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Engineering Units

Multiples

Micro (n) =107
Milli (m) =107
Kilo(k) =107
Mega (M) =10

Imperial units SI units
Length feet (ft) meter (m)
Area square feet  (ft)) square meter (m’)
Force pounds (p) Newton (N)
Pressure/Stress  pounds/foot” (psf) Pascal (Pa) = (N/m’)
Multiple units
Length inches (in) millimeter (mm)
Area square feet (ft2) square millimeter ~ (mm’)
Force ton (t) kilonewton (kN)
Pressure/Stress  pounds/inch” (psi) kilonewton/meter” (kPa)
tons/foot”  (tsf) meganewton/meter” (MPa)

Conversion factors

Force: 1 ton =9.8 kN
1 kg =98N
Pressure/Stress 1kg/cm® =100kPa  =100kN/m* =1 bar
1 tsf = 96kPa  (~100 kPa=0.1 MPa)
| t/m’ ~ 10kPa
14.5 psi =100 kPa
2.31 foot of water =1 psi 1 meter of water = 10 kPa

Derived values from CPT

Friction ratio: R¢= (fy/q;) x 100%
Corrected cone resistance: Q= qc + uy(1-a)

Net cone resistance: (n = gt — Ovo

Excess pore pressure: Au = u, — U

Pore pressure ratio: Bq= Au/q,
Normalized excess pore pressure U= (u;—ug) / (u; —uy)

where: u; is the pore pressure at time ¢ in a dissipation test, and
u; 1s the initial pore pressure at the start of the dissipation test
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Glossary

This glossary contains the most commonly used terms related to CPT and are
presented in alphabetical order.

CPT
Cone penetration test.
CPTU
Cone penetration test with pore pressure measurement — piezocone test.
Cone
The part of the cone penetrometer on which the cone resistance is
measured.
Cone penetrometer
The assembly containing the cone, friction sleeve, and any other sensors
and measuring systems, as well as the connections to the push rods.
Cone resistance, q.
The force acting on the cone, Q., divided by the projected area of the
cone, A..
e = Qc / Ac
Corrected cone resistance, q;
The cone resistance q. corrected for pore water effects.
qi = qc T ux(1-ay)
Data acquisition system
The system used to record the measurements made by the cone
penetrometer.
Dissipation test
A test when the decay of the pore pressure is monitored during a pause in
penetration.
Filter element
The porous element inserted into the cone penetrometer to allow
transmission of pore water pressure to the pore pressure sensor, while
maintaining the correct dimensions of the cone penetrometer.
Friction ratio, Ry
The ratio, expressed as a percentage, of the sleeve friction, f;, to the cone
resistance, q;, both measured at the same depth.
R¢= (fy/q) x 100%
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Friction reducer
A local enlargement on the push rods, placed a short distance above the
cone penetrometer, to reduce the friction on the push rods.
Friction sleeve
The section of the cone penetrometer upon which the sleeve friction is
measured.
Normalized cone resistance, Q;
The cone resistance expressed in a non-dimensional form and taking
account of the in-situ vertical stresses.
Qt = (qt - GVO) / vao
Net cone resistance, ,
The corrected cone resistance minus the vertical total stress.
qn = qt — Ovo
Excess pore pressure (or net pore pressure), Au
The measured pore pressure less the in-situ equilibrium pore pressure.
Au=1u, -y
Pore pressure
The pore pressure generated during cone penetration and measured by a
pore pressure sensor:
u; when measured on the cone
u, when measured just behind the cone, and,
u; when measured just behind the friction sleeve.
Pore pressure ratio, B
The net pore pressure normalized with respect to the net cone resistance.
By= Au/q,
Push rods
Thick-walled tubes used to advance the cone penetrometer
Push (thrust) machine
The equipment used to push the cone penetrometer and push rods into the
ground.
Sleeve friction, f;
The frictional force acting on the friction sleeve, F;, divided by its surface
area, A,.
f;=Fs/ A

il
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Introduction

The purpose of this guide is to provide a concise summary on in-situ testing and
its application to geotechnical engineering. The aim of in-situ testing is to
define soil stratigraphy and obtain measurements of soil response and
geotechnical parameters.

The common in-situ tests include: Standard Penetration Test (SPT), Cone
Penetration Test (CPT), Flat Plate Dilatometer (DMT), Field Vane Test (FVT)
and Pressuremeter Test (PMT). Each test applies different loading schemes to
measure the corresponding soil response in an attempt to evaluate material
characteristics such as strength and stiffness. Boreholes are required for the
SPT and some versions of the PMT and FVT. For the CPT and DMT no
boreholes are needed and the term ‘direct-push’ is often used. An advantage of
direct-push technology is that no cuttings are generated. @ However, a
disadvantage of the direct-push method is that hard cemented layers, bedrock,
and some gravel layers can prevent further penetration.

The guide has an emphasis on the Cone Penetration Test (CPT) and the
Standard Penetration Test (SPT), since these are the most commonly used in-
situ tests in North America. The section on the CPT is a supplement to the
book ‘CPT in Geotechnical Practice’ by Lunne, Robertson and Powell (1997)
and is applicable primarily to data obtained using a standard electronic cone
with a 60-degree apex angle and a diameter of either 35.7 mm or 43.7 mm (10
cm’or 15 cm’ cross-sectional area). The section on the SPT is applicable to data
obtained following ASTM standard D1586-99.

A list of useful references is included at the end of this guide.
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Risk Based Site Characterization

Risk and uncertainty are characteristics of the ground and are never fully
eliminated. The extent and level of an investigation should be based on the risk
of the project. Risk analysis answers three basic questions, namely:

e What can go wrong?
e How likely is it?
e What are the consequences?

Projects can be classified into low, moderate or high risk projects, depending on
the probability of the associated hazards occurring and the associated
consequences. Low-risk projects could be projects with few hazards, low
probability of occurrence, and limited consequences, whereas high risk projects
could be projects with many hazards, a high probability of occurrence, and
severe consequences. Table 1 shows a generalized flow chart to illustrate the
likely geotechnical ground investigation approach associated with low risk,
moderate risk and high risk projects.

| PROJECT |
¥

Preliminary Site Evaluation
e.g. geologic model, desk study,
risk assessment

Ground Investigation Ground Investigation Preliminary ground Detailed
In-situ testing Same as for low risk investigation
& Disturbed samples projects, plus the following: Same as for low risk ) grolund.
projects, plus the following: investigation
o In-situ testing Additional specific In-situ testing A
e.g. SPT,CPT (SCPTu), in-situ tests Additional in-situ tests
DMT " e Identify critical &
e Possibly specific tests zones High quality
e.g. PMT, FVT undisturbed samples
Site ¢
¢ specific N
. Index testing correlation High quality laboratory
e.g. Atterberg limits, grain v testing (response)
size distribution, emin/€max, Gs . Site
‘ B‘;"_S'C Iaborzlato;yd specific +Undisturbed samples
v esblnﬁ(on se Iec e correlation « In-situ stresses
ulk samples ;
« Empirical correlations (responEE) : Appropriate stress path
dominate o Careful measurements

Table 1 Risk-based flowchart for site characterization.
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In-Situ Tests

The objectives of any subsurface investigation are to determine the following:

e Nature and sequence of the subsurface strata (geologic regime)
e Groundwater conditions (hydrologic regime)
e Physical and mechanical properties of the subsurface strata

For geo-environmental site investigations where contaminants are possible, the
above objectives have the additional requirement to determine:

e Distribution and composition of contaminants
The above requirements are a function of the proposed project and the
associated risks. An ideal investigation program should include a mix of field

and laboratory tests depending on the risk of the project.

Table 2 presents a partial list of the major in-situ tests and their perceived
applicability for use in different ground conditions.

Soil Parameters Ground Type
Groug Device Soil type | Profile | u | *@' | s, | Ip |m.| ¢ | k| Go| o, | OCR | -2 Hard | Soit [ Gravel | Sand | Silt | Clay | Peat
| rock | Rock |

Penetrometers | pypamic C B | « clel=1]-|=]|€]:- C - . c | B A |B| B B
Mechanical B AB | C C B C o [ C c | C A A A A
Electric (CPT) B A |-|]c|B|AaB|c| - B |BC| B c | ¢ | A |a|a]a
Peizocone (CPT) A A |A| B | B |AB|B|AB|B|B|BC| B C c | | A Al A | A
Seismic (SCPT/SCPTU) A A Al B |aB|aB|B|AB|B| A | B B | B c | | A Al A A
Flat dilatometer (DMT) B A |c|B|B|C|B B | B B C C c| - | alalala
Standard penetration Test {SPT) A B - | C C B L C C | B A A A A
Resisitivity probe B B | B C A | C - c | - A Al A A

Pressuremeters | prebared (PBP) B B | « B|lc|B|C|-|B]|C [§ C A A | B B |B| A B
Self boring (SBP) B B |A| B |B|B|B|A |B|A]| - B - B B | A B B A B
Full displacement (FDP) B B | C C C C A C C C (8 B B | B A A

s Vane B | c [-T-Ja[-]-1-[-]-]-Jwc]s]| - | -[-[alB
Plate load C - | C B B C C| A C B B B A | B B B A A
Serew Plate C & -lec B |[B|B|C|c|aAalc B - Il - AlaAal a
Borehole permeability C 5 A B |A A Al oA | A Al A B
Hydraulic fracture s . B | c |c] B - | B |- | [ A |«
E:“:‘:]I‘t‘"“'"“ nholelsurfice C fod [ - A B A Al A | A | Al A A

Applicability: A = high, B = moderate, C = low, - = none

*' = Will depend on soil type; ' = Only when pore pressure sensor fitted; ~ = Only when displacement sensor fitted,
Soil parameter definitions: # = in situ static pore pressure, ¢° = effective internal friction angle; s, = undrained shear strength; [/ = density index; m, = constrained modulus; €, = coefficient of consolidation;
K = coefficient of permeability; G = shear modulus at small strains; o, = horizontal stress; OCR = overconsolidation ratio; g-¢ = stress-strain relationship

Table 2 The applicability and usefulness of in-situ tests
(Lunne, Robertson & Powell, 1997)
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Cone Penetration Test (CPT)

The Cone Penetration Test (CPT) and it’s enhanced versions (i.e. piezocone-
CPTU and seismic-SCPT) have extensive applications in a wide range of
soils. Although the CPT is limited primarily to softer soils, with modern
larger pushing equipment and more robust cones, the CPT can be performed
in stiff to very stiff soils, and in some cases soft rock.

Advantages of CPT:

Fast and continuous profiling

Repeatable and reliable data (not operator-dependent)
Economical and productive

Strong theoretical basis for interpretation

Disadvantage of CPT:
e High capital investment
e Requires skilled operators
e No soil sample
e Penetration can be restricted in gravel/cemented layers

The Standard Penetration Test (SPT)

The Standard Penetration Test (SPT) is used as an indicator of relative
density and stiffness of granular soils as well as an indicator of consistency
in a wide range of other ground. Methods have been developed to apply
SPT results to a wide range of geotechnical applications including shallow
and deep foundations and the assessment of liquefaction potential.

Advantages of SPT:

e Simple and rugged
Low cost
Obtain a sample

Can be performed in most soil types
Available throughout the U.S.
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Disadvantages of SPT:
e Disturbed sample (index tests only)
e Crude number (N value)
e Not applicable in soft clays and silts
e High variability and uncertainty.

