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NOTICE TO USER

This guideline is intended for the approved consultants (the Service Provider) in MTO'’s
consultant acquisition system, “Registry, Appraisal and Qualification System (RAQS)” in low,
medium and high complexity for Foundation Engineering.

The Service Provider undertaking a MTO Foundation Engineering assignment must refer to
the project Terms of Reference (TOR) for project scope details and required services to
successfully complete all the necessary tasks and to verify that all MTO Foundation
Engineering requirements are met. The minimum requirements for Foundation Engineering
specified in the project TOR shall govern where any conflict exist with this Guideline.

MTO Foundation Office is the custodian for this guideline. This guideline may be
amended by the MTO Foundation Office in the future as reQuired to maintain and
ensure quality of Geophysical Investigation Services ated services for MTO
projects.

Although the contents of this manual have been ch
is made by the Ministry of Transportation as to th
nor shall the fact of distribution constitute any such
assumed by the Ministry of Transportation j connegtion therewith. It is the responsibility
of the user to verify its currency and appro r thePuse intended, to obtain the
revisions, and to disregard obsolete or inapp n ation.

ty, and no responsibility is
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1 OVERVIEW

This guideline presents and discusses the use of common geophysical investigation
methodologies for typical applications relating to Ontario Ministry of Transportation (MTO)
Foundations Engineering Services. The general applications discussed herein include:

e Seismic site classification
Stratigraphic profiling, especially for extensive and/or remote areas

o Subsurface modelling

o Groundwater modelling

o Depth to bedrock
Detection and delineation of voids, man-made utilities, and obstructions
Re-use of existing foundations
Offshore investigation

This guideline is intended to aid in the consistent desig
investigations for the above-noted applications. It is inte
the quality of geophysical investigations performed fi
reference for designers and consultants needing
geophysical subconsultants.

plementation of geophysical

The provided information is generic in

The minimum require
Engineering Serviceg

1.1 Guideline Layout
This guideline is organized into three main parts.

Part I: An overview of commonly employed geophysical investigation methods is provided.
Further details are presented in Appendix A, including high-level theory and discussion on
various field techniques and analysis of data. Typical advantages and limitations associated with
these methods are presented, with some additional commentary on relative costs where data was
available.

Part Il: The application and selection of geophysical investigation methods to specific challenges
is discussed. For each application, several methods expected to be well-suited to overcoming the
stated challenges are identified. The advantages and limitations of these methods are discussed
in more detail with respect to the specified investigation objective(s) for different site conditions.
Guidance on the investigation design and the selection of one or more appropriate methods is
provided.
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Part Ill: Reporting requirements for geophysical investigation reports prepared for MTO projects
are discussed.

1.2 Selected Reference Materials

This guideline has been prepared with a focus on the application of geophysical investigation
techniques to address some specific challenges faced by MTO. The theoretical background and
general information on the methodologies presented herein is derived from a review of the
available literature. Some comprehensive existing guidelines and studies which are suggested
for further reading are listed below. A full list of references is provided at the end of this document.

Selected Guidelines, Textbooks, and Reports

o AGAP. (2024). Les Fiches de Bonne Pratique. https://ww
de-bonne-pratique/

e J. A Hunter, & H. L. Crow (Eds.) (2015). Shear W
for Canadian Seismic Site Characterization in
Canada.

e Everett, M. E. (2013). Near-Surface Applied
University Press.

e Lowrie, W. (2007). Fundamentals of G
University Press.

gapqualite.org/les-fiches-

Measurement Guidelines
ological Survey of

and RockK:
sics. New York: Cambridge

nded.). Cambridge: Cambridge
e Hertlein, B., & Davis, A. tive Testing of Deep Foundations. West

Sussex: John Wiley & S
Wightman, W. E.,

Yilmaz, O. (2001). Sefsmic Data Processing. Tulsa: Society of Exploration Geophysicists.

e U.S. Army Corps of Engineers (1995). Geophysical Exploration for Engineering and
Environmental Investigations. EM 1110-1-1802. Washington, DC.

o Eastern Research Group, Inc. (1993). Use of Airborne, Surface, and Borehole
Geophysical Techniques at Contaminated Sites: A Reference Guide. Washington: US
EPA.

ASTM Standards
e D6429, Standard Guide for Selecting Surface Geophysical Methods

¢ D5753, Standard Guide for Planning and Conducting Geotechnical Borehole Geophysical
Logging
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e D5777, Standard Guide for Using the Seismic Refraction Method for Subsurface
Investigation

e D7128, Standard Guide for Using the Seismic Reflection Method for Shallow Subsurface
Investigation

e D6431, Standard Guide for Using the Direct Current Resistivity Method for Subsurface
Site Characterization

e (57, Standard Test Method for Measurement of Soil Resistivity Using the Wenner Four-
Electrode Method

e D6639, Standard Guide for Using the Frequency-Domain Electromagnetic Method for
Subsurface Site Characterizations

e D6820, Standard Guide for Use of the Time Dom
Geophysical Subsurface Site Investigation

o D6432, Standard Guide for Using the Surface
Subsurface Investigation

e D6430, Standard Guide for Using the Gravit
e D5882, Standard Test Method for Loy

e D6760, Standard Test Method for |
Ultrasonic Crosshole Testin

Electromagnetic Method for

trating Radar Method for

or Subsurface Site Characterization
ntegrity Testing of Deep Foundations

ting of Concrete Deep Foundations by

MTO Publications

e Sadrekarimi, A., Molnar,
Characterization

. (2023). Geophysical Methods for Subsurface
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Overview of G
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hysical
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2 INTRODUCTION TO GEOTECHNICAL GEOPHYSICS
2.1 What is Geotechnical Geophysics?

Geophysical investigation involves the use of geophysical techniques to collect data for the
purpose of ascertaining subsurface conditions. These techniques are non-destructive and can be
subcategorized as either active or passive methods depending on the input energy source. Active
methods involve exerting a force, emitting energy, or creating a potential field to stimulate a
response by the target material. Passive methods involve measuring the naturally occurring
potential field generated by the target material.

2.2 Why use Geotechnical Geophysics?

Conventional investigations for foundations engineering applic
boreholes or probes, in-situ testing such as CPTU/PMT, moni
by laboratory testing programs. It is noted that the scope

ions typically involve drilled
g wells, or test pits, supported
e conventional investigations

While there can be tremendous value in geo tions, it must be stressed that they
should not be viewed as a substitution for investigations. Rather, geophysical
investigations are considered comp ese conventional investigation techniques.

It is best practice to suppl ) | investigation with invasive investigation
techniques. The invasive investigat ake the form of borehole drilling and sampling,

monitoring well measurem eshpits, or could involve the extraction or daylighting of buried

calibrate geophysical da
depths (“ground truthing”).

and madelled properties, and to confirm conditions at key locations or

Geophysical data requires skillful interpretation and reliance upon a single source of data may be
subject to elevated risk due to the non-uniqueness of geophysical anomalies. This non-
uniqueness highlights the importance of collecting physical observations to complement the
geophysical data. The risk posed by non-uniqueness can be further mitigated by adopting multiple
geophysical methods which exploit different (unrelated) physical phenomena.

2.4 Conveyance Modes

Geophysical investigation can be undertaken at, below, or above the ground surface. The relative
advantages, challenges, and general considerations for each approach are discussed in the
following sections.
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2.4.1 Surface

Geophysical investigations are most commonly conducted from surface. Investigations from
surface are non-intrusive and allow for data collection over vast areas. However, these surveys
are often limited by physical site access (e.g., where difficult terrain, water bodies, or dense
vegetation exists). Geophysical methods often deployed from the ground surface include ground
penetrating radar (GPR), seismic, electromagnetic, and electrical resistivity imaging (ERI).
Ground surveys are often the most economic option, as equipment and experienced service
providers are readily accessible.

2.4.2 Subsurface

Geophysical investigations may also be conducted within the subsurface. Boreholes are a
standard geotechnical investigation method included in most projects. Taking advantage of the
subsurface access provided by boreholes allows for use of geopliysical methods at greater depths
of investigation than might be possible or practical from . Subsurface techniques are
ise attenuate signal energy,

Geophysical methods which are adaptable to subs
be limited to seismic, electrical/electromagnetic,
investigations require some special access i
utility locates, and ground disturbance pe
investigation tends to be more expensive than e investigation, unless boreholes are already

eyance modes include but may not
r, and magnetometry. Subsurface
rimarily focused on drill rig logistics,

The geophysical methods most commonly associated with the use of drones in civil engineering
geophysics include magnetometry, electromagnetic surveys, and GPR for detecting unexploded
ordnance, metallic waste, and utilities.

ROV and autonomous underwater vehicle (AUV) technologies are instrumental in conducting
marine geophysics studies and underwater inspections. The shift towards utilizing drones, ROVs,
and AUVs underscores the industry's commitment to enhancing safety protocols and expanding
capabilities in accessing and analyzing geophysical data across various terrains and
environments.

Airborne surveys face limitations, such as the inability to work in controlled air spaces or areas
where air traffic may be a concern, where drone flight is illegal, or where drone flight requires a
permit.
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Geophysical surveys taken via satellite may also be classified as an airborne (above surface)
method. Satellite-based techniques include gravimetry and interferometric synthetic aperture
radar (INSAR). However, satellite techniques are beyond the scope of this guideline.

2.4.4 Selecting a Conveyance Mode

The decision to undertake geophysical investigation from the surface, below ground, or above
ground will depend on several factors, including access, efficiency, and viability of the technique
to obtain the required data quality and resolution.

The relative advantages, constraints, and costs are summarized for these conveyance modes in
Table 2-1 below. These factors are presented irrespective of the technical viability of specific
geophysical methods. Selecting a conveyance mode should be on a case-by-case basis.

Mode Advantages Constraints Relative Cost

Surface Inexpensive, non-intrusive,  Exposure to Low
minimal permitting and difficult acc

logistical requirements

Subsurface  Improved signal-to-noise High
ratio at target depth(s),
minimizing influence of
intervals above or below

depth of interest

Low-
Moderate*

Airborne Rapid coverage o
areas, access to
challenging tegrai

s, specialized airborne
equipment and trained operators, limited
to specific geophysical methods

* Cost efficiency mayiimprove conSig@erably with increasing scale

2.5 Commonly Employ seophysical Methods in Geotechnical Engineering

The geophysical techniques most commonly employed for foundations investigations are
discussed herein and are organized into three main categories:

e Electrical and Electromagnetic Methods
e Seismic Methods, and
e Other Methods

Different methods within each of these categories are described at a high level in the following
sections. The relevant physical properties and ideal site models for these methods are
summarized in Table 2-2 below.
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Table 2-2. Physical property models and ideal site models for common geophysical methods

Method Physical Properties Ideal Site Model

Electrical Resistivity, p Moderately thick and horizontally stratified layers with

Resistivity Voltage. V unobstructed linear area at surface equal to twice the

Imaging (ERI) ge, target depth of investigation, and absence of near-
Current, 1 surface conductors and/or electrical noise sources

Time-domain
Electromagnetics

Frequency-
domain
Electromagnetics

Ground
Penetrating Radar

Magnetic permeability, u
Electrical permittivity, ¢
Conductivity, o
Frequency, f

Similar to ERI but less affected by near-surface
conductors and smaller surface footprint required

Similar to ERI but smaller surface footprint required
and particularly well-suited to determining orientation
of conductors

Shallow, dry, non-cohesive soils free of buried
agnetic noise sources

Seismic
Reflection

Seismic
Refraction

SASW and
MASW

Vertical Seismic
Profiling

Crosshole
Seismic

Microtremor

Density, p
Seismic velocity, v
Shear modulus, G
Bulk modulus, B
Frequency, f

hy with increasing seismic
absence of seismic noise,

ar to seismic refraction but multiple boreholes
required and insensitive to seismic noise

ites with pervasive seismic noise, such as urban

Techniques as, and negligible space at surface required

TISAR Sirlnila.r to geismic reflection but less sensitive to
seismic noise

NDT Existing foundations ideally with surface exposure

Gravimetry Flat topography with relatively near and massive

target(s) at sites absent of ground vibrations

Size, m

Nuclear Magnetic

Gyromagnetic ratio, y Borehole environments absent of magnetic

Resonance interference such as metal casings or buried objects
Angular frequency, X
o , .qu ¥, G other than the targeted object(s)
Magnetic field strength, B,
Magnetometry Magnetic field strength, B, Proximity to magnetic targets such as existing

foundations or utilities of interest in non-magnetic

Magnetic susceptibility, X '
soils and/or bedrock

Radiometrics

Density, p Borehole or access tube proximal to targeted

materials, free of clay-based backfill

Further details are presented in Appendix A, including descriptions of the relevant theory, general
arrangements, and equipment used for each method, as well as discussion of the relative
strengths, limitations, and costs.
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2.5.1 Electrical and Electromagnetic Methods

Electrical Resistivity Imaging (ERI) or Tomography (ERT): A geophysical technique involving
the use of electrodes, designated the current electrodes, to inject an electrical current through the
ground. The electrical potential difference is then measured between additional electrodes,
designated the potential electrodes (Eastern Research Group, Inc., 1993). The apparent
resistivity of the subsurface materials within the effective depth of the survey is calculated using
Ohm’s Law. Effective depth is controlled by the spacing of the electrodes and the relative
resistivity of the subsurface layers. Actual resistivities and depths of boundaries must be
calculated through inversion methods (Herman, 2001) and are subject to non-uniqueness. Other
factors influencing resistivity survey results include moisture content, temperature, and salinity.

Electromagnetics: An electric current running through a loop of wire (i.e., a coil) will induce a
magnetic dipole field. By varying this primary magnetic field roduce magnetic flux, eddy
currents will be induced in nearby conductors. These, in turn, uce a secondary magnetic field
which can be measured at a secondary, receiver coil. The conductivity of a collection of
subsurface materials, in siemens per metre (S/m), ca termined (Milsom, 2003).
subsurface conditions
are two broad categories of EM
(TDEM) and frequency-domain
shutting off a modified symmetrical
involves the use of a continuous

relating to variations in the measured conducti
surveying techniques: time-domain electromag
electromagnetics (FDEM). TDEM typically i
square wave current to produce magnetic fl
sinusoidal current at a fixed frequency.

purposes. The EM pulses will<re T stbsurface interfaces with contrasting dielectric
properties, such as at the ace Between soil, rock, and/or groundwater surfaces, as well as
buried infrastructure : obEngineers, 1995). Higher contrast interfaces will reflect
more energy, resultingi i mplitude signal being detected (Hussain, et al., 2020). Like

seismic reflection, the amon offSet and common midpoint reflection techniques are used in
GPR (U.S. Army Corps of Engimeers, 1995). The data processing techniques used in seismic and
GPR are also highly similar (Lai, Chang, Voélker, & Cheung, 2021).

2.5.2 Seismic Methods

Seismic Reflection and Refraction: Seismic reflection and refraction surveys measure the time
it takes for induced body waves to return to the surface after reflecting or refracting at interfaces
between materials with different acoustic properties. These methods apply Snell's Law to
determine reflection and refraction angles, which in turn dictate the paths taken by the propagating
wave energy. The resolution of these surveys depends on the frequency of the waves, with higher
frequencies providing better resolution but shallower penetration. Seismic sources, such as
sledgehammers or explosives, and geophone configurations influence the depth and resolution
of the investigation.

Reflection surveys are effective for high-resolution mapping of stratigraphic sequences and
anomalies, while refraction surveys are better for environments with steeply dipping layers and
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deeper deposits. Both methods are unaffected by electrical or magnetic properties but may be
impractical in noisy environments or where acoustic energy attenuates rapidly. Challenges in
interpreting seismic data include sloped surfaces, thin layers, and velocity inversions, which can
skew results and mask layers (Milsom, 2003; Zohdy, Eaton, & Mabey, 1974).

SASW and MASW: Spectral analysis of surface waves (SASW) and multi-channel analysis of
surface waves (MASW) are seismic survey methods using Rayleigh waves at frequencies of 1-
30 Hz for shear-wave velocity profiling, typically for depths less than a few tens of meters (Park,
Miller, Xia, & lvanov, 2007). These methods calculate phase velocities for fundamental-mode
Rayleigh waves, producing dispersion curves that are analyzed to create 1D shear-wave velocity
depth profiles (Miller, Xia, Park, & Ivanov, 1999). MASW, which uses multiple geophones,
improves on SASW by eliminating the need for repeated reconfiguration of receivers (Park, Miller,
& Xia, 1999).

Advantages of surface wave methods include strong ener eration, accurate shear-wave

system, receiver array, and seismic source, with act
passive methods utilizing ambient seismic energy (
survey configurations involve specific offse
of planar Rayleigh waves (Xia, et al., 2004).

ds using user-provided sources and
Miller, Xia, & Ivanov, 2007). Optimal
acing to ensure accurate recording

Borehole Techniques: Borehole tg seismic surveys include uphole, downhole, and
crosshole methods, each invol gurations of energy sources and geophones
(Hunt, 2007). These techniqué ence of layers above and below the layer of
interest, especially for cro ods but with downhole methods providing similar results
with good repeatabilit k, & Park, 2012). The cost of borehole techniques is
primarily due to drilli yeophysical logging, with logging costs being a small fraction

Vertical Seismic Profiling uses wave velocities to characterize layered media and is
commonly used to determine”the average shear-wave velocity to a depth of 30 m (vs30), a
parameter important in earthquake engineering (Moss, 2008; Arsenault, Hunter, & Crow, 2012).
VSP involves using a vertical borehole with geophones and a source/triggering system, with
downhole surveys typically using a sledgehammer and uphole surveys using various sources like
airguns or small explosives (Crow, et al., 2015). The seismic cone penetration test (sCPT) is a
cost-effective downhole survey method that eliminates the need for drilling and casing a borehole
(Robertson, Campanella, Gillespie, & Rice, 1986). Parallel seismic testing is used for existing
foundation elements, involving impacting the foundation and monitoring from an adjacent
borehole (Hertlein & Davis, 2006). Crosshole seismic testing, as detailed in ASTM D4428/D
4428M, requires at least two boreholes spaced 3.0 to 4.5 m apart and involves measuring direct
waves to avoid refracted waves that can mask low-velocity layers (ASTM, 2000). Accurate
surveying of borehole verticality and horizontal distance is crucial for calculating wave velocity,
especially as borehole depth increases.
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Microtremor Techniques: Microtremor techniques utilize weak, low amplitude ambient
vibrations, typically considered noise in conventional seismic surveys, as the primary input source
for geophysical investigations (Okada, 2003). These techniques are effective in urban areas and
can investigate depths of hundreds of meters (Jongmans, Ohrnberger, & Wathelet, 2005). The
Microtremor Horizontal-to-Vertical Spectral Ratio (HVSR) method uses a single seismometer to
record ambient noise and calculate the ratio of horizontal to vertical Fourier spectra, aiding in
mapping site period and shear-wave velocity profiling (Molnar, et al., 2022; Perret, 2015). The
Refraction Microtremor (ReMi) technique analyzes Rayleigh surface waves' dispersion properties
to estimate shear-wave velocity profiles (Louie J. N., 2001; Stephenson, Louie,
Pullammanappallil, Williams, & Odum, 2005).

Testing and Imaging using Seismic Acoustic Resonance (TISAR): TISAR is a seismic
technique developed for high-resolution imaging of geological sirata, capable of investigating
depths up to 70 m and resolving layers as thin as 10 cm (Situ cClement, & Arsenault, 2011).
TISAR relies on resonance signals from repeated seismi ulse reflections at interfaces
between materials with different acoustic impedanc it suitable for conductive

and capacity of existing foundations without causin age. Stress-wave methods, such as
impulse echo, involve generating and measufin es to estimate foundation length and
identify deficiencies. These methods dependion™fe ikedfoundation length-to-diameter ratio
and soil properties, with experienced operators ect defects of 10-15% of the shaft cross-

provide more accurate results. el s esting, which does not rely on assumed wave
speeds, involves generati pulses and measuring their travel times to evaluate
foundation length and g e, 2004; Hertlein & Davis, 2006).

2.5.3 Other Methods

Gravity Methods: Graviméetiy, iavOlves measuring the earth's gravitational field intensity to detect
subsurface anomalies, which €an indicate changes in mass or density. This field uses specialized
instruments called gravimeters, which measure gravity differences in units called gals (Lowrie,
2007; Milsom, 2003). For shallow geotechnical applications, microgravimeters are used to detect
small anomalies in the order of microgals (Eastern Research Group, Inc., 1993). These
instruments require high precision and are sensitive to various errors such as movement, wind,
and ground vibrations (U.S. Army Corps of Engineers, 1995). Surveys must account for several
corrections, including drift, tidal, and terrain corrections (Lowrie, 2007). Gravimetric surveys can
be costly due to the precision required and the high cost of equipment, and they are less effective
in areas with variable topography or near-surface densities. Limitations include non-uniqueness
of anomalies and the need for masses to be increasingly large to be detected at greater depths
(U.S. Army Corps of Engineers, 1995).

Magnetic Methods: Two magnetic methods used in civil engineering include nuclear magnetic
resonance (NMR) and traditional magnetometer surveys. NMR is a geophysical tool initially used
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in the 1960s for oilfield exploration and later adapted for hydrogeological investigation. It involves
applying a strong magnetic field to induce precession of nuclei, which resonate at frequencies
unique to each element when subjected to radio-frequency energy (Bushberg, Seibert, Leidholdt
Jr., & Boone, 2020). NMR can be applied at the surface or more commonly in boreholes, allowing
for the assessment of hydrogeologic characteristics of undisturbed soil or rock. It quantifies
parameters such as total porosity, pore-size distribution, permeability, and saturation, and can
differentiate between mobile and bound porosity fractions, as well as between water and certain
petroleum hydrocarbons. NMR tools have a vertical resolution of 0.2 to 0.5 m and a radius of
investigation between 0.15 to 0.50 m, with logging rates of up to 15 m per hour. Advantages
include the ability to quantify key hydrogeologic parameters without radioactive sources and
compatibility with existing PVC-cased monitoring wells. The practicality of NMR depends on
borehole or well depth and diameter, with probes varying in size (Interstate Technology &
Regulatory Council, 2019).

Magnetometry measures magnetic field strength in nang (nT) and compares it to the

from the dipole and proportional to the object's vol
2008). Unlike gravimeters, magnetometers_require
differences in magnetic properties of earthtnratenials.

esnel, Langlais, Sotin, & Galdeano,
s sensitivity due to the significant
tization, defined as the magnetic
and can be negative (diamagnetic)
able magnetization in rocks is generally due to
which can become permanently magnetized

areas like southern Ontario, where sediments
e Canadian Shield (Dietiker B. , Pugin, Crow, Brewer, &

Gamma-Gamma Density Logging (GDL). This non-destructive testing technique is used in civil
engineering to assess concrete integrity within boreholes, which can be cased with PVC or steel
and filled with water or air (Wightman, Jalinoos, Sirles, & Hanna, 2004). It is also applied in the
oil and gas industry for logging stratigraphic changes and estimating porosity (U.S. EPA, 2024).
GDL detects changes in bulk density, indicating anomalies like voids or fractures, by measuring
the intensity of gamma rays reflected back to a detector. The radioactive source, typically Cesium-
137 or Cobalt-60, emits gamma rays that undergo Compton scattering, losing energy and being
absorbed by denser materials, which reduces the gamma intensity reaching the detector (U.S.
EPA, 2024). The gamma intensity is inversely proportional to the material's bulk density, but
calibration with a block of a known density is required for quantification (Wightman, Jalinoos,
Sirles, & Hanna, 2004). The effective radius of GDL is about half the distance between the source
and detector, with depth of investigation also decreasing as bulk density increases (U.S. EPA,
2024).
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3 COMMON APPLICATIONS OF GEOTECHNICAL GEOPHYSICS

Common applications of geophysical methods to geotechnical challenges are discussed in the
following sections. These applications are introduced below and summarized in Table 3-1.

e Seismic Site Classification: Understanding how earth materials respond to earthquakes
is crucial for designing resilient structures. The Ontario and National Building Codes of
Canada (OBC and NBCC) use the National Earthquake Hazards Reduction Program
(NEHRP) guidelines to classify soils based on shear wave velocity (vs3o) in the upper 30 m.
These classifications help determine the design ground motion for structures. Measuring
Vs3o Using geophysical methods is preferred for critical infrastructure. This section
discusses geophysical methods commonly used to measure Vsao.

o Stratigraphic Profiling: Site characterization involves j
distribution. While boreholes and sample collection a andard practice, they provide
limited, discrete data. Geophysical methods ca ce investigations by rapidly
collecting continuous data, offering cost-effective large or inaccessible sites.

ntifying materials and their

e Detection and Delineation of Voids: Conven intrusive investigation techniques can

miss voids or require costly reinstate ical methods enhance void detection
by covering large areas quickly a uiding confirmatory borings and
rehabilitation. They also deling [ can be conducted from the surface or
within infrastructure. This es these applications of geophysical methods,

considering important ite features, root cause, and potential noise
sources.

