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CONVERSION FACTORS AND ABBREVIATIONS

Multiply By To obtain

inch (in.) 254 millimeter (mm)

foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer (km)

cubic foot per second (ft%/s) 0.02832 cubic meter per second (m?/s)

Other abbreviations used:

dB, decibel

kB/s, kilobyte per second

kHz, kilohertz

kW, kilowatt

MB, megabyte

MHz, megahertz

ms, millisecond

ns, nanosecond

WLS/cm, microsiemens per centimeter
W, watt




SURFACE-GEOPHYSICAL TECHNIQUES USED TO
DETECT EXISTING AND INFILLED SCOUR HOLES
NEAR BRIDGE PIERS

By Gary Placzek and F.P. Haeni

ABSTRACT

Surface-geophysical techniques were
used with a position-recording system to study
riverbed scour near bridge piers. From May
1989 to May 1993, Fathometers, fixed- and
swept-frequency continuous seismic-reflec-
tion profiling (CSP) systems, and a ground-
penetrating radar (GPR) system were used
with a laser-positioning system to measure the
depth and extent of existing and infilled scour
holes near bridge piers. Equipment was pur-
chased commercially and modified when nec-
essary to interface the components and (or) to
improve their performance.

Three 200-kHz black-and-white chart-
recording Fathometers produced profiles of the
riverbed that included existing scour holes and
exposed pier footings. The Fathometers were
used in conjunction with other geophysical
techniques to help interpret the geophysical
data. A 20-kHz color Fathometer delineated
scour-hole geometry and, in some cases, the
thickness of fill material in the hole. The signal
provided subbottom information as deep as 10
ft in fine-grained materials and resolved layers
of fill material as thin as 1 ft thick.

Fixed-frequency and swept-frequency
CSP systems were evaluated. The fixed-
frequency system used a 3.5-, 7.0-, or 14-kHz
signal. The 3.5-kHz signal penetrated up to 50
ft of fine-grained material and resolved layers
as thin as 2.5-ft thick. The 14-kHz signal
penetrated up to 20 ft of fine-grained material
and resolved layers as thin as 1-ft thick. The

swept-frequency systems used a signal that
swept from 2- to 16-kHz. With this system, up
to 50 ft of penetration was achieved, and fill
material as thin as 1 ft was resolved. Scour-
hole geometry, exposed pier footings, and fill
thickness in scour holes were detected with
both CSP systems.

The GPR system used an 80-, 100-, or
300-megahertz signal. The technique produced
records in water up to 15 ft deep that had a spe-
cific conductance less than 200 uS/cm. The
100-MHz signal penetrated up to 40 ft of resis-
tive granular material and resolved layers as
thin as 2-ft thick. Scour-hole geometry, the
thickness of fill material in scour holes, and
riverbed deposition were detected using this
technique.

Processing techniques were applied
after data collection to assist with the interpre-
tation of the data. Data were transferred from
the color Fathometer, CSP, and GPR systems
to a personal computer, and a commercially
available software package designed to pro-
cess GPR data was used to process the GPR
and CSP data. Digital filtering, predictive-
deconvolution, and migration algorithms were
applied to some of the data. The processed
data were displayed and printed as color
amplitude or wiggle-trace plots. These pro-
cessing methods eased and improved the inter-
pretation of some of the data, but some
interference from side echoes from bridge
piers and multiple reflections remained in the
data.



The surface-geophysical techniques
were applied at six bridge sites in Connecticut.
Each site had different water depths, specific
conductance, and riverbed materials. Existing
and infilled scour holes, exposed pier footings,
and riverbed deposition were detected by the
surveys. The interpretations of the geophysical
data were confirmed by comparing the data
with lithologic and (or) probing data.

INTRODUCTION

Riverbed scour near bridge piers is a
widespread problem throughout the United
States. Scour near bridge piers has caused
scour holes to develop, piers to fail, and
ultimately, bridges to collapse. Many bridge
failures throughout the United States have
been attributed to this problem. From 1961 to
1976, 46 of 86 major bridge failures were a
result of scour near piers (Murillo, 1987).
More bridge failures during that period were
caused by scour than by earthquakes, wind,
structural, corrosive, accidental, and
construction-related causes. Streambed
aggradation and degradation, contraction
scour, and local scour were found to be the
main contributing factors to scour near bridge
piers (Richardson and others, 1991).

Measurements of riverbed scour and
deposition near bridge piers are essential to
studying the scour process. By understanding
the scour process, better initial construction
techniques and scour countermeasures can be
developed to minimize scour effects.
Maximum scour depths near a bridge pier
usually occur during the peak of a flood when
measurements are difficult, dangerous, or even
impossible to collect. In addition, bed load on
alluvial channels is redeposited shortly after
the peak flow but long before the flood has
receded (Trent and Landers, 1991), so scour
holes can be infilled. If the scour hole has been
infilled, data collected after the flood’s peak
using a sounding weight or a high-frequency

Fathometer will not measure the maximum
scour depth. After the flood recedes, surface-
geophysical techniques may be able to detect
and measure the maximum scour depth that
occurred during the peak of the flood. Surface-
geophysical records collected near bridge piers
contain a continuous profile of the water
bottom and, at some sites, can delineate
reflectors in the subbottom. These subbottom
reflectors can be correlated to old scour
surfaces, pier foundations, old channel beds, or
geologic layers.

In 1989, the U.S. Geological Survey
(USGS) and the Federal Highway
Administration (FHWA) began a cooperative
study to evaluate and improve the
effectiveness of several surface-geophysical
techniques used to detect riverbed scour near
bridge piers. The study included evaluating
surface-geophysical equipment, developing
data-collection and interpretation methods, and
applying these results to bridge sites in
different physical settings. Six bridge sites in
Connecticut were chosen for this study (fig. 1),
and geophysical techniques were used to
examine existing and infilled scour holes near
piers at these sites. The sites differ in river
width and depth, specific conductance of water
(freshwater or saltwater), and in the types of
river bottom and subbottom materials. Two of
the larger sites, where geologic information
was available, were designated as primary test
sites. New or modified instrumentation and
new data collection and interpretation methods
were tested at the primary test sites.

