ABSTRACT

MULLA, MOHAMMED A. Development of a Portable Mini Dynamic Penetration and Torque
Devices (MDPT and MDPT-t) and its Application to Estimate Engineering Properties of Soils.
(Under the direction of Dr. Mohammed A. Gabr and Dr. M. Shamim Rahman)

Understanding soil strength and other engineering properties are essential for the
adequate design and analysis of foundations, particularly when assessing the load-carrying
capacity of the underlying in-situ soil during design and construction. The engineering
foundation design relies primarily on in-situ and laboratory soil testing to determine soil
properties. Currently, no portable, manual or automatic, economical, and easy-to-use field device
exists that can measure these properties to depths of 45 ft (13.7 m) and verify bearing capacity
during construction without auguring holes. This paper presents the development of a new and
portable Mini Dynamic Penetration Test (MDPT) and examines the direct and indirect
relationship between the penetration resistance MDPT-n value and the standard penetration test
SPT (N), cone penetration test (CPT), tip resistance (qt), and dry density yq. This paper also
evaluates the relationship between the MDPT-n blows per ft, the MDPT-t torque generated from
the rotation of the cone using a torque wrench with soil shear strength, and CPT sleeve friction
(fs).

The MDPT was tested in 14 counties from the Coastal region (CR) and the Piedmont
region (PR) of the state of North Carolina. The analyses of the data collected show a strong
correlation between the measurements from the SPT (N), CPT qx, and fs, dry density, and the
MDPT-n blows per ft and MDPT-t measured torque. In addition, in-situ test results from the
MDPT indicate that soil properties can be estimated from portable dynamic penetration test data

without the use of heavy and costly drill rigs or trucks. The MDPT can also be used to evaluate



subgrade and soil-layer strength and estimate soil properties using correlations with other in-situ
testing methods.

Comprehensive testing was conducted to evaluate the MDPT’s correlations and to
estimate the reliability and repeatability of the soil properties. The CPT, SPT, unit skin friction
fs, and dry density yq correlations were analyzed and the results were encouraging, demonstrating
reliable MDPT correlations. The test results show that the MDPT-n will produce three to five
blows/ft for each SPT (N) blow/ft. On average, the correlation shows that MDPT-n
approximately = SPT (N)*4. The correlation results, data analysis, and related information are
presented in this study.

Overall, the results indicate the MDPT is a very useful device for design engineers and is
capable of providing valuable soil properties quickly and more economically. Due to its behavior
(generating skin and tip resistance) and its multiple applications, the MDPT tool is superior to
similar devices that can quickly verify the accuracy and quality of the in-situ SPT and CPT

results.
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CHAPTER 1. INTRODUCTION
1.0 Introduction

In-situ penetration tests have been widely used in geotechnical engineering for site
characterization for the analysis and design of foundations. The Standard Penetration Test (SPT)
and the Cone Penetration Test (CPT) are the most widely used field testing procedures in the
United States for foundation design and analysis. The CPT was invented in Holland in 1932 and
introduced into U.S. practice more than 40 years ago (Schmertmann 1970). Early field operations
used mechanical systems that collected two readings, cone resistance (q) and friction (fs), at
7.87-in (200-mm) intervals. Data were recorded by hand, and the interpretation methods were
based on limited knowledge and experience. Today, electric and electronic CPT systems are
available in several sizes and cone tip configurations, and can provide three or more separate
readings with depth, cone tip resistance (q), sleeve friction (fs), and pore water pressure (uy),
usually taken at frequent vertical intervals between 0.4 in—0.8 in (10 mm-20 mm) (Lunne et al.,
1997).

Robertson et al. (1986) proposed a CPT-SPT correlation where the ratio between
normalized cone tip resistance (qi/Pa) and N must be corrected to 60% energy ratio (N60).
Kulhawy and Mayne (1990) extended the Robertson et al. (1983) correlation based on additional
data that became available in the late 1980s, and developed an empirical equation for their
updated SPT-CPT correlation. The SPT has an advantage due to the availability of a wide variety
of soil parameters correlated to N-value data, and a soil sample is typically obtained with each
test.

Dynamic cone penetrometers (DCPs) have been used in geotechnical applications for

nearly 60 years. Different types and shapes of DCPs have been developed, such as the Scala



penetrometer, introduced in 1956, and the Sowers penetrometer, introduced in 1959. The DCP is
used widely to evaluate pavement layers for pavement design such as base course material and
subgrade soil. The DCP is performed by dropping a hammer from a certain fall height and
measuring the penetration depth per blow for each tested depth. The DCP test is quick to set up,
run, and evaluate on site, but it is designed to evaluate shallow soil layers at depths ranging from
4 ft—6 ft (1.2 m-1.8 m). In addition, the DCP has limitations with respect to its ability to evaluate
the soil layers, and thus there is a great need to develop a simpler, more cost-effective procedure
to determine in-situ parameters. Such a procedure will help geotechnical engineers conduct their
analyses and designs using methods that are simpler and less equipment-intensive than SPT and
CPT. This study reports the development of a portable Mini Dynamic Penetration Test (MDPT)
to collect data on penetration resistance and skin resistance. The skin resistance is estimated
using a torque wrench, as described and illustrated in Chapter 6.

The MDPT can be driven to a depth of 45+ ft (13.7+ m) below the ground surface with
5/8-in (160-mm) stainless steel rods extensions. The MDPT hammer configuration is designed to
mimic the SPT tip and skin resistance behavior to produce 10% of the SPT total energy of 350 ft-
Ib (48.4 kg-m). The hammer consists of a 17.6 Ib steel mass (7.98 kg) (hammer) falling 2 ft (609
mm) to develop 35 ft-1b (4.84 kg-m). Schematic sketches of the MDPT are provided in Chapters
land?7.

The MDPT can be operated manually or automatically using a gear-motor (shown in
Chapter 7). The automatic MDPT consists of a 35-1b (15.88-kg) hammer falling 1 ft (300 mm) to
develop 35 ft-Ib (4.84 kg-m). Theoretically, the 140-1b (63.5-kg) SPT hammer dropped from 30
in (762 mm) should deliver 350 ft-lb (48.4 kg-m) of energy (140 Ib x 30 in = 350 ft-1b) (63.5 kg

x 0.762 = 48.4 kg-m) with each blow. Field testing indicated that the energy delivered to the rods



during an automatic SPT test can vary from 68%—94% of the theoretical maximum, with an
average of 81%. SPT resistance values are normalized to 60% energy, because the correlations
made before the advent of hammer-system calibration used safety hammers and the correlations
made at that time are generally assumed to have been running at 60% efficiency. The
normalization is made in design to compare resistance values to published correlations that were
either assumed to be operating at or otherwise normalized to 60%. However, the measured field
energy for this research is corrected to the standard 60% energy, and thus each blow will deliver
(350 ft-1b x 0.6) = 210 ft-Ib (48.4 x 0.6= 29 kg-m) to the sampler. Each blow count could be used
as a unit measurement of delivered energy, in which one blow count equals 210 ft-Ib (29 kg-m).
The measured N value blows per ft (blows per 300 mm) is defined as the penetration resistance,
which equals the sum of the number of blows required to drive the SPT sampler to a depth
interval of 6-18 in (150-450 mm). The MDPT procedure will encompass the same effect of
friction and other factors to reduce the delivered energy.

The main objective of this study is to correlate the MDPT n-value to the SPT N-value
generated from an automatic hammer through the use of well-established empirical methods.
Such a correlation is meant to take advantage of the vast database of empirical relationships as a
function of N-value. Establishing the relationship between the MDPT-n data and the N-value can
provide a cost-effective method for assessing key soil parameters in the field. The MDPT is
currently used for projects with the North Carolina Department of Transportation (NCDOT) to
confirm conditions during construction with previously conducted SPT data using automatic

hammer, locate rock elevation, evaluate subgrade strength, and estimate soil properties.



1.1 Background

Most common in-situ tests are performed in conventional drilled borings, whereas
specialized tests require a separate borehole or different insertion equipment. Field in-situ
borehole tests can be grouped into three categories: correlation, deformation, and strength.
Correlation Tests

e Standard Penetration Test (SPT)
e Dynamic Penetration Test (DPT)
Deformation and Strength Tests
e Penetrometers, such as the Cone Penetrometer Test (CPT) and Piezocone
e Penetrometer Test (PQS)
e Pressuremeters (PMT) and Dilatometers
e Vane Shear and Borehole Shear Tests

For correlation tests, the obtained data may be correlated to several different design
parameters such as relative density, angle of internal friction, and shear strength. The torque test
is a direct measurement of the unit skin friction and can help in classifying the soil type.

To the author’s knowledge, no portable, rapidly deployable instrument capable of
reaching a depth of 45 ft (13.7 m) has been developed to drive deeper than the subgrade layers.
Gabr et al. (2001) reported that widespread research has been performed to correlate the DCP to
the California Rearing Ratio (CBR) and develop an empirical relationship. Abu-Farsakh et al.
(2004) assessed the use of the DCP for quality control/assurance evaluation of pavement layers
and embankments during construction. A summary of selected research studies that have
correlated the DCP values to CBR, PLT, falling weight deflectometer (FWD) is provided in

Chapter 2 Table 2.1.



The data points of the MDPT tests were compiled and organized for each geologic
region. Comparisons between the MDPT blow counts (n) and the SPT blow counts (N) using an
automatic hammer were made separately for the Coastal region and for the Piedmont region. It is
assumed that the following factors affecting the SPT will be similar to those affecting the
MDPT:

A. Variation in delivered energy (Robertson et al., 1983)

B. Equipment conditions

C. Both the SPT and MDPT are dynamic

D. Both the SPT and MDPT measure resistance based on vertical soil penetration

E. Both the SPT and MDPT have skin and tip resistance but not the same magnitude

Based on the correlation and calibration tables developed for MDPT and SPT tests, we
can correct the SPT-N values based on the MDPT-n results adjacent to the SPT location.
Development of site-specific correlations between SPT (N) values and the MDPT-n value can
prevent many errors in design caused by using the wrong SPT (N) values. See Sabatini et al.
(2002) and Phoon et al. (1995) for information on the variability associated with various
engineering properties. Figure 4.3 in Chapter 4 page 56 shows the coefficient of determination
R?=0.92 and the correlation coefficient r=0.96 for the Piedmont region, R?>=0.93 and r=0.964 for
the Coastal region, and the average for both regions of R?=0.91 and r = 0.95. These indicate a
clear relationship between the SPT- N values and the MDPT-n measurements.

Many researchers have performed correlations between SPT and soil properties, such as
friction angle ¢, unit weights vy, relative density Dr., and bearing capacity, among many others.
Some published correlations are based on corrected Neo or N1go for overburden and hammer

efficiency, and some are based on uncorrected (N) values. The designer must evaluate and study



the basis of the correlation and use either N1go or N as appropriate. In this study, Figures 4.3, 4.4,
and 4.5, shown in Chapter 4, are used for the correlations between the MDPT-n, SPT (N), and
the soil properties on the basis of the Standard Penetration Test SPT (N) values corrected (N1eo).
Since the soil properties estimated from correlations tend to have greater variability than from
measurements using laboratory performance data (Phoon et al., 1995), a minimum of 3-5

measurements from each geologic stratigraphy should be taken to estimate the soil properties.

1.2 Problem Statement

Evaluation of shallow foundations, proper compaction, bearing capacity, and soil
properties are essential for foundation design and quality control during the construction of
roadway projects. It is important to verify design parameters in the field for the spread footings
to insure the soil has adequate strength to carry the required loads prior to construction.
Monitoring subgrade and roadway embankments for adequate compaction also requires a large
number of tests.

Small and simple projects tend to cost as much as complex projects, because the cost to
use conventional methods such as SPT and (CPT) are usually based on the number and depth of
holes, location of the project, and time to complete the project. The test equipment and
procedures for geotechnical applications are not as advanced as in other engineering disciplines.
The idea of developing a small, portable, and simple device with an inexpensive test procedure
that can be performed by one person and correlated to conventional test methods is significant
and will lead to considerable savings for geotechnical analyses and design.

The development of new in-situ testing and tools has declined over the past 30 years due
to the following reasons:

e Excessive costs of research and development



e The quality of new tools began to suffer

e Lack of interest among young researchers and engineers

e Time limitations (it takes too long to develop and implement)

e The complexity of the new tools discourage engineers to demand their use

e Some of the new tools have no practical value

e Laboratory testing is used when possible to prevent the use of in-situ tools

The future will demand more research and development for new equipment and

environmentally sound test procedures for characterizing, stabilizing, and monitoring the
subsurface. Developing new equipment will require explanation of how new tools and
technologies can be used to improve quality and address new applications in geotechnical fields.
This paper presents the MDPT, a solution that offers tremendous value at a lower cost and in less
time through a portable, inexpensive, device that can be operated by only one person manually or
automatically. Advantages of the MDPT device include:

e Requires fewer boreholes for bridge foundation design as specified by NCDOT

guidelines

e Provides ease of access in any terrain due to its portability

e Determines the depth of pile for the unknown foundation bridges

e Estimates unit skin friction by using a calibrated torque wrench

e Determines rock depth.

e Evaluates soil layer (blow counts) strength

e Estimates soil friction angle and undrained cohesion



The goal of this research is the development and testing of a portable mini dynamic
penetration test (MDPT) and process to estimate soil strength and engineering properties. This
work also focuses on the development and operation of a new mini, portable, dependable, and
economical device capable of providing quick and practical characterization of soil properties in
the field. To achieve this goal, the following specific objectives are devised:

1. Develop a portable rigid Mini Dynamic Penetration Test (MDPT) apparatus to estimate
soil properties at different depths.

2. Perform a number of in-situ tests of the MDPT adjacent to the locations for which
conventional in-situ tests such as SPT and CPT tests are available.

3. Evaluate the application of the MDPT apparatus in terms of repeatability.

4. Conduct analyses to provide empirical correlations between MDPT, SPT (automatic
hammer), and CPT to estimate soil properties such as the friction angle ¢.

5. Estimate unit skin friction by developing a relationship between the MDPT-t torque and
unit skin friction.

6. Develop a correlation between dry density and MDPT n-blow counts and create a field

(QA/QT) process for compaction.

1.3 Thesis Organization
The results of the development and the testing of the MDPT device are presented within
eight chapters, as follows:
Chapter 1: Introduction, Background, Problem Statement and the Objective of This Study
Chapter 2: Literature Review

Chapter 3: Development of the MDPT Device



Chapter 4: Correlation of MDPT-n Blow Counts with SPT (N) Blow Counts and
Estimating Engineering Soil Properties

Chapter 5: MDPT-t Torque Measurement and Correlation with Soil Strength Properties
Chapter 6: MDPT-t Torque and MDPT-n Blow Correlated to Cone Penetration Test
(CPT)

Chapter 7: Mini Dynamic Penetration Test MDPT Verifying Soil Compaction and
Bearing Pressure

Chapter 8: Conclusions, Contribution to State of the Art, and Recommendation for Future

Works



CHAPTER 2. LITERATURE REVIEW
2.0 Historical Developments of the Dynamic Soil Testing Research Review
2.1 Dynamic Cone Penetrometer (DCP)

The Dynamic Cone Penetrometer (DCP) is used as an in-situ device for quickly
estimating the structural properties of soil or pavement. The normal testing procedure is
performed continuously from the ground level to the desire penetration depth. Originally
developed by A. J. Scala in 1956 in Australia, the DCP consisted of a mass weight of 20 Ib, a
drop height of 20 in, and the cone angle was 30° with 0.5-in? surface area (0.8-in = 20.3 mm
diameter). A cone angle of 60° is the current diameter, as published in the ASTM D 6951
method. Scala used the DCP with an extension to drive the cone 5.9 ft (1.8 m) below ground
level to estimate soil strength, and he was the first one to develop a correlation between the CBR
and the DCP for the pavement design. After that, many researchers developed and modified
testing methods and equipment to investigate the foundation layers for pavement design.

Scala (1956) studied and developed the correlation between the DCP and the CBR for
pavement design. Gawith and Perrin (1962) described the use of the same DCP in Australia,
which was used to develop the DCP-CBR correlation curve. Sowers and Hedges (1966) built a
lighter DCP device, with a weight of 15 Ib (= 6.8-kg) and drop height of 20 in (508 mm). To
minimize the driving resistance, the apex cone angle was 45°, as shown in Figure 2.1. This
lighter DCP was used to verify the bearing pressure or soil condition at spread footing locations,
and most of their DCP testing was performed in augured holes.

In 1973, a road department in South Africa used the DCP with a 30° cone tip to

investigate soil layers for pavement design (Kleyn, 1975).
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Siekmeier et al. (1999) evaluated the relationship between DCP results and the degree of
compaction of fills materials, such as a mixture of clayey and silty sand, for the Minnesota
Department of Transportation. Their procedure was to estimate the CBR from the DCPi values
and then use published charts and formulas to estimate the resilient modulus from the estimated
CBR to correlate the percent of compaction. However, the study showed no clear correlation or
relationship between the moduli and the degree of compaction. In 2004, the ASTM D6951-03
introduced the standard test method in shallow pavement layers using the latest DCP design

(ASTM, 2004).
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Figure 2.1 Sowers dynamic cone penetrometer (after Sowers and Hedges, 1966).

2.1.1 Developing Correlations Between DCP Readings and CBR Values
Several researchers have studied the relationship between the DCPi penetration index and
the California Bearing Ratio (CBR). The in-situ CBRs determined with the DCP can be
calibrated by using laboratory-soaked CBRs. The base, subbase, and the subgrade soil strength
can be estimated from the cone penetration resistance, which can be converted into CBR,
subgrade modulus K, resilient modulus E, and soil support value (SSV). Most researchers’

equations for the CBR is expressed as a function of penetration rate (PR) (in mm/blow).
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The following empirical correlations were developed by various researchers and
agencies. The Australian Road Research Board (ARRB) (Smith and Pratt, 1983) studied the
relationship between the CBR and the DCP penetration rate (PR) and produced the following
empirical relationship:

Log (CBR) = 2.56 - 1.15 Log (PR) (2.1)

The North Carolina Department of Transportation (NCDOT) (Wu, 1987) established an
empirical relationship between CBR and DCP based on the average of three DCP tests, and the
field CBR within a distance of less than 1 ft (0.3 m) around the CBR test location:

Log (CBR) = 2.64 — 1.08 Log (PR) or CBR = 435/ PR1% (R?=0.79) (2.2)

Livneh developed the following relationship between CBR and the PR in 1987:

Log (CBR) = 2.20 — 0.7 [Log (PR)] *° (2.3)

The U.S. Army Corps of Engineers (USACE) (Webster, Grau, and Williams, 1992)
developed a relationship between the CBR and the PR of the DCP and expressed the following
equation, which has been used by many state departments of transportation (DOTSs) and federal
highway agencies:

Log (CBR) = 2.465 — 1.12 Log (PR)or  CBR = 292/(DCPI)!*2 (2.4)

The difference between the USACE correlation and the NCDOT correlation was based
on lab CBR values and field CBR values, respectively. Since it is known that the field CBR
value is generally twice the value of lab CBR value, the results of these two independent studies
match very well, as shown in Equations 2.2 and 2.4. Kleyn developed the following equation in

1992:

Log (CBR) = 2.62 - 1.27 Log (PR) (2.5)
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Coonse presented the following correlation (Coonse, 1999):

Log (CBRfield) = 2.53 — 1.14 Log (PRfield) (2.6)

Equation 2.4 developed by USACE, was adapted by many researchers, practitioners, and
agencies around the world, and it was selected as having the best correlations (Livneh 1995;
Webster, Grau, and Williams, 1992; Siekmeier et al., 2000). Gabr et al. (2001) developed a
correlation between the DCPi and plasticity index and saturation ratio based on laboratory tests
of Piedmont residual soils from Davidson County, NC, with more than 60% fines. Gabr et al.
used these correlations to predict the dry unit weight and water content of the soil.

Rahim and George (2002) correlated the resilient modulus (Mg) to DCPi and other soil
properties. To determine the Mg, Shelby tube samples were collected and tested in accordance
with AASHTO TP46 guidelines from 12 sites. They concluded that other soil properties are
significant in predicting Mr value.

Abu-Farsakh et al. (2004) conducted both laboratory and in-situ testing to evaluate the
use of DCP for quality control and quality assurance in pavement and embankment construction.
The CBR, DCP, and the plate load tests (PLT) were performed in the laboratory on selected soils
with a mixture of silty clay and clayey silt and compared to in-situ tests performed on subgrade
pavement layers for several projects for the Louisiana DOT. Abu-Farsakh et al. concluded that
the DCP was a dependable device for estimating the stiffness and the modulus of embankments,
as well as for the base layers of pavement and subgrades. The results of their study indicated that
the PR of 5.5 mm/blow is an acceptable value for the crushed limestone base.

Wu and Sargand (2007) evaluated the use of the DCP for evaluating the construction of
pavement layers for the Ohio DOT. The penetration ratio (PR) was measured in mm/blow, and

the data were collected based on ten projects tested over a two-year period. Data was collected
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for both chemically treated and untreated subgrade. They concluded that the use of DCP during
construction can significantly improve the quality control/quality assurance and the performance
of the subgrade materials. They also determined the acceptable PR for both treated and untreated
soil layers is 8 mm/blow (0.32 in/blow).

Puppala (2008) evaluated the correlation between DCPi rate values and the resilient
modulus. He found out that many engineers, researchers, and agencies have used the DCP to
estimate the moduli, and have used these values in many transportation projects for compaction
subgrades and granular soil without addressing the site variability. However, he provided a valid
warning message to the user of the DCP to be very careful when estimating and using moduli
from different sites, because most of the correlations are site-specific and mostly empirical and
their use for different soils requires careful evaluation and engineering judgment.

Gabr, Browning (2006) studied the effect of the cone tip apex angle on penetration
resistance. The study included five different sizes of cone tip apex angles: 50°, 60°, 75°, 90° and
120° (see Figure 2.2). Based on the laboratory tests, the study concluded that increasing the cone

tip apex angles increases the tip resistance

120° 90° 75° 60° 207

Figure 2.2 Cone tip apex angles (120°, 90°, 75°, 60°, 50°), Browning 2006.
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Table 2.1 Correlations between CBR and PI (after Harison 1987 and Gabr et al. 2000).

Author Correlation Field or laboratory based study Matenal tested
Kleyn (1975) log (CBR)=262-127- log(Pl) Laboratory Unknown
Harison (1987) log (CBR)=2.56-1.16- log(PI) Laboratory Cohesive
Harison (1987) log (CBR)=303-151- log(PI) Laboratory Granular
Livnehet al. (1994) | log(CBR)=2.46-1.12- log(PI) Field and laboratory Granular and cohesive
Ese etal (1994) log (CBR) =244 -1.07 log(PI) Field and laboratory ABC*
NCDOT (1998) log (CBR)=2.60-1.07- log(PI) Field and laboratory ABC#* and cohesive
Coonse (1999) log (CBR)=2.53-1.14- log(PI) Laboratory Piedomont residual soil
Gabr (2000) log (CBR)=1.40-10.55- log(PI) Field and laboratory ABC*

*Aggregate base course

As can be seen from the above literature review, most of the testing was conducted with a

DCP cone (Figure 2.2A) to correlate to CBR, resilient modulus (Mg), and soil parameters.

e Tipy

i |a-"_+_ Ill """"" I. |.I e

T

Figure 2.2A Typical DCP cone geometry.

The Dynamic Cone Penetrometer (DCP) (ASTM D6951) typically includes:
1. Asteel rod ranging 1-2 m long
2. A standard size of hardened steel cone at the end

3. Drop hammers (4.6 kg for soft soils and 8 kg for stronger soils)
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The soil strength and the compaction of the soil can be indirectly estimated by measuring
the penetration of the cone against the number of drops of the weight. The DCP may also be used
to obtain an approximate value of the California Bearing Ratio (CBR), which is an index of soil-
bearing strength. The CBR and DCP have been used in practice for many decades, and many
researchers have conducted tests and produced numerous data sets and empirical correlations
between the penetration rate of a DCP rod, CBR, and soil strength.

The main advantage of the DCP is that it does not require any external reaction forces,
relying only on the kinetic energy provided by a drop hammer. The concept of the DCP is to
provide no friction mechanism during the test procedure. It is clear that during driving the only
resistance is the surface area of the cone tip and no side friction. However, based on the size of
the cone, depth of the testing layer, and the soil type, the DCP will have side friction (side
resistance) due to soil collapse above the cone, as shown in Figure 2.3.

The MDPT penetration mechanisms are like CPT penetration mechanisms. Several
authors have reported that the lateral displacement of the soil adjacent to the cone during the
penetration phase of the CPT can be evaluated similarly to the bearing capacity of shallow
foundation, as shown in Figure 2.5 (soil bulging above ground surface). Figure 2.4a and 2.4b
shows the tip resistance Q will increase with depth until the critical depth is reached (Vesic,
1963), and then Q will stay constant or decreases, which is the behavior of deep (pile)

foundations.
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Figure 2.3 Theoretical boundaries of plastic failure.

