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Standard Test Method for
Performing Electronic Friction Cone and Piezocone
Penetration Testing of Soils *

This standard is issued under the fixed designation D 5778; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

1. Scope responsibility of the user of this standard to establish appro-

1.1 This test method covers the procedure for determiningtiate safety and health practices and determine the applica-
the resistance to penetration of a conical pointed penetrometBHity of regulatory limitations prior to use.
as it is advanced into subsurface soils at a slow, steady rate

1.2 This test method is also used to determine the frictiona
resistance of a cylindrical sleeve located behind the conical 2-1 ASTM Standards: _ _
point as it is advanced through subsurface soils at a slow, D 653 Terminology Relating to Soil, Rock, and Contained
steady rate. Fluids® , o , ,

1.3 This test method applies to friction-cone penetrometers E 4 Practice for Force Verification of Testing Machifies
of the electronic type. -

1.4 This test method can be used to determine pore pressu:?é Termm-ol.o-gy
development during push of a piezocone penetrometer. Pore 3-1 Definitions: _ , _
pressure dissipation, after a push, can also be monitored for 3-1-1 Definitions are in accordance with Terminology
correlation to soil compressibility and permeability. D 653.

1.5 Other sensors such as inclinometer, seismic, and tem- 3-2 Definitions of Terms Specific to This Standard:
perature sensors may be included in the penetrometer to 3-2-1 apparentload transfer-apparent resistance measured
provide useful information. The use of an inclinometer ison either the cone or friction sleeve of an electronic cone

highly recommended since it will provide information on penetrometer while that element is in a no-load condition but

potentially damaging situations during the sounding process.the other element is loaded. Apparent load transfer is the sum

1.6 Cone penetration test data can be used to interpré’tf cross talk, subtraction error, and mechanical load transfer.
subsurface stratigraphy, and through use of site specific corre- 3-2-2 baseline-a set of zero load readings, expressed in
lations it can provide data on engineering properties of soilderms of apparent resistance, that are used as reference values

intended for use in design and construction of earthworks andUring performance of testing and calibration.
foundations for structures. 3.2.3 cone—the conical point of a cone penetrometer on

1.7 The values stated in Sl units are to be regarded awhich the end bearing component of penetration resistance is

standard. Within Section 13 on Calculations, S metric units ar@€veloped. The cone has a 60° apex angle, a projected
considered the standard. Other commonly used units such 420rizontal plane) surface area or cone base area of 10 or 15
the inch-pound system are shown in brackets. The various daf’> and a cylindrical extension behind the cone base.
reported should be displayed in mutually compatible units as 3:2-4 COne penetration testa series of penetration readings
agreed to by the client or user. Cone tip projected area jperformed at one location over the entire depth Wh_en using a
commonly referred to in centimetres for convenience. Thé&©N€ penetrometer. Also referred to as cone sounding.
values stated in each system are not equivalents; therefore,3-2-5 CONe penetrometera penetrometer in which the lead-
each system must be used independently of the other. ing end pf the penetrometer tip is a conical point designed for
penetrating soil and for measuring the end-bearing component
Nore 1—This test method does not include hydraulic or pneumaticof penetration resistance.
Eggatr;)mtletetrs.thHowever, tmanyt of the procedural requirements herein 3.2.6 cone resistance, g-the end-bearing component of
PRl o those penetrometers. penetration resistance. The resistance to penetration developed
1.8 This standard does not purport to address all of theon the cone is equal to the vertical force applied to the cone
safety concerns, if any, associated with its use. It is thejivided by the cone base area.

3.2.7 corrected total cone resistance,—gtip resistance

. Referenced Documents

1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and

Rock and is the direct responsibility of Subcommittee D18.02 on Sampling and—

Related Field Testing for Soil Evaluations. 2 Annual Book of ASTM Standardgol 04.08.
Current edition approved Sept. 10, 1995. Published January 1996. 2 Annual Book of ASTM Standardgol 03.01.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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corrected for water pressure acting behind the tip (see 13.2.1). 3.2.23 penetrometer tip-the terminal body (end section) of
Correction for water pressure requires measuring water preshe penetrometer which contains the active elements that sense
sures with a piezocone element behind the tip at localign  the components of penetration resistance. The penetrometer tip
The correction results in estimated total tip resistance. may include additional electronic instrumentation for signal
3.2.8 cross talk—an apparent load transfer between the coneconditioning and amplification.
and the friction sleeve caused by interference between the 3.2.24 piezocone-same aglectronic piezocone penetrom-
separate signal channels. eter (see 3.2.10).
3.2.9 electronic cone penetrometera friction cone pen- 3.2.25 piezocone pore pressuresfluid pressure measured
etrometer that uses force transducers, such as strain gage ldéging the piezocone penetration test.
cells, built into a non-telescoping penetrometer tip for measur- 3.2.26 piezocone pore pressure measurement locatiops, u
ing, within the penetrometer tip, the components of penetratiol ,, Us—fluid pressure measured by the piezocone penetrometer
resistance. at specific locations on the penetrometer as follows=pore
3.2.10 electronic piezocone penetrometean electronic ~ Ppressure filter location on the face or tip of the comgs-pore
cone penetrometer equipped with a low volume fluid chambepressure filter location immediately behind the cone tip (stan-
porous element, and pressure transducer for determination @grd location) andj;—pore pressure filter location behind the

pore pressure at the porous element soil interface. friction sleeve. _ _
3.2.11 end bearing resistaneesame as cone resistance or 3.2.27 pore pressure ratie-the ratio of excess pore pres-
tip resistanceg. sure,Au, to cone resistance,, expressed as a percentage (see

3.2.12 equilibrium pore water pressure,gt-at rest water  13.5.3). . .
pressure at depth of interest. Same as hydrostatic pressure (seé-2-28 pore pressure ratio parameter, ;B-the ratio of
Terminology D 653). excess pore pressure at measurement locatignto corrected

3.2.13 excess pore water pressurty—the difference be- total cone resistanag, minus the total vertical stress, (see
tween pore pressure measured as the penetration oucars] 13.5.4.1). )
estimated equilibrium pore water pressutg{ u). Excess 3.2.29 push rods—the thlc_k-walled tubes or rods used to
pore pressure can either be positive or negative. advance the penetrometer tip. o _

3.2.14 friction cone penetrometera cone penetrometer 3.2.30 sleeve friction, sleeve, and friction resistanesame

with the capability of measuring the friction component of & friction sleeve resistance.
penetration resistance. 3.2.31 subtraction error—an apparent load transfer from

3.2.15 friction ratio, R—the ratio of friction sleeve resis- the cone to the friction sleeve of a subtraction type electronic

tance f,, to cone resistance,, measured at where the middle cone penetrometer caused by minor_voltage differences in
of the friction sleeve and cone point are at the same depﬂ{’esponse to Ic_)a(_:i be.tween the two strain element cells.
expressed as a percentage. 32 iAgl:;)r_?watg(k))ns._ ion for th .

3.2.16 friction reducer—a narrow local protuberance on the 3'3'2 CPT;—aabl;?(\a/\I/eilgggn ofrotr ?hzonpeiegir;(e)trzztlcp))grﬁ?e?rtétion
outside of the push rod surface, placed at a certain distance ™"
above the penetrometer tip, that is provided to reduce the toti?St'

side friction on the push rods and allow for greater penetratiomd. Summary of Test Method

depths for a given push capacity. _ 4.1 A penetrometer tip with a conical point having a 60°
3.2.17 friction sleeve—an isolated cylindrical sleeve section apex angle and a cone base area of 10 or 15isradvanced

on a penetrometer tip upon which the friction component Ofinqgh the soil at a constant rate of 20 mm/s. The force on the

penetration resistance develops. The friction sleeve has @pical point (cone) required to penetrate the soil is measured

surface area of either 150 for 10 Ewone tip. by electrical methods, at a minimum of every 50 mm of
3.2.18 friction sleeve resistance,+ the friction component  penetration. Stress is calculated by dividing the measured force

of penetration resistance developed on a friction sleeve, equalota| cone force) by the cone base area to obtain cone

to the shear force applied to the friction sleeve divided by itsresistanceqc.

surface area. 4.2 A friction sleeve is present on the penetrometer imme-

3.2.19 FSG—abbreviation for full-scale output. The output diately behind the cone tip, and the force exerted on the friction
of an electronic force transducer when loaded to 100 % rateg|eeve is measured by electrical methods at a minimum of

capacity. every 50 mm of penetration. Stress is calculated by dividing
3.2.20local side frictior—same as friction sleeve resis- the measured force by the surface area of the friction sleeve to
tance. determine friction sleeve resistandg,
3.2.21 penetration resistance measuring systena mea- 4.3 Many penetrometers are capable of registering pore

suring system that provides the means for transmitting inforwater pressure induced during advancement of the penetrom-
mation from the penetrometer tip and displaying the data at theter tip using an electronic pressure transducer. These pen-
surface where it can be seen or recorded. etrometers are called “piezocones.” The piezocone is advanced
3.2.22 penetrometer-an apparatus consisting of a series ofat a rate of 20 mm/s, and readings are taken at a minimum of
cylindrical push rods with a terminal body (end section), calledevery 50 mm of penetration. The dissipation of either positive
the penetrometer tip, and measuring devices for determinatioor negative excess pore water pressure can be monitored by
of the components of penetration resistance. stopping penetration, unloading the push rod, and recording
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pore pressure as a function of time. When pore pressure Soildseul o Soil seal
becomes constant it is measuring the equilibrium value or  °" 9“\'”'”'” Water seal /" “and gap

piezometric level at that depth. i sleeve~y f
/&i\m c | j>
if i z

T
\C Load ceti

35.7mm

5. Significance and Use

5.1 Tests performed using this test method provide a de-
tailed record of cone resistance which is useful for evaluation S Load cell
of site stratigraphy, homogeneity and depth to firm layers,
voids or cavities, and other discontinuities. The use of a friction (2) Independent rension—cype electric friction — cone penetrometer.
sleeve and pore pressure element can provide an estimate of
soil classification, and correlations with engineering properties Soil seal md qop
of soils. When properly performed at suitable sites, the test Friction steeve\‘ Water seal [
provides a rapid means for determining subsurface condition

5.2 This test method provides data used for estimating Bl e g?
engineering properties of soil intended to help with the design 4 f Ej
and construction of earthworks, the foundations for structures e S s 1
and the behavior of soils under static and dynamic loads. C+S Load cell \¢ Load cell

