the Sisson and Lu Site from a previous
experiment. Each ERT array conssted of 15 electrodes at 1 meter spacing with the deepest most
electrode placed at 62.5 feet (19 meters). The target depths for the advanced tensiometers varied upon
location and are sated in Table 1. The cross borehole wells had atarget depth of 60 feet, the actua
ingallation depths are dso stated in Table 1.

REPORT OUTLINE

Section 2 discusses the CPT equipment, ingtdled equipment, field procedures, and data format.
Section 3 describes the methods used to interpret the CPT results as well as a discusson of atypica
CPT profile from the Sisson and Lu Site. Section 4 presents the summary and conclusions and Section
5 ligt the references.
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Figure 1. CPT Tedt locations at the Sisson and Lu Site.



Table1l. Summary of Datafrom CPT at Sisson and Lu Site.

L ocation Well # LLNL Final Depth | Cone Datafile
L abel (ft)

ERT-1 C3083 ERT-I 62.5 502Y 0003C.DAT
ERT-2 C3084 ERT-A 62.5 511Y 0006C.DAT
ERT-3 C3085 ERT-B 62.5 511Y0003C.DAT
ERT-4 C3086 ERT-C 62.5 502Y 0007C.DAT
ERT-5 C3087 ERT-D 62.5 510Y 0007C.DAT
ERT-6 C3088 ERT-E 62.5 510F0005C.DAT
ERT-7 C3089 ERT-F 62.5 510Y 0003C.DAT
ERT-8 C3090 ERT-G 62.5 510Y 0001C.DAT
ERT-9 C3091 ERT-J 62.5 511Y0001C.DAT
TEN-A3-27 C3092 244

TEN-A3-20 C3093 18.1

TEN-H6-36 C3094 9.2

TEN-H6-19 C3095 17.6

TEN-F2-19 C3096 184

TEN-F2-31 C3097 16.2

X1-well C3098 51.6

X2-well C3099 54.40 516Y 0001C.DAT
X3-well C3100 50.40 515Y 0004C.DAT
X4-wdl C3101 53.10




SECTION 2
TESTING EQUIPMENT AND PROCEDURES

INTRODUCTION

The electric cone penetrometer test (CPT) was origindly developed for use in soft soil. Over
the years, cone and push system designs have evolved to the point where they can now be used in
strong cemented soils and even soft rock. ARA's penetrometer consists of an instrumented probe that
is forced into the ground using a hydraulic load frame mounted on a heavy truck with the weight of the
truck providing the necessary reaction mass. The probe has a conicd tip and afriction deeve that
independently measures vertica resstance beneath the tip as wdll asfrictiond resistance on the side of
the probe as afunction of depth. A schematic view of ARA's penetrometer probe is shown in Figure 2.

A pressure transducer in the cone is used to measure the pore water pressure as the probeis pushed

I into the ground (Piezo-CPT).
Soil Moisture
lectrod . :
Flectiodes The probe dso included ARA’ s sal
Geophones moisture/ resstivity/ temperature (SMIRT)

module. The SMRT module was used to
develop continuous profiles of volumetric sail
moisiure and resigtivity at each of the ERT
locations. The resigtivity data helped initiate the
Tip Load Cell  — gl <—;”e°;i:e” ERT andysisdgorithms. The CPT sensorsalso
provided sratigraphy information for the andyss.
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PIEZO-ELECTRIC CONE PENETROMETER TEST

The cone penetrometer tests were conducted using the ARA penetrometer truck. The
penetrometer equipment is mounted inside a van body attached to aten-whed truck chassswith a
diesdl engine. Bdlast in the form of weightsis added to the truck to achieve an overdl push capability
of 50,000 Ibs. Penetration force is supplied by apair of large hydraulic cylinders bolted to the truck

frame.

A 15-cnt’ penetrometer probe (which has 1.75-inch diameter, 60° conica tip, and a 1.75-inch
diameter by 6.5-inch long friction deeve) was used on this project. This probe Szeisin conformance
with ASTM D3441 (Ref.1). The shoulder between the base of the tip and the porous filter is 0.08 inch
long as shown in Figure 2. The penetrometer is advanced verticaly into the soil at a constant rate of 48
inches'minute, athough this rate must sometimes be reduced as hard layers are encountered. The
electric cone penetrometer test is conducted in accordance with ASTM D3441.

Inside the probe, two load cdlls independently measure the vertica resistance againgt the conica
tip and the Sdefriction dong the deeve. Each load cdl isacylinder of uniform cross section
instrumented with four strain gages in afull-bridge circuit. Forces are sensed by the load cdlls and
digitized within the probe. The data are transmitted from the probe assembly via a cable running
through the push rods to the data acquisition computer in the truck. The data are then recorded and
plotted by the data acquisition computer. A set of datais normally recorded each second, for a
minimum resolution of about one data point every 0.8 inch of cone advance. The depth of penetration is
measured using a sring potentiometer mounted on the push frame.

