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EXECUTIVE SUMMARY
This report describes a comparison of basic laboratory test results with more sophisticated
laboratory and in situ tests methods on soils in Southeastern Wisconsin. The generated soils
data in the Milwaukee Marquette Interchange project has been used in an attempt to correlate
the more ‘routine’ laboratory tests to determine geotechnical design parameters (such as phi-
angle, cohesion, unit weight, unconfined compression, consolidation characteristics, etc.).
Correlations were identified among undrained shear strength, cohesion, friction angle,
consolidation parameters, soil type, Atterberg limits, effective normal stress, and geological
origin. ANOVA and non-linear regression techniques were applied to identify and develop
correlation equations. Regression analysis found that the undrained shear strength (S,)
exponentially decreases with liquidity index and liquid limit. The S./o,’ exponentially decreases
with liquidity index and S,/a;’ is constant over liquid limit and preconsolidation stress o.’ (Su/o;’ =
0.22). The S/, can be linearly expressed by plasticity index and expressed by OCR with a
power function. The relationship among S,/o;’ and LI, LL, Pl, OCR, and o’ are close to the
published correlation in the literature. Mean value (0.2) of ¢'/o;' measured by CU triaxial tests is
very close to reported value in the literature. Data of sing’ and plasticity index are distributed
around the published linear relationship between sing’ and In(Pl). The data of ¢'/o;’ and Pl also
support the published linear relationship between ¢'/o,’ and PI. Compression index (C.) and
swell index (Cs) data are correlated as Cs ~ 0.2 to 0.1 C.. The data of C; is linearly varied with
liquid limit and in situ void ratio. The S, data are related to SPT N as a function of soil type.
These relationships are intended to assist the engineers to estimate structural properties based
on geological origin and simpler index tests such as Atterberg limits. In planning stages, they
provide valuable estimates of structural properties for analysis. It further allows verification of
structural test results when become available as to their reasonableness in comparison to the

historical data.
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1. INTRODUCTION

The design of the Milwaukee Marquette Interchange project involved an extensive
subsurface investigation for the structure and roadway foundations. The Milwaukee
Transportation Partners (MTP) consultant team oversaw this work. The investigation involved
soil borings, laboratory testing of various types of soil samples, and in-situ field-testing.
Laboratory testing consisted of tests such as unconfined compression, consolidation, triaxial,
moisture content, Atterberg limits, loss on ignition, compaction, gradation, pocket
penetrometer, pH, resistivity, wet unit weights, California bearing ratio, etc. In-situ testing
consisted of pressuremeter, dilatometer and piezometric cone penetration tests. This rather
large volume of soil data offers a unique opportunity to compare the various laboratory and

in-situ test results of these soil types.

This study investigates all of the generated soils data in an attempt to use the more ‘routine’
laboratory tests to determine geotechnical design parameters (such as ¢-angle, cohesion,
wet unit weight, unconfined compression, consolidation characteristics, etc.) that are typically
obtained from more sophisticated laboratory tests or in-situ field tests. The test result data
are analyzed to determine ranges of values, variations, trends, comparisons, etc. Since both
routine and higher-level testing has been conducted, this comparison was made and
correlations were developed that relate parameters for more sophisticated tests to those from
simpler and more routine tests. Future design work in this area of the state could be based
on more routine tests, while minimizing the need for more elaborate (and expensive)
laboratory or in-situ tests. This is likely to lead to more economical subsurface investigations

and greater confidence in soil properties



The Wisconsin Department of Transportation (WisDOT) has committed to a large
improvement program of the freeway system in southeastern Wisconsin. Thus, the results of
this study may enable reducing the design costs associated with the future projects in this

area.

2. RESEARCH OBJECTIVE

The technical objective of this study is to review the generated soils data in the Milwaukee
Marquette Interchange project in an attempt to correlate the more ‘routine’ laboratory tests to
determine geotechnical design parameters (such as phi-angle, cohesion, wet unit weight,
unconfined compression, consolidation characteristics, etc.) that are typically obtained from
more sophisticated laboratory tests or in-situ field tests. The range of values, variations,
trends and correlation will be explored in terms of different types of soils and/or geological

origin and compared to published correlations whenever possible.

3. BACKGROUND

WisDOT has provided copies of all subsurface investigation information from the Marquette
Interchange (MI) to the research team. This included boring logs and laboratory test results.
Communications with WisDOT personnel indicated that most of the data are in electronic
form, but some information is in paper format. The researchers reviewed all provided
information and looked for trends, comparisons, ranges of values, etc. that can be used to
correlate the different test methods to actual conditions. Engineering properties of glacial
units from Southeastern Wisconsin have been compiled by Edil and Mickelson (1995) and
provided an initial background to the geological origin and general characteristics of the soil
units encountered at Marquette Interchange project. The portion of the data relating to

structural properties (i.e., friction angle, cohesion and consolidation parameters) was



reviewed with respect to geological origin as determined from the stratigraphic position in the
boring logs, soil descriptions, and index properties. The structural properties were then

correlated with geological unit designation.

The focus has been to arrive at ‘basic’ soil field or laboratory tests that can be correlated to
more sophisticated laboratory tests or in-situ tests. Use of such correlations would enable
reducing the need for more expensive field and laboratory procedures on future projects in
similar soil conditions. The findings and conclusions are expected to result in final
recommendations on the suitability of using more basic laboratory or field tests to arrive at
geotechnical design parameters that are typically found through more expensive laboratory
tests or field investigative procedures for these particular soils. This report includes the
analyses, findings, conclusions, and recommendations for appropriate use of the

correlations.

