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ABSTRACT 

 

Proper design of bridge structures requires an appreciation for the possible failure 

mechanisms that can develop over the lifetime of the bridge, many of which are related to 

natural hazards. For example, scour is one of the most common causes of bridge failures. 

Scour occurs due to the erosion of soil and sediment within a channel with flowing water. 

During a flood event, the extent of scour can be so great that it can destabilize an existing 

bridge structure. In order to evaluate the scour potential of a bridge, it is necessary to 

have information regarding the substructure, particularly the bridge foundations. 

However, as of 2011 there are more than 40,000 bridges across United States with 

unknown foundations. Generally for these bridges there are no design or as-built plans 

available to show the type, depth, geometry, or materials incorporated into the 

foundations. Several non-destructive testing (NDT) methods have been developed to 

evaluate these unknown foundations. 

The primary objective of this research is to identify the most current and widely used 

NDT methods for determining the embedment depth of unknown bridge foundations and 

to compare these methods to an ultrasonic P-wave reflection imaging system. The 

ultrasonic P-wave reflection system has tremendous potential to provide more 

information and address several short-comings of other NDT methods. A laboratory 

study was initiated to explore various aspects related to the P-wave system performance, 

in order to characterize the limitations of the system in evaluation of unknown 

foundations prior to deployment in field studies. Moreover, field testing was performed 
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using the P-wave system and a number of the current NDT methods at two selected 

bridge foundations to allow comparison between the results.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Bridge Scour & Unknown Foundations (Problem Statement) 

Proper design of bridge structures requires an appreciation for the possible failure 

mechanisms that can develop over the lifetime of the bridge. Many of these failure 

mechanisms are directly related to natural hazards that may occur during the service life 

of a bridge. Due to the uncertainty associated with these natural hazards, regular 

inspection of bridge components is necessary to ensure long term integrity. This is 

especially true when considering the long term effects of scour, which is the most 

common cause of bridge failures (Fig. 1.1) (Deng and Cai, 2010). In a 30 year period 

prior to 1991, it was estimated that more than 1,000 bridges collapsed in the United 

States, and about 60% of those failures were related to scour of the bridge foundations 

(Shirhole and Holt, 1991). In another study, 503 bridge failures were documented across 

the United States between 1989 and 2000, of which more than 50% were attributed to 

flood and scour (Wardhana and Hadipriono, 2003). In the past, the annual cost for scour-

related bridge failures in the United States has been estimated at $30 million (Lagasse et 

al., 1997). 

As shown in Fig. 1.1, scour occurs due to the erosion of soil and sediment within a 

channel with flowing water (e.g. stream, river, tidal waterway, etc.). Increase in the 

velocity of flowing water during the rising stage of a flood results in an increase in the 
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shear stress on the stream bottom material to a point where these materials can be lifted 

from the stream bottom and transported away with the flow. This increases the cross-

sectional area of the channel and the velocity of flow through the scoured area decreases 

to satisfy flow continuity. The shear stress decreases correspondingly until equilibrium is 

reached and net migration of channel material stops. In contrast, the flow velocity 

decreases during the falling stage of a flood, which allows suspended sediments to settle. 

As a result, the scour process is cyclic in nature: the rising flood makes scour holes 

deeper, while falling flood fills the holes (Haas et. al., 1999). This process can occur 

locally over a small area or it can erode an entire river bank to a certain depth (Fig. 1.2). 

The rate and total amount of scour depend on many factors related to the water flow rate, 

soil erodibility, and geometry of the bridge substructure components (Fig. 1.3). 

Federal requirements for bridge inspection are set forth in the National Bridge Inspection 

Standards (NBIS). The Federal Highway Administration (FHWA) implemented the 

National Bridge Inspection Standards (NBIS) in 1967 in response to the collapse of the 

Silver Bridge over the Ohio River near Gallipolis, Ohio and Point Pleasant, West 

Virginia (Olson, 2005). The resulting Federal-Aid Highway Act of 1968 established the 

NBIS as a means to ensure the safety of the traveling public (FHWA, 2004). The NBIS 

sets federal requirements for bridge owners [typically state Department Of 

Transportations (DOTs)] to maintain an inspection program to evaluate, rate, and manage 

operations of highway bridges. The resulting information is tabulated as part of the 

National Bridge Inventory (NBI) (FHWA, 1995). According to data compiled in the NBI, 

approximately 500,000 bridges are located over waterways across the United States. 

Since it is statistically likely that hundreds of these bridges may be subject to major flood 
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events on a given year, scour is a major design concern for these bridges. As a result, a 

scour evaluation program was incorporated into the NBIS (FHWA, 1988). The FHWA 

technical advisory (TA) that established this scour evaluation program provides guidance 

on new bridge designs, evaluation of scour vulnerability for existing bridges, scour 

countermeasures, and improving estimates of scour at bridges. Over 90% of state DOT 

bridges have been evaluated for scour in compliance with the NBIS (Arneson et. al., 

2012). These scour evaluations have been conducted based on interdisciplinary studies by 

bridge, hydraulic, and geotechnical engineers. The resulting ratings for each bridge are 

cataloged under Item 113, Scour Critical Bridges, in the NBI. A risk-based Plan of 

Action (POA) must be developed by the state DOT for any bridges categorized as “Scour 

Critical” under Item 113 (e.g. Stein and Sedmera, 2006). The POA establishes guidelines 

for bridge-specific inspection type and frequency, monitoring of scour, potential 

installation of scour countermeasures, and instructions for bridge closures if necessary. 

A key input for evaluation of scour potential is information regarding the bridge 

substructure (i.e. piers, abutments, foundations, etc.). As of 2011, there are more than 

40,000 bridges across United States with unknown foundations (Arneson et. al., 2012). 

Generally, for these bridges there are no designs or as-built plans available to show the 

type, depth, geometry, or materials incorporated into the foundations. Bridges with 

unknown foundations present a unique challenge as the foundation characteristics are a 

necessary input to assess scour vulnerability and to develop appropriate scour 

countermeasures. The FHWA initially allowed these bridges to be exempt from 

assessment for their scour vulnerability. However, the FHWA reconsidered after several 

bridges were damaged or destroyed by scour over a relatively short period of time: 73 
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bridges by floods in Pennsylvania, Virginia, and West Virginia in 1985, 17 bridges in 

New York and New England by scour in 1987, 23 bridge failures in the upper Mississippi 

basin by flood for an estimated damage of $15 million in 1993, and 150 bridges damaged 

by flood from storm Alberto in Georgia in 1994. The FHWA eventually issued memos 

and developed policies that said these bridges would be considered “Scour Critical” after 

November 2010 unless state DOT’s determined their foundations, performed a risk-based 

analysis of the scour vulnerability of these bridges, or closed the bridge permanently (Gee 

2008, Lwin 2009a, Lwin 2009b) 

The change in policy regarding unknown foundation bridges has prompted State DOT’s 

to examine various methods to determine the foundation for these bridges, either directly 

through field testing or indirectly by other methods. Additionally, risk-based approaches 

have been implemented by several states to prioritize their investigations based on the 

results of National Cooperative Highway Research Program (NCHRP) Project 24-25. In 

this study, Stein and Sedmera (2006) presented a broad strategy to identify which 

unknown foundation bridges were most critical based on anticipated risk and cost of 

failure. Recommendations included field reconnaissance to evaluate foundations for high 

priority bridges and for other critical bridges that did not meet a minimum performance 

level. A cost-benefit analysis should be performed for low-risk bridges to determine if 

scour countermeasures or automated monitoring systems are warranted. McLemore et. al. 

(2010) summarized the experience of the Florida Department of Transportation (FDOT) 

with this risk-based method and demonstrated how it could be modified to incorporate 

the unique database of bridges for a particular state. 
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1.2 The Role of Non-Destructive Testing (NDT) in Evaluating Unknown 

Foundations 

In order to address the serious issue posed by potential instability of a bridge due to 

scour, it is necessary to know the depth and type of the bridge foundation. The way to 

determine what type of foundation exists with the most amount of certainty is to perform 

some large destructive test that excavates the area around the foundation for a visual 

inspection. However, despite the certainty associated with performing destructive test 

methods to characterize foundation properties, the excavation procedures are cost-

prohibitive, typically require access to barges, can be hazardous to the workers, and can 

possibly undermine the foundation under investigation (Olson et. al., 1998). Other 

conventional testing methods (e.g. coring, probing, etc.) suffer similar limitations and are 

typically avoided for most unknown foundation evaluations, So bridge owners have 

resorted to non-destructive methods to determine foundation type and depth. 

Non-destructive testing (NDT) methods obtain material properties of in-place specimens 

without destruction of either the specimen or the structure from which it is taken. 

Evaluation of the material properties is based on the measured response of the physical 

specimen to some stimulus (e.g. stress waves, electromagnetic radiation, etc.). NDT 

methods are routinely utilized across multiple measurement scales in fields ranging from 

medicine (e.g. medical ultrasound) and manufacturing (e.g. testing of welds) to the geo-

sciences (e.g. geophysical exploration of the Earth’s composition). NDT techniques are 

often utilized in civil engineering for the assessment of transportation infrastructure. 

Example applications include: 
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1.  Verification of the length of installed deep foundation elements or evaluation for 

the presence of defects. Methods include Sonic Echo (SE), Cross-hole Sonic Logging 

(CSL), and the Gamma-Gamma method (Rausche, 2004). 

2. Quality assurance (QA) of pavement construction using lasers, ground-

penetrating radar (GPR), falling weight deflectometers (FWD), penetrometers, and 

infrared and seismic technologies (Von Quintus et. al., 2009). 

3. Assessment of cracks in concrete to evaluate the safety and long-term reliability 

of concrete structures (Yasukatsu et. al., 2006) 

4. Structural health monitoring to detect, identify and assess flaws, properties or 

conditions that may affect the safety/performance of a structure (e.g. Hsieh et. al., 2006). 

The policies implemented by the FHWA to consider unknown foundation bridges as 

“Scour Critical” prompted a resurgence of studies regarding NDT methods to address 

deficiencies in predictions of foundation characteristics. One of the most comprehensive 

studies in this field was initiated by NCHRP Project 21-05 and summarized by Olson et. 

al. (1998) and Olson and Aouad (2001). It was a broad study that evaluated the current 

state-of-practice in NDT for unknown foundations at the time. The results from NCHRP 

21-05 provided guidelines for which NDT methods were better suited for unknown 

foundation studies based on case histories where those methods had been applied to 

evaluate both known and unknown foundation in the field. The first phase of this study 

was divided into three major parts: 
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• A review and summary of existing and potential technologies for determining 

subsurface bridge foundation characteristics.  

• An evaluation of the advantages, limitations, costs, and applicability of each of 

the different NDT technologies to different types of bridge substructure types and 

environments.  

• Application of several of the NDT technologies to 20 bridges with known 

foundations to determine the accuracy of the methods. 

The results of this research indicate that the parallel seismic test is the most robust 

method among other surface and subsurface methods. 

The second phase of NCHRP 21-05 focused on the methods that had proven more robust 

and reliable based on the field results of the first phase. This second study consisted of 

multiple “blind” field tests at 21 bridge sites in North Carolina, Minnesota, New Jersey, 

Michigan, Oregon, Massachusetts and Colorado. However, since completion of NCHRP 

21-05, NDT equipment has improved and more case histories have been published. Some 

of the methods in Olson (1998) and Olson and Aouad (2001) were still under 

development and did not have much available in the way of field experience or data. For 

instance, P-wave reflection imaging was briefly discussed as a method that showed 

tremendous potential (i.e. borehole sonic testing) but that had limited application at the 

time due to the lack of field experience and case history results (Olson et. al., 1998). 
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1.3 Scope of Research 

The primary objective of this research is to identify the most current and widely used 

non-destructive testing (NDT) methods for determining the embedment depth of 

unknown bridge foundations and to compare these methods to an ultrasonic P-wave 

reflection imaging system. The custom P-wave system, which consists of an ultrasound 

probe and associated electronics, has tremendous potential to provide more information 

and address several short-comings of other NDT methods. 

A laboratory study was initiated to explore various aspects related to the P-wave system 

performance. Moreover, field testing was performed using the P-wave system and a 

number of the current NDT methods (e.g. Parallel Seismic, Borehole Radar, etc.) to allow 

comparison between the results. Finally, recommendations for future research in 

unknown foundations and P-wave reflection imaging are provided. 

The body of this thesis is organized into the following chapters: 

• Chapter 2: Background & Literature Review 

Chapter 2 gives a description of the application of various NDT methods to 

unknown foundations. This comprehensive review includes detailed explanations 

of the equipment utilized, interpretation of results, advantages, and limitations of 

each method.  
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• Chapter 3: Laboratory Testing 

Chapter 3 describes the laboratory testing that was performed to explore the P-

wave system performance as part of this research project. Previous studies are 

described that have utilized this system to image laboratory soil models and 

known foundations in the field. The motivation for the laboratory testing in this 

study is explored. 

• Chapter 4: Field Testing 

Chapter 4 discusses the suite of NDT field tests that was performed as part of this 

study at two Pennsylvania Department of Transportation (PennDOT) bridge 

locations. The dimensions of the selected bridge foundations and their layouts 

were available to the research team. However, the depths of the foundations were 

not known with absolute certainty. 

  Chapter 5: Conclusions and Recommendations 

Chapter 5 provides the important conclusions of the research from both the 

laboratory and field. The disadvantages and limitations of P-wave reflection 

imaging are discussed in comparison to the results from all NDT methods utilized 

in this study. Finally, recommendations for future work in unknown foundations 

and P-wave reflection imaging are presented. 
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CHAPTER 2 

BACKGROUND & LITERATURE REVIEW 

 

2.1. Application of NDT to Unknown Foundations 

The biggest problems in geotechnical engineering often occur because of insufficient 

knowledge about the subsurface. For instance, as described in the previous chapter, scour 

is one of the most serious problems that can occur for bridge foundations. However, in 

many cases inadequate knowledge of the foundation characteristics prevents engineers 

from evaluating the scour potential of a bridge. As a result, engineers have developed 

several methods to attempt to evaluate subsurface conditions and verify foundation 

characteristics. 

Destructive test methods (e.g. excavations, coring/drilling, probing) are the most 

definitive ways to determine foundation type and depth. However, these methods can 

cause damage to the structure and foundations and they are cost-prohibitive. So bridge 

owners have resorted to NDT to determine foundation type and depth. There has been 

renewed interest in NDT methods in the time period since FHWA adopted the policy that 

bridges with unknown foundations would be categorized as “Scour Critical” within the 

National Bridge Inventory (NBI). One of the most comprehensive studies was initiated 

by NCHRP Project 21-05 and summarized by Olson et. al. (1998) and Olson and Aouad 

(2001). The results from NCHRP 21-05 provided guidelines for which NDT methods 

were better suited for unknown foundation studies based on case histories where those 
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methods had been applied to evaluate both known and unknown foundation in the field. 

The results of NCHRP 21-05 are summarized in the following sections along with a 

description of the various NDT techniques utilized. 

 

2.1.1 Surface NDT Methods 

Surface NDT methods are performed with minimal intrusion since there is no need to 

install a soil boring alongside the bridge foundation. Surface NDT methods require 

access to only the top of the bridge substructure. As a result, testing can be performed 

more quickly, costs are typically lower, and traffic disruptions are minimized. However, 

surface NDT methods have a numbers of disadvantages such as an inability to provide 

foundation data beneath pile caps and an assumption of uniform wave propagation and 

soil conditions. Surface NDT methods were some of the first to be implemented for 

unknown foundations as many were a logical extension of methods used for pile integrity 

testing and geophysical methods utilized in subsurface investigations. The following 

surface NDT methods for unknown foundations will be discussed: Sonic Echo/Impulse 

Response, Bending Waves, Ultraseismic, Spectral Analysis of Surface Waves, Ground 

Penetrating Radar, Dynamic Foundation Response, and Electrical Resistivity Imaging. 