Soil Moisture/Resitivity Sensor

The soil moisture/ resstivity/ temperature module connects directly behind the piezocone and
produces a profile of each measurement during the penetration. The ARA developed soil moisture
probe uses a Resonant Frequency Modulation (RFM) approach to determine the soil moisture content
and didectric congtant (K ¢). This approach conssts of ingalling a custom PC board in the CPT probe
which is then interfaced with sandard CPT equipment, iminating the need for specidized measurement
equipment. An advantage of this approach is that cable distances are unlimited as dl conditioning and
processing of the sgnd occurs downhole, diminating the effect of cable length induced sgnd
attenuation.

The RFM approach uses the probe and surrounding soil to determine the resonant frequency of
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an ocillator. The RFM circuit frequency varies from 150 MHz in air to gpproximately 75 MHz in tap
water. Thebasic principle of the probe is that a portion of the soil between two rings in contact with the
soil will form part of an eectronic circuit that has a frequency of:

1
2p-/LC @

where: L = inductance and

C = capacitance

The capacitance has two components that set its value: 1) fixed parameters of the probe that
equa acongtant “Cy,” and 2) avaue that changes with the surrounding soil moisture, C,. The
combination of Cx and C, will change by »30 pf from air to water with the soil moisture probe (SMP).

The find equation reating the frequency of oscillation of the circuit to the capacitance of the soil

1
r= 2p,[L(C, +C) @

A critical choice in asoil moisture probeis the frequency at which the system operates. At low

frequencies, the dectrica conductivity of the soil can have a sgnificant influence on the measured
didlectric. In addition, examination of work by other researchers indicated that as the measurement
frequency isincreased, the soil conductivity influence on the measured vaueis greatly reduced (Refs. 4,
5and 6). Cdculaions demondrating the influence of soil conductivity on the measured soil dielectric as
afunction of measurement frequency are plotted in Figure 3. Calculations were conducted for two
different pore fluid conductivities and for a20 MHz and 100 MHz measurement system. For a soil with
avery low pore fluid conductivity, the 100 MHz and 20 MHz caculaions are dmost identica.
However, for a high conductivity fluid, the 20 MHz ca culation shows alarge reduction in gpparent
dielectric due to the conductivity effect. These cdculationsindicate that measured soil didectric
constant a 100 MHz is much less affected by conductivity than a& 20 MHz.  This effect was used as
the badis for sdlecting an operating frequency of greater than 100 MHz as the design frequency.
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Figure 3. Cdculation of soil didectric at 20MHz and 100MHz for
two pore water conductivities.

The capacitance based soil moisture sensor operates at 150 MHz reducing the effects of soil
type on the measurement. The probe mesasures a shift in the high frequency sgnal asit passes through
the soil near the surface of the module. It has been demondirated that this capacitance shift is
proportiond to the soil moisture content.

The resgtivity measurement uses the outer two rings of the moisture module to gpply the current
and the inner rings to measure the residtivity. The measurement principa exploited by resdtivity
surveying isthe dectrica contrast between different geologicd materids. Resdtivity can be used to
locate mineral deposits, water, and other soil festures of interest. It can aso be used to measure
sdinity, snce sdt increases dectrical conductivity. The electrode array operates at afrequency of
30-40 Hz to avoid soil polarization effects.

Data Acquisition Collection

Electronic data acquisition equipment for the cone penetrometer consists of signal conditioning
and digitizing boards within the probe and a data acquisition computer with a graphics monitor within the
CPT truck. Anaog sgnds are amplified and filtered at 1 Hz before being digitized in the probe. Once

a second, the data acquisition computer polls the probe for its data. The digitized data are then read into
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memory and written to the internd hard disk for future processing. Upon completion of the test, the
penetration data are plotted. Zi pél disks containing the data are brought to ARA's Pecific Northwest
Branch in Richland, Washington, for analysis and preparation of report plots.

Satur ation of the Piezo-Cone

Penetration pore pressures are measured with a pressure transducer located behind the tip in
the lower end of the probe. Water pressures in the soil are sensed through a 250 micro-inch porous
polyethylene filter that is 0.25-inch high and 0.202-inch thick. The pressure transducer is connected to
the porousfilter through a pressure port as shown in Figure 2. The pressure port and the filter arefilled
with ahigh viscosty slicone all.

For the pressure transducer to respond rapidly and correctly to changing pore pressures during
the penetration, the filter and pressure port must be saturated with oil upon assembly of the probe. A
vacuum pump is used to de-air the silicone oil before use and aso to saturate the porous filters with oil.
The probe is assembled with the pressure transducer facing upwards and the cavity above the pressure
transducer isfilled with de-aired oil. A previoudy saturated filter is then placed on atip and ail is
poured over the threads. When the cone tip is screwed into place, excess ail is gected through the
pressure port and filter, thereby forcing out any trapped ar. The high viscosity of the sllicone all
coupled with the smal pore space in thefilter prevents the loss of saturation as the coneis pushed
through dry soils. Saturation of the cone can be verified with a calibration check a the completion of
the penetration. Extengve field experience has proven the rdiability of this technique.

