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CPT-BASED ULTRASONIC PROBE FOR P-WAVE REFLECTION IMAGING OF EMBEDDED OBJECTS

Scott J. Brandenberg" and Joseph Coe”

Abstract: An ultrasonic p-wave reflection imaging probe is developed and utilized to non-
invasively image the geometry of a deep foundation supporting a bridge pier. The source
ultrasonic transducer emits compressive waves into saturated soil that subsequently transmit
to and reflect back from an embedded object, and the receiver transducer measures the
reflections which are used to construct an image. The components of the system, including the
custom transducer probe and data acquisition hardware, were integrated with the nees@UCLA
cone penetration testing (CPT) truck. The transducers have a central frequency of 100kHz, and
have a diameter-to-wavelength ratio of more than 3 in soft saturated soils with p-wave
velocities similar to water (i.e., 1500m/s). The large diameter-to-wavelength ratio gives the
transducers a directivity pattern that controls the rate at which wave amplitude attenuates
with distance. The transducers are impedance matched to water, and are therefore reasonably
efficient transmitters in saturated soil, but inefficient in unsaturated soil. The probe was
utilized to successfully image a pile foundation in very soft saturated clay, but returns were not
recorded in stiffer and/or unsaturated soils. Causes of the poor returns include the scattering
effects of large soil particles, coupling between the transducers and the soil, and drift of the
probe out of alignment with the pile foundation. The probe could be very useful for non-

destructive quality assurance of structural elements constructed in-situ in soft saturated soils,
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and provides higher resolution measurements of the shape of the embedded object compared
with other available methods.
Subject Headings: Reflection; Compression waves; Ultrasonic methods; Nondestructive testing;

Integrity testing; Deep foundations; Transducers; Imaging techniques; Signal processing
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Introduction

Inadequate knowledge about the subsurface is among the biggest problems in geotechnical
engineering. Current standard of practice site investigation techniques can leave us with an
incomplete understanding of site conditions that is often utterly inadequate to reliably perform
engineering analysis (Terzaghi 1947). The standard penetration test and cone penetration test
methods provide information about only a small fraction of the soil at a site, and we are left to
interpolate soil properties between measured data points based on geologic history, statistical
methods, and judgment. Furthermore, these methods often provide poor correlation with key
soil properties (e.g., SPT is a poor indicator of undrained shear strength in soft clays), and SPT
measurements can be highly operator-dependent. Site investigation is arguably the area of
geotechnical engineering that is in the most need of improvement.

This problem is not unique to geotechnical engineering. Geology faced uncertainty
regarding the composition of the interior of the earth since invasive investigations were cost-
prohibitive and could only yield information about a limited portion of the upper crust. A basic
model of the earth was constructed non-invasively based on measurements of earthquake-
generated seismic waves (e.g., Mohorovi¢i¢ 1910). Geophysical methods have been used
extensively for non-invasively locating hydrocarbon-containing anticline features often
kilometers below the earth's surface (e.g., Yilmaz 1987, Sheriff and Geldart 1995).

Geophysical methods are widely used in geotechnical engineering to measure shear wave
velocity, acknowledged as an important soil property for dynamic problems such as
earthquakes, construction vibrations, etc. However, wave-based imaging methods, in which

waves are used to measure positions of interfaces rather than soil properties, have not been as
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widely adopted. A number of hurdles have contributed to this, including the complexity and
specialized nature of the work, the high cost of required equipment, and lack of exposure in
typical undergraduate engineering curricula.  Furthermore, many wave-based imaging
techniques utilize p-waves rather than s-waves, but s-waves are typically considered more
important than p-waves for geotechnical applications due to their importance in dynamic
problems.

A handful of studies have been conducted to demonstrate the potential of p-wave imaging.
For example, Lee and Santamarina (2005) conducted a small-scale laboratory test program that
utilized 500 kHz ultrasonic transducers to image soil layers, embedded objects, and slurry
surface position during sedimentation. Coe and Brandenberg (2010) also utilized ultrasonic
transducers to construct 3-D images of small-scale soil models, and found that migration
significantly improved image accuracy for dipping reflectors. Grandjean (2006) utilized a seismic
"multi-approach" that identified contaminants in the field using a number of different types of
waves, including p-waves (Rayleigh waves and shear were also utilized). Kase and Ross (2004)
used reflection imaging in advance of tunnel excavation to identify potentially difficult soil
conditions. Nichols et al. (1987) located rebound fracture zones in Pierre shale using shallow
seismic reflection imaging. More research is necessary to adapt p-wave reflection imaging
techniques from other fields to geotechnical projects both at the laboratory and field scales.

