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DISCLAIMER 

This research was funded through the Wisconsin Highway Research Program by the Wisconsin 

Department of Transportation and the Federal Highway Administration under Project 0092-10-

10.  The contents of this report reflect the views of the authors who are responsible for the facts 

and accuracy of the data presented herein.  The contents do not necessarily reflect the official 

views of the Wisconsin Department of Transportation or the Federal Highway Administration at 

the time of publication. 

This document is disseminated under the sponsorship of the Department of Transportation in the 

interest of information exchange.  The United States Government assumes no liability for its 

contents or use thereof.  This report does not constitute a standard, specification or regulation. 

The United States Government does not endorse products or manufacturers.  Trade and 

manufacturers’ names appear in this report only because they are considered essential to the 

object of the document.  
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EXECUTIVE SUMMARY 

A total of 61 cone penetration tests were performed at 14 sites in the state of Wisconsin. Data 

reinforced conclusions from practice in Minnesota and previously performed test programs 

related to the Marquette Interchange and Mitchell interchange project that use of the CPT can be 

successful in glacial geologies. Within in this study CPTs were performed to depths in excess of 

75 feet in alluvial deposits, outwash, and lacustrine soils. Difficulties were encountered in clay 

tills and fill placed for highway structures. However, previous experience in Milwaukee by 

commercial CPT operators had success in clayey tills of eastern Wisconsin. 

CPT data are discussed in relation to: 

 soil classification 

 assessment of water flow characteristics of soils 

 assessment of compressibility of clayey soils 

 assessment of shear stiffness of clays and sands 

 assessment of undrained strength of clay soils 

 assessment of drained strength of sandy soils 

 design applications for shallow foundations, axially loaded piles, and embankments 

It is recommended to continue to perform CPTs on transportation projects in Wisconsin as a 

complement to drilling operations. Boreholes should be performed adjacent to a number of CPTs 

for each project and targeted sampling of critical and representative layers should be performed. 

Sampling and laboratory testing procedures for WisDOT projects needs to be improved such that 

consistency is observed between in-situ and laboratory test results. 
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1 Project Overview 

1.1 Introduction 

The cone penetration test (CPT) has a long history of use in geotechnical engineering. The 

mechanical version of the tool was developed in the Netherlands over 75 years ago primarily for 

efficient evaluation of the length needed for driven piles bearing in deep sand layers underlying 

thick compressible clays (Delft 1936). Due to the similarity in geometry and full displacement 

method of installation it is logical to estimate the end bearing of closed ended piles with the 

device (when accounting for differences in diameter). Further extension of the CPT to estimate 

pile shaft friction in sands was proposed by Meyerhof (1956), and shaft friction of piles in clay 

was, and is, often related to CPT cone tip resistance indirectly through undrained shear strength 

(e.g., Schmertmann 1975, Almeida et al. 1996). Major advances in speed of use, repeatability, 

and reliability in CPT measurement came with the development of the Fugro electric friction 

cone penetrometer which was in use by 1966 (Fugro 2002). The flexibility and applicability of 

cone penetration testing for geotechnical engineering has been aided by the incorporation of 

additional sensors into the device, such as pore pressure measurements during penetration 

(piezocone, CPTU, e.g., Wissa et al. 1975, Torstensson 1975), and downhole seismic 

measurements (seismic piezocone, SCPTU, e.g., Campanella et al. 1986). Figure 1.1 illustrates 

equipment, setup and procedures for piezocone penetration testing.  

In current geotechnical engineering practice, results of the electric cone and piezocone 

penetration tests are applied in a variety of applications, including (i) bridges; (ii) embankments; 

(iii) deep foundations; (iv) slopes; (v) retaining wall design (including foundations); (vi) soft soil 

delineation; (vii) earthquake site amplification and soil liquefaction; (viii) degree of soil 

improvement; (ix) excavations; and (x) subgrades (e.g., Mayne 2007). Additionally, results of 

the cone penetration test can be used to estimate a number of different soil characteristics and 

properties, including: (i) soil type and stratigraphy; (ii) effective stress friction angle of ‘sands’; 

(iii) relative density of ‘sands’; (iv) undrained shear strength of ‘clays’; (v) preconsolidation 

stress of ‘clays’; (vi) water flow characteristics (coefficient of consolidation and hydraulic 
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engineering’ projects, and has performed over 7500 cone tests since 2001 (personal 

communication Glenn Engstrom and Derrick Dasenbrock, Mn/DOT). 

The glacial geological conditions of Minnesota are similar to those of the northern and eastern 

half to ⅔ of Wisconsin, suggesting that the use of CPT may be viable for a majority of areas in 

the state. However, the underlying bedrock conditions in the two states are different in that much 

of Minnesota is underlain by shale, while Wisconsin is primarily underlain by dolomite / 

limestone. This would cause a different type of sediment / clast entrained in the till and could 

lead to differences in potential for CPT refusal if the cone encountered these clasts during 

penetration. The study proposed in this research will first work with Mn/DOT and other regional 

DOTs to build upon their experiences in implementation of cone penetration testing for 

transportation projects, and address additional issues specific to the needs of the Wisconsin 

Department of Transportation. Data collected in Wisconsin will be analyzed and discussed using 

conventional soil parameters so that practitioners are familiar with factors controlling the 

behavior of the measurements of the device, minimizing the reliance on ‘black box’ data 

processing and interpretation programs. 

1.2  Problem Statement 

WisDOT is considering the use of CPT investigations on transportation projects. The 

Department needs to learn more about the technology, its advantages and limitations, and feel 

comfortable that CPT data correlates with Wisconsin soil boring methods/information/geology 

and leads to design assumptions that are comparable to WisDOT’s current methods. 

1.3 Objectives 

It is the objective of this research project to evaluate the potential use of CPT technology for 

Wisconsin DOT projects through performance of tests around the state and comparing CPT 

results to available data. Specific objectives include: 
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 Departmental subsurface investigative methods (generally soil borings) and cone 

penetrometer findings will be compared at a number of sites with differing soils and 

geology.  

 Evaluation of design parameters will be compared. 

 Discuss advantages and limitations of CPT equipment, operations and interpretation.  

 Detailed suggestions for the application of this technology on WisDOT projects will be 

presented. 
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2 Additional Background and Previous Regional Experience 

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 are 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 Wisconsin and need to be 

assessed. However, similar geological conditions exist in the neighboring state of Minnesota and 

their continued experience with CPTs since 2001 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 alignment and soft soil delineation; (vii) 

excavations; and (viii) sinkholes. A review of previous use of the CPT for Minnesota DOT and 

Wisconsin DOT projects is presented in this chapter. Preliminary discussion of assessed profiles 

is contained herein, with data included for supplemental analysis in later chapters. Attempts to 

obtain data from other Midwestern state DOTs (i.e., Ohio) was unsuccessful. Discussion of 

Minnesota data is largely taken from the conference paper Dasenbrock, Schneider & Mergen 

(2010). 
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2.1 Additional Background 

2.1.1 Wisconsin geology and soils 

The CPT is a method used to determine the layering and engineering properties of 

unconsolidated sediment overlying the local bedrock.  This report addresses CPT testing at 

various locations across the state of Wisconsin.  A brief discussion of Wisconsin geologic history 

is provided for a more thorough understanding of the regional soil conditions.   

In the Quaternary period, or the past 2.6 million years (International Commission on Stratigraphy 

2010), the planet has experienced fluctuations in the continental ice sheets.  The amount of ice on 

the surface of the earth has varied with climatic conditions throughout time as observed in the 

oxygen isotope records in the skeletons of sea organisms and the variation in sea-level (Lambeck 

& Chappell 2001, Lisiecki & Raymo 2005).  Currently, the planet is in an interglacial period 

where large continental ice sheets have regressed to Greenland and Antarctica.  The last glacial 

maximum occurred during the late Wisconsinan period from approximately 23,000 to 15,000 

radiocarbon years before present (Clark et al. 2009).  The extent of glacial ice coverage in 

Wisconsin is provided in Figure 2.1 (Clayton et al. 2006). Approximately 60% of Wisconsin’s 

land surface was covered by ice at some time in the past, either during the last glacial maximum 

or during a previous glacial episode.  The south west corner of the state is known as the driftless 

area, Figure 2.1. This name is derived from the lack of glacial deposits historically grouped into 

the all-encompassing term “drift”.  Figure 2.2 illustrates the expected thickness of soil over 

bedrock.  Soil thickness is also thinner in the driftless area. 

The areas covered by glaciers in the past bear distinct landforms associated with the prior 

glaciations including till plains, drumlins, moraines, eskers, outwash plains, kettle and kame 

landscapes, glacial lake plains, and ice-walled lake plains.  Areas not directly glaciated do have 

some glacially derived sediment typically in the form of loess, wind-blown silt, deposits. 

Geologists have described the different drift deposits and divided them into different groups to 

determine the chronology and extent of the fluctuations concerning the advance and retreat of 

continental glaciers in the region (Clayton and Moran 1982, Attig et al. 1985, Acomb et al. 
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Glaciers are an extremely effective agent for erosion and deposition across a landscape.  

Sediment can be entrained in two mediums within a glacial system: glacial ice or meltwater.  

These two mediums can be further classified by location within the system above the glacier, 

supraglacial, within the glacier, englacial, or below the glacier, subglacial.  Water may be present 

in all of these locations, for example, meltwater flowing on top of a glacier due to surface melt 

may become englacial if it encounters a crevasse, or crack in the glacier, whereby it flows down 

to a subglacial stream or lake.   

Sediment may be entrained by falling on top of a glacier by debris flows in areas of high relief or 

be frozen into the ice at the base of a glacier, and moved in the direction of glacier movement.  

The weight of the overlying ice produces a large shear stress on the subglacial bed allowing for 

significant erosion and deformation to occur in the underlying material where glaciers are not 

frozen to the bed.  

The glacial ice releases entrained sediment when it melts, where the sediment may be reworked 

and transported by the glaciofluvial system or be deposited in place.  In this document till refers 

to sediment directly deposited by the ice and typically is not sorted. Till is broadly classified into 

two groups.  Basal till is deposited at the base of a glacier and can be associated with frictional 

forces lodging the sediment in place and in cases melting and refreezing of basal ice.  These 

deposits are also referred to as lodgement tills.  The second group of till is deposited at the 

margin ice and typically does not have any overburden when deposited and is referred to as 

meltout till.  Meltout till is composed of supra-, en-, and subglacial sediment. 

Glacial sediment transported and deposited by water within the system is typically sorted, poorly 

graded, and bedded.  These deposits may occur supra-, en-, and subglacially, but typically only 

the subglacial deposits and landforms are preserved.  Subglacial deposits are typically in the 

form of melt water channels where rivers of meltwater flowing at the base of a glacier have 

deposited beds of stream deposits or scoured out channels into the basal sediment.  Most of the 

lasting deposition of glacial meltwater is observed in the proglacial area, in front of the glacier 

terminus, where large glacial lakes and outwash plains form. 
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The first division is non-glacial residual soils or colluvium.  The colluvium group represents 

residual soils that developed in place by weathering of the underlying bedrock.  This unit occurs 

primarily in the driftless area.  These soils typically overly a shallow bedrock and are composed 

of clay to boulder sized material.  The landscape of the driftless area is characterized by hill and 

steep valleys where streams have incised into the bedrock surface.  Many of the soil deposits are 

the result of debris flows and rock falls from the slopes.   

Included in the non glacial soils are the alluvial deposits which represent recent stream deposits 

placed after glaciers retreated from the region.  These deposits are mostly found along the major 

streams and rivers in the driftless area.  The soils in the alluvial deposits are composed of clays 

to gravel deposits representing overbank deposits, point bars, and abandoned channels.  

Typically the soils in this category are primarily classified as sands from an engineering 

standpoint.  

Outwash deposits form proglacially where meltwater streams transport and deposit glacial 

sediment.  These deposits occur well dispersed throughout the state as a result of deposition in 

front of the retreating glacial front.  The soils in outwash deposits are silt to gravel sized particles 

typically deposited in sorted, bedded, braided stream networks.  Also included in this group are 

the ice contact sands and gravels which are a form of meltout till.  Although the original map 

classification indicates transport solely by ice, the engineering behavior should be similar and 

therefore was grouped with the outwash deposits.   

Aeolian deposits representing loess and sand dunes that formed from wind re-working glacial 

deposits.  Local aeolian deposits occur throughout the mapped area in thin coverings, but they 

were not separated out when the regional maps were created.  Thick sequences, >5m thick, were 

not mapped within the state and therefore this unit is not observed in Figure 2.3.   

Till was mapped in the USGS sources as basal till, moraines, or undifferentiated and was 

typically grouped as loamy, sandy, or clayey.  From an engineering standpoint, interest in the 

behavior of the till matrix will govern the behavior of the soil.  The maps generated in this study 

divided the tills into two groups: loamy and clayey.  Sandy tills were incorporated with the 
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loamy tills.  These till descriptions are very generalized and it must be understood that the grain 

size distributions and descriptions are generated using the United States Department of 

Agriculture (USDA) soil classification system percent silt, clay, and sand are compared.  It is 

also important to note that the tills were typically described with two grain sizes identified, for 

example a loamy clayey till.  It was assumed that there are no single modal grain size tills.  This 

assumption was taken further as an indication of water flow characteristics.  Specifically, that 

any clayey till would for the most part have a low hydraulic conductivity and display undrained 

behavior and loamy-sandy tills would possess medium to high hydraulic conductivities and 

behave partially drained to drained.  