 

2.1.1.1 Sonic Echo/Impulse Response (SE/IR) 

The Sonic Echo (SE) and Impulse Response (IR) methods were originally used to test the 

integrity and depth of known deep foundations. In this test method, a wave is induced 
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near the top of the foundation by striking a hammer against the foundation or an element 

connected to the foundation. The compression wave is sent vertically through the 

foundation element where it reflects back up from the foundation bottom to a signal 

receiver (e.g. geophone, accelerometer, etc.) at the top of the foundation (Fig. 2.1). By 

tracking the reflection event, the velocity of the wave can be calculated and the reflector 

depth estimated, so the foundation depth would be estimated consequently. The SE 

method interprets the resulting reflection data in the time domain and the IR method 

examines the reflection data in the frequency domain. 

Despite the fact that this test method is fairly inexpensive (the total cost range of testing 

is approximately $4,500 - $11,400), the resulting data has proven inconsistent in terms of 

estimating the length of unknown foundations (McLemore et. al., 2010). Items such as 

imperfection in piles, stiff or stratified soils, splices in piles, and the location of bedrock 

make data interpretation difficult. The receiver can sometimes be affected by induced 

wave echoes because of the existence of the bridge superstructure. Finally, this method 

does not provide any information below the pile cap if a subsurface pile cap exists (Olson 

et. al., 1998). 

 

2.1.1.2 Bending Waves (BW) 

In the Bending Waves (BW) method, two accelerometers are mounted near the top of the 

foundation element to record flexural wave generated by side impacts to the foundation 

(Fig. 2.2). The test setup is similar to the SE/IR method but uses flexural (i.e. bending) 

waves instead of longitudinal waves. For long, slender elements such as piles, flexural 
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waves are dispersive (i.e. the wave velocity is a function of frequency). As a result, the 

flexural wave reflections are post-processed using the Short-Kernel Method (SKM) of 

analysis where the cross-correlation (i.e. the similarity between two waveforms) of the 

received signals are computed with respect to a “Kernel Seed” of 1-cycle period 

functions ranging in frequencies from approximately 500 Hz to 4000 Hz (Douglas and 

Holt, 1994, Holt and Douglas, 1994). The dispersive relationship between flexural wave 

velocity and wavelength is developed by computing the flexural wave velocity for each 

kernel seed frequency. The flexural wave velocities are then utilized to compute the 

distance to the pile bottom based on the amount of time it took the receivers to record the 

reflected signals. 

It should be noted that although the BW test method is fairly low in cost (the total cost 

range of testing is approximately $4,500 - $11,400), it suffers from limitations similar to 

the SE/IR methods (McLemore et. al., 2010). Imperfection in piles, stiff or stratified 

soils, splices in piles, and the location of bedrock can increase the difficulty in data 

interpretation. Moreover, as in SE/IR, the BW method does not provide accurate 

foundation information below a pile cap (Olson et. al., 1998). 

 

2.1.1.3 Ultraseismic (US) 

The Ultraseismic (US) method was developed as part of the NCHRP Project 21-05 study 

in response to some of the difficulties encountered by SE/IR and BW for non-columnar 

and complex bridge substructures (Olson et. al., 1998). US has the same principles as 

SE/IR and BW but benefits from a larger number (3+) of receivers mounted on or near 



18 
 

the top of the foundation element in order to receive the reflected wave (Fig. 2.3). The 

use of multiple receivers allows greater confidence when interpreting reflected 

waveforms from complex substructures. The additional data can minimize noise from 

attached substructure reflections and can distinguish waves traveling in the upward and 

downward directions (Wightman et. al., 2003). US can be performed to obtain a vertical 

profile for a one-dimensional (1-D) image of the foundation depth or it can be performed 

in the horizontal direction for a two-dimensional (2-D) image of massive abutment and 

wall-type substructures with longer top or side surfaces. 

US is a fairly inexpensive method much like SE/IR (the total cost range of testing is 

approximately $4,600 - $11,600) (McLemore et. al., 2010). As previously noted, US was 

developed to address the limitations of SE/IR and BW and is a more robust method. 

However, despite its capabilities to resolve more complex substructures (e.g. abutment 

walls), US is still unable to detect piles beneath pile caps (Olson and Aouad, 2001). 

Moreover, as US relies on the propagation of longitudinal and flexural waves through the 

foundation, wave damping effects of stiff soils still play a major role in the ability to 

receive signals from the foundation bottom. Finally, the US test requires access to a 

vertical face of approximately 1.2 m (4 ft) or more to attach the multiple receivers.  

 

2.1.1.4 Spectral Analysis of Surface Waves (SASW) 

The spectral analysis of surface waves (SASW) method was originally developed to 

determine the shear wave velocity profile of the subsurface without drilling a boring 

(Olson et. al., 1998). In this test method, a source of seismic waves (e.g. impact hammer, 
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vibroseis, etc.) and two geophone receivers are placed in line at the surface such that the 

distance from the source to the first receiver is equal to the distance between the two 

receivers (Fig. 2.4). Surface (Rayleigh) wave energy is generated by the source and 

recorded by the receivers. The testing is repeated using multiple source and receiver 

spacings. The resulting data is post-process in the frequency domain to calculate the 

dispersion curve which is the plot of surface wave velocity versus frequency. Computer 

algorithms are used to iteratively match a theoretical dispersion curve to the experimental 

results in a process known as forward modeling, which results in a soil velocity profile. 

For unknown foundations, application of SASW is generally reserved for more massive 

tabular foundations, such as bridge abutments. Considering that no borings have been 

drilled in this method, the accuracy of the method is satisfactory (Olson et. al., 1998). 

Also it should be mentioned that this test method is fairly inexpensive (the total cost 

range of testing is approximately $4,500 - $11,400) (McLemore et. al., 2010). One major 

drawback to this test is that a large flat surface is necessary to assemble the testing 

equipment (Olson et. al.1998, McLemore et. al., 2010). Whenever a bridge substructure 

is much deeper than its length, the length of the substructure may be too short to generate 

the required longer wavelengths necessary to reach the bottom of the foundation (Olson 

et. al., 1998).  

 

2.1.1.5 Ground Penetrating Radar (GPR) 

Ground Penetrating Radar (GPR) is generally used to establish subsurface strata layers by 

moving a radar source and receiver over the foundation/ground in a grid pattern (Fig. 



20 
 

2.5). This method employs a surface antenna which radiates electromagnetic waves at 

very-high frequencies (VHF) to ultra-high frequencies (UHF) in the microwave range 

(i.e. 30 MHz to 3000 MHz). Wave reflections are generated at the boundaries between 

materials with different electrical conductivities (i.e. ability to conduct an electric 

current) which allows the generation of images of the domain under investigation. 

Different antennas provide the ability to adjust the frequency range of interest. Lower 

frequency antennas allow greater investigation depths at the cost of decreased resolution. 

Higher frequency antennas provide much better resolution but the electromagnetic waves 

do not penetrate as far and only allow limited investigation depths. 

This test method is typically more expensive than other surface methods (i.e. total cost of 

testing ranges between $6,000 and $14,000) primarily due to the higher costs of the 

specialized equipment (McLemore et. al., 2010). GPR is generally more applicable to 

large tabular foundations, such as spread footings or abutments, where reflected signals 

can be received with limited interference. Thus GPR is useful as a means to detect 

whether a bridge pier is underlain by a cap/footing or by a single columnar foundation 

(e.g. drilled shaft). However, GPR is unable to resolve any information beneath a pile cap 

or footing. Penetration of the electromagnetic signals is affected by the frequency of the 

signals as well as the electrical resistivity of the soils. Clayey soils and the presence of 

water (particularly salt or brackish water) can severely limit the depth of investigations to 

as little as a few centimeters (Wightman et. al., 2003). Low frequency antennas are 

typically unshielded (i.e. electromagnetic energy radiates in all directions) and can result 

in reflections from power lines, other buildings, and even the bridge deck itself.  These 
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reflected signals may complicate data interpretation. As a result of these limitations, GPR 

has seen only limited applications for unknown foundation investigations. 

 

2.1.1.6 Dynamic Foundation Response (DFR) 

The principles of this method are based on dynamic analysis theory for foundation 

vibration which shows that the vibration response of a bridge substructure has lower 

resonant frequency for a shallow foundations and higher resonant frequency response for 

a deep foundation system (Olson et. al., 1998). In this method, vibrations are induced into 

the bridge substructure and foundation elements using a suitable source (e.g. hammer 

vibroseis, traffic noise, etc.). Multiple receivers (i.e. accelerometers) are used to record 

the vibration response of the substructure (Fig. 2.6). By comparing the input to the 

resonant vibration response, transfer functions can be calculated to represent the different 

mode shapes of the substructure (Olson et. al., 1998). This information is used to infer 

foundation type (i.e. shallow versus deep). 

DFR has a mixed record regarding assessment of foundation type. Though it is intuitive 

that substructure dynamic response would differ between deep and shallow foundations, 

the differences are difficult to systematically identify in practice due to the complexities 

of bridge dynamic responses. Further research is necessary to ascertain the usefulness of 

DFR in the context of identification of unknown foundations. The DFR test is similar in 

cost to other surface NDT methods (e.g. $4,500 - $11,500 per test). Data collection in 

DFR is laborious primarily because several configurations of the accelerometers and 

source are necessary to properly excite the bridge substructure over sufficient mode 
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shapes (e.g. 25 - 36 source-receiver combinations for a single bridge in Olson et. al., 

1998). Additionally, there may be considerable constraints on site access. However, DFR 

is applicable over a wide range of soil conditions. 

 

2.1.1.7 Electrical Resistivity Imaging (ERI) / Induced Polarization (IP) 

Electrical Resistivity Imaging (ERI) and Induced Polarization (IP) are among other 

surface NDT methods that can be used to acquire images reflecting the subsurface 

conditions. In these methods, a current is induced into the ground, and the electrical 

response of the ground is measured to obtain subsurface images. 

In ERI, the difference between the electrical potential of two points is measured by using 

electrodes (Fig. 2.7). By knowing the measured voltage (V) and current (I), the resistance 

of the soil between the electrodes (R) can be calculated by		 . This information 

can be used to develop an image of the resistivity of the subsurface, which can be related 

to soil stratigraphy and properties (Adli et. al., 2010). 

IP follows the same basic theories for measuring the resistance and creating the 

subsurface image. However, these two methods are different in the fact that ERI is based 

on measuring the long-term response of the ground to an induced direct current, while in 

IP the transient response of the ground between the electrodes after removal of the 

current is measured. 

For ERI/IP methods, penetration depth, resolution and sensitivity of the measurements 

are vastly affected by the configuration of electrodes (Samouëlian et. al., 2005). Depth of 
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investigation is directly related to the total length of a survey line. A longer survey lines 

increases the depth of investigation at the expense of reduced image resolution from the 

larger electrode spacing. Electrodes can be set up in several well-known configurations 

(e.g. Dipole-Dipole, Schlumberger, Wenner, etc.). Modern automated multi-electrode 

data acquisition systems allow acquisition of large amounts of information and eliminate 

the need to change the configuration of electrodes for creating multiple pseudosections. 

Unlike other surface methods, ERI and IP are able to detect piles located beneath pile 

caps, and they do not have issues with complex foundations. Furthermore, ERI and IP are 

applicable even in clays. However, for sites with very stiff soils, the resistivity value 

might be very close to the concrete in the foundation and the system might not be able to 

distinguish these features from the soil effectively. Grounded metal objects located in the 

vicinity of the test location can also affect the collected data quality (Wightman et. al., 

2003). 

ERI and IP are more cost prohibitive than other NDT methods, as they require using 

specialized equipment and software, and pricewise, they can be compared with GPR (i.e. 

$4,500 - $11,500 per test). 

 

2.1.2 Subsurface NDT Methods 

In contrast with surface NDT methods, subsurface NDT methods require at least one soil 

boring which is usually installed either through the bridge deck or alongside the 

foundation. The strong point in utilizing subsurface NDT methods is their ability to detect 
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the foundation under a subsurface pile cap. Despite the increase in cost and time 

associated with subsurface NDT methods, they are often utilized because they typically 

offer greater reliability and better results (McLemore et. al., 2010). The following 

subsurface NDT methods for unknown foundations will be discussed: Parallel Seismic, 

Borehole Sonic, Borehole Radar, Cross-Hole Sonic Logging, Induction Field, and 

Borehole Magnetic. 

 

2.1.2.1 Parallel Seismic (PS) 

The Parallel Seismic (PS) method was developed specially for the purpose of determining 

the depth of unknown foundations (Olson et. al., 1998). In this method, a cased borehole 

is installed adjacent to the unknown foundation and a hydrophone or geophone receiver is 

lowered inside to measure the arrival times of wave energy that is imparted to the 

foundation from a hammer blow at the side or top of the bridge substructure (similar to 

SE/IR, BW, US) (Fig. 2.8). Because of the difference in wave velocity between the pile 

material and the soil, the time of arrival for the signal changes significantly, once the 

receiver is beneath the bottom of the foundation (McLemore et. al., 2010). As a result, the 

foundation bottom is identified by a sudden break in the slope of the first wave arrival 

times versus depth. The borehole should be located in close proximity to the foundation 

[i.e. 0.9 – 1.5 m (3 - 5 ft)] for optimum signal quality and it should extend approximately 

3 m (10 ft) below the foundation bottom to identify the slope change in first arrival times 

(Olson and Aouad, 2001). 
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PS has proven to be one of the most robust of the subsurface NDT methods (particularly 

when geophones are used) with a fairly long history and proven track record (Olson and 

Aouad, 2001). A typical PS test ranges in cost from approximately $10,000 to $22,800, 

with a large percentage of those amounts attributed to installation of a PVC-cased 

borehole. The primary advantage of PS is its ability to distinguish characteristics among a 

wide range of substructure elements, including abutment walls and pile caps. Since a 

borehole is generated during PS testing, the collection of soils data and installation of the 

test case can be done simultaneously, which allows for a more accurate method of 

incorporating the subsurface strata layers into the analyses. However, PS does have its 

limitations. Adequate coupling of the access tube can sometimes be problematic in loose 

granular or rocky soils (Hertlein and Walton, 2007). Hydrophones are particular sensitive 

to the tube wave that is generated by the impact at the surface (Wightman et. al., 2003). 

Dry or granular soils can cause rapid attenuation of the wave energy traveling through the 

substructure element. The borehole must be located close to the foundation to optimize 

signal strength (Olson and Aouad, 2001, Wightman et. al., 2003) and it must extend 

beyond the bottom of the foundation. This may be problematic when the foundation 

geometry is completely unknown and if the borehole must extend into bedrock. Finally, 

any discontinuities between pile cap/grade beams and the underlying foundation elements 

can completely block the generated waves (Hertlein and Walton, 2007). 

 



26 
 

2.1.2.2 Borehole Radar (BHR) 

The Borehole Radar (BHR) method is based on sending and receiving radar signals 

alongside the foundation element (Fig. 2.9). A PVC-cased borehole is installed adjacent 

to the unknown foundation and radar source and receiver antennas are lowered at an 

approximately constant depth interval. As in other borehole methods, when the reflected 

signal weakens, the receiver has gone beyond the bottom of the foundation and the depth 

is determined (McLemore et. al., 2010). 

