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ABSTRACT

Eight electrical resistivity tomography (ERT) and multi-channel analysis of
surface wave (MASW) case studies are presented. The objective is to assess the condition
of pavement, base, native soil, and rock all the way down to the top of the bedrock. Each
segment of road way is approximately 1000 ft. long. The cases include US 63 north of
Rolla, US 54 in Camden County, Rte. 179 in Jefferson City, HWY AT in Franklin
County, I-55 in Pemiscot County, I-55 in Perry County, HWY U in Dent County, I-35 in
Daviess County. In addition, there are only three types of pavement in these sites portland
cement concrete (PCC), asphalt concrete overlaying portland cement concrete (AC/PCC),
and full-depth asphalt concrete (AC) pavements. Accordingly, the geophysical tools
examined different types of pavements with different distress conditions.
Based on the analyses of the acquired ERT and MASW data, the data of both
tools correlate reasonably well and generate reliable and comprehensive information
about variations in soil and rock rigidity, variations in rock lithology, pattern, placement
and density of solution-widened joints and offset of faults, locations of air-filled voids,
distribution of dry and moist soil, distribution of clayey soil, and mapping variable depth
to top of bedrock. Therefore these technologies can be routinely used by not only the
Missouri Department of Transportation but also worldwide agencies in support of its
pavement management process.
The research demonstrated that the ERT and MASW methods were effective tools
for assessing the condition of pavement. This is the first comprehensive assessment of
paved sections of roadway to the best of the author knowledge.
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1. INTRODUCTION

According to the Federal Highway Administration (FHWA), there are around 4
million miles of public road in the U.S. of this 2.5 million miles (or about 63 percent) is
paved (Pavement Overview No date). The Missouri highway system covers about 71,000
lane-miles of pavement (Missouri, 2002). There are three different types of pavement in
the Missouri highway system. The types include Portland cement concrete (PCC), asphalt
concrete overlaying portland cement concrete (AC/PCC), and full-depth (AC) pavements
(Missouri 2002). Highway infrastructure in the United States and around the world faces
deterioration problems of unprecedented magnitudes. Challenging environmental
conditions and increasing traffic volumes make pavement more susceptible than ever to
deterioration. Conventional methods used for evaluating subsurface conditions that affect
the stability of various transportation infrastructures are expensive, time consuming, and
not fully effective. Applied geophysical technologies are being increasingly used by state
highway agencies to solve transportation related problems because they are relatively
straightforward, very simple, and often the quickest and most cost-effective means of
investigating a geotechnical site or highway structure, especially over large study areas.
Geophysical nondestructive techniques like ERT and MASW, can significantly improve
subsurface characterization, especially if constrained by boring control.
Some applications of ERT and MASW techniques to assess pavement are
demonstrated in this work. Eight case studies that use ERT and MASW to evaluate
pavement show the advantages and limitations of the techniques. All ERT data were
acquired with a multi-channel electrical resistivity system with a dipole-dipole
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configuration while MASW data were acquired with an engineering seismograph and
twenty-four low-frequency geophones. Ground penetrating radar data were also
acquired at all study sites to support the ERT and MASW interpretations. In one
instance, the pavement thickness was determined with the GPR method.
The applications included mapping variable depth to top of bedrock, variations in
soil and rock rigidity, variations in rock lithology, pattern, placement and density of
solution-widened joints and offset of faults, locations of air-filled voids, distribution of
dry soil, distribution of moist soil, distribution of clayey soil, and locations of water- and
clay-filled vugs in karst terrain.
The “US 63 and Hwy U” case study was presented at the 25th EEGS Symposium
on the Application of Geophysics to Engineering and Environmental Problems in 2013 in
Denver, Colorado.
The “US 54 and Hwy 179” case study was presented at the 26th EEGS
Symposium on the Application of Geophysics to Engineering and Environmental
Problems in 2014 in Boston, Massachusetts.
The “I-55 Pemiscot County and I-55 Perry County.” case study was presented at
the 27th EEGS Symposium on the Application of Geophysics to Engineering and
Environmental Problems in 2015 in Austin, Texas. The locations of the eight case study
sites are shown in Figure 1.1.
These studies were conducted to demonstrate the utility of ERT and MASW tools
in assessing roadway and sub-roadway conditions.
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Figure 1.1. Study site locations (eight segments of roadway are project level, and each
segment of road is approximately 1000 ft.). (1) US 63 north of Rolla; (2) US 54 Camden
County; (3) Ret.179 in Jeffers on City; (4) HWY AT in Franklin County; (5) I-55 in
Pemiscot County; (6) I-55 in Perry County; (7) HWY U in Dent County; (8) I-35 Daviess
County.
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2. OVERVIEW OF PAVEMENT

2.1 PAVEMENT STRUCTURES
Pavement can be defined as an engineered structure designed to transport vehicle
loads (differentiated from a footway which is designed for walkers only). The importance
of well built and maintained pavement structures has been recognized for many years.
Most pavements contain of several layers materials placed over the natural ground
(subgrade), as illustrated in Figure 2.1. (Evans 2009).

Figure 2.1. Typical layers in a pavement structure (modified after Evans, 2009).

Above the subgrade is sub-base which is mostly a layer of unbound compacted
aggregate to save the subgrade from the action of weather changes and to provide a
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platform for construction of the upper layers of pavement. Occasionally, a capping layer
is also included below the sub-base. Consisting of lower grade compacted unbound
aggregate. The sub-base, capping (if present) and subgrade are considered to be the
foundation of the pavement structure.
Above the sub-base, the main structural layer of the pavement, known as the base
(or roadbase), is constructed. This construction is generally comprised of a selected
crushed rock material bound together with bitumen to form an asphalt layer or cement to
form a cement bound material (CBM) layer. The base layer is the pavement surfacing
that is often provided in two bound material layers known as the binder course and the
surface course. When only bitumen bound material (asphalt) is used in the pavement,
each layer is comprised of a small mix of aggregate and bitumen that is best suited to
implement the necessary function. If the pavement is constructed only from CBM, the
function of all the bound layers (surface course, binder course and base) is provided by a
single concrete slab that may sometimes have steel reinforcement.
The material used for high strength pavement slabs is often referred to as
pavement quality concrete (PQC). Pavements that are comprised only of asphalt material
are known as flexible pavements. Pavements comprised only of CBM are termed rigid
pavements (Figure 2.2 (A) and (B)). Likewise, several pavements are designed with a
CBM base layer and asphalt surfacing, and these are called composite pavements (Evans,
2009).
Even though CBM is still a commonly known description, the term hydraulically
bound mixture (HBM) has recently entered use as a generic term for pavement material
comprised of aggregate and bound with any binder that needs the presence of water
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(which includes cement but also lime, slag, fly ash, and others). Thus, as CBM is a type
of HBM, the use of the term HBM to refer to cement bound materials is becoming more
general (Evans, 2009).

Figure 2.2. Shows both pavement types and the distribution load patterns on both (A)
Flexible pavements and (B) Rigid pavements. (Modified after The South African
National Roads Agency No date).

The Missouri highway system covers about 71,000 lane-miles of pavement. The
types of road vary from low-volume rural collector roads to multi-lane, high volume
urban interstates. Typically, there are only three different types of pavement in Missouri
highway system. The types include portland cement concrete (PCC), asphalt concrete
over portland cement concrete (AC/PCC pavements), and full-depth AC pavements. The
highway system is divided into three functional categories in the Missouri Long Range
Transportation Direction (LRTD): the National Highway System (NHS), remaining
arterials, and collectors (Missouri, 2002). These groups represent different levels of
functional importance that need different levels of rehabilitation and maintenance effort

7
(Figure 2.3.). Missouri’s NHS occupied around 14,273 miles total of the Missouri
highway system. It is mostly portland cement concrete (PCC) or PCC overlaid with
asphalt concrete (AC) (Missouri 2002).

Figure 2.3. Sketch shows what makes up the Missouri state highway system. (Modified
after Missouri, 2002).

The percentage of AC/PCC may actually be higher and the percentages of fulldepth AC lower because of uncertainty about the historical records for some full-depth
AC pavements. The whole interstate system was initially paved with PCC, except for few
short stretches on I-44 (Figure 2.4 A). However, the remaining arterials are about 10,394
miles of the Missouri highway system. They are comprised of about 75 percent full-depth
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AC. The rest is evenly split between bare and overlaid PCC. The percentage of AC/PCC
may actually be higher and full-depth AC lower because of uncertainty about the
historical records for some full-depth AC pavements (Figure 2.4 B). Collectors that serve
smaller towns and traffic generators that are not on arterial routes occupied around
46,690 miles, and these routes are predominantly AC (Figure 2.4 C) (Missouri, 2002).

Figure 2.4. Total mileage and percentage for the different pavements types across
Missouri State a) NHS pavement, type total lane-miles = 14,273 b) Remaining arterial
pavement type, total Lane-Mile = 10,394 C) Collectors, total lane- miles = 46,690.
(Modified after Missouri 2002).
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The Missouri highway system covers about 71,000 lane-miles of pavement and is
comprised of three different types of pavement. These types include portland cement
concrete (PCC), asphalt concrete over portland cement concrete (AC/PCC pavements),
and full-depth AC pavements.
2.1.1 Portland Cement Concrete (PCC). PCC pavements are subject to several
distress mechanisms. In Missouri, the main culprits are faulting and cracked slabs at
joints and cracks, spalling and blowups at joints, D-cracking, and loss of load transfer
(Figure 2.5) (Missouri,2002).

Figure 2.5. Sketch examines the performance of Missouri’s different PCC designs
(Modified after Missouri, 2002).

2.1.2. Asphalt Concrete Over Portland Cement Concrete (AC/PCC
pavements). Very few pavements in Missouri were originally designed as composites
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with asphalt over concrete. AC/PCC pavements have become a predominant pavement
type on high volume roads. AC overlays were put on many old PCC pavements to add
structural capacity, provide smoothness and mitigate distresses. These overlays are prone
to several distress mechanisms: rutting, raveling, reflective cracking and block cracking
(Figure 2.6.).

Figure 2.6. Sketch examining the effects of multiple overlays, overlay thickness, and
traffic levels on AC overlay performance (Modified after Missouri, 2002).
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2.1.3. Full-depth AC Pavements. Full-depth AC pavements, like AC overlays,
are prone to rutting distress. In addition to mix problems, they can also rut because of a
weak base and/or subgrade. As with AC overlays, rutting has come under better control
in recent years with the advent of stone matrix asphalt (SMA), wearing courses, and
super pave mix design (Figure 2.7).

Figure 2.7. Sketch examined the effects of Missouri’s different AC designs. (modified
after Missouri, 2002).
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AC pavements do not exhibit reflective cracking, because there are no rigid layer
discontinuities below them. They will, however, produce fatigue or alligator cracking in the
wheel paths from heavy loads. They are also subject to the same segregation, oxidation,
raveling, stripping, and block cracking problems that plague AC overlays (Missouri, 2002)
(Figure 2).
Over time, pavement becomes more porous for a variety of reasons, including loading
temperature stresses, vibration, and frequent alternation of freezing and thawing. Those
reasons cause pavement to deteriorate. Deterioration can result in loss of strength and unsafe
conditions. Therefore, it is important to have an understanding of the vulnerabilities of
pavement structures in order to help minimize long-term repair and maintenance costs.
Between 2008 and 2012, MODOT’s construction program has averaged $1.25 billion
each year. It will be $500 million per year between 2012 and 2016, an annual reduction of 60
percent. MODOT became focused on preserving the existing system assets and must find
effective ways to maintain Missouri’s roads and bridges (Pavement Maintenance Direction
2012). For that purpose, Missouri S&T, in collaboration with MODOT, propose to use a
combination of geophysical techniques in order to demonstrate the utility of these
technologies in solving highway related problems. The most common highway problems
included: deterioration of concrete, deterioration of asphalt, subsidence, and slope stability.

2.2. DETERIORATION OF ASPHALT AND CONCRETE
Deterioration has two common causes: environmental because of weathering and
aging and structural due to repeated traffic loadings. Clearly, most pavement
deterioration results from both environmental and structural causes. However, it is
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necessary to attempt to differentiate between the two in order to choose the most effective
rehabilitation techniques. The rate at which pavement deteriorates depends on its
environment, traffic loading conditions, original construction quality, and interim
maintenance procedures.
Poor quality materials or poor construction procedures can significantly reduce
the life of a pavement. As a result, two pavements constructed at the same time might
have significantly different life spans, or certain portions of a pavement might deteriorate
more rapidly than others. On the other hand, timely and effective maintenance can extend
a pavement’s life (Walker et al., 1989). Missouri has different geological environments
and different weather (wet, dry, warm, and cold). These weathering and environmental
changes and repeated traffic loadings cause pavement deterioration in Missouri (Figures
2.8 and 2.9).

Figure 2.8. An example of pavement deterioration. (Pavement condition measures, 2009).
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Figure 2.9. Steel corrosion and delamination in pavement (Gucunski, 2009).

2.3. SLOPE STABILITY
Slope stability is defined as the resistance of an inclined surface of rock or soil
mass to failure by both sliding and collapsing (Figure 2.10).

Figure 2.10. Missouri rock cuts with contrasting degrees of hazard (Highway 63)
(Youssef et al., 2010).
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Slopes either occur naturally (natural slopes), such as cliffs and valleys, or are
engineered by humans (human-made slopes), such as embankments, cut slopes, and
retaining walls open pit (Kliche, 1999). Slope failures and landslides constitute
significant hazards to all types of public and private infrastructure throughout the world
and contribute to economic losses and casualties.
According to the Department of Transportation in Washington State, a significant
number of accidents and nearly a half dozen fatalities have occurred because of rockfalls
in the last 30 years, and 45 % of all unstable slope problems are rockfall related (Badger
et al., 1992). In Canada, almost 13 people have died because of rockfall in the last 87
years, most of them on British Columbia highways (Hungr et al., 1989).
Total direct costs for maintenance and repair of landslides involving major U.S.
highways alone (roughly 20 percent of all U.S. highways and roads) were recently
estimated to exceed $100 million annually (Loehr et al., 2007). In the same study,
indirect costs attributed to loss of revenue, use, or access to facilities as a result of
landslides were conservatively estimated to equal or exceed direct costs (Loehr et al.
2007). A TRB study estimated that the costs for repair of minor slides equal or exceed the
costs associated with repair of major landslides. This estimate is supported by the
Missouri Department of Transportation’s (MODOT) experience with surficial slide
problems, which are estimated to cost on the order of $1 million per year on average.
Many other state departments of transportation have similar problems with similarly high,
or even higher, annual costs.
All available evidence clearly indicates that the cumulative costs for repair of
many surficial slides can become very large, in spite of the fact that costs for repair of
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individual slides are generally low. In addition, minor failures often create significant
hazards to infrastructure users (e.g. from damage to guard rails, shoulders, or portions of
road surface) and, if not properly maintained, often progress into more serious problems
requiring more extensive and costly repairs (Loehr et al., 2007).
Overall, repairing rock fall or landslides after collapse is expensive and requires
specialized knowledge. Slope stability issues must be addressed first, or the repair may
prove to be only temporary.

2.4. SUBSIDENCE
Subsidence is a lowering or collapse of the ground. It can be caused by man-made
disturbances such mining exploration, ground water exploration, and extraction of natural
gas, or naturally, such as dissolution of limestone, faulting, earthquakes, Isostatic
subsidence, or seasonal effects. Ground subsidence is a global problem and can be a
concern to geologists, geotechnical engineers and surveyors.
In the United States, more than 17,000 square miles in 45 states have been
directly affected by subsidence (USGS No date). It commonly causes major problems in
karst terrains where dissolution of limestone by fluid flow in the subsurface causes the
creation of voids (Figure 2.11). This type of subsidence can result in sinkholes which can
be many hundreds of meters deep. Most of the karst features in Missouri are developed in
limestone and dolomite rocks in the Springfield and Salem plateaus. However, there are
also karst features north of the Missouri River.
According to the Missouri Department of Natural Resources, there are over 5,500
caves and more than 2,800 springs recorded in the state of Missouri. Sinkholes were not
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inventoried in most of the state. However, more than 2,500 sinkholes are recorded in
Greene County, and over 7,000 sinkholes are registered in Perry County (Vandike, 1997).
Losing streams are also not inventoried statewide, but hundreds of streams and segments
of streams are known to be losing streams. All these numerous karst features show how
karst is widely developed in Missouri and can create complex subsurface conditions.
Major karst areas in Missouri occur in the Mississippian rocks of St. Louis, Ste.
Genevieve, Cooper, Greene, Boone, and Christian counties and in the Ordovician rocks
of Perry, Phelps, Pulaski, and Howell counties. A complex assortment of caves, tunnels,
bridges, and arches in a relatively small area is a result of karst development. Major karst
complexes include the Grand Gulf in Oregon County and Ha Ha Tonka in Camden
County along a southern arm of the Lake of the Ozarks (Kaufmann, 2002). A Missouri
map from MDNR shows the distribution of sinkholes among Missouri (Figure 2.12).

Figure 2.11. Sinkhole growing larger in South County, St. Louis County, MO (KSDK).
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Figure 2.12. Sinkhole (Data from Missouri Department of Natural Resource, 2013).
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3. ELECTRICAL RESISTIVITY TOMOGRAPHY METHOD

Electrical Resistivity Tomography (ERT) is a nondestructive geophysical
technique based on the electrical resistivity method. The electrical resistivity method
involves measuring of the apparent resistivity of soils and rock as a function of different
geological parameters such as the mineral and fluid content, porosity, permeability and
degree of water saturation in the rock.
The purpose of an electrical resistivity survey is to determine the subsurface
resistivity distribution in soils and rock by conducting measurements on the ground
surface. Then the true resistivity can be estimated from these measurements.

3.1. BASIC THEORY OF THE METHOD
The resistivity method is one of the oldest geophysical survey techniques (Loke
2011). Surface electrical resistivity surveying is based on the principle that the
distribution of electrical potential in the ground around a current-carrying electrode
depends on the electrical resistivities and distribution of the surrounding soils and rocks
(Figure 3.1). The goal of electrical surveys is to determine the subsurface resistivity
distribution by applying measurements on the surface of ground. Data from resistivity
surveys are normally presented and interpreted in the form of values of apparent
resistivity ρa. Apparent resistivity is the resistivity of an electrically homogeneous and
isotropic half-space that would yield the measured relationship between the applied
current and the potential difference for a particular arrangement and spacing of
electrodes. Consider a single point electrode, located on the boundary of a semi-infinite,
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electrically homogeneous medium that represents a fictitious homogeneous earth
(website resistivity methods environmental geophysics). If the electrode carries a current
I, measured in amperes (a), the potential at any point in the medium or on the boundary is
given by:

𝐼

𝑈 = 𝜌 𝐼 2𝜋𝑟

(1)

U = potential, in V,
ρ = resistivity of the medium,
r = distance from the electrode.

For an electrode pair with current I at electrode A, and -I at electrode B Figure 3.1
the potential at a point is given by the algebraic sum of the individual contributions:

𝜌𝐼

𝜌𝐼

𝑈 = 2𝜋 𝑟𝐴 − 2𝜋𝑟 𝐵 =

𝜌𝐼
2𝜋

1

1

[𝑟 𝐴 − 𝑟 𝐵 ]

(2)

Where
rA and rB = distances from the point to electrodes A and B

As well as current electrodes A and B, a pair of electrodes M and N, which carry
no current, but between which the potential difference V may be measured. In practice,
at least two current electrodes are used in a resistivity survey, a positive current and a
negative current source. Figure 3.2 shows the potential distribution caused by a pair of
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electrodes. The potential values have a symmetrical pattern. The equipotential represent
imagery shells, or bowls, surrounding the current electrodes, and on any one of which the
electrical potential is everywhere equal.

Figure 3.1. Equipotential and current lines for a pair of current electrodes A and B on a
homogeneous half-space.

The current lines represent a sampling of the infinitely many paths followed by
the current, paths that are defined by the condition that they must be everywhere normal
to the equipotential surfaces.

Figure 3.2. The potential distribution caused by a pair of current electrodes. The
electrodes are 1 meter apart with a current of 1 ampere and a homogeneous half-space
with resistivity of1Ohm-m (Loke, 2011).
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Following the previous equation, the potential difference V may be given by:

𝑉 = 𝑈𝑀 − 𝑈𝑁 =

𝜌𝐼
2𝜋

1

1

1

1

[ 𝐴𝑀 − 𝐵𝑀 + 𝐵𝑁 − 𝐴𝑁]

(3)

Where
UM and UN = potentials at M and N,
AM = distance between electrodes A and M, etc.

These distances are always the actual distances between the respective
electrodes, whether or not they lie on a line. The quantity inside the brackets is a
function only of the various electrode spacings. The quantity is denoted 1/K, which
allows rewriting the equation as:

𝑉=

𝜌𝐼

1

2𝜋

𝐾

(4)

Where
K = array geometric factor.
Equation 5 can be solved for ρ to obtain:
𝜌 = 2𝜋𝐾

𝑉
1

(5)
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The resistivity of the medium can be found from measured values of V, I, and K,
the geometric factor. K is a function only of the geometry of the electrode arrangement.
Wherever these measurements are made over a real heterogeneous earth, as
distinguished from the fictitious homogeneous half-space, the symbol ρ is replaced by ρa
for apparent resistivity.
The resistivity surveying problem is, reduced to its essence, the use of apparent
resistivity values from field observations at various locations and with various electrode
configurations to estimate the true resistivities of the several earth materials present at a
site and to locate their boundaries spatially below the surface of the site.

3.2.

RELATING GEOLOGY TO RESISTIVITY
The ground resistivity is related to various geological parameters such as the

mineral and fluid content, porosity and degree of water saturation in the rock (Loke el al.
2011). Figure 3.3 shows the resistivity of common rocks, soil, minerals materials and
chemicals (Keller and Frischknecht 1966, Daniels and Alberty 1966, Telford et al. 1990).
The resistivity of these rocks is greatly dependent on the degree of fracturing, and
the percentage of the fractures filled with ground water. Thus a given rock type can have
a large range of resistivity, from about 1000 to 10 million Ω⋅m, depending on whether it
is wet or dry. This characteristic is useful in the detection of fracture zones and other
weathering features, such as in engineering and groundwater surveys.
Igneous and metamorphic rocks typically have high resistivity values, but depend
on the degree of fracturing, and moisture content in the fractures. The resistivities of
igneous and metamorphic rocks may vary from about 1,000 to 10 million Ohm-m,
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depending on saturation levels. Sedimentary rocks are typically more porous and
permeable than igneous and metamorphic rocks, and have lower resistivity values.

Figure 3.3. The resistivity of common rocks, soil materials and chemicals (Keller and
Frischknecht 1966, Daniels and Alberty 1966, Telford et al. 1990).

Typical resistivity values for sedimentary rocks range from 10 to about 10,000
Ohm-m, with most values below 1,000 Ohm-m. Unconsolidated sediments usually have
pretty low resistivities ranging from about 10 to less than 1,000 Ohm-m. Again, the
resistivity value is dependent on the porosity and water saturation, and also on the
clay content. Clayey soils typically have lower resistivities than sandy soil. Resistivity
values for different rock overlap, because such factors as the porosity, the degree of
water saturation and the concentration of dissolved salts, can significantly change the
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resistivity. Groundwater resistivity values range from 10 to 100 Ohm-m and depend on
the concentration of dissolved salts (Loke el al. 2011).

3.3. BASIC INVERSE THEORY
After acquiring the resistivity data, the resistance measurements are generally
reduced to apparent resistivity values. In this section, a discerption of steps involved
in converting the apparent resistivity values to a resistivity model section that can be
used for geological interpretation (Figure 3.4. (A)). Two methods exist to handle
outlying (“bad”) data points. Such outlying data points should be removed before a final
interpretation.
Because of the big variety of data sets acquired over various geological
environments, no single inversion technique will provide the optimum results in all
cases. Hence there are number of settings that can be changed by the user to obtain
results that are closer to the known geology in RES2DINV program.
To get an acceptable model, the data must be good quality. Outlying data
points can be “systematic” and “random” noise. Systematic noise can be caused by
measurement failures in the field such as breaks in the cable, poor ground contact, etc.
Systematic noise is typically easy detectable. Random noise includes effects such as
telluric currents that affect all the readings. An example of outlying data points is shown
in (Figure 3.4 (b)).
The reason of non-uniqueness of a solution is well known in the inversion of
resistivity sounding and for the same measured data set, there might be an extensive
range of models for the same data set of calculated apparent resistivity values.
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Usually some assumptions can be done during a survey and can be combined into the
inversion subroutine that helps to narrow down the range of possible models (Loke,
2011). Before performing any geophysical survey, background needs to be known about
the geology in the study area, for instance, there should be some information whether
the investigated subsurface of the study sites are expected to have gradational or sharp
boundaries. For example, in this dissertation most of the electrical resistivity
tomography data sets were acquired in karst terrain, which is expected all the time to
have distinguished boundaries.
The purpose of any geophysical inversion is to Identify a model for the
subsurface bodies whose response are similar to the obtained data subject to certain
restrictions and within acceptable limits (Figure 3.4.).

Figure 3.4. An example of a field data set with a few bad data points. The most obvious
bad datum points are located below the 300 meters and 470 meters marks. The apparent
resistivity data in (a) pseudo section form and in (b) profile form (Loke, 2011).
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The model is an idealized mathematical representation and has a set of model
parameters that the physical quantities had to be estimated the observed data. The
RES2DINV software uses the cell-based method,

in which the model parameters are

the resistivity values of the model cells, whereas the data is the obtained apparent
resistivity values, (Loke, 2011).
The mathematical link between the model parameters and the model response for
the 2-D and 3-D resistivity models is provided by the finite-difference (Dey and
Morrison 1979) or finite-element methods (Silvester and Ferrari 1990).

3.4. RESISTIVITY SURVEYS USING DIFFERENT ELECTROD ARRAYS
An electrode array with constant spacing is used to investigate lateral changes in
apparent resistivity reflecting lateral geologic variability or localized anomalous
features. To investigate changes in resistivity with depth, the size of the electrode array
is varied. The apparent resistivity is affected by material at increasingly greater depths
(hence larger volume) as the electrode spacing is increased. Because of this effect, a plot
of apparent resistivity against electrode spacing can be used to indicate vertical variations
in resistivity.
The types of electrode arrays that are most commonly used: Wenner (Figure
3.5(a)), Schlumberger (Figure 3.5(b)), Dipole-Dipole (Figure 3.5(c)) and Pole-Dipole
(Figure 3.5(d)). The choice of the most appropriate array for a field survey depends on
the structure to be mapped, the sensitivity of the resistivity meter and the background
noise level. The characteristics of an array that should be considered include (i) the
depth of investigation, (ii) the sensitivity of the array to vertical and horizontal changes
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in the subsurface resistivity, (iii) the horizontal data coverage, and (iv) the signal strength
(Loke, 2011). Figure 3.6 shows how different can be the shape of the resistivity value
contours in the pseudo section produced by the different arrays over the same structure.
The Wenner array is appropriate for surveys conducted in a noisy area (due to its high
signal strength) and has good vertical resolution. A disadvantage of this array for 2-D
surveys is that as the electrode spacing is increased, the horizontal coverage becomes
relatively poor.
The dipole-dipole array works the best if good horizontal resolution and data
coverage is required. One possible disadvantage of this array is the low signal strength
for large values of the “n” factor, however this problem can be solved by increasing the
“a” spacing between the current (and the potential) dipole pair of electrodes to reduce the
drop in the potential (Loke, 2011). Thus the dipole-dipole array is successfully used in
karst terrain where lateral variations in the subsurface can be significant. The WennerSchlumberger array is a good compromise between the Wenner and the dipole-dipole
arrays, since it is moderately sensitive to both horizontal (for low "n" values) and
vertical structures (for high "n" values).
The horizontal data coverage is slightly wider than the Wenner array, but
narrower than that obtained with the dipole- dipole array (Loke, 2011). A disadvantage
of this array is that data acquisition with a 64- multichannel. The pol e -dipole a r r a y
with measurements in both the forward a nd reverse directions is the best choice when
number of electrodes is limited (Loke, 2011).
There are other electrode configurations that are used experimentally or for nongeotechnical problems or are not in wide popularity today. Some of these include the
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Lee, half-Schlumberger, polar dipole, bipole dipole, and gradient arrays. In any case, the
geometric factor for any four-electrode system can be found from equation 3 and can be
developed for more complicated systems by using the rule illustrated by equation 2. It
can also be seen from equation 5 that the current and potential electrodes can be
interchanged without affecting the results; this property is called reciprocity.

Figure 3.5. Common arrays used in resistivity surveys and their geometric factors. The
Wenner (a), Schlumberger (b), Dipole-Dipole (c) and Pole-Dipole (d) arrays have two
parameters, the dipole length “a” and the dipole separation factor “n”. While the “n”
factor is commonly an integer value, non-integer values can also be used (Loke, 2011).

30

Figure 3.6. The apparent resistivity pseudo sections from 2-D imaging surveys with
different arrays over a rectangular prism (marked as red block) (Loke, 2011): a) Wenner
array; b) Dipole-Dipole array; c) Pole-Dipole array; d) Resistivity model. System takes
twice longer than with a dipole-dipole array with 64 the same number of electrodes.
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3.5. CONSIDERATIONS AND LIMITATIONS OF THE AUTOMATED MULTIELECTRODE ELECTRICAL RESISTIVITY TOMOGRAPHY
TECHNIQUE: IMAGING AND ASSESSING IN PAVEMENT
The automated resistivity system, in which the instrument automatically records
the data while cycling through the required electrode settings, makes resistivity surveys
more efficient, allows much more data to be obtained, and results in better interpretation;
however the applicability is controlled by many factors, such as a type of array, site
conditions, crew experience and size, data processing and interpretation time. The
summary of considerations and limitations when using a dipole-dipole multipleelectrode array is shown in Table 3.1.
The depth to which an ERT profile can image the subsurface is mostly a function
of the electrode spacing, number of the electrodes employed, and the electrical source
strength. Typical depth of investigation is about 20 percent of the length of the electrical
resistivity array. For most of the investigations described herein, a dipole-dipole array
with 72 to 100 electrodes spaced at 5-ft intervals was used, allowing for effective
depths of investigation of between 60 and 70 ft. The dipole-dipole array provides
higher lateral resolution than the other commonly employed electrical resistivity arrays
(Wenner and Schlumberger).
The ERT technique is non-invasive, and often more cost-effective (cost versus
resolution) than other subsurface exploration methods, such as reflection seismic,
refraction seismic and electromagnetics. However, borehole control is often essential to
effectively constrain and verify ERT data interpretations.
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Table 3.1. Considerations and limitations of using the ERT technique.
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Table 3.1. Considerations and limitations of using the ERT technique (cont.).
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Table 3.1. Considerations and limitations of using the ERT technique (cont.).
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Table 3.1. Considerations and limitations of using the ERT technique (cont.).
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Table 3.1. Considerations and limitations of using the ERT technique (cont.).

The ERT technique has its advantages and limitations. Generally, in pavement,
the ERT tool can be used to effectively mapping variable depth to top of rock, variations
in rock quality, variations in rock lithology, locations of water- and clay-filled vugs in
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karst terrain, top of water table, distribution of dry soil, distribution of moist soil,
distribution of sandy-silty soil, distribution of clayey soil, seepage flow pathways,
prominent solution-widened joint sets, fracture zones, and air- and water filled openings.
The minimum width of solution-widened joint which can be confidently imaged using a 5
ft. electrode spacing is typically about several feet, depending mostly on depth of
investigation and clay content.

38
4. MULTI-CHANNEL OF SURFACE WAVE METHOD

Multi-channel analysis of surface waves is a

nondestructive

geophysical

technique based on the surface wave method. The surface waves method involves
measuring of the acoustic properties of soils and rock as a function of different
geological parameters such as porosity, lithification (or cementation), pressure and fluid
saturation.
The purpose of surface wave survey is to determine the subsurface shear
wave velocities in soils and rock by generating acoustic energy on the ground
surface. Then shear wave velocities can be estimated from these measurements.

4.1. BASIC THEORY OF THE METHOD
The surface wave method is a nondestructive seismic tool. The goal of
multichannel analysis of surface waves surveys is to determine the subsurface
acoustic properties by applying an acoustic energy on the surface of ground (Figure 4.1).
Data from surface wave surveys are normally presented and interpreted in the form of
values of shear wave velocity Vs. MASW depends on information from the propagation
of surface waves to define the subsurface distribution of elastic properties. Since
surface waves are dispersive in nature, different wavelengths will penetrate to
different depths and phase-velocity becomes a function of frequency. Consequently,
dispersion analysis was effectively performed in the frequency-slowness domain using
Park’s method (Park et al., 1999).
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The shear wave velocity varies with depths along the survey lines that are then
recovered from inversion of the dispersion curves, which were picked from the
phase velocity spectra, thereby estimating the subsurface properties across as accurate
and effective.

Figure 4.1. Perspective view of surface wave propagation from the acoustic source and
travels parallel to the ground at a depth of approximately one wavelength.

It provides a deeper and larger coverage for imaging the subsurface, and for
accurately estimating the shear wave velocity of structures more quickly through twodimensional (1-D, 2-D) tomography of soil layers at depths that are less than or equal to
30 meters.
The measurement of shear wave velocity is beneficial for analyzing variations in
subsurface stiffness (Park et al. 2003). Small strain parameters of subsurface materials
can be studied by evaluating changes in stress. The multichannel analysis of surface
waves (MASW) is a non-destructive seismic method which analyzes the dispersion
properties of Rayleigh surface waves that are travelling horizontally (Park et al. 2003).
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The multichannel analysis of surface waves (MASW) is an excellent alternative to
the conventional reflection/refraction methods for providing shear wave velocity
information in a 1-D or 2-D fashion. The method was first introduced into the
geotechnical and geophysical community in early 1999 (Park et al., 1999). The
multichannel analysis of surface waves utilizes the dispersive Rayleigh-type surface wave
that travels parallel to the ground at a depth of approximately one wavelength, and it
represents about two thirds of seismic energy imparted into the ground from a surface
seismic source. It is superior to most of the other geophysical methods for its easy field
acquisition, processing, and insensitivity to cultural noise.

4.2. WAVE MOTION
The multi analysis of surface waves (MASW) is based on the relationship
between Rayleigh wave phase velocities and the depth-range of associated particle
motion. More specifically, in this technique phase velocities are calculated for each
component frequency of the field-recorded Rayleigh waves. The resultant dispersion
curve (phase velocity vs. frequency) is inverted using a least–squares approach, and a
vertical shear wave velocity profile is generated (Miller et al., 2000; Nazarian et al.,
1983; Stokoe et al., 1994; Park et. al., 1999a, 1999b, 2000; Xia et al., 1999).
Surface waves are inherently dispersive, meaning that the amplitude of the surface
wave decreases with depth and distance away from the source. Given the dispersive
characteristics, it is understood that surface waves travel exclusively within near-surface
soils. This depth is estimated to be within approximately one surface wavelength of the
Earth’s surface (Steeples 1998).
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Rayleigh waves, which is well known surface wave have unique properties that
allow them to be transformed into near-surface shear wave velocity profiles [Surf-Seis,
2006]. The speed of Rayleigh waves is mostly a function of the shear wave velocity of
the medium through which they are propagating (Rayleigh Wave, 2010). In seismology,
Rayleigh waves, also called "ground rolls", are the most important type of surface waves.
Engineers transform Rayleigh wave phase velocities into shear wave velocity profiles
of

the

subsurface

with

simple conversion calculations. The disturbance that is

propagated is, in general, an elliptical motion which consists of both vertical (shear;
perpendicular to the direction of propagation but in the plane of the raypath) and
horizontal (compression; in the direction of propagation) particle motion (Figure 4.2 (A))

Figure 4.2. (A) Perspective view of Rayleigh-wave propagation through a grid
representing a volume of elastic material. (B) Rayleigh wave particle motion and
displacement.
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Rayleigh wave also have a particle motion that is counterclockwise with respect
to the direction of travel (Figure 4.2 (B)) illustrates the particle motion for Rayleigh
waves traveling in the positive X direction. In addition, the particle displacement is
greatest at the ground surface, near the Rayleigh wave source, and decreases with depth.
The amplitudes of the Rayleigh wave motion decrease with distance away from the
surface. The material returns to its original shape after the wave has passed.

4.3. RALEIGH WAVE EQUATION
Rayleigh waves propagate along the free surface of the earth, with particle
motions that decay exponentially with depth (Figure 4.2.). The lower component
frequencies of Rayleigh waves involve particle motions at greater depths. In a
homogeneous (non-dispersive) medium, Rayleigh wave phase velocities are constant.
Rayleigh wave phase velocities are a function of both the shear wave and the
compression wave velocities of the subsurface. The interrelationships between
Rayleigh wave velocities (VR), shear wave velocities (β), and compression wave
velocities (α) in a uniform medium are expressed in Equation (1), (Anderson, 2010):

VR6 - 8β2V 4 + (24 - 16β /α2) β4VR2 + 16(β2/α2 – 1) β6 = 0
R

Where:
VR is the Rayleigh wave velocity within the uniform medium
β is the shear wave velocity within the uniform medium (also denoted Vs)

(1)
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α is the compressional wave velocity within the uniform medium (also denoted
Vp)
Although the Raleigh wave phase velocity is a function of both compressional (α)
and shear wave (β) velocities, it is much more sensitive to variations in β than in α in
Equation (2).

VR< β < α

(2)

Lower frequencies involve particle motion at greater depths, causing VR to
also vary with frequency.
Equation (1) might initially suggest that it would be difficult to extract the shear
wave velocity because the equation contains two unknowns (shear and compression wave
velocities). Fortunately, this is not the case because Rayleigh wave phase velocities are
influenced much less by changes in compression wave velocity than by changes in shear
wave velocity. Rayleigh wave velocity (VR) and shear wave velocity (β) in a
uniform medium are related by Equation (3), (Anderson, 2010):

β = VR/C

(3)

The variable C is a constant that changes slightly depending on the Poisson’s ratio
of the material through which the seismic waves travel. Even in extreme variations of
Poisson’s ratio, C only ranges from 0.874 to 0.955 (Anderson, 2010). If a value for C
assumed and the frequencies (with their respective surface wave velocities) are recorded,
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then a shear wave velocity profile can be developed through analysis, and a velocity
image of the subsurface can be generated (Anderson, 2010).
Rayleigh wave velocities, as noted in Equation (1), are a function of both the
shear wave velocity and the compressional wave velocity of the subsurface. In a
heterogeneous earth, shear wave and compressional wave velocities vary with depth.
Hence, the different component frequencies of Rayleigh waves (involving particle
motion over different depth ranges) exhibit different phase velocities (Bullen, 1963). The
phase velocity of each component’s frequency is a function of the variable body wave
velocities over the vertical depth range associated with that specific wavelength. More
specifically, in a layered earth, the Rayleigh wave phase velocity equation takes the
following form:

VR (fj, CRj, β, α, ρ, h) = 0 (j = 1, 2, …., m)

Where:
fj is the frequency in Hz
VRj is the Rayleigh-wave phase velocity at frequency fj
β = (β1,

β2,….., βn)T is the s-wave velocity vector

βi is the shear wave velocity of the ith layer
α = (α1, α2, ….., αn)T is the compressional p-wave velocity vector
αi is the P-wave velocity of the ith layer
ρ = (ρ1, ρ2,…., ρn) T is the density vector

( 4)
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ρi is the density of the ith layer
h = (h1, h2,…., hn-1)T is the thickness vector
hi the thickness of the ith layer
n is the number of layers within the earth model

The velocity of Rayleigh Wave is comparable to the velocity of shear waves. In a
rock formation with a Poisson’s Ratio of approximately 0.25, the velocity of the Rayleigh
wave is approximately 92 percent of the velocity of the shear wave. In materials with
ratios from 0.4 to 0.5, the percentage increases to 94 to 95.5 percent, respectively
(Steeples 1998). As a general rule, the velocities of Rayleigh waves are assumed to be
approximately 90 to 92 percent of the respective shear wave (Ivanov, Park and Xia 2009,
Parasnis 1997). The shear wave velocity can be estimated within a ten percent margin of
error using these assumptions (United States Corps of Engineers 1995).