The distributions of the two till units indicate that the loamy tills cover much more area of the 

state than clayey tills.  The low occurrence of clayey tills relates back to the concept that a 

glacier cannot produce clay because no significant chemical weathering occurs when particles 

are entrained in ice.  These clayey tills also occur above previously deposited tills, and therefore 

reflect further transport and reworking of entrained sediment from the pre-existing tills.  The 

clayey tills occur mainly along the eastern shore of Lake Michigan and correlate with an 

interstadial period where the glaciers receded northward out of the Great Lake basins prior to re-

advancing.  When the glaciers receded northward, clayey sediment was deposited in Lake 

Michigan.  During the re-advance, this clay was entrained in the glacial ice and deposited in the 

till associated with that advance.   

The lake deposits represent depositional facies related to glacial lakes.  These deposits are well 

distributed in the central and eastern-central portions of  the state where glacial lakes Wisconsin 

(Attig and Knox 2008) and Oshkosh (Hooyer 2007) have been identified.  The large extent of 

these lakes is indicative of how large the impact of ice sheet loading is on crustal deformation.  

Note that these deposits show the extents over time and are not meant to suggest that both lakes 

were that size concurrently.  Typical soils associated with the lake deposits are clays, silts and 

sands representing subaqueous stream fans and deltas, and fine grained deposits related to release 

of suspended sediment load in low energy environments. Occasional drop stones of gravel to 

boulder size can be found which represent deposition of sediment from melting ice blocks that 

calved and floated from the ice margin.  These deposits are primarily composed of silts and clays 
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The swamp and peat deposits are closely associated with the lake deposits from a formation 

standpoint. The deposits can be associated with the glacial lake deposits or occur as standalone 

features where either large stagnant ice blocks formed a low area for water to collect or 

meltwater collected in a natural topographic low.  These deposits are composed of fine grained 

silts and clays with high organic contents with anticipated low strengths and high 

compressibilities.  These soils make up a small portion of the mapped areas; however, this may 

be a function of the scale of the mapping.   

2.1.2 Fundamentals of soil behavior 

Soil behavior is typically analyzed as a continuum, and interpretation and application revolves 

around 5 primary characteristics: 

 Water flow characteristics – rate at which water moves through a soil matrix as a function 

of a hydraulic gradient and/or change in volume 

 Compressibility – change in volume due to a change in effective stress (i.e., change in 

size of a soil element) 

 Shear Stiffness – resistance to shear distortions that result from shear stresses (i.e., 

change is shape of a soil element) 

 Strength – ultimate resistance to shear stresses 

 Dilation – change in volume due to shear deformations (i.e., change in size due to change 

in shape) 

Interpretation of soil behavior is largely influenced by the rate of loading as compared to the rate 

of water flow through the soil. If a soil is loaded slowly as compared to how fast water flows 

through the soil (e.g., loading of saturated sand), no excess water pressure builds up and changes 

in total stress are equal to changes in effective stress. This is referred to as drained loading. 

Increases in effective stress lead to increases in strength of the soil, and dilation of soil particles 

affect the geometry of a failure surface and changes in effective stress during loading. If a soil is 

loaded rapidly compared to how fast water can flow through the pores (e.g., loading of saturated 

clays), strength is generally controlled by short term loading prior to increases in effective stress, 

while a majority of deformations are time dependent, provided that a shear failure does not 
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Where 'v,f is the final vertical effective stress and 'v,i is the initial vertical effective stress, and 

e is the change in void ratio for that change in effective stress. Likewise, below the maximum 

previous effective stress that a soil has been loaded to, or a vertical effective yield stress that has 

resulted from ageing or cementation, the recompression index (Cr) is defined as:
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Use of Cc and Cr indicate that as effective stress increases, compressibility decreases. The 1D 

coefficient of volume change, mv = a/'v, is the inverse of the 1D constrained modulus, D = 

1/mv = 'v/a. The relationship between constrain modulus and coefficient of compression for 

normally consolidated soil is: 
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Constrained modulus, the inverse of compressibility, tends to increase with effective stress. For 

overconsolidated soils, constrained modulus is related to the recompression index. 
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This equation would also result in the constrained modulus in the overconsolidated region 

increasing (essentially linearly) with increasing effective stress. However, it is common to 

assume that constrained modulus is constant within the overconsolidated region (e.g., Janbu 
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shear stress the soil can resist) is a function of the friction angle () and the effective normal 

stress on the failure plane ('n, Figure 2.9a): 

 tan'nf 
 (2.8) 

When the major ('1) and minor ('3) principal effective stresses, or the mean effective stress [s' 

= (1' + 3') / 2], is known, the shear stress at failure is: 

 



 sin'sin

2

'' 31 


 sf  (2.9) 

For cases of rapid loading in soils with a low coefficient of consolidation (i.e., clays, typ.), the 

changes in total stress are essentially equal to changes in pore pressure. The mean octahedral 

effective stress does not significantly change and soil strength is more reliably evaluated using 

the undrained shear strength (su, Figure 2.9b): 

uf s  (2.10) 

The undrained shear strength is sometimes referred to as the undrained cohesion, cu, however, 

this terminology does not reflect the mechanical behavior and will not be used further in this 

report. The undrained shear strength in Figure 2.9b is shown to be independent of total stress. 

This is not because the friction angle is zero, but it is that the mean octahedral effective stress 

does not change during shearing (uoct), and therefore the strength (or state / OCR) does not 

immediately change due to application of a load.  

Shearing of the soil induces changes in pore pressures and effective stress, resulting from the 

potential for a soil to contract or dilate. The normalized undrained shear strength (su/'v0) must be 

modified to account for the soil state. The soil state is most commonly assessed using the 

overconcolidation ratio (OCR = p'c/'v0, where p'c is the preconsolidation stress). The 
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Table 2.1. Comparison of normally consolidated undrained shear strength ratio for typical and varved clays (after 
Ladd & DeGroot 2003). 

Test Typical (su/'vo)NC 
Varved Clay (su/'vo)NC 

DeGroot & Lutenegger (2003) 

CK0UC 0.33 0.25 

DSS 0.20 0.18 

CKoUE 0.16 0.21 

VST 0.21 0.21 

  

The dilation angle quantifies the change in volume due to shearing of a soil specimen. These 

volume changes, or the tendency for volume change to occur, results in peak friction angles for 

sands and the influence of overconsolidation ratio of undrained strength for clays (e.g., Eq. 2.11). 

Since dilation decreases as mean effective stress at failure increases (e.g., Bolton 1986), 

understanding dilation is of paramount importance for estimating operational friction angle in 

sandy soils. 

Peak friction angle ('pk) under drained conditions results from friction ('cv) and dilation () 

(Bolton 1986): 

 8.0 cvcvpk  (2.12)
 

For conditions of triaxial compression (Bolton 1986): 

RDI3  (2.13) 

For conditions of plane strain (Bolton 1986): 

RDI5  (2.14) 

The parameter IRD is a relative density index that is a function of relative density (DR) and mean 

effective stress at failure [p'f = ('1+'2+'3)/3]. IRD increases with relative density and decreases 

with mean effective stress at failure (Bolton 1986): 
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 penetration pore pressure measured at the cone shoulder, u2 

Cone tip resistance is influenced by the geometry of a specific cone penetrometer. The corrected 

cone tip resistance needs to be used for all analyses such that uncertainty in comparison to 

previous studies and theoretical analysis is minimized. The corrected cone tip resistance is 

expressed as: 

 cone tip resistance corrected for pore pressure effects, qt = qc + (1-an)u2 

where an is the net area ratio of the penetrometer that typically varies between 0.5 and 0.95 

(Lunne et al. 1986, Lunne et al. 1997). To account for initial in-situ conditions on CPT 

measurements, the following derived parameters are often used: 

 net cone tip resistance, qcnet = qt – v0 

 excess penetration pore pressure, u2 = u2 – u0 

 effective cone tip resistance, qE = qt – u2 

For the above derived parameters v0 is the total stress at a given depth prior to penetration, and 

u0 is the in-situ pore pressure at a given depth prior to penetration. 

Since soil mechanical properties are controlled by initial effective stress and changes in effective 

stress during loading, rational interpretation of CPT measurements requires normalization by 

some measure of effective stress (e.g., Wroth 1984, 1988). For soil classification based on 

normalized piezocone parameters, a combination of two of the seven following parameters is 

typically used (e.g., Douglas & Olsen 1981,Wroth 1984, Wroth 1988, Robertson 1990, Olsen & 

Mitchell 1995, Robertson & Wride 1998, Jefferies & Been 2006, Schneider et al. 2008, 

Robertson 2010): 

 normalized cone tip resistance, Q = qcnet/'v0 

 modified normalized cone tip resistance, Qtn = (qcnet/pref)/('v0/pref)
n 

 normalized effective cone tip resistance, QE = (qt-u2)/'v0 
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 friction ratio, F (%) = fs/qcnet·100 

 normalized sleeve friction, fs/'v0 

 pore pressure parameter, Bq = u2/qcnet 

 normalized excess penetration pore pressure, u2/'v0 

While the initial horizontal effective stress or preconsolidation stress may be more appropriate 

for normalization (e.g., Mayne 1986, Houlsby 1988, Houlsby & Hitchman 1988, Been & 

Jefferies 2006), the in-situ vertical effective stress is used for the above mentioned normalized 

parameters as it can be calculated without significant additional analyses. For initial 

classification purposes, it is preferred to use Q rather than Qtn. Q is equal to Qtn for a stress 

exponent (n) equal to unity, and therefore does not require iteration in its interpretation (i.e., is 

easier to use). Additionally, no significant advantages have been observed when using Qtn over Q 

for classification purposes (e.g., Schneider et al. 2008), and use of Q allows for plotting data in a 

variety of different frameworks to highlight different responses. Plotting Q vs. Bq or Q vs. 

u2/'v0 are analogous since Q·Bq = u2/'v0 . Likewise, plotting Q vs. F or Q vs. fs/'v0 are 

analogous since Q·F = fs/'v0. Each plotting format has advantages and disadvantages for 

highlighting aspects of soil behavior. 

As mentioned in the previous section, soil strength and stiffness generally increase with effective 

stress, but this relationship is also influenced by the effective stress loading history of a soil 

element and/or crushable nature of the soil grains, herein discusses as ‘state.’ Undrained 

behavior in clay soils is used as an example to illustrate the influence of state on normalized 

response. If we assume that soil undrained strength (su) is the primary factor controlling cone tip 

resistance, qt, a direct relationship between the two properties would exist (through a ‘bearing 

capacity’, or cone, factor, Nkt): 

ktucnet Nsq   (2.16) 

For a constant Nkt, the normalized cone tip resistance would therefore be equal to: 
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kt
v

u N
s

Q 
0'  (2.17)

 

For normally consolidated clays that have not been previously loaded (or aged), su/'v0 is 

typically taken as a constant [i.e., (su/'v0)NC], and therefore Q is a constant value (generally 

around 3 to 5).  Q is essentially constant in normally consolidated clays and as the 

overconsolidation ratio (OCR) increases Q will also increase:  

kt
NCv

u NOCR
s

Q 







 

0'
 (2.18)

 

Figure 2.11 shows normalized cone tip resistance in normally consolidated and an 

overconsolidated clay. 

When evaluating specific engineering behavior, such as friction angle, relative density, 

liquefaction resistance, Q may not be the most appropriate normalizing parameter, and Qtn is 

often used. Observations of stress exponents less than unity are largely influenced by stress 

dependency on dilation angle and crushability of sands at high stresses (e.g., Bolton 1986, 

Salgado et al. 1997, Olsen & Mitchell 1995, Moss et al. 2006). Figure 2.12 illustrates normalized 

cone tip resistance in loose and dense sands. At shallow depths Q in both drained sands and 

undrained clays may exceed 20 and approach 1000. 
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2.2 Minnesota DOT (after Dasenbrock, Schneider & Mergen 2010) 

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. Over 400 of those 

CPTs from 21 sites are assessed herein. 

Boring logs and electronic CPT data have been made available through Mn/DOT are included as 

electronic files on the ArcGIS database complied for this project. Additional site information can 

be found through the Mn/DOT Geotechnical Investigation Information Interchange Internet 

Interface (GI5) (e.g., Dasenbrock 2008): 

http://www.mrr.dot.state.mn.us/geotechnical/foundations/Gis/gi5_splash.html 

2.2.1 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 11 ton tracked rig, a 13 

ton 4x4 truck, and a 30 ton 6x6 truck. Many projects require only shallow exploration, and 

investigations are performed to depths of 30 ft to 50 ft. For bridges, explorations in excess of 100 

ft are often required. Hole sealing procedures for depths in excess of 50 ft 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 30 ton truck. 