Figure 2.3 shows that the effect of side friction of the shaft may become apparent and the
shape of the shear zone may be altered and jeopardize the value of the blow count readings. The
theoretical concept of the continuous penetrations caused by the hammer impact is explained in

the classic study of bearing capacity failure modes. It can be categorized into three groups, as

presented in Section 2.2.
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Figure 2.4 MDPT (a) and shape of critical depth (b).
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2.1.2 Texas Cone Penetrometer TCP Test

The Texas Department of Transportation (TDOT) is currently using the Texas Cone
Penetrometer (TCP), an in-situ test similar to the SPT and CPT. The TCP was developed by the
TDOT’s bridge foundation group in its Bridge Division, with the assistance of other groups
within the TDOT, for estimating soil properties and determining the allowable soil- and rock-
bearing capacity. Prior to 1940, there was no consistency in soil testing to determine soil- and
rock-bearing capacity in the foundation design. The TDOT Geotechnical Manual (2000)
mentioned that the first use of the TCP was in 1949, and the first publication of the test
procedure and charts was in the Foundation Exploration and Design Manual in 1956. Since then,

many modifications to the correlations have been made to improve TCP results.

The advantage of using the TCP test is the evaluation of both soil and rock, and the TCP
N blow count values correlate to SPT, friction angle shear strength parameters. The TCP consists
of (1) a hammer, 170 * 2 Ib. with 24 + 0.5-in drop; (2) a drill stem rig with sufficient torque to
accomplish testing to the desired depth; (3) an anvil threaded to fit the drill stem and slotted to
accept the hammer; and (4) a TCP cone (conical driving point) with a diameter of 3 in and a 2.50
in-long point. However, the TCP requires the use of a heavy drill rig and drilling operation,

which can be very costly for small projects or for planning purposes.

2.2 Three Groups of the Bearing Capacity Failure Modes
2.2.1 General Shear Failure

General shear failure is created by a total rupture of the soil underneath the applied load.
As shown in Figure 2.5, there is a continuous shear failure of the soil (solid lines) from the tip of
the cone (red line) to the ground surface. General shear failure causes ground surface rupture and
pushes up the soil on both sides of the applied load.
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A general shear failure occurs for dense soils and soils in the hard state.

Figure 2.5 General shear failure (after Vesic, 1963).

2.2.2 Local Shear Failure

Local shear failure, as shown in Figure 2.6, ruptures the soil only immediately below the
cone (red line). Soil expands on both sides of the load, but the bulging is not as significant as in
general shear. Local shear failure is considered to be the transitional phase between general shear
and punching shear.

Local shear failure occurs in medium-dense soils or firm-state soil.

Load
v
7777  Final Ground
% face
Initial Ground— — —e=———= ‘;/ S
Surtace \\ / /
\\ \//
‘Shanumau

Figure 2.6 Local shear failure (after Vesic, 1963).

2.2.3 Punching Shear Failure

For punching shear, the soil outside the loaded area remains relatively uninvolved and
there is minimal movement of soil on both sides of the load. The process for the cone
deformation involves compression of the soil directly below the load, as well as the vertical

shearing of soil around the cone perimeter. As shown in Figure 2.7, punching shear failure does
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not develop a clear shape of shear surfaces similar to the general shear failure, as shown in

Figure 2.5.

Punching shear failure occurs in loose or soft-state soils.

Figure 2.7 Punching shear failure (after Vesic, 1963).

Table 2.2 presents the type of bearing capacity failure summary for both cohesionless and

cohesive soils clay soils that can be developed based on soil properties.

Table 2.2 Type of Bearing Capacity Failure Summary Vs. Soil Properties (After Vesic 1963).

Cohesionless Sail (e.g., sands) Cohesive soil (e.g., clays)
Type of Bearing Density Relative (N1)so | Consistency | Undrained shear
Capacity Failure condition density (Dr) strength (Su)
General Shear Dense to very 65-100% >20 Very stiff > 2000 pfs
Failure (Figure 2.5) dense to hard > 100 kPa
Local Shear Failure Medium 35-65% 5-20 | Mediumto 500 — 2000 psf
(Figure 2.6) stiff 25 — 100 kPa
Punching Shear Loose to 0-35% <5 Soft to < 500 psf
Failure (Figure 2.7) very loose very soft < 25 kPa

2.3 Current NCDOT DCP Methods Description
2.3.1 Description of Equipment

Refer to ASTM D 6951 Section Five for equipment specifications. The 17.6-l1b hammer
is used in this test method. Dynamic Cone Penetrometer is abbreviated as DCP. A schematic of

apparatus is shown in Figure 2.8.
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2.3.2 Procedure
Refer to ASTM D 6951 Section Six for the operation of DCP. The PR is marked on a

survey stake for each blow during the test. Each test is advanced to a minimum of 32 in.
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Figure 2.8 Schematic of apparatus, NCDOT—Geotechnical Engineering Unit DCP.

2.4 Summary and Recommendation

From the review of the literature, and as described in this chapter, many researchers and
the developers have focused their work on the DCP, CBR, CPT, and the SPT correlations.
Furthermore, most of their studies focused on the evaluation of the correlations between the DCP
and CBR to characterize the soil properties for pavement layers and fill embankments. No study
or research was performed similar to the development of the MDPT, as presented in this study.
Therefore, the preliminary results of the proposed study, the development of MDPT, and the

literature review have demonstrated the need for developing the MDPT.
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CHAPTER 3. DEVELOPMENT OF MDPT
3.0 Design and Select a Shape, Size of the MDPT Device
3.1 History

The development and design of the MDPT was inspired by the improvement of the 0.5-in
(13-mm) steel rod used by the North Carolina Department of Transportation (NCDOT). In the
early 1970s, the NCDOT did not perform a subsurface investigation (SI) for every bridge. SI was
limited to only large and important bridges and performed using the Standard Penetration Test
(SPT). The investigation of small and low-impact bridges was limited to rod sounding performed
by the NCDOT’s Hydraulic Engineering Unit. The rod sounding consisted of a 5-ft (1.5-m) steel
rod with a diameter of 0.5 in (13 mm), which was driven by a 16-1b (7.3-kg) hammer, as shown
in Figures 3.1 and 3.2. The rod was driven to refusal with the use of a steel coupler to connect
the steel rods together. The test is performed by driving the 0.5-in (13-mm) steel rod into the
ground with a 16-1b (7.3-kg) hammer falling freely through a constant distance of 24 in (609
mm). The penetration depth is recorded every 12 in (305 mm). The signs of refusal, an indication
of reaching rock or cemented soil layer, were very clear. The following are indications of driving
refusal:

1. When the hammer bounces back and produces multi drops

2. When steel rod does not penetrate with the hammer impacts

If the bridge was considered to be important, a full subsurface investigation was
conducted to assist with the foundation design. The foundation section was in the NCDOT’s

Structure Design Unit, with one engineer assigned to the foundation design.
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steel coupler

driven 0.5 in
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Figure 3.1 Sketch of 0.5-in steel rod and 16-1b hammer.

Figure 3.2 In-situ testing using 0.5-in steel rod device to estimate rock elevation.
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3.1.1 Type of Foundations Used in the Early 1970s at NCDOT

Footing on piles was the common foundation type in Piedmont soil. The main reason for
using footing on piles was the subsurface investigation using the SPT. In the Piedmont region,
when the SPT test shows low blow counts (low N values) for the piedmont soil, the foundation
design will be footing on piles. The Piedmont soil usually consists of residual soil with sufficient
strength to use spread footing for a bridge foundation. However, when the SPT test shows lower
blow counts (lower soil strength), the bridge foundation will be footing on piles to prevent bridge
settlement and provide an adequate factor of safety. However, the NCDOT foundation
engineering team thought that spread footing instead of footing on pile could be used to provide
sufficient foundation support for some bridges in the Piedmont region, if it could be justified.

The NCDOT foundation engineering team believed the SPT is used because of its
simplicity, familiarity, and low cost. It provides useful information in very specific types of soil
conditions, and basic soil testing procedures give reasonably consistent results in fine-grained
sands, but it is not as consistent in coarse materials or clays. To justify the use of spread footing
for bridge foundations in areas where the SPT gives unreasonable results and produces low blow
counts, NCDOT developed and designed a full-scale Plate Load Test (PLT) program. The PLT
test frame was designed and performed by the NCDOT Geotechnical Unit and the Bridge
Maintenance Unit.

North Carolina comprises of three major geographic regions: Coastal Plains, Piedmont,
and Mountains. The justification program for using spread footing was focused on the Piedmont
area, which is the middle region of the state, located between the Coastal Plain and the Mountain
regions. Piedmont is a French word meaning “foot of the mountain”; therefore, the Piedmont

region lies between the foot of the mountains and the Coastal Plain regions. Its materials
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typically consist of interbedded sands, silts, and clays. Clays can be low to highly plastic, and in
some cases, may be over consolidated. The above-soil formations are ideal for in-situ testing due

to the lack of very stiff/hard soils and rock.

3.2 NCDOT Plate Load Test (PLT) Development to Verify 0.5-in Steel Rod

The NCDOT Plate Load Test was designed and performed by NCDOT soils and
foundation engineers in the early 1980s. The test frame was built by the NCDOT Bridge
Maintenance Unit. The PLT was used for soil types A-5 and A-4, which are frequently
encountered in Piedmont, especially in Winston Salem and in Raleigh, North Carolina. The test
was designed to determine the ultimate bearing capacity of the different types of soils and the
likely settlement under a given load. During the test, static loads were applied onto the plate to
determine whether the ground had sufficient bearing capacity to support structures. The PLT
provided valuable data to justify the use of spread footing instead of footing on piles for bridge
foundations. The PLT program also made the development of the 0.5-in (12.7-mm) steel rod a
necessary field tool to verify the results of the PLT and the required bearing pressure in the field.

The PLT consisted of steel truss, 50-ton jacks, load cell, dial gauges, and steel anchors to
the ground. The plate load test correlated the SPT (N) and the 0.5-in (12.7-mm) steel rod blow
counts to the dry density and relative density. The steel rod was also correlated to the bearing
capacity and to other tests to correlate the dry density. The steel rod is still in use by NCDOT to
verify bearing capacity for spread footing and retaining wall foundations. The limitations of the
0.5-in (12.7-mm) rod was the inspiration for building a portable device that can be used
continuously at different depths to estimate soil strengths and bearing capacity, as well as soil

properties and soil density.
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3.3 MDPT Development
The current practice for soil testing according to FHWA, AASHTO, and almost all state

DOTs is the SPT and CPT for small or large projects. Therefore, it was necessary to develop a
portable and mini device that mimics both the SPT and CPT mechanism. The portable device is
designed to generate 10% of the SPT total energy of 350 ft-Ib. The SPT has a drop weight of 140
Ib (63.5 kg) and drop height of 30 in or 2.5 ft (762 mm), which generates energy or force of

140 Ib*2.5 ft = 350 ft-lb (48.4 kg-m).

Groove

— .
(a) (b) (©) (d)
Figure 3.3 Sketch of the MDPT parts.

(a) Top part with anvils provide 24-in drop height
(b) Extension steel rod with coupler 2.5 ft

(c) Cylindrical shape with cone head at 60°

(d) Drop weight of 17.5 Ib (7.9 kg) with groove

The MDPT as a dynamic test was designed to mimic the SPT tip and skin resistance
behavior to produce 10% of the SPT total energy of 350 ft-1b (48.4 kg-m). The hammer weight is
17.6 Ib (7.98 kq), falling freely from a height of 2 ft (609 mm) to generate energy of 35 ft-1b
(4.84 kg-m). Figures 3.3 and 3.4 shows the MDPT schematic sketch and actual image. The

MDPT can be operated manually or automatically using a gear-motor, as shown in Figure 3.5.
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The MDPT procedure encompasses the same effect of friction and other factors to reduce the

delivered energy.

Figure 3.4 Actual image of MDPT.

3.4 Testing Procedure

The equipment required for the MDPT includes the drive-weight assembly, a cylindrical
shape with a steel cone head, as shown in Figure 3.4, along with steel rod extensions. The MDPT
procedure is performed by continuously driving from the ground surface until a termination
depth is reached. The cone has a 60° apex angle. The drive-weight assembly consists of a 17.5-1b
(7.9 kg) hammer and a 5/8-in (15.9 mm) diameter stainless rod with two anvils (see Figures 3.3,
3.4, 3.5, and 4.1). The process of driving the cylindrical steel cone head (CSCH) with the 17.5-1b
(7.94 kg) hammer is to lift the hammer 2 ft (609 mm) and let it drop freely, causing the anvil to
drive the CSCH into the soil. The total blow counts are recorded in 1-ft (0.3m) intervals to the
desired depth. The test is usually performed adjacent to SPT boring or CPT soundings for local

calibration.

3.4.1 MDPT Energy Measurement
The MDPT was field-tested to measure the hammer energy efficiency and compare the

data with SPT energy efficiency. The measurements were made using Pile Dynamics, Inc.
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Model PAX with strain and accelerometer (see Figure 3.5). The test was performed by Applied
Foundation Testing, Inc. (AFT). The energy transmitted to the steel rod from the hammer during
the impact, as determined by the F-V method (EFV) and the theoretical potential energy (ETR)
values, was approximately between 27-33 ft-Ib (3.7-6 kg-m) and 77%—-94%. The standard
deviation for all data increments for EFV and ETR was 1.5 ft-Ib (0.21 kg-m) and 4.2%,
respectively. The energy measurement tests confirmed that the MDPT energy and efficiency are
within the same range of the SPT energy and efficiency; therefore, no correction is needed

between the MDPT values and SPT N values.

3.5 In-situ and Lab Testing Scheme of MDPT

In-situ penetration tests have been widely used in geotechnical and foundation
engineering for site investigation in support of analysis and design. The standard penetration test
(SPT) and the cone penetration test (CPT) are two typical in-situ tests. The MDPT is similar to
the SPT penetration test, as it is performed by dropping a 17.5-1b hammer from a 2-ft fall height
and measuring the penetration depth per blow or measuring the blow counts per ft for each tested

depth (see Chapter 4).

28
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Figure 3.5 Image of MDPT: Automatic and manual hammers; cylindrical shape with cone head;
illustration of SPT analyzer processing equipment and PDA during MDPT hammer energy test.
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Based on the literature, many of the in-situ testing tools used to determine the physical
and engineering properties of soils have been developed during the last two decades. This
chapter, however, focuses only on those MDPT field tests that are newly developed and used for
NCDOT projects. Extreme care and sound engineering judgment should be taken during in-situ
testing so that the test results truly characterize the in-situ soil strength values for each project.

Local calibration is always the preferred practice for any new device.

3.6 In-situ Testing Scheme

The testing program was divided into two geological regions to represent the most sites in
North Carolina. As shown in Figure 4.2, eight counties from the Piedmont region and six counties
from the Coastal Region were tested with SPT and MDPT and some CPT to correlate between the
three tests. Figure 4.2 on page 54 and Table 4.2 on page 55 shows the MDPT used in different

projects and various locations to develop the correlations.
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3.7 Laboratory Testing Program
Many factors can influence the accuracy and the repeatability of the in-situ test results,
including soil type, soil strength, sampling technique, sample preparation, quality control, and
operator. Horizontal and vertical variability can occur naturally in the field, and based on our
experience at NCDOT field testing, variability will occur even under the best of conditions and
identical adjacent test results should not be expected. When identical results are not achieved from
repeated testing, concerns about soil test reliability and repeatability is often expressed. The major
objective in controlling the impact in soil variation is to minimize the effect and to understand and
study the factors identified above, which can cause large variation.
In this study, it was difficult to evaluate repeatability in the field due to soil variability. To
study the repeatability of the MDPT, two 2.5 in x 2.5in x 1.5 in (762 mm x 762 mm x 457 mm)
wooden boxes were constructed, and soil types A-4 and A-7-5 were delivered in 100-1b bags from
the Winston Salem area by the NCDOT Geotechnical Unit (see Figures 3.7 and 3.8). The wooden
boxes and the soil served to eliminate the soil horizontal and vertical variability and provide a
controlled testing program for the compaction and repeatability. The laboratory wooden boxes in
this study served three purposes:
1. Control the soil type and strength
2. Control the boundary condition to produce identical test results

3. Study the compaction at different compaction levels

The soil sample from Winston Salem was placed in Box 1 and Box 2. Each box had a
different type of soil (A-4 and A-7-5) and was compacted by three methods:
1. Placing the soil without compaction (very loose), as shown in Figure 3.8 (A)

2. Compact the soil by walking, as shown in Figure 3.8 (B)
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3. Compact the soil by tamping weight, as shown in Figure 3.8 (C)

Figure 3.8 (A) Place the soil without compaction. (B) Compact the soil with walking
compaction. (C) Compact the soil with tamping weight. (D) MDPT tests for In-situ soil at the
M&T facility of NCDOT.
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4. MDPT test in-situ soil as shown in Figure 3.8 (D).
3.8 Site Descriptions

The data obtained from 14 counties in North Carolina are presented in Chapter 4 (see
Figure 4.2, page 54) The data are for sites representing two geological regions of the state: the
Coastal Plain and the Piedmont, as shown in Table 4.2, page 55. Each project site was carefully
selected and evaluated based on the level of safety to perform the MDPT tests, subsurface
investigation, locations, rock deeper than 10 ft (3.05 m), site accessibility, and reasonable SPT
(N) values.

The Coastal Plain geology consists mostly of marine sedimentary rock, which is usually
overlain by sand and clay. The materials are primarily sand and clay from oceans and rivers that
have been laid down over many thousands of years.

The Piedmont region is the middle region of the state, located between the Coastal Plain
and the Mountain regions. Piedmont is a French word meaning “foot of the mountain”; therefore,
the Piedmont region lies between the foot of the mountains and the Coastal Plain regions. The
materials typically consist of interbedded sands, silts, and clays. Clays can be low to highly
plastic, and in some cases, may be over-consolidated. The above-soil formations are ideal for in-
situ testing due to the lack of very stiff/hard soils and rock.

The Coastal region has depths ranging from 13 ft (3.962 m) to 30 ft (9.144 m), with an
average depth of 20 ft (6.096m). The total data points for the coastal region were 237. Each data
point has MDPT blow counts n-values at a specific depth that will be compared with the
uncorrected SPT N-values at the same specific depth. Both SPT and MDPT were performed
adjacent to each other. Similarly, Piedmont MDPT data points were compared to the SPT. The
total numbers of the Piedmont data points were 131. The lower number of data points and the

shallow depths are due to the presence of shallow weathered rock or hard rock. The depth for the
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Piedmont points ranged from 11 ft (3.353 m) to 20 ft (6.096 m). The MDPT tests were
performed at times after the SPT was performed, and most of the SPT borings were easy to
locate on the site; however, at some locations it was difficult to locate the exact SPT boring
locations due to grass covering the vicinity of the boring. Each MDPT test was performed within
1-3 ft (30.5 cm-91.5 cm) of the exact location of the SPT borings. The maximum depth of the

MDPT at the Piedmont region was 46 ft (14 m).

3.8.1 Site Locations

The NCDOT project sites were specifically selected to be newly sampled and tested by
SPT and CPT in both the Piedmont and Coastal regions, if possible. The locations of the test sites
are presented in Figure 4.2, page 54; the details, including the number of tests at each site, is
presented in Table 4.2, page 55. The pink circle in Figures 4.2 and 5.12 indicates completed SPT,
CPT, and MDPT tested sites. Some sites have both SPT and CPT tests completed. The project
sites from 14 counties were tested by SPT, some by CPT, and some by pressuremeter by
NCDOT. To have adequate test values for the correlation, MDPT was performed at multiple

locations at each project site.

3.9 Test Patterns and Depths

The MDPT tests were performed within 2 ft (610 mm) or less of the SPT test to limit
spatial variability. The literature review showed that spatial variability is approximately +40%
when the comparing the results from adjacent soundings (6-ft—12-ft distance (1.83 m-3.66 m)).
The MDPT tests depths varied based on the rock elevation and the SPT and CPT depths.

In Chapter 4, Figure 4.2 shows a map of North Carolina and the counties tested with SPT,
CPT, and MDPT. Figure 4.2 was used to select the specific projects sites to complete the MDPT

study and the correlations between the SPT (N) values and MDPT-n blow counts per ft.
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3.10 Typical NCDOT Process for Subsurface Investigation of Bridges, Roadways and
Retaining Walls

Piedmont: Due to the variation of rock elevation, the subsurface investigation has two
borings for each bent for the bridge. The depth of each boring is estimated based on the
foundation type and the engineer conducting the investigation. Borings for retaining walls are
typically required every 50 ft (15.24 m), with a minimum of one boring at each end of the wall.

Boring depths are as shown in Table 3.1 based on wall height (H).
Table 3.1 NCDOT Boring Depth for Several Types of Retaining Walls.

Type of Wall Boring Depth
Fill walls (e.g., gravity, MSE, concrete, etc.) 2H
Cantilever walls (e.g., sheet pile, pile panel, soldier pile, etc.) 2H
Non-cantilever (e.g., soil nail, anchored, etc.) H

For the roadway, the spacing of borings or soundings is typically at intervals of 200 ft
(60.96 m) linearly. The spacing may be adjusted to be less than or greater than 200 ft (60.96 m)
depending on site conditions or project design. SPT borings are usually advanced to a minimum
depth to ensure that the subsurface investigation is adequate for evaluating embankment stability.
A standard depth of 1.5 times the height (1.5xH) of the proposed embankment typically used for

planning purposes, with a minimum boring depth of 10 ft (3.048 m).

3.11 Repeatability of MDPT

Repeatability analysis for the MDPT is very important for interpreting the data. One of
the identified sources of uncertainty in soil testing is the soil variability, both vertically and
horizontally. To prevent soil variability impact and to study the repeatability of the MDPT, a test
scheme was carried out to determine the repeatability of MDPT tests. Ninety-five MDPT

penetrations tests were performed in proximity to each other to a depth of 1.5 ft in the laboratory
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(see Tables 3.2 and 3.3 and see Figure 3.10 for each test point orientation). The field tests
consisted of 20 different tests at various locations and depths (see Table 3.4).

Testing was carried out under field conditions, and the results are those expected under
such conditions and under ideal “laboratory-type” conditions. The results indicated that the
coefficient of variation of the laboratory testing of the MDPT was between 4% and 5%.
However, the results of the field tests of the MDPT was 14%, as shown in Figure 3.9, for the
material at the test locations. The results confirmed the soil variability, the need for MDPT
development, and the need for more testing for each project at different locations to obtain
adequate soil properties for accurate, efficient, and safe design. As previously described, local

calibration is always the preferred method for the MDPT to obtain adequate data.

COV% of Field Test and Lab Tests (Box1 and Box2)

Field

Box 2

Box 1

0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00% 14.00% 16.00%

Figure 3.9 Coefficient of variation (COV) graph from laboratory (Box 1 and Box 2) and field-
testing of MDPT.
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Wooden Box C
2°x2°x1.5

Figure 3.10 Sketch of the test orientation for each test location of the wooden box.
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Table 3.2 Data Analysis from Laboratory (Box 1) for MDPT Tests for Different Depths and Locations.

Locations Box1 no comp. |Box no comp,{Box1 no comp,|Box1 walking {Box1 walking |Box1 walking|Box1 Tamp L' [BoxL Tamp 1' {Box1 Tamp 1.5'[Box Tamp 1.5'|Box1 Tamp 1.5

6" I 15 6" r 15 6" r 6" r 15

0 0 0 1 3 5 5 8 8 6 10 9

A 0 0 1 3 5 5 8 8 6 10 10

B 0 0 1 3 4 4 8 8 5 10 10

Box 1 C 0 0 1 3 5 5 8 8 6 9 10

D 0 0 1 3 5 5 8 7 6 9 10

STD (o) 0 0 0 0 045 0.45 0 045 045 0.55 045

Mean (M) 0 0 1 3 48 48 8 78 58 9.6 9.8
COV=6/M #DIVIO! #DIVIO! 0 0 0.09 0.09 0 0.06 0.08 0.06 005  |Average
COV% #DIVI0! #DIVI0! 0.0% 0.0% 9.3% 9.3% 0.0% 5.1% 7.1% 5.7% 4.6% 4.1%

Table 3.3 Data Analysis from Laboratory (Box 2) for MDPT Tests for Different Depths and Locations.