4.4. RELATING GEOLOGY TO RESISTIVITY
The velocities of various rock types vary rather widely so it is usually difficult to
determine rock type based only upon velocities. Rough ranges of velocities in units of
kilometers per second for several types of earth materials are shown in Table 4.1.
Therefore seismic surveys are most effective at delineating structure, .i.e. boundaries
where rock type changes. One generally applicable rule is that seismic velocities
generally increase with depth. However densities also increase with depth, so it must be
that the bulk and shear modulii (K and u respectively) increase faster than the density.
There are many empirical relationships between velocity and depth of burial and geologic
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age. Accordingly, he ground velocity is related to various geological parameters such as
porosity, lithification (or cementation), pressure and fluid saturation.

4.5. BASIC INVERSION THEORY
The multichannel analysis of surface waves (MASW) method tries to utilize
this dispersion property of surface waves propagating horizontally along the surface of
measurement directly from impact point to receivers for the purpose of VS
profiling in 1D (depth) or 2D (depth and surface location) format in a cost-effective and
time-efficient manner.
Basically it is an engineering seismic method dealing with frequencies in a few
to a few tens of Hz (e.g., 3–30 Hz) recorded by using a multichannel (24 or more
channels) recording system and a receiver array deployed over a few to a few hundred
meters of distance (e.g., 2–200 m). The active MASW method generates surface
waves actively through an impact source like a sledge hammer and a linear receiver
array, collecting data in a roll-along mode, whereas the passive method utilizes surface
waves generated passively by cultural (e.g., traffic) or natural (e.g., thunder and tidal
motion) activities.
The investigation depth is usually shallower than 30 m with the active method,
whereas it can reach a few hundred meters with the passive method. The maximum depth
of investigation (zmax) is usually in the range of 10–30 m, but this can vary with the
site, type of active source used, offset range (x1) and receiver spacing (Dx) (Figure
4.3.). The optimum offset range (x1) is often limited to near-source locations.
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The closer offsets are due to several reasons: dominance of body wavefields at
far offsets (Park et al., 1996), use of a seismograph with limited number of recording
channels, and severe lateral heterogeneity commonly present at near surface. The main
advantage of MASW is its ability to take into full account the complicated nature of
seismic waves that always contain noise waves such as unwanted higher modes of
surface waves, body waves, scattered waves, traffic waves, etc., as well as
fundamental-mode surface waves (Figure 4.4 (A)). These waves may often
adversely influence each other during the analysis of their dispersion properties if
they are not properly accounted for.

Table 4.1. Rough ranges of velocities in units of kilometers per second for several types
of earth materials.
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After acquiring the MASW data (Figure 4.4 (B)), the surface wave
measurements are generally converted into 1D shear wave velocity. In this section, a
discerption of steps involved in converting the recording surface wave values to shear
wave velocity model section that can be used for geological interpretation (Figure 4.4
(C)).

Figure 4.3. Showing the geometric parameters used data acquisition of MASW.

The entire procedure for MASW usually consists of three steps: (1) acquiring
multichannel field records (or shot gathers). The preliminary detection of surface waves
examines recorded seismic waves in the most probable range of frequencies and phase
velocities. (2) Construction of the image panel is accomplished through a 2-D (time and
space) wavefield transformation method that employs several pattern-recognition
approaches. This transformation eliminates all the ambient noise from human activities as
well as source-generated noise such as scattered waves from buried objects (building
foundations, culverts, boulders, etc.).
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The image panel shows the relationship between phase velocity and frequency for
those waves propagated horizontally directly from the impact point to the receiver line
(Figure 4.4).

Figure 4.4. An illustration of the overall procedure and main advantage of the MASW
method. Complicated nature of seismic waves is carried over into the measurement
(multichannel record). Then, dispersion nature of different types of waves is accurately
imaged through a 2D wavefield trans- formation. Certain noise wavefields such as backand side-scattered surface waves and several types of body waves are automatically
filtered during this transformation. Dispersion curves are then extracted to be inverted for
a 1D VS profile, multiples of which can be prepared to make a 2D VS map.
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These waves include fundamental and higher modes of surface waves as well as
direct body (compressional) waves (Figure 4.4. (A)). The necessary dispersion curves,
such as that of fundamental-mode Rayleigh waves, are then extracted from the energy
accumulation pattern in this image panel (Figure 4.4. (D)). and (3) inverting these
dispersion curves to obtain 1D (depth) VS profiles (one profile from one curve). Then, by
placing each 1D VS profile at a surface location corresponding to the middle of the receiver
line, 2D (surface and depth) VS map can be constructed through an appropriate
interpolation scheme (Figure 4.4. (E)). All these steps can be fully automated. All steps
are full automated.

4.6. CONSIDERATIONS AND LIMITATIONS OF THE MULTI-CHANNEL
ANALYSIS OF SURFACE WAVES TECHNIQUE: IMAGING
AND ASSESSING IN PAVEMENT
The development of multi-channel surface waves (MASW) analysis in
recent

years provides promise for accurate non-destructive characterization of

geotechnical engineering. It involves the artificial generation of surface waves using an
acoustic source (sledge hammer) and recording the time it takes multiple geophones
(usually 24 or more) spaced at regular distance to receive the waves, makes MASW
surveys is efficient, allows much more data to be obtained, and results in better
interpretation; however the applicability is controlled by many factors, such as site
conditions, crew experience and size, data processing and interpretation time. The
summary of considerations and limitations is shown in Table 4.2.
The maximum depth of investigation is usually in the range of 10 –30 m, but this
can vary with the site and type of active source used. If additional MASW data sets are
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acquired at adjacent locations, 2-D or 3-D shear-wave velocity models can be created. If
external constraints are available, the shear wave velocity models can be transformed into
geologic models (Park 1999). The MASW technique has its advantages and limitations
(Table 4.2.).

Table 4.2. Considerations and limitations of using the MASW technique.
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Table 4.2. Considerations and limitations of using the MASW technique (cont.).
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Table 4.2. Considerations and limitations of using the MASW technique (cont.).
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Table 4.2. Considerations and limitations of using the MASW technique (cont.).

Generally, in pavement, the MASW tool can be used to effectively mapping
variable depth to bedrock, depth to some sub-bedrock interfaces, mapping soil layers,
void mapping, estimating shear-wave velocities with far greater precision than either
reflection or refraction surveying, earthquake design data, to evaluate pavement thickness
as well as to evaluate engineering properties of the soil or rock.
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5. PREVIOUS WORK

Geophysical exploration methods have been used in several fields to study a wide
and different range of targets within the earth from discovering the deep structure of the
earth at thousands of meters to near surface structures and properties at depths of a few
tens of meters. Some of these geophysical technologies are used to investigate engineered
material, such as pavements and bridge decks at only a few centimeters depth. In the last
few decades the application of these geophysical techniques and NDT methods have been
increasing in site characterization and geotechnical investigations by state highway
agencies to solve transportation related problems. In general, the subsurface
characterization provided by geophysical exploration methods is valuable for highway
evaluation for the following reasons:
1. They allow nondestructive investigation below the surface of the
ground, pavement, bridge deck, or other structure.
2. They provide information between and below standard geotechnical
borings most common to transportation projects.
3. They allow collection of data over large areas in very much shorter
times than most destructive methods.
4. They cost less per data point than most invasive methods.
5. They can offer accurate and timely information for design quality and
performance.
Even though the applications of these geophysical methods provide the above
advantages, it is important to remember that the information obtained in geophysical
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surveys is often subject to more than one reasonable interpretation. Also, depending on
specific site-conditions such as geology, target dimensions, cultural interface, and the
engineering problem to be investigated, a combination of methods or techniques may be
utilized in a given investigation. In other words there is no one, unique interpretation to a
set of geophysical data. Also more than one method may be used to solve a particular
engineering problem. Therefore, it is recommended that before conducting any
geophysical investigation, as much knowledge as possible be obtained about the target
and site. ERT and MASW methods have different applications in terms of site
characterization and geotechnical investigations. And also they have been widely used in
last few decades by state highway agencies to solve transportation related problems
especially over large study areas.
A considerable amount of research has been published regarding the use of both
geophysical methods in pavement investigation. These highlight both the strengths and
the weaknesses of using these methods singly and in combination. The main purpose of
this section is to provide general knowledge of using ERT and MASW on site
characterization and geotechnical investigations as already documented by previous
researchers thereby paving way for the major issue of discourse.
The that researches have been published regarding the use of both geophysical
methods include; Geophysical investigation of underground water content zones using
electrical resistivity tomography and ground penetrating radar (Afshar et al. 2015), Model
track studies on fouled ballast using ground penetrating radar and multichannel analysis
of surface wave (Anbazhagan et al. 2011), Geophysical site characterization: groundpenetrating radar and reflection seismic study of previously mined (lead/zinc) ground,
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Joplin, Missouri (Anderson 2001), Ground penetrating radar and shallow reflection
seismic surveys for mitigation of karstic damage (Anderson et al. 2000), Geophysical
methods commonly employed for geotechnical site characterization (Anderson et al.
2008), A Comparison of four geophysical methods for determining the shear wave
velocity of soils (Anderson et al. 2007), Imaging subsurface migration of dissolved CO2
in a shallow aquifer using 3-D time-lapse electrical resistivity tomography (Auken et al.
2014),

Application of electrical resistivity tomography in mapping subsurface

hydrocarbon contamination (Ayolabi et al. 2012), Short term performance and effect of
speed humps on pavement condition of Alexandria Governorate roads (Bekheet 2014),
Electrical resistivity tomography investigations on a paleoseismological trenching study
(Berge 2014), Rapid acquisition of auditory subcortical steady state responses using
multichannel recordings (Bharadwaj et al. 2014), Application of factor analysis and
electrical resistivity to understand groundwater contributions to coastal embayments in
semi-arid and hypersaline coastal settings (Bighash et al. 2015), Fluid circulation pattern
inside La Soufrière volcano (Guadeloupe) inferred from combined electrical resistivity
tomography, self-potential, soil temperature and diffuse degassing measurements
(Brothelande et al. 2014),

Electrical resistance tomography for imaging the spatial

distribution of moisture in pavement sections (Buettner et al. 199), Effect of anisotropic
base/interlayer on the mechanistic responses of layered pavements (Cai et al. 2015),
Combining Electrical Resistivity Tomography and Ground Penetrating Radar to study
geological structuring of karst Unsaturated Zone (Carrière et al. 2013), Time domain
reflectometry, ground penetrating radar and electrical resistivity tomography (Cataldo et
al. 2014), River terrace sand and gravel deposit reserve estimation using three-
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dimensional electrical resistivity tomography for bedrock surface detection (Chambers et
al. 2013), Spatial monitoring of groundwater drawdown and rebound associated with
quarry dewatering using automated time-lapse electrical resistivity tomography and
distribution guided clustering (Chambers et al. 2015), Discovering temporal and spatial
patterns and characteristics of pavement distress condition data on major corridors in
New Mexico (Chen et al. 2014), A new passive seismic method based on seismic
interferometry and multichannel analysis of surface waves (Cheng et al. 2015), Electrical
resistivity tomography to understand clay behavior during seasonal water content
(Chrétien et al. 2014), Electrical resistivity tomography mapping of beachrocks (David et
al. 2009), Oriented heat release in asphalt pavement induced by high-thermalconductivity rods (Du et al. 2015), Estimation of Unsaturated Hydraulic Parameters in
Sandstone Using Electrical Resistivity Tomography under a Water Injection Test
(Farzamian et al. 2015), Passive multi-channel analysis of surface waves with crosscorrelations and beamforming. Application to a sea dike (Feuvre et al. 2015), Multimodal
condition assessment of bridge decks by NDE and Its Validation (Gucunski et al. 2009),
Moisture monitoring in clay embankments using electrical resistivity tomography (Gunn
et al. 2015), Electrical resistivity tomography, VES and magnetic surveys for dam site
characterization, Wukro, Northern Ethiopia (Haile et al. 2014), CO2 Migration
Monitoring by Means of Electrical Resistivity Tomography (ERT) – Review on Five
Years of Operation of a Permanent ERT System at the Ketzin Pilot Site
(Hattenberger et al. 2014), An evanescent wave multi-channel immunosensor
system for the highly sensitive detection of small analytes in water samples (Hong et al.
2014), Advanced surface-wave analysis for 3D ocean bottom cable data to detect
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localized heterogeneity in shallow geological formation of a CO2 storage site (Ikeda et al.
2015), Resistivity imaging of abandoned minelands at Huntley Hollow, Hocking County,
Ohio(Ishankuliev 2007), Near-surface characterization of a geotechnical site in north-east
Missouri using shear-wave velocity measurements (Ismail 2007), Estimation of nearsurface shear-wave velocities and quality factors using multichannel analysis of surfacewave methods (Jianghai 2014), Desiccation cracking detection using 2-D and 3-D
Electrical Resistivity Tomography (Jones et al. 2014), Electrical methods in geophysical
prospecting. Oxford (Keller et al. 1966), Verification study for a surface wave method
based on harmonic wavelet analysis waves using a large-scale model testing site (Kim et
al. 2015), Multichannel surface electrodes increase the sensitivity of diagnosis of
neuropathy in diabetic patients (Koo et al. 2013), Effects of site stiffness and source to
receiver distance on surface wave tests ׳results (Kumar et al. 2015), Analysis of the
average performance of the multi-channel Wiener filter for distributed microphone arrays
using statistical room acoustics (Lawin-Ore et al. 2015), A joint bottom-up solution
methodology for system-level pavement rehabilitation and reconstruction (Lee et al.
2015), A new multichannel time reversal focusing method for circumferential Lamb
waves and its applications for defect detection in thick-walled pipe with large-diameter
(Liu et al. 2014), Application of electrical resistivity tomography to characterise
bentonite deposits in northern Sardinia (Italy) (Longo et al. 2014), The electrical
resistivity tomography method in the detection of shallow mining cavities (SE Spain)
(Martínez et al. 2013), Electrical tomography applied to the detection of subsurface
cavities (Martinez et al. 2013), Impacts of variability in coefficient of thermal expansion
on predicted concrete pavement performance (McCarthy et al. 2015), Site-specific shear
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wave velocity investigation for geotechnical engineering applications using seismic
refraction and 2D multi-channel analysis of surface waves (Mohamed et al. 2013), Multicomponent joint analysis of surface waves (Moro et al. 2015), Unconventional optimized
surface wave acquisition and analysis (Moro et al. 2015), Development of
mechanomutable asphalt binders for the construction of smart pavements (Navarro et al.
2015), An optimum feature extraction method based on Wavelet–Radon Transform and
Dynamic Neural Network for pavement distress classification (Nejad et al. 2011), An
expert system based on wavelet transform and radon neural network for pavement
distress classification (Nejad. Et al. 2011), Integration of geographic information systems
and computer vision systems for pavement distress classification (Obaidat et al. 2006),
An evaluation of heated reclaimed asphalt pavement (RAP) material and wax modified
asphalt for use in recycled hot mix asphalt (HMA) (Penny 2007), A combined
methodology using electrical resistivity tomography, ordinary kriging and porosimetry
for quantifying total C trapped in carbonate formations associated with natural analogues
for CO2 (Pérez et al. 2014), Electrical resistivity tomography technique for landslide
investigation (Perrone et al. 2014), Evaluating four-dimensional time-lapse electrical
resistivity tomography for monitoring DNAPL source zone remediation (Power et al.
2014), Improved time-lapse electrical resistivity tomography monitoring of dense nonaqueous phase liquids with surface-to-horizontal borehole arrays (Power et al. 2015),
Electrical resistivity tomography mapping of beachrocks (Psomiadis et al. 2009), Macro
texture modeling and experimental validation for pavement surface treatments (Praticò et
al. 2015), Estimation of the error made in Pole–Dipole Electrical Resistivity Tomography
depending on the location of the remote electrode (Razafindratsima et al. 2014),
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continuously reinforced bonded concrete overlay of distressed jointed plain concrete
pavements (Ryu et al. 2013), Characterization of superficial deposits using electrical
resistivity tomography (ERT) and horizontal-to-vertical spectral ratio (HVSR)
geophysical methods (Sauret et al. 2015), A 3D electrical resistivity tomography survey
to characterise the structure of a albeluvic tonguing horizon composed of distinct
elementary pedological volumes (Séger et al. 2014), Small scale monitoring of a
bioremediation barrier using miniature electrical resistivity tomography (Sentenac et al.
2015), Multichannel Analysis of Surface Waves (MASW) for Mapping Shallow
Subsurface Layers (Seshunarayana et al. 2004), Determination of shear wave velocity
and depth to basement using multichannel analysis of surface wave technique
(Seshunarayana et al. 2012), Development of Overall Pavement Condition Index for
Urban Road Network (Shah et al. 2013), Evaluation of soil liquefaction from surface
analysis (Shelley et al. 2015), Multichannel assignment protocols in wireless sensor
networks (Soua et al. 2015), Site characterization studies along coastal Andhra Pradesh—
India using multichannel analysis of surface waves (Srinivas et al. 2012), Application of
electrical resistivity tomography to map lithological differences and subsurface structures
(Eastern Sudetes, Czech Republic) (Stan et al. 2014), Using near-surface seismic
refraction tomography and multichannel analysis of surface waves to detect shallow
tunnels (Steven et al. 2013), Soil characterization using electrical resistivity tomography
and geotechnical investigations(Sudha et al. 2009), Multichannel analysis of surface
wave method with the autojuggie (Tian et al. 2003), Imaging the subsurface in karst
terrain using electrical resistivity tomography (Torgashov 2012), Strategies for
autonomous robots to inspect pavement distresses (Tseng et al. 2011), Combined
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microgravity, electrical resistivity tomography and induced polarization to detect deeply
buried caves (Southern Spain) (Úbeda et al. 2013), Numerical Investigation of 3D
multichannel analysis of surface wave method (Wang et al. 2015), Mapping underground
layers in the super arid Gidron Wadi using electrical resistivity tomography (ERT)
(Winters et al. 2015), Quantitative estimation of minimum offset for multichannel
surface-wave survey with actively exciting source (Xu et al. 2006), A pothole patching
material for epoxy asphalt pavement on steel bridges (Yang et al. 2011), Implications of
zero-stress temperature for the long-term behavior and performance of continuously
reinforced concrete pavement (Yeon et al. 2015), Cooling asphalt pavement by a highly
oriented heat conduction structure (Yinfei et al. 2015), Application of electrical resistivity
tomography in investigating depth of permafrost base and permafrost structure in Tibetan
Plateau (You et al. 2013), Development, justification, and verification of a rock fall
hazard rating system (Youssef et al. 2012), Premature distresses at transverse
construction joints (TCJs) in continuously reinforced concrete pavements (Zhou et al.
2014).
In this section, there will be brief summary for some of these researches. The
publications that have been summarized include; Geophysical site characterization:
ground-penetrating radar and reflection seismic study of previously mined (lead/zinc)
ground, Joplin, Missouri (Anderson

2001), Ground penetrating radar and shallow

reflection seismic surveys for mitigation of karstic damage (Anderson et al. 2000),
Geophysical methods commonly employed for geotechnical site characterization
(Anderson et al. 2008), A Comparison of four geophysical methods for determining the
shear wave velocity of soils (Anderson et al. 2007), Electrical resistance tomography for
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imaging the spatial distribution of moisture in pavement sections (Buettner et al. 199),
Electrical resistivity tomography mapping of beachrocks (David et al. 2009), Multimodal
condition assessment of bridge decks by NDE and Its Validation (Gucunski et al. 2009),
Resistivity imaging of abandoned minelands at Huntley Hollow, Hocking County,
Ohio(Ishankuliev 2007), Near-surface characterization of a geotechnical site in north-east
Missouri using shear-wave velocity measurements (Ismail 2007), Electrical methods in
geophysical prospecting. Oxford (Keller et al. 1966), the electrical resistivity tomography
method in the detection of shallow mining cavities (SE Spain) (Martínez et al. 2013), An
evaluation of heated reclaimed asphalt pavement (RAP) material and wax modified
asphalt for use in recycled hot mix asphalt (HMA) (Penny 2007), Electrical resistivity
tomography mapping of beachrocks (Psomiadis et al. 2009), Multichannel Analysis of
Surface Waves (MASW) for Mapping Shallow Subsurface Layers (Seshunarayana et al.
2004), Determination of shear wave velocity and depth to basement using multichannel
analysis of surface wave technique (Seshunarayana et al. 2012), Soil characterization
using electrical resistivity tomography and geotechnical investigations(Sudha et al.
2009), Imaging the subsurface in karst terrain using electrical resistivity tomography
(Torgashov 2012), Development, justification, and verification of a rock fall hazard
rating system (Youssef et al. 2012).
Buettner et al. (1997) conducted (ERT) to image spatial moisture distribution and
movement in pavement sections during an infiltration test. The infiltration experiment
was conducted on April 1993. During a 6:5 hour time period, approximately 5.5 gallons
of water was introduced uniformly and slowly into the pavement through the center hole
and ERT data were collected in various planes as the water infiltrated into the pavement
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and subgrade materials over a period of several hours. Four arrays of ERT electrodes
were installed in vertical drill holes (4 ft.) placed at the corners of a square (2 ft.) on a
side into a pavement section which is used for a truck scale ramp on U.S. Highway 99
just north of Sacramento, CA. The ERT data were inverted, and the resulting images
show 1) the basic structure of the pavement section and 2) the movement of water
through the image planes as a function of time during infiltration. An interesting result is
that the water does not appear to drain from the section toward the shoulder as had been
expected based on the design. It was concluded that in spite of the difficulties, is appears
that ERT can be used to delineate moisture movement in pavement structures.
The Iowa DOT conducted a geological survey and several geophysical surveys on
the Avenue of the Saints corridor in Iowa, specifically a portion of US 18 in Cerro Gordo
County. These investigations were prompted by the formation of sinkholes or features
that occurred on the shoulders, in a roadway ditch, at the edge of the right of way, and in
adjacent farm fields (Figures 5.1, 5.2, 5.3, 5.4, and 5.5). Both survey investigations were
conducted to Investigate: 1) the subsurface nature of the underlying bedrock; 2) if any
voids were present under the pavement or within the road embankment; and 3) if there
were any large voids in the subsurface that could be attributed to the sinkhole surface
expression. The geophysical techniques used include, ERT, MASW, and GPR. The
surveys implemented within a 300 to 400 meter stretch of roadway that included the area
in which the sinkholes had formed. The GPR Survey that has been performed in 2004
using 250 MHz antenna identified the sinkholes that formed on the shoulders and were
filled prior to the investigation but did not identify any voids immediately under the
pavement that would cause a loss of subgrade or pavement support. In contrast, the GPR
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survey that has been done in 2005 identified numerous anomalies within the first two
meters. The authors then concluded that the GPR Surveys proved to be useful only in
determining the possible existence of voids directly beneath the road or within the upper
few meters of the road embankment.
For resistivity imaging covered a 300 meter portion of the roadway. The purpose
of the resistivity survey was to identify any locations where there might be voids both
under the pavement slab and/or deeper (above and/or within the bedrock) that could be
associated with sinkhole expressions at the surface. If any anomalies were identified, they
would be evaluated with additional soil survey. The resistivity survey identified
numerous anomalies. The anomalies ranged from a very high resistance anomaly to a low
resistance anomaly. The interpretation of the anomalies, ranged from possible void, to
sands and gravels spanning the soil/limestone interface, to lenses of coarse grain
sediments, to a clay filled void.
The results of resistivity imaging identified locations where there might be voids
both under the pavement slab and/or deeper. The authors then concluded that the
resistivity survey was considered very useful and even though there is no clear distinction
between bedrocks or bedrock/overburden the resistivity profiles still correlated fairly well
with the Soil Survey, in generally identifying the area of apparent karst formation and
possibly the pronounced depressions at the limestone bedrock surface. The MASW
covered the same area as the resistivity survey. The purpose was to identify any locations
where there might be voids under the pavement slab and above or within the bedrock
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Figure 5.1. Sinkhole on the Eastbound Lane, inside shoulder (Matthew, T. 2006).

Figure 5.2. Sinkhole on the eastbound lane, outside shoulder (Matthew, T. 2006).

67

Figure 5.3. Sinkhole at the edge of the right of way and south ditch (Matthew, T. 2006).

Figure 5.4. Sinkhole at the edge of the right of way and south ditch (Matthew, T. 2006).
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Figure 5.5. Sinkhole in an adjacent farm field (Matthew, T. 2006).

More accuracy and a higher level of confidence would be preferred for this
geophysical survey method; the information provided does offer some potential
correlation. A review of the previous surveys suggests that there could be some
correlation between the anomalous feature in the MASW Survey, a deeper zone of high
resistance in the Resistivity Survey, and deeper/significant features in the bedrock from
the soils survey.
After testing three different geophysical methods and doing the geological
investigations while considering cost-effectiveness, Trainum M., (2004 and 2005)
concluded that 2D resistivity imaging and surface-wave profiling are the most
appropriate methods for highway sinkhole detection surveys along the Avenue of the
Saints corridor (US 18) in Cerro Gordo County, Iowa.
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Seshunarayana and Sundararajan (2012) reported accurate mapping of the shallow
sub surface layers to estimate the bedrock depth and the corresponding shear wave
velocities (Vs) of various layers in a complex geological environ over granites in
Hyderabad, India. The reliability of Multichannel Analysis of Surface Waves (MASW)
depends on the accurate determination of phase velocities for horizontally traveling
fundamental mode Rayleigh waves. Multichannel recording leads to effective
identification and isolation of various factors of noise. Calculating the 1-D shear wave
velocity (Vs) field from surface waves ensures high degree of accuracy irrespective of
cultural noise.
The main advantage of mapping the bed rock surface with shear wave velocity
(Vs) is the insensitivity of MASW to velocity inversion besides being free from many
constraints such as contrast in physical properties etc. One of the most common uses of
dispersive properties of surface waves is to get shear wave velocity (Vs) profiles during
the analysis of plane wave, fundamental Rayleigh waves that carry most of the seismic
energy generated, when a compressional wave source is used. According to the
assumption of vertical variation of velocity, each frequency component of a surface wave
has a different propagation velocity (Cf) at each unique frequency component (f), which
results in different wavelength. Furthermore, a series of Rayleigh waves of different
frequencies can have the same velocity. These different phase velocity Rayleigh waves
for a given frequency are known as modes. The lowest velocity for any given frequency
is called the fundamental mode phase velocity. The next higher velocity above the
fundamental mode phase velocity is called second mode velocity and so on. The
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fundamental phase velocities when calculated with high accuracy can generally provide
reliable shear wave (Vs) velocities (Xia et al. 2000).
The multichannel analysis of surface waves (MASW) makes it possible to control
effectively noise through data acquisition and processing, and hence ensures highest
signal to noise ratio (S/N) unlike its progenitor spectral analysis of surface waves
(SASW) which is slow and complex (Nazarian, 1984; Louie, 2001). The shear wave
velocity (Vs) profile represents a direct indication of not only underground stiffness
change with respect to depth, but also near surface stiffness, which is of paramount
importance for many geotechnical studies. Several characteristics of surface waves and
surface-wave imaging make application of this technique possible in areas where other
geophysical tools have failed or provide inadequate or questionable results (Miller et al.
1999; Ivanov et al. 2000; Park et al. 1998b; Seshunarayana and Sundararajan, 2004;
Sundararajan and Seshunarayana, 2011).
Although, the inversion curve in Figure 5.6. (7d) shows 10 layer velocity models,
the interpretation of shear wave images were carried out to approximate them to be only
three/four layers. The first layer (top layer) identified with velocity (Vs) in the range 200450 m/s is soil cover corresponding to a thickness of 5- 6 m followed by weathered rock /
water saturated sand / silt / clay zones which constitute the second layer with a velocity
(Vs) in the range of 500-750 m/s covering a depth of 7-8 m and velocity (Vs) of about
750 m/s or more is assumed to be bedrock velocity. In some locations the bedrock is
deeper (>30 m) and could not be traced. At these locations the bedrock is presumed to be
greater than 30 m, with velocity (Vs) much greater than 750 m/s.
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Seshunarayana and Sundararajan (2012) then concluded that the MASW
technique is not only reliable for accurate and detailed characterization of a small area but
also for quick detection of underground anomalous zone from a reconnaissance survey
over a large area. Also, liquefaction of low velocity layers and stiffness of soil can be
well established through MASW.

Figure 5.6. (a) A 24 channel raw field record over granites (case II). (b) Pre-processed
shot gathered record. (c) Dispersion curve obtained from the processed record. (d)
Velocity model derived from the dispersion curve.

Anderson et al. (2007) in collaboration with the Missouri Department of
Transportation (MO DOT) evaluated and compared four field methods on the basis of the
interpretation of processed field data acquired at two test sites within the Mississippi
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Embayment in the Poplar Bluff area, southeast Missouri in order to determine and
classify the shear wave velocity of the soils to depths of 30 m (as per NEHRP
recommendations). This comparative analysis of the available shear wave technologies
was conducted because MO DOT wanted to ensure that their geotechnical site
investigations in the Mississippi Embayment area are efficient and cost-effective.
The methods included seismic cone penetrometer (SCPT) and (cross hole: CH;
multichannel analysis of surface waves: MASW; and refraction micro tremor: ReMi)
(Figure 5.7). MODOT routinely measures the shear wave velocity of the soils at
geotechnical sites within the Mississippi Embayment, because this critical parameter can
be used to determine how highways and highway structures will respond to an
earthquake. For the purposes of earthquake hazards investigations, the velocity of the
subsurface must be measured or estimated to a depth of 30 m (NEHRP, 1997).
Anderson et al. (2007) then concluded that, on the basis of the comparative
analyses of the corresponding shear wave velocity profiles, MASW data are generally
more reliable than SCPT data, comparable to quality ReMi data and only slightly less
accurate than CH data. However, MASW’s other advantages generally make it a superior
choice over the CH, SCPT and ReMi methods for general soil classification purposes to
depths of 30 m (as per NEHRP recommendations) (Table 5.1).
Martinez-Lopez et al. (2013) have conducted electrical resistivity tomography in
order to analyze the geoelectric response produced by three cavities cut into different
geological substrata of granite, phyllite, and sandstone
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Figure 5.7. Shear wave velocity profiles acquired at one of the locations on the study
area.

Table 5.1. Ranking of MASW, CH, SCPT and ReMi methods.
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The varying geoelectric response in the area under investigation enables users to
obtain 2D profiles and 3D images of the distribution of the resistivity under the ground,
which makes it a very effective, non-destructive tool for analyzing and characterizing
possible discontinuities in the subsoil (Sasaki, 1992; Store et al., 2000).
The researchers conducted the field work at a number of geologically welldocumented sites to be able to assess the electrical response afforded by different subsoil
structures. They collected a total of fourteen electrical tomography profiles at the four
sites selected (A, B, C, and Din Figure 5.8.). The study was mainly carried out in the
former mining district of Linares (Jae´n Province, southern Spain), where the researchers
studied the response to two drainage adits and a cavity formed by a mine chamber over a
vein (sites A, B, and D Figure 5.8.). The last site was outside this district in an old mining
roadway near Canena, also in the province of Jae´n (C in Figure 5.8.). In cases A, B and
C, they conducted a topographic survey (including underground topographic survey,
Figure 5.8. to chart the underground route of the cavities, their depths, and their
dimensions and shapes (Figure 5.9). In case D it was not possible to visit the mine, but
they have historical information on its geometry. They also examined a mining void
excavated in granite. In each case, they applied three different geoelectric arrays
(Wenner-Schlumberger, Wenner and dipole-dipole) and several inter-electrode spacings.
The aim of this work was to analyze the resolution of images under different
geological conditions and assess the potential for using this technique for locating
cavities. The general objective was to develop a suitable method for the optimum
interpretation of resistivity images obtained by electrical tomography so as to be able to
characterize cavities in the subsoil. We therefore (i) analyzed the criteria for electing the
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best inter-electrode spacings and the most suitable multi-electrode array for the
characterization of each specific type of cavity, (ii) the capacity of the different
techniques to detect the size and shape of the cavity, and (iii) the influence of depth and
the nature of the rock substrata on the resolution capacity of each type of array.

Figure 5.8. Geographical locations and geological context of the sites studied, A, B, C,
and D.
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Figure 5.9. Surveying inside the drainage adit at site A, the Mimbre Cavity. 2.2:
Topographic surveying at the surface above the tomography profile at site A. 2.3: Route
of the electrode array at site B, the Grupo Cobo Cavity, and the entrance to the drainage
gallery. 2.4: The entrance to the drainage adit at site B. 2.5: Interior of the mine tunnel
that is site C, the Canena Cavity. 2.6: Collapse associated with the caved seam at site D,
the Arrayanes caved seam.
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Martinez-Lopez et al. (2013) end up with that there is a direct relationship between interelectrode spacing and diameter of the cavity. In general, they observed a loss of
resolution as the distance between the electrodes increased. The most efficient detection
was achieved when the inter-electrodes distance was less than or equal to the diameter of
the cavity itself. In addition, cavity detection became increasingly less precise with its
depth beneath the surface. Cavities with a radius of about 1.5 m were located by both the
Wenner- Schlumberger method and the dipole-dipole at depths of more than 4.6 m,
which means that prospecting can be, carried out at depths 3 times the radius of the cavity
(Figures 5.10, 5.11, and 5.12.).

Figure 5.10. Electrical resistivity tomography profiles obtained at the site A in granite,
using the arrays and electrode spacing indicated. Note that the vertical scales are all
different.
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Figure 5.11. Electrical resistivity tomography profiles obtained at site B in phyllite, using
the arrays and electrode spacing indicated. Note that the vertical scales are all different
and the horizontal scale in part D is different.
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Figure 5.12. A–C, electrical resistivity tomography profiles obtained at site C in
sandstone, using the array and electrode spacing indicated. Note that the vertical scales
are all different. Part D, profile 2 at site D, the collapsed mine chamber.
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Martinez-Lopez et al. (2013) then conclude electrical resistivity tomography is a
viable geophysical tool for the detection and monitoring of mining voids and other
subsurface cavities.
Youssef et al. (2012) collected Geophysical data at Umm er Radhuma area about
200 km north east of Ar Riyad City in Saudi Arabia (figures 5.13, 5.14, and 5.15) using
two-dimensional electrical resistivity tomography (ERT) with different electrode
spacings to delineate buried sinkholes and associated subsurface cavities.

Figure 5.13. (a) Location of the study area on the KSA map, (b) map of road section and
the study area and (c) distribution of sinkholes in the area surrounding the road section.
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Figure 5.14. (a) Sinkhole covered partially with sand (note that the Ajfar formation
appears on the side walls), (b) sinkhole appears along the road, (c) rounded sinkhole
filled with sand. Notice the lower section is wider than the upper opening and (d)
different holes and cavities appeared in the upper section of the hilly area.

Their findings indicated that the dipole–dipole method using an electrode spacing
of 1 m was successful in detecting a known subsurface sinkhole. According to the ERT
method the detected sinkhole depth ranges from 2 to 4 m, its height ranges from 2 to 4 m,
and its width ranges from 5 to 7 m. Field observation has verified the geophysical data,
especially along the profile A-A\ (Figure 5.15.). Finally, closely spaced ERT profiles
were successful in determining the three-dimensional volume of the subsurface sinkhole.
Youssef et al. (2012) summarized that The ERT was successful in detecting and
mapping a known sinkhole in the study area that is located in the Umm er Radhuma
formation that is characterized by limestone and dolomite and covered by calcareous
sandstone of the Ajfar formation (Figure 5.15.).
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Figure 5.15. Electrical Resistivity data collected using a dipole–dipole array with 1 m
spacing above a known sinkhole: (a) profile A-A\ (note the photograph of the known
sinkhole), (b) profile B-B\ and (c) profile C-C\.

The ERT technique is capable of discriminating between air-filled cavities, which
yield highly resistive anomalies and those filled with other sediments derived by water
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infiltration yielding lower resistivity anomalies. Finally spaced ERT profiles managed to
show the dimensions and lateral extensions of the air-filled cavity which will enable the
geotechnical engineers to determine the volume of the appropriate materials to fill it to
avoid any unexpected collapse, subsidence or any geological and environmental hazard
especially if these sinkholes are located in a critical areas such as along highways and/or
urban areas.
An integrated geophysical method involving vertical electrical sounding (VES)
and electrical resistivity tomography (ERT) were carried out by Ayolabi et al. (2012) in
order to map subsurface hydrocarbon contamination in city of Baruwa, Nigeria. SelfPotential (SP) and Induced Polarization (IP) data were also acquired to constrain the
results obtained by ERT and VES and also to assist in differentiating geologic layers that
may probably give the same resistivity signatures because of their fluid contents. The
subsurface soil around Baruwa community was reportedly contaminated by hydrocarbon
not because the area falls within oil-producing community but it suffers from inceasant
leakage from petroleum pipeline that supply petroleum products to hydrocarbon terminar
located within the area.
Ayolabi et al. (2012) then marked out the hydrocarbon contaminated layers
beneath each VES point by high resistivity ranging between 943Ωm and 4749Ωm at a
depth of 1 to 35.44m below the surface. Likewise, the ERT result shows that the
subsurface soil around the investigated area has been contaminated at a shallow depth of
about 2m downward with resistivity value above 1000Ωm. Also they found that
hydrocarbon leaking from the pipeline laid a few meters beneath the earth surface
actually flow both upwardly (possibly due to seasonal variation in the water table which
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is usually close to the surface during rainy season) to the surface and downwardly at
greater depth into the subsurface, through a porous medium - sandy layer. This may
probably accounts for the reason while most of the hand dug wells in the area are
reportedly contaminated with hydrocarbon products. Figures 5.16 – 5.21 shows the
results for six ERT profiles acquired on the study area.
Ayolabi et al. (2012) concluded that electrical resistivity tomography shows high
pollution of the subsurface soils around the study area from a depth of about 2.6 m up to
a depth of 10.3 m. This was further confirmed by VES (Figure 5.16) except on profile 1
where the VES indicate pollution to the depth above 30 m.

