102

Reliability of self-boring pressuremeter in sand

Debasis Roy, J.M.O. Hughes, and Richard G. (Dick) Campanella

Abstract: The cone penetration test (CPT) is viewed by a majority in the geotechnical engineering profession as a
preferred in situ testing tool, while the self-boring pressuremeter test (SBPMT) is sometimes viewed to be of
questionable reliability. A comparative statistical study of SBPMT data and CPT cone tip resistance is undertaken in
this research to examine whether the test data do actually support the perceived notion. Data from seven sand and silt
sites in western Canada and one location in the United States have been examined. The sensitivity of the SBPMT to
the variability in the state of packing is quantified and compared with the corresponding values for the cone tip
resistance. The results indicate that the sensitivity of cone tip resistance and the SBPMT data to the variability in the
in situ state of packing is comparable. Comparison of estimates of procedural uncertainties in the SBPMT and the CPT
also leads to a similar conclusion. These observations do not support the notion of a general lack of reliability of the
self-boring pressuremeter at sand-silt sites.

Key words reliability, sand, self-boring pressuremeter, piezocone, inherent variability, procedural uncertainty.

Résumé: L'essai de pénétration au cone (CPT) est regardé par une majorité dans la profession d’ingénieur
géotechnicien comme étant 'outil préféré de sondage in situ, alors que I'essai au pressiometre autoforeur (SBPMT) est
parfois considéré comme étant d’une fiabilité douteuse. Une étude comparaison statistique des données du SBPMT et
de la résistance a la pénétration en pointe du CPT est entreprise dans cette recherche pour examiner si de fait les
données des essais soutiennent cette perception. Des données de sept sites de sable et de limon dans I'ouest du Canad
et d’un site localisé aux Etats-Unis ont été examinées. La sensibilit¢ du SBPMT a la variabilité dans I'état de

compacité est quantifiée et comparée avec les valeurs correspondantes pour la résistance en pointe du cone. Les
résultats indiquent que les sensibilités de la résistance en pointe du céne et des données du SBPMT a la variabilité
dans I'état de compacité in situ sont comparables. La comparaison des estimations des incertitudes dans les procédures
du SBPMT et du CPT conduisent également a la méme conclusion. Ces observations n’appuient pas la notion d’'un
manque généralisé de fiabilité du pressiométre autoforeur dans des sites sable—limon.

Mots clés: fiabilité, sable, pressiométre autoforeur, piézocdne, variabilité inhérente, incertitude dans les procédures.

[Traduit par la Rédaction]

Introduction Robertson (1982), on the other hand, failed to obtain reliable

ch L fd . f d with th If-bori results from SBPMTs. Partial success with the use of the
aracterization of deposits of sand with the self-boring,, | i sand sites has thus lead to a debate as to whether it is

pressuremeter test (SBPMT) has three distinct advantageg; 5 practicable to develop an appropriate test procedure in
(i) the test can be performed in soil without causing appré g,y for the self-boring pressuremeter (Clarke and Gambin
ciable disturbance|ij measurements cover a wide range of1995. Bruzzi et al. 1986; Robertson 1982). Some investiga
de_for_mlatlon,fandqu the datg can k?e etltnalyztedtl:ollowgwg the tors are of the opinion that the virgin cavity expansion in an
principies of mechanics. Several atlempts nave DEeN Tesppyt s of less practical value due to its apparent sensi

ported in the literature involving the use of self-boring yyin 15 factors that are difficult to control such as installa
pressuremeters in sand sites, some of which provided usefH n-related disturbance (Clarke and Gambin 1995).

information. Fahey and Randolph (1984), Lacasse et al. L o

(1990, and Faey et a (1993 for nstance were abie t JUNCUS) 0, oeetie sseeserent o, sensiy, o

derive reasonable values of strength and deformation para L . y al o
ocedural uncertainty in the test is essential for establishing