Both 10 cm2 (1.44 inch diameter) and 15 cm2 (1.72 inch diameter) 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-
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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 result in termination of a sounding. 

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 deposits above 

the water table, 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. 

2.2.2 Geology and typical soil profiles 

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 till. Initial review of single CPTs 

from 6 sites was performed for this section. The six locations include geologic conditions 

consisting of (i) till soils; (ii) lake deposits; (iii) peat; (iv) outwash; and (v) alluvium. Details on 

the project types and soil conditions are included in Figure 2.13 and Table 2.2. 
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Table 2.2. Description of initial Mn/DOT CPT sites 
UW 
Site 
No. 

Depth 
Range 

Analyzed 
(ft) 

Site Project ID: Design Issues Regional Geology Number of 
CPTs 

- 10-36 1003-28: Roadway / settlement Loamy Till 40 
8 5-50 3609-25: Roadway / bridge / geofoam Lake Clays 60 
- 5-80 1480-149: Landslide Lake Clays 13 

13 6-25 3413-22: Roadway failure / Retaining Wall Peat 149 
- 0-35 2903-10: Roadway Alignment Outwash (Sand) 20 
- 0-33 8823-01: Groundwater monitoring Alluvium (Silty Sand) 3 

 

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. Profiles of net tip resistance and friction ratio from the 6 sites are shown in 

Figure 2.14, and profiles of net tip resistance (qcnet=qt-v0) and excess pore pressure (u2=u2-u0) 

are shown in Figure 2.15. Normalized soil behavior type is used by Mn/DOT for preliminary 

evaluation of layering. Both the Robertson (1990, 1991) 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. Use of these charts requires selection of appropriate 

normalized parameters and requires judgment that is dependent 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 2.14 and 2.15 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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Estimated values of p'c vary from 75kPa to 200 kPa for the lake deposits, and 550kPa for the 

loamy till soil 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 (e.g., Figure 2.10). 

Profiles of net cone tip resistance are estimated from an inferred relative density in Figures 2.14 

and 2.15 using the following equation (e.g. updated based on Jamiolkowski et al. 2003): 
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 (2.20) 

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. 

2.2.3 Performance at additional sites 

Detailed evaluation of 21 sites and over 400 CPTUs was performed (Figure 2.16), as 

summarized in Tables 2.3 and 2.4, and Appendix 1 and 3. The main purpose of this exercise was 

to assess the typical geological conditions, penetration depths, and soil types in which Mn/DOT 

has had successful use of the CPT. Lateral spatial variability of cone tip resistance and friction 

ratio were quantified to see if variability had an influence of likelihood of meeting premature 

refusal when testing in a given soil environment. Borings were compared to a given CPT at 

20/21 sites. Table 2.2 summarizes typical geological environments where CPTs were performed: 

 Alluvium – 8 sites 

 Clay Till – 2 sites 

 Lake deposits – 5 sites 

 Loamy Till – 5 sites 
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Table 2.3. Summary of regional geology for Mn/DOT sites analyzed 
UW 

Site No. 
Mn/DOT 
Proj. No. 

County Regional Geology 

1 MAC Hennepin Alluvial valley of Minnesota river within outwash deposits 
2 6918-69 St. Louis Clayey till 
3 8285-80 Washington Alluvial valley of Mississippi river within outwash deposits 
4 0916-16 Carlton Alluvial valley of St. Louis river between Lake and Loamy till deposits 
5 2713-75 Hennepin Loamy till 
6 3609-30 Koochiching Alluvial valley of Little Fork river adjacent to Loamy till, Lake clays, 

and Peat 
7 8103-47 Waseca Loamy till 
8 3609-25 Koochiching Lake clay & silt adjacent to Sandy till, crossing Little Fork river 
9 1009-16 Carver Clayey till 

10 2207-32 Faribault Loamy till adjacent to Lake clays / silt (no borings) 
11 3507-12 Kittson Lake deposits adjacent to Alluvial valley of Red river 
12 7602-16 Swift Alluvial valley of the Chippewa river adjacent to Clayey and Loamy till 
13 3413-22 Kandiyohi Lake deposits within Outwash (Peat) 
14 4913-21 Morrison Alluvial valley of the Mississippi river within Outwash deposits adjacent 

to Sandy till 
15 4013-43 LeSueur Loamy till 
16 0208-123 Anoka Lake deposits within Outwash 
17 0901-74 Carlton Lake clay & silt within Outwash adjacent to Clayey till 
18 1002-79 Carver Loamy till 
19 1601-48 Cook Alluvium over Sandy / Clayey Till, Onion river at Lake Superior 
20 8580-149 Winona Alluvial valley of Mississippi river w/in Outwash adjacent to Colluvium 
21 5509-63 Olmsted Sandy Loamy till 

 
Table 2.4. Summary of CPT performance for Mn/DOT sites analyzed 
UW 
Site 
No. 

Mn/DOT 
Proj. No. 

County # 
CPTs 

Depth (ft) Median CPTU values lateral 
variability1 min median max qt 

(tsf) 
F 

(%) 
u2 

(tsf) 
1 MAC Hennepin 14 5.6 20.5 30 155 1.0 0.2 moderate 
2 6918-69 St. Louis 14 4.4 37 48 18.3 3.4 0.1 high 
3 8285-80 Washington 14 48 77 119 52.1 0.6 1.2 moderate 
4 0916-16 Carlton 2 32.6 34.5 36.4 13.5 3.9 0.2 moderate 
5 2713-75 Hennepin 7 24.8 41.3 41.2 12.2 2.0 2.3 low-mod 
6 3609-30 Koochiching 7 19.5 93.2 103.5 11.2 4.2 6.0 low 
7 8103-47 Waseca 41 11 24 44 13.7 2.6 0.4 mod-high 
8 3609-25 Koochiching 60 40 50 98 13.4 3.3 4.6 low-mod 
9 1009-16 Carver 9 9 49 50 24.1 2.6 2.3 low-mod 

10 2207-32 Faribault 33 27 48.4 49 10 4.1 1.3 high 
11 3507-12 Kittson 24 40 115 163 11.5 3.3 4.4 low 
12 7602-16 Swift 3 43 44 46 7.5 4.6 1.4 moderate 
13 3413-22 Kandiyohi 25 18 33 50 16.1 2.3 0.7 high 
14 4913-21 Morrison 6 13 23 29 91.4 0.9 0.1 low-mod 
15 4013-43 LeSueur 54 44 71.5 80 13.6 3.7 0.6 high 
16 0208-123 Anoka 13 40 49.5 50 85.0 0.7 0.3 low 
17 0901-74 Carlton 12 49 53.5 54 11.8 2.1 4.5 low 
18 1002-79 Carver 11 14 37 49 14.2 2.5 0.3 moderate 
19 1601-48 Cook 34 1.5 12 32 14.2 1.7 0 high 
20 8580-149 Winona 4 4 5 6.5 45.9 1.2 0.1 moderate 
21 5509-63 Olmsted 30 5 20 42 30.4 1.6 0.1 mod-high 

1 for lateral variability, high = a majority of depths with qt COV > 1, low = a majority of depths with qt COV ≤ 0.3, 
moderate = a majority of depths with 0.3 ≤ qt COV ≤ 1, dual symbols used for profiles with mixed variability 
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A majority of sites (16/21) had low median cone tip resistance less than 40 tsf, and moderate to 

high median friction ratios greater than 2%. This indicates predominantly clayey soils. Of the 5 

sites with sands and silty sands, 4 of them were from alluvial environments and 1 was lacustrine.  

There was little correlation between formation environment or CPT parameters and depth of 

penetration, as illustrated in Figure 2.17. This tends to occur because of the layered nature of 

soils, refusal for onshore projects is typically met when a hard layer is reached rather than an 

accumulation of frictional resistance along the cone rods. Additionally, the median depth of 

soundings for many sites was on the order of 50 ft. This is often the depth required for 

investigation, so soundings were terminated because project objectives were met rather than soil 

response. Shallower soundings with a maximum depth of 30ft were observed in some high tip 

resistance low friction ratio sandy sites, however it is possible that the soundings were also 

terminated due to project requirements rather than soil response.  

2.2.4 Summary and conclusions related to Mn/DOT data 

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 50 ft for most projects (100 ft for bridges). Within these depth ranges, 

normalized Q-F and Q-Bq soil classification charts can be used, provided engineering judgment 

is applied.  

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 time sensitive 

investigations would have been otherwise impossible to perform without use of the CPT; and (ii) 
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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 data and stratigraphy inferred from the CPT. 

2.3 Wisconsin DOT 

CPT data from 2 major projects in the Milwaukee area have been evaluated: 

 Marquette Interchange 

 Mitchell Interchange 

The Marquette Interchange project included a number of CPTs in Lake clays and silts, as well as 

Clayey Tills. The soils for the Mitchell Interchange were predominantly Clayey Tills. This 

section will focus on typical characteristics of CPTs at each project, and analyses related to 

engineering parameters will be included in Chapter 5. Figure 2.18 shows locations of soundings 

for both sites on a geological map of Milwaukee county. Locations at each site are enlarged in 

Figures 2.19 and 2.20. 

Table 2.5. Summary of regional geology for previous WisDOT sites analyzed 
UW 

Site No. 
WisDOT 
Project 

County Regional Geology 

W1a Marquette Milwaukee Clayey Till and Fill 
W1b Marquette Milwaukee Lake Clays and Silts 
W2 Mitchell Milwaukee Clayey Till 

 
Table 2.6. Summary of CPT performance for previous WisDOT sites analyzed 
UW 
Site 
No. 

WisDOT 
Project 

 

County # 
CPTs 

Depth (ft) Median CPTU values lateral 
variability1 min median max qt 

(tsf) 
F 

(%) 
u2 

(tsf) 
W1a Marquette Milwaukee 23 13 41 92 38.6 2.9 0.2 high 
W1b Marquette Milwaukee 4 43 65 70 12.2 3.6 1.8 low-mod 
W2 Mitchell Milwaukee 8 18 55 61 40.2 2.8 0.1 moderate 

1 for lateral variability, high = a majority of depths with qt COV > 1, low = a majority of depths with qt COV ≤ 0.3, 
moderate = a majority of depths with 0.3 ≤ qt COV ≤ 1, dual symbols used for profiles with mixed variability 
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Cone penetration testing for the Marquette Interchange and Mitchell Interchange can be 

considered moderately successful. Median values of penetration depth were 40 to 65 ft, with 

penetrations in general being deeper in the Lake Deposits. The deepest penetration of 92 feet was 

achieved in a clayey till. Dense sands underlying the Lake Deposits resulted in a maximum 

penetration of 70 ft. Early refusal in the dense layers underlying the Lake deposits may be 

somewhat problematic from a foundation design standpoint. Cone tip resistance must be 

averaged over 8 diameters above a proposed pile tip depth and to up to 4 diameters below a 

proposed pile tip depth to account for differences in response of small diameter cones and large 

diameter piles (see section 6.2). 

It is noted that 4/27 CPTs for the Marquette interchange were identified as soft Lake deposits 

based on the results of CPT tests. Geologic maps indicated 18/27 CPTs may contain significant 

thicknesses of near surface soft Lake sediment. 

CPTs in Clayey Tills at the Marquette Interchange and Mitchell Interchange produced similar 

results, with median tip resistance values on the order of 40 tsf and median friction ratios just 

under 3. Only one CPTU collected high quality measurements of pore pressure for the Mitchell 

Interchange project (CPTU-03), and the combination of testing above the water table as well as 

interlayer sands and clays resulted in low mean pore pressures observed in the Marquette data. 
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3 Equipment and testing procedures 

3.1 Field Equipment 

CPTs were primarily performed using the University of Wisconsin-Madison’s 24 ton CPT truck, 

Figure 3.1.  The truck is a 1982 Mack RM series Hogentogler modified truck that transports the 

equipment and powers the hydraulic system.  The hydraulic system in turn powers the jacks 

mounted at the front, center, and rear of the truck.  These jacks elevate the truck to maximize the 

reaction force and to provide a level surface to advance the cone.  The two exterior jacks at the 

center of the truck, closest to the cone, are connected by a beam that provides additional stability 

where the cone is pushed into the ground.  The hydraulic system also operates the ram system 

used to advance the CPT probe, Figure 3.2.  The hydraulic ram is capable of 25 ton capacity and 

is setup with a rate control allowing advance rates from 0.004 in/sec to 4 in/sec.  The hydraulic 

pump, rams, and control equipment are located within the box compartment aft of the truck cab.   

Due to a hydraulic pump failure, an additional CPT truck was used for a portion of this study.  

The Purdue University’s CPT truck is a lighter 7-ton Hogentogler open bed truck, Figure 3.3.  

This is a smaller truck had a similar hydraulic system and control panel.  Because the dead 

weight of the vehicle is much lighter, the truck is equipped with a helical anchoring system to 

develop additional reaction force to advance the cone. 