Calibration Verifications
Many factors can effectively change the calibration factors used to convert the raw instrument

readouts, measured in volts, to units of force or pressure. Asaquality control measure, aswell asa
check for ingrument damage, the load cdlls and the pressure transducer are routingly verified in the field.
Verifications are completed with the probe ready to insert into the ground so that any factor affecting
any component of the ingrumentation system will be included and detected during the cdlibration.

Thetip and deeve load cdlls are verified with the conicdl tip and friction deevein place on the
probe. For each verification, the probe is placed in the push frame and loaded onto a precision
reference load cdll. The reference load cdll is periodicdly caibrated in ARA's |aboratory against
instruments traceable to NIST standards. To verify the pore pressure transducer, the saturated probeis

inserted into a pressure chamber with air pressure supplied by the compressor on the truck. The
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reference transducer in the pressure chamber is dso periodicdly cdibrated against an NIST tracesble
ingrument in ARA'slaboratory. Additiondly, the string potentiometer, used to measure the depth of
penetration, is periodically checked againgt a tape measure.

Each instrument is verified using a specialy developed computer code that displays the output
from the reference device and the probe instrument in graphica form. During the verification procedure,
the operator checks for linearity and repeatability in the insrument output. At the completion of each
verification, the computer calculates the needed calibration factors using alinear regression agorithm. If
the verification regresson is within 2 percent of the cdibration, then the instrument is operating properly
and the cdibration retained. At a minimum, each probe instrument is verified at the beginning of each
field testing project. Verifications are also performed to confirm the proper operation of any instrument

if any damage is suspected.

Penetration Data For mat

Asshown in Figure 2, the piezo-cone probe senses the pore pressure immediately behind the
tip. Currently, there is no accepted standard for the location of the sensing dement. ARA choseto
locate the senaing eement behind the tip Since thefilter is protected from the direct thrust of the
penetrometer and the measured pore pressure can be used to correct the tip resistance data (discussed
in the next section) as recommended in Reference 2. The magnitude of the penetration pore pressureis
afunction of the soil compressibility and, most importantly, permegbility. In fredy draining soil layers,
the measured pore pressures will be very close to the hydrostatic pressure computed from the elevation
of the water table. When low permesbility soil layers are encountered, excess pore pressures generated
by the penetration process cannot diss pate rapidly and this results in measured pore pressures, which
are sgnificantly higher than the hydrogtatic pressures. Whenever the penetrometer is stopped to add
another section of push pipe, or when a pore pressure dissipation test is run, the excess pore pressure
may begin to disspate. When the penetration is resumed, the pore pressure quickly risesto the level
measured before the penetrometer was stopped. This process causes some of the spikes that appear in
the penetration pore pressure data.

Pore Pressure Correction of Tip Stress
Cone penetrometers, by necessity, must have ajoint between the tip and deeve. Pore pressure
acting behind the tip decreases the tota tip resistance that would be measured if the penetrometer was
without joints. Theinfluence of pore pressure in these joints is compensated for by using the net area
9



concept (Ref. 2). The corrected tip resstance is given by:

Gr=0c+u[l-AdvAr] (2.3

where: gr = corrected tip resistance (ps)
gc = measured tip resistance (ps)
u = penetration pore pressure measured behind the tip (ps)
An = net area behind the tip not subjected to the pore pressure (1.95 in%)
Ar = projected area of the tip (2.405 in’).

Hence, for the ARA cone design, the tip resstance is corrected as:
g, = q.+ u(.1890) (2.4)

Laboratory caibrations have verified Equation 2.2 for ARA's piezo-cone design.

A joint dso exigts behind the top of the deeve (see Figure 2). However, Sncethe deeveis
designed to have the same cross sectiona area on both ends, the pore pressures acting on the deeve
cance out. Laboratory tests have verified that the deeve is not subjected to unequa end area effects.
Thus, no correction for pore pressure is needed for the deeve friction data

The net effect of applying the pore pressure correction is to increase the tip resistance.

Generdly, this correction is only sgnificant when the measured tip resstance is very low.

Numerical Editing of the Penetration Data

Any time that the cone penetrometer is stopped or pulled back during a test, mideading data
can result. For instance, when the probe is stopped to add the next push rod section, or when a pore
pressure dissipation test is run, the excess pore pressures will disspate towards the hydrostatic pore
pressure. When the penetration is resumed, the pore pressure rises very quickly to the pressures

experienced prior to the pausein thetest. In addition, the probe is sometimes pulled back and cycled
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up and down at intervas in degp holes to reduce soil friction on the push tubes. Thisresultsin
erroneous tip siress data when the cone is advanced in the previoudly penetrated hole.