eters of sand (e.g., shear modulus and the effective stre e relevance (or lack thereof) of the test at sand sites, such
friction a,ngle, (pf)' and_the effective horizontal geostatic investigations are extremely rare in the literature. How,ever,
stress, oy, from field SBPMTs. Bruzzi et al. (1986) and qualitative agreement between the SBPMT and other in situ
tests from adjacent locations has occasionally been reported
Received February 12, 1998. Accepted September 2, 1998. in the literature (e.g., Pass 1994; Mori 1981). In situ test
data obtained by the authors from several sand sites are also
in agreement with these observations. For instance, in de
posits that are characterized by a uniform cone tip fesis
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Fig. 1. Qualitative comparison of CPT and SBPMT data. Fig. 2. Site location.
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i those studies, data measured in the SBPMT and CPT are
10 treated here as normally distributed random variables-char
acterized by sample mean and sample standard deviation.
However, unlike the earlier research, the reliability of the
SBPMT is estimated directly from actual measurements us
‘ ing data from several sites. These estimates are ther com
0 5 10 O 5 10 pared with the corresponding values pertaining to the CPT at
., MPa the same sites to examine the consistency of the SBPMT and
CPT. The procedural uncertainty in SBPMT due to installa
tion-related disturbance, which is a major contributor to the
(b) CPT data procedural uncertainty in an SBPMT, is also compared with
) ) ) the procedural uncertainty in the CPT.
served in the SBPMT data. It is therefore logical to hypethe  The data examined in this paper originate from several
size that if cone penetration test (CPT) data from sand sitesand sites in western Canada and one location in Treasure
are of acceptable reliability, SBPMT data are reliable agsland near San Francisco (Fig. 2). Relevant particulars of
well. o _ the deposits examined in this study are summarized in Ta
Reliability of several in situ testing procedures other thanple 1. All the tests at a given site were conducted within a
the self-boring pressuremeter has been assessed by Orch@gtizontal distance of 10 m. Several piezocone penetration
et al. (1988), Phoon and Kulhawy (1996), and Kulhawy andand self-boring pressuremeter tests were carried out within
Trautmann (1996). The estimates of reliability of SBPMT the test area at each site (see Pass 1994; and Roy 1997 for
reported in these studies were deduced from preboreghore details).
pressuremeter test (PMT) data based on qualitative reason
ing. Actual SBPMT data were not examined by the authorsrest procedures and random variables

to verify their conclusions.
The statistical approach of this paper is similar in essence In the CPT, an instrumented, close-ended cylindrical

to that adopted by Orchant et al. (1988), Phoon angrobe with a cross-sectional area of 10 or 15 @md a coni
Kulhawy (1996), and Kulhawy and Trautmann (1996). As incal tip with 60° apex angle is pushed into the ground at a

12
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Table 1. Site particulars.

Site Target zone (m) FC  Dgg(mm) Dg (%) @ (°) Reference

Cell 24 31-38 7-12  0.20 60-75 29 Campanella et al. 1995
J-Pit 3-9 7-12  0.20 20-50 29 Iravani et al. 1995
Highmont Dam 7-12 18 0.12 30-60 34 Bigger and Robertson 1996
KIDD # 2 15-17.5 7 0.14 50-70 31 In-situ Testing Group 11995
LL Dam 5-10 7-9 0.14 35-45 34 Bigger and Robertson 1996
Massey Tunnel 8-16 2 0.14 30-50 31 In-situ Testing Group 4995
Southeastern British Columbia mine site 0-10 50 0.074 1-10 33 Roy 1997

Treasure Island 9.5-11 12 0.25 30-50 32 Pass 1994

Note: Dg, relative density; FC, percent passing the No. 200 sigygconstant-volume friction angle.

Fig. 3. Schematic details of the self-boring pressuremeter. Fig. 4. Typical SBPMT pressure—expansion curve (Test no.
MSPM 245: 11.205 m depth at Massey Tunnel).
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and 2 accelerometers flated by gas pressure. The self-boring pressuremeters used

in this study are of the monocell design, i.e., the instrument
consists of a single inflatable “cell.” The expandable section
has a diameter of 74 mm, except for the probe used at Trea-
sure Island, and &ength to diameter ratio of about 6. The
diameter of the expandable section of the self-boring
pressuremeter used at Treasure Island is 82 mm. The history
of radial deformation of the cavity was monitored at its-cen
w_ Cutting tral height except at Treasure Island, where three sets of
Shoe strain arms were used, one at the central height, one 120 mm
above the central height, and one 120 mm below the central
height. The gas pressure within the deforming cavity (also
steady rate of penetration of about 20 mm/s. The resistancealled the total cavity pressure) is measured continually dur
against penetration near the conical @ip, is measured at a ing the deformation process. Schematic details of a typical
vertical interval between 25 and 50 mm. During the penetraself-boring pressuremeter with one set of strain arms are
tion of the conical probe, other measurements are also madshown in Fig. 3. For additional particulars on the geometry
e.g., frictional resistance against penetration immediately beof the self-boring pressuremeter probes refer to Campanella
hind the tip. These measurements are not as repeatable aset al. (1990) and Pass (1994). More details on the actual test
and are affected by extraneous factors like the surfacerocedure at the sites examined here can be found in Pass
roughness of the probe and probe geometry. The effect dfL994) and Roy (1997).
state of the soil (e.g., the relative densiBg) and the enwi A typical SBPMT pressure—expansion curve within a sand
ronmental variables (e.g., the state of effective geostatideposit is shown in Fig. 4. The random variables of interest
stress) on these measurements is also not as well understoark the unload—reload modul@,r and the effective cavity
as that pertaining tay. As a result,gy is chosen in this pressure (equal to the total cavity pressure minus the -ambi
study as the random variable of interest for quantifying theent pore-water pressure) &= 10%, P,. The symbokg de-
reliability of the CPT. notes cavity strain, i.e., radial deflection of the cavity wall
In an SBPMT, an instrumented cylindrical inflatable probedivided by the original cavity radius. As opposed to the
is installed in the soil layer of interest. The probe is installedCPT, SBPMT measurements pertain to a wide range of de
in the ground by jetting (as in the tests reported in thisformations. It is therefore necessary to estimate the effect of
study), drilling, or cutting. Care is taken during installation inherent soil variability on the SBPMT data over the entire
to minimize the disturbance in the surrounding soil and torange of deformation. In this stud@ g and P, are chosen
avoid stress relief. Once at the desired depth, the probe is iras the random variables to represent small and large -defor

