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Executive Summary

The Missouri Department of Transportation (MoDOT), in preparation for anticipated updates to
the AASHTO seismic site classification specifications, commissioned SCI Engineering, Inc. to
conduct a comprehensive investigation into cost-effective and reliable non-intrusive methods
for determining time-averaged shear wave velocity (Vs) profiles to a depth of 100 feet. The
outcome is intended to guide procedural refinements and equipment recommendations for
MoDOT’s seismic site assessments.

The primary goal of this project was to identify and validate field-deployable geophysical
methods capable of generating reliable Vs data while minimizing operational complexity, cost,
and personnel requirements. SCI has conducted a thorough literature search and identified
eight (8) potentially applicable methods for generating shear wave velocity profiles to a depth
of 100 feet, including the following methods:

e Active multichannel analysis of surface waves (Active MASW),

e Passive multichannel analysis of surface waves (Passive MASW),
e Active refraction microtremor (Active ReMi),

e Passive refraction microtremor (Passive ReMi),

e Conventional shear wave seismic refraction,

e Seismic shear wave refraction tomography,

e Horizontal to vertical spectral ratio (HVSR),

e Seismic shear wave reflection.

Four (4) of these methods, namely Active MASW, Passive MASW, Active ReMi and Passive
ReMi, were selected based on their practicality and potential effectiveness. These four methods
were then field-tested at three sites:

e SCl office, O’Fallon, lllinois
e [-270 Chain of Rock Bridge (COR) over the Mississippi River, Missouri and lllinois
e Martin Luther King (MLK) Connector, lllinois

The sites were selected based on access, availability of existing groundtruth data, and
represented a variety of differing subsurface conditions. Various array configurations and
geophone spacings were used to assess performance under varying field conditions.
Performance metrics included depth of investigation, ease of deployment, data quality, and
interpretability. Comparative data analysis highlighted that a combination of Active MASW and
Passive MASW offered the most reliable and practical solutions. These methods shared
equipment and software, demonstrated consistent results across field conditions, and allowed
flexibility in array configurations.



A combination of Active and Passive MASW methods was identified as the preferred seismic
methods for determining time-averaged shear wave velocity (Vs) profiles to a depth of 100 feet
and implementation into the MoDOT Engineering Policy Guide (EPG).

SCI has conducted field demonstrations to showcase how a 1- or 2-person crew could
effectively deploy the MASW methods to obtain Vs profiles to 100 feet. MoDOT personnel were
trained on acquisition, processing, and interpretation procedures. A User Manual was
developed for MoDOT personnel’s use.

The adoption of the recommended MASW methods will:

e Enable MoDOT to perform more efficient and accurate seismic site classifications.
e Streamline field operations through minimal equipment and personnel needs.
e Ensure compliance with evolving AASHTO guidelines.

e Enhance internal capacity through dedicated training and documentation.



Chapter 1 Introduction

The overarching objective of the “Shear Wave Velocity Measurements” project was to update
and refine the Missouri Department of Transportation (MoDOT) seismic site investigation and
analysis procedures in anticipation of upcoming changes to American Association of State
Highway and Transportation Officials (AASHTO) specifications. To achieve this overarching
objective:

1. SCI Engineering (herein referred to as SCI) conducted a comprehensive literature search
to identify non-intrusive testing methods that can be used to obtain cost-effective and
reliable time-average shear wave velocity (Vs) data to a depth of 100 feet for use in
AASHTO guidelines. The focus was on identifying effective methods with limited
equipment, source, and personnel requirements. It was also essential that data analysis
and interpretation be relatively straightforward. Eight (8) potentially relevant non-
intrusive testing methods were identified based on the literature search.
Comprehensive summaries of these methods are presented in the section of this report
entitled “Literature Search”.

2. SCl assessed the potential applicability of the identified non-intrusive testing methods
based on the literature search, personal experience and input from practitioners and
identified the four (4) most applicable (selected) methods. The relative utility of these
eight (8) methods and the criterion used to select the four (4) most applicable (selected)
methods are described in the section of this report entitled “Relative Utility of the
Selected Test Methods”.

3. SCI field-tested the four (4) most applicable selected methods. Example field-test data
are presented in the section entitled “Field Testing of the Four (4) Most Applicable
Methods”

4. SCl assessed the relative utility of the four (4) field-tested methods. A summary of this
assessment is presented in the section entitled “Comparative Analyses of Test Field
Data”

5. SCI submitted and presented a technical brief with method and equipment
recommendations. Based on the literature search, the field-test results, solicited input
from users of the four (4) methods, and discussions with vendors, SCl recommended
MoDOT utilize the following two (2) methods: Active MASW and Passive MASW.
Although these methods employ different sources, they utilize the same field
equipment, recording instrumentation, and processing software, and provide both
complemental and supplemental outputs. The SClI recommendations are presented in
the section entitled “Method and Equipment (including Hardware and Software)
Recommendations”.

6. SCl gave a field demonstration of the Active MASW and Passive MASW methods and
demonstrated how a small 1- or 2-person crew could cost-effectively acquire shear
wave velocity data to a depth of 100 feet. Example data acquired during the
demonstration are presented in the section entitled “Field Demonstration of the
Recommended Method at the Test Site”



7. SCl developed a User Manual (Acquisition, Processing, and Interpretation) for
incorporation into the MoDOT’s Engineering Policy Guide. SCI also trained selected
MoDOT personnel.

e SCl prepared and submitted a synthesis final report (Project TR202403; Shear Wave
Velocity Measurements). The results of this investigation will enable MoDOT to update
and refine seismic site investigation and analysis procedures in anticipation of upcoming
changes to AASHTO specifications.

A user manual consisting of two (2) sections, General Guideline for MASW Field Surveying and
MASW Manual, is presented in Appendix A and Appendix B, respectively.

The General Guideline for MASW Field Surveying document (Appendix A) outlines the
guidelines for conducting MASW field surveys in various conditions at six selected MoDOT
bridge sites. The primary objective was to provide effective survey parameters to ensure high-
guality geophysical data collection for geotechnical analysis. The key recommendations include
the geophone array setup and the traverse placement, considering site conditions at these six
selected locations. Refer to Appendix A for detailed description.

The MASW manual (Appendix B) provides comprehensive guidelines for field equipment setup,
acquisition, processing and interpretation of MASW data, used for shear wave velocity profiling.
However, it is important to note that the recommended workflow is based on the specific test
data collected during this project and may require adjustments to accommodate varying site
conditions or project-specific requirements. The use of incorrect acquisition or processing
parameters can potentially lead to significant misinterpretation of subsurface conditions. For
advanced MASW data processing refer to the relevant software documentation.



Chapter 2 Literature Search

The goal of the comprehensive literature search was to identify methods that could be used to
obtain cost-effective and reliable time-average shear wave velocity (Vs) data to a depth of 100
feet for use in following AASHTO guidelines. The focus was on identifying effective methods
with limited equipment, source, and personnel requirements. It was also essential that data
analysis and interpretation be relatively straightforward.

During the literature search, eight (8) potentially applicable non-intrusive methods for
determining the shear wave velocity of the subsurface to a depth of 100 feet were identified
and preliminarily assessed. These 8 methods are:

e Active multichannel analysis of surface waves (Active MASW).

e Passive multichannel analysis of surface waves (Passive MASW).
e Active refraction microtremor (active ReMi).

e Passive refraction microtremor (Passive ReMi).

e Conventional shear wave seismic refraction.

e Seismic shear wave refraction tomography.

e Horizontal to vertical spectral ratio (HVSR).

e Seismic shear wave reflection.

The detailed overview of each method is presented in the subsequent sections.

2.1. Active Multichannel Analysis of Surface Waves (Active MASW)

2.1.1 Brief Overview of the Active MASW Method

Multichannel analysis of surface waves (MASW) software can be used to transform recorded
fundamental mode Rayleigh waves (a type of surface wave) generated using an active acoustic
source into a 10-layered one-dimensional (1-D) shear wave velocity profile of the subsurface.

Active Rayleigh wave energy is normally generated using a proximal source such as a
sledgehammer, weight drop or small explosive that is discharged at the surface by the MASW
survey crew. The active sources that are used to image the subsurface to depths on the order of
100 feet typically generate Rayleigh waves with frequencies ranging from 5 to 60 hertz (Hz). The
higher frequency (shorter wavelength) Rayleigh waves extend to shallow depths; the lower
frequency (longer wavelength) Rayleigh waves extend to greater depths. Ideally, the recorded
Rayleigh waves with the lowest frequencies will involve particle motion to depths of at least
100 feet. If depths of investigation greater than 100 feet are desired, the MASW crew should
consider acquiring Passive MASW data or a combination of Active/Passive MASW data.

Rayleigh wave energy is dispersive meaning that different frequencies travel with different
velocities. More specifically, each frequency travels with a phase velocity that is mostly a



function of the average shear wave velocity of the subsurface from the ground surface to the
base of particle motion associated with that frequency (wavelength).

Active Rayleigh wave data are normally recorded using a linear array of geophones. MASW
software analyzes the recorded Rayleigh wave data and calculates the phase velocities of a
representative range of frequencies (from highest to lowest frequency Rayleigh waves). These
phase velocity data are used to estimate the effective base of particle motion associated with
each frequency and to estimate the average shear wave velocity over that depth range of
particle motion. The subsurface can then be subdivided into a finite number of layers (one layer
for each frequency analyzed; from the ground surface to the base of particle motion associated
with lowest frequency analyzed). Interval shear wave velocities can then be assigned to each
layer.

The output of a single Active MASW data set is a 10-layered 1-D shear wave velocity profile of
the subsurface. In certain situations, a suite of MASW data sets is collected at intervals along
the length of a traverse and the output 1-D shear wave velocity profiles are used to generate a
pseudo-two-dimensional (2-D) shear wave velocity profile of the subsurface. Three-dimensional
(3-D) shear wave velocity images of the subsurface can also be generated.

The active refraction microtremor (ReMi; Section 2.3 of this report) method is very similar to
the active multichannel analysis of surface wave (MASW) method. The most significant
difference is the processing software.

Note: Active MASW data can be acquired underwater using hydrophones coupled to the water
bottom. In this case, Scholte waves are recorded. Scholte wave data can be processed using
MASW software. The output is a 1-D shear wave velocity profile of the subsurface.

Note: Active MASW data can be acquired using horizontally polarized shear wave geophones. In
this case, Love waves are recorded. Love wave data can be processed using MASW software.
The output is a 1-D shear wave velocity profile of the subsurface.

For detailed data acquisition and processing instructions refer to Appendix B “MASW Manual”.

2.1.2 Data Acquisition
2.1.2.1 Brief Overview of Field Procedure

A linear array of geophones (typically 24), an acoustic source, an engineering seismograph and
a laptop are used to record active Rayleigh wave data that propagates along the axis of the
geophone array (Figure 2.1). The geophones are generally spaced such that the length of the
array is on the order of the desired maximum depth of investigation. For example, if the
objective is to image the subsurface to a depth of 100 feet, the geophones are typically spaced
at 5 feet and the geophone array is 115 feet in length.



Active MASW data is generated by a source controlled by the MASW field crew (such as a
sledgehammer and strike plate). The source is discharged off one the end of the geophone
array. If the intent is to image the subsurface to a depth of 100 feet, the source is typically
discharged 25-30 feet from the closest geophone. When the active source is discharged, the
seismograph is triggered, and data is recorded (typically for one second or less). To increase
the signal to noise ratio, the source is typically discharged multiple times (stacked) at each
location. Typically, the source is discharged 2-5 times at each location to increase statistical
reliability and minimize the effects of random noise. Separate field records are generated for
each discharge. The separate field records are analyzed collectively during data processing.

Array of 24 geophones :
spaced at 5-foot intervals

Offset: Distance
from the first
geophone to the
source location

5 Active source: 20-Pound
*% . Sledgehammer and Strike Plate

Figure 2.1 Photograph of a typical Active MASW field setup.

Field records can be visually assessed in the field for quality control (QC) purposes. Data can
also be processed in a cursory manner in the field for QC purposes. If poor quality data have
been recorded, the source can be discharged at the other end of the array of geophones.

If the recorded frequencies are relatively good quality but too high to image to a depth of
100 feet, a greater magnitude source can be employed.

2.1.2.2 Field Equipment

The portable equipment normally consists of an acoustic source, an engineering seismograph, a
trigger switch, a laptop with installed acquisition and processing software, and, typically, an



array of 12-24 low-frequency vertically polarized geophones (either 4.5 Hz or 14 Hz geophones).
Typically, a heavy sledgehammer source and a strike plate are employed.

2.1.2.3 Field Crew

Typically consists of 1-3 persons. A single person can acquire Active MASW data. However, if
MASW data are to be acquired at multiple locations at a site, it is usually more efficient to field
a crew consisting of 2-3 persons.

2.1.2.4 Considerations

Parameter entry. The correct acquisition parameters must be entered. An Active MASW field
record is typically between 1.0 and 2.0 seconds in duration. The sampling interval is usually
0.5 milliseconds.

Size of test site. The test site must be large enough to allow for ease of placement of
geophones and the offset active source. A typical Active MASW array (including the offset
source) is typically about 145 feet in length.

Plotted location of the output 1-D shear wave velocity profile. A 10-layered 1-D shear wave
velocity profile will be generated at each test location. The output shear wave velocity profile is
more-or-less a function of the average shear wave velocity of the subsurface along the entire
length of the geophone array. However, by convention, the shear wave velocity profile is
plotted at the location of the center of the geophone array.

Vehicular access. All equipment can be hand-carried. Usually, the equipment and crew are
transported in a single vehicle.

Surface topography. Active MASW data can be acquired across undulating ground surfaces or
across steeply dipping terrain. However, elevation changes should be minimized where/if
possible as data quality usually decreases as surface topographic relief increases. In these
situations, 2 MASW data sets should be acquired. The active source should be discharged off
both ends of the geophone array. To a certain extent, issues related to irregular surface
topography can be dealt with or at least recognized during data processing. Often, the effects
of irregular or dipping topography can be recognized on MASW field records. Rayleigh waves
can be reflected (backscattered) from proximal surface topography such as stream beds,
hillsides, and drainage ditches. Reflected Rayleigh wave can complicate data processing. Often,
reflected Rayleigh wave energy can be recognized on the field records.

Subsurface topography. If there is a possibility that bedrock dips appreciably along the length
of the geophone array, 2 MASW data sets should be acquired. The active source should be
discharged off both ends of the geophone array. To a certain extent, issues related to irregular
subsurface topography can be dealt with or at least recognized during data processing.

If features such as faults, solution-widened joints or voids are present beneath the geophone
array or between the source and the array, it may not be possible to record useful Rayleigh
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wave data. The discharged Rayleigh wave energy may not propagate uniformly along the length
of the geophone array. Rather, it may be mostly reflected (backscattered) from the subsurface
feature.

Often, reflected Rayleigh wave energy can be recognized on the field records.

Vegetation. Data can be acquired in heavily vegetated areas if the geophones and active source
can be placed in the appropriate locations. However, dense vegetation does impede work and
slows down field data acquisition. Usually, it is most efficient to clear the traverse ahead of
time.

Background noise. Active MASW data can usually be acquired even in acoustically noisy
environments. However, it may be necessary to increase the magnitude of the active source or
to acquire multiple field records by discharging the source multiple times.

Anchoring requirements. The geophones are frequently coupled to the ground surface using
short base spikes. However, base plates can be used in lieu of spikes and are usually used if
data are acquired on pavement, rock or gravel. The geophones do need to be placed in stable,
vertical positions on the ground surface.

Nature of ground surface. The geophones can be placed on soil, rock, fill, concrete, asphalt,
etc. They should be stable, vertical, and effectively coupled. Data acquisition can be a problem
if the ground surface is very soft or very loose. In such situations, it can be difficult to effectively
couple the geophones and the source to the ground.

Different strike plates are often employed depending on the nature of the ground surface.

Placement of geophones and active source. Normally, a tape measure is laid out along the
traverse and geophones are placed at their appropriate locations. If a few individual geophones
are misplaced off by 5% or less, data quality should not be adversely affected, particularly if the
geophones are shifted perpendicular to the traverse.

If the location of the source is in line with the geophone array but out by 10% or less, data
guality should not be adversely affected.

Subsurface lithology or material. Active MASW data can be acquired across all types of soil
and/or rock. MASW data can also be acquired across pavement, asphalt, fill, etc.

Depth of investigation. The maximum depth of investigation is a function mostly of the lowest
frequency fundamental mode Rayleigh wave energy recorded and the length of the geophone
array. If active data are being recorded, the lowest frequency recorded is a function of the
energy generated by the source as greater magnitude sources generate lower frequency
Rayleigh waves. Lower frequencies are more reliably analyzed when recorded using arrays with
lengths on the order of the wavelength of those frequencies.



Proximity to buried structures and buried utilities. The Active MASW tool is non-invasive.
Active data can be acquired in proximity to buried utilities and buried structures, unless there is
concern that use of the acoustic source could damage built structures such as concrete or
pavement. Issues with data quality can arise if the buried utilities or buried structures are
beneath the geophone array or between the source and the array. Rayleigh waves that are
reflected (backscattered) from subsurface features can complicate data processing.

Proximity to surface structures and surface utilities. The MASW tool is non-invasive. Active
MASW data can be acquired in proximity to surface utilities and surface structures. Typically,
the only clearance required is sufficient room to discharge the source. A sledgehammer source
can damage concrete or pavement.

Sensitivity to background noise. The Active MASW technique is relatively insensitive to noise.
However, in certain instances (such as in proximity to moving trains, operating heavy
equipment, buildings with air conditioners, etc.) it can be very difficult to acquire useable data.
If an MASW traverse located close to bridge foundations, vehicle induced noise transmitted by
bridge piers could be potentially minimized by strategically discharging an active source (i.e.,
sledgehammer with a strike plate) in timeframes of lower traffic volume.

Permitting requirements. Generally, only permission from the surface rights holder is required.

Notification requirements. Generally, only permission from the surface rights holder is
required.

Other considerations. It may not be possible to generate an output shear wave velocity profile
that extends to the desired depth of investigation if the magnitude of the active source is too
small or if the signal to noise ratio is too low. Site and/or ground conditions may make it
effectively impossible to image the subsurface to the desired depth.

2.1.2.5 Brief Description of Field Data

The field data are recorded digitally and stored on the laptop connected to the seismograph or
to built-in flash memory. Generally, multiple active records (typically 1 second in length) are
generated for each active test location. These records are effectively “stacked” during
processing to increase the signal to noise ratio.

2.1.2.6 Estimated Cost to Acquire MASW Field Data at One Test Site

Basic field costs include: a) 1 hour of crew time plus travel time; b) equipment rental and/or
depreciation; and c) vehicle rental and/or depreciation plus fuel. It typically takes a 2-person
crew 1 hour to acquire a single Active MASW data set (using a sledgehammer source and a 24-
geophone array).

2.1.2.7 Potential for Errors
There is little likelihood that field errors will lead to misinterpretation.
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Human. Human error, which leads to misinterpretation, is unlikely because the only critical
non-automated processes are the placement of the geophones and the discharge of the active
source. If the incorrect geophone separation is inadvertently entered as a processing
parameter, significant errors can result. If the source is discharged too far from or too close to
the geophone array, or if the source is too small, poor quality field data may be acquired.

Equipment. Equipment problems are unlikely to generate errors that will lead to
misinterpretation. Care must be taken to ensure geophones are properly coupled to the ground
surface.

2.1.2.8 Reproducibility of Field Tests

If good quality Active MASW field data can be recorded, field results can be reproduced with a
relatively high degree of consistency.

2.1.2.9 Quality Control

Acquired data can be visually assessed in the field for QC purposes. Data can also be processed
in a cursory manner in the field for QC purposes. If poor quality data sets have been recorded,
the source can be discharged at the other end of the array of geophones or a greater
magnitude source can be employed. Alternatively, the array can be reoriented or moved.

2.1.3 Data and/or Laboratory Processing
2.1.3.1 Brief Overview of Data Processing

In the initial phase of data processing (step 1), each uploaded MASW field record (example
shown in Figure 4.5) is manually edited (selective muting) by the processor to remove coherent
energy such as refractions, reflections, and higher mode Rayleigh waves. The processor also
inputs the field acquisition parameters including geophone spacing, source offset and source
location.

In step 2 of data processing, the edited MASW field record is analyzed, and an image panel
(overtone record) is generated. The image panel is a phase velocity vs. frequency plot of energy
accumulation pattern. It is constructed using a 2-D (time and space) wavefield transformation
method that employs several pattern-recognition approaches and does not require any
interactive input from the interpreter. This transformation eliminates all the ambient noise
from human activities as well as source-generated noise such as scattered waves from buried
objects (foundations, culverts, boulders, etc.). 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. These waves include fundamental and higher modes of surface waves
as well as direct body (compressional) waves.

In step 3, the dispersion curve is extracted (usually subjectively “picked”) from the energy
accumulation pattern in the image panel (example shown in Figure 4.8b). The extracted
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dispersion curve is finally used as a reference to back-calculate the variation in Vs with depth
below the surveyed area. This back-calculation is called inversion.

In step 4, the selected dispersion curve is inverted without any qualitative input from the
interpreter. The output is a 10-layered 1-D shear wave velocity profile (example shown in
Figure 4.8c).

If the output shear wave velocity profile is questionable, the Rayleigh wave data are normally
reprocessed using different subjective parameters (i.e., muting, picking, etc.).

It should be noted that the propagation velocity of a Rayleigh wave is a uniform medium is
described by

Equation 2.1 Relationship of Rayleigh, Shear and Compressional Wave Velocities:
VR® - 8B2VR* + (24 - 16B2% /a?)B*VR2 + 16(B%/a? - 1)B% =0, (2.1)
where:

Vg = Rayleigh wave velocity,

B = shear wave velocity, and

o = compressional wave velocity.

As noted, Vr is a function of both B and a. To transform Rayleigh wave velocities into shear
wave velocities, the software package uses a predetermined value of Poisson’s Ratio to remove
the compressional wave velocity term (a) from the expression. This is a robust approach, but it
does introduce some error into the output estimate of shear wave velocities.

2.1.3.2 Output of Data Processing

The output from a single test location is a 10-layered 1-D shear wave velocity profile. If data
are collected at multiple test locations along the length of a traverse or an array, the output 1-D
shear wave velocity profiles can be used to generate a 2-D or 3-D shear wave velocity profile.
Creating a 2-D cross-section will allow the user to image the lateral variations in the shear wave
velocity.

2.1.3.3 Estimated Cost to Process Field Data from One Test Site

Basic processing costs include about 1 hour of processor’s time and hardware/software rental
and/or depreciation.

2.1.3.4 Potential for Error
Human. Steps 2 and 4 (the transformation of the muted MASW field data into an overtone data

and the inversion of the “picked” dispersion curve) do not require interpreter input. Step 1
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(muting and parameter entry) and step 3 (the “picking” of the optimal dispersion curve) are
subjective although usually straightforward.

In certain instances, it is difficult to “pick” an optimum dispersion curve. Problems can arise for
one of a number of reasons: suitable fundamental mode Rayleigh wave energy may not have
been recorded; the acoustic source may have been too small; the geophone array may have
been too long or too short; lateral velocity variations along the length of the geophone array
may have resulted in “smoothing” or “smearing” of phase velocity data on the overtone record;
excessive topographic relief may have caused “smoothing” or “smearing”; geologic conditions
(faulting for example) may have been such that surface wave energy of the desired frequency
could not be recorded in the study area.

It is possible for a processor to misidentify higher mode Rayleigh wave energy as fundamental
mode Rayleigh wave energy. In such situations, the output shear wave velocities will be
anomalously high.

If the processor arbitrarily extends the dispersion curve (via extrapolation and with the
objective of extending the shear wave velocity profile to greater depths) beyond the lowest
confidently “pickable” frequency on the overtone record serious errors can arise.

Equipment. The Active MASW data acquisition equipment and processing software should not
be defective. Data processing software may be glitchy, that could be typically resolved by
simply closing and relaunching the software and reopening the data file.

2.1.3.5 Reproducibility of Field Tests

If the MASW field data are good quality, trained processors will generate consistent 1-D shear
wave velocity profiles over the range of frequencies that were generated by the source in the
field.

2.1.4 Interpretation
2.1.4.1 Brief Overview of Interpretation of Processed Data

The output of data processing is a 10-layered 1-D shear wave profile of the subsurface. If
multiple Active MASW data sets are acquired, 2-D or 3-D shear wave velocity images of the
subsurface can be generated.

Usually, the interpreter establishes relationships between lithology (if borehole control is
available) and acoustic velocity and transforms the output 1-D shear velocity model into a
geologic model of the subsurface. If geologic control is not available, the depth to bedrock (if
imaged) can generally be estimated based on the visual assessment of the shear wave velocity
profile.

If the MASW data are acquired for site classification purposes, the average shear wave velocity
to a depth of 100 feet is normally calculated.
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2.1.4.2 Deliverable(s)
1-D, 2-D, or 3-D geological and shear wave velocity models.

If the MASW data are acquired for site classification purposes, the average shear wave velocity
to a depth of 100 feet is normally calculated.

A 10-layered 1-D shear wave velocity profile will be generated at each test location. The output
shear wave velocity profile is more-or-less a function of the average shear wave velocity of the
subsurface along the entire length of the geophone array. However, by convention, the shear
wave velocity profile is plotted at the center of the respective geophone array.

2.1.4.3 Depth Range (Top/Bottom)

If a 20-pound sledgehammer source is employed, the output shear wave velocity profile will
typically extend to a depth on the order of 100-120 feet. Greater depths of investigation can be
achieved if a greater magnitude source is employed.

2.1.4.4 Lateral Resolution

Rayleigh wave data are acquired along the entire length of the geophone array. If the velocity
of the subsurface varies laterally along the length of the array, lateral velocity smoothing will
occur. However, some weighting is involved as the source/receiver separation is generally
selected such that higher frequencies are excessively attenuated at the farthest geophones
whereas the lowest frequencies are not recorded on the closest geophones.