To diminate this mideading data from the penetration profile, the datais numericaly edited
before it is plotted or used in further andysis. Each time the penetrometer stops or backs up, as
gpparent from the depth data, the penetration datais not plotted. Plotting of successve datais resumed
only after the tip isfully re-engaged in the soil by onetip length of new penetration. In addition, each
time the probe stops, the previous 0.5 inch of penetration datais filtered out. Thisfilter isrequired to
remove data that was recorded while the operator was in the process of stopping the probe. This
agorithm dso eiminates any data acquired a the ground surface before the tip has been completdy
inserted into the ground. The deeve datais Smilarly treated and this results in the first data point not
occurring & the ground surface, as can be seenin thetip and deeve profilesin Figure4. These
procedures ensure that al of the penetration data that is plotted and used for analyss was acquired with
the probe advancing fully into undisturbed soil.

11
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ELECTRICAL RESISTIVITY TOMOGRAPHY ARRAYSAND INSTALLATION

To address the need for better Ste characterization and long term monitoring issues, a number
of techniques have been pursued. A monitoring technology that is gaining acceptance is Electrical
Regdtivity Tomography (ERT). The ERT approach uses arrays of eectrodes placed surrounding a
region of interest to monitor resitivity changes that occur in the soils over time. The resdtivity changes
aretypicdly dueto the infiltration of weter or the remova of acontaminant. To date, most ERT surveys
have used drill rigsto ingall the ERT electrode arrays. This approach has been less than satisfactory
because adequate coupling of the dectrode to the media has been difficult to obtain and the cost of
ingalling the dectrodes has been prohibitive. For example, at the Hanford ste the cost to ingal
electrodes in a radioactive contaminated site using adrill rig isin excess of $1000 per foot, whereas
with the CPT the cogt is less than $100 per foot. The high cost of the drilling has limited the use of ERT
a many dtes. Under funding from the DOE, ARA has developed methods to ingtal Electrica
Resdtivity Tomography (ERT) arrays with the cone penetrometer.

The CPT measurements of soil moisture and resigtivity made during the ingtdlation of the arrays
can be used to improve the ERT analyss. In generd, dectricd resigtivity tomography data are analyzed
using finite dement model methods that solve the inverse problem by minimizing an objective function
made up of iterates of aforward modd and the data collected. The agorithm will find an acceptable
minimum vaue of the objective function that satisfies some explicit criteria set forth by the user and
determined by the nature of the data. Aninitia guess of the Site residtivity is needed, and it can be
shown that the better theinitid guess, the more likely the inverson technique will find the optima
solution. Since CPT gives measurements of the resstivity of the Ste with depth, it is hypothesized that a
better solution will be obtained by inputting a CPT profile asthe initid starting condition.

At the Ssson & Lu Ste, eight ERT arrays were inddled in aring around the perimeter of the
area eight meters from the center. An additional ERT array was ingdled in the proximity of theinjection
well. Figure 1 showsthe ERT locations. The 15 individud eectrodes per array are spaced one meter
apart with the deepest electrode at 62.5 feet (19 meters). Table 2 shows the wiring for each eectrode.
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Table2. Wiring colorsfor each dectrode of the ERT arrays.

Electrode Depth Wire color

(m)

S Gray

6 White/orange

7 Orange

8 Brown

9 Purple
10 Whitefred
11 Red

12 White/gray
13 Ydlow
14 White/blue
15 Blue

16 White
17 Green
18 White/black
19 Black

The ERT arrays were indaled by first pushing the piezocone to a depth of 65 feet collecting tip,
deeve, pore pressure, soil moisture, resstivity, and temperature data. The piezocone was removed
form the hole and two inch outer diameter rods with an ERT digposable tip were pushed back down the
same location. At 62.5 feet the penetration was stopped and the ERT array was lowered through the
rods and latched into the ERT tip at the bottom. The two inch rods were then removed from the hole
leaving the disposable tip and ERT array in place.

The ERT arrays were completed by grouting with a durry mixture of portland cement. The
grout mixture was pumped into the grout tube of the ERT arrays where it was dispersed into the hole
through openings in the grout tube.

ADVANCED TENSIOMETER DESIGN AND INSTALLATION

Idaho Nationd Engineering and Environmenta Laboratory (INEEL) has developed an
Advanced Tensometer for measurement of soil water potentia at depths greater then previoudy
achievable. Thisisaccomplished by placing the pressure transducer at depth. The approach reduces
thermd variations as well as permits the tensometer to be indtalled at any depth. In cooperation with
ARA, the advanced tensometer designs were modified for direct push ingtdlation usng CPT
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techniques. This gpproach not only saves on ingalation cogts, but aso improves accuracy as the screen
section isin direct contact with the soil and not placed in aslicaflour matrix aswould be case with a
drilled ingtalation gpproach.

The body of the advanced tensometer is constructed of sintered stainless stedl to dlow capillary
tenson (soil suction) to be measured by a pressure gauge interna to the unit. A pushing tip is attached
to the bottom of the sintered cylinder to ingtd| the advanced tensiometer by direct push methods. The
upper end of the advanced tensometer threads to two inch diameter schedule 80 PVC. The PVC
extends to the ground surface and alows maintenance of the unit and access to the pressure gauge. The
advanced tensometer isshown in Figure 5.