. Box2 no comp. [Box2 no comp. |Box2 no comp.[Box2 Tamp 1'|Box2 Tamp 1' |Box2 Tamp 1.5' |Box2 Tamp 1.5' [Box2 Tamp 1.5'
Locations
6" 1 15 6" 1 6" 1' 1.5'
(0] 0 0 0 2 4 6 10 9
A 0 0 0 2 4 6 10 9
B 0 0 0 2 4 5 11 9
Box 2 C 0 0 0 2 4 5 11 9
D 0 0 0 2 4 6 9 9
STD (o) 0 0 0 0 0.00 0.55 0.84 0.00
Mean (M) 0 0 0 2 4 5.6 10.2 9
COV=¢/M 0 0 0 0 0.00 0.10 0.08 0.00 Average
COV% #DIVIO! #DIV/0! #DIVIO! 0.0% 0.0% 9.8% 8.2% 0.0% 3.6%
Table 3.4 Data Analysis of the Field Tests for MDPT Tests for Different Depths and Locations.
3" below the ground
Locations 1 2 3 4 5 6 7 8 9 10
Hole 1
Hole 2
Field Hole 3 15 20 19 28 29 25 31 31 28 28
Hole 4 12 27 21 32 35 34 33 29 35 40
STD (o) 2.12 4,95 141 2.83 4.24 6.36 141 141 4,95 8.49
Mean (M) 13,50 23.50 20.00 30.00 32.00 29.50 32.00 30.00 31.50 34.00
COV=6/M 0.16 0.21 0.071 0.09 0.13 0.22 0.04 0.05 0.16 0.25 AVERAGE
COV% 15.7% 21.1% 7.1% 9.4% 13.3% 21.6% 4.4% 4.7% 15.7% 25.0% 13.8%
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3.12 Summary and Conclusions

The preliminary testing of the MDPT showed promising test results, and a full testing
program was planned and performed to understand the mechanism of the rigidity of the device as
an investigation tool. The MDPT device was tested in different environments and the final
configuration was selected. As a portable and economical in-situ tool, the MDPT will provide
planning and design engineers with the necessary data to improve their work.

The reliability of the MDPT values is significantly influenced by its repeatability. In this
study, the repeatability of the MDPT device was evaluated using the coefficient of variation
based on 115 in-situ and laboratory tests in proximity to each other. The results of the analysis
show that the MDPT has very good repeatability. The coefficient of variation analysis showed

the range is between 4%-14%, as shown in Figure 3.9 and in Tables 3.2, 3.3, and 3.4.
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Development of a Portable Mini Dynamic Penetration Test (MDPT) and Procedure to
Estimate Soil Strength and Engineering Properties

4.0 Abstract

Understanding soil strength and other engineering properties are essential to foundation design
and necessary for adequately assessing the load-carrying capacity of soil during the design and
construction process. Currently, no portable, manual or automatic, easy-to-use field device exists
that can measure field resistance to depths of 45 ft (13.7 m). This paper presents the development
of a new portable Mini Dynamic Penetration Test (MDPT) and examines the correlation between
the penetration resistance (n-value) and the N-value from the standard penetration test (SPT).
The basic motivation is to develop a new portable, versatile, and cost-effective alternative device
and method for estimating the strength and engineering properties of soils. The MDPT was
tested in 14 counties from the Coastal region (CR) and the Piedmont region (PR) of the state of

North Carolina (NC).

Correlations were conducted without taking into account soil types and groundwater
elevation. Analyses of the data show a clear linear relationship between the measurements from
the SPT (N) value and MDPT-n value. In-situ test results from MDPT demonstrate that the soil
properties can be estimated from portable dynamic penetration test data without the use of heavy
and costly drill rigs or trucks. The MDPT can be used to evaluate subgrade and soil layer
strength, as well as estimate soil properties using correlations with other in-situ testing methods.
4.1 Introduction

In-situ penetration tests have been widely used in geotechnical engineering for site
characterization in support of analysis and design. The Standard Penetration Test (SPT) and the
Cone Penetration Test (CPT) are the most widely used field testing procedures for geotechnical

engineering in the United States. The CPT was invented in Holland in 1932 and introduced into
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U.S. practice more than 40 years ago (Schmertmann, 1970). Early field operations used
mechanical systems that collected two readings: cone resistance (qt) and friction (fs) at 7.87 in
(200 mm) intervals. Data were recorded by hand and the interpretation methods were based on
limited knowledge and experience. Today, electric and electronic CPT systems are available in
several sizes and configurations of the cone tip, and provide three or more separate readings with
depth: total cone tip resistance (q), sleeve friction (fs), and pore water pressure (uz), usually
taken at frequent vertical intervals between 0.4 in—0.8 in (10-20 mm) (Lunne et al. 1997).

Robertson et al. (1986) proposed a CPT-SPT correlation in which the ratio between the
normalized cone tip resistance (q/Pa) and N must be corrected to a 60% energy ratio (N60).
Kulhawy and Mayne (1990) extended the Robertson et al. (1983) correlation based on additional
data that became available in the late 1980s, and developed an empirical equation for their
updated SPT-CPT correlation. The advantages of the SPT include availability, a wide variety of
developed soil parameters based on SPT N-value data, and a soil sample is typically obtained
with each test.

Dynamic cone penetrometers (DCP) have been used in geotechnical applications for
nearly 60 years. Different types and shapes of DCP have been developed with the Scala
penetrometer, introduced in 1956, and the Sowers penetrometer, introduced in 1959. The DCP
was widely used to evaluate pavement layers, such as base course material and subgrade soil, for
pavement design. The DCP is performed by dropping a hammer from a certain fall height and
measuring the penetration depth per blow for each tested depth. The DCP test is quick to set up,
run, and evaluate on site, but it is designed to evaluate shallow soil layers at depths ranging 4 ft—
6 ft (1.2 m-1.8 m). In addition, the DCP has limitations with respect to its ability to evaluate the

soil layers, and thus there is a great need to develop a simpler, more cost-effective procedure to
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determine in-situ parameters. Such a procedure will help geotechnical engineers conduct their
analyses and designs using methods that are simpler and less equipment-intensive than SPT and
CPT. In this study, the development of a portable MDPT is reported for collecting data on
penetration resistance and skin resistance behavior. The skin resistance is estimated using a
torque wrench, as shown in Figure 4.6.

The MDPT can be driven to a depth of 45+ ft (13.7+ m) below the ground surface with
5/8-in (160-mm) stainless steel rod extensions. The MDPT hammer configuration was designed
to mimic the SPT tip and skin resistance behavior to produce 10% of the SPT total energy of 350
ft-1b (48.4 kg-m). It consists of a 17.6-1b (7.98-kg) steel mass, or hammer, falling 2 ft (609 mm)
to develop 35 ft-1b (4.84 kg-m). A schematic sketch of the MDPT is provided in Chapter 3,
Figures 3.3, 3.4 and 3.5.

The MDPT can be operated manually or automatically using a gear-motor (shown in
Figure 3.5). The automatic MDPT consists of a 35-1b (15.88-kg) hammer falling 1 ft (300 mm)
to develop 35 ft-1b (4.84 kg-m). Theoretically, the 140-Ib (63.5-kg) SPT hammer dropped from
30 in (762 mm) should deliver 350 ft-1b (48.4 kg-m) of energy (140 Ib. x 30 in = 350 ft-1b) (63.5
kg x 0.762 = 48.4 kg-m) with each blow. Field testing indicated that the energy delivered to the
rods during an SPT test can vary from 68%-94% of the theoretical maximum, with an average of
81%. SPT resistance values are normalized to 60% energy, because the correlations made before
the advent of hammer-system calibration used safety hammers and it was generally assumed that
the correlations were running at 60% efficiency.

Normalization is made in design to compare resistance values to published correlations
that were either assumed to be operating at or otherwise normalized to 60%. However, the

measured field energy for this research was corrected to the standard 60% energy, and thus each
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blow will deliver (350 ft-lb x 0.6) = 210 ft-1b (48.4 x 0.6= 29 kg-m) to the sampler. Each blow
count could be used as a unit measurement of delivered energy in which one blow count equals
210 ft-1b (29 kg-m). The measured N value blows per ft (blows per 300 mm) is defined as the
penetration resistance, which equals the sum of the number of blows required to drive the SPT
sampler a depth interval of 6 in—18 in (150-450 mm). The MDPT procedure will encompass the
same effect of friction and other factors to reduce the delivered energy.

The main objective of this study is to correlate the MDPT n-value to the SPT N-value
using well-established empirical methods. Such a correlation is meant to take advantage of the
vast database of empirical relationships as a function of the N-value. Establishing the
relationship between the MDPT data and the N-value can provide a cost-effective method for
assessing key soil parameters in the field. The MDPT is currently used by the NCDOT to verify
and confirm project conditions during construction, estimate rock elevation, evaluate subgrade

strength, and estimate soil properties.

4.2 Background

To the author’s knowledge, no portable and rapidly deployable instrument capable of
reaching a depth of 45 ft (13.7 m) has been developed to drive deeper than the subgrade layers.
Gabr et al. (2001) reported that widespread research was performed to correlate the DCP to the
California Rearing Ratio (CBR) and develop an empirical relationship. Abu-Farsakh et al. (2004)
assessed the use of DCP for quality control/assurance evaluation of pavement layers and
embankments during construction. A summary of selected research studies that have correlated
the DCP values to CBR, PLT, falling weight deflectometer (FWD), is provided in Chapter 2

Table 2.1.
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The data points of the MDPT tests were compiled and organized for each geologic
region. Comparisons between the MDPT blow counts (n) and the SPT blow counts (N) using an
automatic hammer were made separately for the Coastal region and for the Piedmont region. It is
assumed that the factors affecting the SPT will be similar to those affecting the MDPT. The
following factors are noted:

A. Variation in delivered energy (Robertson et al., 1983)

B. Equipment conditions

C. Both are dynamic

D. Both measure resistance based on vertical soil penetration

E. Both have skin and tip resistance albeit not the same magnitude

Based on the correlation and calibration tables developed for the MDPT and SPT tests
using an automatic hammer, we can correct the SPT(N) values based on the MDPT results
adjacent to the SPT location. Development of site-specific correlations between the SPT(N)
values and the MDPT-n value can prevent many design errors caused by using the wrong
SPT(N) values. See Sabatini et al. (2002) and Phoon et al. (1995) for information on the
variability associated with various engineering properties. The data shown in Figure 4.3 shows
the coefficient of determination R?=0.92 and the correlation coefficient r=0.96 for the Piedmont
region, R?=0.93 and r=0.964 for the Coastal region, and the average for both regions of R>=0.91
and r = 0.95 and mean square error (MSE) = 4.7. These indicate a strong correlation between the
resistance from SPT(N) s and the MDPT-n measurements.

Many researchers have performed correlations between SPT and soil properties such as
friction angle ¢, unit weights vy, relative density Dr, bearing capacity, among many others. Some

published correlations are based on corrected Neo or N1eo for overburden and hammer efficiency,
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and some are based on uncorrected (N) values. The designer must evaluate and study the basis of
the correlation and use either N1go or N as appropriate. In this study, Figure 4.4 and Figure 4.5
are used for the correlations between the SPT and the soil properties on the basis of the Standard
Penetration Test (N) values corrected (N1eo). Since soil properties estimated from correlations
tend to have greater variability than measurements using laboratory performance data (Phoon et
al., 1995), a minimum of 3-5 measurements from each geologic stratigraphy should be taken to

estimate the soil properties.

4.3 Testing Process

Equipment required for the MDPT includes the drive-weight assembly, a cylindrical
shape with a steel cone head, as shown in Figure 4.1, and steel rod extensions. Typically, the
MDPT test is continuously driven from the ground surface until a termination depth is reached.
The cone has a 60° apex angle. The drive-weight assembly consists of hammer and a 5/8-in (160-
mm) diameter stainless rod with two anvils (see Figure 4.1, and Figure 3.5 on page 29). The
process of driving the cylindrical steel rod (CSR) with the 17.6 Ib (7.94 kg) hammer is to lift the
hammer 2 ft (0.6 m) and let it drop, forcing the anvil to drive the CSR into the soil. The total

blow counts are recorded at 1-ft (0.3-m) intervals to the desired depth.

4.3.1 Field Testing

Data obtained from 14 counties in North Carolina are presented. The data are from the
sites representing the Coastal Plain and the Piedmont regions. The locations of the test sites are
presented in Figure 4.2; the details, including the number of tests at each site, are presented in

Table 4.2.
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The Coastal Plain geology consists mostly of marine sedimentary rock which is usually
overlain by sand and clay. The materials are primarily sand and clay from oceans and rivers that
have been laid down over many thousands of years.

The Piedmont is the middle region of the state, located between the Coastal Plain and the
Mountain regions. Piedmont is a French word meaning “foot of the mountain”; therefore, the
Piedmont region lies between the foot of the mountains and the Coastal Plain regions. The
materials typically consist of interbedded sands, silts, and clays. Clays can be low to highly
plastic and may be over-consolidated in some cases. The above-soil formations are ideal for in-
situ testing due to the lack of very stiff/hard soils and rock.

Data for the Coastal regions have depths ranging from 13 ft (3.9 m) to 30 ft (9 m) with an
average depth of 20 ft (6.09 m). The total data points for the Coastal region were 237. Each data
point has MDPT blow count n-values at a specific depth, which will be compared with the
uncorrected SPT N-values at the same specific depth. Both SPT and MDPT were performed
adjacent to each other. Similarly, Piedmont MDPT data points were compared to the SPT. The
total numbers of the Piedmont data points were 131. The lower number of data points and the
shallow depths are due to the presence of shallow weathered rock or hard rock. The depth for the
Piedmont points ranged from 11 ft—20 ft (3.353 m-6.096 m). The MDPT tests were performed at
times after the SPT was performed. While most of the SPT borings were easy to locate on the
site, at some locations it was difficult to locate the exact SPT boring locations due to grass
covering the vicinity of the boring. Each MDPT test was performed within 1 ft-3 ft (30.5 cm—
91.5 cm) of the exact location of the SPT borings. The maximum depth of the MDPT at the

Piedmont region was 46 ft (14 m).
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4.4 Mini Dynamic Penetration Test (MDPT) Energy Measurement

The MDPT was field-tested to measure the hammer energy efficiency and compare the
data to the SPT energy efficiency. The measurements were made using Pile Dynamics, Inc. /
Model PAX with strain and accelerometer (see Figure 3.5 on page 29). The test was performed
by Applied Foundation Testing, Inc. (AFT). The energy transmitted to the steel rod from the
hammer during the impact, determined by the F-V method (EFV) and the theoretical potential
energy (ETR) values were 77%-94%. (approximately between 27-33 ft-Ib (3.7—4.6 kg-m)). The
standard deviation for all data increments for EFV and ETR was 1.5 ft-Ib (0.21 kg-m) and 4.2%,
respectively. The energy measurement tests confirmed that the MDPT energy and efficiency are
within the same range of the automatic hammer SPT energy and efficiency. The hammer
efficiencies averaged 80% for both MDPT and automatic SPT; therefore, no correction is needed
between the MDPT ngo values and SPT Ngo values. See Table 4.4 for the MDPT PDA test

results.

4.5 Correlations to Estimate Engineering Soil Properties of Soil

The friction angle of granular soil estimated from the corrected N-value from the SPT-
N1eo parameter shall be determined based on the correlation shown in Table 4.3 and Figure 4.4.
The correlation by Peck, Hanson, and Thornburn (1974) falls within the ranges specified in
Table 4.3. While experience in each region and type of soil should apply when selecting specific
values within the ranges, generally the finer materials (i.e., with significant silt-sized materials)
and materials in which the particles are rounded will fall in the lower range. However, coarser
materials with less than 5% fines and materials in which the particles are sub-angular to angular
will fall in the higher range (reported in AASHTO 2014). It is good practice to be careful when

using any correlations of SPT and soil properties, especially correlations with higher values.
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4.6 Using MDPT to Estimate the Corrected SPT — (N1eo)

Step 1: After collecting the in-situ MDPT ngo for projects in the Coastal or Piedmont area,
examine the data and eliminate any data points far from the trend. Observe boring log
descriptions for gravel or rock present at the site from previous site investigations within
the vicinity of the project, then follow Steps 2-5.

Step 2: Use the appropriate graph and formula shown in Figure 4.3 (A), (B), or (C), depending
on the region, to estimate the uncorrected SPT-Ngo value.
Step 3: Correct the SPT Ngo-value for overburden and hammer efficiency N1eo values where the

relationship between SPT N-value and the MDPT-n value are as follows:

Piedmont region: Ngo = 0.27n (as shown in Figure 4.3 C) (4.1)
Coastal region: Ngo = 0.23n (as shown in Figure 4.3 B) (4.2)
Average for both regions Ngo = 0.25n (as shown in Figure 4.3 A) (4.3)

SPT N values shall be corrected for hammer efficiency, if applicable to the design method or

correlation being used, using the following relationship:
Neo = (ER/GO%) Nso (4.4)
where n is ngo, Nsgo is the uncorrected SPT value (blows/ft), Neo is the SPT blow count

corrected for hammer efficiency (blows/ft), and ER is the hammer efficiency expressed

as percent of theoretical free-fall energy delivered by the hammer system actually used.

The following value for ER may be assumed if hammer-specific data are not available:

ER = 80% for automatic trip hammer (NCDOT requires automatic hammer only).
N-values shall be corrected for overburden pressure N1. The overburden correction
equation is:
N1 =CnN (4.5)
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Cn = [0.77 log10 (40/ 6)], Cn < 2.0 (4.6)

where Cy is the correction factor for overburden, Ngo is the N-value corrected for hammer

efficiency, and o'y is the vertical effective stress at the location of the SPT N-value (ksf).

N values corrected for both overburden pressure and the hammer efficiency shall be
designated as N1eo.
N21eo = CnNeo 4.7)
Cited from the American Association of State Highway and Transportation
Officials (AASHTO). LRFD Bridge Design Specification, Seventh Edition, 2014
Article 10.
Step 4: Use the corrected (NZ1eo) to estimate the friction angle ¢ using Figure 4.4,
Step 5: Use the corrected (N1eo) to estimate the moist unit weight y for granular soil unit weight

using Figure 4.5.

4.7 Estimate Friction Angle from MDPT- n Values for the Uncorrected SPT N-Values
Using NCDOT Method

Estimate the friction ¢ directly from the MDPT-n values, where n = MDPT blows/ft:

(a) For Coastal region ¢ =0.3(90 + 0.23n) (4.8)
(b) For Piedmont region ¢ =0.3(90 + 0.27n) (4.9
(c) For average value ¢ =0.3(90 + 0.25n ) (4.10)

The friction angle ¢ estimated from MDPT-n values will be equivalent to the friction

angle ¢ estimated using uncorrected SPT N values. Round the friction angle ¢ to the nearest 1°.

The n value for the MDPT-n is the
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The maximum range of ¢ angles for any N1go is 5°, as shown in Table 4.3. The
adjustment factors for particle size and roundness should be limited to only 1° or 2°. The

following bulleted list provides guidance in determining which curve to use for a given N1s and

soil type or classification:

e Use the high for GW Unified Soil Classification system letters:
e Usetheaverage forGMandSP G = Gravel
e Use the low for SC P = Poorly graded (uniform particle size)
e Use the low for ML S = Sand
o Usetheaverage for SW W = Well graded
e Usethe average for GC M_: IS—IIiI;h Jasticiy
e Use the high for GP C= Clay
L = Low plasticity
O = Organic

Values may also be increased with increasing grain size and/or particle angularity and
decreased with decreasing grain size and/or increasing roundness. Roundness and angularities
are terms used to describe the shape of the corners on a particle. Choose the unit weight for the
soil type based on the following guidelines:

e Use the high values for well-graded sands and gravels
e Use the average values for poorly-graded sands and gravels
e Use the low values for elastic silt, and clayey or silty sands and gravel

e Deduct up to 20% for dry soils

4.8 Discussion of Results

The MDPT-n values from the field measurements were recorded at the same elevation as
those from the SPT (N-values) for both the Piedmont and the Coastal Plain regions. Statistical
analysis methods were used to determine the strength of the relationship between the SPT (N)

and the MDPT-n values. The theoretical basis of the data interpretation was developed and
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verified in the field. The liner correlation was found to be the best fit for all graphs. The

coefficients of determination R? in this study are very close to each other, and thus average

correlations can be used for projects in both regions. This correlation was achieved regardless of

soil type or the groundwater table. Data from the MDPT can be used for many tasks, such as:

Estimating the rock or refusal elevation without mobilizing a drill rig and three crew
members at a cost of $3,500/day; in comparison, MDPT costs less than $500/day.
Estimating the minimum pile embedment for unknown foundation bridges.

Estimating the unit skin friction to assist the design engineer in pile foundation design.
Evaluating the California Bearing Ratio (CBR) (blow counts versus depth for pavement
design).

Estimating bearing capacity, density, and relative density Dr.

Reducing the number of bore holes required for bridge foundation design, as specified by
NCDOT guidelines. Only few boreholes are needed to calibrate the MDPT, which can
then be used to complete the investigation.

Evaluate the strength of the soil layers (blow counts) without mobilizing specialized

equipment, thereby reducing costs and expediting work.

It should also be noted that the MDPT is safer to use than the SPT because of its smaller size.

4.9 Summary and Conclusions

This paper presents the correlation of MDPT blow counts (n-value) to the SPT blow

counts (N-value) for expediently assessing the strength of a wide range of soils to a depth of 40

ft. The study focused on the Coastal Plain and the Piedmont regions of North Carolina. Data

from the MDPT and the SPT were compiled, organized, and analyzed. Both the correlation

coefficient (R) and the coefficient of determination (R?) indicated a strong positive linear
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relationship between the SPT (N) values and the MDPT-n values for both regions. MDPT
expediently gives a continuous evaluation of the soil layers, while SPT yields soil strength
evaluations every 5 ft (1.6 m), thus increasing the risk of missing valuable information. In
general, the MDPT was found to be a reliable method for assessing soil strength. The use of
MDPT yields soil properties without heavy drill rigs and costly equipment. The MDPT data
reduction approach could be improved with additional field testing and correlations to CPT and

triaxial test data.

5/8-in Steel Rod

ﬂF Top Anvil
\ e
(24 in) 17.6-1b (7.94 kg) (12 in)
(61 cm) Hammer (30.5cm)
: vy
5/8-in Steel Rod Cylindrical shape
ith head 603
_v_ Bottom Impact With cone hiea r A
Anvil A’I <
(1in)
(2.54cm)

Figure 4.1 MDPT schematic sketch (not to scale).
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Figure 4.2 North Carolina map showing the counties tested with SPT and MDPT.

Table 4.1 Summary of Research Study Areas for DCP.

Researchers Study Area

Sowers and Hedges (1966) | Present DCP device 15 Ib (6.8 kg) falling 20 in (508 mm).

Sampson (1984) DCP used to estimate bearing capacity.

Harison (1987) Presented a linear relationship between DCP and CBR.

Ayers et al. (1989) Study DCPi and shear strength correlations for sand.

Ayers (1990) Effect of overburden pressure on DCP.

Bratt et al. (1995) Correlation between DCPi and dry density.

Hassan (1996) Correlation between DCPi and resilient modulus.

Parker et al. (1998) Built automated DCP.

Gabr et al. (2001) Correlation between DCPi and liquidity index.

Abu-Farsakh et al. (2005) Studied relationship between DCP, Plate Load Test (PLT), FWD and
CBR. Presented correlation between unsoaked CBR values and elastic
modulus.

Puppala (2008) Studied the correlation between of the resilient modulus and the DCPI.
He cautioned that the correlation is site-specific and to use good
engineering judgment in different areas.
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Table 4.2 Project Studies Summary.

Case NO. County Project # of MDPT tests Region
1 Wake Maint. Yard 3 Piedmont
2 Wake M&T Test Area | 2 (Density), DCP Piedmont
3 Wake B-5113 1 EB1-A Piedmont
4 New Hanover R-2633BB 2 Coastal
5 Johnston B-4936 (Br. 41) 2 Coastal
6 Moore SF-620100 2 Piedmont
7 Moore SF-620008 2 Piedmont
8 Duplin SF-300140 2 Coastal
9 Duplin SF-300384 2 Coastal
10 Sampson SF-810167 2 Coastal
11 Sampson SF-810224 2 Coastal
12 Person SF-720142 2 Piedmont
13 Chatham SF-180061 1 mini+1 DCP Piedmont
14 Wake MT & Test SPT, DCP, %»”Rod | Piedmont
15 Robeson 1-4927 Mini+ DCP Coastal
16 Guilford U-2412B 2, CPT, SPT Piedmont
17 Vance 1-0914BA 1, SPT Piedmont
18 Guilford U-2412B 2, CPT, SPT Piedmont
19 Guilford U-2412B 4, CPT, SPT Piedmont
20 Guilford U-2525C 4, CPT, SPT Piedmont
21 Beaufort Airport 4, CPT Coastal
22 Anson SR 1252 (FDR) 4, Density Piedmont
23 Union R-3329 & R-2559 6, Density Piedmont
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Figure 4.3 (A) Correlation between SPT and MDPT for both Coastal and Piedmont regions.
(B) Correlation between SPT and MDPT for Coastal region. (C) Correlation between SPT
and MDPT for Piedmont region.
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SPT -N1,, vs. Friction Angle ¢ in Degrees

44

| ¢—-0.0041(N1s0)’ + 0.45(N1s0) + 30 High T

42

40

38 ‘/"“/
36

Friction Angle ¢ in Degrees

/ ¢ =-0.0041(N1g)" + 0.46(N1g0) + 28 Average

30 ——

28 4=

I LI L A —i—High e
¢ =-0.0042(N1g0)” + 0.46(N1g0) + 25 Low Average

24 T Low | | ]

22

20 T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55

SPT - N1,,

Figure 4.4 Correlation of SPT N1eo with friction angle ¢ (after Bowles, 1977) for granular soil
friction angle.

