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ABSTRACT: Despite significant use of the cone penetration test (CPT) in geotechnical engineering practice, there is still limited use of CPT technology by State Department’s of Transportation (DOTs) in the United States. Reasons for slow adoption
of the technology range from hard ground conditions to lack of experience with
equipment and data interpretation. Since 2001 the Minnesota DOT (Mn/DOT) has
performed over 7500 CPTs in glacial geological conditions. Despite these conditions
often being considered as difficult ground for this technique, Mn/DOT uses the CPT
on more than 75% of their “foundations” projects. This paper presents results from
investigations at 6 different sites across these highly varied geological conditions including: (i) alluvium; (ii) glacial lake deposits; (iii) outwash; (iv) peat; and (v) glacial
till. Implications to the design of transportation structures based on soil stratigraphic
profiling and classification by piezocone are discussed.
1 INTRODUCTION
The cone penetration test (CPT) and variants [piezocone penetration test (CPTU),
seismic piezocone penetration test (SCPTU), resistivity cone penetration test (RCPT),
etc.] have had successful application in geotechnical engineering for over 75 years.
At present there is still a relatively limited application of CPT data by DOTs to design and construction of transportation projects in the United States. Some of the reasons / perceptions for this lack of use include (e.g., Mayne 2007):
 ground conditions too hard;
 soil contains gravel and stones;
 CPTs are more expensive than borings;
 data analysis requires too much expertise;
 practice is acceptable using SPT;
 equipment too expensive / not available in the area.
Many of these same obstacles exist for the glacial soil conditions of Minnesota,
but continued experience with CPTs since 2001 currently allows for use of CPT on
more than 75% of Minnesota DOT (Mn/DOT) “foundations” projects. These projects
include (i) bridge and culvert foundations; (ii) large embankment fills; (iii) buildings,
towers, and other structures; (iv) slopes; (v) retaining wall foundations; (vi) roadway
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alignment and soft soil delineation; (vii) excavations; and (viii) sinkholes. This paper
will focus on experience with CPT in Minnesota, particularly for soil profiling and
classification. Source data have come from projects with a wide range of applications.
2 PROCEDURES AND CONE PERFORMANCE
To minimize the potential for cone damage and ensure collection of high quality
data, Mn/DOT has adopted standard procedures for test preparation, performance,
and data recording (e.g., Lunne et al. 1997). Mn/DOT has 3 CPT rigs in year round
operation; a 100 kN tracked rig, a 115 kN 4x4 truck, and a 267 kN 6x6 truck. Many
projects require only shallow exploration, and investigations are performed to depths
of 10 m to 15 m. For bridges, explorations in excess of 30 m are often required. Hole
sealing procedures for depths in excess of 15.2 m require grouting from the bottom of
the hole during cone extraction. For these projects Mn/DOT utilizes a standard setup
for grouting during cone extraction, which is semi-automated on the 267 kN truck.
Both 10 cm2 and 15 cm2 cones are used; the two truck rigs typically use the larger
diameter cones. Mn/DOT keeps approximately 15 ‘service ready cones’ on hand (distributed among the 3 rigs and the lab) at any given time. Calibrations are performed
by the penetrometer manufacturer and occur annually or at the time of a cone repair.
The net area ratio (an) used for correction of the tip resistance for pore pressure effects is 0.8, as provided by the cone manufacturer. Due to hard ground conditions or
obstructions, approximately one cone is broken per year. Additionally, approximately
every 1.5 months, an in-service cone will need to be repaired. These repairs are usually for a bad channel (e.g. pore pressure), bending or crushing of the sleeve or probe
housing, or water damage due to an issue with one of the seals. To minimize cone
damage, methods suggested by Lunne et al. (1997) have been adopted, namely, (i)
keeping the inclination less than 10o, particularly for shallow holes; (ii) minimizing
total force applied to dense soils underlying thick zones of very soft material, such as
peat; and (iii) having a presence of mind to realize that there may be boulders or cobbles in certain geological conditions, and that sharp spikes in tip resistance associated
with rapid changes in inclination (> 1o/m push) should terminate the hole.
On projects where clay soils are present and consolidation characteristics are of interest, or where materials are not well defined, pore pressure dissipation test data
have proved valuable on many Mn/DOT projects. An effort is made to ensure reliable
pore pressure data; Mn/DOT purchases filter element from the CPT manufacturer that
are pre-saturated with silicone oil. While the oil viscosity may result in sluggish response, it also helps reduce the likelihood that the system will become unsaturated. In
some cases it is difficult to maintain proper saturation and record high quality pore
pressure data through an entire layer, particularly in dry deposits, very stiff soils, or
layered clays and silty sands. More detailed review of data quality is required when
evaluating design parameters from qt and or u2 data in these situations.