o]
2l
X
)
- >
Electronics: 2
/ A/D Board, amplifiers g
. Y% and microcontroller o 400
Jetting Rod—| | 2
™I L Transducer Housing: =
/ Internal Pressure, pore O 200
y y. ressure and 6 strain o
Strain Armj' ] grms e 0 ‘ | | | | | | UO‘ |
I 0 2 4 6 8 104 12
| E '« Lantern and Membrang Cavity Strain, %
Slurry & Cuttings || | R / Transducer Housing:

Out

© 1999 NRC Canada



Roy et al. 105

mations, respectively. The connotation “large deformation”SBPMT data
is used in this paper loosely and should not be construed to As in case of the CPT, the procedural uncertainty in the
signify the presence of geometric nonlinearity. The choice ofSBPMT mainly arises from installation procedure and differ
€g = 10% is rather arbitrary and is motivated by the fact thatences in probe geometry (Phoon and Kulhawy 1996).
SBPMT cavity expansions are often terminated at cavitySBPMT data examined in this research were largely ob
strains of about 10%. tained using self-boring pressuremeters with similar geome
Like the SBPMT effective cavity pressure at a given de try and design. As a result, direct assessment of procedural
formation, the cone tip resistanag;, increases witto,,’ and uncertainty related to dissimilar probe geometry is not possi
@. However,g,,' affects SBPMT measurements at small-val ble from the available database. The procedural uncertainty
ues of cavity strain, whereag has a more pronounced due to installation-related disturbance is estimated for data
effect upon the data at larger deformations. In contrast, diffrom Massey Tunnel using SBPMT data affected by installa
ferent combinations ofy and o’ may lead to the sameg.  tion-related disturbance together with those without appre
Also, the soil around the piezocone penetrometer is greatlgiable disturbance.
disturbed during the CPT. Thus, the CPT is in essence-an in
dex test that is only amenable to empirical interpretationpPreprocessing of raw data
Nevertheless, theiezocone has emerged as a popular ] . o
site-characterization tool. A reason for its popularity is its As mentioned earlier, raw data from in situ tests were
excellent spatial resolution: layers as thin as 50 mm can bBreprocessed to eliminate the effects of environmentat vari
distinguished. The tool is robust and the test procedure igbles, e.g., the state of effective stress. Correction was also
relatively inexpensive. Also, existence of a large databas@pplied to account for systematic differences in grain charac
makes the user confident about data interpretation despiﬁ@l’lSthS at |nd|V|dua[ sites. Essential Qetalls of qurgctlons
the empiricism, especially where the database has been €8 the level of effective stress and grain compressibility are
tablished. These were the motivations for using the CPT ags follows.
the benchmark to assess the reliability of the SBPMT.
Stress normalization
Among all the state variables, relative density has the
most significant effect on the mechanical response of young
Major causes of variability in the CPT and  uncemented sand-silt. It may thus be argued that inherent
SBPMT data soil variability in such a deposit primarily arises from a vari-
ation in the relative density of the deposit. Although the me-
Laboratory chamber test results suggest that both CPT anghanical behavior of granular deposits is also affected to a
SBPMT data are affected by the soil state (i.e., relative densignificant extent by the state of effective stress, this study is
sity, Dg), grain characteristics (e.g., grain shape and mineralnot aimed at examining the effects of environmental factors
ogy), and environmental factors (e.g., the state of effectiveyn CPT and SBPMT measurements. Since the influences of
stress and soil fabric). This study is aimed at estimation anghe state of effective stress op, Gg, andP), are not identi-
comparison of the effect of inherent soil variability upon the cal, these variables need to be normalized for the state-of ef
CPT and SBPMT. Since the data examined in this researcfective stress before quantifying their sensitivity to inherent
originate from young, normally consolidated uncementedsoil variability and procedural uncertainty. The exercise is
hydraulic deposits of sand and silt, soil fabric at these sitegnalogous to spatial detrending, a procedure routinely under
is similar. The data are preprocessed to approximately €limitaken in the presence of a physically significant trend in a
nate the effects of grain characteristics and the envirormenspatial data set before undertaking a statistical analysis. The

tal factors. The estimates of the effect of inherent soilfollowing relationships are used to normalize the random
variability on the CPT and SBPMT reported in the following variables of interest:

are thus ascribable essentially to the state of packing. Other 06
causes of variability in the CPT and SBPMT measurements B X
are as follows. 1] (@) =or 5

a

CPT data P8
Procedural uncertainty in the CPT data may arise from thé2] (Fo1=Pio FT E
difference in the installation procedure and probe geometry. a