Table 4.3 Correlation of SPT N1eo Values to Drained Friction Angle of Granular Soils
(Modified After Bowles, 1977, As Reported in AASHTO 2014).

N160 from SPT (blows/ft) ¢ (degrees)
<4 25-30°
4 27-32°
10 30-35°
30 35-40°
50 38-43°
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SPT - N1, vs. Mosit Unit Weight y (PCF) for Granular Soil
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Figure 4.5 Correlation of SPT N1go with moist unit weight y (after Bowles, 1977) for unit
weight of granular soil.

Figure 4.6 Torque wrench to estimate unit skin friction.
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Table 4.4 MDPT Delivered and Averaged Energy Using PDA.

Delivered Percentage | Delivered
Energy Blows/min |of Delivered| Energy
Kip-feet Energy Ib-feet
0.0272 27.9 77.76 27.2
0.0269 28.1 76.96 26.9
0.0268 28.1 76.48 26.8
0.0271 28.1 77.55 27.1
0.0269 28.3 76.86 26.9

0.027 28.3 77.16 27
0.027 28.1 77.12 27
0.0268 28.2 76.45 26.8
0.0266 28.1 76.01 26.6
0.0269 27.8 76.88 26.9
0.027 27.9 77.2 27
0.0268 28.4 76.7 26.8
0.0275 28.3 78.67 27.5
0.0274 28.1 78.37 27.4
0.0282 27.8 80.53 28.2
0.0283 27.8 80.83 28.3
0.0286 28 81.85 28.6
0.0294 27.9 84.06 29.4
0.0292 27.8 83.43 29.2
0.0293 28 83.82 29.3
0.0295 28 84.39 29.5
0.03 27.9 85.77 30
0.0302 27.6 86.34 30.2
0.0305 27.8 87.27 30.5
0.0305 27.9 87.22 30.5
0.031 27.6 88.46 31
0.0317 27.5 90.45 31.7
0.0315 27.7 89.92 315
0.0319 27.8 91.03 31.9
0.0323 27.6 92.4 32.3
0.0326 27.5 93.21 32.6
0.0328 27.6 93.7 32.8
0.0331 27.7 94.71 33.1
0.0324 27.6 92.65 324
0.0326 27.2 93.23 32.6
0.0325 27.5 92.79 32.5
Blows/min.| % Energy | Energy
Average 27.9 83.8 29
STDDEV 0.274 6.5 2.3
C. Variation 0.98 8% 8%

59




CHAPTER 5. MDPT-T TORQUE MEASUREMENT AND CORRELATION WITH SOIL
STRENGTH PROPERTIES

5.0 Abstract

In-situ estimation of soil properties such as unit skin friction (fs) for pile foundation
design is essential in sands and clay where undisturbed sampling is difficult to obtain. Many in-
situ tests and design analysis methods and techniques have been developed to estimate unit skin
friction, but they require heavy and costly equipment and often provide unsatisfactory results.
The developed portable Mini Dynamic Penetration test with torque (MDPT-t) device was tested
in the Coastal and Piedmont regions of North Carolina as an economical alternative for
estimating the unit skin friction, the friction angle ¢, and the cohesion in different soil layers.
Many researchers have suggested that the estimated unit skin friction (fs) values from static pile
load tests compared best with the directly measured (fs) from the in-situ tests.

The results from the MDPT-t in-situ tests are encouraging, as the correlations and
measurements provided reasonable values of unit skin friction (fs) for different geologic regions.
Extensive statistical analyses were performed to correlate the MDPT blow counts and the

torsional torque values MDPT-t to estimate the soil properties for each layer.

5.1 Introduction

The use of in-situ tests for estimating the design parameters for deep foundations is
important in situations where undisturbed sampling is difficult to obtain due to the limitations of
sampling equipment, the different soils encountered, and the strength of material. This chapter
presents the development of the MDPT-t device as an alternative tool for economical and
convenient in-situ testing. The new test results can be correlated to conventional soil testing
methods and can estimate the unit skin friction and other soil properties. Testing with this new

device is quicker and more economical than with available tools.
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This chapter focuses on the use of the MDPT-t for estimating soil parameters and unit
skin friction in order to estimate the shaft skin friction of driven piles. Static analysis is typically
used to determine the ultimate axial pile capacity. Axial bearing capacity includes the
determination of the end bearing and shaft resistance of the pile. The shaft resistance is the side
friction along the entire embedded length of the pile and is determined by multiplying the
total pile surface area by unit skin friction (fs). This chapter also addresses the direct and indirect
correlations between the in-situ MDPT-t torque (lb-ft) with the laboratory cohesion and the
friction angle from the triaxial tests for the specific residual soils in the Greensboro U-2412B
project.

The split spoon of the Standard Penetration Test with Torque (SPT-T) can be used to
directly measure the unit skin friction (fs) between the spoon and the surrounding soil. The spoon
is rotated to measure the maximum number of torques causing the rotation using a torque wrench
or a torque measurement device mounted to the SPT. Engineers can use the torque measurement
to calculate the unit skin friction at different elevations. Many researchers have correlated the
unit skin friction (fs) from the SPT-T with the SPT Neo. However, the Mini Dynamic Penetration
Test (MDPT) supplemented with the torque measurement (MDPT-t) also can be used to obtain a
direct measurement of soil unit skin friction (fs) after rotating the cylindrical cone with a
calibrated torque wrench more quickly and economically than with heavy and expensive
equipment. The number of blow counts per ft of penetration (n) obtained from the MDPT during
this test can also be empirically correlated to the N-value obtained from the Standard Penetration
Test (SPT) or Cone Penetration Test (CPT).

Engineering soil properties such as soil strength, frictional resistance, friction angle,

cohesion, and adhesion can also be correlated to SPT. The MDPT-t consists of a graduated
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stainless-steel rod with a cone head 12 in- (305 mm-) long with on one end and an anvil attached
to the other. A hammer weighing 17.5 Ib (7.9kg) dropped from a height of 24 in (609 mm) is
used to drive the device into the ground. The MDPT-t sketch and its components are shown in
Chapter 6, Figures 6.1 and 6.2.

Testing involves driving the 12-in (305-mm) steel rod with the cone head into the soil
layer to be tested and recording the number of blows for every 6 in (152 mm) of penetration.
After driving the steel rod to a desired depth, a torque adapter is connected to the top of the steel
rod extension, and a torque wrench is used to rotate the steel rod and record the maximum torque
value (Ib-ft). The driving and torque test is repeated to the desired depth. To measure the torque,
the MDPT-t steel rod extension is rotated using an adapter and a calibrated torque wrench. The
soil unit skin friction can be estimated from the torque measurements and steel rod dimensions,
which is then used in pile design. Based on limited experience, the MDPT-t is found to be useful

for both sand and clay to a depth of about 40-45 ft (13.7 m) depending on the soil stiffness.

5.2 MDPT Test Development
5.2.1 Problem

Geotechnical design depends on strength, stiffness, and other soil parameters. The use of
conservatively estimated values of these parameters for design can increase construction costs,
but realistic parameters obtained from appropriate in-situ testing can reduce these costs. The
MDPT testing device may also provide a planning technique that will improve the subsurface
investigation of a project before mobilizing expensive equipment. Studies have shown that
estimating the direct unit skin friction in the field during the investigation stage will improve the
calculation of the required pile length tremendously, while poor estimation of the unit skin

friction will cause many constructions claims and errors in orders of pile length.
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The MDPT-t device was developed with the following motivations:
e Portability for ease of access in many difficult terrains
e Estimation of the unit skin friction by using a calibrated torque wrench

e Easy evaluation of soil properties at different soil layers and depths

5.3 MDPT Development

The current practice for soil testing, according to FHWA, AASHTO, and almost all state
DOTs, is the SPT and CPT for small or large projects; therefore, it was necessary to develop a
portable and mini device to mimic both the SPT and CPT mechanism for a variety of
correlations. The MDPT device was built to be small and portable, and designed to generate 10%
of the SPT total energy of 350 ft-Ib (48.4 kg-m). The SPT has a drop weight of 140 Ib (63.5kQ)
and drop height of 30 in or 2.5 ft (762 mm), which generates an energy of 140 1b*2.5 ft = 350
ft-1b (48.4 kg-m).

The MDPT can be driven to 45+ ft (13.7+ m) below the ground surface with 5/8-in (16-
mm) stainless steel rods extensions. The MDPT hammer configuration was designed to mimic
the SPT tip and skin resistance behavior to produce 10% of the SPT total energy of 350 ft-Ib.
(48.4 kg-m). It consists of a 17.5-1b (7.9-kg) steel hammer that drops 2 ft (609 mm) to create 35

ft-1b (4.84 kg-m) energy.
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‘ | 6 ! Groove
(@) (b) (c) (d)

Figure 5.1 Sketch of the MDPT parts.

a) Top part with anvils provide 24-in (609 mm) drop height
b) Extension steel rod with coupler
¢) Cylindrical shape with 60° cone head

d) Drop weight of 17.5 Ib (7.9 kg) with groove.

Figure 5.2 Image of actual MDPT and torque wrench.

Figure 5.2 shows a schematic sketch of the MDPT. The MDPT can be operated manually
or automatically using a gear-motor. Field testing indicated that the energy delivered to the rods
during an SPT test can vary from 68%-94% of the theoretical maximum with an average of
81%. SPT resistance values are normalized to 60% energy, because the correlations made before

the advent of hammer-system calibration had used safety hammers, and the correlations were
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generally assumed to have been running at 60% efficiency to estimate Neo. The MDPT can be

rotated with a torque wrench to estimate soil properties (MDPT-t), as described in Section 5.1.

5.4 Background and Literature Reviw

Geotechnical design engineers often prefer to use simple and quick charts and empirical
methods to estimate soil properties to evaluate pile capacity. Most of the developed static
analysis methods for estimating the axial capacity of the pile foundations have shown
inconsistencies and poor results. The axial capacity of the pile consists of the skin friction and
the tip bearing. Many researchers have investigated the use of the SPT-T to generate maximum
torque by rotating the split spoon after driving to measure the maximum torque to evaluate the
unit skin friction for each layer.

The SPT-T is an in-situ test to improve the SPT test procedure. Ranzine (1988) did some
modifications to the SPT procedure and was the first to measure the torque to classify soil type.
Torque was created by rotating the top of the drill rod and split spoon with a calibrated torque
wrench after driving to fail the bonds between the split spoon and surrounding soil. The torque
generated from rotating the split spoon with the torque wrench after driving was used to estimate
the unit skin friction.

An ASTM standard for the SPT-T has yet to be developed. The current testing procedure
for the SPT-T is based on the procedure developed by Bullock and Schmertmann (2003), Winter
et al. (2005). Many other researchers have performed and studied the SPT-T (Decourt, 1992,
1994, 1998; Peixoto and Carvalho, 1999, studied and reported that the unit skin friction for
concrete piles in unsaturated soil has good correlation with SPT-T unit skin friction; Lutenegger

and Kelley, 1999; Kelley and Lutenegger 2005).
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Most common in-situ tests such as the SPT-T are performed by using heavy drill rigs and
calibrated torque wrenches in conventional drilled borings. The SPT-T test may involve a
separate borehole to obtain soil data for correlation to a number of different design parameters,
such as the angle of internal friction, shear strength, and unit skin friction. The torque test is a

direct measurement of the unit skin friction and can assist in classifying the soil type.

5.4.1 Correlations Between SPT (N) Values and Soil Parameters

The earliest correlations between the SPT (N) value and the effective internal friction
angle ¢' to estimate the ¢’ were established by Meyerhof (1956) in form of tables (see Table 5.1).
Almost two decades later, Peck, Hanson and Thornburn (1974) introduced a more conservative
estimation of ¢’as shown in Figure 5.3 and Table 5.1 (Peck et al.1974). Specifically, Table 5.1
shows the empirical correlations between the SPT N-value and the effective friction angle ¢' of
sand based on the relative density from very loose to very dense soil. The effective friction angle
¢" increases in proportion to the SPT N-values.

Table 5.2 illustrates the relationship between the cone tip resistance (q:) measured by the
cone penetration test (CPT) and the effective friction angle ¢' of sands for different relative
density ranging from very loose to very dense. The trend is proportional: as the cone resistance

increases, the effective friction angle increases.
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Table 5.1 Relationship Between the SPT N-Value and Effective Friction Angle ¢’ of Sand.

SPT N-Value Oto4 410 10 10to 30 | 30to 50 >50
Compactness Very loose Loose Medium Dense Very Dense
Relative Density Dr. (%) 0to 15 1510 35 35 to 65 65 to 85 85 to 100
Angle of Internal Friction (¢' 9 o o | 30°to36 o o o
After Peck et al. (1974) <28 28° 10 30 o 36° t0 40 >41
Angle of Internal Friction (¢") 2 o o | 35°t040 o o o
OAfter Meyerhof (1956) <30 30”1035 o 40° to 45 >45
g / &
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Figure 5.3 SPT N value vs. friction angle ¢’. After Peck 1974

Table 5.2 Relationship Between Cone Tip Resistance g: and Effective Friction Angle ¢’ of Sand
(After Kulhawy and Mayne, 1990) Based On Relative Density.

NOTELZEE | GBI 177 <20 | 20t040 |40t0120 |120t0200|  >200
Resistance (gt /pa)
Compactness I\ég?é Loose Medium Dense Very Dense
Relative Density Dr. (%) 0to15 15t0 35 3510 65 65 to 85 85 to 100
Approximate effective friction 359 0 40
angle (¢")° <30° | 30°t035° o 40°t0 45° >45°
After Meyerhof (1956)
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Figure 5.4 Regression between the SPT N-value and undrained Young’s modulus of clay
(after Ohya et al., 1982; Kulhawy and Mayne 1990; Phoon and Kulhawy 1999b).

Mair and Wood (1987), Briaud (1992), Wang and O’Rourke (2007) reported that the
undrained young modulus can be measured directly using in-situ pressuremeter tests; however,
this test is very expensive and time-consuming.

Kulhawy and Mayne (1990), Clayton (1995), and Mayne et al. (2002) used empirical
correlations to estimate the Young’s modulus for small projects using the typical SPT tests.
Figure 5.4 shows the correlation between the measured Eu using pressuremeter tests and the
N-values.

Eu/pa = 19.3 N°&; (5.1)

where Eu is the estimated Young’s modulus, pa is the atmospheric pressure (pa= 100

kPa), and N is the SPT blow counts per ft.
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5.4.2 Unit Side Friction (Skin) from SPT
Vesic’s (1970) empirical approach to estimate the unit skin friction using the relative
density Dr. is as follows:

4
fs (tsf) = 1.5 = 0.08(10)°P" for driven piles (5.2)

Meyerhof (1956, 1976) was one of the first engineers to study and report the conservative
empirical relationship between the SPT N-value and the unit skin friction (fs) for both driven and
bored piles in granular soils. Meyerhof (1976) presented the following correlations:

fs= Navwg/50  (for driven piles) (5.3)
fs= Navg/100 (for bored piles) (5.4)

where fs is the unit side or skin friction (tsf) and Nayg Is the average SPT N-value over the

length of the pile.

The above correlation was based on full-scale loading tests to calculate the values of fs
and the average values of Navg. Equations 5.3 and 5.4 can be rewritten in Sl units as:

fs = 1.91Nayg (for driven piles) (5.5)
fs = 0.96Nayg (for bored piles) (5.6)

where fs is the unit side resistance (kPa).

One of the concerns about the above correlations is that the average SPT N-values used
by Meyerhof (1956, 1976) were typically obtained from older drill rigs which used manual
hammers and produced lower energy levels upon impact compared with new automatic hammers
which produce higher energy levels.

Poulos (1989) summarized many reported correlations between pile side resistance and

SPT-N values and provided the following general equation:
fs=p+aN (5.7)
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Alan J. Lutenegger (2009) summarized the work completed by other authors and
researchers about the correlations between SPT- N values and unit side skin friction for both
driven and bored piles for different soil types, as shown in Table 5.3. The variation of the
reported values of  shown in Table 5.3 are quite large and will be difficult to use without any
clarification and correction. However, general observations can be concluded from Table 5.3:

1. Table 5.3 has 37 different correlations for 3 and o.
2. The value of B is equal to zero (0.0) for 27 of the 37 correlations and the remaining range

is from 10 to 35.

Using zero for B will simplify Equation 5.7 with minimal impact on the correlation to
Equation 5.8.

fs = aN (5.8)

The high variation of a, as shown in Table 5.3, is due to the variabilities of both the pile
data and the SPT data.

The recommendation was to use the correlations in Table 5.3 with caution; therefore,
developing different methods and improving the SPT procedure is necessary for improving
estimation of the soil properties and the bearing capacity of pile foundations. The MDPT-t will
improve the SPT and provide unique and valuable information to designers at any time during
the planning, investigation, design, and construction stages. The device is small, portable, and
can be operated by one person. The MDPT offers many ways of testing and estimating the soil

strength and properties.
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Table 5.3 Reported Correlations Between SPT N-Value and Pile Side Resistance (Lutenegger,
2009).

Pile Tyvpe Soil B o Reference
granular 0 2.0 Meyerhof (1976)
miscellaneous soils
(£: < 170 kPa) 10 33 Decourt (1982)
cohesive 0 10 Shioi & Fukui (1982)
driven cohesive 0 3
displacement I\ cohesionless 0 13 Bazaraa & Kurkur(1986)
sandy 29 2.0 . .
clayey 34 4.0 Kanai & Yubuuchi (1989)
misc 0 1.9 Robert (1997)
granular 0 1.0 Meyerhof (1976)
granular 55 5.8 Fujita et al. (1977)
cohesionless 0 3.3 Wright & Reese (1979)
cohesive (fg < 170 kPa) 10 3.3 Decourt (1982)
cohesive 0 5.0 Shioi & Fukui (1982)
cohesive 0 1.8
cohesionless 0 0.6 Bazaraa & Kurkur (1986)
residual soil &
weathered rock 0 2.0 Broms et al. (1988)
. 1.3
:;?121 g 03 Koike et al. (1988)
. : 9 : :
sandy soil cohesive ii 4.0 Kanai & Yubuuchi (1989)
Bored residual soil 0 4.5 Winter et al. (1989)
gravel 0 6.0 .
<and 0 40 Hirayama (1990)
silt 0 2.5
clay 0 1.0
residual soils 0 2.0 chang & Broms (1991)
clayey soil 0 10.0 .
sandy soil 0 3.0 Matsui (1993)
) 1.18
misc. }g% 0.65 Vrymoed (1994)
misc. 0 1.9 Robert (1997)
sand 0 5.05 Kuwabara & Tanaka (1998)
weathered rock 0 4 Wada (2003)
cohesionless 0 5.0 Shoi & Fukui
cohesive 0 10.0 (1982)
Cast-in- cohesionless 30 2.0
Place (fs =200 kBa) Yamashita et al.(1987)
cohesive 0 5.0

Note: fs = 3 + aN (fs in units of kPa)
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5.5 Theoretical Development

An important aspect of the SPT-T testing mechanism is the shear resistance between the
split spoon and the soil at their interface. Kishida and Uesugi (1987) and Subba Rao et al. (2002)
studied and evaluated the shear strength between steel and soils in Japan. Tsubakihara et al.
(1993) developed relationships of the coefficient of friction and roughness in clay and sand-clay
soils. Other researchers such as Maksoud (2006) and Soni and Salokhe (2006) published the
relationship between soil and steel. Maksoud (2006) developed the relationship between soil
adhesion, soil-steel friction angle, and soil shear strength.

For the MDPT-t test, the torque force gradually increases when using a torque wrench to
rotate the cylindrical cone until it overcomes the resistance from the soil to identify the
maximum torque force at the desired depth. The analysis used the free-body diagram shown in
Figure 5.5, which illustrates the process for applying the maximum torque to the system to cause
failure as the system rotates by exceeding tsipe and trip.

The direction of the applied maximum torque rotates the cylindrical cone in the opposite
direction of the shearing stresses on the interfaces. The shearing stresses form along a cylindrical
cone, as shown in Figure 5.7. The shear surfaces are at the interface between the soil and the side
of the cylindrical cone (Alsipe) and cone head (A21ip), as shown in Figures 5.6 and 5.7. The
cylindrical side shear provides most of the resistance (the surface area of the cone head is very
small); therefore, Equation 5.11 ignores any contribution to the torque measurement from the

cone head surface area at the base (tip) of the cone (ignore A2tip).
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Figure 5.5 Free-body diagram of the MDPT-t torque test.
The typical definition of torque is defined as a moment or moment force. The moment is
calculated simply by multiplying the force by the arm. From Figure 5.5:
Tmax =F xr (5.9)
where Tmax is the maximum measured torque (at the top of the adapter rod), F is the
force, r is the arm (is the 0.5d) half the diameter of the cone, and d is the diameter of the

cone =2.5cm (1 in).

From Equation 5.9, the force from the measured torque can be calculated by dividing the
measured torque by the moment arm, as shown in Equation 5.10.
F=Twax/r (5.10)
The unit side friction (fs =tsipe) acting on the cone surface area may be obtained by

dividing the force (F) by the cone surface area (Al):
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F

fs = SEdAl (5.11)

where Al is the cylindrical cone surface area.
Alsipe = (2*1*0.5d*L) = (n*d*L) (5.12)

where L is the length of penetrated cone = 1 ft, his 1in,and d is 1 in.

fs = 2 Z (5.13)

wd-“L

The relationship between Twmax and tsipe is expressed in Equation 5.14.

Twmax = Tsioe (AlsipE) (5.14)
Equation 5.14 can be written as

Tmax = Tsipe (2 *n* r* L)* r (5.15)

or

Tmax = tsipe (0.5*n*d*L)*d

Figure 5.6 shows the dimensions and parameters, where L is the length of the cylindrical

shape, r is the radius, and h is the height of the cone shape at the base.
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Figure 5.6 Dimensions and parameters of the MDPT-t torque test.

5.5.1 Analysis Using Soil Mechanics

The MDPT-t tests were performed to estimate the direct values of unit skin friction by
using a torque wrench to rotate the steel cylindrical cone shape after driving to measure the
corresponding maximum torque. In this sense, the MDPT-t acts as a mini pipe pile.
5.5.2 Typical Load Capacity of Single Piles

There are two forms of soil resistance provided by the pile to the applied axial loads:
shaft resistance and base resistance. Driven piles will mobilize the ultimate skin and tip
resistance at each soil layer. The ultimate bearing capacity can be written as:

Qu=Qs+ Qb (5.16)
where Qu is the ultimate pile capacity, Qs is the ultimate shaft resistance, and Qb is the

ultimate base resistance.

Many researchers have studied and developed expressions for skin friction based on

effective stress methods for driven piles in soft clay due to pore pressure dissipation. Chandler

75



(1968) suggested using a design method based on the effective stress method, which assumes the
interface soil is failing in shear.
Tskin = Cu COS ¢’ (5.17)

The value of the C, is the undrained shear strength during the pile installtion before pore
water pressure dissipation. The value of the C, will depend on the degree of the adjacent soil
remoulding during or after pile installation and the amount of strength gain from pore water
pressure dissipation. Therefore, the value of the undrained shear strength in Equation 5.17 could

be greater or less than the actual value of the undisturbed soil.

2
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Figure 5.7 Stress on a soil element adjacent to the steel rod after driving and torqueing.

The focus of this research is to estimate the unit skin friction to determine the shaft
resistance of the pile or the MDPT-t. Therefore, Qs is the shear strength of the soil multiplied by

the surface area of shaft (MDPT-t) in contact with the soil.
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For clay layers: Qs =Cy *d*L (5.18)
For sand layers: Qs = fs*d*L (5.19)

where C, is the adhesion, fs is the unit skin friction, d is the diameter of the pile, and L is

the length of pile in contact with the soil.

The soil mechanics theory indicates that the ultimate shaft friction for driven piles is
related to the horizontal effective stress (o'n) acting on the shaft and the effective angle of friction
between the pile and the soil (3). Thus,

tsipe = Ca + o'h tan () (5.20)

where tsipe is the unit shaft friction at any point.

A further simplifying assumption is made that c'n is proportional to the vertical effective
overburden pressure c'v. Thus,
o'h =Koo'y (5.21)
tsioe = Kao'v tan(d) in sand (5.22)

where K is the earth pressure coefficient (see Figure 5.8).

The tsipe is found using Equation 5.23, where C, is the adhesion between the cylindrical
shape and the soil (steel and soil), ¢’y is the effective vertical stress, and d is the soil-steel
interface friction angle.

tsipe = Ca + Ko'y tan(d) in clay (5.23)
o\v=1vy*z (5.24)
Adhesion between the soil and the steel rod can be estimated by using Figure 5.9 with a

known cohesion value.
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Figure 5.8 Dimensions, parameters and side resistance of the MDPT-t torque test.
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Figure 5.9 Ultimate load capacity of a single pile or pier in cohesive soils and adhesion
values. (Figure 2 of the Navy Design Manual 7.2, page 196, 1986.)