The Field Vane Test (FVT)

The field vane test (FVT) is used to evaluate the undrained shear strength
(suy) of soft to stiff clays and silts. Both peak and remolded strengths can be
measured and their ratio 1s termed soil sensitivity (Sy).

Advantages of FVT:
e Simple test and equipment
e Long history of use in practice

Disadvantages of FVT:

Limited application to soft to stiff clays and silts
Slow and time-consuming

Raw s, values need (empirical) correction

Can be affected by sand lenses and seams.

The Flat Plate Dilatometer Test (DMT)

The flat plate dilatometer test (DMT) can be used to estimate a wide range of
geotechnical parameters in primarily softer soils.

Advantages of DMT:
e Simple and robust
e Repeatable and reliable data (not operator-dependent)
e Economical

Disadvantage of DMT:

Difficult to push into dense and hard materials

Weak theoretical basis for interpretation

No soil sample

Penetration can be restricted in gravel/cemented layers
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The Pressuremeter Test (PMT)

The pressuremeter test can be used to evaluate the stress-strain response of a
wide range of soils and rock. There are three basic types of pressuremeter
devices, Pre-bored, Self-bored and Full-displacement, each with different
abilities and challenges. In general they have the following advantages and
disadvantages:

Advantages of PMT:
e Strong theoretical basis for interpretation
e Tests large volume of ground

Disadvantages of PMT:
e Complicated equipment and procedures
e Requires skilled operator
e Time consuming and expensive
e Equipment can be easily damaged
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Cone Penetration Test (CPT)

Introduction

In the Cone Penetration Test (CPT), a cone on the end of a series of rods is
pushed into the ground at a constant rate and continuous measurements are
made of the resistance to penetration of the cone and of a surface sleeve.
Figure 1 illustrates the main terminology regarding cone penetrometers.

The total force acting on the cone, Q., divided by the projected area of the
cone, A., produces the cone resistance, q.. The total force acting on the
friction sleeve, F;, divided by the surface area of the friction sleeve, A,
produces the sleeve friction, f;. In a piezocone, pore pressure is also
measured, as shown in Figure 1.

Y

Friction Cone

sleeve penetrometer
Pore pressure
filter location:
L -

Cone

Figure 1 Terminology for cone penetrometers
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History
1932

The first cone penetrometer tests were made using a 35 mm outside diameter
gas pipe with a 15 mm steel inner push rod. A cone tip with a 10 cm’
projected area and a 60° apex angle was attached to the steel inner push rods,
as shown in Figure 2.

L

L

A

35

Figure 2 Early Dutch mechanical cone (After Sanglerat, 1972)

1935
Delf Soil Mechanics Laboratory designed the first manually operated 10 ton
cone penetration push machine, see Figure 3.

Figure 3 Early Dutch mechanical cone (After Delft Geotechnics)
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1948
Improvement of the original Dutch mechanical cone by adding a conical part
just above the cone. The purpose of the geometry was to prevent soil from
entering the gap between the casing and inner rods. The basic Dutch
mechanical cones, shown in Figure 4, are still in use in some parts of the
world.

Figure 4 Dutch mechanical cone penetrometer with conical mantle

1953

Addition of a friction sleeve (‘adhesion jacket’) behind the cone to include
measurement of the local sleeve friction (Begemann, 1953), see Figure 5.
Measurements were made every 8 inches (20 cm), and for the first time,
friction ratio was used to classify soil type (see Figure 6).

Figure 5 Begemann type cone with friction sleeve
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« 50
2 Percentage of
;_6 40 ey i Sand and gravel
O 0
y | Silty sand
8 30 Y
c 5
«© 15
W 20 25
0 : Cl
— 10 ég Y
8 100
Q 0 L 1 1 1 1 1
O Yo 01 02 03 04 05 06 07 08

Skin friction, f,(MPa)

Figure 6 First soil classification for Begemann mechanical cone

1965

Development of an electric cone by Fugro, of which the shape and
dimensions formed the basis for the modern cones and the International
Reference Test and ASTM procedure. The main improvements relative to
the mechanical cone penetrometers are:

e Elimination of incorrect readings due to friction between inner rods
and outer rods and weight of inner rods.

e Continuous testing with continuous rate of penetration without the
need for alternate movements of different parts of the penetrometer
and no undesirable soil movements influencing the cone resistance.

e Simpler and more reliable electrical measurement of cone resistance
and sleeve friction.

1974

Introduction of cone penetrometers that could also measure pore pressure
(piezocone). Early design had various shapes and pore pressure filter
locations. Gradually the practice has become more standardized so that the
recommended position of the filter element is close behind the cone at the u,
location. With the measurement of pore water pressure it became apparent
that it was necessary to correct the cone resistance for pore water pressure
effects (q), especially in soft clay.

10
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Test Equipment and Procedures

Cone Penetrometers

Cone penetrometers come in a range of sizes with the 10 cm” and 15 cm’
probes the most common and specified in most standards. Figure 7 shows a
range of cones from a mini-cone at 2 cm’ to a large cone at 40 cm”. The
mini cones are used for shallow investigations, whereas the large cones can
be used in gravely soils.

Figure 7 Range of CPT probes (from left: 2 cm?, 10 cm?, 15 cm?, 40 cm?)

11
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Additional Sensors/Modules

Since the introduction of the electric cone in the early 1960’s, many
additional sensors have been added to the cone, such as;

Temperature

Geophones (seismic wave velocity)
Pressuremeter

Camera (visible light)
Radioisotope (gamma/neutron)
Electrical resistivity/conductivity
Dielectric

pH

Oxygen exchange (redox)
Laser/ultraviolet induced fluorescence
Membrane interface probe (MIP)

The latter items are primarily for geo-environmental applications.

One of the more common additional sensors is a geophone to allow the
measurement of seismic wave velocities. A schematic of the seismic CPT
(SCPT) is shown in Figure 8.

TRIGGER CIRCUIT

CONE DATA DIGITAL STORAGE
ACQUISITION SYSTEM OSCILLOSCOPE

NORMAL FORCE Shear Wave

i e

HAMMER WITH
CONTACT TRIGGER

SEISMIC CONE
PENETROMETER

Figure 8 Schematic of Seismic CPT (SCPT)

12
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Pushing Equipment

Pushing equipment consists of push rods, a thrust mechanism and a reaction
frame.

On Land

Pushing equipment for on land applications generally consist of specially
built units that are either truck or track mounted. CPT’s can also be carried
out using an anchored drill-rig. Figures 9 to 12 show a range of on land
pushing equipment.

Figure 9 Truck mounted 25 ton CPT unit

13
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Figure 10 Track mounted 20 ton CPT unit

Figure 11 Small anchored drill-rig unit

14



Guide to In-Situ Testing — 2006 Cone Penetration Test (CPT)

Figure 12 Ramset for CPT inside buildings or limited access

15
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Over water

There is a variety of pushing equipment for over water investigations
depending on the depth of water. Floating or Jack-up barges are common in
shallow water (depth less than 80 feet), see Figures 13 and 14.

Figure 14 Quinn Delta ship with spuds

16
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Rate of Penetration

The standard rate of penetration is 2 cm per second, which is approximately
1 inch per second. Hence, a 60 foot sounding can be completed (start to
finish) in about 30 minutes. The cone results are generally not sensitive to
slight variations in the rate of penetration.

Interval of Readings

Electric cones produce continuous analogue data. However, most systems
convert the data to digital form at selected intervals. Most standards require
the interval to be no more than 8 inches (200mm). In general, most systems
collect data at intervals of between 1 to 2 inches (25 - 50mm), with 2 inches
the most common.

Dissipation Tests

During a pause in penetration, any excess pore pressure generated around
the cone will start to dissipate. The rate of dissipation depends upon the
coefficient of consolidation, which in turn, depends on the compressibility
and permeability of the soil. The rate of dissipation also depends on the
diameter of the probe. A dissipation test can be performed at any required
depth by stopping the penetration and measuring the decay of pore pressure
with time. If equilibrium pore pressures are required, the dissipation test
should continue until no further dissipation is observed. This can occur
rapidly in sands, but may take several days in plastic clays. Dissipation is
faster for smaller cones.

Calibration and Maintenance

Calibrations should be carried out at regular intervals (approximately every
3 months). For major projects, calibrations should be carried out before and
after the field work, with functional checks during the work. Functional
checks should include recording and evaluation of zero load measurements.

18
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With careful design, calibration, and maintenance, strain gauge load cells
and pressure transducers can have an accuracy and repeatability of better
than +/- 0.2% of full scale reading.

Maintenance | Start Startof | Endof |Endof |Oncea |Every3
of Test Test Day Month months
Project

Wear ) ¢ ) ¢ ) ¢

O-ring seals ) ¢ X

Push-rods X b ¢

Pore X X

pressure-filter

Calibration X

Computer X

Cone X

Zero-load X X

Cables x b'¢

Table 3 Summary of checks and recalibrations for the CPT

Pore Water Effects
In soft clays and silts and in over water work, the measured q. must be

corrected for pore water pressures acting on the cone geometry, thus
obtaining the corrected cone resistance, q:

G=qctu(l-a,)

where a, is the net area ratio determined from laboratory calibration.

19
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CPT Interpretation

Numerous semi-empirical correlations have been developed to estimate
geotechnical parameters from the CPT for a wide range of soil. These
correlations vary in their reliability and applicability. Because the CPT has
additional sensors (e.g. pore pressure: CPTU and seismic: SCPT), the
applicability to estimate soil parameters varies. Since CPT with pore
pressure measurements (CPTU) is commonly available, Table 4 shows an
estimate of the perceived applicability of the CPTU to estimate soil
parameters. If seismic is added, the ability to estimate soil stiffness (E, G &
G,) improves further.

Soil | D | ¥ | K, OCR| S |5s,| ¢ |EG M|Gy | k | ¢
Type

Sand | 2-3 | 2-3 5 2-3| 34 2-3 1 3 |34

Clay 2 1 2 |12 4 34 | 4 |3-4|2-3]|2-3

Table 4 Perceived applicability of CPTU for deriving soil parameters

1 = high; 2 = high to moderate; 3 = moderate; 4 = moderate to low; 5 = low reliability;
Blank = no applicability

Where:

D,  Relative density 0] Friction angle

b4 State Parameter Ko In-situ stress ratio

E, G Young’s and Shear moduli Gy  Small strain shear moduli
OCR Over consolidation ratio M (or m,) Compressibility

su  Undrained shear strength St Sensitivity

Cy Coefficient of consolidation  k Permeability

20
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Soil Profiling and Classification

The major application of the CPT is for soil profiling and classification.
Typically, the cone resistance, (q;) is high in sands and low in clays, and the
friction ratio (R¢ = fy/q;) is low in sands and high in clays. CPT classification
charts cannot be expected to provide accurate predictions of soil type based
on grain size distribution but provide a guide to the mechanical
characteristics of the soil, or the soil behavior type (SBT). CPT data
provides a repeatable index of the aggregate behavior of the in-situ soil in
the immediate area of the probe. Hence, prediction of soil type based on
CPT is referred to as soil behavior type (SBT).