The CPT data acquisition equipment was obtained through Vertek in the spring of 2010.  The 

data acquisition equipment is hard-wired to the CPT probe during sounding and converts the 

voltage output from the cone sensors to a digital signal which is transmitted to a conversion box 

in the cone truck.  The conversion box transforms the digital signal to engineering units based on 

a calibration factor that the field laptop can record and display real-time measurements during 

the push.  The proprietary Vertek software package displays real-time plots of cone measured 

data and records measurements for later analysis. 

The cone penetrometer probe used for testing is a Hogentogler subtraction type digital seismic 

piezocone with a 1.44 in diameter, a 1.55 in2 (10 cm2) projected tip end area, and a friction 
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oil were used during the testing program.  To saturate the pressure transducer the following 

procedure was performed: 

 Unthread cone tip and invert cone clamping to vise so that pressure transducer cavity is 

facing upward 

 Fill entire cavity with glycerin such that meniscus forms above cone body 

 Inspect cavity for small air bubbles.  If bubbles are present gently tap cone body to agitate 

bubbles to the surface 

 Using syringe fill the channel in the cone tip with glycerin allowing a bead of glycerin to 

form around the seat for the pore water pressure filter 

 Remove saturated filter from the silicone oil container and fit onto tip 

 Make sure that there is a meniscus above the cone tip and cone body prior to placing the tip 

onto the cone 

 Quickly invert the tip onto the cone to minimize the chance of air bubbles entering the tip 

and thread the tip into place.  Threading of the tip will displace the excess glycerin out of 

the cone body cavity. 

 Place a thin latex membrane filled with additional glycerin around the saturated cone 

pressure transducer and filter to reduce chance of losing saturation prior to initializing the 

sounding. 

3.4 Test Naming Convention 

Tip, friction sleeve, and pore water pressures were measured continuously for all soundings.  The 

test naming system provides insight into the configuration and data collected for each cone test.  

Most soundings are designated CPTU#-##.  The U indicates that a piezocone test was performed 

and the number directly following, for instance U2, identifies the position of the pore water filter 

element.  With the CPT probe used for this study u1 and u2 positions are possible, although u2 is 

the primary configuration used Figure 1.2.  In addition seismic piezocone tests are identified as 

SCPTU2-##.  The numbers following the cone configuration represent the test number 

performed for that study area.  In some cases a letter is designated after the cone number 

indicating that the sounding was stopped, CPT probe removed from the ground, and a new 
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sounding was started in the same location.  This process was typically performed if initial 

readings indicated poor saturation of the pore water pressure transducer or some equipment error 

was indicated.  

3.5 Supplemental Testing 

3.5.1 Drilling Operations 

Four independent borings were conducted to obtain samples for laboratory testing.  These 

borings are outlined in Table 3.1.  Nominally undisturbed tube samples were obtained at sites 

UW-1, DOT-7 and DOT-10c.  Disturbed auger samples were obtained at all locations.  Samples 

were field identified according to the procedures outlined by ASTM D 2488 by an engineer in 

the field and preserved for review and subsequent laboratory testing.  Logs for borings are 

included with site descriptions in Appendix 4. 

Table 3.1: Summary of soil borings conducted 
Site Drill Rig Depth of Sampling Sample Type 

UW-1 CME- D 120 98 ft Tube and Split Spoon 
Long-10 Hand Auger 13 ft Auger (Disturbed) 
DOT-7 Gehl Skid Steer 10 ft Tube and Auger 

DOT-10c Gehl Skid Steer 10 ft Tube and Auger 

 

3.5.2 Laboratory Testing 

At multiple study areas laboratory data was available for CPT comparison.  These data included 

DOT-1 with data provided by WisDOT, UW-1, DOT-7, and DOT-10c with laboratory testing 

conducted in the University of Wisconsin-Madison’s geotechnical laboratory.  Laboratory tests 

conducted include moisture content determination (ASTM D 2216 ), Atterberg limits (ASTM D 

4318), fall cone testing, grain size analysis using mechanical sieves and hydrometer (ASTM D 

422 and D 6913), oedometer tests (ASTM D 2435), unconsolidated undrained triaxial tests 

(ASTM D 2850) and consolidated undrained triaxial tests with pore water pressure 

measurements (ASTM D 4767). Available lab data is provided in Appendix 4.   
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3.6 CPT Study Areas 

CPT testing was performed at multiple locations across the state of Wisconsin in order to 

investigate the different soil types that are typically encountered in engineering design.  Specific 

locations were coordinated with WisDOT engineers to focus on locations with specific interest.  

Coordination with WisDOT was key because use of previous soil boring data was considered for 

subsurface interpretation. These locations were typically close to large population centers in the 

state and are therefore representative of soil conditions for many foundation design projects.  

Site selection was chiefly determined by accessibility for the CPT truck, location proximal to 

existing boring data, and site geology.  Accessibility was a top priority because most testing 

occurred on the side of the road near highway structures.  Soundings typically took at least one 

day for advance and closure operations.  When conducting dissipation testing, individual 

soundings required up to 3 days to conduct.  For these reasons finding a safe location was a 

paramount concern.  In addition to safety, slopes and ground hazards were also considered in 

evaluating accessibility.  Most testing occurred near existing highway structures so that the 

subsurface explorations for the highway structure could be used for comparison to CPT results.  

Finally, the site geology and depth to bedrock played a role in the site selection.  

The cone was advanced until one of multiple refusal criterion were met.  The term refusal is used 

to indicate a point during a sounding where it is not possible or impractical to continue  

advancing the cone deeper.  The most apparent case of refusal occurs when the resistance to 

pushing is larger than the reaction load of the vehicle.  In this case the CPT truck is lifted off of 

the ground when attempting to advance deeper and the sounding is stopped for safety reasons.  

More commonly, soundings are determined to be at refusal when large changes in inclination 

occur over short depth intervals. A high degree of inclination over a short distance stresses the 

cone and push rods that may potentially cause damage.  This condition was achieved for an 

increase of inclination over 1 degree over a depth of 1 m.   
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4 Data presentation and results 

4.1 Data presentation 

4.1.1 Graphs and Figures 

It is most common to show plots of cone tip resistance (qt), friction ratio (F=fs/qcnet %), and 

penetration pore pressure (u2) with depth for a CPT sounding (Figure 4.1, Figure 4.2). The 

estimated in-situ pore pressure, u0, is plotted on the pore pressure figure, and is typically equal to 

u2 in drained sandy soils. Scales are adjusted to encompass the most important aspects of the 

data; the sandy soils at the Mn/DOT Wakota Bridge site have a maximum tip resistance scale of 

450 tsf, while the soft lake clays at the Mn/DOT St. Vincent’s site have a maximum tip 

resistance scale that is an order of magnitude lower, at 40 tsf. 

Typical layering can be selected based on major changes in tip resistance, friction ratio, and/or 

pore pressure response. These layers can be subgrouped based on estimated formation 

environment and/or anticipated engineering response. Five major layers with up to three 

occurrences (at different vertical locations) are identified (on the pore pressure plot) in Figure 

4.1. It is evident that Layer I generally has a higher tip resistance and lower friction ratio than 

Layer II. From bearing capacity theory it is conceptually known that drained sandy soils have 

higher bearing capacity factors (Nq) than undrained clayey soils (Nc) [additionally noting that 

undrained strength is on the order of 0.25 to 1.0 times 'v0, after Ladd 1991] which is reflected in 

Figure 4.1 by higher qt values for the Layer I ‘drained’ sands than the Layer II ‘undrained’ 

clayey soils. Layer II is split into two sub layers due to variation in friction ratio as well as tip 

resistance (which is difficult to see on this linear scale). Layer III is broadly similar to Layer I in 

that it has a high cone tip resistance. Additionally, for Layer III the measured penetration pore 

pressure (u2) is increasing along the (dashed) hydrostatic (u0) line. Hydrostatic penetration pore 

pressures below the water table are also indicative of drained penetration in sandy soils. Sharp 

drops in qt are observed in Layer IV at about 55ft and 72ft, which are clear indications of 

changes in material behavior. The low tip resistance is coupled with high u2 values, indicating 

undrained behavior in a clayey soil. Two thin silty layers are observed in Layer V between 80 

and 90 ft, which are characterized by tip resistance that is slightly higher than the undrained case 
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Figure 4.6. Single vertical axis plotting for cross section development based on qt and u2 (Marquette Interchange) 

 
Figure 4.7. West-East partial cross section at the Marquette Interchange based on qt and u2 
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sounding from a given site, or grouping, as well as median values and lateral coefficient of 

variation for tip resistance and friction ratio. An example profile for Mn/DOT site 17 is shown in 

Figure 4.8. This is a relatively uniform site, in that 10 of the CPTs overlie each other with qt 

equal to the median. There is more variability in friction ratio and pore pressure, with some of 

these effects attributed to  the location of the water table. It is interesting that 2 of the CPT 

soundings have high cone tip resistance as compared to the others. As the pore pressure response 

is similar for these two soundings, the high cone tip resistance is likely due to drift or error in 

assessment of zero readings, and should be confirmed. Multiple measurements within a 

piezocone test allow for more rational quality control checks of data than single source SPT 

blowcounts. 

Many of the CPT profiles did not have data collected at uniform depths. These occurrences may 

have resulted from frequency of data recording, different depths of prebore/dummy push, or 

other factors. To create site summary plots and assessment of lateral coefficient of variation, data 

for each CPT profile needed to be interpolated to consistent depth readings. This procedure was 

checked by overlaying a non-processed sounding over the processed sounding (red line in Figure 

4.8). Levels of quality control are needed when CPT data are mass processed. 

4.1.2 Contractor Documents 

CPT data are still typically used by geotechnical engineers, rather than contractors. In Minnesota, 

consulting engineers and DOT staff have used CPT data for sizing foundations, selecting 

embedment depths of piles, delineating soft soils, etc.. Use of data by contractors was initially 

limited, but has grown over time due to increased familiarity with the testing results. No 

specialized courses were given nor was a CPT contractor manual prepared by Mn/DOT. 

Figure 4.9 gives an example of how CPT data has been included in Mn/DOT contract 

documents. The location of the CPTs is given along with a table of the maximum depth of 

penetration. Cross sections, in this case, are still based on borings and the contractor would need 

to request the geotechnical report to actually have the CPT information. As previously shown in 

Figures 4.5 and 4.7, cross sections can be modified to include CPT results. 
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4.2 Results 

A total of 61 soundings at 14 sites were performed for this study, as summarized in Figure 4.15, 

Table 4.11, Table 4.12, and Appendix 2.  Eight of these soundings were probes using the dummy 

push rod, Figure 4.16, and did not result in tip, sleeve or pore-water pressure measurements.  Out 

of the 53 soundings using the CPT probe, only two did not have saturated pressure transducers, 

and 15 of the soundings included seismic shear wave velocity measurements.  The depths for all 

soundings combined to a total length of 1848 ft.  Appendix 2 provides cone profiles of measured 

parameters with comparison to WisDOT borings and individual sitemaps.  

Dissipation testing was conducted during most soundings.  A total of 320 dissipation tests were 

performed for a cumulative duration of 212 hours.  Many of these tests were short duration, less 

than 5 minutes, tests performed during rod breaks to develop a better indication of drainage 

conditions.  
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Table 4.1. Summary of regional geology for WisDOT sites tested 
UW 

Site No. 
UW 

Site ID 
County Regional Geology 

T01 UW-1 Dane Lake 
T02 Long-10 Dane Outwash 
T03 Long-12 Dane Outwash 
T04 Long-13 Dane Outwash 
T05 DOT-7 Dane Outwash 
T06 Long-11 Dane Outwash 
T07 DOT-1 Brown Lake / Fill 
T08 DOT-16 Winnebago Clayey Till 
T09 DOT-10 Sheboygan Fill 
T10 DOT-10a Sheboygan Clayey Till 
T11 DOT-10b Sheboygan Clayey Till 
T12 DOT-10c Sheboygan Clayey Till 
T13 DOT-3R Sauk Alluvium 
T14 Long-8 Dane Alluvium 

 
Table 4.2. Summary of CPT performance for WisDOT sites tested 
UW 
Site 
No. 