The uncertainty due to a difference in probe geometry is
only examined in this article. According to the American and

Society for Testing and Materials (ASTM 1995), a conical -0.43

probe with 10 or 15 cricross-sectional area can be used in[3] (GSr)1 = GUR%H

the CPT. Given the fact that soil layers over a deeper seg Pa

ment are sampled in the data obtained using a penetrometer ] . .

with a larger cross-sectional area (Robertson andvhereoyg is the average effective horizontal stress for an

Campanella 1986), the smoothing effect due to spatial-avetinload—reload loop. Symbols with the subscript 1 represent
aging is expected to be larger in the case of a 15 come.  Normalized random variables used to assess the effect of in
As shown later, CPT data obtained in this research using Berent soil variability and procedural uncertainty in CPT and

15 Cn’? probe Support this argument_ SBPMT, with the SUbSCflpt Slgnlfylng normalization m’ =

© 1999 NRC Canada



106 Can. Geotech. J. Vol. 36, 1999

Table 2. Bases for stress normalization.

Equation Reference Particulars
[1] Houlsby and Empirically found from calibration chamber tests on CPT
Hitchman 1988
[2] This study Identified from a series of numerically simulated cylindrical cavity expansion tests

following Carter et al. (1986) using typical model parameters for medium-dense
sand, viz.,@ = 38°, @., = 31°, shear modulus = 27 MPa, and Poisson’s ratio = 0.25

[3] Bellotti et al. 1989 Identified semiempirically for elastic — perfectly plastic materials validated by ideal
SBPMTs in a calibration chamber on a medium-compressibility sand

P, Where P, is atmospheric pressure=100 kPa). Super Effect of inherent variability of deposits
script “c” is used to denote the fact thafy, is corrected for  gn SBPMT and CPT
the stress level representative of the unload-reload loop. For
loose to medium dense, normally consolidated deposits of Following Orchant et al. (1988), Kulhawy and Trautmann
young uncemented sand and silt such as those found at sit€k996), and Phoon and Kulhawy (1996), the normalized
studied in this researclo,,’ = 0.50,, wherea,' is the effee  variables G{r)., (P)1, and €'), are modeled as normally
tive vertical geostatic stress. For an elastic perfectly plasti¢listributed random variables. The influence of inherent soil
Mohr-Coulomb frictional materialg,z can be calculated variability on SBPMT and CPT can thus be quantified using
following Bellotti et al. (1989) from the best estimate of the coefficient of variation (C@/)where
C is equal to the sample standard deviation of the random
variable divided by the sample mean . The “hat” is used to

1 _oyl+sing indicate the best estimates of the statistics and not in-sym
sing g, 2sing ¢ bols representing their true values.
(4] Our = The COVs for inherent soil variability and procedural fac-

, |:|(1+sinq¥)/23in(p([|

| o, 0 tors are denoted here i andCp, respectively. The symbol
n Oy (L+ sin(p()D 0 without a subscripiC, denotes total variability. Assuming in-
O 0 dependence between the uncertainty in the value of the ran-

dom variable of interest ascribable to inherent soil

. . . - variability and that due to procedural factors, the following
whereo,' is the effective cavity pressure at the beginning of

. DS "relationship betweeg, Cs, andCy is obtained:
the unload—reload loop. The effective stress friction angle is P S P

estimated here from the cone tip resistance from a CPT adjgs] C? =C3 + C&

cent to the SBPMT using the correlation proposed by Rob- . L .
ertson and Campanella (1986). The quantity’), is The above relationship will be used later to estimate the

obtained by subtracting the ambient pore-water pressiye procedural uncertainty from total uncertainty and that arising

from (qy),. Experimental or analytical bases of the relation Tom inherent soil variability.
ships in egs. [1], [2], and [3] are summarized in Table 2. To calculateCg for the CPT measurements, the normal

ized cone tip resistance from 10 émenetrometers are used.
The preference for the 10 énpiezocone over the 15 ém
Correction for grain compressibility piezocone does not have any motive other than the fact that

Data summarized in Robertson and Campanella (1986) ira considerably larger database of measurements using
dicate thatg; for angular sands is about 0.85 times that for10 cnt piezocones is available. To calculdig for the ran
those comprising subround to subangular grains. To accoultom variables representing the SBPMT, data from those
for dissimilar grain compressibilityy; measured at LL Dam, tests with minimal installation-related disturbance were
Highmont Dam, and southeastern British Columbia mineused. Composition of the database from which the estimates
site, where angular sands and silts are found, is divided bgf Cg were obtained for random variableg;();, (R);, and
0.85 to obtain the equivalemf for medium-compressibility  (Gir); are summarized in Table 3 and the results are listed
sand. in Table 4.