Purpose and Scope

The purpose of this report is to describe
(1) the surface-geophysical techniques used to
measure existing and infilled scour holes near
bridge piers; (2) the new or modified equip-
ment, data-collection methods, and interpreta-
tion methods developed for this application;
and (3) the interpretation of data collected









Fathometer Profiling

Fathometers determine water depth by
repeatedly transmitting seismic energy through
the water column and recording the arrival
time of the reflected energy from the water
bottom. The time required for the seismic sig-
nal to travel from its source to a reflector and
back is known as the two-way travel time, and
it is measured in milliseconds (ms) (equal to
1 x 1073 seconds). The Fathometer calculates
the depth to a water bottom by dividing the
two-way travel time by two and multiplying
the result by the velocity of sound through
water:

t (D
where: D = depth to the water bottom (ft),

V = velocity of sound through

water (ft/s), and
t =two-way travel time (s).

The depth value is printed as a continu-
ous graphic profile and (or) displayed as a
numeric value by the Fathometer. Fathometers
are calibrated by adjusting the value of V (eq.
1), which may vary slightly depending on
water type. Most Fathometers use a narrow-
bandwidth 200-kHz seismic signal. These
Fathometers provide accurate depth data, but
little or no information about the subbottom.
Fathometers that use a lower frequency signal,
such as 20 kHz, can detect reflected energy
from subbottom interfaces, such as the bottom
of an infilled scour hole. A color Fathometer is
calibrated to measure and display in color the
amplitude of the reflected signal, which, in
constant water depths, can be related to char-
acteristics of the bottom material.

Continuous Seismic-Reflection
Profiling

Continuous seismic-reflection
profiling (CSP) systems transmit seismic
energy from a transducer located just beneath
the water surface. The energy passes through

the water column and into the subbottom.
Where a change in acoustic impedance occurs,
such as at the water/bottom interface, part of
the seismic energy is reflected back to the
water surface. The remainder of the seismic
energy is transmitted further into the material.
The amount of energy that is reflected by an
interface is determined by the reflection
coefficient of that interface, which is
dependent upon the acoustic impedance of the
material above and below the interface.
Acoustic impedance is defined as the product
of the density of a material and the velocity of
sound through the material:

Z=pV 2)

where: Z = acoustic impedance (g/m?s),
p =density of the material (g/m>),
and
V = velocity of sound through the
material (m/s).

The reflection coefficient is defined as
the difference of the acoustic impedances of
the materials at an interface divided by their
sum: _ 4

R=_2"1_7Tr 3)
Z,+Z, A
where: R = reflection coefficient for this
interface,
Z,, Z, = acoustic impedance of
material above and below the
interface, and
A, A; =amplitude of the reflected and
incident waves at the
interface.
Typical reflection coefficients for selected
geologic interfaces are shown in table 1. These
reflection coefficients indicate that the
amplitude of the reflected signal from a
water/sand interface (R= 0.3) is larger than the
amplitude of the reflected signal from a
water/mud interface (R=0.05), in similar water
depths (A; is constant). In systems that have
color amplitude printouts or displays, each



color represents a range of amplitudes of the
reflected signal (A,). When the water depth is
constant, the amplitude of the incident wave
(A;) at the water/bottom interface is constant,
and the color displayed representing that
interface can be related to its reflection
coefficient. A number of studies have shown
that reflection coefficients are related linearly
to bulk density, porosity, and median grain size
of marine sediments (Faas, 1969; Hamilton,
1970; Parrott and others, 1980).

The depth scale of a CSP record is cal-
culated using equation 1 where D is the depth
to any reflector and V is the velocity of sound
through the material above it. Typically, the
velocity of sound through water (about 4,888
ft/s; Sheriff, 1984) and saturated sediments
(about 5,075 ft/s; Haeni, 1988) is assumed to
be 5,000 ft/s, and the same vertical scale for
the water column is used to measure depths in
the subbottom. When more precision is
needed, a separate depth scale for the water
column and for saturated sediments is calcu-
lated using appropriate velocities.

Table 1. Typical refiection coefficients

[Modified from Sylwester, 1983]

The frequency of the seismic signal
used by the CSP technique determines the
maximum penetration depth and resolution. A
high-frequency signal has a short wavelength
and is attenuated by subbottom materials but
provides high resolution of subbottom inter-
faces (Sylwester, 1983). A low-frequency sig-
nal has a longer wavelength and is attenuated
less by subbottom materials but provides
poorer resolution. The fixed-frequency CSP
technique uses a narrow-bandwidth fixed-fre-
quency signal usually centered at 3.5, 7.0, or
14 kHz. The CSP technique using a 14-kHz
signal can be used in water as shallow as 4 ft,
can penetrate up to 20 ft into the subbottom in
certain materials, and can detect fill material as
thin as 1 ft in a scour hole. The CSP technique
using a 3.5-kHz signal can be used in water as
shallow as 7 ft, can penetrate up to 100 ft into
the subbottom in certain materials, and can
detect fill material as thin as 2.5 ft in a scour
hole. Swept-frequency (chirp) CSP techniques
that sweep from 2 to 16 kHz can be used in

Interface Reflection coefficient
Water/air -1.0
Water/limestone 0.5
Water/sand 3-4
Water/clay or silt 1-2
Water/mud 05-.1
Mud/clay or silt 1
Clay/sand A
Sand/limestone 2
Clay/limestone 3
Sand/granite 4




water as shallow as 1 ft, can penetrate 200 ft
into the subbottom in silts and clays, and can
detect fill material as thin as 3 in. in a scour
hole (Schock and LeBlanc, 1990).