UW 
Site ID 

County # 
CPTs1 

Depth (ft) Median CPTU values lateral 
variability2 min median max qt 

(tsf) 
F 

(%) 
u2 

(tsf) 
T01 UW-1 Dane 4 (5) 13 65 99.6 130 1.0 0.9 low 
T02 Long-10 Dane 7 26 26 89 87 1.3 0.3 low-mod 
T03 Long-12 Dane 1 - 62.8 - 128 1.4 1.0 - 
T04 Long-13 Dane 1 - 56 - 144 1.2 0.5 - 
T05 DOT-7 Dane 8 12.5 14.8 42.7 67 0.8 0.4 low 
T06 Long-11 Dane 2 23.9 53.2 38.6 177 1.0 0.1 low 
T07 DOT-1 Brown 2(5) 3.3 3.3 70 9.7 0.7 5.1 low 
T08 DOT-16 Winnebago 4 15 25 35.4 33.8 2.4 2.5 low 
T09 DOT-10 Sheboygan 0 (4) 2.5 3.2 3.9 - - - - 
T10 DOT-10a Sheboygan 2 (3) 7.6 7.7 7.9 167 0.7 0.1 mod-high 
T11 DOT-10b Sheboygan 5 5.7 12.8 24 34.4 3.4 0.6 moderate 
T12 DOT-10c Sheboygan 6 19.7 21.9 26.3 29 3.4 1.3 moderate 
T13 DOT-3R Sauk 5 73.4 73.6 78.1 142 0.7 1.1 low 
T14 Long-8 Dane 5 2 5.7 9.2 40.7 1.7 0.3 moderate 

1 number in parentheses indicates total number of cones pushed, includes dummy probes that met shallow refusal 
and erroneous CPTU1 qc and fs data from UW-1 

2 for lateral variability, high = a majority of depths with qt COV > 1, low = a majority of depths with qt COV ≤ 0.3, 
moderate = a majority of depths with 0.3 ≤ qt COV ≤ 1, dual symbols used for profiles with mixed variability 
 
Table 4.3. Summary of CPT performance for WisDOT sites tested by geology 
Regional Geology # 

CPTs1 
Depth (ft) Median CPTU values lateral 

variability2 min median max qt 
(tsf) 

F 
(%) 

u2 
(tsf) 

Fill 0 (7) 2.5 3.3 3.9 - - - - 
Lake 6 (7) 13.1 65.3 99.6 60.1 1.0 1.6 high 
Alluvium 10 2 41.3 78.1 141 0.7 1.0 high 
Outwash 19 12.5 26.3 88.8 102.6 1.2 0.4 moderate 
Clayey Till 17 (18) 5.7 19.4 35.4 32.3 2.9 1.1 low-mod 
1 number in parentheses indicates total number of cones pushed, includes dummy probes that met shallow refusal 
and erroneous CPTU1 qc and fs data from UW-1 

2 for lateral variability, high = a majority of depths with qt COV > 1, low = a majority of depths with qt COV ≤ 0.3, 
moderate = a majority of depths with 0.3 ≤ qt COV ≤ 1, dual symbols used for profiles with mixed variability 
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Good success was achieved in Lake, Alluvium, and Outwash conditions, with maximum 

penetration depths exceeding 75 feet in each geological condition. Data from Long-8 near the 

Wisconsin river are grouped with the Alluvial deposits from site DOT-3R. Good performance 

was achieved at site DOT-3R, with a median penetration of 74 feet, but the maximum 

penetration at site Long-8 was less than 10 feet. The Long-8 site may have had geological 

conditions more similar to a loamy till than alluvium. The clayey tills of Sheboygan county also 

resulted in difficult testing conditions, with numerous near surface refusals from cobbles and 

gravel. Continuing eastward from Plymouth resulted in deeper penetrations, with relatively 

successful testing at site DOT-10c. The inability to penetrate greater than 4 ft at site DOT-10 is 

attributed the fill soils that also contain gravel, rather than the natural material. Difficulties were 

also encountered for the fill soils at site DOT-1 in Green Bay. 

On average, penetration depths were lower in this study as compared to data reviewed from 

Mn/DOT and tests performed by commercial firms in the Milwaukee area. It is noted that 

median tip resistance values recorded at sites in this study were higher from previous sites in 

glacial geology reviewed. Both sites in Milwaukee had median tip resistance values less than 50 

tsf, and 18/21 Mn/DOT sites had median tip resistance values less than 55 tsf. Only 5/14 sites 

tested in this study had median tip resistance values less than 55 tsf, and 6/14 had median tip 

resistance values greater than 125 tsf. This being said, it is not the median tip resistance that 

results in refusal, it is the local maximum tip resistance or potential to cause sharp changes in 

inclination. These difficulties arose due to the presence of gravel and cobbles, mostly 

encountered in the relatively low tip resistance clayey tills.  

Commercial testing in the Milwaukee area had greater success when retesting adjacent to a 

sounding which had met refusal than retesting in this study. If testing in this program met refusal, 

retesting was performed at an offset of 6 ft. Additional offsets at 30 to 60 feet from a given 

location were attempted for repeat refusals. Excavation of near surface material aided in some 

situations, such as DOT-7, but was generally only successful if gravel and cobbles were limited 

to the upper 1 to 2 feet. 
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4.3 Equivalent Commercial Costs 

The budget for this project was developed based on an estimate of 2 days per site for each of 15 

sites, or 30 days total testing. Preliminary estimates from a commercial CPT firm was $3750/day 

for a 24 ton rig and $4000/day for a 30 ton rig, plus $4/mile round trip mobilization. This would 

result in a total field testing portion of the project costs that was over twice the total allowable 

budget of $65,000. A reduced research rate of $700/day was developed for the UW-Madison 24 

ton CPT rig, and when combined with a 12 month research assistant salary, tuition, and travel 

costs, the allowable budget of less than $65,000 could be achieved. The scope of 61 CPTs at 14 

sites was completed in 39 days of field work.  

Table 4.4. Estimated equivalent commercial costs for testing program undertaken 
Item Unit Cost 

($/ea) 
Unit 
(ea) 

Cost 
($) 

Mobilization    
     Loop 1 – fall 2010 $4/mi 450 mi $1,800 
     Loop 2 – spring 2011 $4/mi 100 mi $400 
     Purdue Rig – summer 2011 $4/mi 850 mi $3,400 
Location Setup    
     Paved Area / Field $75/test 61 tests $4,575 
In-situ Testing    
     Piezocone testing $8.50/ft 1848 ft $15,708 
     Hole abandonment (grouting) $4.50/ft 1848 ft $8,316 
     Dissipation test $200/hr 212 hr $42,400 
     Seismic Testing $25/test 163 tests $4,075 
Data Reduction    
     Electric Cone Penetrometer Sounding $75/test 61 tests $4,575 
Out of Town Expenses    
     Hotel $75/day 28 days $2,100 
     Meals $35/crew day 56 crew days $1,960 

 
Subtotal without dissipations 

 
$46,909 

 
Total 

Cost / day 

 
$89,309 

$2290/day 

 

Based on the quantity of testing completed, an equivalent value of commercial testing can be 

estimated. Table 4.4 summarizes estimated costs of the testing program based on typical rates for 

CPT contractors. The estimated commercial cost of the entire CPT field program was 37% 

greater than the total allowable project budget of $65,000. That figure would not include costs 
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associated with compilation of this report, evaluation of CPT data from previous sites, or 

supplemental borings and laboratory testing performed. The average day rate based on 

commercial production rates would be on the order of $2,300, however, due to the research 

nature of this study, productivity in terms of footage was lower than that of a commercial firm. 

Dissipation testing accounted for 47% of the total estimated commercial budget. Collection and 

interpretation of dissipation test results was paramount to this study and the understanding of 

CPT data in Wisconsin, but may not be needed for routine project testing once experience is 

organized.  
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5 Evaluation of soil behavior and properties 

5.1 CPT and SPT correlations 

In areas where use of the CPT is not prevalent, many engineers have developed their experience 

evaluating soil resistance based on SPT N-value. A first stage in starting to adopt the CPT often 

involves creating equivalent SPT blowcount profiles from CPT data (e.g., Robertson et al. 1983, 

Jeffereies & Davies 1993) and then applying SPT based correlation that the engineer is more 

comfortable with. Now that CPT based correlations to material properties have sufficiently large 

databases (e.g., Lunne et al. 1997, Mayne 2007), the intermediate step of generating correlations 

between cone tip resistance and SPT blowcount is unnecessary. However, the large amount of qt 

and SPT N-value data that are available in this study makes a review of qt and N correlations 

appropriate. Data from Minnesota is presented as energy corrected N60 values, while the 

correction of data from Wisconsin is uncertain and uncorrected N value are used. 

Figure 5.1 illustrates correlations between (qt/pref) and SPT N-value in relation to CPT 

normalized cone tip resistance and CPT friction ratio. Detail on the breakdown of the database 

and specific correlations for different soil types is contained in Tables 5.1 and 5.2. A reference 

stress (pref) equal to 1 atmosphere (1.058 tsf) is used to make the correlation nondimensional. 

Similar observations are made for each study, which are in general agreement with (qt/pref)/N60 

ratios presented by Robertson et al. (1983); (i) (qt/pref)/N60 increases from approximately unity in 

fine grained soil to approximately 4 in coarse grained soils; (ii) the coefficient of variation is 

between 50 and 100%. For the new Wisconsin sites (this study), 18 tests in soft clays and organic 

material had blowcounts of zero, negating the applicability of the N-value or assessment of 

(qt/pref)/N. The ability to accurately measure resistance in very soft soils is an advantage of the 

CPT. 
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Table 5.1. Comparison of CPT and SPT penetration resistance in organic and clayey soils 
Dataset Organic Low Plasticity Clay High Plasticity Clay 
 Median COV n Median COV n Median COV n 
Minnesota 
 

1.0 0.45 9 1.3 0.53 44 1.9 0.41 28 

Wisconsin Marquette / 
Mitchell 

1.2 0.56 13 2.4 0.72 63 - - - 

Wisconsin UW Study 
 

0.6 - 1a 2.3 0.71 26b - - - 

a 2 tests with SPT N-value of 0 (weight of rods or weight of hammer) 
b 16 tests with SPT N-value of 0 (weight of rods or weight of hammer) 
 
Table 5.2. Comparison of CPT and SPT penetration resistance in sands, sand mixtures, and fill 
Dataset Sand Loam Fill 
 Median COV n Median COV n Median COV n 
Minnesota 
 3.8 0.31 36 2.5 0.88 24 - - - 
Wisconsin Marquette / 
Mitchell 3.5 0.83 8 2.2 0.96 5 4.3 0.82 29 
Wisconsin UW Study 
 5.6 0.46 35 2.5 0.49 20 - - - 

 

It is interesting to note, that on average (qt/pref)/N ratios for Wisconsin sites were 50 to 80% 

higher than those from Minnesota and the coefficient of variations for the correlations are higher. 

It is inferred that these differences and higher uncertainties are associated with SPT hammer 

energy and other correction factors. The higher (qt/pref)/N ratios for Wisconsin sites indicate 

lower N-values, which indicate transferred energies greater than 60%. It is recommended that if 

SPT data is collected at a site, a calibrated hammer is used and data are presented as N60 rather 

than N. This will reduce uncertainty in application, and may lead to less conservative assessment 

of engineering parameters. 

5.2 Assessment of Geotechnical Parameters 

This section focuses on correlations between CPT measurements and mechanical parameters. 

Definitions and a summary of engineering parameters discussed in this section are presented in 

Section 2.1.2.  
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Dissipation testing measures the change in pore-water pressure with time during a halt in 

penetration.  This test is analogous to an oedometer test where a load is applied to the soil and 

reduction in pore pressure (or settlement related to increases in effective stress) is measured with 

time.  Results of CPTU dissipation tests can be used to directly assess the coefficient of 

consolidation and indirectly assess the hydraulic conductivity. 

Results are analyzed in terms of the dimensionless normalized excess pore-water pressure, U: 

i

t

i

t

u

u

uu

uu
U









0

0  (5.1) 

ut is the measured pore pressure at time t, u0 is the in-situ hydrostatic pore water pressure, and ui 

is the measured pore water pressure at the beginning of the dissipation. t100 is the time to 100% 

dissipation of excess pore-water pressures where the measured pore-water pressure is equivalent 

to the hydrostatic value (um = u0). Conventional dissipation curves decrease continually with 

time. Normalized modified time factors (T*) can be used to analyze the coefficient of 

consolidation from dissipation tests. 

t

IrT
c r

h

2*
   (5.2) 

where r is the cone radius, T* is a modified time factor (Table 5.3) and t is the time to reach that 

percentage of dissipation or consolidation, for example t50 for T*50.  Equation 5.2 is typically 

applied by determining the initial pore pressure at the beginning of the test, calculating U at each 

time measurement, and determining the time at 50% dissipation, t50, when U = 0.5.  The ch 

calculation is typically performed using t50, but may be taken from any point on the dissipation 

curve.  Schnaid et al. (1997) compared the variability of results depending on what percent of 

consolidation is selected and found that estimates taken at 50% and greater displayed less 

variability.  This is an important point because conducting a dissipation test to hydrostatic values 

in soils with low hydraulic conductivities may require several days.  



79 
 

Table 5.3. Modified time factors for CPTU dissipations (Teh & Houlsby 1991) 
Degree of Consolidation 

1-U 
T* at the cone shoulder 

0.20 0.038 
0.30 0.078 
0.40 0.142 
0.50 0.245 
0.60 0.439 
0.70 0.804 
0.80 1.60 

 

Conventional monotonic dissipation curves may not always be observed in glacial geological 

conditions.  An increase in pore pressure may be measured followed by a decay to the in-situ 

pore pressure condition, known as a dilatory dissipation. This effect has been contributed to local 

shear induced pore pressures, as shown for monotonic versus dilatory dissipations in Figure 5.3. 