The output 1-D shear wave velocity profile is more-or-less a function of the average shear wave
velocity of the subsurface along the entire length of the geophone array. However, by
convention, the output shear wave velocity profile is plotted at the center of the geophone
array. Lateral resolution can be increased by decreasing the geophone spacing and sometimes
the magnitude of the source. However, this approach usually decreases the overall depth of
investigation as well.

Zones of anomalously low or high velocity on the output 10-layered 1-D shear wave velocity
profile should not be misinterpreted as indicative of the presence of a boulder or clay-filled
void/karstic feature, respectively, immediately beneath the center of the geophone array.

2.1.4.5 Vertical Resolution

The output of processing is a 10-layered shear wave velocity profile of the subsurface. The
thickness of each layer is a pre-set software function of the total depth to the top of the 11t
layer. The thickness of the layers increases with depth. Layer boundaries are set by the
processing software and do not usually correspond precisely to lithologic boundaries.
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Additionally, Rayleigh wave data are acquired along the entire length of the geophone array.
The shear wave velocity assigned to a specific layer is a function of the average velocity of that
layer along the entire length of the geophone array.

The depth to significant features such as the top of rock can usually be estimated to within
+10%.

2.1.4.6 Time Required to Interpret Field Data (One Test Site)

If ground truth is available and if velocity/lithologic relationships can be established, the
interpretation of the shear wave velocity data is normally relatively rapid and straightforward.

2.1.4.7 Potential for Error

Human. There is little potential for error if the interpreter understands that the output shear
wave velocity profile generated at each test location represents the average shear wave along
the length of the array. Layer velocities do not necessarily represent the precise shear wave
velocity of the subsurface at the mid-point of the geophone array. The processor should be
exercising caution when picking dispersion curve points.

Equipment. There is little potential for error.
2.1.4.8 Reproducibility of Deliverable

If ground truth is available, different experienced interpreters should come up with similar
interpretations. If ground truth is not available, unreliable interpretations are a possibility.

2.1.5 Deliverables

2.1.5.1 Brief Overview of Deliverable(s)

1-D (or 2-D or 3-D) geologic and shear wave velocity models.
2.1.5.2 Utility of Deliverable(s)

Geologic and shear wave velocity models provide information about variations in lithology,
porosity, engineering properties, rippability of rock, diggability of soil, depth to top of rock, etc.

The shear wave velocity profiles can also be used for earthquake site classification purposes.
2.1.5.3 Accuracy

The final interpretations are generally reliable if good quality Active MASW field data are
recorded and if ground truth is available. Use of an experienced interpreter is essential.
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2.1.6 Advantages
Advantages include:

e outputis a shear wave velocity profile of the subsurface that typically extends to a
depth of 100+ feet,

e depth to bedrock can usually be estimated to within +10%,

e other lithologic units can often be identified and mapped on basis of shear wave
velocity,

e relatively low cost,

e portability of equipment,

e relative insensitivity to background noise,

e typically employs a 1-3-person crew,

e field records can be visually assessed in the field for QC purposes,

e ability to rapidly process data in the field (for QC purposes),

e rapid processing of field data in lab,

e few restrictions with respect to surface conditions (soil, rock, pavement, etc.),
e non-invasive,

e limited potential for human error if operators and processors are trained,

e reproducibility of field data,

e reproducibility of processing results,

e reproducibility of interpretations, particularly if geologic control is available,

e multiple applications (determination of lithology, porosity, rippability, depth to bedrock,
location of voids, shear strength),

e permitting is not required,

e tool can be used across and in proximity to utilities and built structures as the method is
relatively insensitive to background acoustic noise,

e Active MASW data can be acquired underwater using hydrophones coupled to the water
bottom (Scholte waves are recorded and processed),

e Active MASW data can be acquired using horizontally polarized shear wave geophones
(Love waves are recorded and processed).

2.1.7 Disadvantages
Disadvantages include:

e desired maximum depths of investigation may not be realized if the source is too low
magnitude given subsurface geologic conditions,

e site must be large enough to accommodate the geophone array and source,
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reliability of output shear wave velocity data decreases as lateral and vertical
heterogeneity of soil/rock increases,

significant surface topography can make it difficult to acquire useful data,
significant subsurface topography can make it difficult to acquire useful data,

features such as faults, solution-widened joints and voids may make it difficult to
acquire useful data,

underground utilities can make it difficult to acquire useful data,
vegetation can pose problems during data acquisition,

geophones and source must be effectively coupled to the ground surface; acquiring
guality data on very soft or loose soil can be difficult,

in certain limited situations, background noise may be overwhelming, layer boundaries
on shear wave velocity profile do not correspond exactly to lithologic boundaries.
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2.2. Passive Multichannel Analysis of Surface Waves (Passive MASW)

2.2.1 Brief Overview of the Passive MASW Method

Multichannel analysis of surface waves (MASW) software can be used to transform recorded
fundamental Rayleigh waves (type of surface wave) generated using a passive acoustic source
into a 10-layered 1-D shear wave velocity profile of the subsurface.

Passive Rayleigh wave energy (ambient noise) is not generated by the MASW field crew. Rather,
passive Rayleigh wave energy is generated by external sources that can include microseismic
activity, lightning strikes, vehicle traffic, etc. Passive sources typically generate Rayleigh waves
with frequencies ranging from 1 to 30 Hz. The higher frequency (shorter wavelength) Rayleigh
waves extend to shallow depths; the lower frequency (longer wavelength) Rayleigh waves
extend to greater depths. Ideally, the lowest recorded frequency Rayleigh waves will involve
particle motion to depths of several hundred feet.

As noted, Rayleigh wave data generated using a passive source are normally lower frequency
than Rayleigh wave data generated using an active source (Section 2.1 of this report). Because
the passive Rayleigh data are normally lower frequency, the output shear wave velocity profile
generally provides for relatively poorer vertical resolution in the upper 100 feet. On the upside,
Passive MASW data can be often used to image the subsurface to depths greater than several
hundreds of feet. Combination Active/Passive MASW data sets can provide for both high
vertical resolution at depths and greater depths of investigation.

Rayleigh wave energy is dispersive meaning that different frequencies travel with different
velocities. More specifically, each frequency travels with a phase velocity that is mostly a
function of the average shear wave velocity of the subsurface from the ground surface to the
base of particle motion associated with that frequency (wavelength).

Passive MASW (Table 3.1) data are recorded using either a linear or a non-linear symmetric
array of geophones. The use of a linear array is recommended if the source of the passive
energy is known (for example, data being acquired along a roadway and vehicle traffic is being
used as a source). The use of a non-linear symmetric array is recommended if the location of
the passive source is unknown.

MASW software analyzes the recorded Rayleigh wave data and calculates the phase velocities
of a representative range of frequencies (from highest to lowest frequency Rayleigh waves).
These phase velocity data are used to estimate the effective base of particle motion associated
with each frequency and to estimate the average shear wave velocity over that depth range of
particle motion. The subsurface can then be subdivided into a finite number of layers (one layer
for each frequency analyzed; from the ground surface to the base of particle motion associated
with lowest frequency analyzed). Interval shear wave velocities can then be assigned to each
layer.
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The output of a single Passive MASW data set is a 10-layered 1-D shear wave velocity profile of
the subsurface. In certain situations, a suite of MASW data sets is collected at intervals along
the length of a traverse and the output 1-D shear wave velocity profiles are used to generate a
pseudo-2-D shear wave velocity profile of the subsurface. 3-D shear wave velocity images of the
subsurface can also be generated.

The passive refraction microtremor (ReMi; Section 2.40f this report) method is very similar to
the passive multichannel analysis of surface wave (MASW) method. There are two significant
differences: 1) MASW and ReMi processing software are different; and 2) ReMi software cannot
be used to process data acquired using a non-linear array.

Note: Passive MASW data can be acquired underwater using hydrophones coupled to the water
bottom. In this case, Scholte waves are recorded. Scholte wave data can be processed using
MASW software. The output is a 1-D shear wave velocity profile of the subsurface.

Note: Passive MASW data can be acquired using horizontally polarized shear wave geophones.
In this case, Love waves are recorded. Love wave data can be processed using MASW software.
The output is a 1-D shear wave velocity profile of the subsurface.

For detailed data acquisition and processing instructions refer to Appendix A “MASW Manual”.
2.2.2 Data Acquisition
2.2.2.1 Brief Overview of Field Procedure

A linear or non-linear symmetric array of geophones (typically 12 to 24), an engineering
seismograph and a laptop are used to record passive Rayleigh wave data. The geophones are
generally spaced such that the length of the linear array or the width of the non-linear
symmetric array is on the order of the desired maximum depth of investigation. For example, if
the objective is to image the subsurface to a depth of 100 feet using a linear array, the
geophones are typically spaced at 5 feet and the array is 115 feet in length (Figure 2.1).

Passive Rayleigh wave energy (ambient noise) is not generated by the MASW field crew. Rather,
passive Rayleigh wave energy occurs naturally and can be generated by external sources that
can include microseismic activity, lightning strikes, construction equipment, vehicle traffic, etc.
Passive data are generated by triggering the seismograph manually and recording “random”
data, typically for about 30 seconds or more. Passive data are never stacked, but multiple
separate 30 plus second records are usually recorded at each test location to increase the
probability that useful passive Rayleigh wave energy has propagated through the array. The
separate field records are analyzed collectively during data processing.

If a linear array is used, Rayleigh wave energy must propagate through the array in a direction
more-or-less parallel to the axis of the array. Rayleigh wave energy that propagates parallel to
the axis of a linear array will exhibit lower apparent velocities (greater slowness) than energy
that propagates through the same array at an angle.
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Passive MASW field records cannot normally be visually assessed in the field for QC purposes
and normally are not processed in the field for quality control purposes.

If combination Active/Passive data are required, an active source can be discharged while the
30 second passive data sets are being recorded. Alternatively, both active and Passive MASW
data can be recorded separately and combined during processing.

2.2.2.2 Field Equipment

The Passive MASW method utilizes equipment typically employed in conventional seismic
refraction surveys, except for the source. The acquisition equipment consists of an engineering
seismograph, a laptop with installed acquisition and processing software, and an array of 24
low-frequency vertically polarized geophones (4.5 Hz recommended, however, 14 Hz
geophones could be used in some cases). If passive data (only) are being recorded, an
operational source is not required. If both active and passive data are being recorded, an
acoustic source is employed.

2.2.2.3 Field Crew

Consists of 1-3 persons. A single person can acquire Passive MASW data. However, if MASW
data are to be acquired at multiple locations at a site, it is usually more efficient to field a crew
consisting of 2-3 persons.

2.2.2.4 Considerations

Parameter entry. The correct acquisition parameters must be entered. A Passive MASW field
record is typically 30 seconds in duration, with 30 field records (files). The sampling interval is
usually 2 milliseconds.

Size of test site. The test site must be large enough to allow for ease of placement of
geophones. The diameter of a non-linear Passive MASW array is typically equal to the desired
depth of investigation. The length of a linear Passive MASW array is typically equal to the
desired depth of investigation.

Plotted location of the output 1-D shear wave velocity profile. A 10-layered 1-D shear wave
velocity profile will be generated at each test location. The output shear wave velocity profile is
assumed to be a function of the average shear wave velocity of the subsurface beneath the
geophone array. However, by convention, the shear wave velocity profile is plotted at the
center of the geophone array.

Vehicular access. All equipment can be transported by hand. Usually, the equipment and crew
are transported in a single vehicle.

Surface topography. Passive MASW data can be acquired across undulating ground surfaces or
across steeply dipping terrain. However, elevation changes should be minimized where/if
possible as data quality usually decreases as surface topographic relief increases.
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Subsurface topography. If features such as faults, solution-widened joints or voids are present
beneath the geophone array, it may not be possible to record useful passive Rayleigh wave
data.

Vegetation. Data can be acquired in heavily vegetated areas. However, dense vegetation does
impede work and slows down field data acquisition. Usually, it is most efficient to clear the
study site ahead of time.

Background noise. Passive MASW data can usually be acquired even in acoustically noisy
environments. Coherent background noise such as highway traffic can constitute a useful
source of passive Rayleigh wave energy.

Anchoring requirements. The geophones are frequently coupled to the ground surface using
short base spikes. However, base plates can be used in lieu of spikes and are usually used if
data are acquired on pavement, rock or gravel. The geophones do need to be placed in stable,
vertical positions on the ground surface.

Nature of ground surface. The geophones can be placed on soil, rock, fill, concrete, asphalt,
etc. They should be stable and vertical. Data acquisition can be a problem if the surficial soils
are very loose. In such situations, it can be difficult to effectively couple the geophones to the
ground.

Subsurface lithology or material. Passive MASW data can be acquired across all types of soil
and/or rock. MASW data can also be acquired across pavement, asphalt, fill, etc.

Placement of geophones and active source. Normally, a tape measure is laid out and
geophones are placed at their appropriate locations. If a few individual geophones are
misplaced by 6 inches or less, data quality should not be adversely affected.

Depth of investigation. The maximum depth of investigation is a function mostly of the lowest
frequency fundamental mode Rayleigh wave energy recorded and the length or diameter of the
geophone array. The lowest frequency recorded is a function of the magnitude of recorded
passive Rayleigh acoustic energy. Lower frequencies are more reliably analyzed when recorded
using arrays with lengths on the order of the wavelength of those frequencies.

Proximity to buried structures and buried utilities. The MASW tool is non-invasive. Active data
can be acquired in proximity to buried utilities and buried structures, unless there is concern
that the acoustic source could damage built structures such as concrete or pavement. Ambient
seismic ‘noise’ or microtremors, which occur constantly as cultural and natural background
noise, can be as source of passive Rayleigh waves.

Proximity to surface structures and surface utilities. The Passive MASW tool is non-invasive.
Passive data can be acquired in proximity to surface utilities and structures. Ambient seismic
‘noise’ (microtremors), which occur constantly as cultural and natural background noise, can be
as source of passive Rayleigh waves.
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Sensitivity to background noise. Background (ambient noise) can be a useful source of passive
energy.

Permitting requirements. Generally, only permission from the surface rights holder is required.

Notification requirements. Generally, only permission from the surface rights holder is
required.

Other considerations. Good quality Passive MASW data cannot be recorded unless suitable
passive energy passes through the array while the seismograph is activated.

2.2.2.5 Brief Description of Field Data

The field data are recorded digitally and stored on the laptop connected to the seismograph or
to built-in flash memory. Generally, multiple non-stacked passive records (each typically 30
seconds in length) are generated for each passive test location. These records are effectively
“stacked” during processing to increase the signal to noise ratio.

2.2.2.6 Estimated Cost to Acquire MASW Field Data at One Test Site

Basic field costs include: a) 1-3 hours of crew time plus travel time; b) equipment rental and/or
depreciation; and c) vehicle rental and/or depreciation plus fuel. Depending on the complexity

of the array employed, it typically takes 2-person crew 1-3 hours to acquire a single MASW data
set (24-geophone array).

2.2.2.7 Potential for Errors
There is little likelihood that field errors will lead to misinterpretation.

Human. Human error, leading to misinterpretation, is unlikely because the only critical non-
automated process is the placement of the geophones. If the incorrect geophone separation is
inadvertently entered as a processing parameter, significant errors can result. If suitable passive
Rayleigh wave energy does not pass through the array while data are being recorded, the
output 1-D shear wave velocity profile will not be reliable.

Equipment. Equipment problems are unlikely to generate errors that will lead to
misinterpretation.

2.2.2.8 Reproducibility of Field Tests

If good quality Active MASW field data can be recorded, field results can be reproduced with a
relatively high degree of consistency.

2.2.2.9 Quality Control

Field records cannot normally be visually assessed in the field for QC purposes.
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However, data can also be processed in a cursory manner in the field for quality control
purposes. If poor quality data have been recorded, the additional data can be collected.
Alternatively, the array can be reoriented or moved.

2.2.3 Data and/or Laboratory Processing
2.2.3.1 Brief Overview of Data Processing

In step 1, the processor also inputs the field acquisition parameters including geophone
spacing, source offset and source location (Appendix B).

In step 2 of data processing, the edited MASW field record is analyzed, and an image panel
(overtone record) is generated. The image panel is a phase velocity vs. frequency plot of energy
accumulation pattern. It is constructed using a 2-D (time and space) wavefield transformation
method that employs several pattern-recognition approaches and does not require any
interactive input from the interpreter (Appendix B). This transformation eliminates all the
ambient noise from human activities as well as source-generated noise such as scattered waves
from buried objects (foundations, culverts, boulders, etc.). 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. These waves include fundamental and higher
modes of surface waves as well as direct body (compressional) waves.

In step 3, the dispersion curve is extracted (usually subjectively “picked”) from the energy
accumulation pattern in the image panel (Appendix B). The extracted dispersion curve is finally
used as a reference to back-calculate the variation in Vs with depth below the surveyed

area. This back-calculation is called inversion.

In step 4, the selected dispersion curve is inverted without any qualitative input from the
interpreter. The output is a 10-layered 1-D shear wave velocity profile.

If the output shear wave velocity profile is questionable, the Rayleigh wave data are normally
reprocessed using different subjective parameters (i.e., picking of dispersion curve, etc.).

It should be noted that the propagation velocity of a Rayleigh wave is a uniform medium is
described by Equation 2.1 “Relationship of Rayleigh, Shear and Compressional Wave
Velocities”, where Vg is a function of both B and a. To transform Rayleigh wave velocities into
shear wave velocities, the software package uses a predetermined value of Poisson’s Ratio to
remove the compressional wave velocity term (a) from the expression. This is a robust
approach, but it does introduce some error into the output estimate of shear wave velocities.

2.2.3.2 Output of Data Processing

The output from a single test location is a 10-layered 1-D shear wave velocity profile. If data
are collected at multiple test locations along the length of a traverse, the output 1-D shear
wave velocity profiles can be used to generate a 2-D shear wave velocity profile. Creating a 2-D
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cross-section will allow the user to image the lateral variations in the shear wave velocity. These
profiles constitute the final deliverable.

2.2.3.3 Estimated Cost to Process Field Data from One Test Site

Basic processing costs include about 2 hours of processor’s time and hardware/software rental
and/or depreciation.

2.2.3.4 Potential for Error

Human. Steps 2 and 4 (the transformation of the muted MASW field data into an overtone data
and the inversion of the “picked” dispersion curve) do not require interpreter input. Step 1
(parameter entry) is straightforward. Step 3 (the “picking” of the optimal dispersion curve) is
subjective although usually straightforward.

In certain instances, it is difficult to “pick” an optimum dispersion curve. Problems can arise for
one of a number of reasons: suitable fundamental mode Rayleigh wave energy may not have
been recorded; the geophone array may have been too short; lateral velocity variations
beneath the geophone array may have resulted in “smoothing” or “smearing” of phase velocity
data on the overtone record; excessive topographic relief may have caused “smoothing” or
“smearing”; geologic conditions (faulting for example) may have been such that surface wave
energy of the desired frequency could not be recorded in the study area.

It is possible for a processor to misidentify higher mode Rayleigh wave energy as fundamental
mode Rayleigh wave energy. In such situations, the output shear wave velocities will be
anomalously high.

If the processor arbitrarily extends the dispersion curve (via extrapolation and with the
objective of extending the shear wave velocity profile to greater depths) beyond the lowest
confidently “pickable” frequency on the overtone record, serious errors can arise.

Equipment. The Passive MASW data acquisition equipment and processing software should not
be defective. Data processing software may be glitchy, that could be typically resolved by
simply closing and relaunching the software and reopening the data file.

2.2.3.5 Reproducibility of Field Tests

If the MASW field data are good quality, trained processors will generate consistent 1-D shear
wave velocity profiles over the range of frequencies that were generated by the passive source.
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2.2.4 Interpretation
2.2.4.1 Brief Overview of Interpretation of Processed Data

The output of data processing is a 10-layered 1-D shear wave profile of the subsurface. If
multiple Active MASW data sets are acquired, 2-D or 3-D shear wave velocity images of the
subsurface can be generated.

Usually, the interpreter establishes relationships between lithology (if control is available) and
acoustic velocity and transforms the output 1-D shear velocity model into a geologic model of
the subsurface. If geologic control is not available, the depth to bedrock (if imaged) can
generally be estimated based on the visual assessment of the shear wave velocity profile.

If the MASW data are acquired for site classification purposes, the average shear wave velocity
to a depth of 100 feet is normally calculated.

2.2.4.2 Deliverable(s)
1-D, 2-D, or 3-D geologic and shear wave velocity models.

If the MASW data are acquired for site classification purposes, the average shear wave velocity
to a depth of 100 feet is normally calculated.

A 10-layered 1-D shear wave velocity profile will be generated at each test location. The output
shear wave velocity profile is more-or-less a function of the average shear wave velocity of the
subsurface along the entire length of the geophone array. However, by convention, the shear
wave velocity profile is plotted at the center of the respective geophone array.

2.2.4.3 Depth Range (Top/Bottom)

Surface to depths on the order of multiple hundreds of feet. Greater depths of investigation
can be achieved if very low frequency passive Rayleigh wave data are recorded.

2.2.4.4 Lateral Resolution

Rayleigh wave data are acquired along the entire breadth of the geophone array. If the velocity
of the subsurface varies laterally beneath the array, lateral velocity smoothing will occur.

The output 1-D shear wave velocity profile is more-or-less a function of the average shear wave
velocity of the subsurface across the entire breadth of the geophone array. However, by
convention, the output shear wave velocity profile is plotted at the center of the geophone
array. Lateral resolution can be increased by decreasing the geophone spacing. However, this
approach usually decreases the overall depth of investigation as well.
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Zones of anomalously low or high velocity on the output 10-layered 1-D shear wave velocity
profile should not be misinterpreted as indicative of the presence of a boulder or clay-filled
void/karstic feature, respectively, immediately beneath the center of the geophone array.

2.2.4.5 Vertical Resolution

The output of processing is a 10-layered shear wave velocity profile of the subsurface. The
thickness of each layer is a pre-set software function of the total depth to the top of the 11t
layer. The thickness of the layers increases with depth. Layer boundaries are set by the
processing software and do not usually correspond precisely to lithologic boundaries.

Additionally, Rayleigh wave data are acquired across the entire breadth of the geophone array.
The velocity assigned to a specific layer is a function of the average velocity of that layer across
the entire breadth of the geophone array.

Significant features such as the top of rock can usually be estimated to within +10%.
2.2.4.6 Time Required to Interpret Field Data (One Test Site)

If ground truth is available and if velocity/lithologic relationships can be established, the
interpretation of the shear wave velocity data is normally relatively rapid and straightforward.

2.2.4.7 Potential for Error

Human. There is little potential for error, if the interpreter understands that the output shear

wave velocity profile generated at each test location represents the average shear wave along
the length of the array. It does not represent the precise shear wave velocity of the subsurface
at the mid-point of the geophone array.

Equipment. There is little potential for error.
2.2.4.8 Reproducibility of Deliverable

If ground truth is available, different experienced interpreters should come up with similar
interpretations. If ground truth is not available, unreasonable interpretations are a very real
possibility.

2.2.5 Deliverables
2.2.5.1 Brief Overview of Deliverable(s)

1-D (or 2-D or 3-D) geologic and shear wave velocity models.
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2.2.5.2 Utility of deliverable(s)

Geologic and shear wave velocity models provide information about variations in lithology,
porosity, engineering properties, rippability of rock, diggability of soil, depth to top of rock, etc.

The shear wave velocity profiles can also be used for earthquake site classification purposes.

2.2.5.3 Accuracy

The final interpretations are generally reliable if good quality Passive MASW field data are
recorded and if ground truth is available. Use of an experienced interpreter is essential.

2.2.6 Advantages
Advantages include:

e outputis a shear wave velocity profile of the subsurface that typically extends to a
depth of multiple hundreds of feet,

e depth to bedrock can usually be estimated to within +10%,

e other lithologic units can often be identified and mapped on basis of shear wave
velocity,

e relatively low cost,

e portability of equipment,

e relatively insensitive to background noise,

e typically employ a 1-3-person crew,

e relatively rapid processing of field data in lab,

e few restrictions with respect to surface conditions (soil, rock, pavement, etc.),
e non-invasive,

e limited potential for human error if operators and processors are trained,

e reproducibility of field data,

e reproducibility of processing results,

e reproducibility of interpretations, particularly if geologic control is available,

e multiple applications (determination of lithology, porosity, rippability, depth to bedrock,
location of voids, shear strength).

e permitting is not required,

e tool can be used across and in proximity to utilities and built structures as the method is
relatively insensitive to background acoustic noise,

e Passive MASW data can be acquired underwater using hydrophones coupled to the
water bottom (Scholte waves are recorded and processed),

e Passive MASW data can be acquired using horizontally polarized shear wave geophones
(Love waves are recorded and processed).
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2.2.7 Disadvantages
Disadvantages include:

e desired maximum depths of investigation may not be realized if low frequency passive
Rayleigh wave data are not recorded,

e site must be large enough to accommodate the geophone array and source,
e difficult to QC data in the field,
e data are not usually processed in the field for QC purposes,

e reliability of output shear wave velocity data decreases as lateral and vertical
heterogeneity of soil/rock increases,

e significant surface topography can make it difficult to acquire useful data,
e significant subsurface topography can make it difficult to acquire useful data,

e features such as faults, solution-widened joints and voids may make it difficult to
acquire useful data,

e underground utilities can make it difficult to acquire useful data,
e vegetation can pose problems during data acquisition,

e geophones must be effectively coupled to the ground surface; acquiring quality data on
very soft or loose soil can be difficult,

e in certain limited situations, proximal background noise may be overwhelming, layer
boundaries on the shear wave velocity profile do not correspond exactly to lithologic
boundaries.
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2.3. Active Refraction Microtremor (Active ReMi) Method

2.3.1 Brief Overview of the Active ReMi Method

Refraction microtremor (ReMi) software can be used to transform recorded fundamental mode
Rayleigh waves (type of surface wave) generated using an active acoustic source into a multi-
layer (typically limited to 4) 1-D shear wave velocity profile of the subsurface.

