
1 INTRODUCTION  

This regional report on North America covers the United States (population: 300M), 
Canada (33M), Mexico (110M), Greenland, Central America, and the many Carib-
bean islands, with a total population of 502M. It is the third largest continent and is 
bounded by the Atlantic Ocean and Gulf of Mexico on the eastern and southeastern 
portions, the Pacific Ocean on the western and southern edges, and the Arctic Ocean 
on the northern border.   
 North America covers 24.2M km2 (9.4M square miles) and thus contains 16.3% of 
the world's total land area. The topography across the region varies greatly and within 
the land portion, ranges in elevation from a low of -86 m at Death Valley, California 
to a high point of +6194 m at Mount McKinley in Alaska. The western side of the 
continent and the large island of Greenland tend to have the highest elevations and 
more mountainous terrain, as seen by Figure 1a (CEC 2007).  
 
 
2   GEOLOGY OF REGION 
 
Geologic origins of the landmasses encompass all of the major rock types (igneous, 
sedimentary, metamorphic) and soil formations (marine, lacustrine, alluvial, deltaic, 
glacial, aeolian, residual, bio-chemical). The latest compiled geological map of North 
America is shown in Figure 1b (Reed et al. 2005) which has identified 939 separate 
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geologic units, of which 142 are located offshore (Barton et al. 2000). The geological 
formations range from the oldest Pre-Cambrian rocks to soft Holocene and recent se-
diments, with the youngest still forming today as deltaic unconsolidated soils where 
the Mississippi River empties into the Gulf of Mexico.  
 With many terrains having varied features in elevation, age, origin, and composi-
tion, the CPT meets with success in the soft-stiff and loose-dense soils, however, it 
encounters refusal in the hard indurated rocks and cemented formations. The prepon-
derance of the soils originate as water-borne sediments over much of the land east of 
the Rockies, along coastal areas and shorelines, and the Mississippi valley. These in-
clude clays, silts, sands, and gravels. The northernmost regions have been glaciated 
with underlying hard clay tills and bouldery and gravelly deposits, often covered with 
soft lake clays and peats. In other regions, soil units derived from in-place weathering 
to form residuum. 

Figure 1.  North American maps showing: (a) topography; and (b) geology (CEC 2007) 
 
 

3  GEOTECHNICAL CHALLENGES 
 
As the terrain is diverse and varied, so are the geotechnical challenges across North 
America. In the southern portions, difficult experiences occur with highly expansive 
clays and swelling clay shales (e.g., Houston-TX, Denver-CO, Washington-DC, San 
Diego-CA), particularly as they undergo repeated wet-dry cycles in consecutive sea-
sons. For the northernmost regions (e.g, Quebec City-QB, Fairbanks-AK, Albany-
NY, Concord-NH), major difficulties in geotechnical engineering involve: perma-
frost, frost-heave, pavement deterioration, and heavy scour and erosion or roadways 
and bridge foundations during spring ice melts. In coastal areas underlain by soft Ho-
locene sediments (e.g, Vancouver-BC, Charleston-SC, New Orleans-LA, Norfolk-
VA), extensive use of driven piling and drilled shafts (bored piles) are required for 
support of buildings, bridges, and port facilities. These areas also utilize various types 
of site improvement (e.g., vibroflotation/replacement, dynamic compaction, stone 
columns) for ground modification prior to construction. In the midwest and western 
regions (e.g., Alberta, Colorado, Utah, Iowa, Arizona) are found problems associated 
with collapsible soils, wind-blown loess, dispersive clays, and stability of mine tail-
ings deposits.  
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Figure 2. Seismic map of North America showing peak ground accelerations (PGA in m/s2) for 10% 
probability of exceedance in 50 year period (Shedlock 1999).   
 
 
Seismicity is of major concern to geotechnics across the continent, as evidenced by 
the seismic map of North and Central Americas and the Caribbean presented in Fig-
ure 2 (Shedlock 1999). The majority of the seismic activity is due to the subduction 
zone of the North American plate sliding under the Pacific plate from California to 
Alaska; and the interactions of the Cocos and Caribbean plates that are south and east 
of Mexico. Additional seismic "hot spots" of mid-plate tectonics are found in Hawaii, 
the New Madrid Seismic Zone, Charleston-SC, Charlevoix-QB, Baffin Bay, and 
Grand Banks. Geotechnical issues for high seismicity relate to evaluating levels of 
expected ground shaking, site amplification, soil liquefaction, and post-cyclic residual 
strengths, specifically affecting building infrastructures, dam and reservoir stability, 
and loss of utilities. 
 
 
4   CPT EQUIPMENT AND PROCEDURES 
 
4.1   Standards 
 
The procedures and standard guidelines for electric and electronic cone and piezo-
cone testing are given in ASTM D 5778 (2007) which includes aspects related to pe-
netration testing and measurements of cone tip resistance (qc), sleeve friction (fs), in-
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clination (i), and porewater pressures (optional u1 and mandatory u2). Details are giv-
en on the correction to total cone tip resistance (qt), particularly when testing is con-
ducted in fine-grained soils that exhibit appreciable porewater pressure response dur-
ing penetration. This correction requires the porous filter element at the shoulder 
(designated u2). In some parts of the southern US, stiff fissured and overconsolidated 
clays show little u2 activity (and thus, small correction to qt), thus it has become 
common to utilize a mid-face or tip porous filter element (u1) to record porewater 
pressures in these formations. Either glycerine or silicone are used for saturation. 
 
For piezo-dissipation testing, where the monitoring of porewater pressure decay with 
time is conducted, standard guidelines are provided in ASTM D 6067 (2009).  For 
seismic piezocone testing (SCPTu), ASTM D 7400 (2008) addresses the downhole 
measurement of seismic shear wave velocities with depth.  
 
4.2   CPT equipment 
 
In North America, CPTs are conducted using either older analog-electric and newer 
digital-electronic systems. Most commercially-sold equipment includes systems built 
in the USA (Hogentogler; Vertek) and from Europe (A.P. van den Berg; GeoMil; 
GeoTech AB; and Envi AB).  Large CPT service companies build and maintain their 
own in-house systems (e.g., Fugro; ConeTec; Gregg).  
 
Standard penetrometers (Fig. 3) are found in 
either the 10-cm2 size (d = 35.7 mm) or 15-
cm2 size (d = 44 mm). Most are cabled sys-
tems using 10-, 12-, or 16-pin wired connec-
tions, while the advantages of cable-less CPT 
have also found favor with some users, partic-
ularly small firms that have drill rigs and want 
the additional capabilities of CPT for soft 
ground exploration. In testing clean sands, or 
ground with no water table, or mere stratifica-
tion purposes, a standard electric cone with tip 
and sleeve are common. However, in clays, 
silts, and sands with high fines content, and 
for purposes of evaluating soil engineering pa-
rameters for design, then piezocones are used 
in order to provide the highest quality and re-
liability of data.            Fig. 3. Electric cones and piezocones 
 
 
4.3  CPT vehicles 
 
The cone penetrometer is pushed hydraulically at a constant rate of 20 mm/s with 
usual rod breaks at 1-m intervals. A full-size hydraulic loading system is rated at 20 
tonnes and these can be mounted on trucks, tracked vehicles, and large rubber-tired 
"mudbugs", as seen in Figure 4. Also, the pushing system can be positioned on 
barges, skids, swamp buggies, boats, and jack-up platforms for over water access, 
sloped ground, or marshy terrain.  Figure 5 shows a selection of these arrangements.  
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   Figure 4.  Selection of various truck, track, and all-terrain CPT vehicles for production testing.   
 