A complete hybrid critical state model can be used to quantify dilatory dissipation response, but 

these solutions are still being refined (Burns & Mayne 1998, Mayne 2007). Analysis of dilatory 

dissipations in this study used the square root of time method (Figure 5.4) discussed by Sully et 

al. (1999) to estimate t50, and the Teh & Houlsby (1991) modified time factors. Parametric 

studies by Hotstream (2011) imply that this method yields ch values that are within a factor of 1.5 

(on the low side), provided that measured penetration pore pressures are positive. 
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While laboratory data was only available for a limited number of locations where dissipation 

tests were performed, data in Figure 5.5 give us confidence in the results from the large number 

of dissipation tests performed in this study. 

To evaluate hydraulic conductivity from dissipation tests, the constrained modulus of the soil is 

needed (Equation 2.1). Constrained modulus can be estimated from CPT data, as discussed in the 

next section. 

5.2.2 Compressibility 

Compressibility is the change in volume due to change in effective stress, and is most important 

for soft clays and organic soils. During cone penetration in soft clays and organic soils, the 

coefficient of consolidation is low enough that penetration is undrained, and essentially no 

change in octahedral effective stress occurs. Any estimation of compressibility from CPT 

parameters is therefore a correlation that has a relatively weak theoretical basis. 

A correlation between constrained modulus (1/compressibility) and net cone tip resistance takes 

the form: 

 0'' vtc qD    (5.3) 

Mayne (2007) highlights that c' is site specific and varies from about 1 to 2 in soft high 

plasticity clays to 10 in cemented clays.  

Since D' is an effective stress parameter it may be considered more fundamentally sound to 

develop correlations between D' and effective cone tip resistance. 

 2'' uqD tce   (5.4) 

Based on deformations below an embankment in a lightly overconsolidated clay and silty clay, 

Tonni & Gottardi (2011) proposed ce' of 2.3. Like the correlation to net tip resistance, 

correlations between D' and effective cone tip resistance appear site specific. The coefficient of 
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The Mayne (2007) database is plotted in Figure 5.6 with an overlay of data from Wisconsin. As 

previously mentioned, there are not unique constrained modulus correlations and the correlation 

to net tip resistance shows less scatter than the correlation to effective tip resistance. Inclusion of 

CPT penetration pore pressures does not reduce uncertainty in the correlation, and correlations to 

qcnet are recommended. Data from Wisconsin tend to follow the lower limit of the correlation 

with constrained modulus being approximately twice the net cone tip resistance. This was true 

for very soft low PI soils at DOT-7, as well as very stiff low PI soils at DOT-10c.  

Three of the four data points from site DOT-1 (sensitive low plasticity lacustrine clays from 

Green Bay) tend to plot higher than the average trend, and are similar to lacustrine clays at the 

Northwestern test site in Evanston. The structured nature of the clay may result in low 

compressibility (high constrained modulus) as compared to cone tip resistance, however, sample 

disturbance for the sensitive clays from Green Bay make interpretation of response uncertain, 

and high quality undisturbed sampling at that site is recommended. 

5.2.3 Shear Stiffness 

Immediate deformations, whether drained or undrained, occur from applying a shear stress to a 

soil element. The resistance to distortions caused by shear stresses is the shear stiffness, or shear 

modulus (G). As previously mentioned, shear stiffness is difficult to evaluate since it increases 

with effective stress and decreases with increasing strain level (Figure 2.8). Operational stiffness 

for foundations and retaining walls is much less than that measured in geophysical tests and 

close to the stiffness measured in pressuremeter unload-reload loops. Depending on the fraction 

of ultimate capacity to which a wall or foundation is loaded, operational stiffness may be less 

than that from a pressuremeter unload-reload loop.  

Small strain stiffness is covered in Section 7.1 on the seismic cone test, and this section will 

focus on larger strain measurements of stiffness. No pressuremeter data were available for the 

field sites tested under this program, and correlations between cone tip resistance and 

pressuremeter data for Lake Clays and Clayey Tills from the Marquette Interchange and Mitchell 

Interchange projects are assessed herein. Shear stiffness of sandy soils is addressed in Section 6.1 

on the design of shallow foundations. 
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As pressuremeter unload-reload loop depth increases (change in total stress, p), the average 

strain over the loop increases and Gu-r/G0 decreases (i.e., Figure 2.8). When the loop depth (p) 

exceeds twice the undrained strength, the soil is yielding plastically, resulting in lower stiffness 

values.  Average p/su values for pressuremeter tests performed at the Mitchell interchange were 

1.5, but were 2.0 for the Marquette Interchange. This greater loop depth during unload-reload 

loops, as well borehole disturbance and other differences in testing procedures, likely resulted in 

the differences in correlations between CPT parameters and shear stiffness.  

Data generally support the following correlation between intermediate strain level shear stiffness 

for low plasticity clays from the Milwaukee area: 

1

10
114


 






 

Q

q

G

cnet

ru

 (5.5)
 

Correlations of this format require additional site specific validation with high quality 

pressuremeter testing. Additional comparison to results from seismic cone tests may reduce 

uncertainty in assessment of low-high strain values of shear stiffness. 

5.2.4 Resilient Modulus 

For design of flexible pavement systems, estimations of the resilient modulus (MR) are a key 

design parameter. Resilient modulus is conceptually similar to the unload-reload shear modulus 

discussed in the previous section, and therefore, it is logical that a state dependent correlation to 

cone tip resistance could be developed. It is noted that correlations in the previous section were 

only applicable for low plasticity clays tested at an intermediate strain level, and the empirical 

coefficients need validation in other soil and loading conditions. 

Additional complexities in resilient modulus occur since the resilient modulus is defined at a 

particular bulk stress level, which will generally differ from the in situ mean effective stress. 

Schuettpelz et al. (2010) discuss the need to account for void ratio, stress level and strain level in 

the evaluation of resilient modulus.  
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While no assessment of resilient modulus from CPT parameters was performed in this study, 

existing correlations have been discussed by Puppala (2008). The following equation has been 

used as an estimate of resilient modulus for overburden and traffic conditions based on CPT 

measurements (Puppala 2008): 

w

ds
c

R

w

f
q

M





7.14.17047

1

1
55.0

3








         (5.6) 

Where MR is the resilient modulus in MPa, qc is the cone tip resistance in MPa, fs is the sleeve 

friction in MPa, 1 and 3 are the major and minor principal stresses in kPa, w is the water 

content expressed as a decimal, d is the dry unit weight, and w is the unit weight of water. 

While it is not recommended to use this dimensionally specific (and inconsistent) empirical 

correlation that has no link to physical mechanisms, the format highlights that the correlation 

between strength and stiffness is soil type dependent (i.e., depends on qc and fs), varies with void 

ratio (use of w and d in correlation), as well as mean stress (3). It is recommended to extend the 

correlation formats discussed by Schuettpelz et al. (2010) in light of sand and clay G/qcnet 

correlations presented in sections 5.2.3 and 6.1 of this report if attempting to assess resilient 

modulus from CPT parameters. 

5.2.5 Strength 

 

Undrained 

A primary application of the cone penetration test is to evaluate undrained strength of clayey 

soils. The results would be applicable to assess embankment stability, deep foundation axial and 

lateral resistance, bearing capacity of shallow foundations, among other design issues. The net 

cone tip resistance is reduced by a cone factor (Nk) to estimate the undrained strength at the time 

of testing. 
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It is often useful to assess data in terms of normalized undrained strength ratio, su/'v0: 
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 (5.8) 

 
Published values of Nk generally range from 7 to 25 (e.g., Salgado 2008), however, theoretical 

evaluation of cone factors limit this range to 10 to 15 (e.g., Randolph 2004). Median cone factors 

for DSS and vane shear (VST) modes of strength are 13.7 (Randolph 2004). The wide range of 

cone factors published in the literature can largely be attributed to sample disturbance and 

strength anisotropy. Table 5.6 lists how various issues affect undrained strength, cone tip 

resistance, and apparent Nk value (Nk,app). 

 

Table 5.6. Factors influencing apparent cone factor (Nk,app)  
 su,meas 

Nk,app 
su,meas 
Nk,app 

qc,net 
Nk,app 

Sample Disturbance X   
Fissuring X   
Sensitivity X   
Spatial Variability / / / 
Strength anisotropy X X  
Fissured clay X   
Increase in testing rate (for CPT, viscous)   X 
Decrease in testing rate (for CPT, drainage)   X 
Increase in testing rate (for reference test, viscous)  X  
Decrease in testing rate (for reference test with 
uncontrolled drainage conditions, i.e., VST, drainage) 

 X  

Net area ratio correction for CPT   / 
Drift in CPT baseline   / 
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Strength data from this study was available from: 

 Soft high plasticity silt at UW-1 (CIUC) 

 Soft low plasticity clays at DOT-1 (UU and VST) 

 Soft low plasticity clay for the Marquette Interchange Project (UC) 

 Stiff low plasticity clay for the Marquette Interchange Project (UC) 

Triaxial compression data were available at all sites, however, the test performed included (i) 

isotropically consolidated undrained compression tests (CIUC); (ii) unconsolidated undrained 

compression tests (UU); and (iii) unconfined compression (UC) strength tests. Of the 26 triaxial 

tests, only 1 was a CIUC test. UU and UC compression tests have low reliability and results 

should be used with caution. Field vane shear tests were also performed at 15 depths at the DOT-

1 site. Strength data is compared to CPT net tip resistance in Figure 5.8. Cone factors of 10 and 

15 are shown for reference.   

 



 

Figure 5.8.
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The recommended correlation of Kulhawy & Mayne (1990) matches triaxial test results from 

frozen specimens of clean sands well in Figure 5.9a. Application of the correlation in Figure 5.9b 

to undrained triaxial tests on clayey tailings with 5 to 15% fines appears slightly conservative. It 

should be noted that the friction angle for relatively low stress triaxial tests summarized in Figure 

5.9 will be too high for application to bearing capacity of shallow foundations in sands. These 

friction angles should be reduced to account for mean stress at failure (e.g., Equation 2.15). 

5.3 Soil Classification 

Conventional soil classification for geotechnical engineering is typically performed to the 

specifications of the USCS (Casagrande 1948, ASTM D 2487 and D 2488) a primarily textural 

system.  The USCS breaks soils into two major divisions: coarse and fine grained soils based on 

the percentage of fined grained soil particles, nominal diameter < 0.075 mm, passing through the 

number 200 sieve (#200).  Coarse grained soils are sands and gravels defined as having over 

50% of the particles with a nominal diameter greater than or retained on the #200.  Fine grained 

soils, silts and clays, have over 50% passing the #200.  Further, divisions within these two main 

groupings are made based on additional factors such as percent fines and plasticity. 

Sands and gravels are further grouped based on gradation, or the distribution of particle sizes.  A 

well graded soil exhibits a gradual transition in grain size from coarser gravels and sands to fine 

sands.  A poorly graded soil has a poor distribution of grain sizes and is therefore likely to 

exhibit a larger void space than a well graded sand or gravel.   Fines content, the percentage of 

particles by mass passing the # 200 sieve, is also considered in the classification of sands and 

gravels where the fines content greater than 5% changes the classification to indicate the 

presence of fines. This classification system groups coarse grained soils by void space because 

the strength and water flow behavior is dependent upon inter-particle interactions and void space.     

Silts and clays are classified by consistency limits or the Atterberg limits. These limits represent 

the water contents at which fine grained soils change behavior.  The plastic limit (PL) represents 

the change in soil behavior from a brittle solid to a plastic material defined as a shear strength of 

170 kPa (Wroth & Wood 1978).  The liquid limit (LL) represents the threshold between plastic 
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and viscous liquid behavior and is defined as the shear strength of 1.7 kPa (Wroth & Wood 

1978).  The difference of these parameters is the Plasticity Index (PI=LL-PL), and is plotted 

against liquid limit, allowing for classification of fine grained soils in Figure 5.10.   

This classification based on Atterberg Limits does not accurately account for grain size 

differences between silt and clay particles, but rather indexes potential compressibility.  Studies 

have found “silts” classified as clays and “clays” classified as silts (USBR 1998), however; PI is 

a useful indicator of anticipated soil behavior.  The plasticity index has been correlated to the 

compression index, Cc, (Wroth & Wood 1978, Atkinson 2007): 

5.3100

PIG
C s

c   (5.10) 

Estimates of remolded undrained shear strength (su) can be estimated using the liquidity index 

(LI) which is defined as: 

PI

PLw
LI


  (5.11) 
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Table 5.7. Soil behavior type number zones and descriptions (after Schneider et al. 2008) 
SBTn Simplified Soil Description Assessed drainage 

during cone 
penetration 
(this study) 

Similar Zone in Robertson 
(1990) Q-F classification 
charts  

Assessed drainage 
during cone 
penetration 
(Robertson 2010) 

1p Organic soils Undrained to partially 
drained 

2: Organic Soils – Clay 
 

Undrained 

1b Undrained Clays Undrained 3: Clay to silty clay 
 

Undrained 

1a Silts and ‘Low Ir’ Clays Undrained to partially 
drained 

4: Silt mixtures – Clayey 
silty to silty clay 

Undrained 

1c Sensitive Clays Undrained 1: Sensitive fine grained 
 

Undrained 

1ac Sensitive silts and sensitive 
‘Low Ir’ clays 

Undrained to partially 
drained 

1: Sensitive fine grained Undrained 

3 Transitional soils Undrained to 
essentially drained 

5: Sand Mixtures – Silty 
sand to sandy silt 

Partially drained 

3s Transitional soils – Sands 
and sand mixtures 

Partially drained to 
essentially drained 

6: Sand Drained 

2 Sands Essentially drained 
 

7: Dense sand to gravelly 
sands 

Drained 

 

Inferred soil behavior type is quite similar for this system and the Robertson (1990) charts, but 

tends to become offset by one zone for sands and silty sands and differ significantly for 

overconsolidated clays. These differences are in agreement with the inferred point at which cone 

penetration is drained or undrained, as indicated in Figure 5.2. To understand these drainage 

boundaries and cone penetration testing in Wisconsin, an extensive dissipation testing program 

was performed. Initial assessment of soil behavior type will be based on drainage conditions 

during penetration, quantified through dissipation testing. 