This paper presents a CPT-based ultrasonic p-wave reflection imaging system intended to
image vertically-oriented embedded structural elements. A number of methods exist for
detecting flaws in pile foundations, or to determine their depth. For example, Olson and Aouad

(1998) summarized many different surface-based and borehole-based techniques for

UCLA S/EERL-2010-01 4



measuring the length of pile foundations for the purpose of evaluating scour hazard. They
found that the parallel seismic method had the broadest applicability for determining the depth
of embedment of pile foundations. This method involves lowering a hydrophone into a fluid-
filled cased borehole, and striking the top of the foundation with a hammer, generating a
downward propagating compressive wave with a frequency in the sonic range (i.e., signals with
central frequency around 250Hz were presented in their study). The compressive waves are
transmitted away from the pile foundation and can be recorded by the hydrophone. When the
hydrophone is lowered beneath the bottom of the pile foundation, the recorded wave
amplitude becomes much smaller, thereby enabling determination of pile length. Additional
methods often used for quality assurance of drilled shafts include sonic echo, cross-hole sonic
logging, and gamma-gamma logging. These methods provide information of the drilled shafts
typically only inside the rebar cage, where the casings are installed. The ultrasonic imaging
technique presented in this report differs from existing techniques since (1) it uses higher
frequency wave energy (i.e., 100 kHz compared with the sonic range), and (2) it provides the
capability of imaging the outside of the foundation element.

The ultrasonic probe was integrated with the nees@UCLA CPT truck and is pushed into the
soil alongside an embedded object to visualize its profile with depth. The ultrasonic transducers
emit compressive waves into the soil that subsequently transmit to the foundation element,
and measurements of the reflections are used to construct the images. Several considerations
regarding application of ultrasound to soil is discussed first, followed by a description of the
transducers and data acquisition system utilized in this study. Then the results from one

successful and one unsuccessful field deployment at different sites in California are presented.
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The successful deployment consisted of very soft clay, and was ideally suited to couple well
with the transducers and propagate ultrasonic waves. A section of the pile foundation at this
site was imaged successfully. The unsuccessful site consisted of stiff unsaturated sandy clay
that was not ideally suited for use with the probe. Imaging was not successful at this site, but
helped establish limits on soil conditions through which the probe can propagate waves and

can be successfully pushed.

Application of Ultrasound in Soil

Several important considerations affect the ability to propagate ultrasonic waves through
soils. First, high frequencies are desired to improve resolution, but high frequency waves
attenuate more quickly with distance in material that exhibits damping. Hence, obtaining
adequate resolution and penetration distance requires compromise that must be carefully
considered. Second, ultrasonic transducers cannot be impedance-matched for every soil
condition. If the acoustic impedance of the soil differs significantly from the design impedance,
the amplitude of the transmitted wave will be less than optimal. This is an important
consideration for soft soil, since p-wave velocity (and hence acoustic impedance) depends
strongly on degree of saturation. Third, soil is dispersive for a number of reasons. Layered soil
profiles are dispersive for surface waves since waves of various wavelength involve different
strata and therefore propagate at different velocities. Saturated soils are dispersive due to
Biot-flow-induced damping, which can affect highly-permeable soils at earthquake frequencies,
or less permeable soils at higher frequencies. Additionally, large particles can scatter seismic

waves, particularly when the wavelength is short relative to the particle size. For sonic waves,
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wavelengths are typically very large relative to particle size, hence the soil is modeled as a
continuum without explicit consideration of particle scattering. However, ultrasonic waves
have much shorter wavelengths and care must be given to the wavelength-to-grain size ratio to
ensure that the ultrasonic waves can be transmitted through the soil. Finally, good coupling
between the transducer and soil is required so that the waves propagate through the soil-

transducer interface.

Attenuation of P-waves in Soil

Selecting a central frequency for ultrasonic transducers must balance the conflicting goals
of high resolution using high-frequency waves and the ability to transmit the waves a sufficient
distance through heterogeneous attenuative materials. Eq. 1 quantifies attenuation of wave
amplitude with distance, where r, and r; are distances to the source, A, and A; are wave
amplitudes at r and ry, respectively, C is a geometrical damping term (O for plane wave fronts,
0.5 for cylindrical wavefronts, and 1.0 for spherical wave fronts), o is the angular frequency, D
is the damping coefficient, V, is p-wave velocity, and T is an apparent attenuation factor that
accounts for partial transmission, mode conversion and other sources of heterogeneity (e.g.,
Santamarina et al. 2001). Understanding attenuation with distance an important consideration

for design of an ultrasonic transducer because the reflected wave must be detectable.

1 —| = e P T—l (1)
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Ultrasonic transducers do not generate spherical nor planar wave fronts, but rather exhibit
a more complex directivity pattern that depends on the transducer size, shape, and central
frequency, and the p-wave velocity of the medium. The directivity pattern affects { because
geometric attenuation is specific to the transducer and medium. The directivity pattern of the
transducer can be computed by assuming that every point on the transducer face is a point
source that produces a spherical wavefront, based on Huygen's principle. The waves
transmitted from the face of the transducer create a complex pattern of constructive and
destructive interference in the near field, and a more uniform wavefield in the far-field, further
away from the transducer.

