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ABSTRACT 

The collapse of the I-35W bridge in Minneapolis, Minnesota, on August 1, 

2007, resulted in the deaths of 13 people.  In an investigation conducted by the 

National Transportation Safety Board, the cause of the collapse was determined 

to be the failure of an overstressed steel gusset plate which connected key 

members of the structure.  Following the collapse, State Departments of 

Transportation sought to confirm the adequacy of gusset plates in other bridges 

to ensure overstressed gusset plates were not present.  Total stresses in a 

gusset plate cannot be effectively determined using conventional tools such as 

strain gages.  The goal of this research was to improve the safety of steel truss 

highway bridges by developing an ultrasonic stress measurement methodology 

for determining total stress in steel gusset plates.  A methodology was developed 

and assessed based on the results of laboratory testing in which the accuracy 

and precision of ultrasonic stress measurements for a biaxial stress condition 

were evaluated.  This research utilized the acoustoelastic effect to evaluate total 

stress levels by assessing the acoustic birefringence in steel.  The birefringence 

measurement evaluates normalized variations of polarized shear waves 

propagating through the plate thickness; these shear waves vary proportionally 

as a function of stress.  A sine regression technique was applied to measure the 

desired birefringence parameters.  Testing results indicated stress measurement 

uncertainties of 2,600 psi (12.5% of the shear yield strength) or less.  This study 

demonstrated the potential of the sine regression technique to accurately and 

repeatedly assess total stress levels in steel gusset plates.  
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1 INTRODUCTION 

 

 

 

In this research, an ultrasonic stress measurement methodology is being 

developed to evaluate total stress in highway bridge gusset plates.  The 

approach uses ultrasonic birefringence (i.e., the difference in velocity of 

orthogonally polarized shear waves) as a means of assessing the stresses 

carried in a plate.  The approach is a nondestructive technique based on the 

acoustoelastic effect (i.e., the variations in ultrasonic wave velocity as a result of 

strain).  Birefringence measurements are used to determine the total stress 

resulting from dead load, live load, and residual stress in a steel plate.  The 

disastrous collapse of the I-35W bridge in Minneapolis, Minnesota, serves as 

motivation for the development of this technique; this disaster will be described in 

Section 1.3. The developed methodology could have a significant impact on the 

current method for evaluating bridge capacity and enable more reliable condition 

assessment to ensure bridge safety nationwide. 
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1.1 Goal and Objectives 

The overall goal of the research reported herein was to improve the safety of 

steel truss highway bridges.  The objectives of this research were to:  

 Develop an ultrasonic stress measurement methodology for determining 

total stress in steel gusset plates in-situ 

 Evaluate the accuracy and precision of ultrasonic stress measurements 

for a biaxial stress condition 

o Assess the effect of texture direction on ultrasonic shear wave 

velocities 

1.2 Scope 

The scope of this research was to experimentally study the application of 

birefringence measurements for biaxial stress conditions in the laboratory.  This 

research utilized ultrasonic technology as a nondestructive evaluation (NDE) tool 

to measure total, in-situ stresses in a steel gusset plate.  Material effects such as 

texture were also studied.   

1.2.1 Applications 

If ultrasonic stress measurement technology could be successfully 

developed, the measurements could be used as a screening tool during bridge 

inspection to identify at-risk gusset plates.  Ultrasonic stress measurement can 

exhibit limited precision such that small variations in stress may not be 

discernable. However, plates could be categorized by level of failure risk based 
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on the approximate amount of stress carried by the member.  Figure 1-1 shows 

an example of such a categorization based on the total stress level (in 

percentage of yield strength). 

 

Figure 1-1: Failure risk categories for steel gusset plates based on stress level. 

Ultrasonic technology could be an effective tool to identify gusset plates 

that need to be further assessed to determine their adequacy, even if a complete 

structural analysis was unavailable.  This nondestructive technique, used to 

assist in the analysis of gusset plate adequacy, would provide a valuable tool for 

bridge owners and help ensure the reliability of bridges. 

1.3 Motivation 

The need for improved condition assessment technology became evident 

when the I-35W bridge in Minneapolis, Minnesota, collapsed as shown in Figure 

1-2.  The accident occurred during afternoon rush hour on August 1, 2007, 

resulting in the deaths of 13 people and injuring 145 others [1].  The bridge, 
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which first opened to traffic in November 1967, was over 600 meters long with 14 

spans (11 approach spans and 3 river spans).  The bridge was a heavily used 

thoroughfare; the most recent figures from the structure inventory report in 2004 

gave an average daily traffic for the bridge of 141,000 vehicles with 5,640 of 

those being heavy commercial vehicles [1]. 

 

Figure 1-2: The collapse of the entire river span of the I-35W bridge [1]. 

At the time of the collapse, the bridge was undergoing its third significant 

renovation since its opening in 1967 [2].  The first renovation was completed in 

1977 and added a wearing course of 50.8 mm of low slump concrete.  The added 

concrete applied to the bridge from this renovation increased the dead load of the 

bridge by 13.4 percent [1].  The second renovation in 1998 involved an upgrade 

to the traffic railings and replacement of the median barrier, which increased the 

bridge dead load by 6.1 percent [1].  By the time the third renovation was 

underway in the summer of 2007, the dead load of the bridge had increased by 

19.5 percent since it first opened. 
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The third renovation included a new concrete overlay course on all eight 

traffic lanes.  To accommodate construction materials and activities, several 

traffic lanes were closed.  The concrete used in the overlay had abnormally high 

cement content which caused the concrete to solidify too rapidly, making storing 

and mixing materials off-site impractical [1].  As a result, aggregates and other 

construction materials were placed on the bridge deck during construction, 

adding an additional load to the structure.  The construction materials were 

placed above the gusset plate connection at node U10.  This node was a 

connecting point where the upper or lower chords were joined to vertical and 

diagonal members with gusset plates.  The additional weight added to the bridge 

from the construction materials placed at node U10, as well as weight added to 

the structure from the two prior renovations, substantially increased the stress in 

the structural members of the bridge.  Figure 1-3 is a series of finite element 

models showing the stress contours of the U10 gusset plate after each 

renovation [1]. Note the orange and red colors indicate areas where stress had 

exceeded the yield strength of the 50 ksi steel.  The National Transportation 

Safety Board (NTSB) concluded in its highway accident report that the probable 

cause of the collapse of the I-35W bridge was an overstressed gusset plate at 

the U10 node of span 7, which resulted in the plate buckling under the applied 

loads [1]. 

The original design calculations for the I-35W bridge did not include any 

details for the design of the gusset plates in the structure, making it impossible 
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Figure 1-3: Finite element model stress contours for the failed gusset plate at node U10 (A) at the 
opening in 1967, (B) after the 1977 and 1998 renovations, and (C) before the collapse in 2007 [1]. 

for investigators to check the original design calculations of the gusset plates.  