5.6 Torque Test Procedure (MDPT-t)
MDPT-t can be used to determine the skin friction between steel and soil using a similar

relation as the vane shear test equation. Figure 5.10 shows the MDPT schematic sketch. Equation
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5.13 can be used to estimate the unit skin friction using the measured torque from the MDPT-t
device.

2T

fs = L (5.13)

/ Steel Coupler

5/8-in Steel Ro
Extension cone head

1” 127 =L

K/_v_

Figure 5.10 MDPT Schematic sketch.

where fs is the unit skin friction, T is the maximum measured torque (ft-1b), L is the
length of the 1 in-thick steel rod with cone head (L=12 in), and D is the outer diameter of

the steel rod (d =1 in).

Equation 5.13 ignores any soil friction from the steel couplers for the steel rod extension
due to the size of the couplers. The torque may be affected by the elastic deformation of the steel

rods due to the length, as well as the many threaded connections at the coupler locations.

5.6.1 MDPT-t Torque Rotation Procedure
Rausche et al. (1996) reported that torque rotation of 180° is adequate to reach the
maximum value of adhesion, which typically occurs between 5°-10°. The filed test of the

MDPT-t was performed according to the following steps:
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1. Drive the MDPT cone to the desired depth.

2. Place adapter to the top of MDPT rod to attach a torque wrench to the adapter, and then
turn the rods at a slow but continuous rate.

3. Measure torque by taking readings at intervals of 10—20 s. Once the maximum torque is
achieved and locked, rotate the wrench 360° twice. Adequate results can be achieved at a
rotation speed ranging 5-8 rpm. Figure 5.11 illustrates the schematic sequence of the

torque test.
Torque adapter \ | ,Torque wrench
C

Steel rod coupler

In-situ

Soil

Steel rod extension

12” Steel cone —

Figure 5.11 Schematic of torque test and image of torque wrench during testing.

5.7 In-situ Testing Program
5.7.1 Test Areas and Soil Description

The test areas were divided into three sections, as described below. The data for the first
two sections obtained from 14 counties in North Carolina are presented here. The data are for the
sites that represent two geological regions of the state: the Coastal Plain and the Piedmont. The

locations of the torque test sites are presented in Figure 5.12 marked in pink circles.
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Section One: The Coastal Plain geology consists mostly of marine sedimentary rock,
which is usually overlain by sand and clay. The materials are primarily sand and clay from
oceans and rivers that have been laid down over many thousands of years. The depths of Coastal
regions range from 13 ft (3.96 m)-30 ft (9 m), with an average depth of 20 ft (6 m).

Section Two: The Piedmont is the middle region of North Carolina, located between the
Coastal Plain and the Mountain regions. Piedmont is a French word meaning “foot of the
mountain”; therefore, the Piedmont region lies between the foot of the mountains and the Coastal
Plain regions. The materials typically consist of interbedded sands, silts, and clays. Clays can be
low to highly plastic, and in some cases, may be over-consolidated. The above-soil formations

are ideal for in-situ testing due to the lack of very stiff/hard soils and rock.

Sites Tested with p—

con. i

Figure 5.12 Location of Section Three test site in two different regions
within North Carolina (pink circles).

Section Three: The data was obtained from NCDOT project U-2412B, located in the
Piedmont region, at Alamance Road, Greensboro, Guilford County, in North Carolina. This site
was selected because of another study, “The Design of Temporary Slopes Excavations in
Residual Soils” conducted by North Carolina State University for NCDOT by Dr. Roy Borden
and Dr. Mohammed Gabr. NCDOT retrieved 94 Shelby tubes (ST) from ten different borings
from station 403+45 to station 405+70 (3 ft—94 ft right of center line). The tubes were extracted
from depths ranging from 2-52 ft. (0.6 m-15.5 m). The Material and Test Unit of the NCDOT

laboratory performed the CIU triaxial test and consolidation test on 20 Shelby tubes. Table 5.6
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shows the CIU triaxial tests locations, depths, ST number, and soil classification for each test;
the soil is described below.
5.7.1.1 Physiography and Geology

The project was located in the gently rolling terrain of the Piedmont Physiographic
Province. Geologically, the project was located within the Carolina Slate Belt. Soils within the
Slate Belt are derived from the underlying metamorphosed granite, diorite, and gabbro
intrusions. Rocks in the Carolina Slate Belt are generally foliated and trend in a northeasterly
direction.
5.7.1.2 Soil Properties

The soil at this site is considered a residual soil, with mostly red silty clay at shallower
depths and tan sandy silt at deeper depths. The soils according to the AASHTO classification at
this site are divided into three main groups, A-4, A-5, and A-7-5, and to USCS classifications to
ML and MH, as shown in Table 5.6.

Alluvial soils occur where streams cross the project corridor. These soils consist
primarily of sandy clay that is brown to gray, soft to medium stiff, and moist to wet, (A-5) and of
silty clay that is tan-brown, soft, and moist to saturated (A-7-5).

Residual soils are derived from the weathering of underlying metamorphosed granite,
diorite, and gabbro intrusions. These soils consist of sandy and silty clay that is gray, orange, red
to red-brown and tan-brown to yellow-brown, moist to wet, and medium stiff to very stiff, (A-5,
A-7-5), and sandy silt that is tan-brown, gray and white, moist to wet, and soft to very stiff (A-
4/A-5). The soils also consist of smaller amounts of silty sand that is tan, brown, white and

yellow-tan, dry to moist, and medium dense to very dense (A-2-4). The surficial residual silty
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clays exhibit moderate to high plastic indices. Residual soils grade into weathered rock, which
retains the characteristics of the metamorphosed intrusions.
5.7.2 Grain Size Distribution for the Guilford County Soils

The predominate soils at the Guilford County project are mainly red silty clay and tan
sandy silt. The soil at shallower depths experienced a higher degree of weathering, which results
in a higher percentage of finer particles. The soil at deeper depths was less exposed to
weathering and thus has lower fines content.

In soil mechanics, the soil type can be determined by the size of the grains. Grain size
distribution (GSD) information can be used to estimate rough soil engineering properties such as
permeability and strength. Sands may be either poorly graded (uniformly graded) or well graded
depending on the value of the coefficient of curvature and the coefficient of uniformity.

The coefficient of gradation (curvature) (Cc) may be estimated as:

(5.25)

Dan2
Cc — 30
Diox Dgo

The coefficient of curvature (1 < C. < 3) will range between 1-3 for well-graded sand. The

coefficient of uniformity (Cy) is given by:

=

C, = — (5.26)

=
=
[
[=]

Soils with Cy > 6 are considered to be well-graded or uniform,
where D60 is the particle size at 60% finer, D30 is the particle size at 30% finer, and D10

is the particle size at 10% finer.

For a sand to be classified as well graded, the following criteria must be met:

83



Cu>6and1<Cc<3
If both of these criteria are not met, the sand is classified as poorly graded (SP). If both of
these criteria are met, the sand is classified as well-graded (SW).
Table 5.4 shows the soil gradations used in this project. The grain size distribution was
analyzed according to ASTM (D422-2000) specifications. The soil was classified as uniformly

graded sand; the grain size distribution is shown in Figures 5.13, 5.14, and 5.15.

Table 5.4 Gradation and Information for the Three Types of Residual Soil.

Soil Type | Dio | Dso Do | Cu>6 | Co 1<C.<3
A-4 | 0.006 | 0.06 | 0.9 15 7 No = SP
A5 0.005 | 0.02 | 0.06 12 1 Yes = SW

A-7-5 | 0.003 | 004 | 0.065 | 22 8 No = SP

Many researchers, including Randolph et al. (1994), have indicated that the magnitude of
the interface friction angle (8) between the soil and the steel cone is affected by the grain size
distribution of the soil. The typical value of the & is ranges between 0.6 to 0.7 multiply by the
peak effective friction angle of sand ¢ (6 = 0.6 - 0.7 * ¢). The shear test is routinely used to
estimate & for a variety of sand and steel surfaces. Some key factors have a major influence on
the pile-soil interface friction angle, including the type and particle size distribution of the sand
and the surface roughness.

The value of the interface friction angle (8) decreases with increasing mean particle size
(dso). The interface friction angle (8) typically ranges between 28°-29° for sand, as suggested by
Jardine et al. (2005).

The pore water pressure will be affected by the grain size distribution (GSD). Poorly

graded soil will have less pore water pressure build up during the driving of the MDPT (pile) due

84



to the presence of void spaces in this type of soil. Table 5.4 shows soil A-4 and A-7-5 as a poorly
graded soil, and soil A-5 as a well-graded soil. In addition, the grain size of the soil will have
impact on the compaction of roadway embankment fill and retaining wall backfill material. A
well-graded soil typically will compact better than a poorly graded soil; therefore, most of these

projects will have specific soil gradation requirements that must be met before placement.
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Figure 5.13 Grain size distribution of A-4 soil.
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Figure 5.15 Grain size distribution of A-7-5 soil.
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5.8 Torque Data Reduction

The author was the only person to perform the torque test throughout the test program in
order to limit the variability of the maximum torque applied on each test. The force was applied
using a 2-ft (0.91-m) torque wrench from the centerline of the MDPT extension steel rod (center
line of hole). The torque wrench was rotated carefully to apply consistent force at a steady rate.
The torque was completed by rotating 360° in order to prevent a false reading. After completing

each test, the field data was compiled and transferred to a Microsoft Excel spreadsheet.

5.9 Triaxial Shear Testing and Soil Classification

The site of the U-2412B project in Guilford County was used for the shallow slope
research. The research was performed by North Carolina State University (NCSU) for NCDOT.
The NCDOT Geotechnical Engineering Unit and NCSU prepared and collected more than 100
Shelby tubes at different stations for different depths. The NCDOT Material and Test Unit has
performed many triaxial and soil quality tests at different depths. The detailed laboratory tests
and soil properties for each Shelby tube are listed in Tables 5.5 and 5.6 summarizes the soil type

and soil classification performed by the NCDOT Material and Test Unit laboratory.
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Table 5.5 Summary of the Soil Classification for the Greensboro Site.

. Sample AASHTO USCS
Stations | Depth (ft NO. Classification | Classifications
403+45 | 29.6 - 31 ST-22 A-4(7)
403+45 |34.6 - 36.6 ST-23 A-4(0)
404+50 [34.5-36.5 ST-13 A-4(5) ML
404+50 | 39.5-41 ST-14 A-4(0)
404+50 [39.2-41.2 ST-33 A-4(2)
403+45 | 24.6 - 26 ST-21 A-5(4)
403+45 [39.6 - 41.6 ST-24 A-5(6) ML
404+50 [19.6 - 21.6 ST-29 A-5(2)
404+50 [19.5-215 ST-11 A-7-5(20)
404+50 | 24.526.5 ST-12 A-7-5(13)
405+70 25 - 27 ST-2 A-7-5(21) MH
405+70 30-32 ST-3 A-7-5(17)
405+70 30-32 ST-3 A-7-5(14)
405+70 40 - 42 ST-5 A-7-6(13)

Station Depth Sample AASHTO USCS
(ft) No. Classification | Classifications

403+45 | 29.6 - 31 ST-22 A-4(7) ML

404+50 [39.2-41.2 ST-33 A-4(2)

403+45 | 24.6 - 26 ST-21 A-5(4) ML

403+45 |39.6 - 41.6 ST-24 A-5(6)

404+50 |19.5-21.5 ST-11 A-7-5(20)

404+50 29-31 ST-31 A-7-5(12)

405+70 25 - 27 ST-2 A-7-5(21) MH

405+70 30-32 ST-3 A-7-5(17)

405+70 30-32 ST-3 A-7-5(14)

405+70 | 40-42 ST-5 A-7-6(13)

5.10 Results and Discussion

The MDPT can produce a direct measurement of the unit skin friction from the torque
test, as shown in Figure 5.5. The objective of the research described in this chapter was to
measure and evaluate the in-situ torque or unit skin friction and correlate it to the MDPT blow
counts and to the triaxial tests for the Greensboro project. As previously described, the in-situ
torque test and the unit skin friction test was conducted by connecting the torque wrench to the
MDPT extension rod with an adapter, and then slowly rotating the torque wrench to measure the

torque. The rotation must be performed with controlled techniques to produce adequate results.
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The test program was divided into three steps. The first step was to conduct a preliminary
torque test to determine if there is any relationship between the MDPT blow counts and the
torque measured. The initial test results were promising and reasonable for a simple relationship
between the MDPT-t and the MDPT blow counts, as shown in Figure 5.16 and Figure 5.17. The

torque ft-Ib can be converted to unit skin friction, as shown in Figure 5.17.

Blow Counts/ft & Torque (Ib-ft) vs Depth
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Figure 5.16 MDPT blow counts and measured torque at different depths.

89



Unit Skin Friction (tsf) vs Depth (ft)
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Figure 5.17 Unit skin friction (tsf) from torque at different depths.

The second step was to develop a test program to measure and evaluate the torque in the
Coastal and the Piedmont regions in North Carolina. The objective was to correlate the MDPT-n
blow counts per ft to the measured torque from the MDP-T tests.

Figures 5.19 A and B show plots of the test results from more than 14 counties in the
Piedmont and Coastal regions. Each point on the graph represents different locations and
different depths. The data was compiled for statistical analysis. Figures 5.19 A and B show
simple linear correlations between the measured torque from MDPT-t and the blow counts from
the MDPT for the Coastal and Piedmont regions. The R? was 0.92 and 0.93 for the Piedmont and
the Coastal regions, respectively. The difference for R? was based on the soil characteristics of
each region, and thus the correlation is soil-specific or region-specific. The CPT test provided a
similar conclusion between the ratio of the local sleeve friction and soil type, as shown in Figure

5.18. The lower the ratio of the sleeve friction to tip resistance represents sand and gravel. The
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Coastal geology is mainly sand and the Piedmont geology is mainly residual soil consisting of

silt and clay.
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Zone:  Soil Behaviour Type:

1. Sensitive fine grained 5. Clayey silt to silty clay 9. Sand

2. Organic material €.  Sandy silt lo clayey silt 10. Gravelly sand to sand
3. Clay 7.  Silty sand to sandy silt 1. Very stiff fine grained®
4. Silty clay to clay 8. Sand to silty sand 12. Sand lo clayey sand"

* Owverconsolidated or cemented.

Figure 5.18 Proposed soil classification chart from piezocone data by Robertson et al., 1986.

The third step was to correlate the measured torque Ib-ft or unit skin friction from the
torque using the MDPT-t apparatus with the effective cohesion (C”), adhesion (Ca), and soil
friction angle (¢’). This step focused on using the triaxial tests from the NCDOT Greensboro U-
2412B project in Guilford County that were conducted for other research projects. The NCDOT
Material and Test Unit performed the triaxial and soil quality tests for many Shelby tubes at
different stations and depths. Table 5.6 shows a summary of the laboratory test results and the in-
situ measured torque using the MDPT for the Greensboro project. The data was carefully

compiled and organized based on soil types. Table 5.6 shows the soil types encountered in the

MDPT test locations: A-4, A-5, and A-7-5.
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Piedmont Region MDPT-t Torque (Ib-ft) VS MDPT-n Blows Per Foot
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Figure 5.19 (A) Piedmont region torque (ft-1b) vs. MDPT (n) blows per ft. (B) Coastal
region torque (ft-1b) vs. MDPT (n) blows per ft.
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Table 5.6 Summary of the Laboratory Test Results and the In-Situ Measurements for the U-2412B Projects in Greensboro,
Guilford County.

In-Situ Measurements Lahoratory Test Results

Staton Depth | Sample Classication] P Tip CPT | SPT | MDPT | MDPT-T| Unit | . oe | ¢ | L Dry | Water | Saturated

f) | NO Skin | Blowsfft | Blowsfft| Torque | Skin PI | Density |Content| Density

(tsf) (%) |Degrees| (psf) | (%)
h [ N | @ | (o) | (psh) (pcf) | ) | (pc)

403+45 | 29.6-31 | ST-22 A4(7) 61 2.1 20 80 30 2746 26.12 33 513 | 40 9 105 239 130.1
403+45 |34.6-36.6| ST-23 A-4(0) 65.2 3.6 15 103 45 4119 2119 3l 1200 | 31 5 104.6 20.2 125.7
404+50 [345-365 ST-13 |  A4(5) 4 25 14 68 2 2088 | 2769 | 30 | 116 | 40 | 8 1021 | 247 | 1213
404+50 395-41| ST-14 A4(0) 46 3 20 80 30 2746 2143 33 164 | 37 5 105.6 214 1282
404+50 (39.2-412( ST-33 A-4(2) 27 133 12 52 22 2014 28.33 30 333 | 40 4 931 251 1165
405+70 |45-467| ST-6 |  A4(10) NA NA 33 140 45 419 | 2151 | 3 40 | 10 9.6 23 1213
403+45 | 246-26 | ST-21 A5(4) 48 24 19 80 30 2746 23.22 28 432 | 42 NP 107.9 201 129.6
403+45 139.6- 416 ST-24 A5(6) 372 1.07 12 50 20 1831 251 28 288 | 41 8 105.7 287 136.0
404+50 119.6-21.6| ST-29 A5Q2) 30 17 1 48 25 2288 29.79 33 72 43 3 916 215 1113
405+70 | 35-37 | ST-4 A5(3) 59 3 18 140 60 5492 4347 37 49 12 77.1 244 959
404+50 (19.5-215 ST-11 A-7-5(20) 20 11 5 20 12 1098 58.38 2 144 | 67 17 06 47 97.0
404450 |245265| ST-12 | A7-5(13) 18 1 8 35 15 1373 | 4456 | 28 5 | 13 713 368 | 1057
404450 | 29-31 | ST-3L A-7-5(12) 30 175 12 60 25 2288 42.24 20 612 | 54 15 794 414 1123
405+70 | 25-27 | ST-2 A-7-5(21) 25 13 6 40 18 1648 60.39 24 266 | 66 17 66 55 102.3
405+70 | 30-32 | ST-3 A-7-5(17) 20 09 9 44 20 1831 54.39 30 432 [ 60 16 69.6 492 1038
405+70 | 30-32 | ST-3 A-7-5(14) 20 09 9 42 18 1648 494 30 432 | 56 14 2.1 46.6 106.6
405+70 | 40-42 | ST5 | AT-6(13) 36 0 30 123 60 5492 | 3176 | 33 | 576 | 45 | 17 89.2 269 | 1132
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As shown in Table 5.6, a variety of laboratory and in-situ tests was performed at the
Greensboro site for the other research project. Unfortunately, the number of triaxial tests we
could use was limited to 17 due to the NCDOT’s construction schedules and our limited access
to the site. Also, many of the Shelby tests were at conducted in shallow depths and thus could not
be used. A specific data analysis was performed for the Greensboro site to validate the initial
correlations between the MDPT-n blow counts and the MDPT-t measured torque, as shown in
Figure 5.20 A, B, C, and D. The relationship between the measured torque and the corresponding
MDPT blow counts at the same depths and within a few feet from the actual locations was
plotted for the three soil types (A-4, A-5, and A-7-5), as presented in Table 5.6.

Regression analysis was carried out to calculate the least squares fit for the given data
points, and the R? values were calculated to determine the accuracy of the correlations. For soil
A-4, the correlation between the MDPT-t and the MDPT-n blow counts is presented in Figure
5.20 (A). The same procedure was performed for soil types A-5 and A-7-5, and the results are
presented in Figure 5.20 (B) and (C). The results of the linear regression analysis, shown in
Figure 5.20, were similar in value with the linear regression analysis for the Piedmont region.
Even though the number of data points were limited, the finding validates that the relationship
between the measured torque and the MDPT-n blow counts exists and can be estimated using the

newly developed MDPT device.
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A-4 Soil Torque VS MDPT-n A-5 Soil Torque VS MDPT-n
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Figure 5.20 Correlations of measured torque vs. MDPT (n) blow count per ft for (A) Soil type A-4,
(B) Soil type A-5, (C) Soil type A-7-5, and (D) for three types of soils.
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The data for the three types of soils are plotted in Figure 5.20 D. Linear regression
analysis was carried out using the following formula, which had a corresponding regression
coefficient R =0.90:

Torque = 0.3 * MDPT-n +7 (5.27)

5.10.1 Correlation Between the MDPT-t Measured Torque with the Effective Friction
Angle ¢’ from Triaxial Tests

This section evaluates the relationship between the in-situ MDPT-t (Ib-ft) directly with
the measured friction angle (¢) in degrees from the laboratory triaxial tests. Figure 5.21 shows
the relationship and the linear trend line between the friction angle (¢) from the triaxial tests and
the in-situ torque (Ib-ft) using MDPT-t.

Selected data from Table 5.6 was used to correlate the effective friction angle (¢’) and the
measured torque using the MDPT-t in the three predominant soils. There is a definite trend
between the measured torque and the ¢’. As shown in Figure 5.21, the higher the torque is the
effective friction angle ¢’. Regression analysis was carried out on the data to develop the
correlation between ¢’ determined from the triaxial tests and the in-Situ measured torque. From
the linear regression analysis, the Pearson r (correlation coefficient) was 0.61 and the
significance (F), or p-value, was 0.0099. Comparing the R? = 0.367 and the r =0.61, it can be
concluded there is a significant positive relationship between the friction angle (¢°) and the
MDPT-t values; however, due to the limited triaxial tests, it will be difficult to generalize this

relationship.
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Figure 5.21 Correlation between friction angle (¢’) and MDPT-t (lb-ft).

¢’ = 0.18*MDPT-t +25 < 40° (5.28)
where MDPT-t = Torque (T) (ft-Ib).
Equation 5.28 should have a maximum friction angle of 40° or less, depending on the
local values. The range of the acceptable friction angle must be calibrated to the local typical

friction angles. See Table 5.2 for typical effective friction angles ¢’.

5.10.2 Correlation Between the MDPT-t Measured Torque with the Effective Cohesion
from Triaxial Tests

This section evaluates the relationship between the in-situ MDPT-t (Ib-ft) directly with
the measured cohesion (C) (psf) from the laboratory triaxial tests. Figure 5.22 shows the
relationship and the linear trend line between the cohesion (psf) from the triaxial tests and the in-

situ torque (lb-ft) using MDPT-t. This evaluation was performed to determine the extent of the
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significance of the relationship between the MDPT-t (Ib-ft) torque and the laboratory cohesion
(C). From the linear regression analysis, the Pearson r (correlation coefficient) was 0.574 and the
significance (F), or p-value, was 0.0317. Figure 5.22 shows the strength of the linear relationship
between C and MDPT-t, with R? = 0.35 and r =0.574. The graph indicates a positive linear
relationship between the cohesion and the MDPT-t values, possibly due to the soil type,
uniformity, and layer thickness, and the distance between these tests. In addition, the reason for
the weak relationship (Lower R?) could be due to the presence of a high percentage of fine,
which will affect the penetration and the blow counts. However, due to the limited number
triaxial tests, it will be difficult to generalize the strength of the relationship between the

undrained C and the MDPT-t measured torque.
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Figure 5.22 Correlation between cohesion (C) (psf) and MDPT-t (Ib-ft).
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(o) from MDPT-n using equation from Figure 4.4 (low). (B) Comparing other researchers’
CPT equation with MDPT-n to estimate the friction angle using actual SPT(N).

5.10.3 ¢ MDPT-t Torque and MDPT-n Versus Friction Angle ¢ from Triaxial Tests

This section demonstrates the direct relationship between the estimated friction angle
using MDPT-n blows per ft and the measured friction angle (¢) from the laboratory triaxial tests
at each location. The estimated friction angle (¢) was calculated using the low equation from
Chapter 4 (see Figure 4.4), and the results are shown in Figure 5.23. The equation developed to
estimate the friction using the MDPT-n blow counts is slightly higher than the measured friction
angle from the laboratory triaxial tests. The strength of the relationship can be attributed to many
factors such the location of the tests, the sample tested is not representative of the predominant
soil, the laboratory test procedure, and the horizontal and vertical variability of the site.
However, the trend between the estimated ¢ and the measured ¢ from the triaxial tests showed a
positive relationship, and the friction angle (¢) will increase with the increase of the MDPT-n
blows per ft. As described in the previous sections and chapters, the MDPT device can be

calibrated, and it can predict the friction angle and the cohesion if sufficient data are available.
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Figure 5.24 Measured ¢ from the triaxial test and the predicted ¢ using MDPT-n.