Fig. 1 shows the pattern of wave amplitude for a circular transducer with diameter d=0.05m
and central frequency f=100kHz propagating waves into water with V, = 1500m/s ( k=2nf/V, =
418.9 m™). The equation defining the pressure amplitude is shown in the figure, where A is the
pressure amplitude on the face of the transducer. Also plotted in the figure is the normalized
pressure amplitude versus distance along a line that runs through the center of the transducer
and perpendicular to its face. The far-field attenuation is fitted with the functional form in Eqg. 1
(with D=0 since damping is not considered in the equation in Fig. 1), and by regression {=0.57.
Hence, the wave amplitude attenuates more slowly than a point source, but more quickly than
a plane wave. Note that Eg. 1 does not perfectly fit the far-field data, and C is specific to the
particular transducer/medium combination selected in the study. Furthermore, the amplitude
decreases with distance from the central axis of the transducer. For transducers of any

diameter and for any medium, { could be computed in the same fashion. In general,
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transducer/media combinations with a high diameter-to-wavelength ratio will exhibit a

stronger directivity pattern and smaller { values.

f=100kHz (x,y,2)=(0,0,0) at center of transducer
V,=1500m/s
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Figure 1. Transducer directivity pattern and wave amplitude as function of distance along

transducer's center axis.

Small-strain damping, D, has been measured for soil using sensitive laboratory devices (e.g.,

Doroudian and Vucetic 1995), and typically lies in the range of 1% to 3% for slow cyclic testing.

However, high-frequency waves can introduce relative inertia effects between the solid and
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fluid phases in saturated soils that can increase damping due to Biot flow by 5% or more (e.g.,
Qiu 2010). The amount of damping depends on excitation frequency and the hydraulic
conductivity of the soil, among other factors. The apparent damping parameter T is caused by
transmission and reflection at normal interfaces, mode conversion of p-waves into s-waves and
surface waves at inclined interfaces, and the presence of other anomalies. This damping

parameter can be difficult to determine analytically since anomalies are often unknown.

Influence of Impedance Mismatch Between Soil and Transducer

P-wave velocity of soil is known to be significantly affected by degree of saturation since a
small amount of compressible gas decreases bulk modulus significantly. P-wave velocity can be
defined using the Gassmann equation (e.g., Santamarina 2001, Lee 2003, Lee and Santamarina
2005) as in Eq. 2, where By is the bulk modulus of the soil skeleton, G is the shear modulus of
the soil skeleton, n is the porosity, S is the degree of saturation, B, is the bulk modulus of
water, Bg is the bulk modulus of air, B, is the bulk modulus of the soil grains, p, is the density of

soil solids, and p,, the density of water.

-1
(B9k+4Gij+ n i+ﬂ +1_—n
T3 B, B, B, (2)

(1-n)p, +nSp,

The Gassman equation neglects differential inertial effects between the pore fluid and the solid
particles that tends to increase the p-wave velocity (e.g., Biot, 1956a,b; Qiu, 2010).

Nevertheless, it is a useful equation for quantifying the relation between V, and S. Fig. 2 shows
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V,, versus S for soil with various shear wave velocity values for the soil skeleton. The input
parameters specified in Fig. 2 are typical for clay soil. A small amount of air in the soil matrix
(i.e., S = 99%) causes a large reduction in p-wave velocity. This strong dependence is often
utilized in laboratory tests wherein p-wave velocity measurements are used to verify that a high
degree of saturation has been achieved. Eq. 2 assumes that the liquid and gas phases in the soil
are uniformly mixed. However, Naesgaard et al. (2007) found that p-wave velocity was high in
laboratory test specimens known to be unsaturated based on measurement of low B-values,
and postulated that the p-wave may propagate around air bubbles through fully-saturated
channels in the soil. Berge and Bonner (2002) provide further discussion of the influence of
pore fluid heterogeneity, and suggest methods for distinguishing uniform versus "patchy"
saturation based on p-wave and s-wave velocity measurements. Heterogeneity in the
distribution of air bubbles in the void space and differential inertial effects would be expected
to result in higher V,, values than predicted by Eq. 2, hence it can be considered a lower-bound

estimate.
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Soil Properties
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Figure 2. P-wave velocity, V,, as function of degree of saturation based on Gassman equation.

The effect of saturation is important for ultrasonic testing because p-wave velocity affects
the transmission of acoustic waves into the soil. To understand the wave amplitude
transmitted into a medium by a given ultrasonic transducer, consider the schematic in Fig. 3.
Ultrasonic transducers consist of a piezoelectric material that couples electrical and mechanical
response, and a matching layer that acoustically matches the mechanical properties of the
piezo material with the medium. Many transducers are also equipped with a backing block to
reduce the pulse duration thereby improving resolution, and a replaceable delay line to prevent
damage that could occur from direct contact between the transducer and the medium. The
dynamic response of the transducer depends on the material properties and thicknesses of the

various layers that form the transducer, the mechanical properties of the medium, and the
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electrical excitation provided to the piezo material. Many researchers have developed transfer
functions quantifying the transmitted pulse as a function of the electrical excitation provided to
the piezo material (e.g., Leedom et al. 1971, Perrson and Hertz 1985). Such a level of detail is
often required in transducer design, but a simpler model can be utilized to assess the

transmission coefficient from the delay line into the medium for a given transducer.
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Figure 3. Transducer schematic and transmission coefficient as function of V, in medium.