 Figure 5.  Deployment methods for CPTs overwater: (a) Seacor jack-up platform (Anchorage, AK); 
(b) The Explorer (Savannah, GA); and (c) seabed frame and spooled tubing rods.   
 
 
4.4  Utilization of CPT 
 
CPT in North America is accomplished by medium to large CPT service companies, 
as well as conducted in-house by smaller testing firms and/or state or federal gov-
ernment agencies. At present, the largest commercial CPT service groups include: 
ConeTec Investigations; Fugro Geosciences, and Gregg Drilling & Testing, who offer 
onshore and offshore CPT systems and maintain fleets of 8 to 12 vehicles at various 
locations. Several national governmental agencies have adopted CPT for their pur-
poses and maintain their own vehicle(s) for operations: (a) US Geological Survey 
(USGS); (b) US Bureau of Reclamation (USBR); (c) Environmental Protection 
Agency (GWERD); and US Army Corps of Engineers (SCAPS).  
 Of particular interest is the growth of CPT for application on highway related 
projects.  A recent questionnaire survey was sent to 64 Departments of Transportation 
(52 US DOTs and 12 Canadian DOTs) to inquiry on their use and implementation of 
CPTs on a state/province-wide basis (Mayne 2007b). A summary of the 88% re-
sponse rate is presented in Figure 6, indicating a rather high interest and acceptance 
of CPT by state and provincial highway departments, particularly QB, MN, and NE.   
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Figure 6.  Level of CPT utilization on highway projects annually by US state and Canadian provincial 
state departments of transportation (after Mayne 2007b). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       Figure 7.  Piezocone sounding in soft to firm Mexico City clay (Cruz & Mayne, 2006).   
 

4.5   Illustrative CPTs in North America 
 
As the geology across North America is so diverse and varied, so are the CPT records 
obtained from specific locations. To give a flavor for the types of data collected dur-
ing CPTs, five selected examples of piezocone soundings are presented from the 
three primary countries: USA, Canada, and Mexico. The specific sounding locations 
are noted on Figure 6.  
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 For Mexico, Figure 7 shows a representative piezocone sounding in the infamous 
highly plastic, lightly overconsolidated clays of the Chalco Lake district of Mexico 
City. At this location, average clay indices (%) from several samples gave: liquid lim-
it, LL = 266 ± 73; plasticity index, PI = 205 ± 61; and natural water content, w = 194 
± 61. Clear evidence of small thin sand lenses or "stringers" can be seen in the peaks 
of qt and fs, as well as corresponding drops in the u2 porewater pressure readings, par-
ticularly below 18 m depth.  
 From the USA, Figure 8 presents a seismic piezocone that penetrates primarily Ho-
locene sands of the Mississippi River embayment in eastern Arkansas.  The location 
is at Marked Tree, a historic paleo-liquefaction site where large sand boils ("blows") 
and other liquefaction evidence (e.g., dikes and sills) have been documented and as-
sociated with the large New Madrid Earthquakes of 1811-1812 (Schneider, et al. 
2002). The sands are clearly identified by the near hydrostatic porewater pressures 
throughout most of the profile.  The sands appear somewhat silty in the depth range 
from 22 to 25 m.  Whereas the scale of qt readings from the soft clays in Figure 8 
were essentially all less than 1 MPa, the qt resistances in the sands of Fig. 9 are all be-
tween 10 and 40 MPa.   
 The third example is from Canada and shown in Figure 9. This consists of a very 
deep 95-m seismic piezocone record in recent deposits along the Fraser River in Van-
couver, British Columbia. The sounding penetrated 40 m of sand over 55 m of silty 
clay before termination. As seen by the graph, the SCPTu provides a superior means 
for the collection of continuous and multiple types of digital data with depth from a 
single sounding, here detailing qt, fs, u2, and Vs in an economical and expedient fa-
shion, especially for deep investigations.   
 

 
 Figure 8.  Seismic piezocone results in sands at Marked Tree, Arkansas, USA (Liao & Mayne 2005) 
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Figure 9. Results of seismic piezocone sounding for Golden Ears Bridge, Vancouver, BC, Canada. 
(courtesy ConeTec)   
 
 
 The fourth example is from a sounding advanced into residuum of the Atlantic 
Piedmont geology. Here the disintegration of the underlying gneissic and schistose 
bedrock (Precambrian Z-age) has weathered to form saprolite and residual soils con-
sisting of silty fine sands and fine sandy silts.  Figure 10 shows the results of a piezo-
cone sounding advanced for the Atlanta subway system and the characteristic nega-
tive porewater pressures that are recorded by the u2 filter position (in these stiff soils) 
once the groundwater table is encountered. The sounding is also a testament to the 
fact that, with the right equipment, CPTs can be used to penetrate very hard materials, 
including partially-weathered rocks, as evidenced by the SPT resistances from an ad-
jacent soil test boring. 
 The fifth and final sounding is from Hamilton Air Force Base (HAFB) near San 
Francisco, California and presented in Figure 11. The University of California at 
Berkeley has carried out research at the HAFB for the past 30 years (Bonaparte and 
Mitchell, 1979). The site is composed of Young Bay Mud (YBM) overlying Old Bay 
Mud (OBM). The YBM extends to a depth of about 17m at the HAFB site and is a 
gray silty clay with small amounts of organic and shell fragments.  The average index 
values are; PI = 40%, LL = 88%, wn = 90% and total unit weight = 14.0 kN/m3.  The 
YBM is lightly overconsolidated due to desiccation in the upper sections and close to 
normally consolidated at depth. It has a high sensitivity (St ~ 5 to 10) due to deposi-
tion in a brackish to salt water environment.  The groundwater level (GWL) varies 
with the seasons but is on average 2 m below ground surface.  The Older Bay Mud 
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(OBM) is more variable and ranges from silty clay to sandy clay. The OBM is also 
overconsolidated due to periodic sea level changes and erosion. 
 