The design of gusset plates was typically performed using general beam theory 

and sound engineering judgment [3].  The only gusset plate design specification 

in existence when the I-35W bridge was designed in 1964 was the American 

Association of State Highway Officials (AASHO) guidelines which stated: 

Gusset plates shall be of ample thickness to resist shear, direct 

stress, and flexure, acting on the weakest or critical section of 

maximum stress [4]. 
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The AASHO specification for gusset plate thickness had a provision that 

required the ratio of the unsupported edge length divided by the thickness not 

exceed 48 for the steel used for the gusset plates in the I-35W bridge.  Ratios 

exceeding 48 were required to have stiffeners to avoid compromising the 

capacity of the gusset plate due to buckling [4].  In the gusset plate at node U10, 

the ratio of the length of the free edge of the gusset plate to the thickness was 60 

[5], greatly exceeding the limiting value of 48; however, no stiffener support was 

added to the gusset plate which means, according to AASHO specifications, the 

plate was inadequate from the time the bridge opened in 1967. In addition to 

lacking stiffener support, the gusset plate was not of sufficient thickness to carry 

the applied loads which were the result of the combined self-weight of the 

structure and live loads due to vehicle traffic.  Had the gusset plate been of 

sufficient thickness, the plate would not require stiffeners as the ratio criterion 

specified by AASHO guidelines would have been met. 

 The primary members of the I-35W bridge were fracture critical, defined as 

a “steel member in tension, or with a tension element, whose failure would 

probably cause a portion of or the entire bridge to collapse” [6].  The National 

Bridge Inspection Standards (NBIS) requires that fracture critical bridges be 

inspected at least once every twenty-four months, with shorter intervals for 

certain bridges with known deterioration or damage [1, 6].  To comply with NBIS 

standards for fracture critical bridges, the I-35W bridge had been inspected 

annually since 1971.   
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Due to fatigue cracking in bridges of similar age to the I-35W, the 

Minnesota Department of Transportation (MNDOT) contracted with URS 

Corporation to initiate hands-on inspections for fracture critical members of the 

structure.  In 2003, URS documented nearly every structural member of the 

bridge with photographs.  One of these photographs, shown in Figure 1-4, 

appears to reveal some bowing in all four gusset plates at both U10 nodes.  

Bowing of gusset plates at the U10 node was an indication of an over-stressed 

plate, which eventually led to a complete loss of load-bearing capacity for the 

plate. 

 

Figure 1-4: Bowing in the gusset plates at node U10 documented in 2003 [1]. 

Upon failure, the I-35W Bridge underwent a progressive collapse – spread 

of an initial local failure from element to element, resulting in the collapse of the 

entire structure [6].  Again, the collapse initiated from overstressed gusset plates 

at node U10.  This collapse illustrates the urgent need for innovative methods to 
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evaluate in-situ stresses for existing structural members, including the 

assessment of gusset plates, to ensure adequate load carrying capacity. 

The research reported herein addresses this need through the 

development of an ultrasonic stress measurement technology that is based on 

acoustic birefringence.  The research focuses on exploratory testing to 

demonstrate the feasibility of the measurement and to develop initial data on 

potential accuracy and precision of such a measurement.  A nondestructive, 

simple, and practical tool for stress measurement in the field could have greatly 

assisted in assessments of the gusset plates by providing a means of detecting 

an overstressed plate during the inspection process. Looking forward, such a tool 

would be a key technology for mitigating the risk of future incidents like the I-35W 

bridge by making stress measurements to directly identify highly-stressed gusset 

plates or by estimating the forces transmitted from connecting members through 

a gusset plates. 

1.4 Discussion 

Following the catastrophic collapse of the I-35W bridge, State 

Departments of Transportation and other bridge owners have worked to analyze 

gusset plates on truss bridges in their own inventories to identify if other gusset 

plates may be at-risk.  To assess the adequacy of a given plate to carry required 

loads, total stresses experienced by the plate are needed to compare with the 

calculated capacity of the plate.  The complex nature of force distributions in 

large truss bridges results in significant uncertainty in the level of stress carried 

by individual bridge members and, consequently, the required stresses in the 
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gusset plates connecting the members.  Presently, the total loads carried in the 

members connected by the plate can only be estimated from design drawings 

and idealized models.  Unexpected load paths and redistribution of forces as a 

result of locked bearings, corrosion damage, impact damage, and misalignment 

of members cannot be determined analytically; therefore, as a result of these 

uncertainties, safety evaluations and load ratings may have limited accuracy and 

increased risk. 

Currently, no methodologies exist which can measure total stress (i.e., the 

combination of stresses resulting from dead load, live load, residual effects, etc.) 

throughout the entire thickness of the material.  For example, strain gages can 

only measure surface strains and cannot account for strain present before the 

installation of the gage.  Stresses resulting from dead load cannot be measured 

using strain gages, unless the gages are installed prior to construction and 

stresses tracked continuously throughout the duration of the construction process 

and into service [7].  In addition to dead load, residual stresses can be present as 

a result of welding and forming of the component during the fabrication process.  

Residual stresses can be detrimental when the service stresses are 

superimposed on the already present residual stresses [8].  These stresses in 

the material can reduce the available load-carrying capacity of a component and 

cannot be measured with conventional tools such as strain gages. 

Examples of common, state-of-the-art technologies used to measure total 

stresses include hole-drilling, X-Ray diffraction, and Barkhausen noise, each of 

which has important limitations that affect their application to gusset plate 
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assessment.  Hole-drilling uses strain gages to measure the surface strain relief 

in the material after a hole (typically 1-4 mm in diameter) is drilled [8, 9].  

However, this method is semi-destructive, very time-consuming, and complicated 

when dealing with high stress gradients of a gusset plate.  X-Ray diffraction 

determines total stresses through analysis of a diffraction pattern caused by the 

scattering of x-rays after contacting the steel atoms, as shown in Figure 1-5 [10].  

This technique is limited to measuring only surface and near surface stresses, 

which is a significant disadvantage.  Surface stresses on typical bridge members 

do not represent the true stress through the thickness of a member due to 

welding, surface treatments, drilling, and a number of other material processing 

methods encountered in fabrication and erection.  Barkhausen noise is a 

magnetic method that is well-established for a small range of production 

applications, such as assessing hardening of bolts, but suffers from the same 

near-surface limitations as X-Ray diffraction. 

 

Figure 1-5: Scattering of x-rays near the surface of the steel, making a diffraction pattern used to 
characterize stress levels [10].  