Consider a transducer with a delay line composed of polypropylene with p=0.89 Mg/ms, Vp
= 2700 m/s. The acoustic impedance of the delay line is defined as z = pV,, = 2400Mg/m25. This
impedance is close to saturated clay with p = 1.6Mg/m3, V, = 1600m/s, and hence z =
2560Mg/m’s. Fig. 3 presents the amplitude of the wave transmitted into the medium as a
function of p-wave velocity of the medium. The transmission coefficients are plotted for
several different mass densities that are characteristic of typical soils. The transmission

coefficient decreases as V, decreases. Fig. 2 shows that unsaturated soil may have V as low as
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200m/s for reasonable V; values, and the transmission coefficient in such cases is only about 0.2
for the polypropylene delay line. For saturated soil the transmission coefficient is closer to 1.0.
Hence, this particular transducer configuration is much less efficient in unsaturated soil as in
saturated soil.
P-waves in Particulate Media

Geophysical methods may assume continuum behavior for body waves where the
wavelengths are very large relative to the size of the soil particles. High frequency ultrasonic
waves have short wavelengths that can approach the internal scale of the soil particles, hence it
is important to consider soil as a particulate material to understand limitations on its ability to
propagate ultrasonic waves. Propagation of waves in soil can be understood by analogy with
propagation of waves in a one-dimensional lattice of particles with lumped masses connected
by elastic springs and each separated by a constant distance. Brillouin (1946) illustrated that
such a lattice of particles acts as a low-pass filter because it cannot transmit waves with a
wavelength smaller than twice the particle spacing. Santamarina et al. (2001) demonstrated
that the Brillouin effect causes soil to become dispersive when the wavelength becomes
shorter than approximately 20 times the internal scale of the particulate medium. Interparticle
spacing in a lattice is analogous to particle size for soils, which establishes that soil of a given
particle size can only transmit waves that are longer than some threshold wavelength. Grain
size scattering will result if the wavelength becomes too small relative to the particle size. The
lattice analogy is not a perfect indicator of soil behavior since soil particles exhibit a range of

grain sizes and shapes, complex interparticle contacts, and often contains solid, liquid and
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gaseous phases. Nevertheless, one can assume that ultrasonic waves should have a
wavelength that is much larger than the particle size.

Wavelength of p-waves in a continuum is defined as A = V,/f, where V, is p-wave velocity
and f is frequency. For a given f and V,, a limiting internal scale can be established for the soil.
For example, consider an ultrasonic wave with f=100kHz, and a soil from Fig. 1 with V;=200m/s.
For S=1, V,=2000m/s and the corresponding wavelength is 20mm. For $S=0.99, V,=400m/s and
the corresponding wavelength is 4mm. Grain scattering would be more likely to effect the
shorter wavelengths, hence soil of a given grain size may transmit ultrasonic waves when S=1.0,
but may scatter ultrasonic waves of the same frequency when S$=0.99 or less. For unsaturated
soils, the size of the air bubbles also constitutes an internal scale of the soil and could cause
scattering due to the Brillouin effect.

Coupling

Couplants are often utilized in non-destructive testing to provide good contact between the
transducer and the medium. For example, gel is used in medical ultrasound to prevent gaps
between the transducer and the patient's skin that could reflect the waves back into the
transducer rather than propagating the waves into the patient's body. The effect of coupling is
more difficult to quantify than the effects of geometric and material damping, unsaturation,
and grain scattering. Furthermore, coupling is the most common cause of poor ultrasound
performance (Thomas Eischeid, Ultran Group, personal communication). In general, the
authors have found that ultrasonic transducers couple better with soft soils that can conform to
the shape of the surface of the transducer or delay line, and coupling improves as normal stress

increases between the soil and the face of the ultrasonic transducer. At low confining stress
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the ultrasonic transducers can couple well with saturated clay since tensile water pressures
tend to increase normal stress even without an externally applied force. However, large normal
stresses were sometimes required between the transducers and saturated sands to provide
adequate coupling. For the field application discussed in this paper, large normal stresses are
anticipated since the probe is pushed downward into the soil. However, stiff soils may also

crack as the probe is pushed, thereby degrading coupling.

System Components

The system components for the field work performed as part of this study include the
nees@UCLA CPT truck, transducers, source pulser, miniature DC to DC converter, receiver
amplifier, receiver analog filter, rotary event-marker and proximity sensor, terminal block (SCC-
68), data acquisition cards mounted in a National Instruments PXle chassis, and a personal
computer. A custom steel housing was machined to contain the transducers, pulser, DC to DC
converter, and amplifier (together, these components are hereafter called the ultrasound
probe). The ultrasound probe was welded to a connector rod which integrates with the existing
cone penetrometer rods in the nees@UCLA CPT truck, permitting the ultrasound probe to be
pushed vertically into the ground. The setup is schematically illustrated in Fig. 4 and shows

command chain flow as well as the resulting data acquisition flow.