5.3 This test method tests the soil in situ and soil samples
are not obtained. The interpretation of the results from this test (b) Subtraction-type electric friction — cone penetrometer.
method provides estimates of the types of soil penetrated. FiG. 1 Typical Electric Friction—Cone Penetrometer Tip
Engineers may obtain soil samples from parallel borings for Configurations (1)

correlation purposes but prior information or experience may o
preclude the need for borings. sive forces on both the cone and friction sleeve. The compres-

sive force from just the friction sleeve is computed then by
6. Interferences subtraction. This cone design finds the most common use in

6.1 Refusal, deflection, or damage to the penetrometer mapdustry. It is preferred because of its rugged design. This
occur in coarse grained soil deposits with maximum particledesign forms the basis for minimum performance requirements
sizes that approach or exceed the diameter of the cone.  for electronic penetrometers. _

6.2 Partially lithified and lithified deposits may cause re- 7.1.1.1 In the independent tension-type cone penetrometer
fusal, deflection, or damage to the penetrometer. tip, the cone produces a compression force on the cone load

6.3 Standard push rods can be damaged or broken undégll (the “C" cell on Fig. 1)) while the friction sleeve
extreme loadings. The amount of force that push rods are aprroduces a tensile force on the independent friction sleeve load
to sustain is a function of the unrestrained length of the rod§ell (the “S” cell on Fig. 1§). Designs are also available
and the weak links in the push rod-penetrometer tip string sucihere the independent sleeve element is placed in compres-
as push rod joints and push rod-penetrometer tip connectiongion. This penetrometer tip design results in a higher degree of
The force at which rods may break is a function of theaccuracy in friction sleeve measurement, but, depending on the
equipment configuration and ground conditions during pendesgn, it is more susceptible to damage under extreme loading
etration. Excessive rod deflection is the most common causgonditions.

for rod breakage. 7.1.1.2 Typical general purpose cone penetrometers are
manufactured to full scale outputs equivalent to net loads of 10
7. Apparatus to 20 tons. Often, weak soils are the most critical in an

7.1 Friction Cone PenetrometerThe penetrometer tip investigation program an_d in some cases very accurate friction
should meet requirements as given below and in 10.1. In gleeve data may be rgquwed. To gain better resolution, the FSO
typical friction cone penetrometer tip (as shown on Figl)),*  can be lowered or mdependent type penetrometers can be
the forces produced by friction sleeve resistance and congelected. A low FSO subtraction cone may provide more
resistance during penetration are measured by two load celfcurate data than a standard FSO independent type cone
within the electronic friction cone penetrometer. Either inde-depending on such factors as system design and thermal
pendent or subtraction-type electronic friction cone penetromcompensation. If the FSO is lowered, this may place electrical
eter tips are acceptable for use. components at risk if overloaded in stronger soils. Expensive

7.1.1 In the subtraction-type friction cone penetrometer, théreboring efforts may be required to avoid damage in these
cone and sleeve both produce compressive forces on the lo&8S€S- The selection of penetrometer type and resolution should
cells. The load cells are joined together in such a manner th&onsider such factors as practicality, availability, calibration
the cell nearest the cone (the “C” cell on Figbf)(measures réquirements, cost, risk of damage, and preboring require-
the compressive force on the cone while the second cell (thE€nts.

requirements by consulting with experienced users or manu-

facturers. The need for a specific cone design depends on the

4The boldface numbers given in parentheses refer to a list of references at th@eSign data needs outlined in the eXploration progra_lm.
end of the text. 7.1.1.4 Regardless of penetrometer type, the friction sleeve
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load cell system must operate in such a way that the system tgps which have worn to the operating tolerance shown on Fig.

sensitive to only shear stresses applied to the friction sleeve( b) and @) should be replaced. Piezocone tips should be

and not to normal stresses. replaced when the height of cylindrical extension has worn to
7.1.2 Cone—Nominal dimensions, with manufacturing and approximately 1.5 mm.

operating tolerances, for the cone are shown on Fig. 2. The

35.7mm<dc<36.0mm
Cylindrical <> v 4.5mmshe<5.5mm
extension ] i

dec>34.7mm
|« > | v ‘{hezz.Omm
Base — A ! -

0
<70" T
60° ’

cone...— ¥ ! \
\ ¢ he>24.0mm
V 31.0mm<hc<31.3mm A
{a) Manufacturing tolerances of 10 cm2 cones. (b) Operating tolerances of 10 cmz cones.

43.7mmsdc<44.0mm

,.A,,,)‘\ v \4.5mm<he<6.5mm dc242.7mm
¥ P ﬂv)‘ he=2.0mm
|7A/ l ,' v AZ
A
<70
60° \ V&
! / Y ‘hc:20.0mm
¢ 37.8mm<hc<38.1mm
(c¢) Manufacturing tolerances of 15 cm2 cones. {d) Operating tolerances of 15 cm2 cones.
CONE NOMINAL TOLERANCE
BASE AREA | BASE DIAMETER CONE HEIGHT EXTENSION | MANUFACTURED (OPERATIONS)
2 dc he he dc he he
cm mm mm mm mm mm mm
10 35.7 31.0 5.0 +0.3-0.0 +0.3-0.0 +0.0-05
(234.7) (224.0) (22.0)
15 437 37.8 50-6.0 +0.3-00 +0.3-0.0 +0.0-0.5
(=42.7) (228.0) (22.0)

FIG. 2 Manufacturing and Operating Tolerances of Cones (2)

cone has a projected base aréa~ 1000 mrﬁ, +2 %-5% Note 2—In some applications it may be desirable to scale the cone
with an apex angle of 60°. A cylindrical extensidn, of 5 mm diameter down to a smaller projected area. Cone penetrometers with 5 cm
should be located behind the base of the cone to protect tHgojected area find use in the field applications and even smaller sizes are

outer edges of the cone base from excessive wear. The 10 erﬁsed in the laboratory for research purposes. These cones should be

. ) . designed with dimensions scaled in direct proportion to 18 pemetrom-
cone is considered the. reference. standard for WhICh rgsults %fersg. In thinly layered soils, the diameter aFf)fecgs how accurF:ZIy the layers
other penetrometers with proportionally scaled dimensions Caﬂlay be sensed. Smaller diameter cones may sense thinner layers more
be compared. accurately than larger cones. If there are questions as to the effect of
7.1.2.1 In certain cases, it may be desirable to increase ttagaling the penetrometer to either larger or smaller size, results can be
cone diameter in order to add room for sensors or increaseompared in the field to the 10 cmpenetrometer for soils under
ruggedness of the penetrometer. The standard increase is t&epsideration. This_ is beca_use the 1P@one is considered the reference
base diameter which provides a projected cone base area of PgNetrometer for field testing.
cn¥ while maintaining a 60° apex angle. Nominal dimensions, 7.1.3 Friction Sleeve-The outside diameter of the manu-
with manufacturing and operating tolerances for the 1% cmfactured friction sleeve and the operating diameter are equal to
cone, are shown on Fig. 2. the diameter of the base of the cone with a tolerance of + 0.35
7.1.2.2 The cone is made of high strength steel of a type anchm and — 0.0 mm. The friction sleeve is made from high
hardness suitable to resist wear due to abrasion by soil. Corstrength steel of a type and hardness to resist wear due to
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abrasion by soil. Chrome plated steel is not recommended dusperation of the sensing devices and should be designed and
to differing frictional behavior. The surface area of the friction constructed in such a way to prevent the entry of soil particles.
sleeve is 1.5< 10* mn?= 2 %, for a 10 cri cone. If the cone  Gap requirements apply to the gaps at either end of the friction
base area is increased to 15%@s provided forin 7.1.2.1, the sleeve and to other elements of the penetrometer tip.
surface area of the friction sleeve should be adjusted propor- 7.1.4.1 The gap between the cylindrical extension of the
tionally, with the same length to diameter ratio as the 18 cmcone base and other elements of the penetromete $jmust
cone. With the 15 crtip, sleeve areas of 2.0 to 3:010*  not be larger than 5 mm for the friction cone penetrometer.
mn? have been used successfully in practice. This indicates 7.1.4.2 If a seal is placed in the gap, it should be properly
that acceptable sleeve length to tip diameter ranges from threfesigned and manufactured to prevent entry of soil particles
to five. into the penetrometer tip. It must have a deformability at least
7.1.3.1 The top diameter of the sleeve must not be smallefvo orders of magnitude greater than the material comprising
than the bottom diameter or significantly lower sleeve resisthe load transferring components of the sensing devices in
tance will occur. During testing, the top and bottom of theorder to prevent load transfer from the tip to the sleeve.
sleeve should be periodically checked for wear with a mi- 71 4 3 Filter Element in the Gap-If a filter element for a
crometer. Normally the top of the sleeve will wear faster thanyiezocone is placed in the gap between cone and sleeve the
the bottom. sum of the height of cylindrical extensioh,, plus element

areas which are exposed to water pressures. This will removg g for explanation).

the tendency for unbalanced end forces to act on the sleeve.7 1 5 piameter RequirementsThe penetrometer tip is the
Sleeve design must be checked in accordance with AL.7 tQminal body housing all sensors to be monitored during
€nsure proper response. _ testing (see 3.2.25). The penetrometer tip includes the cone tip,
7.1.4 Gap—Fig. 3(a) and p) illustrate penetrometer re- ficiion sleeve, and other sensors normally located just above
quirements immediately above the cone tip for the friction conghe friction sleeve. The friction sleeve should be located within
penetrometer. The gap (annular space) between the cylindricgly, 15 mm behind the base of the cone. The friction sleeve

extension of the cone base and the other elements of th@ameter tolerance is given in 7.1.3. The annular spaces and
penetrometer tip should be kept to the minimum necessary fafea|s between the friction sleeve and other portions of the

5 penetrometer tip must conform to the same specifications as
described in 7.1.4. Changes in the diameter of the penetrometer
body above the friction sleeve should be such that tip or sleeve

N—"T measurements are not influenced by increases in diameter.

International reference test procedures require that the pen-

Seal etrometer body has the same diameter as the cone for the
complete length of the penetrometer bd@y.

A

]_fos Smm 7.1.5.1 For some penetrometer designs, it may be desirable

il to increase the diameter of the penetrometer body to house
additional sensors or reduce friction along push rods. These
diameter changes are acceptable if they do not have significant
influence on tip and sleeve data. If there is question regarding
a specific design with diameter increases, comparison studies
can be made to a penetrometer with constant diameter. Infor-
mation on diameters of the complete penetrometer body should
be reported.