. However, assessing the reuse potential of existing
ailed understanding of their size, condition, depth, and

these foundation det3
as access constraints.

or several common foundation material types and sizes, as well

e Offshore Investigation: Geophysical methods enhance offshore investigations by
collecting submarine and subsurface data more safely, quickly, and extensively than
conventional techniques. Objectives discussed in this section include mapping sediment
thickness and bedrock depth, characterizing material properties, and assessing scour.
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Table 3-1. Common applications of geotechnical geophysics

Geophysical Method

Seismic Seismic  SASW and Vertical Seismic  Crosshole Microtremor : Nuclear Magnetic . .
Application ERI TDEM  FDEM = GPR " pofiection Refraction MASW Profiling Seismic  Techniques TISAR— NDT  Gravimetry Resonance Magnetometry  Radiometrics
Seismic Site Classification (x) X X X (x) X
Subsurface
Modelling X X X X X X (x) (x) X X X (x) X
Stratigraphic  Groundwater
Profiing  Modelling X X X 0 ) 0 e X 0 ) X o)
Depth to
Borrock X X Y X X () () X ()
Voids (x) (x) X (x) (x) X X
Detection /
Delineation .
of Buried Obstructions (x) (x) X (x) X
Features
Utilities X X X (x) (x) (x)
Re-use Qf Existing X X X X
Foundations
Offshore Investigation X (x) (x) (x)
X Major application
(x) Minor application

* Freshwater applications only
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3.1 Seismic Site Classification

Understanding the behaviour of earth materials in response to seismicity (i.e., earthquakes) is
critically important to designing structures able to withstand the effects of these events. The
Ontario Building Code (OBC) and the National Building Code of Canada (NBCC) (Canadian
Commission on Building and Fire Codes, 2022) have adopted the National Earthquake Hazards
Reduction Program (NEHRP), which categorizes soils into classes from A through F based on
the average shear wave velocity in the upper 30 m (Vsso) (Building Seismic Safety Council, 2004).
Amplification factors corresponding to the site classes are then applied to obtain the desired
“‘design” ground motion, which is typically taken as the ground acceleration intensity
corresponding to a 2% probability of exceedance in 50 years (Hunter & Crow, 2015).

The NEHRP guidelines allow for Vs30 to be estimated or measured. Measurement is preferred,
especially where site classes A or B are desired (to opti design) or where sensitive
infrastructure is present or planned. Measurement of travel weighted average shear wave
velocity to a depth of 30 m using geophysical investi iques is discussed herein.
Whereas mapping or delineation of subsurface featu om applying a variety of
' Ication is to use seismic
he materials at a site.

methods since they directly measure the seismic ve

The selection of a NEHRP site class based g
to note the sensitivity of this approach to th
layers, particularly when the shear wave

Vs30 is not discussed. It is important
hear wave interval velocity of the
trast between layers is very high

Ground truthing with intrusive shniques remains an important aspect of site
investigation which should_be complement geophysical investigation.
3.1.1 Compariso

Where the primary objet
the methods most used fo

2asure the average shear wave velocity of the strata at a site,
site classification tend to be MASW, SCPT, and VSP.

The availability of different methods can lead to the question of which to use. Insights can be
derived from studies utilizing these different methods at the same locations and comparing the
data. Several such studies are summarized below:

o Motazedian, et al. (2011) presented results from using four seismic methods to evaluate
Vs30 and fundamental frequency, Fo, for development of an NEHRP map in Ottawa,
Ontario. The data included downhole interval Vs measurements at 15 borehole sites,
seismic refraction-reflection profile measurements from 686 sites, high-resolution shear
wave reflection “landstreamer” profiling for 25 km, and HVSR of ambient seismic noise for
400 sites.
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Motazedian, et al. (2011) concluded:

o Downhole seismic was one of the most direct measurement techniques, producing
accurate results so long as the casing was well-bonded to the formation, but is
relatively expensive due to drilling costs.

o Seismic refraction-reflection are fast, practical, reliable, and inexpensive. These
methods can be highly effective where large impedance contrast exists and
background noise is low.

o High-resolution seismic reflection profiling can also be cost-effective, rapid, and
very accurate if the array lengths are greater than twice the depth of the subsurface
targets.

o Spectral ratio methods (HVSR) are regarded as rapid and inexpensive for locating
significant seismic impedance boundaries ap@ approximately estimating the

Intermethod variability was quantified
results revealed a bias, with invasi

but noted more research w eeded to confirm this hypothesis. A bias-corrected mean
invasive shear- ity V proposed as:

(0.760962p,,,, + 51.55451) (14)

Lastly, the autho
order of 20-35% and

2 COV of Vg30 based on correlated geologic units was in the
eased with depth per the relationship described by Equation 15:

cov = (0.000328u,,,, + 0.165967) (15)

The lllinois State Geological Survey (ISGS), the University of Missouri-Rolla, and the U.S.
Geological Survey (USGS) conducted MASW, downhole shear wave velocity
measurements within cased holes, and seismic refraction and reflection at the same site
to compare these methods. The site stratigraphy consisted of more than 30 m of sand with
some gravel overlying limestone (Bauer, Su, Counts, & Karaffa, 2007). The team reported
a 35% difference in the individual shear wave velocity values between the MASW and
downhole methods, and a 15% difference in the Vs3o.

Williams, et al. (2003) compared seismic reflection/refraction to downhole techniques at
six sites in Washington and California. The authors compared the Vs and found a
difference of less than 15% at four of the sites, and 21% and 48% at the remaining two.
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e Hunter, et al. (2002) compared SASW and sCPT data from the same site and found they
were similar, with differences attributed to possible shear wave anisotropy between the
horizontal and vertical travel paths. They also compared MASW data to borehole data for
six similar sites and found root-mean-square error ranging between 1 and 4 m/s. A seventh
test with different near surface shear wave velocities also resulted in only a 9% difference
between the MASW and borehole measurements.

Based on the findings from these comparative studies, the difference between the results derived
from the different methods that were used appears to be less than 15% in most cases. Individual
methods were also found to be highly repeatable, with intramethod COV of 6% or less. Hence,
each of the evaluated methods may be considered for estimating Vsao.

The selection of a method to measure the average shear wave velocity at a site must also
consider site conditions and cost. Anderson et al. (2006) evaluat CPT, CH, MASW, and ReMi
for their relative accuracy, functionality, cost, other consi@€rations, and overall utility for
determining shear wave velocity of soil. They concluded ASW method was the best
generate reliable data at
ed for CH. The MASW
sCPT probe and did not rely on the
presence of passive sources to provide an adequate signal-to-noise ratio for quality ReMi
data.

3.1.2 Survey Design Considerations

Survey design considerations ig selection of different seismic investigation
techniques are discussed belg ns are based on a variety of common site
conditions as well as the strengthgia of individual techniques.

Initial survey design pa o presented for consideration. It is critical to note that
C 8ssary based on actual site and subsurface conditions,

noise analyses, and obgerved neaf= and far-offset effects after initial shot gathers.

3.1.2.1 MASW

For MASW surveys, the following initial survey design parameters could be considered based on
Park, et al. (1999):

e Signal sources could include:
o Vibratory sources, to generate swept surface-wave signals;
o Sledgehammers, to generate impulsive data which will then need to be
transformed to a swept-frequency record.

e Length of frequency-time plot or stretch function, T:
o Set as long as feasible/possible. A longer T is needed when near-surface
properties change rapidly with depth. T of 10 s or less is typically sufficient, with a
sampling interval of 1 ms.
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o First geophone offset distance, xi:
o Should be set greater than or equal to the target depth of the shear wave velocity
profile. For Vs3o, the offset should therefore be set to 30 m or more.

¢ Minimum definable thickness of the shallowest layer, Hi:
o Will be equal to or greater than half of the minimum wavelength of the signal, Amin.
o Can also be reduced by reducing x1 and/or the receiver spacing, dx.

¢ Minimum receiver spacing, dx, to avoid spatial aliasing should be greater than or equal to
half Of Amin.

3.1.2.2 Seismic Reflection and Refraction Methods

These methods are typically inexpensive and can be utilized to collect complementary
investigation data such as stratigraphic information (layer thi sses and depths). Adequate
space is required to accommodate the length of the array, h r, which should be expected to
be as long as two times the depth of interest.

Motazedian, et al. (2011) noted the following with
methods:

eflection and refraction

¢ Wide-angle seismic reflection techniques are p
or loose overburden but are not i
underlying very stiff overburden or be

rred for sites with thick deposits of soft
uring the shear wave velocity of

e Refraction is preferred whe

dense soils or bedrock i
O ia

They noted these technig 2|l-suited to accomplishing shallow seismic site classification
surveys but also listed li '

nt of the shear wave velocity of very stiff or

e Refraction methods can It in large error when hidden, lower-velocity

o Difficulty identifying thé"signal in noisy environments;

e The importance of gathering forward and reverse shot positions to deal with dipping
subsurface layers (up to 20°);

e Lack of reliability detecting velocity reversals/inversions; and,

¢ Minimum layer thicknesses required to be identified are controlled by array length.
Limitations listed for shallow reflection techniques included:

e Survey targets must be large relative to the signal wavelength to be resolved;

e Signal attenuation can be high, especially in dry, high-porosity unconsolidated sediments;
and,
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o A large range of source-receiver offsets is needed to accurately calculate velocity and
must increase with depth to maintain the same accuracy.

3.1.2.3 HVSR and ReMi

Considerable effort may be needed to improve the signal-to-noise ratio when active seismic
methods are used in environments with persistent environmental noise. Particularly in urban
settings, active methods may sometimes also be constrained by limiting the source energy to
reduce the likelihood of damaging property. An overreliance on data processing techniques is ill-
advised, as these processes are applied based on varying judgement and skill levels.

Passive seismic methods such as HVSR and ReMi can be highly effective in these settings, as
the noise is considered as the source rather than competing energy. Signal energy is also not
affected by attenuation over larger distances or depths.

For the application of microtremor array techniques, the re is referred to the findings and

2) Check the frequency content of thega e ' ns and select a sensor with the
appropriate frequency range;

3) Use large time windows, cles, to improve the phase delay estimate;

4) Use a large number of w s to impgood statistics;

6) Combine the use
results.

Application of the HVSR technique involves using only a single three-component seismometer
and the survey setup is hence quite simple. The seismometer that is sourced must be capable of
recording at frequencies lower than the frequency range of the environmental noise. As the
resonator depth increases (i.e., thickness of unconsolidated overburden), the natural frequency
of the selected seismometer should decrease. Furthermore, seismometers with high intrinsic
noise levels should be avoided in general (Molnar, et al., 2022).

The seismometer should ideally be levelled, installed in firm contact with the ground, and
protected from wind and rain. The seismometer should also be located away from structures and
subsurface cavities or features, within a noise source-free buffer area of at least 5 m. A recording
duration of at least 20(10/f,yy) in seconds is recommended by Molnar, et al. (2022).

The reader is cautioned that the HVSR technique requires a strong subsurface impedance
contrast to succeed. The method can be used to estimate the fundamental mode resonance
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frequency, f,, of the overlying soil layer. The fundamental mode resonance frequency is estimated
from the lowest peak in the HVSR data, plotted as Fourier Amplitude vs. frequency.

Molnar, et al. (2022) state the resonance frequencies, f,, of the vertically propagating, horizontally
polarize shear-wave (SH) transfer function for a uniform viscoelastic medium of a thickness, h,
and shear-wave velocity, v,, will occur at:

fn=0Q2n+ 1):—; (16)

Hence, if the thickness of the soil layer is known, a 1D shear-wave velocity profile can be
developed. The composition of the microtremor wavefield however is ambiguous, however, and
uncertainty concerning the HVSR curve and associated parameters must be considered by the
user (Molnar, et al., 2022).

Regarding ReMi array data collection, best practices are disc
recommendations include:

ed by Louie et al. (2017). The

1) Ensuring the total array length is at least twice t i rget depth;
2) Utilizing a geophone spacing less than or e
3) Obtaining 10 records or more, each sp

determinations of vs3o.

3.1.2.4 Borehole Methods

Borehole methods can include sC logging, and CH. These methods each require
access for a drilling or CPT rig tup at the desired survey locations. Where
practical, these methods can p nity to obtain data which is less impacted by
environmental noise and th of son layers above or below the interval of interest.
Some considerations, ation of borehole methods include
o |[f utilizing a ca ood quality bond between the casing and the formation is
imperative and ca eved by fully grouting the annular space

e Best results can be obtained from an uncased, fluid-filled borehole if permitted based on
the stability of the borehole.

¢ When the borehole is fluid-filled, hydrophones must be used.

e Seismometer contact with the borehole sidewalls can be achieved using air bladders,
wedges, stiff springs, or mechanical expanders.

e Fordownhole surveys, the source should be located within 1-5 m of the borehole to reduce
significant tube wave coupling to the casing but also minimize non-vertical (refractive)
travel paths.

e The depth of investigation for sCPT may be limited by cone refusal.
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3.2 Stratigraphic Profiling

An essential element of site characterization is determining what materials are present and how
they are laterally and vertically distributed within a study area. Stratigraphic profiling almost
always involves the advancement of boreholes or probes and collecting samples for index testing.
This approach remains important, but a major shortfall is its a reliance upon semi-continuous
observations at discrete locations which may only represent a fraction of a percentage of the site
by volume. Additional borings can be expensive and time-consuming, particularly if access or
work windows are limited. Geophysical investigation techniques can enhance site investigations
by enabling the relatively rapid collection of continuous data between sampling locations,
providing cost-effective site coverage especially for large and/or inaccessible sites.

This chapter discusses the application of several common geophysical methods for the purpose
of stratigraphic profiling. Typical objectives are to determingfthe types, thicknesses, and
distribution of layered overburden materials, and the depth roundwater and bedrock. The
selection of an investigation strategy should not be limite iscussed methods, however,

3.2.1 Investigation Design

The selection of one or more methods to charzs
on the investigation objectives and the expée
guide the selection of possible geophysical

1. Lithological Characteriza : The investigation of material types, layer thicknesses,

across a study a

3. Groundwater Mapp imited investigation focused on determining the depth to the
groundwater table across a study area.

Several common geophysical methods are discussed with respect to their application to
stratigraphic profiling in the following sections.

3.2.1.1 Electrical Resistivity Imaging

Electrical Resistivity Imaging (ERI) relies on resistivity differences to resolve a model of the
distribution of different earth materials below the ground surface. It typically involves the
application of a direct current (DC) to a set of electrodes installed in the near-surface ground. A
more in-depth discussion of the theory and components of this method is presented in
Section A.1.1.

ERI is well-suited to conditions where resistivity contrast is expected to be high. Earth materials
are generally highly resistive, and it is primarily the water contained within the pores or bound to
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the particles which is responsible for variations in the measured resistivity. Hence, ERI is expected
to produce favourable results in settings which might include:

¢ Interlayered materials of differing grain size and porosity; or,
¢ Groundwater mapping.

In the above settings, the likelihood of a successful survey will be greatest where there is high
electrical resistivity contrast. ERI will likely excel when delineating features such as buried peat
or organic clays below sandy strata or determining the thickness of unconsolidated overburden
materials above relatively tight igneous or metamorphic bedrock, for example.

Challenging conditions for the application of ERI would include settings with low resistivity
contrast, excessive electrical noise, and/or a near-surface conductive layer. Examples of sites
which might present these conditions could include:

¢ Swamps, where groundwater is high or above ground;

e Urban or built-up areas with a concentration of el
conductive buried objects; or,

e Thick clay deposits.

tility infrastructure or nearby

Hard surfaces such as asphalts and concretes ca esent a challenge, as it may not be
possible or practical to place electrodes where these aces exist. These conditions can be
accommodated by adopting non-contacting C is used to induce a current, but
this is less common and can be more expen

Where conditions are favourable fg [ n of ERI, the survey design must consider the
objectives of the study. A compa strengths and weaknesses of the Wenner,
Schlumberger, and Dipole-Dip as” is presented in Table A-2. Historically, the
Wenner array has been pgp simplicity, especially as automatic switching equipment is
now commonplace. T an be used to accomplish, both, depth soundings and
lateral profiling and i n horizontally layered stratigraphy or groundwater mapping.

improved depth of investig (but lower signal strength) for the same array length. The
Schlumberger array may also*e favoured in settings where, both, vertical and lateral variations
in resistivity are anticipated, such as undulating or dipping layers.

The Dipole-Dipole array can be an excellent choice where the primary objective is to delineate
steeply dipping layers or features, such as dikes, trenches, or infrastructure.

Automatic switching equipment can facilitate the application of multiple configurations and is
strongly encouraged to enhance survey design flexibility at the time of data acquisition.
3.2.1.2 Seismic Methods

Stratigraphic profiling has been accomplished for many decades using seismic reflection and
seismic refraction. Other techniques, including MASW and borehole techniques, can also be used
under certain circumstances. The relative advantages and disadvantages of these different
techniques for stratigraphic profiling purposes are presented in Table 3-2.
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Table 3-2. Comparison of different seismic techniques for stratigraphic profiling

Technique Advantages/Strengths Disadvantages/Limitations

Seismic o Relatively inexpensive technique e Array length should be at least 3-4x the

Refraction o Low computational requirements desired depth of investigation, which

. . may be prohibitive
¢ Non-invasive surface method Do , , ,
e Seismic velocity must increase with

depth

Seismic ¢ High resolution imaging capability ¢ High computational requirements

Reflection « Non-invasive surface method e Steeply dipping layers can be masked or
go “unseen”

MASW o Less affected by cultural noise than ¢ Resolution decreases with depth, as

refraction/reflection
¢ Non-invasive surface method

increasing depth corresponds to lower
s and longer wavelengths

tally layered system is

CH Seismic o Least influence from layers above or

below a layer of interest
¢ Depth of investigation can be

increased without increasing surface

footprint

¢ Acquisition of other geotech
in tandem

xpensive
borings (mini

to required sets of
two, ideally three)

VSP & sCPT e Single borehole r

borehole

Access and space for a drilling rig is
required

Hard, bouldery, or bedrock conditions
may impede advancement, especially for
sCPT

Additional Considerations

Trapped gases in swamps can attenuate the energy of compressive (P-) waves since gases are
compressible. These conditions may, therefore, present challenges for seismic refraction surveys
with long spreads and/or deep targets. If the target cannot be resolved due to these conditions, it
may be necessary to utilize a higher energy source or consider alternate methods.

Concerning resolution, looser or softer soils with lower seismic velocities can be excellent target
media to which seismic imaging techniques could be applied. The lower velocities in these
materials will generally result in higher resolution since wavelength is proportional to velocity (see

Equation 6 in Section A.2.1).

Where environmental noise from sources such as wind or traffic is present, the use of a vibratory
seismic source can facilitate data collection by producing a highly repeatable signal with long
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recording times. This can enhance the signal-to-noise ratio in these noisy environments (Pugin,
Pullan, & Hunter, 2013).

3.2.1.3 Electromagnetics & GPR

Electromagnetic (EM) methods including frequency-domain (FD), time-domain (TD), and ground
penetrating radar (GPR) can be effective tools for stratigraphic profiling where the ground profile
is expected to contain materials with contrasting electromagnetic properties. Such contrasts may
exist as a result of varying clay or organic content, moisture and/or groundwater, salinity, or
fractures. These contrasts can be exploited to detect lateral and vertical changes in soil or rock
types, as well as depth to groundwater.

EM methods can achieve the same depth of investigation as array-based methods such as ERI
or seismic while occupying a much smaller footprint. The depth ofiinvestigation for EM methods
will be in the order of the loop diameter (U.S. Army Corps of eers, 1995).

Similar to electrical methods, the main sources of noise whi M methods are power lines
and metallic structures, but radio, radar, and lightnin results. With FDEM and

to-noise ratio will need to be determined using fo ed-earth modelling software during
design of the investigation.

Relative advantages and disadvantages spet M, and GPR are discussed below.
TDEM

The use of TDEM systems is fa jcal and FDEM methods at sites underlain by
highly conductive overburden mai DEM methods involve shutting off the primary
field when measuring the ary field, very high power can be used for the primary field
without interfering with ement. This use of very high power allows the user to

compensate for the li
of the same coil as, bg
reduced coil spacing allow
advantageous especially whe

the trapnsmitter and receiver, reduces the coil spacing to zero. This
to produce higher resolution data than FDEM, which can be
ocating relatively small targets (Milsom, 2003).

When comparing with ERI, some additional advantages associated with the use of TDEM
methods include the relative rapidity of surveying, improved lateral resolution and resolution of
conductive electrical equivalence, and no problems with injecting current past a resistive surface
layer. However, TDEM does not work well if no conductive layers are present within the depth of
influence of the primary field since it is these conductive layers which will produce the induced
secondary field (U.S. Army Corps of Engineers, 1995).

FDEM

FDEM systems involve the use of a separate transmitter and receiver loop. The transmitter loop
produces the primary field while measurements of the induced secondary field are taken using
the receiver loop. Since the primary and secondary fields are present concurrently, the orientation
of the loops will influence the degree to which they interact with one another as well as the fields
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induced in the target conductors. This influence is called coupling. Coupling can be exploited to
determine the orientation of these target conductors. The measured response will be greatest and
most defined when surveying orthogonal to the orientation of the conductor. The ratio of the
vertical to horizontal field can also be measured and used to infer the angle at which the conductor
is dipping (Milsom, 2003).

GPR

GPR offers, arguably, a more direct method of profiling the ground compared to other EM
methods. Whereas TDEM and FDEM methods involve measuring an induced field and producing
a ground model using inversion techniques, GPR involves measuring the return times of reflected
EM pulses. Hence, a notable advantage of GPR over other EM methods is the ability to achieve
real-time imaging in the field before data processing is performed.

al resolution that can achieved
ies, the depth of investigation

The frequencies used for GPR are also much greater and the v,
is correspondingly improved. As a consequence of the high
using GPR is generally much less than that of FDEM a

risk not intersecting voids, or la
geophysical investigation
footprint relatively rapid . The results of a geophysical survey can then be used
borings and/or rehabilitation. Additional benefits can
include the ability to de ents of areas containing voids, and the flexibility to undertake
the survey from surface o in borings or underground infrastructure, such as from within
a tunnel.

Prior to selection of one or more geophysical investigation techniques, the root cause and setting
suspected to have led to the formation of the voids must be considered. The formation of voids
below the ground surface can occur in response to a variety of processes including ground loss
from tunnelling or adjacent excavation, settlement induced by vibration or dewatering, or flowing
water in the form of leaking utility infrastructure, infiltration, seepage, piping, and/or dewatering
operations. These processes can occur during or after construction of buried infrastructure such
as culverts, utilities, or foundations. The formation of voids is more likely where these conditions
persist in a continuous or intermittent manner, and materials susceptible to those conditions exist.
Materials with increased susceptibility to the formation of voids may include non-cohesive
materials in a very loose to loose state of compaction with appreciable content of silt- to sand-
sized particles. Material boundaries can be especially prone to the formation of voids due to a
change in material properties disrupting the flow of water.
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Voids will generally present an issue for existing or newly completed infrastructure, though voids
can also be problematic when working with greenfield sites where karstic features are expected.
At sites where existing infrastructure is present, the subsurface soils can generally be expected
to include a pavement structure consisting of asphalt underlain by engineered granular fill
materials, in turn underlain by embankment fill materials and native subgrade soils and/or
bedrock. Other materials which may be present could include reinforced concrete associated with
composite or rigid pavements, bridge approach slabs, abutments, or foundations, buried utility
infrastructure, culverts, or tunnels.