BHR has provided satisfactory results in a number of field tests. The total cost for a 

typical BHR test ranges anywhere from $11,500 to $25,000. Despite the promising 

results from BHR in evaluating unknown foundations, several factors limit its 

applicability. Salty water, conductive soils, ground moisture conditions, and buried 

electrical power lines can reduce the depth of penetration of the radar signals and cause 

poor quality data (Olson et. al., 1998). The bentonite grout around a PVC-cased borehole 

can cause further attenuation of the radar signals and adjacent substructures can 

complicate interpretation of the resulting data (Olson et. al., 1998). 

 

2.1.2.3 Borehole Sonic (BHS) 

In the Borehole Sonic (BHS) method, a source transmitter is lowered incrementally into a 

boring and induces an acoustic wave (i.e. P-wave) which reflects off the unknown 

foundation (Fig. 2.10). A receiver is used to measure the reflection energy similar to the 

BHR method. However, as the waves are acoustic, the reflection results from materials 
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with different stiffness (not dielectric constant like BHR). The foundation bottom is 

located when the reflection signal at a depth increment is no longer present in the data. 

Only limited studies have demonstrated the potential applicability of BHS for foundation 

assessment. Olson et. al. (1998) only considered proof-of-concept studies as part of the 

first phase of NCHRP Project 21-05 and Olson and Aouad (2001) did not document any 

additional field testing during phase two. Descour and Kabir (2010) utilized a modified 

BHS method (called Single Hole Reflector Tracing in their study) that consisted of a 

seismic source in between two geophones within a single borehole. Coe and Brandenberg 

(2010) and Coe and Brandenberg (2012) demonstrated that P-wave reflections (i.e. the 

basis for the BHS method) were capable of generating images of complex laboratory soil 

models and cast-in-steel-shell concrete piles in the field. In this particular case, the BHS 

system actually operated at the ultrasonic frequency range (i.e. larger than approximately 

20 kHz). The system developed as part of Coe and Brandenberg (2010) and Coe and 

Brandenberg (2012) were utilized as part of this current study of NDT techniques for 

unknown bridges in the Commonwealth of Pennsylvania. 

As a subsurface test, BHS is generally more expensive than any other surface tests but 

compares favorably with the PS test (i.e. $10,500 - $23,000 per test). Commercial BHS 

systems are limited to those utilized in other applications (e.g. borehole sonic logging) so 

custom hardware is typically necessary. The main limitation for this method is that soil is 

a highly attenuative media for stress wave travel, even when saturated, which limits the 

band width of the receiver signal (Olson et. al., 1998). Therefore, the limits on distance 

between borehole and foundation element must be characterized in order to ensure the 

receiver can record reflections from the foundation interface. Additionally, improper 
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orientation of the BHS system limits the potential amount of reflected wave energy, 

especially for slender elements. Despite these limitations, the BHS shows promise as a 

tool to evaluate unknown foundations and it was further evaluated as a part of this current 

study. In particular, BHS has the potential to provide better resolution than PS and is less 

likely to be affected by improper coupling between caps or grade beams and underlying 

foundation elements. 

 

2.1.2.4 Cross Hole Sonic Logging (CSL) 

The Cross-Hole Sonic Logging (CSL) method is very similar to the BHS method 

previously described. This method has been used extensively in the past to identify 

defects in drilled shafts using pre-installed boreholes within the foundation (White et. al., 

2008). In CSL for unknown foundations, two case boreholes are installed on opposite 

sides of the foundation with equal distance from the foundation (Fig. 2.11). A source of 

acoustic waves is lowered in one borehole and the corresponding receiver is lowered in 

the other borehole. Acoustic waves are generated and the bottom of the foundation is 

located when the receiver begins to record signals that pass through the soil beneath the 

foundation (Fig. 2.11). 

CSL suffers from the same limitations as BHS since the nature of the system is 

practically identical (see Section 2.1.2.3). The main drawback relative to BHS is that 

CSL requires the construction of two boreholes on opposite sides of a foundation. 

However, CSL techniques have the capability to provide much more detailed information 

(e.g. high resolution 2-D or 3-D tomograms) about the region of interest and may be 
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suitable for high-risk unknown foundation evaluations. CSL is generally one of the most 

expensive NDT methods (i.e. $12,700 - $28,000 per test) due to the additional borehole 

requirements. 

 

2.1.2.5 Induction Field (IF) 

In the Induction Field (IF) method, an electrical current is induced in a steel pile or the 

steel reinforcement of a concrete pile and the resulting electro-magnetic field is recorded 

by lowering a sensor into the borehole (Fig. 2.12) (McLemore et. al., 2010). By plotting 

the magnitude of the induced voltage versus the depth, the bottom of the pile can be 

located by detecting the break in the slope of the line. IF is essentially the 

electromagnetic analog to the PS method discussed in section 2.1.2.1 (Olson and Aouad, 

2001). 

The amount of discussion regarding IF in the unknown foundation literature is sparse, but 

it appears to be gaining in popularity. Total cost range of testing is typically between 

$10,000 and $22,500. The primary limitation for this method is that it is limited to 

foundation materials that are good conductors. Therefore, the foundation substructure 

must contain electrically continuous steel for its entire length (Olson et. al., 1998, 

Robinson and Webster, 2004, and McLemore et. al., 2010). Any breaks in the 

reinforcements between pile cap and underlying pile render the testing unsuccessful. 

Moreover, access to the reinforcing steel is necessary at the ground surface to establish 

the electronic AC connection. PVC must be utilized as the borehole casing as steel masks 

the voltage signals from the foundation element. Similarly, the presence of metals or 



30 
 

transmission lines beneath the surface can impact the test results. Finally, the induction 

coil is able to detect the magnetic field within a fairly narrow range, and the borehole 

must be located within a few feet of the foundation element to maximize signal strength. 

 

2.1.2.6 Borehole Magnetic (BM) 

In the Borehole Magnetic (BM) method, a flux gate magnetometer is lowered into a 

cased borehole alongside an unknown foundation to measure the secondary magnetic 

field produced by steel foundation elements in response to the Earth’s magnetic field 

(Fig. 2.13). The electromagnetic field which is created by the ferrous material in the 

foundation can be measured at different depths until the bottom of the foundation is 

reached (Jo et al., 2003). Unlike other subsurface NDT methods, no source mechanisms 

are necessary (e.g. voltage or current source, impact hammer, etc.). BM is a passive test 

which measures the inherent magnetism of the steel foundation element. 

Like IF, the BM method is a more recent development in evaluating unknown 

foundations and less documented case histories are available in the literature. BM 

compares favorably with the cost of other subsurface NDT methods (i.e. $9,800 - 

$22,500 per test). The BM method suffers from the same limitations as the IF test due to 

the similarities in test layout and theory. The chief issue again is the requirement for 

continuous steel throughout the entire length of the foundation system. However, access 

to the steel at the ground surface is unnecessary because no source of electricity is input 

into the foundation. The presence of metals or transmission lines beneath the surface can 

impact the test results and PVC must be utilized as the borehole casing. 
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2.1.3 Factors Affecting Selection of NDT Methods 

After describing each of the NDT methods, it is necessary to consider some important 

factors that affect the selection of an appropriate method to evaluate an unknown 

foundation. In general, one of the most important factors that must be considered is site 

access. As was discussed, surface and subsurface methods need different degrees of site 

access requirements. Surface NDT methods have more minimal requirement and 

basically access to the substructure of a bridge is all that is necessary. However, for 

subsurface NDT methods a soil boring is required in order to perform the test. In both 

cases, traffic can cause many difficulties and testing during non-peak hours may be 

preferable. Environmental factors can also affect selection of an appropriate NDT method 

as the season can affect water levels in the vicinity of the bridge substructure, water 

salinity levels can degrade radar signals, and the presence of transmission lines and other 

utilities can increase the difficulty of data interpretation. Finally, the subsurface soil 

profile plays a major role in all of the NDT methods. Soil properties such as wave 

velocity, organic content, resistivity, and moisture content can all affect the various input 

signals in several of the NDT methods. Care must be exercised in properly characterizing 

the soil subsurface profile either prior to or in conjunction with NDT testing. 

 

2.2. Inferential Methods 

Inferential methods can be performed for bridges not grouped or categorized as high risk. 

In these cases, the costs associated with either destructive or NDT methods to positively 

identify the unknown foundation are not worthwhile given the overall costs of the bridge. 
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It may be more cost-effective and efficient for owners to use alternate methods to infer 

the foundation characteristics necessary for a scour evaluation. For example, an unknown 

foundation can be inferred based on considering known foundations of similar bridges in 

age, construction, geology, and/or location. More complex approaches have also been 

developed and studied recently. For example, Reverse Engineering attempts to predict 

foundation characteristics by approaching the design process backwards and estimating 

foundation length based on structural loads and soil capacity from the subsurface profile. 

A more recent development is the use of Artificial Neural Networks (ANN) to predict 

foundation characteristics. ANN methods consist of a mathematical model with 

capabilities similar to biological neural networks (e.g. central nervous system) (Priddy 

and Keller, 2005). The model creates a series of interconnected nodes, each capable of 

processing information in parallel with the other nodes. The network is provided data 

examples from which to “learn” the complex relationships relating the inputs and outputs 

of a system. In this manner, an ANN can be trained to predict unknown foundation 

characteristics based on inputs such as bridge type, date of construction, local geology, 

and other similar parameters. Inferential methods are still relatively “new” and only 

limited studies are available regarding their usefulness. However, given the reduced 

expenses associated with inferential methods and their potential to systematically 

characterize unknown foundation characteristics, their use is expected to increase as state 

DOTs tackle the issue of unknown bridge foundations. 
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2.3. P-wave Reflection Imaging 

As previously discussed in section 2.1.2.3, BHS shows promise as a tool to evaluate 

unknown foundations and has only seen limited development. In particular, BHS has the 

potential to provide better resolution than PS and is less likely to be affected by improper 

coupling between caps or grade beams and underlying foundation elements. 

Consequently, BHS was further evaluated as a part of this study, particularly for waves in 

the ultrasonic frequency range (i.e. greater than 20 kHz). Before further laboratory and 

field development of a BHS system for this study, it is necessary to discuss previous 

applications of P-waves in geotechnical engineering. The following section provides a 

brief summary of P-wave reflection imaging at the laboratory and field scales of 

geotechnical interest. 

 

2.3.1 Previous P-Wave Reflection Imaging Research in Geotechnical Engineering 

P-wave reflection imaging is a highly developed and mature field of study, with 

thousands of papers published in medical and geophysical journals. However, in the field 

of geotechnical engineering, only a few studies have been performed to show the 

potential of P-wave reflection imaging.  

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) 
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located rebound fracture zones in Pierre shale using shallow seismic reflection imaging. 

Olson and Aouad (1998) summarized many different surface‐based and borehole‐based 

techniques to measure the length of pile foundations for the purpose of evaluating scour 

hazard, including a BHS method which utilized P-waves in the sonic range. Lee and 

Santamarina (2005) imaged soil layers, embedded objects, and slurry surface position 

during sedimentation by conducting a small-scale laboratory test program that utilized 

500 kHz ultrasonic transducers. Coe and Brandenberg (2010) and Coe and Brandenberg 

(2012) characterized the capabilities and limitations of utilizing P-waves to image soil 

subsurface domains at the laboratory and field scales of geotechnical interest. The study 

consisted of two specific components: (1) Implementation of a P-wave imaging system to 

laboratory soil models, and (2) design, construction, and deployment of a cone 

penetrometer P-wave system to image the depth profile of deep foundation elements. 

The results from these studies show that P-wave reflection is a valuable tool to detect 

subsurface anomalies and layers and to evaluate subsurface structures. However, as 

previously mentioned, more research is necessary to adapt P-wave reflection imaging 

techniques from other fields to the geotechnical scales of interest, particularly at the field 

scale for evaluation of unknown foundations. The primary objective of this research was 

to continue the development of an ultrasonic P-wave reflection imaging system as a 

means to evaluate unknown bridge foundations. This system was deployed in the field to 

predict foundation length at two bridge sites in the Commonwealth of Pennsylvania. The 

results from P-wave imaging were then compared to several of the NDT methods for 

unknown foundations previously discussed in this chapter. 
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CHAPTER 3 

LABORATORY STUDIES 

 

3.1 Introduction 

Despite the extensive use of P-waves across a wide range of fields (including civil 

engineering) very little work has been performed to advance the state-of-practice at the 

scales of geotechnical interest. This is especially true of borehole P-wave methods to 

evaluate unknown foundations, despite the clear advantages of such methods over Sonic 

Echo/Impulse Response (SE/IR) and Parallel Seismic (PS). Only a handful of studies 

have examined the application of ultrasonic P-waves to image reflectors in soil domains 

(e.g. Lee and Santamarina, 2005, Coe and Brandenberg, 2010). In terms of field 

applications, Coe and Brandenberg (2012) describe the results of field testing using a 100 

kHz ultrasonic P-wave reflection imaging system. This system was able to image a cast-

in-steel-shell (CISS) pile in very soft clayey soils beneath a bridge in northern California 

and has the potential to provide a very clear image of an unknown bridge foundation. 

However, a few issues were noted that likely affected the ability of the system to 

successfully image the pile over a greater length. These issues included coupling between 

the transducers and soil, impedance mismatch due to unsaturated soils, and probe drift. 

Additionally, an experimental assessment of the P-wave transmission distances was not 

performed to evaluate the limits of the system. The uncertainty associated with these 

issues limits the application of this technology to a very narrow range of conditions. One 

goal of this study is to explore ways in which to address the current limitations of the P-
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wave system utilized in Coe and Brandenberg (2012) so that it can be implemented as a 

robust tool to evaluate unknown bridge foundations. 

This study will address issues related to coupling, impedance mismatch, and probe drift 

in the ultrasonic P-wave system developed by Coe and Brandenberg (2012). To 

accomplish this, during field testing the ultrasound probe was lowered into a pre-drilled 

borehole that has been grouted and capped with Polyvinyl Chloride (PVC) piping and 

filled with water (similar to the setup used in PS testing). The water in the borehole 

should ensure high transmission of wave energy into the surrounding soil (assuming the 

coupling of the PVC and grout to the borehole wall is suitable). Probe drift would be 

minimized as the probe would be lowered straight into an existing opening rather than 

pushed into the ground. 

A series of laboratory tests was developed to evaluate the effects of this new approach 

prior to mobilization in the field. A key focus of the laboratory testing was to evaluate 

system performance in relation to wave amplitudes and transmission distances. This 

chapter summarizes the results from the different laboratory experiments that were 

performed with the ultrasonic P-wave reflection imaging system in this study. An 

overview of the system components and data acquisition system is presented, followed by 

a discussion of the different proposed laboratory experiments. The results are presented 

in the last part of the chapter. 
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3.2 Overview of The Ultrasonic P-wave System Components 

The system components for the laboratory experiments consist of the transducers, source 

pulser, DC-DC convertor, terminal block (SCB-68), data acquisition cards which are 

mounted in a National Instruments PXIe chassis, and a personal computer (Figs. 3.1-3.4). 

A plastic housing contains the transducers, pulser, and DC-DC convertor. This housing 

and corresponding electronics (which will be called the ultrasound device) is attached to 

a cross beam frame that holds the tips of the transducers in contact with water so the 

ultrasound device can glide smoothly in the horizontal direction over the surface of the 

water. The components of this P-wave system are the same as those previously used in 

Coe and Brandenberg (2010). 