During Installation After Installation

1.75” CPT Push Rod

<«—— 2"SCH80 ——»

PVC

%]

2" SCH 80
< Threaded to——>

Tensiometer

<——Porous Stainless Steel ——>

Fgure5. Schematic of INEEL's Advanced Tensiometer.

Ingtalation of the advanced tensometers required pre-pushing the location with adummy tip
and 1.75" rods to open the hole and reduce side friction on the PV C during ingtdlation. The advanced
tensometers were ingtaled by placing the 1.75” rods insde the PV C, with the end of the rods sested
on arim in the threaded section of the tensometer. This method focuses the push force on the metd tip
of the push string. Since the location was initidly pre-pushed with 1.75” rods and the PVC hasa 2”
outer diameter, thereis dill afair amount of Sde friction on the PVC. This Sdefriction limits the amount
of force that can be used to reach the desired depth. The ingtalation of the tensiometers at the Sisson
and Lu ste did not reach the target depth on each of the locations due to high side friction and failure of
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the PVC. Thefriction on the sdes of the PV C creates tenson in the PV C and pulls the PV C joints
gpart. Refusal was called when the push forces reached levels that could damage the PV C casing.

The advanced tensometers have since been redesigned to aid in reducing the sde friction on the
PVC. Previous CPT experience shows that the use of expanders, two inch sections on the push rods
of dightly larger diameter, reduces the sde friction during pushing. The origind design has the threaded
section of the advanced tensometer at the same outer diameter asthe PVC casing. Adding an
expander to the threaded section of the advanced tensometer will open the hole dightly, reducing the
ddefriction onthe PVC. Tensometers of thisnew design will beingdled at the Sisson & Lu Site with
the goa of reaching the target depths.

PVC CROSSBOREHOLE MONITORING WELLS

Another Geophysica technique that has been used on other projects and is gaining acceptance
for environmenta monitoring purposesis cross-borehole radar. The gpproach uses PV C wellswhich
permit the transmission of radar sgnals from a source to an antennae lowered into an adjacent well. By
lowering both the source and the antenna, a picture of the subsurface between the wells can be created.

The cross borehole wells are constructed of a stainless sted tip which attaches to 1 meter
lengths of 2 inch schedule 80 PVC. The ingalation of the cross borehole wdls followed the technique
described above for the advanced tensiometers. Each location was pre-pushed to open the hole before
the PVC casing wasinsarted. Grester depths were reached ingtaling the borehole wells than the
tensometers because of the wdl tip was adightly larger diameter than the PVC. Thetip for the wells
had adiameter of 2.25”, greater then that of the PV C itsdlf. This opened the hole just enough to reduce
sdefriction on the PV C and alow depths of greater than 50 feet to be reached.

Thefind cross borehole well, X1, was ingtdled usng a clear schedule 80 PV C rather than the
traditional white. Thiswas done to permit avideo camerato be lowered down the well to make images
of the soils that the well penetrated. This information can be used to look at soil grain size, color,
contamination staining, and moisture movement. Videotapes of the borehole were made by personnel
from INEEL.

CONTINUOUS SOIL SAMPLING

CPT methods were a so employed for soil sampling at the Sisson and Lu Site. One meter
outside well number H8 (see Figure 1) continuous soil sampling was conducted with the wirdline
sampler from 13 feet to 55 feet. Each sample collected was 1 inch in diameter and 1 foot in length. A
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dummy tip was initidly pushed to 13 feet. The dummy tip was then withdrawn and the sampling unit
lowered inits place as shown in Figure 6. The unit was pushed 1 foot and the sample retrieved to
ground surface. This procedure with the sampler was repeated to a depth of 55 feet. Each sample was
bagged and |abeled for laboratory anaysis.

CPT soil sampling isaminimally invasive procedure for collecting soil samples. The only
disturbance to the siteis a 2 inch diameter hole which is grouted upon completion. Only the soil
collected in the sample is retrieved so no waste is generated which will need disposal. The sampling
process from set up on Site to grouting of the penetration, including collecting 42 samples, was
completed in lessthan 4 hours.

| =7 =21 | A7 27| A7 24 || AL
Locking —
Mechanism
Eabda Ehllds B 5]
Oversize —p
Rod String
Core a | & il | || il | L
Sampler F. \ / \ \
Cutting_/ Piezo_y Grouting_/
Shoe Cone Soil Gas e Module
Sampler : ;

Figure 6. CPT Wirdine Tool with Soil Sampler, Piezocone, Gas Sampler, and grout tools.
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SECTION 3
DISCUSSION OF P-CPT TEST DATA

OVERVIEW

Presented in this section is a detailed discussion of atypica Piezo-Electric Cone Penetrometer
Test (P-CPT) profile and the CPT derived soil stratigraphy. The methods used to determine the soil
type information from the CPT are aso discussed.