Non-Normalized Charts

The most commonly used CPT soil behavior type method is the chart
suggested by Robertson et al. (1986) and shown in Figure 15. This chart
uses the basic CPT parameters of cone resistance, q, and friction ratio, Ry.
The chart is global in nature and can provide reasonable predictions of soil
behavior type for CPT soundings up to about 60ft (20m) in depth. The chart
identifies general trends in ground response such as increasing relative
density (D,) for sandy soils, increasing stress history (OCR), soil sensitivity
(Sy) and void ratio (e) for cohesive soils. Overlap in some zones should be
expected and the zones should be adjusted somewhat based on local
experience.

Normalized Charts

Since both the penetration resistance and sleeve friction increase with depth
due to the increase in effective overburden stress, the CPT data requires
normalization for overburden stress for very shallow and/or very deep
soundings.

A popular CPT soil classification chart based on normalized CPT data is that
proposed by Robertson (1990) and shown in Figure 16. A zone has been
identified in which the CPT results for most young, un-cemented,
insensitive, normally consolidated soils will fall. Again the chart is global in
nature and provides only a guide to soil behavior type (SBT). Overlap in
some zones should be expected and the zones should be adjusted somewhat
based on local experience.

21
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Cone Penetration Test (CPT)

100

T T TTTTT

10

Cone resistance q, (MPa)

ity

[N (Wt

0_1‘__

2 3 4 5 6
Friction ratio (%)

Zone

Soil Behavior Type

e e
NI2I30NOGAWN

Sensitive fine grained
Organic material

Clay

Silty Clay to clay
Clayey silt to silty clay
Sandy silt to clayey silt
Silty sand to sandy silt
Sand to silty sand
Sand

Gravelly sand to sand
Very stiff fine grained*
Sand to clayey sand*

* Overconsolidated or cemented

1 MPa=10 tsf

Figure 15 CPT Soil Behavior Type (SBT) chart

22

(Robertson et al., 1986).
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Cone Penetration Test (CPT)

10
1 1 | S 65 B R S Yoot -1fg X g7
o1 NORMALIZED w2
FRICTION RATIO, F=q x100%
+ = Ovo
Zone Soil Behavior Type I
1 Sensitive, fine grained N/A
2 Organic soils — peats > 3.6
3 Clays — silty clay to clay 2.95-3.6
4 Silt mixtures — clayey silt to 2.60-2.95
silty clay
5 Sand mixtures — silty sand to 205-26
sandy silt
6 Sands - clean sand to silty 1.31-2.05
sand
7 Gravelly sand to dense sand <1.31
8 Very stiff sand to clayey sand* N/A
9 Very stiff, fine grained™ N/A

Figure 16 Normalized CPT Soil Behavior Type (SBTy) chart

* Heavily overconsolidated or cemented

(Robertson, 1990).
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If no prior CPT experience exists in a given geologic environment it is
advisable to obtain samples from appropriate locations to verify the
classification and soil behavior type. If significant CPT experience is
available and the charts have been modified based on this experience
samples may not be required.

Soil classification can be improved if pore pressure data is also collected. In
soft clay the penetration pore pressures can be very large, whereas, in stiff
heavily over-consolidated clays or dense silts and silty sands the penetration
pore pressures can be small and sometimes negative relative to the
equilibrium pore pressures (ug). Also the rate of pore pressure dissipation
during a pause in penetration can guide in the soil type. In sandy soils any
excess pore pressures will dissipate very quickly, whereas, in clays the rate
of dissipation can be very slow.

To simplify the application of the CPT SBTy chart shown in Figure 16, the
normalized cone parameters Q, and F, can be combined into one Soil
Behavior Type index, 1., where I is the radius of the essentially concentric
circles that represent the boundaries between each SBT zone. 1. can be
defined as follows;

I. = ((3.47 - log Q)* + (log F,+ 1.22)%)*?

where:
Q= the normalized cone penetration resistance (dimensionless)
= (qt - Gvo)/ G'VO
F.= the normalized friction ratio, in %
= (fs/(qt - Gvo)) x 100%

The boundaries of soil behavior types are then given in terms of the index,
I, as shown in Figure 16. The soil behavior type index does not apply to
zones 1, 8 and 9. Profiles of I. provide a simple guide to the continuous
variation of soil behavior type in a given soil profile based on CPT results.
Independent studies have shown that the normalized SBTy chart shown in
Figure 16 typically has greater than 80% reliability when compared to
samples.
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Equivalent SPT N¢, Profiles

The Standard Penetration Test (SPT) is one of the most commonly used in-
situ tests in many parts of the world, especially North America. Despite
continued efforts to standardize the SPT procedure and equipment there are
still problems associated with its repeatability and reliability. However,
many geotechnical engineers have developed considerable experience with
design methods based on local SPT correlations. When these engineers are
first introduced to the CPT they initially prefer to see CPT results in the
form of equivalent SPT N-values. Hence, there is a need for reliable
CPT/SPT correlations so that CPT data can be used in existing SPT-based
design approaches.

There are many factors affecting the SPT results, such as, borehole
preparation and size, sampler details, rod length and energy efficiency of the
hammer-anvil-operator system. One of the most significant factors is the
energy efficiency of the SPT system. This is normally expressed in terms of
the rod energy ratio (ERr). An energy ratio of about 60% has generally been
accepted as the reference value which represents the approximate historical
average SPT energy.

A number of studies have been presented over the years to relate the SPT N-
value to the CPT cone penetration resistance, q.. Robertson et al. (1983)
reviewed these correlations and presented the relationship shown in Figure
17 relating the ratio (q./p.)/Ngo With mean grain size, D5, (varying between
0.00lmm to 1mm). Values of q; are made dimensionless when dividing by
the atmospheric pressure (p,) in the same units as q.. It is observed that the
ratio increases with increasing grain size.

The values of N used by Robertson et al. correspond to an average energy
ratio of about 60%. Hence, the ratio applies to Ngo, as shown on Figure 17.
Other studies have linked the ratio between the CPT and SPT with fines
content for sandy soils.
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Figure 17 CPT-SPT correlations with mean grain size
(Robertson et al., 1983)

The above correlations need the soil grain size information to determine the
mean grain size (or fines content). Grain characteristics can be estimated
directly from CPT results using soil classification or soil behavior type
(SBT) charts. The CPT SBT charts show a clear trend of increasing friction
ratio with increasing fines content and decreasing grain size. Robertson et
al. (1986) suggested (q./p.)/Ngo ratios for each soil behavior type zone using
the non-normalized CPT chart. The suggested ratio for each soil behavior
type is given in Table 5.

These values provide a reasonable estimate of SPT Ng, values from CPT
data. For simplicity the above correlations are given in terms of .. For fine
grained soft soils the correlations should be applied to total cone resistance,

qt-

One disadvantage of this simplified approach is the somewhat discontinuous
nature of the conversion. Often a soil will have CPT data that crosses
different soil behavior type zones and hence produces discontinuous small
changes in predicted SPT Ng, values.
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Zone Soil Behavior Type (a./p,)
N60
1 sensitive fine grained 2
2 organic soils - peats 1
3 clay 1
4 silty clay to clay 1.5
5 clayey silt to silty clay 2
6 sandy silt to clayey silt 2.5
7 silty sand to sandy silt 3
8 sand to silty sand 4
9 sand 5
10 dense sand to gravelly sand 6
11 very stiff fine grained 1

Table 5§ Suggested (q./pa)/Nego ratios.

Jefferies and Davies (1993) suggested the application of a soil behavior type
index, I. to link with the CPT-SPT correlation. The soil behavior type
index, I, can be combined with the CPT-SPT ratios to give the following
relationship:

(qc/pa) — 8 5 [1 _ Ic ]
N,, ' 4.6

Jefferies and Davies (1993) suggested that the above approach can provide a
better estimate of the SPT N-values than the actual SPT test due to the poor
repeatability of the SPT.

In very loose soils the weight of the rods and hammer can dominate the SPT
penetration resistance and produce very low N-values, which can result in
high (q./p.)/Ngo ratios due to the low SPT N-values measured.
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Geotechnical Parameters

Undrained Shear Strength (s,)

No single value of undrained shear strength exists, since the undrained
response of soil depends on the direction of loading, soil anisotropy, strain
rate, and stress history. Typically the undrained strength in tri-axial
compression is larger than in simple shear which is larger than tri-axial
extension (s,7¢c > s,ss > S,7£). The value of s, to be used in analysis therefore
depends on the design problem.

Since anisotropy and strain rate will inevitably influence the results of all in-
situ tests, their interpretation will necessarily require some empirical content
to account for these factors, as well as possible effects of sample
disturbance.

Recent theoretical solutions have provided some valuable insight into the
form of the relationship between cone resistance and s,. All theories result
in a relationship between cone resistance and s, of the form:

q,— 0O,
th

Sy —

Typically Ny, varies between 10 to 20, with 15 as an average. Ny, tends to
increase with increasing plasticity and decrease with increasing soil
sensitivity.

For deposits where little experience is available, estimate s, using the total
cone resistance (q;) and preliminary cone factor values (Ny) from 15 - 20.
For a more conservative estimate, select a value close to the upper limit.

In very soft clays where there may be some uncertainty with the accuracy in
i, estimates of s, can be made from the excess pore pressure (Au) measured
behind the cone (u,) using the following:

Au
N

Where Ny, varies from 7 to 10. For a more conservative estimate, select a
value close to the upper limit.

Sy =

Au
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If previous experience is available in the same deposit, the values suggested
above should be adjusted to reflect this experience.

For larger, moderate to high risk projects, where high quality field and
laboratory data may be available, site specific correlations should be
developed based on appropriate and reliable values of s,,.

Soil Sensitivity

The sensitivity (S,) of clay is defined as the ratio of undisturbed undrained
shear strength to totally remolded undrained shear strength.

S;= S = 479 (qq

N u(Remolded) kt

The remolded undrained shear strength can be assumed equal to the sleeve
friction stress, f;. Therefore, the sensitivity of a clay can be estimated by
calculating the peak s, from either site specific or general correlations with g,
or Au and Sy gemoideq) from f.

For relatively sensitive clays (S; > 5), the value of f; can be very low with

inherent difficulties in accuracy. Hence, the estimate of sensitivity should be
used as a guide only.
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Estimation of OCR and K, — for cohesive soils

Overconsolidation Ratio (OCR)

Overconsolidation ratio (OCR) is defined as the ratio of the maximum past
effective consolidation stress and the present effective overburden stress:

OCR = 2>

G'

Vo

For mechanically overconsolidated soils where the only change has been the
removal of overburden stress, this definition is appropriate. However, for
cemented and/or aged soils the OCR may represent the ratio of the yield
stress and the present effective overburden stress. The yield stress will
depend on the direction and type of loading. The easiest and generally the
most reliable method to estimate OCR in cohesive soils is:

GV

Vo

OCRzk[%‘ij

An average value of k = 0.3 can be assumed, with an expected range of 0.2
to 0.5. Higher values of k are recommended in aged, heavily
overconsolidated clays. If previous experience is available in the same
deposit, the values of k should be adjusted to reflect this experience and to
provide a more reliable profile of OCR.

For larger, moderate to high-risk projects, where additional high quality field
and laboratory data may be available, site-specific correlations should be
developed based on consistent and relevant values of OCR. The estimated
OCR is influenced by soil sensitivity, pre-consolidation mechanism, soil
type and local heterogeneity.
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In-Situ Stress Ratio (K,)

There is no reliable method to determine K, from CPT. However, an
estimate can be made based on an estimate of OCR, as shown in Figure 18.