 

3.2.1. Ultrasonic Transducers 

The term transducer refers to any device that is used to convert signals or energy from 

one form to another. Ultrasonic transducers convert acoustic energy to electrical signals 

and electrical signals to acoustic energy. They are used both as detectors and as 

transmitters of ultrasonic waves (Zagzebski, 1996). A pair of piezoelectric ultrasonic 

transducers (100 kHz central operating frequency) is utilized in this study to obtain the P-

wave images in the laboratory and the field (Fig. 3-2). By imposing a voltage across the 

source transducer, the piezoelectric element within the transducer rapidly vibrates and 

emits a compressive wave in the media to which it is coupled. The reflected wave energy 

generates a measurable voltage potential across the receiver piezoelectric element. High 

frequency waves provide higher resolution images. However, high frequency waves 
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attenuate more quickly in attenuative media, and therefore cannot travel as far as low 

frequency waves. Thus, selecting a central frequency for ultrasonic transducers must 

balance the conflicting goals of high resolution and the ability to transmit the waves in 

large distances through heterogeneous attenuative materials (Coe, 2010).  Additionally, 

since soil is a granular material, when the wavelength becomes smaller than about 10 

particle diameters, dispersion of the waves becomes significant and prevents transmission 

of the waves (Santamarina et al., 2001). The 100 kHz transducers were evaluated in the 

laboratory to determine the limits of wave travel due to attenuation and wave dispersion.  

 

3.2.2. Source Pulser 

In order to increase the distance of wave propagation and the signal-to-noise ratio, a high 

voltage pulse is applied to the source transducer. In this test, the source pulser provides a 

150 VDC input signal to the source transducer. Specifications of this pulser are presented 

in Coe and Brandenberg (2010). The source pulser is triggered by a 0 to +5 VDC step 

function from an arbitrary waveform generator. 

 

3.2.3. DC to DC Convertor 

A DC to DC convertor is used to supply 150 VDC to the pulser by receiving a +15 VDC 

power supply input and converting it to a 150 VDC output. This provides the necessary 

high voltage for the source pulser to induce in the source transducer (Fig. 3.3). 

Specifications of this DC to DC convertor are presented in Coe and Brandenberg (2010). 
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3.2.4. Computer Hardware & Software 

The data acquisition system that controls the ultrasound system consists of National 

Instruments cards mounted in a PXIe chassis (NI-PXIe-1062Q), which are connected to a 

personal computer running custom LabVIEW software (National Instruments, Austin, 

TX) that triggers the ultrasonic device in a specified time interval for the water model 

(section 3.3.2.3) (Figs. 3.4 and 3.5). It should be noted that triggering was performed 

manually for the soil model (section 3.3.2.5). An arbitrary waveform generator card (NI 

PXI-5412) is utilized to trigger the pulser and the receiver is sampled at 5 MHz by a high 

speed digitizer card (NI PXI-5620). 

In order to improve the signal quality, signal stacking was performed during data 

acquisition. Generally, signal stacking can be defined as the summation of multiple 

recorded signals from the same location, which results in an increase in the signal-to-

noise ratio. The addition of multiple recorded signals from the same location, results in an 

increase in both the reflection signal and the noise. However, in the correlated portions of 

the signal (i.e. reflectors) the increase in magnitude is faster than the noise, which is 

presumably uncorrelated. Signal stacking is divided into two different types, namely 

traditional and fast signal stacking. Traditional signal stacking involves sending multiple 

pulses at a constant time interval and waiting for all the reflection to decay between each 

pulse signal. For some applications, traditional stacking is undesirably slow since all 

reflections signals must decay prior to each new successive pulse. In order to speed up 

the signal stacking process for laboratory testing in this study, fast signal stacking 

(Brandenberg et. al., 2008) was adopted, which does not need to be performed using 

equal time intervals. 
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All recorded signals were written to file using LabVIEW at each specified trigger point.  

Sampling frequency, trigger points, and other important information were noted as a 

header to the data file. After recording the data, the next step was data analysis using 

Mathcad to examine the performance of the system. 

 

3.3 Laboratory Testing 

The system components mentioned above were assembled and used in laboratory testing 

of multiple soil and water models. These models were developed to evaluate the 

performance of the system prior to actual field testing due to their inherent simplicity. 

This section discusses the laboratory experiments developed to characterize the limits of 

the P-wave reflection imaging system. Factors affecting P-wave imaging are introduced, 

followed by descriptions of the experimental models. Discussions of the experimental 

results are presented, and some related issues such as directivity of the transducers, gain 

function, and signal stacking of the system are explained. 

 

3.3.1 Factors Affecting P-wave Reflection imaging 

The performance of P-wave reflection technology depends on fundamental aspects of P-

wave propagation in soils, the selection of optimal P-wave transducers, and the 

development of an adequate test methodology (Lee and Santamarina, 2005). Several 

factors may affect the propagation of P-wave in soils; in the following section, frequency, 
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axial resolution, reflections at contrasts in impedance, and transducer coupling are 

discussed.  

Frequency is the number of oscillations per second that particles in a medium make as 

they vibrate about their resting positions. In the case of P-waves, the vibration consists of 

alternating compressions and rarefactions of the particles (i.e. pressure waves, sound 

waves, etc.). Most humans can hear sound (i.e. P-waves) if its frequency falls in the range 

of approximately 20 Hz to 20 kHz, known as the audible frequency range. P-waves with 

frequency greater than 20 kHz are termed ultrasonic (Zagzebski, 1996). Due to 

attenuation in soil, the wave amplitude decreases with distance of propagation. Higher 

frequencies are attenuated more rapidly than lower frequencies. However, higher 

frequencies can provide higher resolution, which affects the quality of images and defines 

how small of an anomaly can be detected by the P-wave. Therefore, to achieve balance 

between the quality of the image (resolution) and the transmission depth, selection of an 

appropriate frequency range and transducers for a given application is necessary (e.g., see 

Coe., 2010). 

Impedance is the product of density and P-wave velocity of the material ( , in 

which  is the Impedance,  is the P-wave velocity of the material, and  is the density 

of the material. The behavior of a P-wave at the interface between two materials depends 

on the ratio of the impedance of the two materials. For an impedance ratio of 1, the P-

wave transmits completely through the interface, while for ratios other than 1, a portion 

of the P-wave transmits and another portion reflects at the interface. When the impedance 

contrast between the two materials is significant (i.e. impedance ratios close to zero), the 

wave mostly reflects at the interface (Kramer, 1996). 
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Achieving adequate coupling between transducers and soil is sometimes difficult but 

important, for it can significantly decrease the ultrasonic wave transmission rate in the 

soil. For the type of transducers used in this research, the presence of water improves 

coupling performance, as water tends to fill the gaps between transducers and soil. 

 

3.3.2 Laboratory Experimental Models 

Two main sets of models were utilized to characterize the limits of the P-wave reflection 

imaging system in the lab. The first model had a simple design and examined signal 

transmission only in a water medium, which was simpler to construct and could provide 

preliminary results regarding potential field system behavior. The results from this test 

served as a guide for development of a soil model that had buried objects for the second 

set of experiments in the laboratory. The second model consisted of a more elaborate soil 

model with multiple embedded objects. The main purpose of this model was to 

characterize the difficulties associated with utilizing the P-wave reflection imaging 

system in soils, particularly with regards to the proposed field setup using a cased PVC 

borehole. Additionally, a major item of interest was the ability of the ultrasonic waves to 

transmit significant distances in soil. This is especially important in order to place limits 

on the proximity of the probe to any foundation elements. Because of high attenuation of 

P-waves with ultrasound frequency in soils, it is necessary to understand how far the 

waves can be propagated prior to the field component of this study.  
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3.3.2.1 Laboratory Tests without Soil 

Prior to engaging in the main lab tests, a set of experiments was devised to verify the 

ability of PVC and bentonite grout in transmitting P-waves. The grout was made as per 

ASTM D 4428/D 4428M with 450 g (1 lb.) bentonite, 450 g (1 lb.) portland cement, and 

2.80 kg (6.25 lb) water. These experiments were meant to ensure that the proposed field 

test setup was even plausible, based on the amount of energy transmitted through a 

PVC/grout interface. For this purpose, transducers delay lines were placed in direct 

contact using various conditions as described below: 

 Transducers in direct contact 

 Transducers in contact with two different thicknesses of grouts 

 Transducers in contact with PVC and two different thicknesses of grout 

Fig. 3.6 is schematic representation of these experiments. 

 

3.3.2.2 Laboratory Tests without Soil Experimental Results 

Figs. 3.7 - 3.9 illustrate the results of the preliminary experiments with a PVC/grout 

interface. As expected, the existence of a PVC/grout interface between the transducers 

negatively affected the signal amplitude. In such cases it would be expected that the 

quality of the produced images would be lower than the case where transducers were 

placed in direct contact with each other. However, the signal to noise ratio is still 

relatively high for the case of PVC and grout, which demonstrates that the proposed field 
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setup is plausible. More intricate water and soil models were then developed to explore 

the limits of this approach even further and also to explore an alternate setup with drilling 

fluid. 

 

3.3.2.3 Laboratory Tests in Water Models 

In the field testing for this research, the ultrasound probe was lowered into a PVC-cased 

borehole, rather than being pushed into the ground with a cone penetration testing (CPT) 

rig. This method should ensure adequate transducer coupling and address issues with the 

ultrasound probe in Coe and Brandenberg (2010) and Coe and Brandenberg (2012). 

Based on the results of the initial PVC/grout test in section 3.3.2.2, it appears that this 

method is plausible given the signal to noise ratio achieved. However, since this approach 

has not been utilized in previous laboratory or field testing, laboratory water models were 

designed to serve as a proof-of-concept to verify proper function of the ultrasound 

system. 

In the first model an acrylic chamber was filled with water. This model was developed to 

further investigate the attenuation behavior of the ultrasonic transducers and to explore 

the effects of different plastics within the propagation path of the transducers. Several 

steel plates were held by a wood frame at various depths within the water [at 4 inches 

(10.2 cm) depth increments]. Fig. 3.10 illustrates overall layout of this test setup and Fig. 

3.11 shows the picture of this model taken at the lab. The ultrasound system was dragged 

along the length of the model and images were generated by making the waves hit the 

steel plates at different depths (Fig. 3.12). Three different plastic materials with different 
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densities [Polyvinyl Chloride (PVC), Polypropylene, and Low-Density-Polyethylene 

(LDPE)] were placed in the propagation path of the P-wave to explore the effects on both 

wave transmission and signal amplitudes in water. This water model was set up to 

provide fundamental guidelines for developing the soil model and to ensure the 

performance of the system. 

Another experiment was developed by mixing water with bentonite at various 

concentrations to examine the attenuation behavior of drilling mud on the 100 kHz P-

waves in this study. Drilling mud can be used in the field to keep the boreholes open in 

absence of any kind of casing. Thus this approach was studied as an alternative field 

method in case the signal quality proved too poor when using a PVC casing. An 

aluminum plate was placed at the bottom of the water bucket to mimic reflections from a 

stiff interface such as a pile element. 

Another experiment was conducted on an alternate water model with gravels. This model 

was developed by setting up a sieve in a water bucket and submerging a pre-determined 

thickness of gravel in the water medium. Fig. 3.13 illustrates the overall setup of this 

model. This test was designed to mimic field conditions in which gravels might be 

present and signal scattering might occur. Signal scattering is a phenomenon that occurs 

once the internal scale of the material approaches the wave length of the signal and 

results in no reflection of the induced waves from the material. The frequency utilized in 

this study was 100 kHz. The wavelength that corresponds to this frequency can be 

calculate by λ = Vp ⁄ f, in which λ is the wavelength, Vp is the P-wave velocity, and f is 

frequency. Assuming a typical P-wave velocity of 1500 m/s for a saturated soil, this 

wavelength is calculated to be roughly the same as a typical gravel size (15 mm). In this 
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condition, it is possible for the input energy to be completely scattered. Therefore, 

theoretically the first concern was to avoid selecting a site with gravel. As this was not 

practical, exploring the effects of gravel on signal quality and reflection was necessary. 

An aluminum plate was placed at the bottom of the water bucket to mimic reflections 

from a stiff interface such as a pile element. 

 

3.3.2.4 Laboratory Tests in Water Models Experimental Results 

The first experiment on the acrylic water model was conducted without a plastic interface 

in front of the transducers. The results were used as a reference for all other tests and also 

to evaluate the effects of different types of plastic plates on signal quality and strength. 

As it can be observed in Fig. 3.11, 6 steel plates with equal dimensions and densities 

were utilized to perform the test. These plates can be easily recognized at different depths 

of the chamber in Fig. 3.14 and 3.15. However, based on their distance to the source 

transducer, the variation in signal amplitude is considerable. A gain function was applied 

to the results to address the difficulties related to reading the signals at farther distances 

from the transducers. Fig. 3.16 demonstrates the effect of applying a gain function on the 

quality of results. It improved the amplitude of the received signals, especially in the last 

three steel plate reflections (i.e. the farthest ones), but introduced additional noise. 

Figs. 3.17 – 3.19 show the results of the second sets of tests on the acrylic water model 

using various plastic materials between the transducers and steel plates at a distance of 

1.25 inches (3.18 cm) from the transducers. Based on these results, the effects of the 

specific impedance of the plastic materials were investigated. By using materials with 
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different impedances, the amount of reflected and transmitted waves would not remain 

consistent. Higher density plastics (i.e. higher impedance) would lead to increases in the 

amount of signal reflection from the plastic material interface, which would decrease the 

amount of energy transmitted to the underlying domain. For example, as noted in Fig. 

3.17 the higher impedance of PVC resulted in a decrease in the ability to observe the 

materials underneath it. Fig. 3.18 shows the results of the Polypropylene material with the 

same setup, layout, and configuration as PVC. The results of this test are similar to the 

results obtained for PVC. However, since Polypropylene had lower density compared to 

PVC (and therefore impedance closer in value to the water medium), the amount of 

signal energy reflected and transmitted through the plastic interface was less and more, 

respectively. Therefore, reflections from the steel plates were easier to discern for the 

case of a Polypropylene interface. This was also the case for LDPE as noted in Fig. 3.19, 

though the signal to noise ratio was lower than that obtained with Polypropylene. 

Figs. 3.20 – 3.26 show the effects of bentonite drilling fluid on wave propagation through 

water. Set up and configuration of this model were described previously (section 3.3.2.3). 

This testing was performed to explore the potential of using drilling mud to maintain the 

borehole open instead of a plastic casing. It was observed that by increasing the amount 

of bentonite in the drilling mud, the attenuation of the signal increased and reflection 

strength decreased significantly. For the case where weight of bentonite was 1% of 

weight of water, the existence of the aluminum plate could be easily recognized in the 

image. The lower bentonite concentration led to less attenuation of the signal and a 

stronger signal reached the bottom of the bucket which made recognizing of the plate 

possible. However, it should be noted that for the case of 1% concentration, the bentonite 
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particles were initially suspended in the fluid and gradually started to settle. This resulted 

in reduction of the concentration of the mixture and the formation of a thin layer of water 

to couple with the transducer face. This thin film of water would unlikely occur in the 

field. Moreover, a bentonite concentration of 1% would likely have issues with 

maintaining a borehole open when running sands are present in the soil profile. In the 

cases with 2%, 4%, and 6% bentonite, reflections from the aluminum could not be 

recognized even if a gain function was utilized. This means that drilling fluid is not a 

proper choice for substituting a plastic casing or for achieving better coupling, unless it is 

possible to use very low concentrations of bentonite based on the soil profile. As it was 

not possible to utilize such low concentrations to maintain the boreholes open at the 

selected field sites (see Chapter 4), it was decided that a PVC casing would be utilized for 

field testing.  