Active Rayleigh wave energy is normally generated using a proximal source such as a
sledgehammer, weight drop or small explosive that is discharged by the ReMi survey crew. The
active sources that are used to image the subsurface to depths on the order of 100 feet
typically generate Rayleigh waves with frequencies ranging from 5 to 60 Hz. The higher
frequency (shorter wavelength) Rayleigh waves extend to shallow depths; the lower frequency
(longer wavelength) Rayleigh waves extend to greater depths. Ideally, the recorded Rayleigh
waves with the lowest frequencies will involve particle motion to depths of at least 100 feet. If
depths of investigation greater than 100 feet are desired, the ReMi crew should consider
acquiring Passive ReMi data or combination Active/Passive ReMi data.

Rayleigh wave energy is dispersive meaning that different frequencies travel with different
velocities. More specifically, each frequency travels with a phase velocity that is mostly a
function of the average shear wave velocity of the subsurface from the ground surface to the
base of particle motion associated with that frequency (wavelength).

Active Rayleigh wave data are normally recorded using a linear array of geophones. ReMi
software analyzes the recorded Rayleigh wave data and calculates the phase velocities of a
representative range of frequencies (from highest to lowest frequency Rayleigh waves). These
phase velocity data are used to estimate the effective base of particle motion associated with
each frequency and to estimate the average shear wave velocity over that depth range of
particle motion. The subsurface can then be subdivided into a finite number of layer (one layer
for each frequency analyzed; from the ground surface to the base of particle motion associated
with lowest frequency analyzed). Interval shear wave velocities can then be assigned to each
layer.

The output of a single Active ReMi data set is a multi-layer (typically limited to 4) 1-D shear
wave velocity profile of the subsurface. In certain situations, a suite of ReMi data sets is
collected at intervals along the length of a traverse and the output 1-D shear wave velocity
profiles are used to generate a pseudo-2-D shear wave velocity profile of the subsurface. 3-D
shear wave velocity images of the subsurface can also be generated.

The active multichannel analysis of surface wave (MASW; Section 2.1of this report) method is
very similar to the active refraction microtremor (ReMi) method. The most significant
difference is the processing software.
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2.3.2 Data Acquisition
2.3.3.1 Brief Overview of Field Procedure

A linear array of geophones (typically 12 to 24), an acoustic source, an engineering seismograph
and a laptop are used to record active Rayleigh wave data that propagates along the axis of the
geophone array (Figure 2.1). The geophones are generally spaced such that the length of the
array is on the order of the desired maximum depth of investigation. For example, if the
objective is to image the subsurface to a depth of 100 feet, the geophones are typically spaced
at 5 feet and the array is 115 feet in length.

Active ReMi data are generated using a man-made source (such as a sledgehammer and strike
plate). The source is discharged off one the end of the geophone array. If the intent is to image
the subsurface to a depth of 100 feet, the source is typically discharged 25-30 feet from the
closest geophone. When the active source is discharged, the seismograph is triggered, and data
is recorded (typically for one second or less). To increase the signal to noise ratio, the source is
typically discharged multiple times (stacked) at each location. Typically, the source is discharged
2-5 times at each location to increase statistical reliability and minimize the effects of random
noise. Separate field records are generated for each discharge. The separate field records are
analyzed collectively during data processing.

Field records can be visually assessed in the field for quality control purposes. Data can also be
processed in a cursory manner in the field for quality control purposes. If poor quality data have
been recorded, the source can be discharged at the other end of the array of geophones or a
greater magnitude source can be employed. Alternatively, the array can be reoriented or
moved.

If the recorded frequencies are relatively good quality but too high to image to a depth of 100
feet, a greater magnitude source can be employed.

2.3.2.2 Field Equipment

The portable equipment consists of an active source, an engineering seismograph, a trigger
switch, a laptop with installed acquisition and processing software, and, typically, an array of
12-24 low-frequency vertically polarized geophones (either 4.5 Hz or 14 Hz geophones).
Typically, a heavy sledgehammer source and a strike plate are employed.

2.3.2.3 Field Crew

Typically consists of 1-3 persons. A single person can acquire Active ReMi data. However, if
ReMi data are to be acquired at multiple locations at a site, it is usually more efficient to field a
field crew consisting of 2-3 persons.
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2.3.2.4 Considerations

Parameter entry. The correct acquisition parameters must be entered. An Active ReMi field
record is typically between 0.5 and 1.0 seconds in duration. The sampling interval is usually 0.5
milliseconds.

Size of test site. The test site must be large enough to allow for ease of placement of
geophones and the offset active source. A typical Active ReMi array (including the offset
source) is typically about 145 feet in length.

Plotted location of the output 1-D shear wave velocity profile. A multi-layered 1-D shear wave
velocity profile will be generated at each test location. The output shear wave velocity profile is
more-or-less a function of the average shear wave velocity of the subsurface along the entire
length of the geophone array. However, by convention, the shear wave velocity profile is
plotted at the center of the geophone array.

Vehicular access. All equipment can be transported by hand. Usually, the equipment and crew
are transported in a single vehicle.

Surface topography. Active ReMi data can be acquired across undulating ground surfaces or
across steeply dipping terrain. However, elevation changes should be minimized where/if
possible as data quality usually decreases as surface topographic relief increases. In these
situations, 2 ReMi data sets should be acquired. The active source should be discharged off
both ends of the geophone array. To a certain extent, issues related to irregular surface
topography can be dealt with or at least recognized during data processing. Often, the effects
of irregular or dipping topography can be recognized on ReMi field records.

Rayleigh waves can be reflected from proximal surface topography such as stream beds,
hillsides, and drainage ditches. Reflected Rayleigh wave can complicate data processing. Often,
reflected Rayleigh wave energy can be recognized on the field records.

Subsurface topography. If there is a possibility that bedrock dips appreciably along the length
of the geophone array, 2 ReMi data sets should be acquired. The active source should be
discharged off both ends of the geophone array. To a certain extent, issues related to irregular
subsurface topography can be dealt with or at least recognized during data processing.

If features such as faults, solution-widened joints or voids are present beneath the geophone
array or between the source and the array, it may not be possible to record useful Rayleigh
wave data. The discharged Rayleigh wave energy may not propagate uniformly along the length
of the geophone array. Rather, it may be mostly backscattered (reflected) from these
subsurface features, causing signal loss or distortion.

Often, backscattered Rayleigh wave energy can be recognized on the field records.

Vegetation. Data can be acquired in heavily vegetated areas if the geophones and active source
can be placed in the appropriate locations. However, dense vegetation does impede work and
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slows down field data acquisition. Usually, it is most efficient to clear the traverse ahead of
time.

Background noise. Active ReMi data can usually be acquired even in acoustically noisy
environments. However, it may be necessary to increase the magnitude of the active source or
to stacking multiple field records.

Anchoring requirements. The geophones are frequently coupled to the ground surface using
short base spikes. However, base plates can be used in lieu of spikes and are usually used if
data are acquired on pavement, rock or gravel. The geophones do need to be placed in stable,
vertical positions on the ground surface.

Nature of ground surface. The geophones are frequently coupled to the ground surface using
short base spikes. However, base plates can be used in lieu of spikes and are usually used if
data are acquired on pavement, rock or gravel. The geophones do need to be placed in stable,
vertical positions on the ground surface.

Placement of geophones and active source. Normally, a tape measure is laid out along the
traverse and geophones are placed at their appropriate locations. If a few individual geophones
are misplaced off by 5% or less, data quality should not be adversely affected, particularly if the
geophones are shifted perpendicular to the traverse.

If the location of the source is in line with the geophone array but out by 10% or less, data
guality should not be adversely affected.

Subsurface lithology or material. Active ReMi data can be acquired across all types of soil
and/or rock. ReMi data can also be acquired across pavement, asphalt, fill, etc.

Depth of investigation. The maximum depth of investigation is a function mostly of the lowest
frequency fundamental mode Rayleigh wave energy recorded and the length of the geophone
array. If active data are being recorded, the lowest frequency recorded is a function of the
energy generated by the source as greater magnitude sources generate lower frequency
Rayleigh waves. Lower frequencies are more reliably analyzed when recorded using arrays with
lengths on the order of the wavelength of those frequencies.

Proximity to buried structures and buried utilities. The Active ReMi tool is non-invasive. Active
data can be acquired in proximity to buried utilities and buried structures, unless there is
concern that the acoustic source could damage built structures such as concrete or pavement.
Issues with data quality can arise if the buried utilities or buried structures are beneath the
geophone array or between the source and the array. Rayleigh waves that are reflected from
subsurface features can complicate data processing.

Proximity to surface structures and surface utilities. The ReMi tool is non-invasive. Active data
can be acquired in proximity to surface utilities and surface structures. ReMi data can be
acquired in proximity to surface utilities and built structures. Typically, the only clearance
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required is sufficient room to discharge the source. The sledgehammer can damage concrete or
pavement.

Sensitivity to background noise. The Active ReMi technique is relatively insensitive to noise.
However, in certain instances (such as in proximity to moving trains, operating heavy
equipment, buildings with air conditioners, etc.) it can be very difficult to acquire data.

Permitting requirements. Generally, only permission from the surface rights holder is required.

Notification requirements. Generally, only permission from the surface rights holder is
required.

Other considerations. It may not be possible to generate an output shear wave velocity profile
that extends to the desired depth of investigation if the magnitude of the active source is too
small or if the signal to noise ratio is too low. Site and/or ground conditions may make it
effectively impossible to image the subsurface to the desired depth.

2.3.2.5 Brief Description of Field Data

The field data are recorded digitally and stored on the laptop connected to the seismograph or
to built-in flash memory. Generally, multiple active records (typically 1 second in length) are
generated for each active test location. These records are effectively “stacked” during
processing to increase the signal to noise ratio.

2.3.2.6 Estimated Cost to Acquire REMI Field Data at One Test Site

Basic field costs include: a) 1 hour of crew time plus travel time; b) equipment rental and/or
depreciation; and c) vehicle rental and/or depreciation plus fuel. It typically takes a 2-person
crew 1 hour to acquire a single Active MASW data set (using a sledgehammer source and a 24-
geophone array).

2.3.2.7 Potential for Errors
There is little likelihood that field errors will lead to misinterpretation.

Human. Human error, which leads to misinterpretation, is unlikely because the only critical
non-automated processes are the placement of the geophones and the discharge of the active
source. If the incorrect geophone separation is inadvertently entered as a processing
parameter, significant errors can result. If the source is discharged too far from or too close to
the geophone array, or if the source is too low magnitude, poor quality field data may be
acquired.

Equipment. Equipment problems are unlikely to generate errors that will lead to
misinterpretation, but care must be taken.
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2.3.2.8 Reproducibility of Field Tests

If good quality Active ReMi field data can be recorded, field results can be reproduced with a
relatively high degree of consistency.

2.3.2.9 Quality Control

Acquired data can be visually assessed in the field for quality control purposes. Data can also be
processed in a cursory manner in the field for quality control purposes. If poor quality data have
been recorded, the source can be discharged at the other end of the array of geophones or a
greater magnitude source can be employed. Alternatively, the array can be reoriented or
moved.

2.3.3 Data and/or Laboratory Processing
2.3.3.1 Brief Overview of Data Processing

In the initial phase of data processing (step 1), each uploaded ReMi field record is manually
edited (selective muting) by the processor to remove coherent energy such as refractions and
higher mode Rayleigh waves. The processor also inputs the field acquisition parameters
including geophone spacing, source offset and source location.

In step 2 of data processing, the edited ReMi field record is analyzed, and an image panel is
generated. The image panel is a slowness vs. frequency plot of energy accumulation pattern. It
is constructed using a 2-D (time and space) wavefield transformation method that employs
several pattern-recognition approaches and does not require any interactive input from the
interpreter. This transformation eliminates all the ambient noise from human activities as well
as source-generated noise such as scattered waves from buried objects (foundations, culverts,
boulders, etc.).

The image panel shows the relationship between slowness and frequency for those waves
propagated horizontally directly from the impact point to the receiver line. These waves include
fundamental and higher modes of surface waves as well as direct body (compressional) waves.

In step 3, the dispersion curve is extracted (usually subjectively “picked”) from the energy
accumulation pattern in the image panel. The extracted dispersion curve is finally used as a
reference to back-calculate the variation in Vs with depth below the surveyed area. This back-
calculation is called inversion.

In step 4, the selected dispersion curve is inverted without any qualitative input from the
interpreter. The output is a 10-layered 1-D shear wave velocity profile.

If the output shear wave velocity profile is questionable, the Rayleigh wave data are normally
reprocessed using different subjective parameters (i.e., muting, picking, etc.).
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It should be noted that the propagation velocity of a Rayleigh wave is a uniform medium is
described by the Equation 2.1 “Relationship of Rayleigh, Shear and Compressional Wave
Velocities”, where Vg is a function of both B and a. To transform Rayleigh wave velocities into
shear wave velocities, the software package uses a predetermined value of Poisson’s Ratio to
remove the compressional wave velocity term (a) from the expression. This is a robust
approach, but it does introduce some error into the output estimate of shear wave velocities.

2.3.3.2 Output of Data Processing

The output from a single test location is a 10-layered 1-D shear wave velocity profile. If data
are collected at multiple test locations along the length of a traverse, the output 1-D shear
wave velocity profiles can be used to generate a 2-D or 3-D shear wave velocity profile.
Creating a 2-D cross-section will allow the user to image the lateral variations in the shear wave
velocity.

2.3.3.3 Estimated Cost to Process Field Data from One Test Site

Basic processing costs include about 1 hour of processor’s time and hardware/software rental
and/or depreciation.

2.3.3.4 Potential for Error

Human. Steps 2 and 4 (the transformation of the muted ReMi field data into an overtone data
and the inversion of the “picked” dispersion curve) do not require interpreter input. Step 1
(muting and parameter entry) and step 3 (the “picking” of the optimal dispersion curve) are
subjective although usually straightforward.

In certain instances, it is difficult to “pick” an optimum dispersion curve. Problems can arise for
one of a number of reasons: suitable fundamental mode Rayleigh wave energy may not have
been recorded; the acoustic source may have been too small; the geophone array may have
been too long or too short; lateral velocity variations along the length of the geophone array
may have resulted in “smoothing” or “smearing” of phase velocity data on the overtone record;
excessive topographic relief may have caused “smoothing” or “smearing”; geologic conditions
(faulting for example) may have been such that surface wave energy of the desired frequency
could not be recorded in the study area.

It is possible for a processor to misidentify higher mode Rayleigh wave energy as fundamental
mode Rayleigh wave energy. In such situations, the output shear wave velocities will be
anomalously high.

If the processor arbitrarily extends the dispersion curve (via extrapolation and with the
objective of extending the shear wave velocity profile to greater depths) beyond the lowest
confidently “pickable” frequency on the overtone record serious errors can arise.

Equipment. The Active ReMi processing software should not be defective.
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2.3.3.5 Reproducibility of Field Tests

If the ReMii field data are good quality, trained processors will generate consistent 1-D shear
wave velocity profiles over the range of frequencies that were generated by the source in the
field.

2.3.4 Interpretation
2.3.4.1 Brief Overview of Interpretation of Processed Data

The output of data processing is a 10-layered 1-D shear wave profile of the subsurface. If
multiple Active ReMi data sets are acquired, 2-D or 3-D shear wave velocity images of the
subsurface can be generated.

Usually, the interpreter establishes relationships between lithology (if control is available) and
acoustic velocity and transforms the output 1-D shear velocity model into a geologic model of
the subsurface. If geologic control is not available, the depth to bedrock (if imaged) can
generally be estimated based on the visual assessment of the shear wave velocity profile.

If the ReMi data are acquired for site classification purposes, the average shear wave velocity to
a depth of 100 feet is normally calculated.

2.3.4.2 Deliverable(s)
1-D, 2-D, or 3-D geologic and shear wave velocity models.

If the ReMi data are acquired for site classification purposes, the average shear wave velocity to
a depth of 100 feet is normally calculated.

A multi-layered 1-D shear wave velocity profile will be generated at each test location. The
output shear wave velocity profile is more-or-less a function of the average shear wave velocity
of the subsurface along the entire length of the geophone array. However, by convention, the
shear wave velocity profile is plotted at the center of the respective geophone array.

2.3.4.3 Depth Range (Top/Bottom)

If a 20-pound sledgehammer source is employed, the output shear wave velocity profile will
typically extend to a depth on the order of 100-120 feet. Greater depths of investigation can be
achieved if a larger magnitude source is employed.

2.3.4.4 Lateral Resolution

Rayleigh wave data are acquired along the entire length of the geophone array. If the velocity
of the subsurface varies laterally along the length of the array, lateral velocity smoothing will
occur. However, some weighting is involved as the source/receiver separation is generally
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selected such that higher frequencies are excessively attenuated at the farthest geophones
whereas the lowest frequencies are not recorded on the closest geophones.

The output 1-D shear wave velocity profile is more-or-less a function of the average shear wave
velocity of the subsurface along the entire length of the geophone array. However, by
convention, the output shear wave velocity profile is plotted at the center of the geophone
array. Lateral resolution can be increased by decreasing the geophone spacing and sometimes
the magnitude of the source. However, this approach usually decreases the overall depth of
investigation as well.

Zones of anomalously low or high velocity on the output multi-layer (typically limited to 4) 1-D
shear wave velocity profile should not be misinterpreted as indicative of the presence of a
boulder or clay-filled void/karstic feature, respectively, immediately beneath the center of the
geophone array.

2.3.4.5 Vertical Resolution

The output of processing is a multi-layer (typically limited to 4) shear wave velocity profile of
the subsurface. The thickness of each layer is a pre-set software function of the total depth to
the top of the basal layer. The thickness of the layers increases with depth. Layer boundaries
are set by the processing software and do not usually correspond precisely to lithologic
boundaries.

Additionally, Rayleigh wave data are acquired along the entire length of the geophone array.
The velocity assigned to a specific layer is a function of the average velocity of that layer along
the entire length of the geophone array.

Significant features such as the top of rock can usually be estimated to within +10%.
2.3.4.6 Time Required to Interpret Field Data (One Test Site)

If ground truth is available and if velocity/lithologic relationships can be established, the
interpretation of the shear wave velocity data is normally relatively rapid and straightforward.

2.3.4.7 Potential for Error

Human. There is little potential for error if the interpreter understands that the output shear
wave velocity profile generated at each test location represents the average shear wave along
the length of the array. Layer velocities do not necessarily represent the precise shear wave
velocity of the subsurface at the mid-point of the geophone array.

Equipment. There is little potential for error.
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2.3.4.8 Reproducibility of Deliverable

If ground truth is available, different experienced interpreters should come up with similar
interpretations. If ground truth is not available, unreasonable interpretations are a very real
possibility.

2.3.5 Deliverables

2.3.5.1 Brief Overview of Deliverable(s)

1-D (or 2-D or 3-D) geologic and shear wave velocity models.
2.3.5.2 Utility of Deliverable(s)

Geologic and shear wave velocity models provide information about variations in lithology,
porosity, engineering properties, rippability of rock, diggability of soil, depth to top of rock, etc.

The shear wave velocity profiles can also be used for earthquake site classification purposes.
2.3.5.3 Accuracy

The final interpretations are generally reliable if good quality Active ReMi field data are
recorded and if ground truth is available. Use of an experienced interpreter is essential.

2.3.6 Advantages
Advantages include:

e outputis a shear wave velocity profile of the subsurface that typically extends to a
depth of 100+ feet,

e depth to bedrock can usually be estimated to within +10%,

e other lithologic units can often be identified and mapped on basis of shear wave
velocity,

e relatively low cost,

e portability of equipment, relative insensitivity to background noise,
e typically employ a 1-3-person crew,

e field records can be visually assessed in the field for QC purposes,

e ability to rapidly process data in the field (for QC purposes),

e rapid processing of field data in lab, however, may be more complicated compared to
MASW,

e few restrictions with respect to surface conditions (soil, rock, pavement, etc.),
e non-invasive,

e limited potential for human error if operators and processors are trained,
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e reproducibility of field data,
e reproducibility of processing results,
e reproducibility of interpretations, particularly if geologic control is available,

e multiple applications (determination of lithology, porosity, rippability, depth to bedrock,
location of voids, shear strength).

e permitting is not required,

e tool can be used across and in proximity to utilities and built structures as the method is
relatively insensitive to background acoustic noise.

2.3.7 Disadvantages
Disadvantages include:

e desired maximum depths of investigation may not be realized if the source is too small
given subsurface geologic conditions,

e site must be large enough to accommodate the geophone array and source,

e reliability of output shear wave velocity data decreases as lateral and vertical
heterogeneity of soil/rock increases,

e significant surface topography can make it difficult to acquire useful data,
e significant subsurface topography can make it difficult to acquire useful data,

e features such as faults, solution-widened joints and voids may make it difficult to
acquire useful data,

e underground utilities can make it difficult to acquire useful data,
e vegetation can pose problems during data acquisition,

e geophones and source must be effectively coupled to the ground surface; acquiring
guality data on very soft or loose soil can be difficult,

e in certain limited situations, background noise may be overwhelming, layer boundaries
on shear wave velocity profile do not correspond exactly to lithologic boundaries.
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2.4. Passive Refraction Microtremor (Passive ReMi) Method

2.4.1 Brief Description of the Passive ReMi Method

Refraction microtremor (ReMi) software can be used to transform recorded fundamental
Rayleigh waves (type of surface wave) generated using a passive acoustic source into a multi-
layered (typically 4) 1-D shear wave velocity profile of the subsurface.

Passive Rayleigh wave energy (ambient noise) is not generated by the ReMi field crew. Rather,
passive Rayleigh wave energy is generated by external ambient sources that can include
microseismic activity, lightning strikes, vehicle traffic, etc. Passive sources typically generate
Rayleigh waves with frequencies ranging from 1 to 30 Hz. The higher frequency (shorter
wavelength) Rayleigh waves extend to shallow depths; the lower frequency (longer
wavelength) Rayleigh waves extend to greater depths. Ideally, the lowest recorded frequency
Rayleigh waves will involve particle motion to depths of several hundred feet.

As noted, Rayleigh wave data generated using a passive source are normally lower frequency
than Rayleigh wave data generated using an active source. Because the passive Rayleigh data
are normally lower frequency, the output shear wave velocity profile generally provides for
relatively poorer vertical resolution in the upper 100 feet. On the upside, Passive ReMi data can
be often used to image the subsurface to depths greater than several hundreds of feet.
Combination Active/Passive ReMi data sets can provide for both high vertical resolution at
shallow depths and greater depths of investigation.

Rayleigh wave energy is dispersive meaning that different frequencies travel with different
velocities. More specifically, each frequency travels with a phase velocity that is mostly a
function of the average shear wave velocity of the subsurface from the ground surface to the
base of particle motion associated with that frequency (wavelength).

Passive ReMi data are recorded using a linear symmetric array of geophones. The linear array
should be directed towards the location of the primary source of ambient noise if known.

ReMi software analyzes the recorded Rayleigh wave data and calculates the phase velocities of
a representative range of frequencies (from highest to lowest frequency Rayleigh waves).
These phase velocity data are used to estimate the effective base of particle motion associated
with each frequency and to estimate the average shear wave velocity over that depth range of
particle motion. The subsurface can then be subdivided into a finite number of layer (one layer
for each frequency analyzed; from the ground surface to the base of particle motion associated
with lowest frequency analyzed). Interval shear wave velocities can then be assigned to each
layer.

The output of a single Passive ReMi data set is a multi-layered 1-D shear wave velocity profile of
the subsurface. In certain situations, a suite of ReMi data sets is collected at intervals along the
length of a traverse and the output 1-D shear wave velocity profiles are used to generate a
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pseudo-2-D shear wave velocity profile of the subsurface. 3-D shear wave velocity images of the
subsurface can also be generated.

The Passive MASW method (Section 2.2 of this report) method is very similar to the Passive
ReMi method. There are two significant differences: 1) MASW and ReMi processing software
are different; and 2) MASW software can be used to process data acquired using a non-linear
array; ReMi software cannot.

2.4.2 Acquisition of Active ReMi Data
2.4.2.1 Brief Overview of Field Procedure

A linear array of geophones (typically 24), an engineering seismograph and a laptop are used to
record passive Rayleigh wave data. The geophones are generally spaced such that the length of
the linear array is on the order of the desired maximum depth of investigation. For example, if
the objective is to image the subsurface to a depth of 100 feet using a linear array, the
geophones are typically spaced at 5 feet and the array is 115 feet in length (Figure 2.1).

Passive Rayleigh wave energy (ambient noise) is not generated by the ReMi field crew. Rather,
passive Rayleigh wave energy occurs naturally and can be generated by external sources that
can include microseismic activity, lightning strikes, construction equipment, vehicle traffic, etc.
Passive data are generated by triggering the seismograph manually and recording “random”
data, typically for about 30 seconds or more. Passive data are never stacked, but multiple
separate 30 plus second records are usually recorded at each test location to increase the
probability that useful passive Rayleigh wave energy has propagated through the array. The
separate field records are analyzed collectively during data processing.

A reliable shear wave velocity profile will be output only if measurable Rayleigh wave energy
propagates through the array and in a direction parallel to the axis of the array. Rayleigh wave
energy that propagates parallel to the axis of a linear array will exhibit lower apparent velocities
(greater slowness) than energy that propagates through the same array at an angle.

Field records cannot normally be visually assessed in the field for QC purposes.
Data are normally not processed in the field for quality control purposes.

If combination Active/Passive data are required, an active source can be discharged while the
30 second passive data sets are being recorded. Alternatively, both active and passive wave
data can be recorded separately and combined during processing.

2.4.2.2 Field Equipment

The method utilizes equipment typically employed in conventional seismic refraction surveys.
This equipment consists of an active source, an engineering seismograph, a laptop with
installed acquisition and processing software, and an array of 24 low-frequency vertically
polarized geophones (either 4.5 Hz or 14 Hz geophones). If passive data (only) are being
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recorded, an operational source is not required. If both active and passive data are being
recorded, an acoustic source is employed.

2.4.2.3 Field Crew

Consists of 1-3 persons. A single person can acquire Passive ReMi data. However, if ReMi data
are to be acquired at multiple locations at a site, it is usually more efficient to field a field crew
consisting of 2-3 persons.

