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ABSTRACT: The reddivity piezocone penetration tet (RCPTU) provides standard
piezocone data as wel as measurements of the eectrical resdtivity of the soil around a
module behind the piezocone. The sengtivity of the empirica reationship proposed by
Archie between bulk soil resgtivity, pore fluid resdtivity, porosty and degree of saturation is
reviewed. Typicd quadlitative gpplications of RCPTU data are reviewed and some recent

approaches to more quantitative data andysis are presented.
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1 INTRODUCTION

Reddivity is a maerid propety tha
quantifies the resstance to dectron flow in a
conductor. Resdivity is measured in
(ohmxn) and, unlike eectricd resgtance, is
independent of geometry. UBC began
performing piezocone teds with eectricd
resgivity measurements (RCPTU) in 1989.
The RCPTU has proven to be a smple,
useful screening tool for  geo-environmentd
goplications. Applications have included
accurately locating groundwater tables and
delinegting plumes  of contaminated
groundwater. Resdivity modules have dso
been used to edtimate soil porodty with only
moderate success.

Recent research efforts a2 UBC confirm
that potentid exigs for usng the RCPTU to
Characterize  pore  flud resdivity, soil
porosity and degree of saturation beyond the
screening level.  This paper presents some of
the prdiminary findings of these studies and
discusses future trends.

2 RESISTIVITY PIEZOCONE
PENETRATION TEST (RCPTU)

RCPTU equipment consgts of a resdivity
module mounted behind a piezocone. They
ae pushed verticdly into the ground a a
standard rate of 2 cm/s (Figure 1). Standard

Pan_American Conference, BRAZIL, Aug. 1999

CPTU measurements of tip bearing (qc),
deeve friction (f5) and pore pressure behind
the tip (U2) are typically recorded every 2.5
or 5 cm. These three parameters, in various
combinations such as friction rdio (R =
(f40c)100%), ae used to ddineate dte
dratigraphy.

The UBC resdivity module conssts of two
pairs of brass ring electrodes spaced at 150
and 15 mm within an inulaing plagic. The
outer €electrodes edtablish a 1000 Hz
excitation current of ether 0.025, 0.25 or 2.5
mA  (excitation magnitude is controlled
during the sounding by the operator). The
output ggnd from the module is
proportional to the root mean square (RMS)
voltage required to edablish the sdected
current. Linear cdibration factors for
correlating the output sgnd to bulk  soil
resdivity ae developed by immersng the
module in water baths of various resdivities
and measuring the module output. The inner
eectrodes passvdy measure the fidd
established by the outer electrodes and are
cdibrated in the same manner.

Figure 2 shows cdibration data obtained
with two UBC resdtivity modules in both a 2
X 2 x 15 meter tub and a 0.25 meter
diameter cylindrical container. The modules,
referred to as isolated and non-isolated,
differ in their dectronic desgn and will be
discussed further in Section 3.2.
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Figure2. Typicd tub and cylinder
cdibration results for the UBC
Isolated and Non-Isolated
resistivity modules.
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3 APPLICATIONS OF BULK SOIL
RESISTIVITY MEASUREMENTS

Archie (1949) identified the pore fluid
resdivity (r 1), soil porogty (n):

n = (volume of voids) / (totd volume) Q)
and degree of saturation (S):
S = (water volume) / (volume of voids)  (2)

as the three dominant factors affecting the
bulk resgivity (rp, of granular soils with
non-conductive grains. Based on empirica
observations, Archie proposed the following

rdaionship, commonly referred to  as
“ArchigsLaw”:
TETTRILECE 3

whee m and s ae ol condants which
must be determined experimentdly.  The
sengtivity of Archi€s Law can be sudied
by congdering the practicd range of the
parameters (N™) and (S°). Published vaues
of (m) range from 1.3 to 22 and Table 1
summarizes typical ranges of (n) for various
il types. Table 1 dso ligs the minimum



BACK

(n) vaue to the power (-1.3) and the
maximum (n) vaue to the power (-2.2),
which yidd the maximum and minimum
possble vdues of (n™), respectively. The
degree of saturation can vary between zero
and one so the parameter (S ranges
between one and infinity. This is a much
larger range than the ranges of (n™) shown
inTable 1.