While the processes and conditions leading to the formation of voids are well-understood, it can
be challenging to detect and delineate voids at their onset and before potentially damaging or
dangerous conditions present at surface. Voids posing a risk to infrastructure are most likely to
form at the base of or within embankment fills, immediately below,or adjacent to foundations, or

geophysical investigation application, consideration
signal noise, which could impede a survey dependi

3.3.1 Investigation Design

investigation methods that are expected to be
penetrating radar (GPR), gravimets ismic

ection, and electrical resistivity imaging. The
ction is discussed below, along with possible

no means an exclusive nor exhaus list of methods for accomplishing the stated objective and
are presented herein sg point in identifying potentially viable options.

3.3.1.1 GPR

GPR has been used s
embankments involving culve
abutments.

sflly to detect and delineate voids within existing highway
s and drains, and below reinforced approach slabs at bridge

The popularity of this method is owed to the relatively high resolutions that can be rendered by
GPR along with expected large contrasts in dielectric permittivity if voids are present. The ideal
conditions for GPR include dry, granular soils especially during the late summer months when
road salting operations are inactive and groundwater levels are typically lower.

Itis important to note the depth of investigation and/or resolution of GPR surveys can be adversely
affected in the presence of the following factors:

e Clayey soils e Metallic objects
e Salt or salt-containing media e Sources of EM interference/noise
e Wet soil or high groundwater table e Boulders or other dispersive reflectors
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Where the above-noted factors may be present, especially in tandem, it may be preferable to
consider an alternative method of investigation depending on the anticipated extent or impact of
these factors on detecting voids.

Equipment

Equipment utilizing a broad frequency bandwidth should be used to enhance resolution and
investigation depth. The center frequency or frequencies used for the GPR survey should be
selected based on the desired depth of investigation, considering the expected subsurface
conditions. An approximate guide for estimating an appropriate GPR center frequency is shown
in Table 3-3 below assuming a vertical resolution of approximately 10 cm. The reader is cautioned
that the indicated depths of investigation are for ideal conditions and could be severely reduced
due to the presence of conductive materials and/or diffractive reflectors.

Table 3-3. Estimated GPR frequency for different depths and 0 resolution in ideal conditions

Depth of Estimated GPR Center Frequency (
Investigation (m) Dry Sand Wet Sand Clays
0.5 1130 450 410
1.0 950 380 340
2.0 800 320
3.0 720 290 Not
45 650 260 310 recommended
i for depths
6.0 610 Not beyond 2 m
10.0 530 recommended
Alternatively, an initial e e itable center frequency, f, in MHz, can be obtained using

spatial resolution, d, in metres, with reference to the
ted subsurface materials. Approximate relative permittivities
of common earth materi marized in Table A-3. A spatial resolution equal to half the
diameter of the smallest fea of interest is suggested.

150

G (12

f

Field Setup Considerations

The survey limits should ideally overlap with at least one location where a void has been physically
confirmed. This overlap will facilitate identification of additional voids, especially if they are
interconnected. Where no such confirmation is available prior to the GPR survey, the survey area
should be centered about the feature suspected to be associated with the formation of voids. The
survey limits should then extend beyond the edge of this feature by a distance no less than the
depth to the bottom of the feature. The rationale for this survey limit is to encompass the
approximate zone of influence of the feature, where related voids are most likely.
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The survey should be undertaken in a grid configuration and the spacing of survey lines should
be no greater than one quarter of the wavelength, which can be approximated with Equation 13
(Milsom, 2003):

75

fVe
The survey lines should ideally be completed in a consistent direction, to facilitate stitching of
adjacent survey areas if necessary. The orientation of the survey lines will depend on the objective
of the study. For example, if the objective is to delineate a utility trench or culvert crossing a
highway, it may be desirable to orient the survey lines perpendicular to the suspected orientation
of these features. Alternatively, orienting the survey lines parallel with a feature could be beneficial
for evaluating the continuity of the feature or variations in the elevation of the feature along its
axis. Often, including a set of survey lines in both directions (i.e. gparallel and perpendicular) can
be valuable due to the complementary nature of the informati btained in each direction.

(13)

3.3.1.2 Seismic Methods

Seismic methods may be suitable for the detectio
greater depth of investigation is required in the pr.
groundwater levels, or other conductive settings. As

d delineation oids, especially where
near-surface clayey deposits, high
ssed previously, these conditions are

expected to limit the depth of investigation of E al methods

The acquisition of seismic data also faces s ges. Surface obstructions which limit
the length of the seismic array may g [ act data quality, by limiting resolution, accuracy,
and depth of investigation. Th ints are typical when the survey crosses a
roadway, especially for dividé ‘ Ali g the survey parallel to the roadway may
alleviate this constraint but this mayfnot always be prudent. Where possible, preference should
be given to aligning the ame direction as the source of potential voids to collect
more complete/conti er than many discrete “slices” aligned with lanes.

as vehicular traffic and construction activities, could also
negatively affect the quality seismic survey data. The impacts of noise can potentially be
mitigated by adopting largervSeismic energy sources, utilizing shear waves (which are less
influenced by traffic noise), and/or the application of post-processing techniques such as stacking
(Wightman, Jalinoos, Sirles, & Hanna, 2004).

Sources of seismic no

Despite these general limitations, seismic methods can still serve as a valuable tool for void
detection and delineation. Seismic methods which may be well-suited to a highway setting are
discussed below.

3.3.1.2.1 Shear Wave Reflection

Seismic reflection can be used to directly detect voids. The use of a shear wave source can further
improve results since shear waves will not be transmitted through fluid or air. Hence, ray paths
encountering voids filled with these materials can reflect off the feature but will not propagate
through it (Wightman, Jalinoos, Sirles, & Hanna, 2004). Furthermore, it has been shown that using
shear waves in soil can more than double the survey resolution, as compared to using
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compressive waves (Johnson & Clark, 1992). This superior resolution is theoretically supported
by the fact that the resolution is proportional to wavelength, which, for an equivalent wave
frequency, will be shorter for the relatively slower shear waves. Pugin et al. (2019) note that S-
wave seismic wavelengths are typically four to ten times shorter than P-wave wavelengths in the
near surface environment.

As with other methods, the shear wave reflection technique has limitations. The most obvious
limitation is that the survey must be designed such that a sufficiently small wavelength can be
produced (and recorded) to detect the survey target(s). Hunter et al. (2022) note the following
additional factors which can hinder the success of a shear wave reflection survey by limiting depth
of investigation, resolution, and general survey quality:

e Dry, high-porosity unconsolidated sediments at or near surface can severely attenuate
high-frequency shear wave energy;

e Sources of seismic noise can reduce the signal-to-nQi tio; and,

e The accuracy of calculated shear wave velocitie

length.
Equipment
Selection of seismograph sampling rates wi expected dynamic properties of the
materials at the site. For shear-wave velod ts in unconsolidated materials, a
sampling rate of 50 us is recommended. The ampling frequency is 20 kHz.
Seismographs should have a mi f three\(3) recording channels (Arsenault, Hunter, &
Crow, 2012). Three-compone sting of two orthogonal horizontal sensors and
one vertical sensor, should be eophone resonant frequency of 8-15 Hz with 60-70%
damping is recomme e low frequency horizontally polarized shear waves.
Geophone range shg Hz (Arsenault, Hunter, & Crow, 2012).

The seismic source is a'Ghitical component of the survey. It must be firmly coupled with the ground
to ensure the seismic energyis sferred to the subsurface. Some seismic shear wave sources
and the corresponding frequénCy bandwidths are listed in Table 3-4. It is important to note the
frequency at which the maximum spectral amplitude will be achieved depends on the material

through which the wave energy is propagated.

Table 3-4. Examples of seismic shear wave sources and corresponding frequency bandwidths

Seismic Source Bandwidth (Hz) Reference

Horizontal Sledgehammer Impact 20-120 Pugin et al. (2019)
Horizontal Sledgehammer Impact 40 — 200 (S-wave) Johnson & Clark (1992)
with 3-inch Steel Cylinder 60 — 350 (P-wave)

Industrial Vehicles International 20-80 Pugin et al. (2019)
“Minivib” 3.5-ton Version

INOVA “UV2” 1-400 INOVA Geophysical (2024)
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Geological Survey of Canada 20 - 350 (SH-wave) Pugin et al. (2019)
“Microvibe” 100 — 500 (P-wave)
OYO Corporation P-S Logging 500 - 5000 Wightman et al. (2004)
System (Downhole Source)
Crosshole Seismic Waves 25 -300 Wightman et al. (2004)

Field Setup Considerations

Wightman et al. (2004) note that a major difference when comparing to compressional wave
surveys is that shear wave surveys will use smaller geophone spacing for an equivalent depth of
investigation. Other factors influencing the geophone spacing and spread are the expected
diameter and depth of the voids; smaller, shallower voids will require shorter spacing and spread.
Resolving smaller voids will also require higher frequency wavesgdWightman et al. (2004) note the
typical depth resolution that can be expected is about half t velength, though they suggest
a wavelength of no more than 0.25 times the size of . As an example, for soils

Table 3-5. Estimated ent site class S-wave velocities and source frequencies

Frequency (Hz)
50 100 200 350

Estimated Wavelength (m)

Site Class S
and Ground
Profile Name (m/s)

A — Hard Rock > 1,500 60.0+ 30.0+ 15.0+ 75+ 43+
B — Rock 365002)0 304-60.0 152-300 7.6-150 3.8-75  22-43
C - Very

Dense Soil 36010760 144-304 72-152 36-7.6  18-38  1.0-22

and Soft Rock
D - Stiff Soil 180 to 360 72-14.4 36-72 1.8-3.6 09-18 05-1.0
E — Soft Soil <180 <72 <3.6 <1.8 <0.9 <0.5

The source is often oriented in line with one of the horizontal sensors but can also be oriented at
45° to the axes to produce equal energy in both horizontal sensors.
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Geophones must be firmly seated against the ground surface to achieve good quality data. For a
highway setting, pavement surfaces may present a challenge in achieving this due to gravel and
other road debris, or imperfections and unevenness in the road surface.

Provided the surface is relatively clear of debris and smooth, one potential option is to deploy
geophones via a landstreamer. This equipment is designed to allow geophones to be towed in a
line along the ground surface, stopping at each station where a record is to be collected. This
equipment typically features clips at specified spacings and base plates to allow the geophones
to slide along the ground. Some landstreamer equipment will also include anti-rotation wings.

Studies have shown data quality is comparable between landstreamer and conventional spiked
geophone deployment (Park Seismic LLC, 2024). In some conditions, however, the coupling
between the geophones and the ground surface may be poorer when using a landstreamer,
reducing the signal-to-noise ratio (SNR). The SNR can someti be enhanced by increasing
the weight of the receiver plates and reducing the source-r er offset. The poorer coupling
may also be acceptable when conducting surveys with high sources or wave types (such

conventional geophone deployment (Park Seismic LL
installation time for a 96-channel landstre stem 20 minutes, whereas conventional
installation of the same geophone array too . lecting the landstreamer after data
acquisition then took less than 15 minutes, whi cti e conventional array took 60 minutes
or more.

4). For example, Hanafy (2022) found

Application Examples

Pugin et al. (2019) prese

e studies wherein shear wave reflection methods were
a sewage tunnel, and abandoned coal mine tunnels.
of transverse horizontal (H2) impulsive and vibrator sources
and H2 geophones deple [ ultichannel landstreamer.

It was demonstrated that thegiderizontally polarized shear (SH) wave imagery produced by this
technique had a 1-2 m wavelength, which is comparable to GPR imagery while also reaching
greater depths. Details from the three case studies are summarized below. All three case studies
involved the use of geophones deployed via landstreamer.

o Case Study 1: The site was located in southeast Manitoba and underlain by a 150-m thick
sequence of glacial deposits. The survey utilized a 3.5-ton minivib source producing a
20 Hz to 100 Hz sweep. A geophone spacing of 0.75 m and a near offset of 3 m were
used. The survey managed to reveal a layer of boulders within the top of the glacial
diamicton at a depth of about 60 m.

o Case Study 2: The site was located in Ottawa, Ontario and was underlain by postglacial
marine clays and limestone. A two-component microvib source was deployed, usinga 9 s
linear sweep and 1 s listening time. The source frequency ranged from 20 Hz to 350 Hz
in the H2 mode and 20 Hz to 500 Hz in the V mode. Geophones were spaced 0.75 m
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apart, with a near offset of 1.5 m. The survey managed to locate a 3-m diameter concrete-
lined tunnel at a depth 17 m.

e Case Study 3: The site was located in northwest Kentucky and underlain by up to 40 m
of unconsolidated fluvial sediments followed by bedrock. The survey utilized a 0.5-kg
sledgehammer impacted against the axle of a pressurized cylinder rolled on the ground
surface. A source frequency range of 5 Hz to 130 Hz was reported. The geophones were
spaced 1.5 m apart, with a near offset of 1.5 m. Unmapped abandoned coal mine tunnels
at about 27 m below ground, as well as the overlying top of bedrock, were identified using
the survey data.

3.3.1.2.2 Uphole and Crosshole Seismic Tomography

Voids may present an elevated risk to highly sensitive or critical 4
traffic. In these circumstances, solutions which do not impact ic operations are required. The
need for high-resolution monitoring and early warning also Seismic tomography utilizing
boreholes may be able to satisfy these requirements. sshole techniques can be
used to produce high-resolution 2D or 3D imagery of
deployed geophone strings and/or sources.

rastructure with high-volume

To minimize impacts to traffic, boreholes could be inst
embankment or with flushmount casings hin the
configuration is depicted in Figure 3-1 bt

alternatives. An experienced geophysigist sh 2 consulted to ensure the offset distances are
appropriate, since the number ﬂm present a technical limitation to this approach.

Figure 3-1. Example configuration depicting possible uphole seismic survey in a highway setting
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Surface impacts could be further minimized if radio-enabled geophones are installed, to eliminate
the need for landlines. If the boreholes are left in place, the survey could be repeated regularly,
presenting options for baselining and monitoring throughout construction at the desired intervals.

Two considerable drawbacks to the above-described strategy are cost and data intensity. The
primary source of the elevated cost associated with these approaches is that of drilling and casing
boreholes. However, as foundations investigations are almost always a required component in
the planning stages for proposed crossings, a proactive approach of leaving the boreholes in
place could significantly mitigate this drawback. Such a strategy could be worthy of consideration
for highly sensitive or critical infrastructure sites.

3.3.1.3 Electrical Resistivity Imaging

Resistivity methods can be effective for detecting and delineatinggvoids due to the contrast that
may exist between the surrounding ground and a high-resistivit§air-filled void or a low-resistivity
water-filled void. These techniques may be especially effi hen the formation of voids is

Elevated moisture from sprifig will also reduce resistivity. The presence of these near-surface
complicating factors can negatively affect the results of a resistivity survey by making processing
and interpretation more challenging.

When the objective is to identify voids, however, it may be desirable to conduct a survey several
days after a heavy rainfall. The presence of voids might be expected to provide preferential
pathways for infiltration, presenting areas of high contrast due to the concentration of moisture
and/or the absence of material (airspace).

Field Setup Considerations

As discussed in Section A.1.1, the depth of investigation for a resistivity survey will be influenced
by the total array length, AB, and the resolving depth will be influenced by the array configuration
and the available current from the survey equipment. Both will be influenced by the ground
conditions and sources of noise. Survey design must account for the expected site conditions.
Modeling is strongly recommended prior to mobilizing to the field, to refine the survey parameters
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before attempting the work. In general, a larger electrode spacing will yield greater depth of
investigation at the cost of lower resolution. The smallest spacing to achieve the desired depth of
investigation, as indicated by modeling, should therefore be adopted.

The depth of investigation will also vary depending on the thicknesses, geometry, and relative
resistivity of the subsurface layers, sources of noise, and the available power source. However,
a few rules of thumb are shown in Table 3-6 for informational purposes and potentially a “first
guess” during preliminary planning and modelling.

Table 3-6. Approximate depth of investigation as a fraction of array length by configuration

Depth of Investigation Array Configurations Source

0.2 x Total Array Length Schlumberger, Wenner, Dipole-Dipole  Bernard (2003)

0.9 x Total Array Length Pole-Pole Bernard (2003)

0.5 x Total Array Length Wenner Herman (2001)
Wightman et al. (2004)

<0.3 x Total Array Length  All configurations

The presence of conductive layers or media such groundwater table, or buried utility
infrastructure may impede the success of a resistivit ey. Where the signal-to-noise ratio is
expected to pose a challenge, configuratiodsiwhi e greater signal strength should be
considered. The Wenner array is expected t€ atest signal strength due to its low
geometric factor (Loke, 2000).

The use of downhole electrode e electrical resistivity tomography results by
increasing the depth of investig ) it Which is possible from surface, whether due to
space constraints or due to nea ce conductive layers (Vilar, Ustra, & Mendoncga, 2015).
Crosshole electrical resistiv Qgraphy (ERT) is one approach which uses downhole
electrodes. This techalq [ [ the pole-pole array, which has a high signal-to-noise
ratio but low resolving bining the survey with pole-dipole data may be warranted
(Huang & Mayne, 2008).

Post-processing techniques also need to be undertaken to enhance the signal-to-noise ratio
where persistent and/or strong sources of noise are present, such as nearby electrical utility
infrastructure, whether above or below ground. Where numerous factors are identified that could
negatively affect the outcome of the resistivity survey, other geophysical methods should be
considered.

3.3.1.4 Gravimetry

Gravimetry may be a feasible option for investigating the presence of voids depending on the site
conditions, and the size and depth of the possible voids. The ideal conditions for gravimetric
surveying would be:

o Flat site and surroundings;
¢ Minimal noise, which includes vibrations, rain, and wind;
e Small area.
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For gravimetry to be feasible, the suspected voids should be sufficiently large and close to surface
to be detected. The detection limits applicable to microgravimetry will be determined by the
instrument sensitivity, accuracy, and operator skill. A practical limit given by the U.S. Army Corps
of Engineers (1995) is approximately 2 m depth per 1 m of diameter for a 1.0 g/cm? density
contrast. In unconsolidated overburden materials, the density of these materials may be in the
order of 1.2 g/cm? for clays to 1.5 g/cm? for sands. The density of shales and limestones, in which
voids (and caves) can also often be present, can range from 2.0 g/cm? to 2.7 g/cm®.

Several drawbacks to gravimetric surveying must be considered. The equipment is expected to
be relatively expensive, due to the necessary sensitivity to detect voids at the early stages. The
survey itself can be time intensive as well, as detailed elevation and location surveying is needed
for elevation, terrain, and latitude corrections. Detailed time keeping is necessary, as well as
“closing the loop”, to allow for tidal and drift corrections. These gorrections, among the others
discussed in Section A.3.1, are applied during post-processin

Where the source or cause of the suspected voids is itself a ion, such as a tunnel, culvert,

smaller voids above or around it.

Equipment

For highway settings, the size of the pote
range from centimeters (the size of a potho
size of the potential void increases,

local differential syste

Field Setup Consideratio

A microgravimetry survey will typically be carried out in a grid pattern, with measurement points
or stations at the intersection points of the grid. The size of the grid should be determined based
on the expected size and depth of the potential voids being sought. For geotechnical applications,
the relatively small size of the survey target(s) will require a high density of stations (Seigel, 1995).

For a comprehensive guide to designing and undertaking microgravimetry surveys, the reader is
referred to A Guide to High Precision Land Gravimeter Surveys (Seigel, 1995). A summary of the
main steps in the standard field procedure suggested by Seigel include:

1. Allow time for the gravimeter to stabilize after powering on and setting up.
2. Establish and mark the survey grid and select some stations for use as base stations.

3. Start the survey at the selected base stations and close out the survey loops at these
locations, to correct for drift.
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4. Take barometric readings at the same time and place as gravity readings to correct for
severe weather front movements.

5. Average the corrected readings at the base stations and use this average as a “correct”
value for these locations.

6. Complete the survey systematically and tie-in to at least one of the base stations at the
beginning and end of the day, if not more.

7. Survey the elevation and location of the stations.

8. Tie-in with the national gravity grid, especially if absolute levels or if use of other existing
gravity survey data are desired.

3.4 Re-use of Existing Foundations

The re-use of existing foundations can offer considerable ic, environmental, and social
benefits. Survey responses from 62 transportation agenci d in NCHRP Synthesis 505
(Boeckmann & Loehr, 2017) identified economic co i rated construction, and
ivations can be grouped
, historic/aesthetic preservation, and
avis, Hoomaan, & Sanayei, 2018).

Without a complete understanding of the si
foundations, however, the reuse of foundati

describes several geophysical appsoa S
the integrity, durability, and capag @

g strata, and condition of existing
duce considerable risk. This section
stigating these parameters to aid in assessing
oundations. The specific case of construction

Hertlein and Davis (2006):and Agsawal, et al. (2018) both describe several case studies involving
structures that had previc pbeen in service for over a decade where NDT revealed
considerable defects with the remaining foundation elements when they were inspected for
potential reuse. Some of the case studies involved foundation defects that likely stemmed from
construction, while others involved foundation elements which had experienced varying degrees
of degradation from environmental factors such as scour, corrosivity, or seismicity. Damage is
also possible from previous loading and settlement, demolition of the superstructure they

previously supported, vibration, or traffic impacts over its existence to date.

Beyond defects, the reliability of an existing foundation may be doubted if little is known about the
supporting strata. An excellent subsurface model is of great importance, but equally important to
assessing the capacity of a foundation is knowing its position within that subsurface model. This
uncertainty is particularly relevant to driven foundations, which may not be founded in the target
stratum if not successfully (and verifiably) driven straight. Uncertainty may also exist when
considering the reuse of foundations for which the construction records are illegible or no longer
available. The reasons for loss or inadequacy of documentation could stem from the digitization
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of records in the 90s, changes to reporting requirements, or change of ownership over the life of
the foundations. Regardless of the reason, verification of documented foundation details or filling
information gaps is another valuable application of geophysical methods when considering
foundations for re-use.

3.4.1 Investigation Design

Geophysical investigation techniques can be particularly valuable for investigating existing
foundations due to their inherently non-destructive nature. Without non-destructive alternatives, it
becomes necessary to extract a greater number of foundation members to perform a reliable
evaluation of the remaining service life and capacity of the leftover foundations. Those members
which are removed cannot be used and the extraction process could disturb those nearby.
Geophysical investigation can be used to complement this intrusive investigation approach by
reducing the number of members needing to be extracted or aps even enabling a limited
daylighting approach instead.

Foundations will typically consist of steel and/or concret ay also consist of wood. In
general, resistivity, magnetometry, or electromagneti
steel foundations or those containing steel in the forcement or a casing. Seismic or
acoustic methods may also be effective since lons are generally stiffer than the
surrounding ground. The relative advanta ions of these methods, as well as

magnetic anomaly can b sed by induced and/or remanent magnetization. Induced
magnetization is the result of a magnetically susceptible material interacting with the earth’s
magnetic field (e.g., the ambient field). The intensity of the former is equal to the product of the
two latter. Remanent magnetization is independent of the ambient field and depends on the
material properties as well as its thermal, mechanical, and magnetic history. Remanent
magnetization is caused by the magnetic domains of the material becoming oriented parallel with
the ambient field at the time of intense heating, then becoming fixed in that orientation upon
cooling. When pertaining to metals, remanent magnetization is often referred to as permanent
magnetization (Breiner, 1999). Induced magnetism and remanent magnetization are both of
interest in the case of detecting existing foundations, as magnetically susceptible foundation
elements can be expected to exert an influence on the ambient field. A magnetic anomaly is
defined as the deviation between the measured field intensity and that of the expected ambient
field. Ambient field data for a specific location can be obtained from sources such as the US
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National Oceanic and Atmospheric Administration Magnetic Field Calculator (NOAA, 2024) (see:
NCEI| Geomagnetic Calculators).

Borehole magnetometry, also sometimes referred to as parallel inductive field testing (Rausche,
2004), is carried out from within a borehole installed alongside an existing foundation element of
an unknown length. The foundation element would need to contain ferromagnetic material,
whether in the form of reinforcement, casing, or the pile material itself. Borehole magnetometry is
expected to be most useful for steel piles and sheet piles of any length. The required borehole for
conveyance of the magnetometer should be no more than 0.75 m away from the pile of interest
(Rausche, 2004).