The comparison between the measured effective friction angle and the predicted friction
angle using the MDPT-n blows per ft are presented in Figure 5.23. The trend lines R? of 0.46 and
Pearson r coefficients of 0.7 were calculated using a Microsoft Excel spreadsheet. As previously
described, the R? is a measure of how close the data are to the fitted regression line. On the other
hand, the Pearson r coefficient indicated the effect size of a linear relationship between two data
sets. Therefore, the r of 0.7 indicates a large positive linear relation between the measured ¢’ and
the predicted ¢. The p-values were determined using a statistics calculator; the p-value 0.0029
indicates that a significant relationship between the measured and estimated ¢ exists, because it

is less than 0.05. Figure 5.24 shows the 95% confidence level for the above correlation.
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5.10.4 Comparing the Empirical Correlation of the MDPT-t With Other Researchers

This section compares the results of the empirical correlation and the in-situ unit skin

friction (fs) of the MDPT-t with that of other researchers, pile load tests, and the Texas cone

penetrometer (TCP). As shown in Figures 5.25, 5.26, and 5.27, the fs versus SPT (N) blows per

ft are plotted in three different graphs. These figures show that the empirical correlations

developed for the MDPT-t measured torque are comparable with other predictions. The overall

MDPT-t fs versus SPT (N) blows per ft shows a positive relationship. Variations in the strength

of this relationship can be influenced by regional soil characteristics and the distance and depths

of these tests from each other.

BRI
4.5
R
4
4.20
4.1H)
EX 1
Atalb
EX
32
3.0
LB
L0
.40
a0
Pl
1.1
L.l
Ll
121
Lipo
.50
.1}
L
0.2
LN

L nit 8kin Frictiom Is (sfy

B Unil Skin Frictsnn [ From Lo=Sila MIFT-A Torgoe
A Vil Skin Friciin B UNOC Besearch SPFT-T)

# Unid Skin Friction fs iResilual Soils (kelley & Lutenegger)

& Empirical B wsing MDPT-1 & SPT SN0 {Ga=l, 58N rH0,2 < 3.0 (000
L} & & F s .=.
- ]
" L}
a ®
&
P
L =‘I *
&
ok
. ° =n‘..
&
& "... 5 ]
rs
QO - l-i:i: ]
o omgesisii
80 [N K3 -!: -
033 & L u
l.""= [ ] :
‘s
5 4] 15 I 8 M a5 40 45 L 55 G &5

SPT*{N) Blvas Per Font

Figure 5.25 Unit skin friction fs (tsf) from other researchers and MDPT -t fs
vs. SPT*(N) blows per ft.

101



6.0
5,40
560
540
5.0
5,010
.80
4.1
4.40
4.20
4.00
AB0

140
320
BRI
LHD
160
.40
120
LD
1.80
1.0
14D
1.20
1.4
L.HD
L]
.40
0.20
LAIL]

Unit Skin Friction fs (sf}

B Unit Skin Friction 5 From o 6w MDPT & Torgue

# Abu Iejbels {fs=k 035N from SPT

& Fily Loae Tesds {Unil Skim Frictien (sf)

B Wleverbal (1970 (s 02N Fram SPT)

B Brdaud (1USE} fs=L 22" ZIHEE 5710200 20

& Enwpdrical B using YTt &8 SFT (M) (B Ss=) 5 LT = S0kt )

*
= n A & O
A L .
l‘"
- *
™ -
40 *
-
.
¥
ot
ot ™
[
]
wi e s e

15 40 45 EL 35 il i3 Ty 75 Bl L]

SPT=(M) Blows Per Foot

Figure 5.26 Unit skin friction fs (tsf) from different researchers and MDPT-t fs,
including pile load tests unit skin friction vs. SPT* (N) blows per ft.

5400
4.5
460
4.4l
4.0
A0
R ]
360
340
120
A0
1.0
.60
240
L0
200
1.R0
La
(1]
120
LAy
B0
60
40

Unit Skin Friction fs (tsf)

000

W Lnkt Skln Fricton B From In-Sion YTET-1 Torgue

& 1l Load Lesls (Unil Skin Frictom 0

W Lexny Uene 1UL (Ul SKinlriciben B —LGSS{N sl
& Empirical fsoosing MOPT 0 & STTEN el SR HL D 2 30 (1slh b

M-t
fs = (LSS SPTHN) + 1)
=

[ ]
Temas CUope Fevetrabion T
B I L] &k [ T
- N -
et
5 -
i
] ‘!!.
- -*
L L
e .
[
~ Pile Load Test
R*=0.84
30 35 40 45 =11 53 Gl L]

5 1 1= il i3
ST Blows Per Foot

70

Figure 5.27 Unit skin friction fs (tsf) from MDPT-t, pile load tests, and Texas cone
penetrometer (TCP) vs. SPT (N) blows per ft.

102



5.10.5 Comparing the Empirical Correlation of the MDPT-t Unit Skin Friction fs with Unit
Skin Friction from CAPWAP™, APILE™, and Vesic Static Design Methods

This section compares the results of the empirical correlation and the in-situ unit skin
friction (fs) of the MDPT-t with the dynamic testing (CAPWAP™) and static design methods
such as Vesic and APILE™ software (Nordlund method). The fs versus SPT (N) was plotted on
four graphs at different depths to evaluate the depths factor and to determine which method gives

higher or lower values of unit skin friction at different blow counts, as shown in Figure 5.28.
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Figure 5.28 Unit skin friction fs (tsf) from MDPT-t, CAPWAP, APILE, and Vesic
methods vs. SPT (N) blows per ft at depths 10, 20, 40, and 50 ft.

APILE is a software program that professional engineers use to compute axial capacity,
including skin and tip resistance as a function of depth for a driven pile in clay, sand, or mixed-
soil profiles. The following methods are used to compute pile capacity:

e American Petroleum Institute (APl RP-2A).
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e U.S. Army Corps of Engineers (USACE).

o U.S. Federal Highway Administration (FHWA) (uses Nordlund design method).

APILE can be used to analyze different types of piles, such as pipe, HP steel, precast
concrete, tapered, timber, and Raymond.

Vesic (1977), Meyerhof (1976), and Coyle and Castello (1981) published reports
describing the procedure for calculating the ultimate bearing capacity of pile, where the pile
capacity depends on both tip and skin frictional resistance (skin friction).

Qu=0Qt+Qs (5.29)
where Qu is the ultimate load carrying capacity, Qt is the tip resistance, and Qs is the skin

frictional resistance.

The Vesic pile bearing capacity was used by NCDOT geotechnical engineers to estimate
pile lengths based on required pile-bearing capacity. Figure 5.28 represents the Vesic, Apile
static design methods, the CAPWAP dynamic test, and MDPT-t unit skin friction fs (tsf) versus
SPT (N) values at different depth groupings. By keeping the depth relatively constant, our
prediction methods primarily rely on the SPT (N) value and the soil type. Hence, APILE and
Vesic have a relatively linear trend, where the unit skin increases with increased SPT (N).

From the four graphs shown in Figure 5.28, the MDPT-t prediction is within a reasonable
range of the other methods, including CAPWAP values. CAPWAP values are rather variable,
possibly due to the variability from the SPT (N) and from the soil set-up (these are end-of-drive
values, so restrikes may differ). We can also determine which method predicts higher or lower
values at each depth. For example, APILE and Vesic predict similar skin friction at a depth of 20

ft for most blow counts; however, APILE predicts higher skin resistance than Vesic at a depth of
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50 ft. Therefore, Vesic may be more conservative than APILE for long piles, while APILE may
be more conservative for short piles.

The data used to generate Figure 5.28 was based on pile-driving analyzer (PDA) data for
a specific project. Each PDA report was analyzed using the SPT (N) and the pile type and
lengths to estimate the unit skin friction from the CAPWAP, APILE, and Vesic methods. The
MDPT unit skin friction fs data was generated from an empirical correlation of MDPT-t and
MDPT-n with conversion to SPT* (N), and from the in-situ torque test using the MDPT-t.
Step 1:

Convert the MDPT-n to uncorrected SPT (N) using Equation 4.3 in Chapter 4.

Estimated SPT* (N) = 0.25*MDPT-n (4.3)

Step 2:

Estimate unit skin friction using the equation from Figure 5.26.

Rs = 0.055*SPT* (N) + 0.2 (5.30)

Step 3:

Plot the estimated fs versus the estimated (N) values for different depths, as shown in
Figures 5.25 - 5.27 and Figure 5.28.
5.11 Conclusion and Recommendation

The MDPT-t tests were performed in two different geological regions of North Carolina
to produce empirical correlations. The results from the torque test are positive and can be cost-
effective when using a portable and easy-to-use device. The main limitation of the research was
the limited number of laboratory triaxial tests. NCDOT primarily performs triaxial tests for weak

soil, and thus not many triaxial tests data were available. The data used in the research were
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specifically collected and tested for another NCDOT sponsored research project, “Design of
Temporary Slopes and Excavations in Residual Soils” by Gabr and Borden (2016).

Based on the limited data, the analysis shows a reliable correlation exists between the in-
situ measured torque MDPT-t and the laboratory triaxial test effective friction angle ¢’ and
effective cohesion C’. The results of this study shows that the use of a small and portable MDPT-
t may serve as a quicker tool for site investigation and provide reasonable soil parameters for
geotechnical engineers to use in planning, design, and analysis.

The MDPT-t unit skin friction was examined and compared with other researchers, and
the results were promising. The unit skin friction produced by the MDPT-t device is within a
reasonable range of the other reported values. In addition, the MDPT-t unit skin friction was
examined and compared to the skin friction of other dynamic and static design methods such as
CAPWAP, the Vesic design method, and APILE software, and the results were within acceptable
range. However, caution must be taken when using statistical analysis to supplement engineering
judgment. For example, a high R? correlation does not suggest a strong connection between the
variables, and a low R? correlation may be affected by the accuracy and the size of the sample
data, or other factors need to be considered in the evaluation. Overall, the MDPT-t performance

was acceptable and provided promising results.
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CHAPTER 6. MDPT-t TORQUE AND MDPT-n BLOWS CORRELATED TO CONE
PENETRATION TEST (CPT)

6.0 Abstract

The Standard Penetration Test (SPT) is the most common in-situ test for soil subsurface
investigations. However, the Cone Penetration Test (CPT) is considered more reliable and more
accurate than the SPT for soil characterization. The CPT is considered to be quick and provide
more accurate results than SPT. Many soil properties have been correlated to both the SPT and
CPT. Most foundation design methods were developed based on the results of these tests;
therefore, it is vital to correlate the MDPT to the SPT (N) and the CPT tip resistance (g:) and the
sleeve friction (fs), especially for the preliminary evaluation of any project.

The SPT requires a drill rig, and the CPT requires a heavy truck to push the cone.
Mobilizing a heavy drill rig or specialty truck can be very costly for a rushed or unplanned
project or for a small project. The Mini Dynamic Penetration Test (MDPT), supplemented with
the measurement of torque (MDPT-t), can be used to obtain a direct measurement of soil unit
skin friction (fs), after rotating the cylindrical cone with a calibrated torque wrench, more quickly
and more economically than with heavy and expensive equipment. The MDPT device is portable
and economical to use.

The MDPT was correlated to limited data with CPT exploration. The purpose of this
study was to investigate the relationships between the MDPT and the CPT. Correlations were
established between the cone tip resistance (q), sleeve friction (fs), MDPT-n blow counts, and
MDPT-t torque for two locations. A positive linear relationship was found between the CPT tip
stress qt, CPT sleeve stress fs, and the MDPT-n and MDPT-t torque for this study. In general,
CPT gt versus MDPT-n showed higher correlation coefficients than CPT fs versus SPT(N); see

Figures 6.4 and 6.5.
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6.1 Introduction

The use of in-situ tests to estimate design parameters for deep foundations is necessary
when undisturbed samples are difficult to obtain due to limitations inherent with the sampling
equipment, different soils encountered, and the strength of the material. This chapter presents the
development of the MDPT-t device as an alternative tool for convenient and economical in-situ
testing. The results from this new test can be correlated to conventional soil testing methods, and
they can be used to estimate unit skin friction and other soil properties. In addition, testing with
this new device is quicker and more economical compared with other available tools.

The purpose of this section is to correlate the MDPT-t torque (lb-ft) and the MDPT-n
blows per ft to the tip (qgt) and sleeve friction (fs) of the CPT test. The CPT test is one of the two
most common penetration tests in our practice. The initial development of the CPT was by a
Dutch laboratory for soil mechanics in 1955. In the static CPT test, a cone is pushed into the soil
layers using the weight of the truck. During the penetration, the cone tip resistance (qg:) and the
sleeve friction (fs) are recorded continuously. The CPT is an excellent tool for profiling strata
changes and providing soil characterization. Various foundation design methods were developed
based on the outcome of the CPT test, and therefore it is vital to correlate the MDPT results to
the CPT due to the accuracy and the repeatability associated with CPT exploration.

The study had a limited number of CPT tests during the development and testing of the
MDPT device, because the North Carolina Department of Transportation uses the CPT test for
large and sensitive projects or upon request by the design engineer. CPT exploration is mainly
performed between borings to enhance the stratigraphy between the SPT borings for the
subsurface inventory report to be included in the contract documents. This report assists

contractors with preparing their bid estimate for projects.
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The number of blow counts per ft of penetration (n) obtained from the MDPT during in-
situ testing can be empirically correlated to the Cone Penetration Test (CPT) q: or sleeve friction

fs. See Chapter 7 for more details about the MDPT device and test procedures.

6.2 History and Literature Review of CPT Correlations

Many authors have pointed out the importance of SPT - CPT correlations. Robertson
(2010) reported that more studies are needed to evaluate the reliability of the CPT and SPT
correlations so that CPT data can be used in foundation design. Kulhawy and Mayne (1990)
discussed the advantages of having a procedure to correlate SPT (N) and CPT cone tip resistance
(gt). Both SPT and CPT are the most used in-situ soil tests worldwide, and both represent soil
resistance to penetration, even though the CPT is quasi-static and the SPT is dynamic.

In early 1960s, Meigh and Nixon suggested the use of a constant value of g«N for
different soil types. A number of researchers have proposed that the g¢/N ratio is a function of the
mean grain size (D50) of the soil. Table 6.1 illustrates the ratio qv/N decrease with the increase of
fine material, and the increase with increasing grain size (D50). In addition, results from other
studies indicate that the q¢/N ratio is smaller for sands with high fines content than for clean
sands. Kulhawy and Mayne (1990) collected the results from a number of studies and presented
them in one graph to show the relationship and the trend between the qi/N ratio and the fines
content of the soil. The SPT* (N) blow counts used in this research were estimated from the

MDPT-n and were not corrected due to some limitations of the data.
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Table 6.1 Reported g¢/N Ratio in (MPa).

Researchers Soil Type qt/N (MPa)
Meyerhof (1956) No specified 0.4
Meigh and Nixon (1961) Coarse Sand 0.2
Sandy Gravel 0.8-1.0
Schmertmann (1970) Sand 0.5-0.6
Fine to Medium Sand 0.3-04
Sand 0.57
. Silty Sand 0.5
Danziger et al. (1998) Clayey Silt 031
Clay 0.45
Sand 1.0
Silty Sand 0.5
Akea (2003) Silty Clay 0.3
Clay 0.2

6.3 Pile Capacity Evaluation from CPT

In general, many design engineers prefer for their analysis the in-situ mechanical
behavior of soil instead of the characterization of soil based on the grain size (e.g., Ku et al.,
2010).

The CPT test is more reliable for pile design purposes than the SPT test because the CPT
data are more reliable and the cone penetration generates the cone tip resistance and sleeve
friction similar to the pile bearing capacity. The CPT test consists of a cylindrical penetrometer
with a conical tip that is mechanically pushed into the ground. It requires a heavy truck to
generate sufficient force to push the cylindrical penetrometer into the ground. The CPT

penetration has some similarity to the pile-loading mechanisms.
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Although many researchers have studied and developed expressions to estimate soil
properties based on the tip cone resistance g, other researchers have suggested the use of cone
sleeve friction fs to estimate the soil adhesion. Schmertmann (1978) stated that the cone
penetration test CPT can be used to measure the cone sleeve friction fs, which can be used to
estimate the shaft resistance in cohesive soil. Schmertmann (1978) and Price and Wordle (1982)
studied and recommended the use of the CPT cone sleeve friction fs for estimating the pile side
friction, as shown in the following equation:

gs = Rsfi * fs; (6.1)

where gs is the total ultimate shaft resistance, Rs isan empirical ratio to convert the cone

sleeve friction to shaft resistance gs, and fs; is the average undrained cone sleeve friction

for layer i.

The values of Rs in Equation 6.1 is needed to convert the cone sleeve friction to shaft
resistance at each layer. Table 6.2 was based on the graph developed by Schmertmann (July
1978) on page 127 of the FHWA-TS-78-209 “Guidelines for Cone Penetration Test Performance

and Design.”

Table 6.2 Values of the Factor Rsf by Schmertmann (1978).

fs/Pa . Values of Rsf . '
Steel Piles Concrete and Timber Piles
0.25 0.97 0.97
0.5 0.70 0.76
0.75 0.48 0.58
0.88 0.40 0.52
1.00 0.36 0.47
1.50 0.27 0.43
2.00 0.2 0.40
Pa = atmospheric pressure = 100 kPa = 0.1 MPa = 1 tsf.
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6.4 CPT and MDPT Data Selection

CPT and MDPT were performed in two projects at different locations in Greensboro. The
data for both projects were obtained from NCDOT project U-2412B and R-2525C, located in the
Piedmont region in Greensboro, Guilford County, in North Carolina.

The U-2412B site was selected because another research study sponsored by NCDOT,
“The Design of Temporary Slopes Excavations in Residual Soils”, which was conducted by Dr.
Roy Borden and Dr. Mohammed Gabr of North Carolina State University, had retrieved 94
Shelby tubes (ST) from ten different borings between station 403+45 and station 405+70. The
tubes were extracted from depths ranging 2-52 ft (0.6 m-15.5 m), and the data are used in this
chapter.

CPT tip and sleeve friction was performed in four different stations, as shown in Figures
6.2 and 6.3 from U-2525C project. The selected data were obtained from soil investigations
using SPT and CPT. The MDPT blow counts and torque tests were performed adjacent to the

CPT test locations to establish the correlations between the MDPT and CPT. Four variables are
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Figure 6.1 Comparison between MDPT-t unit skin friction fs
and CPT sleeve friction fs with depths.

112



representative of the data used in this research:

(MPa), and sleeve resistance fs (ksf) (kPa).

MDPT-n, MDPT-t, CPT tip resistance q (tsf)
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Figure 6.2 CPT tip stress (MPa) vs.

depths in meters at different stations.

113



;
=1t

.
[ =B [

-]

w5
10
10.5
11
115
12
12,5
13

Depth {m)

Depth (m)
= [
_ e B o
= M = B o=

12,5
13

]

Sleeve Stress [5 (kPa)
100 200 300 400 500

d

:
|

T

e

0

=5t 403455

Sleeve Siress [s (KPa)
100 200 300 400 500

ray

= ta, 405175

Depth (m)

Depth (m)

—
.
— in

=2

> o = ;
in e tnooe fn o-a in

—_
=

10.5
11
11.5
12
1.5
13

3 & . &=
in o in ose En - in

—
=

115
12
12.5
13

Sleeve Stress [s (kPa)
0 100 200 300 400 500

§
P

3

Z

—5ta. 404155 (3 RT)

Sleeve Stress [s (kPa)
0 100 200 300 400 500

,.r_")
A%
1<

—

s (14 £ 55 (94" RT)

Figure 6.3 CPT sleeve stress (kPa) vs. depths in meters at different stations.
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6.5 Summary and Discussion

The data was limited to the two projects due to the lack of CPT usage at NCDOT, the
locations of these tests, and the cost associated with using the CPT in the projects. Many state
DOT geotechnical engineers do not use CPT data in their design due to limited available
resources such as charts, design manuals, or guidelines. Despite the limited data in this study, a

correlation was established between MDPT-n and MDPT-t, and the CPT g and CPT fs.

6.5.1 MDPT-t Unit Skin Friction and CPT Sleeve Friction fs

Figure 6.1 shows that the MDPT unit skin friction generated from the torque is similar in
shape to the average CPT sleeve friction fs. The data indicate that the sleeve friction fs from the
CPT is larger than the MDPT fs. The higher values may be due to the procedure for each test (the
MDPT is dynamic and the CPT is quasi-static) and site vertical and horizontal variability. It is
also possible that the CPT test is more sensitive than the MDPT test. Lunne et al. (1997) reported
that most of the CPT data are used to correlate the cone tip stress g: to engineering properties and
disregard sleeve friction fs measurements, as they are considered less reliable.

The MDPT unit skin friction was obtained from the MDPT-t torque at different depths
and locations adjacent to CPT test. The fs was calculated using Equation 5.13:

2T
fS T md2L

Figure 6.4 shows the relationship between CPT sleeve stress fs and MDPT fs. A
positive linear relationship was found between CPT, fs, and MDPT fs for the two projects, with

the coefficient of determination R? of 0.66.
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The linear regression in Figure 6.4 shows that the MDPT fs (kPa) can estimate the CPT fs

(kPa) using the following equation:

MDPT-t (fs) = 0.64*CPT (fs) + 59 (6.2)
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Figure 6.4 Plot of MDPT-t unit skin friction fs vs. CPT sleeve friction fs (kPa).

6.5.2 MDPT-n Blow Counts and CPT Tip Resistance qt

The MDPT-n blows per ft were correlated to CPT tip resistance. The MDPT-n was
converted to equivalent uncorrected SPT (N) blows using the average between Equation 1 and
Equation 2 in Chapter 4 (Piedmont region: Ngo = 0.27n and Coastal region: Ngo = 0.23n use N=
0.25*n)) and then correlated to the CPT tip stress gt Figure 6.5 shows the relationship between
the CPT tip stress gt and the estimated SPT* (N) blows per ft. A positive linear relationship was
found between CPT, qt, and MDPT-n with the coefficient of determination R? of 0.87 with mean

square error (MSE) of 0.12.
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The linear regression in Figure 6.5 shows that the MDPT-n can be used to estimate the CPT gt
(MPa) using the following equation:
q:=0.23*N + 0.2 (6.3)
where N is the equivalent to SPT (N) blows per ft estimated using MDPT-n, and g is the

estimated CPT tip resistance in MPa.
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Figure 6.5 CPT (q¢) vs. estimated SPT* (N) using MDPT-n blows per ft.
Figure 6.6 shows the correlation of MDPT-n and CPT g along with other researchers’
correlations of CPT qgrand SPT (N) blows per ft. The MDPT-n results are encouraging and

comparable to other results.

6.6 Conclusion and Recommendation
The MDPT was correlated to limited data with CPT exploration. The relationship
between the MDPT and the CPT was examined and the correlations were developed between the

cone tip resistance (q), sleeve friction (fs), and the MDPT-n blow counts and the MDPT-t torque
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for two locations. A positive linear relationship was found between the CPT tip stress qi, CPT
sleeve stress fs, and MDPT-n and MDPT-t for this study. In general, CTP q:versus MDPT-n
showed higher correlation coefficients than CPT fs versus SPT(N) (see Figures 6.4 and 6.5). The
results of the regression analysis show a positive trend between the MDPT-t torque and CPT
sleeve friction fs, and a positive trend between the MDPT-n blows per ft and the CPT tip
resistance qg:. Although the correlation is promising, precautions are needed when using the
information in different sites due to the limited data. Many researchers have stated that any
correlation is unlikely to be unique for all soils, but the suggested relationships could be a
framework for future refinements. Figure 6.6 shows a promising result of the MDPT-n and other

researchers’ work.

12
& MDPT Greensboro Bescarch Avea L_"
11 BMDPT Greensbore U-25250
= Janzinzer 1998 (qe (.5%N)
10 1 & Meverhof 1956 (qe = 0.4*N) N
. # Alien 2003 (ge = 0.25%N) —_ ik
= 9 . i . - "l
- Schumertinamm 1970 (qe =0.3%N)
= 8
L Y
s 7 Pl
=
Z 6 Lo,
e ° PR I
= 4 b
- [
Z 3 - ma N
" —-
o 2 o
1 -
1]

0 2 4 6 -] 1w 12 14 16 18 20 22 24 16
Estimated SI'T (N) Blows per foot

Figure 6.6 CPT (qt) and estimates gt from different researchers vs. estimated SPT* (N)
using MDPT-n (gt = qc).

Since the statistical and regression analyses are the main method used in this chapter, the

size of the data is significant for the accuracy of the result. Additional data in the future will
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increase the accuracy and the reliability of the correlations. Furthermore, it is recommended to
calibrate the MDPT tests with CPT tests at each project site if possible to achieve accurate

results.
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CHAPTER 7. MINI DYNAMIC PENETRATION TEST MDPT VERIFYING SOIL
COMPACTION AND BEARING PRESSURE

7.0 Abstract

Compaction is a process that increases soil density by using mechanical impact energy to
remove air from the voids surrounding soil particles. Compaction is a very important phase in the
construction of roadway embankments, building foundations, and transportation infrastructures,
because the stability and the safety of the roadway embankment and the pavement depends on
the compaction techniques and effort. In-situ density tests are typically used to measure the
degree of compaction. The current methods for measuring compaction have significant
limitations. For example, some electronic devices require constant calibration and costly
maintenance; others are dangerous to operate, such as a nuclear gauge, or require costly
equipment, such as intelligent compaction. This chapter discusses the newly developed Mini
Dynamic Penetration Test (MDPT) device and its correlation with the dry density of soil to
verify field compaction effort.