Figure 10.  Piezocone results in saprolitic weathered rock and residuum of the Atlantic Piedmont 
(courtesy of Golder Associates and Fugro Geosciences).   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Representative piezocone sounding in San Francisco bay mud at Hamilton AFB (courtesy: 
Peter Robertson, Gregg Drilling) 
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5   CPT INTERPRETATION 
 
Results from the CPT can be used to define the geostratigraphy and the interpretation 
of soil engineering parameters for analysis and design of geotechnical projects. For 
instance, in the example sounding above (Fig. 9), it is clear that the vertical profile 
contains four major strata: (a) dense sandy layer from 0 to 2.5 m; (b) loose silts and 
sands from 2.5 m to 12 m; (c) firm sands from 12 m to 39.5 m that appears to become 
quite silty in the depths between 36 and 39.5m; and (d) a thick soft silty clay layer be-
low 39.5 m through to the termination depth at 95 m. Sandy lenses are evident in the 
depth range from 84 to 90 m.   

Detailed information on the post-processing of CPT data for the interpretation of 
various soil properties can be found in manuals on cone penetration testing 
(Schmertmann 1978; Robertson & Campanella 1984; Briaud & Miran 1992; Mayne 
2007b). A review of various methods for soil parameter evaluation is given in the US 
national report on CPT (Mayne, et al. 1995). A book that addresses the subject of 
CPT procedures and interpretation has been prepared by Lunne, et al. (1997) while 
sections of the book by Schnaid (2009) also cover the topic. Furthermore, technical 
papers that offer updated findings and recent methods of CPT analysis are also avail-
able (e.g., Schnaid, 2005; Mayne, 2007a; Robertson 2009).  

Using their own proprietary in-house software, most CPT service companies usual-
ly provide some basic interpretation of soil profile and classifications with the qt, fs, 
and u2 plots, as well as a few select parameters: e.g., undrained shear strength (su) in 
clays; and relative density (DR) and friction angle (') in sands. Manufacturers who 
sell CPT systems to local geotechnical firms often supply an accompanying software 
package as part of the deal. There are also available a number of commercial pro-
grams that provide CPT interpretation on a suite of geoengineering parameters. Se-
lected listings of several CPT software data reduction programs can be found at the 
following websites: www.ggsd.com and www.webforum.com/tc16.  

In the subsequent paragraphs, a few selected interpretative methods are chosen for 
presentation. These particular methodologies were developed in North America, 
based in part on the experiences with CPTs in geomaterials in those prevailing ter-
rains. Since there is no general consensus on the evaluation of stratigraphy and geo-
technical parameters, any presentation of results beyond the CPT resistance plots 
should therefore clearly state their origin and basis.  

 
5.1  Geostratigraphy and soil classification 
 
To facilitate the identification of soil types automatically by computer software, a 
number of empirical CPT classification schemes have been developed, commonly 
given in terms of soil behavioral type (SBT) charts (e.g., Schmertmann, 1978; Ro-
bertson, et al. 1986; Olson & Mitchell 1995; Schneider et al. 2008).  
 It can be important to account for depth effects on the readings, therefore stress-
normalized CPT parameters have been defined as follows (Robertson 1990):  
 
 Qt1  = (qt-vo)/vo'                         (1) 
 
 Fr  = 100·fs/(qt-vo)                         (2) 
 
 Bq = (u2-u0)/(qt-vo)                        (3) 
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where vo =  ∫ t dz = total vertical overburden stress, u0 = hydrostatic porewater pres-
sure, and vo' = vo - uo = effective vertical stress.  By plotting the CPTu data in pairs 
of Qt1-Fr and Q-Bq graphs, a 9-part SBT zone system has been developed (Robertson 
2004).  For implementation into spreadsheets, it is convenient to define a CPT ma-
terial index (Jefferies & Been, 2006): 

 
22

1 )}log(3.15.1{)}1]1[log(3{ rqtc FBQI                          (4) 

 
Corresponding soil behavioral types, zone numbers, and associated ranges of material 
index for Ic are given in Table 1.  
 A simplified version has been suggested for the CPT material index, as shown in 
Figure 12 (Robertson & Wride, 1998): 

 

 
22

1 )}log(22.1{)}log(47.3{' FQII tcRWc                     (5)   

 
with corresponding zones and SBT classifications also given in Table 1. In essence, Ic 
is the radius from a focal centerpoint located in the upper left corner of a Qt1-Fr plot 
and defines the zonal boundaries between different soil types. In this case, the norma-
lized cone tip resistance has been re-defined as (Robertson, 2004): 

                             
 

                     (6) 
 

where atm = 1 atmosphere ≈ 1 bar = 100 kPa and the exponent n = 1.0 applies in the 
general case of clays (IcRW > 2.95), n = 0.75 for silty soils, and n = 0.5 for clean sands 
(IcRW < 2.05). An iterative approach can be used to find the appropriate exponent n 
for mixed soil types, else the exponent n can be estimated from IcRW and effective 
overburden stress (Robertson 2009): 

 n   =  0.381 IcRW  + 0.15 (vo'/atm)  - 0.15  ≤ 1.0             (7) 

 

Table 1.  Soil behavioral type and zone as defined by CPTu material index, Ic 

Soil 
Classification 

SBT 
Zone 

Range Index, Ic Range Index IcRW 

Sands with gravels 7 Ic < 1.25 IcRW < 1.31 
Sands: clean to silty 6 1.25 < Ic < 1.80 1.31 < IcRW  < 2.05 
Sandy mixtures 5 1.80 < Ic < 2.40 2.05 < IcRW  < 2.60 
Silty mixtures 4 2.40 < Ic < 2.76 2.60<IcRW <2.95 
Clays 3 2.76 < Ic < 3.22 2.95<IcRW <3.60 
Organic soils 2 Ic  > 3.22 IcRW >3.60 
Sensitive soils 1 NA see note 3 

Notes:  1. Index Ic after Jefferies & Been (2006). 
    2. Index IcRW after Robertson & Wride (1998). 
    3. Sensitive soils of SBT zone 1 characterized when Qt1 < 12 exp(-1.4Fr) 
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Figure 12.  Soil behavioral type and zone number using CPT material index (after Robertson, 2009) 
 

 
 
Alternative schemes for soil classification by CPT include the use of probability 
curves and fuzzy estimations to infer the percentages of sand, silt, and clay, as de-
tailed by Tumay et al. (2008).  This would be directly compatible with the agrarian 
soil classification system used by the USDA (US Dept. Agriculture). 

 
 

5.2  Unit weight 
 
Total unit weights are best obtained by securing "undisturbed" samples (e.g., thin-
walled Shelby tubes; piston samples) and weighing a known volume of soil.  When 
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this is not feasible, the total unit weight can be estimated from CPT results, such as 
(Mayne, Peuchen, & Bouwmeester, 2010): 
 
  
                                    (8) 
 
 
where t is in same units as the unit weight of water (w).   
 

Figure 13.  Effective friction angle from CPT in undisturbed clean sands (modified after Mayne 2006).  
 