12 
 

In contrast to the aforementioned technologies, ultrasonic birefringence is 

a nondestructive, through-thickness method that produces an assessment of the 

average stress in the material, which is more appropriate for engineering analysis 

of forces.  Acoustic shear waves propagate through the full thickness of the 

material such that the resulting velocities are dependent on the average stress, 

not just the surface stresses.  These through-thickness measurements are path-

independent, meaning the actual travel distance of the shear wave (i.e. the 

thickness of the material) does not need to be known.  This is advantageous 

because it is often difficult to determine the actual thickness of a gusset plate due 

to large dimensional tolerances and section loss as a result of corrosion, which 

may be localized and time-variant.   

The theory and accompanying equations of ultrasonic acoustic 

birefringence are discussed in greater detail in Chapter 2 of this thesis.  Chapter 

3 describes the experimental setup, which includes the loading methods, 

hardware and sensors, testing materials, and data analysis methods.  Chapter 4 

presents the results and analysis of the experimental testing.  Subsequent 

conclusions based on the test results and a discussion of future work are located 

in Chapter 5 of this thesis. 
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2 BACKGROUND 

 

 

 

 This chapter discusses the physics and general use of ultrasonic waves 

for NDE.  In addition, this chapter explains the fundamental theories applied in 

this research for the use of ultrasonic waves as a stress measurement tool as a 

way to evaluate the adequacy of gusset plates.  The fundamental theories 

include the acoustoelastic effect, acoustic birefringence, natural birefringence, 

pure-mode polarization directions, and stress-birefringence relationships.  A 

discussion of previous applications and research in the area of ultrasonic stress 

measurement is also presented. 
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2.1 Ultrasonic Waves in Nondestructive Evaluation 

Ultrasonic testing (UT) is an NDE method which uses mechanical waves 

at ultrasonic frequencies to detect or measure certain characteristics of structural 

components.  UT is a widely used technique that is very versatile; common 

applications of UT include detection of defects in welds, material thickness 

measurement, and concrete quality testing.  In addition to versatility, another 

major advantage of UT is the capability of bulk measurement in which 

mechanical waves propagate through the thickness of the material, making 

characterization of the entire material possible.  Other advantages of UT include: 

high precision in determining the location, size, and shape of a defect; minimal 

surface preparation; and instantaneous results [11]. 

A less common use of UT is stress measurement, for which there are 

currently no standard methodologies in place.  This research capitalized on 

ultrasonic measurement theory to develop and test an ultrasonic stress 

measurement methodology for determining total stress in gusset plates and to 

evaluate the accuracy and precision of the measurement.  The mechanical wave 

mode utilized in this research is a shear wave.  Shear waves and longitudinal 

waves are the two most widely used wave modes in UT [12].  As illustrated in 

Figure 2-1, the particle motion in shear waves is transverse to the wave 

propagation direction, while longitudinal waves have a particle motion in the 

same direction as the wave propagation.  When bending stresses are present, 

which may be the case in gusset plates, the stresses vary throughout the 

thickness of the material.  In this case, shear waves are more suitable than 
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longitudinal waves because longitudinal waves indicate the stresses near the 

surface, while shear waves propagate through the entire thickness and give an 

average stress measurement [13]. 

 

Figure 2-1: Particle movement for (A) longitudinal waves and (B) shear waves [12]. 

2.1.1 Electromagnetic Acoustic Transducers 

 An electromagnetic acoustic transducer (EMAT) is used in this research to 

transmit and receive ultrasonic shear waves.  A radiofrequency (RF) coil and 

permanent magnet are located inside the EMAT casing.  High frequency 

electrical pulses are sent to a coil, generating eddy currents when near a 

conducting surface [7].  When the eddy currents react with the magnetic field of 

the permanent magnet, a Lorentz force is induced in the material; the generated 

force causes a disturbance in the lattice structure of the material, producing an 

elastic shear wave [14]. 

 For the application of stress measurement in steel gusset plates, EMATs 

have several significant advantages over commonly used piezoelectric 

transducers.  Primarily, EMATs do not require coupling of the wave into the 

material because the elastic waves are produced within the material instead of 
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within the transducer.  Piezoelectric transducers are more complicated to attach 

to the surface of the material due to the required couplant, which makes it difficult 

to produce reliable measurements [7]. Figure 2-2 illustrates the configuration of 

an EMAT as compared to a piezoelectric transducer.   

 

Figure 2-2: The configuration of (A) a piezoelectric transducer and (B) an EMAT with respect to the 
surface of a material [14].  

The permanent magnet holds the EMAT to the surface of the steel (or any 

ferromagnetic material), allowing for hands-free inspection.  No surface 

preparation is needed since EMATs can generate and receive waves through 

modest amounts of paint, rust, and scale [7].  EMATs can operate without being 

in direct contact with the surface (i.e., EMATs maintain functionality with a lift-off 

distance of about one millimeter) and do not have to be precisely normal to the 

surface [7, 14]. 
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2.2 The Acoustoelastic Effect 

Ultrasonic waves propagate at a certain velocity depending on the elastic 

properties of a material (i.e., density, Modulus of Elasticity, Poisson’s ratio, and 

other elastic constants). However, the elastic constants for a given material are a 

function of the strain in the material; therefore, when a material is strained (or 

stressed), the velocity of an ultrasonic wave is altered. 

The acoustoelastic effect expresses variations in the elastic properties of 

the material resulting from applied strains through the effect on the velocity of an 

acoustic wave.  When changes in the velocity of an acoustic wave are less than 

1%, the relationship between the measured acoustic wave velocity and stress is 

linear and can be conceptually described by the equation: 

         (2-1) 

where    is the velocity of a wave in an unstressed medium,   is the 

acoustoelastic constant (a material property), and   is the applied stress [7].  The 

relationship between stress and velocity is most readily observed when stresses 

are applied to a material in which the change in applied stress from an initial 

stress state can be measured [13]. 

 The physical principles of the acoustoelastic effect are best described by 

the atomic relationships of materials at the microscopic level.  The macroscopic 

elastic response of solids is determined by the average of the microscopic 

interatomic forces [15].  When a material is unstressed, the atoms of the material 

remain in an equilibrium position corresponding to a minimum atomic energy and 

zero interatomic force, as shown by ‘a’ in Figure 2-3A and Figure 2-3B.  When a 
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material is stressed, the atoms are displaced from the equilibrium position, 

increasing atomic energy and causing interatomic forces to develop; the 

interatomic forces directly affect the speed of acoustic wave propagation.  The 

average of these interatomic forces gives the macroscopic elastic response of a 

solid material shown in Figure 2-3C [15]. 

 

Figure 2-3: The effect of stress-induced atomic separation on (A) atomic energy and (B) interatomic 
force, and (C) the macroscopic response caused by interatomic forces. 