2.4.2.4 Considerations

Parameter entry. The correct acquisition parameters must be entered. A Passive ReMi field
record is typically between 30 seconds in duration. The sampling interval is usually 0.5
milliseconds.

Size of test site. The test site must be large enough to allow for ease of placement of
geophones. The diameter of a non-linear passive ReMi array is typically approximately equal to
the desired depth of investigation. The diameter of a linear Passive ReMi array is typically
approximately equal to the desired depth of investigation.

Plotted location of the output 1-D shear wave velocity profile. A multi-layered 1-D shear wave
velocity profile will be generated at each test location. The output shear wave velocity profile is
assumed to be a function of the average shear wave velocity of the subsurface beneath the
geophone array. However, by convention, the shear wave velocity profile is plotted at the
center of the geophone array.

Vehicular access. All equipment can be transported by hand. Usually, the equipment and crew
are transported in a single vehicle.

Surface topography. Passive ReMi data can be acquired across undulating ground surfaces or
across steeply dipping terrain. However, elevation changes should be minimized where/if
possible as data quality usually decreases as surface topographic relief increases.

Rayleigh waves can be reflected from proximal surface topography such as stream beds,
hillsides, and drainage ditches. Reflected Rayleigh wave can complicate data processing. Often,
reflected Rayleigh wave energy can be recognized on the field records.

Subsurface topography. If features such as faults, solution-widened joints or voids are present
beneath the geophone array, it may not be possible to record useful passive Rayleigh wave
data.

Vegetation. Data can be acquired in heavily vegetated areas. However, dense vegetation does
impede work and slows down field data acquisition. Usually, it is most efficient to clear the
study site ahead of time.
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Background noise. Passive ReMi data can usually be acquired even in acoustically noisy
environments. Coherent background noise such as highway traffic can constitute a useful
source of passive Rayleigh wave energy.

Anchoring requirements. The geophones are frequently coupled to the ground surface using
short base spikes. However, base plates can be used in lieu of spikes and are usually used if
data are acquired on pavement, rock or gravel. The geophones do need to be placed in stable,
vertical positions on the ground surface.

Nature of ground surface. The geophones can be placed on soil, rock, fill, concrete, asphalt,
etc. They should be stable and vertical. Data acquisition can be a problem if the surficial soils
are very loose. In such situations, it can be difficult to effectively couple the geophones to the
ground.

Placement of geophones and active source. Normally, a tape measure is laid out and
geophones are placed at their appropriate locations. If a few individual geophones are
misplaced by 5% or less, data quality should not be adversely affected.

Subsurface lithology or material. Passive ReMi data can be acquired across all types of soil
and/or rock. ReMi data can also be acquired across pavement, asphalt, fill, etc.

Depth of investigation. The maximum depth of investigation is a function mostly of the lowest
frequency fundamental mode Rayleigh wave energy recorded and the length or diameter of the
geophone array. The lowest frequency recorded is a function of the magnitude of recorded
passive Rayleigh acoustic energy. Lower frequencies are more reliably analyzed when recorded
using arrays with lengths on the order of the wavelength of those frequencies.

Proximity to buried structures and buried utilities. The Passive ReMi tool is non-invasive. Data
can be acquired in proximity to buried utilities and buried structures, unless there is concern
that the acoustic source could damage built structures such as concrete or pavement. Ambient
seismic ‘noise’ or microtremors, which occur constantly as cultural and natural background
noise, can be as source of useful passive Rayleigh waves.

Proximity to surface structures and surface utilities. The Passive ReMi tool is non-invasive.
Passive data can be acquired in proximity to surface utilities and structures. Ambient seismic
‘noise’ (microtremors), which occur constantly as cultural and natural background noise, can be
as source of useful passive Rayleigh waves.

Sensitivity to background noise. Excessive background noise generated by moving trains, heavy
equipment, buildings with air conditioners, etc., can make it difficult to acquire quality field
data unless the geophone array is aligned with the source of the noise.

Permitting requirements. Generally, only permission from the surface rights holder is required.

Notification requirements. Generally, only permission from the surface rights holder is
required.
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Other considerations. Good quality Passive ReMi data cannot be recorded unless suitable
passive energy passes through the array and in a direction parallel to the array while the
seismograph is activated.

2.4.2.5 Brief Description of Field Data

The field data are recorded digitally and stored on the laptop connected to the seismograph or
to built-in flash memory. Generally, multiple non-stacked passive records (each typically 30
seconds in length) are generated for each passive test location. These records are effectively
“stacked” during processing to increase the signal to noise ratio.

2.4.2.6 Estimated Cost to Acquire Field Data at One Test Site

Basic field costs include a) 1-2 hours of crew time plus travel time, b) equipment rental and/or
depreciation, and c) vehicle rental and/or depreciation plus fuel. Depending on the complexity
of the array employed, it typically takes 2-person crew 1-2 hours to acquire a single ReMi data
set (24-geophone array).

2.4.2.7 Potential for Errors
There is little likelihood that field errors will lead to misinterpretation.

Human. Human error, leading to misinterpretation, is unlikely because the only critical non-
automated process is the placement of the geophones. If the incorrect geophone separation is
inadvertently entered as a processing parameter, significant errors can result. If suitable passive
Rayleigh wave energy does not pass through the array while data are being recorded, the
output 1-D shear wave velocity profile will not be reliable.

Equipment. Equipment problems are unlikely to generate errors that will lead to
misinterpretation.

2.4.2.8 Reproducibility of Field Tests

If good quality Passive ReMi data can be recorded, field results can be reproduced with a high
degree of consistency.

2.4.2.9 Quality Control

Field records cannot normally be visually assessed in the field for QC purposes. However, data
can also be processed in a cursory manner in the field for quality control purposes. If poor
guality data have been recorded, the additional data can be collected. Alternatively, the array
can be reoriented or moved.
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2.4.3 Data and/or Laboratory Processing
2.4.3.1 Brief Overview of Data Processing

In the initial phase of data processing (step 1), each uploaded ReMi field record is manually
edited (selective muting) by the processor to remove coherent energy such as refractions and
higher mode Rayleigh waves. The processor also inputs the field acquisition parameters
including geophone spacing, source offset and source location.

In step 2 of data processing, the edited ReMi field record is analyzed, and an image panel is
generated. The image panel is a slowness vs. frequency plot of energy accumulation pattern. It
is constructed using a 2-D (time and space) wavefield transformation method that employs
several pattern-recognition approaches and does not require any interactive input from the
interpreter. This transformation eliminates all the ambient noise from human activities as well
as source-generated noise such as scattered waves from buried objects (foundations, culverts,
boulders, etc.).

The image panel shows the relationship between slowness and frequency for those waves
propagating through the receiver array in any direction. These waves include fundamental and
higher modes of surface waves as well as direct body (compressional) waves.

In step 3, the dispersion curve is extracted (usually subjectively “picked”) from the energy
accumulation pattern in the image panel. The extracted dispersion curve is finally used as a
reference to back-calculate the variation in Vs with depth below the surveyed area. This back-
calculation is called inversion.

In step 4, the selected dispersion curve is inverted without any qualitative input from the
interpreter. The output is a multi-layered (typically 4) 1-D shear wave velocity profile.

If the output shear wave velocity profile is questionable, the Rayleigh wave data are normally
reprocessed using different subjective parameters (i.e., picking, etc.).

It should be noted that the propagation velocity of a Rayleigh wave is a uniform medium is
described by Equation 2.1 “Relationship of Rayleigh, Shear and Compressional Wave
Velocities”, where Vg is a function of both B and a. To transform Rayleigh wave velocities into
shear wave velocities, the software package uses a predetermined value of Poisson’s Ratio to
remove the compressional wave velocity term (a) from the expression. This is a robust
approach, but it does introduce some error into the output estimate of shear wave velocities.

In step 2, each uploaded Passive ReMi field record is transformed into an overtone record (plot
of Rayleigh-wave versus frequency format) using standard, established mathematical processes
that do not require any interactive input from the interpreter.
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In step 3, the overtone record is analyzed qualitatively by the processor input and an optimum
phase velocity versus frequency curve (dispersion curve) for the fundamental mode Rayleigh
wave data is generated (subjectively “picked”).

In step 4, the selected dispersion curve is inverted without any qualitative input from the
interpreter. The output is a multi-layered 1-D shear wave velocity profile.

2.4.3.2 Output of Data Processing

The output from a single test location is a multi-layered (typically 4) 1-D shear wave velocity
profile. If data are collected at multiple test locations along the length of a traverse or aerially,
the output 1-D shear wave velocity profiles can be used to generate a 2-D or 3-D shear wave
velocity profile. Creating a 2-D cross-section will allow the user to image the lateral variations
in the shear wave velocity. These profiles constitute the final deliverable.

2.4.3.3 Estimated Cost to Process Field Data from One Test Site

Basic processing costs include about 2 hours of processor’s time and hardware/software rental
and/or depreciation.

2.4.3.4 Potential for Error

Human. Steps 2 and 4 (the transformation of the muted ReMi field data into an overtone data
and the inversion of the “picked” dispersion curve) do not require interpreter input. Step 1
(parameter entry) is straightforward. Step 3 (the “picking” of the optimal dispersion curve) is
subjective although usually straightforward.

In certain instances, it is difficult to “pick” an optimum dispersion curve. Problems can arise for
one of a number of reasons: suitable fundamental mode Rayleigh wave energy may not have
been recorded; the geophone array may have been too short; lateral velocity variations
beneath the geophone array may have resulted in “smoothing” or “smearing” of phase velocity
data on the overtone record; excessive topographic relief may have caused “smoothing” or
“smearing”; geologic conditions (faulting for example) may have been such that surface wave
energy of the desired frequency could not be recorded in the study area.

If the processor arbitrarily extends the dispersion curve (via extrapolation and with the
objective of extending the shear wave velocity profile to greater depths) beyond the lowest
confidently “pickable” frequency on the overtone record, serious errors can arise.

Equipment. The Passive ReMi processing software should not be defective.
2.4.3.5 Reproducibility of Field Tests

If the ReMii field data are good quality, trained processors will generate consistent 1-D shear
wave velocity profiles over the range of frequencies that were generated by the passive source.
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2.4.4 Interpretation
2.4.4.1 Brief Overview of Interpretation of Processed Data

The output of data processing is a multi-layered 1-D shear wave profile of the subsurface. If
multiple Active ReMi data sets are acquired, 2-D or 3-D shear wave velocity images of the
subsurface can be generated.

Usually, the interpreter establishes relationships between lithology (if control is available) and
acoustic velocity and transforms the output 1-D shear velocity model into a geologic model of
the subsurface. If geologic control is not available, the depth to bedrock (if imaged) can
generally be estimated based on the visual assessment of the shear wave velocity profile.

If the ReMi data are acquired for site classification purposes, the average shear wave velocity to
a depth of 100 feet is normally calculated.

2.4.4.2 Deliverable(s)
1-D, 2-D, or 3-D geologic and shear wave velocity models.

If the ReMi data are acquired for site classification purposes, the average shear wave velocity to
a depth of 100 feet is normally calculated.

A multi-layered (typically 4) 1-D shear wave velocity profile will be generated at each test
location. The output shear wave velocity profile is more-or-less a function of the average shear
wave velocity of the subsurface along the entire length of the geophone array. However, by
convention, the shear wave velocity profile is plotted at the center of the respective geophone
array.

2.4.4.3 Depth Range (Top/Bottom)

Surface to depths on the order of multiple hundreds of feet. Greater depths of investigation
can be achieved if very low frequency passive Rayleigh wave data are recorded.

2.4.4.4 Lateral Resolution

Rayleigh wave data are acquired along the entire breadth of the geophone array. If the velocity
of the subsurface varies laterally beneath the array, lateral velocity smoothing will occur.

The output 1-D shear wave velocity profile is more-or-less a function of the average shear wave
velocity of the subsurface beneath the geophone array. However, by convention, the output
shear wave velocity profile is plotted at the center of the geophone array. Lateral resolution can
often times be increased by decreasing the geophone spacing. However, this approach usually
decreases the overall depth of investigation as well.
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Zones of anomalously low or high velocity on the output multi-layered 1-D shear wave velocity
profile should not be misinterpreted as indicative of the presence of a boulder or clay-filled
void/karstic feature, respectively, immediately beneath the center of the geophone array.

2.4.4.5 Vertical Resolution

The output of processing is a multi-layered (typically 4) shear wave velocity profile of the
subsurface. The thickness of each layer is a pre-set software function of the total depth to the
top of the basal layer. The thickness of the layers increases with depth. Layer boundaries are
set by the processing software and do not usually correspond precisely to lithologic boundaries.

Additionally, Rayleigh wave data are acquired along the entire length of the geophone array.
The velocity assigned to a specific layer is a function of the average velocity of that layer along
the entire length of the geophone array.

Significant features such as the top of rock can usually be estimated to within +10%.
2.4.4.6 Time Required to Interpret Field Data (One Test Site)

If ground truth is available and if velocity/lithologic relationships can be established, the
interpretation of the shear wave velocity data is normally relatively rapid and straightforward.

2.4.4.7 Potential for Error

Human. There is little potential for error, if the interpreter understands that the output shear

wave velocity profile generated at each test location represents the average shear wave along
the length of the array. It does not represent the precise shear wave velocity of the subsurface
at the mid-point of the geophone array.

Equipment. There is little potential for error.
2.4.4.8 Reproducibility of Deliverable

If ground truth is available, different experienced interpreters should come up with similar
interpretations. If ground truth is not available, unreasonable interpretations are a very real
possibility.

2.4.5 Deliverables
2.4.5.1 Brief Overview of Deliverable(s)

1-D (or 2-D or 3-D) geologic and shear wave velocity models.
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2.4.5.2 Utility of Deliverable(s)

Geologic and velocity models provide information about variations in lithology, porosity,
engineering properties, rippability of rock, diggability of soil, depth to top of rock, etc.

The shear wave velocity profiles can be used for earthquake site classification purposes.
2.4.5.3 Accuracy

The final interpretations are generally reliable if good quality Passive ReMi field data are
recorded and if ground truth is available. Use of an experienced interpreter is essential.

2.4.6 Advantages
Advantages include:

e outputis a shear wave velocity profile of the subsurface that typically extends to a
depth of multiple hundreds of feet,

e depth to bedrock can usually be estimated to within +10%,

e other lithologic units can often be identified and mapped on basis of shear wave
velocity,

e relatively low cost,

e portability of equipment,

e relatively insensitive to background noise,
e typically employ a 1-3-person crew,

e relatively rapid processing of field data in lab (slightly more time consuming than Active
MASW),

e few restrictions with respect to surface conditions (soil, rock, pavement, etc.),
e non-invasive,

e limited potential for human error if operators and processors are trained,

e reproducibility of field data,

e reproducibility of processing results,

e reproducibility of interpretations, particularly if geologic control is available,

e multiple applications (determination of lithology, porosity, rippability, depth to bedrock,
location of voids, shear strength).

e permitting is not required,

e tool can be used across and in proximity to utilities and built structures as the method is
relatively insensitive to background acoustic noise.
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2.4.7 Disadvantages
Disadvantages include:

e desired maximum depths of investigation may not be realized if low frequency passive
Rayleigh wave data are not recorded,

e site must be large enough to accommodate the geophone array and source,
e (difficult to QC data in field,
e data are not usually processed in the field for QC purposes,

e reliability of output shear wave velocity data decreases as lateral and vertical
heterogeneity of soil/rock increases,

e significant surface topography can make it difficult to acquire useful data,
e significant subsurface topography can make it difficult to acquire useful data,

e features such as faults, solution-widened joints and voids may make it difficult to
acquire useful data,

e underground utilities can make it difficult to acquire useful data,
e vegetation can pose problems during data acquisition,

e geophones must be effectively coupled to the ground surface; acquiring quality data on
very soft or loose soil can be difficult,

e in certain limited situations, proximal background noise may be overwhelming,

e layer boundaries on shear wave velocity profile do not correspond exactly to lithologic
boundaries.
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2.5 Conventional Shear Wave Refraction Seismic Method

2.5.1 Brief Overview of the Conventional Shear Wave Refraction Seismic Method

Conventional shear wave refraction seismic data are acquired using an array of geophones
(acoustic receivers) placed at uniform intervals along the length of a traverse. Acoustic sources
(typically a sledgehammer) are discharged at predetermined locations within and off the ends
of the geophone array.

The travel time of the first shear wave energy (direct arrival or refracted arrival) to arrive at
each geophone for each discharged source is recorded. This multiplicity of travel (arrival) time
data is analyzed statistically and a layered 2-D shear wave velocity model of the subsurface with
elevation control is output. The layers represent lithologic units with varying depths and
thicknesses, and contrasting densities and/or shear wave velocities.

The output layered shear wave velocity model is usually transformed into a layered geologic
model based on known or presumed velocity/lithology relationships. If the shallow subsurface
cannot be accurately represented by a layered shear wave velocity model, the conventional
refraction seismic method may produce unsatisfactory deliverables. In this case, the acquisition
of shear wave refraction tomographic (Section 2.6 of this report) data may be the preferred
option.

The shear wave refraction seismic technique is often a useful tool for mapping the top of rock
and determining the average velocities of the shallow subsurface. Typically, if a sledgehammer
source is employed, the subsurface is imaged to a maximum depth of about 30 feet.

Both conventional compressional wave and shear wave seismic refraction data can be acquired.
Herein, we restrict our discussion to the acquisition of conventional shear wave refraction
seismic data acquired along a single traverse with the primary objective of determining the
shear wave velocity of the subsurface to a depth of 100 feet.

2.5.2 Data Acquisition
2.5.2.1 Brief Overview of Field Procedure

An array of geophones (usually 12, 24 or 48; connected to engineering seismograph) is placed
at uniform intervals (typically 10 feet) along the length of a traverse. Acoustic (seismic) sources
(typically a sledgehammer) are discharged at predetermined locations (generally nine or fewer,
depending upon the number of geophones employed) within and off the ends of the geophone
array (Figure 2.1).

The geophones record the arrival time and magnitude of the first shear wave energy to reach
each geophone (either the direct arrival or a refracted arrival) and a limited time-window of
earlier and later arriving acoustic energy. The arrival time of the first shear wave energy to
reach each geophone after a source is discharged and the corresponding source-to-receiver
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separation is the only information utilized by the processor of refraction seismic tomography
data.

A typical shear wave seismic source consists of a 20-pound sledgehammer struck horizontally
on a block that has been adequately coupled to the surface. The geophones are relatively low
frequency (typically 14 Hz) and horizontally polarized. The geophones should be placed with an
accuracy of at least 5%.

2.5.2.2 Field Equipment

Portable, and normally consisting of an impulsive shear wave energy source and strike block, a
trigger switch cable, 12 to 48 horizontally polarized geophones, geophone cable, a 12 to
48-channel engineering seismograph, a 12-volt battery, and laptop computer.

2.5.2.3 Field Crew
Typically consists of 2-4 persons depending, in part, on the size of the array.
2.5.2.4 Considerations

Parameter entry. The correct acquisition parameters must be entered. A conventional shear
wave refraction record is typically 1-2 seconds in duration. The sampling interval is usually 0.5
milliseconds. Geophone spacing employed is one estimate of maximum lateral resolution.
Elevation control is required.

Size of test site. The size of test site must be large enough to allow for ease of placement of
geophones and the safe use of the acoustic source. The length of the array of geophones must
normally be about six times the maximum intended depth of investigation. Sources are
discharged within and off both ends of the array at multiple predetermined locations.

Plotted location of the output 1-D shear wave velocity profile. The depth to each layer as
determined for each geophone location from the statistical analyses of the entirety of the data
set is plotted beneath that geophone. Each layer is assigned a shear wave velocity based on the
statistical analyses of the entire seismic data set.

Vehicular access. All equipment can be transported by hand. Usually, the equipment and crew
are transported in a single vehicle.

Surface topography. Data can be acquired across steeply dipping terrain. However, elevation
changes should be minimized where/if possible. Elevation control must be acquired.

Subsurface topography. The output of processing is a layered velocity model of the subsurface
with elevation control. Conventional refraction data are normally acquired with the objective of
mapping subsurface structure.
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Vegetation. Data can be acquired in heavily vegetated areas. However, dense vegetation does
impede work and slows down field data acquisition. Usually, it is most efficient to clear the
traverses ahead of time.

Background noise. Good quality shear wave refraction data are difficult to acquire in an
acoustically noisy environment (e.g., adjacent to busy roadway). Data quality (signal-to-noise
ratio) can be often improved by using a more powerful source or stacking (discharging a source
multiple times at each location and summing recorded records).

It can be very difficult to acquire good quality data on windy and/or rainy days.

Anchoring requirements. The geophones need to be stable, correctly placed, and correctly
oriented. Whenever possible, the geophones are connected to spikes that are inserted into the
soil for maximum connectivity.

Nature of ground surface. The geophones can be placed on soil, rock, fill, concrete, asphalt,
etc. However, they must be coupled, stable and vertical. Whenever possible, the geophones
are connected to spikes that are inserted into the soil for maximum connectivity.

Placement of geophones and active source. Normally, a tape measure is laid out along the
traverse and geophones are placed at their appropriate locations. If a few individual geophones
are misplaced off by 5% or less, data quality should not be adversely affected, particularly if the
geophones are shifted only perpendicular to the traverse.

If the location of the discharged source is out by 6 inches or less (assuming a 10-foot geophone
spacing), data quality should not be adversely affected.

Subsurface lithology or material. Conventional shear wave refraction data can be acquired
across all types of soil and/or rock. Data can also be acquired across pavement, asphalt, fill, etc.

Depth of investigation. The maximum depth of investigation is ideally about one sixth of the
length of the geophone array. However, if a 20-pound sledgehammer source is employed, it is
usually difficult to image refractive interfaces at depths greater than 30 feet. Higher magnitude
acoustic sources will provide for greater depths of investigation. Longer arrays and longer
source-to-receiver offsets should be used to image the subsurface at greater depths.

Proximity to buried structures and buried utilities. The seismic refraction method is non-
invasive. Data can be acquired in proximity to buried utilities and buried structures, unless
there is concern that the source could damage built structures such as concrete or pavement.

Proximity to surface structures and surface utilities. Seismic refraction data can be acquired in
proximity to surface utilities and built structures. The only clearance required is sufficient room
to discharge the source.
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Sensitivity to background noise. Relative to the MASW and ReMi methods, the seismic
refraction method is much more sensitive to background noise. Vehicle traffic, for example, can
effectively mask the desired signal especially at longer source to geophone offsets.

Permitting requirements. Generally, only permission from the surface rights holder is required.

Notification requirements. Generally, only permission from the surface rights holder is
required.

Other considerations. Horizontally polarized geophones are generally more expensive
compared to vertically polarized geophones.

2.5.2.5 Brief Description of Field Data

The raw field data, consisting of common-shot records (typically less than 2 seconds in length),
are recorded digitally and stored on the laptop connected to the seismograph or to built-in
flash memory. Surface wave energy, reflected energy, refracted shear wave energy,
compressional shear wave energy, and noise is present on the field records. However, the only
information that is of interest to the processor is the arrival time of the first shear wave energy
(either direct arrival or refraction) to reach each geophone each time the source is discharged.
It can be difficult to identify the first shear wave arrivals, particularly at greater source to
receiver separations.

2.5.2.6 Estimated Cost to Acquire Field Data at One Test Site

Basic field costs include: a) crew time plus travel time; b) equipment rental and/or depreciation;
and c) vehicle rental and/or depreciation plus fuel. It typically takes a 3-person crew about 2-3
hours to acquire a single conventional refraction data set (24-geophone array). Elevation data
are required.

2.5.2.7 Potential for Errors
There is little likelihood that field errors will lead to misinterpretation.

Human. If appropriate acquisition parameters (array length, array orientation, geophone
spacing, source, source locations, recording parameters, etc.) are selected, human error,
leading to misinterpretation, is unlikely because the only critical non-automated processes are
the placement of the geophones and the discharge of the source. If the magnitude of the
source is too small, if the geophones are not properly coupled to the ground, or if the site is too
noisy, poor quality field data may be acquired.

Equipment. Equipment problems are unlikely to generate errors that will lead to
misinterpretation.
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2.5.2.8 Reproducibility of Field Tests

If good quality data can be recorded, field results can be reproduced with a high degree of
consistency.

2.5.2.9 Quality Control

Shot gathers can be visually assessed in the field for quality control purposes. If the data are
noisy, stacking or the use of a greater magnitude source can be options.

2.5.3 Data and/or Laboratory Processing
2.5.3.1 Brief Overview of Data Processing

The arrival time of the first shear wave energy as recorded by each geophone every time the
acoustic source is discharged is determined based on the manual or automated analyses of the
common-shot field records. This is referred to as “picking the first shear wave arrivals”.
Because the first shear wave arrivals are preceded by direct and refracted compressional
waves, it can be very difficult to determine the arrival time of the first shear wave energy,
particularly at greater source to receiver offsets. A skilled processor is required. The travel time
data and the corresponding source/receiver separations are analyzed statistically in an
automated manner by the processing software and a layered 2-D shear wave velocity model of
the subsurface is generated.

2.5.3.2 Output of Data Processing

The output is a layered 2-D shear wave velocity model of the subsurface. A typical output 2-D
velocity model generally consists of no more than 5 layers (a typical 2 layered model would
consist of soil and bedrock). Each layer, except for the shallowest layer, is assigned a single
velocity. Low-velocity layers and thin high-velocity are not imaged. This velocity model
constitutes the output of data processing.

2.5.3.3 Estimated Cost to Process Field Data from One test Site

Basic processing costs include: a) processor’s time; and b) hardware/software rental and/or
depreciation. It typically takes an experienced interpreter about 4 hours to process a single
conventional shear wave refraction seismic data set (24-geophone array).