UCLA S/EERL-2010-01 16



Control/Acquisition
Labview Software

¥

| PXI Chassis |

Multi- Function
Function Generator

| Oscilloscope I

Analog Trigger

SCC68 1/0 Filter Pylser
Amplifier
Rotary Event
Marker

Probe

Source
Receiver

Embedded
Soil Structural
Element

Figure 4. Schematic of probe, control system, and data acquisition system.

Ultrasonic Transducers

A set of gas matrix piezoelectric composite ultrasonic transducers manufactured by Ultran
Group (State College, PA) that operate at a central frequency of 100 kHz was utilized in this
study (Table 1). The transducers are composed of a gas matrix piezoelectric composite disc-

shaped element, matching layer, and an insulating casing. Gas matrix piezoelectric composite
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disks have inherently high damping and generate short duration pulses even without a backing
block, which is often used for typical piezo materials. Short pulse durations (from highly
damped transducers) are desired for pulse-echo imaging applications because "spiky" signals
provide better image quality than "ringy" signals. The casing grounds the transducer and
electrically shields the piezoelectric disks.

Table 1: Specifications of ultrasonic transducers.
Property Value
Nominal Frequency 100 kHz
Manufacturer ~ The Ultran Group

Product No. GRD100-D50
Length 43 mm
Diameter 50 mm

Source Pulser & DC to DC Converter

A high speed pulser provided a +150 Vpc input signal to the source transducer (Table 2). The
pulser utilized a dual channel metal-oxide-semiconductor field-effect transistor integrated chip
driver to power transducers for medical ultrasound or other applications requiring a high
output current for a capacitive load. A high voltage pulse was desired to maximize the pulse
amplitude to improve penetration depth and signal-to-noise ratio. A miniature DC to DC
converter supplies +150 Vpc to the pulser, and the pulser is triggered by a 0 to +5 Vpc step
function from an arbitrary waveform generator. The pulser outputs a step function to the
transducer, which subsequently responds predominantly at its central frequency (i.e., the
pulser does not permit tuning the excitation frequency). Specifications of the DC to DC

converter are presented in Table 2. The converter receives a +15 Vpc power supply input and
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converts it to a +150 Vpc output to provide the necessary high voltage for the source pulser to

drive the piezoelectric transducers.

Table 2: Specifications of source pulser and miniature DC to DC converter.

Property Value Value
Manufacturer Supertex, Inc. EMCO
Product No. MDI1213DB1 G02
Positive Drive Voltage 10V DC 15V DC
High Voltage Supply 150V DC N/A
Output Voltage 150V DC 150V DC
Logic Input Function Square Waveform 0 to 5V DC amplitude N/A
Ripple N/A <0.75%

Receiver Amplifier & Filter

An inline amplifier and analog filter from the laboratory system were utilized in the field to
record the voltage signal from the receiver transducer (Table 3). The amplifier was located near
the receiver transducer in the steel housing to minimize cable length for the unamplified signal
thereby reducing noise and minimizing loss of charge in the cable for the capacitive transducer.
The amplified signal was subsequently filtered using a low-pass anti-aliasing filter with corner

frequency of 2.5 MHz.

Table 3: Specifications of receiver amplifier and filter.

Property Value Value
Component Amplifier Filter
Manufacturer Mini-Circuits  Mini-Circuits
Product No. ZFL-500LN BLP-1.9
Input Power 15V DC N/A
Pass Band 0.1 to 500 MHz N/A
Low Pass Corner Frequency N/A 2.5 MHz
Gain 24 dB Min N/A
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Ultrasound Probe Steel Housing

A custom stainless steel housing was machined for the transducers and associated
electronic hardware (Fig. 5). The housing cross section was 102x52 mm (2x4 inch) and held the
transducers in contact with polypropylene delay lines that are impedance matched to saturated
soil. These delay lines were in direct contact with the surrounding soil when the probe was in
the ground. A thin rubber gasket and o-rings were utilized to provide a water-resistant seal for
all inboard electronics. A schematic close-up of the transducers is provided in Fig. 6, which
illustrates the water-resistant seal. The top of the stainless steel housing was welded to a
connector rod that mates with the CPT rods onboard the 20-ton nees@UCLA Hogentogler CPT
rig. Additionally, the same electrical connector used in the seismic piezocone was utilized in the
ultrasonic probe to integrate with the cabling already threaded through the CPT rods. The steel
housing facilitated quick substitution of the ultrasound probe in place of the seismic piezocone
while the truck was still aligned over the hole left by the CPT sounding so that the ultrasound

probe could be pushed into the same hole.
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Rotary Event Marker & Proximity Sensor

A rotary event-marker on the CPT rig measured the vertical position of the probe, and was
used to trigger pulses at specified positions as the ultrasound probe was pushed in the ground.
This system consisted of a 20-tooth gear with pitch diameter of 31 mm and a corresponding DC
inductive proximity sensor. Specifications of the proximity sensor are listed in Table 4. The gear
spun on a rack attached to the loading frame. As the ultrasound probe was pushed in the
ground, the proximity sensor would trigger in response to particular gear teeth. The
corresponding triggering interval was 5 cm.