LOCATION OF THE STE WATER TABLE

Generdly, the static water table at a given ste can be identified from the penetration pore
pressures, since it will be equd to the hydrostatic pore pressure in fredly draining soil layers. When no
such layers are present at a Site, pore pressure diss pation tests can be performed to determine
hydrogtatic pressures at depth. At the Sisson & Lu Site, the water table is typicaly deeper than 200 feet
and therefore was not encountered during any of the penetrations. Pore pressure measurements were
gtill made to look for perched water table layers and to correct the tip stresses for any pore pressure
generated by the penetration process.

SOIL CLASSIFICATION

The tip resstance, friction ratio, and pore pressure vaues from CPT profiles can be used to
determine a soil gratigraphy profile. Plots of normdized tip resistance versus friction ratio and
normalized tip res stance versus penetration pore pressure can be used to determine soil classfication
(Soil Behavior Type, SBT) asafunction of depth. Both methods of soil classfication are based on
empirica charts developed by Robertson (Ref. 2). Since the groundwater table in the Sisson & Lu Site
is deeper than the final depth of any penetration conducted as part of this project, only the friction ratio
s0il classification approach was used. Thefriction ratio soil dassfication is determined from the chart in
Figure 7 using the normdized corrected tip stress and the normdized friction ratio of fs.
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Normalized Friction Ratio

Zone Q/N  Description Sh
Classification Chart

2

Sensitive, Fine Grained 1000

Tvo

Organic Soils-Peats

9 ~Tvo
T

15 Clays-Clay to Silty Clay

B
[] .
4 2 aie N > 100¢
Silt Mixtures-Clayey Silt to Silty Clay < F
— ¥
5 3 sand Mixtures-Silty Sand to Sandy Silt ﬁ
— . u
6 4.5 sands-Clean Sand to Silty Sand o
o o 10
7 6 Gravelly Sand to Sand N
-
re— <
8 1 . >
Very Stiff Sand to Clayey Sand * e
— S
9 2 Very Stiff, Fine Grained * :
1 '%.I 05 1.0 50 10
FRICTION RATIO, f, x100%
(*) Heavily Overconsolidated or Cemented NORMALIZED &0y

(Ref. Robertson, 1990)

Figure 7. Normadized Friction Ratio Classfication Chart.
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The normalized tip resstance is defined as

— q “Sw
Onr = TST (3.2)
The normdized friction ratio is defined as.
f
f= s x100 (3.1
Gr"Sw

where: fs=deavefriction
gr = corrected tip resistance
Svo = total overburden stress
s’vo = effective overburden stress

Theintersection point of the gr and fsy vaues normdly falsin adassficatiion zone. The
classfication zone number corresponds to a soil behavior type (SBT) as shown in Figure 7. At some
depths, the CPT datawill fal outside of the range of the classfication chart. When this occurs, no data
is plotted and a break is seen in the classfication profile. This occasionaly occurs at the top of a
penetration as the effective vertical stressis very smdl and produces normalized cone res stances
greater than 1000.

The classfication profiles are very detailed due to the high sampling rate of one sample every 2
cm (0.8 1in) for CPT profiles.  Frequently sgnificant varigbility in soil types over amdl changesin
elevation can be obsarved in the profiles. To provide a smplified soil stratigraphy for comparison to
gtandard boring logs, alayering and generdized classfication sysem was implemented. A minimum
layer thickness of one foot was selected. Layer thicknesses are determined based on the variability of
the soil classfication profile. The layer sequenceis begun a the ground surface and layer thicknesses
are determined based upon changes in the standard deviation of the soil classification number.
Whenever an additiond 6-inch increment deviates from the previous increment, anew layer is Sarted,
otherwise, this materid is added to the layer above and the next 6-inch section is evauated.
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The soil type for the layer is determined by the mean vaue for the complete layer. The nine
types are classfied as shown in the legend of Figure 7. Again, amore detailed classfication can be
determined from the classification profile plotted just to the Ieft of the layering in ARA’s cone plots. The
layering provides asummary of the soil ratigraphy.