There are prominent property correlations that have been published and found wide
acceptance in the geotechnical community. These correlations, being empirical in essence,
are, in principal, only applicable to the soils of the geological origin and/or of similar
fundamental characteristics on which the correlation is based. Therefore, use of these
correlations with confidence for local soils requires verification based on local data and
identification of potential limitations. Such correlations can be found in most soil mechanics
books (Mitchell 1996, Holtz and Kovacs 1983, Das 2006). Some of the correlations are also
given in Design Manuals such as NAV FAC D7 (NAV FAC 1986). In a recent report, the
Center for Geotechnical Practice and Research at Virginia Polytechnic Institute and State

University, published shear strength correlations (Duncan 1989).



The correlations are given separately for cohesionless and cohesive soils in terms of index

properties (e.g., gradation, Atterberg limits, density, soil type, etc.) and include the following:

Friction angle for cohesionless soils in terms of index properties.

Undrained shear strength and undrained shear strength ratio (i.e., undrained strength
divided by overburden pressure) of cohesive soils.

Effective friction angle and cohesion intercept of cohesive soils as related to specific

till units and their geological history (Edil and Mickelson, 1995).

Compression/consolidation properties have also been correlated to index properties. These

include:

Compression index, which is correlated to various index properties (Azzouz et al.
1976).

Swell index, which is related to compression index.

Compression index, which is related to liquid limit (NAV FAC 1986).

Preconsolidation stress as related to specific till units and their geological history (Edil

and Mickelson, 1995).

A compilation of correlations between soil properties and in situ tests has been published in

conjunction with the International Conference on In Situ Measurement of Soil Properties and

Case Histories sponsored by the International Society for Soil Mechanics and Geotechnical

Engineering (Rahardjo 2001). The various correlations include those for

Shear strength (friction angle of cohesionless soils and undrained strength of
cohesive soils) by SPT, pressuremeter, dilatometer and cone penetrometer tests.

Consolidation characteristics.



These documents provide a background and starting point for evaluating potential

correlations for the Marquette Interchange data.

This research effort is expected to produce a comprehensive examination of the potential of
using lower cost field and laboratory tests to arrive at geotechnical design parameters similar
to those obtained from more costly tests for soils common to southeastern Wisconsin. The
study examines the correlation between the various test results. The variation in these
values can be reviewed and criteria can be developed that delineate the appropriate use of
parameters from the correlations for WisDOT projects in this area of the state.
Documentation (data and information) will also be provided to assure that these correlations

are appropriate.

4. MAIN APPROACH

4.1 Compilation of Data in Electronic Media

Most of the data were compiled in electronic media for easy manipulation and analysis and
was transmitted as Microsoft Excel files. This database is included on 2 CDs attached to this
report. The data received from WisDOT consisted of a master summary table (Master Lab
Summary.xls) containing all test results (laboratory and in situ). The data was accompanied
by four “Geotechnical Exploration Data” reports, a “Core Investigation” report, two “Cone
Penetration Testing (CPT)” reports, a map of boring log locations, a geologic description of
the site, and a file containing potential geotechnical research topics for the project. These
files have been placed in the “Initial WisDOT Reports” folder and can be found in the

attached CD labeled “Marquette — WisDOT Files”.

The initial reports, however, contained only one third of the logs for the borings in the master

summary table. Thirty three additional reports were received from WisDOT (Marquette-



WisDOT Files and Additional Reports CD) and the data was input in Bold in the master
summary table (Master Lab Summary_Updated.xls). Even so, some boring logs could not be
found. A list of missing boring logs can be found in the Appendix A. This master summary

table contains all of data for data analysis, as shown in Table A1.

Additional boring logs were used for entering groundwater table (GWT) elevations and
assigning Unified Soil Classification System (USCS) symbols to each data point in the
master summary table spreadsheet. The GWT elevations were not available for all data

points because some boring logs did not contain GWT data.

A spreadsheet was also created for compiling consolidated undrained (CU) triaxial test
results (Marquette_CU Triaxial). The spreadsheet includes triaxial test results from WisDOT
reports and from the laboratory tests conducted by the University of Wisconsin-Madison.
Some data were reinterpreted, but not included in the master summary table. This file was

created for summarizing and comparing all CU triaxial test results.

There are 3,763 samples in the boring logs. Table 4.1 and additional Table B.1 (in Appendix
B) include the field measurement and laboratory measurement results. Table 4.1 summaries
boring numbers and their sample interval depth, depth to center, elevation of sample, water
table elevation, overburden stress, USCS soil classification from boring logs, soil type,
standard penetration test (SPT) blow count, water content, wet unit weight, dry unit weight,
loss of ignition, Atterberg limits (liquid limit, plastic limit, plasticity index, liquidity index), sieve
analysis (P10, P40, P200, %silt, %clay), specific gravity, consolidation (void ratio,
preconsolidation stress ., compression index C., swell index Cs, over-consolidation ratio
OCR), unconfined compressive strength q, from field pocket penetrometer and from

laboratory unconfined compression test, unconsolidated-undrained triaxial test, consolidated-



undrained triaxial test (cohesion c, friction angle ¢, effective cohesion ¢’, and effective friction
angle ¢’), hydraulic conductivity, max dry unit weight and optimum water content, pH,

resistivity, CBR, sulfates and chlorides.

4.2 ldentification of Potential Correlations
A systematic review of the literature was undertaken at the onset of the study to identify

potential correlations, such as:
¢ Internal friction angle (¢) vs plasticity index (PI)
e S, vs Liquidity Index (LI)
e S,/overburden stress (Sy/o, ) vs overconsolidation ratio (OCR)

e S, vs water content

Most of the data was not paired in terms of structural and index properties, limiting the
number of data points available for creating correlations. For example, this problem was
encountered for creating a correlation between S./o, and OCR. The wet unit weights for
calculating overburden stresses were not available for all boring logs. Thus, USCS symbols
were assigned to each data point (as obtained from the available boring logs) and the wet
unit weights were plotted as a function of depth (wet unit weight vs depth). Soils containing
similar wet unit weights were then divided into Type 1 (CL, CL-ML, HF, ML, ML-SM, SC-SP,
SM, SM-ML-CL) and Type 2 (OH, OL, OL-CL, OL-ML, PT). Type 1 soils had an average wet
unit weight of 137 £ 7 pcf (coefficient of variation of 5%), whereas Type 2 soils had an
average wet unit weight of 105 + 12 pcf (coefficient of variation of 11%) (Table 2). These wet
unit weights are consistent with reported values for inorganic fine grained Wisconsin glacial

soils, i.e., tills and lacustrine deposits are reported to have wet unit weights 130-138 pcf



(SEPRC 1989; Appendix E). Lower wet unit weight for organic soils is consistent with lower
specific gravity of organic content. Effective overburden stresses were then calculated
based on the aforementioned densities, available GWT elevations, and the depth of the data
points. Preconsolidation stresses for calculating OCR were available in the master laboratory

summary spreadsheet.