Table 4: Specifications of inductive proximity sensor.

Property Value
Manufacturer PepperL+Fuchs
Product No. NJ 1.5-8GM40-E-V1
Diameter 8 mm
Range 1.5 mm
Input & Output Voltage 12V DC
Switching Frequency 5 kHz

Computer Hardware & Software

Data acquisition in the field was controlled by National Instruments cards mounted in a PXle
chassis (NI-PXle-1062Q) connected to a personal computer running custom Labview software
(National Instruments, Austin, TX). The pulser was triggered by an arbitrary waveform
generator card (NI PXI-5412), and the receiver was sampled at 5 MHz by a high speed digitizer
card (NI PXI-5620). The output from the gear-tooth proximity sensor was connected to a NI
SCC-68 terminal block expansion slot and sampled using a multi-function card (NI PXI-6259).

These three cards were synchronized through the internal clock of the PXle chassis.
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Custom Labview software was written to trigger the ultrasound probe based on
readings from the gear-tooth proximity sensor. The recorded pulses were saved at each
specified trigger point, and metadata containing the sampling frequency, trigger points, and
other salient information was written as a header and appended to the recorded voltage
vectors. A single recorded pulse for the 100 kHz transducers exhibited low signal-to-noise ratio,
so signal stacking was utilized to improve signal quality. An automated stacking algorithm
excited a rapid succession of 75 pulses with systematically varying time intervals between
pulses was used to reduce the amount of time required to perform the stacking (Brandenberg

et al. 2008). Rapid stacking was needed to maintain a reasonably push rate of 2 cm/s.

Field Deployment at Carquinez Bridge Site

Site Description

The Carquinez Bridge consists of two parallel bridges which cross the Carquinez Strait
linking Vallejo, California to the north, with Crockett, California to the south (Fig. 7). The site
where the ultrasound testing was performed is located directly beneath the western
suspension bridge span at Bent 7 adjacent to the southern anchorage. Bent 7 consists of two
rectangular reinforced concrete columns approximately 3.6 m by 2.4 m in size each supported
on a group of thirty-two 0.75m diameter cast-in-steel-shell (CISS) piles (NPS 30 by 0.75 steel)
arranged in a 4 by 8 group configuration (Fig. 8). The pile groups are connected by a single
1.7m thick reinforced concrete pile cap with plan dimensions of approximately 30.7m by 7.2m.
The center-to-center spacing between the CISS piles is 1.8 m. The CISS piles were constructed

by driving steel pile casings (0.75 m diameter) to the design tip depths of approximately 41 m,
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excavating the soil inside the casing, lowering steel reinforcement cages, and filling the casings

with concrete. The casings were left in place and form part of the deep foundation elements.
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Figure 7. Image of project site at Carquinez bridge in northern California.
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Figure 8. Schematic of bridge foundation and cone penetrometer soundings at Carquinez

bridge site. Some piles are omitted for clarity.

Cone penetration soundings were performed to a depth of approximately 19m at the site
(Fig. 9), and as-built drawings contained boring logs (not performed as part of this study). Soil
conditions consist of approximately 2.7 m of silty fill overlying approximately 3 m of very soft
bay mud over slightly stiffer bay mud with interbedded lenses of sands, silts and gravels. At a
depth of approximately 23m, the bay mud is underlain by layers of siltstone, sandstone, and
claystone progressing downward from weathered to competent. The depth to groundwater at

this site is approximately 1.1 m. The very soft clay between depths of 3 and 5m stuck to the
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CPT rods and was very messy to work with. Undrained shear strength of the clay layers was
correlated with cone tip resistance, as shown in Fig. 9. A prediction based on strength
normalization concepts (Ladd 1991) is also plotted in Fig. 9 for normally consolidated conditions
with sy/o,' = 0.22. The measured undrained shear strength is less than the normally
consolidated predicted strength, which indicates that this soil is very weak and may still be
consolidating under the fill. Consolidation tests were not performed to verify this evidence, but
the very soft, weak consistency of the clay and low cone tip resistance are both consistent with

under-consolidated conditions.
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Figure 9. Cone penetration test results for Sounding No. 5 at Carquinez bridge site.

The seismic piezocone was utilized to make downhole shear wave velocity measurements

(Fig. 10). The average shear wave velocity was about 310m/s in the fill layer, about 80m/s in
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the soft clay layer, and about 125m/s in the underlying bay mud. The low shear wave velocity
in the soft clay layer is consistent with the low tip resistance and observed consistency of the

soil that stuck to the CPT rods.
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Figure 10. Shear wave velocity profile from SCPT test at Carquinez bridge site.