Dirt Seal__Y

===
2
1000mm

P

OO T TTTTree NN

Friction Sleeve___{

L=133.7mm
(area=15.000m )

Note 3—The effects diameter changes of the penetrometer on tip and
sleeve resistance are dependent on the magnitude of diameter increase and
location on the penetrometer body. Most practioners feel that diameter
increases equivalent to addition of a friction reducer with area increases of
15 to 20 % should be restricted to a location at least eight to ten cone
diameters behind the friction sleeve.

VIO TN

Watertight Seal

Dirt Seal\

Piezo-Element

6 < 5mm 7.1.6 The axis of the cone, the fr?ction sleeve (ﬁf included),
=i _510mm > and the body of the penetrometer tip must be coincident.
hg=5mm 7.1.7 Force Sensing DevicesThe typical force sensing

device is a strain gage load cell that contains temperature
60 he compensated bonded strain gages. The configuration and
location of strain gages should be such that measurements are
not influenced by possible eccentricity of loading.
35=35.7mﬁ 7.1.8 Electronic Piezocone Penetrometer A piezocone
FIG. 3 Example of a Reference Penetrometer With a Fixed Cone penetrometers can contain porous element(s), pressure trans-
and With Friction Sleeve ducer(s), and fluid filled ports connecting the elements to the

Cone
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transducer to measure pore water pressure. Numerous desigdvantages. Smearing of the element openings by hard soil
and configuration aspects can affect the measurement gfains may reduce dynamic response of the system. Problems
dynamic water pressures. Variables such as the element lochave been experienced with smearing of sintered metal ele-
tion, design and volume of ports, and the type and degree afhents. Ceramic elements are very brittle and often crack when
saturation of the fluids, cavitation of the element fluid systermoaded. Polypropylene plastic elements are most commonly
and resaturation lag time, depth and saturation of soil duringised in practice. Typically, the filter element is wedged in the
testing all affect the dynamic pore pressure measured durintp, U, location, or located in the gap immediately above the
testing and dissipation tests of dynamic pressyB)sit is  cone extensiorl), location. In these locations it is important to
beyond the scope of the procedure to address all of thesesign the penetrometer such that compression of the filter
variables. As a minimum, complete information should beelements is minimized.
reported as to the design, configuration, and the preparation of 7.1.8.6 Fluids for Saturation—Silicon oil or glycerin is
the piezocone system. most often used for deairing elements for dynamic response.
7.1.8.1 Measurement of hydrostatic water pressures duringhe stiff, viscous oils have less tendency to cavitate, although
pauses in testing are more straightforward. The presence of agavitation may be controlled by the effective pore size of the
entrained in the system only affects dynamic response. In higalement mounting surfaces. Water can be used for the fluid if
permeability soils hydrostatic pressures will equalize withindynamic response is not important. The fluids are deaired using
minutes. In low permeability materials such as high plasticityprocedures described in 11.2.
clays, equalization can take many hours. If the goal of the 7.2 Measuring SystemThe signals from the penetrometer
exploration program is only to acquire hydrostatic pressures itransducers are to be displayed at the surface during testing as
sands, some of the preparation procedures for dynamic prea-continuously updated plot against depth. The data are also to
sure measuring can be relaxed, such as deairing fluids. be recorded electronically for subsequent processing. Elec-
7.1.82 The pore pressure measurement locations of tHéOI"IiC recording shall be dlglta' and use at least twelve bit (one
porous element are limited to the face or tip of the cane, Part in 4096) resolution in the analogue to digital conversion.
directly behind the cylindrical extension of the base of theEither magnetic (disk or tape) or optical (disk) non-volatile
cone,u,, or behind the sleeve,. Some penetrometers used for Storage may be used. The temperature stability and accuracy of
research purposes may have multiple measurement locatione analogue to digital converter shall be such that the overall

7.1.8.3 There are several advantages to locating the porolggne/transmission/recording system complies with calibration
element immediately behind the tip of the cone in locatign ~ 'éguirements set forth in the annex.
The element is less subject to damage and abrasion, there are/-2-1 Use of analog systems is acceptable but the system
less compressibility effects, and the data can be used fdesolution may be lower than requirements in the annex and
corrected total tip pressure, (3). Elements located in the, ~ S€ction 10. Use of an analog recorder as a supplement to
location may be subject to cavitation at shallow depths in sanddigital system is advantageous because it can provide system
because the zone behind the height of cylindrical extension {82CKup-
a zone of d'lat_'on in drained soils. In some cases, the correctedngre 4—Present practice is to use ASCII formatted data on magnetic
total cone resistancey, can be estimated with pore pressuresfloppy disks readable by MS-DOS compatible computers. The data files
measured in the, position through empirical correlation with should include project, location, operator, and data format information so
soil type. Some piezometer elements are housed within thidat the data can be understood when reading the file with a text editor.

height of cylindrical extension of the cone tip itself. Pore 7 3 pysh Rods-Steel rods are required having a cross
pressure measurements obtained inuhglocation are more  sectional area adequate to sustain, without buckling, the thrust
effective forcomp_ressibility determinations gnd Iaye'rQetectior}equired to advance the penetrometer tip. For penetrometers
but are more subject to weg8). In theu, location a minimum  ysing electrical cables the cable is prestrung through the rods
2.5-mm cylindrical extension of the cone tih,, should be prior to testing. Push rods are supplied in 1-meter lengths. The
maintained for protection of the cone. Typical element thick-5,sh rods must be secured together to bear against each other
ness in all locations in the horizontal plane ranges from 5 to 1Q; the joints and form a rigid-jointed string of push rods. The
mm. deviation of push rod alignment from a straight axis should be
7.1.8.4 The miniature diaphragm type electronic pressur@eld to a minimum, especially in the push rods near the
transducer is normally housed near the tip of the cone. Fopenetrometer tip, to avoid excessive directional penetrometer
dynamic pressure measurements, the filter and ports are fillagtift. Generally, when a 1-m long push rod is subjected to a
with deaired fluid to measure dynamic pore pressure responsgermanent circular bending resulting in 1 to 2 mm of center
The volume of connecting ports to the transducer should bexis rod shortening, the push rod should be discarded. This
minimized to facilitate dynamic pressure response. Theseorresponds to a horizontal deflection of 2 to 3 mm at the
electronic transducers are normally very reliable, accurate, ansknter of bending. The locations of push rods in the string
linear in response. The transducer shall have a precision of 8hould be varied periodically to avoid permanent curvature.
least +14 kPa. The pore pressure transducer must meet 7.3.1 For the 10 chpenetrometer, standard 20-metric ton
requirements given in 10.2. high tensile strength steel push rods are 36-mm outside
7.1.8.5 Element—The element is a fine porous filter made diameter, 16-mm inside diameter, and have a mass per unit
from plastic, sintered steel or bronze, or ceramic. Typical poréength of 6.65 kg/m. 15 cnf penetrometers may be pushed
size is 200 um or smaller. Different materials have differentwith 44.5 mm outside diameter rods or with standard rods used
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for the 10 cm penetrometer. 9.1.2 The application of thrust in excess of rated capacity of
7.4 Friction Reducer—Friction reducers are normally used the equipment can result in damage to equipment (see Section
on the push rods to reduce rod friction. If a friction reducer is6).
used, it should be located on the push rods no closer than 0.59.1.3 A cone sounding must not be performed any closer
m behind the base of the cone. Friction reducers, that increaskan 25 borehole diameters from any existing unbackfilled or
push rod outside diameter by approximately 25 %, are typicallyincased bore hole.
used for 10 crficones. If a 15 cripenetrometer is advanced  9.1.4 When performing cone penetration testing in prebored
with 36 mm push rods there may be no need for frictionholes, an estimate of the depth below the prebored depth which
reducers. The type, size, amount, and location of frictioris disturbed by drilling, should be made and penetration
reducer(s) used during testing must be reported. resistance data obtained in this zone should be noted. Usually,
7.5 Thrust Machine and ReactienThe thrust machine will  this depth of disturbance is assumed to be equal to at least three
provide a continuous stroke, preferably over a distance great®oprehole diameters.
than 1 m. The thrust machine should be capable of adjusting 9.1.5 Significant bending or buckling of the push rods can
push direction through the use of a leveling system such thahfluence penetration resistance data. The use of a tubular rod
push initiates in a vertical orientation. The machine musiyuide is recommended at the base of the thrust machine and
advance the penetrometer tip and push rods at a smootgiso in prebored holes to help prevent push rod bending.
constant rate (see 12.1.2) while the magnitude of thrust can g 1 6 push rods not meeting requirements of 7.3 may result
fluctuate. The thrust machine must be anchored or ballasted, g excessive directional penetrometer drift and possibly unre-
both, so that it provides the necessary reaction for the penpple penetration resistance values.
etrometer and does not move relative to the soil surface during g 1 7 Passing through or alongside obstructions may deflect
thrust. the penetrometer and induce directional drift. Note any indi-
NoTe 5—Cone penetration soundings usually require thrust capabilitie€ations of encountering such obstructions, and be alert for
ranging from 98 to 196 kN (10 to 20 metric tons). High mass ballastedpossible subsequent improper penetrometer tip operation.
vehicles can cause soil surface deformations which may affect penetrom- 9 1 8 |f the proper rate of advance of the penetrometer is not

eter resistance(s) measured in near surface layers. Anchored or ba"asﬁfhintained for the entire stroke through the measurement

vehicles, or both, may induce changes in ground surface reference Iev?merval enetration resistance data will be erroneous
If these conditions are evident, they should be noted in reports. P :

. . . . 9.2 Technical Precautions—Electronic Friction Cone Pen-
7.6 Other Sensing DevicesOther sensing devices can be
. - i - etrometer
included in the penetrometer body to provide additional

information during the sounding. These instruments are nor- 9.2.1 Failure of O-ring seals can result in damage to or
9 9. inaccurate readings from electronic transducers. The O-ring
mally read at the same rate as tip, sleeve and pore press

. . PressUl&als should be inspected regularly, after each sounding, for
sensors or during pauses of push. Typical sensors are inclino

> verall condition and watertightness.
eter, temperature, or seismic sensors. These sensors should 22 Soil inaress between different elements of a penetrom-
calibrated if their use is critical to the investigation program.  ~'7: 9 P

The use of an inclinometer is highly recommended since it wiII(Et.er tip can result in unreliable dgta. Specifically, soil ingress
will detrimentally affect sleeve resistance data. Seals should be

provide information on potentially damaging situations durmg'pspected after each sounding, maintained regularly, and re-

the sounding process. An inclinometer can provide a usefd .
depth reliability check because it provides information on_placed when necessary. If very accurate sleeve resistance data

verticality. The configuration and methods of operating such® required, it is recommended to clean all seals after each

sensors should be reported. sounding. . .
9.2.3 Electronic cone penetrometer tips should be tempera-
8. Reagents and Materials ture compensated. If extreme temperatures outside of the range