The frequency of the seismic signal
used also determines the size and weight of the
transducer required to generate the signal.
Generally, transducers that generate low-fre-
quency signals are larger, heavier, and have
wider beam angles than transducers that gener-
ate high-frequency signals. The beam angle of
a transducer or antenna is the area beneath the
device that contains most of the energy of the
signal. A wide beam angle allows energy to be
reflected by objects alongside of as well as
under the transducer. These objects include the
shoreline and the sides of piers. Echoes from
the shoreline or from piers (side echoes) can
interfere with the data.

Another source of interference in geo-
physical data is caused by multiple reflections.
When a signal travels from the transducer to
the water bottom, it is reflected by the bottom.
When the signal returns to the surface it can be
reflected at the air/water interface and trans-
mitted back to the bottom. It is reflected by the
bottom again and is received at the transducer
a second time. This is called a second arrival
or a water-bottom multiple. The energy may
continue to ring in the water column causing
more than one multiple reflection. Water-bot-
tom multiples are most evident when the
water-bottom reflection coefficient is large, as
in rivers with hard bottoms.

Ground-Penetrating Radar

The principles used by the GPR tech-
nique are similar to those used by Fathometer
and CSP techniques. GPR systems, which can
be used on land or in water, radiate short
pulses of electromagnetic energy from a
broad-bandwidth transmitting antenna. When
used on water, the energy is transmitted from
the antenna floating on the water surface. This

energy passes through the water column and
into the subbottom. Where a change in the
electrical properties occurs, such as at the
water/bottom interface, part of the energy is
reflected back to the water surface. The
remainder of the energy is transmitted further
into the material. The reflected signal received
by an antenna is transformed to the audio-fre-
quency range, amplified, recorded, processed,
and displayed. The ability of the electromag-
netic energy to penetrate a material depends
upon the specific conductance of the material.

The GPR record consists of a continu-
ous graphic display of reflected energy over a
set time interval. The set time interval is the
two-way travel time, measured in nanoseconds
(equalto 1 x 10" seconds). The depth of water
and the thickness of geologic material in the
subsurface can be determined if the velocity of
the electromagnetic energy (V,,) through the
material is known. V,, through a particular
material is calculated as follows:

V, = — @

" E

where: V,, = velocity of electromagnetic
energy (ft/s),
¢ = speed of light in free space (ft/s)
(approximately 3 x 10%), and
E, =relative dielectric permittivity
(dimensionless ratio).

E, is a measure of the capacity of a
material to store a charge when an electric field
is applied relative to the same capacity in a
vacuum (Sheriff, 1984). Approximate values
of E, and V,, of selected materials are given in
table 2. The depth to a reflector can be
calculated using equation 1. Note that V,,
through water differs from V), through
saturated sediments, so the vertical depth scale
calculated for the water column cannot also be
used for the subbottom. Separate depth scales
are generated for materials with different V),
values.



The penetration depths achieved using
GPR techniques depend on the frequency of
the signal used and on the specific conductance
of water and bottom materials. In general, the
GPR system will penetrate resistive materials
and will not penetrate conductive materials.
Dense, moist clays impede performance of
GPR, and saltwater makes the technique
ineffective. GPR techniques work best in
shallow (less than 20 ft) freshwater with
granular bottom and subbottom sediments.
Electromagnetic energy seldom penetrates
more that 100 ft into the subbottom (Wright
and others, 1984) and, in highly conductive
material, may only penetrate a few feet
(Olhoeft, 1984). Using the 80-MHz antennas,
penetration depths of at least 20 ft into the
subbottom have been achieved through water
less than 20 ft deep with a specific
conductance of 155 uS/cm (Gorin and Haeni,
1989). The frequency used determines the
resolution of the technique, which can range
from 1 ft with a 300-MHz antenna to 2.5 ft
with an 80-MHz antenna. Multiple reflections
are less common in GPR data than in CSP
data, but side echoes from piers can cause
interference in the GPR data.

EQUIPMENT AND MODIFICATION

The geophysical instruments used in
this study were commercially available, and
some modifications were required to assemble
the systems. Fathometer, CSP, and GPR
systems were used as purchased, but
improvements were made to each system to
better suit them for scour surveys.

Fathometer Systems

Three black-and-white chart-recording
Fathometers were used during this study. One
of the Fathometers used was the Lowrance!
model X-15B, a 192-kHz black-and-white
chart-recording Fathometer. The system
required a 12-volt dc power supply and
consisted of a lightweight (5 1b) control unit
with a built-in belt-driven chart recorder and a
3-1b transducer. Bathymetric data were
recorded graphically on the chart, and pier
locations and comments were written directly

IThe use of trade names is for identification
purposes only and does not constitute endorsement
by the U.S. Geological Survey.

Table 2. Approximate values for electromagnetic properties of selected materials

[Modified from Geophysical Survey Systems, Inc., 1987; ILS/cm, microsiemens per centimeter at 25 degrees

Celsius; ft/ns, feet per nanosecond]

. Relative dielectric Velocity of
. Specific conductance e s .
Material (uS/cm) permittivity (E,) electromagnetic
(dimensionless ratio) energy, V,, (ft/ns)
Air. 0 1 1

Dry sand 0.001 - 10 4-6 0.416-0.498
Fresh water - 1-300 81 111
Saltwater 40,000 81 A11
Saturated sand 1-100 30 .180
Saturated silt 10 - 100 10 321

Saturated clay 1,000 - 10,000 8-12 .0301 - .375




on the chart record during data collection. The
amplitude of the reflected signal was displayed
using a gray scale. A hard bottom appeared as
a wide, dark gray line indicating a strong
reflection, and a soft muddy bottom appeared
as a narrow, light gray line indicating a weak
reflection. The depth data were accurate to
within 0.6 percent of the full-scale depth. For
example, with a 50-ft full-scale depth, the
depth to the water bottom was determined to
within 4 in. Side echoes rarely occurred due to
the narrow (80) beam angle of the transducer.
The tops of exposed pier footings were
detected when the transducer passed over the
footings. The 192-kHz Fathometer signal did
not penetrate most bottom sediments because
of its high frequency and, consequently, did
not detect fill in the scour holes. This
Fathometer was not configured to output
digital depth data so it could not be interfaced
with a laser-positioning system.