2.3 Ultrasonic Acoustic Birefringence 

When an ultrasonic shear wave propagates through an isotropic, 

homogeneous medium, it propagates at a single velocity regardless of the wave 

polarization direction, as shown in Figure 2-4A.  The velocity of a shear wave in 

steel is approximately 3,200 m/s.  However, when a material is anisotropic, the 

velocity of the shear waves will become dependent on the polarization orientation 

of the wave.  As illustrated in Figure 2-4B and Figure 2-4C, anisotropy in a 

material can occur for two reasons – texture and stress.  The texture effect, or 

natural birefringence, is typically due to the fabrication process and will be 

discussed in detail in Section 2.3.1. 

Since the velocity of a shear wave in an anisotropic material is dependent 

on polarization direction, orientations must exist in which the wave velocity is at a 
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Figure 2-4: Ultrasonic shear wave velocity as a function of the polarization angle for (A) an isotropic, 
unstressed steel, (B) an unstressed steel with texture, and (C) an isotropic, stressed steel. 

maximum and minimum (i.e., a fast wave direction and a slow wave direction).  

These orientations, known as the pure-mode polarization directions, are 

orthogonal to one another.  The normalized velocity difference of the pure-mode 

polarization directions is defined as acoustic birefringence, B: 

   
     

    
 (2-2) 

where    is the velocity of the fast wave,    is the velocity of the slow wave, and 

     is the average velocity [7, 16].  The relationship between the birefringence 

parameter and the state of stress of a material is discussed in Section 2.3.3. 

It is important to note that such a measurement is independent of 

thickness because each wave propagates over the same distance.  The 

difference between those measurements is transit time, or time of flight, of the 

wave.  Therefore, the material thickness, or travel path of the waves, is 
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eliminated from the determination of birefringence, and Equation 2-2 can be 

written as: 

   
     

    
 (2-3) 

where    is the time of flight of the fast wave,    is the time of flight of the slow 

wave, and      is the average time of flight. 

2.3.1 Natural Birefringence 

 Anisotropy in steel can result from a texture effect caused by rolling 

processes during fabrication, such that there is a “natural” birefringence effect in 

the plate when stresses are nominally zero.  During the fabrication of steel, thick 

sections of steel stock are passed through a series of rollers in order to achieve a 

desired uniform thickness of material.  This process gives a texture to the 

material by elongating all of the polycrystalline steel grains in a preferred 

orientation (i.e., the direction of rolling).  Ultrasonic wave velocity becomes 

dependent on the polarization direction of the shear wave as a result of this 

texture effect.  The fast pure-mode polarization direction is coincident with the 

rolling direction in an unstressed steel specimen, while the slow pure-mode 

direction is transverse to the rolling direction in an unstressed specimen.  The 

texture effect has been discussed and studied by several researchers, most 

notably [17-20]. 

The velocity of an ultrasonic shear wave in an isotropic piece of steel is 

approximately 3200 m/s.  Researchers have shown a material exhibiting a well-

defined texture will have a variation of shear wave velocity from the isotropic 
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value in the region of 2.5% [17].  The change in velocity due to texture is of equal 

or greater magnitude than the velocity changes resulting from the presence of 

stress.  Therefore, the natural birefringence must be determined to eliminate the 

texture effects from the effects of stress. 

In a laboratory setting, the texture direction is easily determined in a 

texture test where the wave polarization direction is rotated at incremental 

angles, totaling 360°. Wave velocity measurements are recorded at each angle.  

However, determining the texture direction of a steel gusset place in-situ is much 

more challenging.  Gusset plates are typically painted and may contain a 

significant amount of rust, making a visual examination of the rolling direction 

impossible. Furthermore, stress can cause the pure-mode polarization directions 

to deviate from the direction of texture; this phenomenon is discussed in further 

detail in Section 2.3.2. 

Gusset plates have very complex stress fields because some truss 

members connected at the plate carry uniaxial compression, while others carry 

uniaxial tension.  Compression and tension must be resolved in the gusset plate 

to achieve equilibrium, making a region of zero stress unlikely.  In order to readily 

locate the texture directions of a gusset plate, an area of zero stress is required.  

However, researchers have shown that it is possible to obtain ‘zero stress 

positions’ in a complex stress field by a combination of appropriate tensile and 

compressive stresses in two different directions [18].  Methodologies for 

determining stresses in textured materials have been studied and developed by 

[17, 18, 21, 22].  The research herein took advantage of the established 
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methodologies to separate the effects of stress-induced birefringence and natural 

birefringence.  

2.3.2 Pure-Mode Polarization Directions 

 The pure-mode polarization directions will be coincident with the rolling 

and transverse directions under two conditions:  

1) The steel is unstressed. 

2) The principal stress directions are coincident with the rolling and 

transverse directions (i.e., no shear stress present in the direction of 

rolling). 

However, these conditions rarely occur in bridge gusset plates due to the 

complexity of the stress field; in general, there will be shear stresses in addition 

to normal stresses [7].  When stress is introduced to a material, the pure-mode 

polarization directions are controlled by a combination of the texture and stress 

directions.  This causes the fast and slow polarization directions of the shear 

waves to deviate.  The presence of shear stress, σxy, in the direction of rolling will 

cause a rotation of the pure-mode polarization directions through the angle ϕ [7, 

16, 23].  Figure 2-5 is an illustration of this effect, where the X0 and Y0 axes 

represent the rolling and transverse directions, and the X and Y axes represent 

the pure-mode polarization directions. 

If the fast and slow orientations are rotated, the results of a texture test will 

be affected.  The rotation causes a phase shift, ϕ, of the sinusoidal plot of the 

texture test results, as shown in Figure 2-6. The phase shift may have a 



23 
 

significant outcome on the ultrasonic stress measurement and must be 

accounted for in order to avoid large errors. 

 

Figure 2-5: The pure-mode polarization directions rotate through the angle ϕ with respect to the 
rolling and transverse directions due to the presence of shear stress. 

 

Figure 2-6: The effect of shear stress on the results of a 360° texture test. 

2.3.3 Stress-Birefringence Relationships 

Application of basic mechanics yields the following relationship between 

birefringence and stress: 

                                                      (2-4) 

where    is the natural birefringence of the material in an unstressed state;   , 

  , and    are stress-acoustic constants;     and    are the in-plane principal 
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stresses; and   is the angle between the major principal stress direction and the 

rolling direction [24, 25].  The phase shift of the pure-mode polarization 

directions,  , caused by the presence of shear stress,    , is given by:   

       
              

                           
 (2-5) 

Equations 2-4 and 2-5 can be written in terms of in-plane stress components   , 

  , and    , which are in reference to a coordinate system parallel and 

perpendicular to the rolling direction:  

                             
 
         

 
 (2-6) 

       
      

                      
 (2-7) 

Combining Equations 2-6 and 2-7 and using trigonometric identities yields: 

 
    

      

   
 

(2-8) 

                               (2-9) 

It is important to note that Equation 2-8 can be used to calculate shear stress 

independently of natural birefringence,   .  These equations provide an analytical 

model which demonstrates the relationship between birefringence measurements 

and the material state of stress. 