Provided the borehole extends beyond the depth of the foundation element, the depth to which
the foundation extends could be determined based on the point at which the magnetic anomaly
begins to rapidly diminish (Wightman, Jalinoos, Sirles, & Hannag2004). It should be noted that
separate anomalies can be expected at joints if multiple se nts were adjoined, due to the
independent thermal and mechanical histories affecting ea er, 1999). The borehole used

The volume of the magnetic material can be estim d on the measured dipole magnetic

moment, the susceptibility of the material, and the a nt field (Breiner, 1999). However, it is
expected that minor variance in the distanc rehole and the foundation element
would render this estimate unreliable unless t ance between the magnetometer and
the foundation is known. It is therefose at interpretation be limited to estimating the
depth of the foundation element @

It may be effective in some circt ure the gradient of the magnetic field, which is
the difference in the field intensit ected at different sensors and/or measurement locations
divided by the distancg rements. This can be achieved using a conventional
portable magnetomete! i ' tial magnetometer (i.e., a gradiometer). Advantages of

gradiometry include t ie removal of the regional magnetic gradient and temporal
variations, in addition to enabli e use of the vector properties of the gradient to determine
depths, moments, shapes, 2 ocations of anomalies (Breiner, 1999). However, gradiometry is
more sensitive to magnetic noise sources, and it can require more readings be taken with greater
care than conventional magnetometry.

A few case studies demonstrating the use of borehole magnetometry are summarized below:

MTO’s Greenock Creek Bridge

e Borehole magnetometry was used to aid in identifying the depth extent of existing steel
pile foundations as part of an evaluation for potential pile re-use at a creek crossing.

e The subsurface conditions at the borehole magnetometer test locations are summarized
in Table 3-7:
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Table 3-7. Summary of subsurface conditions at Greenock Creek Bridge test locations

Material Description

Soil Depths (m)
Borehole 22-03 Borehole 22-04 Borehole 22-05 Borehole 22-06

Granular Fill 02-22 0.3-2.2 0.1-3.0 0.1-3.0
Silty Clay to Clayey Silt 2.2-3.0 22-3.0 3.0-37 3.0-37
45-6.0 45-6.0
Peat - - 3.7-45 3.7-45
Sand and Gravel 3.0-6.9 3.0-6.9 6.0-8.7 6.0-8.7
Silty Sand Till 6.9-104 6.9-125 8.7-15.5 8.7-155
Groundwater Not recorded Not recorded 3.7 3.7

A Sensys FM3D three-axis Fluxgate magnetomete s used to take magnetic field
readings at 0.5-m intervals along the borehole, at a0 H pling frequency referenced
to cable timed cable markers.

A LIM BHTV42 acoustic televiewer equi wit magnetometer was also used to
measure and record the magnetic field at 0. ervals.

high-frequency noise, followed by

of'the magnetic field.

The base of the steel pile [ based on the midpoint of the slope in the
magnetic field data and th derivative of the vertical magnetic field.

Pile depths estimated u
four test holes, whi

dmeter data ranged from 6.8 m to 7.6 m for the
Asistent with estimates produced using the parallel seismic,

Borehole magneto was used to investigate the depth of abandoned steel piles at a
bridge replacement site, using a borehole installed 2 m away from an existing pile.

o The borehole was cased with 51-mm outside diameter Sched. 40 PVC, which was
grouted in place along its full depth.

A LIM Instruments acquisition system with motorized winch and tripod were used to deploy
an Electromind logging probe and BHTV42 acoustic televiewer into a test hole, to record
the total magnetic field.

The BHTV42 acoustic televiewer was equipped with three magnetometers and an
accelerometer. The accelerometer was used to differentiate magnetic anomalies due to
changes in soil type, as inferred from bulk density changes, from those induced by the
presence or absence of the metal pile.

A log was recorded during, both, the upward and downward passes to increase accuracy.
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e At approximately 5.9 m depth, disruptions in the magnetometer and accelerometer signals
were observed, likely due to a geological transition between silty sand and glacial till.

e At approximately 7.5 m depth, a strong magnetic anomaly was detected by the
magnetometers but not by the accelerometers, indicating the presence of a metallic object
which was interpreted to be the bottom of the pile.

e The borehole magnetometer results corresponded well with the results from parallel
seismic testing and bedrock depth.

e The subsurface conditions at the test hole are summarized in Table 3-8:

Table 3-8. Summary of subsurface conditions at Hallecks Road test location

Material Description pths (m) (Borehole 23-01)

Granular Fill
Silty Sand to Silt
Silty Sand with Gravel, Cobbles, and Boulders (Glacial Tj

Dolostone Bedrock

Groundwater

Forensic Diagnosis of a Deep Collapsed (Ishihara & Lee, 2008)
Ishihara and Lee (2008) docum ] investigation following the collapse of a deep
excavation during construction @ : ion in Singapore. Borehole magnetometry was
used to detect ferrous metal ob broken pieces of walers, structs, or construction
equipment, within the colla

The magnetometry within 67 boreholes drilled at 2-m intervals, located
approximately 3-5m gm walls along the north and south sides of the collapsed

excavation. The collapsed, excavation was approximately 31 m deep and spanned an area of
about 100 m by 20 m. The'Sgilgrcfile at the site generally consisted of 3-5 m of fill overlying soft
to very soft marine clays extending to about 35 m below surface. The marine clay was underlain

by an older alluvium layer comprising stiff silty sand.

The use of a borehole magnetometer aided the investigators in identifying the exact locations of
the exposed tops of the diaphragm wall panels. This information was critical in developing an
understanding of the failure mechanism. It was concluded that the toe of the diaphragm walls had
kicked in, with the retained soil flowing into the excavation from underneath. This application
successfully demonstrated the use of borehole magnetometry to detect and delineate ferrous
objects of varying sizes, shapes, orientations, and distances from the boreholes.

3.4.1.2 Electromagnetic Induction

Electromagnetic induction involves generating an electromagnetic field to induce currents in
nearby conductive materials. By measuring the secondary magnetic field produced by these
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induced currents, the presence of different materials can then be inferred. This method can be
categorized into two main types:

1. Time-Domain Electromagnetics (TDEM): Uses a square wave current that is abruptly
shut off, resulting in magnetic flux which induces secondary currents in the ground. The
decay of these currents in turn produces magnetic flux, inducing currents which are
measured to determine resistivity at various depths.

2. Frequency-Domain Electromagnetics (FDEM): Uses a continuous sinusoidal current to
generate a primary field. The secondary field induced in the ground is measured at
different frequencies to infer subsurface conductivity.

This method is particularly effective for detecting metallic foundation elements, which will be
relatively conductive compared to the surrounding subsurface soils and/or bedrock. The
conductivity and magnetic susceptibility of the surrounding mat s can also be measured, which
can be valuable for assessing corrosion potential especial paired with the self-potential
method.

Electromagnetic induction was a Greenock Creek Bridge site to evaluate the
' re identified in the electromagnetic data that
, based on significant changes in electrical

conductivity. The pile tip ated to peaks in the electrical conductivity data and were
found to be consiste other geophysical methods (borehole magnetometry
and parallel seismiC gamma logging was carried out in conjunction with the
electromagnetic logging ifferentiate elevated conductivity measurements caused by clay

layers and bentonite clay ba aterial from those caused by metallic objects (i.e., the piles).

A Geonics EM39 tool was used at the Greenock Creek Bridge investigation. The tool contained
two coaxial coils with an intercoil spacing of 50 cm, yielding an effective radius of exploration of
approximately 1 m into the surrounding soil. The tool was deployed using a mini-winch and data
collection was handled by an ALT Matrix Logger. Measurements were taken at 0.05 m intervals
in the uphole and downhole travel directions, at a rate of approximately 1.5-2.0 m/min. Prior to
logging, a zero-reading was taken to calibrate the tool. The zero-reading was taken by suspending
the tool 3 m in the air and ensuring it was at least 10 m away from any large metallic objects.

3.4.1.3 Acoustic Methods

The parallel seismic and impulse echo methods are expected to be effective tools to aid in the
evaluation of existing foundations. Both methods require a portion of the foundation element to
be exposed at surface, to varying degrees. Parallel seismic is further limited to those foundations
with sufficient space for adjacent drilling.
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These techniques are expected to primarily aid in the determination of the size and integrity of
these foundation elements. Pulse velocity can be correlated to different material properties,
including strength and elastic properties. Caution is advised, however, as these relationships can
be complex and depend on many independent factors relating to the material composition as well
as its age (International Atomic Energy Agency, 2002).

Though potentially expensive due to the need for a borehole, the parallel seismic method is
expected to be the most accurate of the acoustic methods for determination of an unknown
foundation depth. A 95% accuracy or better is typical (Wightman, Jalinoos, Sirles, & Hanna,
2004).

Practical depth limits for these techniques are presented in Table 3-9. Practitioners should ensure
they are familiar with the limitations of the specific equipment they are using, as well as their own
professional experience. Actual depth limits will be dictated by site-specific conditions including
the subsurface soils and rock, the pile type, the presence plices, pile cross-section, pile
material or cross-section variability, quality of analyzer ics, surrounding or adjoining
structures, and more (Pile Dynamics, Inc., 2024).

Table 3-9. Suggested practical depth limits for acou. methoéds

Method Related Parameter Practical Limit

Impulse Echo Length-to-Diameter (Rausche, 2004)
Ratio grs (Pile Dynamics, Inc., 2024)
Embedded Pile or timber piles (Pile Dynamics, Inc., 2024)

(A

Parallel Seismic Embedded P or less, especially for steel piles (Rausche, 2004)

Key equipment and s 3, are discussed below for the impulse echo and parallel

seismic methods.

Impulse Echo

Key equipment required for the impulse echo method include:
e Impulsive source to generate stress waves;

o Typically, a light (1 kg) plastic- or rubber-tipped hammer equipped with a trigger
mechanism is used. The trigger mechanism activates the data acquisition system
upon impact.

o Heavier hammers may be prudent for larger diameter (1 m or more) and/or longer
piles, or where a thick pile cap or other overlying element is present;

o Receivers, in the form of geophones or accelerometers, to detect the reflected waves from
the bottom of the foundation element and/or changes in impedance due to cracks, voids,
material changes, etc.;

¢ Data acquisition system to record and process the signals from the receivers;
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e Cables and connectors to connect the receivers to the data acquisition system; and,

e Software for data analysis and interpretation, often including signal processing and
visualization tools.

Best practices for impulse echo surveys include but are not limited to the following:
o The pile should be struck at or near the pile axis;

e Record multiple strikes to allow for stacking. A minimum of four strikes should be recorded
but more may be desired and/or necessary to enhance the signal-to-noise ratio.
Background noise can be reduced roughly by a factor of vn, where n is the number of
strikes, as shown in Table 3-10.

Table 3-10. Approximate noise reduction factors from stacking an increasing number of records

Number of Test Strikes Approximate Noise Reducti Approximate Reduction in
(Records) Factor Noise
1 1.00 0%
2 1.41 29%
3 1.73 42%
4 2.00 50%
5 55%
6 59%
7 62%
8 65%
9 67%
e |t is recommendeg or more receivers to aid in the interpretation of wave

| response from noise sources such as surface waves;

to mitigate the effects of debonding or cracking near any

o Facilitate filtering of wave frequencies.
o Receivers should be coupled to the pile using grease- or gel-based couplant.

e The recording equipment must be able to deconvolute and amplify the response,
especially for deep reflectors and dampening soil conditions.

e Analysis methods:

o The frequency-domain approach is best suited to detecting defects in the top few
metres and is well-suited to cast-in-place piles which are expected to have variable
cross-sections.

o The time-domain approach is typically adequate for piles with constant cross-
sections, such as pre-cast driven piles.
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Parallel Seismic

The key equipment required for the parallel seismic method is similar to that which is required for
the impulse echo method. The primary differences include:

¢ The conveyance of geophones or hydrophones within a borehole;

o Good coupling between the sensor and the borehole walls is critical. This can be
accomplished by using hydrophones in a water-filled borehole or using air
bladders, wedges, stiff springs, or mechanical expanders to press geophones
against the borehole wall.

o If the borehole is cased, the annular space between the casing and the ground
must be backfilled with grout to ensure good coupling.

o The borehole should extend 3 to 5 m below the expécted bottom of the foundation
element of interest and should ideally be no fi than 1.5 m away. Distances of
up to 6.0 m may be possible in very unifor [ data interpretation difficulty
will also increase (Wightman, Jalinoos,

Some case studies demonstrating the application e pardllel seismic’'method are summarized
below.

MTO'’s Highway 401 Underpass at Hallec

y underpass at Hallecks Road, to aid in
s as part of a pile re-use evaluation. A fully-
testing.

The parallel seismic method was applied at a

g a probe with a built-in 3-orthogonal components
geophone. The probe wasg e bottom of the borehole and subsequently raised in 1-m

plate offset 1.5 m from the baréhole center, and a horizontal beam anchored at distances of 2.12
m and 1.75 m from the borehole. The strike plate was used for vertical strikes, whereas the
horizontal beam was used to generated strongly polarized shear waves. Site equipment was
driven onto the beam to anchor it to the ground.

Data acquisition was accomplished using an ABEM Instruments Terraloc Pro2 seismograph. Data
was sampled at 50 ps time increments with a pre-trigger delay of 10 ms, resulting in the recording
of 4,096 samples per trace.

The parallel seismic results indicated a pile depth of 7.5 m below ground, which corresponded
well to the depth of bedrock and was consistent with results from borehole magnetometer testing
at the same location.
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MTO’s Greenock Creek Bridge

At MTO’s Greenock Creek Bridge rehabilitation project, the parallel seismic method was one of
several geophysical methods used to determine the depth of existing piles. Four boreholes were
drilled and cased for the geophysical testing program, at the inside corners of the abutments.

A triaxial geophone was used to detect the seismic wave arrival times from within the boreholes.
The geophone was coupled to the borehole casing using a motorized wall-lock. The seismic
source was a 9-kg sledgehammer, impacted against a steel bar placed adjacent to the bridge for
three of the borehole locations and directly against the concrete of the bridge at one location due
to increased fill material being present. Two impacts were recorded per measurement depth and
location; a vertical impact (downward) and a horizontal impact in the direction of the abutment.

An ABEM Instruments Terraloc Mark 6 seismograph was used for data acquisition at this project.
Traces were recorded over 200 ms on a 25 us sampling interv cluding a pre-trigger delay of
10 ms, resulting in 8,192 samples per trace.

The results of the parallel seismic testing indicated the
7.6 m below ground. Good agreement was found w
magnetometry, electromagnetic, and natural gam
same locations.

to approximately 7.0 m to
comparing e results from borehole
ing, which were conducted at the

Evaluations of the Depth of a Root-Pile a
Gandolfo, & Aoki, 2017)

ndation (de Jesus Souza, Hemsi,

used to evaluate the depth of

De Jesus Souza et al. (2017) descgibety udies in which the parallel seismic method was
O
Brazil. @

At the first site, the stru S ded on a 3.1-m x 3.1-m x 1.1-m block supported by eight
25-cm diameter roo

underlain by a hard s3a ndwater was found at 2 m below ground.

At the second site, a 23€ eter caisson was investigated. The described stratigraphy
predominantly consisted of regidual micaceous clayey sandy silt. The soil was identified as soft
in the upper 1 m, and hard below 10 m. The water table was found at about 20 m below ground.

At both test sites, the authors used a 1.8 kg sledgehammer as the seismic source for the testing,
impacted directly against the central portion of the concrete pile cap. The sledgehammer was
equipped with a coupled transducer to initiate the recordings. Measurements were taken at 0.5 m
vertical intervals and recorded using a 12-channel Geometrics SmartSeis seismograph.

Test measurements were obtained using a triaxial downhole geophone with a resonant frequency
of 8 Hz. Coupling between the geophone and the borehole casing was achieved using a
pneumatic clamping mechanism.

For the root-pile foundations, a 19-m deep borehole was advanced 0.4 m away from the
foundation block to conduct the parallel seismic testing. The depth of the root-piles was estimated
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to be 11 m. For the caisson foundation, a borehole was advanced 1.2 m away and to a depth of
15 m. The parallel seismic results indicated the depth of the caisson was 8 m.

The parallel seismic results from both sites were compared to as-built records after all
interpretation was completed. It was found that the depths estimated from the testing matched
the depths indicated in the as-built records, validating the reliability of the tests.

3.5 Offshore Investigation

Geophysical investigation methods can enhance investigations in offshore settings by enabling
the collection of submarine and subsurface data in a way that may be safer, faster, and provide
greater coverage than conventional investigation techniques. Ground truthing remains an
important aspect of investigation, however, and geophysical data should be tied in at strategic
locations to calibrate data and validate interpretations.

Objectives of offshore investigation may include:
¢ Mapping sediment thickness and/or bedrock de

e Characterization of underwater overburden

Offshore investigation for MTO will typically i
form of rivers, tributaries, lakes, or s

to stress that working on or a
measures may be neces as ensuring an emergency rescue plan is in place and

3.5.1 Investigation E

The application of seis 2ction, seismic refraction, electrical resistivity, and ground
penetrating radar are discusséed in the following sections. The relative advantages and limitations
of these methods are presented along with practical surveying considerations with respect to a
submarine setting.

For additional information and guidance concerning offshore investigation design, the reader is
referred to the following comprehensive resources:

e ISSMGE TC1. (2005). Geotechnical & Geophysical Investigation for Offshore and
Nearshore Developments. International Society for Soil Mechanics and Geotechnical
Engineering.

e Plets, R, Dix, J., & Bates, R. (2013). Marine Geophysics Data Acquisition, Processing
and Interpretation. English Heritage.
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3.5.1.1 Underwater Seismic Reflection & Refraction

Techniques have been developed for applying seismic reflection and seismic refraction to
offshore settings. Underwater seismic method is highly similar to land seismic surveying. Key
differences are that a transducer located either just below the surface of the water or along the
seabed itself is used to generate seismic energy at regular intervals as it is towed by a boat or
line. Monitoring is performed by hydrophones, often towed separately (Davis, 1996), which record
the return of the seismic energy. As few as one hydrophone could be used, though streamers
deployed for marine surveys can be in the order of a kilometer long (Geometrics, 2021). Lines
can be run for multiple 2D profiles and stitched to provide a 3D dataset, but some newer
technologies allow for multiple streamers to be used side-by-side in close spacing to more
efficiently generate 3D data (Ebuna, Mitchell, Hogan, Nishenko, & Greene, 2013). Coupling
between the water and hydrophones (and source) is excellent (Geometrics, 2021).

Sources and Surveying

Sources can vary from a handheld hammer struck agai rged metal plate to more
technologically sophisticated equipment such as C i tensity Radiated Pulse
(CHIRP) sub-bottom profilers (Pugin, Brewer, & ). Other sources include pingers,
boomers, airguns, and sparkers, though sparkers a nger in common use (ISSMGE TC1,
2005). The selection of a seismic sourcequ on the survey type (reflection vs.
refraction), the desired penetration, and the bandwidth, but allowable options

Greene, 2013).

Fixed frequency or swept freg pe generated depending on the source type.
Fixed frequency “pingers” usua
Jalinoos, Sirles, & Hanng
1.5 kHz can also be garri ers tend to have broader frequency bandwidths, from
500 Hz to 5 kHz. C
40 kHz (ISSMGE TC1, ers and CHIRP systems are most common for shallow water
environments, with boome s being recommended in coarse sands or larger, or CHIRP
systems for finer soils (Plets, Bix, & Bates, 2013).

Higher frequencies will provide higher resolution imaging at the cost of investigation depth. For
example, a 14 kHz signal can image up to 6 m below the top of sediment, whereas a 3.5 kHz
signal can image up to 50 m or more (ISSMGE TC1, 2005), depending on the material. The
vertical resolution of the 14 kHz and 3.5 kHz signals is in the order of 30 cm and 75 cm,
respectively (Wightman, Jalinoos, Sirles, & Hanna, 2004).

Regarding surveying, Plets, et al. (2013) note that towing speed should be kept between 3 to
4 knots and the system should be towed beyond the vessel's wake. The towing direction should
be aligned with or against the current when it is strong, as it can affect data quality due to
turbulence and positioning challenges.
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Challenges

Challenges with underwater seismic reflection can include sources of noise or interference, such
as reflections from nearby structures or the shore, or echoes from subbottom reflectors, which
are referred to as “multiples” (Davis, 1996). Where such sources of noise are identified, it may be
desirable to select a transducer with a narrower beam angle if possible (Wightman, Jalinoos,
Sirles, & Hanna, 2004).

In shallow water systems, a minimum water depth is needed to ensure the influence of multiples
from the water bottom is suppressed (Davis, 1996). These reverberations typically have a high
amplitude owing to the fact that the impedance contrast between the water and the underlying
earth material is relatively high. Minimum water depths of 1.2 m for 14 kHz to 2.0 m for 3.5 kHz
are suggested by Wightman, et al. (2004).

If the water bottom reflector is very strong, it can also mask
amount of energy which passes to those subsequent mat

per reflectors by limiting the
Coarse-grained water bottom

Bedrock water bottoms may also be expected to fu tors
Another challenge is that the source and hydrophone ften towed by a marine vessel, which
is not static. The positions and orientations Q d receivers must be carefully tracked

throughout the survey using GPS (Ebuna,
refraction surveys, which utilize sleds towed alt
measurements. Tow systems have &
measurements are being taken
2005).

d which allow the tow cables to be let out while
en moving to the next station (ISSMGE TCH1,

Air bubbles created b ' gassing and/or turbulence will scatter seismic signals
(Wightman, Jalinoos, ) 004). Therefore, this method should not be used in
settings where this condition mightbe expected, such as some swamps or in rapids.

A challenge with the use refraction for offshore applications is that there is typically
very small P-wave velocit trast between the water and the unconsolidated, saturated
sediment layers along the seabed (Davis, 1996). This small contrast makes it difficult to identify
the seabed and differentiate the underlying layers. This may be of small consequence, however,
if the objective is to delineate the bedrock surface.

Alternatively, shear-waves can be utilized and may result in greater contrasts between sublayers.
Another valuable use for shear wave velocity data is as a predictor of liquefaction potential.
However, the use of shear wave methods requires that the source and receivers be in contact
with the seabed since shear waves will not propagate through the water column (Davis, 1996).

3.5.1.2 Underwater Geo-electric

The underwater geo-electric method is similar to seismic surveys utilizing shear waves in that the
survey involves a sled being towed along the seabed. In the case underwater geo-electric
surveying, the sled is trailed by a streamer which hosts the electrodes from which current is
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injected and measured. Telemetry and power for the streamer is provided via the tow cable. For
a depth of investigation of approximately 3-5 m, a streamer length of 20 m is typical. As with
terrestrial surveying practices, a longer streamer with greater electrode spacing can be used to
increase the depth of investigation, at the cost of resolution and accuracy.

The electrode configuration described by the ISSMGE TC1 (2005) is depicted in Figure 3-2.

Current is injected as an alternating square wave at 1 Hz to compensate for self-potential effects.
In addition to the seabed measurement array, a quadripole antenna is deployed via the tow sled
to measure the resistivity of the seawater. The ratio between the resistivity of the seabed and
seawater is called the formation factor and empirical correlations have been established between
this parameter and saturated marine sediment porosity, soil type, and states of consolidation
(ISSMGE TC1, 2005).

As with terrestrial resistivity surveys, inversion of the survey data is necessary to generate an

interpretation of the stratigraphy using the apparent resistivi ts.
o
Tow Cable Quadripola
N M, M; M,

/ Tow Sled

Figure 3-2. Schematic depiction of underwater geo-electric array, after ISSMGE TC1 (2005)

3.5.1.3 Underwater Geo-radar

Underwater geo-radar is the application of Ground Penetrating Radar (GPR) to a submarine
setting. This method should only be used in freshwater systems, as the conductivity of saltwater
would rapidly attenuate the EM energy emitted for this type of survey, rendering it ineffective.

Advantages of using GPR are that continuous and rapid imaging is possible in a non-invasive
manner. This method is capable of imaging the top of sediment and often several meters into the
sediment. Field data can be viewed and interpreted at the time of acquisition, though it can benefit
from post-acquisition processing to enhance interpretability. The imaging capabilities of GPR are
considered excellent, with vertical resolution in the order of 0.1 m using a 200 MHz system
(Wightman, Jalinoos, Sirles, & Hanna, 2004).
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The primary challenge of using this method in submarine settings is deployment of the GPR
system. Wightman, et al. (2004) note the typical approach to deploying GPR over the water
surface is to use a small rubber boat to carry the GPR antennae and a GPS for tracking its
location. The rubber boat is towed by a motorized boat carrying the data recording equipment.
Another option could involve the use of tow lines to deploy the GPR across planned transects and
to host the recording equipment onshore, provided lines of an adequate length are sourced.