 
5.3  Effective friction angle 
 
The effective stress friction angle (') is a fundamental soil property of sands, silts, 
and clays.  As such, the critical state value likely needs to be determined form a series 
of laboratory triaxial testing performed on undisturbed specimens (mostly obtained 
using special freezing techniques). An evaluation of the peak ' for unaged, unce-
mented clean quartz to siliceous sands can be estimated from CPT results, as shown 
in Figure 13 (Mayne, 2001): 
 
 '    =   17.6°  + 11·log(Qtn)                       (9) 
 
Note that for clean sands, essentially the measured and corrected tip resistances are 
identical (qt ≈ qc) and the relatively small magnitude of total vertical stress next to qc 
results in the approximation that Qtn ≈ qc/(vo'·/atm) 0.5 for these granular materials.  
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For fine-grained soils, the best means for defining the effective stress friction an-
gle is from consolidated triaxial tests on high quality samples. Perhaps an assumed 
value of ' of 30° for clays and 35° for silts will suffice for many small to medium 
projects. Alternatively, an effective stress limit plasticity solution for undrained pene-
tration developed at the Norwegian Institute of Technology (NTH: Senneset et al. 
1989) allows the evaluation of effective stress parameters (c' and ') from piezocone 
measurements. In a simplified approach for normally- to lightly-overconsolidated 
clays and silts (c' = 0), the NTH solution can be approximated for the following 
ranges of parameters:  20º ≤ ' ≤ 45º and 0.1 ≤ Bq ≤ 1.0 (Mayne 2006): 

 
 ' (deg) = 29.5º ·Bq

0.121 [0.256 + 0.336·Bq + log Qt1]                      (10) 
 

For heavily overconsolidated soils, fissured geomaterials, and highly cemented or 
structured clays, the above may not provide reliable results and thus should be veri-
fied by laboratory testing. 
 
 
5.4   Preconsolidation stress and overconsolidation ratio 
  
A first-order evaluation on the magnitude of the effective preconsolidation stress of 
intact clays can be assessed from three separate expressions: 

 
 p'  =  0.33 (qt - vo)                                (11a) 
 
 p'  =  0.53 (u2 - uo)                               (11b) 
 
 p'  =  0.60 (qt - u2)                                                                            (11c) 
 

If the three methods show consensus, then this helps to validate a "well-behaved" 
clay and encourages the use of these relationships. If the methods show disparities, 
then a closer examination and scrutiny of the lab and field data may be warranted, or 
perhaps justification that additional independent confirmatory tests testing should be 
conducted.  
 The preconsolidation stress can be presented in terms of the overconsolidation ratio 
which is normalized and dimensionless: 

 
 OCR  =  p'/vo'                                   (12) 
 

For the general case of evaluating the preconsolidation stress (or yield stress) of natu-
ral soils, including sands, silts, clays, and mixed soil types, Figure 14 offers a prelim-
inary method for uncemented Holocene and Pleistocene geomaterials that extends 
equation (11a) to the form (Mayne et al. 2009): 
 
 p'  =  0.33 (qt - vo)

mp (atm/100)1-mp                 (13) 
 
where the exponent mp increases with fines content and/or decreases with mean grain  
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Figure 14.   General approach to interpretation of preconsolidation stress by CPT net cone resistance in 
Holocene and Pleistocene soils (modified after Mayne, et al. 2009).  
 
 
 
size.  Based on available observations, the parameter ranges from around mp ≈ 0.72 in 
clean quartz sands, 0.8 in silty sands, 0.85 in silts, and 1.0 in intact clays of low sensi- 
tivity.  The parameter may even take on values of 1.1+ in fissured geomaterials.  
 The CPT material index Ic proves to be a means of identifying the magnitude of 
the parameter mp for general profiling of p' in both homogeneous or heterogeneous 
deposits, as well as mixed soils and/or stratified formations. Figure 15 shows the ini-
tial trends, based on a review of the few available data, which can be expressed: 
 
 For Ic > 2.95:     mp  = 1                      (14a) 
 
 For Ic ≤ 2.95:    mp  = 0.6  + 0.04 exp(Ic - 0.7)             (14b) 
 
As the CPT material index is dominated primarily by the normalized tip Qt and 
normalized sleeve Fr parameters, values of both Ic and IcRW are quite similar, as 
obtained from either equations (4) and (5) for use in (14) above. 
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5.5  Undrained shear strength 
 
When CPTu soundings reveal the presence of clay soils, the conventional N. Ameri-
can practice is to directly evaluate the in-situ undrained shear strength (su = cu) from 
the cone tip resistance. The classical route is to adopt an inverted bearing capacity 
form, whereby: 
              

                             (15) 
 

 
where qt = total cone resistance, vo = total vertical overburden stress, and Nkt is a 
bearing factor that depends upon the theory (e.g., limit plasticity, cavity expansion) or 
numerical simulation method (e.g., strain path method, finite elements), as discussed 
by Konrad & Law (1987), as well as the reference mode of loading (e.g., vane shear, 
triaxial compression or extension, plane strain, simple shear), rate of loading, initial 
stress state, and other factors.  For intact clays of low sensitivity, Nkt = 15 is often 
used for an initial value that corresponds to the average undrained shear strength: 
suAVE = ⅓ (suTC + suDSS + suTE) that is applicable to stability analyses and foundation 
bearing capacity 
 It is also possible to independently evaluate a profile of su entirely from the excess 
porewater pressure measurements (u), with the expression given by: 
 

                             (16) 
            

where Nu = porewater bearing factor (Tavenas & Leroueil, 1987).  An initial value 
Nu = 10 is often used.  
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 Of additional note, the sleeve friction resistance (fs) can be considered as a meas-
ure of the remolded shear strength of clays (Gorman, et al. 1975): 
 
 fs  ≈  su (rem)                                    (17) 
 
Consequently, the clay sensitivity (St) can be estimated from: 
 
 St   =   suDSS/fs                            (18) 
 
 
5.6   Other Soil Engineering Parameters 
 
The CPT data can be post-processed for additional interpretations. In the aforemen-
tioned NCHRP survey, Figure 16 shows the preferred selection of geotechnical para-
meters from the various DOT engineers in the USA and Canada (Mayne, 2007b). 
 
 

Figure 16.  Hierarchy of soil parameters evaluated from CPT results by US and Canadian DOTs.  
 
 
6   CPT APPLICATIONS 
 
Because of its versatility and continuous multi-measurement capability, the cone pe-
netrometer has many applications in geotechnical practice.  These tasks range from 
exploration of soft ground for embankment stability to shallow and deep foundation 
analysis, assessment of sand liquefaction potential, and quality control on ground im-
provement projects. Figure 17 shows the results from the NCHRP questionnaire indi-
cating the preferences of geotechnical highway engineers in the USA and Canada for 
applying CPTs for their purposes.   
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Figure 17.  Types of projects receiving CPT utilization on US and Canadian highway systems.    
 