2.4 Gusset Plate Stresses and Failure Modes 

Previous research performed by Ocel and the Federal Highway 

Administration [26] has shown that high shear stresses are the genesis of gusset 

plate failure.  The main objective of the research was to explore the failure 
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modes of steel truss bridge gusset plated connections using experimental and 

analytical investigations.  Of the 13 full-scale gusset plated connections loaded to 

failure, half failed by buckling, and half failed by shear yielding.  However, Ocel 

indicated that “the load determined to cause a partial shear plane to yield was 

also a much better predictor of buckling [26].”  From the results of the research, 

Ocel also concluded: 

Although it may seem odd to use a shear formulation to predict 

buckling, the research showed that once a partial shear plane in the 

gusset plate along a compression member yields, its elastic 

modulus decreases and thus reduces the out-of-plane rotational 

restraint the plate can provide to the idealized column [26]. 

Therefore, assessing the magnitude of shear stress is paramount in the 

identification of gusset plates that may be at risk of failure.  

Another important note is that gusset plates are typically under a plane 

stress condition in which the components of stress associated with the thickness 

(i.e., τxz, τyz and σz) are negligible and, therefore, the analysis of stress is 

simplified to two dimensions.  Plane stress occurs in thin plates having a 

thickness-to-width ratio between 1/50 and 1/10 [27].  In the elastic range, the use 

of the two-dimensional Hooke’s Law is permitted: 

 
   

 

    
         

(2-10) 
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(2-11) 

where    and    are the in-plane axial strains,   is the modulus of elasticity, and 

  is Poisson’s ratio of the material [27].  The maximum shear stress is calculated 

by: 

        
     

 
 
 

    
    

     

 
 (2-12) 

Applying Equations 2-10 and 2-11 to convert strain gage readings into 

axial stresses is discussed in Section 3.3 of this report.  The axial stresses can 

be used to determine the maximum shear stress using Equation 2-12.  Because 

shear stress levels are an important predictor of gusset plate failure, maximum 

shear stress levels can be related to birefringence measurements to identify 

regions of high shear stress (i.e., regions of the plate which are at risk of failure).  

2.5 Previous Applications and Research 

The acoustoelastic effect and ultrasonic acoustic birefringence have been 

extensively studied and developed in the past several decades.  The increased 

usage of this technique can be primarily attributed to the development of new 

electronic instruments and high-speed data acquisition systems.  This section 

details the initial development of acoustoelastic theory and provides examples of 

prior usages of the birefringence technique by other researchers. 

In 1937, shortly after the discovery of the acoustoelastic effect, 

Murnaghan [28] developed a set of formulas to extend the classical theory of 

infinitesimal strain to the case of finite strains.  Using Lagrangian coordinates, 
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Murnaghan introduced three third-order elastic constants (l, m, and n) in his 

theory of non-linear elasticity.  In 1953, Hughes and Kelly [29] further developed 

Murnaghan’s equations using the second-order Lamé constants λ and µ,  

obtaining the following expressions relating strains and ultrasonic wave velocities 

in a uniaxial stress state: 

      
                              (2-14) 

      
                      

 

 
     (2-15) 

      
                      

 

 
     (2-16) 

where   is the uniaxial strain,    is the density at zero strain,     is the velocity of 

an ultrasonic wave propagating in the     direction and polarized in the     

direction,   is the sum of the three principal strains (  ,   , and   ), and   is 

Poisson’s ratio [30].  Equation 2-14 represents the relationship for a longitudinal 

wave, while Equations 2-15 and 2-16 represent the relationship for shear waves.  

These equations were the first to relate strain to ultrasonic wave velocity, laying 

the groundwork for further development and application of ultrasonic stress 

measurement. 

 In 1958, Bergman and Shahbender [31] were the first researchers to 

experimentally observe the acoustic birefringence effect during uniaxial 

compression tests on two identical aluminum columns.  Three transducer pairs, 

consisting of a transmitter and a receiver, were attached to each column to 

measure the velocities of ultrasonic waves propagating transversely to the 

direction of applied stress. One pair of transducers employed longitudinal waves, 
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while the other two pairs transmitted shear waves with the polarization directions 

orthogonal to one another.  The velocities were plotted as functions of applied 

strain measured by bonded wire strain gages and dial gages. 

 Bergman and Shahbender noted that the velocity of an acoustic wave is 

dependent on both the relevant elastic constant and the density of the medium.  

Based on the experimental results, the changes in longitudinal wave velocity 

could be accounted for by the change in density due to the applied load. 

However, the changes in shear wave velocity cannot be accounted for solely by 

change in density, implying that the velocity change must also be due to a 

change in the elastic constant.  Furthermore, the horizontally polarized shear 

wave exhibited a greater change in elastic constant than the vertically polarized 

shear wave, which would become known as acoustic birefringence. 

 In 1959, Benson and Raelson [32] compared the acoustoelastic method to 

the well-developed photoelastic method, noting several advantages of the 

acoustoelastic method (e.g., the capability of residual stress measurement).  The 

researchers used an experimental setup similar to that of Bergman and 

Shahbender; however, the shear waves were polarized at a 45° angle relative to 

the principal stress axes so that the polarized sound wave would consist of two 

components (one along each axis of principal stress).  The amplitude of the 

received signal was measured and plotted as a function of applied force.  Results 

showed a sinusoidal variation in the amplitude as force was applied, revealing 

that the polarization orientation of acoustic waves will rotate when propagating 

through a stressed material and that there is a direct relationship between degree 
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of rotation and magnitude of stress.  This discovery, coupled with the results of 

Bergman and Shabender, helped to introduce birefringence as a new 

nondestructive technique for stress measurement analysis. 

 In 1973, Iwashimizu and Kubomura [33] were the first researchers to 

develop an analytical stress-birefringence model, accounting for both the stress-

induced rotation of the wave polarization direction and the effect of slight material 

anisotropy (i.e., natural birefringence).  The model consisted of one stress-

acoustic coefficient which related stress and birefringence.  In 1980, Okada [24, 

25] improved the one-coefficient model by developing the three-coefficient model 

in Equations 2-8 and 2-9.  The one-coefficient model could not predict some 

important aspects of experimental results, likely due to necessary simplifications 

made during theoretical reduction [24]. 