4.3 Statistical Analysis and Interpretation

In this phase a detailed analysis of the collected data to determine range of values,
variations, trends, influencing factors and correlations with them, geological controls and
other pertinent details were undertaken in so far as possible. Variations and ranges in the
reported data, factors influencing such variations, trends based on geological origin, grain
size distributions, Atterberg limits or other factors, correlations with index properties and
geological origin, comparisons with typical assumed and published values, and other

significant findings are included in the analysis.

Statistical methods were used to identify and develop reliable correlation equations. Analysis
of variance (ANOVA) techniques were used to identify variables with statistically significant
correlations. Based on the findings of the ANOVA, correlation equations were developed
using regression procedures, such as stepwise multivariate regression. Non-linear
regression techniques were also applied if needed. These techniques have been found to be
very effective in developing reliable and easy-to-use correlation equations for geotechnical
data. For example, Benson et al. (1994) used these techniques to develop an equation for
predicting the hydraulic conductivity of clayey soils based on Atterberg limits, clay content,
and gravel content. Similarly, Blotz et al. (1998) used these techniques to develop a rapid

method to determine optimum water content and dry unit weight based on the liquid limit.



The analysis also addressed the suitability and accuracy of the correlation equations, and
provided explicit criteria regarding suitable applications. Accuracy of the equations are
explicitly defined so that engineers using the equations will understand the uncertainty
associated with the estimated parameters and the limitations of the correlation equations

when making design calculations.

An evaluation of existing empirical equations was also conducted. This evaluation includes
an assessment of the suitability and accuracy of existing equations for soils in Wisconsin.
Comparisons are also made between existing correlation equations and those determined

using the aforementioned regression techniques.

5. RESULTS AND DISCUSSIONS

5.1 Geological Origin

The Menomonee River occupies a deep East-West valley under the city of Milwaukee and
the Marquette Interchange is centered over the deepest part. Deposits in this valley consist
of several till units, lake sediment, and stream sediment. The stratigraphy and depositional
environments of this deep valley fill are described by a Need (1983). The interpretation of
stratigraphic units was based on this stratigraphic framework. Stratigraphic units described

in this report are defined in Mickelson et al. (1984).

There is a record of three ice advances into the Menomonee River Valley beneath
Milwaukee, each of which deposited at least one till layer and commonly more than one.
Because glacier ice advanced into the river valley from the Northeast, a lake formed in the
valley each time the mouth of the river was damned. After ice retreated back off this location

and into the Lake Michigan basin a lake formed again in the valley. Thus the sequence



above bedrock consists of alternating till and lake sediment. Above this, and inset into these

deposits, are alluvial deposits formed after the last ice retreated.

An early ice advance deposited Tiskilwa till, but this apparently is not in any of the borings.
This was not reported by Need (1983) either. The next youngest unit is till of the New Berlin
Member of the Holy Hill Formation. This unit is a sandy silty till with numerous cobbles and
boulders. This unit was evidently not penetrated by any of the borings examined in this study,

although it is present in the valley.

The next youngest unit is the Oak Creek Formation. This is typically a gray clayey (CL)
sediment that may be till or lake sediment. In the borings the only way to distinguish is by the
presence or absence of pebbles and its uniformity in the core. In some cases the Oak Creek
till is interbedded with lake sediment and in this case it is very difficult to tell them apart.
Commonly the lake sediment is somewhat siltier than the till and if the description was
precise enough this could also be used to distinguish till from lake sediment. It also appears
that the till is somewhat more consolidated than the lake sediment, but only locally. Three ice
advances deposited Oak Creek till with interbedded lake sediment. Presumably at least
some consolidation took place during each of these advances as well as the subsequent

Ozaukee advance.

The youngest unit is the Ozaukee Member of the Kewaunee Formation. This also consists of
clayey till and lake sediment. All of this classifies as a CL soil, so the only way to distinguish
from the boring descriptions is based on the abundance of pebbles. The till of the Ozaukee
Member can be distinguished from till of the Oak Creek Formation by its pink or purpleish
hue. This is the uppermost till unit in the valley. The post glacial Menomonee and Milwaukee

River's eroded away the till in most places in the valley. Alluvial deposits accumulated in the

10



valley as the level of Lake Michigan rose between 10,000 and 5500 years ago. Most of

these deposits contain some traces organic materials.

5.2 Strength

5.2.1. Undrained Shear Strength (S,)

Box plots are shown in Figure 1 of the distribution of undrained shear strength as a function
of soil type. The centerline in the box corresponds to the mean (50" percentile), the outer
edges of the box correspond to the 25" and 75" percentiles, and the whiskers (outermost
liners) correspond to the 10" and 90" percentiles of the undrained shear strength. The
undrained shear strength data are measured by pocket penetrometer (PP), unconfined
compression strength test (UC) and unconsolidated-undrained (UU) triaxial tests. The
difference among the undrained shear strength using the three measurements for each type

of soil are shown in Appendix C (Figures. C1-C5).