Fig. 3.27 illustrates the effect of signal scattering from gravels with average size of 5-10 

mm on the 100 kHz signals. There are definitely reflections signals visible in the test 

results. However, these reflections do not appear to line up with where they should be 

based on the model configuration/geometry described in the previous section. As 

previously noted, when the internal scale of the wave propagation medium approaches 

the wavelength of the wave, the medium no longer behaves as a continuum and signal 

scattering can occur. Due to the wave scattering effects from the gravels, it was not 

possible to understand the true nature of sources causing these reflections in Fig. 3.27. 

Therefore, in order to achieve reasonable readings from embedded objects in the field 

tests, sites with significant amount of gravel should be avoided  
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3.3.2.5 Laboratory Tests in Soil Models 

After testing and data analysis with the water model were complete, a set of experiments 

was also conducted on a soil model which was built in a vacuum chamber (Fig. 3.28). 

This model consisted of a more elaborate soil model with multiple embedded objects and 

was used to characterize the difficulties associated with utilizing the P-wave reflection 

imaging system in situations closer to field conditions. It was important to evaluate the 

ability of the ultrasonic waves to transmit and propagate significant distances in soil 

before deploying the ultrasound probe to the field for testing. This experiment was 

necessary to place limits on the proximity of the probe to any foundation elements.  

In this model, the unit weight of the soil was maintained approximately constant (16.5 

KN/m3) while filling a chamber with internal diameter of 914 mm and depth of 590 mm. 

For this purpose, sieve No. 20 was selected and a sand drop height of 18” (45.7 cm) was 

maintained throughout construction of the soil model. High-impedance anomalies 

composed of steel and concrete and low-impedance anomalies composed of PVC, 

Polypropylene, LDPE, gravel, and timber were embedded at pre-determined depths 

within the sand layer. Fig. 3.29 illustrates an overhead schematic of the cross sections in 

the soil model. This model was constructed to simulate different field conditions and to 

observe several fundamental problems that may occur in actual field testing. These 

embedded objects were only placed on the edges of the model so that the soil layer 

contacts in the middle of the model could be imaged without any embedded anomalies. 

After constructing the soil model, the chamber was placed under vacuum to remove air 

from the voids in the sand. Water was then introduced into the model under vacuum to 

make it fully saturated (Fig. 3.30). 
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As was previously noted, tests were performed along different directions in the model. 

The imaging system was dragged along the length of the model at four different cross 

sections (AA′, BB′, CC′, and DD′) to generate images of the various material embedded 

in the soil (Fig. 3.31). Descriptions of these cross sections are as follows: 

 Cross section AA′ consisted of two similar steel plates at two different depths of 

the sand (Fig. 3.32). 

 Cross section BB′ consisted of two plastic materials including PVC and 

polypropylene at the same depth. (Fig. 3.33). 

 Cross section CC′ consisted of a concrete plate, a steel plate, and a timber plate 

which were located at the same level (Fig. 3.34). 

 Cross section DD′ consisted of gravel material and LDPE located at the same 

depth as the plastic sheets in section BB′ (Fig. 3.35). 

Multiple tests were performed on cross section AA′ using PVC, Polypropylene, and 

LDPE sheets on the top of the soil model (Figs. 3.36 - 3.37).  These experiments were 

performed to make comparisons between the case where the waves were initially emitted 

through plastic and then propagated through soil and the case where waves were directly 

emitted at the surface of the soil without plastic interference. In addition, the use of 

multiple plastic materials helped to evaluate which material was superior in transmission 

of the wave. This was beneficial in selecting the material that can be used as a casing for 

the borehole in actual field testing. This testing was also repeated using grout beneath the 

plastic plates. This was performed to identify whether grout could be applied as a 
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material to fill any gaps between the casing and soil in the field to ensure the best 

coupling. As noted, the grout was made as per ASTM D 4428/D 4428M with 450 g (1 

lb.) bentonite, 450 g (1 lb.) portland cement, and 2.80 kg (6.25 lb) water. 

 

3.3.2.6 Laboratory Tests in Soil Models Experimental Results 

Figs. 3.38 – 3.47 illustrate the results from testing the soil model. In cross section AA′, 

the two steel plates at different depths could be easily recognized in the image (Fig. 3.38). 

Reflections of waves were also observed from the bottom of the chamber. This verified 

the possibility of reaching to at least 3 ft. (0.91 m) down [6 ft. (1.83 m) in 2-way 

distance] by using this method. In the image of cross section BB′ (Fig. 3.39), the 

reflection of the Polypropylene was recognized. However, a poor reflection from the 

bottom of the container underneath the PVC plate could be detected which confirms the 

previous observation in the water model experiment that PVC reflects more of the signal 

than other lower density plastics; hence a weaker signal would reach the target object. 

Other reflections were noted at a depth of 210 mm and 510 mm. This was due to the 

existence of the steel plate located in AA′ cross section and showed that the directivity 

pattern of the transducers would allow some off-axis reflections. In addition, because of 

insufficient space, some overlapping of the materials at different depths and cross 

sections could cause this reflection. The reflection of the bottom of the chamber at depth 

900 mm is also clear in this image. In the image obtained from section CC′ (Fig. 3.40), 

strong reflections from the steel and concrete could be recognized. However, it is more 

difficult to see the reflections from the timber plate next to the concrete. The reflection of 
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steel and concrete is much higher than wood due to the lower impedance contrast wood 

has with the soil medium. In images acquired from cross section DD′ (Fig. 3.41), the 

LDPE sheet could easily be recognized. Furthermore, reflections from the gravel were 

easy to observe. However, the bottom of the container was not detected underneath the 

gravel which was the result of the scattering issue discussed in the previous sections. 

Note that in these experiments the ability of the 100 kHz wave to reach the bottom of the 

chamber (900 mm) and reflect back was verified. 

As described, additional testing was performed on the AA′ cross section to study the 

effects of plastic interfaces and grout on signal quality. As illustrated in Fig. 3.42 - 3.44, 

the effects of using different plastics on the reflected signal quality were not identical. It 

is notable that using plastic with lower density results in enhanced image quality. LDPE 

transmitted the signal more than polyethylene and PVC, which allowed reflections from 

farther distance to be more easily detected. Based on Fig. 3.45 through 3.47, the 

introduction of grout beneath the plastic plates prevented adequate signal transmission 

and generated the lowest quality images of the entire model. 

 

3.3.2.7 Discussion of Laboratory Experimental Results 

Based on the previously discussed results, it could be concluded that interfaces between 

different materials definitely affect the signal amplitude and penetration depth of the 

waves. The reason is that the amount of signal passing through is a function of impedance 

which may vary among different materials. Signal amplitude also varies because of 

damping as the wave travels to farther distances. As seen in Fig. 3.14, increasing the 
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distance of the imaging system from the target decreases the signal amplitude. Higher 

amplitude signals are received from reflectors that are closer to the transducers. These 

results have an impact on selection of a proper site for actual field testing. For example, it 

can be concluded that both utilizing inappropriate plastic material and selecting a site 

with large amount of gravel can cause problems with acquiring appropriate reflections 

signals from pile elements in the field. Using drilling fluid and grout to achieve a 

satisfactory coupling between transducers and soil, and attempting to send the wave 

through them might also trigger some problems. However, based on the results from the 

soil model it is possible to transmit 100 kHz waves into soil for at least 3 ft. (0.91 m) [6 

ft. (1.83 m) in two-way distance] given ideal conditions. Therefore site selection should 

consider the capability to drill a borehole as close as 3 ft. (0.91 m) away from the pile 

(column) so that the wave can definitely transmit through the soil and hit the pile. 

Furthermore, using a plastic material with lower density would likely result in better 

transmission of the waves from borehole to the nearby pile elements to be tested.  

 

3.4 Summary 

A P-wave reflection imaging system was assembled in the lab to characterize its 

limitations for evaluation of unknown foundations. In general, the lab experiments 

demonstrated the effects of different materials on signal transmission and also how 

various conditions can affect the amplitude. In addition, the results from the lab were 

incorporated into decisions regarding field testing so that the results from the field are 

more likely to be successful. For example, it was decided to use PVC as a casing material 
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for the borehole since it would allow an adequate amount of signal transmission 

compared to drilling mud. Fast signal stacking was used to improve signal-to-noise ratio 

and provide more clear images, especially for the soil model. Transducer directivity was 

shown to affect the recorded images. High- and low-impedance anomalies were clearly 

visible in the recorded images and confirmed the fact that the amount of signal that can 

pass through a material is a function of its impedance and any impedance contrasts in the 

travel path of the signal. 

P-wave reflection imaging has significant potential for imaging laboratory soil models as 

demonstrated in this study. More work is required for transition of this well-established 

imaging technique to the geotechnical laboratory scale and also to the field scale (Coe, 

2010). Only one soil model was developed and examined as part of this research due to 

time and resource limitations. However, this single laboratory soil model demonstrated 

that the ultrasound P-wave system could prove applicable for unknown foundation 

determination using a PVC-cased borehole. Therefore, the utilization of P-wave imaging 

as a means of characterizing an unknown bridge foundation became the focus of the 

research after the laboratory tests described in this chapter. 
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CHAPTER 4 

FIELD STUDIES 

 

4.1 Introduction 

This chapter discusses the field experiments performed with the ultrasonic P-wave 

system as a part of this study. The P-wave reflection imaging system was utilized in the 

field in order to determine the depth of unknown bridge foundation elements in soils. The 

resulting data is compared with data generated using a number of other NDT methods for 

unknown foundations (including both surface and sub-surface methods). These NDT 

methods include Ground Penetrating Radar (GPR), Electrical Resistivity Imaging (ERI), 

Parallel Seismic (PS), Borehole Radar (BR), and Borehole Magnetic (BM). These 

methods were described in detail in Chapter 2. Comparisons were made between the 

results from each of these NDT methods and P-wave reflection imaging in terms of 

prediction of the foundation length. The following sections summarize the necessary 

steps involved in the development of this field experimental program, including selection 

of appropriate test sites and NDT methods as well as borehole construction. A discussion 

of the different test methods used in the field is then presented. Finally, the results are 

discussed in the last part of the chapter. 
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4.2 Selection of Test Sites 

Prior to performing field tests, two bridge sites were selected to represent typical bridge 

foundations across District 6-0 of Pennsylvania Department of Transportation 

(PennDOT). PennDOT District 6-0 is one of the engineering districts within the 

Commonwealth of Pennsylvania, and covers the city of Philadelphia, and Bucks, Chester, 

Delaware, and Montgomery counties. Soil profiles at the selected sites allowed successful 

application of a broad range of NDT methods in obtaining high quality data. The 

dimensions of the selected bridge foundations and their layouts were available to the 

research team. However, the depths of the foundations were not known with absolute 

certainty. The depths to bedrock were relatively well-characterized at the sites based on 

previous borings and it was assumed that the piles were not driven much beyond bedrock. 

These sites were selected in collaboration with bridge and geotechnical engineers at 

District 6-0 of the Pennsylvania Department of Transportation (PennDOT). A 

preliminary test site was selected on the Temple University Ambler campus (AMB) to 

verify the performance of some of the NDT methods. This allowed the research team to 

conduct some extra tests and compare the results with those obtained from the actual field 

test sites.  

 

4.2.1 Betsy Ross Bridge Site (BR0) 

This site is located at section BR0 of the Interstate 95 (I-95) Betsy Ross Interchange in 

northeastern Philadelphia near the intersection of Juniata and Thompson Streets. The 

selected foundation is located beneath Pier 7 of Ramp B. Fig. 4.1 provides an aerial view 
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of the site from Google Maps® with the location of the foundation highlighted. A picture 

of the pier location is show in Fig. 4.2 along with the foundation plan provided by 

PennDOT. 

 

4.2.2 Girard Avenue Site (GR3) 

This site is located at section GR3 of the I-95 Girard Avenue Interchange in northeastern 

Philadelphia near the intersection of Berks Street and Delaware Avenue. The selected 

foundation is located beneath Pier 18, Northbound Column A. Fig. 4.3 provides a street 

view and aerial view of the site from Google Maps® with the location of the foundation 

highlighted. Fig. 4.4 illustrates the pier location and the corresponding foundation plan. 

 

4.2.3 Temple University Ambler Campus Test Site (AMB) 

The Temple University Ambler campus test site (AMB) was located near the intersection 

of Woods Driver and East Butler Pike close to the soccer field. Fig. 4.5 provides an aerial 

view of the site and the location of the borehole at the site from Google Maps®. The 

AMB test site consisted of a borehole with length of approximately 28 m and diameter of 

15.2 cm (6 in). Its steel casing did not continue all the way to the bottom of the borehole 

and was terminated at approximately 14.5 m depth. A portion of the borehole continued 

uncased in the bedrock (approximately 13.5 m). This site was used to verify equipment 

performance prior to deployment at the PennDOT bridge sites. 
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4.3 Selection of NDT Methods 

The primary purpose of this study was to evaluate the effectiveness of the P-wave 

reflection system in relation to other NDT methods. Consequently, the selected NDT 

methods represented a broad range of surface and subsurface methods. In this study, in 

addition to the P-wave system, the following methods were utilized in the field at the two 

sites: PS, ERI, BHR, BM, and GPR. These methods were primarily selected based on 

their similarities to the P-wave system and on their frequency of use for typical unknown 

foundation studies. For example, PS is often considered the most robust method for 

determining the length of an unknown foundation and has been documented in many case 

histories (Olson and Aouad, 2001). BHR is similar in operation to the P-wave system, 

although it utilizes radar waves instead of elastic waves.  This could allow a comparison 

to establish how effective elastic waves are versus radar waves. BM is similar to the 

Induction Field (IF) method, which is in turn very similar to PS. ERI is one of the few 

surface methods that is able to detect a pile underlying a pile cap and can evaluate the 

complex foundation known to be present at the selected PennDOT sites. Hence, the 

results from this method can be compared with the results from subsurface methods. 

Finally, GPR is a very useful surface method that allows a preliminary assessment of the 

existence of a pile cap for unknown foundations. 
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4.4 Borehole Construction 

4.4.1 Selection of Materials Used as the Borehole Case 

Two different alternatives were considered to maintain an open borehole for the field 

testing. Maintaining an open borehole is especially difficult in soft and unconsolidated 

soils that can collapse inside the borehole. The first alternative was to utilize drilling fluid 

to ensure the stability of the borehole throughout the experiments. However, according to 

the results of the laboratory testing (Chapter 3), drilling mud was unable to transmit 

ultrasonic waves a significant distance at bentonite concentrations necessary to maintain 

an open borehole. Therefore, the second alternative was considered which was to utilize a 

plastic casing. In order to avoid issues with interference of radar and elastic wave signals, 

a steel casing was not a viable option and non-metallic materials such as PVC, 

Polyethylene, and LDPE were considered. According to the results from laboratory 

testing in Chapter 3, PVC, Polyethylene, and LDPE interfaces affected the signal 

amplitude to varying degrees and at times posed issues with transmitting the signal a 

sufficient distance in soil models. LDPE and Polyethylene led to the best results since 

they had less of an effect on the signal quality compared to PVC. However, casings 

composed of LDPE and Polyethylene are much more costly and less readily available 

compared to PVC. Considering the lack of availability and the project time frame, PVC 

casing was selected as the most suitable choice to maintain the borehole open for the field 

studies in this project. 
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4.4.2 Drilling Operations 

A single PVC-cased borehole was constructed alongside the selected bridge pier 

foundations at each of the PennDOT test sites. The following sections discuss the details 

related to borehole construction at each of the sites, including final borehole locations, 

drilling procedures and techniques, and subsurface soil profiles. 