Table 1. Typicd porosty (n) ranges for
various soil types and corresponding ranges
of (N™) using mvauesof 1.3and 2.2.

Soil n Nmin nm
Type min— max Nnax  MINFEmMax
Fraser 0.41-0.52
River (determined 0.79 23-7.1
Sand in laboratory)
Gravd 025-040 063 33-21
Sand 025-050 05 25-21
Sit 035-050 07 25-10
Clay 040-0.70 057 16-75

Ealy RCPTU work focused on geo-
environmentad  screening  gpplications  using
the direct rdationship between bulk
resgivity and fluid resdivity to assess
groundwater qudity. Monitoring
groundwater quality, soil porogity or degree
of sauration usng RCPTU data requires
assumptions about the parameters not being
monitored as well as variables such as gran
conductivity in clays that are not consdered
in equation (3). The folowing sections
describe some of the assumptions and
preliminary results of recent research into
these types of monitoring.

3.1 Monitoring Groundwater Resdivity

Groundwater reddtivity is a function of ion
concentration  and ~ mobility. For
groundwater quality screening gpplications,
the engineer is interested in the former. The
folowing dudy indicates that ion mobility,
which is a function of groundwater
temperature, is not acritica consideration.

Figure 3a shows the temperature of the
electrode closest to the cone tip during an
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RCPTU a a dte scheduled for ground
densfication  work. The  dectrode
temperature deadily increased as each 1
meter rod was pushed and then decreased
while additiona rods were added to the rod
dring.  Figure 3b shows the range of
temperatures recorded before and after
dendfication a the same gSte.  The post
dendfication temperature range is larger as
higher  frictiond  forces occur  while
penetrating the densfied soil. The low end
of the pre and post dendfication temperature
ranges ae roughly equivdent, indicating
that the time required to add a rod to the drill
dring is aufficent for the eectrode
temperature to decrease to the loca ground
temperature.
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Figure3. (@ Pre dendfication dectrode
temperature and (b) pre and post
dendfication temperature ranges
from the ground dendfication Ste.

The resdivity of <dt-water decreases at
roughly 25 % per degree of temperature
increase between 0 °C and 25 °C. Despite
the dgnificant amount of eectrode cooling
which occurred during rod bresks (up to 7
°C in Figure 3b), experience a UBC is that
there are no discontinuities at corresponding
depths in the reddivity profiles. This
observetion suggests that the pore fluid is
not heated as much as the eectrodes of the
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Depth (m)

module during penetration.  This can be
explained by conddering that the ratio of the
heat capacity (the amount of energy required
to produce a unit temperature rise in a unit
mass) of water to brass is 112 and the mass
of water avalable to adsorb frictiona heet is
much greater than the mass of the dectrode.
Thus, it is reasonable to assume that the
temperature of the pore fluid follows naturd
temperature gradients, which are essentidly
congtant between soundings and apparently
smple to measure.

The RCPTU output in Figure 4, from a
wel-characterized Ste on the Fraser River
ddta near Vancouver, Canada, illusrates
how ion concentration affects resdivity.
Horizontd lines in the (Ry), (gc) and (U2)
plots separate depth ranges within which the
measured parameters  are judged to be
congant or following a uniform trend. Sail
types and characteristics were assigned to
these dratigraphic layers based on empirical
corrdations such as those described by
Campanella and Robertson (1988).

The resdivity recorded by the outer
eectrode par (R-150) in Figure 4 varies
with soil type because of porogity variations
between the dlts ad sands and gran
conduction effects in the dlts and clays.
There is dso a dgnificat decrease in
resdivity between roughly 13 and 215
meters depth within uniform Frasr River
sand. This anomay has been attributed to
the intruson of a <dt-water wedge within
the sand (Campandla et. d., 1998). Usng
the RCPTU to quickly locate such maor
changes in fluid resdivity incresses the
efficency of environmentd  groundweater
sampling programs.