8.1 O-Ring Compouné-A petroleum or silicon compound €Stablished in A1.3.3 are to be encountered, the penetrometer

for facilitating seals with O-rings. Use of silicon compoundsShould be checked for the required temperature range to

may impede repair of strain gages if the strain gage surface @Stablish they can meet the calibration requirements.

exposed to the compound. 9.2.4 If the shift in baseline reading after extracting the
8.2 Glycerin CHOH(CH ,OH),, for use in pore pressure Penetrometer tip from the soil is so large that the conditions of

measurement system. 95 % pure glycerin can be procured frogfcuracy as defined in 10.1.2.1 are no longer met, penetration
most drug stores. resistance data should be noted as unreliable. If baseline

8.3 Silicon Oil, for use in pore pressure measurement®adings do not conform to allowable limits established by
system. This material is available in varying viscosities rangingiccuracy requirements in 10.1.2.2, the penetrometer tip must
from 400 to 10 000 CP. More viscous versions may provided€ repaired, and recalibrated or replaced.

better response. 9.2.5 Electronic friction cone penetrometer tips having an
unequal friction sleeve end area ratios will yield friction sleeve
9. Hazards resistance data that are erroneous because of unequal dynamic
9.1 Technical Precautions—General pore pressures encountered along the length of the sleeve

9.1.1 Use of penetrometer components that do not meeiuring penetrometer tip advancement. Friction sleeve design
required tolerances or show visible signs of non-symmetrishould be checked in accordance with A1.7 to ensure balanced
wear can result in erroneous penetration resistance data. response. The response is also dependent on location of water
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seals. If O-ring water seals are damaged during testing, and 10.1.2.2 Maintain a continuous record of initial and final
sleeve data appear affected, the sounding data should be noteaiselines during production testing. After each sounding,
as unreliable and the seals should be repaired. compare the final baseline to the initial baseline for agreement

9.3 Piezocone PenetrometeiThe electronic piezocone within the tolerances noted above. In some cases during heavy
penetrometer tip easures pore water pressures on the exteriormbduction testing where the cone is not disassembled and
the penetrometer tip by transferring the pressure through eleaned after each sounding, the initial baseline for the next
de-aired fluid system to a pressure transducer in the interior afounding can serve as the final baseline to the previous
the tip. For proper dynamic response, the measurement systesounding as long as agreement is within allowable limits.

(consisting of fluid ports and porous element) must be com- 10.1.2.3 If the post sounding baseline shift exceeds above
pletely saturated prior to testing. Entrained air must be recriteria, inspect the cone for damage by inspecting the tip and
moved from the fluid-filled system or pore pressure fluctuatiorchecking to see that the sleeve can be rotated by hand. If there
during penetrometer tip advancement will be incorrect due tgs apparent damage replace parts as required. Clean the cone
response lag from compression of air bubbles (see 11.2, 12.3.3nd allow temperatures to equalize to presounding conditions,
and 12.3.2). For soundings where dynamic response is impoand obtain a new baseline. If this value agrees with the initial
tant, the prepared filter elements should be replaced after eveRaseline within the above criteria, a load range calibration
sounding. check is not required. If the pre and post baselines are still not
within the above criteria then it is likely that the shift was

10. Calibration and Standardization . : ;
o caused by an obstacle or obstruction and linearity should be
10.1 Electronic Friction Cone Penetrometers checked with a load range calibration.

;O'J'l The rec![uwemtents for fn_ewly tmanufﬁctuied or ;e— 10.1.2.4 If the baseline shift still exceeds the above criteria,
paired cone penetrometers are ot importance. Newly manutatsa .y 5 joad range calibration as described in 10.1.2.1. If the

tured or repaired electr_or_nc cone penetrometers are 10 B¢, o 1534 cell baseline shift exceeds 2 % FSO, the cone is
checked to meet the minimum calibration requirements deﬁkely damaged and will not meet load range, criteria. in
scribed in the annex. The;e calibrations include _Ioad S190.1.2.3. Sleeve load cell baseline shifts for subtraction-type
thermal tests, and mec.ham.cal tests for effects of |mbalance enetrometers usually can exceed 2 % FSO and still meet load
hydrostatic forces. Calibration procedures and requiremen

’ ; : nge criteria.
given in the annex are for subtraction-type cone penetrometers. 1% 125 R t data for th di h tabl
Calibration requirements for independent-type cone penetrorgg—b T eport data for the sounding where unacceptabie

eters should equal or exceed those requirements. The calib gs_elme shift occurs as unreliable. In some cases It may _be
tion records must be certified as correct by a registere8 Vious where_the damage occurred and Qata prior to that.pomt
professional engineer or other responsible engineer witl'Y be considered reliable. The Iocatpn where obvious
knowledge and experience in materials testing for qualit)fiamage occurred should Pe c!early noted in reports.
assurance. Applied forces or masses must be traceable tol0-1.3Load Range Calibrations-For penetrometers used
calibration standard forces or masses retained by the NationH] Production, itis recommended to have a plan for performing
Institute of Standards and Technology (NIST), formerly the!lneanty _checks at r_egular periodic intervals or When k_)asellne
National Bureau of Standards. For description of calibratiofnformation may indicate damage. Load range calibrations can
terms and methods for calibrating, refer to the annex. be performed either in the field or in the laboratory. Conditions

10.1.2 Field calibration of electronic cone penetrometers igvhere load range checks should be performed are listed in
required. Field calibration requires use of a loading device,lo-_1-3-1’ 10.1.3.2,_ and 10.1.3.4._ Perform callbratlpns Wlth all
calibrated to traceable calibration standards, that can indepel-1ings and seals in place. Working load range calibrations %re
dently apply forces up to 50 % of rated capacity on the cond® consist of aminimum of 6 points at 0, 2, 5, 10, 25, and 50 %
and friction sleeve load cells. of full-scale loading for cone and friction sleeve load cells

10.1.2.1Baseline ReadingsBaseline or zero-load readings independently. Field load range calibrations may be performed
for both cone and friction sleeve load cells must be takerfVith maximum load increments less than 50 % FSO if safety is
before and after each sounding. The baseline reading is & concem. During load range calibrations, the amount of

reliable indicator of output stability, temperature-induced ap-2Pparent load transfer during cone or friction sleeve loading
parent load, soil ingress, internal friction, threshold sensitivityMust also be monitored. Penetrometers that do not meet the

and unknown loading during zero setting. Take the initial"®duirements given below or in 10.1.2.1 must be discarded,
baseline reading after warming electrical circuits according td€calibrated, or sent to the manufacturer for repair.

the manufacturer’s instructions, generally for 15 to 30 min, andCa“bTatizn E_?lrametef . E'emeggﬁfq:ggmeﬂt
. . H ro load sni one ==*0. ()
ina te.mperature environment as close as possible to that of tlﬁro load shift Sleeve =+ 1% FSO
material to be sounded. If temperature is of concern, immerseinearity Cone =+ 1%FSO
the penetrometer tip in a bucket of fresh tap water, or insert thé}Aineafityt oad tranch gleeve ; £2% FISO | ..
. . . . . = * 2.

penetrometer tip in the ground while electrically warming “PParem oac fransier one pag i sieeve value ’
circuits to stabilize its temperature and then extracted for rapichpparent load transfer Sleeve Maximum cone value = = 0.5 %
determination of initial baseline. After a sounding is com- FS0

leted, take a final baseline. The change in initial and final“®"*2"o" " Cone = = 2% of Measured output at
plete o ake a ' g loads greater than 20 % of FSO
baseline values should not exceed 1 % FSO for the cone anchiibration error Sleeve = =+ 3 % of Measured output at
2 % FSO for the sleeve. loads greater than 20 % of FSO
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10.1.3.1 For penetrometers used regularly during produgsrepared filter elements and the ports flushed after every
tion, regular periodic load range checks should be performedounding. Some of the techniques discussed below have been
The period can be based on production footage such as onseccessful for preparation of elements. Regardless of the
every 1500 m. If field load range equipment is not availabletechniques used, report the equipment and methods.
the penetrometer may be checked in the laboratory at the end11.2.1 Field or laboratory tests can be performed to evaluate
of a project. assembled system response. Place the cone tip and element in

10.1.3.2 For penetrometers that are infrequently used a pressurized chamber and subject to rapid pressure change.
periodic check may be based on time period, such as onac@ompare the response of the system to the applied pressure
every year. If a penetrometer has not been used for a longhanges and if responses match, the system is properly
period of time, checking it before use is advisable. prepared. These tests are not routinely performed in practice as

10.1.3.3 For projects requiring a high level of quality long as proven preparation methods such as those listed below
assurance, it may be required to do load range checks befotge followed.
and after the project. 11.2.2 Place elements in a pure glycerin or silicon oil bath

10.1.3.4 Load range calibrations are required if the initialunder a vacuum of almost one atmosphere. Maintain vacuum
and final baselines for a sounding do not meet requiremenigntil air bubble generation is reduced to a minimum. Applica-
given in 10.1.2.1. tion of ultrasonic vibration and low heat, <50°C, will assist in

10.1.3.5 Records documenting the history of an individuakemoval of air. Generally with use of combined vacuum,
penetrometer should be maintained for evaluation of perforultrasonic vibration, and low heat, elements can be deaired in
mance. 3to4h.