Kulhawy and Mayne (1990) suggested a similar approach, using:

KOZOI (qt_cvoJ

G'VO
These approaches are generally limited to mechanically overconsolidated
soils. Considerable scatter exists in the database used for these correlations
and therefore they must be considered only as a guide.
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Figure 18 OCR and K, from s,/6’, and I,
(after Andresen et al., 1979)
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Friction Angle

The shear strength of uncemented, cohesionless soil 1s usually expressed in
terms of a peak secant friction angle, ¢'.

Numerous studies have been published for assessing ¢' from the CPT in
clean sands and basically the methods fall into one of three categories:

e Bearing capacity theory
e Cavity expansion theory
e Empirical, based on calibration chamber tests

Significant advances have been made in the development of theories to
model the CPT penetration process in sands (Yu and Mitchell, 1998). Cavity
expansion models show the most promise since they are relatively simple
and can incorporate many of the important features of soil response.
However, empirical correlations based on calibration chamber test results are
still the most commonly used.

A review of calibration chamber test results was made by Robertson and
Campanella (1983) to compare cone resistance to measured peak secant
friction angle. The peak secant friction angle was measured in drained
triaxial compression tests performed at the confining stress approximately
equal to the horizontal stresses in the calibration chamber before the CPT.

The recommended correlation for uncemented, unaged, moderately
compressible, predominately quartz sands proposed by Robertson and
Campanella (1983) is shown in Figure 19. For sands of high compressibility
(i.e. carbonate sands or sands with high mica content), the chart will tend to
predict low friction angles.
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Figure 19 Friction angle, ¢', from CPT in uncemented silica sand
(Robertson and Campanella, 1983)
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Relative Density (D,)

For cohesionless soils, the density, or more commonly, the relative density
or density index, is often used as an intermediate soil parameter. Relative
density, D,, or density index, Ip, is defined as:

where:

€max and €., are the maximum and minimum void ratios and e is the
1n-situ void ratio.

The problems associated with the determination of €., and e, are well
known. Also, research has shown that the stress strain and strength behavior
of cohesionless soils is too complicated to be represented by only the
relative density of the soil. However, for many years relative density has
been used by engineers as a parameter to describe sand deposits.

Research using large calibration chambers has provided numerous
correlations between CPT penetration resistance and relative density for
clean, predominantly quartz sands. The calibration chamber studies have
shown that the CPT resistance is controlled by sand density, in-situ vertical
and horizontal effective stress and sand compressibility. Sand
compressibility is controlled by grain characteristics, such as, grain size,
shape and mineralogy. Angular sands tend to be more compressible than
rounded sands as do sands with high mica and/or carbonate compared with
clean quartz sands. More compressible sands give a lower penetration
resistance for a given relative density then less compressible sands.

Based on extensive calibration chamber testing on Ticino sand, Baldi et al.

(1986) recommended a formula to estimate relative density from q.. A
modified version of this formula, to obtain D, from q., is as follows:

o2
C,) \C,
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where:
Cy and G, are soil constants
G = effective vertical stress in kPa
et = (ge/ pa) / (O'vo/ pa)O'5
= normalized CPT resistance, corrected for overburden
pressure
Pa = reference pressure of 1 tsf, in same units as q. and 'y,
Qe = cone penetration resistance

For moderately compressible, normally consolidated, unaged and
uncemented, predominantly quartz sands the constants are: C, = 15.7 and
C2 =241.

Kulhawy and Mayne (1990) suggested a simpler formula for estimating
relative density:

D 2 — qcl
T
305Q¢ Qocr Qa

where:

dc1 and p, are as defined above

Qc = Compressibility factor ranges from 0.91 (low compress.) to
1.09 (high compress.)

Qocr = Overconsolidation factor = OCR

Qa  =Aging factor =1.2 + 0.05log(t/100)

0.18

A constant of 350 is more reasonable for medium, clean, uncemented,
unaged quartz sands that are about 1,000 years old. The constant is closer to
300 for fine sands and closer to 400 for coarse sands.

The equation can then be simplified to:

D,’ = qci /350
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Stiffness and Modulus

CPT data can be used to estimate modulus for subsequent use in elastic or
semi-empirical settlement prediction methods.  However, correlations
between q. and moduli (E) are sensitive to stress and strain history, aging
and sand mineralogy.

A wuseful guide for estimating Young's moduli for uncemented
predominantly silica sands is given in Figure 20. The modulus has been
defined as that mobilized at 0.1% strain. For more heavily loaded conditions
(i.e. larger strain) the modulus would decrease. The results for NC sands are
applicable for young recent fills with an age less than 10 years and the
results for Aged NC sands are applicable for natural sands with an age
greater than 1,000 years.

T 1 1 I LI LI | 1

20 ]
q P, .05
OC sands —_ c d
= —
0= (E)( &)
16 |- -
El
c 12 =
Aged NC
sands
8 L —
4 — Hecem NC S, -
sands
0 1 1 ] L1 1 11 1
20 50 100 200

Normalized cone resistance q_,

Figure 20 Evaluation of drained Young's modulus from CPT
for silica sands
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Modulus From Shear Wave Velocity

A major advantage of the seismic CPT is the additional measurement of the
shear wave velocity, V,. The shear wave velocity is measured using a
downhole technique during pauses in the CPT resulting in a continuous
profile of V. Elastic theory states that the small strain shear modulus, G,
can be determined from:

Go=p Vy
where p is the mass density of the soil (p = y/g).

Hence, the addition of shear wave velocity during the CPT provides a direct
measure of soil stiffness.

The small strain shear modulus represents the elastic stiffness of the soils at
shear strains (}) less than 10™ percent. Elastic theory also states that the
small strain Young’s modulus, E, is linked to G,, as follows:

E,=2(1 + )G,

Where v is Poisson’s ratio, which is often between 0.1 to 0.3 for most soils.

Application to engineering problems requires that the small strain modulus
be softened to the appropriate strain level. For most well designed structures
the degree of softening is often close to a factor of 3. Hence, for many
applications the equivalent Young’s modulus (E; ) can be estimated from:

E ~G,=p V{

The shear wave velocity can also be used directly for the evaluation of
liquefaction potential. Hence, the seismic CPT provides two independent
methods to evaluate liquefaction potential.
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Identification of Unusual Soils Using the SCPT

Almost all available empirical correlations to interpret in-situ tests assume
that the soil i1s well behaved, i.e. similar to the soils in which the correlation
was based. Many of the existing correlations apply to soils such as, unaged,
uncemented, silica sands. Application of the existing empirical correlations
in sands other than unaged and uncemented can produce incorrect
interpretations. Hence, it is important to be able to identify if the soils are
‘well behaved’. The combined measurement of shear wave velocity and
cone resistance provides an opportunity to identify these ‘unusual’ soils.
The cone resistance (q.) is a good measure of soil strength, since the cone is
inducing very large strains and the soil adjacent to the probe is at failure.
The shear wave velocity (V;) is a direct measure of the small strain soil
stiffness (G,) since the measurement is made at very small strains. Recent
research has shown that unaged and uncemented sands have data that falls
within a narrow range of combined q. and G,, as shown in Figure 21 and the
following equations:

Upper bound, unaged & cemented ~ G, =280 (e G'vo Pa)>

Lower bound, unaged & cemented ~ G, =110 (qc G'yo pa)
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Figure 21 Characterization of uncemented, unaged sands
(after Eslaamizaad and Robertson, 1997)
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Hydraulic Conductivity (k)

An approximate estimate of soil hydraulic conductivity or coefficient of
permeability, &, can be made from an estimate of soil behavior type using the
CPT SBT charts. Table 6 provides estimates based on the non-normalized
chart shown in Figure 15, while Table 7 provides estimates based on the
normalized chart shown in Figure 16. These estimates are approximate at
best, but can provide a guide to variations of possible permeability.

Zone Soil Behavior Type (SBT) Range of permeability
k (m/s)

1 Sensitive fine grained 3x10° to 3x10°®
2 Organic soils 1x10°® to 1x10°
3 Clay 1x10™"° to 1x10™®
4 Silty clay to clay 1x10™° to 1x10°®
5 Clayey silt to silty clay 1x10°® to 1x10”7
6 Sandy silt to clayey silt 1x107 to 1x10°
7 Silty sand to sandy silt 1x107° to 1x10°°
8 Sand to silty sand 1x10° to 1x10*
9 Sand 1x10™ to 1x10°
10 Gravelly sand to dense sand 1x107 to 1

11 Very stiff fine-grained soil 1x10 to 1x10°°
12 Very stiff sand to clayey sand 3x107 to 3x10™

Table 6 Estimation of soil permeability (k) from the non-normalized CPT
SBT chart by Robertson et al. (1986) shown in Figure 15

Baligh and Levadoux (1980) recommended that the horizontal coefficient of
permeability can be estimated from the expression:

ky=|-—Yv |RR
! (2.30;0] o

where RR is the re-compression ratio in the overconsolidated range. It
represents the strain per log cycle of effective stress during recompression
and can be determined from laboratory consolidation tests. Baligh and
Levadoux recommended that RR should range from 0.5x107 to 2x107.
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Zone | Soil Behavior Type (SBT) Range of permeability
k (m/s)

1 |Sensitive fine grained 3x10 to 3x10°®
2 |Organic soils 1x107 to 1x10°®
3 |Clay 1x107'° to 1x10™®
4 |Silt mixtures 3x10” to 1x10”
5 |Sand mixtures 1x107 to 1x107°
6 |Sands 1x10° to 1x10°°
7 |Gravelly sands to dense sands 1x10 to 1

8 |Very stiff sand to clayey sand 1x10°® to 1x10°
9 |Very stiff fine-grained soil 1x107 to 1x10°°

Table 7 Estimation of soil permeability (k) from the normalized CPT SBT
chart by Robertson (1990) shown in Figure 16

Robertson et al. (1992) presented a summary of available data to estimate
the horizontal coefficient of permeability from dissipation tests, and is
shown in Figure 22. Since the relationship is also a function of the
recompression ratio (RR) there is a wide variation of + or — one order of
magnitude. Jamiolkowski et al. (1985) suggested a range of possible values
of k,/k, for soft clays as shown in Table 8.
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Figure 22 Summary of data for estimating horizontal coefficient

of permeability from dissipation tests
(after Robertson et al., 1992)

Nature of Clay kw/k,
No macrofabric, or only slightly developed 1t01.5
macrofabric, essentially homogeneous
deposits
From fairly well-to well-developed 2to 4

macrofabric, e.g. sedimentary clays with
discontinuous lenses and layers of more
permeable material

Varied clays and other deposits containing 3to15
embedded and more or less continuous
permeable layers

Table 8 Range of possible field values of k,/k, for soft clays
(after Jamiolkowski et al., 1985)
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Consolidation Characteristics

Flow and consolidation characteristics of a soil are normally expressed in
terms of the coefficient of consolidation, ¢, and hydraulic conductivity, k.
They are inter-linked through the formula:

~ kM
Y.

c

where M is the constrained modulus relevant to the problem (i.e. unloading,
reloading, virgin loading).

The parameters ¢ and & vary over many orders of magnitude and are some of
the most difficult parameters to measure in geotechnical engineering. It is
often considered that accuracy within one order of magnitude is acceptable.
Due to soil anisotropy, both ¢ and k& have different values in the horizontal
(¢, ki) and vertical (c,, k,) direction. The relevant design values depend on
drainage and loading direction.