Campanella et. d. (1998) dso describe the
development of an empirical corrdation
between sulfate concentretion and  bulk
resdivity for sauraed mine talings The
effect of porosty vaiaions on measured
resdivity was negligible compared to the
effect of aulfate concentration but this will
not be true for dl ionspecific corrdations.
lon-specific corrdations are dso limited by

R = (F,/ Q,) 100% Qe (bar) U2 (m of H20) R-150 (ohm-m) CPTU
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Figure4. Interpreted RCPTU profile showing effect of sdt-water intruson on measured

resdivity.
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the required  assumption that  the
concentration of the ion being monitored is

primarily responsble for the observed
resdivity response or congstently
proportiona to the concentration of the

ion(s) causing the response.

3.2 Monitoring Soil Porosity

Equation (3) can be used to edimate
porosity below the water table (S=1) using
buk soil and fluid resdivity measurements
and an edimated vaue of the soil congant
(m). This application has proved to be
difficult due to the time consuming nature of
water sampling. One way to avoid extensve
water sampling is to use the raio of bulk
resdivity measurements from two eectrode
pars a dfferent spacings. The bulk
resdivity messurement from the wider
gpaced pair will be representative of a larger
mass of soil. The volumetric drain in the
disturbed zone around the module grades to
zero with increesng digance from the
module.  Depending on whether the soil
contracts or dilates when it is sheared by the
piezocone, the resdtivity measurement from
a widdy spaced eectrode pair will be higher

measured by a closer spaced electrode pair
(Kokan, 1992). The ratio of the two vaues
diminates groundwater congderations
because fluid resstivity is a constant.

The authors describe a Smilar ratio based
approach applied a a vibro-replacement
ground dendfication dte in Danid . 4.
(1999). Rather than using two eectrode
spcings, the ratiio of post to pre
dendfication porosty (n'/n) was esimated
from the correponding raio of bulk
resdtivities. Cdculation of the resuting
“porogity ratio” requires the assumption that
vibro-replacement does not affect the fluid
resdivity (this assumption was shown to be
vdid by water sampling & a smila vibro-
replacement  gte). Figure 5 shows the
measured resgtivity, calculated porogity ratio
and interpreted dratigraphy of the ste. Two
porogity ratio profiles are presented to show
the effect of changing the (m) vaue. The pre
dendfication resdivity is actudly higher
than the post dendfication resdivity above
the crossover indicated in Figure 5 a 3
meters depth. This has been attributed to
patid sauration of the fill sand prior to
dendfication. Idedized pre and post
dendfication resdivity profiles were used to
cdculate porogty ratio because minor depth

or lower, respectivdy, than the resdivity misdignments  of background  trends
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Figure5. Pre and post dendfication resdtivity data and caculated porodty ratio from a
dengfication Ste (After Danid et. d., 1999).
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in the data yidd unreasonable vaues. The
porosity ratio profiles for both (m) values
within the Fraser River sands are above the
minimum possble porogty retio of 0.79
listed in Table 1 and suggest that the porosity
was reduced by at least 10% or, for the range
of porodties liged in Table 1, by a lesst
0.045.

While ol  digurbance  aound  the
piezocone and module is the basis of the
approach described by Kokan and others, the
authors identified such disurbance as a
maor cause of uncertainty in the porosty
ratios caculated & the dendfication dte. It
is known that the magnitude and distribution
of volumetric drain in the soil around the
cone and module varies with soil densty and
mean dress, both of which ae increased
during the ground dendfication work.
Quantification of the effect on RCPTU data
of vaying the degree of soil disturbance can
be gpproached theoreticaly or empiricaly.