The Raytheon 2154D model DE-1190,
a 200-kHz black-and-white chart-recording
Fathometer, produced records similar to those
of the Lowrance X-15B. The Raytheon
required a 12-volt dc power supply and con-
sisted of a 25-1b control unit with a built-in
belt-driven chart recorder and a 4-1b trans-
ducer. An Odom Digitrace module was added
to the standard Raytheon unit so that digitized
depth data could be transferred from the Fath-
ometer to a positioning system via an RS-232
serial communication port.

The 45-16 Innerspace Technology
model 448 black-and-white chart-recording
Fathometer produced records similar to those
from the Raytheon 2154D but used a solid-
state thermal printer instead of a mechanical
belt and stylus. An RS-232 serial interface was
built into the 30-1b unit so it could be inter-
faced with a laser-positioning system. The 5-1b
transducer generated a 208-kHz signal with a
3° beam angle, and an optional 125-kHz trans-
ducer is available for use with this Fathometer.
This Fathometer was controlled by an internal

microprocessor and was the most advanced
Fathometer used in this survey.

All three black-and-white chart-record-
ing Fathometers were portable and provided
clear, accurate information on water depth,
existing scour holes, the top of submerged
debris, and the top of exposed pier footings.
One of the Fathometers was used simulta-
neously with other geophysical systems to pro-
vide bathymetric records, which aided in the
interpretation of CSP and GPR data.

A variable-frequency color Fathome-
ter, the SeaTex model HE-730, manufactured
by Si-Tex, Inc. was used to profile and detect
fill in existing scour holes. The purchased sys-
tem required a 12-volt dc power supply and
consisted of a 35-1b control unit and color
monitor and a 15-1b transducer. One of six pos-
sible frequencies (20, 40, 60, 75, 88, or 100
kHz) was transmitted by a single transducer,
with a frequency-dependent beam angle. A 20-
kHz signal with a beam angle of 44° was used
in this study to maximize penetration depths,
but the wide beam angle caused side echoes to
appear in the records. A minimum of 5 ft of
water was required to operate the system, and
a maximum of 10 ft of penetration into the
subbottom was observed. Subbottom layers
were resolved to within 1 ft with this unit. A
color video display of the data appeared during
data collection, but a printed bathymetric pro-
file was not produced during data collection.

The HE-730 system assigned different
colors to different amplitudes of the reflected
signals. A minimum threshold was set by the
sensitivity control that controlled the smallest
amplitude plotted on the screen. The smallest
amplitude reflection was displayed as light
blue. Signals with amplitudeS that were 6 dB
higher, or about twice as large, were displayed
as violet. Subsequent color changes occurred
in 6-dB steps, and four additional colors were
used: white, green, yellow, and red. Assuming
a constant water depth, a bottom represented



by red had a higher reflection coefficient and
was harder than that represented by light blue.

A recording-interface box, made by Si-
Tex, was added to the system so the analog
data was recorded by a standard audio tape
recorder requiring a 110-volt ac power source.
The data were stored on two channels of a
standard audio cassette. The left channel
recorded a modulated trigger pulse, which
indicated the time of the beginning of each
individual sounding. The right channel stored
a modulated data signal from each sounding.
During data collection, the data were posi-
tioned by noting the tape count at landmarks
such as piers.

The HE-730 system initially had sev-
eral limitations that eventually were overcome.
The color step size was fixed at 6 dB, so
smaller changes in the signal could not be dis-
played as a color change on the color monitor.
An event mark button was not available on the
system so position data relied solely on tape
counts noted in the field. A hard copy of the
data was not produced by the system, and the
only way to review the data was to replay the
data through the system from tape and observe
the color monitor. A hard copy could be
obtained by photographing the video monitor.

Modifications and improvements were
made to the HE-730 color Fathometer system
during this study. A hardware modification
allowed the color step size to be changed from
6 to 4 dB in order to show smaller changes in
the return signal and to improve the visual dis-
play. An event mark button was added that
allowed vertical-line marks to be recorded in
the data during data collection. The cassette
tape recorder was replaced by a digital-audio
tape (DAT) recorder. This improved the qual-
ity of the recorded signal by using a digital for-
mat rather than an analog format. A method to
transfer color Fathometer data to a personal
computer (PC) was developed that allowed
digital processing of the color Fathometer data
and printing capability.
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Continuous Seismic-Reflection
Profiling Systems

Two types of CSP systems were used
for this study—a fixed-frequency system and a
swept-frequency system. The fixed-frequency
CSP system was tuned to a single frequency
between 3.5 and 14.0 kHz and was used to pro-
file existing and infilled scour holes. The sys-
tem from ORE International, Inc. consisted of
a model 5430A transmitter, a model 5210A
receiver, one of two transducer configurations,
an EPC model 8700 thermal graphic recorder
and annotator, and a DAT recorder. The signal
frequency and signal power were set on the
transmitter, gain and filter settings were set on
the receiver, and a real-time graphic plot was
generated by the thermal graphic recorder. The
analog data were recorded in digital format by
the DAT recorder onto standard DAT car-
tridges. The transmitter, annotator, receiver,
and DAT recorder were rack-mounted in two
cases to increase the portability of the system.
The total weight of all the equipment, not
including the transducers, was about 220 lbs.
All units required a 110-volt ac power supply
and were powered by a portable 1,000-W gen-
erator.