Figure 5.16. Resistivity-Depth Structures of Profiles 1.
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Figure 5.17. Resistivity-Depth Structures of Profiles 2.

This depth falls within the first aquifer horizon where average inhabitants of the
area exploit groundwater for domestic uses. Incidentally, the pipes were laid about 2m to
3m within the earth. The thick depth of contamination indicates that the subsurface soil
beneath the pipes is porous and permeable. Both ERT and VES also delineate sand
horizon as the layer affected by the contamination. The resistivity of the contaminated
layer is above 943Ωm as revealed by both VES and ERT (Figures 5.22.). Interpretation of
IP and SP data were used to constrain resistivity results for delineation of the
contaminated sandy horizons. IP value of 0 to 10mV/V and SP values of <+10mV were
obtained over the sandy formation. Contamination of subsurface soil in the study area
accounts for a number of health-related challenges the inhabitants of the area are facing
as a result of drinking hydrocarbon contaminated water. Any borehole or water well not
deeper than 50 m may not be free from hydrocarbon contamination, as revealed by both
ERT and VES results.
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Figure 5.18. Resistivity-Depth Structures of Profiles 3.

Figure 5.19. Resistivity-Depth Structures of Profiles 4.
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Figure 5.20. Resistivity-Depth Structures of Profiles 5.

Figure 5.21. Resistivity-Depth Structures of Profiles 6.

Sudha et al. (2008) conducted Electrical Resistivity Tomography (ERT) in
association with Standard Penetration Test (SPT) and Dynamic Cone Penetration Test
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(DCPT) for Geotechnical investigations at two sites having different soil matrix for soil
characterization, proposed for thermal power plants and are located in Aligarh and Jhansi
in Uttar Pradesh (UP), India.

Figure 5.22. Geoelectric section from VES results.

Borehole data were used for calibration and correlation of resistivity values to the
subsurface soil. SPT and DCPT tests were conducted at 28 points and two ERT profiles,
each measuring 355 m long, were recorded using 72 electrodes deployed at 5 m spacing.
SPT and DCPT data were recorded up to 16 m depth, therefore, the resistivity
model is restricted to a depth of 24 m. Inverted resistivity-depth models are shown in
(Figure 5.23. & 5.24) for Aligarh and Jhansi. Resistivity distribution of subsurface soil in
these areas shows a significant variation of resistivity of soil at different depths along the
profile line. The resistivity range at these locations lies between 1 to 1000 Ωm, indicating
wide variation in soil matrix, grain size distribution and water saturation.
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Sudha et al. (2008) then found that resistivity distribution at Aligarh (Figure
5.23.) indicates the unsaturated near surface soil represented by high resistivity, almost
along the entire profile line. And also there is high resistivity zone in the near surface
material that was because the presence of boulders exposed on the surface.
They also found that the thickness of the top layer varies between 2–4 m along the
profile line. They noticed low resistivity values at a depth below 4 m which indicates the
presence of saturated soil. Borehole data indicates the presence of static water table at 4
m depth. Clayey formation is represented by a resistivity of less than 10 Ωm. Silty
formations are represented by a resistivity range of 10–50 Ωm.

Figure 5.23. The raw and modeled resistivity section along the Electrical Resistivity
Tomography (ERT) lines at Aligarh location.
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Figure 5.24 indicates the similar resistivity-depth model obtained at Jhansi.
However, relatively low resistivity at all depths indicates the presence of fine soil
material and increase in the percentage of clay in soil matrix. Static water level is
recorded at 3.0 m. There are some local high resistivity zones (N200 Ωm) near the
surface, indicating localized lateral resistivity inhomogeneities in the near surface
material, which are due to the presence of large size dry boulders; such features are
observed at this site. The presence of finer materials (silt and clay) in saturation
condition, at a depth below 3 m, is indicated by decrease in resistivity. The clay
formation is represented by the low resistivity (b10 Ωm) zone.

Figure 5.24. The raw and modeled resistivity section along the Electrical Resistivity
Tomography (ERT) lines at Jhansi location.
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Sudha et al. (2008) then concluded that the determination of soil strength using
ERT is economic, fast and efficient in comparison to the direct in situ methods used to
determine the soil strength for civil engineering purposes and, thus, is very useful in
geotechnical investigations.
(Anderson et al. 2007) acquired shear wave velocity utilizing multichannel
analysis of surface wave (MASW) method to map bedrock surface and relief, and to
reflect soil rigidity within the upper 50 ft. (16 m) soil thickness. That was critically
essential to assess the suitability of a 400 ft. by 400 ft. (125 X 125 m) geotechnical site
for building heavy constructions.
Multichannel surface wave shot gathers were acquired along three parallel
traverses and then analyzed using MASW method. The results were compared to down
hole seismic shear wave data acquired at two shallow boreholes and boring information
for calibration purpose.
(Anderson et al. 2007) Found that when MASW incorporated into boring
information, it reflected the soil type\rigidity and consequently it characterized the
acoustic bedrock for geotechnical purposes. On the basis of the comparison of MASWestimated bedrock depths and proximal ground truth (boring information), it is concluded
that the interpretation of the 2-D MASW shear wave velocity profiles are reasonably
reliable. The implication is that the MASW shear wave velocities are also reliable.
Indeed, if this were not the case, the MASW horizons would not correlate well (depthwise) with available borehole control. Overall, the MASW method evaluated mass
properties of the ground in a reasonable manner for the geotechnical purposes.
Several different geophysical techniques including seismic refraction, gravity,
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GPR, 2D resistivity imaging and spectral analysis of surface waves have been tested in an
Ohio Department of Transportation study of coal mine collapse hazards under road ways
in southeastern Ohio (Wolfe et al., 2002). The GPR survey was not successful due to a
shallow clay layer absorbing the radar energy and reducing the effective penetration
depth. The authors then concluded that GPR would not be an adequate mine detection
tool, since clay is common in coal-bearing stratigraphy.
Gravity surveys showed only small anomalies around the voids, since the mine
tunnels were small and filled with debris (Figure 5.25 (a)). On the basis of the poor
correlation with the mapped voids and the precise elevation control that was required, it
was concluded that gravity was not a suitable method either. Resistivity imaging was
carried out using a 28 multi-electrode system (Figure 5.25 (b)) shows inversion results for
the 2D resistivity profile, in which the mined zones can be identified as lower resistivity
areas (possibly water filled voids) compared with the surrounding rock. The 2D
resistivity image corresponds well with the voids observed during excavation (Figure
5.25. (g)). Wolfe et al., (2002) also gathered seismic refraction data and generated a 2layer depth model (Figure 5.25 (c)) by analyzing arrival times.
The bedrock surface is irregular due past erosion and weathering, and it was subsequently
disturbed by mine subsidence. A higher velocity layer underlies the coal zone and acts as
the primary refractor.
The interpretation is that the apparent elevation differences are caused by the
seismic waves traveling through different velocity materials along different portions of
the line. Greater apparent depths are due to “push down” (Sheriff, 1984), the result of
waves traveling upward through low velocity mine voids and highly fractured collapse
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debris. Shallow depths are the result of waves returning to the surface through the intact
rock.
The P wave apparent depth profile correlates well with the estimated void
locations. The S wave apparent depth profile (Figure 5.25. (e)) has some areas of
agreement with a slightly shifted void profile except for the left end where apparent depth
is great even though all other information suggest that the rock is generally intact there.

Figure 5.25. Comparison of results for various techniques used by Wolfe et al., (2002) for
shallow coal-mine void detection.
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Another seismic wave interpretation method was based on attenuation of the
refracted waves. The zone of high P-wave attenuation corresponded to void areas
reasonably well, where S-wave attenuation was not clear, possibly due to lower signal
strength (Figure 5.25.(d)).
The expected results of the surface-wave survey were that S-wave velocities
would be reduced by collapse or subsidence over the abandoned mine zones. Surface
wave profiling examines lateral velocity differences and the scattering of surface waves
off voids. Even though this surface-wave study did not provide adequate lateral
resolution, the interpreted profiling results correlated somewhat with the location of old
mine workings. Figure 5.25 (f) shows the locations of expected voids identified from the
surface-wave profile data.
Torgashov (2012) conducted electrical resistivity tomography on five different
locations throughout the state of Missouri to image the subsurface in karst terrain. The
locations were ERT data was acquired are; Springfield Underground, Chesterfield Dam,
Gasconade River, Jefferson City, and Lane Spring Figure 5.26. Multi-channel analysis of
surface wave data (MASW) was acquired in two locations to support the ERT
interpretation.
The ERT data at first location “Springfield Underground” were acquired with
purpose of imaging the ceiling of limestone aggregate mine following simultaneous
localized roof failure. The interpretation of ERT data indicates roof rock failure occurred
at the intersection of two previously unmapped near-vertical solution-widened fractures.
At the “Chesterfield Dam” site, the data were acquired to identify the zone of seepage
through an earthfill dam. The seepage pathway beneath the dam is interpreted as through
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a solution-widened fracture, the top of which constituted a segment of the original stream
channel. At the Gasconade River site, the ERT data were acquired beneath two bridges in
order to map the areal extent of an underground water-filled opening encountered in
routine investigation borings. Based on the ERT interpretation, two principle eastnortheast trending fracture zones were identified and areal extent of the water-filled void
was mapped.

Figure 5.26. Study site locations. 1- Springfield Underground; 2 - Chesterfield Dam; 3 Gasconade River; 4 - Jefferson City; 5 – Lane Spring.
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The fourth location which is, Jefferson City site, the resistivity data were acquired
to map variable depth to the top of bedrock and MASW data were acquired to support the
interpretation of ERT data. The upper and lower terraces in the study area were mapped
in the 1970-s by the Missouri Department of Natural Resources using aerial imaging and
topographic control couple with limited borehole data. The interpretation of the
geophysical data was consistent with the geologic map, however previously unknown and
unmapped rock remnant in the central part of the study site was imaged using the ERT
and MASW methods. A conceptual models of the formation of the rock remnant
originally a part of the upper terrace but

was isolated by erosional activity of the

meandering stream downcutting the rock.
At the last site which is Lane Spring study site, the interpretation and analyses of
the ERT, MASW data acquired at the location indicates that the site is located in a
complex karst terrain. The depth to top of rock does not vary significantly in the area,
except where dissected by solution-widened joints. And also a possible aquifer was
mapped based on the interpretation of the MASW data as a relatively low shear-wave
velocity zone within rock. The author has generated the first geo0physical image of the
variable top of rock, solution-widened joints and aquifer in the Lane Spring study site.
Torgashov (2012) demonstrated that the ERT method was an effective tool for
imaging the subsurface in the karst terrain.
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6. US 63 CASE STUDY

6.1. ABSTRACT
Electrical resistivity tomography (ERT) and multi-channel analyses of surface
waves (MASW) data were acquired at the US 63 study site which was approximately
1000 ft. long to evaluate the condition of the pavement, base, and native soil all the way
down to the top of bedrock. The ERT field data were acquired in the DOT right of way,
with a total of five overlapping profiles at the right side and with total of three
overlapping profiles at the opposite. The MASW data were acquired in the middle of the
bound lane using an engineering seismograph and twenty-four low-frequency (4.5 Hz)
vertical geophones spaced at 1.5 ft intervals. Ground penetrating radar data were acquired
to support the geophysical data. Eight core samples were also collected along the US 63
site.
There were no boreholes drilled exactly on the arrays where the geophysical data
was acquired, but information about four boreholes was obtained from the Missouri
Department of Natural Resource website.
Based on the analyses of the acquired ERT and MASW data, bedrock was
encountered at depths of 10 – 15 ft. below ground surface. This depth estimate was
consistent with the depth obtained from the borehole, which was located near the ERT
and MASW arrays. The pavement thickness from the core control was approximately 3.5
in. of bituminous mix (BM) overlay over an existing 8 inch PCC layer, the layer of
bituminous mix was approximately 3.5 inch. This thickness was consistent with the
thickness obtained from GPR results and on the 1-D shear wave velocity.
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6.2. INTRODUCTION
Site (1) US 63 is located along the north-bound lane of US Route 63, around three
miles north of Rolla, MO (Figure 6.1). The pavement consists of approximately 3.5 in. of
bituminous mix (BM) overlay over an existing 8 in. PCC layer. No visual defects were
documented during the investigation of US 63. The layer of bituminous mix (~3.5 in.)
had recently been overlaid on the pavement surface. Hence, the site appeared to be in
excellent condition with a PASER rating of 9. The condition of the site is shown in
(Figure 6.2). The average air temperature during field data acquisition was 38 °F.

Figure 6.1. Location of the US Route 63 study site, about three miles north of Rolla.
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Figure 6.2. Photograph of US 63, looking south. The pavement was observed to be in
excellent condition with no visible surface defects.

Five electrical resistivity profiles were acquired on the east shoulder along five
traverses. Forty one multi-channel analyses of surface wave profiles were collected at
the stations placed, at 25 ft intervals along the (1000ft) of the US 63 roadway segment
(center of the bound lane) around 30 ft from the ERT profile ( Figures 6.3. and 6.4. ).
Other ERT electrical resistivity arrays were acquired on the shoulder of the other side of
the roadway around 70 ft from the other ERT profile and around 40 ft from the MASW
profile for correlation purposes and to follow minor faults or solution-widened fractures
that were thought to exist below the pavement. This separation could explain many of
the minor differences between the ERT and MASW interpretations as subsurface
conditions can vary significantly over short distances in karst terrain. The paved surfaces
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on which the MASW data were acquired were elevated (typically by multiple feet)
relative to the DOT ROW in which the ERT data were acquired. Five ground penetrating
radar profiles, oriented north – south and opposite to each other were acquired along the
study site to support the geophysical data acquired along the US 63 sit. Eight core
samples were collected throughout the whole site (Figure 6.3).
The output of ERT for the US 63 site was a 1000 ft long 2-D resistivity image of
the subsurface (ERT profile) with superposed geologic interpretations (Figures 6.12 and
6.13).

Figure 6.3. Site US 63 layout. ERT data were acquired a 1000 ft traverse in the DOT
ROW at both sides of the site. The start and end of each ERT traverse were consistent
with the start and end of the corresponding GPR traverses. Active MASW data were
acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR
traverse 3. GPR traverses 1-5. High-frequency (1.5 GHz antenna) GPR data were
acquired along all five traverses; low-frequency (400 MHz antenna) data GPR data were
acquired along traverse 3 only. Eight core controls were collected throughout the site.
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The geologic interpretations were based on the assumption that the measured
variations in the resistivity of the subsurface reflected corresponding changes in
lithology. On the other hand, the final output was a 1000 ft. 2-D shear-wave velocity
profile of the subsurface (MASW profile) with superposed geologic interpretations
(Figure 6.14).

The geologic interpretations were based on the assumption that the

measured variations in the acoustic properties of the subsurface reflected corresponding
changes in the lithology content.

Figure 6.4. ERT and MASW traverse locations.
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6.3. GEOLOGY AND STRATIGRAPHY
The study area is situated in the Salem Plateau, which is in the south-central
part of Missouri in the Ozark physiographic region (Figure 6.5), approximately 3 miles
north of Rolla.

The Salem Plateau, which includes most of the Ozarks region in

Missouri, is a maturely dissected, rolling surface preserved largely on Ordovician rocks
(Barks, 1976).

Figure 6.5. Physiographic regions of Missouri (Missouri Department of Natural
Resources, 2002). The study area is marked with a blue dot.

The uplands of the county in which the study site is located consist primarily of
Ozark hills and Ozark border. There are isolated knobs and hills, higher in elevation, that
are remnants of the Springfield Plateau. In the southern and western portions of the area,

103
a thin layer of loess occurs on the more stable landforms with soils derived from highly
fractured sandstone and dolomite bedrock on the steeper slopes. An area of moderate to
steeply sloping hills dotted with many cedar glades covers the north-central portion of the
county. There are isolated knobs and hills, higher in elevation, that are remnants of the
Springfield Plateau (Figure 6.6) (Larsen et al, 2002).

Figure 6.6. Topographic map for north-eastern part of Phelps County which includes
study site (US 63). The study area is marked in red.

The formations in the area, from oldest to youngest, bedrock formations exposed
in the county, are Gasconade Dolomites, Roubidoux Formation, Jefferson City- Cotter
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Dolomites, and Pennsylvanian System deposits. The Roubidoux Formation is 95 to 150
feet thick and comprised of brown to brownish-red sandy dolomite, cherty dolomite, and
sandstone, while the Jefferson City-Cotter Dolomites are 125 to 200 feet thick and
consist of gray to brown dolomite with numerous interbedded chert, sandstone, and shale
layers.
Bedrock in the study area is comprised mostly of the sedimentary cherty
dolomite, sandstone, and clay that range from Ordovician to Pennsylvanian in age.
Varying thicknesses of clay and sand and nodules of chert have accumulated at the
bedrock surface as residuum. The bedrock has a gentle regional dip of 2 to 3 degrees to
the north or northwest. The area has no known major fault systems, although smaller
local faults do exist. These faults are geologically old and have no record of "recent"
movement (Larsen et al, 2002).
Sinkholes are present in the county and are more numerous in the south and
southeastern portions of the area where the Roubidoux Formation is deeply weathered.
Sinkholes are an indication that the underlying bedrock is weathered and contains
enlarged joints and caves. The geologic formations exposed in the boreholes located in
the study site are: Residuum (about 15 ft thick), Jefferson City Formation (110 ft thick),
and Roubidoox Formation (on the bottom) (Figure 6.8).

6.4. BOREHOLE DATA
A total of 4 boreholes were drilled at the study site (Figure 6.7). Borehole
#017639 was located at the lower elevation of approximately 960 ft, and is near the
area where the geophysical data was acquired. Boreholes #027180, #017171, and
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#024331 were located at elevations of 965 ft., 1035 ft., and 1156 ft respectively and are
about 1500 ft. to less than 3000 ft. from the ERT and MASW traverses (Table 6.1).

Figure 6.7. Locations of well logs available in the study area.

Table 6.1. Borehole, ERT, and MASW data comparison for US 63 site.
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The Roubidoux Formation is 40 to 100 feet thick and is comprised of brown to
brownish-red sandy dolomite, cherty dolomite, and sandstone, while the Jefferson CityCotter Dolomites are 60 to 200 feet thick and consist of gray to brown dolomite with
numerous interbedded chert, sandstone, and shale layers (Figure 6.8)
Weathered bedrock and fragments of chert were encountered at 10 ft. in
Boreholes # 017639 and # 017171, while weathered bedrock was encountered at depths
greater than that in Borehole # 024331. The variation in the depth to rock is perhaps
related to the difference in elevation. Also the locations of these boreholes are several
hundred feet from the ERT and MASW arrays.

Figure 6.8. Cross sections for the boreholes available for US 63 study site.
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6.5. ACQUISITION OF ELECTRICAL RESISTIVITY TOMOGRAPHY AND
MULTI- CHANNEL ANALYSIS OF SURFACE WAVE DATA
Five overlapping ERT data were acquired on the surface of the shoulder of the US
63 roadway segment long along five traverses at east side of the roadway segment (A, B,
C, D, and E) (Figures 6.3, 6.4, and 6.9) and along three travers on the opposite side in an
effort to map the top of bed rock and evaluate the subsurface all the way down to the top
of rock.

Figure 6.9. US 63 site layout where ERT data were acquired along a 1000 ft. traverse in
the DOT ROW at both sides of the sit. The start/end of each ERT traverse was consistent
with the start/end of the corresponding GPR traverses. MASW data were acquired at 41
stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR Traverse 3.
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The ERT data were acquired using an AGI SuperSting R8/IP resistivity unit
equipped with a dipole-dipole array consisting of 72 electrodes (Figure 6.10). The typical
depth of investigation is 20 percent of the length of the array. With 72 available
electrodes, the required minimum depth of investigation of 60 ft., 5 ft. spacing between
electrodes was chosen for this ERT survey.
The ERT traverses on the right shoulder of the pavement site were acquired in
October, while ERT traverses on left shoulder of the site were acquired in February of the
following year. The output of the profiles acquiring at both sides is 2-D electrical
resistivity image of the subsurface (Figures 6.13 and 6.14). An estimate of the extent to
which the output 2-D image correlates with the input apparent resistivity data is provided
as a percent error. The acquired ERT field data were good in quality and were processed
using RES2DINV software.

Figure 6.10. ERT data were acquired at the US 63 study site using an AGI SuperSting
R8/IP resistivity system and a dipole-dipole array. Electrodes were spaced at 5 ft
intervals.
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Raw data (calculated apparent resistivity ρa) were downloaded from the control
unit for further processing.

Processing software provides for automated or manual

editing to remove individual data values that appear to be anomalous and, therefore,
unreliable. Processing software also automatically inverts the apparent resistivity data
and generates an optimum resistivity image of the subsurface. Usually, the inversion of
the apparent resistivity data does not require interactive input from the interpreter.
However, some processing parameters can be interactively changed to enhance the
output.
MASW field data were acquired at 41 locations along the roadway site using an
engineering seismograph and twenty-four low-frequency (4.5 Hz) vertical geophones
spaced at 1.5 ft intervals (Figure. 6.11) Acoustic energy was generated at an offset
(distance to the nearest geophone) of 10 ft using a 12 lb. sledge hammer and metal plate.

Figure 6.11. Active MASW data were acquired at the US 63 site using a 24-channel
engineering seismograph and 24 low-frequency (4.5 Hz) geophones spaced at 1.5 ft.
intervals.
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Each MASW field record was transformed into dispersion data (Rayleigh-wave
velocity vs. frequency format; a standard, established mathematical process that does not
require any interactive input from the interpreter). The dispersion data were analyzed
qualitatively (processor input was required), and optimum phase velocities were selected
(dispersion curve). The dispersion curve was usually inverted without any qualitative
input from the interpreter and transformed into a 1-D shear-wave velocity profile (Figure.
6.12). By convention, the 1-D shear-wave velocity profile is assumed to represent the
velocity of the subsurface at the mid-point of the array (stations at every 25 ft). In reality,
the 1-D velocity profile represents (more-or-less) the average shear-wave velocity along
the entire length of the array.

Figure 6.12. Raw seismic data, dispersion curve, and 1-D shear-wave velocity profile #5
centered at 100-ft mark on the MASW array.
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The forty-one 1-D shear-wave velocity profiles generated for the site were
combined to create a 2-D shear-wave velocity profile. Each 2-D profile was 1000 ft in
length. These 2-D profiles depicted both lateral and vertical variations in the shear-wave
velocity and could be transformed into 2-D geologic profiles. These 2-D geologic profiles
constituted the final deliverable. As noted, the 1-D velocity profile represents (more or
less) the average shear-wave velocity along the entire length of the array. The acquired
MASW field data were good in quality and were processed using SurfSeis3 software.

6.6. INTERPRETATION OF ERT AND MASW DATA
The ERT data were acquired in five traverses on the right side and three traverses
on the other side of the US 63 roadway site for a span of approximately 1000 ft, and the
output was 2-D electrical resistivity image of the subsurface. A typical depth of
investigation for the deployed resistivity dipole-dipole array with 72 electrodes and 5-ft
spacing between the electrodes is 20% of the array length. Therefore the expected
achievable depth of imaging in this site was approximately 55 ft. (Figures 6.13 and 6.14),
while the typical depth of investigation for the deployed resistivity dipole-dipole array
with 100 electrodes and 5-ft spacing between the electrodes was around 80 ft. The ERT
field data were good in quality and were processed using RES2DINV software.
The MASW data were acquired with a linear array of geophones (24 geophones
spaced at 1.5 ft. intervals along 41 traverses). The array of geophones was centered at
predetermined station locations (every 25 ft.) along the site (Figure 6.15). The resolution
and the depth of investigation in the MASW method are defined by the receiver
(geophone) spacing, the array length and the source size.
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Figure 6.13. Photograph and aerial image of the US 63 road segment (looking north, on
the right side of the US 63 site) which includes the five ERT traverse locations along the
study site, in order from south to north, and 2-D uninterpreted ERT image of the
subsurface for the five profiles acquired on the site with elevation control. The datum is
the ground surface in the DOT ROW (approx. 1-2 ft. below pavement surface). Distances
and depths are in units of feet. Resistivity is in units of ohm-m.
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Figure 6.14. Photograph and aerial image of the US 63 road segment (looking north, on
the left side of the US 63 site) which includes the five ERT traverse locations along the
study site, in order from south to north, and 2-D uninterpreted ERT image of the
subsurface for the five profiles acquired on the site with elevation control. The datum is
the ground surface in the DOT ROW (approx. 1-2 ft. below pavement surface). Distances
and depths are in units of feet. Resistivity is in units of ohm-m.
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Figure 6.15. Photograph and aerial image of the US 63 road segment (looking north, at
the north bound lane of US 63 site) which includes the forty one MASW traverse
locations along the study site, in order from south to north, and a 2-D uninterpreted
MASW image of the subsurface for the forty one profiles acquired along the northbound
lane of the site. Datum on the 2-D MASW profile corresponds to the top of pavement
(approx. 1-2 ft above ERT datum). Distances and depths are in units of feet. Velocities
are in units of feet per second.
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The geophone spacing defined the shallowest resolvable depth of investigation.
However, the maximum achievable depth of investigation is usually limited by the
seismic source. In this case study, a seismic array of 24 geophones spaced at 1.5ft was
used to increase vertical resolution and minimize lateral smearing with a 10 ft offset. The
expected achievable depth of investigation was approximately 50 ft.
The acquired MASW data sets were processed using SurfSeis software. The fortyone 1-D shear-wave velocity profiles generated for each site were combined to create a 2D shear-wave velocity profile of the subsurface of the site. The 2-D profile was 1000 ft.
in length (Figure 6.15). These 2-D profiles depicted both lateral and vertical variations in
the shear-wave velocity and could be transformed into 2-D geologic profiles. The five
segments of ERT data acquired on the right side of the site were concatenated into a 2Ddimensional ERT profile (Figure 6.13 and 6.16).

Figure 6.16. Concatenated uninterpreted ERT profile, oriented south-north, with
elevation control for the right side of US 63.
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The contoured values on the ERT profile showed distribution of the resistivity
values in the subsurface along the traverse. The depth of investigation extended to a
depth of approximately 55 ft along the profile (Figure 6.17).

Figure 6.17. Concatenated interpreted ERT profiles with elevation control oriented southnorth for the right side of US 63. Distances and depths are in units of feet. Resistivity is
in units of ohm-m. Interpreted top of rock is shown by the dashed black line. Intact rock
is characterized by resistivity values in excess of 2000 ohm-m; weathered rock by values
between 75 and 1500 ohm-m; and soil mostly by values less than 100 ohm-m. The
soil/rock contact corresponds (approximately) to the 75 ohm-m contour interval.

From the ERT images, very thin thicknesses of clay and sand and nodules of
chert have accumulated at the bedrock from surface to depth around 11 ft which
represents the top of weathered rock. This material represents Jefferson City and
Cotter dolomites, and these layers consistent with boreholes which Jefferson City and
Cotter Dolomites Formations formed their tops.
Typically, at this site, the intact rock is characterized by resistivity values in
excess of 2000 ohm-m; weathered rock by values between 75 and 1500 ohm-m; and soil
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mostly by values less than 100 ohm-m (with moist clayey soils being characterized by
resistivity values of less than approximately 10 ohm-m). The soil/rock contact
corresponds (approximately) to the 75 ohm-m contour interval (Figure 6.17) and (Figure
6.19).
The resistivity contour value (less than 100 Ohm-m along the profile from the
surface to a depth of about 10 ft at the beginning of the profile from the 0 to 300 ft mark
and from 635 ft to the end of the profile at a depth around 15ft) represented soil and was
consistent with the borings. The resistivity contour value of around 1500 Ohm-m was
consistent with the top of weathered rock from the boring. From the ERT image, it
appeared that weathered rock with intermediate resistivity values was present in the
beginning of the profile at the 0 to 300 ft mark at a depth of around 10 (Figure 6.18).

Figure 6.18. Concatenated uninterpreted ERT profile, oriented south-north, with
elevation control for the left side of US 63.

Weathered rock also appeared from 635 ft to the end of the profile at a depth
around 13 ft. Typically, top of weathered rock was mapped at a depth from 10-13ft below
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the ground surface on the ERT profile, while the top of weathered rock was encountered
at depths of 10 ft in Boreholes # 017639 and # 017171, which was located closer than
the other two boreholes to ERT and MASW arrays at a depth 55 ft in Borehole
#024331, which was located in an elevation level higher than all other boreholes (and
even higher than the location where the geophysical data were acquired) (Figure 6.8)
and (Table 6.1).
On the opposite side of the site (left side of the US 63 road segment), the three
segments of the acquired ERT data were concatenated into a 2D-dimensional ERT profile
(Figures 6.14 and 6.18).

Figure 6.19. Concatenated interpreted ERT profiles with elevation control, oriented
northeast-southwest for the left side of US 63. Distances and depths are in units of feet.
Resistivity is in units of ohm-m. Interpreted top of rock is shown by the red line. Intact
rock is characterized by resistivity values in excess of 1500 ohm-m; weathered rock by
values between 75 and 1500 ohm-m; and soil mostly by values less than 100 ohm-m. The
soil/rock contact corresponds (approximately) to the 75 ohm-m contour interval.
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The depth of investigation extended to a depth of approximately 90 ft along the
profile. The top of weathered rock was mapped at a depth of nearly 10-7 ft along the
southern part of the profile (from the 0 ft to 665 ft mark) with a resistivity value of
around 1500 Ohm-m. It extended to depths of 50-65 ft before reaching the top of intact
rock. Weathered rock appeared in a very thin layer at a shallow depth and only occupied
a small area in the northern part of the profile (from the 800 ft mark up to the end of the
profile at depth around 15 ft) (Figure 6.19).
A side-by-side comparison of the ERT profiles for both right and left sides of the
site is shown in Figure 6.20. The interpreted top of weathered rock in the southern
portion of the right side was consistent with the southern part of the left side of the road
segment, but in the left side, the weathered rock area extends up to almost the depth of
investigation.
From the ERT images, it appeared that the intensely intact rock with high
resistivity in excess 2000 of Ohm-m occupied the whole 1000 ft distance from south to
north with variable depths. It was at deeper depths in both ends between 40 – 50 ft at the
0 to 300 ft mark and the 625 to 1000 ft mark. It was at shallower depths in the middle of
the profile. On the opposite side, the intensely intact rock with high resistivity was
mapped at deeper depths and appeared from the 0 ft to 665 ft mark and after 800 ft up to
the end. The wide distribution of weathered rock (with relatively low resistivity to the
intact rock on the ERT left profile Figure 6.20) was most likely related to its high
degree of weathering and water saturation because the left side is located directly below
hills, which allows for rainwater to gather and remain in that area for some time. In
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contrast, the right side extended to a nearly flat area, and no rainwater gathered in this
area of the site.
One-dimensional shear-wave velocity profiles were generated for each of the
forty one data sets. One of these profiles is shown in Figure 6.21. The MASW data
were good in quality (Figure 6.22).

Figure 6.20. Side-by-side comparison of ERT profiles with elevation control oriented
northeast-southwest for both sides of the US 63 road segment. Distances and depths are
in units of feet. Resistivity is in units of ohm-m. Interpreted top of rock is shown by the
red line. Intact rock is characterized by resistivity values in excess of 2000 ohm-m;
weathered rock by values between 75 and 1500 ohm-m; and soil mostly by values less
than 100 ohm-m. The soil/rock contact corresponds (approximately) to the 75 ohm-m
contour interval.
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Figure 6.21. 1-D shear-wave velocity profile13, acquired at the 300 ft station. Interpreted
top of weathered rock (1,000 ft/sec.) is at a depth of approximately 7.5 ft. This depth
correlates well with the ERT-estimated depth to the top of rock at the 300 ft station.

Figure 6.22. Interpreted 2-D MASW shear-wave velocity profile. Datum on the 2-D
MASW profile corresponds to the top of pavement (approx. 1-2 ft. above ERT datum).
Distances and depths are in units of feet. Velocities are in units of feet per second.

All the one-dimensional shear-wave velocity profiles were combined into a
two-dimensional shear-wave velocity profile (Figure 6.22) due to variations in the
individual shear-wave velocity profiles and large interval spacing between the profiles.
A two-dimensional MASW shear-wave velocity profile was generated from forty one
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MASW data sets acquired at 25-ft intervals that were parallel to the ERT traverse.
Based on the 2-D MASW shear-wave velocity, the top of weathered rock is1, 000 ft/s
shear-wave velocity value was mapped at a depth of around 12 ft in the southeastern
part of the study area, from the 0-ft mark to 230-ft mark. From the 230 to 625-ft mark,
the top of rock was mapped at depths shallower than the two ends; around 7.5 ft.
Between 625-ft to 1000-ft mark, a depth to top of rock was between 15 to 20 ft (Figure
6.22).
A side-by-side comparison of the ERT profile acquired at the right side of the site
with the 2-D MASW profile acquired at the north bound lane (about 20 ft from the ERT
profile is shown in Figure 6.23.

Figure 6.23. Side-by-side comparison of ERT profiles acquired at the right side of the site
with MASW arrays acquired at the north bound lane about 20 ft from the ERT profiles.
Interpreted top of weathered rock is shown by the dashed red line. The areas were that
characterized by low resistivity values in the ERT profile were consistent with the areas
that were characterized by low shear wave velocity values in the MASW.
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From the two images, the places that were characterized by low resistivity values
in the ERT profile were consistent with the places that were characterized by low shear
wave velocity values in the MASW. The area that was characterized by intermediate to
high resistivity values was also matched well with the areas that were characterized by
intermediate to high shear wave velocity values. Therefore, the top of weathered and
intact rock on the interpreted 2-D MASW was superposed on the ERT profile (Figure
6.23).
A side-by-side comparison of the ERT profile is shown in Figure 6.24. the
profiles were acquired at both sides of the site with the 2-D MASW profile acquired at
the north bound lane about 20 ft from the ERT profile acquired at the right side and
around 40 ft from ERT profile acquired at the left side. There is very good correlation
between the three images. Sections on both ERT profiles where there are low,
intermediate, or high resistivity values correlated very well with sections where there
low, intermediate, or high shear wave velocity values. For instance, intact rock is
characterized by resistivity values in excess of 2000 ohm-m and a velocity in excess of
1500 ft/sec; weathered rock is characterized by values between 75 and 1500 ohm-m and a
velocity in excess of 1000 ft/sec; and soil and moist clayey soils are mostly characterized
by values less than 100 ohm-m and a velocity less than 700 ft/sec. The subsurface along
both ERT arrays was characterized by low resistivity values in contrast to MASW which
were characterized by low velocity values. The top of weathered rock on the southern
part of the ERT profile acquired on the left side was mapped at a depth around of 10 ft. In
this part, the weathered rock covered most of the area between the 0 ft mark and the 665
ft mark, down to the achieved depth in the first couple hundred feet.
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Figure 6.24. Side-by-side comparison of ERT profiles acquired at both sides of the site
with MASW arrays acquired at the north bound lane. Interpreted top of rock is shown by
the dashed red line. The areas that were characterized by low resistivity values in the
ERT profile were consistent with the areas that were characterized by low shear wave
velocity values in the MASW.

The top of weathered rock decreased towards the 665 ft mark. In contrast, on the
right side, the top of weathered rock was detected at the same depth, which was about 10
ft but did not exceed 300 ft but did not extend to the same depth. At the middle of this
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section, the top of the intact rock was encountered at a shallow depth around 7.5 feet and
extended up to the achieved depth.
Five ground penetrating radar profiles, oriented south to north were acquired
along the study site to support the geophysical data acquired along the US 63 site. Eight
core samples were also collected throughout the whole site. A photograph of the site and
examples of the GPR section, using 1.5 GHz antenna, GPR section using low frequency
400 MHz antenna, core control sample, and MASW 1-D shear wave velocity, are
presented in Figure 6.25.

Figure 6.25. Photograph of the US63 site and examples of A) GPR section 1.5 GHz
antenna. B) GPR section 400 MHz antenna C) Core control. D) MASW 1-D shear wave
velocity.
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The pavement base and subbase are marked with a red dashed line, and the soil
layer is marked with green dashed line in the 1-D shear wave velocity profile. The
pavement thickness is approximately 3.5 in. of bituminous mix (BM) overlay over an
existing 8 inch PCC layer. The layer of bituminous mix is approximately 3.5 inch. This
thickness is consistent with the thickness obtained from the core control sample (Figure
6.25).

6.7. CONCLUSION
Electrical resistivity acquired at both sides of US 63 study site was compared
with multi-channel analyses of surface waves methods. The ERT imaged the subsurface
to a depth of approximately 60-90 ft while the MASW was only able to image the
subsurface to a depth of approximately of 50 ft. From the ERT and MASW images, the
shallow subsurface of the study site shows very thin thicknesses of clay and sand and
nodules of chert that have accumulated at the bedrock to depth around 12 ft which
represents the top of weathered rock. This material represents Jefferson City and
Cotter dolomites, and these layers consistent with boreholes which Jefferson City and
Cotter Dolomites Formations formed their tops.
Typically, intact rock is characterized by resistivity values in excess of 2000 ohmm and a velocity in excess of 1500 ft/sec; weathered rock is characterized by values
between 75 and 1500 ohm-m and a velocity in excess of 1000 ft/sec; soils and moist
clayey soils are characterized by values of less than100 ohm-m and a velocity of less than
700 ft/sec. Interpretation and analyses of the ERT, MASW data indicated sections on
both ERT profiles where there were low, intermediate, or high resistivity values. These
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findings correlated very well with sections where there were low, intermediate, or high
shear wave velocity values. For instance, the shallow subsurface along both ERT arrays
was characterized by low resistivity values. In contrast, the MASW were characterized by
low velocity values. The top of weathered rock on the southern part of the ERT profile,
which was acquired on the left side, was mapped at a depth of around 10 ft. In this part,
the weathered rock covered most of the area between the 0 ft mark and the 665 ft mark
down to the achieved depth in the first couple hundred feet and decreased towards the
665 ft mark. In contrast, on the right side the top of weathered rock was detected at the
same depth, which was about 10 ft. but did not exceed 300 ft or extend to the same depth.
This finding indicated that the weathering process on the rock started on the left side of
the road segment and moved towards the opposite side (as seen in the weathered rock on
the two ends of the right ERT profile). That might cause the pavement to deteriorate in
the future.
The pavement thickness from the core control was approximately 3.5 in. of
bituminous mix (BM) overlay over an existing 8 inch PCC layer. The layer of bituminous
mix was approximately 3.5 inch. This thickness was consistent with the thickness
obtained from the GPR results and on the 1-D shear wave velocity.
Both ERT and MASW data interpretations correlated well with the borehole
control and both methods can be successfully applied for mapping top of rock.
However the ERT method demonstrated a significant advantage in subsurface imaging in
terrain with a highly variable depth to top of rock. The GPR and MASW data
interpretation correlated well with the core control sample, and both methods can be
successfully applied to determine pavement thickness.
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7. US 54 CASE STUDY

7.1. ABSTRACT
Five Electrical Resistivity Tomography (ERT) profiles were acquired on the
south shoulder of US 54 road segment oriented from west to east approximately 1000 ft
long. And also Forty one MASW profiles were acquired on the middle lane around 15 ft
from the ERT profiles with the goal to evaluate the condition of pavement, base and
native soil all the way down to the top of bedrock. Three boreholes data were available
but they were not drilled exactly on the arrays where geophysical data was acquired.
Ground penetrating radar data were acquired to support the geophysical data. Also ten
core samples were collected along the US 54 site.
Based on the analyses of the acquired ERT and MASW data, top of weathered
rock was mapped at depth of around 50 ft from 0-ft mark up to around the middle of the
profiles. After the middle of the site, the top of weathered rock was very shallow
because the data were acquired almost on the top of the weathered rock. This depth
estimate was reasonable consistent with the depth obtained from two boreholes while
the top of the weathered rock was not encountered in the third boreholes. And this area
also was characterized by low resistivity and velocity values due to high moisture
contents that led to pavement deterioration. That is why there was visible evidence of
surface defects. Common defects observed in the pavement included cracking (block,
alligator, transverse and longitudinal), rutting, distortions, and patches. Pavement
thickness from the core control is approximately 12 in. thick of full depth bituminous mix
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(BM). This thickness consistent with the thickness obtained from GPR results and on the
1-D shear wave velocity.