As a firda doep towards theoretica
quantification, the authors sought to quantify
the volume of soil from which the two UBC

modules derive resdivity measurements.
The dectric potentid was measured at points
on a grid pattern in the large water filled tub
normaly used for cdlibrations. The
contoured results for the two modules,
shown in Fgure 6, ae quite different in
appearance because the potentids measured
around the nonrisolated module are reative
to the eectrode closest to the cone tip while
measurements around the isolated module
are reldive to the metd body of the module.
One reault of the different grounding points
for the meassurements was that the
background potentids (i.e. the potentias
measured in the tub a grester than 1 m from
the modules) were different (25 and 1.5 mV
for the nonrisolated and isolated modules,
respectively).

Figure 6 shows that the nonisolated
module resdivity vaues are derived from a
larger volume of ol than the isolated
module vaues. The contour a the boundary
of the amdl cdibraion cylinder is dmogt a
the background level for the isolated module
(25 vearsus 1.5 mV) but sgnificantly higher
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Figure 6. Electric potentids measured in sdt-water tub around the UBC (&) Nortlsolated and

(b) Isolated resistivity modules.
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Figure7. RCPTU tip resgance and residivity measured during three soundings in

unsaturated oil.

for the norrisolated module (45 versus 25
mV).  Accordingly, the cylinder cdibration
trend for the non-isolated module in Figure 2
is diginct from the tub cdibration trend but
the isolated module cdibration is not
affected by the smal sze of the cylinder.

The type of results shown in Figure 6 could
be combined with computer modding
predictions or cdibration chamber
messurements  of the magnitude and
digribution of volumetric dran aound a
piezocone to complete the theoreticd
approach. Alternatively, Belloti et. 4.
(1994) developed a sdf-boring dectricd
resgtivity probe (SBEPT) for sands to
diminate soil disurbance congderations.
Though the SBEPT does not yidd the
dandard piezocone results and is likey
much dower, empiricd compaison of
SBEPT and RCPTU residivity vaues in a
range of soil types and densties could be
used to quantify and correct RCPTU data for
the effect of plagtic Strain.
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3.3 Monitoring Degree of Soil Saturation

The dgnificant effect of degree of
saturation on measured bulk resgtivity was
described in Section 3 This effect is dear in
Figure 4 where the groundwater table
identified from U2 data is confirmed by the
resdivity profile  Figure 7 shows (g;) and
resdivity data from three closdy gspaced
soundings a a UBC research site. The ()
data show that the varidbility within the gdte
is low. The two isolated module resgtivity
profiles follow smilar trends but magnitudes
are quite different between 1.6 and 22
meters depth. For comparison purposes a
degree of saturation scale is plotted a 3
meters depth assuming an (s) vadue of 1.75
(published vaues range from 1 to 25). The
scale shows that the 1400 ohmxn difference
between two isolated module soundings at 2
meters depth likely represents a small (11%)
change in degree of sauration. The non
isolated resdivity daa is of gmilar
magnitude but shows different trends at
some depths.  This may be the result of
varigbility between the sounding locations or
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the fact tha the resdivity messurements are
derived from different volumes of oil (eg.
the nonisolated data will be less sendtive to
thin layers).

Unfortunatdy, it is not posshle to
dissegard porosity above the groundwater
table in the manner that degree of saturation
may be ignored when monitoring porosity
below the groundwater table. To account for
this additional variable, some researchers are
measuring didectric condant as wdl as
resdivity to provide input data for the
Universd (Topp's) equation to edtimate soil
moisture (Rose &t. a., 1998)

4 CONCLUSIONS

The RCPTU has dready proven to be a

useful tool for environmenta  screening,
confirmation of interpreted dratigraphy and
locating groundwater tables. It has been
shown that each of these three gpplications
utilize one of the three input parameters of
Archi€'s law. It is the opinion of the authors
that the factors hindering more quantitative
andyses of regdivity data ae no more
svere than those encountered while
interpreting CPTU data  Prdiminary study
results were presented to illudrate the
manner in which researchers a8 UBC and
elsawhere have been approaching
quantitative RCPTU interpretation problems
rdated to edimating  soecific  ion
concentration, dengity (porosity) and degree
of saturation.
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