Undrained shear strength of sandy silt, silty clay, and silty sand are very similar, including
their mean and distributions. The mean undrained shear strength of clay is the highest (125
kPa) while the undrained shear strength of organic clay is the lowest (35 kPa). The box
diagrams of undrained shear strength of measured methods (pocket penetrometer,

unconfined compression test and UU tests) are shown in the Appendix C.

Correlation between undrained shear strength and liquidity index (LI = w-PL/PI) is shown in
Figure 2. The best-fit nonlinear correlation (R?> = 0.58) between undrained shear strength

(Sy) and liquidity index (LI) can be expressed by:

1449

Su - el.72<LI (1)
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The dash lines in the Figure 2 indicate the correlation within +2c. All of paired data (S, vs LI)
from the unconfined compression test are in the range of t26. Some of S, data from the

pocket penetrometer are outside of the +2¢ range.

Correlation between undrained shear strength and liquid limit is shown in Figure 3. The best-
fit nonlinear correlation (R? = 0.38) between undrained shear strength (S.) and liquid limit

(LL) can be expressed by:

191.4

u = T 003LL (2)

Figure 4 shows correlation between undrained shear strength and preconsolidation stress.
The best-fit nonlinear correlation (R?> = 0.43) between undrained shear strength (S,) and

preconsolidation stress (c.’) can be expressed by:

S,=0.310, -10 (3)

The question mark represents the undrained shear strength data that are excluded in the
correlation development. There are not any correlations between measured undrained shear

strength and effective normal stress, as shown in Appendix C (Figure 12).
Box plots are shown in Figure 5 of the distribution of undrained shear strength as a function

of geological origin. The undrained shear strength data are measured by pocket

penetrometer (PP), unconfined compression strength test (UC) and unconsolidated-

12



undrained (UU) triaxial tests. Undrained shear strength of Oak Creek till has the highest
mean value (96.8 kPa). The mean undrained shear strength of Lacustrine soils (lake
sediment) is 77.7 kPa while the undrained shear strength of Ozaukee till is 76.1 kPa (only
one point). These strengths indicate that the glacial tills and lacustrine soils encountered are

“stiff” soils.

As can be seen, the correlations of undrained strength with index properties or effective
overburden stress by itself are not very strong. This is partly is a result of the fact that the
most of the data are based on pocket penetrometer test but also it is a result of the fact that
both composition (i.e., index properties) and stress history (i.e., density) separately control
undrained strength. In the next section, a normalization of undrained strength with effective

overburden stress and then correlation with index properties is considered.

5.2.2. Undrained Shear Strength over Effective Overburden Stress (Su/o;")

Box plots are shown in Figure 6 of the distribution of S,/o,’ as a function of soil type. The
SJ/o;’ of clay and silty clay are similar, although there is broader distributed S /o, of clay.
The mean Sy/o; of sandy silt and silty sand are comparable (~0.72). The mean S,/c;, of
organic clay is the lowest (0.26). These values are mostly higher than reported for normally
consolidated soils, i.e., 0.23 + 0.04 (Jamiolkowski et al. 1985). The implication is these soils
are likely to be over consolidated to some degree except perhaps organic clay. The box
diagrams of S,/o;’ from pocket penetrometer, unconfined compression test and UU tests are

shown in the Appendix C (Figures C7-C11).

Correlation between S /o, and liquidity index is shown in Figure 7. The best-fit nonlinear

correlation (R? = 0.32) between S,/o," and LI can be expressed by:

13



Most of paired data (Sy/o;' vs LI) from the unconfined compression test are in the range of
+2cs. Some of Sy/o;’ data from the pocket penetrometer are outside of the +2c range. A
similar relationship between S, /o, and LI has also been presented by Holtz and Kovacs

(1981) and Mitchell and Soga (2005).

Correlation between S, /o, and liquid limit is shown in Figure 8. The best-fit nonlinear

correlation (R? = 0.12) between S,/o; and LL can be expressed by (Mesri 1989):

92)

u—-0.22 ®)

Correlation between S /o, and plasticity index is shown in Figure 9. The best-fit nonlinear

correlation (R2 = 0.17) between S,/o; and Pl can be expressed by:

Sv _0.1140.01.PI (6)

O,

Most of paired data (S,/o;’ vs Pl) from the unconfined compression test are in the range of

12c. Some of Sy/o;,’ data from the pocket penetrometer are outside of the +2¢ range.

14



A linear relationship between S, /o’ and Pl has been presented by Mitchell and Soga (2005)

based on Wroth and Houlsby (1985) as

Sy _0.12940.00435 Pl (7)

(0}

z

However, there are five relationship between S, /o, and PI that have been developed for
“young”, “aged”, “special clays” (Holtz and Kovacs 1981). In this study, S,/o; and PI data
supports the linear relationship between S,/o;’ and PI, as given by Eq. 6, which is reasonably

close to Eq. 7 given by Wroth and Houlsby (1985)..

Figure 10 shows correlation between S, /o, and overconsolidation ratio. The best-fit

nonlinear correlation (R? = 0.67) between S./o,’ and OCR can be expressed by

Su _0.24.0CR™ (8)
(o2

z

The question mark represents the S, /o, data that are excluded in the correlation
development. A similar relationship between S,/o;’ and OCR has been reported in by Holtz
and Kovacs (1981) and Mitchell and Soga (2005), although there is no correlation model
developed. It is interesting to note that for OCR=1 (i.e., normally consolidated), Eq. 8 results
in 0.24 which is very close to 0.23 + 0.04 reported by Jamiolkowski et al. (1985) for normally
consolidated soils. It is noted that some data points corresponds to OCR<1, i.e.,

underconsolidated. This is not likely and it is a consequence of the fact that effective
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overburden stress was calculated for computing OCR based on estimated wet unit weights

and groundwater table positions.

Correlation between Sy /o;’ and preconsolidation stress o’ is shown in Figure 11. The best-fit
nonlinear correlation (R? = 0.11) between S/, and o’ can be expressed by the Eq. 5 (Mesti

1989).