3 GEOLOGY, SOIL PROFILES AND CLASSIFICATION
The geology of Minnesota has primarily been shaped by glacial action. As a result,
the state has highly variable deposits consisting of (i) alluvium; (ii) colluvium; (iii)
glacial lake deposits; (iv) outwash; (v) peat; (vi) weathered bedrock; and (vii) glacial
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till. The six locations discussed in this paper are highlighted in Figure 1, and include
(i) till soils; (ii) lake deposits; (iii) peat; (iv) outwash; and (v) alluvium. Details on the
project types and soil conditions and symbols used in later figures are also included in
Figure 1.
Upon completion of a site investigation, CPT (and boring) data are processed, entered into project databases, and exported for use in a web enabled Geographic Information System (GIS) (Dasenbrock 2008). Individual vertical profiles are analyzed,
and cross sections are developed for larger projects. This paper will focus on six vertical profiles from a varied selection of geological conditions. Profiles of net tip resistance and friction ratio are shown in Figure 2, and profiles of net tip resistance
(qcnet=qt-v0) and excess pore pressure (u2=u2-u0) are shown in Figure 3. Normalized
soil behavior type is used for preliminary evaluation of layering, and both the Robertson (1990) Q-F and Q-Bq charts have been used by Mn/DOT, depending upon soil
layering. In sandy soils, Q-F charts are typically used, while in clayey soils, Q-Bq
charts are typically used. Judgment is applied for layered sands and clays, depending
upon data quality and design application.
Since soil behavior is controlled by ‘soil state’ as well as rate of drainage (particle
size), among other factors, Figures 2 and 3 include a trend line reflecting inferred soil
state. In glacial deposits where the soil can often be considered preconsolidated by a
vertical load (i.e., a glacier), the preconsolidation difference (p'c) allows for assessment of reduction in OCR (state) with depth in clayey soils. Assuming a constant Nk
value of 15 and a normally consolidated undrained strength ratio [(su/'v0)NC] of 0.27
for preliminary analyses, the net cone tip resistance (qcnet = qt-v0) can be estimated as
a function p'c and 'v0.
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Figure 1. Description and location of CPT sites discussed in this paper, shown on a map of Minnesota
Quaternary geology (geological map adapted from MGS 1997)
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Figure 2. Profiles of qcnet and F for selected sites
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Figure 3. Profiles of qcnet and u2 for selected sites
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Estimated values of p'c vary from 75kPa for the lake deposits, to 200kPa to
550kPa for the two cases of till soils shown. The peat soils have very low tip resistance, and are modeled fairly well as a normally consolidated deposit (p'c=0), particularly at depth. While use of p'c does not satisfactorily match the entire depth of
each profile, it does provide an indication of soil state such that design issues can be
addressed in a more rational framework.
Relative density (Dr) is a useful parameter for evaluation of the anticipated behavior of sandy soils, and is related to soil state when combined with effective stress at
failure. Profiles of net cone tip resistance are estimated from an inferred relative density in Figures 2 and 3 using the following equation (e.g. updated based on Jamiolkowski et al. 2003):
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Two extremes of sand density can be seen, with these outwash soils having a relative
density on the order of 0.35 and these alluvial soils have a relative density near 1.0.
For addressing soil type, analysis of cone tip resistance alone is not sufficient.
Therefore the Robertson (1990) Q-F or Q-Bq soil classification charts are often used
for preliminary assessment of stratigraphy. A stress exponent of unity is used for all
soil types to avoid iteration within the classification procedures. Figure 4 plots data in
relatively uniform soil layers from Figures 2 and 3 in soil behavior type charts. Symbols and depth ranges for data included in the figures are shown in Figure 1. Four
charts are shown, clockwise from top left, (i) Robertson (1990) Q-F; (ii) Robertson
(1990) Q-Bq; (iii) Schneider et al. (2008) Q-u2/'v0; and (iv) Robertson (1990) Q-F
with a slightly expanded ‘normally consolidated’ zone highlighted. It is noted that QBq and Q-u2/'v0 charts are directly comparable since u2/'v0 = QBq. While the
Robertson (1990) charts perform well when combined with engineering judgment for
typical applications, Q-F and Q-Bq charts do not always result in the same interpretations. General behavior of relatively uniform profiles is therefore explored further to
aid in development of interpretation procedures.
Consistent behavior is observed for Till and Lake deposits in Figure 4-i. Soils with
low p'c and low OCR plot within the clay zone (3), but as OCR increases the soils
tend to shift up and to the right in the Q-F chart, leading to increases in OCR misinterpreted as changes in water flow characteristics (grain size). This is somewhat explained by the ‘Normally Consolidated Zone’ in Figure 4-iv, although, this zone is
not typically included in interpretation. A more severe bias towards OCR in clay soils
is observed in Figure 4ii for the Q-Bq charts. To avoid this bias, Schneider et al.