TYPICAL P-CPT PROFILE

A typica penetration profile from the Sisson & Lu Steis presented in Figure 8. The soil profile
represented in thisfigure is from the ingtdlation of ERT at location ERT-09. Thislocation is closest the
injection point near the center of the Site and istypica of the ten piezocone penetrations conducted at
the Sisson & Lu Site. The figure presents plots of thetip stress, deeve stress, friction retio, pore
pressure, soil behavior type (soil dassfication number from Figure 7), and asmplified soil Stratigraphy.
The second page of Figure 8 presents the soil moisture profile, the resigtivity profile and the temperature
of the probe during the penetration. This temperature vaue isthe result of frictiond heeting on the
probe and is used for temperature corrections of various sensors. It is not the actua temperature of the
soils and should not be used as such, unless the probe is sopped and dlowed to equilibrate with the soil
environmen.
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TestID: ERT-9 C3091 Project: Data Date: 11/May/2000
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Figure 8. CPT Profile of Location ERT-09.
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Figure 8. CPT Profile of Location ERT-09, Continued.
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The soils at the Sisson and Lu Ste typicdly classfy as agravely sand materid down to adepth
of 13 feet and then trangtion to a sand materia for the remaining of the profile.  Although the soil log on
the right edge of Figure 8 does not show additiona layers, the tip stress and deeve profiles do offer
some additiond information about the soil materids encountered during the penetration. Thetip stress
gradudly increase from 6 to 9 feet and then remains congtant at around 6,000 ps. until a depth of 18
fet. Thismateria has properties of atypicd sand. The friction ratio is approximatdly 1 while the soil
moisture averages 7.5% and the residtivity is400 Ohm-m. Beginning a 18 feet the tip stressincreases
to 8000 ps at adepth of 20 to 22 feet and then reduces to 2,500 ps at a depth of 24 feet. The deeve
dress displays the same trends over this depths range. Since the tip and deeve Stress are moving
together the friction ratio is remaining congtant indicating thet the soil materid type is condtant over the
region, but the dengty and strength of the materia are changing. The moisture aso increasesin this
layer to an average of 13%. Thisisthe upper wet region that isfound in dl the profiles.

The next layer from 24 feet to 32 feet issSmilar to the previous layer from 10 to 18 feet. Thetip
dressis again approximately 6,000 psi and the friction ratio is 1. The moisture content has returned to
7.5% and is congtant over the layer. Theresstivity has increased dightly to avaue of 700 ohm-m. The
increese in the resdtivity islikely due asmdl change in the minerdogy or grain size of the sand.

The lower wet zone extends from a depth of 32 feet to gpproximately 41 feet. Thislayer agan
hastip stress vaue of 8,000 ps, Smilar to the upper wet region. The moisture content of this layer is
approximately the same as the upper region at 14%. The resdivity in thislayer drops from the layers
above and below due to changes in the moisture content.

Thetip stress reduces at 41 feet to avaue of 3,500 ps and maintains that vaue until 51 feet.
Thislayer isds0 asand, dthough not a dense as the layers immediately above. The moisture of this
layer istypicd of the profile at 7%. At 51 feet until the bottom of the penetration at 65 feet the tip
sress averages 6,000 ps and thefriction ratio is consstent around 1. The moisture content and
resstivity are both congtant at around 7% and 600 ohm-m respectively, expect for the region from 54
to 56 where the moisture increases dightly to around 11%. The resdtivity reduces in this same region
due to the increase moisture content.
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SITE WIDE CROSS-SECTIONS

As dtated previous section, the data from penetration ERT-9 wastypica of the other
penetrations. To display this aspect, al the penetrations conducted at the 8 meter range have been laid
out in alinear manner. These plots are donein terms of eevation o that the layering is correct. Figure
9 presents the fence plot for tip stress. The lower tip stressregion 41 to 51 feet isconsstent in all
penetrations as shown by the lower blue region. The materids on ether sde of thislayer are much
stronger as exhibited by the red and yelow regions. As anticipated, the layering is predominantly
horizontal and fairly consstent across the Site.

ERT-02 ERT-03 ERT-04 ERT-05 ERT-06 ERT-07 ERT-08

0ft

I 000si [ Jaroops  [_Jssoops  [Jssoops  [EEEMe200ps

Figure9. Tip Stress Map of CPT Penetrations on the Perimeter of the Sisson and Lu Site.

Figure 10 present the same type of layout for soil moisture. Again the Ste layering is strongly
evident in thistype of layout. The regions of higher moisture that were discussed in the previous section
can be seen in these figures. The upper wet region isfrom 18 to 24 feet and is consst at gpproximately
12% acrossthe site. Thisregion isalittle difficult to seein Figure 10 due to the interpolation scheme
used. The lower wet region extends from 32 to 38 feet and again is more strongly noted as the large
red regionin Figure10. The samdl wet layer a a depth of 54 to 56 feet is dso present on thisfigure as
the yellow region across the bottom of most of the profiles.
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Figure 10. Soil Moisture Map of CPT Penetrations one the Perimeter of the Sisson and Lu Site.

Thefind fence plot presented is the resstivity plot in Figure 11. Theresdivity results again
shows that the dte layering is predominaely horizontal and fairly consstent between the dl the
penetrations. The highest resistivity region isthe lower layer from 42to 51 feet.  Thislayer is presented
asredintheplot. Similar resigtivity vaues were detected in the upper regions (20 to 30 feet) of
penetrations 2, 3, 4, and 5 but not in penetrations 6, 7 or 8.

ERT-02 ERT-03 ERT-04 ERT-05 ERT-06 ERT-07 ERT-08

0ft

P 1 . - o R, ...{ ¥ :.':""_ i
: B &

- 2000hm-m - 4000hm-m |:| 6000hm-m - 8000hm-m - 10000hm-m

Figure 11. Resistivity Map of CPT Penetrations on the Perimeter of the Sisson and Lu Site.
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Finaly aset of cross sections plots has been made considering the center profile (ERT #9).
Thisfence plot includes ERT-08, ERT-09 and ERT-05. Many of the same trends present in the fence
plots are present in this plot. Cross-sections for tip stress and soil moisture are presented in Figure 12
and Figure 13 respectively.