 
 
6.1  Direct CPT methods for shallow foundations 
 
North Americans have shown a great interest in the utilization of CPT for bearing ca-
pacity evaluation of spread footings and shallow foundations. Table 2 summarizes di-
rect CPT methods developed for this purpose and gives the approximate relationships 
from these approaches along with their reference sources.   
 Towards this purpose, a recent method derived from full-scale load testing of 63 
large footings (0.5 ≤ B ≤ 6 m) on various soil types has resulted in the following ex-
pression (Mayne 2009): 
 
    qapplied   =  hs·qtnet · (s/B)0.5                         (19) 
 
where qapplied = footing applied stress, qtnet = (qt - vo) = net cone tip resistance (aver-
aged over 1.5 B beneath base), s = foundation displacement, B = side of equivalent 
square footing, and hs = empirical coefficient that depends on soil type.  Notably, the 
factor hs = 0.58 for clean sands; 1.12 for silts; 1.47 for fissured clays; and 2.70 for in-
tact clays.  

A summary of all load footing tests is presented in Figure 18. The magnitude of 
foundation "bearing capacity" can be found by substituting the criterion: (s/B) = 10% 
in equation (18) to find the stress level which would apply for clean quartz sands, 
silts, and intact clays of low sensitivity. For structured or highly-sensitive clays, a li-
miting value of s/B = 4% may apply in order to avert possible post-peak softening ef-
fects. For intact soils, the footing displacement coefficient (hs) can be related directly 
to the CPT SBT material index (see Figure 19).   
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Table 2.  Direct CPT methods developed in North America for evaluating footing bearing capacity 
 

Method Expression for Square Footing Remarks 
Meyerhof (1956) Sand:  qult = qc (B/12)cw 

where qc = mechanical CPT tip resistance; B  = 
footing width (meters) 

cw = water table correction 
cw = 1.0 dry or moist sand 
cw = 0.5 submerged sand 

Meyerhof (1974) Clay:  qult = bc·qc   
Note:  developed from mechanical CPT 

Factor 0.25 ≤ bc ≤ 0.50 

Schmertmann 
(1978) 

Sand:  qult =0.55atm(qc/atm)0.78 

 

Clay:   qult =2.75atm(qc/atm)0.52 

Note: based on mechanical CPT 

Embedment applies:   
De > 0.5(1+B) for B<1m 
De > 1.2 m for B >1m 
B = footing width 

Tand, et al. (1986) Clay:  qult = Rk·(*qc - vo) + vo 

 
Factor Rk depends on embedment depth ratio 
(ze/B) and degree of fissuring.  For surface 
footing on intact clay: Rk = 0.45; for surface 
footing on jointed clay: Rk = 0.30 

*qc = (qc1·qc2)
0.5 

where qc1 is geometric 
mean from bearing eleva-
tion to 0.5B deeper and qc2 
is geometric mean from 
0.5B to 1.5B beneath base 

Canadian Geotech 
Society (CFEM, 
1992) 

Sand:  qult = Rk0·qc   
where Rk0 = 0.3  

Applied to FS = 3 where 
FS = factor of safety 

Tand, Warden, & 
Funegård (1995) 

Sand:  qult = Rk·qc  + vo 
where Rk = fctn(De, B)  
 

FEM analysis gives Rk be-
tween 0.13 and 0.20 

Eslaamizaad & 
Robertson (1996) 

Sand:  qult = KΦ·qc   
 

KΦ = function (ratio B/De, 
shape, and density) 

Lee & Salgado 
(2005) 

Sand:  qbL = bc·qc(AVG)   
where qc averaged over vertical distance B be-
neath base 

Factor bc = function(B, 
DR, K0, and s/B) 

Eslami & Gholami 
(2005, 2006) 

Sand:  qult = Rk1·qc   
where Rk1 = function(ratio De/B and norma-
lized cone resistance (qc/vo')  
 

Measured qc and qc/vo' are 
geometric means over 2B 
deep beneath footing 

Robertson & Cabal 
(2007) 

Sand & Clay:  qult = KΦ·qc   
with KΦ = 0.16 (sand)  
and KΦ = 0.3 to 0.6 (clay) 

Practical application of 
numerical KΦ values 

Briaud (2007) Sand:  qult = KΦ·qc   
with KΦ = 0.23 

Based on full-scale tests at 
Texas A&M 

Mayne (2009) Sands, Silts, and Clays: 

B

s
h

q

q
s

vot

applied 


 

where bearing capacity can be defined as stress 
q corresponding to (s/B) = 10% for sands , silts, 
and insensitive clays; Note: capacity taken at  
(s/B) = 4% for sensitive and  structured clays 

Notes: qapplied = footing ap-
plied stress;  
Values of the soil type 
coefficient hs are:  
Sand:  hs = 0.58 
Silt:    hs = 1.12 
Fissured clay: hs = 1.47 
Intact clay: hs = 2.70 
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Figure 18.  Summary of normalized stress from all 63 footing load tests vs square root of pseudo-strain 
 
 
 

 
Figure 19.  Trend between displacement coefficient hs and CPT material index, Ic for intact soils. 
 
 

  2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010



6.2   Direct CPT methods for pile foundations 
 
Interest in North America in the use of direct CPT methods for deep foundations is 
also great. Table 3 shows direct CPT methods developed in the USA and Canada for 
evaluating the axial capacity of driven piling and drilled, bored, and augered piles. 
For instance, the Unicone CPT method is summarized in Figure 20. Also, the French 
LCPC method described by Bustamante & Gianeselli (1982) remains popular. 
 
 
Table 3.  Direct CPT methods developed in North America for driven and bored pile foundations 

 
Method  Reference Applicability 
Univ. Nova Scotia 
[Meyerhof]  

Meyerhof (1956) Piles driven in sand 

Schmertmann-
Nottingham  

Schmertmann (1978) Driven and drilled piles (based on me-
chanical CPT) 

Louisiana DOTD 
 

Tumay and Fakhroo (1981) Driven steel and concrete piles in soft 
clay 

Unicone Eslami and Fellenius (1997) Driven and bored piles in all soils (based 
on CPTU) 

Indiana method Lee, et al. (2003) Driven open and closed steel pipe piles in 
sands 

Univ. of Houston 
Method 

Vipulanandan et al. (2004) Augered cast in place piles 

Indiana DOT-
Purdue University 

Salgado (2008) Drilled shafts in sands 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20.  The Unicone method for evaluation of pile capacity from CPTu (after Fellenius 2009). 
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6.3  Liquefaction and Seismic Ground Hazards 
 
Because the revised international building code (IBC 2003) established a more strin-
gent requirement for seismic design, a greater interest in the profiling of shear wave 
velocity with depth has resulted in an increased demand for seismic cone penetration 
testing (SCPT) in the USA and Canada. The Vs profile can be used to best obtain the 
site classification for estimating level of ground shaking. The Vs results can also be 
utilized in more detailed site-specific analyses to provide the input small-strain shear 
modulus (Gmax = t·Vs