10.2 Pore Pressure TransducerCalibrate newly manufac- 11.2.3 Elements can be prepared in water by boiling the
tured or repaired transducers in accordance with requiremenggements while submerged in water for 4 to 5 h.

in the annex. During production, the transducer should be 11 2 4 Other Suitable Means-Report other techniques.
calibrated e_lt regularly schedul_ed intervals (as in 10.1.3.1)_and 11.2.5 Storage—Store prepared elements submerged in the
whenever linear performance is suspect. A load range calibrasienared fluid until ready for use. Fill the containers and
tion to 50 % of FSO with a minimum of five equally spaced gyacuate during storage. Allowable storage length depends on
points should result in pressure readings withinl4 kPa of  he fiuid. If elements are prepared in water they must be
reference gage values. The reference gage can be a bourdgthireq again one day after containers are opened and exposed
tube pressure gage, or electronic pressure transducer thaty$air Elements stored in glycerin or silicon may be stored for
calibrated annually to NIST traceable loading device (deaqlonger periods, up to one month, after storage containers have

weight testing apparatus). been exposed to air.
10.2.1 Prior to testing, baseline values or initial zeroing of

the transducer is performed on the pore pressure transducerg. procedure
ambient air pressures at the surface. Maintain records as to the
baseline values for the transducer in similar fashion to those for - o ) )
tip and sleeve resistance. If significant changes in baseline 12-1-1 Prior to beginning a sounding, perform site surveys

values occur, normally 1 to 2 % FSO, perform load range testld €nsure hazards such as underground utilities will not be
to check for possible damage and nonlinear response. encountered. Position the thrust machine over the location of

10.3 Calibrations of Other Sensing Device<Calibration the sounding, and lower leveling jacks to raise the machine

data for other sensors in the penetrometer body may requif@2Ss off the suspension system. Set the hydraulic rams of the
calibrations using procedures similar to those given in thd?€nelrometer thrust system to as near vertical as possible. The
annex for load cells and pressure transducers. The need fg¥iS Of the push rods must coincide with the thrust direction.
calibration depends on the requirements of the individual 12:1.2 Set the hydraulic ram feed rate to advance the
investigation program. For minimum important programs, the®?@netrometer at a rate of 26 5 mm/s for all electronic cone
occurrence of reasonable readings may be sufficient. In criticd?€nétrometers. This rate must be maintained during the entire
programs, it may be necessary to load the sensor through tf&oke during downward advance of the rods while taking
range of interest with reference standards to ensure accurdi@2dings.

12.1 General Requirements

readings. 12.1.3 Check push rods for straightness as required in 7.3.
o Push rods are assembled and tightened by hand, but care must
11. Conditioning be taken and threads may need cleaning to ensure that the

11.1 Power electronic cone penetrometer and data acquisshoulders are tightly butted to prevent damage to the push rods.
tion systems for a minimum time period to stabilize electricFor electronic cone penetrometers using cables, the cable is
circuits before performing soundings. Power the system t@restrung through the push rods. Add friction reducer to the
manufacturer's recommendations prior to obtaining referencstring of push rods as required, usually the first push rod behind
baselines. For most electronic systems this time period is 15 tde penetrometer tip and other rods as required.

30 min. 12.1.4 Inspect penetrometer tips before and after soundings

11.2 Electronic piezocone penetrometer soundings requirr damage, soil ingress, and wear. In very soft and sensitive
special preparation of the transmitting fluid and porous elesoils where accurate sleeve data is required, dismantle elec-
ments such that entrained air is removed from the system. Fdronic cone penetrometer tips after each sounding to clean and
soundings where dynamic response is important, replace tHebricate as required. If damage is found after a sounding, note
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and record this information on the sounding data record oassembly to avoid evaporation effects. If evaporation is a

report. problem, temporarily immerse the penetrometer in a bucket of
12.2 Friction Cone Penetrometers water until ready for baseline. Do not obtain transducer
12.2.1 Power up the penetrometer tip and data acquisitiohaselines with protective caps or covers in place as these may

system according to the manufacturer's recommendation#duce pressure in the system. Note the pressure from the

typically 15 to 30 min, prior to use. pressure transducer to see if it is a reasonable value for the
12.2.2 Obtain an initial baseline reading for the penetromeguipment and assembly technique used.

eter in an unloaded condition at a temperature as close as12.3.4 Follow procedures in 12.2.4-12.2.6 with the addition

possible to ground conditions. Obtain baseline readings witlof recording pore pressure.

the penetrometer tip hanging freely in air or in water, out of 12 3 5 Dissipation Tests-If dissipation tests are to be
direct sunlight. Compare baseline readings with the previouggonducted during progress of the sounding, penetration is
baseline reading for the requirements given in 10.1.2.1. lfemporarily stopped at the location of interest. If pore pressures
thermal stability needs to be assured, immerse the penetrorgre measured at thg or u 5 locations it is common practice to
eter tip in a bucket of water at temperature close to ground; Ofglease the force on the push rods. If pore pressures are
perform an initial short penetration test hole, stop penetratiomeasured at location ,, maintain the force on the push rods.
ar_1d allow the penetrometer tip to reach soil temperature, anflecord pore pressure versus time during conduct of the
withdraw the penetrometer. dissipation test. Monitor pressures until equilibrium pore
12.2.3 Measure the depth at which readings were taken witBressure is reached or 50 % of the initial pore pressure has
an accuracy of at least100 mm from the ground surface.  dissipated. In fine grained soils of very low conductivity, very
12.2.4 Determine the cone resistance and friction sleeviyng times may be required to reach the 50 % dissipation.
resistance, continuously with depth, and record the data aepending on the requirements of the program, and any
intervals of depth not exceeding 50 mm. concern of friction buildup on the push rods, dissipation testing
12.2.5 During the progress of sounding, monitor tip andmay be terminated prior to reaching the 50 % level. Report
sleeve forces continuously for signs of proper operations. It iglissipation test data as a record of pressure versus time.
helpful to monitor other indicators such as ram pressure or 12 4 penetrometer Operation and Data Interpretation-
inclination to ensure that damage may not occur if highlygidelines
resistant layers or obstructions are encountered. Inclination is a

X S L 12.4.1 Directional Drift of Penetrometer
particularly useful indicator of imminent danger to the system ) o
(see 12.4). 12.4.1.1 The penetrometer may drift directionally from

e\zertical alignment. Large deviations in inclination can create
e[}onuniform loading and result in unreliable penetration resis-

tip hanging freely in air or in water, and check them against thdance o!ata. Reduce drift'by accurately setting Fhrus.t alignment
initial baseline. Record initial and final baselines on a”and using push rods which meet tolerances given in 7.3.

documents related to the sounding. 12.4.1.2 Passing through or alongside obstructions such as
12.3 Electronic Piezocone Penetrometers boulders, cobbles, coarse gravel, soil concretions, thin rock

12.3.1 Assemble the piezo elements with all fluid chamberiayers, orinclined dense layers will deflect the penetrometer tip

submerged in the de-aired medium used to prepare the e|é1_nd induce drifting. Note and record any indication of encoun-
ments. Flush all confined areas with fluid to remove airt€ing such obstructions, and be alert for possible subsequent

bubbles. Tighten the cone tip to effectively seal the flatMPrOPEr penetrometer tip operations as a sign of serious

surfaces. For water fluid systems, protect the assembled systéffiectional drift.
from evaporation by enclosing the porous element inside a 12.4.1.3 Penetrometer inclination is typically monitored in
fluid-filled plastic bag or cap sealed to the penetrometer tip. CONe penetrometers. Impose limitations on inclination in the
12.3.2 If unsaturated soil is first penetrated and it is desire§YStém to prevent damage to push rods and non-symmetric
to obtain accurate dynamic pore pressure response once beld@ding of the penetrometer tip. Generally, a 5° change in
the ground water, it may be necessary to prebore or sound gclination ove 1 m of penetration can impose detrimental
pilot hole to the water table. In many cases the piezocone, flui@ush rod bending. Total drift of over 12°in 10 m of penetration
system may be cavitated during penetration through unsatufPOS€s non-symetric loading and possible unreliable penetra-
ated soil or in dilating sand layers below the water table whicHiOn resistance data.
can adversely affect dynamic response. As the cone is ad- 12.4.2 Push Rod Addition Interruptiors Short duration
vanced deeper, the saturation levels may recover as air bubbliggerruptions in the penetration rate during addition of each
are driven back into solution according to Boyles Law.new push rod can affect initial cone and friction sleeve readings
Evaluation of proper interpretation of dynamic response reat the beginning of the next push. If necessary, note and record
quires experiencé3). the depths at which push rods are added and where long pauses
12.3.3 Record baseline readings with the penetrometer tifyay have affected initial startup resistances.
hanging freely in air, or in water, out of direct sunlight. 12.4.3 Piezocone Pore Pressure Dissipation
Compare baseline readings with reference baseline readings flmterruptions—Pore pressure dissipation studies, for which
requirements given in 10.1.2.1 and 10.2. A baselines for theoundings are stopped and rod load is released for varying time
pore pressure transducer is obtained for immediately aftedurations, can affect the initial cone, friction sleeve, and

12.2.6 At the end of a sounding, extract the penetromet
tip, obtain a final set of baseline readings with the penetromet

10
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dynamic pore pressure readings at resumptions of cone peapplied force may be determined for the cone or friction sleeve.
etration. If dissipation tests are performed, be aware of possibl€he applied force may then be converted to stresses using the
rebound effects on initial excess pore pressures. Note arhsic equations given in 13.2 and 13.3. Since there are a wide
record the depth and duration for which dissipation values argariety of additional, optional measurements currently being
taken. obtained with electronic cone penetrometers and new ones
12.4.4 Interruptions Due to Obstructiors If obstructions  being continually developed, it is beyond the scope of this
are encountered and normal advance of the sounding is stoppptbcedure to detail the makeup, adjustments, and calculations
to bore through the obstructions, obtain further penetratiorior these optional measurements.
resistance data only after the penetrometer tip has passed13.2 Cone Resistance .g-Required
through the estimated zone of disturbance due to drilling. As an 0 = QJA, )
alternative, readings may be continued without first making the ¢
additional penetration and the disturbed zone evaluated fronwhere:
these data. Note and record the depth and thickness of,
obstructions and disturbed zones in areas where obstruction@. = force on cone kN (ton, or kjj and
are drilled through. A cone base area, typically 10 énor 15 cnf.
12.4.5 Excessive Thrust Capaciylf excessive thrust pres- 13.2.1 Corrected Total Cone Resistance (Optioral)
sure begins to impede the progress of the sounding, it may b@alculation of corrected total cone resistance requires measure-
necessary to withdraw and change friction reducers. Alterment of dynamic pore pressures measured cone tip. This
nately, sometimes friction may be reduced by withdrawing thecorrection is most readily performed with water pressure
penetrometer and rods up to one third to one half of themeasured in theu , position. Empirical adjustment factors
penetration depth and then repushing to depth at which thbased on soil types have been developed for some pressure
friction caused stopping. Continue collection of sounding datalements in thei ; position.
from the point of stopping. Note and record the delay time and G =0+ U(l—a) 2)
depths to which the penetrometer was moved. Long delays and
pauses may cause buildup of friction on the rods. Hold delayswvhere:
to the minimum required to perform dissipation tests or ¢, = corrected total cone resistance, MPa (ténkity/cm?,

cone resistance MPa (torf/fikkg/cn?, or bar),

equipment repairs. or bar),
12.4.5.1 If a high resistance layer is encountered, and thaé. = pore pressure generated immediately behind the cone
truck is physically moved during penetration, terminate the tip, kPa (Ig/in.2, kg/cn, bar), and
sounding. Another indicator of reaching thrust capacity is the@ = net area ratio (see A1.7).
rebound of rods after they are released. The magnitude of 13.3 Friction Sleeve Resistancg—fRequired
rebound depends on the flexibility of the thrust machine and f.= QJA, )

the push rods. An operator must become familiar with the safe

deflection of the system and decide when excessive deflectionghere:

are being reached. f, = friction sleeve resistance kPa (tof/fkg/cm 2, or
12.4.6 Unusual Occurrences-As data are recorded, it is bar), o

important to note unusual occurrences in testing. When penQs force on friction sleeve kN (ton, kjj and

etrating gravels, it is important to note “crunching” sounds thatAs = aréa of friction sleeve, typically 150 crh or 225

may occur when particle size and percentage of coarse particles e

begin to influence penetration. Note and report all occurrences 13.4 Friction Ratio, R—Required

of coarse gravels. R = (fJg.)-100 4)
12.5 Withdrawal
12.5.1 Withdraw the push rods and penetrometer tip as soo/here: _

as possible after attaining complete sounding depth. R = friction ratio, %, )
12.5.2 Upon complete withdrawal of the penetrometer,’s = friction sleeve resistance kPa (tof/fkg/cm 2, or

: : : I bar)
inspect the penetrometer tip for proper operation. The friction _ ' .

o = cone resistance kPa (torf/fkg/cn?, or bar), and
sleeve should be able to be rotated through 360° by handﬂ%O — conversion from decimal to percent.

without detectable binding.