Details on how to estimate k& from CPT soil classification charts are given in
another section.

The coefficient of consolidation can be estimated by measuring the
dissipation or rate of decay of pore pressure with time after a stop in CPT
penetration. Many theoretical solutions have been developed for deriving
the coefficient of consolidation from CPT pore pressure dissipation data.
The coefficient of consolidation should be interpreted at 50% dissipation,
using the following formula:

where:
Tso = theoretical time factor
tsy = measured time for 50% dissipation
I, = penetrometer radius
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It is clear from this formula that the dissipation time is inversely
proportional to the radius of the probe. Hence, in soils of very low
permeability, the time for dissipation can be decreased by using smaller
probes.

Robertson et al. (1992) reviewed dissipation data from around the world and
compared the results with the leading theoretical solution by Teh and
Houlsby (1991), as shown in Figure 23.
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Figure 23 Average laboratory ¢, values and CPTU results
(Robertson et al., 1992)

The review showed that the theoretical solution provided reasonable
estimates of ¢;,. The solution shown in Figure 23 applies to pore pressure
sensors located just behind the cone tip (i.e. u,).
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The ability to estimate ¢, from CPT dissipation results is controlled by soil
stress history, sensitivity, anisotropy, rigidity index (relative stiffness), fabric
and structure. In overconsolidated soils, the pore pressure behind the cone
tip can be low or negative, resulting in dissipation data that can initially rise
before a decay to the equilibrium value. In these cases, the pore pressure
sensor can be moved to the face of the cone or the ts5, time can be estimated
using the maximum pore pressure as the initial value. Care is required to
ensure that the dissipation is continued to the correct equilibrium and not
stopped prematurely after the initial rise.

Based on available experience, the CPT dissipation method should provide
estimates of ¢, to within + or — half an order of magnitude. However, the
technique is repeatable and provides an accurate measure of changes in
consolidation characteristics within a given soil profile.

An approximate estimate of the coefficient of consolidation in the vertical

direction can be obtained using the ratios of permeability in the horizontal
and vertical direction given in the section on hydraulic conductivity, since:

c,—=¢C ﬂ
% hkh

Table 8 can be used to provide an estimate of the ratio of hydraulic
conductivities.
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CPT Applications

The previous sections have described how CPT results can be used to
estimate geotechnical parameters that can be used as input in analyses. An
alternate approach is to apply the in-situ test results directly to an
engineering problem. A typical example of this approach is the evaluation
of pile capacity directly from CPT results without the need for soil
parameters.

As a guide, Table 9 shows a summary of the applicability of the CPT for
direct design applications. The ratings shown in the table have been
assigned based on current experience and represent a qualitative evaluation
of the confidence level assessed to each design problem and general soil
type. Details of ground conditions and project requirements can influence
these ratings.

Type of Soil Pile Bearing Settlement | Compaction | Liquefaction
Design Capacity Control

Sand 1-2 1-2 2-3 1-2 1-2

Clay 1-2 1-2 3-4 3-4 1-2

Intermediate Soils 1-2 2-3 3-4 2-3 1— 2

Reliability rating: 1 = High; 2 = High to moderate; 3 = Moderate; 4 = Moderate to low;
5=low

Table 9 Perceived applicability of the CPT/CPTU for various
direct design problems

Shallow Foundations

The CPT has been used extensively for design of shallow foundations in
both granular soils and fine grained soils for both bearing capacity and
settlement. This can be done by two approaches:

e Using geotechnical parameters derived from the CPT combined with
conventional design methodologies, e.g. undrained shear strength and
bearing capacity equations.
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e Using direct empirical design approaches using CPT results and
design methodologies bases on past published field observations, e.g.
direct estimates of bearing capacity from cone resistance.

Settlement, rather than bearing capacity criteria usually control design of
shallow foundations with a width greater than about 4 ft. (1.2m). In these
cases, settlement calculations can be improved using shear wave velocity
measurements from a seismic CPT. In cohesive soils, settlements are often
controlled by the stress history of the deposit. Profiles of stress history can
be estimated using the CPT.

Deep Foundations

Design of piles was one of the earliest applications of the CPT, due to the
similarity of the loading conditions. The most common approach for the
design of piled foundations using CPT results is using direct empirical
design approaches. In these cases the unit bearing capacity and side friction
of the pile is estimated directly from CPT cone resistance.

Liquefaction Assessment

Historically, much of the case history evidence of soil liquefaction was from
sites where only SPT data was available. In recent years the number of case
histories where CPT data are available has increased and is now larger than
the SPT database. Hence, the CPT has become increasingly more popular to
estimate the potential for soil liquefaction due to the continuous nature of the
results and the increased reliability of the data (Robertson & Wride, 1997).

Methods have also been developed where post-earthquake displacements
(settlements and lateral spreads) can also be estimated using CPT results
(Zhang et al., 2002 & 2004).
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Compaction Control

The CPT has been found to be one of the best methods to monitor and
document the effect of deep compaction due to the continuous, reliable and
repeatable nature of the data. Most deep compaction techniques involve
cyclic shear stresses in the form of vibration to induce an increase in soil
density. Vibratory compaction is generally more effective in soil deposits
with a friction ratio less than 1%. When the friction ratio exceeds about
1.5% vibratory compaction is usually not effective. These recommendations
apply to average values in a soil deposit. Local seams or thin layers with
higher friction ratio values are often of little practical importance for the
overall performance of a project and their effect should be carefully
evaluated when compaction specifications are prepared.

Most compaction techniques besides increasing the density, induce
significant changes in the horizontal stresses. The CPT, like any penetration
resistance, is also influenced by many factors, the most important being soil
density and in-situ stresses.

New Developments

Significant developments have taken place in the past 20 years and these
developments are likely to continue as the CPT becomes increasingly
popular due to its reliability, repeatability and continuous data.
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Standard Penetration Test (SPT)

Introduction

The concept of the test consists of driving a standard 2 inch (50mm) outside
diameter thick walled sampler into the ground at the bottom of a borehole
using the repeated blows of a 140 pound (63.5kg) hammer falling freely
through 30 inches (760mm). The SPT N-value is the number of blows
required to achieve a penetration of 12 inches (300mm), after an initial
seating drive of 6 inches (150mm).

The purpose of this section is to briefly describe the SPT and to present a
summary of the major factors that affect the results and interpretation of the
results. A short summary of the main applications of the SPT is also
provided.

History

The SPT was introduced in the USA in 1902 by the Raymond Pile
Company. The earliest reference to a ‘Standard Penetration Test’ procedure
is in a paper by Terzaghi in 1947. The test was not standardized in the USA
until 1958 (ASTM D1586-58T). It is currently covered by ASTM D1586-
99, and by many other standards around the world. More recently an
International Reference Test Procedure (IRTP) was published under the

auspices of the International Society for Soil Mechanics and Foundation
Engineering (ISSMFE, 1998).

However, one of the main problems of the SPT remains that the test
equipment, drilling techniques, and test procedures have not been fully
standardized on an international basis. Hence, there can be large variations
in test results, even within one country.

Test Equipment and Procedures

The main standard for the SPT is the American Society for Testing and
Materials (ASTM D-1586-99).
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There are significant differences between the drilling techniques, SPT
equipment and test procedures used in different regions and countries.
These differences have developed due mainly to adaptation to local ground
conditions, site access and local equipment.

Figure 24 shows the ASTM split-barrel sampler and Figure 25 shows a

sketch of the basic SPT set-up using a ‘cathead and rope’ system with
manual release along with a donut hammer.

| :
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| / /_ \
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b 1i3msinl 1.5 in. ___} ___|2in. L - .
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\—- 7 7 - A ARRRE R ] BN AR — — S
16° t0 23° iﬁoll Vent
| to 2in. 18 to 30 in.
(25 10 50mm) {457 to 762 mm)

Figure 24 SPT split-barrel sampler (ASTM)
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Figure 25 Schematic of SPT set-up using a rope and cathead
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Factors Affecting the SPT

The major factors that influence the measurement of the SPT N-value can be
divided into the following main areas:

¢ Drilling and borehole technique
e SPT equipment
e Test procedure

Differences in drilling techniques can have the largest affect on the
measured SPT N-values, especially in granular soils below the water table.
Differences in test equipment and procedure can also be important.

Drilling and Borehole Techniques

The main factors that may influence the SPT N-value associated with
drilling and borehole techniques are:

e Method of borehole advancement
e Method of borehole support
e Size of borehole

The most common drilling methods used around the world are wash-boring,
rotary drilling, augering, and light percussion drilling. Rotary drilling and
augering are the most common drilling methods in North America.

Drilling methods that add water or a flush fluid to the borehole, such as
rotary drilling, have the advantage of keeping the borehole full of fluid and
hence, minimize any rapid flow of groundwater into the borehole during
drilling and the borehole cleaning process. Methods which tend to remove
fluid, such as during central plug removal with hollow-stem augering, can
lead to loosening of the soil near the base of the borehole.

Most standards restrict the borehole diameter to minimize the decrease in
vertical effective stress at the base of the borehole. The ASTM standard
limits the borehole size between 2 to 6 inches (55mm to 150mm). Some
countries have no limit to the size of the borehole. Borehole size is
particularly important when performing the SPT in granular soils.
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SPT Equipment

The main factors that may influence the SPT N-value associated with
equipment are:

e Hammer design
e Rod size and type
e Sampler design

There are many different hammer designs used as part of the SPT. The
hammer consists of the hammer, anvil and the lift-release mechanism. The
only statement in most standards regarding the hammer is that it must weight
140 pounds and must be ‘free falling’ from a height of 30 inches. The
hammer mechanisms can be grouped as follows:

Manual lift and release

‘Rope and cathead’ lift and release
Machine lift with hand-controlled trip
Machine lift with automatic trip
Automatic lift and release

Manual lifting and release is rarely used except in some developing
countries. Historically, the ‘rope and cathead’ system shown in Figure 25
was common around the world, especially in North America. The efficiency
of the system depends on the number of turns of rope on the cathead and the
experience of the operator. Figure 26 shows typical ‘Safety’ and ‘Donut’
hammers used in North America. A growing trend in North America is to
lift and release the hammer using a winch and cable, instead of a ‘rope and
cathead’. This can reduce the energy efficiency even further.

The automatic trip mechanism is becoming more common, especially in the
USA, UK, Japan and Australia. Figure 27 illustrates an automatic trip
hammer. The hammer is often raised using a manually controlled winch and
the release is automatic.

In North America there is a growing number of automatic lift and release
hammers. These hammers raise the hammer using automatic hydraulic or
chain drive systems and automatically release the hammer similar to what is
shown in Figure 27.
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The size of the anvil associated with the hammer mechanism can vary

widely. Heavier anvils tend to reduce the energy transmitted from the
hammer and hence increase the measured N-values.
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Figure 26 Safety and Donut Hammer
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Figure 27 Automatic tripping mechanism

Rod size and stiffness can vary widely even within countries. Long strings
or lighter rods tend to produce higher N-values, as a result of energy lost in
bending and through the many rod couplings.

In very soft soils the weight of the rods and hammer can overwhelm the
penetration resistance and produce very low measured N-values.