2.5.3.4 Potential for Error

Human. The determination of accurate first shear wave arrival times requires interpreter input
and can be a source of error. Errors are generally introduced when the field data are poor
quality (low signal-to-noise ratio), and first shear wave arrival times cannot be determined with
a high degree of precision.
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Equipment. The processing software should not be defective. However, conventional seismic
refraction software is not capable of imaging low-velocity layers and thin high-velocity layers.
This can lead to significant misinterpretations. Also, the software analyzes the travel time data
(statistically) and outputs a 2-D best-fit layered velocity model of the subsurface. If the
subsurface cannot be reliably represented by a 2-D layered velocity model, the output velocity
model may be unreasonable.

2.5.3.5 Reproducibility of Field Tests

If the field data are good quality, experienced processors will generate consistent 2-D layered
velocity models. Output velocity models will vary slightly if different processing software is
used.

2.5.4 Interpretation
2.5.4.1 Brief Overview of Interpretation of Processed Data

The output of data processing is a layered 2-D shear wave velocity model of the subsurface.
Normally, the interpreter establishes relationships between lithology and acoustic velocity and
transforms the output velocity model into a layered lithologic (geologic) model. This geologic
model usually constitutes the final deliverable.

2.5.4.2 Deliverable(s)

2-D lithologic (geologic) model, normally with 5 or fewer layers, that typically extends to a
depth of no more than 30 feet if a sledgehammer source is employed. A typical 2-layered
geologic model might consist of a soil layer overlying bedrock.

2.5.4.3 Depth Range (Top/Bottom)

The maximum depth of investigation is ideally about one-sixth of the length of the geophone
array or the depth to the deepest prominent (mappable) refractor, whichever is shallower.

2.5.4.4 Lateral Resolution
Effectively the same as the geophone spacing.
2.5.4.5 Vertical Resolution

Vertical resolution depends on the subsurface lithology. Generally, the only lithologic
interfaces which can be imaged are those that separate units with significantly different
acoustic properties (e.g., soil/bedrock, shale/limestone, etc.). Low-velocity layers and thin high-
velocity layers cannot be imaged.
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2.5.4.6 Time Required to Interpret Field Data (One Test Site)

If ground truth is available and if velocity/lithology relationships can be established, the
interpretation of conventional shear wave seismic refraction data is normally relatively
straightforward.

2.5.4.7 Potential for Error

Human. The interpreter must establish relationships between shear wave velocity and the
geology. Ground truth significantly increases the reliability of the final interpretations.

Equipment. The software analyzes the input travel time data (statistically) and outputs a best-
fit layered velocity model of the subsurface. If the subsurface cannot be reliably represented by
a layered velocity model, the output velocity model may be unreasonable. In this case, the
geologic model generated by the interpreter will also be unreasonable.

2.5.4.8 Reproducibility of Deliverable

If ground truth is available and if the earth can be reasonably well represented by a layered
velocity model, different experienced interpreters should come up with similar geologic
interpretations. If ground truth is not available, unreasonable geologic interpretations are a
very real possibility.

2.5.5 Deliverables
2.5.5.1 Brief Overview of Deliverable(s)

2-D lithologic (geologic) model and velocity/depth models, normally with 5 or fewer layers, that
typically extends to a depth of no more than 30 feet if a sledgehammer source is employed.
A typical 2-layered geologic model might consist of a soil layer overlying bedrock.

2.5.5.2 Utility of Deliverable(s)

Geologic and velocity/depth models provide information about variations in lithology, porosity,
the engineering properties of soil and rock, rippability of rock, diggability of soil, depth to top of
rock, etc.

2.5.5.3 Accuracy

The final interpretations (geologic models) are generally reliable if good quality field data are
recorded, if ground truth is available and if the shallow subsurface can be reasonably well-
represented by a layered velocity model. Use of an experienced interpreter is essential.

2.5.6 Advantages

Advantages include:
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e outputis a layered shear wave velocity profile of the subsurface,
e 2-D geologic model can be generated if ground truth is available,
e variations in the depth to the different layers is depicted,

e depth to bedrock can usually be estimated to within +10%,

e otherimaged lithologic units can often be identified and mapped on basis of shear wave
velocity,

e relatively low cost compared to seismic refraction tomography (Table 3.2) or seismic
reflection methods (Table 3.2),

e portability of equipment,

e typically employ a 2 to 3-person crew,

e field records can be visually assessed in the field for QC purposes,

e few restrictions with respect to surface conditions (soil, rock, pavement, etc.),
® non-invasive,

e data can be assessed in the field for quality control purposes,

e limited potential for human error if operators and processors are trained,

e reproducibility of field data if good quality,

e reproducibility of processing results if data are good quality,

e reproducibility of interpretations, if data are good quality and geologic control is
available,

e multiple applications (determination of lithology, porosity, rippability, depth to bedrock,
location of voids, shear strength),

e permitting is not required.

2.5.7 Disadvantages
Disadvantages include:

e each layer (except for the first layer) is assigned a single velocity,
e relatively sensitive to noise,
e elevation control is required,

e maximum depths of investigation are on the order of 30 feet if a sledgehammer source
is employed,

e site must be large enough to accommodate the geophone array and source,
e data cannot be processed in the field for quality control purposes,

e reliability of output shear wave velocity data decreases as lateral and vertical
heterogeneity of soil/rock increases,

e relatively high cost compared to MASW and ReMi methods,

e vegetation can pose problems during data acquisition,
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e geophones and source must be effectively coupled to the ground surface; acquiring
guality data on very soft or loose soil can be difficult.

59



2.6. Shear Wave Refraction Seismic Tomography

2.6.1 Brief Overview of the Shear Wave Refraction Seismic Tomography Method

Shear wave refraction tomography seismic data are acquired using an array of geophones
placed at uniform intervals along the length of a traverse. Shear wave acoustic sources are
discharged between each pair of geophones and at multiple predetermined locations off the
ends of the geophone array.

The travel time of the first shear wave energy (direct arrival or refracted arrival) to arrive at
each geophone for each discharged source is recorded. During processing, the subsurface
beneath the geophone array is divided into pixels. The lateral separation between each pixel is
equal to geophone spacing. The multiplicity of travel (arrival) time data is then statistically
analyzed, and each pixel is assigned a shear wave velocity. The output is a 2-D tomographic
velocity model of the subsurface with elevation control.

There are 2 main differences between a conventional refraction (Section 2.5 of this report)
model and a refraction tomography model. First, in a tomography model, the acoustic velocity
within the model varies both laterally and vertically. Second, in a tomographic model, low
velocity zones and thin high-velocity zones can be imaged.

The output shear velocity model is generally transformed into a geologic model based on
known or presumed velocity/lithology relationships.

This technique is usually a useful tool for mapping the top of rock. Lateral and vertical lithologic
changes within soil and rock can also be mapped if characterized by interpretable velocity
variations.

Both compressional wave and shear wave seismic refraction tomography data can be acquired.
Herein, we restrict our discussion to the acquisition of shear wave refraction tomography
seismic data acquired along a single traverse with the primary objective of determining the
shear wave velocity of the subsurface to a depth of 100 feet.

2.6.2 Data Acquisition
2.6.2.1 Brief Overview of Field Procedure

An array of geophones (usually 12, 24 or 48; connected to engineering seismograph) is placed
at predetermined uniform intervals along the length of a traverse. Acoustic (seismic) sources
are discharged between each pair of geophones and at multiple predetermined locations off
the ends of the geophone array. The geophones record the arrival time and magnitude of the
first shear wave energy to reach each geophone (either the direct arrival or a refracted arrival)
and a limited time-window of earlier and later arriving acoustic energy. The arrival time of the
first shear wave energy to reach each geophone after a source is discharged and the
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corresponding source-to-receiver separation is the only information utilized by the processor of
shear wave refraction seismic tomography data.

A typical shear wave seismic source consists of a 20-pound sledgehammer struck horizontally
on a block that has been adequately coupled to the surface. The geophones are relatively low
frequency (typically 14 Hz) and horizontally polarized. The geophones should be placed with an
accuracy of at least 5%.

2.6.2.2 Field Equipment

Portable, and normally consisting of an impulsive shear wave acoustic source and strike block, a
trigger switch cable, 12 to 48 horizontally polarized geophones, geophone cable, a 12 to
48-channel engineering seismograph, a 12-V battery, and laptop computer.

2.6.2.3 Field Crew
Typically consists of 3-4 persons depending, in part, on the size of the array.
2.6.2.4 Considerations

Parameter entry. The correct acquisition parameters must be entered. A conventional shear
wave refraction record is typically 1-2 seconds in duration. The sampling interval is usually 0.5
milliseconds. Geophone spacing employed is one estimate of maximum lateral resolution.
Elevation control is required.

Size of test site. The size of test site must be large enough to allow for ease of placement of
geophones and the safe use of the acoustic source. The array of geophones must normally be
about 3 times the maximum desired depth of investigation. Sources are discharged within and
off the ends of the array at multiple predetermined locations.

Plotted location of the output 1-D shear wave velocity profile. Each pixel in the output model
is assigned a shear wave velocity. The shear wave velocities plotted as a function of depth
immediately beneath each geophone are assumed to represent the velocity of the subsurface
immediately beneath that geophone.

Vehicular access. All equipment can be transported by hand. Usually, the equipment and crew
are transported in a single vehicle.

Surface topography. Data can be acquired across steeply dipping terrain. However, elevation
changes should be minimized where/if possible.

Subsurface topography. The output of processing is a shear wave velocity model of the
subsurface with elevation control. Refraction tomography data are normally acquired with the
objective of mapping subsurface structure.
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Vegetation. Data can be acquired in heavily vegetated areas. However, dense vegetation does
impede work and slows down field data acquisition. Usually, it is most efficient to clear the
traverses ahead of time.

Background noise. Good quality shear wave refraction tomography data are difficult to acquire
in an acoustically noisy environment (e.g., adjacent to busy roadway). Data quality (signal-to-
noise ratio) can be often improved by using a more powerful source or stacking (discharging a
source multiple times at each location and summing recorded records).

It can be very difficult to acquire good quality data on windy and/or rainy days.

Anchoring requirements. The geophones need to be stable, correctly placed, and correctly
oriented. Whenever possible, the geophones are connected to spikes that are inserted into the
soil for maximum connectivity.

Nature of ground surface. The geophones can be placed on soil, rock, fill, concrete, asphalt,
etc. However, they must be coupled, stable and vertical. Whenever possible, the geophones
are connected to spikes that are inserted into the soil for maximum connectivity.

Placement of geophones and active source. Normally, a tape measure is laid out along the
traverse and geophones are placed at their appropriate locations. If a few individual geophones
are misplaced off by 5% or less, data quality should not be adversely affected, particularly if the
geophones are shifted perpendicular to the traverse.

If the location of the discharged source is out by 6 inches or less (assuming a 10-foot geophone
spacing), data quality should not be adversely affected.

Subsurface lithology or material. Refraction seismic tomography data can be acquired across
all types of soil and/or rock as well as across pavement, asphalt, fill, etc.

Depth of investigation. The maximum depth of the investigation is highly variable and depends
on subsurface conditions. Often, the depth of investigation is comparable to one-half the length
of the geophone array. A 20-pound sledgehammer source is often sufficient for mapping
subsurface velocities at depths on the order of 60 feet. Higher magnitude acoustic sources will
provide for greater depths of investigation. Longer arrays and longer source-to-receiver offsets
should be used to image the subsurface to greater depths.

Proximity to buried structures and buried utilities. The refraction seismic tomography method
is non-invasive. Data can be acquired in proximity to buried utilities and buried structures,
unless there is concern that the source could damage built structures such as concrete or
pavement.

Proximity to surface structures and surface utilities. Seismic refraction data can be acquired in
proximity to surface utilities and built structures. The only clearance required is sufficient room
to discharge the source.

62



Sensitivity to background noise. Relative to the MASW and ReMi methods, the seismic
refraction tomography method is much more sensitive to background noise. Vehicle traffic, for
example, can effectively mask the desired signal especially at longer source to geophone
offsets.

Permitting requirements. Generally, only permission from the surface rights holder is required.

Notification requirements. Generally, only permission from the surface rights holder is
required.

Other considerations. Wind conditions can degrade seismic data quality by introducing
ambient surface noise, leading to a lower signal-to-noise ratio. Horizontally polarized
geophones are generally more expensive compared to vertically polarized geophones.

2.6.2.5 Brief Description of Field Data

The field data, consisting of common-shot records (typically less than 1 second in length), are
recorded digitally, and stored on the laptop connected to the seismograph or to built-in flash
memory. Surface wave energy, reflected energy, refracted shear wave energy, compressional
shear wave energy, and noise is present on the field records. However, the only information
that is of interest to the processor is the arrival time of the first shear wave energy (either
direct arrival or refraction) to reach each geophone each time the source is discharged. It can
be difficult to identify the first shear wave arrivals, particularly at greater source to receiver
separations.

2.6.2.6 Estimated Cost to Acquire Field Data at One Test Site

Basic field costs include: a) crew time plus travel time; b) equipment rental and/or depreciation;
and c) vehicle rental and/or depreciation plus fuel. It typically takes a 3-person crew 4-5 hours
to acquire a single conventional refraction data set (24-geophone array). Elevation data are
required.

2.6.2.7 Potential for Errors
There is little likelihood that field errors will lead to misinterpretation.

Human. If appropriate acquisition parameters (array length, array orientation, geophone
spacing, source, source locations, recording parameters, etc.) are selected, human error,
leading to misinterpretation, is unlikely because the only critical non-automated processes are
the placement of the geophones and the discharge of the source. If the incorrect geophone
separation is inadvertently entered as a processing parameter, significant errors can result.

If the magnitude of the source is too small, if the geophones are not properly coupled to the
ground, or if the site is too noisy, poor quality field data may be acquired.

Equipment. Equipment problems are unlikely to generate errors that will lead to
misinterpretation.
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2.6.2.8 Reproducibility of Field Tests

If good quality data can be recorded, field results can be reproduced with a high degree of
consistency.

2.6.2.9 Quality Control

Shot gathers can be visually assessed in the field for quality control purposes. If the data are
noisy, stacking or the use of a higher magnitude source could be considered.

2.6.3 Data and/or Laboratory Processing
2.6.3.1 Brief Overview of Data Processing

The arrival time of the first shear wave energy as recorded by each geophone every time the
acoustic source is discharged is determined based on the manual or automated analyses of the
common-shot field records. This is referred to as “picking the first shear wave arrivals”.
Because the first shear wave arrivals are preceded by direct and refracted compressional
waves, it can be very difficult to determine the arrival time of the first shear wave energy,
particularly at greater source to receiver offsets. A knowledgeable processor is required.

During processing, the subsurface beneath the geophone array is divided into pixels that extend
into the subsurface to the maximum depth imaged by the acquired data. The lateral and
vertical separation between each pixel is equal to geophone spacing. The multiplicity of travel
(arrival) time data is then statistically analyzed, and each pixel is assigned a shear wave velocity.
The output is a 2-D tomographic velocity model of the subsurface with elevation control.

2.6.3.2 Output of Data Processing

The output is a 2-D seismic cross-section of velocity distribution within the subsurface. Unlike
the conventional refraction seismic method, a tomographic velocity profile incorporates both
lateral velocity and vertical variations over distances on the order of the geophone spacing.
Velocity inversions and thin high velocity layers can also be mapped. This shear wave velocity
model constitutes the output of data processing.

2.6.3.3 Estimated Cost to Process Field Data from One Test Site

Basic processing costs include: a) processor’s time; and b) hardware/software rental and/or
depreciation. It typically takes an experienced interpreter about 6-8 hours to process a single
shear wave refraction tomography seismic set (24-geophone array).

2.6.3.4 Potential for Error

Human. The determination of accurate first shear wave arrival times requires interpreter input
and can be a source of error. Errors are generally introduced when the field data are poor
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quality (low signal-to-noise ratio), and first shear wave arrival times cannot be determined with
a high degree of precision.

Equipment. The processing software should not be defective. The software analyzes the travel
time data (statistically) and outputs a 2-D best-fit shear wave velocity model of the subsurface.
If the subsurface cannot be reliably represented by a 2-D velocity model, the output velocity
model may be unreasonable.

2.6.3.5 Reproducibility of Field Tests

If the field data are good quality, experienced processors will generate consistent 2-D
tomographic shear wave velocity models. Output tomographic velocity models will vary slightly
if different processing software is used.

2.6.4 Interpretation
2.6.4.1 Brief Overview of Interpretation of Processed Data

The output of data processing is a high-resolution (compared to the output of the conventional
refraction seismic method) tomographic shear wave velocity model of the subsurface.
Normally, the interpreter establishes relationships between lithology and acoustic velocity and
transforms the output velocity model into a lithologic (geologic) model. Lateral and vertical
lithologic changes within soil and bedrock can be mapped if characterized by interpretable
velocity variations. This geologic model usually constitutes the final deliverable.

2.6.4.2 Deliverable(s)

High-resolution 2-D lithologic (geologic) model. A typical geologic model might consist of soil
overlying bedrock. Lateral and vertical lithologic changes and changes in acoustic properties
within soil and rock can be mapped if characterized by interpretable velocity variations.

2.6.4.3 Depth Range (Top/Bottom)

The maximum depth of investigation is highly variable and depends on subsurface conditions.
Often, the depth of investigation is comparable to the one-half the length of the geophone
array. A 20-pound sledgehammer source is often sufficient for mapping subsurface velocities at
depths on the order of 60 feet. Higher magnitude acoustic sources will provide for greater
depths of investigation. Longer arrays and longer source-to-receiver offsets should be used to
image the subsurface to greater depths.

2.6.4.4 Lateral Resolution

Unlike, the conventional refraction seismic method, the tomographic velocity profile can
incorporate velocity inversions and both lateral velocity and vertical variations over distances
on the order of the geophone spacing.
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2.6.4.5 Vertical Resolution

Unlike the conventional refraction seismic method, the tomographic velocity profile can
incorporate both lateral velocity and vertical variations over distances on the order of the
geophone spacing and velocity inversions. Resolution diminishes with depth.

2.6.4.6 Time Required to Interpret Field Data (One Test Site)

If ground truth is available and if velocity/lithology relationships can be established, the
interpretation of shear wave refraction tomography data is normally relatively rapid and
straightforward.

2.6.4.7 Potential for Error

Human. The interpreter must establish relationships between shear wave velocity and the
geology. Ground truth significantly increases the reliability of the final interpretations.

Equipment. The software analyzes the input travel time data (statistically) and outputs a best-
fit velocity model of the subsurface. If the input travel time data is unreliable, the geologic
model generated by the interpreter will also be unreasonable.

2.6.4.8 Reproducibility of Deliverable

If ground truth is available, different experienced interpreters may come up with slightly
different interpretations. If ground truth is not available, unreasonable interpretations are a
very real possibility.

2.6.5 Deliverables

2.6.5.1 Brief Overview of Deliverable(s)

High-resolution (relative to the conventional seismic refraction method) 2-D velocity and
geologic models.

2.6.5.2 Utility of Deliverable(s)

Geologic and velocity models provide information about lateral and vertical variations in
lithology and porosity, the engineering properties of soil and rock, rippability of rock, diggability
of soil, depth to top of rock, etc.

2.6.5.3 Accuracy

The final interpretations are generally reliable if good quality field data are recorded, if ground
truth is available. Use of an experienced processor and interpreter is essential.
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2.6.6 Advantages
Advantages include:

e outputis a 2-D shear wave velocity model of the subsurface,

e Lateral and vertical variations in shear wave velocity are depicted,

e 2-D geologic model can be generated if ground truth is available,

e depth to bedrock can usually be estimated to within +10%,

e relatively low cost compared to seismic reflection method,

e portability of equipment,

e typically employ a 2—3-person crew,

e field records can be visually assessed in the field for QC purposes,

e few restrictions with respect to surface conditions (soil, rock, pavement, etc.),
® non-invasive,

e data can be assessed in the field for quality control purposes,

e limited potential for human error if operators and processors are trained,
e reproducibility of field data if data are good quality,

e reproducibility of processing results if data are good quality,

e reproducibility of interpretations, if data are good quality and geologic control is
available,

e multiple applications (determination of lithology, porosity, rippability, depth to bedrock,
location of voids, shear strength),

e permitting is not required.

2.6.7 Disadvantages
Disadvantages include:

e relatively sensitive to noise,
e elevation control is required,

e maximum depths of investigation are typically on the order of 60 feet if a sledgehammer
source is employed,

e relatively high cost compared to MASW, ReMi and conventional seismic refraction
methods,

e site must be large enough to accommodate the geophone array and source,
e data cannot be processed in the field for quality control purposes,

e reliability of output shear wave velocity data decreases as lateral and vertical
heterogeneity of soil/rock increases,

e vegetation can pose problems during data acquisition,
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e geophones and source must be effectively coupled to the ground surface; acquiring
guality data on very soft or loose soil can be difficult.
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2.7. Microseismic Horizontal to Vertical Spectral Ratio (HVSR) Method

2.7.1 Brief Overview of the HVSR Method

The single-station microtremor horizontal-to-vertical spectral ratio (HVSR) method involves
recording seismic ambient noise with a single very low frequency three-component
seismometer and calculating the ratio of the horizontal-to-vertical Fourier amplitude spectra
(HVSR).

Empirical evidence from sites with measured Vs profiles down to bedrock has shown that the
lowest frequency HVSR peak occurs at the fundamental mode horizontal shear wave resonance
frequency of the soil layer if there is a sufficiently strong impedance contrast at the
soil/bedrock interface.

Note: An interpretable fundamental mode horizontal shear wave resonance frequency (fonv)
will be output only if there is a significant contrast between the acoustic properties of the soil
and underlying rock. The HVSR tool is not capable of imaging the subsurface beneath the top of
intact rock.

If the fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer can
be reliably measured, the depth to bedrock can be calculated only if the average shear wave
velocity of the soil layer is known. The determination of fonv at a particular location, or the
mapping of its spatial variability around a site or area (regional microzonation), and its
conversion to sediment thickness have always been and still are the predominant uses of the
HVSR method.

Conversely, if the fundamental mode horizontal shear wave resonance frequency (fo) of the soil
layer can be reliably measured, the average shear wave velocity of the soil layer can be
calculated only if the depth to bedrock is known.

It is important to note that the interpretation of the HVSR curve is complicated by a lack of
understanding regarding the precise composition of the microtremor wavefield. Whether the
wavefield composition is primarily body waves, surface waves, and/or highly scattered (diffuse)
combinations thereof (total wavefield) is still largely debated. Studies of microtremors have
shown that the analytical expression exists for all real-world conditions contribution of different
wave types varies with frequency, from site to site, and that Love waves are often a dominant
part of the surface wave component of the microtremor wavefield. Therefore, no single
theoretical model comprehensively explains all observed HVSR behaviors across varying
environments. This variability underscores the importance of site-specific calibration,
supplementary geotechnical or geophysical data (e.g., borehole logs or other shear wave
surveys), and careful consideration during both processing and interpretation stages to avoid
misrepresenting subsurface characteristics.
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2.7.2 Acquisition of Active HVSR Data
2.7.2.1 Brief Overview of Field Procedure

HVSR data are recorded by a single operator using a single tri-axial seismometer. Microtremor
(ambient noise) data are normally recorded for tens of minutes to hours.

Poor choices (mostly site conditions) made by the practitioner during data acquisition have the
potential to impact the HVSR by introducing artificial resonance frequencies (HVSR peaks) and
altering the HVSR amplitude. The natural site-related resonance frequencies are relatively
robust and likely to be obtained even if the data acquisition is not ideal. This latter point
combined with the minimal required equipment is the appeal of the HVSR method. The
greatest difficulty is at the interpretation stage; the practitioner should therefore seek to
minimize errors during the data acquisition and analysis stages.

2.7.2.2 Field Equipment

The most suitable recording instrument is a three-component seismometer (velocimeter)
with a noise floor lower than the seismic noise level over the frequency band of interest
(i.e., 0.1-25 Hz).

2.7.2.3 Field Crew
Typically consists of 1 person.
2.7.2.4 Considerations

Parameter entry. An HVSR field record is typically tens of minutes to hours in duration. Window
length is inversely proportional to minimum frequency. Longer time windows should be used
for sites with expected low fundamental frequencies (i.e., long fundamental periods; To = 1/fo).

Size of test site. The test site must be large enough to allow for ease of placement of the
triaxial geophone.

Plotted location of the output resonance frequency. The output resonance frequency is
assumed to be indicative of the fundamental mode horizontal shear wave resonance frequency
(fonv) of the subsurface immediately beneath the triaxial geophone. This is the case only if there
is a sufficiently strong impedance contrast at the soil/bedrock interface.

Vehicular access. All equipment can be hand-carried. The equipment and crew can be
transported in a single vehicle.

Surface topography. Human-constructed surfaces or pavements should be removed prior to
sensor-ground coupling. However, in urbanized settings, this is almost never possible, and most
recordings will be collected on human constructed pavements, e.g., asphalt, concrete, and
stone.
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Subsurface topography. An interpretable resonance frequency will be output only if there is a
significant contrast between the acoustic properties of the soil and underlying rock.

Recording over subsurface cavities will alter the HVSR curve. Cavities that are shallow and wide
violate the free-field requirement.

Avoid recording on stiffer substrate than the underlying ground. Can cause velocity inversion.

Vegetation. Avoid recording near trees. Vegetation should be removed. The sensor base should
be inserted firmly into the ground surface.

Background noise. The sensor base should be inserted firmly into the ground surface with
protection from other natural phenomena including temperature fluctuation and wind or rain
vibrations. Measurements should be avoided during wind and heavy rain. A cover can help
shade and keep the seismometer cool but can also lead to transmitting wind or rain droplet
vibration into the ground due to its surface area. Waiting for a less windy day or use of an
umbrella with fewer contact points is often better solutions towards mitigating recording wind
and rain vibration. Avoid recording near operating equipment.

Anchoring requirements. The sensor base should be inserted firmly into the ground surface
with protection from other natural phenomena including temperature fluctuation and wind or
rain vibrations.

Nature of ground surface. The sensor base should be inserted firmly into the ground surface
with protection from other natural phenomena including temperature fluctuation and wind or
rain vibrations.