Okada outlined a method for experimentally obtaining the three 

coefficients through birefringence measurements during uniaxial loading [25].  A 

method was also developed for the determination of individual normal stresses, 

   and   , by integration of the equation of equilibrium: 

 
          

    

  
   

(2-17) 

 
          

    

  
   

(2-18) 

or approximated numerically by: 

 
          

    

  
   

(2-19) 
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(2-20) 

where       and       represent a selected point of known stress which is used 

as a starting point for the integration process.  For the numerical method, a 

series of shear stress measurements must be taken at various locations. 

 To confirm the validity of the three-coefficient model, Okada performed a 

series of tensile loading tests on various aluminum plates having unique rolling 

directions.  Okada concluded: 

 These experimental results were described well by the stress-

acoustic relations proposed here.  These results show the validity 

and usefulness of the new equations for stress measurements by 

ultrasonic birefringence technique in a slightly orthotropic material, 

such as rolled plate or sheet [24]. 

Researchers have also applied different ultrasonic techniques to measure 

birefringence and residual stresses.  For example, Heyman and Chern [34] used 

frequency domain continuous wave (CW) measurements to detect stress-

induced frequency shifts, as opposed to using time domain pulse-echo 

measurements to detect stress-induced velocity changes.  The main advantage 

of using frequency domain is that frequency can be measured with much greater 

resolution compared to the resolution of velocity measurements.  The resulting 

change in frequency could then be used to determine birefringence: 



31 
 

   
   

  
 (2-21) 

where    are the resonant frequencies of the material, and     are the stress-

induced resonant frequency shifts.  Heyman and Chern demonstrated that the 

use of CW techniques were reliable for the measurement of axial stress. 

In 1995, Schneider [35] applied acoustic birefringence to characterize the 

stress states in rims of railroad wheels.  During the braking process, friction 

generates a significant amount of heat.  The heating and subsequent cooling of 

the rims due to braking causes tensile stresses to develop in the circumferential 

direction and may lead to crack growth and consequent failure of the wheel.  For 

this reason, periodic inspections of the wheels are necessary to ensure reliability 

and safety of railroad wheels.  Birefringence effects were used to characterize 

the stress state by polarizing shear waves in the radial and tangential directions 

of the wheel, allowing for the researchers to evaluate the difference in principal 

stresses.  In new wheels, results showed the stress difference was in the low 

compressive range, but the difference shifted to tensile values with increasing 

braking cycles and braking forces. The research demonstrated that the 

measured stress difference increased as a function of the number of braking 

cycles. 

Schneider also used the birefringence technique for the characterization of 

texture and texture-related properties in rolled materials [35].  During fabrication 

of many products, materials are often plastically deformed in order to achieve a 

desired shape or function. For example, a certain texture is needed to optimize 



32 
 

the plastic deformation of rolled sheets during the deep drawing of automotive 

body parts, so analyzing the degree of texture can be used as a means of quality 

assurance and efficiency.  A texture test can be used to measure the degree of 

anisotropy, or texture, of a material in an unstressed state.  During a texture test, 

the polarization direction of a shear wave is rotated stepwise over 180°, while the 

change in time-of-flight between steps is recorded.  Results of this research 

showed that as a material is further processed, an increase in the time-of-flight 

difference between the texture and transverse directions occurs (i.e., an increase 

in the degree of anisotropy in the material). 

In 1996, Lozev, Clark, and Fuchs [7] assessed the applicability and 

effectiveness of EMATs for evaluation of stresses in steel bridge elements.  

Tests were performed on two bridges: a simply supported bridge and an integral 

backwall bridge.  Both shear waves and Rayleigh waves were used during 

testing to measure live load, dead load, and residual stresses in a bridge girder.  

Live load stresses were referenced to the static state (i.e., no traffic on the 

bridge), while dead load stresses were referenced to an absolute zero stress 

state (i.e., not net axial force).  The data, which was collected over a short period 

of time and represented a relatively small sample, showed good correlation 

between the EMAT and strain gage readings. 

In addition to stress measurements, experiments were also performed to 

characterize the effect of paint, operating frequency, magnetic artifacts, 

measurement echo, and lift-off.  The study indicated paint severely reduced the 

signal amplitude, making ultrasonic measurements more difficult.  The 
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researchers suggested that a more thorough investigation of this problem is 

needed.  However, the results from the analysis indicated an EMAT system was 

capable of obtaining reliable birefringence measurements and performing applied 

stress measurements on actual bridge structures. 

In 1999, Clark, Gallagher, Hehman, Fuchs, and Lozev [16] used acoustic 

birefringence to detect bending stresses in hanger plates of a pin and hanger 

bridge.  Corrosion can cause the connection to “lock up,” diminishing the ability of 

the pin connection to rotate freely.  If a connection is locked up, the hanger plate 

will be subjected to cyclical bending stresses due to the thermal expansion and 

contraction of the bridge; this cyclical loading may cause existing cracks to grow 

and lead to subsequent failure of the connection.  Since pin and hanger bridges 

may possess no redundancy (i.e., no alternate load path), a pin and hanger 

connection failure is likely to result in complete failure of the structure. 

Clark et al. made birefringence measurements on opposite sides of 

hangers and related to uniaxial stress by the following equation: 

             
      

 ) (2-10) 

where the superscripts “l” and “r” represent the left and right sides of the hanger 

respectively.  When a pin and hanger connection is functioning properly and no 

bending is present in the hanger plate, the birefringence on the left side should 

be the same as the right side (        ).  However, when the connection is 

locked up, the bending will cause the birefringence measurements to indicate 

compression on one side and tension on the other (        ). 
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The researchers constructed an apparatus to simulate a locked-up pin and 

hanger connection.  Three scenarios were tested in the lab: continuous 

monitoring of hanger status, intermittent monitoring of stress change from a 

known initial state, and determination of stress with no a priori information.  The 

best agreement between strain gage data and ultrasonic results was observed 

during continuous monitoring, and the worst results were obtained with no a priori 

information.  However, results from all three scenarios were encouraging and 

demonstrated proof-of-concept of the birefringence technique for pin and hanger 

connections.  Scenario three is likely the most representative application of the 

technique because no a priori information of existing pin and hanger connections 

will be available in the field. 

In 2002, Bray and Santos [13] compared the sensitivity of shear waves 

and critically refracted longitudinal (LCR) waves to applied tensile stresses in steel 

bars. LCR waves are produced by orienting a longitudinal wave at a critical angle, 

causing the wave to refract and propagate through the medium parallel to the 

surface.  The results of the research indicated that both waves are sensitive to 

stress variation, but LCR waves produced smaller stress measurement errors for 

the case of uniaxial tension in a steel bar.  However, when bending stresses are 

present (which may be the case in gusset plates), the stresses vary throughout 

the thickness of the material.  In this case, shear waves are more suitable than 

LCR waves because LCR waves travel near the surface, while shear waves 

propagate through the entire thickness and give an average shear measurement. 
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In 2012, Klemme [36] conducted the initial phase for this research project.  