Wood laboratory boxes were built to perform control tests for soil types A-4 and A-5
with different compaction and moisture contents. The MDPT-n values were then correlated with
the dry density and moisture content. The dry density yq and water content are typically
measured with a nuclear gauge but can also be measured with a sand cone or rubber balloon,
among other methods. The balloon density apparatus determines the in-place density of soil
using a volume-displacement method, similar to the sand-displacement method. The sand cone
method removes a sample of the material using calibrated sand to determine its dry unit weight
and the volume of the hole from which the sample was removed. The MDPT test results showed
a promising correlation between the MDPT-n blows per ft and the dry density with R? = 0.86,

and the correlation between the MDPT-n blows per ft and the DCP blows per ft showed a strong
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relationship. The statistical analysis of the data showed a strong positive trend between the DCP
and MDPT. The strong correlation between the MDPT-n and DCP produced a coefficient of
determination R? = 0.86 and r = 0.92. The bearing capacity can be estimated using the correlation
between the MDPT, DCP, and the California Bearing Capacity (CBR). The MDPT is portable
and quick to set up, run, and evaluate soil property on site. Due to its economy and simplicity, a
better understanding of the MDPT results can reduce the time and cost for evaluating
embankment compaction and the strength of pavement and subgrade soils.
7.1 Introduction

The compaction technique increases the density of soil particles by using impact
equipment to provide the energy needed to remove the air voids surrounding the soil particles.
Compaction is mostly used for constructing roadway embankments, building foundations, and
transportation infrastructures. The stability and the safety of any embankment and pavement
depends on the degree of compaction techniques, quality, and degree of compaction. The
common parameters affecting the degree of compaction are:

a. Density

b. Water content

c. Soil type

d. Amount of energy applied

The minimum density and range of water content are usually specified for each project in
order to meet the design requirements for embankment and pavement stability, but density could
be used to evaluate the pavement quality and performance during and after construction. The
advantages of proper compaction include:

a. Reduced settlement (or differential settlement)
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b. Reduced permeability

c. Increased strength

d. Reduction or elimination of the bump before the bridge

Soil compaction typically can be achieved either by static or dynamic loading. Static
compaction is performed by applying load slowly; dynamic compaction is performed by the
repeated blows of a falling mass; and vibratory compaction is performed by vibrating
equipment.

The roadway embankment equipment used for compaction includes:

1. Smooth-wheel rollers, used primarily for granular soils (uniform compaction)

2. Sheepfoot rollers, used mainly for clayey and silty soils (kneading compaction)

3. Pneumatic rubber-tired rollers used for clay soil

4. Vibratory rollers used for granular soils

The nuclear moisture density meter is most commonly used to determine soil density and
water content at the same time. Despite the advantages of the nuclear method, it has many
drawbacks, such as:

1. Requires correlation with other techniques or conventional methods, such as sand

cone testing

2. Federal regulations for handling and storage of nuclear equipment

3. Transportation of radioactive materials

4. Operator licensure

5. Operators may be exposed to radioactive rays and must monitor their health regularly

Proper compaction of roadway embankments and pavement foundation layers is essential

to achieving stability and long-lasting pavement performance. According to the NCDOT
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compaction manual, “In general, embankment refers to any layer placed below the subgrade”.
The subgrade is usually 8 in-thick and refers to the portion of the roadbed prepared as a
foundation for the pavement structure (including the curb and gutter). The quality of the
pavement foundation is controlled by the properties of the foundation material and the degree of
compaction (Hancher et al., 2003). To ensure the suitability of the borrow or backfill materials,
the soil is compacted at different layers to reach its maximum density. The borrow materials are
usually compacted in the laboratory using the proctor test at different moisture conditions to
obtain the optimum dry density and moisture content (ASTM D 698/AASHTO T99). The target
value from the proctor test is used later for quality control (QT) and quality assurance (QA)
during construction.

It is difficult to accurately measure proper compaction levels with the current frequency
of the soil density without the use of nuclear density gauges (NDG) during construction.
However, many state DOTSs are trying to replace NDGs due to the following reasons:

1. Nuclear gauges use radioactive materials that may be hazardous to operators.

2. Mandatory radiation safety training for operators.

3. The licensing requirements, record-keeping, and storage of the gauges are stringent

and very complicated.

4. Leak tests and annual calibration to maintain the NDGs.

5. Field verification of the NDG by using other accepted density testing methods.

6. Limited to a depth of 8 in.

Other available density devices, such as the rubber balloon and the sand cone methods,

are also time- and labor-intensive. Most of these methods measure the degree of compaction
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effort up to only 1 ft (305 mm) and require a longer time to run each test. The increased testing

frequency may delay construction and cause contractors to file claims in response.

7.2 Problem Statement and Compaction Issues
7.2.1 Compaction and Frequency of In-situ Density Tests

Verifying the degree of compaction in-situ is a major issue for many state DOTS due to
the frequency and the quality control of the compaction process. The following are examples of
the NCDOT’s requirements for testing frequencies:

a. Embankments: One density test every 5,000 yd® (4,000 m®). A density test is
recommended for every other lift of the embankment as it is being constructed (each lift
is 8 in-thick).

b. Subgrade: One test every 1,000 linear ft for roads up to 28 ft (8.5 m) wide; for roads
wider than 28 ft, one test every 3,000 yd? (2,500 m?).

c. Chemically treated subgrade (lime or cement): One test every 2,000 If (600 m).
NCDOT’s current practice for compaction density requirements is at least 95% in

accordance with AASHTO T 99, as modified by NCDOT and described in its compaction
manual.

In recent years, many state DOTs have experienced unnecessary and unexpected roadway
cracks and pavement failures. The compaction of the subgrade layers of the pavement has
become even more critical to the success of pavement performance. Unfortunately, many
pavement failures could be related to the compaction efforts, quality assurance/quality control
(QA/QT) testing methods, and less frequent density testing during construction and acceptance
of work. Therefore, a portable, effective, reliable, economical, quicker, and easy to use

alternative for compaction control during roadway construction is great demand.
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The MDPT device can be used to verify the specific density requirement in the field at
any location or depth. It can estimate the dry density by calibrating the MDPT blow counts with
a few density tests, and estimate the field density by using the developed empirical equation. The
MDPT-n can also evaluate the dry density of soil layers to any depth quickly and economically.

The objective of this chapter is not to eliminate or to replace the use of conventional in-
situ density tests, but rather to increase the frequency of density testing by using the MDPT
device in addition to the typical limited-frequency density tests to expedite the density process.
Figure 7.1 shows a sketch of the MDPT device parts. The hammer (weight mass) is marked with

groove to distinguish the difference between the DCP hammer and the MDPT hammer.

Groove

Figure 7.1 Sketch of MDPT parts.
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Figure 7.2 lllustration of the difficulty in verifying the bearing pressure in open cut of
spread footing during construction.

7.2.2 Verifying Pavement Subgrade Strength and the In-situ Bearing Pressure for
Retaining Walls and Spread Footings

This section discusses the typical in-situ methods for verifying subgrade strength or
bearing pressure for shallow foundations. For soil strength verification, the in-situ bearing
capacity is typically estimated or determined using plate load tests (PLT), cone penetration tests
(CPT), or standard penetration tests (SPT), all of these tests are expensive, require heavy
equipment, time consuming and are difficult to perform due to limited and confined space such
as spread footing excavation, as shown in Figure 7.2. Similarly, the California Bearing Ratio

(CBR) is typically used as strength indicator for the subgrade, subbase, or base of pavement
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layers; however, it is time-consuming and expensive, and its repeatability is low. The MDPT test
can be used to estimate bearing pressure indirectly by correlating the MDOT test results to DCP

and CBR value based on the relationship between the DCP and the MDPT-n.

7.3 Objective
The objective of this chapter is to correlate the MDPT-n blows per ft (blows/300 mm)
with the dry density yq of the subgrade or embankment layers and the DCP to estimate the CBR.
The approach to achieve this objective requires the following tasks:
1. Study the relationship between the MDPT-n blow counts and soil dry density obtained by
the nuclear gauge method or from laboratory tests.
2. Establish a relationship between the MDPT-n blow counts and the DCP to estimate the

CBR in order to estimate the bearing capacity.

7.4 Literature Review

In-situ penetration tests have been widely used in geotechnical engineering for site
investigation and soil characterization in support of analysis and design. The standard
penetration test (SPT) and the cone penetration test (CPT) are the most common in-situ
penetration tests; however, the dynamic cone penetrometer test (DCP) is used as an in-situ
method for estimating the structural properties of soil or pavement.

The normal testing procedure for the DCP is performed continuously from the ground
level to the desired penetration depth. The DCP was originally developed by A. J. Scala in 1956
in Australia. The current standard DCP according to ASTM D 6951-03 consists of a mass weight
of 17.6 Ib (8 kg), a drop height of 22.6 in (557 mm), and a 60° cone angle. Scala (1965) used the
DCP with an extension to drive the cone 6 ft (1.8 m) below ground level to estimate soil strength,

and he was the first to develop a correlation between the CBR and the DCP for pavement design.
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Afterwards, many researchers developed and modified methods and testing equipment to
investigate foundation layers for pavement design. Gawith and Perrin (1962) reported the use of
the same DCP in Australia, which was used to develop the DCP-CBR correlation curve.

Sowers and Hedges (1966) built a light weight DCP device with a 15-1b (= 6.8 kg) weight
and 20-in (508 mm) drop height. The apex cone angle was 45° to minimize the driving
resistance, as shown in Figure 7.3. This lighter DCP was used to verify the bearing capacity or
soil condition at spread footing locations, and most of their DCP tests were performed in augured
holes.

Kleyn (1975) indicated that a road department in South Africa used the DCP with a 30°
cone tip to investigate soil layers for pavement design in 1973.

Sekmeier et al. (1999) evaluated the relationship between DCP results and the degree of
compaction of fills materials, such as mixture of clayey and silty sand, for the Minnesota
Department of Transportation. Sekmeier et al. estimated the CBR from the DCPi penetration
index values and then used published charts and formulas to estimate the resilient modulus from
the estimated CBR to correlate the percent of compaction. However, the study showed no clear
correlation or the relationship between the moduli and the degree of compaction.

In 2004, the ASTM D6951-03 introduced the standard test method in shallow pavement

layers using the latest DCP design (ASTM, 2004).
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Figure 7.3 Sowers dynamic cone penetrometer (after Sowers and Hedges, 1966).

7.4.1 Correlations Between DCP Readings and CBR Values

Several researchers have studied the relationship between the DCPi penetration index and
the California Bearing Ratio (CBR). The in-situ CBRs determined the DCP can be calibrated
using laboratory-soaked CBRs. The base, subbase, and the subgrade soil strength can be
estimated from the cone penetration resistance, which can be converted into CBR, subgrade
modulus k, resilient modulus E, and soil support value (SSV). Most researchers’ equations for
the CBR is expressed as a function of the penetration rate (PR) (in mm/blow).

The following empirical correlations were developed by various researchers and
agencies. Smith and Pratt (1983) reported the Australian Road Research Board (ARRB) had
studied the relationship between the CBR and the DCP penetration rate (PR), and thus developed
the following empirical relationship:

Log (CBR) = 2.56 - 1.15 Log (PR) (7.1)
The North Carolina Department of Transportation (NCDOT) (Wu, 1987) established an

empirical relationship between CBR and DCP. The relationship was based on the average of
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three DCP tests and the field CBR within a distance of less than 1 ft (0.3 m) around the CBR test
location:

Log (CBR) = 2.64 — 1.08 Log (PR) or CBR = 435/ PR1% (R?=0.79) (7.2)

Livneh (1987) developed the following relationship between CBR and the PR:

Log (CBR) =2.20 — 0.7 [Log (PR)] **® (7.3)

The U.S. Army Corps of Engineers (USACE) (Webster, Grau and Williams, 1992)
developed a relationship between the CBR and the PR of the DCP, expressed by the following
equation, which was used by many state DOTs and federal highway agencies:

Log (CBR) = 2.465 - 1.12 Log (PR) or CBR = 292/(DCPI1)**? (7.4)

where DCPI is the Dynamic Cone Penetrometer Index, in units of length divided by blow

count.

The difference between the USACE correlation and the NCDOT correlation was based
on lab CBR values and field CBR values, respectively. Since it is known that the field CBR
value is generally twice the value of lab CBR value, the results of these two independent studies
match very well, based on Equations 7.2 and 7.4.

Kleyn (1992) developed the following equation:

Log (CBR) = 2.62 - 1.27 Log (PR) (7.5)

Coonse (1999) presented the following correlation:

Log (CBRfield) = 2.53 — 1.14 Log (PRfield) (7.6)

Equation 7.4 was developed by the USACE and was adapted by many researchers,
practitioners, and agencies around the world, and it was selected as one of the best correlations as

noted by Livneh (1995), Webster et al. (1992) and Siekmeier et al. (2000).
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Gabr et al. (2001) developed a correlation between the DCPi and the plasticity index and
the saturation ratio based on laboratory tests of the Piedmont residual soils in Davidson County,
NC, with more than 60% fines. Gabr et al. used these correlations to predict the dry unit weight
and water content of the soil.

Abu-Farsakh et al. (2004) conducted both laboratory and in-situ testing to evaluate the
use of DCP for quality control and quality assurance for pavement and embankment
construction. The CBR, DCP, and the plate load tests (PLT) were performed in the laboratory on
selected soils with a mixture of silty clay and clayey silt, and then compared with in-situ tests
performed on subgrade pavement layers for several projects for the Louisiana DOT. Abu-
Farsakh et al. concluded that the DCP was a dependable device for estimating the stiffness and
the modulus of embankment, as well as for the base layers of pavement and subgrades. The
results of their study indicated that the PR of 5.5 mm/blow is an acceptable value for crushed
limestone base.

Wu and Sargand (2007) evaluated the use of the DCP for evaluating the construction of
pavement layers for the Ohio DOT. The penetration ratio PR was measured in mm/blow, and the
data were collected based on ten projects tested over a two-year period. Data from both
chemically treated and untreated subgrade was collected. Wu and Sargand concluded the use of
DCP during construction can significantly improve the quality control/quality assurance and the
performance of the subgrade materials. They also recommended that an acceptable PR for both
treated and untreated soil layers is 8 mm/blow (0.32 in/blow).

Puppala (2008) evaluated the correlation between DCPi rate values and the resilient
modulus. He found that many engineers, researchers, and agencies have used the DCP to

estimate the moduli and used the values in many transportation projects for compacting
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subgrades and granular soil without addressing the site variability. However, Puppala provided a
valid warning to users of the DCP to be very careful when estimating and using moduli from
different sites, because most of the correlations are site-specific and mostly empirical, and their
use for different soils requires careful evaluation and engineering judgment.

Gabr and Browning (2006) studied the effect of the cone tip apex angle on penetration
resistance. The study included five different sizes of cone tip apex angles: 50°, 60°, 75°, 90° and
120° (see Figure 7.4). Based on the laboratory tests, the study concluded that increasing the cone

tip apex angles increases the tip resistance.

120° 90° 715° 60° 507

Figure 7.4 Cone tip apex angles (120° 90°, 75°, 60°, 50°) (Browning, 2006).

Paige Green (2009) reported the following equations were previously published by the
Transvaal Roads Department in Pretoria, South Africa, and can be used to estimate the CBR and

the unconfined compressive strength from the DCP:

If DN > 2 mm/blow CBR =410 x DN? (7.7)
If DN < 2 mm/blow CBR = (66.66 x DN?) - (330 x DN) + 563.33 (7.8)
UCS = 15 x CBRO8 (7.9)
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or UCS = 2900 x DN109

where CBR is the California Bearing Ratio, DN is the DCP number (mm/blow), and UCS

is the unconfined compressive strength.

Table 7.1 Correlations Between CBR and Pl (after Harison, 1987 and Gabr et al., 2000).

(7.10)

Author Correlation Field or laboratory based study Material tested
Kleyn (1975) log (CBR) =2.62-1.27- log(PI) Laboratory Unknown
Harison (1987) log (CBR)=256-1.16- log(Pl) Laboratory Cohesive
Harison (1987) log (CBR)=3.03-1.51- log(PI) Laboratory Granular
Livneh et al. (1994) | log (CBR)=246-1.12- log(PI) Field and laboratory Granular and cohesive
Ese et al. (1994) log (CBR)=2.44-1.07- log(Pl) Field and laboratory ABC*
NCDOT (1998) log (CBR)=2.60-1.07- log(PI) Field and laboratory ABC#* and cohesive
Coonse (1999) log (CBR)=2.53-1.14- log(Pl) Laboratory Piedomont residual soil
Gabr (2000) log (CBR)=140-10.55- log(PI) Field and laboratory ABC*

Pl = PR = DCPI (Dynamic Cone Penetrometer Index in units
of length divided by blow count)

* Agoregate base course

The literature review indicates that most of the testing was conducted with a DCP cone

(Figure 7.5) to correlate with the CBR, resilient modulus (Mg), and soil parameters.

Figure 7.5 Typical DCP cone geometry.
The standard Dynamic Cone Penetrometer (DCP) (ASTM D6951) includes the following:
1. Steel rod ranging from 3.2-6.5 ft (1-2 m)

2. Standard size of hardened steel cone at the end (0.787 in) (20 mm)
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3. Drop hammers: 10 Ib (4.6 kg) for soft soils and 17.6 Ib (8 kg) for stronger soils; in this
study the 17.6 Ib (8 kg) hammer was used

4. Drop height of 22.6 in (574 mm)

The soil strength and the compaction of the soil can be indirectly estimated by measuring
the penetration of the cone against the number of drops of the weight. The DCP may also be used
to obtain an approximate value of the California Bearing Ratio (CBR), which is an index of soil-
bearing strength. The CBR and DCP have been used in practice for many decades, and many
researchers have conducted tests and produced many data sets and empirical correlations
between the penetration rate of a DCP rod, CBR, and soil strength. The main advantage of a
DCP is that it does not require any external reaction forces—it only relies on the kinetic energy

provided by a drop hammer.

7.5 Description of Mini Dynamic Penetration Test (MDPT)

The MDPT can be driven down to 45+ ft (13.7+ m) below ground surface with 5/8-in
(15.8-mm) stainless steel rods extensions. The MDPT hammer configuration was designed to
mimic the SPT tip and skin resistance behavior to produce 10% of the SPT total energy of 350 ft-
Ib (48.4 kg-m). The hammer consists of a steel mass of 17.5 Ib (7.98 kg) falling 24 in (609 mm)
to develop 35 ft-1b (4.84 kg-m). Figure 7.7 shows an actual MDPT during a field test. The SPT
measured N value blows per ft (blows per 300 mm) is defined as the penetration resistance,
which equals the sum of the number of blows required to drive the SPT sampler to a depth
interval between 6 in—-18 in (150-450 mm). The MDPT procedure will encompass the same

effect of friction and other factors to reduce the delivered energy.
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7.6 DCP and Bearing Capacity Correlations

The bearing capacity of shallow foundations was correlated to the DCP penetration.
Packard (1973) studied and compared the bearing capacity measured at 2.5 mm deflection from
the plate load test with various CBR materials at a similar deflection. The study was for the
design of concrete airport pavement.

Bearing capacity (kPa) = 3426.8 DN1.010! (7.11)

where DN is the cone penetration rate (mm/blow).

However, the literature review indicates that most of these methods did not carry the test
failure, nor was there a clear indication to describe whether the values are ultimate or allowable.
Although the DCP is a useful tool for field verification, it has the following limitations due to the
shaft friction from the extension rod:

e Augured holes (4 in—6 in) (102 mm-152 mm) are required to perform penetration tests.

e The maximum effective testing depth in augured holes range 15 ft-20 ft (4.6 m—6 m).

7.7 Data Selection From Both Laboratory and Field Testing
This section describes the data selection and field test procedure for the dry density,
moisture content, and MDPT tests conducted for this study. The moisture content and the dry

density tests were obtained by the nuclear gauge method used in the field (see Figure 7.6).

7.7.1 Laboratory Test: Phase I Control Testing

In Phase | of the testing procedure, the relationship between the MDPT test and the dry
density test was evaluated in a controlled environment. Two wood boxes 2.5 x 2.5 x 1.5 ft (762
mm x 762 mm x 457 mm) were constructed and filled with three predominate Piedmont soil
types: A-4, A-5, and A-7-5 from Winston Salem, North Carolina, as shown in Figure 7.8. The

test procedure below was followed:
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1. Place the soil in each box in three layers (0.5 ft, 1 ft, 1.5 ft) (152 mm, 305 mm, 495 mm)
with the proper water content (wc%).

2. Measure the soil density without compaction, with walking compaction, and with
tamping compaction to achieve three different compaction levels.

3. Use a nuclear gauge to measure the density and moisture content in four directions of
each layer and each compaction level (rotate the nuclear device in for direction and
record the results), as shown in Figure 7.6.

4. Drive the MDPT in four corners of the dry density test location and record the blow
counts for each compaction level.

5. Increase the moisture content by adding more water to again measure the dry density.

7.7.2 Field Test: Phase Il

The results of Phase | were encouraging, as there was a strong relationship between the
MDPT-n blow counts and the dry density values. In Phase 11 of the testing procedure, tests
similar to those conducted in Phase | were performed for the natural ground and compacted
roadway embankment. The field testing included the MDPT, DCPT, and nuclear gauge. Several
sites from three counties within North Carolina were selected for the field testing, as shown in
Table 7.2. For the selected sites, the MDPT, DCPT, and density tests were performed at the same
location, allowing for comparison between the three test results. Field tests were necessary to
confirm and refine the correlation between the MDPT and the dry density.

Table 7.2 shows the number of tests and the locations of each test. The dry density and
the moisture content tests were taken in four directions, as shown in Figures 7.6 and 7.7, to
obtain an average value. The distance between the MDPT test and the dry density was

approximately within 1 ft (305 mm), as shown in Figure 7.6.
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Figure 7.6 Nuclear density test in four directions and the MDPT tests at four points.

Figure 7.7 MDPT tests at different points (Wake Co. field work).
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Manual Hammer

Figure 7.9 MDPT device.
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Table 7.2 Number of MDPT-n, Density and Water Content at Various Locations.

Location MDPT-n Dry Density yd % Water Content
Wake, NC Field 9 9 9
Wake, NC Laboratory 30 30 30
Monroe, NC 15 11 11
Anson, NC 15 15 15

Table 7.3 Sample of Data Collected from Box 1 Test at
1.5 ft After Tamping with Steel Plate.

A MDPT (n) | % Moisture | Dry Density (pcf)
6" 6 17.1 85.6
12" 10 17.1 85.6
18" 10 17.1 85.6

B MDPT (n) | % Moisture | Dry Density (pcf)
6" 5 16.7 83.6
12" 10 16.7 83.6
18" 10 16.7 83.6

C MDPT (n) | % Moisture | Dry Density (pcf)
6" 5 16.1 81.5
12" 12 16.1 81.5
18" 10 16.1 81.5

D MDPT (n) | % Moisture | Dry Density (pcf)
6" 7 17.1 84.9
12" 9 17.1 84.9
18" 10 17.1 84.9

1in=0.0254 m, 1 pcf = 16.0184 Kg/m* = 0.157087 kN/m?

7.8 Data Analysis

This section discusses the regression analysis of the results obtained from the field and
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laboratory tests. Table 7.3 is an example of the data collected at each point, A, B, C, and D,
around the density and water content tests. The data was compiled and organized to perform a

regression analysis to evaluate the strength of the direct correlation between the MDPT-n, the



dry density, and the moisture content. The analysis results show a positive and a strong

correlation between the dry density and the MDPT-n blow counts, with R? of 0.92.
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Figure 7.10 Direct correlation between dry density yd and MDPT-n.
Equation 7.12 is developed directly from the analysis between the MDPT-n and the dry

density tests without converting the MDPT-n to SPT*(N), as shown in Figure 7.10.

va = -0.0013*(n)? + 0.56*(n) +78 (7.12)

va = Dry density in pcf (1 pcf = 16.02 kg/m?®)

Figures 7.11 and 7.12 present the correlation between the estimated SPT* (N) blows per ft from
the MDPT-n blows with the dry density tests. Equation 7.3 is developed from Figure 7.12.

va = -0.021*SPT*(N)? + 2.2*SPT*(N) +78 (7.13)

va = Dry unit weight or dry density in pcf (1 pcf = 16.02 kg/m?)
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SPT* (N) = Estimated blows per ft from MDPT-n (1 ft = 305 mm or ~ 300 mm)
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Figure 7.11 Linear trend: Correlation between dry density yd and estimated SPT*(N)
from MDPT-n.

Table 7.4 summarizes the additional relationships investigated and presents
corresponding Figures 7.11 and 7.12. The anaysis shows a significant positive relationship exists
between the dry density and the MDPT-n blow counts. Both linear and nonlinear regression were
performed to show the strength of correlations, the R? is 0.90 and 0.91 for linear and the non

linear correlation, respectively. The MSE for the linear correlation is 8.7.
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Dry Unit Weight y (pcf)
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Table 7.4 Summary of the Regression Analysis for the Correlation Between Dry Density
vd and SPT*(N) from MDPT-n Blows.