Recent analytical work on the effect of grain compress From the fact thaCs values for B); and Gir), are less
ibility on SBPMT pressure—expansion curves indicates thathan the values pertaining tai(), it can be concluded that
P, for a high-compressibility sand is about 0.92 times thatthe SBPMT is less sensitive to natural soil variability than
for a medium_compressibi“ty sand (Roy 1997) Therefore'the CPT Because of a Iarger pr_obe diameter and Iarger— verti
to correct for systematic differences in grain compressibility,cal interval between consecutive pressure expansion tests
P/, values measured at LL Dam are divided by 0.92. Sincd—0.5 b 1 m inthis study as opposed to 0.025-0.05 m in a
the average stress pertaining to a typical unload—reload loofiyPical CPT), SBPMT data reflect average soil properties
Oyr, is a small fraction of those imposed during the mea OVver a larger volume of soil than the piezocone. As a result,
surements of}; and B, the effect of grain compressibility SBPMT is less sensitive to inherent soll vgrlablllty than the
on Gyg is expected to be negligible. No correction is there CPT. The results of Table 4 are plotted in Figs. 5 and 6,

fore applied toG to account for the systematic differences Whence the existence of monotonic relationships betveen
in grain compressibility. andCg for SBPMT and §1'), are apparent. The implications

© 1999 NRC Canada
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Table 3. Database details.

Sample size
No. of soundings Ro)1 Gr)1
Site CPT SBPMT Disturbed Undisturbed Disturbed Undisturbed
Cell 24 4 P
3b
J-Pit 4 b2 11 11
Highmont Dam 2 b
2d
KIDD #2 3 12
LL Dam 5 > 7 10 3 13
1d
Massey Tunnel 7 2 10 11 6
Southeastern British Columbia
mine site 1 1 10
Treasure Island b 10 6

Ansufficient data for estimating univariate statistics.

PInstalled using a drill rig. Unless indicated otherwise, probes were installed using in situ testing vehicles.

°No undisturbed data. Consequently, data were not included in statistical analyses.

dCross-sectional area of the piezocone is 15.ddnless indicated otherwise, piezocones have a cross-sectional area of.10 cm

Table 4. Influence of inherent soil variability on CPT and SBPMT.

(Ar)1 (Ro)1 (Gir)1
Site Database composition Cs f (MPa)  Cg g (MPa) Cg i (MPa)
Cell 24 CPT adjacent to SBPMT 0.17 9.18
(between 35 and 36.6 m)

All SBPMTs
J-Pit Entire database 0.50 4.27 0.37 0.658 0.33 18.51
KIDD #2 Entire database 0.20 9.83
LL Dam 10 cnt cone 0.24 7.52

Undisturbed SBPMT 0.16 0.885 0.20 23.39
Massey Tunnel 10 cfncone 0.22 7.24

Undisturbed SBPMT 0.14 1.028
Southeastern British Columbia

mine site Entire database 0.84 3.61 0.54 0.631

Treasure Island Entire database 0.18 6.80 0.04 0.910

of these relationships are as follows) the measurements uted random variable can be calculated from the expression
from a carefully conducted SBPMT correlate well with the (see, e.g., Kreyzig 1983):

CPT cone tip resistance from the same site; arjdr(herent o o

soil variability affects the SBPMT and CPT measurementd6] P _t0975(n—1)T <H <Q +1ggr5n "

in a similar fashion, i.e., for a highly interlayered depdit n n

for both CPT and SBPMT measurements is higher than thgnq the corresponding inequality for sample variance {sam

corresponding values for a more uniform deposit. ple variance is equal to the square of sample standard-devia
tion) is
Vertical sampling density and confidence (n -162 (n-1067
intervals 71 ——F—<0®<5——
X0.025(n-1 X0.975,(n-1)

Although the inferences of the preceding section are based
on the best-estimate statistics, it should be recognized thatheret is Student’st; x? is the chi-squared valug; and o
the vertical sampling density forgf’); (one measurement are the true values of mean and standard deviation, respec
every 25-50 mm) is considerably larger than that in a typicatively; and n is the sample size. The calculated confidence
SBPMT sounding (one measurement every 0.5-1.0 m). Thimtervals for the results of Table 4 are summarized in Ta
makes it necessary to examine the effect of such a differendale 5.
upon the confidence intervals of the statistical estimators. The results presented in Table 5 indicate that the eonfi
The confidence intervals for the mean of a normally distrib dence intervals for the estimates of sample mean are small
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Fig. 5. Relationship between sample means. Fig. 6. Relationship between coefficients of variation.
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fractions of the best estimates of the statistic for both CPT