Initial testing of ultrasonic acoustic birefringence was performed to assess the 

technique as a means of stress measurement in steel gusset plates.  Two 

specimens were used during testing: steel from a decommissioned highway 

bridge gusset plate and an A36 steel plate obtained from a steel fabrication shop.  

The experimental measurements illustrated the effect of texture (Figure 2-7) and 

applied loading (Figure 2-8) on the ultrasonic velocities of polarized shear waves.  

The research indicated uncertainties in ultrasonic stress measurement of 15-20% 

of yield strength for typical steel.  Current load rating procedures for gusset 

plates assume uncertainties in loading of 30-50% or greater, such that the results 

from the research indicate that the technology has the potential to be a useful 

tool in evaluating the adequacy of gusset plates by assessing the stresses in the 

plate [36]. 

 

Figure 2-7: Velocity of ultrasonic shear waves at polarization angles from 0° to 360° [36]. 
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Figure 2-8: Shear wave velocities for two orthogonally polarized shear waves under applied loading 
[36]. 

 Based on these research efforts, analytical and empirical evidence has 

shown that ultrasonic technology has the capability of both characterizing texture 

effects and sensing changes in the stress state of a material using birefringence 

measurements.  EMATs are a practical and efficient means of deploying 

ultrasonic technology for nondestructive bridge inspection. 
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3 EXPERIMENTAL PROCEDURES 

 

 

 

In this chapter, the experimental setup and procedures used to complete 

this research are discussed.  Section 3.1 describes the basic test setup, which 

consisted of three main components: loading apparatuses, strain gages, and 

ultrasonic instrumentation.  The design and fabrication of the test specimens are 

discussed in Section 3.2.  Descriptions of the loading apparatuses and ultrasonic 

system are found in Sections 3.3 and 3.4, respectively.  The reduction of the raw 

data obtained during testing is described in Section 3.5.  Section 3.6 outlines the 

types of testing, including loading patterns and quantities of tests performed. 
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3.1 Test Setup 

 Figure 3-1 is a photograph of the basic experimental setup.  The setup 

consisted of a 14” x 4” x 0.25” steel plate fixed to a Material Testing Systems 

(MTS) loading machine via pin-and-clevis connections.  The plate was loaded 

vertically in tension by the loading machine and horizontally in compression by a 

steel load frame to provide a static biaxial stress condition.  The resulting strains 

were measured using resistance-type strain gages.  An EMAT was used to 

transmit and receive ultrasonic bulk shear waves through the thickness of the 

plate.  Ultrasonic stress measurements were compared to the strain gage 

readings to assess the accuracy and precision of the applied technique. 

 

Figure 3-1: The basic test setup consisting of loading apparatuses and ultrasonic instrumentation. 



39 
 

3.2 Test Materials 

 Three hot rolled steel plate specimens were fabricated for testing, as 

shown in Figure 3-2.  The surface of the steel was typical mill scale, as delivered 

from the supplier.  No other surface preparation was performed.  Each specimen 

had a rolling direction which made a unique angle (45°, 60°, and 90°) with 

respect to the horizontal.  The specimens will be referred to as the 45° plate, 60° 

plate, and 90° plate herein.   

 

Figure 3-2: Photograph of the (A) 90° plate, (B) 60° plate, and (C) 45° Plate. The arrows represent the 
direction of rolling. 

The purpose of differing grain directions (i.e., texture) was to demonstrate 

the relationship between texture and principal stress directions for birefringence 

measurements.  For all specimens, the loading condition applied during testing 

was such that the major principal stress direction was located at 90° (vertical) 

and the minor principal stress direction was located at 0° (horizontal).  Based on 

the test configuration, the 90° plate had the rolling and transverse directions 
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aligned with the principal stress directions; this means that no shear stress was 

present in the direction of texture.  In contrast, the 45° plate and 60° plate had 

shear stress present in the direction of rolling because the rolling direction did not 

coincide with a principal stress direction.  The effect of shear stress in the 

direction of rolling was discussed in Section 2.3.2.  

Figure 3-3 is a design drawing of a specimen with corresponding 

dimensions.  The plates were approximately 14” x 4” x 0.25” with 3” x 4” cover 

plates installed on each side of both ends.  The plates were designed with the 

smallest practical dimensions, allowing for the desired stresses to be obtained 

using a minimal amount of loading.  A hole was drilled on both ends of each 

specimen to accommodate a 7/8” pin used for the connection of the specimen to 

the loading machine.  The cover plates were installed to increase the thickness of  

 

Figure 3-3: Specimen design drawings. 
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the section around the holes, providing greater bearing capacity.  Maximum 

allowable loads were determined using the American Institute of Steel 

Construction (AISC) specifications for pin connected members in tension.  The 

Whitmore section was used in design to ensure that the plate had enough 

distance between the pinholes to develop uniform stress across the entire width 

of the ultrasonic measurement location.  

Strain gages were installed on the rear of each specimen in the 

configuration shown in Figure 3-4; one gage measured the vertical strain, while 

the other measured the horizontal strain.  Ideally, the measured strains would be 

in the same location of the plate in which the ultrasonic measurements were 

taken; however, the strain gages could not be positioned directly behind the 

transducer because the gages corrupted the ultrasonic signal.  Signal corruption 

causes inaccurate and inconsistent ultrasonic velocity measurements.  To 

overcome this problem, the gages were placed slightly off-center and assumed to 

be the strain readings at the ultrasonic measurement location. 

 

Figure 3-4: Photograph of the vertical and horizontal strain gages located on the rear of the 
specimen. 
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3.3 Loading and Strain Sensing  

 The steel plate specimens were loaded vertically in tension by the MTS 

loading machine and horizontally in compression by the lateral load frame, 

creating a state of biaxial loading.  This loading configuration best represents the 

complex loading experienced by a highway bridge gusset plate.  A greater 

magnitude of shear stress in the steel is achieved by applying tension in one 

direction and compression in the other, rendering it easier to sense a change in 

the birefringence parameters B and ϕ. 

 The specimen was fastened to the MTS machine using a pin and clevis 

connection on each end, as shown in Figure 3-5.  Each pin had a diameter of 

7/8”.  The testing was load-controlled by a computer program created in 

LabView; the program controlled the displacement of the hydraulic ram until the 

 

Figure 3-5: Photograph of the MTS loading machine components. 
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desired amount of load was applied to the specimen.  The magnitude of applied 

force was measured by the 110 kip load cell fixed to the top of the machine. 