 

4.4.2.1 BR0 Test Site 

Drilling operations were initiated at the BR0 test site on Thursday, May 16, and 

completed on Friday, May 17. Fig. 4.6 illustrates a typical subsurface soil profile near 

Pier 7 based on the original borings performed when the interchange was constructed in 

the 1970’s. The borehole was drilled alongside the foundation using an Acker XLS track-

mounted drill rig to advance a 150 mm (6 in) outer-diameter steel casing attached to a 

hollow coring bit (Fig. 4.7). Each flight of steel casing was 1.5 m (5 ft) in length. Drilling 

fluid was flushed inside the hollow center of the casing to flush away the running sands 

located at the site. At depths where difficult drilling conditions were encountered prior to 

bedrock, a 140 mm (5.5 in) roller-cone bit was lowered inside the casing to create a pilot 

hole (Fig. 4.8).  Unfortunately, due to the size of the ultrasound probe, augers could not 

be utilized as they would result in either a hole that was too small for the necessary 140 

mm (5.5 in) Schedule 40 PVC casing or a hole that required excessive backfill for the 

space between the pipe and borehole wall. 
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Drilling operations were to be terminated only after approximately 3 m (10 ft) of bedrock 

was cored at the borehole location. This would ensure the foundation bottoms would be 

visible in all proposed field tests. However, at BR0 drilling was terminated at 

approximately 12.2 m (40 ft) and coring of bedrock did not take place. The final depth 

was well short of the anticipated foundation bottom at 18.3 m – 21.3 m (60 ft – 70 ft) 

based on estimated depths to bedrock from previous borings at the site. Between the first 

and second day of drilling operations the subsurface sands caved and made advancing the 

casing extremely difficult. Due to the limited timeframe associated with drilling and field 

testing, it was decided to terminate borehole construction early and utilize BR0 as a test 

bed site for equipment debugging and data validation purposes. All testing would be 

performed at BR0 with the explicit understanding that the foundation bottoms would not 

be discernible. Schedule 40 PVC piping of 140 mm (5.5 in) outer diameter was lowered 

in the space between the steel casing and filled with water (Fig. 4.9). An expansion cap 

with metal bolt was used to ensure a water-tight seal (Fig. 4.9). After the PVC was in 

place, the steel casing was reattached to the drilling head on the rig and rotated up out of 

the borehole. The sandy drilling spoils in the immediate vicinity of the borehole were 

used to backfill the gap between borehole wall and PVC pipe. The final location of the 

borehole was approximately 0.5 m (1.75 ft) away from the pile cap in between two of the 

battered outer piles (Fig. 4.10). The target pile was located approximately 2.0 m (6.5 ft) 

away from the final borehole location at BR0 (Fig. 4.10). The increase in target distance 

was necessary since it was very impractical to attempt to image the outer row of battered 

piles. Drilling costs and effort would be significantly increased with any attempts to drill 

the borehole at the same pile batter angle. Drilling a vertical borehole to image a battered 
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pile would have the added difficulty of properly placing the borehole using tight 

tolerances to avoid damage to the pile from drilling. Additionally, the vertical borehole 

would mean any sensors lowered in the hole would naturally move closer to the pile, 

which can complicated data interpretation. Therefore to ensure a vertical target pile the 

row inward from the outer-most row of piles was utilized and target distance was 

increased. 

 

4.4.2.2 GR3 Test Site 

At the second site near the Girard Avenue Interchange (GR3), drilling operations were 

initiated on Monday, May 20, and completed on Tuesday, May 21. Fig. 4.11 is a copy of 

the boring log near Pier 17 NB from recently completed site investigations for the Girard 

Interchange project. Drilling of the PVC-cased borehole proceeded in the same manner as 

previously described for BR0. Due to the difficult drilling conditions encountered, a 50 

mm (2 in) split-spoon sampler was used to obtain a sample of the soils at an approximate 

depth of 7.6 m (25 ft). Based on the sample recovered, it is apparent that the site has areas 

with decomposed granitic rock material as well as artificial fill material (e.g. brick) (Fig. 

4.12). At approximately 12.2 m (40 ft), an extremely hard layer believed to be the biotite 

schist bedrock was encountered and drilling operations switched to advancing a 140 mm 

(5.5 in) rock coring barrel inside the 150 mm (6 in) steel casing. After only 

approximately 1.5 m (5 ft) of coring, the barrel was retrieved as it was overheating and 

encountering increasingly higher resistance to drilling. It was discovered that the check 

valve which directs drilling fluid to lubricate the core barrel was no longer functional. 
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The excessive heat caused the rock sample to fuse into the core barrel and it was 

impossible to disassemble the barrel to inspect the rock sample. Fig. 4.13 shows the 

bedrock material inside the core barrel. Since the core barrel was no longer functional, 

drilling continued for another few feet (less than 1 m) using a 140 mm (5.5 in) roller-cone 

bit inside the steel casing. Borehole construction was terminated at a similar depth to 

BR0 [14.5 m (47.5 ft)]. The PVC piping was lowered into the hole and filled with water. 

A screw cap with O-ring was used to ensure a water-tight seal (Fig. 4.14). Since the depth 

to bedrock was shallower at GR3 [12.2 m – 15.2 m (40 ft – 50 ft)] it was assumed that the 

cased borehole extended a reasonable depth below the anticipated foundation bottom. 

The final location of the borehole was approximately 0.6 m (2 ft) away from the pile cap 

in line with the outer pile on the pier column centerline (Fig. 4.15). The target pile was 

located approximately 0.9 m (3 ft) away from the final borehole location at GR3 (Fig. 

4.15). 

 

4.5 Field Testing 

The following sections describe the testing procedures which were followed when 

performing each of the field NDT methods in the present study. 

 

4.5.1 Borehole Magnetic (BM) Method 

Data acquisition was performed for BM by lowering a Subsurface Instrument Borehole 

Gradiometer Model No. BHG-1 into the borehole (Fig. 4.16). The instrument consisted of 
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2 flux-gate type magnetometers (which together are called a gradiometer) to measure the 

magnetic field separately for any embedded ferromagnetic materials (i.e. steel). The total 

magnetic field in each interval was the difference between those two acquired values 

which was displayed on the screen and written down manually. This method was 

conducted at all three test sites using a 1 ft. (0.3 m) interval (Fig. 4.17). 

 

4.5.2 Parallel Seismic (PS) Method 

An OYO Geospace MP-25 12-channel hydrophone string, a Geometrics ES-3000 

Seismograph, and a GISCO G-ST-01 piezoelectric hammer switch were used together as 

PS equipment to collect the PS data (Fig. 4.18). PS testing was performed by lowering 

the 12 hydrophone receivers (spaced at 1 m interval) inside the borehole. The 

hydrophones recorded signal traces of wave energy that was imparted to the foundation 

from blows with a 9 kg (20 lb) sledge hammer either at the side of the pier column (BR0) 

or directly to the pile cap (GR3). The piezoelectric hammer switch ensured that the 

seismic traces were aligned appropriately based on the same trigger time. The recorded 

signal traces from the hydrophones were stored in the internal memory of the 

seismograph and were transferred to a computer for post-processing. In order to reach the 

pile cap at GR3, hand augering (Fig. 4.19) was necessary to expose a small section of the 

cap directly above the pile of interest. For system verification purposes, signals were also 

recorded at GR3 by impacting the PVC case directly (Fig. 4.20) and at the AMB test site 

by impacting the steel casing directly. 
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4.5.3 P-wave Reflection Imaging System Method 

4.5.3.1 Overview of the Ultrasonic P-wave System Components 

The system used for the field experiments was similar to that used for the laboratory 

studies. The only difference is that the custom steel housing from Coe and Brandenberg 

(2012) was utilized to contain the transducers, pulser, and DC to DC converter (Fig. 

4.21). Schematics of the ultrasound probe steel housing and transducers are illustrated in 

Fig. 4.22. This housing and corresponding electronics (which will be called the 

ultrasound device) were lowered down the borehole using a tripod and a pulley system 

(Fig. 4.23). In order to improve the signal quality, fast signal stacking was initially 

utilized during field data acquisition. However, the signal to noise ratio was found to be 

insufficient and traditional stacking with 1200 stacks (GR3) and 1800 stacks (BR0) was 

utilized instead. 

 

4.5.3.2 Field Deployment of P-wave Reflection Imaging System 

Once assembled, the P-wave system was deployed at the two PennDOT test sites to 

perform imaging experiments on the bridge foundations to determine their lengths. In 

order to lower the ultrasonic device down the borehole, several 5 ft. (1.52 m) long 

connecting rods were utilized. As previously described, a truck-mounted winch system 

was used to raise and lower the ultrasonic device down the borehole using a tripod and 

pulley system (Fig. 4.23). The rods were marked with a line to minimize rotations and 
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align the transducers with the pile of interest. The ultrasonic device was triggered at a 1 

ft. (0.3 m) interval. This test was conducted at the BR0 and GR3 test sites. 

 

4.5.4 Borehole Radar (BHR) Method: 

BHR follows the same principles as GPR, except the equipment is specialized for use 

within a borehole (e.g. for well logging). A Geophysical Survey Systems, Inc. (GSSI) 

120 MHz radar antenna and SIR-3000 control unit were used to collect the BHR data 

(Fig. 4.24). This test was conducted by lowering the antennas into the borehole at a 0.5 ft. 

(0.15 m) interval and recording any reflected radar signals. This test was conducted at the 

BR0 and GR3 test sites (Fig. 4.25). 

 

4.5.5 Electrical Resistivity Imaging (ERI) Method 

An Advanced Geosciences Incorporated (AGI) SuperSting R8-IP multi-electrode 

imaging system was used to collect the resistivity data (Fig. 4.26). 28 steel electrodes 

were utilized in these tests and were hammered approximately 5 in (12.7 cm) into the 

ground to form an approximately straight survey line with a constant spacing between 

electrodes. The electrodes were typically arranged in a way that the center of the line was 

located at approximately the center of the selected pier. Salt water was added to increase 

conductivity of the soil in the immediate vicinity of each electrode and to ensure adequate 

electrical coupling with the ground surface (Fig. 4.27). The AGI SuperSting R8-IP was 

programmed to obtain data using the three most common array types (electrode 
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configurations), including Dipole-Dipole, Schlumberger, and Wenner (Fig. 4.28). This 

resulted in obtaining complementary information about the tested area. Survey lines were 

arranged both parallel and perpendicular to the direction of the road way. The depth of 

investigation was varied based on the length of the resistivity survey line. As it was 

important to investigate the subsurface as deep as possible, the longest possible survey 

lines were selected for performing the tests. It should be noted that there was fencing all 

around the sites which could adversely impact the acquired data quality. Also, subsurface 

utilities could affect the data and cause challenges in interpretation of the results. At BR0 

the first ERI test was performed perpendicular to the direction of roadway with a survey 

line length equal to 50 m (164 ft) using 28 electrodes [i.e. 1.85 m (6.1 ft) interval between 

electrodes] [Fig. 4.29 (a)]. The second ERI test was approximately parallel to the 

direction of the roadway with a survey line length of 189 m (620 ft) using the same 

number of electrodes [i.e. 7 m (23 ft) interval between electrodes] [Fig. 4.29 (b)]. ERI 

testing at GR3 was also conducted in two directions. The first test was performed 

perpendicular to the traffic line with a survey line length equal to 35.1 m (115 ft) using 28 

electrodes [i.e. 1.3 m (4.3 ft) spacing between electrodes] [Fig. 4.30(a)]. The second test 

was conducted approximately parallel to the roadway direction over a longer survey line 

length equal to 138 m (453 ft) using 28 electrodes [i.e. 5.11 m (16.75 ft) spacing between 

electrodes] [Fig. 4.30 (b)]. 
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4.5.6 Ground Penetrating Radar Method 

A MALA ProEx control unit with shielded 250 MHz and 500 MHz radar antennas was 

used to collect the GPR data (Fig. 4.31). This method was conducted at the BR0 and GR3 

test sites by dragging the antenna along a pre-determined square zone around the 

foundation that was approximately twice the size of the pile cap based on design plans 

provided by PennDOT (Fig. 4.32). A rotary encoder (shaft encoder) connected to a 

measuring wheel was attached to the antenna to measure the distance traversed along a 

given survey line. The data acquisition interval was set to 3 cm along each survey line. 

Each survey line was spaced at a 1 ft. (0.3 m) interval from the previous line. This spread 

of data points allowed for three-dimensional (3D) data interpretation when necessary. 

After conducting these sets of survey lines, the research team also performed another set 

of tests by running the GPR system across 2 perpendicular survey lines. The goal of this 

testing was to provide simplified two-dimensional (2D) information for estimates of the 

pile cap dimensions at each site. 

 

4.6 Field Testing Experimental Results 

4.6.1 Borehole Magnetic (BM) Method 

Discussion of the BM experimental results for the AMB test site, BR0 test site, and GR3 

test site (GR3) is presented in the next sections. 
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4.6.1.1 Temple Ambler (AMB) Test Site: 

In order to have a reference to compare the results obtained from the PennDOT field test 

sites, BM testing was also conducted at the AMB test site. Fig. 4.33 illustrates the 

recorded data obtained at AMB. As was noted earlier, this site consisted of a single well 

with a steel casing which did not reach the bottom. The lack of continuity of the steel 

casing in the borehole proved very helpful as it could indicate the likely behavior of the 

gradiometer when passing the bottom of the steel foundations at both PennDOT sites. 

Based on the results illustrated in Fig. 4.33, a very strong magnetic field caused by the 

steel casing was sensed by the gradiometer up to approximately 14.5 m (47.54 ft) in 

depth. Many fluctuations in the signal readings could be distinguished which were likely 

caused by movement of the gradiometer in the borehole since it was difficult to maintain 

the gradiometer in a straight line. As noted in Fig. 4.33, the readings became 

approximately 0 at approximately 15 m (49 ft) depth once the gradiometer passed the 

steel casing. This result was a reliable index that demonstrated the difference between 

presence and absence of a steel element near the gradiometer. 

 

4.6.1.2 Betsy Ross (BR0) test site: 

Fig. 4.34(a) illustrates the recorded data obtained at the BR0 test site. A magnetic field 

was recognized up to 3.5 m down the borehole by the system. This was likely due to the 

presence of embedded utilities and also the metallic tripod which was used to lower the 

testing system. As was noted before, the gradiometer functions based on using two 

magnetometers simultaneously at either end. Thus, the magnetic field that could be read 
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by the system was the difference between the magnetic fields sensed by each of the 

magnetometers. Therefore, as long as even one of the magnetometers was near the 

surface, a strong difference in the readings was possible. As soon as the gradiometer was 

lowered sufficiently deep into the borehole (i.e. at approximately 5 m), the magnetic field 

produced by the foundation elements could be detected [Fig. 4.34(a)]. The magnetic field 

reading never reached 0 before reaching the bottom of the borehole. This showed that the 

gradiometer never went beyond the bottom of the foundation and therefore the foundation 

elements were at least equal to the borehole length which was known to be 40 ft. (12 m). 

Large changes in the final three readings were noted in the results [Fig. 4.34(a)]. As was 

previously discussed in section 4.4.2.1, the water-tight seal for the PVC casing had a 

metallic screw at the bottom. Thus the gradiometer was likely sensing the magnetic field 

produced by this metallic objects at the bottom of the borehole. Therefore, the only 

possible conclusion from the results was that the depth of foundation was at least equal to 

or more than the borehole length. 