(2008) proposed plotting pore pressure data in Q-u2/'v0 space (Figure 4-iii), successfully separating clays with high OCR from silts and sands. Additional pore pressure detail is also provided for the sandy outwash and alluvial deposits in Figure 4-iii,
with negative pore pressures arising in the very dense alluvium. While negative shear
induced pore pressures are often associated with very dense sands in undrained triaxial tests, no excess CPTU penetration pore pressures are usually generated in clean
sands, regardless of relative density. Negative pore pressures generated during penetration in sandy soils are typically associated with a reduction in coefficient of consolidation induced by increased silt content, which is taken to be the case for this profile. On the other hand, Figure 4-i illustrates a reduced ‘Ic’ value (indicating reduced
fines content; e.g., Lunne et al. 1997) for the alluvial soils, despite an increase in fric-
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tion ratio as compared to the outwash deposits. This reduction in Ic is likely due to increases in Dr, and the interplay between fines content and soils state (Dr or OCR) on
Ic based classification implied by Figure 4-i needs additional study.

Figure 4. Location of selected uniform soil layers on Robertson (1990) and Schneider et al. (2008) soil
behavior type charts

Difficulties in Mn/DOT roadway performance can occur due peat layers, particularly due to slope instability and excessive settlements. Figures 2 and 3 indicate that
peat soils have similar qcnet values to a normally consolidated clay, although, much
higher friction ratio values and much lower penetration pore pressures. For the peat
soils shown in this case, high friction ratios cause the layers plot as CLAY soils in
Figure 4-i, while low pore pressures indicate that the soils transition from clays to
silts in Figure 4-ii. Figure 4-iii also indicates that the soils plot in Zone 1a, silts and
heavily overconsolidated (OC) clays. Since heavily OC clays tend to have u2/'v0 in
excess of 3, the low pore pressures may indicate partial consolidation during penetration in peat soils. Traditional strength and stiffness correlations are therefore not valid
here, suggesting additional study is necessary for CPT data interpretation in peat
soils.
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4 SUMMARY & CONCLUSIONS
Mn/DOT has enjoyed successful use of CPT for projects in glacial soil conditions.
Cone damage occurs, but breakage and complete loss of cones is relatively infrequent. Depth ranges of interest are typically less than 15 m for most projects (30 m
for bridges). Within these depth ranges, normalized Q-F and Q-Bq soil classification
charts can be used, provided engineering judgment is applied. Bias towards OCR and
relative density for normalized tip resistance affect classification from Ic based correlations. Use of Q-u2/'v0 charts eliminate OCR bias and provide additional detail at
low u2, although, have not yet been calibrated for peat soils. Peat is best identified
by tip resistance similar to a normally consolidated clay, comparatively low u2, and
high F.
Significantly, use of CPT on Mn/DOT projects provides the ability to collect much
larger amounts of high quality data to develop detailed profiles of soil strength and
stiffness, and detailed cross sections highlighting thin continuous layers, which ultimately impact design decisions. When designing based on limited SPT data, the stratigraphic detail (particularly the horizontal variation across a site) was comparatively
crude and imprecise. While site investigations, performed now with the addition of
CPT techniques, typically cost about the same as SPT-only based investigations, they
are faster, provide significantly more data for assessment of variability, and the data
quality is higher such that correlations to lab data can be relied upon with greater certainty. Two compelling observations are that (i) critical investigations would have
been otherwise impossible to perform without use of the CPT; and (ii) on many occasions the justification for very expensive or time consuming soil improvement procedures, or use of additional structural systems, was made more compelling by the large
amount of high quality soil strength and stratigraphy inferred from CPT data.
REFERENCES
Dasenbrock, D.D. 2008. Geotechnical Data Sharing and Electronic Data Exchange at Minnesota DOT.
GeoCongress 2008: Characterization, Monitoring, and Modeling of GeoSystems (GSP 179),
ASCE, Reston, VA.
Jamiolkowski, M. B., Lo Presti, D. F. C., and Manassero, M. 2003. Evaluation of relative density and
shear strength of sands from cone penetration test. Soil behaviour and soft ground construction,
(GSP 119), ASCE, Reston, VA, 201-238.
Lunne, T., Robertson, P.K., and Powell, J.J.M. 1997. Cone Penetration Testing in Geotechnical Practice. Blakie Academic and Professional, Melbourne, 312.
Mayne, P.W. 2007. Cone Penetration Testing, NCHRP Synthesis 368, Transportation Research Board,
Washington D.C.
Minnesota Geological Survey (MGS) 1997. Minnesota at a glance, Quarternary glacial geology, Regents of the University of Minnesota, 4 pp.

Robertson, P.K. 1990. Soil classification using the cone penetration test. Can. Geotech. J., 27(1), 151 –
158.
Schneider, J.A., Randolph, M.F., Mayne, P.W., and Ramsey, N. 2008. Analysis of factors influencing
soil classification using normalized piezocone tip resistance and pore pressure parameters. ASCE
Journal of Geotechnical and Geoenvironmental Engineering, 134(11), 1569-1586.