12.5.3 Record baseline readings with the penetrometer tip _ L X
hanging freely in air, or in water, out of direct sunlight. @ CONe resistance and friction sleeve resistance at the same
Compare baseline readings with initial baseline reading foPCINt in the soil mass. The point of the cone is taken as the
requirements given in 10.1.2.1. reference depth. Typically, a previous cone resistance reading

at friction sleeve midpoint depth is used for the calculations.
13. Calculation For the 10 cri cone the standard offset is 100 mm. If an offset

13.1 Friction Cone PenetrometersMost electronic cone Other than midheight is used it must be reported.

penetrometers in use at the present time measure a change Niore 6—In some cases, if readings are compared at the same point in

voltage across a strain gage element to determine change inyii mass which has alterating layers of soft and hard materials erratic
length of the strain element. Using known constitutive rela-riction ratio data will be generated. This is because cone resistance is

tionships between stress and strain for the strain element, thsensed, to varying degrees, ahead of the cone. The erratic data may not be

13.4.1 Determination of the friction ratio requires obtaining

11
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representative of soils actually present. 14. Report
Note 7—The friction sleeve resistance and friction ratio obtained from 14 1 Report the following information:

the mechanical friction cone penetrometers will differ considerably from 14.1.1 Genera—Each sounding log should provide as a
values obtained from electronic friction cone penetrometers. When usingﬂinir'num_

soil classification charts that u$® andq,, it is important to use charts

based on correlations for the type of penetrometer being used. 14.1.1.1 Opgratqr name’_
14.1.1.2 Project information,
13.5 Pore Pressure Data 14.1.1.3 Feature notes
13.5.1 SI metric units for reporting pore pressure data are 14.1.1.4 Water surface elevation (if available),
kPa. 14.1.1.5 Sounding location,

13.5.2 Conversion of Measured Pore Pressures to Equiva- 14.1.1.6 Sounding number, and
lent Height of Water—Optionatf it is desired to display pore 14.1.1.7 Sounding date.
pressure in equivalent height of water, convert the dynamic or 14.1.2 Reports should contain information concerning:
static water pressures to height by dividing pressure by the unit 14.1.2.1 Equipment Used-Design drawings and data on all
weight of water—9.8 kN/rf(62.4 1g/ft3). sensors,

13.5.3 Pore Pressure Ratio—Optional Some reports may ~ 14.1.2.2 Graphical data,
require a plot of pore pressure ratio. This is ratio of excess pore 14.1.2.3 Tabular data (optional),
pressureAu, to cone resistance, expressed as a percentage. 14.1.2.4 Procedures followed, and _
Excess pore pressure can only be calculated by knowing 14.1.2.5 Ca!|brat|on Informatior—For all sensors, informa-
equilibrium pore water pressura, (see 3.2.14). The equilib- tion required in Section 10. _ _ _
rium water pressure can be measured by dissipation test or 14..1.3 _The report should contain atext_ that discusses items
estimated by calculation as follows (see Terminology D 653)feduired in 14.2 and 14.3. Each sounding should be docu-

u, = estimated equilibrium water pressureh;-y,, (5) mirglti%\.l\iltgounding plot.
where: 14.1.3.2 Accompanying Tabular OutpatTabular output is
h, = height of water, m, estimated from site conditions, considered optional due to its bulk. It is optional as long as
and computer data files are preserved and archived for later use.
Yo = unit weight of water = 9.8 kN/m 14.1.3.3Computer Data Files-Preferably in ASCII for-
In layered soils with multiple perched aquifers the assumpmat. Computer data files must contain header as required in
tion of a single height of water may be in error. 14.1, sounding log information. Certain interpretation pro-

|grams require data to be in a particular format. It is the

—Several researchers have proposed normalized penetrati{)(?*nspons'bIIIty of the user to determine acceptable formats.

resistance parameters to more accurately predict soil properti%%%f'lr‘oség dI:]ees co?r?cir;;sr f:?#édir?gictizg]a?ggejngrnequmem
such as overconsolidation rat{8, 4). Some of the parameters P ' P 9.

listed below may be calculated depending on requirements 0|;191'4.2 Equipment-The report should include notes concern-

the investigation program. ) . 14.2.1 Penetrometer manufacturer,
13.5.4.1Pore Pressure Parameter Ratio,BThis param- 14.2.2 Types of penetrometer tips used
eter is normally calculated with the pore pressure measurement 4 5 3 penetrometer details such as ,friction sleeve end
location immediately behind the cone tip,. areas, location and types of sensors, location and type of
By = Au/(q — 0y (6)  friction reducers,
14.2.4 Offset between tip and sleeve resistance used for

13.5.4 Normalized Pore Pressure Parameters—Optiona

where: . . O

Au = excess pore water pressure (Ugr (see 3.2.15), friction ratio qletermmatlon, .

U, = estimated equilibrium water pressure (see 13.5.3), 14.2.5 Serial numbers of p(_—:-netrometer tps,

and 14.2.6 Type of thrust machine,

o,, = total vertical overburden stress = 14.2.7 Method used to provide reaction force—with notes

as to possible surface deformations,
= by ) 14.2.8 Location and type of friction reduction system (if

where: any),

h, = layer thickness, and 14.2.9 Method of recording data,

vi = total unit weight of soil for layer thickness, estimated  14.2.10 Condition of push rods and penetrometer tip after

from penetration data or site conditions. withdrawal,

13.5.4.2Revised Friction Ratio—F This parameter is 14.2.11 Any special difficulties or other observations con-
normally calculated with the pore pressure measurement loc&€rning performance of the equipment,
tion immediately behind the cone tip,. This parameter is 14.2.12 Details on piezocone design, filter elements, and

calculated as: fluid conditioning procedures, and _ _
14.2.13 Information on other sensing devices used during
F=1@G -0y ®  the sounding.
Wheref,, q,, ando , are defined above. 14.3 Calibration Certifications—For each project the report

12
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should include the load range calibrations of the cones useences in plotting such that uniform plotting scales and presen-
that were performed in accordance with Section 10. The repotation will not be required.
should include the initial and final baseline readings for each o _
sounding. Calibration records for the pore pressure transducek®- Precision and Bias
are required as given in 10.2. If the project requires calibrations 15.1 Precision—There is little direct data on the precision
of other sensors they should also be submitted in final report®f this test method, in particular because of the natural
14.4 Graphs—Every report of friction cone penetration variability of the ground. Committee D-18 is actively seeking
sounding is to include a cone resistance pdpt MPa (ton/ft, comparative studies. Judging from observed repeatability in
kg/cn?, or bar) with depth below ground surface m (ft), approximate uniform deposits, persons familiar with this test
friction sleeve resistancé, kPa (ton/ft, kg/cm?, or bar), and  estimate its precision as follows:
friction ratio, Rf (%), on the same plot. (See Fig. 4 and Fig. 5 15.1.1 Cone ResistaneeProvided that compensation is
for example plots.) As a minimum, the plot should provide made for unequal area effects as described in 13.2.1, a standard
general information as outlined in 14.1. Electronic piezoconealeviation of approximately 2 % FSO (that is, comparable to the
penetrometer soundings should provide an additional plot dbasic electromechanical combined accuracy, nonlinearity, and
pore pressure kPa ¢fin.2, kg/cn?, or bar) versus depth m (ft). hysteresis).
Pore pressures can be plotted or the pressure may be converted5.1.2 Sleeve Friction—Subtraction Corestandard de-
to equivalent heights of water. viation of 15 % FSO.
14.4.1 Symbolgy. andf; for tip and sleeve resistance are 15.1.3 Sleeve Friction—Independent CoreStandard de-
accepted by the International Society for Soil Mechanics andiation of 5 % FSO.
Foundation Engineerin{R). Some plotters are not capable of 15.1.4 Dynamic Pore Water PressureStrongly dependent
plotting subscript symbols. In these cases it would be acceptipon operational procedures and adequacy of saturation as
able to have plots displayed in termsafandf,. described in 11.2. When carefully carried out a standard
14.4.2 For uniform presentation of data, the vertical axisdeviation of 2 % FSO can be obtained.
(ordinate) should display depth and the horizontal axis (ab- 15.2 Bias—This test method has no bias because the values
scissa) should display the test values. There are many prefetetermined can be defined only in terms of this test method.

—— CONE RESISTANCE IN MN/m?
2100 20 40 50
--~|PORE WATER ! ! !