 

4.6.1.3 Girard (GR3) test site: 

Fig. 4.34(b) illustrates the recorded data obtained at GR3. It is apparent that the BM 

results in this site followed a very similar trend with the results from BR0 site. A 

magnetic field was detected up to 4 m down. Again, this was likely because of the 

presence of embedded utilities and also the metallic tripod used to hang the testing 

system. As soon as the gradiometer was lowered sufficiently deep into the borehole (i.e. 

approximately 4.5 m), the magnetic field produced by the foundation elements could be 
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detected [Fig. 4.34(b)]. It was observed that from a depth of approximately 7.5 m the 

intensity of the magnetic field became smaller very quickly. This was likely the result of 

getting closer to the bottom of the foundation. At a depth of 10 m, there was still a 

presence of a small magnetic field. However, the readings were not appreciably changing 

and finally became 0 at approximately 11 m until reaching the bottom of the hole. 

Therefore, it could be concluded that the depth of the pile bottom at GR3 was 

approximately 11 m. 

 

4.6.2 Parallel Seismic (PS) Method 

The PS experimental results for the BR0 test site and the GR3 test site are presented in 

the next sections followed by a discussion about the potential problems which affected 

the performance of the system. 

 

4.6.2.1 Betsy Ross (BR0) test site: 

Fig. 4.35 summarizes the recorded data at BR0 test site. As was previously noted, 12 

hydrophones were lowered into the borehole and then the pier column was impacted by a 

9 kg (20 lb) sledge hammer in order to generate seismic waves along the length of the 

piles. However, no seismic traces could be recognized in the results due to the amount of 

noise at the site from nearby and overhead traffic. It seemed that very little amount of 

energy was able to pass through the pier to the underlying piles and reach the 

hydrophones. There was such little energy transferred to the piles that the hydrophones 
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could not record any wave energy above the noise threshold. Therefore, the performance 

of the PS in this particular field test was unsuccessful.  

 

4.6.2.2 Girard (GR3) test site: 

At this test site the PVC casing itself was initially impacted by the sledgehammer in order 

to verify system performance. Fig. 4.36 illustrates the recorded data from this test. The 

arrival times of the first emitted waves to each hydrophone are apparent. This verified 

system performance and was in agreement with what was expected. However, the higher 

signal to noise ratio in this test was achieved by applying numerous stacks to the system, 

which demonstrated that noise was still a major concern. 

After verifying system performance by directly impacting the PVC casing, the top of the 

pile cap was impacted by the 9 kg (20 lb) sledge hammer in order to improve the amount 

of energy transferred to the underlying pile. Fig. 4.37 summarizes the recorded data from 

the GR3 test site. Again, no specific seismic trace could be recognized in the figure above 

the noise threshold. As at BR0, it seemed that very little energy could pass through the 

pier to reach the hydrophones. Therefore the performance of the PS at this site was below 

satisfactory as well. 

 

4.6.2.3 Potential reasons affecting the performance of Parallel Seismic (PS) method 

As previously discussed, the noise level was higher than the seismic waves produced by 

striking the hammer at both sites, which could be due to the effects of traffic and 
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environmental noises. Furthermore, since there was no direct access to the piles at either 

site, a significant amount of energy produced by striking the pier column or pile cap was 

attenuated before reaching the hydrophones. For example, by hitting the pier column at 

the BR0 test site, a significant portion of the applied energy was weakened before 

reaching the piles by initially transferring to the pile cap and then distributing toward the 

underlying pile. This reduced energy was further attenuated on the way to reaching the 

hydrophones in the PVC casing (in soil). This demonstrates that despite the robust nature 

of PS for determination of unknown foundations, it is unlikely to prove successful in 

situations where the underlying pile elements cannot be struck directly and/or in 

situations with high seismic background noise. 

 

4.6.3 P-wave Reflection Imaging System Method 

The experimental results of P-wave reflection testing for the BR0 and GR3 test sites are 

presented in the next sections. A discussion follows of the factors that affected data 

quality. 

 

4.6.3.1 Betsy Ross (BR0) test site 

Fig. 4.38 illustrates the recorded P-wave signals obtained at the BR0 site. It was noted 

that this test benefitted from running a series of 1200 traditional stacks at each depth 

interval. The recorded signals in this figure have been filtered between 50 kHz and 150 

kHz in order to make recognition of the dominant frequency of the transducers (100 kHz) 
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easier. Several strong reflections could be observed in the figure starting at approximately 

0.1 m from the transducers and continuing all the way down to the bottom of the 

borehole. These reflections were likely from the PVC casing which was very close to the 

transducers with nothing except water (best coupling for the system) in between. 

Furthermore, based on the P-wave results (Fig. 4.38) it appears that there may be a few 

reflections from what is likely the foundation element of interest. For example, a 

reflected signal located at 1.85 m from the transducers at a depth of 6.55 m was likely 

from a foundation element since it was very close to the anticipated location of the pile 

based on the plans provided by PennDOT. However, this reflection should have had a 

continuous profile, since the foundation was a long element which likely continued all the 

way down into the bed rock. Also noticeable in the data is a series of reflections starting 

at depths of 7.8 m to 10.2 m. These reflections followed a pattern of decreasing travel 

time (i.e. decreasing distance from approximately 4 m to 1.5 m from the transducers). 

Due to the potential for wave conversion at non-vertical interfaces between materials, a 

portion of the emitted P-wave energy from the source transducer might have converted to 

a downward traveling wave at the PVC interface. This downward wave then likely struck 

the bottom of the PVC casing and returned to the transducers. Reflections of these signals 

from the bottom of casing likely produced the apparent continuous reflection images in 

Fig. 4.38. It should be noted that there is a possibility to observe these reflections at 

shallower depths if a bigger sampling window were utilized.   
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4.6.3.2 Girard (GR3) test site: 

Fig. 4.39 illustrates the recorded P-wave signals obtained at the GR3 test site. It is 

apparent that the P-wave system in this site followed a trend very similar to the results 

from the BR0 site. As noted, this test benefitted from running a series of 1800 traditional 

stacks at each depth. Filtering was performed on this data as was the case for BR0. 

Several strong reflections could be seen from the PVC casing as was the case at BR0. In 

addition, a few reflections which are likely from the foundation element can be observed 

in the results. For example, it can be concluded that the reflected signals that are located 

at 0.75 m from the transducers (very close to the anticipated location of the pile) at the 

depths of 2.60 m to 3.25 m and 6.25 m to 8.25 m may be from the foundation elements. 

However, as the foundation was a large element which continued all the way down into 

the bed rock, this reflection was expected to have a continuous profile. As was the case at 

BR0, there were some distinctive sets of reflections at the GR3 results as the probe 

approached the borehole bottom. Starting at a depth of 11.0 m and continuing to a depth 

of 13.25 m, reflections were noted at a distance of 3.1 m to 0.8 m from the transducers. 

Wave conversions at the PVC interface and reflections of this signal from the bottom of 

casing likely produced the apparent continuous reflection images. These results were 

similar to those observed at the BR0 site, and this supported the previous assumption 

about the effect of wave conversion at the PVC interface. 
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4.6.3.3 Potential reasons affecting the performance of P-wave reflection imaging system 

Based on the results obtained from laboratory testing (see Chapter 3) it was anticipated 

that the research team would record reflections from the pile elements, particularly at 

GR3 since the tested pile was approximately 3 ft. (0.9 m) away from the borehole. There 

are a number of potential reasons for the poor reflection signals. First, in order to avoid 

any loss of signal amplitude, the coupling between the PVC casing and borehole wall 

(soil) should be adequate. If the soil at a site is not fully saturated, the impedance contrast 

between the PVC casing and surrounding soil increases and a larger portion of emitted P-

wave reflects at the soil-PVC interface. Thus, less energy will be transmitted through the 

soil and this would decrease the quality of produced image. In addition, it was necessary 

to keep the probe completely in a straight line and prevent it from any kind of rotation, 

since only a small offset between the transducer direction and pile could lead to 

unreliable results. As noted previously, all the connecting rods were marked to 

distinguish the right direction of the probe. However, it was impossible to avoid some 

rotation of the steel casing while lowering it down into the borehole. Finally, as selecting 

the borehole location was based on some estimation, there might be a possibility that it 

was not constructed in the proper location which in turn can lead to a lack of pile 

reflections in the results. 
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4.6.4 Borehole Radar (BHR) Method 

BHR experimental results for the BR0 test site and the GR3 test site are discussed in the 

next sections, as well as analysis regarding system performance and potential 

improvements. 

 

4.6.4.1 Betsy Ross (BR0) test site: 

Fig. 4.40 illustrates the recorded reflections from the BHR testing at BR0. The most 

obvious series of recorded signals occurs along the entire depth of the borehole at 

approximate distances of 0 to 0.25 m from the antenna. These signals were the direct 

arrival of radar waves from the source to receiver in the system and were not produced by 

the foundation elements. The visible reflection that occurred at a distance of 

approximately 0.5 m from the measuring device at depths of 0 to 4 m was most likely a 

reflection from the pile cap. The proximity of the tested foundation complicated data 

interpretation because these reflections were likely masked by the direct arrival. 

Furthermore, multiple reflections were noticeable throughout the entire profile at a 

distance of approximately 5 m to 10 m from the antenna. Since the radar device was 

omni-directional, reflections were possible from nearby foundations and data 

interpretation was more difficult. However, it could be inferred from these results that the 

bottom of those foundations were deeper than the borehole length, since the continuous 

reflections could be observed throughout the entire recorded profile. Although this test 

was not totally successful for the foundation which was investigated, the results proved 
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that BHR has very high potential to investigate the foundation element provided 

sufficient set back is allowed from the borehole. 

 

4.6.4.2 Girard (GR3) test site: 

Fig. 4.41 illustrates the recorded data from BHR testing at GR3. It is apparent that the 

results at this site followed a very similar trend to those of BR0. Like the previous test 

results, direct arrivals were recorded throughout the entire profile at a distance of 

approximately 0 to 0.25 m from the antenna. Another visible reflection occurred at a 

distance of approximately 0.5 m from the measuring device at a depth of 0 to 1.5 m, 

which was most likely from the pile cap of interest. It seemed that this reflection shifted 

by approximately 0.25 m and continued all the way down to the bottom of the borehole at 

a distance of 0.75 m from the radar device. It is possible this change in reflector position 

corresponded to the pile element beneath the pile cap. Considering this fact, it could be 

inferred that the bottom of the foundation might be located beyond the bottom of the 

borehole. However, the presence of this reflection signal at approximately the same time 

as the direct arrival complicates data interpretation and it is possible that the shift in the 

signal is due to changes in coupling with the water in the borehole. As at BR0, multiple 

reflections from potentially other foundation elements were noted in the data due to the 

omni-directional nature of the antenna (i.e. at approximately 5 m - 10 m from the 

antenna). 
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4.6.4.3 Potential efforts to improve the performance of Borehole Radar (BHR) method 

As described earlier, the BHR system seemed capable of recognizing foundation 

elements that were located sufficiently away from the antenna. It was also noted that the 

direct arrival of the signal from source to receiver in this system overlapped with 

reflections from the pile and pile cap, which made interpretation of the data more 

difficult. Therefore, it is recommended to construct the borehole farther away (e.g. 5 m) 

from the selected pile under investigation if using a similar set of antennas with same 

frequency range of interest. Alternatively, an antenna with a higher operating frequency 

and/or shorter source/receiver separation can be selected so that the direct arrival arrives 

sooner and the borehole can be located closer to the pile. Note that a higher operating 

frequency antenna would provide a better image quality with lower penetration depth. 

 

4.6.5 Electrical Resistivity Imaging (ERI) Method: 

Discussion of ERI experimental results for the BR0 and GR3 test sites are presented in 

the next sections. Analysis of the ERI results was more complex since artifacts from the 

inversion process can often complicate interpretation. 

 

4.6.5.1 Betsy Ross (BR0) test site: 

Two sets of tests were conducted at this site over two different survey lines that were 

located parallel and perpendicular to the direction of the roadway. Fig. 4.42 and 4.43 

illustrate the recorded data from these sets of tests at the BR0 test site. The darker blue 
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areas in the figure represent areas of relative lower resistivity (i.e. clays, conductive 

water, metallic objects, etc.). Since the resistivity values were so low for the dark blue 

area located near the middle of the shorter survey line (Fig. 4.42), it was likely that these 

areas represented the pile cap underneath the pier column. Moreover, the two light blue 

areas originating near the center of the survey line represented the battered piles of the 

foundation system. However, there was little evidence to indicate that the bottom of the 

foundation was reached, since the light blue zone extended all the way down to 7.8 m on 

one side of the pile cap. Fig. 4.43 illustrated the recorded data from the longer survey 

line. Due to the longer length of the survey line, the results cover more depth below the 

subsurface at the expense of an increase in noise in the data and errors in the inversion 

process. In fact, below approximately 16 m in depth, the results in Fig. 4.43 are highly 

questionable due to errors in inversion from lack of data. A large number of recordings 

below 16 m were rejected due to issues with noise. Thus the results below 16 m are not 

completely reliable and the value of 16 m provides the best estimate of the foundation 

depth in this situation. 

 

4.6.5.2 Girard (GR3) test site: 

Similar to BR0, two sets of tests were performed at this site over two different survey 

lines. The survey line parallel to the traffic direction was considerably longer. Attempts 

were made to place the middle of the survey line over the center of the selected pile. 

Figs. 4.44 and 4.45 illustrate the recorded data for this site. Due to the relatively large 

number of foundations at this site in both directions, blue areas which indicate the 
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existence of low resistivity objects beneath the ground were widespread across the 

images. As can be observed in Fig. 4.44, the blue area near the center of the survey line 

likely represented the pile cap of one of the foundation systems. Moreover, the two dark 

blue areas close to the center of the survey line demonstrate the existence of piles of a 

foundation close to the survey line. Unfortunately, it was impossible to decide whether 

these points relate to the tested foundation. However, there was no evidence to indicate 

that the bottom of the foundation had been reached in the test over the shorter survey line, 

as the dark blue zone especially in the left and center area of Fig. 4.44 extended all the 

way down to 5.5 m which was the deepest measurement performed by the system. Fig. 

4.45, which was from the longer survey line that provided deeper coverage, suffered from 

similar noise-related issues with the data quality as at BR0. At depths more than 

approximately 10 m - 11 m in Fig. 4.45, the inversion results were not completely reliable 

due to lack of quality data. However, this image provided the best estimate of the 

foundation depth under the current circumstances. Based on the results from this site, it 

could be concluded that the length of the pile is approximately between 10 m to 11 m, 

which interestingly confirmed the results from the BM test method at this site. However, 

it is unclear whether this estimate would be different if more data were available to 

perform the inversion process used to obtain Fig. 4.45. 

 

4.6.6 Ground Penetration Radar (GPR) Method: 

As noted earlier, GPR was utilized in this project as a surface NDT method in order to 

estimate the dimension of the pile cap. Discussion of GPR experimental results for the 
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BR0 test site and the GR3 test site is presented in the next sections. Some interpretations 

regarding factors that could affect the accuracy of the results are presented afterwards. 

 

4.6.6.1 Betsy Ross (BR0) test site: 

Figs. 4.46 and 4.47 represent the results from GPR testing along two perpendicular 

survey lines at BR0. Considering both figures together, it appears that the dimension of 

the pile cap beneath the selected column was approximately 8.5 m (27.87 ft) [i.e. the 

difference between 16 m (52.46 ft) and 7.5 m (24.59 ft)] by 8 m (26.23 ft) [i.e. the 

difference between 17 m (55.74 ft) and 9 m (29.51 ft)]. Another conclusion that could be 

made from comparing these figures is that the reflection from the pile cap occurred at 

approximately 70 ns. Assuming an average radar wave velocity in the soil of 

approximately 0.07 m/ns, the depth of the pile cap could be estimated to be 

approximately 2.45 m after multiplying velocity and one-way travel time (i.e. 35 ns). 