7.2. INTRODUCTION
Site 2 (US 54) is located approximately 2 miles west of Camdenton, MO (Figure
7.1).

Figure 7.1. Location of the of the US 54 study site about two miles west of Camdenton.
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The pavement at Site 2 consists of approximately 12 in. thick of full depth
bituminous mix (BM). There was visible evidence of surface cracks. Common defects
observed in the pavement included cracking (block, alligator, transverse and
longitudinal), rutting, distortions, and patches. Hence, the site was considered to be in fair
condition with a PASER rating of between 4 and 5. The condition of the site is shown in
(Figure 7.2. and Figure 7.3). The average air temperature during field data acquisition at
the test site was 36 °F.

Figure 7.2. Photograph of US 54 (Site 2). The pavement appeared to be in fair condition
with block crack, alligator cracks and rutting observed on the surface.

Figure 7.3. Photograph of US 54 (Site 2). The pavement was observed to be in fair
condition with evidence of patches as well as longitudinal and transverse cracks on the
surface.
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Five electrical resistivity profiles were acquired on the south shoulder along five
traverses and forty one multi-channel analyses of surface wave profiles at the stations
placed at 25 ft. intervals along the (1000ft) of segment of the roadway (center of the
bound lane) (Figure 7.4. and Figure 7.5). The separation between each MASW traverse
and the corresponding ERT traverse was about 20 ft. (center of lane to DOT right of
way). This separation can explain many of the minor differences between the ERT and
MASW interpretations as subsurface conditions can vary significantly over short
distances in karst terrain. Also, the paved surfaces on which the MASW data were
acquired were elevated (typically by multiple feet) relative to the DOT ROW in which
the ERT data were acquired.

Figure 7.4. Site US 54 layout. ERT data were acquired a 1000 ft traverse in the DOT
ROW at both sides of the site. The start and end of each ERT traverse were consistent
with the start and end of the corresponding GPR traverses. Active MASW data were
acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR
traverse 3. GPR traverses 1-5. High-frequency (1.5 GHz antenna) GPR data were
acquired along all five traverses; low-frequency (400 MHz antenna) data GPR data were
acquired along traverse 3 only. Ten core controls were collected throughout the site.
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The ERT field data were acquired using an AGI SuperSting R8/IP resistivity
system and 72 electrodes spaced at 5 ft. intervals (dipole-dipole array). While the MASW
data were acquired using an engineering seismograph and twenty-four low-frequencies
(4.5 Hz) vertical geophones spaced at 1.5 ft. Five ground penetrating radar profiles
oriented west to east opposite to each other acquired along the study site to support the
geophysical data acquired along US 54 site. Also ten core samples were collected
throughout the whole site (Figure 7.4).

Figure 7.5. ERT and MASW traverse locations.
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The output of ERT for US 54 sit was a 1000 ft long 2-D resistivity image of the
subsurface (ERT profile) with superposed geologic interpretations (Figure7.15). The
geologic interpretations are based on the assumption that measured variations in the
resistivity of the subsurface reflect corresponding changes in lithology. On the other
hand, the final output was a 1000 ft. 2-D shear-wave velocity profile of the subsurface
(MASW profile) with superposed geologic interpretations (Figure7.16). The geologic
interpretations are based on the assumption that measured variations in the acoustic
properties of the subsurface reflect corresponding changes in lithology content.

7.3. GEOLOGY AND STRATIGRAPHY
Camden County is in the south-central part of Missouri that represent Salem
Plateau, which includes most of the Ozarks in Missouri, is a maturely dissected, rolling
surface preserved largely on Ordovician rocks (Figure 7.6). The total area of the County
is about 708 square miles, or 453,216 acres, of which about 67 square miles, or 42,944
acres, is water. Camdenton, the county seat, is in the south-central part of the county. A
major portion of the Lake of the Ozarks is in Camden County. The lake is a major tourist
attraction and retirement area and contributes significantly to the economy of the county.
The area around the Lake of the Ozarks has developed rapidly in recent years. This
development has contributed to the increased construction of dwelling and new
businesses and to the expansion of existing businesses. From oldest to youngest, the
geologic formations that crop out in Camden County are the Eminence Dolomite,
Gasconade Dolomite, Roubidoux Formation, and Jefferson City Dolomite. In the
boreholes that available on this area, the formations encountered, are Eminence
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Dolomite, Gunter Sandstone member, Gasconade Dolomite, and Residuum on the top
(Figure 7.9). The thickness of bedrock varies according to extent of erosion and
weathering (Wolf et al, 1994).

Figure 7.6. Physiogeographic regions of Missouri (Missouri Department of Natural
Resources, 2002). The study area is marked as blue dot.

Camden County is on the Salem Plateau, a sub province of Ozark Province. The
landscape varies from steeply sloping wooded hills and narrow, stony valleys in the Lake
of the Ozarks region to gently rolling, prairielike uplands in southeastern Camden
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County. There are several old and inactive geologic faults that pass through Camden
County. One of the most prominent is the Red Arrow fault, which runs from northwest to
southeast across central Camden County. Highway 54 crosses the Red Arrow fault
approximately one-fourth mile west of the Niangua Arm Bridge. Bedrock consists of
dolomite, cherty dolomite, and sandstone of Cambrian and Ordovician age. The steeply
dipping bedrock exposed in the roadcut is an example of fault displacement (Figure 7.7).
Because of the effects of weathering, the bedrock surface is uneven. The depth to bedrock
ranges from less than a foot on glades and rocky slopes to over 50 feet in areas where
weathering has been severe (Wolf et al, 1994).

Figure 7.7. Steeply dipping bedrock exposed in the roadcut.
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Eminence Dolomite is 300 to 350 feet thick. It consists of gray to light brown
dolomite that has thin beds of chert. Druse, a particular type of chert, is common in small
cavities in the dolomite. Eminence Dolomite is exposed only along the southern part of
Lake of the Ozark where the US54 study sit is located (Figures 7.7 and 7.8).

Figure 7.8. Topographyic map for north-east part of Phelps County includes study site
(US 54). The study area marked with red.
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Gasconade dolomite is 220 to 330 feet thick. In the boreholes that available and
close to the US 54 study site, the thickness was about 240 ft in one borehole and even
thicker in the other borehole (Figure 7.10). It is composed of light brown to gray
dolomite that has thin to massive layers of chert. The formation can be divided into two
units. The upper unit is 40 to 60 feet thick. It consists of massive beds of coarse grained
dolomite and small amounts of white chert. The lower unit is very cherty. It consists of
thin to medium beds of dolomite interbedded with cherty layers and nodules. Outcrops of
Gasconade Dolomite form high bluffs along the lake and in other parts of the county. The
Gunter Sandstone member, a sandstone unit, forms the base of the Gasconade. It is 15 to
20 feet thick. It is composed of thinly bedded sandstone that is visible as small bluffs or
as series of large boulders. The Gunter is mainly exposed on hillsides bordering the
Niangua Arm (Figure 7.8). The Roubidoux Formation generally is 130 to 150 feet thick.
The upper part is commonly weathered and eroded; therefore, the thickness of the
formation varies. The formation is made up of cherty dolomite, chert, and sandstone.
Parts of the formation are composed almost entirely of hard, brittle layers of chert. Each
layer is several feet thick. The Roubidoux Formation in Camden County has less
sandstone that it does in the countries to the south (Wolf et al, 1994).
Outcrops frequently develop a ragged, dirty appearance because of the effects of
weathering on reddish, stained layers of chert, dolomite, and quartzose sandstone and that
is why this formation does not expose close to US 54 study site. Jefferson City Dolomite
ranges from less than 10 feet to more than 100 feet in thickness. It consists of silty to
crystalline dolomite with thin to medium beds of chert and an occasional thin layer of
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sandstone. The upper part of the Jefferson City Dolomite is commonly weathered and
eroded; therefore, the depth to bedrock and the thickness of residumm vary.

7.4. BOREHOLE DATA
A total of three boreholes were drilled with different distances and elevations
around the study site (Figure 7.9). The distance between the boreholes and the elevations
are shown in (Figure 7.10) and (Table 7.1). Borehole # 028793 was located at the lower
elevation of approximately 870 ft with distance approximately 7228.16 ft from the area
where the geophysical data was acquired. Boreholes # 002506 and # 027877 were
located at the about 3500 ft from the ERT and MASW traverses and with elevation of 980
ft., 1010 ft respectively.

Figure 7.9. Locations of well logs available around the study area. Boreholes # 027877
and # 002506 are located close to the study site while the other borehole is located at
least 2 miles away from the study site.
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Table 7.1 Borehole, ERT, and MASW data comparison for US 54.

Figure 7.10. Cross sections for study site US 54.
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The top of boreholes down to about twenty feet deep was residuum and then
Gasconade Dolomite was encountered after that in two boreholes (# 002506 and #
027877). It is about 280 feet thick and it is composed of light brown to gray dolomite
that has thin to massive layers of chert. The Gunter Sandstone member, a sandstone unit,
forms the base of the Gasconade in borehole # 027877 and the base of residuum in
borehole # 002506. It is 20 feet thick.
Weathered bedrock was encountered at 35 and 55 in boreholes # 027877and #
002506, this depth was reasonable consistent with top of bedrock on the half profiles of
both ERT and MASW techniques. In the contrast the top of intact rock was very shallow
on the second half of both profiles because the road segment almost laydown on the top
of the bedrock.

7.5. ACQUISITION OF ELECTRICAL RESISTIVITY TOMOGRAPHY DATA
Five overlapping ERT data were acquired on the surface of the shoulder of US 54
roadway segment (1000 ft.) long along five traverses at the east side of the roadway
segment (A, B, C, D, and E Figure 7.4 and 7.11) in an effort to map the top of rock and
evaluate the subsurface all the way down to the top of rock. The ERT data were acquired
using an AGI SuperSting R8/IP resistivity unit equipped with a dipole-dipole array
consisting of 72 electrodes (Figure 7.12).
Typically depth of investigation is 20 percent of the length of the array with 72
available electrodes and the required minimum depth of investigation of 60 ft, 5 ft
spacing between electrodes was chosen for this ERT survey.
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Figure 7.11. Showing site US 54 layout ERT data were acquired along 1000 ft. traverse
in the DOT ROW at east side of the site. The start/end of each ERT traverse was
consistent with the start/end of the corresponding GPR traverses. MASW data were
acquired at 41 stations (every 25 ft from the 0 ft. mark to the 1000 ft. mark) along GPR
traverse 3.

Figure 7.12. ERT data were acquired at US 54 study site using an AGI SuperSting R8/IP
resistivity system and a dipole-dipole array. Electrodes were spaced at 5 ft intervals.
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The ERT data of site US 54 were acquired on October within two days. The
output of profiles A, B, C, D, and E ERT data is 2-D electrical resistivity image of the
subsurface (Figure 7.16). An estimate of the extent to which the output 2-D image
correlates with the input apparent resistivity data is provided as a percent error. The
acquired ERT field data were good quality and were processed using RES2DINV
software.

Raw data (calculated apparent resistivity ρa) are downloaded from the control

unit for further processing.

Processing software provides for automated or manual

editing to remove individual data values that appear to be anomalous and therefore
unreliable. Processing software also automatically inverts the apparent resistivity data
and generates an optimum resistivity image of the subsurface.
Usually, the inversion of the apparent resistivity data does not require interactive
input from the interpreter. However, some processing parameters can be interactively
changed to enhance the output.
MASW field data were acquired at 41 locations along roadway site using an
engineering seismograph and twenty-four low-frequency (4.5 Hz) vertical geophones
spaced at 1.5 ft. (Figure 7.13) Acoustic energy was generated at an offset (distance to
nearest geophone) of 10 ft using a 12 lb. sledge hammer and metal plate.
Each MASW field record was transformed into dispersion data (Rayleigh-wave
velocity vs. frequency format; standard, established mathematical process that does not
require any interactive input from the interpreter). The dispersion data are analyzed
qualitatively (processor input is required) and optimum phase velocities are selected
(dispersion curve). The dispersion curve is usually inverted without any qualitative input
from the interpreter and transformed into a 1-D shear-wave velocity profile.
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Figure 7.13. Active MASW data were acquired at US 54 sit using a 24-channel
engineering seismograph and 24 low-frequency (4.5 Hz) geophones spaced at 1.5 ft.
intervals.

Raw seismic data, Dispersion curve and 1-D shear-wave velocity are shown in
(Figure. 7.14). By convention, the 1-D shear-wave velocity profile is assumed to
represent the velocity of the subsurface at the mid-point of the array (stations every 25 ft).
In reality, the 1-D velocity profile represents (more-or-less) the average shear-wave
velocity along the entire length of the array.

Figure 7.14. Raw seismic data, Dispersion curve and 1-D shear-wave velocity profile
#17centered at 400-ft mark. Interpreted top of rock in excess of 1500 ft. /sec. is at a depth
around 25 ft.
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The forty-one 1-D shear-wave velocity profiles generated for the site were
combined to create a 2-D shear-wave velocity profile. Each 2-D profile was 1000 ft in
length (Figure 7.17). These 2-D profiles depict both lateral and vertical variations in the
shear-wave velocity and can be transformed into 2-D geologic profiles. These 2-D
geologic profiles constitute the final deliverable. As noted, the 1-D velocity profile
represents (more-or-less) the average shear-wave velocity along the entire length of the
array. MASW lateral resolution at the site is therefore on the order of 34.5 ft. The
acquired MASW field data were good quality and were processed using SurfSeis3
software.

7.6. INTERPRETATION OF ERT DATA
The ERT data were acquired in five traverses at the east side US 54 roadway site
approximately 1000 ft. and the output of the five traverses is 2-D electrical resistivity
image of the subsurface. A typical depth of investigation for the deployed resistivity
dipole-dipole array with 72 electrodes and 5-ft spacing between the electrodes is 20% of
the array length. Therefore the expected achievable depth of imaging in this site was
approximately 60 ft (Figures 7.15, 7.17, and 7.18). The ERT field data were good quality
and were processed using RES2DINV software.
The MASW data were acquired a linear array of geophones (24 geophones spaced
at 1.5 ft. intervals along 41 traverses. The array of geophones was centered at
predetermined station locations (every 25 ft.) along the site (Figure 7.16). The resolution
and the depth of investigation in the MASW method are defined by the receiver
(geophone) spacing, the array length and the source size.
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Figure 7.15. Photograph and aerial image of the US 54 road segment (looking north, on
the south side of the US 54 site) includes the five ERT traverses locations along the study
site in the order from south to north, and 2-D uninterpreted ERT image of the subsurface
for the five profiles acquired on the site. The datum is the ground surface in the DOT
ROW (approx. 1-2 ft. below pavement surface). Distances and depths are in units of feet.
Resistivity is in units of ohm-m.

The geophone spacing defined the shallowest resolvable depth of investigation.
However, the maximum achievable depth of investigation is usually limited by the
seismic source. In this case study a seismic array of 24 geophones spaced at 1.5ft was
used to increase vertical resolution and minimize lateral smearing and with 10 ft offset.
The expected achievable depth of investigation was approximately 70 ft. The acquired
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MASW data sets were processed using SurfSeis software. The forty-one 1-D shear-wave
velocity profiles generated for each site were combined to create a 2-D shear-wave
velocity profile of the subsurface of the site. The 2-D profile was 1000 ft. in length
(Figure 7.16).

Figure 7.16. Photograph and aerial image of the US 63 road segment (on the bound lane
of the US 54 site) includes the forty one MASW traverses locations along the study site
in the order from south to north, and 2-D uninterpreted MASW image of the the
subsurface for the forty one profiles acquired along the northbound lane of the site.
Datum on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft
above ERT datum). Distances and depths are in units of feet. Velocities are in units of
feet per second.
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These 2-D profiles depict both lateral and vertical variations in the shear-wave
velocity and can be transformed into 2-D geologic profiles.
All electrical resistivity field data sets were transformed into contoured twodimensional resistivity images (Figure 7.17). The contoured values on ERT profile show
distribution of the resistivity values in the subsurface along the traverse. The depth of
investigation extends to a depth of approximately 60 ft along the profile.

Figure 7.17. Concatenated uninterpreted ERT profile, oriented west-east, with elevation
control for the south side of US 54.

From the ERT image in (Figure 7.18), the southern part of the profile from 0 to
500 ft mark shows low resistivity values all the way down to depth about 60 ft in the
middle of the area and decrease on both ends that is because the data were acquired on
area that had been filled with material for adjusting purpose to lay down the road section
on this area. The upper part of the same section to around 1 – 2 ft depth was characterized

148
by higher resistivity values compare to the lower area due to loading that cause by
vehicles through the time.

Figure 7.18. Interpreted ERT profiles oriented south-north for the east side of US 54.
ERT data were acquired on fill material from 0-ft to 500-ft mark. Distances and depths
are in units of feet. Resistivity is in units of ohm-m. Interpreted top of rock is shown by
the dashed blue line.

The northern section of the ERT profile (Figure 7.19) from around 500 ft mark
into the end of the profile shows high resistivity values almost throughout the whole
section down to the achieved depth that is because the data were acquired almost on the
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top of rock especially at the end of the profile from 800 ft up to the 1000 ft distance. At
500 ft to around 800 ft mark which represent the middle of the investigated site shows
intermediate to high resistivity values compare to both ends. These intermediate to high
resistivity values indicate that the area might be exposed to weather due to high moisture
concentrations on the southern part that comes before this section.

Figure 7.19. Interpreted ERT profiles oriented north-south for the south side of US 54.
ERT data were acquired almost on the top rock from around 500 ft up to the end.
Distances and depths are in units of feet. Resistivity is in units of ohm-m. Interpreted top
of rock is shown by the dashed blue line.
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Typically, at this site, intact/dry rock is characterized by resistivity values in
excess of 1500 ohm-m and weathered rock by values between 50 and 1500 ohm-m. The
soils at this site are characterized by a broad range of resistivity values. Moist clayey
soils are characterized by resistivity values less than about 20 ohm-m; dry fill, in places,
is characterized by resistivity values in excess of 1000 ohm-m. Indeed, where dry fill and
soil overly rock, the contact between the layers cannot be differentiated (Figure 7.20).

Figure 7.20. Concatenated interpreted ERT profiles oriented south-north for the right side
of US 54. Distances and depths are in units of feet. Resistivity is in units of ohm-m.
Interpreted top of rock is shown by the dashed red line. Intact rock (as per the superposed
interpretation) is characterized by resistivity values in excess of 1500 ohm-m; weathered
rock by values between 50 and 1500 ohm-m; moist clayey soils are characterized by
resistivity values less than about 20 ohm-m; dry fill, in places, is characterized by
resistivity values in excess of 1000 ohm-m.

One-dimensional shear-wave velocity profiles were generated for each of the
forty one data sets. One of these profiles is shown in ( Figure 7.21). The MASW data
were good quality. All the one-dimensional shear-wave velocity profiles were
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combined into a two-dimensional shear-wave velocity profile (Figure 7.22) due to
variations in the individual shear-wave velocity profiles and large interval spacing
between the profiles. A two-dimensional MASW shear-wave velocity profile was
generated from forty one MASW data sets acquired around 15 ft and parallel to ERT
traverse at 25-ft intervals.
Based on 2-D MASW shear-wave velocity, the top of weathered rock which
characterized by velocity in excess1,000 ft/s shear-wave velocity value was mapped at a
depth of around 50 ft in the western part of the study area from 0-ft mark to 500-ft mark
below the low velocity zone. And from 500-ft into 1000-ft mark the top of rock was
mapped at very shallower depths around one feet or even less that (Figure 7.22).

Figure 7.21. 1-D shear-wave velocity profiles 17, acquired at station 400 ft. Interpreted
top of rock in excess 1500 ft./sec. is at a depth of approximately 25 ft. This depth
correlates well with the ERT-estimated depth to the top of rock at station 400 ft.
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Figure 7.22. Interpreted 2-D MASW shear-wave velocity profile. Datum on the 2-D
MASW profile corresponds to the top of pavement (approx. 1-2 ft. above ERT datum).
The top of rock marked by dashed red line. Distances and depths are in units of
feet.Velocities are in units of feet per second.

Side-by-side comparison of the ERT profile acquired at the shoulder of US 54
section with the 2-D MASW profile acquired in the bound lane about 15 ft from ERT
profile is shown in (Figure 7.23). From the two images, the places that characterized by
low resistivity values in the ERT profile were consistent with the places that
characterized by low shear wave velocity values in the MASW. And also area that was
characterized by intermediate to high resistivity values was matched well with the areas
that characterized by intermediate to high shear wave velocity values. Therefore, the top
of weathered and intact rock on the interpreted 2-D MASW was reasonable superposed
on ERT profile (Figure 7.23).
There is very good correlation between the two images (Figure 7.23). Sections on
ERT profile where there are low, intermediate, or high resistivity values correlated very
well with sections where there is low, intermediate, or high shear wave velocity values.

153

Figure 7.23. Side-by-side comparison of ERT profiles acquired at the right side of the site
with MASW arrays acquired at the north bound lane about 20 ft the ERT profiles.
Interpreted top of rock is shown by the dashed red line. The areas that characterized by
low resistivity values in the ERT profile were consistent with the areas that characterized
by low shear wave velocity values in the MASW.

Typically, intact rock is characterized by resistivity values in excess of 1500 ohmm and velocity in excess of 1300 ft/sec; weathered rock by values between 50 and 1500
ohm-m and velocity in excess of 1000 ft/sec; soil and moist clayey soils mostly by values
less than 100 ohm-m) and velocity less than 700 ft/sec.
The southern part of the ERT profile from 0 ft into 500 ft mark especially the first
two feet depth, dry and compacted fill occupied this area and was characterized by
intermediate to high resistivity values, then suddenly changed to low resistivity zone
down to almost the achieved depth due to high moisture content. In contrast the same
section in MASW profile was characterized by intermediate to low velocity values down
to almost the same depth. While the northern part of the ERT profile from 500-ft mark up
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to the end was covered by dry fill and then weathered and intact rock was characterized
by intermediate to high resistivity values, the same section in MASW was characterized
by intermediate to high velocity values.
From the geology of the County, there are several old and inactive geologic faults
that pass through Camden County. One of the most prominent is the Red Arrow fault,
which runs from northwest to southeast across central Camden County. Highway 54
crosses the Red Arrow fault approximately one-fourth mile west of the Niangua Arm
Bridge. In the boreholes that available on this area, the formations encountered,
Gasconade, Van Buren, and Gunter Formation were appeared with different thickness. In
borehole # 027877 which is, located west of the study site the Formation was
appeared with thickness 240 ft. Then, in borehole # 002506 which is, located
northeast of the study site was appeared with thickness less than that (about 120 ft)
while, Van Buren, and Gunter Formation disappeared in borehole # 028793 which is,
located southwest of the site with lower elevation level from the other two
boreholes and from also the study site. Bedrock consists of dolomite, cherty dolomite,
and sandstone of Cambrian and Ordovician age which represents Van Buren, and Gunter
Formation. This consistent with both # 027877 and # 002506 boreholes, which
showed Van Buren, and Gunter Formation with different thickness below Residuum at
depth around 50 ft. The thickness of bedrock varies according to extent of erosion and
weathering. The steeply dipping bedrock exposed in the roadcut is an example of fault
displacement. Because of the effects of weathering, the bedrock surface is uneven. The
depth to bedrock ranges from less than a foot on glades and rocky slopes to over 50 feet
in areas where weathering has been severe.
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The top of weathered rock on the southern part of ERT profile was mapped at
depth below the zone that was characterized by low resistivity and velocity values. The
mapped top of rock on this section was at depth about 50 ft. In contrast, on the northern
area of the study site, the top of weathered rock was very shallow especially between 500
to around 750 ft mark. After 750 ft mark, the geophysical data considered to be acquired
on the top of rock.
Five ground penetrating radar profiles oriented west-east acquired along the study
site to support the geophysical data acquired along US 54study site. Also ten core
samples were collected throughout the whole site. Photograph of the site US54 and
examples of GPR section using 1.5 GHz antenna, core control sample, and MASW 1-D
shear wave velocity are presented in (Figure 7.24).

Figure 7.24. Photograph of the site US54 and examples of A) GPR section 1.5 GHz
antenna. B) Core control. C) MASW 1-D shear wave velocity.
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Pavement base was marked by red dashed line and pavement subbase was marked
by yellow dashed line. And soil layer with green dashed line in the 1-D shear wave
velocity profile. The pavement thickness is approximately 3.5 in. of bituminous mix
(BM) overlay over an existing 8 inch PCC layer, the layer of bituminous mix ~3.5 inch.
This thickness consistent with the thickness obtained from the core control sample
(Figure 7.24).

7.7. CONCLUSION
Electrical resistivity tomography acquired at the shoulder of Us 54 study site
and multi-channel analyses of surface wave were acquired on the pavement section of
the site around 15 ft from the ERT array. ERT imaged the subsurface to a depth of
approximately 60 ft while MASW was able to image down to the same depth which is
approximately 70 ft Interpretation and analyses of the ERT, MASW shows very good
relation. The top of rock in the eastern part was mapped at depth about 55 ft from 0 ft
mark up to the middle of the section and decrease in both ends on both ERT and MASW
profiles. This depth was reasonable consists with the depth obtained from boreholes #
002506 # 027877 while top of rock was not encountered at borehole #028793.
This study site (Highway 54) crosses the Red Arrow fault approximately onefourth mile west of the Niangua Arm Bridge. That is maybe interpreted why in the
boreholes # 027877 and # 002506 that are located on west to northeast of the study
site, the Gasconade, Van Buren, and Gunter Formations were appeared with different
thickness, 240 ft, 120 respectively, while these formations disappeared in borehole
# 028793 which is located on the southwest of the site. Bedrock consists of dolomite,
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cherty dolomite, and sandstone of Cambrian and Ordovician age which represents Van
Buren, and Gunter Formation. This consistent with both # 027877 and # 002506
boreholes, which showed Van Buren, and Gunter Formation with different thickness
below Residuum at depth around 50 ft where top of weathered rock was mapped.
Sections on ERT profile where there are low, intermediate, or high resistivity
values correlated very well with sections where there is low, intermediate, or high shear
wave velocity values. For instance, intact rock is characterized by resistivity values in
excess of 1500 ohm-m and by velocity in excess of 1300 ft/sec; weathered rock by values
between 50 and 1500 ohm-m and by velocity in excess of 1000 ft/sec; soil and moist
clayey soils mostly by values less than 100 ohm-m) and pavement, soil and moist clayey
soils by velocity less than 1000 ft/sec. At the first 500 ft on both ERT and MASW which
represent the half of the area of the study site very thin layer of dry fill overlying on moist
clayey soil down to the obtained depth. This area was characterized by low resistivity and
velocity values due to high moisture contents. That is interpreted why there was visible
surface defects on this area which including cracking (block, alligator, transverse and
longitudinal), rutting, distortions, and patches. In contrast, the second half pavement
section showed less visible surface defects than the first section that is because the
section is lying down on intact rock as ERT and MASW data showed this area with high
resistivity and velocity values.
The pavement thickness from the core control is approximately 12 in. of
bituminous mix (BM). This thickness consistent with the thickness obtained from GPR
results and on the 1-D shear wave velocity as well.
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8. MO 179 CASE STUDY

8.1. ABSTRACT
Electrical resistivity tomography (ERT) and multi-channel analyses of surface
waves (MASW) data were acquired at the US 63 study site approximately 1000 ft. long
with the purpose of evaluating the condition of pavement, base and native soil all the
way down to the top of bedrock. The ERT field data were acquired in the DOT right of
way with total of five overlapping profiles using 72 electrodes spaced at 5 ft. intervals,
while the MASW data were acquired in the about 30 ft from the ERT profile.
Ground penetrating radar data were acquired, ten core samples were collected
along the Mo 179 site, and boreholes were available around the study site to support the
geophysical data.
Based on the analyses of the acquired ERT and MASW data, the interpreted
top of weathered rock is at a depth of 22 ft. This depth estimate is reasonably consistent
with the interpreted ERT profile where the depth to interpreted top of rock is varying
from 19 ft to 25 ft. On both ERT and MASW data, there are areas that characterized by
low resistivity values less than 100 ohm-m and by velocity less than 800 ft/sec. These
low resistivity and velocity values were due to remaining water that gathered on the
surface from rain and that led water to escape to subsurface and that makes the bedrock to
be intensely weathered rock. That can interpret why some common defects observed in
the pavement surface included cracks (longitudinal, transverse, and block) and slight
evidence of rutting on those areas that characterized by very low resistivity and velocity
values compare to the surrounding weathered rock.
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8.2. INTRODUCTION
Site 3 (MO 179) is located approximately 4 miles west of Jefferson City, MO
(Figure 8.1). Typical Site 3 pavement consists of approximately 12.25 in. thick full depth
bituminous mix (BM) (Figures 8.2 and 8.3).

Figure 8.1. Location of the Rte. 179 study site approximately 4 miles west of Jefferson
City, MO.
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Figure 8.2. Photograph of site of segment Rte. 179 (Site 3) looking south.

Figure 8.3. Photograph showing typical condition of the MO 179 (Site 3) pavement site at
the time of field investigation looking south.
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Site 3 was investigated at night. A thorough visual inspection of the site as seen in
(Figure 8.3) indicated that the pavement was in good condition with a PASER rating of 6.
Some common defects observed in the pavement included cracks (longitudinal,
transverse, and block) and slight evidence of rutting. A photograph of Site 3 is shown in
(Figure 8.3). The average air temperature during field data acquisition at the test site was
43 °F.
Five electrical resistivity profiles were acquired on the shoulder along five
traverses and forty one multi-channel analyses of surface wave profiles at the stations
placed at 25 ft. intervals along the (1000ft) of segment of the roadway (center of the
bound lane) (Figure 7.4. and Figure 7.5).

Figure 8.4. Site Rte. 179 layout. ERT data were acquired a 1000 ft traverse in the DOT
ROW at both sides of the site. The start and end of each ERT traverse were consistent
with the start and end of the corresponding GPR traverses. Active MASW data were
acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR
traverse 3. GPR traverses 1-5. High-frequency (1.5 GHz antenna) GPR data were
acquired along all five traverses; low-frequency (400 MHz antenna) data GPR data were
acquired along traverse 3 only. Ten core controls were collected throughout the site.
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The separation between each MASW traverse and the corresponding ERT
traverse was about 30 ft (center of lane to DOT right of way). This separation can explain
many of the minor differences between the ERT and MASW interpretations as subsurface
conditions can vary significantly over short distances in karst terrain. Also, the paved
surfaces on which the MASW data were acquired were elevated (typically by multiple
feet) relative to the DOT right of way in which the ERT data were acquired.
The ERT field data were acquired using an AGI SuperSting R8/IP resistivity
system and 72 electrodes spaced at 5 ft. intervals (dipole-dipole array), while the MASW
data were acquired using an engineering seismograph and twenty-four low-frequencies
(4.5 Hz) vertical geophones spaced at 1.5 ft. Five ground penetrating radar profiles
oriented north to south opposite to each other acquired along the study site to support the
geophysical data acquired along Rte. 179 site. Also ten core samples were collected
throughout the whole site (Figures 8.4 and 8.5).
The output of ERT for Rte. 179 site was a 1000 ft long 2-D resistivity image of
the subsurface (ERT profile) with superposed geologic interpretations (Figure 8.14 and
8.16). The geologic interpretations are based on the assumption that measured variations
in the resistivity of the subsurface reflect corresponding changes in lithology. On the
other hand, the final output was a 1000 ft. 2-D shear-wave velocity profile of the
subsurface (MASW profile) with superposed geologic interpretations (Figure 8.15 and
8.20). The geologic interpretations are based on the assumption that measured variations
in the acoustic properties of the subsurface reflect corresponding changes in lithology
content.
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Jefferson County is in the eastern part of Missouri (Figure 8.6 and 8.7). The
county has an area of about 425,280 acres, or about 664 square miles. This includes
about 2,176 acres of water in the Big, Meramec, and Mississippi Rivers and many large
impoundments.

Figure 8.5. ERT and MASW traverse locations.

8.3. GEOLOGY AND STRATIGRAPHY
Jefferson County is bordered on the north by the Meramec River and St. Louis
County, on the east by the Mississippi River, on the south by Ste. Genevieve and St.
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Francois Counties, and on the west by Washington and Franklin Counties. Hillsboro, near
the center of the county, is the county seat. The county is in three land resource areas.
The eastern part of the county is in the Central Mississippi Valley Wooded Slopes, the
central part is in the Ozark Border, and the southwestern part is in the Ozark Highland.
Jefferson County is divided into seven distinct physiographic regions; from the
northeast to the south, they are: a small area of Dissected Till Plains, the River Hills, the
Zell Platform, the Burlington Escarpment, the Crystal Escarpment, the Salem Plateau,
and the Avon Escarpment (Marbut, 1896).

Figure 8.6. Physiographic regions of Missouri (Missouri Department of Natural
Resources, 2002). The study area is marked as blue dot.
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Figure 8.7. Topographyic map for north-east part of Phelps County includes study site
(Rte. 179). The study area marked with red.
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These regions have landscape shapes controlled by separate geologic units with
variable bedding thickness, weather ability, and time of deposition. They vary from
narrow ridgetops with steep hills and narrow valleys to gently rolling uplands (Figure
8.7). There is an association of soils that dominate each area. The Dissected Till Plains
consist of rolling and partially dissected basin with low hills and broad ridges adjacent to
the lower Meramec and Mississippi Rivers. Thick layers of alluvium and loess have
subsequently covered glacial till and outwash materials. Deible and Freeburg soils are the
dominant soil types on this landform.
There are 22 geologic formations exposed in Jefferson County, which range from
Cambrian to Pennsylvanian systems in age (Missouri Geological Survey, 1961). The
Cambrian system has the oldest rocks that crop out and are composed primarily of
massive dolostone. Lead and zinc ores and barite were mined from Cambrian
formations, which occur in areas bordering Big River and larger creeks in the southern
part of the county (Figure 8.7) (Skaer, 2004).
The Ordovician system is exposed in almost three-quarters of the county and has
had a significant role in the economic growth and development. Quarries in limestone
and dolostone have furnished building stones, aggregate, and cement for highways,
bridges, and buildings. Sand mined in the St. Peter Sandstone is used by the glass
industries. The Devonian system is represented by a narrow band of sandstone, shale,
and limestone that crosses the northeastern part of the county (Figure 8.7) (Skaer, 2004).
The Mississippian system is predominantly limestone and cherty limestone. These
limestones weather easily and produce cherty soils that are very deep and are also in the
northeastern part of the county. The Pennsylvanian system consists of reddish-brown
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sandstone and bluish-gray to purple shale, which is found in sink depressions or large
vertical bedrock joints. Geologic units consist of flat to gently dipping bedrock
dominated by dolostone, sandstone, and limestone formations. A slight regional dip of 1
to 2 degrees to the northeast has been altered by northwest-southeast trending folds and
faults where bedrock dip is over 10 degrees. Several zones of high-angle faults that are
downthrown are considered to be extensions of the Ste. Genevieve fault system. They are
the crystal city anticline, the plattin creek anticline, the Roselle lineament, the rugley
school fault block, the Summit Park structure, and the Valles mines-vineland fault zone.
A structure known as the Eureka-House Springs anticline has been traced from the
Mississippi River to near Wright City (McCracken, 1971). The potential for landslide or
slump occurs in areas of the Maquoketa and Warsaw shales. Sinkholes are numerous in
the Kimmswick limestone. The geologic formations exposed in the boreholes that are
located to the study site are; Residuum with about 15 ft thick, Jefferson City formation
with 110 ft thick, and Roubidoox formation in the bottom (Figure 8.9).

8.4. BOREHOLE DATA
In this site, the boreholes are located in very close elevation level. Three
boreholes were chosen in this site with different distances around the study site (Figure
8.8). The distance between the boreholes and the elevations are shown in (Figure 8.9) and
(table 8.1). Boreholes # 09398 and # 011263 were located at the elevations of
approximately 794 and 768 ft with distances approximately 3888.7 ft, and 2,213.74 from
the area where the geophysical data was acquired. Borehole # 016747 was located little
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bit farther from the ERT and MASW traverses than the other two boreholes and
elevation around 100 ft lower from both boreholes.
The top of boreholes down to about fifteen feet deep was residuum and then
Jefferson City formation with around 110 ft thick in boreholes # 09398 and # 011263
and Roubidoux formation formed the bottom of both boreholes (Figure 8.9).

Figure 8.8. Locations of well logs available in the study area. Boreholes at this site are
located in very close elevation level.

Table 8.1. Borehole, ERT, and MASW data comparison for Rte.179

169

Figure 8.9. Cross sections for study site Mo179.

8.5. ACQUISITION OF ELECTRICAL RESISTIVITY TOMOGRAPHY DATA
The ERT data at site 3 were acquired along five overlapping profiles on the
surface of the shoulder of (Rte. 179) roadway segment (1000 ft.) at the west side of the
roadway segment (A, B, C, D, and E Figure 8.4 and 8.10) in an effort to map the top of
rock and evaluate the subsurface all the way down to the top of rock. The ERT data were
acquired using an AGI SuperSting R8/IP resistivity unit equipped with a dipole-dipole
array consisting of 72 electrodes Figure 8.11 and the MASW shown in (Figure 8.12).
Typically depth of investigation is 20 percent of the length of the array with 72
available electrodes and the required minimum depth of investigation was about 70 ft at
the beginning of the profile and decrease towards the end, 5 ft spacing between electrodes
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was chosen for this ERT survey. The ERT data of site Rte. 179 were acquired on October
within two days.

Figure 8.10. Ret 179 site layout where ERT data were acquired along a 1000 ft. traverse
in the DOT ROW of the site. The start/end of each ERT traverse was consistent with the
start/end of the corresponding GPR traverses. MASW data were acquired at 41 stations
(every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR Traverse 3.