The sampler geometry also varies to some extent throughout the world. In
North America almost all samplers have enlarged internal diameters to take a
sample liner, but they are often used without the liner (Schmertmann, 1979).
This inside clearance improves sample recovery, but leads to a reduced SPT
N-value.
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Test Procedure

The main factors that may influence the SPT N-value associated with test
procedures are:

e Secating drive
e Method of measurement
e Rate of hammer blows

The ASTM standard requires a seating drive of 6 inches, and the SPT N-
value is taken as the number of blows for the last 12 inches after the seating
drive. The relationship between energy delivered from the hammer and the
blow count for 12 inches of penetration is not linear when the SPT N-values
exceeds about 50. However, it is common to record values in excess of 100
in very stiff soils and soft rocks. The rate of hammer blows can also
influence the measured N-value depending on the ground conditions; fast
rates can liquefy loose sands below the water table. Fast rates can also cause
the hammer to be ‘thrown’ above the assigned drop height, which can reduce
the measure N-values.

The recommended SPT procedure is summarized in Table 10.

Borehole size 2.5 inches < Diameter < 4.5 inches
Borehole support Casing for full length and/or drilling mud
Drilling Wash boring; side discharge bit
Rotary boring; side or upward discharge bit
Clean bottom of borehole*
Drill rods A or AW for depths of less than 50 feet
N or NW for greater depths
Sampler Standard 2.0 inch O.D.
1.5inch I.D.
> 18 inches length
Penetration Resistance Record number of blows for each 6 inch
penetration
N = number of blows from 6 to 18 inches
penetration
Blow count rate 30 to 40 blows per minute

*Maximum soil heave within casing < 3 inches (75mm)

Table 10 Recommended SPT Procedure
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Factors Affecting Interpretation of the SPT
The factors that influence the interpretation of the SPT are:

e Energy delivered
e QOverburden stress
e Ground conditions

Details on the influence of equipment and procedures were given in the
previous section. The main way to assess the influence of test equipment on
the SPT N-value has been through the measurement of the energy delivered
to the SPT rods from the hammer/anvil system. Schmertmann and Palacios
(1979) showed that, up to N = 50, the SPT N-value varies inversely with the
energy transmitted to the sampler by the rods during the first compressive
wave pulse, provided the pulse is of sufficient duration. The energy
delivered to the SPT rods is normally expressed in terms of the rod energy
ratio (ER). An energy ratio of 60% has generally been accepted as the
reference value and represents the approximate historical average SPT
energy. The value of the rod energy ratio delivered by a particular SPT set-
up depends on the type of hammer/anvil system and the method of hammer
lift and release. Values of the correction factor to modify the SPT results to
60% energy (ER/60) can vary from 0.3 to 1.6 corresponding to field values
of ER of 20% to 100%.

The potential variation of energy using a rope and cathead system is
illustrated in Figure 28. Automatic trip hammers generally produce a
narrower range of energy variation with a higher average energy. The
automatic lift and trip hammers can vary in efficiency, especially during cold
weather when the automatic lift system can be inefficient until warm.

Additional corrections have been developed for rod length, borehole
diameter and samplers without liners. Table 11 shows the range of
corrections recommended to correct the measured SPT N-value for energy,
borehole size, rod length and sampling method.
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Figure 28 Illustration of variation in SPT energy ratio

Penetration resistance increases with increasing overburden stress. For
uncemented, normally consolidated granular soils at a constant relative
density, the penetration resistance increases non-linearly with increasing
vertical effective stress. It is recommended that the SPT N-value be
normalized to its equivalent value at an effective overburden stress of 1
atmosphere (1 tsf or 100 kPa), using a correction factor Cy. A range of Cy
values have been recommended over the years, but recently the following
simplified expression has been common:

CN = Pa / (G'vo) 03

Where p, is atmospheric pressure (p, = 1 tsf) in the same units as the vertical
effective stress, ©'y,.

Typically the correction factor, Cy, has been limited to maximum values of
2.0 and minimum values of 0.5.
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Factor Equipment Variable Term Correction
Overburden Stress Cn (Pa /0'vo)™>
but <1.7
Energy Ratio Donut hammer-rope Ce 0.5t0 1.0
Safety hammer 0.7 to 1.2°
Automatic hammer 0.8 to 1.3"
Borehole Diameter 2.5t0 4.5 inches Cs 1.0
6 inches 1.05
8 inches 1.15
Rod Length <10 feet Cr 0.75
10 to 15 feet 0.80
15 to 20 feet 0.85
20 to 35 feet 0.95
35 to 100 feet 1.0
> 100 feet <1.0
Sampling Method Standard sampler Cs 1.0
Sampler without liner 1.1t01.3

1Values presented are for guidance only; actual ER values should be measured per ASTM D 4633

Table 11 Range of corrections to the SPT
(Youd et al., 2000)

Hence, the SPT N-value corrected for overburden stress, rod length,
borehole diameter and sampling method is given by:
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The ground conditions that can influence the interpretation of the SPT are:

e Granular soils
e horizontal stress and stress history
e grain characteristics
e age and cementation
e drainage

e Cohesive soils
e stress history
e sensitivity
e soil structure

e Weak and weathered rocks
e spacing of joints
e weathering
e hard inclusions

The in-situ horizontal effective stress has a major effect on the penetration
resistance. Therefore, stress (geologic) history of the deposit can have a
significant influence on the penetration resistance. Grain characteristics,
such as, average grain size, grain size distribution, and particle angularity
will also influence the N-values.

The mineralogy of the grains will also influence the N-values, since highly
compressible sands, such as carbonate sands or sands with high mica
content, will tend to have low penetration resistance. Cementation between
particles reduces compressibility and therefore increases the penetration
resistance. Cementation is always a possibility, especially in older deposits.
Likewise age will tend to make soil deposits stiffer and produce higher
penetration resistance, as illustrated in Figure 29.

In clean coarse granular soils the SPT is often carried out in a drained
manner, whereas, in silty fine sands the test is close to undrained. When fine
sands are dense, this can induce negative pore pressures due to soil dilation
resulting in an increase in measured N-values. When fine sands are very
loose, the test may induce positive pore pressures which can liquefy the soil
around the sampler and significantly reduce the measured N-values.
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Figure 29 Influence of age on SPT

In cohesive soils, some of the same factors can influence the SPT results.
Additional factors such as soil plasticity, sensitivity and structure can also
influence the N-values. Schmertmann (1979) showed that up to 70% of the
soil resistance in insensitive cohesive soils is derived from side friction.
When a cohesive soil is sensitive the SPT N-values can decrease due to the
remolding of the soil resulting in a reduction in side friction both inside and
outside the SPT sampler. Older cohesive soils can have structures such as
cementation and fissures that will influence the penetration resistance.

In weak rocks, the SPT N-value is influenced by the strength of the rock,
porosity of the rock, spacing of the joints, aperture and tightness of joints,
and the presence of hard intrusions. When joints are widely spaced and
tight, such as in less-weathered weak rocks, the resistance is a function of
porosity and intact strength. As fractures or joints become more frequent,
penetration resistance reduces. In weak and weathered rocks, the SPT is
affected by many factors and the interpretation is uncertain.
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SPT Interpretation

Numerous empirical correlations have been developed to estimate
geotechnical parameters from the SPT N-value for a wide range of soil and
weak rock. These correlations vary in their reliability and applicability.
Table 12 shows an estimate of the perceived applicability of the SPT to
estimate soil parameters.

Because of the dynamic nature of the test, interpretation of the SPT to obtain
geotechnical parameters is generally restricted to clean cohesionless soils
where penetration takes place under drained conditions.  However,
correlations have been developed for a wide range of ground.

Soil | D, | ¥ K,|OCR| S |s| ¢ |EG|M |Gy | k | ¢y
Type

Sand | 3-4 | 4 5 3-4 | 4-5 4-5

Clay 5 5 4 51345 (455 |45 5 5

1 = high; 2 = high to moderate; 3 = moderate; 4 = moderate to low; 5 = low;
Blank = no applicability

Table 12 Perceived applicability of SPT for deriving soil parameters
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Relative Density

Interpretation of SPT data in cohesionless soils has centered on empirical
correlations with relative density, D,. A simple relationship between relative
density (Dr) and (N )¢ 1s:

(N1)so/ D, > = constant
Where the constant is 60 for young, normally consolidated sand deposits.

Figure 29 shows the effect of age on the relationship between D, vs. (N)g .
Age can have a significant influence for deposits older than about 100 years.

Kulhawy and Mayne (1990) suggested combining the factors of particle size,
age and overconsolidation into one relationship as follows:

D, i (N1)60 / Cp Ca Cocr

Where the factors for particle size (Cp), age (C,) and overconsolidation ratio
(Cocr) are given by the following:

CP =60+ 25 10g D50 (D5() n mm)
Ca=1.2+0.05 log (t/100) (t in years)
Cocr = OCR *'® (OCR=06",/G')

Almost all the available D, vs. Ngpr correlations have been established for
predominantly silica sands. Their use in more crushable and compressible
sands, like calcareous sands or silica sands with a large amount of fines can
lead to an underestimate of D,. Because the correlations are based on vertical
effective overburden stress (o,,), the correlations are only applicable to
normally consolidated sands, The empirical correlations between D, and
SPT N-values provide only an estimate of D, because of uncertainties in
drilling technique, energy corrections, compressibility and age of sand, and
the general lack of knowledge of in-situ horizontal stresses (o, ).
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Friction Angle

De Mello (1971) developed an empirical correlation between SPT N-value
and ¢' and o,, for cohesionless soils (Figure 30) based on the experimental

data from Gibbs and Holtz (1957). However, considering that the
correlation was based on data where the energy level during the SPT was
unknown but probably low (ER < 60%), the degree of accuracy in prediction

of ¢' must be viewed with caution.
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Figure 30 Friction angle from SPT in uncemented, unaged sands
An alternate approach is (Hatanaka & Uchida, 1996);

@’ = (15.4 (N))go)™” + 20°
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Stiffness and Modulus

Predictions of settlement of structures on granular soils make wide use of
SPT data. This is generally done by means of direct empirical correlations
such as first proposed by Terzaghi and Peck (1948) and improved by
Burland and Burbridge (1984).

However, SPT data are also used to estimate modulus for subsequent use in
elastic or semi-empirical settlement prediction methods.  However,
correlations between N-values and moduli (E) are sensitive to stress and
strain history, aging and sand mineralogy.

A useful guide for estimating Young's moduli for uncemented
predominantly silica sands is given in Figure 31. The modulus has been
defined as that mobilized at about 25% of the failure load. For more heavily
loaded conditions the modulus would decrease. The results for NC sands are
applicable for young recent fills with an age less than 10 years and the
results for OC sands are applicable for natural sands with an age greater than

1,000 years.
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Figure 31 Young’s moduli from SPT in clean, uncemented silca sands
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Stroud (1989) recognized the importance of strain level on the mobilized
modulus and plotted E’/Ng as a function of ‘degree of loading’ (quet/qur), as
shown in Figure 32. Here the N-value is corrected to 60% rod energy ratio
but not for overburden stress level. Values of q,; were estimated using N-
values corrected for both energy and stress level (Stroud, 1989). Figures 31
and 32 provide similar estimates of modulus. Both suggest that the stiffness
of over-consolidated sands is about 2 to 4 times higher than that of young
normally consolidated sands.
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Figure 32 Young’s moduli in clean, uncemented silca sands as a function of
degree of loading
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Undrained Shear Strength

Many correlations have been proposed to estimate s, from SPT N-values,
even though it is known that the link is weak. A summary of the main
correlations is shown on Figure 33. Part of the reason for the wide scatter in
correlations is the large variation in SPT drilling and test procedures as well
as the wide variation in test methods used to measure s,. Undrained shear
strength is not a unique soil parameter, but depends on direction and type of
loading. The correlation also depends on soil plasticity, sensitivity and
structure.