Other limitations include the depth of investigation, which is normally 9 m or less in water, and the
potential for noise due to multiple reflections or echoes off the existing structure (Wightman,

Jalinoos, Sirles, & Hanna, 2004).
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4 SELECTION OF APPROPRIATE GEOPHYSICAL METHODS

4.1 Method Selection for Seismic Site Classification

Geophysical methods which can be used for the purpose of seismic site classification were
discussed in Section 3.1. Some methods involve the use of arrays of geophones, whereas others
may only need a single station. Measurement and analysis may occur in the time-domain or the
frequency-domain, with different benefits to each. Survey logistics may require the drilling and
casing of boreholes, mobilizing specialized rigs, or running cables through challenging terrain.
Evidently, there is a multitude of geophysical techniques from which to pick and choose to fit the
unique circumstances at each site. The selection of one or more methods will require careful
consideration on a case-by-case basis.

Some general factors in selecting one or more methods for seismic site classification are listed
below:

e Surface Conditions: Are conditions at the groun ccessible and conducive to

o Vegetation and other spongy y affect coupling. Where necessary,
geophones should be outfitte buried, and/or covered.

o Array-based method obstructed space to accommodate the array

length necessary esired depth of investigation, accuracy, and
resolution.
e Environmental No ources of environmental noise been identified and can the
contemplated m acceptable SNR in those conditions?
o Where asive, frequency-domain methods such as MASW can be
more robd -domain methods. Passive (microtremor) methods which use

o Selecting a swept source, reversing source polarity, or increasing source energy
may all improve the SNR by increasing the signal amplitude or making the signal
more distinguishable.

o Processing techniques such as filtering and stacking can reduce the influence of
noise but may require planned redundancy in the survey design, such as common
midpoints and/or repeated shots.

¢ Investigation Criteria: What are the requirements for the data to be collected?

o What is the target depth of investigation? Greater depths will require longer arrays
and/or stronger signals.
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If an average across the upper strata is acceptable, surface methods may be
practical. If a specific buried layer is of interest, borehole methods may be
necessary.

What are the dimensions of the study area and what degree of data coverage is
needed? Array-based methods can provide efficient 2D coverage of large areas,
whereas single-station or borehole methods may be more practical for 1D
coverage of a limited quantity of individual points of interest.

What are the lateral and vertical resolution requirements? Surface methods will
suffer from reduced resolution and accuracy with increasing depth, shorter arrays,
or increased geophone spacing.

Is the stratigraphy expected to be horizontal or is it complex? Dipping layers,
velocity inversions, and small velocity contrast affect data quality. Mitigating
these factors may require additional survey a cessing steps.

Table 4-1. Comparison of geophysical methods for seismic site classification

Relative Background Complementary Depth

Method Cost Access |/ Space Noise Investigation Limits
sCPT Moderate  CPT rig access Relatively Can be paired with Cone

required unaffected other CPT probes refusal
Suspension High Drill rig access Relatively Borehole logging Depth of
Logging required unaffected borehole
Seismic Low Space for array Low noise Stratigraphic profiling < 0.5 x the
Reflection- (>60 m) accommodated  can be undertaken array length
Refraction
MASW Low Space for array Moderate noise  Limited stratigraphic < 0.5 x the

(>60 m) accommodated  profiling array length
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ReMi Low Space for array Uses noise as Limited stratigraphic < 0.5 x the
(>60 m) passive source profiling array length
HVSR Low Minimal footprint,  Uses noise as Limited 30 mor
flexible access passive source more

4.2 Method Selection for Stratigraphic Profiling

Non-uniqueness remains an inherent challenge in geophysical data interpretation, so it is best
practice to consider the application of two or more unique (and complementary) geophysical
methods. An intrusive investigation must be completed in conjunction with the geophysical
investigation to facilitate geophysical model calibration and ground-truthing.

Method selection must consider the anticipated stratigraphic conditions and the investigation
objectives. Consideration of the following additional factors is exgected to enhance the value and
success of a geophysical investigation:

1. Complementary Investigation: How might geo

a.

quality? Con
a. Sources, pérvasivefess, and magnitude of signal noise;

b. Subsurface ial types, groundwater, and surface water, and their effect on
source energy attenuation;

c. Thickness of sublayers and the corresponding resolution requirements; or,
d. Distribution and dip angle of sublayers, and the possibility for lost signal.

3. Space Constraints: Does the investigation strategy need to accommodate site surface
conditions to promote surveying efficiency and maintain data quality? Consider:

a. If the site is very small, how much space does the considered method require? If
the site is very large, can the considered method cover large areas efficiently?

b. Do site conditions warrant the consideration of different deployment techniques
(surface, air, or borehole) based on accessibility and/or coverage requirements?
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c. Are surface obstructions (e.g., concrete barriers, slopes, etc.) present which would
add complexity to the survey configuration, affect data quality, or limit the depth of
investigation?

Electrical resistivity imaging (ERI), seismic methods including refraction, reflection, MASW,
TISAR, microtremor, and HVSR, and electromagnetic methods including TDEM, FDEM, and GPR
were discussed in this chapter. The use of these methods for achieving common investigation
objectives is briefly described below for four generalized site conditions:

Flat Layered

A flat layered system can lend itself well to almost any geophysical method and selecting a
method will depend on what the layers consist of, the required resolution, the presence of
groundwater, and sources of noise. The success of any geophysical method hinges on there
being relative contrast between the layers being delineated.

e presence of velocity inversions or steeply
presence of those layers. Loose, dry soils may

Instead, ERI or seismic refraction could be better options as they can both accommodate dipping
features if a suitable strategy is adopted. With ERI, the use of array configurations sensitive to
lateral variations in resistivity such as Schlumberger or Dipole-Dipole can enhance the user’s
ability to detect and delineate steeply dipping or even vertical features such as dykes. Seismic
refraction can be an effective option for subsurface layers dipping up to 20° provided that forward
and reverse shots are taken to complete velocity corrections.

Swam

Wetlands and swamps can present significant challenges to conventional investigation. The use
of mats or amphibious equipment to access strategic investigation locations can be costly and
may be undesirable from an environmental perspective. Geophysical methods with light footprints
and which are highly mobile can be effective options in these settings.
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These environments are expected to feature elevated groundwater tables and high organic
content. The use of EM methods, particularly TDEM, could be considered when delineating the
thickness or lateral extent of organic deposits. GPR can also be effective provided a surface from
which to deploy the rover is present, such as when dealing with buried peat deposits, and if the
target depth is limited. Where a depth to bedrock is desired, seismic refraction could be an
effective option especially where the organic deposits are expected to be extremely thick.

Urban

With increasing degrees of urbanization comes two primary complications to geophysical
investigation: space and noise. Methods which are less susceptible or, better yet, utilize
environmental noise should be sought in these environments. Passive seismic (microtremor)
options could include HVSR where space is severely constrained, or ReMi if space for an array
is available. The success of active source methods may be i ved if a swept source can be
used, to enhance the operator’s ability to distinguish the seis ignal from environmental noise.
uite robust in noisy settings.

TISAR and ReMi may offer the best vertical resolu

Summary
A summary of the discussed methods and ili r achieving different investigation
objectives when presented with these site co [ own in Table 4-2.
Table 4-2. Possible investigation nt objectives and site conditions
Objectives Dipping Layers Swamp Urban
Lithological ERI, Seismic EM, GPR* Microtremor (ReMi
characterization refraction or HVSR), TISAR,
. . . . MASW
Bedrock mapping Seismic refraction, EM, Seismic
HVSR refraction, GPR*
Groundwater EM, ERI EM, ERI EM EM, ERI

mapping

* Provided a trafficable surface is available, such as a weathered crust or working pad

4.3 Method Selection for Detection of Voids

The selection of geophysical methods for void detection will depend on the site conditions and
the size and depth of the potential voids being targeted. As with all geophysical studies, the use
of more than one unique method is recommended where practical and justified depending on the
importance of the study. The purpose of the following section is to aid in the selection of one or
more methods which may be best suited to common conditions. A qualitative comparison of
several methods is presented in Table 4-3 for void detection under different survey conditions.
The discussion below includes mention of some methods not featured in Section 3.3; the reader
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is referred to the corresponding sections in Appendix A for more details pertaining to other

methods.

Table 4-3. Qualitative comparison of methods for void detection under different survey conditions

Survey Conditions

Method
Ideal Manageable Avoid

GPR Shallow; sandy; dry; Silty; damp; long and flat Clayey; wet; salinity; very
small/short and flat area areas large area; sharp

topographic change

Seismic Deep, large voids; dense Compact or stiff soils; Loose or soft soils; very

Reflection or hard soils free of some boulders; light bouldery; shallow, small
cobbles and boulders; far  traffic, or random vibration  voids; heavy traffic, and
from vibration sources; other vibratory noise; short
long and unobstructed survey lines
space for survey line

CH Seismic Minimal vibratory noise; Heavy noise; very thin
thick and horizontal yers; steeply dipping or
stratigraphy; short erely undulating
distance between stratigraphy; very large
boreholes borehole spread

ERI Dry; soft surface material Near-surface clay or other
for planting electrodes; conductive material;
large, open sites for electrical noise from
survey grid utilities

Gravimetry Very large, shallg Small, deep, soil filled

targets, air fille

: targets (reduced density
(high density co

contrast); heavy traffic,
and other vibratory noise;
sharp topographic change

Consideration #1: Site

Given the relatively small sC typically < 1 m) and moderate depth (3-10 m) of the potential
voids being targeted for highway settings, terrestrial techniques with broad coverage are the
preferred approach to void detection and delineation at existing highway sites. Any of the
discussed geophysical methods may be considered further if terrestrial access is expected.

Where space is limited (< 20 m), GPR may be preferred depending on other factors (see Step 2:
Expected Subsurface Conditions). Though not ideal, seismic methods such as MASW and TISAR
are also possible; however, the depth of investigation will be limited to approximately 0.5 x array
length and accuracy will be negatively impacted by shorter arrays. It may be preferable to select
an alternative approach unless the accuracy of the survey can be carefully validated through the
use of alternate data types.

The use of borehole techniques should be reserved for circumstances where the study area is
relatively small / constrained and 3D mapping is deemed necessary based on the importance of
the study. Alternatively, borehole techniques could be considered after a preliminary screening to
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guide the strategic location of the borings. Studies aiming to identify and delineate suspected
voids relating to scour or other processes in a marine environment, the reader is referred to
Section 3.4.

Airborne techniques are not anticipated to be able to reliably detect and delineate small voids at
the permissible altitudes from which these techniques could be deployed within the highway right-
of-way. However, if permitted by the applicable regulatory bodies, airborne techniques can be
effective if the suspected voids are large and/or shallow. These conditions may exist when the
study area is located in a karstic environment, around mining sites, or when targeting large, buried
infrastructure such as tunnels. Airborne techniques will likely be limited to gravity, resistivity, and
electromagnetic methods. The use of these methods must consider additional factors in
determining whether the survey is likely to be successful or if alternate approaches should be
selected.

Consideration #2: Expected Subsurface Conditions

The selection of a geophysical survey method should n
conditions. Consider the following challenging subsu

n the expected subsurface
e conditions:

Wet at Surface / Shallow Groundwater: Geophysi
by wet conditions should be avoided where standing

s which may be adversely affected
or shallow groundwater conditions are

data and also reducing sig gth and limiting investigation depth beyond the reflectors.

Consideration #3: Size and Depth of Suspected Voids

As their size decreases and as depth increases, the difficulty of detecting suspected voids will
increase rapidly. Higher resolution becomes necessary to detect voids as they become smaller,
but typically comes at the cost of shallower depths of investigation. The relative suitability of a
selection of methods for detecting voids of different depths and sizes is depicted qualitatively in
Figure 4-1.

If voids are less than 7.5 m below ground, GPR can be an excellent choice provided the
subsurface conditions are conducive to its success (i.e., no conductive or saline conditions).
Gravity methods may also be appropriate, if relatively large (>2 m) voids are expected.

Seismic reflection methods can offer high resolution where sufficient space exists to host an array
at least twice as long as the targeted depth. Shear wave methods are preferred to achieve the
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highest resolution. Impulsive sources may be considered where the depth of investigation is no
greater than 30 m, but vibrator sources should be used if greater depths are needed. A vibrator
source may offer more flexibility in terms of frequency, enhancing the signal-to-noise ratio and
enhancing an operator’s ability to differentiate the signal from potential noise sources.

Electrical methods may also be a suitable choice up to 30 m, subject to the same array length
requirements as seismic reflection methods. Electrical methods would be a better choice than
seismic in the presence of very soft or loose subgrade conditions, or if frequent cobbles, boulders,
or other dispersive reflectors might be anticipated.

The use of borehole techniques should be considered where the depth of suspected voids is
greater than 7.5 m and space is constrained, especially if vertical delineation is required.

Sands

Figure 4-1. Relative

4.4 Method Selection Re-use of Existing Foundations

A critical aspect in evaluating the re-use potential of existing foundations is determining the
founding depth. Borehole magnetometry, electromagnetic induction, and acoustic methods have
been demonstrated to be reliable techniques for obtaining that information. The relative
advantages and limitations of each of these methods is summarized below and in Table 4-4.

Table 4-4. Comparison of selected geophysical methods for investigating existing foundations

Method Advantages Limitations
Borehole Unaffected by splices Not suitable for timber, concrete, or masonry
Magnetometry Unaffected by pile slenderness May be affected by nearby magnetic

anomalies (hematite-containing soil/rock,
buried metal objects)
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Electromagnetic  Unaffected by splices Not suitable for timber, concrete, or masonry
Induction Unaffected by pile slenderness Should be paired with natural gamma ray
Can obtain conductivity and logging to differentiate elevated conductivity
magnetic susceptibility data for readings from clay vs. pile
surrounding soils Affected by EM noise

Impulse Echo Suitable for any material type Requires surface of foundation to be exposed
Does not require a borehole Pile slenderness of 30:1 or less, ideally

Relatively quick and inexpensive Splices or discontinuities may attenuate signal
Very stiff soils may attenuate signal

Parallel Seismic  Suitable for any material type Requires surface of foundation to be exposed

Less affected by weak source or
strong attenuation compared to
impulse echo

Borehole Magnetometry

Borehole magnetometry is suitable for the detectio steel foundations or those containing
avourable when investigating steel
surface area to volume ratio, which
orehole magnetometry is also well-

ineffective, however, for detecting

y borehole is required, and it should be advanced
as close as possible to the lements to promote detection.

Electromagnetic In

Similar to borehole mag
steel and steel-containing fO

electromagnetic induction is well-suited to the detection of
ation elements but ineffective for detecting timber piles.

One noteworthy advantage is that conductivity of the surrounding materials can also be
measured, which can be valuable for assessing corrosion potential especially when paired with
the self-potential method.

Electromagnetic induction should be paired with natural gamma ray logging to differentiate
elevated conductivity readings due to clay from that of the targeted foundation element.
Electromagnetic induction methods can also be affected by external electromagnetic noise from
power lines, electronic devices, and other sources.

Acoustic Methods

Acoustic methods discussed herein included the impulse echo method (PIT) and the parallel
seismic method. Acoustic methods can be used to determine the dynamic stiffness of foundations
and can be used for various materials (concrete, timber, steel).

Ontario @



Guideline for Geophysical Investigations June 2026
Version 1.1 61

The impulse echo method is relatively inexpensive and rapid to implement, as it does not require
the installation of a borehole. Applications include detecting defects, soil inclusions, pile necking,
bulbing, and approximating pile lengths. Ideal candidates for this technique include free-standing,
columnar-shaped foundation elements without a structure on top, especially if the length-to-
diameter ratio is 30:1 or less. This technique is effective in soft soils where the toe reflection is
discernible, but very stiff surrounding soil will attenuate signals more rapidly.

The impulse echo method is less suitable for steel H-piles due to high length-to-diameter ratio
and high surface area to volume ratio, resulting in rapid dampening of the signal by surrounding
soils. The presence of splices may also act as intermediate reflectors, resulting in attenuation of
deeper signals. Other pile types which can be challenging for the impulse echo method include
micropiles due to their small size and high length-to-diameter ratio, and hollow piles due to the
inability to achieve a plane wave. The tapered shape of timber piles can negatively affect toe
reflection (Pile Dynamics, Inc., 2024), as can very rigid s@il”or rock which may result in
compression reflection instead of tension reflection of bar w,

The parallel seismic method can be a favourable alterna thod if there are concerns
regarding attenuation of surface signals due to i rs or significant cover
material. Some (attached) part of the structure m sed, however. As with the impulse

echo method, parallel seismic is suitable for variou
steel, masonry, and wood.

Additional Considerations

A borehole is required for each
typically the most expensive

¥ encountered in ground-improvement applications and
I. However, these materials disperse stress waves and are

option. The high variability O 2p soil mixed columns also makes them challenging for acoustic

methods, so CH radar and electrical resistivity may be more viable alternatives (Hertlein & Davis,
2006).
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PART

MTO Reporting Re
Geophysica

irements for
igations

technical success of
particularly beneficial
equipment on barges or a dge of a water body and by enabling the efficient acquisition of
continuous or semi-continuous’data over large areas. Offshore settings may encompass a variety
of unique conditions and the development of an investigation strategy will require careful
consideration of those conditions on a case-by-case basis. A general commentary on favourable
uses of seismic, electric, and electromagnetic methods is provided below and summarized in
Table 4-5. Some investigation considerations are also discussed.

Table 4-5. Summary of offshore geophysical investigation methods selection considerations

Method Strengths Limitations

Seismic Reflection  Water bottom profiling in water body of  Often limited depth of investigation
almost any depth; Thin sediment beyond water bottom; Interference
and/or scour delineation from nearby structures and multiples

can negatively impact SNR
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Seismic Refraction  Characterization of subbottom material Compressive wave velocity contrast
elastic properties between water, water bottom, and
individual sediment layers may be
small; Shear wave systems require
use of towed sled along water bottom;
Attenuation of signal if gases are

present
Geo-electric Water bottom profiling; Unaffected by Requires towed sled along water
gases; Can be used in saline water bottom; Inversion is required to

interpret stratigraphy from apparent
resistivity results

Geo-radar High resolution, real-time imaging; Restricted to fresh water only; Limited
Small equipment does not require to water depths of about 9 m or less;
vessel equipped with A-frame or crane Interfergnce from nearby structures or
to be deployed

Methods Summary

Seismic methods can be deployed in an offshore / s
the water column or along the water bottom. Towing
deeper water and wider spans, or using a ca

e by a marine vessel, in settings with
hored onshore if practical.

Seismic reflection is likely to be most useful Wh imary objective is to obtain a subbottom
profile or delineating scour, with poteatially depths of investigation beyond the water

an be expectedito decrease when the water bottom is lined with
gSence offgassy organics. The signal-to-noise ratio may

also suffer in very shallow water badie§; in

efraction if the primary objective is to characterize

investigation as well as impe ce contrast may be limited for systems suspended within the
water column, restricted to utilizing compressive waves. The use of a sled system towed along
the water bottom should be considered where viable, to bypass the water column and to allow
the measurement of shear waves. The use of a towed sled system is more intrusive and must
consider the potential for obstructions (e.g., vegetation, rip rap, debris) in addition to permitting
requirements from the applicable regulatory bodies.

The parallel seismic method, as discussed in Section A.2.5.2, may be an effective seismic
investigation technique for identifying and delineating scour affecting bridge piers. This method
requires the installation of a cased borehole within 1.5 m laterally and extending a few meters
below the target pier. A mud-filled scour zone would be expected to strongly attenuate the signal,
making these zones distinguishable on a seismic log. An experimental example of this application
is described by Wightman, et al. (2004).
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The geo-electric method will require similar considerations to that of seismic surveys utilizing
towed sled systems. Electric methods are not expected to be adversely affected by gas-charged
sediments, however, and could be a suitable alternative to seismic methods when such conditions
exist. It is necessary to calibrate these systems to the water depth, salinity, and temperature of
the study area to obtain meaningful quantitative data (ISSMGE TC1, 2005).

Geo-radar can be useful for detailed imaging of scour or sediment layers as thin as 0.1 m and to
depths up to 9 m (Wightman, Jalinoos, Sirles, & Hanna, 2004) along the water bottom. An
advantage over other methods is the relative rapidity with which data can be obtained using geo-
radar, since real-time imaging is possible. This method will be subject to the same limitations
which affect terrestrial GPR; of particular relevance for offshore investigation is that the use of
geo-radar will only work well in freshwater systems.

Investigation Considerations

Some considerations for offshore geophysical investigatio

ic reflection and GPR. Geoelectric
and/or borehole methods may be more ro in settings where strong reflective

e The presence of riprap can potentially all methods discussed in this chapter
but especially if towing a sled ipr@p is anticipated or identified, methods which are
suspended in or above thew y be preferable. Furthermore, riprap may have
a diffractive effect on sé PR signals, which will cause attenuation and
reduce resolution. Th ator may wish to exploit this diffractive behaviour, however
if one of the inve es is to delineate the extent of riprap. The parallel seismic
method may vhen evaluation of the materials covered by riprap is

required, but inSgallation of e required borehole may be particularly challenging.

e An opportune time 1€ out seismic or GPR surveys across water bodies may be during
the winter, when the water surface is frozen. Working on ice may require additional safety
precautions, such as verifying ice thickness, the use of crampons, and tying off to a safety
line.

e The span of the water body must be considered in the investigation plans, as it may be
possible to conduct the survey using land-anchored cables rather than chartering a marine
vessel. This approach, where viable, may be considerably less expensive, faster, and
safer depending on the water conditions (current, obstructions, depth, etc.) and the size
of the study area.

e Swamps with gassy organics may negatively affect seismic survey data quality. It is
advisable to incorporate an electrical or GPR survey with seismic in case such a condition
is encountered, whether expected or not.
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e The relative rapidity with which GPR can be deployed and imaging obtained lends itself
well to using this method for preliminary screening followed by the use of other methods
once investigation targets are better identified / located.

o If a marine vessel is chartered for offshore geophysical investigation, it may be desirable
and cost effective to add microgravimetry to the survey suite to maximize the use of the

Q&
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5 REPORTING REQUIREMENTS

This section describes reporting requirements for geophysical investigations carried out directly
for MTO or for a service provider on behalf of MTO. These minimum requirements are to be met
to ensure consistency amongst deliverables for the purpose of quality control, communicating
investigation parameters and results, and satisfying MTO investigation objectives.

5.1 General

The following requirements are applicable to geophysical investigation reports in general,
irrespective of the methods and objectives. The listed subsection titles are not strictly required but
may be adopted to aid in organizing report contents.

e [ntroduction:

o State the investigation objectives (e.g., stratig
resolve the geology from surface down to a

y mapping across a swamp, to
ing the bedrock contact);

o Site description;
o Date(s) of investigation activities;

e Data Acquisition Methodology:

resiStivity data were collected using...)

o Description, table ;gl igureSidepicting survey location(s), coordinates of
<10, 3
Y

o Data Processing and Interpretation:

o Post-processing parameters, such as analytical method, noise reduction
techniques, etc., including software used;

o Commentary on noise levels, signal-to-noise ratio, quality of the raw (seismic or
electrical records) and processed (dispersion, inversion) data, including site-
specific factors which may have affected the data;

o Interpretations and error analyses should be available for review, if applicable;
e Results:
o Figures: plans, profiles, annotated with interpreted features of interest;

o Plotted data should include contours, if applicable, using consistent and legible
legends to facilitate comparison between figures if needed;
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o Depth slices should be presented if warranted, including depth, annotations of
features, and limits of survey/spreads;

5.2 Project-specific

Some or all of the following requirements may apply depending on the specific objectives of the
geophysical investigation. This list is not exhaustive, and the geophysical contractor should
include any relevant sections, comments, data, or observations based on their experienced
judgement.

e As suggested by Hunter, et al. (2022), shear-wave velocity calculations should be
presented in tabular format. The table should include the interpreted layer thicknesses,
velocities, and the calculated traveltime within each layer.

o Where shear-wave velocity is being investigated, the v ity range and average should
be presented, and any trends should be described. F mple, if shear wave velocity is
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A.1 Electrical and Electromagnetic Methods

Earth materials (i.e., soil and rock) consist of collections of minerals which resist the flow of an
electric current to different degrees depending on the type of material that is present. Electrical
and electromagnetic methods exploit this phenomenon to generate an inferred model of
subsurface conditions and stratigraphy. To differentiate between materials, these methods
depend upon a contrast existing between the resistivity or electromagnetic properties of the
materials. Representative resistivity values for some typical earth materials are presented below
in Table A-1, after Peck et al. (1974).