The output of profiles A, B, C, D, and E ERT data is 2-D electrical resistivity
image of the subsurface (Figure 8.14 and 8.16). An estimate of the extent to which the
output 2-D image correlates with the input apparent resistivity data is provided as a
percent error. The acquired ERT field data were good quality and were processed using
RES2DINV software.
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Raw data (calculated apparent resistivity ρa) are downloaded from the control unit
for further processing. Processing software provides for automated or manual editing to
remove individual data values that appear to be anomalous and therefore unreliable.

Figure 8.11. ERT data were acquired at the Ret 179 study site using an AGI SuperSting
R8/IP resistivity system and a dipole-dipole array. Electrodes were spaced at 5 ft
intervals.

172

Figure 8.12. Active MASW data were acquired at the Ret 197 site using a 24-channel
engineering seismograph and 24 low-frequency (4.5 Hz) geophones spaced at 1.5 ft.
intervals.
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Processing software also automatically inverts the apparent resistivity data and
generates an optimum resistivity image of the subsurface. Usually, the inversion of the
apparent resistivity data does not require interactive input from the interpreter. However,
some processing parameters can be interactively changed to enhance the output.
MASW field data were acquired at 41 locations along roadway site using an
engineering seismograph and twenty-four low-frequency (4.5 Hz) vertical geophones
spaced at 1.5 ft. (Figures 8.4, 8.10, and 8.12). Acoustic energy was generated at an
offset (distance to nearest geophone) of 10 ft using a 12 lb. sledge hammer and metal
plate. Each MASW field record was transformed into dispersion data (Rayleigh-wave
velocity vs. frequency format; standard, established mathematical process that does not
require any interactive input from the interpreter).
The dispersion data are analyzed qualitatively (processor input is required) and
optimum phase velocities are selected (dispersion curve). The dispersion curve is usually
inverted without any qualitative input from the interpreter and transformed into a 1-D
shear-wave velocity profile. Raw seismic data, Dispersion curve and 1-D shear-wave
velocity are shown in (Figure. 8.13). By convention, the 1-D shear-wave velocity profile
is assumed to represent the velocity of the subsurface at the mid-point of the array
(stations every 25 ft). In reality, the 1-D velocity profile represents (more-or-less) the
average shear-wave velocity along the entire length of the array.
The forty-one 1-D shear-wave velocity profiles generated for the site were
combined to create a 2-D shear-wave velocity profile. Each 2-D profile was 1000 ft in
length (Figures 8.15 and 8.20). These 2-D profiles depict both lateral and vertical
variations in the shear-wave velocity and can be transformed into 2-D geologic profiles.
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These 2-D geologic profiles constitute the final deliverable. As noted, the 1-D velocity
profile represents (more-or-less) the average shear-wave velocity along the entire length
of the array. MASW lateral resolution at the site is therefore on the order of 34.5 ft. The
acquired MASW field data were good quality and were processed using SurfSeis3
software.

Figure 8.13. Raw seismic data, Dispersion curve and 1-D shear-wave velocity profile #
26 centered at 625-ft mark on the MASW array.
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8.6. INTERPRETATION OF ERT DATA
The ERT data were acquired in five traverses at the east side of Rte. 179 roadway
site approximately 1000 ft. and the output of the five traverses is 2-D electrical resistivity
image of the subsurface.
A typical depth of investigation for the deployed resistivity dipole-dipole array
with 72 electrodes and 5-ft spacing between the electrodes is 20% of the array length.
Therefore the expected achievable depth of imaging in this site was approximately 55 ft
(Figure 8.14 and 8.16). The ERT field data were good quality and were processed using
RES2DINV software.
The MASW data were acquired a linear array of geophones (24 geophones spaced
at 1.5 ft. intervals along 41 traverses. The array of geophones was centered at
predetermined station locations (every 25 ft.) along the site (Figure 8.12). The resolution
and the depth of investigation and three traverses at the other side in the MASW method
are defined by the receiver (geophone) spacing, the array length and the source size.
The geophone spacing defined the shallowest resolvable depth of investigation.
However, the maximum achievable depth of investigation is usually limited by the
seismic source. In this case study a seismic array of 24 geophones spaced at 1.5ft was
used to increase vertical resolution and minimize lateral smearing and with 10 ft offset.
The expected achievable depth of investigation was approximately 70 ft. The acquired
MASW data sets were processed using SurfSeis software.
The forty-one 1-D shear-wave velocity profiles generated for each site were
combined to create a 2-D shear-wave velocity profile of the subsurface of the site. The 2D profile was 1000 ft. in length (Figure 8.15 and 8.20). These 2-D profiles depict both
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lateral and vertical variations in the shear-wave velocity and can be transformed into 2-D
geologic profiles.

Figure 8.14. Photograph and aerial image of the Rte. 179 road segment (looking south)
includes the five ERT traverses locations along the study site in the order from south to
north, and 2-D uninterpreted ERT image of the subsurface for the five profiles acquired
on the site. The datum is the ground surface in the DOT ROW (approx. 1-2 ft. below
pavement surface). Distances and depths are in units of feet. Resistivity is in units of
ohm-m.
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Figure 8.15. Photograph and aerial image of the Ret. 179 road segment (looking north, on
the east side of the Ret. 179 site) which includes the forty one MASW traverses locations
along the study site in order from south to north, and 2-D uninterpreted MASW image of
the subsurface for the forty one profiles acquired along the bound lane of the site. Datum
on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft above ERT
datum). Distances and depths are in units of feet. Velocities are in units of feet per
second.

178
All electrical resistivity field data sets were transformed into contoured twodimensional resistivity images (Figure 8.14 and 8.16). The contoured values on ERT
profile show distribution of the resistivity values in the subsurface along the traverse. The
depth of investigation extends to a depth of approximately 55 ft along the whole profile
from 0 ft-marks up to the 1000 ft which represents the end point.

Figure 8.16. Concatenated uninterpreted ERT profile, oriented south-north, for the west
side of Rte. 179.

Typically, at this site, the intact/dry rock is characterized by resistivity values in
excess of 1500 ohm-m and weathered rock by values between 50 and 1500 ohm-m. The
soils at Site 3 are characterized by a broad range of resistivity values. Moist clayey soils
are characterized by resistivity values less than about 20 ohm-m; dry fill and soil, in
places, is characterized by resistivity values in excess of 1000 ohm-m. Indeed, where dry
fill or dry soil overly rock, the contact between the two layers cannot be differentiated
(Figure 8.16 and 8.17).
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At 0-200-ft and also 500 – 860 ft mark, these areas were characterized by low
resistivity values less than 100 ohm-m due to remaining water that gathered on the
surface from rain. The water rain from the hills around the study site with the time
gathered on the surface of these two sections and remains for some time, that led to high
water saturation below the surface which makes the bedrock to be intensely weathered
rock and characterized by low resistivity values compare to the surrounding weathered
rock. In contrast, the middle and the end of the study site were flat and do not allow water
to be gathering on the surface. That is why the rock is less weathered in these areas and
was characterized by intermediate to high resistivity values (Figure 8.17). Typically top
of weathered rock vary along the study section from 19 ft to 25 ft and was characterized
by resistivity values between 50 and 1500 ohm-m (Figure 8.17).

Figure 8.17. Concatenated Interpreted ERT profiles oriented south-north for east side of
Rte. 179. Resistivity is in units of ohm-m. Interpreted top of rock is shown by the red
line. Intact rock is characterized by resistivity values in excess of 1500 ohm-m;
weathered rock by values between 75 and 1500 ohm-m; and soil mostly by values less
than 100 ohm-m. The soil/rock contact corresponds (approximately) to the 75 ohm-m
contour interval.
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One-dimensional shear-wave velocity profiles were generated for each of the
forty one data sets. One of these profiles is shown in ( Figure 8.19). The MASW data
were good quality. All the one-dimensional shear-wave velocity profiles were
combined into a two-dimensional shear-wave velocity profile (Figure 8.20) due to
variations in the individual shear-wave velocity profiles and large interval spacing
between the profiles. A two-dimensional MASW shear-wave velocity profile was
generated from forty one MASW data sets acquired at 25-ft intervals parallel to the
ERT traverse. Based on 2-D MASW shear-wave velocity, the top of weathered rock
1,000 ft/s shear-wave velocity value was mapped at a depth of around 22 ft in first 40
ft distance, then goes down to 25 ft around 100 ft distance. From 175-ft into 525-ft mark,
was mapped at around depth 19 ft, then goes down again to depth around 25 ft and little
bit deeper between 550 to 750 ft mark. After 775 ft amrk up to the end, the top of
weathered rock was mapped again at around 19 ft depth (Figures 8.18 and 8.20).

Figure 8.18. Interpreted ERT profiles oriented north-south for the west side of Rte.179.
At 0-200-ft and also 500 – 860 ft mark characterized by low resistivity values due to high
concentration of water gathered on the surface. Distances and depths are in units of feet.
Resistivity is in units of ohm-m. Interpreted top of rock is shown by the dashed blue line.
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Figure 8.19. 1-D shear-wave velocity profile 26, acquired at station 625 ft. Interpreted top
of weathered rock in excess 1500 ft/sec. is at a depth of approximately 27 ft. This depth
correlates well with the ERT-estimated depth to the top of rock at station 625 ft.

Figure 8.20. Interpreted 2-D MASW shear-wave velocity profile. Datum on the 2-D
MASW profile corresponds to the top of pavement (approx. 1-2 ft. above ERT datum).
Distances and depths are in units of feet. Velocities are in units of feet per second.
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Side-by-side comparison of the ERT profile acquired at the east side of the site
with the 2-D MASW profile acquired at the north bound lane about 30 ft far from ERT
profile is shown in (Figure 8.21). From the two images, the places that characterized by
low resistivity values in the ERT profile were consistent with the places that
characterized by low shear wave velocity values in the MASW. And also area that was
characterized by intermediate to high resistivity values was matched well with the areas
that characterized by intermediate to high shear wave velocity values. Therefore, the top
of weathered and intact rock on the interpreted 2-D MASW was superposed on ERT
profile (Figure 8.21).

Figure 8.21. Side-by-side comparison of ERT profiles acquired at the right side of the site
with MASW arrays acquired at the bound lane about 30 ft from the ERT profiles.
Interpreted top of rock is shown by the dashed red line. The areas that characterized by
low resistivity values in the ERT profile were consistent with the areas that characterized
by low shear wave velocity values in the MASW.
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There is very good correlation between the three images. Sections on both ERT
profiles where there are low, intermediate, or high resistivity values correlated very well
with sections where there low, intermediate, or high shear wave velocity values. For
instance, intact rock is characterized by resistivity values in excess of 1500 ohm-m and
velocity in excess of 1300 ft/sec; weathered rock by values between 50 and 1500 ohm-m
and velocity in excess of 1000 ft/sec. The soils at this site are characterized by a broad
range of resistivity values. Moist clayey soils are characterized by resistivity values less
than about 20 ohm-m; dry fill and soil, in places, is characterized by resistivity values in
excess of 1000 ohm-m. Pavement and soil are characterized by velocities less than 1000
ft/sec. Indeed, where dry fill or dry soil overly rock, the contact between the two layers
cannot be differentiated.
At 0-200-ft and also 500 – 860 ft mark in both profiles (ERT&MASW), these
areas were characterized by low resistivity values less than 100 ohm-m and by velocity
less than 800 ft/sec. That was due to remaining water that gathered on the surface from
rain. The water rain from the hills around the study site with the time gathered on the
surface of these two sections and remains for some time, that led to high water saturation
below the surface which makes the bedrock to be intensely weathered rock and
characterized by low resistivity and velocity values compare to the surrounding
weathered rock. In contrast, the middle and the end of the study site were flat and do not
allow water to be gathering on the surface. That is why the rock is less weathered in these
areas and was characterized by intermediate to high resistivity values. All that can
interpret why thorough visual inspection of the site some common defects observed in the
pavement surface included cracks (longitudinal, transverse, and block) and slight
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evidence of rutting on those areas that characterized by very low resistivity and velocity
values compare to the surrounding weathered rock. From both ERT and MASW profiles,
the top of rock was mapped at a depth of around 22 ft in first 40 ft distance, then goes
down to 25 ft around 100 ft distance. From 175-ft into 525-ft mark, was mapped at
around depth 19 ft, then goes down again to depth around 25 ft and little bit deeper
between 550 to 750 ft mark. After 775 ft amrk up to the end, the top of weathered rock
was mapped again at around 19 ft depth.
Five ground penetrating radar profiles oriented south to north acquired along the
study site to support the geophysical data acquired along Rte. 179 site. Also ten core
samples were collected throughout the whole site. Photograph of the Rte. 179 road
segment and examples of GPR section using 1.5 GHz antenna, GPR section using low
frequency 400 MHz antenna, core control sample, and MASW 1-D shear wave velocity
are presented in (Figure 8.22). Pavement base was marked by red dashed line and
pavement subbase was marked by yellow dashed line. And soil layer with green dashed
line in the 1-D shear wave velocity profile. Typical Site 3 pavement consists of
approximately 12.25 in. thick full depth bituminous mix (BM) This thickness consistent
with the thickness obtained from the core control sample (Figure 8.22).

8.7. CONCLUSION
Electrical resistivity tomography acquired at the shoulder of Rte.179 site and
multi-channel analyses of surface wave were on the pavement section of the site around
30 ft from the ERT array. ERT imaged the subsurface to a depth of approximately 55ft
while MASW was able to image down to the same depth which is approximately 70 ft.
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Figure 8.22. Photograph of the site Mo 179 and examples of A) GPR section 1.5 GHz
antenna. B) GPR section 400 MHz antenna C) Core control. D) MASW 1-D shear wave
velocity.

There is very good correlation between the three images. From both ERT and
MASW data, the places that characterized by low resistivity values in the ERT profile
were consistent with the places that characterized by low shear wave velocity values in
the MASW. And also areas that were characterized by intermediate to high resistivity
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values were matched well with the areas that characterized by intermediate to high shear
wave velocity values. Therefore, the top of weathered and intact rock on the interpreted
2-D MASW was superposed on ERT profile. The top of rock was mapped at a depth of
around 22 ft in first 40 ft distance, then goes down to 25 ft around 100 ft distance. From
175-ft into 525-ft mark, was mapped at around depth 19 ft, then goes down again to depth
around 25 ft and little bit deeper between 550 to 750 ft mark. After 775 ft amrk up to the
end, the top of weathered rock was mapped again at around 19 ft depth. This depth was
consists with borehole #011263 which was encountered at depth 20 ft and a little
different from borehole # 009398 which was 12 ft while the top of weathered rock was
faced at shallow depth which is 3 ft.
Typical Site 3, intact rock is characterized by resistivity values in excess of 1500
ohm-m and velocity in excess of 1300 ft/sec; weathered rock by values between 50 and
1500 ohm-m and velocity in excess of 1000 ft/sec. The soils at this site are characterized
by a broad range of resistivity values. Moist clayey soils are characterized by resistivity
values less than about 20 ohm-m; dry fill and soil, in places, is characterized by
resistivity values in excess of 1000 ohm-m. Pavement and soil are characterized by
velocities less than 1000 ft/sec.
At 0-200-ft and also 500 – 860 ft mark in both profiles (ERT&MASW), these
areas were characterized by low resistivity values less than 100 ohm-m and by velocity
less than 800 ft/sec. These low resistivity and velocity values were due to remaining
water that gathered on the surface from rain and that led water to escape to subsurface
and that makes the bedrock to be intensely weathered rock. That can interpret why some
common defects observed in the pavement surface included cracks (longitudinal,
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transverse, and block) and slight evidence of rutting on those areas that characterized by
very low resistivity and velocity values compare to the surrounding weathered rock.
The pavement thickness from the core control is approximately 12 in. of
bituminous mix (BM). This thickness consistent with the thickness obtained from GPR
results and on the 1-D shear wave velocity as well.
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9. HWY AT CASE STUDY

9.1. ABSTRACT
Five Electrical resistivity tomography (ERT) profiles and forty one multichannel analyses of surface wave (MASW) arrays were acquired at the Hwy AT study
site approximately 1000 ft long with the objective to evaluate the condition of
pavement, base and native soil all the way down to the top of bedrock. The ERT field
data were acquired at the shoulder in the north side of the Hwy AT road with total of five
overlapping profiles, and MASW data were acquired in 20 ft from the ERT profile.
Ground penetrating radar data were acquired, nine core samples were collected along the
Hwy AT site and four boreholes were chosen to support the geophysical data.
Based ERT and MASW data, the interpreted top of weathered rock is at a depth
around 12 ft. This depth estimate is consistent with boreholes. The subsurface of the road
segment on both ERT and MASW profiles was characterized by very low zone values
(resistivity and velocity) down to depth around 12 feet. And also at station between 0650 ft below the low values zone to the achieved depth, this area shows extensively
resistivity and velocity values (low to intermediate) and was considered to be weathered
rock. That is interpreted the visible longitudinal clear crack on the pavement surface
along the section. While the last 300 ft shows intact rock below the low zone values. That
is interpreting why the longitudinal crack was decreased towards the end of the pavement
section. From the core control, the pavement consisted of AC overlay (variable thickness)
over 6 in. of PCC. This thickness consistent with the thickness obtained from GPR results
and on the 1-D shear wave velocity as well.

189
9.2. INTRODUCTION
Site 4 is located along Hwy AT near Franklin County, MO US 63 (Figure 9.1).
The pavement consisted of AC overlay (variable thickness) over 6 in. of PCC.

Figure 9.1. Location of the Hwy AT study site near Franklin County, MO.
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Hwy AT road segment was observed to be in good condition except some visible
surface with a PASER rating of 7 as seen in (Figure 9.2). The top BM layer displayed
visible evidence of deterioration such as cracking, slight distortion, and patches. A
photograph of a typical patch observed is shown in (Figure 9.3). The average air
temperature during field data acquisition at the test site was 70 °F.

Figure 9.2. Photograph of Hwy AT. The pavement was observed to be in good condition
except some visible surface defects were observed.

Figure 9.3. Photograph of HWY AT (Site 4) pavement showing cracks and patch
observed on the pavement surface.
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Five electrical resistivity profiles were acquired on the shoulder along five
traverses and forty one multi-channel analyses of surface wave profiles at the stations
placed at 25 ft. intervals along the (1000ft) of segment of the roadway (center of the
bound lane) (Figure 9.4. and Figure 9.5).
The separation between each MASW traverse and the corresponding ERT
traverse was about 30 ft (center of lane to DOT right of way). This separation can
explain many of the minor differences between the ERT and MASW interpretations as
subsurface conditions can vary significantly over short distances in karst terrain. Also, the
paved surfaces on which the MASW data were acquired were elevated (typically by
multiple feet) relative to the DOT right of way in which the ERT data were acquired.

Figure 9.4. Site Hwy U layout. ERT data were acquired a 1000 ft traverse in the DOT
ROW at both sides of the site. The start and end of each ERT traverse were consistent
with the start and end of the corresponding GPR traverses. Active MASW data were
acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR
traverse 3. GPR traverses 1-5. High-frequency (1.5 GHz antenna) GPR data were
acquired along all five traverses; low-frequency (400 MHz antenna) data GPR data were
acquired along traverse 3 only. Ten core controls were collected throughout the site.
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Figure 9.5. ERT and MASW traverse locations.

The ERT field data were acquired using an AGI SuperSting R8/IP resistivity
system and 72 electrodes spaced at 5 ft. intervals (dipole-dipole array). While the MASW
data were acquired using an engineering seismograph and twenty-four low-frequencies
(4.5 Hz) vertical geophones spaced at 1.5 ft. Five ground penetrating radar profiles
oriented east to west opposite to each other acquired along the study site to support the
geophysical data acquired along HWY AT site. Also nine core samples were collected
throughout the whole site (Figure 9.4).
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The output of ERT for HWY AT site was a 1000 ft long 2-D resistivity image of
the subsurface (ERT profile) with superposed geologic interpretations (Figure 9.14 and
9.16). The geologic interpretations are based on the assumption that measured variations
in the resistivity of the subsurface reflect corresponding changes in lithology. On the
other hand, the final output was a 1000 ft. 2-D shear-wave velocity profile of the
subsurface (MASW profile) with superposed geologic interpretations (Figure 9.15 and
9.18). The geologic interpretations are based on the assumption that measured variations
in the acoustic properties of the subsurface reflect corresponding changes in lithology
content.

9.3. GEOLOGY AND STRATIGRAPHY
Franklin County is in the east-central part of Missouri on the northern edge of the
Ozark region (Figure 9.6 and 9.7). It has an area of 595,226 acres, or about 930 square
miles, including 5,203 acres of water areas 40 acres or more in size. Franklin County is
bordered on the north by the Missouri River and St. Charles County, on the east by St.
Louis and Jefferson Counties, on the south by Washington and Crawford Counties, and
on the west by Gasconade County.
The county is in three land resource areas within the East and Central Farming
and Forest Region. The northern part of the county is on the Central Mississippi Valley
Wooded Slopes, the central part is on the Ozark Border, and the southern part is on the
Ozark Highland. The physiographic features of Franklin County occur as four major
landforms and a number of geologic formations. Geologic erosion, differential
weathering of different kinds of rock, and stream drainage patterns have contributed to
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the morphology of the landforms and of other surface features. The major landforms are
the Salem Plateau, the River Hills, the St. Louis highlands, and the flood plains along
the Missouri River and along other streams (Vanatta et al, 1913).

Figure 9.6. Physiographic regions of Missouri (Missouri Department of Natural
Resources, 2002). The study area is marked as blue dot.

The Salem Plateau is by far the most extensive landform in the county. It is a
high area that is dissected by many streams and hollows and that is tilted toward the
north and east (Figure 9.6. and Figure 9.7). The residual material in Franklin County is
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derived from sedimentary rocks, mainly dolomite and sandstone formations of the
Ordovician System.Other important sources are clays and the associated sandstone and
clastic rocks of the Pennsylvanian System; Burlington limestone of the Mississippian
System, in the northeast corner of the county where this study site is located; and some
Eminence dolomite of the Cambrian System, in the extreme southern part.

Figure 9.7. Topographyic map for north-east part of Franklin County includes study site
(Hwy AT). The study area marked with red.
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The soils on the flood plains in Franklin County formed in alluvial deposits
about 3 to more than 30 feet thick. These soils differ widely in texture and chemical
composition, reflecting a diversity of origin, varying speeds of floodwater, and various
kinds of primary source material. The soils on the flood plains along the Missouri
River, which have a vast watershed as their source of material, are rich in unweathered
minerals. The characteristics of this material affect the chemical and mineralogical
composition of the soil. The parent materials in Franklin County are residuum, or
material weathered from bedrock; loess, or silty wind- deposited material; alluvium, or
water-deposited material on flood plains; and colluvium, or material transported by
gravity and water.
The dolomite in the county varies in content of chert. Material weathered from
cherty dolomite of the Gasconade Formation probably is the principal parent material of
Goss soils, although some studies attribute the origin of this material to submarine
volcanism and volcanic ash deposition. Gatewood and Gasconade soils formed
principally in the less cherty, argillaceous

residuum of the Jefferson City

Formation.Hobson, Holstein, Lily, and Ramsey soils formed mainly in sandstone
residuum of the Roubideaux Formation. This sandstone occurs most prominently as a
band extending past the middle of the county from the south corners and occurs
elsewhere in a random pattern of anticlinal structures. This roughly defined arc forms a
segment of the annular pattern surrounding the Ozark dome, where older formations
have been raised to positions above those of younger age by the Ozark uplift. The
Gasconade and Eminence Formations also are parts of this annular pattern.
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The formation that exposed on the boreholes around the study area include,
Residuum, Jefferson City, Roubidoux, and Gasconade, Residuum formed the top of three
boreholes (#026545, #006995, and #016009) with thickness less than 15 ft thick, Cotter
formation was appeared with very thin thickness on the top of borehole # 026016.
Jefferson City and Roubidoox formation were appeared with variable thickness between
30 – 200 ft thick , and Gasconade Formation was formed the bottom of borehole #
026545 (Figure 9.9).

9.4. BOREHOLE DATA
A total of 4 boreholes were drilled around the study site to constrain the
interpretation of the geophysical data for both techniques (ERT and MASW). The
distance between the boreholes and the elevations are shown in (Figure 9.8) and (Table
9.1). The elevation level of these boreholes is variable between 350 to 650 ft. Borehole
#026016 was located at the higher elevation from the study site. It is located at of
approximately 648 ft, and also about 1600 ft far from the area where the geophysical
data has been acquired. The top of rock in this borehole was not matched with the
geophysical data of both methods (ERT and MASW) while the top of rock at Boreholes
#016009, #006995 was reasonable consistent with data for both techniques (Table 9.1).
The variation in the depth to rock is perhaps related to the difference in elevation and also
the locations of these boreholes are farther several hundred feet from the ERT and
MASW arrays.
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Figure 9.8. Locations of well logs available in the study area. Well log # 026545 is
located at the study site (location is approximate 70 ft). The other well logs are located at
around 700 to 1600 away from the study site.

Table 9.1. Borehole, ERT, and MASW data comparison for Hwy AT site.
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Figure 9.9. Cross sections for study site Hwy AT.

9.5. ACQUISITION OF ELECTRICAL RESISTIVITY TOMOGRAPHY DATA
The ERT data at site 4 were acquired along five overlapping profiles on the
surface of the shoulder of (Hwy AT) roadway segment (1000 ft.) at the north side of the
roadway segment (A, B, C, D, and E Figure 9.4 and 9.10) in an effort to map the top of
rock and evaluate the subsurface all the way down to the top of rock. The ERT data were
acquired using an AGI SuperSting R8/IP resistivity unit equipped with a dipole-dipole
array consisting of 72 electrodes (Figure 9.10 and 9.11). Typically depth of investigation
is 20 percent of the length of the array with 72 available electrodes and the required
minimum depth of investigation is 80 ft but the achieved depth is around 50 ft. 5 ft
spacing between electrodes was chosen for this ERT survey.
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Figure 9.10. Hwy AT layout where ERT data were acquired along a 1000 ft. traverse in
the DOT ROW at the south side of the site. The start/end of each ERT traverse was
consistent with the start/end of the corresponding GPR traverses. MASW data were
acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR
Traverse 3.

The ERT data at Hwy AT were acquired on October within two days. The output
of profiles A, B, C, D, and E ERT data is 2-D electrical resistivity image of the
subsurface (Figure 9.14 and 9.16). An estimate of the extent to which the output 2-D
image correlates with the input apparent resistivity data is provided as a percent error.
The acquired ERT field data were good quality and were processed using RES2DINV
software.
Raw data (calculated apparent resistivity ρa) are downloaded from the control unit
for further processing. Processing software provides for automated or manual editing to
remove individual data values that appear to be anomalous and therefore unreliable.
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Processing software also automatically inverts the apparent resistivity data and generates
an optimum resistivity image of the subsurface. Usually, the inversion of the apparent
resistivity data does not require interactive input from the interpreter. However, some
processing parameters can be interactively changed to enhance the output.
MASW field data were acquired at 41 locations along roadway site using an
engineering seismograph and twenty-four low-frequency (4.5 Hz) vertical geophones
spaced at 1.5 ft. (Figures 9.4, 9.10, and 9.12). Acoustic energy was generated at an
offset (distance to nearest geophone) of 10 ft using a 12 lb. sledge hammer and metal
plate. Each MASW field record was transformed into dispersion data (Rayleigh-wave
velocity vs. frequency format; standard, established mathematical process that does not
require any interactive input from the interpreter).

Figure 9.11. ERT data were acquired at Hwy AT study site using an AGI SuperSting
R8/IP resistivity system and a dipole-dipole array. Electrodes were spaced at 5 ft.
intervals.
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Figure 9.12. Active MASW data were acquired at Hwy AT site using a 24-channel
engineering seismograph and 24 low-frequency (4.5 Hz) geophones spaced at 1.5 ft.
intervals.

The dispersion data are analyzed qualitatively (processor input is required) and
optimum phase velocities are selected (dispersion curve). The dispersion curve is usually
inverted without any qualitative input from the interpreter and transformed into a 1-D
shear-wave velocity profile. Raw seismic data, Dispersion curve and 1-D shear-wave
velocity are shown in (Figure 9.13). By convention, the 1-D shear-wave velocity profile
is assumed to represent the velocity of the subsurface at the mid-point of the array
(stations every 25 ft). In reality, the 1-D velocity profile represents (more-or-less) the
average shear-wave velocity along the entire length of the array.
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Figure 9.13. Raw seismic data, Dispersion curve and 1-D shear-wave velocity profile #
36 centered at 875-ft mark. Interpreted top of rock (1000 ft. /s) is at a depth of around 12
ft.

The forty-one 1-D shear-wave velocity profiles generated for the site were
combined to create a 2-D shear-wave velocity profile. Each 2-D profile was 1000 ft in
length (Figures 9.15 and 9.18). These 2-D profiles depict both lateral and vertical
variations in the shear-wave velocity and can be transformed into 2-D geologic profiles.
These 2-D geologic profiles constitute the final deliverable. As noted, the 1-D velocity
profile represents (more-or-less) the average shear-wave velocity along the entire length
of the array. MASW lateral resolution at each site is therefore on the order of 34.5 ft.
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The acquired MASW field data were good quality and were processed using SurfSeis3
software.

9.6. INTERPRETATION OF ERT DATA
The ERT data were acquired in five traverses at the north side of Hwy AT
roadway site approximately 1000 ft. and the output of the five traverses is 2-D electrical
resistivity image of the subsurface. A typical depth of investigation for the deployed
resistivity dipole-dipole array with 72 electrodes and 5-ft spacing between the electrodes
is 20% of the array length. Therefore the expected achievable depth of imaging in this
site is approximately 70 ft but the achieved depth was obtained in the side was around 50
ft (Figure 9.14 and 9.16). The ERT field data were good quality and were processed using
RES2DINV software.
The MASW data were acquired a linear array of geophones (24 geophones spaced
at 1.5 ft intervals along 41 traverses. The array of geophones was centered at
predetermined station locations (every 25 ft.) along the site (Figure 9.12). The resolution
and the depth of investigation and three traverses at the other side in the MASW method
are defined by the receiver (geophone) spacing, the array length and the source size.
The geophone spacing defined the shallowest resolvable depth of investigation.
However, the maximum achievable depth of investigation is usually limited by the
seismic source. In this case study a seismic array of 24 geophones spaced at 1.5ft was
used to increase vertical resolution and minimize lateral smearing and with 10 ft offset.
The expected achievable depth of investigation was approximately 70 ft. The acquired
MASW data sets were processed using SurfSeis software.
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Figure 9.14. Photograph and aerial image of the Hwy AT road segment (looking
northeast, on the south side of the Hwy AT site) which includes the five ERT traverses
locations along the study site in the order from west to east, and 2-D uninterpreted ERT
image of the subsurface for the five profiles. The datum is the ground surface in the DOT
ROW (approx. 1-2 ft. below pavement surface). Distances and depths are in units of feet.
Resistivity is in units of ohm-m.
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Figure 9.15. Photograph and aerial image of the Hwy AT road segment (looking
northeast, on the south side of the Hwy AT site) includes the forty one MASW traverses
locations along the study site in the order from west to east, and 2-D uninterpreted
MASW image of the subsurface for the forty one profiles acquired along the northbound
lane of the site. Datum on the 2-D MASW profile corresponds to the top of pavement
(approx. 1-2 ft above ERT datum). Distances and depths are in units of feet. Velocities
are in units of feet per second.

207
The forty-one 1-D shear-wave velocity profiles generated for the site were
combined to create a 2-D shear-wave velocity profile of the subsurface of the road
segment. The 2-D profile was 1000 ft in length (Figure 9.15 and 9.19). These 2-D
profiles depict both lateral and vertical variations in the shear-wave velocity and can be
transformed into 2-D geologic profiles.
All electrical resistivity field data sets were transformed into contoured twodimensional resistivity images (Figure 9.14 and 9.16). The contoured values on ERT
profile show distribution of the resistivity values in the subsurface along the traverse. The
depth of investigation extends to a depth of approximately 50 ft throughout all the section
of the road segment.

Figure 9.16. Concatenated uninterpreted ERT profile, oriented east-west, for the south
side of Hwy AT road segment.

There is very good correlation between the two images. Sections on both ERT and
MASW profiles where there are low, intermediate, or high resistivity values correlated
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very well with sections where there low, intermediate, or high shear wave velocity
values. Typically, at this site, the intact/dry rock is characterized by resistivity values in
excess of 1500 ohm-m and weathered rock by values between 35 and 1500 ohm-m. The
soils at site four are characterized by a broad range of resistivity values. Moist clayey
soils are characterized by resistivity values less than about 20 ohm-m; dry fill, in places,
is characterized by resistivity values in excess of 500 ohm-m. (Figure 9.17).

Figure 9.17. Concatenated Interpreted ERT profiles with elevation control oriented
northeast-southwest for the right side of Hwy AT. Distances and depths are in units of
feet. Resistivity is in units of ohm-m. Interpreted top of rock is shown by the dashed red
line. Intact rock (as per the superposed interpretation) is characterized by resistivity
values in excess of 1500 ohm-m; weathered rock by values between 35 and 1500 ohm-m;
Moist clayey soils are characterized by resistivity values less than about 20 ohm-m; dry
fill, in places, is characterized by resistivity values in excess of 500 ohm-m.

One-dimensional shear-wave velocity profiles were generated for each of the
forty one data sets. One of these profiles is shown in ( Figure 9.18). The MASW
data were good quality. All the one-dimensional shear-wave velocity profiles were
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combined into a two-dimensional shear-wave velocity profile (Figure 9.19) due to
variations in the individual shear-wave velocity profiles and large interval spacing
between the profiles. A two-dimensional MASW shear-wave velocity profile was
generated from forty one MASW data sets acquired at 25-ft intervals parallel to the
ERT traverse. Based on 2-D MASW shear-wave velocity, the top of weathered rock
1,000 ft/s shear-wave velocity value was mapped at almost constant depth of around
15 ft along the whole 2-D shear wave velocity (Figure 9.19). This depth estimate is
reasonably consistent with the interpreted ERT profile (Fig. 6.17) where the depth to
interpreted top of rock is approximately 12 ft.

Figure 9.18. 1-D shear-wave velocity profile # 36, acquired at station 875 ft. Interpreted
top of weathered rock in excess of (1,000 ft/sec.) is at a depth of approximately 15 ft.
This depth correlates well with the ERT-estimated depth to the top of rock at station 875
ft.
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Figure 9.19. Interpreted 2-D MASW shear-wave velocity profile. Datum on the 2-D
MASW profile corresponds to the top of pavement (approx. 1-2 ft. above ERT datum).
Distances and depths are in units of feet. Velocities are in units of feet per second.

Side-by-side comparison of the ERT profile acquired at the north side of the site
with the 2-D MASW profile acquired at the north bound lane about 20 ft far from ERT
profile is shown in (Figure 9.20). From the two images, the places that characterized by
low resistivity values in the ERT profile were consistent with the places that
characterized by low shear wave velocity values in the MASW. And also area that was
characterized by intermediate to high resistivity values was matched well with the areas
that characterized by intermediate to high shear wave velocity values. Therefore, the top
of weathered and intact rock on the interpreted 2-D MASW was superposed on ERT
profile (Figure 9.20).
The ERT results of Hwy AT road segment shows low resistivity zone less than
about 20 ohm-m along the whole profile down to depth around 12 ft. this extended low
resistivity zone can be interpreted to be moist clayey soils, and this extensively low zone
due to high moisture content in this area or high concentration of water on the surface
which led to water leakage to the subsurface and cause weak zone. This low resistivity
zone was consistent with the 2-D MASW profile which shows low shear wave velocity
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zone along the whole 1000 ft section. At station between 0- 650 ft below from 12 ft depth
below the bottom of the low resistivity and velocity zone down to the achieved depth, this
area was considered to be weathered area and shows extensively resistivity values (low to
intermediate values). This area on the pavement shows longitudinal clear crack along the
section (Figure 9.21 and 9.22), while the last 300 ft of both ERT and MASW profiles
shows thin weathered zone below the low resistivity and velocity zone, and then directly
came intact rock down to the obtained depth. In contrast, the longitudinal clear crack was
decreased along the last 300 ft section.

Figure 9.20. Side-by-side comparison of ERT profiles acquired at the north side of the
site with MASW arrays acquired at the north bound lane about 20 ft from the ERT
profiles. Interpreted of weathered rock is shown by the dashed red line. The areas that
characterized by low resistivity values in the ERT profile were consistent with the areas
that characterized by low shear wave velocity values in the MASW.

212
In general, both images where correlated very well for instance, intact rock is
characterized by resistivity values in excess of 2000 ohm-m and velocity in excess of
1500 ft/sec; weathered rock by values in excess 1500 ohm-m and velocity in excess of
1000 ft/sec; soil and moist clayey soils mostly by values less than 100 ohm-m) while
pavement and soil was characterized by velocity less than 700 ft/sec.
Characteristically shallow subsurface along both ERT and MASW arrays was
characterized by low resistivity values in contrast in MASW were characterized by low
velocity values (Figure 9.20).

Figure 9.21. Photograph and aerial image of the site HWY AT showing the longitudinal
crack along the site. Crack was marked with dashed white line on both the photograph
and the aerial image. Top of weathered rock was marked with dashed red line. The
shallow subsurface was characterized by low resistivity values along the whole section.
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Figure 9.22. Photograph of the site HWY AT showing the longitudinal crack along the
site. Crack was marked with dashed white line on both the photograph and the aerial
image. Top of weathered rock was marked with dashed red line. The shallow subsurface
was characterized by low resistivity values along the whole section.

Typically top of weathered rock along the study site section was mapped at depth
approximately 11ft on ERT, and this depth was reasonable consistent with the interpreted
MASW profile where the depth to interpreted top of weathered rock is approximately 15
ft.
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Five ground penetrating radar profiles oriented east to west acquired along the
study site to support the geophysical data acquired along HWY AT site. Also nine core
samples were collected throughout the whole site. Photograph of the site HWY AT and
examples of GPR section using 1.5 GHz antenna, GPR section using low frequency 400
MHz antenna, core control sample, and MASW 1-D shear wave velocity are presented in
(Figure 9.23).

Figure 9.23. Photograph of the site Hwy AT and examples of A) GPR section 1.5 GHz
antenna. B) GPR section 400 MHz antenna C) Core control. D) MASW 1-D shear wave
velocity.
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The pavement base and subbase are marked with a red dashed line, and the soil
layer is marked with green dashed in the 1-D shear wave velocity profile. Typical Site 4
pavement consists of approximately 12.25 in. thick. This thickness compered well with
the GPR and MASW 1-D shear wave velocity.