Ultrasound Test Results

After the CPT test was completed, the seismic piezocone was replaced by the ultrasound
probe, which was pushed into the same hole to image one of the CISS piles supporting the
bridge. The distance between the ultrasound probe and the pile cap was 0.1m, and the
distance to the CISS pile was approximately 0.5m. The ultrasound transducers were triggered
at 0.05m intervals of depth, and the recorded reflections are shown in Fig. 11. Reflections are
clearly visible between depths of approximately 3 and 5 m, in the region where the transducers
were in contact with the very soft bay mud. An image was constructed from the recorded

voltage values by (1) mapping the recorded voltage amplitude to an 8-bit grayscale image, and
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(2) computing distance between the ultrasound probe and the CISS pile by multiplying the time

vector by Vp/2, where V,=1460m/s was selected for saturated clay with V,=80m/s using Eq. 2.

Note that the travel times are associated with a 2-way travel path from the transducers to the

pile and back, hence the need to divide by 2 to obtain one-way travel distance. The resulting

image is superposed on an interpretation of the as-built sketch of the pile foundation in which

the pile is assumed vertical.
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Figure 11. Recorded signals and ultrasonic image superposed on bridge sketch for Carquinez
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The travel time recorded at a depth of 3m immediately below the pile cap was
approximately 0.5ms, which corresponds to an interpreted distance of (5x10*s*1460m/s)/2 =
0.4m. This places the reflection very close to the anticipated position of the CISS pile.
However, travel time decreases as depth increases becoming as small as 2.5ms at a depth of
5m, which implies a difference in separation distance of about 0.2m. The following factors are
possible explanations: (1) the CISS pile is slightly inclined away from the center of the pile
group, and/or (2) the probe drifted toward the CISS pile as it was pushed, and/or (3) the p-wave
velocity of the soil increased with depth. Regarding possible explanation (3), the shear-wave
velocity does increase about from about 70 to 100m/s between 3-5m, but this moderate
change in s-wave velocity has only a small influence on p-wave velocity, predicted to be 1461
and 1467 m/s, respectively using Eq. 2. This difference in p-wave velocity would account for
only about 0.0007m of erroneous drift, which is far too small to explain the measured drift of
about 0.2m. Explanation (2) could not be directly verified since the ultrasound probe was not
equipped with an inclinometer (plans are in place to add this feature to the probe). However, it
is likely that the probe followed the pilot hole left behind by the seismic piezocone that was
equipped with a bi-axial tilt indicator, hence some knowledge of the amount of drift of the
ultrasound probe can be inferred. Fig. 12 shows the recorded drift angles versus depth
recorded from the seismic piezocone, and an envelope of possible sensor position obtained by
integrating the vector sum of the recorded drift values versus depth. Unfortunately the
orientation of the inclinometers in the CPT probe is not known, hence the probe position can
only be bound by the envelope. At a depth of 5m, the drift amplitude was less than 0.1m. Even

if the probe drifted directly toward the CISS pile, this amount of drift is insufficient to fully
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explain the measured 0.2m separation. Hence, the measured separation distance is caused, at
least in part, by drift of the CISS pile. Drift ratios as high as 10% are common for driven steel

casings (Poulos and Davis 1980), and 10% drift could explain the measurements.
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Figure 12. Cone penetrometer inclination and envelope of possible sensor position.

Returns were not recorded from reflections off of the pile cap above a depth of 3m, or from
reflections deeper than about 5m in the stiffer bay mud. The fill material in contact with the
pile cap was unsaturated, and this soil likely did not couple well with the transducers.
Regarding the deeper bay mud, the two most likely explanations for the lack of recorded
reflections are (1) the transducers did not couple well with the stiffer soils, and/or (2) the probe

drifted out of alignment with the CISS pile. CPT tip resistance increases significantly below a
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depth of about 5m, and this stiffer material may form cracks and imperfections that prevent
adequate coupling between the transducers and the soil. However, returns were also not
observed below a depth of 10m, where the tip resistance becomes smaller again. Based on Fig.
11, the probe would be expected to either hit the CISS pile at a depth of about 6 m, or drift
horizontally away from the pile to avoid direct contact. @ There was no evidence that the
seismic piezocone or the ultrasound probe made contact with the pile, hence we infer that the
probe drifted laterally out of alignment with the pile. At a depth of about 10m, drift amplitude
is larger than the radius of the CISS pile. This amount of drift is likely to cause significant
enough misalignment between the probe and pile to prevent reflections from being recorded.
Hence, it is impossible to know whether the transducers coupled well with the clay soil below a

depth of 5m.

Southern California Caltrans Test Site

The field p-wave imaging system was deployed at a Caltrans-owned test site located in
Hawthorne, California near the intersection of Interstate Highways 105 and 405 (Fig. 13). This
site had been previously utilized by nees@UCLA researchers to perform load testing of full-scale
drilled shafts in the field (e.g., Janoyan et al. 2006, Lemnitzer et al. 2010). This site was selected
since it was close to UCLA, easily accessible, soil conditions were well-characterized by previous
research studies, and contained pile foundations that could potentially be imaged. The site
consists of fill overlying stiff unsaturated sandy clay, silts and sands, and the soil conditions are
therefore not well-suited for coupling with the ultrasound transducers. Nevertheless, the first

test using the probe was conducted at this site to verify proper integration with the CPT rig and
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identify adjustments that would be required for future field studies. A particular concern was

whether the probe could be pushed through stiff soils since its cross-sectional area is quite a bit

larger than the seismic piezocone.