Box plots are shown in Figure 12 of the distribution of S /o’ (i.e., undrained strength
normalized by preconsolidation stress) measured by pocket penetrometer (PP), unconfined
compression strength test and UU triaxial tests. The mean S,/o;’ measured by unconfined
compression strength test is 0.25, which is the close to the 0.23 + 0.04 reported by
Jamiolkowski et al. (1985). The S,/o.’ measured by PP are much broad and have a higher

mean (0.8) than unconfined compression test and UU triaxial test.

Box plots are shown in Figure 13 of the distribution of Sy/o;" as a function of geological origin.
The Sy/o;’ data are measured by PP, UC and UU triaxial tests. S./o; of Lacustrine has the
mean value (0.28), which is close to 0.22 reported by Mesri (1989) implying normal
consolidation or slight overconsolidation. The S /o, of Oak Creek till has the higher mean

value (0.55) implying overconsolidation and broader distribution.

5.2.3. Drained Shear Strength (¢' and c’)
Box plots are shown in Figure 14 of the distribution of effective friction angle (¢’) as a function
of soil type. The ¢’ of silty clay has a smaller mean (29°) but with a broader distribution than

¢’ of organic clay. Box plots are shown in Figure 15 of the distribution of effective cohesion
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(c’) as a function of soil type. The ¢’ of silty clay has a smaller mean (19 kPa) but with a

broader distribution than ¢’ of organic clay.

Correlation between ¢’ and plasticity index is shown in Figure 16. The relationship between

¢’ and Pl can be expressed by:

¢'= 29° )

In other words, there is no discernible dependency of ¢’ on Pl in this relatively narrow range
of PI= 5 to 25. Correlation between sin¢’ and plasticity index is shown in Figure 17. A best-
fit nonlinear correlation between sin¢g’ and Pl has been developed (Mitchell and Soga 2005)

as:

sin¢'=—0.1-Ln(Pl)+ 0.8 (10)

The measured effective friction angle in this study are scattered around the correlation

described by Eq. 10.

Box plots are shown in Figure 18 of the distribution of ¢’ as a function of geological origin. ¢’
of Lacustrine soils has the lowest mean value (24°). The ¢’ of Oak Creek till has the mean
value of 29° and a broader distribution than that of Lacustrine soils. These effective friction
angles are consistent with the angles reported by SEWRPC (1989) for Oak Creek till (27° -

31°) and fine-grained (clay and silt) lacustrine soils (22° - 27°).
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There are no known correlations for ¢’ other soil parameters. ¢’ is a result of
overconsolidation or stress history. ¢’ is considered zero for normally consolidated clays and
increases with increasing overconsolidation. There were no paired ¢’ and .OCR data to
explore a relationship. ¢’ is normalized with effective overburden stress. In this study, c'/o;’
and PI data indicate that c'/o;’ has a mean value of 0.2 but in no case is more than 1 as
shown in Fig. 19. It also does not show any trends with PI. Box plots are shown in Fig. 20 of
the distribution of ¢/’ measured by CU triaxial tests for all soils tested. The mean c'/o; in

this study is 0.2.

Box plots are shown in Figure 21 of the distribution of ¢’ as a function of geological origin. ¢’
of Lacustrine soils has the highest mean value (23 kPa). The ¢’ of Oak Creek till has the
mean value of 17.6 kPa and a broader distribution than that of Lacustrine soils. These
effective cohesions follow consistent trend with the values reported by SEWRPC (1989) for
Oak Creek till (5 kPa) and fine-grained (clay and silt) lacustrine soils (21 kPa) in that

lacustrine soils exhibit higher effective cohesion compared to Oak Creek till.

5.3 Compression

Box plots are shown in Figure 22 of the distribution of preconsolidation stress (c.’) as a
function of soil type. The o, of silty clay has a smaller mean (246 kPa) but with a broader
distribution than o, of sandy silt. Box plots are shown in Figure 23 of the distribution of

compression index (C.) as a function of soil type. The C; of silty clay has a similar mean

(0.08) but with a broader distribution than C. of sandy silt.

Correlation between compression index (C,) and swell index (Cs) is shown in Figure 24. The

swell index is appreciably smaller in magnitude than the compression index. For most fine-
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grained soils, it is reported that Cs = (0.1 to 0.2) C. (Das 2006). In this study, most of the

data fall between these limits, but some of data are out of range.

Correlation between C. and liquid limit is shown in Figure 25. A best-fit nonlinear correlation

between C. and LL has been developed by Skempton (1944) as:

C, =0.009(LL -10) (11)

The measured C, in this study are scattered around the correlation described by Eq. 11.

Correlation between C. and in situ void ratio is shown in Figure 26. A best-fit nonlinear

correlation between C; and e, has been developed (Hough 1957) as:

C, =0.3(e, -0.27) (12)

The measured C. in this study are reasonably consistent with the correlation described by

Eq. 12.

Box plots are shown in Figure 27 of the distribution of c.’ as a function of geological origin.
o. of Lacustrine soils has the highest mean value (270 kPa). The o, of Oak creek till has

the mean value of 236 kPa and a broader distribution than that of Lacustrine soils.

Box plots are shown in Figure 28 of the distribution of C. as a function of geological origin.
C. of Lacustrine soils has the lowest mean value (0.07). The C; of Oak Creek till has a

mean value of 0.09 and a broader distribution than that of Lacustrine soils. These mean C;
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are very close perhaps reflecting the fact that till and lacustrine soils are derived from the

similar sources and have comparable composition.

Box plots are shown in Figure 29 of the distribution of compressibility, C./(1+€), as a function
of geological origin. C//(1+e) of Lacustrine soils has the lowest mean value (0.05). The
C/(1+e) of Oak Creek till has the mean value of 0.06 and a broader distribution than that of

Lacustrine soils.