Human-constructed surfaces or pavements should be removed prior to sensor-ground coupling.
However, in urbanized settings, this is almost never possible, and most recordings will be
collected on human constructed pavements, e.g., asphalt, concrete, and stone.

Placement of geophone. The sensor base should be inserted firmly into the ground surface
with protection from other natural phenomena including temperature fluctuation and wind or
rain vibrations.

Subsurface lithology or material. An interpretable fundamental mode horizontal shear wave
resonance frequency (fonv) will be output only if there is a significant contrast between the
acoustic properties of the soil and underlying rock.

Depth of investigation. The HVSR tool is not capable of imaging the subsurface beneath the top
of intact rock.

If the fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer can
be reliably measured, the depth to bedrock can be calculated only if the average shear wave
velocity of the soil layer is known.
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Conversely, if the fundamental mode horizontal shear wave resonance frequency (f0) of the soil
layer can be reliably measured, the average shear wave velocity of the soil layer can be
calculated only if the depth to bedrock is known.

Proximity to buried structures and buried utilities. The active HVSR tool is non-invasive. Active
data can be acquired in proximity to buried utilities and buried structures, unless there is
concern that the acoustic source could damage built structures such as concrete or pavement.
Issues with data quality can arise if the buried utilities or buried structures are beneath the
geophone array or between the source and the array. Rayleigh waves that are reflected from
subsurface features can complicate data processing.

Recording over buried human-constructed materials (e.g., electrical power lines or vents) will
alter the HVSR curve. Data should not be acquired across such features if possible.

Proximity to surface structures and surface utilities. When acquiring data in proximity to urban
infrastructure, a general criterion is to offset the recording location by a distance equivalent to
the height of the structure. If this criterion must be violated, caution should be exercised when
interpreting the results, as the resonance frequency of the structure may show up in the HVSR
recording, notably when recording on the foundation of any built structure and near tall
structures or long bridges.

Sensitivity to background noise. Measurements should be avoided during wind and heavy rain.
A cover can help shade and keep the seismometer cool but can also lead to transmitting wind
or rain droplet vibration into the ground due to its surface area. Waiting for a less windy day or
use of an umbrella with fewer contact points is often better solutions towards mitigating
recording wind and rain vibrations.

Permitting requirements. Generally, only permission from the surface rights holder is required.

Notification requirements. Generally, only permission from the surface rights holder is
required.

Other considerations. An interpretable fundamental mode horizontal shear wave resonance
frequency (fonv) will be output only if there is a significant contrast between the acoustic
properties of the soil and underlying rock. The HVSR tool is not capable of imaging the
subsurface beneath the top of intact rock.

2.7.2.5 Brief Description of Field Data

The field data are recorded digitally and stored on the laptop connected to the seismograph or
to built-in flash memory. An HVSR field record is typically tens of minutes to hours in duration.
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2.7.2.6 Estimated Cost to Acquire Field Data at One Test Site

Basic field costs include a) up to 3 hours of crew time plus travel time, b) equipment rental
and/or depreciation, and c) vehicle rental and/or depreciation plus fuel. It typically takes a 1-
person crew up to 3 hours to acquire HVSR data set at a single site.

2.7.2.7 Potential for Errors

Poor choices (mostly site conditions) made by the practitioner during data acquisition have the
potential to impact the HVSR by introducing artificial resonance frequencies (HVSR peaks) and
altering the HVSR amplitude. The natural site-related resonance frequencies are relatively
robust and likely to be obtained even if the data acquisition is not ideal. This latter point
combined with the minimal required equipment is the appeal of the HVSR method.

Human. Poor choices (mostly site conditions) made by the practitioner during data acquisition
have the potential to impact the HVSR by introducing artificial resonance frequencies (HVSR
peaks) and altering the HVSR amplitude.

Equipment. Equipment problems are unlikely to generate errors that will lead to
misinterpretation.

2.7.2.8 Reproducibility of Field Tests

If good quality HVSR field data can be recorded, field results can be reproduced with a relatively
high degree of consistency.

2.7.2.9 Quality Control

Field records cannot be visually assessed in the field for quality control purposes.

2.7.3 Data and/or Laboratory Processing
2.7.3.1 Brief Overview of Data Processing

The stability and reliability of the calculated HVSR depend on the processing and interpretation
steps as much as on the equipment (acquisition system) and the quality of the in-situ
acquisition. The general processing steps involved in computing an HVSR are first outlined
below. Then important parameters that are highlighted in the general processing using bold,
italicized, and underlined text are discussed in further detail.

The entire microtremor three-component time series is split into several time windows of equal
or varying length. Fourier spectra are computed for each individual tapered time window and
smoothed. Each time window should be at least 10 times longer than the estimated
fundamental site period, as advised by the SESAME (Site EffectS assessment using AMbient
Excitations; 2004) HVSR guidelines.
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After smoothing, the ratio between horizontal and vertical spectra is calculated. Similar
individual HVSRs confirm underlying soil homogeneity, while variable HVSRs between individual
components may indicate spatially complex, spatially variable subsurface conditions. The
azimuth dependence of HVSRs should be checked to find indications of two-dimensional (2-D)
and three-dimensional (3-D) site effects including sedimentary basins and surface topography.

With additional processing, HVSR measurements have the potential to provide information on
lateral variation of the subsurface, as well as 3-D variations. The average horizontal spectrum is
valid for use once no azimuthal dependence of the HVSR is confirmed, i.e., assumptions of 1-D
site effects can be reasonably accepted.

The final average HVSR for a testing location was historically calculated as the average of all
HVSRs from the spectra of the combined horizontal components of each time window but is
increasingly determined from the averaged spectra from all time windows of each component.
Averaging of HVSRs from all selected time windows reduces variability in the mean HVSR curve,
whereas averaging of each component spectra with time is more appropriate given the diffuse
wavefield assumption.

The chosen window length involves a trade-off between spectral resolution and statistically
meaningful results. As mentioned, each time window should be at least 10 times longer than
the estimated fundamental site period. A stable HVSR will result with 20-time windows or more
with 15-20 windows required to achieve Gaussian statistics. Sites with lower fundamental
frequencies (longer fundamental periods) may require a total recording length up to an hour or
more to ensure enough time windows are available for reliable processing.

The HVSR is the spectral ratio of horizontal-to-vertical component ground motions. While the
vertical component is unambiguously defined, a single “horizontal” component must be defined
from the two measured orthogonal components of horizontal motion.

HVSR calculations performed across all azimuths is the most robust way to determine the site’s
representative horizontal spectrum. We note that most of the available software may
automatically skip confirming azimuthal variability in the HVSR, displaying only the horizontal
average HVSR but have the option of computing azimuthal HVSR curves.

The average HVSR curve is calculated for the recording site by averaging with time and the two
horizontal components (i.e., source azimuth). It was noted that averaging of HVSRs from all
selected time windows reduces variability in the mean HVSR curve compared to averaging of
each component’s spectra with time and that the latter is considered more appropriate for use
if the assumption is a diffuse wavefield.

2.7.3.2 Output of Data Processing

The fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer can
be reliably measured, the depth to bedrock can be calculated only if the average shear wave
velocity of the soil layer is known. The determination of fony at a particular location, or the
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mapping of its spatial variability around a site or area (regional microzonation), and its
conversion to sediment thickness have always been and still are the predominant uses of the
HVSR method.

Conversely, if the fundamental mode horizontal shear wave resonance frequency (f0) of the soil
layer can be reliably measured, the average shear wave velocity of the soil layer can be
calculated only if the depth to bedrock is known.

2.7.3.3 Estimated Cost to Process Field Data from One Test Site

Basic processing costs include about 4 hours of processor’s time and hardware/software rental
and/or depreciation.

2.7.3.4 Potential for Error

Human. Steps 2 and 4 (the transformation of the muted HVSR field data into an overtone data
and the inversion of the “picked” dispersion curve) do not require interpreter input. Step 1
(muting and parameter entry) and step 3 (the “picking” of the optimal dispersion curve) are
subjective although usually straightforward.

In certain instances, it is difficult to “pick” an optimum dispersion curve. Problems can arise for
one of a number of reasons: suitable fundamental mode Rayleigh wave energy may not have
been recorded; the acoustic source may have been too small; the geophone array may have
been too long or too short; lateral velocity variations along the length of the geophone array
may have resulted in “smoothing” or “smearing” of phase velocity data on the overtone record;
excessive topographic relief may have caused “smoothing” or “smearing”; geologic conditions
(faulting for example) may have been such that surface wave energy of the desired frequency
could not be recorded in the study area.

It is possible for a processor to misidentify higher mode Rayleigh wave energy as fundamental
mode Rayleigh wave energy. In such situations, the output shear wave velocities will be
anomalously high.

If the processor arbitrarily extends the dispersion curve (via extrapolation and with the
objective of extending the shear wave velocity profile to greater depths) beyond the lowest
confidently “pickable” frequency on the overtone record serious errors can arise.

Equipment. The HVSR processing software should not be defective.
2.7.3.5 Reproducibility of Field Tests

If the HVSR field data are good quality, trained processors will generate consistent If the
fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer.
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2.7.4 Interpretation
2.7.4.1 Brief Overview of Interpretation of Processed Data

If the fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer can
be reliably measured, the depth to bedrock can be calculated only if the average shear wave
velocity of the soil layer is known. The determination of fony at a particular location, or the
mapping of its spatial variability around a site or area (regional microzonation), and its
conversion to sediment thickness have always been and still are the predominant uses of the
HVSR method.

Conversely, if the fundamental mode horizontal shear wave resonance frequency (f0) of the soil
layer can be reliably measured, the average shear wave velocity of the soil layer can be
calculated only if the depth to bedrock is known.

2.7.4.2 Deliverable(s)

If the fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer can
be reliably measured, the depth to bedrock can be calculated only if the average shear wave
velocity of the soil layer is known. The determination of fonv at a particular location, or the
mapping of its spatial variability around a site or area (regional microzonation), and its
conversion to sediment thickness have always been and still are the predominant uses of the
HVSR method.

Conversely, if the fundamental mode horizontal shear wave resonance frequency (f0) of the soil
layer can be reliably measured, the average shear wave velocity of the soil layer can be
calculated only if the depth to bedrock is known.

2.7.4.3 Depth Range (Top/Bottom)

An interpretable fundamental mode horizontal shear wave resonance frequency (fonv) will be
output only if there is a significant contrast between the acoustic properties of the soil and
underlying rock. The HVSR tool is not capable of imaging the subsurface beneath the top of
intact rock.

2.7.4.4 Lateral Resolution

If the fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer at a
specific location can be reliably measured, the depth to bedrock at that location can be
calculated if the average shear wave velocity of the soil layer is known. The determination of
fonv at a particular location, or the mapping of its spatial variability around a site or area
(regional microzonation), and its conversion to sediment thickness have always been and still
are the predominant uses of the HVSR method.
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Conversely, if the fundamental mode horizontal shear wave resonance frequency (f0) of the soil
layer at a specific location can be reliably measured, the average shear wave velocity of the soil
layer can be calculated if the depth to bedrock at that location is known.

2.7.4.5 Vertical Resolution

If the fundamental mode horizontal shear wave resonance frequency (fOHV) of the soil layer at
a specific location can be reliably measured, the depth to bedrock at that location can be
calculated if the average shear wave velocity of the soil layer is known. The determination of
fOHV at a particular location, or the mapping of its spatial variability around a site or area
(regional microzonation), and its conversion to sediment thickness have always been and still
are the predominant uses of the HVSR method.

Conversely, if the fundamental mode horizontal shear wave resonance frequency (f0) of the soil
layer at a specific location can be reliably measured, the average shear wave velocity of the soil
layer can be calculated if the depth to bedrock at that location is known.

The HVSR tool is not capable of imaging the subsurface beneath the top of intact rock.
2.7.4.6 Time Required to Interpret Field Data (One Test Site)

If the fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer at a
specific location can be reliably measured, the depth to bedrock at that location can be
calculated if the average shear wave velocity of the soil layer is known. The determination of
fonv at a particular location, or the mapping of its spatial variability around a site or area
(regional microzonation), and its conversion to sediment thickness have always been and still
are the predominant uses of the HVSR method.

Conversely, if the fundamental mode horizontal shear wave resonance frequency (f0) of the soil
layer at a specific location can be reliably measured, the average shear wave velocity of the soil
layer can be calculated if the depth to bedrock at that location is known.

The HVSR tool is not capable of imaging the subsurface beneath the top of intact rock.
2.7.4.7 Potential for Error

Human. If the HVSR data have been properly acquired and processed, there is little potential
for error if either the average shear wave velocity of the soil or the depth to top of intact rock
are known.

Equipment. There is little potential for error.
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2.7.4.8 Reproducibility of Deliverable

If ground truth (average shear wave velocity of soil or depth to top of rock) is available,
different experienced interpreters should come up with similar interpretations. If ground truth
is not available, unreasonable interpretations are a very real possibility.

2.7.5 Deliverables
2.7.5.1 Brief Overview of Deliverable(s)

If the fundamental mode horizontal shear wave resonance frequency (fonv) of the soil layer at a
specific location can be reliably measured, the depth to bedrock at that location can be
calculated if the average shear wave velocity of the soil layer is known. The determination of
forv at a particular location, or the mapping of its spatial variability around a site or area
(regional microzonation), and its conversion to sediment thickness have always been and still
are the predominant uses of the HVSR method.

Conversely, if the fundamental mode horizontal shear wave resonance frequency (f0) of the soil
layer at a specific location can be reliably measured, the average shear wave velocity of the soil
layer can be calculated if the depth to bedrock at that location is known.

The HVSR tool is not capable of imaging the subsurface beneath the top of intact rock.
2.7.5.2 Utility of Deliverable(s)

Used for site classification purposes and estimates of depth to top of intact rock.
2.7.5.3 Accuracy

The final interpretations are generally reliable if good quality HVSR field data are recorded, if
data are correctly processed and if ground truth is available. Use of an experienced interpreter
is essential.

2.7.6 Advantages
Advantages include:

e estimate of depth to bedrock or estimates of average shear wave velocity of the
subsurface (if ground truth is available),

e relatively low cost,

e minimal field space requirements
e portability of equipment,

e typically employ a 1-person crew,

e non-invasive,
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e limited potential for human error if operators and processors are trained,
e reproducibility of field data,

e reproducibility of processing results,

e reproducibility of interpretations if geologic control is available,

e permitting is not required.

2.7.7 Disadvantages
Disadvantages include:

e estimate of depth to bedrock or estimates of average shear wave velocity of the
subsurface only if ground truth is available,

e cannotimage beneath top of rock,

e field records cannot be visually assessed in the field for QC purposes,
e inability to rapidly process data in the field (for QC purposes),

e relatively slow processing of field data in lab,

e sensitive to noise,

e human-constructed surfaces or significant subsurface topography can make it difficult to
acquire useful data,

e features such as faults, solution-widened joints and voids may make it difficult to
acquire useful data,

e underground utilities can make it difficult to acquire useful data,
e vegetation can pose problems during data acquisition,

e geophones must be effectively coupled to the ground surface; acquiring quality data on
very soft or loose soil can be difficult.
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2.8. Shear Wave Reflection Seismic Method

2.8.1 Brief Overview of the Shallow Reflection Seismic Method (with Emphasis on the
Generation of 1-D Shear Wave Velocity Profiles)

An array of geophones (acoustic receivers) is placed at uniform intervals along the length of a
traverse (Figure 2.1). Shear wave acoustic sources are discharged at predetermined locations
within (typically between each receiver) and off the ends of the geophone array. Each time a
source is discharged, the arrival times and magnitudes of acoustic energy reflected (as echoes)
from prominent subsurface lithologic interfaces are recorded as a field record.

During data processing, the entirety of the field records is transformed into a single 2-D
reflection seismic profile (image) of the subsurface. The horizontal axis is distance (along
geophone array); the vertical axis is two-way travel time. On migrated data, the magnitude of
reflected energy from prominent lithologic interfaces is plotted on the image at its point of
origin in time and space.

During processing, a velocity-depth model of the subsurface is generated. Shear wave velocities
are assigned only to those layers that generate relatively high magnitude identifiable
reflections.

The shear wave reflection seismic technique can be a good tool for mapping the top of rock,
and prominent lithologic interfaces within the soil and below the top of rock. However, the
only interfaces that are imaged are those across which there is a significant change in acoustic
impedance (product of shear wave velocity and density).

Both compressional wave and shear wave seismic reflection data can be acquired with the
objective of imaging the subsurface to depths on the order of tens of thousands of feet.
Herein, we restrict our discussion to the acquisition of shallow (imaging to depths of less than
300 feet) high-resolution shear wave reflection seismic data acquired along a single traverse
with the primary objective of determining the shear wave velocity of the subsurface to a depth
of 100 feet.

2.8.2 Data Acquisition
2.8.2.1 Brief Overview of Field Procedure

An array of geophones (usually 24 or 48; connected to engineering seismograph) is placed at
uniform intervals (typically 10 to 20 feet) along the length of a traverse. Acoustic (shear wave)
sources are discharged at predetermined locations within (typically between each receiver) and
off the ends of the geophone array. Each time a source is discharged, the arrival times and
magnitudes of acoustic energy reflected (as echoes) from prominent subsurface lithologic
interfaces are digitally recorded and stored as a field record. The time-length of the window of
recorded data is a function of the estimated two-way travel time of reflections from the lowest
target horizon of interest.
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If the traverse of interest is longer than of the geophone array, the entire array can be shifted
along the traverse to ensure full subsurface coverage is acquired. Alternatively, a roll box and
two or more interconnected arrays of geophones can be deployed.

Seismic reflection is the most complicated of all geophysical methods. The acquisition,
processing and interpretation of reflection seismic data require significantly more expertise
than any other commonly employed geophysical tool.

2.8.2.2 Field Equipment

Portable, and typically consisting of an impulsive shear wave energy source, trigger switch
cable, 24-48 horizontally polarized high-frequency geophones, geophone cable, 24 or 48-
channel seismograph, 12-V battery, and laptop.

2.8.2.3 Field Crew
Typically consists of 3-5 persons depending, in part, on the size of the array.
2.8.2.4 Considerations

Parameter entry. The correct acquisition parameters must be entered. A shallow high-
resolution shear wave reflection record is typically 1.0 seconds in duration. The sampling
interval is usually 0.5 milliseconds. Geophone spacing employed is one estimate of maximum
lateral resolution. Elevation control is required.

Size of test site. The size of test site must be large enough to allow for ease of placement of
geophones and the safe use of the acoustic source. The length of the array of geophones is
normally equal to maximum depth of investigation. Sources are discharged within and off the
ends of the array at predetermined locations.

Plotted location of the output 2-D shear wave velocity profile. The output of seismic
processing is a 2-D reflection seismic profile (image) of the subsurface. The horizontal axis is
distance (along geophone array); the vertical axis is 2-way travel time. On migrated data, the
magnitude of reflected energy from prominent lithologic interfaces is plotted on the reflection
seismic profile at its point of origin in time and space.

Vehicular access. All equipment can be hand-carried. The equipment and crew can be
transported in a single vehicle.

Surface topography. Data can be acquired across steeply dipping terrain. However, elevation
changes should be minimized where/if possible. Elevation control must be acquired.

Subsurface topography. The output of processing is a plot of reflection amplitude plotted as a
function of distance and 2-way reflection arrival time. Shear wave reflection data are normally
acquired with the objective of mapping subsurface structure.
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Avoid recording on stiffer substrate than the underlying ground. Can cause velocity inversion.

Vegetation. Data can be acquired in heavily vegetated areas. However, dense vegetation
impedes work and slows down field data acquisition. Usually, it is most efficient to clear the
traverses ahead of time.

Background noise. It is usually difficult to acquire good quality reflection data in an acoustically
noisy environment (e.g., adjacent to busy roadway). Data quality (signal-to-noise ratio) can be
often improved by using a more powerful source or stacking. Data are stacked by discharging a
source multiple times at each location and summing the recorded shot gathers (raw field
records).

Geophones are often buried to minimize noise. It can be very difficult to acquire good quality
data on windy and/or rainy days.

Anchoring requirements. The horizontally oriented geophones need to be coupled in stable,
vertical positions to the ground surface and correctly oriented.

Nature of ground surface. The horizontally polarized shear wave geophones have spike bases
that are normally inserted into relatively consolidated soil. It is very difficult to acquire quality
data in areas (e.g., pavement, loose soil, exposed rock, etc.) where the geophones cannot be
adequately coupled to the ground surface.

Placement of geophone. Normally, a tape measure is laid out along the traverse and
geophones are placed at their appropriate locations. If a few individual geophones are
misplaced off by 5% or less, data quality should not be adversely affected, particularly if the
geophones are shifted only perpendicular to the traverse.

If the location of the discharged source is out by 6 inches or less (assuming a 10-foot geophone
spacing), data quality should not be adversely affected.

Geophones are often buried to minimize noise.

Subsurface lithology or material. If the source and the geophones can be reliable coupled to
the ground surface, shear wave reflection seismic data can be acquired across all types of soil
and/or rock, pavement, asphalt, fill, etc.

Depth of investigation. A 20-pound sledgehammer source is usually sufficient for mapping
reflective interfaces at depths on the order of a couple hundred feet. Higher magnitude
acoustic sources will provide for greater depths of investigation. Longer arrays should be used
to get the information about deeper horizons. Oil and gas exploration companies routinely use
large (multiple pound) explosive sources to image the subsurface to depths on the order of tens
of thousands of feet.
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Proximity to buried structures and buried utilities. The reflection method is non-invasive. Data
can be acquired in proximity to buried utilities and buried structures, unless there is concern
that the source could damage built structures such as concrete or pavement.

The noise generated by subsurface structures and utilities can be relatively high magnitude and
effectively can mask the relatively low magnitude reflections generated by subsurface lithologic
interfaces of interest.

Proximity to surface structures and surface utilities. Reflection data can be acquired in
proximity to surface utilities and built structures. The only clearance required is sufficient room
to discharge the seismic source.

The noise generated by surface structures and utilities can be relatively high magnitude and
effectively can mask the relatively low magnitude reflections generated by subsurface lithologic
interfaces of interest.

Sensitivity to background noise. Measurements should be avoided during wind and heavy rain.
A cover can help shade and keep the seismometer cool but can also lead to transmitting wind
or rain droplet vibration into the ground due to its surface area. Waiting for a less windy day or
use of an umbrella with fewer contact points is often better solutions towards mitigating
recording wind and rain vibrations.

Permitting requirements. Generally, only permission from the surface rights holder is required.

Notification requirements. Generally, only permission from the surface rights holder is
required.

Other considerations. Horizontally polarized geophones are generally more expensive
compared to vertically polarized geophones.

2.8.2.5 Brief Description of Field Data

The raw field data, consisting of common-shot records (typically less than 1 second in length)
are recorded digitally and stored on the laptop connected to the seismograph or to built-in
flash memory. Surface wave energy, reflected compressional wave energy, reflected shear
wave energy, refracted shear wave energy, compressional shear wave energy, and noise is
present on the field records. However, the only information that is of interest to the processor
is the arrival time and magnitude of the reflected shear waves.

2.8.2.6 Estimated Cost to Acquire Field Data at One Test Site

Basic field costs include a) crew time plus travel time, b) equipment rental and/or depreciation,
and c) vehicle rental and/or depreciation plus fuel. It typically takes a 3-person crew about five
hours to acquire a single shear wave reflection data set (24-geophone array). Elevation data are
required.
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2.8.2.7 Potential for Errors
There is little likelihood that field errors will lead to misinterpretation.

Human. If appropriate acquisition parameters (array length, array orientation, geophone
spacing, source, source locations, recording parameters, etc.) are selected, human error,
leading to misinterpretation, is unlikely because the only critical non-automated processes are
the placement of the geophones and the placement/discharge of the source. If the source is
too small, if the geophones are not properly coupled to the ground, or if the site is too noisy,
poor quality field data (low signal-to-noise ratio) may be acquired.

Equipment. Equipment problems are unlikely to generate errors that will lead to
misinterpretation.

2.8.2.8 Reproducibility of Field Tests

If good quality field data can be recorded, field results can be reproduced with a high degree of
consistency.

2.8.2.9 Quality Control

Common shot gathers can be visually assessed in the field for quality control purposes. If the
data are noisy, stacking or the use of a higher magnitude source can be options.

2.8.3 Data and/or Laboratory Processing
2.8.3.1 Brief Overview of Data Processing

The processing of reflection seismic data is very complex and sophisticated and requires
interactive input from an experienced processor/interpreter.

Typical processing steps include 1) the downloading of field data from the seismograph, 2) the
reformatting of the field data, 3) muting of field data to remove critically refracted waves and
bad traces, 4) filtering (noise attenuation, and signal enhancement including deconvolution),
5) velocity analysis, 6) re-sorting of common shot gathers into common mid-point gathers,

7) application of normal moveout corrections, 8) stacking using previously defined velocities,
and 9) migration. A 2-D seismic profile (vertical axis in time) is the primary output. The output
2-D profile can also be depth-migrated. In this case, the vertical axis of the output shear wave
reflection seismic profile is transformed from 2-way travel time to in depth.

A secondary output is a shear wave velocity model of the subsurface. However, shear wave
velocities are assigned only to those layers that generate relatively high magnitude identifiable
reflections. Frequently, only the top of rock and prominent underlying lithologic units are
imaged. In this case, the velocity model to a depth of 100 feet, might consist of 3 layers or
fewer.
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2.8.3.2 Output of Data Processing

The output is a 2-D reflection seismic profile of the subsurface (vertical axis in time). On
migrated 2-D reflection seismic profile, the acoustic energy reflected from all those subsurface
interfaces that could be imaged is assumed to be placed in its proper spatial location of origin
(time and space). During data interpretation, the output seismic profiles are transformed into
2-D lithologic images.

2.8.3.3 Estimated Cost to Process Field Data from One Test Site

Basic processing costs include a) processor’s time, and b) hardware/software rental and/or
depreciation. It typically takes an experienced interpreter about five hours to process a single
shallow reflection seismic data set (24-geophone array).