Figure 13. Southern California test site.

The deep foundations at the test site were constructed to investigate the soil-structure
interaction effects of bridge support structures (e.g., Lemnitzer et al. 2010). A pile group at the
site consists of nine 0.6 m diameter cast in drilled hole (CIDH) piles arranged in a 3 by 3 group

configuration and a single 1.8 m thick reinforced concrete pile cap (Fig. 14). The center-to-
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center spacing between the CIDH piles is 1.8 m and the pile cap has a footprint of
approximately 5.4 m by 4.8 m. The CIDH piles were constructed by boring a 0.6 m diameter
hole to a depth of 7.6 m, lowering steel reinforcing cages, and filling the holes with concrete.
Field testing at the site consisted of CPT data logging and p-wave imaging at two locations
immediately adjacent to the CIDH pile foundation (Fig. 14). The cone penetrometer was first
pushed into the ground to create a pilot hole for the ultrasound probe and to verify soil
conditions against the boring logs from previous site investigations. Fig. 15 shows the cone
penetration test data. The cone penetrometer was retrieved and subsequently replaced by the
ultrasound probe. The ultrasound probe was then pushed into the hole left behind to facilitate
penetration. As the probe was pushed alongside the CIDH piles, p-waves were emitted and the
reflected energy was measured at an interval of 5 cm. However, reflections were never
recorded at this site, most likely due to poor coupling between the stiff unsaturated soil and the

transducers.
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Figure 14. Schematic of pile group and location of CPT soundings at southern California test

site.

While this site did not provide useful ultrasound data, it clearly establishes that the probe is
not well-suited for testing stiff unsaturated soils. Additional work is needed to develop a
coupling system that may permit transmission of ultrasound waves into such soil. Furthermore,
the test proved useful for establishing an upper bound for the strength of soil through which
the rather bulky probe can be pushed. In its first test, the ultrasound probe was pushed to a
depth of only 2m and retrieved because we were concerned that difficulty might be
encountered when the probe is lifted back up out of the ground and we wanted to be able to
retrieve it using shovels if necessary. In the second test, the probe was pushed to a depth of

4m, where the cone tip resistance indicates the presence of a very stiff layer with gi=35MPa.
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When the probe contacted this layer, the CPT rig was lifted off of the ground, causing two of
the CPT rods to be damaged due to buckling. The rods were removed and the probe was
subsequently retrieved by the truck. The side augers were not in place during the test. An
automated system shuts off the hydraulic pump when the seismic piezocone encounters a layer
that is too stiff to push through, but the shut off is based on measurement of tip resistance,
which was not present with the ultrasound probe in place. The problem encountered at the
southern California test site indicates that the nees@UCLA CPT rig should not be used to push
the ultrasound probe through soil with tip resistance higher than 35MPa. At the Carquinez

bridge site, the probe was successfully pushed through a layer with q; = 20MPa.
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Figure 15. Results from CPT soundings at southern California test site.
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CONCLUSIONS

A CPT-based ultrasonic p-wave reflection imaging system was designed, constructed, and
applied in the field to image deep foundations. The probe successfully measured reflections of
p-waves in very soft saturated clay. This finding is significant because the ultrasonic waves
utilized in this study provide better resolution than commonly-applied geophysical methods,
and image the outside of the embedded structural element, which is often a key concern.
Widely utilized in other fields such as medicine and oil exploration, p-wave reflection imaging
has tremendous potential to improve quality assurance in geotechnical applications. Hence,
this paper is a useful contribution to a very promising neglected technology. However, the
probe presented herein is not perfect, and did not provide useful measurements in stiffer
and/or unsaturated soil. Probable causes of poor performance are (1) poor coupling between
the transducers and the soil, (2) reduction in transmission coefficient between the transducer
and unsaturated soil, and (3) drift of the ultrasonic probe away from the pile foundation.
Additional research will be required to solve these problems to make the probe useful for
applications over a broader range of soil conditions.

The probe, as configured, is well-suited for imaging the geometry of vertically-oriented
objects embedded in very soft saturated soils. Often, structural elements are constructed in-
situ in such soil conditions, and cannot be visually inspected after construction for quality
assurance. A common concern for drilled shafts in soft saturated soils is that the hole may cave
or squeeze prior to or during concrete placement, thereby reducing the diameter of the drilled
shaft and compromising its structural integrity. Commonly-used non-destructive methods

often have difficulty identifying defects along the perimeter of a structural element because (1)
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methods that propagate waves from the top of the structural element have poor resolution and
cannot define the shape of the anomaly, and (2) methods in which sensors are lowered into a
casing constructed inside the structural element can only define properties in a small region
around the casing (e.g., gamma-gamma logging), or in the region between the casings but not
the perimeter (e.g., cross-hole tomography). Ultrasonic testing, when combined with these
existing non-destructive techniques, has the potential to provide a more complete
understanding of the properties of the structural element. Furthermore, the ultrasonic probe
could be a useful quality assurance tool in many ground modification applications such as jet

grouting.
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