An electric current can be directly applied to the subsurface using electrodes, or it can be induced
by generating electromagnetic flux. Methods utilizing electrical currents are generally termed,
resistivity methods, since these methods aim to provide a measurement of apparent resistivity
across a medium. Methods utilizing electrical and magnetic fi to induce one another are

Material

Clay and saturated silt

Sandy clay and wet silty sand

Clayey sand and saturated sand
Sand

Gravel

Weathered rock 1,000 to 2,000

1,500 to 40,000

Sound rock

Common electrical and gnetic methods are presented in the following sections.

A.1.1 Electrical Resistivity

Electrical resistivity imaging (ERI) is a geophysical technique involving the use of electrodes to
inject an electrical current through the ground. This technique is also known as electrical resistivity
tomography (ERT). In this technique, a current is usually applied directly to the ground via
electrodes, designated the current electrodes, which form the above-ground part of a circuit while
the ground itself forms the remainder of the circuit. The electrical potential difference is then
measured between additional electrodes, designated the potential electrodes (Eastern Research
Group, Inc., 1993).

While it is typical to apply a direct current (DC), commutated DC or low frequency alternating
currents (AC) can also be used (U.S. Army Corps of Engineers, 1995). The placement of
electrodes may not be practical or possible where a site is surfaced with concrete, asphalt, or
other hard materials. Under these circumstances, AC can be used to induce a current in the
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ground without direct contact. These so-called non-contacting methods could also be used if
airborne surveying is necessary (Milsom, 2003).

The resistivity of the subsurface materials between the current electrodes can be calculated
based on the geometry and spacing of the electrodes, the current that was applied, and the
voltage difference that was measured (Eastern Research Group, Inc., 1993). The resistivity of the
different subsurface materials is calculated using Ohm’s Law, which describes the resistance, R,
across a resistor as the quotient of the voltage (or potential), V, and the electric current, I, as
expressed in Equation 1:

R=- )

The resistivity, p, of the material can be found by factoring the resistance by the cross-sectional
area, A, over the length, ¢, of the resistor, as per Equation 2:

A
p=R- (2)

£

Equation 1 can be substituted into Equation 2 to e ss resistivity |
current in a system of a defined cross-sectional ar: nd lefgth:

rms of the voltage and

V A

(3)

In practice, the cross-sectional area over le ted for using a geometric factor, K,
which is determined based on the rg i of the electrodes used for the measurement.
proportional to the geometric factor; hence,
smaller geometric factors will £ general, and especially where background

noise is high (Loke, 2000).

[ rather an apparent resistivity, p,, representing the weighted
influence of all materia geneous and often layered system. Equation 3 can thus be

rewritten as:

%4

paZT*K (4)

Geometric factors can be determined for any configuration of electrodes. However, the use of
linear and well-defined configurations can greatly simplify the calculation of geometric factors and
lends itself to more efficient data processing (Pierce, Liechty, Rittgers, & Markiewicz, 2012).
Common electrode configurations discussed below include the Schlumberger array, the Wenner
array, and the dipole-dipole array. Each of these configurations have their respective strengths
and weakness which must be considered when selecting a configuration that will satisfy the
objectives of a study.
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Wenner Array

The Wenner array is regarded as the simplest configuration. It consists of four, equally spaced
electrodes. The current electrodes, A and B, are placed at the two opposite ends of the
configuration, while the potential electrodes, M and N, are placed between them.

This configuration can be used for depth soundings by increasing the spacing, a, between the
electrodes and maintaining a constant center point at the location of interest. Lateral profiling can
be performed by shifting the array along a survey alignment while maintaining the same electrode
spacing (Herman, 2001). Lateral profiling is depicted in Figure A-1.

This configuration is relatively well suited to characterizing vertical changes in resistivity but poorly
suited to detecting changes horizontally (Loke, 2000). Thus, recommended applications of the
Wenner array might include supplemental characterization of a horizontally layered stratigraphic

profile or estimating a depth to groundwater. 1

Figure A-1. Wenner array advancing laterally from [1] to [2]

Schlumberger Array

The Schlumberger array is one of the most common configurations used to carryout resistivity
sounding surveys (Loke, 2000). It is named after the Schlumberger brothers, who were pioneers
of the electrical resistivity survey method.

This configuration is similar to the Wenner array except that the spacing between the two potential
electrodes, a, is kept relatively small compared to the distance between the outer current
electrodes, s. Depth soundings are achieved by progressively moving the outer current electrodes
further away (i.e., increasing s) while keeping the inner potential electrodes stationary (Hunt,
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2007). Lateral profiling is accomplished by stepping the potential electrodes along the survey line,
moving from A to B or vice versa, while keeping the current electrodes stationary.

Loke (2000) notes this array is moderately sensitive to both horizontal and vertical changes in
resistivity. The depth of investigation is also slightly greater than that of the Wenner array for the
same distance between the two outer current electrodes, but signal strength is lower.
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Dipole-dipole Array

The dipole-dipole arrz

ombined resistivity/IP surveys because there is low electromagnetic
surrent and potential electrodes (Loke, 2000).

1995). It is also popular
coupling produced betwee

For this configuration, the current electrode pair, AB, is placed a distance, “a”, apart. The potential
electrode pair, MN, are placed with the same separation. The distance between B and M is a
multiple of that spacing, denoted as, “na”. This “n” multiple is typically incremented sequentially
up to about 6 to increase the depth of investigation (Loke, 2000).

This array is highly sensitive to horizontal changes in resistivity but relatively insensitive to vertical
changes. Horizontal data coverage is also better than that achieved with the Wenner array (Loke,
2000).

This configuration yields a lower vertical resolution than the Wenner and Schlumberger arrays for
an equivalent signal strength (Herman, 2001). The depth of investigation is also shallower for the
dipole-dipole array than the Wenner array for an equal array length with “n” values below about
3. An important limitation of this configuration is that signal strength decreases by the cube of “n”

(Loke, 2000). Therefore, a sufficiently sensitive resistivity meter and good ground contact are
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critical at large values of “n”, and a practical limit will exist depending on the available voltage and
the background noise levels that exist at the site.

Recommended applications for the dipole-dipole array include mapping vertical features such as
trenches, cavities, or dykes (Loke, 2000).

A
v
A
\ 4

Figure A-3. Dipole-dipole array with increasing spacing, na, from [1] to [2]

The relative strengths and weakness of these configurations are summarized in Table A-2.

Table A-2. Relative strengths and weakness of common resistivity arrays

Configuration Strengths Weaknesses
Wenner  Simplicity of p, formula * Insensitive to lateral variations in
e Moderately sensitive to vertical resistivity
variations in resistivity ¢ More susceptible to drifting or
o Relatively small current required unstable potential differences than

o Availability of large album of Schlumberger array

theoretical master curves for two- to
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four-layer earth models per Mooney
and Wetzel (1956)

Labour intensive but mitigated by
use of automatic switching

equipment (Herman, 2001)

Readily smoothed sounding curve * Longer data processing than
e Moderately sensitive to lateral and Wenner array if asymmetric
vertical variations in resistivity geometry is used (Pierce, Liechty,
e Less susceptible to stray currents due Rittgers, & Markiewicz, 2012)
to smaller spacing than Wenner array
e Less labor and setup time than
Wenner array
e Greater depth of investigation and
resolution than Wenner for equal AB

Schlumberger

spacing
Dipole-Dipole o Highly sensitive to lateral variations in ¢ Insensitive to vertical variations in
resistivity ity

er vertical resolution
generator required especially

¢ Reduced field measurement times
e Fewer issues with current leakage and
inductive coupling

the current passes. The relative influence of
of a survey increases. The effective depth

the electrode spacings increase (U.S. Army Corps of Engineers, 1995).

The effective depth of investigation, z, can be approximated for simple array configurations. As
an example, given a Wenner array with an electrode spacing, MN = a, the total array length, AB,
will be 3a. The effective depth of investigation is taken as the depth where half the current, |,
passes through the ground above z and half passes through the ground below z. For the Wenner
array, z is approximated as AB/2.

The relative resistivity of the subsurface layers will also control the effective depth of investigation
because electric currents will always follow the path of least resistance. The presence of a near-
surface conductive layer would therefore act as a preferential pathway for an applied current and
the relative influence of deeper resistive layers would be obscured (Pierce, Liechty, Rittgers, &
Markiewicz, 2012).
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Other factors which will affect electrical resistivity survey results include moisture content,
temperature, and salinity. Most soil and rock-forming minerals are poor conductors (i.e., highly
resistive) and it is the water that is present within the pore space that primarily conduct an applied
ground current. Clay minerals can also carry electrical currents due to the water that is bound to
these extremely small particles (Milsom, 2003). An increase in moisture content due to increasing
saturation or an increase in porosity due to looser particle arrangements can therefore decrease
resistivity because of the relative increase in the volume and influence of the pore fluids.

The relative effect of moisture content on resistivity is greatest at low water contents and in
coarser soils. Merritt et al. (2016) found the resistivity of a fine sand sample increased by four
orders of magnitude with moisture content decreasing from 5% to 1%. Silt and clay samples were
both observed to follow the same inverse relationship between moisture content and resistivity,
though the magnitude of change was much less for equivalent changes in moisture content. The
resistivity of silt and siltstone changed by two to three orders ofghagnitude over a 10% change in
moisture content. The resistivity of clay changed by about der of magnitude over a 20%

Increasing the temperature of a material also reduc istivity due to increased ion agitation

(Kazmi, Qasum, Siddiqui, & Azhar, 2016). Fg asing the temperature of water from
0°C to 20°C can decrease its resistivity by & . oil extracts, conductivity has been
found to increase by about 2% per additional grade (Campbell, Bower, & Richards,
1949). Conversely, electrical resisti¥ity“will increase by several orders of magnitude if the pore
water freezes (U.S. Army Corp @ ).

Lastly, increasing the concentra dissolved NaCl from 50 mg/L to 10,000 mg/L can reduce

the resistivity of water by ilsom, 2003).

A.1.2 Electromag

An electric current runni a wire which is shaped into a loop will induce a magnetic
dipole field. If this primary magf€tic field is varied, to produce magnetic flux, eddy currents will be
induced in nearby conductors. The eddy currents induced in these nearby conductors will, in turn,
produce a secondary magnetic field proportional to its mutual inductances with the transmitter coil
and a second wire loop or coil, designated as the receiver coil. The apparent conductivity of a
collection of subsurface materials, in siemens per metre (S/m), can hence be determined (Milsom,
2003). Electromagnetic (EM) surveying techniques apply this concept to infer subsurface
conditions relating to variations in the measured conductivity. Conditions which may influence the
apparent electrical conductivity include soil salinity, soil types, water content, organics, and more
(Doolittle & Brevik, 2014).

Electromagnetic Attenuation

The energy associated with seismic (elastic) waves, electromagnetic waves, currents induced by
electrical fields, or radioactive particle fluxes, will experience exponential decay as it propagates.
This decay is a result of absorption and geometrical attenuation, and it can be described in a
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homogeneous medium as a function of the distance travelled (or time lapsed) and an attenuation
(or decay) constant (Milsom, 2003).

The attenuation constant, a, for electromagnetic wave propagation is given by Equation 5:

)
N =

2
Uala (1 + _wzsﬁ) -1

a= w 3 (5)

where,
Ug is the absolute value of magnetic permeability,
g, is the absolute value of electrical permittivity,

w is the angular frequency, equal to 2rf, and

o is the conductivity.

The frequency of the signals used by EM techniques i he order of 10 Hz to 100 kHz (Eastern

Research Group, Inc., 1993). At these freq

for most earth materials (Milsom, 2003) and E is,often approximated as:

(6)
A useful concept is that of the is taken as the reciprocal of the attenuation
constant (i.e., 1/a), and which d 2s the depth or distance over which the wave energy has
dropped to 1/e (or appre 8%) of its original value at the source. Skin depth can be

EM Methods

There are two broad categori€s’of electromagnetic surveying techniques discussed below: time-
domain electromagnetics (TDEM) and frequency-domain electromagnetics (FDEM).

A.1.2.1 Time-Domain Electromagnetics

TDEM techniques typically use a modified symmetrical square wave current, which is abruptly
reduced to zero for a quarter period after every second quarter-period and then reversed. This
abrupt shut-off of the transmitter current produces magnetic flux, which induces a secondary
current in the ground. The amplitude of the induced current will begin to decay as it travels through
the resistive subsurface materials, in turn producing magnetic flux and inducing other currents.
This cycle will continue to propagate deeper and further from the transmitter. By measuring the
amplitude of the decaying magnetic fields associated with the induced currents, the resistivity can
be measured for progressively deeper subsurface materials over time (U.S. Army Corps of
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Engineers, 1995). TDEM is also known as transient electromagnetics (TEM) (Eastern Research
Group, Inc., 1993; Milsom, 2003).

TDEM systems are popular where overburden conductivity is high and skin-depth is limited, since
the absence of the primary field when measuring the secondary field allows for very high power
to be used. TDEM is superior to FDEM for precisely locating very small targets due to the ability
to use the same coil as the transmitter and the receiver, thereby reducing the coil spacing to zero
(Milsom, 2003). It is also noteworthy that by measuring the ground response immediately after
shutting off the transmitter current, small errors in the location of the receiver coil do not affect the
accuracy of the measurement since there will be no coupling between the transmitter and receiver
coils. This insensitivity offers a considerable advantage over FDEM, which is very sensitive to
variations in the spacing between the transmitter and receiver coils (U.S. Army Corps of
Engineers, 1995).

A variant of the TDEM method is the University of Toronto
UTEM was invented by Drs. Yves Lamontagne and Gord

ctromagnetic (UTEM) system.
in the 1970s at the University

opposite of traditional TDEM methods which meas surface response upon shutting off
the transmitter (i.e., during the “off-time”).

With UTEM, the depth of investigation is upii 1.5 to 2.0 times the dimensions of
the loop that is used. For mineral exploration pOp sizes can range from 300 m to 4 km
in diameter for highly resistive terrain @0ps are used for conductive terrain or shallow
soundings. The UTEM system is le of detecting anomalies as low as 0.01 pT at
5 Hz and above and can be de es as well as from above ground.

frequency used for these ill be selected based on the required depth of investigation,
with higher frequencies ' allower surveys (U.S. Army Corps of Engineers, 1995). FDEM
techniques are also referred continuous wave electromagnetics (CWEM) (Milsom, 2003).

Survey configuration has important effects on FDEM surveys. Increasing coil separation will
increase the depth of penetration but reduce resolving power. Coil orientation is also important,
as it will affect the degree to which the primary induced field is in-phase with the receiver coil.
Coupling is maximized with co-planar and co-axial coils and minimized with orthogonal coils. As
coupling increases, sensitivity to coil separation increases and sensitivity to coil alignment
decreases.

Coupling can be exploited, however, since varying the orientation of survey lines will change the
coupling between the coils and the target conductors. Hence, the orientation of a target conductor
can be determined. The detected anomalies will be greatest (and most defined) when survey lines
are run orthogonal to the orientation of the target conductor. Ratios of vertical to horizontal fields
can also be measured and used to indicate dip angles (Milsom, 2003).
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A.1.2.3 Ground Penetrating Radar

Ground penetrating radar (GPR) uses reflected electromagnetic (EM) pulses to generate a ground
response for imaging purposes. The EM pulses used for GPR surveys are considered high
frequency, typically ranging between 80 to 1,000 MHz (U.S. Army Corps of Engineers, 1995).

The EM pulses will reflect off subsurface interfaces where a contrast exists between the dielectric
properties of the materials which are present. Such contrasts may exist at the interface between
soil, rock, and/or groundwater surfaces, as well as buried infrastructure (U.S. Army Corps of
Engineers, 1995). Higher contrast interfaces will reflect more energy, resulting in a higher
amplitude signal being detected (Hussain, et al., 2020). Like seismic reflection, the common offset
and common midpoint reflection techniques are used in GPR (U.S. Army Corps of Engineers,
1995). The data processing techniques used in seismic and GPR are also highly similar (Lai,
Chang, Voélker, & Cheung, 2021).

Conductivity and Dielectric Properties

The attenuation equation, given by Equation 5 in Sectj A, plies to GPR. However,
the frequencies used for GPR are several orders of i an those used for other
EM techniques. At these high frequencies, lo cy approximations are no longer
permissible and the conductivity, o, and permittivity, ¢, e media are important properties which

reported in milliSiemens per mete . mittivity, previously known as the dielectric
constant (Milsom, 2003), is a di ameter which describes the polarizability of a
material subjected to a steady- J.S. Army Corps of Engineers, 1995). Relative
permittivity, €, is defined as the ra e permittivity of a material to that of a vacuum, €, (Milsom,
2003).

There are three co arization: atomic, molecular, and interfacial. Within the GPR
frequency range, the
polarization can be come i at frequencies above 10 GHz, well above those used for GPR,
and interfacial polarization caWbe come important at frequencies below 100 MHz. The velocity in
turn impacts the degree of reflection, diffraction, and scattering of the EM waves (Everett, 2013).
Water molecules are highly polarizable and hence have a relatively large relative permittivity of
approximately 81. For comparison, the relative permittivity of most earth materials is between 3
to 8.

In earth systems, water and water-rich materials such as clay are therefore critically important
when considering the application of GPR. An EM field will lose much of its energy to interactions
with polarizable materials, such as water. Water, whether in pore spaces or bound to clay
minerals, will also have a controlling effect on conductivity in most earth materials, which are
otherwise highly resistive. Clay minerals will have an important influence on GPR signals not only
due to adsorbed water, but also due to their polarizability because of trapped cations along their
surfaces. Furthermore, clay minerals are also relatively conductive.
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These aspects of water and clay result in these materials dominating the displacement current
flow at the frequencies used for GPR. Correspondingly, for high water and/or clay content, relative
permittivity will be high and EM wave velocity will be lower (U.S. Army Corps of Engineers, 1995).
Variations in the water and clay content will, hence, also have an essential role in determining the
amplitude of the reflected waves in most (resistive) earth materials. Other factors which reduce
the amplitude of reflections are a smaller and rougher reflective surface (Milsom, 2003).

It can be seen from Equation 5 that the attenuation of radar waves is primarily due to electrical
conductivity. However, the GPR signal strength along a given travel path will also attenuate
because of EM absorption from polarization, scattering from rough reflecting surfaces, and
diffraction from small or sharply angled reflectors (Everett, 2013; Milsom, 2003). These processes
result in a smaller portion of the original signal travelling along the ray path reaching the receiver
antenna. Milsom (2003) notes for GPR surveys to be successful, at least 1% of the incident wave
energy must be reflected.

The dielectric constant and rate of attenuation for some ¢ arth materials are presented

in Table A-3, as seen in Everett (2013), after Davis and The attenuation rates are
based on a center frequency of 100 MHz. It is evid s that GPR signals will
attenuate rapidly in the presence of conductive m clays and saline water.

Material Attenuation (dB/m)
Air 0

Freshwater 0.1

Seawater 1000

Sand (Dry) 0.01

Sand (Saturated) 0.03-0.3

Clay 1-300

Limestone 0.4-1.0

Granite 0.01-1.0

Resolution and Attenuation

While an understanding of the factors which will affect the propagation of EM waves is of great
importance in selecting and designing a GPR survey, only the frequency and pulse width of the
emitted EM wave can be readily controlled.

Based on wave theory, wavelength is a function of wave velocity and frequency. Higher
frequencies correspond to shorter wavelengths. It is typically accepted that the smallest feature
that may be resolved by a wave is equal to approximately half the wavelength in size.

For a feature to be distinguished by a GPR system, the detected EM pulses which are returning
to the receiver antenna at surface must also arrive at distinct times. The resolution of a GPR
system is hence limited by the width of the transmitted pulses, At. Pulse arrivals which overlap
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will be indistinguishable, masking the presence of thinner features which do not sufficiently spread
the respective arrivals of the pulses reflecting off the top and bottom of the feature. The
transmitted pulse width is also inversely proportional to the frequency bandwidth, Af, so a shorter
pulse width will broaden the frequency bandwidth (Everett, 2013).

It can be seen from Equation 5 that increasing frequency will increase attenuation, thereby limiting
the depth of investigation. The depth of investigation can be increased by broadening the pulse
width and hence lowering the frequency bandwidth, but resolution will suffer.

GPR systems will typically have a center frequency identified, but they will emit a frequency
bandwidth ranging from about 50% below to 50% above that central frequency (Milsom, 2003).
The center frequency of this band should be selected to yield the highest resolution while still
reaching the desired depth of investigation.

Equipment

of electrical interference (Milsom, 2003).

The survey settings are inputted in the C the frequency, recording time, and
stacking. Milsom (2003) reports typical record
2,048 traces are stacked. A sampling rate leastifour but ideally eight times the center
frequency is advised.

The EM pulses are emitted by enna, positioned close to the ground surface.
Detection of the reflected EM p eved by that same antenna or by a dedicated
receiver antenna. Commoa iling, in which the spacing between the antennae is held
constant, is most coma 2R sUrveys. The common midpoint configuration, in which the

antennae spacing is
2003) and is not discu
since the antennae can be
traverses.

afixed location, is very rarely used for GPR surveys (Milsom,
he common-offset configuration lends itself well to mobility,
in a single sled which is then pushed or towed for rapid survey

GPR Data Processing

GPR survey data is processed similarly to seismic reflection data. Some of the most common
processing techniques applied to GPR data are described below. A valuable advantage of using
GPR is that the data can be viewed and much of the processing done in the field, which allows
adjustments to the survey parameters to be made right away.

Stacking: A technique whereby multiple signals recorded at the same station can be added
together. Each recorded signal should comprise a portion of the EM pulse emitted by the
transmitter antenna and subsequently reflected to the receiver antenna, and a random component
consisting of environmental noise. Since the emitted signal is consistent and repeatable and the
noise should be random, at least in part, the addition of these traces has the effect of amplifying
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the signal and cancelling or at least reducing the effect of random noise. Stacking is especially
convenient for GPR surveys due to the high sampling rates that are used (Milsom, 2003).

Low-cut and high-cut filters: The recorded traces are curves which depict the amplitude of the
reflected waves recorded by the receiver antenna. The application of low-cut and high-cut filters
eliminates parts of the trace that are outside of a specified amplitude range. The very low or very
high amplitude responses eliminated by these filters generally correspond to noise.

Automatic gain control (AGC): As the EM waves travel through the ground, the signal strength
will decay. This decay can be modelled and therefore corrected by applying an amplification
function to the trace. At the field level, AGC is used to accomplish this.

Advantages and Limitations

The clear advantage of using GPR is the relatively sharp resol that can be achieved, which
is of great value in applications such as void detection, ating buried infrastructure, or
detailed stratigraphic model. Furthermore, the ability to g eliminary imagery directly in

There are, however, several important factors that ca ely limit the success of a GPR survey.
These factors include:

e Sources of interference, such as radi6

e Water, clay soils, and ¢

A.2 Seismic Methods

Seismic methods exploit the propagation of acoustic energy as an elastic wave to measure the
dynamic properties of subsurface materials. The propagation of seismic energy is controlled by
the acoustic impedance of the media, which is the product of the bulk density, p, and the seismic
velocity. To distinguish different materials in the subsurface, seismic methods depend on acoustic
impedance contrasts between those materials. The seismic velocity is, in turn, also controlled by
density as well as by the elastic moduli of the materials (Interstate Technology & Regulatory
Council, 2019).

Different energy sources can be used to generate the elastic waves measured by seismic
methods. Seismic energy sources can be as simple as a sledgehammer and strike plate, to as
sophisticated as large mobile harmonic oscillators. Higher frequency sources are generally
preferred as they will produce shorter wavelengths, which aid in precisely identifying arrival times
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in the data (U.S. Army Corps of Engineers, 1995). Explosive sources are sometimes used for
investigations with deep targets and/or offshore studies.