2.8.3.4 Potential for Error

Human. Each processing step requires input from an experienced data processor. The
generation of the output 2-D seismic profile is subjective. The processing of reflection seismic
data is very sophisticated and requires considerable expertise.

Equipment and Software. The processing software should not be defective. However, seismic
reflection software is not capable of imaging lithologic units that are either too thin (< 10 feet)
or too acoustically similar to overlying and/or underlying strata.

2.8.3.5 Reproducibility of Field Tests

If the field data are good quality, experienced processors will generate similar reflection seismic
profiles for the same field data set.

2.8.4 Interpretation
2.8.4.1 Brief Overview of Interpretation of Processed Data

The primary output of processing is a migrated 2-D reflection seismic profile. Unless the data
are depth-migrated, the vertical axis on the profile is in time; the horizontal axis represents
distance along the traverse. If the data are depth-migrated, the vertical axis is in depth. During
data interpretation, the output 2-D reflection seismic profile is transformed into 2-D lithologic
(geologic) image of the subsurface. This is the primary deliverable.

2.8.4.2 Deliverable(s)

During data interpretation, the 2-D reflection seismic profiles are transformed into 2-D
lithologic (geologic) images of the subsurface. This is the primary deliverable.

A secondary deliverable is the shear wave velocity model of the subsurface. However, shear
wave velocities are assigned only to those layers that generate relatively high magnitude
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identifiable reflections. Frequently, only the top of rock and prominent underlying lithologic
units are imaged. In this case, the velocity model to a depth of 100 feet, might consist of
3 layers or fewer. Velocities can be out by 10%.

2.8.4.3 Depth Range (Top/Bottom)

Typically, the subsurface is imaged to depths on the order of 300 feet. Greater depths of
investigation can be achieved if larger sources are employed.

2.8.4.4 Lateral Resolution
Effectively the same as one-half the geophone spacing.
2.8.4.5 Vertical Resolution

Depends on the subsurface lithology (thickness and acoustic velocity) and the dominant
frequency of the processed reflection seismic data. Generally, the only lithologic interfaces
which can be imaged are those that separate units with significantly different acoustic
properties (e.g., clay/gravel, soil/bedrock, limestone/shale, etc.). Thinner layers can be imaged
on higher frequency data.

2.8.4.6 Time Required to Interpret Field Data (One Test Site)

If ground truth is available and if velocity/lithologic relationships can be established, the
interpretation of shallow reflection seismic data is often very reliable.

2.8.4.7 Potential for Error

Human. The interpreter must establish relationships between acoustic velocity and the
lithology and identify the geologic interfaces that generate each prominent reflection. Ground
truth significantly increases the reliability of the final interpretations. The use of an experienced
interpreter is essential.

Equipment. There is little potential for error.
2.8.4.8 Reproducibility of Deliverable

If ground truth is available, different experienced interpreters should generate similar
interpretations. If ground truth is not available, unreasonable interpretations are a very real
possibility.
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2.8.5 Deliverables
2.8.5.1 Brief Overview of Deliverable(s)

The primary deliverable of the shear wave reflection seismic method is a high-resolution 2D
vertical cross-section of the subsurface along the length of the traverse, showing interpreted
layers with different material shear wave impedance (shear wave velocity x density). In some
applications, 3-D shear wave reflection data volumes may also be generated, depending on
array geometry and acquisition extent.

2.8.5.2 Utility of Deliverable(s)

Geologic images provide information about lateral and vertical variations in lithology from the
ground surface to the depth of the lowest horizon imaged.

A secondary deliverable is the shear wave velocity model of the subsurface. However, shear
wave velocities are assigned only to those layers that generate relatively high magnitude
identifiable reflections.

2.8.5.3 Accuracy

The final interpretations are generally reliable if good quality field data are recorded and if
ground truth is available (to constrain and verify interpretations). Use of an experienced
interpreter is essential.

2.8.6 Advantages

Advantages include portability of equipment, few restrictions with respect to surface conditions
(soil, rock, pavement, etc.), non-invasive, depth penetration (in all types of soil and/or rock) on
the order of 200 feet often times using only a sledgehammer source. The method has multiple
applications (determination of lithology, depth to bedrock, mapping of lithologic interfaces
beneath top of rock, location of voids, etc.). Additionally, permitting is not required, and the
tool can be used across and in proximity to utilities and built structures.

Advantages include:

e the primary deliverable is an interpreted 2-D shear wave velocity profile of the
subsurface to depth greater than 100 feet,

e if ground truth is available, the shear wave profile can be transformed into a geologic
cross-section,

e depth to bedrock can usually be estimated to within +10%,

e otherimaged lithologic units can often be identified and mapped on basis of shear wave
velocity,
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e asecondary deliverable is a shear wave velocity profile of the subsurface typically
extending to depths greater than 100 feet,

e portability of equipment,

e field records can be visually assessed in the field for QC purposes,

e non-invasive,

e data can be assessed in the field for quality control purposes,

e limited potential for human error if operators and processors are trained,
e reproducibility of field data if good quality,

e reproducibility of processing results if data are good quality,

e reproducibility of interpretations, if data are good quality and geologic control is
available,

e multiple applications (determination of lithology, porosity, depth to bedrock, location of
voids),

e permitting is not required.
2.8.7 Disadvantages

Method is relatively expensive and time consuming. Significant experience is absolutely
essential (acquisition, processing and interpretation). Ground truth is required to accurately
constrain geologic correlations. Accuracy decreases with depth. Reliability of tool decreases as
lateral and vertical heterogeneity of soil/rock increases.

Disadvantages include:

e only layers that are characterized by significant acoustical impedance contrasts are
imaged,

e usually, relatively few layers are imaged at depths shallower than 100 feet,
e highly sensitive to noise,

e elevation control is required,

e site must be large enough to accommodate the geophone array and source,

e significant restrictions with respect to surface conditions (soil, rock, pavement, etc.) as
geophones and source must be effectively coupled to the ground surface,

e data cannot be processed in the field for quality control purposes,

e reliability of output shear wave velocity data decreases as lateral and vertical
heterogeneity of soil/rock increases,

e expert processors and interpreters are required,
e relatively high cost compared to surface wave and refraction seismic methods,
e vegetation can pose problems during data acquisition,

e typically employ a 3—5-person crew.
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Chapter 3 Relative Utility of the Identified Testing Methods

Based on the literature search, eight (8) potential applicable methods for determining the shear
wave velocity of the subsurface to a depth of 100 feet were assessed. The comparative utility of
each of the eight methods is summarized in Tables 3.1 and 3.2 with the described attributes
ranked from 1 to 4 (1 being the best and 4 being the worst), based on the following criteria:

1. Repeatability of results (data acquired at different times; data processed by different

personnel).

Required field equipment and cost.

Source requirements (passive and/or active).

Field crew size.

Ease and straightforwardness of data acquisition.

Ease and effectiveness of quality control in field.

Time to acquire a single field data set.

Data acquisition limitations (e.g., surface topography, bedrock topography, surface

vegetation, proximity to cultural features, soil thickness, presence of karst features,

etc.).

9. Required processing software and cost.

10. Ease and straightforwardness of data processing.

11. Time to process a single data set.

12. Reliability of the output shear wave velocity data.

13. Ease and straightforwardness of interpretation (average Vs to depth of 100 feet,
mapping of lithologic units including top-of-rock, etc.).

14. Maximum realizable depths of investigation (source dependent)

15. Resolution of Vs profile.

© N wu ok WwN

Only four (4) of the eight (8) methods evaluated during the literature review (Table 3.1) — active
multichannel analysis of surface waves (MASW), passive multichannel analysis of surface waves
(MASW), active refraction microtremor (ReMi), and Passive Refraction Microtremor (ReMi),
were considered to be potentially suitable for determining the shear wave velocity of soil and
rock to a depth of 100 feet. These four (4) selected methods were deemed to be most
appropriate and were field tested for comparative assessment purposes.

One (1) of the eight (8) methods — Horizontal to vertical spectral ratio (HVSR; Table 3.2) was not
considered to be a viable option for this study. This method was not recommended for several
reasons, including:

e The deliverable is the resonant frequency of the soil layer only.

e The average shear wave velocity of the subsurface can only be calculated if depth to top
of rock is known.

e The average shear wave velocity of the subsurface can only be calculated to top of rock.
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e The acoustic properties of soil and rock must differ appreciably.

Three (3) of the eight (8) methods — conventional shear wave seismic refraction, seismic shear
wave refraction tomography, and seismic shear wave reflection (Table 3.2), were not
considered to be viable options for this study. These three (3) methods were not recommended
for several reasons, including:

e They have no significant advantages over the four (4) selected methods (re: utility of
deliverable).

e Data acquisition is more time-consuming and significantly more expensive compared to
the four (4) selected methods.

e These three (3) methods are more sensitive to background noise.

e Highly skilled processors are required, more so than for the selected methods.

e Elevation control is required.

e Long geophone arrays are required compared to the four (4) selected methods.

e Specialized high-magnitude sources are required.
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Table 3.1 Comparative assessment of the Active Multichannel Analysis of Surface Waves (MASW), Passive Multichannel Analysis
of Surface Waves (MASW), Active Refraction Microtremor (ReMi), and Passive Refraction Microtremor (ReMi) methods. In each
cell, the described attribute is ranked from 1-4 (best to worst). Where warranted, a specific attribute is ranked as tied.

Active Multichannel Analysis of
Surface Waves (MASW)

Passive Multichannel Analysis of
Surface Waves (MASW)

Active Refraction Microtremor
(ReMi)

Passive Refraction Microtremor
(ReMi)

Field Equipment
and Relative Cost

3: Acoustic source, 24-channel
geophone array, engineering
seismograph and dedicated laptop.

2: Passive source, 24-channel
geophone array, engineering
seismograph and dedicated laptop.

3: Acoustic Source, 24-channel
geophone array, engineering
seismograph and dedicated laptop.

2: Passive source, 24-channel
geophone array, engineering
seismograph and dedicated laptop.

Source

2: Active source. Sledgehammer or
higher magnitude sources can be
employed.

1: Passive source (ambient noise).

2: Active source. Sledgehammer or
higher magnitude sources can be
employed.

1: Passive source (ambient noise).

Ease of Data
Acquisition (re:

1: Source must be discharged
multiple times. Relatively rapid once

2: Passive data only are recorded.
Relatively slow process as data is

1: Source must be discharged
multiple times. Relatively rapid once

2: Passive data only are recorded.
Relatively slow process as data is

source and array and seismograph are set-up. recorded for multiple minutes. array and seismograph are set-up. recorded for multiple minutes. Crew
recording) Crew typically spends ~0.5 hours Crew typically spends ~1.25 hours Crew typically spends ~0.5 hours per | typically spends ~1.25 hours per

per location. per location. location. location.
Crew Size 2: Typically, 1-3-person crew. 2: Typically, 1-3-person crew. 2: Typically, 1-3-person crew. 2: Typically, 1-3-person crew.

Quality Control
in Field

1: Visual inspection for QC is the
norm. Data can be quickly
preprocessed in the field for QC
purposes.

4: User cannot assess quality of
data in field.

1: Visual inspection for QC is the
norm. Data can be quickly
preprocessed in the field for QC
purposes.

4: User cannot assess quality of data
in field.

Data Acquisition
Cost (including
set-up)

2: Multi-person crew. Crew typically
spends ~0.5 hours per location.

3: Multi-person crew. Crew
typically spends ~1.25 hours of
acquisition time.

3: Multi-person crew. Crew typically
spends ~0.5 hours per location.

2: Multi-person crew. Crew typically
spends ~1.25 hours of acquisition
time.

Field Space
Requirements

2: Length of array and source is
typically ~130 feet.

2: Length of array and source is
typically ~130 feet.

2: Length of array and source is
typically ~130 feet.

2: Length of array and source is
typically ~130 feet.

Ease of Data

1: Processing is relatively

1: Processing is relatively

1: Processing is relatively

1: Processing is relatively

Processing straightforward if good quality data straightforward if good quality straightforward if good quality data straightforward if good quality data
are acquired. ~0.5 hours per data data are acquired. ~1 hour per are acquired. ~0.5 hourl per data set. | are acquired. ~1 hour per data set.
set. data set.

Output of 1: 10-layered 1-D shear wave 1: 10-layered 1-D shear wave 1: 10-layered 1-D shear wave velocity | 1: 10-layered 1-D shear wave

Processing velocity profile that typically velocity profile that typically profile that typically extends to a velocity profile that typically

extends to a depth of 100 feet.

extends to a depth of 100 feet.

depth of 100 feet.

extends to a depth of 100 feet.
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Passive Refraction Microtremor
(ReMi)

Active Refraction Microtremor
(ReMi)

Active Multichannel Analysis of
Surface Waves (MASW)

Passive Multichannel Analysis of
Surface Waves (MASW)

Deliverable 1: 10-layered 1-D shear wave 2: 10-layered 1-D shear wave 2: 10-layered 1-D shear wave velocity | 1: 10-layered 1-D shear wave
velocity profile that typically velocity profile that typically profile that typically extends to a velocity profile that typically
extends to a depth of 100 feet. The extends to a depth significantly depth of 100 feet. The 1-D shear extends to a depth significantly
1-D shear wave velocity profile greater than 100 feet. The 1-D wave velocity profile represents the greater than 100 feet. The 1-D shear
represents the average shear wave shear wave velocity profile average shear wave velocity of the wave velocity profile represents the
velocity of the subsurface beneath represents the average shear wave | subsurface beneath the entire array. average shear wave velocity of the
the entire array. Higher frequencies | velocity of the subsurface beneath | Higher frequencies are usually subsurface beneath the entire array.
are usually recorded. Hence, the the entire array. Higher recorded. Hence, the resolution in Higher frequencies are usually not
resolution in upper 100 feet is frequencies are usually not upper 100 feet is relatively high. recorded. Hence, the resolution in
relatively high. recorded. Hence, the resolution in upper 100 feet is relatively low.

upper 100 feet is relatively low.

Significant e Space required to set up the array | e Space required to set up the e Space required to set up the array e Space required to set up the array

Disadvantages

of geophones.

Surface topography can be a
serious problem.

Subsurface topography can be a
serious problem.

Subsurface structures and/or
features can be a serious
problem.

Lateral velocity variations beneath
the geophone array can distort
overtone image and cause
interpretational issues.

array of geophones.

o Surface topography can be a
serious problem.

e Subsurface topography can be a
serious problem.

e Subsurface structures and/or
features can be a serious
problem.

o Lateral velocity variations
beneath the geophone array can
distort overtone image and
cause interpretational issues.

e There may not be a suitable
source of passive noise.

o Higher frequencies are usually
not recorded. Hence, the
resolution in upper 100 feet is
relatively low.

of geophones.

Surface topography can be a
serious problem.

Subsurface topography can be a
serious problem.

Subsurface structures and/or
features can be a serious problem.
Lateral velocity variations beneath
the geophone array can distort
frequency vs slowness image and
cause interpretational issues.

of geophones.

Surface topography can be a
serious problem.

Subsurface topography can be a
serious problem.

Subsurface structures and/or
features can be a serious
problem.

Lateral velocity variations beneath
the geophone array can distort
frequency vs slowness image and
cause interpretational issues.
There may not be a suitable
source of passive noise, possibly
because of the orientation of the
linear array.

Higher frequencies are usually not
recorded. Hence, the resolution in
upper 100 feet is relatively low.

Significant
Advantages

Acquisition, processing, and
interpretation is relatively
straightforward.

Output is normally a 10-layered
shear wave velocity model of the

e Acquisition, processing, and
interpretation is relatively
straightforward.

e Output is normally a 10-layered
shear wave velocity model of the

Acquisition, processing, and
interpretation is relatively
straightforward.

Output is normally a 10-layered
shear wave velocity model of the

Acquisition, processing, and
interpretation is relatively
straightforward.

Output is normally a 10-layered
shear wave velocity model of the
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Active Multichannel Analysis of
Surface Waves (MASW)

Passive Multichannel Analysis of
Surface Waves (MASW)

Active Refraction Microtremor
(ReMi)

Passive Refraction Microtremor
(ReMi)

subsurface that extends to a
depth of 100 feet.

e Passive data can be
simultaneously acquired, and
depths of investigation can be
extended to hundreds of feet.

o Relatively insensitive to
background noise. Passive MASW
data can be simultaneously
acquired.

e Love wave MASW data can be
acquired.

e MASW data can be acquired on
water bottom.

e Higher mode Rayleigh wave data
can be acquired and processed
separately for comparative
purposes.

subsurface that extends to a
depth of 100 feet.

o Active data can be
simultaneously acquired, and
resolution in the upper 100 feet
can be significantly increased.

o Relatively insensitive to
background noise. Passive
MASW data can be
simultaneously acquired.

e Love wave MASW data can be
acquired.

o MASW data can be acquired on
water bottom.

e Higher mode Rayleigh wave data
can be acquired and processed
separately for comparative
purposes.

subsurface that extends to a depth
of 100 feet.

e Passive data can be simultaneously
acquired, and depths of
investigation can be extended to
hundreds of feet.

o Relatively insensitive to
background noise.

subsurface that extends to a
depth of 100 feet.

o Active data can be simultaneously
acquired, and resolution in the
upper 100 feet can be
significantly increased.

o Relatively insensitive to
background noise.

Other
considerations

o MASW processing software, in
our opinion, is more user friendly
than ReMi processing software.

e Non-linear array data can be
processed using MASW software.
This can be a significant
advantage if passive data are
recorded.

e Higher mode Rayleigh wave data
can be acquired and processed
separately for comparative
purposes.

e MASW data can be acquired on
water bottom.

e Love wave MASW data can be
acquired. Love wave data may be
higher resolution than Rayleigh
wave data.

o MASW processing software, in
our opinion, is more user
friendly than ReMi processing
software.

e Non-linear array data can be
processed using MASW
software. This can be a
significant advantage if passive
data are recorded.

e Higher mode Rayleigh wave data
can be acquired and processed
separately for comparative
purposes.

o MASW data can be acquired on
water bottom.

e Love wave MASW data can be
acquired. Love wave data may
be higher resolution than
Rayleigh wave data.

e ReMi processing software, in our
opinion, is less sophisticated and
less user friendly than MASW
processing software.

e Non-linear array data cannot be
processed using ReMi software.

e Non-linear array data cannot be
processed using ReMi software.
This can be a significant advantage
if passive data are recorded.

e Higher mode Rayleigh wave data
cannot be acquired and processed
separately for comparative
purposes.

e ReMi data cannot be acquired on
water bottom.

e Love wave MASW data cannot be
processed.

e ReMi processing software, in our
opinion, is less sophisticated and
less user friendly than MASW
processing software.

e Non-linear array data cannot be
processed using ReMi software.
This can be a significant
disadvantage if passive data are
recorded.

e Higher mode Rayleigh wave data
cannot be acquired and
processed separately for
comparative purposes.

e ReMi data cannot be acquired on
water bottom.

e Love wave ReMi data cannot be
processed.
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Table 3.2 Comparative assessment of the Conventional Shear Wave Refraction Seismic, Shear Wave Refraction Seismic
Tomography, Horizontal to Vertical Spectral Ratio (HVSR), and Shear Wave Reflection Seismic methods. In each cell, the described
attribute is ranked from 1-4 (best to worst). Where warranted, a specific attribute is ranked as tied.

Conventional Shear Wave
Refraction Seismic

Shear Wave Refraction Seismic
Tomography

Horizontal to Vertical Spectral Ratio
(HVSR)

Shear Wave Reflection Seismic

Field Equipment
and Relative Cost

4: Specialized acoustic source,
24-channel geophone array,
engineering seismograph and
dedicated laptop.

4: Specialized acoustic source,
24-channel geophone array,
engineering seismograph and
dedicated laptop.

1: Single triaxial geophone,
engineering seismograph and
dedicated laptop.

4: Specialized acoustic source,
24-channel geophone array,
engineering seismograph and
dedicated laptop.

Source

3: Specialized active. A high
magnitude shear wave must be
employed.

3: Specialized active. A high
magnitude shear wave source must
be employed.

1: Passive source (ambient noise).

3: Specialized active. A high
magnitude shear wave source
must be employed.

Ease of Data
Acquisition (re:

3: Source must be discharged
multiple times and at multiple

3: Source must be discharged
multiple times and at multiple

2: Tens of minutes of passive data
only are recorded. Relatively slow

3: Source must be discharged
multiple times and at multiple

source and (typically 5) locations assuming 12 (typically 30) locations assuming 12 process. Crew typically spends ~2 (typically 30) locations assuming

recording) geophone array is employed. Crew geophone array is employed. Crew hours per location. 12 geophone array is employed.
typically spends ~3 hours per typically spends ~5 hours per Crew typically spends ~5 hours per
location assuming single 12 location assuming single 12 location assuming single 12
geophone array. geophone array. geophone array.

Crew Size 3: Typically, 2-4-person crew. 4: Typically, 3-4-person crew. 1: Single person. 4: Typically, 3-4-person crew.

Quality Control
in Field

2: Visual inspection for QC is the
norm. Data cannot be preprocessed
in the field for QC purposes.

3: Visual inspection for QC is the
norm. Data cannot be preprocessed
in the field for QC purposes.

4: Cannot assess quality of data in
field.

3: Visual inspection only.

Data Acquisition
Cost (including
set-up)

4: multi-person crew; ~3 hours of
acquisition time.

5: multi-person crew; ~5 hours of
acquisition time.

1: 1-person crew; ~2 hours of
acquisition time.

5: multi-person crew; ~5 hours of
acquisition time.

Field Space
Requirements

4: Length of array and source is
typically ~700 feet.

3: Length of array and source is
typically ~400 feet.

1: Single geophone is employed.

3: Length of array and source is
typically ~300 feet.

Ease of Data
Processing

3: Processing is somewhat
challenging even if good quality
data are acquired. Expert processor
is required. More than 2 hours per
data set.

4: Processing is somewhat
challenging even if good quality
data are acquired. Expert processor
is required. More than 2 hours per
data set.

2: Processing is challenging even if
good quality data are acquired.
Expert processor is required. More
than 2 hours per data set.

5: Processing is challenging even if
good quality data are acquired.
Expert processor is required. More
than 2 hours per data set.
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Conventional Shear Wave
Refraction Seismic

Shear Wave Refraction Seismic
Tomography

Horizontal to Vertical Spectral Ratio
(HVSR)

Shear Wave Reflection Seismic

Output of 3: Typically, a 3- to 5-layered 1-D 2: Typically, 1-D shear wave velocity | 4: Output of processing is the 2: Typically, a 3- to 5-layered 1-D

Processing shear wave velocity model that model that can extend to a depth of | frequency of reverberations from shear wave velocity image that
typically extends only to top of rock. | 100 feet if a high magnitude source top of rock. extends to a depth greater than

is employed. 100 feet.

Deliverable 2: Typically, a 2- to 5-layered 2-D 1: Typically, a relatively high- 3: If the average velocity of the soil 2: Typically, a 3- to 5-layered shear
shear wave velocity model that resolution 2-D shear wave velocity layer is known, the depth to top of wave velocity model that extends
typically extends only to top of rock. | model of the subsurface that can rock can be calculated. If the depth to a depth greater than 100 feet.
A sledgehammer source is usually extend to a depth of 100 feet if a to top of rock is known, the average | Expert interpreter is required.
not suitable. high magnitude source is employed. | shear wave velocity of the soil layer

A sledgehammer source is usually can be calculated. Otherwise, only
not suitable. resonant frequency can be
determined.
Significant e Space required to set up the array | e Space required to set up the array | e Deliverable is the resonant e Space required to set up the

Disadvantages

of geophones.

e Typical output is a 2-layered
velocity model.

e Method usually images
subsurface to top of rock only.

e High magnitude source is
required | bedrock is at a depth
greater than about 30 feet.

e Elevation control is required.

e Long geophone arrays are
required.

e Sensitive to background noise.

of geophones.

e Cost.

o Skilled processor is required.

o High magnitude source is
required.

e Elevation control is required.

e Long geophone arrays are
required.

o Sensitive to background noise.

frequency of the soil layer.

e Ground truth is required. For
example, the depth to top of rock
can be calculated only if the
average shear wave velocity of
the soil layer is known.
Conversely, the average shear
wave velocity of the soil layer can
be calculated only if the depth to
top of rock is known.

e Method only images the
subsurface to top of rock.

e Acoustic properties of soil and
rock must differ appreciably.

o A skilled processor is required.

array of geophones.

e Cost.

e A highly skilled processor and a
highly skilled interpreter are
required.

e High magnitude source may be
required.

e Elevation control is required.

o Sensitive to background noise.

Significant ¢ No significant advantages over e The output is a 2-D shear wave e Minimal space required. Single ¢ No significant advantages over
Advantages other methods. velocity image of the subsurface. geophone and recording other methods.
e Lateral smoothing is not an issue. equipment. geophones.
e Asingle operator is required.
Other e Most applicable in moderately e Multiple source locations are e The triaxial geophone must be e Multiple source locations are

considerations

consolidated soils or weathered
rock.

e Subsurface material, such as
saturated clayey soils may

required.

o Field setup is more challenging
due to the required high-
magnitude shear wave source and

placed on firm and flat ground for
good coupling. Placing on a slope
must be avoided.

required.
e Directly measures stiffness via
shear wave velocities.
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Conventional Shear Wave
Refraction Seismic

Shear Wave Refraction Seismic
Tomography

Horizontal to Vertical Spectral Ratio
(HVSR)

Shear Wave Reflection Seismic

attenuate the signal and data
interpretability.

horizontally polarized (shear
wave) geophones.

e May not be applicable at sites
with low shear wave velocity

contrast or complex stratigraphy.

e Does not provide shear wave
velocity directly — only resonance
frequency.

e Shear wave source and
horizontally polarized (shear
wave) geophones are required.

e Less sensitive to pore fluid
conditions
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Chapter 4 Field Testing of Four Most Applicable Methods

SCl field tested the following four (4) methods with the goal of determining the method or
methods that would be of most utility to MoDOT:

e Active MASW (Chapter 2.1; Table 3.1 in Chapter 3)
e Passive MASW (Chapter 2.2; Table 3.1 in Chapter 3)
e Active ReMi (Chapter 2.3; Table 3.1 in Chapter 3)

e Passive ReMi (Chapter 2.4; Table 3.1 in Chapter 3)

The intent was to identify the most effective method or methods based on the following
criteria: 1) limited equipment, source, and personnel requirements for deployment;

2) straightforward data analysis; and 3) ease of interpretation of the results. The three (3) test
sites are as follows:

1. SCl office in O’Fallon, Illinois (Coordinates 38.579899°, -89.925626°, Figures 4.1 and
Figure 4.2);

2. 1-270 Chain of Rocks (COR) Bridge over Mississippi River (Coordinates 38.766181°, -
90.179479° and 38.762539°, -90.164550°, Figures 4.1 and Figure 4.3);

3. MLK connector, IDOT site (Coordinates 38.629338°, -90.163943°, Figures 4.1 and Figure
4.4).

For assessment and comparison purposes, field data were acquired for each method using at
least two (2) array orientations, geophone spacings of 5 feet and 10 feet, and different source
offsets where applicable. More specifically, the Active MASW and ReMi data were acquired
using linear arrays of 24-4.5 Hz geophones spaced at both 5-foot and 10-foot intervals. The
active source, consisting of a metal plate and a 20-pound sledgehammer, was discharged at
offset distances of 10 feet, 20 feet, 25 feet, and 30 feet.