Box plots are shown in Figure 30 of the distribution of OCR as a function of geological origin.
OCR of Lacustrine soils has the lowest mean value (0.08). The OCR of Oak creek till has
the mean value of 1 and a broader distribution than that of Lacustrine soils. It is interesting
to note that majority of OCR values are less than 1 (i.e.,normally consolidated conditions).
This is not likely to be correct. Nevertheless, Oak Creek till seems to have a slightly higher
overconsolidation compared to Lacustrine soils which is a reasonable to expect. It should be
pointed out that it is well known in Wisconsin that MOST glacial tills give OCR near 1
implying that they are normally consolidated following the standard procedures for calculating
OCR (Edil and Mickelson, 1992) although they were subjected to ice loads. The reason for
this is still not fully understood although Edil and Mickelson (1992) attribute it to groundwater

fluctuations in geologic times.

5.4 Field Test

Correlation between undrained shear strength S, and SPT N value as a function of soil type
is shown in Figure 31. The distribution ranges of three soil types are separated. A similar
correlation between undrained shear strength S, and SPT N value can be found in NAV FAC

(1986).
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The measured SPN penetration number N was converted to standard penetration number

Nsgo, With the following equation:

N. — N-my Mg ‘Mg "Mk
60 = 60

where the ny is hammer efficiency (%), ng is correction for borehole diameter, ns is sampler
correction, and nr is correction for rod length. In this study, the ny is 60%, ns, ns , and nr

are 1.0.

Correlation between undrained shear strength S, and Ngo is shown in Figure 32. A nonlinear

correlation between S, and Ngo has been developed (Hara et al. 1971):

S, =29.N272 (14)

The measured S, and Ng in this study are scattered around the correlation described by Eq.

14.

6. CONCLUSIONS

A comparison of basic laboratory test results with more sophisticated laboratory and in situ
tests methods on soils in Southeastern Wisconsin has been described in this report. The
generated soils data in the Milwaukee Marquette Interchange project has been used in an
attempt to correlate the more ‘routine’ laboratory tests to determine geotechnical design

parameters (such as phi-angle, cohesion, unconfined compression, consolidation
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characteristics, etc.) that are typically obtained from more sophisticated laboratory tests or in-
situ field tests. The range of values, variations, trends and correlation were explored in terms

of different types of soils and/or geological origin.

There were 3,763 boring logs samples and each boring logs included 54 types of data.
Correlations were identified among undrained shear strength, effective friction angle,
effective cohesion, consolidation parameters, soil type, Atterberg limits, effective overburden
stress, and geological origin. Statistical analysis and interpretation were used to develop a
detailed analysis of the collected data to determine range of values, variations, trends,
influencing factors and correlations with them. ANOVA and non-linear regression techniques

were applied to identify and develop reliable correlation equations.

Inorganic soils have an average wet unit weight of 137 + 7 pcf, whereas organic soils 105 +
12 pcf with small coefficient of variation. Undrained shear strength, measured by pocket
penetrometer, unconfined compression strength tests and unconsolidated-undrained triaxial
tests, is similar for sandy silt, silty clay and silty sand with a mean of 108 kPa. The undrained
shear strength of Oak Creek till is higher than that of Lacustrine soils and Ozaukee till but all
three soils classify as “stiff” soils. Organic soils have markedly lower undrained strength than
these soils and classify as “medium stiff’. Regression analysis found that the undrained
shear strength exponentially decreases with liquidity index and liquid limit with a reasonably
stronger correlation with liquidity index. There are not any apparent correlations between
measured undrained shear strength and effective overburden stress. This may be partly due
to the fact some of the effective burden stresses were calculated in this study and were not

reported in the original data.
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Box plots of normalized undrained strength (S./o;’) from unconfined compression tests for
Lacustrine soil have a mean of 0.27-0.28, which is close to the reported 0.23 + 0.04 in the
literature. Mean S,/o;’ was higher for Oak Creek till (0.55) implying some over consolidation.
Regression analysis found that S,/o," exponentially decreases with liquidity index and S,/a;’
is constant over liquid limit and preconsolidation stress o’ (Suy/o;, = 0.22). Using the best-fit
nonlinear correlation, the S /o, can be expressed by OCR with a power function. The
relationship among Sy/o;" and these index properties are close to the published correlations
in the literature. Box plots of Sy/g;," measured by unconfined compression tests has a mean
of 0.22, which is also very close to reported values in the literature. The data of S/o;’ and

plasticity index also support the published linear relationship for these parameters.

Regression analysis found that effective angle of friction, ¢’ is constant over plasticity index
(¢’ = 29°) for the narrow range of plasticity indices measured (5-25). The data of sin¢’ and
plasticity index are distributed around the published linear relationship for these parameters.
Lacustrine soils have a higher effective cohesion, ¢’ (mean 23 kPa) whereas Oak Creek till

has lower effective cohesion (mean 17.6 kPa).

Compression index (C.) and liquid limit are consistent with the published linear relationship
for these parameters. Similarly, C. and in situ void ratio correlation conforms with the
published linear relationship between C. and in situ void ratio. Correlation between
compression index (C,) and swell index (Cs) is found that most of data in this study are in the

range of Cs ~ 0.2 to 0.1 C., which is typical relationship between C. and C..

Undrained shear strength (S, and standard penetration test blow count (SPT N) values can

be grouped as a function of soil type. The distribution ranges of three soils types in this study
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are similar to the published relationship between S, and SPT N. The data of S, and
corrected SPT N for hammer efficiency (Ngo) in this study are scattered around the published

power relationship between S, and Ngq in the literature.

Correlations relating to effective strength parameters and compressibility are quite strong
and can be used. Undrained strength is highly scattered partly because of the test method
(i.e., pocket penetrometer); however, undrained strength normalized with effective

overburden stress can be used with greater confidence.

7. RECOMMENDATIONS
Based on a consideration of the correlations investigated, their quality, and broad

engineering background and judgement, the following recommendations are made.