(4% of the best estimate: average for all sites) and SBPMPplugging usually leads to anomalous results (da Cunha
(17% of the best estimate: average for all sites). The eonfil994). The data from the tests affected by a pushed-in type
dence intervals for the estimates of standard deviation aref disturbance are used to quantify the uncertainty due to the
considerably larger, with 90% of the best estimates (averagistallation procedure as detailed below. SBPMT data from
for all sites) for the normalized random variables representLL Dam by a pushed-in type of disturbance are also used in
ing the SBPMT and 11% of the best estimates (average fathe following exercise.

all sites) for the normalized variables representing the cone The coefficient of variation of a mixed database of pres-
tip resistance. Also, the confidence intervals for the statisticsure—expansion tests with and without installation-related
pertaining to @), are smaller than those foR); and disturbanceC, is first estimatedCy; is then calculated from
(GSR)1, especially for the coefficients of variation for inher- eq. [5] using the estimate @ reported earlier. The results
ent soil variability. As a result, the relationships of Fig. 5 areof this exercise are summarized in Table 6. As seen from the

more precise than that of Fig. 6. results,Cp for (Po); is about 0.1 at LL Dam and Massey
Tunnel. A dearth of data did not allow estimation ©f at
Procedural uncertainty in SBPMT other sites.

S _ Compared with the coefficients of variation for procedural

Procedural uncertainty in an SBPMT due to operationalincertainty at sand sites inferred by Orchant et al. (1988)
factors, i.e., installation procedure, is examined herein. Adopand Phoon and Kulhawy (1996) from prebored pressure-
tion of an inappropriate ir]stallation prpcedure in SBPMT meter testsC for (Plp); at Massey Tunnel and LL Dam are
leads to either a “pushed-in” type of disturbance or “washiower. As pointed out earlier, the estimates of Orchant et al.
boring.” A drilling process incapable of removing the and Phoon and Kulhawy are based on the qualitative experi
amount of soil that is necessary to advance the probe-withence of the investigators and not on actual measurements.
out imparting an appreciable outward radial displacement ilNevertheless, the estimates of SBPMT procedural uncer
the soil leads to a pushed-in type of disturbance. On theainty listed in Table 6 do not include the uncertainty due to
other hand, if more soil is removed than is necessary tQjissimilar probe designs. All self-boring pressuremeters,
avoid stress relief, an oversized cavity is created. A tell-taleneasurements from which have been examined in this study,
sign of this type of disturbance, often called wash boring, isare of the Cambridge design and are installed by a central
an unusually low lift-off pressure and can be remediated byetting system with a length to diameter ratio of about 6.
simply reducing the mudflow. Unlike wash boring, the |t may be mentioned here that the procedural uncertainty
pushed-in type of disturbance is more difficult to detect andn the SBPMT due to operational factors can be minimized
control. The procedural uncertainty due to the pushed-iny the adoption of an appropriate procedure for the installa
type of disturbance is quantified in what follows. tion of the self-boring probe. A summary of such procedures

Trial SBPMTs at the beginning of the in situ testing pro for self-boring probes of several types can be found-else
gram at Massey Tunnel were carried out to identify an-opti where (see, e.g., da Cunha 1994; Roy 1997).
mum installation procedure. The probe was withdrawn from
the borehole at regular intervals to inspect for the occurrencprocedural uncertainty in CPT
of shoe-plugging. Excessive shoe-plugging, where more
than one half of the cross-sectional area of the cutting shoe For the SBPMT, the repeatability is understood to be most
is plugged, is assumed to indicate that the pressure—expasignificantly affected by operational aspects, i.e., installation
sion test prior to the withdrawal of the probe from the bore procedure. The operational procedure for the CPT, on the
hole was affected by a pushed-in type of disturbance. Thether hand, has been standardized. As a consequence, CPT
cutoff of one half of the cross-sectional area of the cuttingdata are not affected to a considerable extent by the epera
shoe was arrived at from an observation that interpretatiotional factors. However, ASTM (1995) allows both 10 and
of SBPMT data from tests with a greater amount of shoe-15 cn? cone penetrometers in the CPT. It is of interest to ex
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Table 5. Confidence intervals.

(971 (MPa) (o)1 (MPa) Gir)1 (MPa)
Site Database composition v o S o f o
Cell 24 CPT next to SBPMT +0.08 -0.13, 0.15
(35-36.6 m)
J-Pit Entire database +0.17 -0.13, 0.14 +0.16 -0.07, 0.19 +4.11 —-1.85, 4.60
KIDD #2 Entire database +0.22 -0.15, 0.17
LL Dam 10 cn? cone +0.11 —0.08, 0.09
Undisturbed SBPMT +0.09 -0.04, 0.10 +2.69 -1.24, 2.83
Massey Tunnel 10 cficone +0.07 -0.04, 0.05
Undisturbed SBPMT +0.01 -0.04, 0.11
Southeastern British
Columbia mine site Entire database +0.24 -0.14, 0.17 +0.24 -0.11, 0.28
Treasure Island Entire database +0.44 —-0.24, 0.43 +0.04 —-0.02, 0.05
Table 6. Procedural uncertainty in CPT and SBPMT. natural soil variability for ¢;'); and the corresponding val
. . - - - ues for @), and G{r):- The sample means oPj), and
Site variable ~ C Cs Ce (G8R); also relate to that ofgg’), in a similar manner at the
Highmont Dam 01)1 0.34 0.32 0.11  sites examined in this research. These observations can be
LL Dam R 0.14 0.11 0.09 interpreted as follows:i) inherent variability of a deposit of
(P'10)1 0.18 0.16 0.09 granular soils has a similar effect on carefully conducted
Massey Tunnel R0 0.18 0.14 0.13  self-boring pressuremeter tests and piezocone penetration
tests, andi{) carefully conducted self-boring pressuremeter