2) for evaluating the magnitude and severity of seismic ground 
motions via software (e.g., Shake, Desra, DeepSoil). These programs provide direct 
assessments on the level of ground shaking, in terms of the cyclic stress ratio (CSR = 
cyclic/vo') that are needed in soil liquefaction analyses.  
 Many of the details concerning the evaluation of soil liquefaction potential by CPT 
are given in Robertson & Wride (1998), Youd, et al. (2001), and Robertson (2004, 
2009a). The simplified stress-based approach involves comparing the level of ground 
shaking (CSR) versus the available ground resistance (in terms of stress-normalized 
Qtn). The liquefaction criterion is termed the cyclic resistance ratio (CRR), as deter-
mined from field case histories involved in seismic events (Stark & Olson, 1995; Ro-
bertson & Wride, 1998).  If the site data fall above the CRR, liquefaction is likely, 
whereas below the CRR it is not likely. In addition to deterministic approaches, prob-
abilistic CPT methods have also been developed (e.g., Moss, et al. 2006; Juang, et al. 
2003). The CPT can also be used to evaluate post-peak undrained strengths (suLIQ) for 
flow liquefaction (Olson & Stark 2002; Robertson 2004; Olson & Johnson 2008). 
 The assessment of seismic ground hazards is facilitated by the use of seismic pie-
zocone tests. With the SCPTu, the uses can be fivefold: (a) detect the presence of 
loose saturated sands that are susceptible to the problem; (b) obtain Gmax profiles for 
site-specific CSR input; (c) evaluate available soil resistance from stress-normalized 
qc1 ≈ Qtn; (d) independently evaluate the soil resistance from stress-normalized shear 
wave velocity, Vs1; and (e) assess the sand liquefied strength (suLIQ). In addition, re-
search has used pre- and post-series of SCPTu soundings at blast-induced liquefac-
tion sites (Camp et al. 2008; Liao & Mayne, 2005), as illustrated in Figure 21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 21. CPT response at USGS blast-induced liquefaction at Mooring, TN site (Liao & Mayne, 2005).  
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6.4  Ground Modification 
 
The CPT is particularly suited for the quality control aspects of site improvement 
projects since the data can be quickly collected and compared before, (during), and 
after the ground modification efforts. As such, the CPT has been used to quantify the 
effectiveness of site improvement in North America following stone columns (Chen 
& Bailey 2004), dynamic compaction (Mayne, 2007b), vibro-replacement (Howie, et 
al. 2000), preloading (Schneider & Mayne 2000), deep soil mixing (Puppala & Por-
haba, 2004), and geopiers (Lillis, Lutenegger, & Adams 2004). 
 A comparison of before and after results for a vibrocompaction project in Vancou-
ver is shown in Figure 22. The results clearly indicate the majority of improvement 
occurred in sandy zones corresponding to the depth interval from 7 to 23 meters, as 
evidenced by both the qt and fs profiles. The thin shallow clayey layer between 3.5 
and 4.5 m also appears to have received some benefits too, as the qt is slightly in-
creased while the penetration porewater pressures decreased.   

Figure 22.  Results of CPTu soundings before and after vibrocompaction in British Columbia sands 
(courtesy of ConeTec) 
 
 
6.5  Geoenvironmental applications of the CPT 
 
For geoenvironmental applications, the CPT is especially advantageous for site inves-
tigations because no spoils or contaminants are removed from the ground, as occurs 
during conventional rotary drilling and sampling operations. Moreover, specialized 
sensors (e.g. electrical resistivity/conductivity, dielectric, temperature, pH, chemical 
detectors, laser-induced fluorescence, membrane interface) can be added to the pene-
trometer for continuous vertical mapping and detection of pollutants, fuel contami-
nants, plumes, and leachates. Environmental-type penetrometers also allow for sam-
pling of groundwater at specific subsurface elevations without cross-contamination 
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that may occur during open borehole investigations. Furthermore, the direct in-place 
measurement of soil and water chemistry permits an expedient, cost-effective, and 
immediate means to assess the environmental quality of a site.  
 Geoenvironmental uses and applications of CPT are quite numerous and well-
documented. For further details, the reader is directed to summary papers prepared by 
Shinn & Bratton (1995), Robertson, et al. (1998), Mitchell & Brandon (1998), and 
Campanella (2008).  For detailed information on the CPT in geoenvironmental and 
ground hazards concerns, extensive efforts have been undertaken by governmental 
agencies, including: Argonne National Labs (www.evs.anl.gov), US Army Corps of 
Engineers site characterization and penetrometer system (SCAPS) program 
(www.erdc.usace.army.mil), the expedited site characterization program at the Dept. 
of Energy Ames Laboratory (www.ameslab.gov), US Environmental Protection 
Agency (http://epa.gov/etv), US Geological Survey (http://earthquake.usgs.gov), US 
Bureau of Reclamation (www.usbr.gov), and others.  
 
 
6.6   Piezo-dissipation testing 
 
Of interest to both geotechnical and geoenvironmental concerns, the in-situ permea-
bility (k) and coefficient of consolidation (cvh) can be evaluated from the results of 
porewater pressure dissipation tests. When the penetrometer is stopped, the induced 
excess porewater pressures will decay back towards equilibrium, eventually reaching 
the hydrostatic equilibrium value (u0) that existed initially.  An illustrative example of 
monotonic type porewater pressure dissipation from southeastern North Carolina is 
presented in Figure 23. 
 The interpretation of the magnitude of cvh from the dissipation process can be han-
dled by empirical methods, cavity expansion theory, strain path method, and disloca-
tion theory, as well as hybrid methods, such as cavity expansion-critical state ap-
proaches. The entire dissipation curve can be matched (e.g., Burns & Mayne 2002),  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23.  Recorded monotonic piezodissipation record from North Carolina highway site, USA. 
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or a characteristic point can be selected, such as the measured time corresponding to 
50% consolidation, designated t50 (Robertson, et al. 1992). For the example shown in 
Figure 23, the dissipation was conducted at a depth of 4.2 m and corresponding 
groundwater table was shallow at 0.4 m.  The figure depicts a graphical procedure to 
obtain t50 from the measured pressure readings, the value of u2 during penetration, 
and the calculated hydrostatic value u0. For this case, t50 = 7 minutes. 

For type u2 dissipations, a quick estimate of the magnitude of cvh can be found us-
ing an expression derived from the database findings of Robertson et al. (1990): 
 

50t

A
c c

vh                               (20) 

 
where Ac = cross-section area of the cone (i.e., 10-cm2 or 15-cm2) and t50 = measured 
time to 50% completion.   
 In contrast to monotonic type of decay of porewater pressures, a dilatory response 
may occur whereby the u2 readings first rise to a peak, then subsequently dissipate 
with time (see Figure 24).  The definition of t50 is not clear or straightforward in dila-
tory curves. In these cases, graphical solutions are offered by Sully et al. (1999), de-
pending upon the specific type of observed response. Alternatively, Burns & Mayne 
(2002) provide an analytical approach that requires curve fitting of dissipation data 
and the estimation of input soil parameters. In that approach, either monotonic or di-
latory responses can be handled.  
 Using a CPTu database of 7 soft clays having monotonic dissipations and 9 OC 
clays or crustal layers exhibiting dilatory type dissipations, Mayne & Burns (2000) 
fitted the algorithm accordingly. A comparison of laboratory-measured cv values ob-
tained on undisturbed samples compared with the piezocone-evaluated cvh values 
from dissipation records is presented in Figure 25, with good agreement evident.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24.  Example dilatory type of porewater pressure dissipation in Mexico City clay (after Cruz & 
Mayne 2006).   
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Figure 25.  Comparison of laboratory coefficient of consolidation from soft to hard clays with values 
assessed from piezocone dissipation test data using SCE-CSSM solution. 
 