Two different types of transducer con-
figurations were used with the fixed-frequency
CSP system. A 150-1b rectangular array of
four model 134 transducers transmitted a sig-
nal tuned between 3.5 and 7.0 kHz in two
modes of operation. When two transducers
transmitted and the other two received energy
(separate mode), the beam angle was wider
and penetration depths were less than when all
four transducers transmitted and then received
the reflected energy (combined mode). Side
echoes were detected in both modes of opera-
tion, and ringing within the transducer pro-
duced parallel lines across the top of the CSP
record that interfered with data from shallow
water. The presence of multiple reflections in
the records increased in the combined mode as
did the transducer ringing, which complicated



data interpretation. In the combined mode, the
3.5-kHz beam angle was 55" and the 7.0-kHz
beam angle was 35 . In the separate mode, the
3.5-kHz beam angle was 120 by 55 and the
7.0-kHz beam angle was 80 by 35°. The trans-
ducer array was usually operated at 7.0 kHz,
and the separate mode was used in shallow
water. A minimum water depth of 5 ft was
required to avoid the ringing interference.
When the transducer was tuned to 3.5 kHz,
interfaces 2.5 ft thick could be resolved. In
fine-grained material, up to 100 ft of subbot-
tom penetration was obtained, whereas in
coarser materials, subbottom penetration was
limited to 20 to 30 ft.

The second transducer configuration
was a single element, 50-1b, model T14, cylin-
drical 14-kHz transducer. Internal ringing was
a problem with this transducer, which often
produced poor records at scour sites especially
in very shallow water. This transducer was
able to resolve interfaces to within 1 ft.

CSP data saved on DAT cartridges
were reviewed and processed two ways. In the
first method, the tape was replayed through the
receiver and the gains, filters, and vertical-
depth scales were re-adjusted as the data were
printed on the graphic recorder. Regions of
interest on the record were enhanced if the
acquisition parameters were not set optimally
during data collection or if a new region of
interest developed. The second technique
involved transferring the data to a PC for pro-
cessing. A discussion of this method is pre-
sented in the processing section of this report.

The two major shortcomings of the
standard CSP system were the ringing in the
14-kHz transducer and the ringing in the out-
going transmitter pulse. In a new 50-1b 14-kHz
transducer (also model T-14), the transmitter
and receiver elements were separated, which
reduced some of the internal transducer ring-
ing. Implementing an active ring-damping cir-
cuit into the transmitter sharpened the
outgoing electronic pulse to the transducer and
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reduced ringing in the 3.5, 7.0, and new 14-
kHz records. The new 14-kHz transducer,
using the ring-damping circuit, was designed
to work in water as shallow as 3 ft.

A modification to the EPC graphic
recorder allowed the operator to print both the
positive and negative components of the return
signal or just the positive portion of the signal.
This modification aided in the interpretation of
some of the data.

Two swept-frequency CSP systems
were used during this study—the Datasonics
CAP-6000 and the Precision Signal X-Star
system offered by EG&G Marine Instruments.
The two systems have differences, but their
basic designs are similar. The systems con-
sisted of a computer-based control unit and
signal processor in one 120-1b case and a color
monitor in another 80-Ib case. The control unit
recorded the data onto 8-mm Exabyte tape car-
tridges. An external printer and a transducer
mounted in a tow fish were also part of the sys-
tem. The Datasonics 1.5- to 10-kHz tow fish
weighed 360 Ib, and the Precision Signal 2- to
16-kHz tow fish weighed 280 Ib. The fins of
the Datasonics tow fish were cut for use near
piers in scour projects, but its weight was not
reduced substantially. A 1,000-W, 110-volt ac
generator was used to power each system.
Minimal setup parameters were needed to
begin data collection, and the data-collection
routine was controlled by a menu-driven pro-
gram. The color monitor provided a real-time
color amplitude display of bathymetric and
subbottom information. A hardness or sedi-
ment classification plot of the river bottom also
was displayed during data collection.

Both swept-frequency CSP systems
produced high-resolution records of existing
scour holes, fill in the holes, and geologic lay-
ers in the subbottom. Both swept-frequency
systems were easier to operate but more diffi-
cult to troubleshoot than the ORE system
because many controls were automatically set
by the equipment.



Since the conclusion of the study, new
swept-frequency CSP systems have become
commercially available. Precision Signal has
introduced the Mini Star, which sweeps from 4
to 20 kHz using a 55-1b transducer and 20-1b
Sparc II workstation. DataSonics has intro-
duced the Chirp II system, which uses the
same transducer as the earlier DataSonics sys-
tem but with a 80486 processor. ORE Interna-
tional has introduced the GeoChirp, which
sweeps from 2 to 8 kHz or 1.5 to 11.5 kHz
using the same transducer from its fixed-fre-
quency CSP system and upgraded electronic
controls.

Ground-Penetrating Radar System

A GPR system using 80-, 100-, or 300-
MHz antennas was used to profile existing
scour holes and to detect infilled scour holes.
The SIR-8 GPR system, manufactured by
Geophysical Survey Systems, Inc. (GSSI),
consisted of a control unit, a digital tape
recorder, a graphic recorder, and an antenna.
The system was powered either by a 12-volt dc
or 110-volt ac power supply. The control unit
controlled the gain, filter, maximum time
(depth) recorded, and other setup parameters;
the digital tape recorder recorded the data; the
graphic recorder printed the profile during data
collection; and the antenna determined the fre-
quency of the signal used. The total weight of
the instrumentation, not including the anten-
nas, was about 100 1b. The antenna weights
were 80 1b for the single 80 MHz, 25 1b for the
single 100 MHz, and 30 Ib for the single 300
MHz antenna. The antennas were used in a
mono-static mode, requiring one antenna, and
in a bi-static mode, requiring two antennas
separated by a fixed distance. In the mono-
static mode, one antenna transmitted and
received a signal; in the bi-static mode, one
antenna transmitted a signal and the other
received it. The 80 and 100-MHz antennas
were used in both the mono-static and bi-static
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modes. The 300-MHz antenna had separate
transmitter and receiver antennas built into a
single housing, so although it was contained a
single housing, it operated in the bi-static
mode. A removable electronic module located
in the antenna housings determined the amount
of power transmitted by the antennas. A low-
power (20 or 40 W) transmitter was used in the
300 MHz antenna and the mono-static 80- and
100-MHz antenna configurations. A high-
power (2.5 or 5 kW) transmitter was used in
the bi-static 80- and 100-MHz antenna config-
urations. The high-power, bi-static 80-MHz
antennas provided up to 20 ft of penetration
into the subbottom, in 10 ft of freshwater, and
resolved layers as thin as 2.5 ft. On land, the
80-MHz antennas penetrated more than 50 ft
of resistive material. The low-power 300-MHz
antenna provided up to 10 ft of penetration into
the subbottom in 2 ft of freshwater, and it
resolved layers as thin as 1 ft.