This seems to be in general agreement with the results obtained from other test methods 

for the depth of the pile cap. 

 

4.6.6.2 Girard (GR3) test site: 

Fig. 4.48 and 4.49 represent the results from GPR testing at GR3. Fig. 4.48 was generated 

using the 250 MHz antenna as it was dragged parallel to the roadway across multiple 

foundations. Fig. 4.49 was generated using the 500 MHz antenna as it was dragged 

perpendicular to the roadway across multiple foundations. Based on Fig. 4.48, three 
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different pile caps can be recognized. However, their dimensions are very difficult to 

determine due to poor quality data. On the other hand, from Fig. 4.49, five different pile 

caps could be recognized and the average length was approximately 3 m (9.8 ft).  This 

value is in very good agreement with the pile cap dimensions from the foundation design 

plans [i.e. 3.4 m (11 ft)]. Unfortunately, due to the results from Fig. 4.48, it was 

impossible to determine the true dimensions of the pile caps. Based on Fig. 4.49, 

reflections from the pile caps arrive at approximately 6 ns. Assuming an average radar 

wave velocity in the soil of approximately 0.07 m/ns, the pile cap depths can be estimated 

as approximately 0.21 m using a similar manner discussed for BR0. This estimate of the 

pile cap depth matched well with the measurements conducted after augering and digging 

to reach the pile cap [i.e. 0.45 m (1.5 ft)]. 

 

4.6.6.3 Potential factors that might affect the accuracy of the result 

It should be noted that due to the directivity pattern of the antenna, the estimated 

dimensions of the embedded object were slightly larger than actual size. While the 

antenna is being dragged over the survey lines, it might detect the edge of the embedded 

objects before physically reaching the true edge location and the antenna can continue 

sensing it after completely passing over it. Despite the high expectations for GPR, its 

performance in this site was far below satisfactory. This was likely the result of 

significant clay content in the soil profile (which was partly the result of accumulation of 

drilling mud near the surface during drilling operation, especially at GR3), and the 

existence of buried utilities in the field. If the site consisted of sandy soil with less clay 
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content, GPR would have been able to produce high quality images of pile caps with 

easily distinguishable margins, which would make estimation of the dimensions fairly 

easy and more accurate. In addition, selecting the proper antenna in terms of the 

frequency range of interest was definitely helpful in improving the accuracy of the 

dimension predictions. 

 

4.7 Prediction of Foundation Depth 

Based on the results presented in the previous sections, it is feasible to predict an 

approximate depth for the foundations at both test sites, particularly at GR3. The 

following two sections discuss predictions of the foundation properties at the two test 

sites. 

 

4.7.1 Betsy Ross (BR0) test site: 

Since the borehole at the BR0 site was not sufficiently deep, no definitive estimation of 

length of foundation could be made. However, some approximations can be made based 

on some of the observed results. 

BHR and BM both predicted a lower-bound estimate of 12.2 m (40 ft), which was equal 

to the borehole length. At the very least, the foundation of interest was as long as the 

borehole that was constructed alongside it. Based on the information from ERI, the 

bottom of the foundation at BR0 was located at approximately 16 m which was deeper 
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than the borehole depth. However, this prediction is based on questionable results from 

the inversion process due to noise in the ERI data. Therefore, BHR and BM results are 

more reliable. As for PS and P-wave reflection imaging, no reliable result was obtained 

regarding an estimate of foundation length. Based on this discussion, it could reasonably 

be concluded that the estimated foundation depth for the BR0 field site would be 

approximately 12.2 m. Finally, the results from GPR illustrated that the dimension of the 

pile cap was approximately 8.5 m by 8 m and it was located at an approximate depth of 

2.45 m. Table 4.1 summarizes the results obtained from applying each of the NDT 

methods at this test site. 

 

4.7.2 Girard (GR3) test site: 

The borehole that was constructed at GR3 was likely below the bottom of the tested 

foundation. Based on the results of field testing at GR3, it was possible to estimate the 

depth of the foundation. 

BM estimates the depth of the foundation at GR3 as approximately 11 m. This 

contradicted BHR, which concluded that the length of the foundation was equal to or 

more than the depth of the borehole which was 13.3 m. However, note that is was very 

difficult to analyze the results from BHR since the reflections for the test foundation 

coincided with the direct arrival between antenna source and receiver. It was likely the 

case that the 13.3 m estimate was actually for another nearby foundation based on the 

omni-directional nature of the antenna and the travel distance of the reflections. Based on 

the information from ERI, the bottom of the foundation at the GR3 test site was located at 
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approximately 10 m to 11 m. PS and P-wave reflection imaging were unable to obtain an 

estimate of the length of the foundation. Based on these results, it could reasonably be 

concluded that the estimated foundation depth for the GR3 test site would be 

approximately 11 m. GPR was unable to completely estimate the foundation dimensions 

at GR3, thought a pile cap depth of 0.21 m was obtained. Table 4.2 summarizes the 

results obtained from applying each of the NDT methods in this test site. 

 

4.8 Application of Estimated Foundation Depth in Scour Analysis 

As it was noted in the very beginning of this thesis, the depth of a foundation is a critical 

part of any scour hazard analysis. If the depth of the foundation is proved to be larger 

than predicted depth of scour, then item 113 in the NBI could be recorded as “low risk” 

for the bridge and no further quantitative evaluation would be necessary. If preliminary 

examinations demonstrate that the bridge might be at risk due to scour, it is necessary to 

perform a set of hydrologic and hydraulic analysis to evaluate the depth of scour. The 

estimated depth of an unknown foundation from NDT methods can then be used as a 

basis to determine if bridge instability may occur during significant scour events based on 

the calculated depth of scour. Here again, if the bridge is found to be at “low risk” level, 

item 113 in the NBI will be recorded as such and no immediate action is required. On the 

other hand, if structural and geotechnical calculations demonstrate a high risk of damage 

due to scour, it is necessary to implement necessary countermeasures to lower the risk, 

and prevent any potential structural damage to the bridge system. These countermeasures 

can consist of more rigorous inspections of the bridge, methods to reduce potential scour 
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depth, and methods to strengthen the bridge structure in order to enhance the bridge 

resistance against the effect of expected scour. In the case of the foundations tested in this 

study, neither structure was located over water and is therefore subject to scour. 

However, assuming these structures had been located over water, the estimated 

foundation depths in Tables 4.1 – 4.2 could be utilized to estimate their potential for 

instability during scour events. 

 

4.9 Summary 

The results from field testing with the numerous NDT techniques demonstrated the 

potential ability of each system to generate useful information for determining the depth 

of unknown foundations. Generally, results obtained from each technique proved that PS 

was not successful at all because it was influenced by the strong background seismic 

noise levels. BM and BHR provided reasonable results. It was realized that BHR is more 

suitable for the foundations which are located farther than those close to the borehole. 

GPR was only partially successful in providing an approximate estimate of the 

dimensions and depth of the tested pile caps. ERI was the only surface method which 

could provide reasonable images below the pile cap. As for P-wave reflection imaging, 

the results were not consistent. However, reflections signals were recorded from likely 

pile elements, demonstrates the potential of this method. In order to obtain more 

consistent results, a number of issues were suggested that may have been responsible for 

the poor performance of some of the methods used in the field. Potential solutions for 

some of these issues include the following: 
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 Proper selection of borehole location. (BHR, P-wave) 

 Preventing rotation of instrument. (P-wave) 

 Using a more powerful pulser. (P-wave) 

 Utilizing an amplifier to amplify the received signal. (P-wave) 

 Conducting investigations to ensure satisfactory coupling. (ERI, PS, P-wave) 

 Using more versatile transducers which are well suited for different conditions 

(e.g. unsaturated soils, omni-directional). (P-wave) 

 Selection of different frequency ranges of interest. (P-wave, BHR, GPR). 

 Using other materials as a borehole casing instead of PVC. (P-wave) 

Furthermore, as was noted earlier, it is apparent that most of the issues were related to 

specific site conditions at each of the test sites. Thus, selection of an appropriate NDT 

method is highly dependent on anticipated field site conditions. 

Nevertheless, the experimental results demonstrated the potential ability of all the 

techniques to generate some useful information in terms of determining the depth of 

unknown foundations.  Addressing some of the above mentioned issues will allow those 

methods to be utilized to predict unknown foundation characteristics over a wide range of 

conditions. This is particularly true for P-wave imaging which showed tremendous 

potential but is still well in the development phase relative to the other established NDT 

methods. 
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Results of these investigations can well fit in scour hazard analysis. By knowing the 

properties of the foundation, particularly its depth and dimensions, it can be reasonably 

determined whether the bridge is susceptible to scour failure. Estimated foundation depth 

would be compared to critical embedment depth to determine if further investigation is 

necessary to assess the performance of the bridge system. Should there be a high risk of 

damage due to scour, it is necessary to take certain countermeasures to prevent loss of life 

or money. 
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Table 4.1: Summary of the results of NDT methods from BR0 
 

BETSY ROSS (BR0) TEST SITE 

Method 
Pile Cap 

Dimension 
Pile Cap Depth 

Foundation 
Bottom 

BM N/A Not successful ≥ 12.2 m (40 ft) 

PS N/A N/A Not Successful 

P-Wave 
Reflection Imaging 

N/A Not successful Not Successful 

BHR N/A Relatively Successful ≥ 12.2 m (40 ft) 

ERI N/A 
Relatively Successful 

(1.5 m- 2.5 m) 
≅ 16 m (53 ft) 

GPR ≅ 8.5 m × 8 m ≅ 2.45 m (8.1ft) N/A 
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Table 4.2: Summary of the results of NDT methods from GR3 
 

GIRARD (GR3) TEST SITE 

Method Pile cap Dimension Pile cap  Depth 
Foundation 

Bottom 
BM N/A Not successful ≅ 11m (36 ft) 

PS N/A N/A Not Successful 

P-Wave 
Reflection Imaging 

N/A Not successful Not Successful 

BHR N/A Relatively Successful ≥ 13.5 m (45 ft) 

ERI N/A Not Successful ≅11 m (36 ft) 

GPR 
≅ 3 m × 

Not Successful For 
The Other Side 

≅ 0.21 m (0.7 ft) N/A 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1. Summary & Conclusions 

The primary objective of this research was to identify the most current and widely used 

NDT methods for determining the embedment depth of unknown bridge foundations and 

to compare these methods to an ultrasonic p-wave reflection imaging system. This P-

wave system has tremendous potential to provide more information and is capable of 

addressing several short-comings associated with other NDT methods. The P-wave 

system was initially assembled in the laboratory to create images of submerged soil 

models with embedded anomalies. These images were used to assess the applicability of 

this system to characterize the limitations of the p-wave system in evaluating unknown 

foundations, prior to deployment in field studies. Field testing consisted of deployment of 

several NDT methods at two Pennsylvania Department of Transportation (PennDOT) 

bridge foundation sites. The results from field tests allowed comparison between the 

quality of data acquired from P-wave imaging and from other more established NDT 

methods. Some of the important observations during laboratory and field testing are 

outlined herein. Recommendations for future works to implement and refine the p-wave 

imaging systems are presented afterward. 
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5.1.1. Laboratory Studies 

The laboratory experiments were developed to better understand the limitations of the p-

wave system in evaluating unknown foundations by mimicking the field conditions and 

the possible complications that are likely to occur in the field testing. From the lab 

experiments, it was noted that drilling mud would be an inappropriate method to hold 

open the borehole due to the negative impacts on P-wave signal transmission. Moreover, 

proper selection of the plastic material to line the borehole was important. LDPE and 

Polypropylene proved to have less impact on signal transmission than PVC. However, 

PVC is more cost-effective and readily available. Gravels were also shown to cause 

issues with signal scatter. Selection of a test site with large amount of gravel would likely 

adversely affect the results due to this scattering issue. Despite all of these issues, it was 

shown that it is possible to transmit 100 kHz P-waves up to a 6 ft. (1.8 m) two-way travel 

distance in saturated soils even when a plastic interface was placed in the travel path of 

the transducers.  

 

5.1.2. Field Studies 

For the field studies, multiple NDT methods [including Borehole Radar (BHR), Borehole 

Magnetic (BM) method, Parallel Seismic (PS), Electrical Resistivity Imaging (ERI), and 

Ground Penetrating Radar (GPR)] were performed along with P-wave reflection imaging 

system to determine the depth of foundations at two PennDOT bridge sites. As was 

noted, the two bridge sites were selected to represent typical bridge foundations across 

the city of Philadelphia. Generally, the results from the NDT methods were not always 
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highly successful in estimating foundation depth. For example, the P-wave imaging 

system was able to distinguish some reflections from likely pile elements, but was 

inconsistent and unable to provide a suitable estimate of foundation depth. PS was not 

successful at all due to interferences caused by the strong levels of noise. BM and BHR 

provided the most reasonable and consistent results at both test sites. GPR provided an 

approximate estimate of the dimensions of pile cap and its depth, but was plagued by 

clayey soils at both sites. ERI was the only surface method which could provide 

reasonable images of the objects located below the pile cap. Based on the results from 

NDT, it was inferred that the estimated foundation depth for the Betsy Ross field site was 

approximately 12.2 meters. GPR generally provided pile cap dimensions that were 

inconsistent with the foundation plans provided by PennDOT. However, the estimated 

depth to the pile cap (2.45 m) was in general agreement with the foundation plans. The 

foundation depth for the Girard field site was estimated at approximately 11 meters. The 

poor GPR data at GR3 prevented assessment of pile cap dimensions, though the depth to 

pile cap (0.21 m) was reasonable based on foundation plans. The experimental results 

demonstrated the potential capability of these systems to generate useful information 

regarding foundation depths. However, it is clear that great care must be exercised in 

selection appropriate NDT techniques based on site conditions. 

It was noted that knowledge of the properties of a foundation, particularly its depth, 

would be helpful in determining whether the associated bridge structure is susceptible to 

scour failure. Hence, were the foundations tested in this study located over water, the 

results of these investigations could be utilized to analyze the scour issue by comparing 

the estimated foundation depth with critical embedment depth. In a case of high 
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possibility of bridge damage due to scour (i.e. estimated scour depth is critical relative to 

estimated foundation depth), the development of countermeasures would be the next step 

to reduce the risk and prevent loss of life or money.   

 

5.2. Future Work 

Based on the results of this study, P-wave imaging has strong potential as a NDT 

technique for unknown foundations. However, it is still in an early development phase for 

this purpose and requires more work to refine this system and increase the range of 

conditions over which images can be acquired. This section presents some ideas to 

improve the applicability of this system for future research. Several issues can be 

addressed in future studies by modifying the ultrasound probe (e.g. dimensions, 

materials, transducer types) and equipment used to deploy it. As previously noted, 

utilizing equipment which can keep the imaging system from any kind of rotation is 

essential in order to make sure that the probe is facing the foundation pile. However, 

using multi directional transducers would be a better alternative in this regard. Utilizing a 

higher power pulser may be helpful in improving the penetration depth of the signal as 

well as obtaining higher quality data.  In the work presented in this study, the lack of an 

amplifier made an excessive amount of signal stacking necessary to improve signal to 

noise ratio, which should be addressed in future studies. Furthermore, future studies 

should explore improving the range of operating conditions for the system by considering 

transducers of lower frequency and impedance-matched for other materials besides water. 

Finally, it was noted that LDPE and Polypropylene had less of an effect on reflection 



208 
 

signal quality due to their impedances matching saturated soil more closely than PVC. It 

is recommended that future studies attempt to use these materials instead of PVC to 

prevent the borehole from collapsing. These recommendations will likely improve the P-

wave system performance and continue its development for the specific application of 

unknown foundations. 
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