The Passive MASW and ReMi data were similarly acquired using linear arrays of 24-4.5 Hz
geophones spaced at both 5-foot and 10-foot intervals. At the I-270 COR Bridge over the
Mississippi River, Passive MASW data were also acquired using a non-linear (L-shaped) array of
24-4.5 Hz geophones. The Passive MASW and ReMi data were recorded using ambient surface
wave energy as the source.
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¥ iTest Site 2

Figure 4.1 Locations of SCI Test Sites 1 (SCI office in O’Fallon, lllinois), 2 (1-270 COR Bridge over
Mississippi River), and 3 (MLK connector, IDOT site).

4.1. Overview of the Data Acquired at the SCI Office in O’Fallon, lllinois Site
(Test Site 1)

Active and Passive MASW and ReMi data were acquired along near-perpendicular traverses

1 and 2 at the SCI O’Fallon office site (Figure 4.2). Passive MASW data were also acquired along

L-shaped traverse 3 shown in red in Figure 4.2. A tabularized summary of the field data
acquired at SCI office in O’Fallon, lllinois (Test Site 1) is presented as Table 4.1.
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Figure 4.2 SCI office in O’Fallon, lllinois (Test Site 1; Figure 4.1) traverse locations.

Active and Passive MASW and ReMi data were acquired along the traverses 1 and 2 shown in
green and yellow using both a 5-foot and a 10-foot geophone spacing. The active source,
consisting of a metal plate and a 20-pound sledgehammer, was discharged at offset distances
of 10 feet, 20 feet, 25 feet, and 30 feet. Passive MASW data were acquired along non-linear
traverse 3 (L-shaped) shown in red.
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Table 4.1 Tabularized summary of field data acquired at Test Site 1 (SCI office in O’Fallon,
lllinois; Figures 4.1 and 4.2). Active and passive data were acquired along a linear traverse

using a geophone spacing of 5 and 10 feet.

Data Set Test Site and Data Type Geo.phone Offset, feet Sourf:e r::;tr;
Number Traverse Spacing, feet Location seconds
1 OFN Trlaverse Active 5 30 SW 1
2 OFN Trla"erse Active 5 25 SW 1
3 OFN Trlaverse Active 5 20 SW 1
4 OFN Trlaverse Active 5 10 SW 1
5 OFN Trla"erse Active 5 30 NE 1
6 OFN Trlaverse Active 5 25 NE 1
7 OFN Trla"erse Active 5 20 NE 1
8 OFN T;a"erse Active 5 10 NE 1
9 OFN Trlaverse Passive 5 N/A N/A 30
10 OFN Trla"erse Active 10 30 NE 1
11 OFN T;a"erse Active 10 20 NE 1
12 OFN Trlaverse Active 10 10 NE 1
13 OFN Trla"erse Active 10 30 SW 1
14 OFN Trlaverse Active 10 20 SW 1
15 OFN Trlaverse Active 10 10 SW N/A
16 OFN Trlaverse Passive 10 N/A N/A N/A
1 OFN T;a"erse Passive 5 N/A N/A 30
2 OFN T;averse Active 5 30 NW 1
3 OFN T;a"erse Active 5 25 NW 1
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Dataet | TesSteand |, | Seophone | gp g | Swee | OO

seconds
4 OFN T;averse Active 5 20 W .
5 OFN T;a"erse Active 5 10 NW 1
6 OFN T;averse Active 5 30 SE 1
7 OFN T;a"erse Active 5 25 SE 1
8 OFN T;a"erse Active 5 20 SE 1
9 OFN T;averse Active 5 10 SE 1
10 OFN T;a"erse Active 10 30 SE 1
11 OFN T;a"erse Active 10 20 SE 1
12 OFN T;averse Active 10 10 SE 1
13 OFN T;a"erse Active 10 30 NW 1
14 OFN T;averse Active 10 20 NW 1
15 OFN T;averse Active 10 10 NW 1
1 OFN T;averse Passive 5 N/A N/A 30

4.2. Overview of Data Acquired at the I-270 COR Bridge over Mississippi River
Site (Test Sites 2a and 2b)

Active and Passive MASW and ReMi data were acquired along linear traverses at the I-270 COR
bridge over Mississippi River Test Sites 2a and 2b (Figure 4.3). Passive MASW data were also
acquired along an L-shaped traverse.

A tabularized summary of the field data acquired at the I-270 COR bridge over Mississippi River
(Test Sites 2a and 2b) is presented as Table 4.2.

101



TestiSite2a

.P-hu oy
;o

Figure 4.3 1-270 COR bridge over Mississippi River (Test Site 2a and 2b; Figure 4.1) traverse
locations.

Active and Passive MASW and ReMi data were acquired along linear traverses using both a
5-foot and a 10-foot geophone spacing. The active source, consisting of a metal plate and a
20-pound sledgehammer, was discharged at offset distances of 10 feet, 20 feet, 25 feet, and
30 feet. Passive MASW data were acquired along a non-linear (L-shaped) traverse.
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Table 4.2 Tabularized summary of field data acquired at Test Sites 2a and 2b (I-270 COR
bridge over Mississippi River; Figures 4.1 and 4.3). Active and passive data were acquired

along a linear traverse using a geophone spacing of 5 and 10 feet.

Data Set Test S.ite and Data Type Geephone Offset, feet SourFe f::;trli
Number Line Spacing, feet Location seconds
0 :I\%O) fraverse Active 5 30 NW 1
! I(I\EIZ)O) froverse Active 5 30 NW 1
2 I(I\3I7O(; froversed Active 5 25 NW 1
> :I\iléo) fraverse d Active 5 20 NW 1
4 I(-l\ilgo) fraverse 1 Active 5 10 NW 1
> :r\%(; fraverse d Active 5 30 SE 1
° ll\%(; fraverse d Active 5 25 SE 1
7 |(|5|7OO) Traverse 1 Active 5 20 SE 1
8 :r\%(; froversed Active 5 10 SE 1
S oy | passive 5 N/A N/A 30
10 11\3700) fraverse d Active 10 30 SE 1
1 :Ile)(; fraverse Active 10 20 SE 1
12 I(-l\iléo) fraverse Active 10 10 SE 1
B 11370(; fraversed Active 10 0 SE 1
H :Ile)(; fraverse? Active 10 10 NW 1
15 :I\%O) Traverse 1 Active 10 0 NW 1
16 :'\%(; Traverse 1 Passive 10 N/A N/A 30
1 I(|E)7 0Traverse 2 Active 5 30 w 1
) I-270 Traverse 2 Active 5 25 w 1

(IL)
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_ Record
Data Set Test S.lte and Data Type Gecfphone Offset, feet Sour.c N Length,
Number Line Spacing, feet Location
seconds
3 1-270 Traverse 2 Active 5 20 Wi 1
(IL)
4 I-270 Traverse 2 Active 5 10 W 1
(IL)
5 1-270 Traverse 2 Active 5 30 E 1
(IL)
6 I-270 Traverse 2 Active 5 25 E 1
(IL)
7 I-270 Traverse 2 Active 5 20 E 1
(IL)
3 1-270 Traverse 2 Active 5 10 E 1
(IL)
9 1-270 Traverse 2 Active 5 10 E 1
(IL)
10 I(|f)70 Traverse 2 Passive 5 N/A N/A 30
301 I-270 Traverse 2 Active 5 30 N 1
(IL)
302 |(;f)70 Traverse 2 Active 5 25 N 1
303 1-270 Traverse 2 Active 5 20 N 1
(IL)
304 1-270 Traverse 2 Active 5 10 N 1
(IL)
305 I-270 Traverse 2 Active 5 30 S 1
(IL)
306 I-270 Traverse 2 Active 5 25 S 1
(IL)
307 I-270 Traverse 2 Active 5 20 S 1
(IL)
308 I-270 Traverse 2 Active 5 10 S 1
(IL)
309 I(;E)70 Traverse 2 Passive 5 N/A N/A 30 sec

4.3. Overview of Data Acquired at the MLK Connector, IDOT Site (Test Site 3)

Active and Passive MASW and ReMi data were acquired along linear traverses at the MLK
connector, IDOT site (Figure 4.4). Passive MASW data were also acquired along L-shaped
traverses. A tabularized summary of the field data acquired at MLK connector, IDOT site (Test
Site 3) is presented as Table 4.3.
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Figure 4.4 MLK connector, IDOT site (Test Site 3; Figure 4.1) traverse location. Active and
Passive MASW and ReMi data were acquired along a linear array using both a 5-foot and a
10-foot geophone spacing. The active source, consisting of a metal plate and a 20-pound
sledgehammer, was discharged at offset distances of 10 feet, 20 feet, 25 feet, and 30 feet.
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Table 4.3 Tabularized summary of field data acquired at Test Site 3 (MLK connector, IDOT site;
Figures 4.1 and 4.4). Active and passive data were acquired along a linear traverse using a
geophone spacing of 5 and 10 feet.

1 MLK Trlaverse Passive 5 N/A N/A 30
2 MLK Trla"erse Active 5 30 NE 1
3 MLK Trla"erse Active 5 25 NE 1
4 MLK Trlaverse Active 5 20 NE 1
5 MLK Trlaverse Active 5 10 NE 1
6 MLK Trla"erse Active 5 30 SW 1
7 MLK Trlaverse Active 5 25 SW 1
8 MLK Trla"erse Active 5 20 SW 1
9 MLK T;a"erse Active 5 10 SW 1
10 MLK Trlaverse Active 10 10 NE 1
11 MLK Trla"erse Active 10 0 NE 1
12 MLK Trlaverse Active 10 0 SW 1
13 MLK Trla"erse Active 10 30 SW 1
14 MLK Trla"erse Active 10 20 SwW 1
15 MLK Trlaverse Active 10 10 SW 1
16 MLK Trla"erse Passive 10 N/A N/A 30

4.4. Comparative Analyses of the Acquired Test Field Data

SCl field-tested the four (4) non-invasive methods for determining the shear wave velocity of
the subsurface to depths of 100 feet:

e Active MASW (Table 3.1);

106



e Passive MASW (Table 3.1);
e Active ReMi (Table 3.1);
e Passive ReMi (Table 3.1).

Test data were acquired at three (3) test sites:

1. SCl office in O’Fallon, lllinois (Figures 4.1 and 4.2);
2. 1-270 COR bridge over Mississippi River (Figures 4.1 and 4.3);
3. MLK connector, IDOT site (Figures 4.1 and 4.4).

The intent was to identify the most effective method or methods based on the following
criteria:

1. limited equipment, source, and personnel requirements for deployment;
2. straightforward data analysis; and
3. ease of interpretation of the results.

Based on the literature search, the field-test results, solicited input from users of the four (4)
methods, and discussions with vendors, SCl recommended MoDOT utilize the following two (2)
methods: Active MASW and Passive MASW. Although these methods employ different sources,
they utilize the same field equipment, recording instrumentation, and processing software, and
provide both complemental and supplemental outputs.

4.4.1. Field and Processed Data Acquired at the SCI Office in O’Fallon, lllinois (Test Site
1)

SCl acquired both active and Passive MASW data at the SCl office in O’Fallon, lllinois site (Test
Site 1; Figures 4.1 and 4.2), using different combinations of the geophone spacings and source
offsets. Example Active MASW data are presented as Figures 4.5, 4.6, and 4.7 and Passive
MASW data as Figure 4.9.

A representative Active MASW data set, acquired with a 5-foot geophone spacing and a source
offset of 20 feet, is presented on Figure 4.8. A representative Passive MASW data set, acquired
with a 10-foot geophone spacing, is presented on Figure 4.10.

Data were processed in the SurfSeis software and a 1-D shear wave velocity profiles were
generated to a depth of 100 feet for the Active (Figure 4.8C) and for the Passive (Figure 4.10C)
MASW data.

A combined Active and Passive Overtone image was then generated, to pick a dispersion curve
(Figure 4.11C) and then generate a combined 1-D shear wave velocity profile.
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Figure 4.5 Active MASW data acquired along traverse 2 (Figure 4.2) using a 10-foot geophone
spacing and a source offset of 30 feet. The vertical axis is in units of time (msec); the
horizontal axis is in units of distance (feet).
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Figure 4.6 Active MASW data acquired along traverse 2 (Figure 4.2) using a 5-foot geophone
spacing and a source offset of 20 feet. The vertical axis is in units of time (msec); the
horizontal axis is in units of distance (feet).
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Figure 4.7 Active MASW data acquired along traverse 2 (Figure 4.2) using a 5-foot geophone
spacing and a source offset of 30 feet. The vertical axis is in units of time (msec); the
horizontal axis is in units of distance (feet).
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Figure 4.8 Overtone image (B) and output 1-D shear wave velocity profile (C) generated for
the active data (A) acquired along traverse 2 (Figure 4.2) using a 5-foot geophone spacing and
a source offset of 20 feet. The horizontal axis of the 1-D shear wave velocity profile is depth in
units of feet; the vertical axis is shear wave velocity in units of ft/s. The horizontal axis of the
overtone image is frequency in units of Hz; the vertical axis is shear wave velocity in units of
ft/s.
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Figure 4.9 Example passive data acquired along traverse 2 (Figure 4.2) using a 10-foot
geophone spacing and an ambient source. The vertical axis is in units of time (msec); the
horizontal axis is in units of distance (feet).
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Figure 4.10 Overtone image (B) and output 1-D shear wave velocity profile (C) generated for

the passive data (A) acquired along traverse 2 (Figure 4.2) using a 10-foot geophone spacing

and an ambient source. The horizontal axis of the 1-D shear wave velocity profile is depth in

units of feet; the vertical axis is shear wave velocity in units of ft/s. The horizontal axis of the
overtone image is frequency in units of Hz; the vertical axis is shear wave velocity in units of

ft/s.
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Figure 4.11 In this figure, the overtone images from Figures 4.8 (Active data) and 4.10 (Passive
data) have been combined. The combined overtone image (C) has a lower frequency content
than the active overtone image (Figure 4.8) and a higher frequency content than the passive
overtone image (Figure 4.10). The horizontal axis of the overtone image is frequency in units
of Hz; the vertical axis is shear wave velocity in units of ft/s.
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Chapter 5 Method, Equipment, and Software
Recommendations

Based on the literature search, the field-test results, solicited input from users of the four (4)
methods, and discussions with vendors, SCl recommended MoDOT utilize the following two (2)
methods: Active MASW and Passive MASW. Although these methods employ different sources,
they utilize the same field equipment, recording instrumentation, and processing software, and
provide both complemental and supplemental outputs.

SCI determined that the MASW method was superior to the ReMi method for several reasons
as noted in the section of Table 3.1 entitled “Other Considerations”.

1.
2.

w

Active and Passive MASW data can be acquired as readily as ReMi data.

The MASW and ReMi methods utilize the same equipment but significantly different
processing software.

MASW software is more sophisticated and user friendly than ReMi software.

MASW software is routinely upgraded by the developers; ReMi software does not
appear to be routinely upgraded.

Passive MASW data can be acquired using non-linear arrays; Passive ReMi data cannot.
This is a significant advantage at test sites where the source of ambient surface wave
energy is unknown.

Love wave data can be acquired and processed using MASW technology. It cannot be
processed using ReMi technology.

Higher mode Rayleigh wave data can be processed separately for comparative purposes
using the MASW software. Higher mode Rayleigh wave data cannot be processed using
the MASW software.

5.1 Hardware

Based on the results of this study, SCI recommends that MoDOT acquire the following
equipment and hardware:

Based on the results of this study, SCI recommends that MoDOT acquire the following
equipment, hardware, and software:

24-channel Geometrics Geode Exploration Seismograph.

SurfSeis software by Kansas Geological Survey (KGS) for processing Active and Passive
MASW data.

Windows based laptop or tablet.

A Geometrics Geode exploration system (Figure 5.1), including:

1.

24-channel Geometrics Geode exploration seismograph;
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Geode Laptop Adaptor (with ethernet to USB connector, if necessary);

Geode (seismograph) Power Cable;

Seismic cable with 24 channel Mueller clip connections and 61-socket connectors;
Free standing reel for the seismic cable;

o vk wWwN

Twenty-six (26) (24 connected to the array and 2 spare) vertical 4.5-Hertz geophones;
(with spike and Mueller clip connectors),

Twenty-six (26) base plates for geophones;
Trigger Extension Cable;
Hammer Switch (aka Impact sensor, Trigger);
10. Seismic source: 20-pound sledgehammer is recommended;

11. Aluminum (preferred due to lighter weight) or steel strike plate: 6x6x0.75 inches to
10x10x1 inches;

12. Polyethylene strike plate: 10x10x2 inches;
13. Power source: AGM deep cycle or Lithium-lon 12-V rechargeable battery.

Refer to Appendix B hardware assembly detailed instructions.

Figure 5.1 Equipment and hardware for MASW data acquisition.
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5.2 Software

SCI has conducted research on software that can be potentially used for processing MASW
(Active and Passive) and ReMi (Active and Passive) data and evaluated seven (7) software
package options:

1.

SeisOpt ReMi™. Software suite, developed by Optim, was made available commercially
in 2004, primarily for ReMi data processing. One of the first commercial software
packages for surface wave data processing. The software supported Passive ReMi
methods and 1D and 2D shear wave velocity profiles. However, as of 2024 the software
was not available for purchase.

ZondST2d1. A software package, developed by Zond Software LTD, is used for 1D MASW
and ReMi data processing and interpretation. A 2D module is also available for
mathematical modeling and joint inversion of MASW and other seismic (i.e., refracted
and reflected) data sets. The software developer is registered in Cyprus.

Surface Plus. Software, developed by Geogiga Technology Corp, is designed for active
and passive surface wave data analysis, including MASW and ReMi methods. The
software features 1D and 2D data processing and visualization of shear wave velocity
models.

ParkSeis. Software, developed by Park Seismic LLC, is used for analyzing MASW data,
generating shear wave velocity profiles in 1-D, 2-D, and depth slices. Supports Active
and Passive MASW surveys.

SurfSeis. Software package, developed by Kansas Geological Survey, process seismic
data using the Active and Passive MASW methods. The software features optional
additional modules for advanced data processing, such as high-resolution linear radon
transform, multi-mode inversion, Love-wave processing, Scholte-wave (i.e., underwater
MASW) processing.

Seislmager/SW2. Software, developed and supported by Geometrics, designed for the
analysis of surface wave data, particularly for MASW. Supports both active and Passive
MASW data processing, allowing for the combination of high-frequency data from
shallow depths and low-frequency data from deeper layers into one shear wave velocity
plot.

RadExPro3. A comprehensive software package, developed by RadExPro Seismic
Software, designed primarily for processing of seismic reflection and refraction seismic
data, but also supports MASW data processing. The software developer is registered in
Republic of Georgia.

Below is a summary Table 5.1 on the MASW and ReMi software options with emphasis on
ability to process MASW, ReMi or both data sets, type of license (dongle key, hardwire-tied or
network), compliance with MoDOT IS (Information Systems) requirements, User Friendly/
Straightforwardness and Approximate cost. Fields marked as N/A indicate that the answers
were not available during the research in the fall of 2024, due to the company being out of
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Table 5.1 Evaluated MASW and ReMi software options.

business, non-response at the time of the contact and/or inability to evaluate the criteria due
to other reasons.

License type (dongle,

Compliance with

User-Friendly /

Approximate

Software Data Type hardwire-tied or network) MO.DOT IS Straightforward Cost (Fall 2024)
requirements ness
. SeisOpt Passive Hardwire-tied - No N/A
. ZondsT2d Active and USB Dongle No No »1,150 and up,
Passive perpetual
$4,900
Active and perpetual, or
. Surface Plus Passive USB Dongle Yes N/A $2.900 annual
fee
. ParkSeis Active and USB Dongle N/A Yes »4,500
Passive perpetual
$3,900 and up,
. surfSeis Active and USB Dongle Yes Yes perpetual,
passive updates for an
extra fee
. Seislmager/SW Actlve.and Hardwire-tied No Yes 52,200 and up,
passive perpetual
. RadExPro Active USB Dongle No N/A $7,000 and up
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Chapter 6 Field Demonstration of the Recommended Method
at the Test Site

A MoDOT team consisting of four members traveled to St. Louis, Missouri for the preferred
method (MASW) demonstration conducted by SCI at the 1-270 Chain of Rocks (COR) Bridge over
Mississippi River (Test Site 2a; Coordinates 38.766181°, -90.179479°; Figures 4.1 and Figure 4.3)
on December 10, 2024.

The demonstration consisted of field data acquisition at the test site, followed by the
presentation on the shear wave velocity measurement methodology, equipment, hardware and
software overview, data processing and interpretation. A data set acquired during the demo
was processed in the recommended software SurfSeis by Kanas Geological Survey.

TR

Chain of Rocks

Figure 6.1 Photographs taken during the field demonstration beneath the
Bridge.

For demonstration purposes, Active and Passive MASW field data were acquired at the test
location along one traverse oriented approximately east to west, using different geophone
spacing and source offsets. The Active MASW data were acquired using linear arrays of twenty
four (24) geophones with 4.5 Hz central frequency, spaced at both 5-foot and 10-foot intervals.
The active source, consisting of a metal plate and a 20-pound sledgehammer, was discharged at
offset distances of 10 feet, 20 feet, 25 feet, and 30 feet.
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The Passive MASW data were similarly acquired using a linear array of twenty four (24)
geophones with 4.5 Hz central frequency, spaced at both 5-foot and 10-foot intervals. The
Passive MASW data were recorded using ambient surface wave energy as the source.

An SCl representative acquired Active MASW data and a generated overtone image for the
traverse oriented approximately southeast to northwest during the field demonstration, using a
5-foot geophone spacing and a source offset of 25 feet, located on the southeast, is presented
in Figure 6.2. Five (5) 1-second seismic records were recorded and stacked during data
processing.

An SCl representative acquired Passive MASW data and a generated overtone image for the
same traverse, using a 5-foot geophone spacing is presented in Figure 6.3. Thirty (30) seismic
records, each with a 30 second duration, were recorded and stacked during data processing.

Figure 6.4 (A) depicts the combined overtone images from active data and passive data. The
combined overtone image has a lower frequency content from the passive data and a higher
frequency content from the active data.

It was demonstrated that shear wave data can be successfully acquired using the MASW
method to a depth of 100 feet or greater. The MASW method is the most effective method and
meets the criteria of 1) limited equipment, source, and personnel requirements for
deployment; 2) straightforward data analysis; and 3) ease of interpretation of the results.

The fundamental data acquisition and processing steps for both Active and Passive MASW
surveys are outlined in the Appendices A and B. It is important to emphasize that the
recommended workflow is based on the test data acquired during this project and may have to
be modified to accommodate different site conditions or project requirements. Selecting
incorrect data acquisition or processing parameters can potentially lead to misinterpretation of
the subsurface conditions. For advanced MASW data processing refer to a KGS SurfSeis
software manual.

119



. N S ey
| LSt sa s o EEEE T
R e
(i frriffrEEsresTe
ER! 3 ;r‘ é 553 %23&3 """
2 ﬁ%ﬁg """"""""""
F Py aoEET e
B I N ES TS
gy e
D = —
TR 20 B e
************************ S SRR Eﬁ%‘g e
A R — e ——
AR ———

. 2,600 (N U . SRRl LR UERR B LD LR UL e LWL I I
£ ; :
z : :
H ; |
S 2000 : : L
> :
: -
1,500 t \ -
- - -
1,000 ae .- T
i) AT === E-—3 ‘ a _______
‘ -
i n : - ~n A
B 10 20 30 40 0 60 70 80 90
Frequency (Hz)

Figure 6.2 Acquired Active MASW data (A) and a generated overtone image (B) for the
traverse oriented approximately southeast to northwest during the field demonstration,
using a 5-foot geophone spacing and a source offset of 25 feet, located on the southeast. Five
(5) 1-second seismic records were recorded and stacked during data processing. The vertical

axis is in units of time (msec); the horizontal axis is in units of distance (feet).
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Figure 6.3 Acquired Passive MASW data (A) and a generated overtone image (B) for the
traverse oriented approximately southeast to northwest during the field demonstration,
using a 5-foot geophone spacing. Thirty (30) 30-second seismic records were recorded and
stacked during data processing. The vertical axis is in units of time (msec); the horizontal axis
is in units of distance (feet).
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Figure 6.4 Overtone image (A) and output 1-D shear wave velocity profile (B) generated for
the combined active data (Figure 6.2) and passive data (Figure 6.3). The combined overtone
image (A) has a lower frequency content from the passive data and a higher frequency
content from the active data. The horizontal axis of the overtone image is frequency in units
of Hz; the vertical axis is shear wave velocity in units of ft/s. The horizontal axis of the 1-D
shear wave velocity profile is shear wave velocity in units of ft/s; the vertical axis is depth in

units of feet.
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