Data recorded on 3M DC600HC tape
cartridges were reviewed and processed two
ways. In the first method, the tape was
replayed through the control unit, and the
gains and various print controls were re-
adjusted as the data were printed on the
graphic recorder. The vertical-depth scale was
fixed during data collection. The second
method involved transferring the data to a PC
for processing, which allowed the vertical-
depth scale to be shortened and processing
algorithms to be applied. A discussion of this
method is presented in the processing section
of this report.

A major limitation of the standard
radar antennas was that they were not designed
to be used in water. The wheels were removed
from the 80- and 300-MHz antennas, and the
cases were sealed so water did not leak into
them. Because the removable electronic mod-
ules and the cable were connected on the top
side of the standard antennas, care was used
during data collection not to splash water near
those parts. New fiberglass cases for the 100-



MHz antennas were designed and built with
water-resistant connectors mounted on top of
the cases, and a 5-kW transmitter and a single-
stage receiver were permanently mounted
inside the waterproof cases. These could be
used only in the bi-static mode of operation.
The tops of both antennas were shielded to
reduce interference from reflections from
bridge decks. The use of a fiber-optic link
between the antennas, rather than a standard
coaxial connection, improved the quality of
the GPR data. The modified 100-MHz anten-
nas provided the same quality data as the stan-
dard antennas, but were better suited to collect
data in scour investigations. The standard and
modified 100-MHz antennas were much
lighter and easier to maneuver near bridge
piers than the 80-MHz antennas and provided
comparable penetration depths and better reso-
lution.

Position-Recording System

Position data were used to correlate the
geophysical records with the pier locations, to
correct the horizontal scale of the geophysical
records and to review the tracklines of the
boat’s paths during data collection to ensure
complete coverage of the survey area. The
Hydro I, a laser-positioning system manufac-
tured by IMC, was used with a Fathometer and
a data logger or Hypack acquisition software
to collect position data before 1993. After
1993, an upgraded version of the system, the
Hydro II, manufactured by Laser Technology,
Inc., was used with a Fathometer and acquisi-
tion software on a PC to collect position data.

The Hydro position-recording systems
recorded the boat’s position (X, y) relative to a
fixed point and the corresponding water depth
(z). Although the Hydro II’s laser is accurate to
within 0.3 ft, the practical accuracy, which
includes tracking errors, is closer to 2 ft. A
shore station and a ship station were required
by these systems. The shore station consisted

of a laser distance-measuring device, a theodo-
lite (an angle-measuring device), and a radio
link that transmitted the coordinates of the
boat’s location to the boat. A person was
required on shore to manually track the boat
with the laser. The ship station consisted of a
data logger/radio link (or a PC/radio link),
which received the position (X, y) data from
the shore station and the depth data (z) from a
Fathometer. The data logger (or PC) on the
ship recorded the boat’s position and the water
depth at a programmed distance or time inter-
val. Usually, the x-y-z values were recorded
every time the boat travelled a distance of 5 ft.
A mark signal was transmitted to the geophys-
ical equipment at 10-ft distance intervals. Dur-
ing data collection, the data logger (or PC) also
aided in navigation by indicating how far the
boat was to the left or right of the programmed

_trackline. When using the data logger, the data

13

were transferred from the data logger to a PC.
The Hydro I hydrographic software was used

to review the boat’s tracklines and bathymetric
profiles and to edit and print two-dimensional
plots of the tracklines and profiles.

An additional data-collection and pro-
cessing software package, Hypack, written by
Coastal Oceanographics, was used on an IBM-
compatible PC in the boat during data collec-
tion. At the Bulkeley Bridge, the geometry and
locations of the bridge piers were programmed
into Hypack from bridge-construction plans.
At the Baldwin Bridge, the locations of the
piers were programmed into Hypack on site by
positioning the boat at the front and back of
each pier and recording the position. Hypack
provided a real-time graphic display of the
bathymetry and the boat’s position in relation
to the piers, desired trackline, and previous
boat paths. By monitoring these data during
data collection, complete coverage of the scour
site, as well as the quality of the position and
depth data, were assured. On the boat, Hypack
replaced the data logger and recorded the data
directly to a file on the PC in ASCII format.
The PC used two serial ports. One port read



depth data from a Fathometer and the other
read position data from the radio-link unit.
After data collection, Hypack or the Hydro I
software was used to edit and print data. Addi-
tional programs, Isomate and Surfer, were used
to create two-dimensional and three-dimen-
sional contour plots from the data. Further
details are included in the processing section
of this report.