ERT-08 ERT-09  ERT-05

[ Is300ps

65 ft!i
Fgure12. Cross Section of Sisson and Lu Site using ERT-08,
ERT-09, and ERT-05.
ERT-08 ERT-09 ERT-05

0ft

B 12%

65 ft &

Figure 13. Soil Moisture Cross Section at Sisson and Lu
Siteusing ERT-08, ERT-09, and ERT-05.
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Soil Moisture Evaluation

A comparison between the CPT dielectric
basad soil moisture measurements and the neutron

0il moisure measurements made in the sed wdls

0
was conducted. Both profiles were referenced to the
top of the casing to ensure that both sensors were

10 i

looking at the same depths. Figure 14 presents a
comparison profile of the CPT data and the neutron
data. The profiles compare very favorable asthe

20
. various wet layers detected by the neutron probe are
a so detected by the CPT method. Some smdll depth
30 = shifts ftill gppear in the data, but the generd

Depth comparison is quite strong.
(ft)
40 = A corrdation plot was made using dl the ol
L

moisture data from the CPT penetrations and the
neutron data. Thisplot is presented in Figure 15.

50 Although the correlation coefficient is not as strong
(0.66) as degired, the dope of thelineis very closeto
1 asit should be for two sensors reading the same
60 parameter. The coefficient is reduced due to scatter
—CPT Soil Moisture that is present in the fidd data and likely influenced by
® Neutron Soil Moisture . .
0 b i minor depth offsets in the two data sets.

0 5 10 15 20
Soil Moisture (%)

Figure 14. Comparison of CPT Soil
Moisture Measurement and and Lu Site. Although the CPT has more detailed, it

Neutron Probe Measurement. 4 ot have the flexibility of being able to monitor
changes over time without additiona penetrations. Strings of soil moisture probes can be indtdled a the

In general the CPT sensor provides
comparable readings to the neutron logs at the Sisson

gte and left in place to measure soil moisture over long periods of time. The advantage of thisisthet the
manual |abor required in making the neutron measurement is eiminated and the soil moisture probe can
be polled from a computer autometicaly any time datais desired.
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Figure 15. Corrdation Plot of CPT Measurements and Neutron Data.
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SECTION 4
SUMMARY AND CONCLUSIONS

As described previoudy in this report, avariety of Vadose Zone monitoring equipment
was inddled at the Ste using innovative Cone Penetration Techniques. Thiswork included ingdling 9
ERT arays, 6 tensometers, and 4 cross-hole radar wells. All the ERT wells reached the desired depth
of 62.5 feet. The 6 tensometers were much more difficult to ingtal and severa did not reach the target
depth or were damaged during the ingtalation process. Although we had success with this tensometer
design at a previous Site on the Hanford reservation, modification to the design is required to reach the
desired depths for the ingdlations at the Sisson and Lu Ste. The new design needs to expand the hole
above the filter section to reduce friction loading on the PVC. This design has been fabricated and two
additiona ingdlations are anticipated in the next month. Ingtalation of the cross-borehole wells dso did
not reach the target depth, but were degp enough that they were able to capture the moisture movement
through the soil horizons. The well tip used for these ingtdlations does incorporate an expander to
reduce the friction on the PV C sections and was the reason for the deeper indallations. The site
geology at 52 to 55 feet consists of a dense material that caused the termination of these well
ingalations prior to damage of the wells.

In addition to the monitoring equipment ingtalation, 10 CPT penetrations were conducted to
gather gratigraphy and initid soil moisture and resistivity information. This data has been prepared and
presented in thisreport. Details of each profile are contained in Appendix A. These data sets were
congstent and clearly show the horizontd layering present a the Ste. The data setswere dso used in
the ERT andlysis as part of the ground truth and basdline data controls.

Findly, a continuous soil core was o collected using anew wirdine CPT sampling system.
Thistool was very successtul in collecting a 1-inch by 12-inch long sample from the ground with minimal
disturbance. Recovery on al samples was greater than 80 percent with most samples ranging from 90
to 100 percent. Continuous samples can be quickly sampled using this gpproach and the hole grouted
upon retraction of therods. It is anticipated that additiond soil sampling will be conducted using this

technique at future experiments near the Sisson and Lu site.
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In summary, the use of CPT techniques to ingtd| the vadose zone monitoring equipment was
successful and proved to be a very economica approach. Typically CPT costs are only 10 percent of
the cost of drilling techniques a the Hanford Site. This cost saving can have alarge impact on most
projects. Future deployments of these types of vadose monitoring approaches should again consider
CPT for the ingta lation process as a means to reduce costs as well asincrease instrument coverage.
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Appendix A. Piezocone Data
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