9.7. CONCLUSION
There is very good correlation between both ERT and MASW profiles. The
places that characterized by low resistivity values in the ERT profile were consistent with
the places that characterized by low shear wave velocity values in the MASW. And also
area that was characterized by intermediate to high resistivity values was matched well
with the areas that characterized by intermediate to high shear wave velocity values.
Typically, at this site, the intact/dry rock is characterized by resistivity values in excess of
1500 ohm-m and weathered rock by values between 35 and 1500 ohm-m. The soils at site
four are characterized by a broad range of resistivity values. Moist clayey soils are
characterized by resistivity values less than about 20 ohm-m; dry fill, in places, is
characterized by resistivity values in excess of 500 ohm-m. The subsurface of the road
segment on both ERT and MASW profiles was characterized by very low zone values
down to depth around 12 feet. In contrast, there was visible longitudinal clear crack on
the pavement surface along the whole section. At station between 0- 650 ft below the low
values zone, to the achieved depth, this area was considered to be weathered rock area
and shows extensively resistivity and velocity values (low to intermediate) while the last
300 ft shows intact rock below the low zone. That is interpreting why the longitudinal
crack was decreased towards the end of the pavement section.
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Typically top of weathered rock along the study site section was mapped at depth
approximately 11ft on ERT, and this depth was reasonable consistent with the interpreted
MASW profile where the depth to interpreted top of weathered rock is approximately 15
feet. The tested pavement consisted of AC overlay (variable thickness) over 6 in. of PCC.
on the core control. This thickness consistent with the thickness obtained from GPR
results and on the 1-D shear wave velocity as well.
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10. I-55 PEMISCOT COUNTY CASE STUDY

10.1. ABSTRACT
Electrical resistivity tomography (ERT) and multi-channel analyses of surface
waves (MASW) data were acquired at the I-55 study site in Pemiscot County
approximately 1000 ft long with the objective to evaluate the condition of pavement,
base and native soil all the way down to the top of bedrock. The ERT field data were
acquired in both sides of the site, while the MASW data were acquired in the middle of
the bound lane of the northwest side. Ground penetrating radar data were acquired, eight
core samples were collected along the study site, and two boreholes were available to
support the geophysical data
Generally, the tested pavement rate indicates very good condition, that is possibly
because the section laydown on almost homogenous material that did not show high
diversity in resistivity or velocity values. The subsurface at this site from the surface and
all the way down to the obtained depth was characterized by resistivity and velocity
values that represent soil. The density of the soil gradually changes with depth into three
zones on the basis of resistivity and velocity. The zones includes, less dense soil which
characterized by low resistivity extends down to around 20 -25 ft depth, and then comes
thin layer of intermediate dense soil, and dense soil layer down to the achieved depth. At
station 950, a zone clayey soil of unknown origin and a possible fault because this area
shows low resistivity values compare to the soil type. The pavement thickness from the
core control is approximately 20 in. This thickness consistent with the thickness obtained
from GPR results and on the 1-D shear wave velocity as well.
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10.2. INTRODUCTION
Site (5) I-55 at Pemiscot County is located approximately 13 miles south from
Hayti, MO. (Figure 10.1).

Figure 10.1. Location of the I-55 study site located approximately 13 miles south from
Hayti, MO.
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The tested pavement consists of 8.5 in. of PCC overlay above an 8.75 in. thick
PCC layer. An approximately 2.5 in. thick layer of BM is embedded between the two
PCC layers. A visual inspection of the concrete pavement at this site showed no evidence
of surface defects. The top PCC layer displayed no visible evidence of surface cracks and
was given a PASER rating of 9, indicating very good condition. The condition of the site
is depicted in (Figure 10.2). The average air temperature during field data acquisition at
the test site was 77 °F.

Figure 10.2. Photograph of segment road I-55 Pemiscot County was taken looking
southwest.
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Five electrical resistivity profiles were acquired on the northwest shoulder along
five traverses using an AGI SuperSting R8/IP resistivity system and 72 electrodes spaced
at 5 ft (dipole-dipole array) and forty one multi-channel analyses of surface wave
profiles at the stations placed at 25 ft. intervals along the (1000ft) of the I-55 roadway
segment (center of the bound lane) around 30 ft from the ERT profile (Figure 10.3. and
Figure 10.4). Another ERT electrical resistivity arrays were acquired on the shoulder of
the other side of the roadway using an AGI SuperSting R8/IP resistivity system and 100
electrodes spaced at 5 ft (dipole-dipole array) around 150 ft from the other ERT profile
and around 120 ft from the MASW profile for correlation purpose and also to follow
minor faults or solution-widened fractures that maybe existing below the pavement.

Figure 10.3. Site I-55 layout. ERT data were acquired a 1000 ft traverse in the DOT
ROW at both sides of the site. The start and end of each ERT traverse were consistent
with the start and end of the corresponding GPR traverses. Active MASW data were
acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR
traverse 3. GPR traverses 1-5. High-frequency (1.5 GHz antenna) GPR data were
acquired along all five traverses; low-frequency (400 MHz antenna) data GPR data were
acquired along traverse 3 only. Eight core controls were collected throughout the site.
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This separation can explain many of the minor differences between the ERT and
MASW interpretations as subsurface conditions can vary significantly over short
distances in karst terrain Also, the paved surfaces on which the MASW data were
acquired were elevated (typically by multiple feet) relative to the DOT ROW in which
the ERT data were acquired. Five ground penetrating radar profiles oriented southwest –
northeast opposite to each other acquired along the study site to support the geophysical
data acquired along I-55 study site. Also eight core samples were collected throughout
the whole site (Figure 10.3).

Figure 10.4. ERT and MASW traverse locations.
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The output of ERT for US 63 site was a 1000 ft long 2-D resistivity image of the
subsurface (ERT profile) with superposed geologic interpretations (Figure 10.12 and
10.13). The geologic interpretations are based on the assumption that measured variations
in the resistivity of the subsurface reflect corresponding changes in lithology. On the
other hand, the final output was a 1000 ft. 2-D shear-wave velocity profile of the
subsurface (MASW profile) with superposed geologic interpretations (Figure 10.15).
The geologic interpretations are based on the assumption that measured variations in the
acoustic properties of the subsurface reflect corresponding changes in lithology content.

10.3. GEOLOGY AND MINING
Pemiscot County is in the extreme southeastern corner of Missouri and it has
the least relief of any county in the State Figure 10.5. The area of the county is 488
square miles, or 312,320 acres. Caruthersville is the county seat. The highest
elevation, 285 feet above sea level, is in the northeastern corner. And the lowest,
246 feet, is in the Southwestern corner. The distance between these two points is
more than 31 miles.

The difference in elevation is 39 feet, and the change in

elevation is at the rate of slightly more than 1foot per mile. The study area is situated
in Southeastern Lowlands which is part of the Mississippi embayment; consist
largely of alluvial deposits of sand, silt, and clay. Paleozoic, Cretaceous, and
Tertiary rocks are exposed on Crowleys Ridge, a line of low hills that rise above
the floodplain and lie diagonally across the northern part of the Southeastern
Lowlands. The entire land surface in Pemiscot County is alluvial origin. The
Mississippi and Ohio rivers were major sources of material (Sweet, 1912).
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Figure 10.5. Physiographic regions of Missouri (Missouri Department of Natural
Resources, 2002). The study area is marked as blue dot.

The material on the recent Mississippi river flood plain is composed of fresh
sediment that is nearly neutral in reaction and that retains most of the basic elements.
This young alluvium is of mixed composition, as its sources are glacial drift, loess,
and materials

weathered from rock formation in the wide reaches of the upper

Mississippi river basin. Sorting of these material occurs, but not consistently year after
year. The general pattern of deposit, however, is as follows. In general, the highest
elevations are on the old natural levees and those parts of the recent natural.
Levees that immediately border the Mississippi River. The clay or slack water,
areas are generally at the lower elevations (Figure 10.6).
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Figure 10.6. Topographyic map for middle part of Pemiscot County includes study site
(I-55). The study area marked with red.
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As a whole, the county is level to undulating. Local relief ranges from extremes
of less than 1 foot to mon' than 10 feet within a square mile, but a range from 1 foot to 5
feet is more common. In some large areas the land is essentially level. Artificial drainage
systems have increased the maximum relief by as much as 10 feet in some places. The
entire county is a product of stream deposition, and the landforms reflect this origin.
Sandbars occur on the meanders and curves of the river. Low ridges, or natural levees,
parallel the present river course, and remnants of such levees mark former positions of
the river. The large flood plains are marked by numerous oxbow lakes, meanders scars,
and abandoned cutoffs. In many places on tire flood plain, a chute cutoff has isolated a
sandbar and thus formed an island (Sweet, 1912).
Pemiscot County, part of the Mississippi river, delta, has three main in
physiography regions. The Mississippi river flood plain in the eastern part of the county,
the Little River basin on the western side, and the old natural levees interspersed
throughout the county. The levees are close to Portage Open Bay, Little River basin,
Pascola, and Hayti. The Level to gently undulating Mississippi river flood plain includes
remnants of old channels and lakes that resulted from frequent overflows. The flood plain
consists of mixed alluvium. The Little river basin consists of Heavy textured alluvium
deposited by slack water. Originally the Little River carried part of the drainage from
Cape Girardeau, Bollinger, and Wayne Counties that flowed from the eastern Ozarks
onto northern extent of lowland. As part of the early drainage program, Little river was
diverted east to the Mississippi River Just south of Cape Girardeau, but leak of a definite
channel and the nearly level topography of the area resulted in

the Little River

dispersing its waters over the entire basin. In addition, floodwaters of the
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Mississippi backed into the area. The present Littlie River drainage system
carries the runoff from the lowland part of the Little River watershed. The old
natural levees consist of weakly developed, acid, level to gently undulating soils formed
in old alluvium. An escarpment along the eastern boundary of the old natural levees
separates these levees from the recent Mississppi River flood plain (Sweet, 1912).
Drainage is a major concern in managing soils of this county. Under
natural conditions an estimated 10 percent of the county was permanently
ponded. A large part of the county was subject to overflow and was generally wet from 1
to 3 months of the year. Small, slow-moving, sluggish stream, such as Elk Chute and
little River, carried the runoff, but they meandered widely and overflowed their banks.
Some areas had good surface drainage, but for the most part, surface water flowed a way
slowly until artificial drainage project were started. The first major artificial drainage
efforts began in 1875 and were completed in 1899. These efforts consisted of dredging,
straightening, and removing obstructions from the Little River and its tributaries. The St.
Francis Levee District, organized in 1893, constructed the St. Francis Levee along the
Mississippi River from New Madrid to the State line. The results of the levee were good,
but it became evident that it alone was not sufficient when early levee construction was
washed away by floodwaters (Sweet, 1912).
The geologic formations exposed in the boreholes that are located to our study site
are; Residuum on the top of both boreholes with 20 feet thick, alluvium with different
thickness ranged between 100-290 ft thick, and then Willeox formed the bottom of both
boreholes (Figure 10.8).
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10.4. BOREHOLE DATA
A total of two boreholes were drilled at the study site (Figure 10.7). Both
Boreholes ##022529 and # 009460 was located at almost same elevation only 4 ft
different but they are around 5000 ft far from each other. Borehole # 009460 located
northeast of the study site by around 6000 ft far from the ERT and MASW traverses
while boreholes #022529 located southwest of the site by around 1600 ft far from both
traverses (Table 10.1).

Figure 10.7. Locations of boreholes available in the study area.

Table 10.1. Borehole, ERT, and MASW data comparison for I-55 at Pemiscot County.
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The geologic formations exposed in the boreholes that are located to our study site
are; Residuum on the top of both boreholes with 20 feet thick, alluvium with different
thickness ranged between 100-290 ft thick, and then Willeox formed the bottom of both
boreholes (Figure 10.8)
Bedrock was encountered at depths 111 and 310 ft in boreholes in contrast, the
obtained depth from both ERT and MASW was less than that depth, so bedrock was not
mapped by both techniques (ERT and MASW).

Figure 10.8. Cross sections for study site I-55 at Pemiscot County.
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10.5. ACQUISITION OF ELECTRICAL RESISTIVITY TOMOGRAPHY AND
MULTI- CHANNEL ANALYSIS OF SURFACE WAVE DATA.
Five overlapping ERT data were acquired on the surface of the shoulder of I-55
roadway segment (1000 ft.) long along five traverses (A, B, C, D, and E) at northeast side
while the data were acquired on the shoulder of the opposite side of the roadway segment
(A, B, and C) Figure 10.3, 10.4, and 10.9) in an effort to map the top of bed rock and
evaluate the subsurface all the way down to the top of rock. The ERT data were acquired
using an AGI SuperSting R8/IP resistivity unit equipped with a dipole-dipole array
consisting of 72 and 100 electrodes (Figure 10.10).

Figure 10.9. I-55 at Pemiscot County (Site 5) layout where ERT data were acquired along
a 1000 ft. traverse in the DOT ROW at both sides of the site. The start/end of each ERT
traverse was consistent with the start/end of the corresponding GPR traverses. MASW
data were acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark)
along GPR Traverse 3.
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Typically depth of investigation is 20 percent of the length of the array. With 72
available electrodes and the required minimum depth of investigation of about 40 feet at
northeast side and with 100 electrodes the required minimum depth of investigation of
about100 ft on the opposite side of the study site, 5 ft spacing between electrodes was
chosen for this ERT survey.
The ERT traverses on the right shoulder of the pavement site were acquired on
October while ERT traverses on left shoulder of the site were acquired in February of the
following year. The output of both five and three profiles ERT data is 2-D electrical
resistivity image of the subsurface (Figure 10.13 and 10.14). An estimate of the extent to
which the output 2-D image correlates with the input apparent resistivity data is provided
as a percent error. The acquired ERT field data were good quality and were processed
using RES2DINV software.

Figure 10.10. ERT data were acquired at I-55 study site at Pemiscot County using an AGI
SuperSting R8/IP resistivity system and a dipole-dipole array. Electrodes were spaced at
5 ft. intervals.
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Raw data (calculated apparent resistivity ρa) are downloaded from the control unit
for further processing. Processing software provides for automated or manual editing to
remove individual data values that appear to be anomalous and therefore unreliable.
Processing software also automatically inverts the apparent resistivity data and generates
an optimum resistivity image of the subsurface. Usually, the inversion of the apparent
resistivity data does not require interactive input from the interpreter. However, some
processing parameters can be interactively changed to enhance the output.
MASW field data were acquired at 41 locations along roadway site using an
engineering seismograph and twenty-four low-frequency (4.5 Hz) vertical geophones
spaced at 1.5 ft. (Figure. 10.11) Acoustic energy was generated at an offset (distance to
nearest geophone) of 10 ft using a 12 lb. sledge hammer and metal plate. Each MASW
field record was transformed into dispersion data (Rayleigh-wave velocity vs. frequency
format; standard, established mathematical process that does not require any interactive
input from the interpreter).

Figure 10.11. Active MASW data were acquired at I-55 study site at Pemiscot County
using a 24-channel engineering seismograph and 24 low-frequency (4.5 Hz) geophones
spaced at 1.5 ft. intervals.
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The dispersion data are analyzed qualitatively (processor input is required) and
optimum phase velocities are selected (dispersion curve). The dispersion curve is usually
inverted without any qualitative input from the interpreter and transformed into a 1-D
shear-wave velocity profile (Figure. 10.12). By convention, the 1-D shear-wave velocity
profile is assumed to represent the velocity of the subsurface at the mid-point of the array
(stations every 25 ft). In reality, the 1-D velocity profile represents (more-or-less) the
average shear-wave velocity along the entire length of the array.

Figure 10.12. Raw seismic data, Dispersion curve and 1-D shear-wave velocity profile #5
centered at100-ft. mark on the MASW array.

The forty-one 1-D shear-wave velocity profiles generated for the site were
combined to create a 2-D shear-wave velocity profile. Each 2-D profile was 1000 ft in
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length. These 2-D profiles depict both lateral and vertical variations in the shear-wave
velocity and can be transformed into 2-D geologic profiles. These 2-D geologic profiles
constitute the final deliverable. As noted, the 1-D velocity profile represents (more-orless) the average shear-wave velocity along the entire length of the array. The acquired
MASW field data were good quality and were processed using SurfSeis3 software.

10.6. INTERPRETATION OF ERT DATA
The ERT data were acquired along five traverses at the northeast side and along
three traverses at the opposite side of I-55 roadway segment at Pemiscot County,
approximately 1000 feet and the output is 2-D electrical resistivity image of the
subsurface. A typical depth of investigation for the deployed resistivity dipole-dipole
array with 72 electrodes and 5-ft spacing between the electrodes is 20% of the array
length. Therefore the expected achievable depth of imaging in this site was
approximately 80 ft but the achieved depth was 40 (Figure 10.13 and Figure 10.14),
while typical depth of investigation for the deployed resistivity dipole-dipole array with
100 electrodes and 5-ft spacing between the electrodes was around 100 ft. The ERT field
data were good quality and were processed using RES2DINV software. While the
MASW data were acquired a linear array of geophones (24 geophones spaced at 1.5 ft.
intervals along 41 traverses. The array of geophones was centered at predetermined
station locations (every 25 ft.) along the site (Figures 10.11and 10.15). The resolution and
the depth of investigation in the MASW method are defined by the receiver (geophone)
spacing, the array length and the source size.
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Figure 10.13. Photograph and aerial image of the of the I-55 road segment (looking
southwest, on the right side of the of the I-55 site) which includes the five ERT traverse
locations along the study site, in order from south to north, and 2-D uninterpreted ERT
image of the subsurface for the five profiles acquired on the site with elevation control.
The datum is the ground surface in the DOT ROW (approx. 1-2 ft. below pavement
surface). Distances and depths are in units of feet. Resistivity is in units of ohm-m.
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Figure 10.14. Photograph and aerial image of the I-55 road segment (looking southwest,
on the left side of the I-55 site) which includes the three ERT traverse locations along the
study site, in order from south to north, and 2-D uninterpreted ERT image of the
subsurface for the five profiles acquired on the site with elevation control. The datum is
the ground surface in the DOT ROW (approx. 1-2 ft. below pavement surface). Distances
and depths are in units of feet. Resistivity is in units of ohm-m.
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Figure 10.15. Photograph and aerial image of the I-55 road segment (looking southwest,
at the north bound lane of I-55 site) which includes the forty one MASW traverse
locations along the study site, in order from south to north, and a 2-D uninterpreted
MASW image of the subsurface for the forty one profiles acquired along the northbound
lane of the site. Datum on the 2-D MASW profile corresponds to the top of pavement
(approx. 1-2 ft above ERT datum). Distances and depths are in units of feet. Velocities
are in units of feet per second.
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The geophone spacing defined the shallowest resolvable depth of investigation.
However, the maximum achievable depth of investigation is usually limited by the
seismic source. In this case study a seismic array of 24 geophones spaced at 1.5ft was
used to increase vertical resolution and minimize lateral smearing and with 10 ft offset.
The expected achievable depth of investigation was approximately 50 ft.
The acquired MASW data sets were processed using SurfSeis software. The fortyone 1-D shear-wave velocity profiles generated for each site were combined to create a 2D shear-wave velocity profile of the subsurface of the site. The 2-D profile was 1000 ft.
in length (Figure 10.15). These 2-D profiles depict both lateral and vertical variations in
the shear-wave velocity and can be transformed into 2-D geologic profiles.
The five segments of acquired ERT data on the northeast side of the site were
concatenated into a tow-dimensional ERT profile (Figure 10.13 and 10.16). The
contoured values on ERT profile show distribution of the resistivity values in the
subsurface along the traverse. The depth of investigation extends to a depth of
approximately 50 ft along the profile.
Generally, the subsurface at this site all the way down to the obtained depth was
characterized by soil. The depth of investigation extends to a depth of approximately 50
ft along the profile. The density of the soil gradually changes with depth into three layers
on the basis of resistivity. Between stations 0-ft to around 600-ft mark, the less dense
which characterized by low resistivity extends down to around 20 ft depth, and then
comes thin layer of intermediate dense soil. After that appeared the dense soil layer down
to the achieved depth. While on the last 400 ft of the profile there is very thin layer of dry
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fill 1 to 2 ft thick. The dense soil extended only to 10 ft, and then variety of intermediate
to dense soil down to the obtained depth (Figure 10.17).

Figure 10.16. Concatenated uninterpreted ERT profile, oriented from northeast to
southwest, for the northwest of I-55 Pemiscot County.

Figure 10.17. Concatenated Interpreted ERT profiles oriented northeast-southwest for the
right side of I-55. Distances and depths are in units of feet. Resistivity is in units of ohmm. The soil at Site 5 can be divided into three layers on the basis of resistivity, the upper
layer of dry fill (resistivity values greater than 75 ohm-m); an intermediate layer of less
dense soil characterized by resistivity values between 10 and 50 ohm-m; and an
underlying layer of denser soil characterized by resistivity values greater than 50 ohm-m.
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In the opposite side of site (southeast side of I-55 road segment), the three
segments of the acquired ERT data were concatenated into a tow-dimensional ERT
profile (Figure 10.14 and 10.18). The depth of investigation extends to a depth of
approximately 100 ft along the profile. The shallow subsurface to depth approximately 5
ft which is considered the upper layer represents dry fill, it shows low to intermediate
resistivity values comparing to the lower layers. After that to depth about 25 ft
characterized by very low resistivity values and represents less dense soil. Then, the
underlying layer which represents depth greater than 25 ft characterized by low resistivity
values but higher than the upper layers. This area considered to be more dense and
compacted soil than the upper soil (Figure 10.19).
At station 950, a zone clayey soil of unknown origin and a possible fault because
this area shows low resistivity values compare to the soil type. The fault was highlighted
on the interpreted ERT profile.

Figure 10.18. Concatenated uninterpreted ERT profile, oriented northeast to southwest,
for the southeast of I-55 Pemiscot County.
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Figure 10.19. Concatenated Interpreted ERT profiles oriented northeast-southwest for the
left side of I-55. Distances and depths are in units of feet. Resistivity is in units of ohmm. The soil at Site 5 can be divided into three layers on the basis of resistivity, the upper
layer of dry fill (resistivity values greater than 75 ohm-m); an intermediate layer of less
dense soil characterized by resistivity values between 10 and 50 ohm-m; and an
underlying layer of denser soil characterized by resistivity values greater than 50 ohm-m.
At station 950, a zone clayey soil of unknown origin and a possible fault are highlighted
on the interpreted ERT profile.

Side-by-side comparison of the ERT profiles for both sides of the site is shown in
(Figure 10.20). There is very good correlation between the two ERT profiles that
acquired on both sides of the study site. Typically, the soil at site 5 can be divided into
three layers on the basis of resistivity: a thin (approx. 5 ft) upper layer of dry fill
(resistivity values greater than 75 ohm-m); an intermediate layer (approx. 5 ft to 25 ft) of
less dense soil characterized by resistivity values between 10 and 50 ohm-m; and an
underlying layer (depths > 25 ft) of denser soil characterized by resistivity values greater
than 50 ohm-m.(Figures 10.17, 10.19, and 10. 20).
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The top of bedrock was encountered at depth more than 110 feet in the boreholes.
Therefore, the top of rock was not mapped by both ERT and MASW techniques because
the achieved depth did not exceed 100 feet depth.
One-dimensional shear-wave velocity profiles were generated for each of the
forty one data sets. One of these profiles is shown in ( Figure 10.21). The MASW
data were good quality.

Figure 10.20. Side-by-side comparison of ERT profiles oriented northeast-southwest for
both sides of I-55. Distances and depths are in units of feet. Resistivity is in units of
ohm-m. The soil at Site 5 can be divided into three layers on the basis of resistivity, the
upper layer of dry fill (resistivity values greater than 75 ohm-m); an intermediate layer of
less dense soil characterized by resistivity values between 10 and 50 ohm-m; and an
underlying layer of denser soil characterized by resistivity values greater than 50 ohm-m.
At station 950, a zone clayey soil of unknown origin and a possible fault are highlighted
on the interpreted ERT profile.
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All the one-dimensional shear-wave velocity profiles were combined into a
two-dimensional shear-wave velocity profile (Figure 10.22) due to variations in the
individual shear-wave velocity profiles and large interval spacing between the profiles.
A two-dimensional MASW shear-wave velocity profile was generated from forty one
MASW data sets acquired at 25-ft intervals parallel to the ERT traverse. Based on 2D MASW shear-wave velocity, the top of dense soil was characterized by 1800 ft. /sec
shear-wave velocity value, and the intermediate dense soil was characterized by
velocities greater than1000 ft/sec. while pavement and less dense soil was characterized
by velocities less than 1000 ft/sec.

Figure 10.21. 1-D shear-wave velocity profile 2, acquired at the 25 ft station. Interpreted
depth to denser soil is at a depth of approximately 17.5 ft. This depth correlates well with
the ERT-estimated depth to the top of rock at the 25 ft station.
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Figure 10.22. Interpreted 2-D MASW shear-wave velocity profile with elevation control.
Datum on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft.
above ERT datum). Distances and depths are in units of feet. Velocities are in units feet
per second.

Side-by-side comparison of the ERT profile acquired at the northwest side of the
site with the 2-D MASW profile acquired at the north bound lane about 22 ft from ERT
profile is shown in (Figure 10.23). From the two images, the places that characterized by
low resistivity values in the ERT profile were consistent with the places that
characterized by low shear wave velocity values in the MASW. And also area that was
characterized by intermediate to high resistivity values was matched well with the areas
that characterized by intermediate to high shear wave velocity values. Therefore, the top
denes soil on the interpreted 2-D MASW was superposed on ERT profile (Figure 10.23).
Side-by-side comparison of the ERT profile acquired at both sides of the site with
the 2-D MASW profile acquired at the north bound lane about 25 ft from ERT profile
acquired at the northwest side and around 125 ft from ERT profile acquired at the left
side is shown in (Figure 10.23 and 10.24).
There is very good correlation between the three images. Sections on both ERT
profiles where there are low, intermediate, or high resistivity values correlated very well
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with sections where there low, intermediate, or high shear wave velocity values. For
instance, the top of dense soil is characterized by velocities greater than 1000 ft/sec.
Pavement and shallow soils are characterized by velocities less than 1000 ft/sec. The
interpreted top of dense soil (shear-wave velocity >1000 ft/sec.) is at a depth of 23.5 ft.
This depth estimate is consistent with the interpreted ERT profile where the depth to
interpreted top of dense soil is about 20 ft.

Figure 10.23. Side-by-side comparison of ERT profiles acquired at the southwest side of
the site with MASW arrays acquired at the north bound lane about 25 ft from the ERT
profiles. Interface between less dense and denes soil is shown by the dashed red line. The
areas that characterized by low resistivity values in the ERT profile were consistent with
the areas that characterized by low shear wave velocity values in the MASW.
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Figure 10.24. Side-by-side comparison of ERT profiles acquired at both sides of the site
with MASW arrays acquired at the north bound lane about 30 ft from the ERT profile
acquired on the northwest and about 120 ft from the ERT profile acquired on the opposite
side. Interpreted interface between less and denes soil is shown by the dashed red line.
The areas that characterized by low resistivity values in the ERT profile were consistent
with the areas that characterized by low shear wave velocity values in the MASW
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The obtained depth did not exceed 100 ft by both techniques in both sides while the
top of rock was encountered at depth around 120 ft in boreholes. Therefore, the depth to
top of rock was not mapped by both techniques.
Five ground penetrating radar profiles oriented south to north acquired along the
study site to support the geophysical data acquired along the US 63 site. Also eight core
samples were collected throughout the whole site. Photograph of the site and examples of
GPR section using 1.5 GHz antenna, GPR section using low frequency 400 MHz
antenna, core control sample, and MASW 1-D shear wave velocity are presented in
(Figure 10.25). Pavement base and subbase were marked with red dashed line and soil
layer with green dashed line in the 1-D shear wave velocity profile. The pavement
thickness from the core control is approximately 18 in. This thickness consistent with the
thickness obtained from GPR results and on the 1-D shear wave velocity as well (Figure
10.25).

10.7. CONCLUSION
Electrical resistivity acquired at both sides of I-55 study site and were compared
with multi-channel analyses of surface waves methods. ERT imaged the subsurface to
a depth of approximately40 - 90 ft while MASW was able to image the subsurface only
to a depth of approximately of 35 ft. Interpretation and analyses of the ERT, MASW
data indicate sections on both ERT profiles where there are low, intermediate, or high
resistivity values correlated very well with sections where there low, intermediate, or
high shear wave velocity values. For instance, the shallow subsurface along both ERT
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arrays was characterized by low resistivity values in contrast in MASW were
characterized by low velocity values as well.

Figure 10.25. Photograph of the site I-55 at Pemiscot County and examples of A) GPR
section 1.5 GHz antenna. B) GPR section 400 MHz antenna C) Core control. D) MASW
1-D shear wave velocity.
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Generally, the tested pavement rate indicates very good condition, that is possibly
because the section laydown on soil material that did not show high diversity in
resistivity or velocity values. The subsurface at this site from the surface and all the way
down to the obtained depth was characterized by resistivity and velocity values that
represent soil. The density of the soil gradually changes with depth into three zones on
the basis of resistivity and velocity. The zones includes, less dense soil which
characterized by low resistivity extends down to around 20 -25 ft depth, and then comes
thin layer of intermediate dense soil, and dense soil layer down to the achieved depth. At
station 950, a zone clayey soil of unknown origin and a possible fault because this area
shows low resistivity values compare to the soil type.
The top of bedrock was encountered at depth more than 110 feet in the boreholes.
Therefore, the top of rock was not mapped by both ERT and MASW techniques because
the achieved depth did not exceed 100 feet depth. In contrast, the interpreted top of dense
soil is at a depth around 23ft. This depth estimate is consistent with the interpreted ERT
profile where the depth to interpreted top of dense soil is about 20 ft. The pavement
thickness from the core control is approximately 20 in. This thickness consistent with the
thickness obtained from GPR results and on the 1-D shear wave velocity as well.
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11. I-55 PERRY COUNTY CASE STUDY

11.1. ABSTRACT
Electrical resistivity tomography (ERT) and multi-channel analyses of surface
waves (MASW) data were acquired at the I-55 Perry County study site approximately
1000 ft. long with the objective to evaluate the condition of pavement, base and native
soil all the way down to the top of bedrock. The ERT field data were acquired with total
of five overlapping profiles at the northeast side and with total of three overlapping
profiles at the opposite side using 72 and 100 electrodes spaced at 5 ft intervals, while the
MASW data were acquired 30 ft and 140 from ERT profiles. Ground penetrating radar
data was acquired along the site, nine core samples also were collected along the I-55 road
segment, and two boreholes information to support the geophysical data.
On the basis of the analyses of the acquired electrical resistivity data, seven sets
of solution-widened joints, characterized by different degree of clay infill on both ERT
profiles were mapped. It was concluded that the solution-widened joints has the same
northeast-southwest orientation beneath the pavement. That is interpreted why there are
some developed transverse cracks in scattered locations around the site beside very few
longitudinal cracks. A base on both (ERT and MASW) result, the top of bedrock was
encountered at depth around 20 ft. This depth estimate is consistent with the depth
obtained from the borehole, which is located near to ERT and MASW arrays. The
pavement thickness from the core control is approximately of 9 in. of PCC. This
thickness consistent with the thickness obtained from GPR results and on the 1-D shear
wave velocity as well.
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11.2. INTRODUCTION
Site (6) I-55 is located approximately 8 miles north of Perryville, MO (Figure
11.1).

Figure 11.1. Location of the I-55 site is approximately 8 miles north of Perryville, MO.
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The pavement at this site is comprised of approximately 9-11 in. of full-depth
PCC. The PCC layer displayed no visible evidence of defects except few longitudinal and
transverse cracks and patches were observed in scattered locations around the site. The
site was given a PASER rating of 8 denoting very good condition. The general condition
of the site pavement is shown in (Figure 11.2). The average air temperature during field
data acquisition at the test site was 38 °F.

Figure 11.2. Photograph of I-55 Perry County (Site 6). The pavement appeared to be in
very good condition with few cracks on the surface.

Three electrical resistivity profiles were acquired on the north shoulder along
three traverses of the study site. And forty one multi-channel analyses of surface wave
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profiles at the stations placed at 25 ft intervals along the (1000ft) of the I-55 roadway
segment (center of the bound lane) around 30 ft from the ERT profile ( Figure 11.3. and
Figure 11.4. ). Another ERT electrical resistivity arrays were acquired on the shoulder of
the other side of the roadway around 140 ft far from the other ERT profile and around
120 ft far from the MASW profile for correlation purpose and also to follow minor faults
or solution-widened fractures that maybe existing below the pavement.

Figure 11.3. Site I-55 layout. ERT data were acquired a 1000 ft traverse in the DOT
ROW at both sides of the site. The start and end of each ERT traverse were consistent
with the start and end of the corresponding GPR traverses. Active MASW data were
acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR
traverse 3. GPR traverses 1-5. High-frequency (1.5 GHz antenna) GPR data were
acquired along all five traverses; low-frequency (400 MHz antenna) data GPR data were
acquired along traverse 3 only. Nine core controls were collected throughout the site.
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This separation can explain many of the minor differences between the ERT and
MASW interpretations as subsurface conditions can vary significantly over short
distances in karst terrain. Also, the paved surfaces on which the MASW data were
acquired were elevated (typically by multiple feet) relative to the DOT ROW in which
the ERT data were acquired.

Figure 11.4. ERT and MASW traverses locations.

Five ground penetrating radar profiles oriented south - north opposite to each
other acquired along the study site to support the geophysical data acquired along the
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study site. Also nine core samples were collected throughout the whole site (Figure 11.3).
The output of ERT for I-55 site at Perry County was a 1000 ft long 2-D resistivity image
of the subsurface (ERT profile) with superposed geologic interpretations (Figure 11.13
and 11.14).

11.3. GEOLOGY AND STRATIGRAPHY
Perry County is in the east-central part of Missouri (Figure 11.5). It is on the
eastern fringe of the Ozark region. It has an area of 309,754 acres, or about 484 square
miles. Of this total, 303,034 acres is land and the rest is water areas larger than 40
acres. The county is somewhat triangular in shape. Its north boundary is Randolph
County, Illinois, and is about 6 miles long. The east boundary, the Mississippi River, is
about 37 miles long. The south boundary is Cape Girardeau and Bollinger Counties,
Missouri, and is about 35 miles long. The west boundary is Madison, St. Francois, and
Ste. Genevieve Counties and is about 23 miles long (Tillman et al, 1915).
The difference in elevation from a ridgetop to an adjacent valley varies from
one landform to another. Relief is highest, about 200 feet, in the western part of the
county, along the stream valleys and less commonly on some of the relatively broad
inters stream divides. Eastward on the Perryville Sinkhole Plain, relief ranges from
about 40 to 80 feet. Adjacent to the bottom land along the Mississippi River in the
River Hills area, it ranges from about 100 to 200 feet. The rate of erosion depends on
the nature of the soil material, the slope, and the runoff rate. Gasconade soils on valley
slopes are shallow because of geologic erosion. In contrast, Hildebrecht and
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Weingarten soils, which are on stable landscapes, are deep. Perry County lies on the
eastern edge of the Salem Plateau Sub province of the Ozark Plateau (Figure 11.5).

Figure 11.5. Physiographic regions of Missouri (Missouri Department of Natural
Resources, 2002). The study area is marked as blue dot.

Within this upland framework, the county can be further divided into an upland
hills section, generally west of Perryville; an east-central sinkhole plain that extends from
north to south through the entire county; a river hills section adjacent to the bluff line
along the Mississippi River; and the flood plain along the Mississippi River. The
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Mississippi River trench is the eastern edge of the Salem Plateau. The Ozark Plateau
extends eastward into the Shawneetown Hills of western Illinois (Tillman et al, 1915).
The bedrock in Perry County ranges in age from Ordovician to Devonian. The
latter is exposed only in a small area south of Wittenberg. Most of the county is
underlain by Ordovician sandstone, dolomite, and limestone, all of which dip gently to
the east-northeast. The only major structural feature in the county is the Ste. Genevieve
Fault Zone, which extends from an area near the intersection of Interstate 55 and the
north county line to Wittenberg. Within the fault zone, geologic units have been tilted
and their normal sequence has been disrupted in some areas. As a result, soil patterns in
these areas are complicated. Surficial deposits in Perry County are much younger than
the bedrock. They range from weathered residual material of undetermined age to
Pleistocene and recent alluvial deposits on the flood plain along the Mississippi River
and along some of the upland streams.
Loess, or wind-deposited material, blanketa the upland throughout much of the
county. It is generally thicker on the hills near the Mississippi River than in other areas.
Most of the loess was deposited during the late Pleistocene Wisconsinan glacial period.
The topography of the western part of the county resembles that of the Ozarks. This
section consists of highly dissected uplands characterized by narrow ridges and narrow
creek bottoms. Goss soils, which are on the steeper slopes, formed in material weathered
from cherty dolomite of Ordovician age. Hildebrecht soils formed in material capped by a
thin layer of loess on the more gently sloping ridges and foot slopes (Tillman et al, 1915).
Farther east, in a north-south band through the center of the county, the
topography is gentler and the loess is thicker (Figure 11.6). Weingarten and Minnith soils
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formed in about 3 to 5 feet of loess overlying Ordovician dolomite, sandy dolomite, and
sandstone. Minnith and Lily soils are underlain by sandstone and dolomite beds of the
Everton Formation and relatively pure sandstone of the St. Peter Formation, which are
also Ordovician in age. These two formations occur in a narrow belt roughly paralleling
Interstate 55.
Bordering the St. Peter Formation on the east and lying almost entirely between
Interstate 55 and the bluffs along the Mississippi River is the Perry County, or Perryville,
Sinkhole Plain. Perry County has more caves than any other county in Missouri. More
than 500 were tallied as of 1982. Nearly all of these caves are in this area. The
topography in the Sinkhole Plain is noticeably lower than the uplands to the west and the
river hills bordering the bluff line to the northeast.
The Perry County Sinkhole Plain is underlain by dolomite of the Joachim
Formation and limestone of the Plattin Formation, both of Ordovician age. Menfro soils
are dominant in this area. They formed in a layer of loess more than 5 feet deep over
bedrock or residual clay. Some soils, such as Bucklick, formed in a thin mantle of loess
and in the underlying residual material.
The eastern upland border of the county consists of what are known locally as the
River Hills. The topography in this narrow belt along the bluffs of the Mississippi River
is very steep, partly as a result of displacement along faults in the Ste. Genevieve system.
Bedrock in the area includes Ordovician, Mississippian, Silurian, and Devonian rocks.
Thick deposits of loess cover most of this area, although stones, boulders, residual soils,
and outcrops of bedrock are fairly common on the southwest faces of fault escarpments.
The soils on the flood plain along the Mississippi River are of major agricultural
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importance and account for about 10 percent of the total land acreage in the county. The
two main sections of flood plain are the Bois Brule Bottoms in the north-central part of
the county and the much smaller Wittenberg Bottoms in the southeastern part. The flood
plain also includes Grand Tower Island, which actually lies on the Illinois side of the
Mississippi River. The flood plain is essentially flat, but ridges and swales outline
abandoned and filled river channels and former natural levees of sand and silt and clayey
slack- water sediments are in old channels (Tillman et al, 1915).

Figure 11.6. Topographyic map for south-west part of Perry County includes study site
(I-55). The study area marked with red.
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The geologic formations exposed in the borehole in # 017498 are, Residuum on
the top, Jefferson Formation, with thickness about 280 ft, Rubidoux Formation with
thickness about 200 ft, and Gasconade Formation formed the bottom of the borehole with
thickness about 160 ft. while geologic formations exposed in the borehole in # 009523
are Residuum, Eminence, Cotter, and Derby Doc formed the bottom with very thin
thickness (Figure 11.8).