DATA COLLECTION NEAR BRIDGE
PIERS

Successfully collecting surface-geo-
physical data near bridge piers begins with the
choice of an appropriate technique. The appro-
priate choice of the geophysical technique(s)
to use for detecting and measuring existing and
infilled scour surfaces depends on two factors.
First, the chosen technique must be able to
provide the penetration and resolution
required. For example, if the purpose of the
survey is to detect infilled scour holes, a 200-
kHz Fathometer will not provide the subbot-
tom information required. If the purpose is to
map the bathymetry of existing scour holes,
the 200-kHz Fathometer probably will provide
adequate results. Second, the chosen technique
must work in the setting at the scour site. For
example, CSP techniques will not work in
water depths less than 3 ft, and GPR tech-
niques will not work well in water with a spe-
cific conductance greater than 1,000 pS/cm.

Once a technique is chosen, the logis-
tics at the site need to be considered. The
equipment may be operated from a small or
large boat or from the shore or a bridge deck.
When operating from a boat, the transducer or
antenna is supported from the side of a boat. A
skilled boat operator is required to maneuver
near piers especially in rivers with high flow
velocities. The best records are acquired when
the boat’s velocity is kept to a minimum. The
slow speed reduces the amount of noise in the
record, and expands the horizontal scale,
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which makes the geometry of the scour hole
and subbottom reflectors easier to interpret
from the data.

When operating from the shore, the
equipment is set up on the bank of a river, and
the transducer is slowly maneuvered near the
piers by a person or cable. This set-up is used
at sites with narrow rivers or where boat access
is limited. When operating from a bridge deck,
the equipment is set up in a vehicle or cart,
which is wheeled across the bridge deck. A
cable extends over the bridge deck to the trans-
ducer or antenna, which is guided by a person
or cable. This set-up is used on low bridges
where high-flow velocities or debris near piers
and obstructions on the bridge do not pose a
problem. When traversing upstream of the
piers, better position control of the transducer
can be obtained when operating from a boat or
river bank than from a bridge deck.

Complete coverage of the areas that
have the potential to scour is essential. Multi-
ple cross-sections of data are usually collected
at selected intervals along the upstream side of
the piers. Data also are collected along the
downstream side of the piers. Additional
cross-sections are collected farther upstream
and downstream to determine the extent of
contraction scour, and lateral lines alongside
the piers are collected to determine the lateral
extent of the scour holes.

Collection of Geophysical Data

The Fathometer systems were the sim-
plest to operate, most portable, and least
expensive. The control unit usually was oper-
ated from a boat, but occasionally was oper-
ated from a bridge deck. Two people were
required to conduct a Fathometer survey, and
the Fathometer was usually used in conjunc-
tion with a more complex geophysical instru-
ment. When operating from a boat, the
transducer was either mounted on the hull of
the boat or suspended rigidly from the side of



the boat. When operating from a bridge deck,
the transducer was attached to a sounding
weight, lowered over the side of the bridge,
and moved across the bridge to produce a
bathymetric profile. Multiple lines of data
along the upstream side of the piers were col-
lected only when the Fathometer was operated
from a boat. The location of the transducer was
noted on the Fathometer record during data
collection.

The fixed-frequency CSP system was
more complex to operate than the Fathometer
systems, and required a field crew of two or
three people, including at least one trained
individual. The equipment was operated from
different-sized boats and from the banks of riv-
ers. When operating from a large boat, the
150-1b transducer was suspended from the side
of the boat by a fixed support. At small river
sites and at sites where a boat launch was not
available, a 12-ft inflatable boat was used. At
these sites, the 150-1b transducer was sus-
pended by a truck-tire inner tube and guided,
but not supported, by the small boat. When
operating the equipment from a river bank on
narrow rivers, the transducer suspended by the
inner tube was manually pulled across river.

The swept-frequency CSP systems
were much heavier than the fixed-frequency
systems, so swept-frequency data were not
collected from the small boat. A minimum
water depth of 2 ft was required when using
the swept-frequency system; this was because
the boat required this depth, not the geophysi-
cal equipment. The swept-frequency CSP data
were collected from a 22-ft Boston Whaler
equipped with an over-the-side crane. The tow
fishes were large and heavy and were sus-
pended in the water alongside the boat by the
crane. Eddy currents near piers made maneu-
vering near piers with this tow fish difficult. To
change the frequency range, the transducers
and tow fish had to be changed.

The GPR system was a little more
complex to operate than the fixed-frequency
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CSP system, but a survey could be conducted
by a crew of two or three people, with at least
one trained person. The GPR equipment was
operated from large and small boats and on
land across shallow or dry river channels. The
antennas were floated alongside the boat as the
boat maneuvered slowly upstream, down-
stream, and alongside the piers. An aluminum
boat can interfere with the data when antennas
are next to the boat, therefore, an inflatable or
fiberglass boat was used to reduce this interfer-
ence. In shallow streams or rivers, the antennas
were pulled across scour holes by hand.

Two position-recording methods were
used in this study—rvisual estimations and pre-
cise measurements collected with a laser-posi-
tioning system. At sites on narrow rivers with
low-velocity water, where the transducer was
manually pulled across the river, visual estima-
tions of the transducer’s location were noted
on the field records. Locations of the begin-
nings of the lines, sides and center of piers, and
the ends of the lines were noted on the records.
At sites on large rivers or where future studies
may require data to be re-collected along the
same line, a position-recording system was
used. Changes in water velocities caused by
eddy currents near bridge piers made maneu-
vering at a constant velocity difficult. Because
the boat travelled at different speeds, the hori-
zontal scale of the geophysical record was dis-
torted. Data from the laser-positioning system
was used to correct the horizontal scale. That
procedure is detailed in the processing section
of this report.