Wet Unit Weights

Recommended Wet Unit Weights

Inorganic Soils Organic Soils
USCS CL, CL-ML, HF, ML, ML-SM, SC-SP,
Soil Type SM, SM-ML-CL OH, OL, OL-CL, OL-ML, PT
Wet Unit 137+ 7 105+ 12
Weight (pcf)

Undrained Strength
Recommended Undrained Shear Strength as a Function of Soil Type

USCS Soil Type Undrained S oy
Shear Strength
(kPa)
Inorganic Soils* CL 125 + 64 S, 11
g _144.9 CL-ML 11664 | - - 024-OCR
u = gtradn ML 103 + 64 ’
SM 106 + 64

Organic Soils** oL 35+ 26 0.26
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Recommended Undrained Shear Strength as a Function of Geological Origin

Geological Origin Undrained OCR | S/go,
Shear
Strength
(kPa)
Glacial Till (Oak 97 + 50 2 0.55
Creek)*
Lacustrine Deposits 78 £ 50 1 0.22

Drained Strength Parameters
Recommended Drained Strength Parameters as a Function of Soil Type

Soil Type Effective Friction Effective
Angle (¢’) Cohesion cloy
(degrees) Intercept, ¢’
(kPa)
Silty Clay 29+8 0to 19 0.2
Organic Soils 31+2 27 + 10 (0to 0.4)

Recommended Drained Strength Parameters as a Function of Soil Type

Geological Origin | Effective Friction Effective
Angle (¢’) Cohesion clo,
(degrees) Intercept, ¢’
(kPa)
Oak Creek Till 29+8 0to18 0.2
Lacustrine 24 +5 23+13 (Oto 0.4)
Fill 31+7 0to19

Compression Parameters

Recommended Compression Parameters

Compression Index, C.

0.08 £0.05 or C, =0.3(e, —0.27)

Compressibility, C./(1+e,)

0.06

Swell Index, Cq

1/10 G to 1/5 C,

Preconsolidation Stress, o’ (kPa) | 246 + 147

OCR

1t0 2
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Table 1. Properties of subgrade soils