11.4. BOREHOLE DATA
There are several boreholes were drilled around the study site (Figure 11.7) but
there was not their information available on the Missouri department of natural resources
website, the only two boreholes available were not drilled on or close to the study site but
they are 2 miles or more farther from the ERT and MASW locations (Table 11.1).

Figure 11.7. Locations of boreholes available in the study area.
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Table 11.1. Borehole, ERT, and MASW data comparison for I-55 at Perry County.

Bothe boreholes are located in close level of elevation to each other and to the
study area as well. They are 500 to 526 feet above sea level while the start point of ERT
and MASW traverses is located at elevation 536 ft and the end point on 600 ft high
(Figure 11.7) and (Table 11.1). The geologic formations exposed in the borehole in #
017498 are, Residuum on the top, Jefferson Formation, with thickness about 280 ft,
Rubidoux Formation with thickness about 200 ft, and Gasconade Formation formed the
bottom of the borehole with thickness about 160 ft. while geologic formations exposed in
the borehole in # 009523 are Residuum, Eminence, Cotter, and Derby Doc formed the
bottom with very thin thickness (Figure 11.8).
The top of bedrock and was encountered at 20 ft depth in borehole # 009523.
This depth was reasonable consistent while the geophysical data of both ERT and
MASW while the top of bedrock was not encountered in the other borehole (Figure. 11.13
and 11.14) (Table 11.1). The variation in the depth to rock is perhaps related to the
difference in elevation and also the locations of these boreholes are farther several
hundred feet from the ERT and MASW arrays.
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Figure 11.8. Cross sections for study site I-55 at Perry County.

11.5. ACQUISITION OF ELECTRICAL RESISTIVITY TOMOGRAPHY DATA
Five overlapping ERT data were acquired on the surface of the shoulder of I-55
roadway segment (1000 ft.) long along five traverses at the northeast side and with total
of three overlapping profiles at the opposite side of the roadway segment (A, B, C, D, and
E Figure 11.3, 11.4, and 11.9) in an effort to map the top of bed rock and evaluate the
subsurface all the way down to the top of rock.
The ERT data were acquired using an AGI SuperSting R8/IP resistivity unit
equipped with a dipole-dipole array consisting of 72 and 100 electrodes (Figure 11.10).
Typically depth of investigation is 20 percent of the length of the array. With 100
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available electrodes and the required minimum depth of investigation of 100 ft., 5 ft.
spacing between electrodes was chosen for this ERT survey.

Figure 11.9. I-55 at Perry County layout where ERT data were acquired along a 1000 ft.
traverse in the DOT ROW at both sides of the site. The start/end of each ERT traverse
was consistent with the start/end of the corresponding GPR traverses. MASW data were
acquired at 41 stations (every 25 ft from the 0 ft. mark to the 1000 ft. mark) along GPR
traverse 3.

The ERT traverses on the northeast shoulder of the pavement site were acquired
on October while ERT traverses on the opposite shoulder were acquired in February of
the following year. The output of profiles A, B, C, D, and E ERT data is 2-D electrical
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resistivity image of the subsurface (Figure 6.13 and 6.14). An estimate of the extent to
which the output 2-D image correlates with the input apparent resistivity data is provided
as a percent error. The acquired ERT field data were good quality and were processed
using RES2DINV software.

Figure 11.10. ERT data were acquired at US 63 study site using an AGI SuperSting
R8/IP resistivity system and a dipole-dipole array. Electrodes were spaced at 5 ft.
intervals.

Raw data (calculated apparent resistivity ρa) are downloaded from the control unit
for further processing. Processing software provides for automated or manual editing to
remove individual data values that appear to be anomalous and therefore unreliable.

264
Processing software also automatically inverts the apparent resistivity data and generates
an optimum resistivity image of the subsurface. Usually, the inversion of the apparent
resistivity data does not require interactive input from the interpreter. However, some
processing parameters can be interactively changed to enhance the output.
MASW field data were acquired at 41 locations along roadway site using an
engineering seismograph and twenty-four low-frequency (4.5 Hz) vertical geophones
spaced at 1.5 ft. (Figure. 11.11) Acoustic energy was generated at an offset (distance to
nearest geophone) of 10 ft using a 12 lb. sledge hammer and metal plate.
Each MASW field record was transformed into dispersion data (Rayleigh-wave
velocity vs. frequency format; standard, established mathematical process that does not
require any interactive input from the interpreter). The dispersion data are analyzed
qualitatively (processor input is required) and optimum phase velocities are selected
(dispersion curve). The dispersion curve is usually inverted without any qualitative input
from the interpreter and transformed into a 1-D shear-wave velocity profile (Figure
11.12). By convention, the 1-D shear- wave velocity profile is assumed to represent the
velocity of the subsurface at the mid-point of the array (stations every 25 ft). In reality,
the 1-D velocity profile represents (more-or-less) the average shear-wave velocity along
the entire length of the array.
The forty-one 1-D shear-wave velocity profiles generated for the site were
combined to create a 2-D shear-wave velocity profile. Each 2-D profile was 1000 ft in
length. These 2-D profiles depict both lateral and vertical variations in the shear-wave
velocity and can be transformed into 2-D geologic profiles. These 2-D geologic profiles
constitute the final deliverable. As noted, the 1-D velocity profile represents (more-or-
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less) the average shear-wave velocity along the entire length of the array. The acquired
MASW field data were good quality and were processed using SurfSeis3 software.

Figure 11.11. Active MASW data were acquired at US 63 site using a 24-channel
engineering seismograph and 24 low-frequency (4.5 Hz) geophones spaced at 1.5 ft.
intervals.
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Figure 11.12. Raw seismic data, Dispersion curve and 1-D shear-wave velocity profile #
4 centered at 75-ft mark. Interpreted top of rock (1,000 ft/s) is at a depth of about 22 ft.

11.6. INTERPRETATION OF ERT DATA
The ERT data were acquired in five traverses at the east side and three traverses at
the other side of I-55 roadway segment in Perry County approximately 1000 ft and the
output is 2-D electrical resistivity image of the subsurface. A typical depth of
investigation for the deployed resistivity dipole-dipole array with 72 electrodes and 5-ft
spacing between the electrodes is 20% of the array length. Therefore the expected
achievable depth of imaging in this site was approximately 90 ft. (Figures 11.13 and
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11.16), while typical depth of investigation for the deployed resistivity dipole-dipole
array with 100 electrodes and 5-ft spacing between the electrodes was around 100 ft
(Figures 11.14 and 11.17) and the MASW is shown in (Figure 11.15).

Figure 11.13. Photograph and aerial image of the I-55 road segment (looking northwest,
on the right side of the US I-55) which includes the three ERT traverses locations along
the study site in order from southeast to northwest, and 2-D uninterpreted ERT image of
the subsurface for the profiles. The datum is the ground surface in the DOT ROW
(approx. 1-2 ft. below pavement surface). Distances and depths are in units of feet.
Resistivity is in units of ohm-m.
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Figure 11.14. Photograph and aerial image of the I-55 road segment (looking northwest,
on the opposite side of the I-55 site) includes the three ERT traverses locations along the
study site in order from southeast to northwest, and 2-D uninterpreted ERT image of the
subsurface for the three profiles acquired on the site. The datum is the ground surface in
the DOT ROW (approx. 1-2 ft. below pavement surface). Distances and depths are in
units of feet. Resistivity is in units of ohm-m.
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Figure 11.15. Photograph and aerial image of the I-55 road segment (looking northwest,
on the right side of the I-55) includes the forty one MASW traverses locations along the
study site in order from southeast to northwest, and 2-D uninterpreted MASW image of
the subsurface for the forty one profiles acquired along the bound lane of the site. Datum
on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft above ERT
datum). Distances and depths are in units of feet. Velocities are in units of feet per
second.
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The ERT field data were good quality and were processed using RES2DINV
software.

While the MASW data were acquired a linear array of geophones (24

geophones spaced at 1.5 ft. intervals along 41 traverses. The array of geophones was
centered at predetermined station locations (every 25 ft.) along the site (Figure 11.15).
The resolution and the depth of investigation in the MASW method are defined by the
receiver (geophone) spacing, the array length and the source size.
The geophone spacing defined the shallowest resolvable depth of investigation.
However, the maximum achievable depth of investigation is usually limited by the
seismic source. In this case study a seismic array of 24 geophones spaced at 1.5ft was
used to increase vertical resolution and minimize lateral smearing and with 10 ft offset.
The expected achievable depth of investigation was approximately 70 ft.
The acquired MASW data sets were processed using SurfSeis software. One
dimensional (1-D) was generating for each location (Figure 11.200. The forty-one 1-D
shear-wave velocity profiles generated for each site were combined to create a 2-D shearwave velocity profile of the subsurface of the site. The 2-D profile was 1000 ft. in length
(Figures 11.15 and 11.21). These 2-D profiles depict both lateral and vertical variations
in the shear-wave velocity and can be transformed into 2-D geologic profiles.
The five and three segments of acquired ERT data on both sides of the site were
concatenated into a tow-dimensional ERT profile (Figures 11.13, 11.14, 11.16, and
11.17). The contoured values on ERT profile show distribution of the resistivity values in
the subsurface along the traverse. The depth of investigation extends to a depth of
approximately 90 and 100 ft along the profiles.
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Figure 11. 16. Concatenated uninterpreted ERT profile, oriented southeast to northwest,
for the right side of I-55 road segment.

Typically, at this site, the intact rock is characterized by resistivity values in
excess of 2000 ohm-m; weathered rock by values between 75 and 1500 ohm-m; and soil
mostly by values less than 100 ohm-m (with moist clayey soils being characterized by
resistivity values less than approximately 10 ohm-m). The soil/rock contact corresponds
(approximately) to the 75 ohm-m contour interval (Figures11.16 and 11.17).

Figure 11.17. Concatenated uninterpreted ERT profile, oriented southeast to northwest,
for the left side of I-55 road segment.

272
Linear features, observed along both profiles (Figures 11.18 and 11.19), were
interpreted as sets of solution-widened joints, characterized by different degree of clay
infill.
The first set of solution-widened joint was imaged on resistivity profile acquired
at northeast- side of the site (centered at 410 ft mark; Figure 11.17) and resistivity
profile acquired at the opposite side (centered at 350 ft mark; Figure 11.18) trends
northeast-southwest. This prominent geologic feature, on the first profile, is
characterized by a zone (~25 ft wide, extending from top to depth about 70 ft) of
anomalously low resistivity values (relative to surrounding resistivities with
comparable wide and approximately 70 ft depth) on other profile. This zone of
anomalously low bedrock resistivities was interpreted as an area in which rock has been
extensively leached and partially replaced by clay or other fine grained sediment.
The second prominent set of solution widened joints was observed on the first
resistivity profile (centered at560 ft mark; Figure 11.18) and the second resistivity
profile (centered at 490 ft mark; Figure 11.19). This set of solution-widened joints has
the same northeast-southwest orientation. This interpreted solution widened joint set is
characterized by a zone (~25 ft wide, extending from the surface to depths of about 90 ft)
of anomalously low resistivity values relative to surrounding resistivities. This same
feature, on the second profile, is characterized by a zone (~25 ft wide, from the surface
to depth of about 50 ft) of also low resistivities (relative to surrounding resistivities).
This zone of anomalously low weathered rock resistivities was interpreted as an area in
which rock has been extensively leached and partially replaced by clay or other fine
grained sediment.
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The third set of solution-widened joint has the same northeast-southwest
orientation and was imaged on resistivity on the first profile (centered at 620 ft mark;
Figure 11.18) and on the second resistivity profile (centered at 640 ft mark; Figure
11.19). This prominent geologic feature, on the first profile, is characterized by a zone
(~25 ft wide, extending from the surface to depth in excess of 80 ft) of anomalously low
resistivity values relative to surrounding resistivities. This zone of anomalously low
weathered rock resistivities was interpreted as an area in which rock has been extensively
leached and partially replaced by clay or other fine grained sediment. This same feature,
on the first profile, is characterized by a zone (~20 ft wide, from surface to depth of about
40 ft) of abrupt changes in resistivities relative to surrounding resistivities .
The fourth set of solution-widened joint has the same northeast-southwest
orientation and was imaged on resistivity on the first profile (centered at 700 ft mark;
Figure 11.18) and on the second resistivity profile (centered at 720 ft mark; Figure
11.19). This prominent geologic feature, on the first profile, is characterized by a zone
(~30 ft wide, extending from the surface to depth in of about 75 ft) of anomalously low
resistivity values relative to surrounding resistivities. This zone of anomalously low
weathered rock resistivities was interpreted as an area in which rock has been extensively
leached and partially replaced by clay or other fine grained sediment. This same feature,
on the first profile, is characterized by a zone (~15 ft wide, from surface to depth of about
50 ft) of abrupt changes in resistivities relative to surrounding resistivities.
The fifth set of solution-widened joint has the same northeast-southwest
orientation and was imaged on resistivity on the first profile (centered at 770 ft mark;
Figure 11.18) and on the second resistivity profile (centered at 780 ft mark; Figure
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11.19). This prominent geologic feature, on the first profile, is characterized by a zone
(~30 ft wide, extending from the surface to depth in of about 85 ft) of anomalously low
resistivity values relative to surrounding resistivities. This zone of anomalously low
weathered rock resistivities was interpreted as an area in which rock has been extensively
leached and partially replaced by clay or other fine grained sediment. This same feature,
on the first profile, is characterized by a zone (~25 ft wide, from surface to depth of about
25 ft) of abrupt changes in resistivities relative to surrounding resistivities.

Figure 11.18. Concatenated Interpreted ERT profiles oriented southeast to northwest for
the right side of I-55. Distances and depths are in units of feet. Resistivity is in units of
ohm-m. Interpreted top of rock is shown by the dashed red line. Interpreted solution
widened joints are marked as dashed black vertical lines, at 410 ft, 560 ft, 620 ft, 700 ft,
770 ft, 850 ft and 960 ft marks.

The sixth set of solution-widened joint has the same northeast-southwest
orientation and was imaged on resistivity on the first profile (centered at 850 ft mark;
Figure 11.18) and on the second resistivity profile (centered at 880 ft mark; Figure
11.19). This prominent geologic feature, on the first profile, is characterized by a zone
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(~20 ft wide, extending from the surface to depth in of about 85 ft) of anomalously low
resistivity values relative to surrounding resistivities. This zone of anomalously low
weathered rock resistivities was interpreted as an area in which rock has been extensively
leached and partially replaced by clay or other fine grained sediment. This same feature,
on the first profile, is characterized by a zone (~20 ft wide, from surface to depth of about
50 ft) of abrupt changes in resistivities relative to surrounding resistivities.

Figure 11. 19. Concatenated Interpreted ERT profiles oriented southeast to northwest for
the opposite side of I-55. Distances and depths are in units of feet. Resistivity is in units
of ohm-m. Interpreted top of rock is shown by the dashed red line. Interpreted solution
widened joints are marked as dashed black vertical lines, at 350 ft, 490 ft, 640 ft, 720 ft,
780 ft, 880 ft, 960 ft mark.

The seventh set of solution-widened joint has the same northeast-southwest
orientation and was

imaged on resistivity on the first profile (centered at 960 ft mark;

Figure 11.18) and on the second resistivity profile (centered at 960 ft mark; Figure
11.19). This prominent geologic feature, on the first profile, is characterized by a zone
(~20 ft wide). This solution-widened joint was located almost on the end of the profile
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and this area limited in depth and no conclusion regarding the extensity of this
lineament could be drawn. This zone of anomalously low weathered rock resistivities
was interpreted as an area in which rock has been extensively leached and partially
replaced by clay or other fine grained sediment. This same feature, on the second profile,
is characterized by a zone (~15 ft wide, from surface to depth of about 35 ft) of abrupt
changes in resistivities relative to surrounding resistivities.
One-dimensional shear-wave velocity profiles were generated for each of the
forty one data sets. One of these profiles is shown in ( Figure 11.20). The MASW
data were good quality. All the one-dimensional shear-wave velocity profiles were
combined into a two-dimensional shear-wave velocity profile (Figure 11.21) due to
variations in the individual shear-wave velocity profiles and large interval spacing
between the profiles.

Figure 11.20. 1-D shear-wave velocity profile 4, acquired at station 75 ft. Interpreted top
of weathered rock (1,000 ft/sec.) is at a depth of approximately 22 ft. This depth
correlates well with the ERT-estimated depth to the top of rock at station 75 ft.
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Figure 11.21. Interpreted 2-D MASW shear-wave velocity profile with elevation control.
Datum on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft.
above ERT datum). Distances and depths are in units of feet. Velocities are in units of
feet per second.

A two-dimensional MASW shear-wave velocity profile was generated from forty
one MASW data sets acquired at 25-ft intervals parallel to the ERT traverse. Based
on 2-D MASW shear-wave velocity, the top of weathered rock 1,000 ft/s shear-wave
velocity value was mapped at a depth of around 22 ft in the southeastern part of the
study area from 0-ft mark to 230-ft mark. And from 230 to 625-ft mark, the top of rock
was mapped at depths shallower than the two ends which is around 7.5 ft, between 625ft to 1000-ft mark a depth to top of rock was between 17 to 20 ft (Figure 11.21).
Side-by-side comparison of the ERT profile acquired at both sides of the site with
the 2-D MASW profile acquired at the north bound lane about 25 ft far from ERT profile
acquired at the northeast side and around 120 ft far from ERT profile acquired at the
opposite side is shown in (Figure 11.22).
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There is very good correlation between the three images. Sections on both ERT
profiles where there are low, intermediate, or high resistivity values correlated very well
with sections where there low, intermediate, or high shear wave velocity values.

Figure 11.22. Side-by-side comparison of ERT profiles acquired at both sides of the site
with MASW arrays acquired at the north bound lane about 25 ft from the ERT profile
acquired at northeast and 120 ft from the ERT acquired at the opposite side. Interpreted
top of rock is shown by the dashed red line. The areas that characterized by low
resistivity values in the ERT profile were consistent with the areas that characterized by
low shear wave velocity values in the MASW.
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Typically, intact rock is characterized by resistivity values in excess of 1500 ohmm and velocity in excess of 1000 ft/sec; weathered rock by values between 50 and 1500
ohm-m and velocity in excess of 1500 ft/sec; Moist clayey soils are characterized by
resistivity values less than about 10 ohm-m; dry fill, in places, is characterized by
resistivity values in excess of 250 ohm-m while pavement and shallow soils are
characterized by velocities less than 1000 ft/sec.
The subsurface along both ERT arrays until about 400 ft mark was characterized
by low resistivity values which considered to be soils in contrast in MASW were
characterized by low velocity values, (extending from the surface to depth of about 60 ft
on the first profile). This depth is reasonable consistent to the depth on MASW but was
less depth on the second ERT profile. In contrast, subsurface along both ERT arrays up to
the end was characterized by low to intermediate values which represent dry fill. That
was matched with the MASW profile.
The bedrock in Perry County ranges in age from Ordovician to Devonian. The
latter is exposed only in a small area south of Wittenberg. Most of the county is
underlain by Ordovician sandstone, dolomite, and limestone, all of which dip gently to
the east-northeast. The top of weathered rock on the southern part of both ERT profiles
was mapped at variety deep depths around 20 - 22 ft. this depth was consistent with
MASW, while the top of weathered rock in the northern part of both ERT profiles was
mapped at shallower depth and was correlated very well with MASW profile.
Five ground penetrating radar profiles oriented south to north acquired along the
study site to support the geophysical data acquired along the I-55 road segment. Also
nine core samples were collected throughout the whole site.

280
Photograph of the site and examples of GPR section using 1.5 GHz antenna, GPR
section using low frequency 400 MHz antenna, core control sample, and MASW 1-D
shear wave velocity are presented in (Figure 11.23). Pavement base and subbase have
been marked with red dashed line and soil layer with green dashed line in the 1-D shear
wave velocity profile. The pavement thickness is approximately 9 in. of PCC. This
thickness consistent with the thickness obtained from the core control sample (Figure
11.23).

Figure 11.23. Photograph of the site I-55 Perry County and examples of A) GPR section
1.5 GHz antenna. B) GPR section 400 MHz antenna C) Core control. D) MASW 1-D
shear wave velocity.
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11.7. CONCLUSION
Electrical resistivity acquired at both sides of I-55 study site at Perry County and
were compared with multi-channel analyses of surface waves methods. ERT imaged
the subsurface to a depth of approximately 110 ft while MASW was able to image the
subsurface only to a depth of approximately of 70 ft. Interpretation and analyses of the
ERT, MASW and boreholes data indicate that depth to top of rock was detected at
depth around 20 ft. intact rock is characterized by resistivity values in excess of 1500
ohm-m and velocity in excess of 1000 ft/sec; weathered rock by values between 50 and
1500 ohm-m and velocity in excess of 1500 ft/sec; Moist clayey soils are characterized
by resistivity values less than about 10 ohm-m; dry fill, in places, is characterized by
resistivity values in excess of 250 ohm-m while pavement and shallow soils are
characterized by velocities less than 1000 ft/sec. Interpretation and analyses of the ERT,
MASW data indicate sections on both ERT profiles where there are low, intermediate, or
high resistivity values correlated very well with sections where there low, intermediate,
or high shear wave velocity values.
On the basis of the analyses of the acquired electrical resistivity data, seven sets
of solution-widened joints, characterized by different degree of clay infill on both ERT
profiles were mapped. It was concluded that the solution-widened joints has the same
northeast-southwest orientation beneath the pavement.
The pavement thickness from the core control is approximately of 9 in. of PCC.
This thickness consistent with the thickness obtained from GPR results and on the 1-D
shear wave velocity as well.
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12. HWY U CASE STUDY

12.1. ABSTRACT
Electrical resistivity tomography (ERT) and multi-channel analyses of surface
waves (MASW) data were acquired at the Hwy U study site approximately 1000 ft
long with the purpose of evaluating the condition of pavement, base and native soil all
the way down to the top of bedrock. The ERT field data were acquired in the DOT right
of way with total of five overlapping profiles at east side, while the MASW data were
acquired in the middle of the bound lane about 15 ft from the ERT profile. Ground
penetrating radar data was acquired along the site, eight core samples were also collected
throughout the Hwy U site, and two boreholes were available for this site to support the
geophysical data.
Based on the analyses of the acquired ERT and MASW data, the subsurface
of the site was characterized by variety zones of very low, low to intermediate resistivity
and shear wave velocity values throughout the whole profiles which represent very
intensely weathered rock. This situation is affected the asphalt pavement which was
observed to be in poor condition, and showed evidence of surface defects. The observed
defects include, multiple closely spaced longitudinal and transverse cracks, raveling,
alligator cracks, and distortions.
The pavement consists of full depth bituminous (BM) with variety thickness
between (1/4 in. - 2 in.). This thickness consistent with the thickness obtained from GPR
results and on the 1-D shear wave velocity as well.
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12.2. INTRODUCTION
Pavement site 7 is located along highway U near Dent County approximately 6
miles north of Salem, MO. (Figure 12.1).

Figure 12.1. Location of site 7 along Highway U near Dent County approximately 6
miles north of Salem, MO.
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The pavement consists of full depth bituminous (BM) with variety thickness
between (1/4 in. - 2 in.). The asphalt pavement was observed to be in poor condition with
a PASER rating of 3. The pavement showed evidence of multiple closely spaced
longitudinal and transverse cracks, raveling, alligator cracks, and distortions. The
condition of the pavement is shown in (Figure 12.2). The average air temperature during
field data acquisition at the test site was 34 °F.

Figure 12.2. Cracks, rutting, and patches observed on the pavement surface at HWY U
(Site 7).

Five electrical resistivity profiles were acquired on the east shoulder along five
traverses on and forty one multi-channel analyses of surface wave profiles at the
stations placed at 25 ft. intervals along the (1000ft) of the Hwy U roadway segment
(center of the bound lane) around 15 ft from the ERT profile for correlation purpose (
Figure 12.3. and Figure 12.4. ).

This separation can explain many of the minor

differences between the ERT and MASW interpretations as subsurface conditions can
vary significantly over short distances in karst terrain. Also, the paved surfaces on which
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the MASW data were acquired were elevated (typically by multiple feet) relative to the
DOT ROW in which the ERT data were acquired.
Five ground penetrating radar profiles oriented north – south opposite to each
other acquired along the study site to support the geophysical data acquired along Hwy U
site. Also eight core samples were collected throughout the whole site (Figure 12.3).
The output of ERT for Hwy U site was a 1000 ft long 2-D resistivity image of the
subsurface (ERT profile) with superposed geologic interpretations (Figure 12.12 and
12.13).

The geologic interpretations are based on the assumption that measured

variations in the resistivity of the subsurface reflect corresponding changes in lithology.
On the other hand, the final output was a 1000 ft. 2-D shear-wave velocity profile of the
subsurface (MASW profile) with superposed geologic interpretations (Figure 12.14).

Figure 12.3. Site HWY U layout. ERT data were acquired a 1000 ft traverse in the DOT
ROW at both sides of the site. The start and end of each ERT traverse were consistent
with the start and end of the corresponding GPR traverses. Active MASW data were at
41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR traverse 3.
GPR traverses 1-5. High-frequency (1.5 GHz antenna) GPR data were acquired along all
five traverses; low-frequency (400 MHz antenna) data GPR data were acquired along
traverse 3 only. Eight core controls were collected throughout the site.
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Figure 12.4. ERT and MASW traverse locations.

The geologic interpretations are based on the assumption that measured variations
in the resistivity of the subsurface reflect corresponding changes in lithology content. On
the other hand, the final output was a 1000 ft. 2-D shear-wave velocity profile of the
subsurface (MASW profile) with superposed geologic interpretations (Figure 12.14).
The geologic interpretations are based on the assumption that measured variations in the
acoustic properties of the subsurface reflect corresponding changes in lithology content.
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12.3. GEOLOGY AND STRATIGRAPHY
Dent County, in the south-central part of Missouri ( Figure 12.5), covers a total
area of 756 square miles, or 483,840 acres.

Figure 12.5. Physiographic regions of Missouri (Missouri Department of Natural
Resources, 2002). The study area is marked as blue dot.

Most of the soils are hilly and gently sloping to strongly sloping. Flooding is a
hazard on the small acreage of soils of the bottom land (Figure 12.6). Dent County lies
on the Salem Plateau of the Ozark Province. The entire county is underlain by
sedimentary rocks ranging from the Lower Ordovician to the Upper Cambrian
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age. Throughout most of the county the rock structural deviate only slightly from
the horizontal.

Figure 12.6. Topographyic map for middl part of Dent County includes study site (Hwy
U). The study area marked with red.
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The structural attitude of the rock strata is controlled principally by the
shape of the Ozark uplift. The apex of this uplift forms the core of the St.
Francois Mountains to the east of Dent County. The rock strata, dip away from
this apex in all directions and clip from east to west in Dent County. From the
oldest to the youngest, the geologic formations cropping out in the county are the
Potosi, Eminence, Gasconade, Rubidoux, and Jefferson City (Figure 12.7) shows the
bedrock formations in the county (Gilbert, 1971).

Figure 12.7. Bedrock formation of Denty County.

The Potosi Formation consists of dark gray, massive, medium-grained
dolomite that contains an abundance of quartz druse, sometimes called mineral
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blossom. The dolomite gives off an offensive odor when struck by a hammer. The
residuum from this formation is sticky, dark-red clay that contains many
fragments of quartz druse. The maximum thickness of the Potosi Formation recorded
in drilling wells in the county is about 300 feet. Outcrops of t he Potosi Formation
in Dent C ount y ar e only in an area near Boss along Huzzah Creek and its tributaries,
where the upper 100 feet of the formation is exposed. The Eminence Formation is
massive-bedded, medium to coarsely crystalline dolomite. It is light gray and contains a,
small amount of chert occurring with some of the chert is a small amount of quartz druse
similar to that in the Potosi Formation. On slopes where the residuum from the Eminence
Formation is fairly thin, rounded pinnacles of vuggy, or porous, dolomite protrude above
the shallow soil. In Dent County the eminence Formation crops out along the Meramec
River from Stone Hill northward to tJ1e county line, in the Boss-Howes Mill area, along
the drainage ways in the southeastern part of the county, and along Crooked Creek in the
northeastern corner of the county. Average thickness of the formation in the county is
250 feet. The Gasconade Formation consists of light-gray, cherty, crystalline dolomite
(Gilbert, 1971).
The Gunter member occurs at the base of this formation and is persistent
sandstone. Residual slopes of the Lower Gasconade Formation are thickly mantled with
light-gray chert fragments and are called snowy slopes. In the upper Gasconade
Formation steep slopes and bluffs have formed along stream valleys, but the residuum of
chert fragments is not extensive. The thickness of the Gasconade Formation generally
ranges between 250 and 300 foot, though Precambrian highs or collapse of solution has
caused a marked decrease in thickness in local areas.
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The Roubidoux Formation is predominantly sandstone, dolomitic sandstone, and
dolomite. Generally, there is a massive middle unit of sandstone about 60 feet thick.
Dolomite, generally cherty, and sandstone lie above and below the middle unit. The
estimated thickness of the Roubidoux Formation is about 150 feet. Average thickness is
difficult to estimate since much of the Roubidoux Formation is present only as residuum
of insoluble material.
The Jefferson City Formation occurs only in the extreme northwestern corner
of the county near Leoma. The basal part of the formation is all that remains. It
consists of medium to massive beds of brown to grayish- brown dolomite. About 50
feet is the maximum thickness of this formation in Dent County. Much of Dent
County is mantled by fairly thick residuum. The beds of calcium carbonate in this
material have been removed by leaching or in solution, and only the insoluble sand,
chert, and red clay remain. Variations in thickness are extreme. In Dent County this
residual material is more than 50 feet thick. Some wells used for domestic needs were
drilled through 200 feet of residuum before bedrock was reached. All of the
Roubidoux Formation and much of the Upper Gasconade Formation remain only as a
residual cover. Loess, probably of Wisconsin age, was laid down over most of the
county. Most of the loess has been removed by geologic erosion, and only the nearly
level areas of the uplands are now mantled with significant amounts of the original
loess.
The surface of the Salem Plateau is undulating and is cut by young valleys.
Depth of the valleys increases along the edges of the Salem Plateau. Elevations on
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the central part of the uplands are more than1, 300 feet above sea level, but the
valley floors in the northern part are less than 900 feet.
Drainage is generally to the north or south, for the plateau extends across
the middle part of the county in an east-west direction. The Meramec River, in the
north-eastern part, flows to the north. Dry Fork Creek rises in the northwestern part
of the county and also flows to the north. The southeastern corner o f t h e county is
drained by Big Sinking Creek, which flows to the south. Large areas surrounding the
bottom lands of these major drainage ways are very steep. Most of the soils are very
stony, especially those in the deeply dissected watershed of the Meramec and Current
Rivers (Gilbert, 1971).
The geologic formations exposed in the boreholes include, Residuum formed the
top with thickness around 90 feet in both boreholes, and then Gasconade Formation
formed the bottom of both boreholes (Figure 12.9).

12.4. BOREHOLE DATA
A total of two boreholes were drilled around the study sit (Figure 12.8). Both
boreholes are located at level of elevation around 1100 feet. The study sit where we
acquired the geophysical data are located at elevation close to the boreholes level.
Borehole # 017665 is located west of the study sit by distance less than a mile and
elevation approxicematly 1153 feet. The top of rock was encounterd at depth 80 ft at this
borehole, while borehole # 024221 is located eastren of the study sit by distance more
than mile with elevation apporixcematly 1231 feet (Table 12.1). The top of rock was
encounterd at depth 65.
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The geologic formations exposed in the boreholes include, Residuum formed the
top with thickness around 90 feet in both boreholes. That is because average thickness of
Rubidoux Formation is difficult to estimate since much of the Formation is present only
as residuum of insoluble material. Then After that Gasconade Formation formed the
bottom of both boreholes (Figure 12.9).

Figure 12.8. Locations of boreholes available in the study area.

Table 12.1. Borehole, ERT, and MASW data comparison for Hwy U.
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Figure 12.9. Cross sections for study site Hwy U.

12.5. ACQUISITION OF ELECTRICAL RESISTIVITY TOMOGRAPHY DATA
Five overlapping ERT data were acquired on the surface of the shoulder of Hwy
U roadway segment (1000 ft.) long along five traverses at the eastern side of the roadway
segment (A, B, C, D, and E Figure 12.4 and 12.10) in an effort to map the top of rock and
evaluate the subsurface all the way down to the top of rock. The ERT data were acquired
using an AGI SuperSting R8/IP resistivity unit equipped with a dipole-dipole array
consisting of 72 electrodes (Figure 12.11).
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Figure 12.10. Hwy U layout where ERT data was acquired along 1000 ft traverse in the
DOT ROW at the east side of the site. The start/end of each ERT traverse was consistent
with the start/end of the corresponding GPR traverses. MASW data were acquired at 41
stations (every 25 ft from the 0 ft. mark to the 1000 ft. mark) along GPR traverse 3.

Typically depth of investigation is 20 percent of the length of the array with 72
available electrodes and the required minimum depth of investigation of 53 ft, 5 ft
spacing between electrodes was chosen for this ERT survey. The ERT data of site Hwy
U were acquired on October within two days. The output of profiles A, B, C, D, and E
ERT data is 2-D electrical resistivity image of the subsurface (Figure 12.14). An estimate
of the extent to which the output 2-D image correlates with the input apparent resistivity
data is provided as a percent error. The acquired ERT field data were good quality and
were processed using RES2DINV software.
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Figure 12.11. ERT data were acquired at Hwy U study site using an AGI SuperSting
R8/IP resistivity system and a dipole-dipole array. Electrodes were spaced at 5 ft.
intervals.

Raw data (calculated apparent resistivity ρa) are downloaded from the control unit
for further processing. Processing software provides for automated or manual editing to
remove individual data values that appear to be anomalous and therefore unreliable.
Processing software also automatically inverts the apparent resistivity data and generates
an optimum resistivity image of the subsurface. Usually, the inversion of the apparent
resistivity data does not require interactive input from the interpreter. However, some
processing parameters can be interactively changed to enhance the output.
MASW field data were acquired at 41 locations along roadway site using an
engineering seismograph and twenty-four low-frequency (4.5 Hz) vertical geophones
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spaced at 1.5 ft. (Figure 12.12) Acoustic energy was generated at an offset (distance to
nearest geophone) of 10 ft using a 12 lb. sledge hammer and metal plate.

Figure 12.12. Active MASW data were acquired at US 63 site using a 24-channel
engineering seismograph and 24 low-frequency (4.5 Hz) geophones spaced at 1.5 ft.
intervals.

Each MASW field record was transformed into dispersion data (Rayleigh-wave
velocity vs. frequency format; standard, established mathematical process that does not
require any interactive input from the interpreter). The dispersion data are analyzed
qualitatively (processor input is required) and optimum phase velocities are selected
(dispersion curve). The dispersion curve is usually inverted without any qualitative input
from the interpreter and transformed into a 1-D shear-wave velocity profile. Raw seismic
data, Dispersion curve and 1-D shear-wave velocity are shown in (Figure. 7.13). By
convention, the 1-D shear-wave velocity profile is assumed to represent the velocity of
the subsurface at the mid-point of the array (stations every 25 ft). In reality, the 1-D
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velocity profile represents (more-or-less) the average shear-wave velocity along the entire
length of the array.

Figure 12.13. Raw seismic data, Dispersion curve and 1-D shear-wave velocity profile
#28 centered at 675-ft mark. Interpreted top of rock (1,000 ft. /s) is at a depth of 9 ft.

12.6. INTERPRETATION OF ERT DATA
The ERT data were acquired in five traverses at the east side Hwy U roadway site
approximately 1000 ft. and the output of the five traverses is 2-D electrical resistivity
image of the subsurface. A typical depth of investigation for the deployed resistivity
dipole-dipole array with 72 electrodes and 5-ft spacing between the electrodes is 20% of
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the array length. Therefore the expected achievable depth of imaging in this site was
approximately 53 ft (Figures 12.14, and 12.16). The ERT field data were good quality
and were processed using RES2DINV software.
The MASW data were acquired a linear array of geophones (24 geophones spaced
at 1.5 ft. intervals along 41 traverses. The array of geophones was centered at
predetermined station locations (every 25 ft.) along the site (Figures 12.12 and 12.15).
The resolution and the depth of investigation and three traverses at the other side in the
MASW method are defined by the receiver (geophone) spacing, the array length and the
source size. The geophone spacing defined the shallowest resolvable depth of
investigation. However, the maximum achievable depth of investigation is usually limited
by the seismic source. In this case study a seismic array of 24 geophones spaced at 1.5ft
was used to increase vertical resolution and minimize lateral smearing and with 10 ft
offset. The expected achievable depth of investigation was approximately 70 ft. The
acquired MASW data sets were processed using SurfSeis software. The forty-one 1-D
shear-wave velocity profiles generated for each site were combined to create a 2-D shearwave velocity profile of the subsurface of the site. The 2-D profile was 1000 ft. in length
(Figures 12.15 and 12.19). These 2-D profiles depict both lateral and vertical variations in
the shear-wave velocity and can be transformed into 2-D geologic profiles.
All electrical resistivity field data sets were transformed into contoured twodimensional resistivity images (Figures 12.14 and 12.16). The contoured values on ERT
profile show distribution of the resistivity values in the subsurface along the traverse. The
depth of investigation extends to a depth of approximately 53 ft along the profile.

300
Typically, at this site, intact/dry rock (as per interpretation) is characterized by
resistivity values in excess of 1500 ohm-m and weathered rock by values between 50 and
1500 ohm-m. The soils at Site 7 are characterized by a broad range of resistivity values.
Moist clayey soils are characterized by resistivity values less than about 10 ohm-m; dry
fill and soil, in places, is characterized by resistivity values in excess of 250 ohm-m.
Indeed, where dry fill or dry soil overly rock, the contact between the two layers cannot
be differentiated (Figure 12.16 and 12.17).

Figure 12.14. Photograph and aerial image of the Hwy U road segment (looking south,
on the east side of the Hwy U site) which includes the five ERT traverses locations along
the study site in order from south to north, and 2-D uninterpreted ERT image of the
subsurface for the five profiles acquired on the site with elevation control. The datum is
the ground surface in the DOT ROW (approx. 1-2 ft. below pavement surface). Distances
and depths are in units of feet. Resistivity is in units of ohm-m.
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Figure 12.15. Photograph and aerial image of the Hwy U road segment (looking north, on
the bound lane of the Hwy U site) includes the forty one MASW traverses locations
along the study site in the order from south to north, and 2-D uninterpreted MASW image
of the subsurface for the forty one profiles acquired along the northbound lane of the site.
Datum on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft
above ERT datum). Distances and depths are in units of feet. Velocities are in units of
feet per second.
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Figure 12.16. Concatenated uninterpreted ERT profile, oriented north-south, with
elevation control for the south side of Hwy U.