“Based on CPT data within the target zone from two adjacent - . .
soundings, one using a 10 &mwone and the other using a 15 toone. test data correlate reasonably with CPT cone tip resistance at

sand and silt sites.

Since @), and Gfr), represent large- and small-strain
easurements in an SBPMT, respectively, the inferences
listed above are valid for well-conducted SBPMTSs irrespec-
tive of strain level in the test.

_ Procedural uncertainty in the CPT due to dissimilar probe
geometry and that in the SBPMT due to imperfect installa-
tion have also been examined, since these factors are under-
stood to have the most significant influence on these tests.

the reference for computing the procedural uncertainty in théExamlnatlon of test data indicates that these factors have a

cone tip resistance. In other word, for the cone tip resis  Similar influence on CPT and SBPMT data.
tance is calculated solely from 10 @rone tip resistance.  Itis therefore apparent that SBPMT is as reliable a tool as
Using these estimates 6f andCs in eq. [5], the procedural the piezocone at a sand site, provided that a proper proce

is calculated. lack of reliability of some interpretation procedures for the

The estimates o arising out of the difference in the-di SBPMT which has occasionally been reported in the litera
ameter of the piezocone at LL Dam and Highmont Dam ardure does not provide evidence of a general drawback of the
presented in Table 6. These values are in agreement with tH@0l itself, and should be viewed as a limitation of the inter
value suggested in ASTM (1995) and are somewhat highdpretation procedure.
than the corresponding value of 5% reported by Orchant et
al. (1988) and Phoon and Kulhawy (1996). Prevalence of the
10 cn? piezocone penetrometers appears to be the primary
reason behind the perception that the CPT data are signifilcknowledgments
cantly more repeatable than the SBPMT data.

amine how such a difference in probe geometry affects the,
measurement. A
As in case of the SBPMT, the total uncertair®y, in the

cone tip resistance is quantified in the following using a
mixed database of CPTs at LL Dam and Highmont Dam us
ing 10 and 15 crhpenetrometers. Due to the prevalence of
the 10 cm piezocones in the industry, normalized effective
cone tip resistanceg¢’), from 10 cnf probes is treated as

This work was partly funded by CANLEX, which is a
project funded through Collaborative Research and Develop
ment Grant from the Natural Sciences and Engineering Re

A comparative study of the piezocone, which is amongsearch Council of Canada (NSERC), industrial participants,
the most preferred tools for site characterization, and the&nd universities, and by the British Columbia Science Goun
SBPMT was undertaken to ascertain the reliability of thecil. Data from the Treasure Island site were made available
self-boring pressuremeter in granular deposits. SBPMT anbly Dr. Jean Benoit of the University of New Hampshire, for
CPT data from several sand and silt sites in western Canadahich the authors are thankful. The first author would also
and one site in the United States have been examined. like to acknowledge the financial support from the Univer

A relationship of approximately monotonic nature is-ap sity Graduate Fellowship of the University of British Co
parent between the coefficients of variation ascribable tdumbia.

Conclusions

© 1999 NRC Canada



110 Can. Geotech. J. Vol. 36, 1999

References at Massey Tunnel in Deas Island. Report, CANLEX activity 3A,
Department of Civil Engineering, University of Alberta, £d

ASTM. 1995. Standard test method for performing electronic fric ~ monton, Alta.
tion cone and piezocone penetration testing of soils (D-57AA8). |n-Situ Testing Group (Department of Civil Engineering., Univer
Annual Book of ASTM Standards. ASTM, West Conshohocken,  sity of British Columbia). 1996. General site characterization
Pa., pp. 570-587. at KIDD # 2 in Richmond. Report, CANLEX activity 3A, De

Bellotti, R., Ghionna, V., Jamiolkowski, M., Robertson, P.K., and  partment of Civil Engineering, University of Alberta, Edmon
Peterson, R.W. 1989. Interpretation of moduli from self-boring  ton, Alta.
pressuremeter tests in sand. GéotechniG9e 269-292. Iravani, S., Hofmann, B.A., Fear, C., Cyre, G., Lefebvre, M.E.,

Bigger, K.W., and Robertson, P.K. 1996. Report, CANLEX Phase Natarajan, S., Stahl, R.P., and Robertson, P.K. 1995. Report,
IV: Detailed site characterization at Highland Valley copper CANLEX Phase llI, activity I1I-3A. Department of Civil Engi
mine, BC. University of Alberta, Edmonton, Alta. neering, University of Alberta, Edmonton, Alta.