A multitude of seismic methods have been developed around the variety of wave types that exist.
There are two general categories of seismic waves: body waves and surface waves. Body waves
can be further classified as compressional (longitudinal) waves and shear waves. Compressional
waves are the fastest seismic waves and are characterized by particle oscillation in the same
direction of wave propagation (Duke, 1969). These are typically designated as the primary wave,
or P-wave. Shear waves, also referred to as the secondary wave or S-wave, are characterized
by particle oscillation perpendicular to the direction of wave propagation (Duke, 1969). They travel
at approximately half (Hunt, 2007) to 0.6 (Wightman, Jalinoos, Sirles, & Hanna, 2004) times the
velocity of the P-wave. S-waves will generally have horizontal (SH) and vertical (SV) components
(Duke, 1969).

Surface waves are sometimes referred to collectively as the nd roll (Milsom, 2003). Surface
waves include different wave types as well, such as Raylei (R), Love waves (L) (Lowrie,
2007), and Stoneley waves. Only R-waves and ommonly used for site
characterization (Addo & Robertson, 1992). Rayl
oscillation in a vertically oriented retrograde ellip
propagation. Most of the R-wave amplitude dissipate
of its wavelength. R-waves propagate ata v ity of ap
(Duke, 1969) up to 90% of the P-wave velo
waves are characterized by horizontally orien

e time it reaches a depth of about 1/3
imately 5% less than S-wave velocity
rface material (Hunt, 2007). Love
cillation, transverse to the direction of

study is recorded by a sensor known as a
seismometer. On land, sgi e also known as geophones, and in water they are known

Council, 2019) using sole
will often be triaxial (i.e., €
horizontal and one vertical). Some geophones also feature a hole through the middle to allow
them to be bolted to a structure or to the ground.

Two of the most important parameters for seismic surveys are the seismometer spacing, which
is the distance between the individual seismometers, and the spread, which refers to the distance
and geometry of a group of seismometers relative to the seismic source. The most commonly
used seismic spreads are: split-spread, where the seismic source is located centrally along a line
of seismometers; and single-ended (or end-on) spread, where the seismic source is located at
some distance beyond the end of the seismometer line (Kearey, Brooks, & Hill, 2013). The seismic
source can be aligned with the seismometer line, or it can be offset. The spread length is the
distance between the seismic source and the nearest seismometer(s). The path taken by the
wave energy as it travels to the geophones is often approximated as a ray-path (Milsom, 2003).
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Seismic methods can be categorized by the analytical approach that is taken. Methods where the
analysis is primarily focused on the time-domain include seismic reflection and seismic refraction.
Examples of methods where the analysis focuses on the frequency-domain include multi-channel
analysis of surface waves (MASW), horizontal-to-vertical spectral ratio (HVSR), and testing and
imaging using seismic acoustic resonance (TISAR). This large number of variations to seismic
surveying and data analysis introduces an element of flexibility in designing the survey around
the specific objectives of the study. Furthermore, the source and/or the geophones may be
deployed at ground surface, below ground (such as within a borehole), or underwater.

A noteworthy benefit of seismic surveys includes the ability to obtain a direct measurement of the
wave velocity of a material or collection of materials. The velocity at which P-waves and S-waves
propagate through a medium is of great interest for engineering applications, as these velocities
relate to the shear modulus, G, the bulk modulus, B, and the density, p (Davis, 1996). The relation
between the P-wave velocity, v,, the S-wave velocity, vy, and th€8e dynamic elastic properties is
as follows:

()

®
The wave velocity can consequently be used to infer likely material type as well as other
characteristics of the material through empi [ For example, the P-wave velocity
has been related to the material type and its excavation purposes (Milsom, 2003;
Caterpillar, 2000). The shear wave x@lc used to select a site classification using Table
4.1 of the Canadian Highway B (CHBDC) and allows for the adoption of Site
Classes A or B (CSA Group, 20 s imary wave velocities are presented below for

common earth and constru

Table A-4. Approxima ities for common earth and construction materials

Material P-wave Velocity (m/s)
Air 3301

Water (Fresh) 1,450 [2]

Ice 3,000 — 4,000 @
Sand (Dry) 200 — 800
Sand (Saturated) 800 - 1,900 (2
Clay 1,100 — 2,500
Sandstone 1,500 — 4,500 12
Limestone 2,500 - 6,500
Granite 3,600 — 7,000
Basalt 5,000 — 8,400 @
Concrete 3,700 — 4,300 1
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[l (Hertlein & Davis, 2006)
121 (Everett, 2013)
Bl (U.S. Army Corps of Engineers, 1995)

Seismic methods are not without challenges, as they rely on a contrast between seismic velocities
between materials. Where this contrast is gradual or confounded by suspended boulders or
irregular bedrock surfaces, well-defined interfaces may not be identifiable. Thin or steeply dipping
layers may also be difficult to identify. Lastly, the presence of lower-velocity materials will be
obscured by overlying higher-velocity materials, which are typically denser earth materials but
could also include frozen ground (Hunt, 2007).

A.2.1 Seismic Reflection and Refraction

The elastic wave produced by a seismic energy source will propagate in all directions. When a
body wave reaches an interface between materials with diffe coustic properties, a portion of
the wave energy will reflect, and the remainder will refraet. is depicted schematically in

i Refracted i
~ < Waves oL

Figure A-4. Reflected and refracted wave ray paths for different incident angles, i

Snell’s Law

The angle at which the wave energy will reflect is equal to the angle of incidence. The angle at

which the remaining wave energy will refract is governed by Snell’s law:
sini V;
— = ©)

sinr 1,

where,
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i is the angle of incidence, as measured from vertical,
r is the angle of refraction, as measured from vertical,
V; is the wave velocity in the first (upper) medium, and
V, is the wave velocity in the second (lower) medium.

Seismic wave velocity is a function of bulk density and will typically increase with depth. The wave
will refract toward the interface if the seismic wave velocity increases across the interface (i.e., i
< r). At a critical angle of incidence where sini is equal to V; / V,, then sinr will equal unity and
thus, the angle of refraction will be parallel to the interface (i.e., r = 90°). Under this circumstance,
the refracted wave energy will follow the interface and produce head waves until the energy has
fully attenuated. The head waves will leave the interface at the critical angle of incidence. At
angles greater than this critical angle of incidence, the wave energy is fully reflected (i.e., there is
no refracted wave) (Milsom, 2003).

In some instances, looser or softer material exists belo, ser or stiffer material. Such
would refract away from the interface between these
seismic velocity decreases with depth, refracted w ence notreturn to surface and the
wave energy will not be detected. Where lower ity’strata are interlayered within higher
velocity strata, this will result in these lower v, eing masked and potentially skewing
inversion results.

Resolution

The resolution of a seismic sur
can be detected. That minimu
waves that are being moni
minimum thickness is
calculated by taking
frequency, f (Johnson

described as the minimum thickness of a layer that

iekpess is generally determined by the length of the
the wavelength). An approximate rule of thumb for this
ad 1/8 of the wavelength. The wavelength, A, can be
y of the propagating medium, v, divided by the wave
), as shown in Equation 10:

A== (10)

The propagating medium dictates the velocity of the acoustic wave energy. Thus, the operator’'s
influence over the resolution is limited to selecting a seismic source which will generate wave
energy at a range of frequencies yielding the desired resolution. Selecting a seismic source is
discussed in more detail below.

Seismic Sources & Survey Configurations

For seismic reflection and refraction surveys, the selection of a seismic source and the
configuration of the geophones are the two primary means by which to influence the depth of
investigation and the resolution.

The seismic source will control the frequency of the initial wave energy. Like with electromagnetic
wave theory, higher frequency acoustic waves will attenuate or decay more rapidly. However,
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higher frequency waves will correspond to shorter wavelengths and hence better resolution.
Therefore, a trade-off between depth of investigation and resolution exists and must be
considered in the context of the investigation objectives.

The selection of a seismic source should also consider the energy output, which will impact the
signal to noise ratio that can be achieved. In noisy environments, a source which can produce
larger energy output may be necessary. Note that it can sometimes be more practical to utilize a
source with lower energy output but that which is highly repeatable, and to increase the number
of shots recorded for stacking purposes at the subsequent processing stage.

Some examples of common sources and approximate investigation depths include:

e For shallow (< 10 m) depths, 5.5-8.0 kg sledgehammer impacted against:
o Loaded and/or partially embedded I-beam, wooden,beam / railroad tie;
o Steel plate; or,

o Steel pipe.
e For intermediate (< 20 m) depths, downhole sho gun) device or .22 caliber
rifle; or,
e For deep (> 20 m) investigation, vibratory d illators, oF explosives.

edia to which the acoustic energy is
ade conditions may allow different
rface materials (compacted gravel,
, heels of a heavy vehicle may be
m) steel I-beam with one flange partially sunk
senault, Hunter, & Crow, 2012).

be obtained and used for stacking (Interstate Technology & Regulatory Council, 2019). For
example, typical seismic refraction surveys involve the collection of seven records per spread
(Situm, McClement, & Arsenault, 2011). Each record is associated with a different shot location.
This overlapping data can enhance the clarity of the subsurface imagery that is generated.
Forward and reverse shot locations (i.e., shots at mirrored locations) should also be made to
identify the potential presence of dipping layers and to reconcile potentially erroneous velocity
values when such conditions exist (Haeni, 1988).

The spread length affects depth of influence by controlling the distance that seismic energy can
travel between the source and the receiver. Provided that the signal strength at the receiver is of
a sufficient magnitude to be distinguished from noise, longer distances correspond to longer travel
paths, which can include those which go deeper. An approximate rule of thumb is the maximum
depth of investigation will be about 20% of the total spread length, including offset distances
(Interstate Technology & Regulatory Council, 2019).
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The total spread length can be increased by increasing the spacing between geophones and by
increasing the offset between the source and the nearest geophone. Though this would result in
increased depth of investigation, lateral resolution and data quality may suffer. First, increasing
geophone spacing will increase the subsurface sampling interval (Eastern Research Group, Inc.,
1993), which is the lateral distance between points of incidence. Increasing the sampling interval
reduces lateral resolution. This can potentially influence the interpretation of a subsurface
topography, as depicted in Figure A-5.

A

i Finm g

Figure A-5. Possible interpretations of a subsurface reflector based on different sampling intervals

Lastly, the offset distance between the source and the receivers will influence the arrival times for
different components of the wave energy. Since surface waves are considered noise in reflection
and refraction surveys, a minimum offset is desired to ensure the arrival of the body waves can
be distinguished. Too large of an offset, however, will reduce the energy reaching the geophones
and negatively affect the signal-to-noise ratio.
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Advantages and Limitations

Seismic reflection and refraction surveys are focused on the arrival of elastic body waves. The
propagation of this wave energy is controlled by spatial variations in the bulk density and elasticity
of the subsurface materials. These methods are therefore unaffected by the electrical or magnetic
properties of earth materials and may be well-suited to conditions where electrical or magnetic
interference is anticipated to be high. These methods may, however, be impractical at sites with
sustained or heavy acoustic noise, such as high volumes of traffic, shorelines (wave action), or
industrial activities. Techniques for improving the signal-to-noise ratio such as stacking and/or
selecting a source with greater energy output or less frequency overlap with the anticipated
sources of noise can help. However, it may be more practical to consider alternative methods
when very noisy conditions are identified.

The choice between seismic reflection and seismic refractio
objectives and expected site conditions. Seismic reflection
resolution mapping of stratigraphic sequences and discr

pends on the investigation
e an effective choice for high
tures or anomalies, such as

suited to deeper or thicker deposits whichiw te very long spreads or borehole
techniques if reflection were to be used. Seis [ R requires increasing velocity with depth
though and typically involves longer amsays th ose used for seismic reflection (Zohdy, Eaton,
& Mabey, 1974).

Both seismic reflection and sei aay be ineffective in environments where acoustic
energy is rapidly attenuated loose, dry soils. These methods may also be impractical
at sites with limited spa s at surface, which can limit the depth of investigation,
coupling between t ophones and the ground, or necessitate radio-enabled

Interpreting seismic data especially challenging where specific conditions exist. Some
examples of conditions which*€an make seismic data interpretation more challenging include:

¢ Sloped ground surfaces and/or dipping layers: These features can skew apparent
velocities when a horizontal earth model is assumed. Corrections can be applied when
the slope of the ground is known, but this adds processing complexity.

e Unrecognized layers: Two examples of cases which may result in unrecognized layers
are the existence of thin layers and velocity inversions. Thin layers can go unrecognized
due to the first arrivals of underlying, higher velocity layers overtaking those from the thin
layer(s). Where a velocity inversion exists, whereby there is a material of a lower velocity
than the overlying and underlying materials, no head wave will be generated (and
detected) by refraction. The existence of velocity inversions will not only mask the
presence of the associated layer, but they will also result in overestimation of the depth to
the underlying layer (Zohdy, Eaton, & Mabey, 1974).
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A.2.2 SASW and MASW

Spectral analysis of surface waves (SASW) and multi-channel analysis of surface waves (MASW)
are two seismic survey methods which use surface (Rayleigh, or R) waves, generally at
frequencies of 1-30 Hz, for depths of investigation less than a few tens of meters (Park, Miller,
Xia, & lvanov, 2007). These methods are most often used for shear-wave velocity profiling. It is
common to use the data to calculate Vs3o based on the harmonic mean of the interval velocities,
by dividing 30 m (or another depth of interest) by the sum of the travel times in each interval up
to that depth. Error for MASW is estimated to be +/- 10-15% for overburden, and higher for
bedrock.

The velocity of the Rayleigh waves will depend on the signal frequency and the density, geometry,
and elastic properties of the medium. This dependence of wave velocity on frequency is referred
to as dispersion. Dispersive surface waves will be produced in asystem which is bounded and
inhomogeneous (Addo & Robertson, 1992). In other wordsgSurface waves will only exhibit
dispersion in a layered medium with increased velocity wi (ClearView Geophysics Inc.,
2019). An important consideration is that R-waves will p to 1 to 2 wavelengths in
depth. Longer wavelengths will have a greater depth

The SASW and MASW methods take adva persive characteristics and involve
calculating the phase velocities for a funda ayleigh wave. This is achieved by
setting up a pair of receivers at diffecent,i ich are determined based on the calculated

Dispersion curves, 0 velo€ity against frequency or wavelength, are produced from
MASW and SASW sU t gathering field data by recording shot gathers. Next, a
dispersion curve is extra ach record. The dispersion curves are then analyzed using a

technique called inversion to\produce 1D shear-wave velocity depth profiles (Miller, Xia, Park, &
Ivanov, 1999). These profiles represent the average of the bulk area within the middle third of the
geophone spread (Geophysics GPR International Inc., 2019). Inversion is subject to non-
unigueness, so background information on the stratigraphy, values for Poisson’s ratio, and density
are critical to calibrating the model. Nevertheless, dispersion curves have been found to be
reliable for estimating average shear wave velocity and overburden thickness for depths less than
30 m. Where sufficient velocity contrast exists, MASW can also be used to detect the groundwater
table since shear wave velocity will be higher for saturated soil compared to dry soil (Park, Miller,
& Xia, 1999).

SASW was first introduced in the early 1980s (Heisey, Stokoe, Hudson, & Meyer, 1982) and
involved the repeated use of a single pair of geophones in different configurations to sample a
desired frequency range. The reconfigurations are determined based on wavelength calculations
made throughout the survey. The MASW method improved on this concept by introducing more
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geophones, thereby eliminating the labour involved in repeatedly reconfiguring the receiver array
(Park, Miller, & Xia, 1999). Another difference between MASW and SASW is in how the dispersion
curves are analyzed. For the SASW method, the dispersion curve analysis is based on the phase
shift between two receivers as a function of frequency. For the MASW method, the dispersion
curve analysis is based on the relation between phase angles and source-to-receiver offset, or
2D wavefield transformation of surface wave (Miller, Xia, Park, & lvanov, 1999).

Advantages and Limitations of Surface Wave Methods

Advantages of using surface waves are that surface waves are always generated and have the
strongest energy (amplitude). Their velocity is primarily determined by the shear-wave velocity of
the materials. Sampling depth is directly proportional to wavelength, and hence frequency (Park,
Miller, Xia, & lvanov, 2007). The use of dispersion curves to determine shear-wave velocity has
been shown to be accurate based on comparison with downholefprofile methods (Park, Miller, &
Xia, 1999). For example, blind comparisons conducted by enson et al. (2005) generally

and comparing with shear wave velocity profiles ge sing other techniques.

it effective identification and isolation
e and amplitude. The multichannel
latively fast, as it allows for a broad
easurement. It also provides high levels of
urvey. The signal-to-noise (SN) ratio can be

Park et al. (1999) note that multichannel rec

range of depths to be surveyed
redundancy without the need tg

maximized in real-time due to% @

and processing.

While MASW is insensitive to seismic noise, it is not well-suited to delineating subtle changes
and/or small anomalies (Miller, Xia, Park, & lvanov, 1999). Miller et al. (1999) note, however, that
voids or collapse features as small as a few feet have been detected by this method.

Equipment and Configurations for Surface Wave Methods

The equipment used for MASW includes a multichannel (as few as 12 but typically 24 or more)
recording system, a receiver array, and a source. The MASW method can be active or passive.
The active method involves the use of a seismic source provided by the user. Active sources can
be impulsive, such as a sledgehammer and strike plate, or swept, such as a vibrator. Park et al.
(1999) note that swept sources may be preferred when optimized for frequency and amplitude for
the desired target. The disadvantage of impulsive source data is that decomposition is required
to transform the data into a swept-frequency format. However, no appreciable difference was
identified in the overall effectiveness when they compared swept source and impulsive source
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data. The passive method utilizes existing seismic energy occurring in the surrounding
environment, such as that produced by nearby vehicular traffic. It is interesting to note that the
depth of investigation with the active method is typically up to 30 m, whereas that of the passive
method can be several hundred meters depending on the available seismic source (Park, Miller,
Xia, & Ilvanov, 2007).

Ideally, the survey should utilize high-output, low-frequency geophones without recording filters
(Park, Miller, & Xia, 1999). The geophones are typically arranged as close as 2 m to up to 200 m
away from the source (Park, Miller, Xia, & Ivanov, 2007). The offset to the nearest receiver should
theoretically be set to at least half the maximum desired wavelength, to avoid near-field effects
and allow the Rayleigh waves to be treated as horizontally travelling plane waves. This distance
is also suggested as the maximum depth to which shear-wave velocity can be calculated with
reasonable accuracy (Park, Miller, & Xia, 1999). It is likely that further refinement to the survey
configuration will be necessary after initial shot gathers, to optiffize the configuration based on
noise analyses and observed near- and far-offset effects.

As reported by Xia et al. (2004), optimal recording fo techniques requires field
configurations and acquisition parameters which fav. lanar Rayleigh waves
They note the following guidance for configuring a
¢ Near-offset should be greater than half the max desired wavelength, to permit plane-
wave propagation to occur;

¢ Near-offset should be approximately e C principal investigation depth;
e Far-offset should be approxim es the principal investigation depth, to balance
being close enough to re ies (which attenuate rapidly with distance) but

distance allows the other,
to fully develop.

aves to pass first and allows the low frequency surface waves

A.2.3 Borehole Techniques

Several configurations for seismic surveys involving boreholes are possible. As described by Hunt
(2007), these can include:

o Uphole, where the energy source is located within a borehole and the geophones are
arranged at surface;

e Downhole, where the energy source is located at surface and the geophones are
arranged within one or more boreholes; or,

e Crosshole, where the energy source is located within a borehole and the geophones are
arranged within one or more surrounding boreholes.
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For this guideline, the discussion presented herein considers both the uphole and downhole
techniques under vertical seismic profiling (VSP).

In a layered system that is mostly horizontal, the advantage of borehole techniques is a reduced
influence from layers above and below a layer of interest (Hunt, 2007). While the crosshole
method in particular is regarded as being highly accurate, Jung et al. (2012) found the downhole
method was able to produce very similar results and that both methods had good repeatability.

The cost of applying borehole techniques is generally greater than that of surface methods.
However, it is of great interest to note that this increased cost is primarily due to the cost of drilling
the borehole(s) as opposed to the geophysical logging itself. The average cost for borehole
geophysical logging reported by the California Department of Transportation (Caltrans) was only
8% of the cost of drilling. For context, the typical Caltrans logging suite includes caliper
measurements, natural gamma measurements, electrical resistility measurement, and in-situ

A.2.3.1 Vertical Seismic Profiling (VSP)

Vertical seismic profiling, or VSP, is a technique for

configurations. Arsenault et al. (2012) note the down approach is most used. By recording
' an average wave velocity for each
ray path can be calculated.

VSP is commonly used to determine

For this guideline, discussion’regarding VSP is focused on uphole and downhole seismic
surveying configurations. These methods typically involve the use of a vertical borehole (or probe)
in tandem with a seismograph and recording computer, at least one surface or downhole 3-
component geophone, and a source/triggering system (Arsenault, Hunter, & Crow, 2012).

The borehole is typically cased using PVC, which is grouted in place. From a data quality
perspective, best results can be obtained from an uncased, fluid-filled borehole (Hughes, 2002)
but this is not always possible depending on the stability of the boring. When the borehole is fluid-
filled, hydrophones must be used. Seismometer contact with the borehole sidewalls can be
achieved using air bladders, wedges, stiff springs, or mechanical expanders.

For downhole surveys, a 1-5 m source offset from the borehole is sufficiently far to reduce
significant tube wave coupling to the casing but close enough to minimize non-vertical travel paths
(refractive effects) (Arsenault, Hunter, & Crow, 2012). A typical downhole survey source is the
use of a sledgehammer struck against a metal plate. The plate will be struck vertically to generally
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P-waves, and at an angle to generate S-waves (Crow, et al., 2015). The geophones will be
suspended within the borehole and moved up or down, typically at 0.5 to 1.0 m intervals, but this
can be adjusted depending on the expected stratigraphy and layer thicknesses.

For uphole surveys, the source may consist of a clamped downhole shear-wave hammer for
shallow surveys (< 100 m) or compressive sources such as an airgun, water-gun, or even small
explosives (Arsenault, Hunter, & Crow, 2012).

An increasingly common form of downhole survey is the seismic cone penetration test (sCPT),
which has benefits which include rapidity of testing, acquisition of other geotechnical data in
tandem, and eliminating the need for drilling and casing a borehole to conduct the testing. This
approach to downhole shear wave velocity characterization can thereby result in considerable
cost reduction (Robertson, Campanella, Gillespie, & Rice, 1986). This method utilizes a polarized
shear source at surface and a horizontal seismic detector behin tip of the cone. The cone is
typically advanced at 0.5 m to 1.0 m intervals and the diff ce in shear wave arrival times
between measurement intervals is used to calculate th onding shear wave velocity.
Though coupling with the formation is typically very go echnique is limited to the

hich applies specifically to existing
foundation elements. This technique involves impacti part of the exposed foundation or a
structure connected to the foundation and{m@nitori within an adjacent borehole. The
borehole should be drilled within 1.5 m from tRhe [ of interest and to a depth of at least 3 to
5 m below it. This technique is discu

The following section makes e e reference to ASTM D4428/D 4428M Standard Test
Methods for Crosshole (ASTM, 2000). The reader is strongly recommended to
refer to this standa i details pertaining to the preferred survey and data
interpretation methoda ipment specifications, and survey design parameters to generate
the highest quality data.

A minimum of two, but idea hree, boreholes should be used for the survey. Each borehole
should be a diameter of 165 mm or less. Boreholes to be used for CH testing purposes should be
drilled in a line and spaced 3.0 m to 4.5 m apart, center-to-center, depending on the expected
velocity of the subsurface materials at the study site. The aim of the CH seismic survey is to
measure direct waves only, so center-to-center spacing greater than 6.0 m is not recommended.
As the distance between boreholes increases, so too does the likelihood of measuring refracted
waves generated along the interfaces between layers. Measurement of refracted waves will mask
the presence of low velocity layers/zones, rendering the survey result less useful.