25

20

SPT N Value
o

o

su/po

Figure 33 Undrained shear strength of clays from the SPT

Schmertmann (1975) estimated that up to 70% of the SPT resistance comes
from side friction for insensitive clays. The very low N-values measured in
sensitive clays are thus due to greatly reduced remolded strengths acting
along the sides of the SPT sampler. Ladd et al. (1977) suggest that
predictions of undrained shear strength (s,) from SPT N-values are of little
value in cohesive soils unless the clay is relatively stiff and insensitive.
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Soil structure such as fissuring can also influence the correlation between s,
and SPT N-values. Fissuring can have a large influence on the reference s,
since the size of the test becomes important.

Stress History (OCR)

Attempts have been made to estimate the stress history of cohesive soils by
correlating OCR with SPT N-values. Figure 34 shows a suggested
correlation proposed by Kulhawy and Mayne (1990). This relationship is
approximate at best and should be used with caution, especially when the
measured N-value is less than about 10 and the measurement becomes
insensitive.
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Figure 34 OCR in clays using SPT
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Compressibility

The compressibility of cohesive soils is commonly expressed in terms of the
compression index (Cc) or the coefficient of volume compressibility (m,).
The predicted compression of cohesive soils is strongly dependent on their
stress history (OCR), which can not be reliably estimated from the SPT.
Also, for normally to lightly over-consolidated clays, the SPT N-value is
likely to be less than 10 and will be an insensitive index of compressibility.
Therefore, the use of the SPT to predict settlements of normally to lightly
overconsolidated clays is not recommended.

In the UK, the coefficient of volume compressibility of stiff fissured (UK)
clays has been correlated with SPT N-values by Stroud and Butler (1975),
using:

m,=400N  (m*/MN)
based on oedometer tests on 3-inch (76 mm) diameter samples. However,

this correlation is approximate at best, due to problems of laboratory testing
with these stiff fissured clays.
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SPT Applications

The SPT has maintained a major role in many geotechnical investigations
due in part, to its simplicity, low cost and that it provides a sample. The
sample, combined with the somewhat crude index of consistency from the
blow count, provide a reasonable method for profiling the ground and
classifying a wide range of soil types.

As a guide, Table 13 shows a summary of the applicability of the SPT for
design applications. The ratings shown in the table have been assigned
based on current experience and represent a qualitative evaluation of the
confidence level assessed to each design problem and general soil type.
Details of ground conditions and project requirements can influence these
ratings.

For all these applications, a large amount of SPT results is desirable to
capture the natural variability of the deposits and to minimize isolated
measurement errors.

Type of Soil Pile Bearing Settlement | Compaction | Liquefaction
Design Capacity Control

Sand 2-3 1-2 2-3 2-3 1-2

Clay 3-4 3-4 4-5 4-5 1-2

Intermediate Soils 3-4 2-3 3-4 4-5 1-2

Reliability rating: 1 = High; 2 = High to moderate; 3 = Moderate; 4 = Moderate to low;

5 =low

Table 13 Perceived applicability of the SPT for various direct design
problems
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Shallow Foundations

The SPT N-value has been used extensively for design of shallow
foundations in granular soils for both bearing capacity and settlement. This
is generally done by means of direct empirical correlations.

Settlement, rather than bearing capacity criteria usually control design of
shallow foundations on sands with a width greater than about 4 ft. (1.2m).

Since predictions of undrained shear strength from SPT N-values are at best
crude, the design of shallow foundations in clay using SPT data is therefore
rather uncertain.

Deep Foundations

Use is often made of SPT N-values for the design of piles driven into
cohesionless soils. Two basic approaches exist:

e Conversion of SPT N-values to CPT g, and use of CPT pile methods

e Direct use of SPT data for pile design [Reese and O'Neill (1978)].
Because of the large variety of different pile types and installation
procedures no single correlation can be expected to provide reliable
estimates of pile length or capacity. However, many locally useful
correlations have been developed.

Because of the variability in local SPT procedures, foundation design based
on SPT data will continue to be based on local experience, until greater
standardization of test procedures and energy levels is achieved.

Liquefaction Assessment

After the Niigata earthquake of 1964, use of the SPT to predict the resistance
to cyclic loading or "liquefaction potential" developed rapidly. The method
proposed by Seed et al. (1985) and updated by Youd et al (2000) is based
upon a large amount of field experience, and is widely used and accepted.
The main disadvantages are that SPT measurements are discontinuous and
are not always reliable and repeatable. The SPT also has very poor
resolution in soft fine grained soils, such as silt or sandy silt. The
repeatability of the SPT can be somewhat improved if the test is performed
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according to the conditions suggested by Seed et al. (1985) and Youd et al
(2000).

The reliance placed upon the SPT N-value for predicting liquefaction
potential or deformation under cyclic loading appears somewhat surprising
considering the large variability associated with the test. Seed et al. (1983)
have noted that because the empirical approach is founded on such a large
body of field data, they believe the method to be the best available at that
time. However, they also note that "the SPT cannot be performed
conveniently at all depths [say deeper than 30 m (100 ft.) or through large
depths of water] or in all soils [such as those containing a significant
proportion of gravel particles]". Therefore, it is desirable that the SPT be
supplemented by other in-situ test methods which can also be correlated with
soil liquefaction, such as the Cone Penetration Test (CPT), seismic wave
velocity measurements (Vs), and the Becker Penetration test for gravelly
soils.

Compaction Control

SPT data has been used extensively for evaluation of compaction techniques
such as virbro-compaction, dynamic compaction and vibratory rollers. Most
compaction techniques besides increasing the density, induce significant
changes in the horizontal stresses. The SPT N-value, like any penetration
resistance, is also influenced by many factors, the most important being soil
density and in-situ stresses.

Variability and inconsistency in SPT N-values can cause major problems on
large ground improvement projects when different SPT equipment is used.

The SPT is generally not a good indicator of compaction techniques in fine
grained soils with appreciable fines content.

SPT in Soft Rocks

Soft rocks are often difficult to sample, and this has lead to attempts to apply
the SPT to interpret their engineering characteristics. The group comprises
soft and weathered rocks, including chalk, marl, shale, and poorly cemented
sandstone.
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New Developments

Recently an additional measurement has been added to the SPT. Ranzini,
(1988) and Decourt (1991, 1998) have suggested the measurement of the
torque at the end of the SPT to estimate the side friction on the sampler.
Upon completion of the 18-inches SPT drive, the sampler is turned by means
of a torque wrench applied to the drill rods at the ground surface, and the
maximum torque, T, is measured in either t/ft or kgf/m units. Decourt (1991)
suggested comparing the measured torque with the associated SPT N-value,
and that the ratio T/N would be an indirect measure of soil structure.

Summary

The SPT continues to be used world wide because of its simplicity, low cost
and because it provides a sample. It is important that engineers specifying,
supervising, reporting and using the SPT results understand fully the factors
that influence the test and recognize its limitations.
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Field Vane Test (FVT)

The field vane test (FVT) consists of inserting a simple four-bladed vane into
either clay or silt and rotating the device about a vertical axis and measuring the
torque. Limit equilibrium is used to relate the measured torque to the undrained
shear strength mobilized. Both peak and remolded strengths can be measured.
A selection of vanes is available in terms of size, shape and configuration,
depending on the consistency and strength of the soils.

The standard vane (ASTM D 2573) has a rectangular geometry with a blade
height to diameter ratio of 2. Figure 35 shows a typical field vane.

Figure 35 Typical field vane showing protective sheath for pushing in soft
clays. A standard 10 cm” cone penetrometer is shown for scale.
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Test Procedure

Test procedures are outlined in ASTM D 2573. The test is often carried out
by pushing the vane into the soil from the bottom of a borehole and the vane
should be pushed at least four borehole diameters below the base of the
borehole to avoid disturbance from drilling. The test can also be carried out
using direct-push equipment pushing from the ground surface when there are
no hard layers. Within 5 minutes after insertion, rotation should be carried
out at a constant rate of 6 degrees per minute (0.1°s) with frequent
measurements of the mobilized torque. Figure 36 illustrates a typical FVT.

Torque measuring
instrument

Sleeve [packed { H
with grease)—=}

d
T
[=—————Extension rods
Rod and pipe coupler
Intermediate T
steady bearing
l=——Borehole casing
Extension pipe
SECTION
vane protecting shoe
Bottom steady bearing
c 1
«'E i Vane rod c
:., E: in sleeve € '-J_
22 o T
mE ! o
o
Vane
VIEW FROM
BOTTOM
(a) Borehole (b) Penetration (c) Details
Yane Test Vane Test of Vane

Figure 36 Schematic of typical FVT
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Depending on the type of equipment used, there is the potential for friction
to develop along the push rods. This friction needs to be either minimized or
accounted for in the measurements. Typical methods to minimize or account
for rod friction include:

Protected rods within a sheath
Measurement of friction with a slip coupling

Figure 35 shows an example of a protective sheath to remove rod friction.

Undrained Shear Strength and Sensitivity

The conventional interpretation to obtain the FVT undrained shear strength
(Sw) from the maximum torque (Tna) assumes a uniform distribution of
shear stresses both top and bottom and along the blades and a vane with a
height-to-width ratio H/D = 2:

S = 6Trmax / 7nD°
After the peak s,ypear) IS Obtained, the vane is rotated quickly through 10

complete revolutions and the test repeated to measure the remolded values
(Suv(remolded))- T he sensitivity, S; is then:

St = Suv(peak)/ Suv(remolded)

Vane Correction Factor

Since there is no unique value for the undrained shear strength of fine
grained soils, it is common that the FVT strength is corrected prior to
application in stability analyses involving embankments on soft ground,
bearing capacity and excavations in soft ground. The mobilized shear
strength is given by:

Tmobilized = UR Suv
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Where Ly is an empirical correction factor that has been related to plasticity
index (PI) based on back calculated case histories of full-scale projects.

The following expression has been recommended (Chandler, 1988):
UR =1.05 -5 (PI)0.5

Where the parameter b is a rate factor that depends on the time to failure (t;
in minutes) and is given by:

b=0.015 + 0.0075 log t;
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Flat Dilatometer Test (DMT)

The flat dilatometer test (DMT) uses pressure readings from an inserted flat
plate to obtain estimates of soil type and various soil parameters. The device
consists of a tapered stainless steel blade with an 18° wedge tip that is
pushed vertically into the ground at 8-inch (200mm) intervals at a rate of
(0.8-inch/s) (20mm/s). The blade is connected to a readout pressure gauge at
the ground surface via a special air-tubing with internal wire pre-threaded
through push rods. A 2.4 inch (60mm) diameter flexible steel membrane
located on one side of the blade is inflated pneumatically to give two
pressure readings:

e A-reading: a lift-off or contact pressure where the membrane
becomes flush with the face (6 = 0), and,

e B-reading: an expansion pressure corresponding to 6 = 1.Imm
outward deflection at the center of the membrane.