 
 
 The coefficient cvh relates to the hydraulic conductivity (k), or soil permeability, by 
the expression:  
 

'D

c
k wvh 

                             (21) 

 
where w = 9.8 kN/m3 = unit weight of water and D’ = constrained modulus. As a first 
order estimation, the constrained modulus of non-structured soils (i.e., clays of low 
sensitivity, inorganic silts, uncemented quartz and siliceous sands) can be estimated 
from (Mayne 2007): 
 
D´  =  5(qt – vo)                           (22) 
 
If desired, more definitive expressions for evaluating the magnitude of D’ from the 
CPT are cited by Robertson (2009). 
 
 
7.0  RESEARCH DIRECTIONS  
 
Research efforts on cone penetrometer testing in North America can be categorized 
into three main focus areas:  (a) test procedures, (b) interpretative methodologies, and 
(c) advanced equipment. The research is concerned with improvements and/or mod-
ifications on CPT, as well as novel applications and new developments in the tech-
nologies. Some of these new directions are described briefly in this section. 
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7.1  Improved or modified test procedures 

The conduct and procedures of cone penetrometer testing can be modified to permit 
the evaluation of soil behavioral characteristics, beyond those normally sought during 
routine site investigation.   
 Twitch (variable rate) testing during CPTu advancement allows for the assessment 
of two facets of soil response: (a) quantification of strain rate on undrained strength 
due to viscous effects; and (b) delineation of drained, partly-drained, and undrained 
regions. Twitch testing involves rate changes during CPTu (Randolph 2004). At the 
selected test depth, baseline readings (qt0, fs0, and u20) are taken at standard rate of 20 
mm/s, and subsequent slower rates of 2 mm/s, 0.2 mm/s, 0.02 mm/s, and so forth, us-
ing an electric step motor. The normalized cone tip resistance (qt/qt0), and/or norma-
lized porewater pressure parameter (Bq/Bq0), is plotted versus the normalized veloci-
ty, defined as V = vd/cv, where v = actual velocity, d = probe diameter, and cv = 
coefficient of consolidation. These plots allow for a demarcation of the drainage 
boundaries corresponding to: undrained, partially-drained, and fully-drained regions.  

Purdue University has conducted series of CPTu twitch tests at two field sites 
comprised of natural clays and silts, as well as in laboratory chamber deposits of 
sand-clay mixtures, in order to ascertain both the boundaries for drained/undrained 
and also to quantify strain rate parameters during undrained response (Kim, et al. 
2008). Data obtained with miniature 1-cm2 piezocones on laboratory chamber depo-
sits of two mixtures of artificial clayey sands (P1 with 25% fines and P2 with 18% 
fines content) are presented in Figure 26. In addition to conical tipped penetrometers, 
a flat-tipped probe was also used. At differing rates in penetration speed, the corres-
ponding changes in cone tip resistance and porewater pressure response can be seen 
to delineate the drained response (V < 0.05) from the partially-drained region (0.05 < 
V < 10), as well as those rates corresponding to undrained behavior (V > 10) for these 
geomaterials.  
 Continuous seismic cone testing involves collecting shear wave velocity measure-
ments while the penetrometer is advancing. The original conduct of the SCPT con-
sists of alternating sequences of cone penetration tests (CPT) and geophysical down-
hole tests (DHT). The CPT portion records qt, fs, and u2 at 1-s to 2-s intervals for 1 m. 
The DHT phase occurs at each one-meter stop, with paired sets of left-and-right 
strikes from a surface source to allow the determination of first-arrival or first-
crossover to delineate the arrival of the shear wave. In a new approach, a special roto-
autoseis can be used to deliver a series of repetitive transient impulses to the pene-
trometer so that wavelets are recorded during the 20 mm/s push (McGillivray & 
Mayne 2008). Cross-correlation is used to match successive wavelets to derive the 
profile of shear wave velocity, Vs (Mayne & McGillivray 2008). Once the new rou-
tine is established, the continuous SCPTu offers the following advantages: (a) im-
proved delineation and finer-resolution of the Vs profile with depth; (b) faster produc-
tivity in the field; and (c) more objective and expedient post-processing of shear 
wavelets in the office. A complete set of wavelets from this type of special SCPT 
sounding is presented in Figure 27 from the Charleston SC area.  
 The traditional means of advancing CPTs into the ground involves vertical sound-
ings. New research efforts in North America have been initiated using directions oth-
er than vertical, including (a) horizontal CPTs (Ahn et al. 2006) for purposes of in-
vestigating soils conditions ahead of tunnels and trenchless technologies and (b) 
inclined CPTs (Wei, et al. 2005) towards subsurface exploration for anchors and be-
neath existing buildings, as well as to study soil strength anisotropy.  
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Figure 24.  Results of twitch testing using a miniature piezocone in chamber deposits of clayey sand 
(modified after Kim, et al. 2008). 
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Figure 25.  Summary paste-up of wavelets from continuous seismic cone testing in Charleston, SC 
(McGillivray & Mayne, 2008).  
 
 
 
7.2  Interpretative methodologies for CPT 
 
The traditional means for the interpretation of CPT data are via deterministic expres-
sions that have been derived from empirical, statistical, or analytical models that have 
been calibrated with databases, many of which are geologic-specific. Moreover, these 
standard approaches only address either completed-dry or fully-saturated geomate-
rials, whereas in reality, a vadose zone of unsaturated soils most often exists above 
the groundwater table. How to address the interpretation of CPTs in partially satu-
rated soils has been dubious at best. 