0.2 ol 06
PRESSURE (0.1 MN/m? =10m water column)

LOCAL FRICTION IN MN/m? FRICTION RATIO IN %%
10 0.0 0.2 0.4 10 ] S "

GL=5.09m+NAP
.= 7

DEPTH IN m REFFERED TO NAP

-20

~201

P s
-30 ~30 -30 -
PieZo cone nr : 10/1-355 Rgma_rks: )
size of filter : heigth 3,0mm, thickness 3,0mm friction rgducer :.ncr applied
location of fitter : directly above the cone abnormal interruptions : none .
material of filter : sintered stainless steel observations : no special observations
before test|after test capacity fill/excavation : old fill &m thickness
zero~reading : [cone Q -0,010 MN/m?[ 100 MN/m? inclinometer : no readings taken
riction sleeve[ 0 -0,0001MN/m?[ 0,7 MN/m2 condition of push rods/penetrometer tip after test : gooc
piezo meter 0 +0.008 MN/mi[ 1  MN/m? waterievel in scunding hole : hole collapsed near surface
backfilling : none
WONINGEN TE MAASSLUIS date of test : 87-02-19
CONE PENETRATION TEST GD. 02(RE) time : 14-15 hrs

FIG. 4 Example of the Presentation of the Test Results on a Graph
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TYyR~rICAL CRPTU DATA PRPLOT

tocation: MCDONALD FARM CPT Date: 24 May 84 8: 00 Sounding File: MCFCPUBC.DAT
Site Area: OLD AREA, 25m depth Cone Used: UBCBSTDpp-u2 (m) Comments: GWT=4im, a=0.85
SLEEVE FRICTION FRICTION RATIO CONE TIP RESISTANCE BEHIND TIP PP DIFFERENTIAL PP INTERPRETED
Fs  (bar) Rf=Fs/Qtx100 (%) et {par) U2 {m. of water] RATIO AU/Gt PROFILE
K U S T LI ) w20 8

=

= }L

(meters)

DEPTH

20 1 204 1 20 1 201 4 20 4 204

I
|
|
|
I
I
I
!
!
\
\
|
\
|
|
I
I
I
|
I
!
|

a0

£ IR [V, SR UUUTUITI [ S S S Y S T R U ! 10
Depth Increment : 0.4 m Max Depth : 25.00 m

FIG. 5 Example Piezocone Graph

Note 8—Jefferies and Davie€5) report g, repeatability of the two  so confirming a standard deviation of better than 2 % FSO.
different soundings in compact clean sand using two different cones by the
same manufacturer. Approximately 50 % of the data lay within 8 % of the1 6. Keywords
average of the two tests, and 90 % of the data lay within 15 % of the ) .
average. In this trial the transducers (that conformed to the requirements 16.1 cone penetration test; cone penetrometer; explorations;
in A1.5) were loaded to between one tenth and one fifth of their rated FSQpenetration tests; piezocone; soil investigations

ANNEX
(Mandatory Information)

Al. CALIBRATION REQUIREMENTS ON NEWLY MANUFACTURED OR REPAIRED ELECTRONIC FRICTION CONE AND
PIEZOCONE PENETROMETERS

Al.1 Introduction: strument subjected to severe field conditions. Proper use of

A1.1.1 This annex describes procedures and requiremen%mh an instrl_Jment rgquires_deta_iled calibration after manufac-
for calibrating electronic cone penetrometers. The evaluatiofHre and continuous field calibrations. Years of cone penetrom-
of cone penetrometer calibration as described in this annex Bfer design and performance experience have resulted in
a quality assurance standard for newly manufactured antgfined cone designs and calibration procedures which make
repaired penetrometer tips. Many of the standards may b&e electronic cone penetrometer a highly reliable instrument.
impractical to evaluate under field operating conditions. ThereReports of these experiences form the basis for requirements in
fore, determination of these calibration errors for any indi-this annex(1, 6).
vidual penetrometer tip should be performed in a laboratory Al.1.3 The required calibration tolerances developed in this
environment under ideal conditions by the manufacturer oannex are based on subtraction type electronic cone penetrom-
other qualified personnel with necessary knowledge, experieters. These penetrometers are more robust than electronic
ence, and facilities. cone penetrometers with independent tip and sleeve load cells

Al1.1.2 The electronic cone penetrometer is a delicate inand are the most widely used design. The subtraction type

14
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penetrometer, however, has less precision due to the subtrac-A1.3 Zero Load Baseline Values:

tion procesgl, 6). As aresult, calibration tolerances given here a1 3.1 zero-load output variation of the cone penetrometer
are considered maximum values and requirements for morging testing and calibration is a reliable indicator of output
sensitive cone penetrometers imply smaller tolerances haV'rQabiIity, internal O-ring friction, and temperature-induced

greater precision. The _calibration process consists of |°adi”9pparent load. The variation in zero load output is affected by
the penetrometer tip with reference forces and pressures a'?gmperature fluctuation because temperature compensated

then comparing measured output to the reference. strain gages do not compensate for material effects and system
Al1.1.4 Calibrations in the laboratory environment should becomponent effectél, 6).

performed with the complete penetrometer system to be used in

the field. Th K q gel " ble. si IA1.3.2 Systems with microprocessors provide “reference
€ Tield. The same make and model computer, Cablé, SIgNaseline” values for the transducers that are not equal to zero
conditioning system, and penetrometer to be used in the fiel

hall b ibrated in the laborat D i h ut are measured positive or negative values depending on the
shall be cafibrated In the laboratory. Lepending on th€ COMg o qironjcs of the system. For the particular penetrometer and
ponents of the system some components may be substitut

; o netrometer system used, the baseline values should remain
with acceptable replacements. Each individual penetromet [elatively constant through the life of the penetrometer. As
must be tested over a range of loads to assure adequ

; a(tﬁ‘sting is performed in the field, the baseline resistances are
performance. monitored for changes. If large changes are noted the pen-

A1l.2 Terms Related to Force Transducer Calibrations:  €trometer should be loaded to check for linearity and possible
' . . . - " _damage. Evaluate the zero-load error during load range cali-
Al.2.1 Fig. Al.1is a graphical depiction of terms related to 9 g g

L ; ration by taking the difference between initial and final
transducer calibrations as set forth by the Instrument Society y g

America(1). Th le calibration that follows deals with ~ooc e Values.
merica (1). The example caibration that Tollows deals wi A1.3.3 Thermal Stability—For ensurance of thermal stabil-
zero-load error, nonlinearity, hysteresis, and calibration error

ty, evaluate a particular design of a newly manufactured cone

Al.2.2 To evaluate several of thes_e values, the FSO (ful nder a range of temperature conditions. Newly manufactured
scale output) 0}‘ the penetrometer t.|p IS ne<_aded. The manUfaf)'enetrometer tips are first cycled to a minimum of 80 % of
turer shall provide full scale output information for the SyStem'FSO five times at room temperature, to remove any residual
Cone _penetrometer tips usually are ava|labl_e in nomlnanonlinearity. After cycling, establish an initial reference base-

capacities of 5, 10, and 15 metric tons. Typical fuII-scaIe"ne value at room temperature after the cone has been
outputs for these penetrometer tips follow. electrically powered for about 30 min. To evaluate thermal

canagmme! Full-Scale Full-Scale stability, stabilize the penetrometer tip at temperatures of 10
apacity, Output Output of o . K .

metric tons of Cone, q, Friction and 30°C and new baseline values are obtained. The change in

- - m23|eeveka; baseline values must b2 1.0 % FSO of either cone or friction
ton. a ton a H
5 500 0 s 500 sleeve resistances.

10 1000 100 10 1000

15 1000 100 10 1000 Al.4 Load Range Calibration:
AL23 Al.4.1 Calibrate newly manufactured or repaired cone pen-

etrometers over a range of loads after production or repair.

It is important to check with the manufacturer on the f“”ql.noad test the cone penetrometer system in a universal testing

achine or specially designed cone penetrometer calibration
device capable of independently loading the cone and friction
sleeve. If a universal testing machine is used, a calibration
4 certificate (current within the last year) in accordance with

(00w d_FULL scaLE outeur REFERENCE LINE Practice E 4 must be available. If a cone calibration apparatus

RATED OUTPUT 1 is used, it should also have a calibration document current
! within the last year. The calibration document shows that

CALIBRATION ERROR % M

ure applied forces or masses are traceable to standard forces or

scale output of electronic cone penetrometer tips to avoi
overloading and damaging penetrometer tips.

. g ’ REPEATABILITY % FSO masses retained_ by the National Institute of Standar_ds and
2 i NON LINEARITY %FSO Technology (National Bureau of Standards). The universal
; { testing machine or cone calibration devices must be capable of
° ; HYSTERESIS % FSO loading the penetrometer tip to 100 % FSO.
! BEST STRAIGHT LINE Al.4.2 Example calibrations of an electronic cone pen-
/ } etrometer are shown in Table Al.1 and Table Al.2. The
{ calibrations were performed on a 10-ton subtraction-type
};6’-/. Como oo (Z:(F:S :2:2::‘;2“15% electronic cone penetrometer. The measured output was a
‘ ‘ T eER TESTH read_out of cone and friction sleeve resistance obtained th_ro_u_gh
RANGE 1 a microprocessor based data acquisition system. An initial
G FSO PERCENTAGE OF FULL SCALE OUTAUT baseline was taken and then subtracted to obtain zero resistance
% M PERCENTAGE OF MEASURED OUTPUT at zero load. Selection of loading steps and maximum loading
FIG. Al1.1 Definition of Terms Related to Calibration (1) varies depending on need and application. Select the load steps
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TABLE Al1.1 Calibration of Cone Penetrometer—Cone Tip Calibration

m b
DATE: CALIBRATED BY: CALIBRATOR DATA: 0.04971 -0.07911
PROJECT: CONE # 361 CALIBRATOR SETTING: 100KN
FEATURE: FSO TIP: 100 MPA
CLIENT: FSO SLEEVE: 1000 KPA
TIP AREA: 10 CM~2
SLEEVE ARE 150 CM”2
TARGET ACTUAL  APPLIED FULL MEASURED MEASURED  ACTUAL BEST LINEARITY CALIBRATION
GAUGE GAUGE FORCE SCALE CONE SLEEVE CONE STRAIGHT ERROR
READING READING OUTPUT RESISTANCE RESISTANCE RESISTANCE LINE*
X Y gca Y'=mX+b Y-Y/FSO  qgca-Y/qca
kN FSO-% qc - mPA fs - kN/MA2 mPa mPA % FSO % MO
0.000 BASELINE -0.2 -10.3
0 0 -0.079 -0.1 -0.0 -0.2 -0.1 0.034 0.04
40 40 1.909 1.9 21 -0.2 1.9 2.053 0.00
100 100 4.892 49 5.1 02 49 5.081 0.04
200 200 9.862 99 10.2 0.3 9.9 10.128 0.03
500 507 25122 2541 255 1.2 251 25.623 0.08 1.99
1000 1001 49.678 497 50.6 06 49.7 50.556 0.02 1.77
500 499 24725 247 252 0.3 247 25219 0.01
200 198 9.763 9.8 10.0 0.3 9.8 10.027 0.01
100 100 4.892 49 5.1 04 49 5.081 0.03
40 40 1.909 19 21 04 1.9 2.053 0.08
0 0 -0.079 -0.1 0.0 00 -0.1 0.034 0.03
0.000 BASELINE 0.3 -9.8
RESULT UNIT ALLOWABLE APPROVAL
*BEST FIT STRAIGHT LINE (Y=mX+b m= 1.015
b= 0.114
MAXIMUM LOAD TRANSFER -SLEEVE 0.1 %FSO 2.000 YES
MAXIMUM LINEARITY ERROR 0.1 %FSO 1.0 YES
MAXIMUM CALIBRATION ERROR 1.99 %MO 2.0%MO>20%FSO NO
MAXIMUM ZERO LOAD ERROR -CONE 0.0 %FSO 05 YES
MAXIMUM ZERO LOAD ERROR - SLEEVE 0.1 %FSO 1.0 YES
COMMENTS:

and maximum load to cover the range of interest and not A1.4.3.1 When calibrating the cone, monitor the friction
necessarily the maximum capacity of the cone. Some calibrasleeve resistance to evaluate apparent load transfer. With a
tions stress more frequent load steps at lower loads to evaluas@btraction-type electronic cone penetrometer tip, the apparent
weaker materials. Selection of more frequent lower load stepfiction sleeve resistance is caused by electrical subtraction
may result in higher levels of calibration error since the best fierror, crosstalk, and any load transferred mechanically to the
line is more influenced by the low range data. sleeve. With a cone, that provides for independent cone and
Al1.4.3 As shown in Table Al.1, the cone tip is first loaded.sleeve measurements, apparent friction sleeve resistances are
Perform this loading after the cone is subjected to five cyclegaused by electrical crosstalk and mechanical load transfer.

of compressive loading and reference baselines, or intern@pparent load transfer must be less than 1.5 % of FSO of the
zeroing, have been obtained at room temperature. The conefgction sleeve (1000 kPa).

loaded in a minimum of six increments at forces equivalent to
0, 2, 5, 10, 25, 50, and 75% FSO for the cone. At eacr‘b
increment of force, record both cone and sleeve resistancﬁ

Al1.4.3.2 As shown in Table A1.1, maximum nonlinearity is
2 %, maximum calibration error is 0.5 %, and maximum
pparent load transfer is 1.2 %. For this calibration, the zero
?ad error was zero. Hysteresis was not evaluated in this

line” by linear regression of applied force and measure xample because the testing machine was incapable of produc-

output. The linearity is the difference between measured con&9 the exact same force on the Ioad!ng gnd unloadmg s.teps.
resistance and best-straight line cone resistance divided by theA1.4.4 Table A1.2 shows the calibration of the friction
cone FSO. Evaluate hysteresis by comparing the differencéleeve element, independent of cone loading. This is accom-
between cone resistance at the same level of applied force Rlished by removing the cone and loading the bottom edge of
loading and unloading and dividing by cone FSO. Calculatédhe friction sleeve. Again, apply the forces in seven increments
calibration error by taking the difference between the best-fitat 0, 2, 5, 10, 25, 50, and 75 % of FSO, that is, approximately
straight line cone resistance and actual cone resistance ad@00 kPa. Nonlinearity, hysteresis, and calibration error are
dividing by the actual cone resistance. Calibration error cavaluated in the same manner as calibrations for the cone.
become larger with smaller measured outputs and, therefore,uring friction sleeve calibration, monitor cone resistance to
is not evaluated at loadings equivalent to less than 20 % oévaluate apparent load transfer that was not apparent in this
cone FSO. calibration.

Compute the actual cone resistance by dividing the applie
force by the cone base area. Determine the “best fit straig
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TABLE Al1.2 Calibration

DATE: CALIBRAT BY:
PROJECT: CONE #: 361
FEATURE: FSO TIP: 100
CLIENT: FSO SLEEVE: 1000
TIP AREA: 10
SLEEVE AREA: 150
TARGET ACTUAL  APPLIED FULL MEASURED MEASURED
GAUGE GAUGE FORCE SCALE SLEEVE CONE
READING READING QUTPUT RESISTANCE RESISTANCE
X Y
kN FSO - % fs - kPa qc - mPa
0.000 BASELINE 9.8 -0.3
o] 0 0.013 -0.1 0.0 0.0
30 30 0.285 1.9 203 0.0
75 75 0.731 4.9 51.2 0.0
150 149 1.485 9.8 101.2 0.0
375 378 3.735 249 2491 0.0
750 749 7.414 49.4 495.3 0.0
375 375 3.705 247 260.2 01
180 153 1.504 10.0 110.7 0.0
75 77 0.751 5.0 57.7 0.0
30 32 0.305 20 241 0.0
o] o] -0.013 -0.1 0.2 0.0
0.000 BASELINE -9.8 -03
RESULT UNIT
*BEST FIT LINE (Y=mX+b) = 66.760
= 3.958
MAXIMUM LOAD TRANSFER -CONE 0.1 %FSO
MAXIMUM LINEARITY ERRCR 0.9 %FSO
MAXIMUM CALIBRATION ERRCOR 1.73 %MO
MAXIMUM ZERO LOAD ERROR -CONE 0.0 %FSO
MAXIMUM ZERO LOAD ERROR - SLEEVE 0.0 %FSO

COMMENTS:

Al.5 Force Transducer Calibration Requirements:

A1.5.1 Calibration requirements developed for electronicapp”ed pressures shall_be t_raceable to reference forces main-

subtraction-type electronic cone penetrometers and, as a resgféted golerances. Minimum requirements are Iingagity better
of this experience, represent the minimum precision requirethan 1 % of FSO and zero load error less thaa.0 Ib/in~(+7
ment of electronic cone penetrometers. In cases where a high'é'?a)-

level of precision is required, stricter calibration requirements

of Cone Penetrometer—Sleeve Calibration

m b
CALIBRATCOR DATA: 0.00992 -0.012668
CALIBRATOR SETTING: 20kN
MPA
KPA
CMr2
CMA2
ACTUAL BEST LINEARITY CALIBRATION
SLEEVE STRAIGHT ERROR
RESISTANCE LINE*
fsa Y'=mX+b Y-Y'/FSO fsa-Y'/ffsa
kPa kPa % FSO % MO
-0.8 3.113 0.31
19.0 22.970 0.27
487 52.757 0.16
97.6 101.739 0.05
249.0 253.320 0.42 1.73
4942 498.893 0.36 0.94
247.0 251.334 0.89
100.3 104.387 0.63
50.1 54.081 0.36
20.3 24.294 0.02
-0.8 3.113 0.29
ALLOV/ABLE APPROVAL
05 YES
2.0 YES
3.0%MO>20%FSO YES
05 YES
1.0 YES

minimum of six points of loading to at least 75 % of FSO. The

Al1.6.2 The transducer shall be subjected to regular periodic

would be required. Newly manufactured or repaired electronidhSPection meeting requirements in A1.6.1.
cone penetrometers are required to meet the following require- A1.7 Determination of Cone Area Ratio and Sleeve End

ments:

Calibration
Parameter
Zero-load error
Zero-load thermal
stability
Nonlinearity

Hysteresis
Calibration error

Apparent load

Element Requirement

Cone and sleeve
Cone and sleeve

=*0.5% FSO
=+ 1.0% FSO

Cone =+ 05% FSO

Sleeve =+ 1.0% FSO

Cone and sleeve =+1.0% FSO

Cone =+ 1.5% MO at >20 %
FSO

Sleeve = + 1.0 % MO at >20 %

While loading cone

While loading sleeve

FSO

==+1.5% FSO of sleeve
transfer

= + 0.5 % FSO of cone

Al1.6 Pressure Transducer Calibrations:

A1.6.1 Newly manufactured or repaired pressure transducand should be designed by the manufacturer. The best method
ers shall be supplied with a load range calibration provided byor evaluating sleeve imbalance is to seal the penetrometer in
the manufacturer. The load range calibration shall consist of a pressure chamber and apply forces to measure the sleeve

17

Area Imbalance:

Al.7.1 Fig. Al.2 illustrates the areas where water pressures
can act on the cone tip and sleeve elements. Water pressure that
acts behind the cone tip will reduce measured cone resistance,
J. by the magnitude of water pressure multiplied by the net
area ratioa. Water pressure may also act on both ends of the
sleeve, resulting in an imbalance of forces if the sleeve is not
designed with equal effective end areas. The water pressure
acting on the ends of the sleeve are not just a function of
geometry; they are a function of the location of water seals.
Water pressures during penetration are not often measured at
both ends of the sleeve so a correction based on measurements
is not possible.

Al1.7.2 Equal end area friction sleeves are required for use
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A1.9 Documentation of Calibrations:

NET AREA BATI0 g - M A1.9.1 Laboratory calibration documents consisting of a
) - short report on the equipment and methods of testing, along
T with tables and figures similar to those in this annex, are

FIG. AL.2 Net Area Ratio, a required for the following occurrences:

A1.9.1.1 When new penetrometer tips are received,

resistance after zeroing the system. Manufacturer's should A1.9.1.2 When damaged penetrometer tips are repaired, and
perform this check for a particular design to assure minimal A1.9.1.3 In instances when qualifications or proposals are
imbalance. required for contract negotiations.

A1.7.3 Ifitis necessary to calculate the corrected total cone A1.9.2 The report must be certified by a registered profes-
resistanceg, , as shown in 13.2.1, it will be necessary to sional engineer or other responsible engineer with knowledge
determine the area ratio of the cone. The penetrometer can §8d experience in materials testing for quality assurance.
enclosed in a sealed pressure vessel and pressures shoulddgdibration documents are retained on file by the offices
applied as shown in the example in Fig. A1.3. The net area ratiesponsible for performing soundings and should be updated at

is then used in computing the corrected total tip resistance. equired intervals. For contract soundings, calibration docu-
ments should be obtained prior to contract acceptance and after

A1.8 Other Calibrations—Other sensors such as inclina- testing on unaltered equipment.
tion, temperature, etc. may require calibration depending on Al1.9.3 If the electronic cone penetrometer meets the field
the requirements of the investigation. Perform such calibraealibration requirements given in 10.1.3, it is only necessary to
tions using similar techniques given in this annex or by othemldjust the penetrometer tip to the laboratory requirements on a
reference procedures. Report such calibrations when requiregearly basis. Cone penetrometers should be calibrated using

18
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laboratory procedures prior to use on each new project, butewly manufactured cones.
they do not need to meet calibration tolerances as required for
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