Collection of Verification Data

Geophysical data were verified, if pos-
sible, by comparing them with physical mea-
surements made at the site. Hard bottoms, soft
bottoms, exposed footings, and less than 5 ft of
fill material can be detected in rivers less than
15 ft deep by probing the bottom of the river
with a 1-in. diameter hollow metal rod. The



information obtained by probing was used to
verify the interpretations of the geophysical
data. Geophysical data interpretations also
were compared with cores obtained at a site to
confirm or identify subbottom interfaces. A
vibracore system consisting of a concrete
vibrator attached to a 3-in. diameter 20-ft long
aluminum irrigation pipe with a core-catcher
attached at its end was operated from a 22-ft
boat. The pipe was lowered to the river bottom
through 7 ft of water and was vibrated through
about 9 ft of bottom material. A 4-ft core was
retrieved that confirmed the presence of a
sand/clay interface at the bottom of an old
scour hole that was detected by the geophysi-
cal techniques. The vibracore system is
described in Thompson and others (1991), and
its application in a scour hole is described in
Haeni and Gorin (1989).

Subsurface lithologic logs at bridge
sites and bridge plans also were used to help
verify subbottom reflectors detected by the
geophysical techniques. Although the litho-
logic logs did not provide scour data, they did
provide information about the depth to geo-
logic interfaces. This information confirmed
the presence of geologic interfaces detected by
geophysical techniques. It also confirmed that
these interfaces were not caused by scour, but
existed naturally before the bridge was built.
The depths to footings obtained from the
bridge plans were used to confirm the interpre-
tation of footings in geophysical records.

PROCESSING TECHNIQUES APPLIED
TO SURFACE-GEOPHYSICAL AND
POSITION DATA

The application of digital-signal pro-
cessing (DSP) techniques to surface-geophysi-
cal and position data improved the
interpretation of unprocessed geophysical
records (Haeni and Placzek, 1991; Haeni and
others, 1992). The application of DSP routines
to geophysical data sets increased the accuracy
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and ease of the data interpretations. These pro-
cessing routines were not applied to every data
set, however, because much of the unprocessed
field data contained sufficient information to
satisfy the goal of the survey. A geophysical
record was processed if more information was
required from the unprocessed field record or
if a processing routine was being tested. Pro-
cessing the data generally improved the
records but did not provide information from a
record if good data had not been collected ini-
tially.

Processed geophysical data were easier
to interpret because horizontal scales and some
of the geometry of geologic layers were cor-
rected, noise and interference patterns were
reduced in the data, and the resolution of the
data display was improved. Position informa-
tion was used to correct for differences in the
speeds and paths of the boats and to produce a
geophysical profile with a horizontally cor-
rected scale. Digital band-pass filtering rou-
tines eliminated some system and
environmental noise from the field data sets,
and a predictive-deconvolution algorithm
improved the display resolution of some
records. A Kirchoff migration algorithm
applied to horizontally corrected data sets cor-
rected the geometry of the bottom of the scour
holes and reduced interference patterns from
point reflectors, piers, or rip-rap bottoms.

Fathometer and Position Data

Fathometer and position data were pro-
cessed using a PC after data collection. Posi-
tion and depth data acquired using the Hydro I
data logger were transferred from the data log-
ger, through a standard RS-232 serial link, to a
PC. Position and depth data acquired using the
Hypack software were automatically saved to
an ASCII file on the PC. The Hydro I and
Hypack software were used to edit the data,
and Isomate and Surfer were used to create
contour plots from the edited data.



The Hydro I hydrographic software
was used after data collection to graphically
edit, display, and print two-dimensional
bathymetric and trackline plots. First, the
software was used to review bathymetric plots
and tracklines and edit or remove any
obviously erroneous data points. Erroneous
data points were identified because they were
extremely large or small compared with
nearby data points. Erroneous position data
were caused by the laser missing the target on
the boat and by radio interference during data
transmission from shore to ship. Incorrect
depth data were obtained when the Fathometer
digitized a depth that was not the water
bottom, in which case the analog chart record
was reviewed to determine the correct depth.
After the individual tracklines and depths were

edited, two-dimensional plots of the individual
tracklines and bathymetric profile data were
printed. An example of an edited two-
dimensional bathymetric profile printed using
the Hydro I software is shown in figure 2.

The Hypack software package was
used to monitor bathymetric and trackline
plots during data collection and to graphically
edit and print two-dimensional plots after data
collection. Isomate, an optional software
module to Hypack, was used to create a two-
dimensional contour plot of the data. First,
multiple lines of the data were combined into a
single grid file used to create the contour map.
For example, three lines of data upstream from
a pier, a line downstream and a line alongside
the pier were combined into a single grid file.
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Figure 2. Positioned 200-kilohertz Fathometer cross-section 5 feet upstream from the
piers at the Bulkeley Bridge, Hartford, Conn. (Modified from Haeni and others, 1992.)
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The grid size selected during the gridding
process determined the spatial resolution of the
plot. A grid size of 5 ft indicates that the
survey area was divided into 5-ft square blocks
and a single depth was determined for each
block. If a depth measurement was not
available for a block of the grid, the program
interpolated a depth value for that block from
surrounding depth measurements. From the
completed grid file, a plot file was created
from which a printout of the contour data was
made. From the grid file, Isomate also can
create a DXF file, which can be used in many
computer-aided design (CAD) packages to
display, enhance, and print data.

Surfer (version 4.15), by Golden Soft-
ware, Inc., was used to edit, display, and print

River channel

Direction of flow

two- and three-dimensional plots of the posi-
tion and depth data. Surfer uses a numerical
rather than graphical editor, so typically, data
were edited using the Hydro I software or
Hypack and then transferred to Surfer. Grid
and plot files were created by Surfer in a simi-
lar way as with Isomate. In addition to two-
dimensional contour plots, Surfer also pro-
duced three-dimensional surface and contour
plots (fig. 3). Surfer 4.15 can use only 14,000
x-y-z data points per plot, but the version of
Surfer for Windows can use more than
250,000 data points per plot when used on a
PC with 8 MB of RAM. More data points can
be used if the amount of RAM is increased.
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Figure 3. Three-dimensional bathymetric contour plot upstream from the Bulkeley
Bridge, Hartford, Conn. (Modified from Haeni, 1992.)
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