Though not strictly necessary, casing the boreholes is strongly recommended to preserve the
borehole integrity. If casing is installed, it should consist of 75-mm or 100-mm inside diameter (ID)
PVC pipe or aluminum casing with a bottom cap. The casing should be centered in the borehole
with the aid of centralizers, then grouted in place to ensure good contact with the borehole
sidewalls. The grout should be mixed to match the density of the surrounding material. A bottom
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cap with a one-way valve is encouraged to facilitate grouting, or grout may be tremied to the
bottom of the borehole from the annular space between the casing and borehole sidewalls. Care
must be taken to avoid disturbing the borehole wall. Anchoring the casing may be necessary to
counter buoyancy during grouting. Resisting upward buoyancy from surface is not recommended,
as the casing could bend and/or break.

Since the horizontal distance between boreholes is critical to calculating the wave velocity,
accurate surveying of the verticality and horizontal distance between boreholes is required. The
need for accurate surveying becomes more important as the depth of the boreholes increases.

A.2.4 Other Seismic Methods

A.2.4.1 Microtremor Techniques

Microtremors are weak, low amplitude vibrations present eve
These ambient vibrations are too small to be perceivable by
by sensitive equipment and subsequently amplified.

re and occurring constantly.
n senses but can be measured
entional seismic surveys,
these weak vibrations as

investigation can be down to hundreds of m e typically low frequency of ambient
vibrations (Jongmans, Ohrnberger, & Wath

2d as amplitude versus frequency curves (Dietiker B. , Pugin,
cost of data acquisition for this method is relatively low since

Applications of the HVSR method include mapping the site period, fundamental resonance
frequency, f,, and shear-wave velocity depth profiling (Molnar, et al., 2017). Other applications
include estimating the properties of unconsolidated overburden sediments (U.S. EPA, 2024), the
depth to bedrock, and mapping the bedrock surface. The maximum H/V spectral ratio has been
found through empirical evidence and numerical simulation to generally occur at or close to the
fundamental resonance frequency of sites when a strong impedance contrast exists between
layers (Perret, 2015; U.S. EPA, 2024). The fundamental resonance frequency is related to the
thickness and the average shear-wave velocity of a soil profile, so the HVSR method can be used
to determine the shear-wave velocity of the soil profile, or vice versa, provided the other parameter
is known (Perret, 2015).

A potentially significant advantage over conventional reflection and refraction techniques is that
the direction of steeply dipping layers or basins can be estimated from HVSR data (Dietiker B. ,
Pugin, Crow, Brewer, & Russell, 2024).
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Refraction Microtremor (ReMi): Microtremor array measurements (MAM) involve the analysis
of the dispersion properties of Rayleigh surface waves to produce estimates of shear-wave
velocity or rigidity profiles (Louie J. N., 2001). The dispersion curves of these surface waves are
retrieved using array measurement analysis and wavefield transformation techniques to obtain a
vs profile (Jongmans, Ohrnberger, & Wathelet, 2005), like for MASW and SASW.

The refraction microtremor (ReMi) technique is a MAM method which uses the same setup as
MASW or refraction but is a passive source method, meaning it relies on ambient energy in the
environment from sources such as traffic. This ambient energy typically contains lower frequency
data, permitting investigation depths of several hundred meters (Jongmans, Ohrnberger, &
Wathelet, 2005). The depth of investigation is also a function of the array length and the resonant
frequency of the sensors utilized for the measurements (Stephenson, Louie, Pullammanappallil,
Williams, & Odum, 2005). Data is typically recorded over approximately 10 minutes (Geophysics
GPR International Inc., 2019), followed by transformation andgstacking ahead of the inversion
process.

A study by Louie (2001) found that shear wave velocit
down to 100 m depth by using microtremor noise rec
refraction equipment. The ReMi method was able
20 m depth intervals, but it cannot match the resolutio sible using suspension loggers (Louie
J. N., 2001).

ated with 20% accuracy
long line using seismic

Advantages of the ReMi method include the
vibrations as the source energy, thergby,si y recording procedures. As a result, ReMi data
acquisition can be more time ef MASW (Stephenson, Louie, Pullammanappallil,
Williams, & Odum, 2005). Anothe ant i at this technique can be used in noisy, urban

areas with noise coming ire¢tions and will be more challenging at sites that are too quiet
17).

(Jongmans, Ohrnberger, & Wathelet, 2005). However, it has been demonstrated that a collection
of 1D ReMi profiles can be extended into 2D cross sections (Louie, Pancha, & Pullammanappallil,
2017).

A.2.4.2 Testing & Imaging Using Seismic Acoustic Resonance (TISAR)

Testing and Imaging using Seismic Acoustic Resonance (TISAR) is a seismic technique that was
developed by Geophysics GPR International Inc. to produce high-resolution imaging of geological
strata. It is reported to be capable of depths of investigation in the order of 70 m depending on
the conditions (Situm, McClement, & Arsenault, 2011). The technique was originally conceived
as an extension of the theory behind the well-known impact-echo method, which is used in non-
destructive testing (NDT) of concrete structures. The TISAR survey configuration and data
processing, however, differs from that of the impact-echo method. The TISAR technique was
intended to be used for multi-layer geological systems with increasing or decreasing acoustic
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impedance (Arsenault & Chouteau, 2002). The acoustic impedance is equal to the product of the
seismic velocity and the volumetric mass of the material.

TISAR is undertaken in the frequency domain and relies on the build-up of resonance signals,
caused by the repeated reflection of a seismic impulse at interfaces between materials of different
acoustic impedance. The frequency of the resonance signal can then be used in combination with
the seismic velocity, as determined using other methods, to determine the depth of the reflecting
interface and hence the thickness of the upper layer (Situm, McClement, & Arsenault, 2011). If
multiple resonance frequencies are identified, the thickness of each corresponding layer can be
determined in the same manner and by sequentially stripping the upper layer thicknesses from
the overall depth (Wang, et al., 2024). This is illustrated schematically in Figure A-6 below.

, Y
L1
hy = —
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Amplitude L Vs vy vV fy
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Spectral fi 7 Y Va, fo
Ratio f2 X
{Ha}lv} f4 hz
f ¥ Y

Figure A-6. Sche the' TISAR technique

The application of TISAR in that it is typically used to produce a high-resolution image
of relatively shallow geologi edia. However, TISAR is well suited to conductive subsurface
environments which would severely limit the depth of investigation of GPR. TISAR is stated to be
capable of achieving depths of investigation of up to 70 m and resolving layers as thin as 10 cm
(Situm, McClement, & Arsenault, 2011).

Situm et al. (2011) state that it is typical to produce 18 records (or shot gathers) for each TISAR
line. The shots are located between every second geophone and at various in-line offsets. The
source of the seismic impulse energy does not differ from other seismic methods. Wang et al.
(2024) show resonance frequencies derived from ambient noise recording at a single station is
also viable.

A.2.5 NDT of Existing Foundations

There are several methods that have developed specifically around evaluating the integrity and
capacity of existing concrete foundation elements without extracting or damaging the foundation

Ontario @



Guideline for Geophysical Investigations June 2026
Version 1.1 106

in whole or in part. These tests are known as non-destructive test (NDT) methods. A few of the
most common NDT methods which rely on acoustic (seismic) energy are described below.

A.2.5.1 Stress-Wave Methods

Surface acoustic NDT techniques are applied from the exposed top or side of a foundation
element. These techniques involve generating a stress-wave, which will travel through the
foundation element. These methods can be used to estimate the length of a foundation consisting
of a material with a known wave velocity, or to identify possible deficiencies in the material based
on observed reflections and/or slower-than-expected pulse velocities. The surrounding soils will
also influence the measured response. Longer foundations and softer or more dispersive
surrounding soils will both increase signal attenuation (Hertlein & Davis, 2006).

s to one or more transducers
ictate which path taken by the
ments, only indirect or semi-

The response of the stress-wave is measured as it reflects and ret
coupled to the foundation. The placement of the transducers wi
stress-wave is being measured. For applications to found

direct transmission will be possible since access will re t of the transducers to the
same or adjacent faces of the foundation elem direct and semi-direct
transmission are less sensitive than direct trans h involves the transducers being

placed on directly opposite faces. The signal amp
approximately 2-3% of that produced by dire
2002).

roduced by indirect transmission is
International Atomic Energy Agency,

The success of surface acoustic ND
foundation element, soil propertiesfand
According to Hertlein and Davijg @
defects in the order of 10-15% he
The authors noted at thedi
Shafts: Construction [
techniques. The capahili i y Hertlein and Davis was attributed to advancements in

experience, hardware a ignal guality, data acquisition, and analytical algorithms over a span
of 10 years since the 199 publication.

on the length-to-diameter ratio of the
and type of anomaly (Hertlein & Davis, 2006).
d operators can reliably detect and quantify
0S§-sectional area using surface NDT techniques.
at previous gwdance via the FHWA’s 1993 publlcat|on “Drilled

Impulse Echo

The most common stress-wave method used for investigating drilled shafts or previously installed
concrete foundations is the impulse echo method (Rausche, 2004). This method is also commonly
referred to as sonic echo, seismic, seismic reflection, sonic, echo, pile integrity testing (PIT), and
TNO-Wave (Hertlein & Davis, 2006).

Standardized test procedures for this method are provided in ASTM D5882, “Standard Test
Method for Low Strain Integrity Testing of Piles” (ASTM, 2016). A light hammer is used to generate
a compressive stress wave which will propagate as a bar (extensional) wave and generate
reflections in response to changes in impedance. Impedance is a function of the elastic modulus
and the density of the material through which the stress wave propagates. Changes in impedance
can be expected where there are changes in the pile cross-section, pile material density, or the
lateral resistance provided by the surrounding soil.

Ontario @



Guideline for Geophysical Investigations June 2026
Version 1.1 107

The return of the compressive stress wave energy is monitored at surface. The detected energy
is called the response signal. Monitoring for the return of the response signal is accomplished
using one or more accelerometers affixed to the exposed portion of the foundation. A sampling
rate of 10 kHz and recording time of 100 ms is appropriate for most piles.

If the velocity of the material is known and accounting for the relative position of the hammer blow
and sensors, the time taken for the response signal to travel through the foundation and return to
the sensor can be used to determine the distance to the tip of the pile or intermediate reflectors,
which could indicate the presence of defects. Alternatively, if the length of the pile is known, one
can instead calculate the velocity of the material to provide an indication of its density and
condition (Hertlein & Davis, 2006). This concept is illustrated below in Figure A-7.

Accelerometer Impulsive source
..

N e (Hammer)
=

e Existing pile with velocity, v;

2L
Ve = —
F At

I B

Figure A-7. SchematiMpulse Echo method for estimating pile length or condition

A.2.5.2 Downhole Techniques

Downhole techniques involve lowering sensors to the desired test intervals, thereby avoiding any
conditioning and damping of the response signal by the soil surrounding the foundation element
(Hertlein & Davis, 2006). Hence, downhole techniques are independent of foundation length
constraints associated with surface stress-wave techniques. Downhole techniques include cross-
hole sonic logging (CSL), gamma-gamma logging, and parallel seismic testing. Both CSL and
gamma-gamma logging require access tubes within the pile, typically placed during pile
installation or, through considerably more effort and expense, by coring the length of an existing
pile. As one of the intents of this document is to provide guidance on assessing existing piles
while preserving them for reuse, the following discussion focuses on parallel seismic testing,
which can be applied to existing piles of varying size and condition.
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The parallel seismic method involves drilling a borehole in the soil or rock in parallel with an
existing pile, within approximately 1 m. The borehole can be uncased, if the overburden is stable,
or cased with PVC pipe. Steel casing can also be considered but is not recommended if magnetic
or electrical methods are also being considered. If casings are used, the annular space should be
fully grouted to ensure the casing is well-coupled to the surrounding strata. To provide acoustic
coupling with the surrounding media, the casing can be filled with water if using hydrophone(s)
(Hertlein & Davis, 2006). Alternatively, electro-mechanical bow-springs or other similar devices
can be used to press the geophone into the side of the casing.

A major advantage of the parallel seismic method over other stress-wave methods involving
measurement at surface is that its accuracy is not dependent on an assumed wave speed
(Rausche, 2004).

To conduct parallel seismic testing, a geophone (or hydropho
borehole and then the existing pile head or a coupled feature i
an acoustic pulse. The acoustic pulse will travel down the pi
structure interface. This process is shown schematic?

is lowered into the prepared
ruck with a hammer to generate
rating headwaves at the soil-

,Existing pile with velocity, v

e Impulsive source
_ PVC-cased borehole Transit time, ¢
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Figure A-8. Schematic depiction of the parallel seismic technique, with field setup (left) and example
data (right) showing the identification of the base of an existing pile

After recording, the geophone is raised to the next vertical station and the test is repeated. Testing
can be repeated at the same increments to allow for stacking to enhance the signal-to-noise ratio
(Hertlein & Davis, 2006).

An important assumption is that the borehole is parallel to the foundation element. If the distance
between the borehole and the foundation remains constant, the travel times for the signal to reach
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the geophone will depend on the length of the foundation through which they have passed. With
the geophone depth also being known, the velocity of the foundation material can be evaluated.
Furthermore, the length of the foundation can be determined if a disproportionate change in travel
time is noted beyond a certain geophone depth (Hertlein & Davis, 2006). The change of velocity
should be confirmed for several more increments to determine whether the cause is the end of
the foundation or if a defect has been encountered.

A.2.6 Seismic Data Processing

The objective of seismic data processing is to improve seismic resolution through the selective
enhancement of signal energy recognition amidst other recorded energy.

The sequence in which seismic data is processed primarily consists of deconvolution, stacking,
and migration. Deconvolution is the compression of seismic wavelets into more discrete “spikes”
and suppression of reverberating wave trains, which improv mporal resolution. Stacking is
the process of compressing redundant data across multip and stations to the plane of
zero-offset, which enhances the S/N ratio by amplifyj signals and suppressing
uncorrelated noise. Migration involves collapsing di ecting the locations of
dipping events based on the wave equation, i ves lateral resolution. Additional
processing steps such as the application of filter , or corrections can be undertaken
throughout this sequence to improve the effggti ese principal steps (Yilmaz, 2001).

. Interested readers are referred to
for additional reading. Instruction

There are numerous techniques that are not
the selected reference materials |

data acquisition stage as we post-acquisition.

Proper survey design should consider selection of appropriate offset distances and locations to
promote the detection of the wave types that are of interest. For seismic surveys utilizing shear
wave sources, opposite source polarity records are recommended to permit superimposition of
the toward and away shot records. This technique can greatly assist with identifying the arrival of
shear wave energy. For the MASW method, near-field and far-field effects can (and should) be
minimized by optimizing the field configuration and/or selective offset and frequency processing
(Park, Miller, & Xia, 1999).

Post-acquisition, there are several common techniques used to enhance the signal-to-noise ratio.
These include stacking, filters, and gain control. These techniques were previously introduced in
Section A.1.2.3 when discussing GPR data and further details concerning their application should
be referenced there. Everett (2013) explains that the signal (S) to noise (N) ratio improvement
from stacking n traces can be described by Equation 11, assuming the noise is random:
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Equation 6 shows there is a diminishing return in improvements to the SNR as the number of
records increases. It also shows a small number of records being stacked can produce an
appreciable improvement in the SNR. For example, stacking only n = 4 records would produce a
100% improvement in the SNR. The effort required to collect this relatively small number of
records is entirely justifiable compared to the effort which typically goes into setting up the spread.

Analytical Techniques

Depending on the seismic method being used, different analytical techniques may be needed to
support interpretation. For refraction methods, analytical techniques include the Generalized
Reciprocal Method (GRM) (Palmer, 1981) and Hawkins’ method gklawkins, 1961) for computing
the thicknesses and velocities of overburden layers and bedro elow each geophone location.

h properties such as elastic
ies and other material
rsion is to construct an

niques assume the validity of a plane wave
ique for microtremor analysis is the CAPON
es the evaluation of a cross spectral matrix
2xistence of a spatially and temporally stationary stochastic
gcity at a given frequency is obtained by inverting the

Gravity, magnetic, and radiometric methods are discussed in the following sections. These
methods are less commonly used for civil engineering applications but may be worth considering
for specific circumstances.

A.3.1 Gravity Methods

Gravimetry is the measurement of the intensity of earth’s gravitational field. As with other potential
fields, the detection of anomalies in the gravitational field intensity can be used to infer changes
in subsurface conditions across a surveyed area. The gravitational field intensity can be expected
to increase in the presence of a greater mass (i.e., higher density). In gravimetry, the gravitational
field intensity is measured in gals, where one gal is equal to an acceleration of one centimeter per
second squared. A specialized type of accelerometer known as a gravimeter is typically used for
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these studies (Lowrie, 2007). It is important to note, these instruments measure gravity
differences rather than the absolute strength of the gravitational field (Milsom, 2003).

For relatively shallow geotechnical and foundations engineering applications involving relatively
small masses or cavities (as opposed to plate tectonics, mountains, and geoidal sciences), the
magnitude of the expected gravitational field anomalies is in the order of microgals (Eastern
Research Group, Inc., 1993). Hence, a class of instrument capable of measuring with repeatability
in the order of microgals, known as microgravimeters, are used for these applications. While these
instruments can be sensitive to 0.01 microgals, accuracy is unlikely to be better than about 0.03
microgals (Milsom, 2003) and reading error may be up to 0.08 to 0.10 microgals (U.S. Army Corps
of Engineers, 1995). Potential sources of reading error are listed below:

e Moving, releveling, and unclamping the meter
o Soft footing material below the gravimeter plate, such as
e Wind

e Ground movement or vibration

Nevertheless, gravimetry can be an effective option
within the survey area. Such contrasts might be ca presence of (large) voids, tunnels,

the survey (Hunt, 2007) and correcting the fi ité¥conditions and noise. The following
corrections may need to be applied to the field discussed at length by Lowrie (2007):

e Drift (instrument) correcti Free-air correction
e Tidal correction Isostatic correction
e Terrain correction Edtvos correction

e Bouguer plate cg Latitude correction

to-reduce error. For comparis@n, a sample calculation for a 1-m thick sheet with a density contrast
of 2,000 kg/m? indicated a gravitational anomaly of 0.84 microgals (U.S. Army Corps of Engineers,
1995).

Other limitations discussed by the U.S. Army Corps of Engineers (1995) include:

¢ Non-uniqueness: the same gravitational anomaly caused by a large, buried mass may
be produced by several smaller masses closer to surface.

o Depth vs. Size: as the mass of interest becomes deeper, the mass must become
increasingly large to be detected (i.e., differentiated from noise). A practical limit is
approximately 2 m depth per 1 m of diameter for a 1.0 g/cc density contrast.

Gravimetric surveys are relatively expensive primarily due to the high cost of a gravimeter and
the need for precise surveying to relate the readings to a reference system (Milsom, 2003).
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A.3.2 Magnetic Methods
A.3.2.1 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) is a geophysical tool first used in the 1960s for oilfield
exploration and more recently adapted for hydrogeological investigation. It involves the
application of a strong magnetic field to induce precession of nuclei in a uniform orientation
corresponding to the direction of the magnetic field. This precession will also be at an angular
frequency, w,, proportional to the strength of the magnetic field, B,. The Larmor equation
describes this proportionality using the gyromagnetic ratio, y, as shown in Equation 12:

wo = YBy (12)

The gyromagnetic ratio is unique to each element. The NMR technique exploits this phenomenon
by subsequently subjecting the nuclei to radio-frequency energy. Jihis results in nuclei of different
elements resonating at different frequencies, allowing these eleffents to be identified (Bushberg,
Seibert, Leidholdt Jr., & Boone, 2020).

This method can be applied at surface, but it is far more

Uses include quantifying total porosity, pore
can differentiate between mobile and boun
certain petroleum hydrocarbons. Indi infere of lithologies (soil or rock types) can be made
based on the porosity characteris antifi ing NMR (Interstate Technology & Regulatory

2 radius of investigation measured from the center of the tool
pending on the model. Logging is typically conducted at rates

of 15 m/hr or less (Intersta ology & Regulatory Council, 2019).

Advantages of NMR include its ability to quantify key parameters of hydrogeologic interest without
the use of a radioactive source and from within existing PVC-cased monitoring wells (Interstate
Technology & Regulatory Council, 2019). These traits may be highly favourable in sensitive
environments with existing well infrastructure.

The borehole or well depth and diameter must be accounted for when evaluating the practicality
of using NMR. A selection of NMR probes presented by the ITRC (2019) after Spurlin et al. (2019)
varied between about 1.2 m to 2.2 m long and 45 mm to 133 mm in diameter.

A.3.2.2 Magnetometer Surveys

Magnetometry involves measuring the magnetic field strength, in nanoTesla (nT), and comparing
to the theoretical magnetic field strength predicted by the International Geomagnetic Reference
Field (Lowrie, 2007). The difference, referred to as the magnetic anomaly, can be plotted and
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used to identify variations in the subsurface. The intensity of the magnetic field corresponding to
a dipole is inversely proportional to the square of the distance from the dipole and proportional to
the volume of the object (Quesnel, Langlais, Sotin, & Galdeano, 2008). In concept, this is highly
similar to gravity methods. However, in practice, the sensitivity required of magnetometers is
much less than that of gravimeters since the magnetic properties of earth materials can differ by
several orders of magnitude (Milsom, 2003).

The magnetization of a material is a vector defined as the magnetic moment per unit volume and
is proportional to the magnetic field to which it is exposed. This proportionality is defined as the
material's susceptibility, and it can be negative or positive. The material is defined as diamagnetic
if the magnetization is negative, or as paramagnetic if the magnetization is positive. The
susceptibility of most natural materials is very low, and observable magnetization in rock is
generally attributed to the magnetite, pyrrhotite, or maghemite mineral content (Milsom, 2003). It
is important to note that these minerals can become permanen agnetized during formation of
the rock or due to later processes. This phenomenon is ref 0 as remanent magnetization.
The total magnetization is the sum of the remanent magngtization, ed in from a past magnetic
field, and the induced magnetization, from a present netic field rie, 2007).

Magnetometer surveys are typically used to det ic ores or rocks, and seldom for
engineering studies (Hunt, 2007). However, magne may be useful in settings such as
southern Ontario, where sediments may coatain. magne inerals due to their being derived in
part from the Canadian Shield. Coarse-gra S o noted to generally have higher
percentages of magnetic minerals than fine- 3 Dietiker B. , Pugin, Crow, Brewer, &
Russell, 2024). Lastly, it is worth deri application of magnetometry to investigations
focused on locating utility infrastg @ ndations, reinforced slabs, tunnels, or other structures

einforcing steel.

(GDL) is an NDT technique used in civil engineering to
om within a borehole. The borehole may be cased with PVC
or steel and can be filled er or left empty (i.e., filled with air) (Wightman, Jalinoos, Sirles,
& Hanna, 2004). GDL is also*used in the oil and gas industry, with applications which include
logging stratigraphic changes with depth and estimating relative and absolute porosity (U.S. EPA,
2024).

investigate the integrity @

The GDL technique allows for changes in average bulk density of a nearby material to be
detected, hence indicating the presence of anomalies such as voids, fractures, or defects. The
change in bulk density is inferred from the intensity of reflected radiation returning to the sensor.
A radioactive source is used to emit gamma rays into the material being investigated. The source
is commonly Cesium-137 or Cobalt-60 (U.S. EPA, 2024). A detector containing a sodium- or
cesium-iodide scintillation crystal is used to detect the gamma ray photons which are reflected by
the surveyed material. The intensity is described in terms of counts per second (cps) (Wightman,
Jalinoos, Sirles, & Hanna, 2004).

The gamma photons emitted from the source will bounce off the electrons, undergoing a process
known as Compton scattering. Compton scattering results in the gamma photons losing energy.
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If the energy of the gamma photons drops below 0.5 MeV, they can be captured by the material
via photo-electric absorption. This process will result in a reduced quantity of gamma photons
reaching the detector (U.S. EPA, 2024). Denser materials possess greater electron density;
hence, the measured gamma intensity is inversely proportional to the bulk density of the material.
To quantify the data obtained using the GDL technique, a factor to relate gamma intensity to
density must be obtained by calibrating the probe using a test block of a known bulk density
(Wightman, Jalinoos, Sirles, & Hanna, 2004).

The effective radius of GDL is limited to approximately half of the distance between the source
and the detector (Wightman, Jalinoos, Sirles, & Hanna, 2004). The depth of investigation will also
decrease as bulk density increases (U.S. EPA, 2024).
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