Cone penetration and drainage conditions are linked through the normalized velocity (V, e.g. 

Finnie & Randolph 1994).  

hc

dv
V


  (5.13) 

Where v is the penetrometer velocity, d is the penetrometer diameter, and ch is the horizontal 

coefficient of consolidation. Dissipation times (Section 5.2.1) are typically characterized by the 

time to 50% consolidation, t50. The normalized velocity (V) is actually equal to t50 for standard 
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cone dimensions (d=1.44 inches) and penetration rates (0.78 in/sec) and an assumed rigidity 

index of 84 (Figure 5.5a). This relationship is only applicable if penetration is undrained. If 

penetration is partially drained, normalized time factors tend to increase as compared to the 

undrained case (Silva et al. 2006, Schneider et al. 2007) and the V-t50 relationship needs to be 

modified. Table 5.8 presents several t50 times with anticipated water flow characteristics. The 

calculated values of V in Table 5.8 agrees well with the suggested ranges for drained penetration 

with V< 0.1 and undrained penetration occurring at V>30-100 (Randolph 2004).  

The location of data in Q-F soil classification charts is shown in Figures 5.12 to 5.16. The 

sensitivity boundary has been removed such that CPTU soil classification charts should be in 

better agreement with non state assessment of soil types (i.e., USCS, AASHTO). Table 5.9 

provides drainage estimates of several t50 values.  Hydraulic conductivity was estimated using 

Equation 2.1 with an assumed D of 100 tsf.  This table allows for rough estimation of the water 

flow properties of the soil.   

Table 5.8. Estimates of cv and V based on different t50 times calculated using Teh and Houlsby (1991) solution.  
Values were corrected based on results by Silva et al. (2006).  Calculations based on a cone diameter of 35.6 mm 
and soil with Ir = 84. 

v 
(mm/s) 

t50 
(s) 

T50 
 

Apparent 
ch 

(ft2/day) 

Apparent 
V 
 

T50,pc/T50 
 

T50,pc 
 

ch 
(ft2/day) 

V 
 

Drainage 
Condition 

20 5 0.245 132 5 16 3.9 2119 0.3 
Essentially 
Drained 

20 15 0.245 43.7 15 5.6 1.37 247 2.7 
Partially 
Drained 

20 30 0.245 18.6 30 2 0.49 44.6 15 
Partially 
Drained 

20 100 0.245 6.5 100 1 0.245 6.5 100 Undrained 

20 300 0.245 1.9 300 1 0.245 2.2 300 Undrained 

20 3000 0.245 0.2 3000 1 0.245 0.2 3000 Undrained 

 
Table 5.9. Legend and range of t50 presented in Figures 5.12 to 5.16.  Estimated water flow characteristics based on 
calculations in Table 5.8. Values presented in this table are applicable to a 10 cm2 cone advanced at the standard 
steady rate of 20 mm/s. 

t50 
(s) 

Symbol V 
ch 

(ft2/day) 
kh 

(ft/day) 
Drainage Condition 

0 – 15  <2.7 >247 >0.07 Essentially Drained 
15-30  2.7 – 15 45-247 0.003-0.03 Partially Drained 
30-100  15 - 100 6.5-45 0.0003-0.003 Essentially Undrained 
100-300  100 – 300 2-6.5 0.0003 Undrained 
300-3000  300 - 3000 0.2-2 3x10-5-3x10-4 Undrained 
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the shape of the boundaries suggested by the revised Q-F chart of constant F at larger values of Q 

and variable F values at low Q conditions for soils with similar water flow characteristics.  

The next step in evaluating soil classification from CPT data is to provide a link from water flow 

characteristics to soil type. This was achieved by simplifying data from study CPTU soundings 

conducted across WI in varying geologic deposits to a number of representative layers.  The 

results of the field work have been summarized in Table 5.11 in 23 representative layers based 

on visual classification. Many of these layers (13/23) also include laboratory classification.  

Initial review of the median of the CPTU normalized parameters provides an indication of the 

relative differences expected between different soil types.  Large differences in Q and F are 

observed between the sand and clay soils as expected. The distribution of these data in soil 

classification charts is provided in Table 5.12.   Layers analyzed in this study are presented in the 

revised Q-F and Q-u2/'v0 space in Figures 5.17 to 5.22. 

This large dataset allows a check of the relationships determined for data placement in the 

revised Q-F classification chart, as well as consistency between Q-F and Q-u2/'v0 charts.  

Firstly, the sand soils, Figure 5.17 and 5.18, typically fall within zones 2 and 3 s as indicated by 

the dissipation testing performed in this study.  The differences in drainage conditions are readily 

apparent in the pore pressure based charts, where the sand mixtures are showing elevated pore 

pressures.  
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drillers’ visual classifications, these layers are interpreted as silts in the textural sense. These silty 

soils, however, are likely to have some clay component and additional sampling and 

classification testing is warranted. Further indication of the partially drained behavior of these 

soils is observed in Q-u2/’v0 space, with ‘movement’ of data points between Zones 1b into 3.  

A small gap in data in these figures occurs in the transitional soils zone (3), with Layer 6 being 

the only silt soil that plots in the center of that zone in the CPTU classification charts.  Many of 

the silt layers in this study plot on the boundary of zones 3 and 1a.  Layer 20 represents a high 

plasticity silt tested from site UW-1. Index testing resulted in the soil plotting essentially on the 

A-Line in the Casagrande plasticity chart, showing nearly high plasticity clay behavior. 

Undrained soil response is anticipated to plot in Zone 1b, and transition through Zone 1b to reach 

Zone 3 as drainage increases.  This trend is observed in the silt data provided in Figure 5.19. 

Additional CPTU testing in transitional soils or silt deposits may help fill this gap and further 

develop the boundary shown.   

In the clayey soil regions, zones 1a and 1b, the general shape of the zones match the movement 

of data in classification charts as OCR changes. Variation in OCR and state can be observed 

when comparing locations of normally consolidated lake clays in Figure 5.21 to the 

overconsolidated clayey tills in Figure 5.20. The tills typically display larger values of Q and 

larger values of F.  

Organic soils tested at site UW-1 are shown in Figure 5.22.  These soils displayed relatively low 

tip resistances and high friction ratios, with the data points falling within zone 1p. Additionally, 

low penetration pore pressures and moderate rates of drainage (during dissipation tests) were 

measured (Figure 5.13). Organic soils and peats are highly variable deposits and the results from 

one test site do not provide adequate data to fully constrain all organic soils. 

Previous discussion of dissipation results highlighted the fact that soils exhibiting different 

behaviors under typical loading conditions may plot in similar locations in SBTn charts.  Figures 

5.17 through 5.22 provide some insight into areas of overlapping soil types for typical conditions 

of Wisconsin to aid in judgment when utilizing cone penetration testing in Wisconsin. Variability 

is observed, as expected, in the unsorted till data in Figure 5.20.  Careful review of the available 
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data is critical to a correct interpretation of soil type from SBTn charts.  Assigning a rigid 

classification to all data within a certain zone is not recommended; however, incorporating 

knowledge of the surrounding geology, landscape features, and previous investigations (i.e., soil 

survey maps and geologic maps) an engineer/geologist may anticipate soils and sequences that 

will be encountered during an investigation.    

A summary of the zones of the soil classification chart in which data plot is provided in Table 

5.12. A majority of data plot is zones 1b and 3s, ‘Low Ir’ clays and silts and sand mixtures. Since 

the clays tested in this study were predominantly low plasticity index clays, this zone could be 

considered as low PI clays in Wisconsin. Only one high plasticity inorganic fine grained soil was 

tested, layer 20.  This bias may be due to the relative low occurrence of high plasticity clays and 

silts in WI or the sites tested.   

In relation to soil classification, it is summarized that even when testing in an area with little to 

no background knowledge, the CPTU is an applicable tool even though it does not provide a soil 

sample.  Sands below the water table are readily identified as plotting in zones 3s and 2 of the 

revised Q-F SBTn space with no excess pore pressures generated during penetration.   Normally 

to overconsolidated, insensitive clay soils will provide friction ratios greater than 3 and typically 

positive excess pore pressures.  Negative pore pressures are typically associated with highly 

overconsolidated soils and will therefore coincide with large Q values.  Soft layers of concern are 

readily identified by CPTU testing based on tip resistance, and the extents of these layers can be 

quickly determined by performing multiple soundings.  Pore-water pressures are key in 

determining drainage characteristics of soils that plot in or near the transition zone.  If pore 

pressures are unavailable (i.e., a low water table) use of Q-F SBTn chart may be done assuming 

the worst case scenario for a low risk project; for example if a soil plots in zone 3s assume that it 

is a transitional soil with a significant fines content as suggested by Ramsey (2002).  Gradually, 

as more testing is performed a reliable interpretation of the soils at a site/region can be developed 

using CPTU. 
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6 Applications 

No field data of foundation or embankment performance was available at the WisDOT CPT test 

sites, and this section will provide an overview of mechanisms that influence the use of CPT data 

for design of shallow foundations, axial loading of driven piles, and embankments. 

6.1 Shallow Foundations 

For shallow foundations to be applicable to transportation structures, the underlying soils 

typically need to have a high stiffness to minimize deformations. For the most part, if settlements 

are minimized then a sufficient factor of safety against bearing capacity is achieved (e.g., Mayne 

& Illingsworth 2010). Bearing capacity calculations still need to be performed, but design 

decisions related to application of bearing capacity equations are primarily driven by selection of 

strength parameters, discussed in Section 5.2.4. This section will focus on shear deformations of 

sands and stiff clays. Consolidation settlements of clay soils would additionally need to be 

considered for shallow foundation design, but is not specifically addressed herein. 

The analysis of settlements caused by shear distortions of the soil beneath shallow foundations 

can simply be thought of as a stress-strain curve, the stress is the footing load divided by the area 

(q) and the strain is indicated by the settlement (s) normalized by the footing width (B) or 

equivalent diameter (Deq). 
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where I is an influence factor that is typically defined in terms of elastic modulus. For a rigid 

footing on an infinitely thick homogeneous elastic half space, I is equal to /4. Values of 

influence factors are affected by a number of issues including: 

 Change in shear stiffness with depth 

 Footing shape (circle / square, rectangular, strip) 
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 Foundation stiffness 

 Foundation embedment 

 Presence of shallow bedrock 

Various influence factors are discussed by Mayne & Poulos (1999) and Mayne (2007), and this 

section will focus on the homogeneous case for sandy soils. Selection of shear stiffness for 

undrained clays is discussed in Section 5.2.3. 

Figure 6.1 compares correlations between shear modulus and cone tip resistance in two different 

formats for assessment of shallow foundation footing settlements. 

 Constant ratio of G/qt (after Schmertmann 1978) 

 G/qt reducing as s/Deq (i.e., strain level) increases 

Correlations were selected to provide a good match to data at a normalized settlement of 1% of 

the footing equivalent diameter. This corresponds to settlement of 1 inch for a 7.5 ft square 

foundation. 

The constant ratio of G/qt can match the database for a given value of s/Deq, but over predicts 

settlements for smaller s/Deq and under predicts settlements for larger s/Deq. This is the main 

difficulty in selection of stiffness for settlement calculations, as illustrated in Figure 2.8. To 

account for stiffness nonlinearity, a power law function may be used. Mayne & Illingsworth 

(2010) suggest stiffness reduces as a function of s/Deq
0.5. The entire database, of both 

overconsolidated and normally consolidated sands, is fit well using s/Deq
0.5. Alternatively, 

Burland & Burbidge (1985) suggest that G/qt reduces as a function of s/Deq
0.7. When using this 

relationship, ‘overconsolidated’ sands are typically 2 times stiffer than normally consolidated 

sands, but there is some overlap of the databases.   

It should be noted that the stiffness relationships for clayey soils in Section 5.2.3 did not include 

a reduction in modulus due to strain level. Linking small strain shear modulus from seismic cone 
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2005), and also be influenced by the relative level of soil displacement during pile installation 

(e.g., Gavin & Lehane 2003). Pile shaft friction correlations between f based on CPT qt are still 

considered more reliable than correlations to CPT fs. 