Bruzzi, D., Ghionna, V., Jamiolkowski, M., Lancellotta, R., and Kreyzig, E. 1983. Advanced engineering mathematics. 5th ed. John
Manfredini, G. 1986. Self-boring pressuremeter in Po River Wiley and Sons, Inc., New York.
sand.In Proceedings, Pressuremeter and its marine applicationsulhawy, F.H., and Trautmann, C.H. 1996. Estimation of in situ
American Society for Testing and Materials, Special Technical test uncertaintyln Uncertainty in the geologic environment:
Publication STP 950, pp. 283-302. from theory to practiceEdited byC.D. Shackleford, P.P. Nel

Campanella, R.G., Stewart, W.P., and Jackson, R.S. 1990. Devel son, and M.J.S. Roth. American Society of Civil Engineers,
opment of the UBC self-boring pressuremetarProceedings of Geotechnical Special Publication 58, Vol. 1, pp. 326—340.
the 3rd International Symposium on Pressuremeters, Institute dfacasse, S., D'Orazio, T.B., and Bandis, C. 1990. Interpretation of
Civil Engineers, April 1990, Thomas Telford Ltd., London,  self-boring and push-in pressure-meter testsProceedings of
U.K., pp. 65-73. the 3rd International Symposium on Pressuremeters, Institute of

Campanella, R.G., Davies, M.P., Roy, D., Jackson, R.S., Robert Civil Engineers, April 1990. Thomas Telford, London, U.K.,
son, PK., List, B.R., Woeller, D.J., Weemees, LA, and pp. 273-285.

Gillespie, D.G. 1995. Phase | penetration testing of CANLEX: Mori, H. 1981. Study on the properties of soils in the northern

the results of seismic piezocone testing and energy measured coast of Tokyo Bay using a self-boring pressuremeter. Soils and
SPT programs at Syncrude’s Mildred Lake tailings facility. Foundations21(3): 83-98.

Proceedings of the 48th Canadian Geotechnical Conferenc&rchant, C.J., Kulhawy, F.H., and Trautmann, C.H. 1988. Reliabil-
Vancouver, B.C., pp. 69-76. ity based foundation design for transmission line structures. Vol.

Carter, J.P., Booker, J.R., and Yeung, S.K. 1986. Cavity expansion 2. Report EPRI EL-5502, Project 1493-4, Electric Power Re-
in cohesive frictional soils. Géotechniqugs: 349-358. search Institute, Palo Alto, Calif.

Clarke, B.G., and Gambin, M. 1995. Pressuremeter testing in onPass, D.G. 1994. Soil characterization of the deep accelerometer
shore ground investigations. Report to the International Society site at Treasure Island, San Francisco, California. M.S. thesis,
of Soil Mechanics and Foundation Engineering, Committee University of New Hampshire, Durham, N.H.

TC16. Phoon, K.K., and Kulhawy, F.H. 1996. On quantifying inherent
da Cunha, R.P. 1994. Interpretation of self-boring pressuremeter soil variability. In Uncertainty in the geologic environment:
tests in sand. Ph.D. dissertation, University of British Columbia, from theory to practiceEdited byC.D. Shackleford, P.P. Nel

Vancouver, B.C. son, and M.J.S. Roth. American Society of Civil Engineers,

Fahey, M., and Randolph, M.F. 1984. Effect of disturbance on pa Geotechnical Special Publication 58, Vol. 1, pp. 326-340.
rameters derived from self-boring pressuremeter tests in sandRobertson, P.K. 1982. In-situ testing of soils with emphasis on its
Géotechnique34: 81-97. application to liquefaction assessment. Ph.D. dissertation, Uni

Fahey, M., Robertson, P.K., and Soliman, A.A. 1993. Towards ara versity of British Columbia, Vancouver, B.C.
tional method of predicting settlements of spread footings onRobertson, P.K., and Campanella, R.G. 1986. Guidelines for use,
sand. Research Report G1086, Department of Civil Engineering, interpretation and application of the CPT and CPTU. SoilMe

University of Western Australia, Perth, Australia. chanics Series No. 105, Department of Civil Engineering.,-Uni
Houlsby, G.T., and Hitchman, R. 1988. Calibration chamber tests versity of British Columbia, Vancouver, B.C.
of a cone penetrometer in sand. Géotechni@se,39-44. Roy, D. 1997. Mechanical properties of granular deposits from

In-Situ Testing Group (Department of Civil Engineering, Univer  self-boring pressuremeter tests. Ph.D. dissertation, University of
sity of British Columbia). 199& General site characterization British Columbia, Vancouver, B.C.

© 1999 NRC Canada