A small spring-loaded pin at the membrane center detects the movement and
relays to a buzzer at the readout unit. Normally nitrogen gas is used to
inflate the membrane. After the B-reading, the membrane is quickly deflated
and the blade pushed to the next test depth. Procedures are given in ASTM
D 6635.

Two calibrations are taken before each sounding to obtain corrections for
membrane stiffness in air. These corrected ‘A’ and ‘B’ readings are

recorded as py and p; respectively using:

o po=A+AA
L4 plzB-AB

Where AA and AB are calibration factors for the membrane stiffhess in air.

Figure 37 shows a schematic of the DMT probe and the two measurements.
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Figure 37 Schematic of DMT probe and the two measurements

The two DMT readings are utilized to provide three indices that can provide
estimates of soil type and various soil parameters:

e Material Index: Ip = (p1 — po)/( Po — uo)
e Horizontal Stress Index: Kp = (po—ug)/ 0'vo
e Dilatometer Modulus  Ep =34.7(p; — po)

Where uy = in-situ hydrostatic pore water pressure and ¢',, = in-situ vertical
effective stress.

Figure 38 shows an example of a DMT sounding.
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Figure 38 Example of DMT sounding

Some of the challenges for the DMT are:

e Push force is approximately twice that for a standard cone (CPT),
e Membrane is susceptible to damage in hard and gravely soil, and,
e No theoretical basis for interpretation.

Modifications to the basic DMT include:

e C-reading: deflation pressure to where the membrane again
becomes flush with the face (& = 0),

e Thrust-force: force to push blade into the ground,

e Dissipation readings with time,

e Seismic wave velocity measurements.

79



Guide to In-Situ Testing — 2006 Pressuremeter Test (PMT)

Pressuremeter Test (PMT)

The pressuremeter consists of a long cylindrical probe that has a flexible
membrane that is expanded radially into the surrounding ground. The pressure-
expansion is measured in terms of a change in either volume or diameter of the
probe and the inflation pressure. The pressure-expansion curve can be
interpreted to give an estimate of the stress-strain-strength response of the
ground.

The original ‘pressiometer’ was introduced by the French engineer Louis
Menard in 1955. The Menard type pressuremeter has a complex triple-cell
design, whereas newer designs are mono-cell with simpler control panels.
Standard probes range from 1.5 inch (35mm) to 3-inch (75mm) diameter with
length-to-diameter ratios from 4 to 6. Procedures are given in ASTM D 4719.

Equipment and Test procedures
The three basic pressuremeter devices are defined by the method of installation:

e Pre-bored
e Self-bored
e Full-displacement

Pre-bored Pressuremeter Test (PBPMT): This test is carried out in a pre-bored
borehole. The Menard type pressuremeter is a pre-bored pressuremeter. A

typical pressure-expansion curve is shown in Figure 39. The PBPMT is
described in ASTM D 4719.

For the Menard PBPMT, the results are simplified into two key parameters; the
pressuremeter modulus (Ey) and the limit pressure (P;). The pressuremeter
modulus (Ey) is derived from the approximately linear portion of the pressure-
expansion curve and is a measure of the stiffness of the ground. The limit
pressure (P)) is the pressure when the probe has doubled in volume and is a
measure of the strength of the ground. An example of Menard PBPMT results
is shown in Figure 40.
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Soil disturbance due to the pre-boring of the borehole is inevitable in a PBPMT.
The type and amount of disturbance depends on the method of borehole
preparation and the soil type. Experience shows that soil disturbance has a
significant influence on the (Ey) but less influence on (P;). To reduce the
influence of soil disturbance on PBPMT results Menard developed standard test
procedures and borehole techniques.

Self-bored Pressuremeter Test (SBPMT): This test is carried out by self-
boring the probe into the ground. The self-boring can be done using either an
internal rotary cutter or by a jetting device. The cuttings are returned through
the hollow center of the probe. A typical SBPMT pressure-expansion curve is
shown in Figure 41.
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Figure 41 Example of SBPMT in sand, with two unload-reload loops
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SBPMT results are often interpreted using cavity expansion theory to derive in-
situ horizontal stress and stress-strain-strength characteristics.

Although the goal in a SBPMT is no soil disturbance, some disturbance always
occurs. Generally, disturbance is larger in stiffer soils. Hence, SBPMT’s are
generally limited to softer soils.

Full-displacement Pressuremeter Test (FDPMT): This test is carried out after
the probe is pushed into the ground in a full-displacement manner, i.e. as a
closed-ended device. Often the probe is located behind a cone to form a cone-
pressuremeter. In the case of a FDPMT, soil disturbance is inevitable, but the
disturbance is repeatable. Figure 42 shows a schematic of a cone-pressuremeter
and the range of measurements.

CAVITY STRESS —SHAPE
A y l /

CAVITY STRAIN

Figure 42 Schematic of a cone-pressuremeter, FDPMT
(Robertson and Hughes, 1986)
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General

Probe expansion can be measured using either strain arms to record the change
in diameter or fluid volume to measure the change in volume of the probe.
Most probes are mono-cell (i.e. one pressure cell).

Calibrations are required to correct the measurements for membrane stiffness
and system compliance. The probe is inflated in air to record the membrane
stiffness and inflated in a very stiff steel cylinder to record system compliance.
It is also common for the flexible membrane to be protected using a steel
sheath.

It is common for almost all forms of pressuremeter testing to perform small
unload-reload cycles to evaluate the ‘elastic’ stiffness of the ground. Since the
initial pressure expansion loading includes soil disturbance effects, small
unload-reload cycles can provide a useful measure of the medium-strain level
stiffness of the ground. Figures 41 and 42 show examples of small unload-
reload cycles to measure soil stiffness. System compliance can be critical for an
accurate measure of the ground stiffness from small unload-reload cycles.

A major advantage of the PBPMT is that the test can be performed in a very
wide rage of ground conditions from soft soils through to rock, since the test is
carried out in a pre-bored hole. In general, the PBPMT is better suited to stiff
soils, since membrane stiffness can often dominate the test results in soft soils.
In very stiff ground, such as rock, system compliance is critical and pre-bored
pressuremeter probes often have special strain sensors to reduce system
compliance effects. Self-boring pressuremeter tests are often limited to soft
soils where self-boring is effective and soil disturbance small.  Full-
displacement (cone-pressuremeter) tests are often limited to deep-water off-
shore investigations where the cost of the ship warrants the expense of the
equipment and test.

Pre-bored pressuremeter tests are often interpreted using empirical techniques
using the extensive Menard published correlations. However, in these cases,
the PBPMT should be carried out according to the standard Menard techniques
to minimize errors due to variability in soil disturbance and variations in
equipment and test procedures.
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Self-boring pressuremeter tests are often interpreted using cavity expansion
theories, but the data are often complex and it can be difficult to evaluate and
incorporate soil disturbance.

Full-displacement pressuremeter tests are often interpreted using semi-empirical
techniques.

Computer-aided curve fitting has become increasingly popular for interpretation
of all forms of pressuremeter test results, since it can incorporate various stress-

strain relationships and account, to some degree, soil disturbance.

In general, pressuremeter testing is slow and expensive.
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Gregg Drilling & Testing, Inc. (Gregg) offers a wide range of services for environmental,

geotechnical, and marine site investigation. The Gregg professionals have the training and experience
to fully understand the needs of each client, identify the unique job requirements, and provide the

highest quality services.

Geotechnical Capabilities:

Cone Penetration Testing (CPT)
Seismic Cone Penetration Testing

Mud Rotary and Hollow Stem
Auger Drilling

Soil and Rock Coring
SPT Energy Calibration
Diamond Coring

Soil Coring

Vane Shear Test
Pressuremeter Testing
Dilatometer Testing

Vibra Core Sampling

Quality isn’t something we test for after the job is done. It's a way of doing business,

an integral part of our daily activities that we instill in our personnel, something we build into our
technologies, a guarantee of value that we deliver with all our services.
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ENVIRONMENTAL S

Environmental Capabilities:

Well Installation, Development & Abandonment
Groundwater Extraction & Monitoring Wells
Vapor Extraction, Sparge & Bio Vent Wells

Nest Wells, Cluster Wells,
Multipoint Sampling Systems

Cone Penetration Testing
with UVIF & Resistivity

Hollow Stem Auger
& Mud Rotary Drilling

Direct Push Soil, Groundwater
& Vapor Sampling

Air Vacuum Excavation

Well Rehabilitation
(submersible & turbine)

Pump Installation & Repair

Video Logging

Hydraulic Fracturing

Protecting our workforce, our clients, and the general public from injuries and hazardous
incidents that may be harmful and disruptive is a core element of our corporate culture. Because
of this we have dedicated ourselves to a “safety first” philosophy which applies to all areas of
operation and is put into practice by all Gregg personnel on a daily basis. This philosophy has
allowed us to effectively manage the risks inherent in our industry and consistently provide a safe,
sensible, and productive work environment.
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MARINE SERVICES

Marine Capabilities:

Mud Rotary Drilling

Cone Penetration Testing (CPT)
Mini-Cone Penetration Testing
Seismic CPT

Downhole Vane Shear Testing (VST)
Micropile Installation

Vibra Core Sampling
Piston Sampling

Gravity Coring
Platforms Offered:
Quin Delta Drill Ship Tugboats
Jack-up Boats & Barges Support Vessels

Sectional Barges

Testing Equipment:

Mobile B-80/22 and B80/14 Mud Rotary Drill Rig

Miniature CPT System (2 cm? cone) - depths of up to 5000 feet
CPT Portable System (10 cm?& 15 cm? cone, drill rig deployed)
Vibracore Sampling System - up to 20 feet of core

Gravity Core Sampling System - up to 5 feet of core

EGG
ammmm QUALITY - SAFETY - VALUE




Gregg acquires geotechnical and environmental data using a variety of unique in-house
equipment, tools, sensors, and techniques ranging from cone penetration testing and geophysical methods
to conventional drilling procedures and borehole tests. In addition we offer an array of highly specialized
services including:

CPT with UVIF & Resistivity
Seismic CPT

SPT Energy Calibration

Vane Shear Testing
Pressuremeter Testing
Dilatometer Testing - Flat & Rock
Settlement Monitoring

Goodman Jack Testing

CPT Data Cross Sections

Our advanced data collection techniques, equipment, and monitoring systems combined with
the expertise of our personnel enables us to provide exceptional performance and value time after time.
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NOTE: Private sector employees are currently under federal
OSHA jurisdiction.
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California
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,
-
wosew | [IECm Dig;Safely.




GREGG DRILLING & TESTING, INC.

CORPORATE HEADQUARTERS
2726 WALNUT AVENUE; SIGNAL HILL, CALIFORNIA 90755
Tel: (562) 427-6899 Fax: (562) 427-3314
www.greggdrilling.com

®* NORJH IEORNIA

® SQUTHERN CALIFORNIA

SOUTHWESI

SOUTHERN CALIFORNIA

Signal Hill, California
Corporate Headquarters)
562) 427-6899

NORTHERN CALIFORNIA
Martinez, California
(925) 313-5800

SOUTHWEST

Livingston, Texas
(936) 327-4004

SOUTHEAST
Columbia, South Carolina
(803) 253-7633

EGG

QUALITY « SAFETY - VALUE
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