Generally, the ERT profile was characterized by variety zones of very low, low to
intermediate resistivity values throughout the whole profile which represent very
intensely weathered rock. That means this road segment laydown on intensely weathered
rock which considered being weak area. This situation of the subsurface affects the
asphalt pavement which was observed to be in poor condition, and showed evidence of
multiple closely spaced longitudinal and transverse cracks, raveling, alligator cracks, and
distortions (Figure 12.2).

Figure 12.17. Concatenated Interpreted ERT profiles oriented north-south for the east
side of Hwy U. Distances and depths are in units of feet. Resistivity is in units of ohm-m.
Interpreted top of rock is shown by the dashed red line. Intact/dry rock is characterized by
resistivity values in excess of 1500 ohm-m and weathered rock by values between 50 and
1500 ohm-m. Moist clayey soils are characterized by resistivity values less than about 10
ohm-m; dry fill and soil, in places, is characterized by resistivity values in excess of 250
ohm-m.
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One-dimensional shear-wave velocity profiles were generated for each of the
forty one data sets. One of these profiles is shown in ( Figuren 12.18). The MASW
data were good quality. All the one-dimensional shear-wave velocity profiles were
combined into a two-dimensional shear-wave velocity profile (Figure 12.19) due to
variations in the individual shear-wave velocity profiles and large interval spacing
between the profiles.

Figure 12.18. 1-D shear-wave velocity profile28, acquired at the 675 ft station.
Interpreted top of weathered rock (1000 ft/sec.) is at a depth of approximately 7.5 ft. This
depth correlates well with the ERT-estimated depth to the top of rock at the 675 ft station.

A two-dimensional MASW shear-wave velocity profile was generated from forty
one MASW data sets acquired at 25-ft intervals parallel to the ERT traverse. Based
on 2-D MASW shear-wave velocity, the top of weathered rock 1,000 ft/s shear-wave
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velocity value was mapped at a depth of around 7.5 ft in first 300 ft distance, then in
the middle of the profile from 350 ft to 600 ft mark goes down to 20 ft. From 600-ft up to
the end of the profile, the top of weathered was mapped at the same depth of the
beginning of the profile and little bit shallower than that (Figure 12.19).

Figure 12.19. Interpreted 2-D MASW shear-wave velocity profile with elevation control.
Datum on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft.
above ERT datum). Distances and depths are in units of feet. Velocities are in units of
feet per second.

Side-by-side comparison of the ERT profile acquired at the east side of the site
with the 2-D MASW profile acquired at the north bound lane about 10 ft far ERT profile
is shown in (Figure 12.20). From the two images, the places that characterized by low
resistivity values in the ERT profile were consistent with the places that characterized by
low shear wave velocity values in the MASW. And also area that was characterized by
intermediate to high resistivity values was matched well with the areas that characterized
by intermediate to high shear wave velocity values. Therefore, the top of weathered and
intact rock on the interpreted 2-D MASW was superposed on ERT profile (Figure
12.20).
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There is very good correlation between the three images. Sections on both ERT
profiles where there are low, intermediate, or high resistivity values correlated very well
with sections where there low, intermediate, or high shear wave velocity values. For
instance, intact rock is characterized by resistivity values in excess of 1500 ohm-m and
velocity in excess of 1900 ft/sec; weathered rock by values between 50 and 1500 ohm-m
and velocity in excess of 1000 ft/sec. The soils at this site are characterized by a broad
range of resistivity values. Moist clayey soils are characterized by resistivity values less
than about 10 ohm-m; dry fill and soil, in places, is characterized by resistivity values in
excess of 250 ohm-m. Pavement and soil are characterized by velocities less than 1000
ft/sec. Indeed, where dry fill or dry soil overly rock, the contact between the two layers
cannot be differentiated (Figure 12.20).

Figure 12.20. Side-by-side comparison of ERT profiles acquired at the right side of the
site with MASW arrays acquired at the north bound lane about 10 ft from the ERT
profiles. Interpreted top of rock is shown by the dashed red line. The areas that
characterized by low resistivity values in the ERT profile were consistent with the areas
that characterized by low shear wave velocity values in the MASW.
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From both ERT and MASW profiles, the interpreted top of weathered rock
(shear-wave velocity >1000 ft/sec.) is at a depth of 7.5 ft. This depth estimate is
consistent with the interpreted ERT profile where the depth to interpreted top of
weathered rock is approximately 6 ft.
Five ground penetrating radar profiles oriented north to south acquired along the
study site to support the geophysical data acquired along Hwy U site. Also eight core
samples were collected throughout the whole site. Photograph of the site Hwy U and
examples of GPR section using 1.5 GHz antenna, GPR section using low frequency 400
MHz antenna, core control sample, and MASW 1-D shear wave velocity are presented in
(Figure 12.21).

Figure12.21. Photograph of the site HWY U and examples of A) GPR section 1.5 GHz
antenna. B) GPR section 400 MHz antenna C) Core control. D) MASW 1-D shear wave
velocity.
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Pavement base and subbase have been marked with red dashed line and soil layer
with green dashed line in the 1-D shear wave velocity profile. Typical Site 7 pavement
consists of full depth bituminous (BM) with variety thickness between (1/4 in. - 2 in.).
This thickness consistent with the thickness obtained from GPR results and on the 1-D
shear wave velocity as well.

12.7. CONCLUSION
Electrical resistivity acquired at the east side of Hwy U study site and were
compared with multi-channel analyses of surface waves methods. ERT imaged the
subsurface to a depth of approximately 53 ft while MASW was able to image the
subsurface only to a depth of approximately of 70 ft. Interpretation and analyses of the
ERT, MASW data indicate that depth to top of rock was detected at depth around 7 ft.
There is very good correlation between both ERT and MASW data. Sections on both
ERT profiles where there are low, intermediate, or high resistivity values correlated very
well with sections where there low, intermediate, or high shear wave velocity values. In
general, intact rock is characterized by resistivity values in excess of 1500 ohm-m and
velocity in excess of 1900 ft/sec; weathered rock by values between 50 and 1500 ohm-m
and velocity in excess of 1000 ft/sec. The soils at this site are characterized by a broad
range of resistivity values. Moist clayey soils are characterized by resistivity values less
than about 10 ohm-m; dry fill and soil, in places, is characterized by resistivity values in
excess of 250 ohm-m. Pavement and soil are characterized by velocities less than 1000
ft/sec. Indeed, where dry fill or dry soil overly rock, the contact between the two layers
cannot be differentiated.
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From both ERT and MASW profiles, the interpreted top of weathered rock from
ERT is at a depth of approximately 6 ft. This depth estimate is consistent with the
interpreted MASW profile where the depth to interpreted top of weathered rock
approximately 7.5 ft. The subsurface of the site was characterized by variety zones of
very low, low to intermediate resistivity and shear wave velocity values throughout the
whole profile which represent very intensely weathered rock. This situation of the
subsurface was affected the asphalt pavement which was observed to be in poor
condition, and showed evidence of surface defects. The observed defects include,
multiple closely spaced longitudinal and transverse cracks, raveling, alligator cracks, and
distortions.
Typical Site 7 pavement consists of full depth bituminous (BM) with variety
thickness between (1/4 in. - 2 in.). This thickness consistent with the thickness obtained
from GPR results and on the 1-D shear wave velocity as well.
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13. I-35 CASE STUDY

13.1. ABSTRACT
Electrical resistivity tomography (ERT) and multi-channel analyses of surface
waves (MASW) data were acquired at the I-35 study site approximately 1000 ft long
located in Daviess County with the purpose to evaluate the condition of pavement, base
and native soil all the way down to the top of bedrock. The ERT field data were acquired
in the DOT right of way with total of five overlapping, while the MASW data were
acquired in the middle of the bound lane around 25 ft from the ERT profiles. Ground
penetrating profiles oriented south-north opposite to each other was acquired, eight core
samples also were collected, and information of two boreholes was obtained to support
the geophysical data.
Based on the analyses of the acquired ERT and MASW data, the shallow
subsurface (the very thin layer on the top of ERT and MASW profiles) was characterized
by intermediate resistivity values especially the middle overlying moist soil which
showed very low resistivity and velocity values. On the other hand, the beginning and
end of the profiles shows high moist soil directly below the pavement section. That
interpreted why the pavement section showed few longitudinal and traverse cracks).
Typically, the top of weathered rock was encountered at depths of 6– 7.5 ft below
ground surface. The tested pavement thickness from the core control is approximately 17
in. This thickness consistent with the thickness obtained from GPR results and on the 1-D
shear wave velocity as well.
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13.2. INTRODUCTION
Pavement site 8 is located along highway I-35 in Davies County about 20 miles
north of Cameron, MO. (Figure 13.1). The tested pavement consists of approximately 7
in. of PCC overlay above a 9 in. thick PCC layer. A 1 in. thick layer of BM is embedded
between the two PCC layers.

Figure 13.1. Location of the of the I-35 study site about 20 miles north of Cameron, MO.

311
Visual assessment of the site indicated that the pavement was in good condition
with PASER rating of 7 except little visible evidence of surface defects. The defects
include, a few patches and cracks (longitudinal and traverse) were observed at the site.
The condition of the pavement is shown in (Figure 13.2). The average air temperature
during field data acquisition at the test site was 80 °F.

Figure 13.2. (Site 8) showing evidence of cracks and patches on the pavement surface.
Photograph was taken looking north.
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Five electrical resistivity profiles were acquired on the east shoulder along five
traverses, and forty one multi-channel analyses of surface wave profiles at the stations
placed at 25 ft. intervals along the (1000ft) of the I-35 roadway segment (center of the
bound lane) around 25 ft far from the ERT profile (Figures 13.3, and 13.4). This
separation can explain many of the minor differences between the ERT and MASW
interpretations as subsurface conditions can vary significantly over short distances in
karst terrain. Also, the paved surfaces on which the MASW data were acquired were
elevated (typically by multiple feet) relative to the DOT ROW in which the ERT data
were acquired.

Figure 13.3. Site I-35 layout where ERT data were acquired a 1000 ft traverse in the DOT
ROW at the east side of the site. The start and end of each ERT traverse were consistent
with the start and end of the corresponding GPR traverses. Active MASW data were
acquired at 41 stations (every 25 ft from the 0 ft mark to the 1000 ft mark) along GPR
traverse 3. GPR traverses 1-5. High-frequency (1.5 GHz antenna) GPR data were
acquired along all five traverses; low-frequency (400 MHz antenna) data GPR data were
acquired along traverse 3 only. Eight core controls were collected throughout the site.
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Five ground penetrating radar profiles oriented north – south opposite to each
other acquired along the study site to support the geophysical data acquired along the
study site. Also eight core samples were collected throughout the whole site (Figure
13.3). The output of ERT for I-35 site was a 1000 ft long 2-D resistivity image of the
subsurface (ERT profile) with superposed geologic interpretations (Figures 13.13 and
13.15).

The geologic interpretations are based on the assumption that measured

variations in the resistivity of the subsurface reflect corresponding changes in lithology.
On the other hand, the final output was a 1000 ft. 2-D shear-wave velocity profile of the
subsurface (MASW profile) with superposed geologic interpretations (Figures 13.14 and
13.18).

Figure 13.4. ERT and MASW traverse locations.
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The geologic interpretations are based on the assumption that measured variations
in the acoustic properties of the subsurface reflect corresponding changes in lithology
content.
The geologic interpretations are based on the assumption that measured variations
in the resistivity of the subsurface reflect corresponding changes in lithology. On the
other hand, the final output was a 1000 ft. 2-D shear-wave velocity profile of the
subsurface (MASW profile) with superposed geologic interpretations (Figures 13.14 and
13.18).

The geologic interpretations are based on the assumption that measured

variations in the acoustic properties of the subsurface reflect corresponding changes in
lithology content.

13.3. GEOLOGY AND STRATIGRAPHY
Daviess County, in the north-central part of Missouri ( Figure 13.5 and 13.6), the
county has a total area of 569 square miles (1,470 km2), of which 563 square miles
(1,460 km2) is land and 5.8 square miles (15 km2) (1.0%) is water. in northern Missouri
including Daviess County is the product of the leading edge of the last continental glacier
that once covered parts of North America. Since the leading edge of the glacier was only
several hundred feet thick, glacier land forms are not easily identified today.

The

glaciated till assorted soils and rocks still cover northern Missouri and supports
agriculture.
Daviess County lies on the Dissected Till Plains which lies in the portion of the
state north of the Missouri River, while the Osage plains portion extends into the
southwestern portion of the state bordering the Ozark Plateau. Thus the northern plains
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cover an area slightly more than a third of the state. The Dissected Till Plains cover the
part of the State north of the Missouri River valley. Repeated glaciation during the
Pleistocene Epoch left the area covered with thick deposits of till (bouldery clay),
sand, gravel, and loess. Thickness of the glacial deposits is generally greatest in the
filled preglacial valleys and least over the preglacial uplands. In general the
thickness decreases southward toward the Missouri River. Beneath the glacial
material the bedrock is similar to that of the Osage Plains. Most of the bedrock is
shale; however, limestone dominates in the eastern part of the area along the
Mississippi River. Bedrock is exposed in a few places where the till has been
eroded. Postglacial erosion has carved new valleys which in general are unrelated to
the preglacial stream network, but in some cases the older valleys have been
reoccupied. Erosion contributes significantly to lake sedimentation in the Dissected
Till Plains (Grogger, 1964).
It is more hilly (Figure 13.6) and broken in its western half than in its eastern half.
The elevation in the extreme northwestern Missouri is about 1,200 ft (370 m) and in the
extreme northeastern portion about 500 ft (150 m)., while the rim of the region to the
southeast, along the border of the Ozark region, has an elevation of about 900 ft (270 m).
The valleys for the larger streams are about 250 to 300 ft (91 m) deep and sometimes 8 to
20 miles (32 km) wide with the country bordering them being the most broken of the
region.
The smaller streams have so eroded the whole face of the country that little of the
original surface plain is to be seen. The Mississippi River runs along the length of
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Missouri's eastern side and is skirted throughout by topographic relief of 400 to 600 ft
(180 m) elevation.

Figure 13.5. Physiographic regions of Missouri (Missouri Department of Natural
Resources, 2002). The study area is marked as blue dot.

The geologic formations exposed in the study area include, Glacial Drift and
Pennsylvanian. Pennsylvanian age bedrock underlies the Platte River basin. Bedrock
within the basin consists primarily of shale beds, limestone, and sandstone (Figure 13.8).
In general, progressively older formations are exposed from west to east within the Platte
River basin.
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The overlying soils within the basin (i.e., glacial till and loess) share their origin
from the Pleistocene. Four major ice advances occurred during this time and had
profound effects on northwestern Missouri. The first glacial advance, known as the
Nebraskan, occurred 1.7 to three million years ago, and it leveled the topography of
northern Missouri. Two hundred and fifty thousand years after the retreat of this glacier,
the final continental glaciation, the Kansan, covered earlier deposits with till as it
retreated and further leveled the landscape.

Figure 13.6. Topographyic map for south-west part of Daviess County includes study site
(I-35). The study area marked with red.
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The last two ice advances, the Illinoisan and Wisconsinian had no direct physical
presence in northwestern Missouri, but a thick layer of windblown silt, called loess, from
these two glaciers was added to the deposits of glacial till already present. The ice
advances of the Pleistocene were the major factors that deposited and leveled the highly
erodible soils that are present in the basin today (Committee on Public Works, 1965). The
low gradient, turbid prairie streams that characterize the Platte River basin developed
after the last glacier retreated (Grogger, 1964).

13.4. BOREHOLE DATA
A total of two boreholes were drilled with different distances and elevations
around the study site (Figure 13.7).

Figure 13.7. Locations of boreholes available in the study area. Both boreholes are
located at least 2 miles from the study site.

319
The distance between the boreholes and the elevations are shown in (figure 13.7
and Table 13.1). Both boreholes (#015179 and #015178) were located at almost the same
elevation level of only four feet different. Boreholes #015179 is at elevation about 762
feet, and borehole # 015178 is at elevation 786 feet while the study site is located at
higher level of elevation about 80 feet above boreholes. And also they are more than 2
miles away from ERT and MASW profiles.
Thickness of the glacial deposits in the county is generally greatest in the filled
preglacial valleys and least over the preglacial uplands. In both boreholes that
available and close to the site, the top down to about 170 ft is glacial drift feet. Then,
Pennsylvanian system formed the bottom of both boreholes.
encountered at depth deeper than 100 feet on bot boreholes.

Figure 13.8. Cross sections for study site I-35.

Top of bedrock was
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Table 13.1. Borehole, ERT, and MASW data comparison for I-35.

13.5. ACQUISITION OF ELECTRICAL RESISTIVITY TOMOGRAPHY DATA
The ERT data at site 8 were acquired along three overlapping profiles on the
surface of the shoulder of (I-35) roadway segment (1000 ft.) at the east side of the study
site (A, B, and C Figure 13.4 and 13.9) in an effort to map the top of rock and evaluate
the subsurface all the way down to the top of rock. The ERT data were acquired using an
AGI SuperSting R8/IP resistivity unit equipped with a dipole-dipole array consisting of
100 electrodes (Figure 13.10). Typically depth of investigation is 20 percent of the length
of the array with 100 available electrodes and the required minimum depth of
investigation is 80 ft but the achieved depth is around 50 ft 5 ft spacing between
electrodes was chosen for this ERT survey.
The ERT data at I-35 were acquired on August within two days. The output of
profiles A, B, and C ERT data is 2-D electrical resistivity image of the subsurface (Figure
13.13). An estimate of the extent to which the output 2-D image correlates with the input
apparent resistivity data is provided as a percent error. The acquired ERT field data were
good quality and were processed using RES2DINV software. Raw data (calculated
apparent resistivity ρa) are downloaded from the control unit for further processing.
Processing software provides for automated or manual editing to remove individual data
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values that appear to be anomalous and therefore unreliable. Processing software also
automatically inverts the apparent resistivity data and generates an optimum resistivity
image of the subsurface. Usually, the inversion of the apparent resistivity data does not
require interactive input from the interpreter. However, some processing parameters can
be interactively changed to enhance the output.

Figure 13.9. I-35 site layout where ERT data were acquired along a 1000 ft. traverse in
the DOT ROW at the east side of the sit. The start/end of each ERT traverse was
consistent with the start/end of the corresponding GPR traverses. MASW data were
acquired at 41 stations (every 25 ft from the 0 ft. mark to the 1000 ft. mark) along GPR
traverse 3.
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MASW field data were acquired at 41 locations along roadway site using an
engineering seismograph and twenty-four low-frequency (4.5 Hz) vertical geophones
spaced at 1.5 ft. (Figures 13.4, 13.9, and 13.11). Acoustic energy was generated at an
offset (distance to nearest geophone) of 10 ft using a 12 lb. sledge hammer and metal
plate. Each MASW field record was transformed into dispersion data (Rayleigh-wave
velocity vs. frequency format; standard, established mathematical process that does not
require any interactive input from the interpreter).

Figure 13.10. ERT data were acquired at I-55 study site using an AGI SuperSting R8/IP
resistivity system and a dipole-dipole array. Electrodes were spaced at 5 ft. intervals.
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The dispersion data are analyzed qualitatively (processor input is required) and
optimum phase velocities are selected (dispersion curve). The dispersion curve is usually
inverted without any qualitative input from the interpreter and transformed into a 1-D
shear-wave velocity profile. Raw seismic data, Dispersion curve and 1-D shear-wave
velocity are shown in (Figure 13.12). By convention, the 1-D shear-wave velocity profile
is assumed to represent the velocity of the subsurface at the mid-point of the array
(stations every 25 ft). In reality, the 1-D velocity profile represents (more-or-less) the
average shear-wave velocity along the entire length of the array.

Figure 13.11. Active MASW data were acquired at US 63 site using a 24-channel
engineering seismograph and 24 low-frequency (4.5 Hz) geophones spaced at 1.5 ft.
intervals.

324
The forty-one 1-D shear-wave velocity profiles generated for the site were
combined to create a 2-D shear-wave velocity profile. Each 2-D profile was 1000 ft in
length (Figures 13.14 and 13.17). These 2-D profiles depict both lateral and vertical
variations in the shear-wave velocity and can be transformed into 2-D geologic profiles.
These 2-D geologic profiles constitute the final deliverable. As noted, the 1-D velocity
profile represents (more-or-less) the average shear-wave velocity along the entire length
of the array. MASW lateral resolution at each site is therefore on the order of 34.5 ft.
The acquired MASW field data were good quality and were processed using SurfSeis3
software.

Figure 13.12. Raw seismic data, Dispersion curve and 1-D shear-wave velocity profile
#33 centered at 800-ft mark. Interpreted top of rock (1,000 ft/s) is at a depth of about 12
ft.
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13.6. INTERPRETATION OF ERT DATA
The ERT data were acquired in five traverses at the east side Hwy U roadway site
approximately 1000 ft. and the output of the five traverses is 2-D electrical resistivity
image of the subsurface. A typical depth of investigation for the deployed resistivity
dipole-dipole array with 100 electrodes and 5-ft spacing between the electrodes is 20% of
the array length. Therefore the expected achievable depth of imaging in this site was
approximately 50 ft (Figures 13.13 and 13.15). The ERT field data were good quality and
were processed using RES2DINV software.
The MASW data were acquired a linear array of geophones (24 geophones spaced
at 1.5 ft. intervals along 41 traverses. The array of geophones was centered at
predetermined station locations (every 25 ft.) along the site (Figure 13.11 and 13.14). The
resolution and the depth of investigation and three traverses at the other side in the
MASW method are defined by the receiver (geophone) spacing, the array length and the
source size. The geophone spacing defined the shallowest resolvable depth of
investigation. However, the maximum achievable depth of investigation is usually limited
by the seismic source. In this case study a seismic array of 24 geophones spaced at 1.5ft
was used to increase vertical resolution and minimize lateral smearing and with 10 ft
offset. The expected achievable depth of investigation was approximately 50 ft. The
acquired MASW data sets were processed using SurfSeis software. The forty-one 1-D
shear-wave velocity profiles generated for each site were combined to create a 2-D shearwave velocity profile of the subsurface of the site. The 2-D profile was 1000 ft. in length
(Figure 13.14 and 13.18). These 2-D profiles depict both lateral and vertical variations in
the shear-wave velocity and can be transformed into 2-D geologic profiles.
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Figure 13.13. Photograph and aerial image of the I-35 road segment (looking north, on
the east side of the I-35) which includes the three ERT traverses locations along the study
site in order from south to north, and 2-D uninterpreted ERT image of the subsurface for
the three profiles acquired on the site. The datum is the ground surface in the DOT ROW
(approx. 1-2 ft. below pavement surface). Distances and depths are in units of feet.
Resistivity is in units of ohm-m.
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Figure 13.14. Photograph and aerial image of the I-35 road segment (looking north, on
the bound lane of the I-35 site) includes the forty one MASW traverses locations along
the study site in order from south to north, and 2-D uninterpreted MASW image of the
subsurface for the forty one profiles acquired along the northbound lane of the site.
Datum on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft
above ERT datum). Distances and depths are in units of feet. Velocities are in units of
feet per second.
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All electrical resistivity field data sets were transformed into contoured twodimensional resistivity images (Figure 13.15). The contoured values on ERT profile
show distribution of the resistivity values in the subsurface along the traverse. The depth
of investigation extends to a depth of approximately 50 ft along the profile.

Figure 13.15. Concatenated uninterpreted ERT profile, oriented south-north, for the east
side of I-35 at Daviess County.

Typically, at this site, weathered rock by values between 20 and 1500 ohm-m.
The soils at the site are characterized by a broad range of resistivity values. Moist clayey
soils are characterized by resistivity values less than about 10 ohm-m; dry fill and soil, in
places, is characterized by resistivity values in excess of 100 ohm-m.(Figures 13.15 and
13.16).
From the ERT data, the shallow subsurface (top of ERT profile) was
characterized by intermediate resistivity values especially the middle (from 150 ft to 550
ft mark) overlying moist soil which shows very low resistivity. This area represents dry
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fill material, then following that very low resistivity zone which represent moist soil. The
top of the ERT section down to about 10 ft was characterized by intermediate to very low
resistivity. This means, the area represents dry fill overlying moist soil. From depth of
around 10 ft down to 38 ft was characterized by low resistivity values. This area
represents intensely weathered rock. Then the weathered rock formed the bottom of study
site which characterized by high values relatively (Figures 13.16).

Figure 13.16. Concatenated Interpreted ERT profiles oriented south-north for the east
side of US I-35. Distances and depths are in units of feet. Resistivity is in units of ohmm. Interpreted top of rock is shown by the dashed red line. Weathered rock by values
between 20 and 1500 ohm-m. The soils at the site are characterized by a broad range of
resistivity values. Moist clayey soils are characterized by resistivity values less than
about 10 ohm-m; dry fill and soil, in places, is characterized by resistivity values in
excess of 100 ohm-m.

One-dimensional shear-wave velocity profiles were generated for each of the
forty one data sets. One of these profiles is shown in ( Figure 13.17). The MASW data
were good quality. All the one-dimensional shear-wave velocity profiles were
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combined into a two-dimensional shear-wave velocity profile (Figure 13.18) due to
variations in the individual shear-wave velocity profiles and large interval spacing
between the profiles. A two-dimensional MASW shear-wave velocity profile was
generated from forty one MASW data sets acquired at 25-ft intervals parallel to the
ERT traverse. Based on 2-D MASW shear-wave velocity, the top of weathered rock
1,000 ft/s shear-wave velocity value was mapped at a depth of around 20 ft in first 400
ft distance, then in the middle of the profile from 400 ft to the end of the profile goes up
to depth around 10 ft (Figure 13.18).

Figure 13.17. 1-D MASW shear-wave velocity profile 13, acquired at station 300 ft.
Interpreted top of weathered rock (1,000 ft/sec.) is at a depth of approximately 7 ft. This
depth correlates well with the ERT-estimated depth to the top of rock at station 300 ft.
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Figure 13.18. Interpreted 2-D MASW shear-wave velocity profile with elevation control.
Datum on the 2-D MASW profile corresponds to the top of pavement (approx. 1-2 ft.
above ERT datum). Distances and depths are in units of feet. Velocities are in units of
feet per second.

Side-by-side comparison of the ERT profile acquired at the east side of the site
with the 2-D MASW profile acquired at the north bound lane about 25 ft from ERT
profile is shown in (Figure 13.19). From the two images, the places that characterized by
low resistivity values in the ERT profile were consistent with the places that
characterized by low shear wave velocity values in the MASW. And also area that was
characterized by intermediate to high resistivity values was matched well with the areas
that characterized by intermediate to high shear wave velocity values. Therefore, the top
of weathered rock on the interpreted 2-D MASW was superposed on ERT profile (Figure
13.19).
There is very good correlation between the three images. Sections on both ERT
profiles where there are low, intermediate, or high resistivity values correlated very well
with sections where there low, intermediate, or high shear wave velocity values. For
instance, weathered rock by values between 20 and 1500 ohm-m and velocity between
1000 and 1900 ft/sec. The soils at this site are characterized by a broad range of
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resistivity values. Moist clayey soils are characterized by resistivity values less than
about 10 ohm-m; dry fill and soil, in places, is characterized by resistivity values in
excess of 100 ohm-m. Pavement and soil are characterized by velocities less than 1000
ft/sec. Indeed, where dry fill or dry soil overly rock, the contact between the two layers
cannot be differentiated (Figure 13.19).
Generally, the shallow subsurface (the very thin layer on the top of ERT and
MASW profiles) was characterized by intermediate resistivity values especially the
middle (from 150 ft to 550 ft mark) overlying moist soil which shows very low resistivity
and velocity. From depth of around 10 ft down to 38 ft was characterized by low values.
This area represents intensely weathered rock. Then the weathered rock formed the
bottom of study site which characterized by intermediate to high values relatively. On the
other hand, the beginning and end of the profiles shows high moist soil directly below the
pavement section. That means the pavement section laydown on weak zone in these two
areas. In contrast, the pavement section showed little visible evidence of surface defects
in the beginning and the end of the pavement segment. The defects include, a few patches
and cracks (longitudinal and traverse) were observed at the site (Figure 13.2).
From both ERT and MASW profiles, the interpreted top of weathered rock
(shear-wave velocity >1000 ft/sec.) is at a depth of 9 ft. This depth estimate is consistent
with the interpreted ERT profile where the depth to top of weathered rock is
approximately 7 ft.
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Figure 13.19. Side-by-side comparison of ERT profile acquired at the right side of the
site with MASW arrays acquired at the north bound lane about 20 ft from the ERT
profiles. Interpreted top of rock is shown by the dashed red line. The areas that
characterized by low resistivity values in the ERT profile were consistent with the areas
that characterized by low shear wave velocity values in the MASW.

Five ground penetrating radar profiles oriented north to south acquired along the
study site to support the geophysical data acquired along I - 35 sit. Also eight core
samples were collected throughout the whole site. Photograph of the site Hwy U and
examples of GPR section using 1.5 GHz antenna, GPR section using low frequency 400
MHz antenna, core control sample, and MASW 1-D shear wave velocity are presented in
(Figure 13.20). Pavement base and subbase have been marked with red dashed line and
soil layer with green dashed line in the 1-D shear wave velocity profile. Typically site 8
the tested pavement thickness from the core control is approximately 17 in. This
thickness consistent with the thickness obtained from GPR results and on the 1-D shear
wave velocity as well.

334

Figure 13.20. Photograph of the site I-35 Daviees County and examples of A) GPR
section 1.5 GHz antenna. B) GPR section 400 MHz antenna C) Core control. D) MASW
1-D shear wave velocity.
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13.7. CONCLUSION
Electrical resistivity acquired at the east side of Hwy U study site and were
compared with multi-channel analyses of surface waves methods. ERT imaged the
subsurface to a depth of approximately 50 ft while MASW was able to image the
subsurface only to a depth of approximately of 50 ft as well. Interpretation and analyses
of the ERT, MASW data indicate that depth to top of weathered rock was detected at
depth around 9 ft on MASW data and 7 ft on ERT data. There is very good correlation
between both ERT and MASW data. Sections on both ERT profiles where there are low,
intermediate, or high resistivity values correlated very well with sections where there
low, intermediate, or high shear wave velocity values.
From the two images, the places that characterized by low resistivity values in the
ERT profile were consistent with the places that characterized by low shear wave
velocity values in the MASW. And also area that was characterized by intermediate to
high resistivity values was matched well with the areas that characterized by intermediate
to high shear wave velocity values. Therefore, the top of weathered rock on the
interpreted 2-D MASW was superposed on ERT profile. In general, weathered rock by
values between 20 and 1500 ohm-m and velocity between 1000 and 1900 ft/sec. The soils
at this site are characterized by a broad range of resistivity values. Moist clayey soils are
characterized by resistivity values less than about 10 ohm-m; dry fill and soil, in places,
is characterized by resistivity values in excess of 100 ohm-m. Pavement and soil are
characterized by velocities less than 1000 ft/sec.
Generally, the shallow subsurface (the very thin layer on the top of ERT and
MASW profiles) was characterized by intermediate resistivity values especially the
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middle (from 150 ft to 550 ft mark) overlying moist soil which shows very low resistivity
and velocity. On the other hand, the beginning and end of the profiles shows high moist
soil directly below the pavement section. That means the pavement section laydown on
weak zone in these two areas. In contrast, the pavement section showed little visible
evidence of surface defects in the beginning and the end of the pavement segment. The
defects include, a few patches and cracks (longitudinal and traverse) were observed at the
site.
Typically site 8 the tested pavement thickness from the core control is
approximately 17 in. This thickness consistent with the thickness obtained from GPR
results and on the 1-D shear wave velocity as well.
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14. CONCLUSION

The electrical resistivity tomography and multi-channel case studies demonstrated
that these tools are an effective tool for assessing the condition of pavement, base and
native soil all the way down to the top of the bedrock.
The results of the work include successful reliable and comprehensive
information about variations in soil and rock rigidity, variations in rock lithology, pattern,
placement and density of solution-widened joints and offset of faults, locations of airfilled voids, distribution of dry soil and moist soil, distribution of clayey soil, and
variable depth to top of rock.
In the first case study, the intact rock is characterized by resistivity values in
excess of 2000 ohm-m and a velocity in excess of 1500 ft/sec; weathered rock is
characterized by values between 75 and 1500 ohm-m and a velocity in excess of 1000
ft/sec; soils and moist clayey soils are characterized by values of less than100 ohm-m and
a velocity of less than 700 ft/sec.
The shallow subsurface along both ERT arrays acquired on US 63 site were
characterized by low resistivity values. In contrast, in the MASW profile the shallow
subsurface correlate well and was characterized by low velocity values. However, the
ERT profile acquired on the west side of the site shows weathered rock along almost the
whole profile except small area after the middle of the section showed moist soil
overlying directly the intact rock. In contrast, in the ERT acquired on the opposite side,
the weathered rock appeared in the two ends of the ERT section. This finding maybe
indicated that the weathering process on the rock started on the left side of the road
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segment and moved towards the opposite side (as seen in the weathered rock on the two
ends of the right ERT profile). That might cause the pavement to deteriorate in the future.
In the “US 54” case study intact rock is characterized by resistivity values in
excess of 1500 ohm-m and by velocity in excess of 1300 ft/sec; weathered rock by values
between 50 and 1500 ohm-m and by velocity in excess of 1000 ft/sec; soil and moist
clayey soils mostly by values less than 100 ohm-m) and pavement, soil and moist clayey
soils by velocity less than 1000 ft/sec. At the first 500 ft on both ERT and MASW which
represent the half of the area of the study site very thin layer of dry fill overlying on moist
clayey soil down to the obtained depth. This area was characterized by low resistivity and
velocity values due to high moisture contents down to the obtained depth. That is
interpreted why there were visible surface defects on this area which including cracking
(block, alligator, transverse and longitudinal), rutting, distortions, and patches. In
contrast, the second half pavement section showed less visible surface defects than the
first section that is because the section is lying down on intact rock as ERT and MASW
data showed this area with high resistivity and velocity values.
Interpretation and analyses of the ERT, MASW data acquired at the “Rte.179”
study site indicates that, intact rock is characterized by resistivity values in excess of
1500 ohm-m and velocity in excess of 1300 ft/sec; weathered rock by values between 50
and 1500 ohm-m and velocity in excess of 1000 ft/sec. The soils at this site are
characterized by a broad range of resistivity values. Moist clayey soils are characterized
by resistivity values less than about 20 ohm-m; dry fill and soil, in places, is
characterized by resistivity values in excess of 1000 ohm-m. Pavement and soil are
characterized by velocities less than 1000 ft/sec. And also Interpretation and analyses of
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the ERT, MASW data showed that, the first 200 ft and also the middle of both profiles
(ERT&MASW), these areas were characterized by low resistivity values less than 100
ohm-m and by velocity less than 800 ft/sec. These low resistivity and velocity values
were due to remaining water that gathered on the surface from rain and that led water to
escape to subsurface and that makes the bedrock to be intensely weathered rock. That can
interpret why some common defects observed in the pavement surface included cracks
(longitudinal, transverse, and block) and slight evidence of rutting on those areas
compare to the rest of the section which showed only very few cracks.
In case study “Hwy AT” typically, at this site, the intact/dry rock is characterized
by resistivity values in excess of 1500 ohm-m and weathered rock by values between 35
and 1500 ohm-m. The soils at site four are characterized by a broad range of resistivity
values. Moist clayey soils are characterized by resistivity values less than about 20 ohmm; dry fill, in places, is characterized by resistivity values in excess of 500 ohm-m. The
subsurface of the road segment on both ERT and MASW profiles was characterized by
very low zone values down to depth around 12 feet. In contrast, there was visible
longitudinal clear crack on the pavement surface along the whole section. The subsurface
of the pavement section up to around 700 ft mark and down to depth around 10 ft
represent fill over soil overlying on weathered rock area, while in the rest of the section
the fill over soil layer laying on intact rock directly. in contrast of that, the pavement
surface showed clear longitudinal cark along the whole site decreasing towards the end of
the pavement section.
In case study “I-55 at Pemiscot County” the interpretation and analyses of the
ERT, MASW data acquired at the study site indicates that the site is laydown on soil. The
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soil at Site 5 can be divided into three layers on the basis of resistivity: a thin upper layer
of dry fill (resistivity values greater than 75 ohm-m and velocity value greater than 500
ft/sec.); an intermediate layer of less dense soil (resistivity values between 10 and 50
ohm-m and velocity value between 900 and 2000 fet/sec) and an underlying layer of
denser soil characterized by (resistivity values greater than 50 ohm-m. and velocity value
greater than 2000 ft/sec.). At station 950, a zone clayey soil of unknown origin and a
possible fault because this area shows low resistivity values compare to the soil type.
Typically site (5) pavement section rate indicates very good condition, that is possibly
because the section laydown on soil material that did not show high diversity in
resistivity or velocity values. The density of the soil gradually changes with depth into
only three zones on the basis of resistivity and velocity.
In the sixth case study, on the basis of the analyses of the acquired electrical
resistivity data, seven sets of solution-widened joints, characterized by different degree of
clay infill on both ERT profiles were mapped. It was concluded that the solutionwidened joints has the same northeast-southwest orientation beneath the pavement. That
is interpreted why there are some developed transverse cracks in scattered locations
around the site beside very few longitudinal cracks.
In the sixth case study “Hwy U”, the subsurface of the site was characterized by
variety zones of very low, low to intermediate resistivity and shear wave velocity values
throughout the whole profiles which represent very intensely weathered rock. This
situation is affected the asphalt pavement which was observed to be in poor condition,
and showed evidence of surface defects. The observed defects include, multiple closely
spaced longitudinal and transverse cracks, raveling, alligator cracks, and distortions.
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Based on the analyses of the acquired ERT and MASW data, the subsurface
of the site was characterized by variety zones of very low, low to intermediate resistivity
and velocity values throughout the whole profile which represent very intensely
weathered rock. This situation of the subsurface was affected the asphalt pavement which
was observed to be in poor condition, and showed many evidence of surface defects such
as multiple closely spaced longitudinal and transverse cracks, raveling, alligator cracks,
and distortions throughout the whole pavement section.
In case study “I-35”, based on the analyses of the acquired ERT and MASW
data, the shallow subsurface (the very thin layer on the top of ERT and MASW profiles)
was characterized by intermediate resistivity values especially the middle overlying moist
soil which showed very low resistivity and velocity values. On the other hand, the
beginning and end of the profiles shows high moist soil directly below the pavement
section. That interpreted why the pavement section showed few longitudinal and traverse
cracks. Generally, the ERT and MASW data correlate reasonably well in assessing the
condition of pavement, base and native soil all the way down to the top of the bedrock.
Before constructing roadways or assessing areas of roads where there are problems, ERT
and MASW tools will strongly help identifying the road cause of degradation of
pavement. This study demonstrates that the ERT and MASW tools are preferred methods
for assessing pavement conditions that can be used by not only MODOT but also
worldwide agencies in support of its pavement management process. The tools can be
used to image the subsurface to depths in excess of 70 ft, with lateral resolution suitable
for determining variation in subsurface lithology and detecting vertical or near-vertical
solution-widened joints.
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