Recent alternative approaches to the deterministic formulations include the applica-
tion of artificial neural networking (ANN) and statistical clustering methods (SCM). 
As such, ANN has been applied to: (a) relate OCR to CPTs in clays Kurup and Du-
dani 2002; (b) evaluate liquefaction potential from CPTs in sands (Juang & Chen 
2002); (c) conduct site variability analysis by CPT (Jiang et al. 2003), and (d) assess 
bored pile capacity using CPT data (Shahin & Jaksa, 2009). Statistical clustering has 
been utilized to delineate soil stratigraphy and layer identification in an objective way 
from CPTu readings (Hegazy & Mayne 2002; Liao et al. 2007). 
 Regarding the use of CPTs in partially-saturated geomaterials, research has been 
initiated on the effects of matric suction on the profiles of measured cone tip resis-
tance (Tan, et al. 2003; Nevels and Khoury 2004; Nevels 2006), the identification of 
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soil type (Schneider et al. 2008), and on the evaluation of hydraulic conductivity 
(Gribb et al. 1999; 2004).  
 Interpretations and insight based on numerical simulation of penetrating cones 
have progressed in the USA and Canada, including use of the finite element method 
(FEM), finite differences (FD), strain path method (SPM), and discrete element me-
thod (DEM). Examples of selected FEM research studies include CPT modeling in 
sand (Susila & Hryciw 2003), clay (Song & Voyiadjis 2005), loam (Foster et al. 
2004), and layered soils (Tekeste et al. 2009).  Whittle et al. (2001) applied numerical 
SPM methods for simulating porewater dissipations using a special dual-element pie-
zoprobe in clays.  Kinloch & O’Sullivan (2007) used DEM to track the micromechan-
ical behavior of granular particles during the cone penetration process. Simulations 
by FD have been carried out using the FLAC program to study CPTs in sands (Ah-
madi, Byrne, & Campanella, 2005) and in clays (Aubeny & Shi 2006). 
 
7.3  New equipment and sensor technologies 
 
Several new types of penetrometers and affiliated CPT systems have been developed 
that facilitate deployment for special ground conditions, as briefly described in the 
following paragraphs. Several of these are depicted in Figure 26.  

Special size penetrometers, including both miniature and enlarged scaled sizes, 
have been constructed to address particular situations which are not amenable to the 
regular size diameters d = 35.7 mm (10-cm2) and  d = 44 mm (15-cm2) cones (see 
Figure 28a). For centrifuge models at Univ. California-Davis, very small penetrome-
ters with d = 6 mm (0.28-cm2) have been developed to quantify the laboratory soil 
deposit characteristics (e.g., Wilson, et al. 2004).  For field soundings used in the de-
tection of small varves of alternating silt and clay layers at the U-Mass test site, De-
Jong et al. (2003) used small-scale penetrometers with d = 12.5 mm (1.23-cm2) hav-
ing different interchangeable porewater pressure filter elements (u1apex, u1midface, and 
u2shoulder). Other mini-cone systems include the coiled-tubing system at the Louisiana 
Transportation Research Center (LTRC) that can achieve continuous push for full 
depth (no incremental rods at 1-m breaks) that utilizes a 2-cm2 penetrometer (Titi, et 
al. 2000). The LTRC group utilizes their mini-cone system for roadway and pave-
ment investigations. On the opposite side of the size spectrum, Fugro operates a 33-
cm2 penetrometer and ConeTec has a 40-cm2 penetrometer which can be advanced 
into loose to firm gravelly soils. 
 Full-flow penetrometers, including T-bar, ball-, and plate-shaped devices (Fig. 
28b), are finding welcome applications in the characterization of very soft offshore 
sediments, natural sensitive clays, and mine tailing slimes. These full-flow penetro-
meters were originally introduced by the University of West Australia (Randolph 
2004) and consist of larger heads (approximately 100-cm2 cross-sectional areas) 
mounted on a standard electronic cone penetrometer, replacing the standard 60º-
angled 10-cm2 conical tip. They are applicable to very soft soils where su < 10 kPa 
and the soil is able to flow around their enlarged bulbous tips. The advantages in-
clude: (a) increased resolution of the load cell (approximately ten-fold over conven-
tional CPT); (b) minimal correction due to porewater pressure effects on unequal 
areas for the tip resistance; and (c) direct use of measured resistance for strength pro-
filing (as no need to use net resistance, qt - vo, as with the standard CPT). Results of 
CPTu, T-bar, and ball-penetrometers have been compared in soft varved clay at the 
US national geotechnical tests site in Amherst, MA (Yafrate, et al. 2007), as well as  
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 Figure 28.  New CPT devices (clockwise from upper left): (a) scaled penetrometers showing 2-, 10-, 
15-, and 40-cm2 sizes (courtesy ConeTec); (b) full-flow types: plate, ball, and T-bar penetrometers 
(Yafrate & DeJong 2006); (c) harpoon cone penetrometer (Mosher et al. 2007); and (d) multi-friction 
penetrometer (Hebeler & Frost, 2006).  
 
 
in sensitive marine clays at the Canadian national test site at Gloucester, ON and test 
site at Louiseville, QC (Yafrate & DeJong, 2006).   
 Several types of harpoon CPTs have been devised for quick and economical test-
ing of the seabed flood for shallow offshore investigations (Figure 28c). A Canadian 
version is described by Mosher et al. (2007), while the US Navy utilizes a different 
design concept (Thompson, et al. 2002; Aubeny & Shi 2006). In the harpoon configu-
ration, an electronic penetrometer is dropped overboard from a ship to impale the 
subsurface sediments under the free-fall forces of gravity, thus the readings are dy-
namic and recorded during deceleration of the impact event. A tether cable is used to 
retrieve the penetrometer back onboard for repeated deployment. In soft ground con-
ditions, penetration depths of up to 12 m can be achieved.  
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 A multi-sleeve cone penetrometer with up to 4 separate measurements of sleeve 
friction resistance at different elevations along the shaft (Fig. 28d) has been devel-
oped to investigate different roughness coefficients (Frost & DeJong, 2001). The 
MSCPT can be used to ascertain pile side friction behavior and soil-structure interac-
tion effects related to axial capacity of deep foundations. The sleeves can have 
smooth to roughened to textured surfaces (Hebeler & Frost 2006).   
 A high-resolution piezocone has been developed by the US Navy for use in accu-
rately assessing hydraulic conductivity and groundwater flow regimes, particularly 
for geoenvironmental site investigations and contaminant transport modeling where 
small changes in hydraulic gradient play a significant role (Kram et al. 2008).    
 Using a combinatory set of data from standard CPTu and vision CPT, Lee et al. 
(2008) purport to be able to map continuous profiles of hydraulic conductivity (k) 
with depth. Independent data from field permeameter testing support their findings.   
 Finally, a number of new manual electronic cone penetrometers with recorded dig-
ital output of penetration resistance vs. depth have been developed for purposes of 
checking soil compaction, in-situ strength, and density. These are utilized on road and 
aircraft runway projects for the military (Jones & Kunze 2004) and in forestry and 
agricultural applications (Kees 2005). These new devices appear to have good to ex-
cellent repeability and reliability, as compared with the older hand-operated mechani-
cal probes and dynamic drop-type penetrometers. The new manual static penetrome-
ters are also considerably faster. 
 
SUMMARY 
 
The use of CPT in North America is increasing because of the progressive recogni-
tion of its economic value, high reliability, and ability to collect multiple measure-
ments in a quick and continuous manner for geotechnical, geoenvironmental, and 
geological site investigations. Common applications include the delineation of geos-
tratigraphy, soil engineering parameter evaluation, foundation capacity assessment 
for footings and pilings, sand liquefaction concerns, and quality control on ground 
modification projects. New developments and research directions are ongoing to-
wards improvements in field test productivity, post-processing of data, interpretation 
reliability, and equipment capabilities.  
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