Boring Elevation Water  [Overburden uscs Soil SPT Water Dry Atterberg Limits. C Strength CU Triaxial
Number | of Sample [ Depth (ft)| Stress |Symbol from Type Blow Count | Content | Density | LL | PL | PI | e, EN C. | C, |OCR| PocketPene. UC Test c o c ¢
(feet, MSL) (psf) Boring log N b f) (psf) (kPa) (kPa) (psf) | (deg.) (psf) | (deg.)
HAZ-0' 626.7 0 1112 CL-ML Silty Cla - R .7 | 31[ 16 | 15 87.61
HAZ-04 634. 0 650 CL-ML Silty Cla 10 X .
HAZ-04 629. 0 1300 CL-ML Silty Clay 9 - . 78.99
HAZ-04 624. .0 195( CL-ML Silty Cla 11 i . 114.89
HAZ-04 0 260 CLML Silty Cla 24 4. 2 [24] 14 [ 10 150.79
HAZ-04 .0 357 ML Sandy Silt —
HAZ-04 0 357 ML Sandy Silt 0
HAZ-04 0 357 ML Sandy Silt
HAZ-04 609 .0 390 ML Sandy Silt 4.9 23.
HAZ-04 604, 0 4550 ML Sandy Silt 82 20.
HAZ-04 594. .0 5850 ML Sandy Silt 73 .
HAZ-04 589, 0 6500 CL-ML Silty Cla - . 157.97
A 660. 0 2064 CLML Silty Cla 6 . 1 [29] 14 [ 15 62.23
A 655. .0 2752 CL-ML Silty Cla 6 S 3 71.81
A 655. 0 2821 CL-ML Silty Cla - X . 7852
650. .0 3440 CL-ML Silty Cla 5 - . 47.87
645. .0 4128 CL-ML Silty Cla 8 | 3 95.74
640. 0 4816 CLML Silty Cla 13 - . 81.38
635. .0 5504 CL-ML Silty Cla 10 . 3 62.23
635. 0 5293 CL-ML Silty Cla - : : 12017
625. .0 6535 CL-ML Silty Cla 25 07.. 21 12 9 191.48
615. .0 784! CL-ML Silty Cla 33 07.; 134.04
665. 0 1301 CLML Silty Cla 6 11 47.87
657. .0 227! CL-ML Silty Cla 7 A 07. 62.23
654, 0 281 CL-ML Silty Cla - 7 14, 77.08
645. 390 CL-ML Silty Cla 11 - . 71.81
637. 4866 CL-ML Silty Cla - X . 151.29
625 175 5408 CLML Silty Cla 14 119.68
615. 27.5 6084 CL-ML Silty Cla 21 157.97
655. 690 CL-ML Silty Cla 6 8377
650. .0 1380 CL-ML Silty Cla 9 114.89
645. .0 2070 CL-ML Silty Cla 7 78.99
640. 0 2760 CL-ML Silty Cla 13 107.71
634. 0 3588 CL-ML Silty Cla -
630. 0 4140 CL-ML Silty Cla 49 ) . 14361
625. 0 4690 CL-ML Silty Cla — - . 84.26
620. .0 5360 ML Sandy Silt 38 1 15.42
661. 0 650 CL-ML Silty Cla 12 ] 62.76
656. .0 300 CL-ML Silty Cla 9 8 26| 15 | 11 34.04
646. .3 392 ML Silt 21 67.55
641, 3 73 ML Silt 13 X . 19.68
636. 13.6 37 CL-ML Silty Cla - .S g 68.94
631, 17.8 337, CL-ML Silty Cla 9 } ) 71.81
653. .0 108 CL-ML Silty Cla 13 26. 35.90
650. .0 1405 CL-ML Silty Cla 9 126.7 95.74 92.40
HAZ 635, 0 3603 CL-ML Silty Cla 6 1267 |[19] 12 | 7 7473
HAZ-( 620. .0 5764 CL-ML Silty Cla 6 126.7 15.42
HAZ- 61 0 7205 CL-ML Silty Cla 7 267 1542
HAZ- 65: 0 740 CL-ML Silty Cla 6 31 67.55
HAZ- 0 1479 CL-ML Silty Cla - 31 547 21 0 38
HAZ- 0 1390 CLML Silty Cla 17.
HAZ- 0 131 CL-ML Silty Cla 7.
HAZ- . 0 207 CL-ML Silty Cla - I 7 123.04
HAZ- 638 0 276 CL-ML Silty Clay 53 7. 077
HAZ- 628. .0 4140 CL-ML Silty Cla 98 7. 23|12 | 11 15.
HAZ- 61 0 552, CLML Silty Cla 54 87 7 15.
HAZ- 608 .3 6884 CL-ML Silty Cla 10.1 7 15.
HAZ- 65 0 650 CL-ML Silty Cla 89 . 50,
HAZ- 64 .0 1300 CL-ML Silty Cla 136 4 [22[13] 9 029
HAZ- 641. .0 1950 CL-ML Silty Cla 9 12.4 83.77
HAZ- 639. 0 2210 CL-ML Silty Cla 143 7
HAZ- 638. .0 2275 CL-ML Silty Cla 3.3 25.8
HAZ- 636. 0 2600 CL-ML Silty Cla 0 14 1244
HAZ- 633, .0 2925 CLML Silty Cla 4 1 957
HAZ- 628. .0 3575 CL-ML Silty Cla 4 38|17 [ 21 189.
HAZ- 621, 0 4550 CL-ML Silty Cla 4 112.49
HAZ- 616. .0 5200 CL-ML Silty Cla 4 . 203.45
HAZ- 643. .0 975 CL-ML Silty Cla .6 g 1.3
HAZ- 638, 0 1625 CLML Silty Cla 7 21542
HAZ- 630. .0 2600 CL-ML Silty Cla 29 1 21542
HAZ- 646, 0 1300 CL-ML Silty Cla 17 0 184.30
HAZ- 641. .0 1950 CL-ML Silty Cla 9 2 78.99
HAZ- 636. .0 2600 CL-ML Silty Cla 15 8 X 124.46
HAZ- 639, 0 2727 CLML Silty Cla — 3 22, 33.99
664. .0 1300 CL Clay 30.
653, 0 732 cL Clay - 206 103 [33] 15 [ 1 87.61
649. 0 1097 CL-ML Silty Clay = 209 06. 0.605] 3600 [0.190[0.044
652. 0 705 CL-ML Silty Cla - 177 08! 63.20
651. 0 2416 CLML Silty Cla - 231
650. 0 2911 CL-ML Silty Cla - .9 0 25 0 37
650. 0 2860 CL-ML Silty Cla 2
650. 0 2923 CL-ML Silty Cla 0 .
637. 22.0 3101 CL Clay - .0 237
505, 0 553 ML Sandy Silt 58 229
HAZ- 592. .0 878 ML Sandy Silt 5.6 23.1
HAZ 587, 0 1528 OL__brganic Silty Cid 7 | 965 23
HAZ 582, 0 2178 OL__brganic Silty Cig 6 | 995 23
HAZ 580. 0 2503 oL 9 06. 23
HAZ 575. 0 3153 OL__brganic Silty Cig 7 12 23,
611. 0 228 F- Silty Clay Fi .2 08..
|AZ 606. 0 878 F- Silty Clay Fi 31 .9 15.
AZ 594 0 2503 Silty Clay F 09
589. .0 3153 Silty Clay Fi 05.!
HAZ 616. 0 553 Silty Cla 2 . 09
HAZ- 611. 0 1203 Organic Cla; 221 | 106.5 71.81
HAZ- 606. 0 1853 Organic Clay 87.: 69.4
HAZ 603, 0 2178 Silty Cla 16. 111.6 201.05
HAZ- 601. .0 2503 rganic Silty Clg 34. 96.4 95.74
HAZ) 598, 0 2828 rganic Sity Cld 29, ) 71.81
HAZ- 602. .0 228 Silty Sand Fill 15 4.1
HAZ- 600. 0 553 Silty Clay Fi 98 . 95.74
HAZ 597, 0 878 Silty Clay F 10.9 : 95.74
594. 0 553 Silty Clay Fi 121 6.
AZ 502, 0 878 Silty Clay F 30,
589, 0 1203 Silty Clay F 19 08.
630. 0 264 Silty Clay Fi 253 | 120. 36| 19 | 17 95.74
627. 0 614 cL Silty Cla 20.1_| 120. 71.81
620. 0 1645 CL Silty Clay - 16 20.
617. 0 2071 CcL Silty Cla 2 208 | 120. 131.64
HAZW6 | 612 .0 2897 CcL Silty Cla 2 251 | 120. 167.55
-W6 607. .0 3728 CL Silty Cla 27. 20.; 143.61
HAZ-W7 | 625. 0 237 HF-SM__Jourse and Silt 83 25,
HAZ-W7 622. .0 638 CL Silty Cla 8 .0 25.0 52.66
HAZ-W7 | 615. 0 1751 cL Silty Cla 10 2 250 7659
HAZ-W7 612 .0 2048 CL Silty Cla .0 25.0 0.347 704 41 0 31
HAZ-W7 0 0 CL Silty Cla .0 125.8 0.339
AZ-W7 0 C Silty Cla 0 | 1247 0351

the: Additional data are reported in Appendix A.
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Table 2. Soil category according to their average wet unit weight

Type 1 Soll

Type 2 Soll

Soil Type

CL, CL-ML, HF, ML, ML-SM, SC-SP,

OH, OL, OL-CL, OL-ML, PT

SM, SM-ML-CL
Wet Unit 137 £ 7 pcf 105 + 12 pcf
Weight (coefficient of variation of 5%) (coefficient of variation of 11%)
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Fig. 5.
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