A multi variable expression relating f to qt has been developed based on mechanisms 

influencing pile shaft friction and the assumed (relative density independent) correlation between 

radial effective stress after installation and equalization and qt (Lehane & Jardine 1994, Gavin & 

Lehane 2003, Lehane et al. 2005): 

frd
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effrst
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h
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f

f
 tan',max
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 (6.6) 

Terms within Equation 6.6 are illustrated in Figure 6.2, where ft/fc is the ratio of friction in 

tension to that in compression (taken as unity in compression), Ars,eff is the effective area ratio of 

the pile toe during installation and ‘h’ is the height above the pile tip. Ars,eff is affected by 

plugging at various stages during installation, which is best assessed using the IFR that may vary 

with depth during driving. With the above expression, fitting parameters are related to various 

mechanisms that affect the correlation between qt and f: 

 a = parameter to account for the reduction in radial stress behind the pile tip 

 b = parameter to account for differences between open and closed ended piles 

 c = exponent to account for ‘friction fatigue’ 

  = parameter to account for and upper limit on (h/D)-c near the pile tip 

It is noted that friction fatigue is the reduction in local friction, which occurs as a pile tip is 

driven deeper into the soil (e.g., White & Lehane, 2004). Within the UWA-05 method for 

siliceous sands, the parameters a, b, c, and  have been calibrated for piles in compression to 

equal 33, 0.3, 0.5, and 2 (Lehane et al. 2005, 2008). For clays, ‘a’ is dependent on OCR and 

sensitivity, while ‘b’, ‘c’, and ‘’ have been preliminarily estimated as 0.1, 0.2, and 2, 

respectively (Schneider et al. 2010).  
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If the effects of friction fatigue, area ratio, ratio of tension to compression shaft capacity, change 

in radial effective stress during loading, and interface friction angle are ignored, the parameters 

c, b, 'rd, tanf and ft/fc in Equation 6.6 become equal to 0, 0, 0, 1, and 1, respectively. Equation 

6.6 therefore simplifies to: 

s

t
f

q


   (6.7) 

Equation 6.7 is commonly referred to as a CPT ‘alpha’ method. Eslami & Fellenius (1997) 

recommend using s equal to 250 for clean siliceous sands, and it is common to take s as 40 in 

clays. An intermediate value of s equal to 100 is often used in sandy silts and clayey silts. It is 

recommended to use s of 40 in heavily over consolidated clayey and loamy tills, if cone 

penetration is undrained. The parameter s is related to the parameter ‘a’ from Equation 5, but 

has a higher value since the effects of friction fatigue, area ratio, ratio of tension to compression 

shaft capacity, change in radial effective stress during loading, and interface friction angle are 

ignored. Use of simplified s values calibrated to empirical databases clearly induces bias when 

applied to conditions outside of the database used to calibrate the method. 

It is logical, and tempting, to try to use CPT fs to estimate pile shaft friction (e.g., Begemann 

1965). A comparison between average CPT fs and average pile f for databases of pile load tests 

in clays is shown in Figure 6.6. Two regimes of dominant behavior are identified from Figure 

6.6; (i) setup, where f,avg/fs,avg is greater than unity; and (ii) friction fatigue, where f,avg/fs,avg is 

less than unity. 
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6.3 Embankments on Soft Soils 

Embankments on soft soils involve three major design issues: 

 Stability, evaluated through the undrained strength 

 Magnitude of settlements 

 Time for settlements and strength increase to occur 

The cone penetration test is ideal to assess undrained strength and time dependent properties, and 

has some application to assessment of the magnitude of settlements.  

Cone penetration testing can reliably be used to evaluate soil strength at the time of testing 

through the cone factor Nk, as discussed in Section 5.2.4. To assess changes in strength with time 

under an embankment, both the change in in-situ effective stress and change in state (OCR) need 

to be quantified (i.e., Ladd 1991). Increases in effective stress due to consolidation under an 

embankment increase strength, but increases in effective stress reduce OCR that reduces the 

undrained strength ratio: 
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 (6.8) 

To be able to understand changes in strength with time, the OCR and normalized undrained 

strength ratio need to be quantified. Mayne (2007) provides a thorough discussion of estimating 

OCR and/or preconsolidation stress from CPTU data. OCR correlations were not assessed in this 

study as no high quality preconsolidation stress data were available. 

Magnitude of settlements can be quantified by constrained modulus estimated from CPT 

(Section 5.2.2). The constrained modulus is relatively constant prior to the preconsolidation 

stress, but drops significantly for normally consolidated soils. In normally consolidated soils, 

constrained modulus will increase with increasing effective stress, and appropriate stress ranges 

must be used for assessment of compressibility.  
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Dissipation data can be very useful for evaluating time dependent behavior. For application to 

embankments, the dissipation results are directly applicable to radial drainage when using 

prefabricated vertical drains. Due to anisotropy in hydraulic conductivity and coefficient of 

consolidation, ch from dissipation tests may overestimate cv by up to an order of magnitude in 

varved clays. 
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7 Specialized Equipment and Non Standard Procedures 

7.1 Seismic Piezocone Penetration Test 

Methods for performing a seismic piezocone cone test (SCPTU) are highlighted in Chapter 3. 

The purpose of a SCPTU is to measure a fourth independent parameter, small strain shear 

stiffness (G0=Vs
2). Small strain stiffness needs to be reduced to operation values applicable to 

design, such as those discusses in Chapter 5. Methods for modulus reduction are discussed by 

Mayne (2007). 

The geophone in the SCPTU probe allows for the measurement of the seismic shear wave arrival 

time of the soils tested.  There are two basic setups for seismic measurements.  In a true interval 

system there are two geophones which measure shear wave arrival times over a set distance.  The 

alternative configuration known as the pseudo interval uses one geophone and the measurements 

are averaged over two readings. Incremental shear wave velocity, whether true interval or pseudo 

interval, is the change in distance traveled divided by the difference in arrival times for two 

successive shear waves, Vs = d/t. Comparisons between the two configurations indicate that 

the pseudo interval provides similar results to the true interval SCPTU (Robertson et al. 1986).  

Stiffness data from seismic cone can be compared to cone tip resistance, which is useful for 

identifying aged and cemented layers. Figure 7.1 shows shear waves collected at UW-1, and 

Figure 7.2 shows the process seismic cone profile. Additional seismic cone data is included in 

Appendix 2. 
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Table 7.1. Special techniques for increased success of cone penetration in hard geomaterials (after Mayne 2007) 
Advancing Technique Comments / Remarks Reference 
Downhole thrust system Single push stroke generally limited to 2 to 3m. 

Push to depths greater than 500ft below the 
seabed  are common by alternating push with 
drilling. 

Zuidberg (1974) 

Friction reducer Common to use on all soundings. Can have a 
variety of geometries, through tot be soil type 
specific. Less successful in very dense sands 

van de Graaf and 
Schenk (1988) 

Penetrometer that is a larger 
diameter than rods (i.e., 1.73 inch 
cone with 1.44 inch rods) 

Similar concept to friction reducer van de Graaf and 
Schenk (1988) 

Guide casing: Double set of rods, 
standard 1.44 inch rods supported 
inside larger 44mm rods to prevent 
buckling 

Works well for soft soils with dense soils at 
depth 

Peuchen (1988) 

Earth anchors Increases capacity for reaction. Difficult to use in 
construction fill. Purdue rig used with and 
without anchors during this project 

 

Heavy 20 ton deadweight CPT 
trucks and track rigs with central 
push 

Increased weight of reaction over standard drill 
rig 

Mayne et al. (1995) 

Mud injection Needs pump and line system for bentonitic slurry van Staveren (1995) 
ROTAP – Outer coring bit Special drilling cases through cemented zones Sterkx and van Calster 

(1995) 
Static – Dynamic penetrometer Switches from static mode to dynamic mode 

when needed 
Sanglerat et al. (1995) 

Cycling rods (up and down) May break through locally hard thin zones of soil Shinn (1995) 
Drill out (downhole CPTs) Alternate between drilling and pushing NNI (1996) 
Very heavy 30 and 40 ton rigs Mass may be added to 20 ton rig after it arrives at 

site or included on truck, depending on road 
weight restrictions. Mn/DOT operates one 30 ton 
rig. 

Bratton (2000) 

Sonic  CPT Use of vibrator to facilitate penetration through 
gravels and hard zones 

Bratton (2000) 

EAPS Wireline system for enhanced access 
penetrometer systems 

Farrington (2000); 
Shinn and Haas (2004); 
Farrington and Shinn 
(2006) 

CPTWD Cone penetration test while drilling Sacchetto et al. (2004) 
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8 Conclusions and Recommendations 

The objectives of this research were to evaluate the potential use of CPT technology for 

Wisconsin DOT projects. Tests were performed at sites in different geological conditions around 

the state and CPT results were compared to available data. This report was written to aid in 

understanding CPT data and how it relates to geologic history and engineering parameters. 

Analysis of the data compiled in the GIS will give the user more experience and familiarity with 

CPT results. 

Conclusions and recommendations will address the specific objectives of the project. 

Departmental subsurface investigative methods (generally soil borings) and cone penetrometer 

findings will be compared at a number of sites with differing soils and geology.  

Cone penetration in excess of 75 feet was achieved at sites in alluvium, outwash, and lake 

deposits. Difficulties were encountered in clay tills that had a significant amount of gravel and 

cobbles, as well as fill soils with gravel and cobbles. Commercial firms that performed testing 

for the Marquette Interchange and Mitchell Interchange project had slightly better success in 

Clay tills, reaching a maximum penetration depth of 92 feet for the Marquette interchange.  

While the databases for evaluating soil engineering parameters from CPT data does not need the 

intermediate step of CPT-SPT correlations, some interesting observations occurred from 

comparing those parameters. The correlations between SPT N-value and CPT tip resistance at 

WisDOT sites indicated higher ratios and more scatter compared to data from Mn/DOT. 

Mn/DOT uses corrected blowcounts with calibrated hammer energies. Correction of SPT 

blowcount for energy and other factors would be expected to result in more reliable site 

investigation than current practice. 

Evaluation of design parameters will be compared. 

Comparison between CPT data and engineering parameters was available for: 
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 Coefficient of consolidation 

 Constrained modulus 

 Shear stiffness of undrained clays 

 Undrained strength, and 

 Soil type 

Good correlation was achieved for coefficient of consolidation and soil type (using soil behavior 

type charts updated for this project). The small amount of data and questionable quality for 

constrained modulus, preconsolidation stress (not discussed), shear stiffness, and undrained 

strength did not allow for conclusions to be drawn.  

Although no data from Wisconsin were available, global databases were used to provide 

discussion of: 

 drained friction angle in sands 

 shear stiffness of sands (shallow foundation settlements in sands) 

 axial pile capacity; and 

 embankment performance 

Discuss advantages and limitations of CPT equipment, operations and interpretation will be 

presented. 

Testing in Wisconsin and comparison to existing data reinforced existing experience related to 

the CPT: 

Advantages 

 CPT data are of higher quality than SPT or laboratory samples collected using current 

practice 

 CPT results are available quicker than drilling, sampling, and lab testing 
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 The high volume of CPT data gives confidence in the ability to assess uncertainties and 

variability in soil conditions at a given site. 

Disadvantages 

 CPT may meet refusal due to changes in inclination if gravel or cobbles are present 

 CPTs in excess of 100 ft were not achieved in this study 

These disadvantages have been overcome by Mn/DOT and local CPT contractors in that area. 

Commercial CPT contractors are expected to have more success in achieving deep penetration 

than achieved in this research project, mainly due to the available capital to handle damage to 

CPT equipment.  

Detailed suggestions for the application of this technology on WisDOT projects will be 

presented. 

It has taken some time for Mn/DOT to use the CPT on a wide range of projects. WisDOT should 

not expect immediate success and cost savings from use of the CPT. They will need to constantly 

evaluate and update their site investigation experience. The electronic GIS provided with this 

project provides a framework where experience can be collected and rapidly reviewed. However, 

for the use of the CPT to be successful on a high percentage of Wisconsin DOT projects, an in 

house champion is needed to promote use of the technology and guide its application.  

For future projects, it is recommended to perform more CPTs than borings, and to start the CPT 

program a week or two before the drilling program. This will still require mobilization of two 

rigs, but if the CPT is not successful, the scope of the drillers can be expanded. Perform targeted 

sampling of critical and representative layers, not sampling on standard intervals. Borings should 

be performed adjacent to CPTs and the drillers need to take high quality samples. The sample 

quality and results of strength testing (i.e., UU and UC) observed in this study does not produce 

reliable results, making it difficult to assess uncertainty, reliability, and levels of conservatism in 
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design. High quality sampling proposed for the DOT-1 site should be a good first step to 

improving practice and understanding the inherent assumptions behind successful designs. 

Ideally, each of the 23 representative layers evaluated in detail in this report would have high 

quality sampling and laboratory testing performed at some time in the future. Only with 

consistent evaluations from laboratory and in-situ test data can practice move forward and cost 

savings be realized.    
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