Figure 7.13

. . ? r P-value | Standard
Regression Trend Equation R Coeficient e
Linear _

Figure 7.12 va = 1.7*(N) + 80 0.90 0.94 0.000 3.99

i —_ 2

Polynomial | yq =-0.021*(N)? + 2.2*(N) + 78 091 0.95 0.000 373

The steps from Chapter 4 were used to convert the MDPT-n to SPT* (N) to genertae

Figures 7.11 and 7.12 and to develop the equations listed in Table 7.4. The results shows the

significant relationship between the dry density and the MDPT-n blows per ft for the both the

linear and nonliner correlations, with R? of 0.90 and 0.91, respectively. Figure 7.13 shows the

95% confidence interval for the correlation between the estimated SPT* (N) using MDPT-n and

the dry density. The results are shown in the two red and green curves drawn next to the blue

regression line. These curves represent a 95% confidence interval for the regression line. This

interval includes the true regression line with 95% probability.

142




140
- - #5% Contidence Interval |"—|
135 = Sample abservations -
Lpper confidence Limit (95%)
130
TLovwer conRdence il (35%)
125 —Linear (Sample nhservatinns)
120
115
—_
= 110
=
=105
l.:l—-
"
z 100 = LT*SPT*(N) +80
. 05 R? = 0.90)
]
o)
85
80 |
75
Kl
L] 3 10 15 20 15 3 35

SFT*F(N) from MDFP1T-n Blows per ft.

Figure 7.13 Linear regression and 95% confidence limits between yqand SPT* (N).

7.8.1 Relationship Between Water Content (WC%) and MDPT-n and Dry Density yd

This section describes the relationship between the water content and the MDPT-n blow
counts and the dry density. Compaction is a major aspect of roadway construction, pavement,
runways, earth dams, and retaining walls. Compaction is a process that increases soil density or
unit weight by decreasing the air volume. There is usually no change in water content; however,
the degree of compaction is estimated by the dry density and depends on both the percentage of
water content (wc%) and the applied energy (e.g., number of drop impacts, number of roller
passes). The maximum dry density of soil occurs at an optimum water content. The laboratory
and the field tests were conducted with a nuclear gauge to estimate the dry density and the water
content and the MDPT-n blow counts, and the data were compiled and analyzed using statistical

analysis to determine the strength of the relationship. Figure 7.14 illustrates the negative
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relationship between the dry density and the water content. The field test was compacted to an

optimum water content of 15%-17%; the higher the water content, the lower the dry density.
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Figure 7.14 Dry density yd vs. percentage of water content (wc%).

Similarly, Figure 7.15 illustrates the negative relationship between the MDPT-n blows
per ft and the percentage of water content. There is a negative trend with R? of 0.35; therefore,
35% of the variation in MDPT-n is due to the water content. The higher the water content, the
lower the MDPT-n blows, and this relationship considered low strength. Also, see Table 7.5 for
the multiple regression analysis and the results between the dry density and both the water

content and the SPT* (N).
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Figure 7.15 MDPT-n blows per ft vs. percentage of water content (wc%).
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Figure 7.16 illustrates the three variables (dry density, MDPT-n in relation to water
content) to show the trend and the direct relationships between these variables.

Figure 7.17 shows the relationship between the dry density, estimated SPT* (N), and the
water content. The blue arrow indicates the relationship between the SPT (N) and the dry
density. The red arrow indicates the relationship between the dry density and the water content.
The R? = 0.91 is the same as in Figure 7.12, presenting the correlation between the dry density

and the estimated SPT* (N).
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Figure 7.17 Illustration of relationship between the yd and (N) and between yd and water
content (wc%).
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7.8.2 Multiple Regression Analyses

Correlation and multiple regression analyses were conducted to examine the relationship
between the dry density, estimated SPT* (N), and the water content. Table 7.5 shows a summary
of the multiple regression between the dry density, SPT*(N), and water content. The results
clearly indicate there is a significant relationship between the dry density and the SPT*(N) and
the water content. The multiple regression model with two predictors (water content and SPT*
(N)) produced R? = 0.92, p-value < .001. The relationship can be shown in the following
equation:

Y = B0 + B1X1 + B2X2 (7.14)
where Y is the dry density (pcf), X1 is the SPT (N) blows per ft, and X2 is the water

content percentage (example 30%).

Dry density = 85.6 + 1.6*SPT* (N) - 0.22* water content % (7.15)

7.8.3 Validation of Equation 7.13 and 7.15

This section seeks to validate Equations 7.13 and 7.15. The SPT* (N) estimated based on
equations developed in Chapter 4 (estimated 1 SPT*(N) ~ 4 MDPT-n). Both the SPT* (N) and
measured water content are used to estimate the predicted dry density, and the results are
summarized in Table 7.6 using Equations 7.13 and 7.15.

Statistical analysis was conducted for both the measured and the predicted data, and the
results are shown in Figure 7.18 and Table 7.6. The results for this specific data produced
R? = 0.92 and p-value <0.001, which indicates significant correlation between the predicted dry
density model and the measured dry density.

Equation 7.15 was validated, and the results are shown in Table 7.6 in comparison with

Equation 7.13. The results of the validations are shown in Figure 7.18. The correlations between
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the dry density and the both the water content and the MDPT-n produced slightly higher R?=0.92

for Equation 7.15 and R?=0.91 for Equation 7.13.

Table 7.5 Summary of the Output of the Multiple Regression Analysis for Dry Density yd.

SUMMARY OF THE OUTPUT (yd to SPT*(N) and water content (WC%))
Regression Statistics
Multiple R 0.96
R Square 0.92
Adjusted R Square 0.91
Standard Error 2.95
Observations 37.00
ANOVA
df SS MS F Significance F
Regression 2.0 3217.5 1608.7 185.1 0.0
Residual 34.0 295.6 8.7
Total 36.0 3513.0
Coefficients |Standard Error| tStat P-value Lower 95% |Upper 95%
Intercept 85.6 2.18 39.30 0.00 81.17 90.02
Estimated SPT (N) 1.6 0.10 15.57 0.00 1.36 1.77
Water Content (%) -0.22 0.08 -2.58 0.01 -0.38 -0.05

SPT*(N) is the equivalent SPT(N) by converted MDPT-n blows per ft to SPT* (N).

Table 7.6 Measured and Predicted Dry Density Using Equations 7.13 and 7.15.

Eq. 7.15 Eq. 7.13

MDPT-N SPT* (N) from| Water Content | Measured | Predicted Predicted

MDPT (n) (WC%) Dry Density | yq n & W% Yq, nONlY
18 5 20.2 89.5 89.2 88.5
38 10 21.2 97.1 96.9 97.9
22 7 20.1 93.5 92.4 92.4
32 8 21.2 93.7 93.7 94.3
24 6 21.2 92.2 90.5 90.4
36 9 20.2 95.3 95.6 96.1
18 4 22.7 87.2 87.0 86.5
28 7 22.2 91.2 91.9 92.4
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Figure 7.18 Results of the validation of Equations 7.13 and 7.15.

7.9 Bearing Pressure Verification

This section describes the valuable benefits of using the MDPT device during
construction to verify the design assumption in the field before and during the construction of
shallow foundations. Field verification of the bearing pressure for shallow foundations is one of
the most important basic parameters to be determined and verified before the construction of any
foundations for structure, spread footings, and retaining walls.

The typical conventional methods for estimating the field bearing pressure parameter is
becoming relatively expensive and time-consuming for small projects and projects with difficult
access. Heavy trucks or drill rigs are very difficult to use in open cut as shown in Figure 7.2. The
MDPT is a multipurpose device that can be used to obtain the field bearing capacity. While this
study did not fully focus on the direct and reliable correlations between the MDPT and the field
bearing pressure or bearing capacity, there are two proposed methods for verifying the field
bearing pressure using the MDPT device. The first method is to correlate the MDPT-n to the
Dynamic Cone Penetrometer (DCP) n-value, because many researchers conducted studies
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correlating the bearing capacity and the CBR to the DCP. Field tests were performed for both the
DCP and MDPT adjacent to each other for the Piedmont soil to develop an imperial correlation
between the MDPT and (DCP) (blows/300 mm). The data for the DCP was limited to shallow
foundations.

Lacroix and Horn (1973) proposed a correction process for the nonstandard SPT
penetration resistance (N) which allows engineers to correlate the standard penetration resistance
(N) to a solid cylindrical shape with a conical point. Lacroix and Horn stated the required energy
to drive the sampler or cone shape to a specific depth (L) was directly proportional to both the
square of the outside diameter (D?) and the distance of penetration (L) and inversely proportional

to the energy per blow.

Nese = Nt (2 /D)2 x 12in/Ls x Wi /140 Ib x Hy /30 in (7.16)
2 N{WiH+

Neo, = 2NWiHe (7.17)
SPT 175Dy

where NEespt IS the SPT — equivalent blow count, Nt is the measured blow count by other
equipment, Ws is the hammer mass (Ib), Hs is the Fall distance (in), Do is the outer diameter of

non-standard sampler, and Lt is the driving distance (penetration) (12 in).

7.9.1 MDPT and DCP Correlation

This section describes the relationship between the MDPT blows and the DCP blows to
estimate the CBR using published empirical equations. The standard ASTM D6951 DCP was
used in the correlation of this study (NCDOT DCP). Due to the depth limitation of the DCP, the
correlation was limited to 6 ft (1.8 m). Several sites were tested using the standard DCP and
MDPT adjacent to each other to obtain better correlations.

Figure 7.19 shows the field testing results of the MDPT blows and the DCP blows. The

results obtained from these sites are very promising, and it is clear that the MDPT blows are
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higher than the DCP. The drop height and the mass weight for both the DCP and MDPT are
almost similar, and the MDPT conical diameter (1 in) (25 mm) is slightly bigger than the DCP
cone diameter, which is typically 0.787 in (20 mm). The DCP cone side is enlarged to minimize
side resistance (skin) during penetration and thus the major driving resistance will be generated
from the tip. On the other hand, the MDPT driving resistance will be generated from both the

side and tip resistance. The higher blows of the MDPT could be due to the skin friction and size

of the cone.
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Figure 7.19 Field tests comparing the MDPT blows/6 in to DCP blows/6 in MDPT.

The regression analysis between the MDPT and DCP blows per ft indicated that MDPT
has a strong correlation with the DCP blows per ft by achieving a coefficient of determination R?

of 0.88 and MSE = 11.8, as shown in Figure 7.20.
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The correlation between the MDPT-n and DCP blows per ft is shown in the following

equation:
DCP blows per ft = 0.74*(n) — 2 (7.18)
60 -
DCP/Mt = 0.74%(n) - 2.0
50 R*=0.88 L~
MSE =118
= 40
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Figure 7.20 Correlation between standard DCP blows and MDPT-n blows per ft.

As described earlier in this chapter, many correlations have been developed by other
researchers between the standard DCP (refer to ASTM D 6951 Section Five for Dynamic Cone
Penetrometer (DCP) equipment specifications) and the CBR to estimate the bearing pressure.
Therefore, Equation 7.18 should be used to estimate the DCP and then convert the blows per ft to
blows per drop to use any equation that will work with similar material.

With proper calibration, the MDPT can provide results essentially equivalent to that of
the nuclear density device (see Figure 7.6) or any other density test. In addition, the MDPT is
small, portable, and easier and more convenient to use in many settings, is not bound by any

federal regulations, and it does not expose operators to radioactive rays.
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7.10 Summary and Conclusions

The dry density yq and water content were measured using the typical tools in the field
during construction. Field and lab tests were performed to correlate the dry density to the MDPT-
n, as shown in Table 7.2 and 7.3. The MDPT-n has shown promising results in predicting the dry
density in the field. The MDPT test results showed a promising correlation between the MDPT-n
blows per ft and the dry density, with R? of 0.90 and MSE=8.7 as shown in Figure 7.11.

Using the MDPT as a quick, portable, and economical test device will improve the
frequency of compaction testing during construction without delaying contact time. Increasing
the testing frequency is essential to the stability and safety of pavement structures and roadway
embankments.

Field MDPT and DCP tests were performed at four sites in the Piedmont region of North
Carolina. For each test location, soil density and moisture content were measured in-situ using a
nuclear gauge at different depths and directions, as shown in Figure 7.6. The relationship
between the MDPT-n and the DCP blows per ft were examined. The data analysis shows that a
strong, positive trend appears to exist between the DCP and MDPT. Figure 7.20 shows a strong
correlation between the MDPT-n and DCP and produced a coefficient of determination
R?=0.88, r = 0.94, and MSE =11.8.

Due to the limitation of the data and the available resources, this study did not consider
soil types other than Piedmont soil. The results of the statistical analysis of the specific soil and
sites between the DCP and the MDPT-n are shown in Figure 7.20. The correlation developed in
this chapter will provide a useful tool for estimating the CBR while at the same time checking
the compaction effort during construction instead of running two separate tests. The relationship

between the dry density, DCP, and the MDPT should be used with caution because it is derived
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from limited data. The MDPT and DCP are subjected to considerable uncertainty, and thus the
penetration tests should be calibrated using other conventional tests to reduce the uncertainty in
the predictions.

The MDPT penetration test does not require pre-auguring holes and can be driven up to
45 ft.; therefore, the MDPT performance is quicker and overcomes the penetration depth. Site-
specific correlations will provide better results, improve the confidence level, and enhance the
quality of the data. To refine the developed relationships in this study, further study is needed to

gather adequate data to improve the model.
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CHAPTER 8. CONCLUSIONS, CONTRIBUTION TO STATE OF THE ART, AND
RECOMMENDATIONS FOR FUTURE WORKS

8.0 Conclusions
To reduce the need for heavy and expensive equipment, it was necessary to develop a
portable, quick, efficient, and economical device such as the MDPT for investigating low-
volume roads and smaller projects. This study presents the development of new portable mini
dynamic penetration and torque tests (MDPT and MDPT-t) and procedures to estimate soil
strength and engineering properties. Based on the work of this study, the following conclusions
can be made:
e The MDPT must be calibrated for each project in order to obtain accurate results and
provide field quality control.
e The calibration process can be incorporated with the subsurface investigation plan in
locations where the soil engineering properties are necessary for design and construction.
The calibration should include laboratory tests such as triaxial shear, unconfined
compression, and consolidation tests, if needed.
e The MDPT device is not proposed as a replacement for the SPT, CPT, DCP, or vane

tests, but simply as another tool that may be used in many geotechnical tasks.

8.1 MDPT-n Correlation to SPT (N) to Use the Established Correlations Between the SPT
(N) and Shear Strength
e The MDPT was tested in 14 counties from the Coastal region (CR) and the Piedmont
region (PR) of the state of North Carolina. Analyses of the data show a clear linear
relationship between the measurements from the SPT N-value and MDPT n-value. In-situ
test results from the MDPT indicate the soil properties can be estimated using the MDPT
device without the use of costly drill rigs or trucks. The MDPT can also be used to
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evaluate subgrade and soil-layer strength and estimate soil properties using correlations
with other in-situ testing methods.

e MDPT correlations results show that the MDPT-n will produce three to five blows/ft for
each one SPT (N) blow/ft. On average, MDPT-n = SPT(N)*4 or estimated SPT* (N) =
0.25*MDPT-n.

e The empirical correlations of MDPT(n) to SPT and friction angle:
¢ = -0.0042(N o)’ + 0.46(NLeo) + 25
¢ = -0.0041(NLeo)’ + 0.46(NLeo) + 28 Average
6= -0.0041(N1s0)’ + 0.45(N1eo) + 30 High
¢=0.3(90 + 0.25n)

e Both the correlation coefficient (R) and the coefficient of determination (R?) indicate a
strong positive linear relationship between the SPT (N) values and the MDPT-n values
for the Piedmont and Coastal regions.

e Ingeneral, the MDPT was found to be a reliable method for assessing soil strength, and it
yields soil properties without the use of heavy drill rigs and costly equipment.

e The MDPT correlations could be improved with additional field testing data.

8.1.1 MDPT-t Torque Measurement of Unit Skin Friction and Correlation with Soil
Properties
e The MDPT-t device was tested in both the Coastal and Piedmont regions of North

Carolina as an economical alternative for estimating the unit skin friction, the friction

angle ¢, and the cohesion in different soil layers.
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MDPT-t can be used to determine the skin friction between steel and soil using the

following equation: fs = (T = torque)

md2L
The correlation between the measured torque from MDPT-t and the blow counts from the
MDPT-n for both the Coastal and the Piedmont regions produced a coefficient of
determination R? of 0.94 and 0.90 for the Piedmont and Coastal regions, respectively.
Regression analysis was carried out to calculate the least squares fit for the given data
points and the R? values were calculated to determine the accuracy of the correlations.
The R? for soil type A-4 is 0.85, for soil type A-5 the R?is 0.79, and for soil type A-7-5
the R? is 0.99.

The above difference for the coefficient of determination R? was based on the soil
characteristics for each region.

The number of the triaxial tests was limited to 17 due to construction schedules and
limited access to the site; therefore, the correlation was impacted by the sample quality

and lower number of tests.

8.1.2 Correlation Between the MDPT-t Measured Torque with the Effective Friction Angle

¢’ From Triaxial Tests

The MDPT-t torque (Ib-ft) was evaluated to predict the effective friction angle (¢”) for
three predominant soils: A-4, A-5, and A-7-5. The analysis showed there is a definite
trend between the measured torque and the effective internal friction angle ¢’. The
regression analysis shows the correlation between ¢’ determined from the triaxial tests
and the in-situ measured torque produced linear regression. The Pearson r (correlation

coefficient) was 0.61 and the significance (f), or p-value, was 0.0099. Comparing the
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R? = 0.37 and the r =0.61, it can be concluded there is a weak positive relationship
between the friction angle (¢’) and the MDPT-t values. The following equation was
developed from the above regression analysis to show the relationship between the
MDPT-t torque and ¢:

¢’ =0.18*MDPT-t +25 < 40°, where MDPT-t = Torque (t) (ft-1b) (8.1)
However, due to the limited number of triaxial tests, it is very difficult to generalize this

relationship.

8.1.3 Correlation Between the MDPT-t Measured Torque with the Effective Cohesion
From Triaxial Tests

e The linear relationship between C and MDPT-t produced R? = 0.35 and r =0.574. This
result may be caused by the soil type, uniformity, layer thickness, and distance between
these tests.

e Many researchers have suggested that the weak relationship (Lower R?) could be due to
the presence of a high percentage of fine, which impacts the penetration and the blow
counts. However, the number of triaxial tests will determine the strength of the
relationship between the C and the MDPT-t measured torque (i.e., the higher the test
number, the stronger the relationship).

e The relationship can be shown as C = 7.4 MDPT-t + 152 (psf), where t is the torque from

the MDPT-t.

8.1.4 Comparing the Empirical Correlation of the MDPT-t with Other Researchers
e The correlation of the MDPT-t unit skin friction (fs) with other researchers’ empirical
equations was promising. The author developed the following equation:
Unit skin friction fs (tsf) = 0.055*SPT* (N) + 0.2 withR?=0.9  (8.2)
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Equation 8.2 is similar to equation 5.30.

The overall MDPT-t (fs) results versus SPT (N) blows per ft show a positive relationship
compared with the results from other researchers.

The variation of the relationship can be influenced by the regional soil characteristics and
the distance and depths of these tests from each other.

The MDPT-t unit skin friction was examined and compared with the unit skin friction of
dynamic and static design methods, such as CAPWAP, Vesic, and APILE programs,
which determined that both the unit skin friction and the results were reasonable and

promising.

8.1.5 MDPT-T Torque and MDPT-n Blows Correlated to the Cone Penetration Test (CPT)

The MDPT was correlated to limited data with CPT exploration to evaluate the
relationship between the CPT and MDPT. The collected data showed a strong correlation
between the estimated SPT* (N) from MDPT-n with the coefficient of determination of
R?=0.87.

The relationship between the MDPT and the CPT can be expressed by the equation of the
equivalent CPT, q: (MPa) = 0.25*(N) + 0.2, based on the available data. The correlation
was examined with that from other researchers and the results were very promising, as
shown in Figure 6.5.

The results of the statistical analysis between the MDPT and the CPT show that a
positive trend line relationship exists between the CPT fs and MDPT fs, based on the data
obtained from two project sites, with the coefficient of determination R? of 0.66. The
MDPT-t fs (kPa) can estimate the CPT fs (kPa) using the following equation:

MDPT-t (fs, in kPa) = 0.64*CPT (fs) + 59 (8.3)
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Equation 8.3 is similar to equation 6.2.

8.1.6 Mini Dynamic Penetration Test (MDPT) Verifying Soil Compaction and Bearing
Pressure
e The MDPT correlation to the dry density was strong, with the coefficient of
determination R? = 0.91 and developed equation yq = -.021*(N)? + 2.2*(N) +78.
e The MDPT test can be used to indirectly estimate the bearing pressure by using the
developed correlation between the MDPT-n, SPT, CPT, and DCP.
e Unlike DCP penetration tests, the MDPT penetration test does not require pre-auguring
holes and can be driven to twice the depths of the DCP test; the MDPT is faster and can
be driven deeper than the DCP. However, it is realized that site-specific correlations will

provide better results, improve the confidence level, and enhance the quality of the data.

8.2 Contribution to the State of the Art
There is a need for the development of portable devices and procedures to provide this valuable
information before, during, and after construction. The development of the MDPT proves to be
useful, economical, portable, and simple to use, and thus it can be an alternative to conventional
methods of in-situ soil strength determination such as SPT and CPT. The MDPT provides quick
and accurate in-situ verification of the bearing capacities of shallow foundations and estimation
of soil properties, and it can be used without heavy drilling rigs or trucks. In addition, the
development of a non-electronic, portable. manual device will greatly reduce the breakup time
and malfunction.

Foundations are a critical and important part of structure construction. If the foundation
material does not adequately support the design loads, excessive settlement or structure failure

may occur; therefore, adequate in-situ testing is necessary for the success of the foundation
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design. The design engineer must be able to check and perform in-situ testing as needed, and the
MDPT will fulfill this need. Some projects have limited and difficult access to the site for
investigation, and thus cutting the access road or drilling through the bridge deck will increase
the time and cost of the investigation. Similarly, verifying the bearing capacity for spread footing
or retaining wall foundations can also be difficult to access during construction (see Figure 7.2
on page 126). Figures 8.1 and 7.2 show good examples of the difficulty and the excessive cost of

using conventional investigation equipment for small projects.

— P ~S =l = 5
Figure 8.1 Example of low-head space required for drilling from the bridge deck (top of
bridge).

The MDPT is an exceptionally promising device that can be used for many geotechnical
tasks. It gives a continuous evaluation of the soil layers, unlike the SPT test, which provides soil
evaluations every 5 ft (1.5 m) and risks missing valuable information about the soil
characteristics by skipping 5-ft (1.5-m) increments.

The MDPT device can be operated by one person and used for many tasks, such as:
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e Estimating the rock or refusal elevation without mobilizing the drill rig and three
crew members at a cost of $3,500/day compared with $500/day for the MDPT.

e Estimating the pile embedment for unknown foundation bridges.

e Estimating the unit skin friction to assist the design engineer with pile foundation
design.

e Evaluating the California Bearing Ratio blow counts versus depth for pavement
design.

e Evaluating or verifying the bore holes completed by SPT more quickly and
economically.

e Improving safety when using smaller equipment.

e Using the developed relationships between the MDPT test results and other

commonly used foundation parameters.

Table 8.1 Comparison Between the MDPT Device and Other In-situ Test Equipment.

Task MDPT SPT CPT DCP
Daily Rate (Cost) $500 $3,500 $5,000 $1,000
Equipment Cost $1,000 >100,000 | >100,000 $2,500
Dynamic Test Yes Yes No Yes
Static Test No No Yes No
Soil Type S C L S S C,L S CL
Estimate Soil Stiffness Yes Yes Yes No
Skin Resistance Yes Yes Yes No
Tip Resistance Yes Yes Yes Yes
Portable and Economical Yes No No Yes
Depth of Investigation >20° Yes Yes Yes No

(up to 13.7 m) (limit to 2 m)

Table 8.1 illustrates the comparison between the MDPT device and other in-situ

quipment. It also shows that the MDPT device can provide valuable in-situ information quickly

and economically.
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8.3 Recommendations for Future Works

1.

Improve and validate the correlation between the MDPT torque unit skin frictions and
shear strength (triaxial tests) for the Piedmont, Coastal, and Mountain regions in North
Carolina by testing more sites and creating a larger database to provide useful and
valuable correlations.

Develop a robust data acquisition system that can count the blow counts and indicate the
penetration depths that can handle the shock wave (hammer impact).

Evaluate the effect of overburden on the MDPT blow counts.

Improve the correlation between the MDPT and CPT by using more data.

Improve the relationship between the MDPT blow counts, dry density, and moisture
content to improve compaction in other regional areas.

Conduct further testing to develop a standardized test procedure for use of the MDPT,
and then develop an ASTM standardization of the MDPT-t torque and the soil test shear
strength.

Improve laboratory and field-testing processes to compare reliable data.

Develop MDPT-t torque versus time correlations for different soil types.
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