The research team constructed a load frame to apply lateral compression 

to a section of the specimen.  As seen in Figure 3-6, the lateral load frame 

consisted of two 6” x 3.5” A36 steel bearing plates with 1/8” deep slots for seating 

of the plate.  Four 1060 RC60 steel shafts (labeled R1 through R4) joined the 

bearing plates together.  The shafts were 6” long and 1” in diameter with ½-13 

threads on each end.  Two steel washers and a steel hex nut were fastened to 

the ends of each shaft; the nuts were tightened using two socket wrenches (one 

on each end) to increase the compressive force applied to the specimen.  To 

minimize bending and create a uniform application of force on the plate, each 

shaft should experience an equal amount of axial strain; for this reason, strain 

gages were installed at the midspan of each shaft to monitor the axial strain.  The  

 

Figure 3-6: Photographs of the lateral load frame from the (A) front, (B) side, and (C) rear. 
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nuts were tightened in a specific sequence until the desired amount of 

compression (approximately 3000-4500lbs) was placed on the specimen, while 

simultaneously achieving approximately equal measures of strain on each shaft. 

In addition to the strain gages on the shafts of the lateral load frame, strain 

gages were also placed on the rear side of each plate specimen (i.e., the side 

opposite the ultrasonic transducer) to determine the principal strains.   The 

measured principal strains were then converted to principal stresses and 

compared to ultrasonic stress measurements, serving as a basis for the 

assessment of uncertainty of the experimental stress measurements made 

during testing. 

All strain gages were 350-Ω resistance-type gages in quarter Wheatstone 

bridge circuit configurations with a 10V input.  Voltage changes due to gage 

deformation (i.e., material strain) were monitored and recorded using a computer 

program created in LabView.  The following equation was used to convert strain 

gage voltage changes to strain readings for each quarter bridge circuit: 

    
  

 
  

      
 
   

 (3-1) 

where   is the measured strain,   is the change in output voltage of the circuit,   

is the input voltage of the circuit, and   is the gage factor.  Equations 2-10 and 2-

11 were used in conjunction with the measured material properties to convert the 

principal strains to principal stresses.  The maximum shear stress was then 

calculated from the resulting principal stresses using Equation 2-12. 
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3.4 Ultrasonic Testing Instrumentation 

 The block diagram of the ultrasonic measurement system in Figure 3-7 

displays all system components and illustrates the relationship between each 

component.  The transducer was fixed to the surface of the specimen such that 

the propagation direction of the ultrasonic waves was orthogonal to the applied 

forces.  A 6-foot cable connected the transducer to the system.  The cable was 

linked on one end to the transducer’s 6-pin LEMO connection and on the other 

end to the 16-pin LEMO connection of the signal conditioner.  Pulses were 

generated using the temate® Powerbox H pulser-receiver.  The Powerbox H 

provided power via the 19-pin LEMO ‘I/O’ port to the signal conditioner through 

the 6-pin LEMO ‘P’ port.  A BNC to 2-pin LEMO cable transmitted the desired 

signal from the ‘T/R’ port of the Powerbox H to the ‘T’ port of the signal 

conditioner. 

 

Figure 3-7: Block diagram of the ultrasonic measurement system. 

Once the transducer received a signal, the indication was returned to the 

signal conditioner and out the ‘R’ port.  A BNC splitter was connected to the ‘R’ 

port to allow for transmission of the received signal to two separate locations: the 

‘R/X’ port of the Powerbox H and Channel 1 of the digital oscilloscope.  The 

subsequent waveforms were monitored on the oscilloscope and saved to the 
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oscilloscope’s memory. The data was transferred from the oscilloscope to a 

computer via network connection.  The waveforms were then post-processed 

using specially designed software that enabled sub-interval timing of the digital 

signal, as discussed in Section 3.5.1.  

Details and specifications of each component of the ultrasonic 

measurement system are provided in the remainder of this section. 

3.4.1 Transducer 

 The transducer used during testing, as shown in Figure 3-8A, was a 1.88” 

diameter EMAT containing a linearly polarized dual coil which can produce 

orthogonally polarized shear waves.  However, only a single coil was utilized 

during testing because the signal from both polarizations could not be 

continuously monitored on the oscilloscope.  A marker was placed on the 

transducer to indicate the shear wave polarization direction; the polarization 

direction was adjusted by rotating the transducer to the desired direction.  

Attached to each specimen was a small piece of paper with the desired 

measurement orientations, as shown in Figure 3-8B.  The measurement process 

is described in detail in Section 3.6. 

During testing, shear waves with a frequency of 3 MHz were transmitted.  

For information about the production of shear waves in an EMAT, refer to Section 

2.1.1.  The EMAT was used in a pulse-echo configuration in which the transducer 

both transmits and receives signals.  The permanent magnet inside the EMAT 

bonded the transducer to the surface of the steel. 
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Figure 3-8: (A) The EMAT fixed to the surface of a steel specimen and (B) the paper on the surface of 
the steel specimen with the desired measurement orientations. 

3.4.2 Signal Conditioner 

The signal conditioner, which contained a multiplexer and tuning module, 

provided a first stage of amplification.  The multiplexer permits the use of the 

pulse-echo technique by merging the transmitted and received signals onto a 

single line.  The tuning module receives the RF signal from the transducer and 

converts the selected carrier frequency and associated bandwidth into a fixed 

frequency that is suitable for further processing. 

3.4.3 Pulser-Receiver 

 The temate® Powerbox H (PBH), shown in Figure 3-9, was the pulser-

receiver unit used in this research.  The PBH is a one-channel system capable of 

generating up to 1200V or 8 kW of peak power at speeds of up to 100 Hz.  The 

unit has of bandwidth of 100 kHz to 6 MHz; a frequency of 3 MHz was used 
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during testing.  The RF pulser used spike, toneburst waveforms to power the 

transducer.  The PBH contains a 12-bit A/D converter and is capable of digital 

filtering and amplification. 

 

Figure 3-9: The temate® Powerbox H ultrasonic pulser-receiver system. 

The PBH is a handheld device, making it a very useful field inspection 

tool.  The system can be powered by AC power or by battery for up to 8 hours.  

All inspection data can be stored directly onto the system’s memory and 

transferred via USB or SD card.  A handheld, portable system such as this will be 

necessary for the transition of the birefringence stress measurement technique 

from the laboratory to the field. 

3.4.4 Digital Oscilloscope 

The digital oscilloscope model used was an HP Infinium 54815A.  Signals 

displayed on the oscilloscope were sampled at a rate of 100 Msa/s and averaged 

16 times.  The high speed digital oscilloscope captured signals using the edge 

triggering method.  The edge triggering method is used to identify the exact 

instant in time in which the input signal crosses a user-defined voltage threshold.  
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When the input signal passes through the trigger level, a precisely shaped pulse 

is generated and the signal acquisition cycle starts.  The vertical and horizontal 

spans were adjusted to view specific segments of the signal.  When the desired 

output signal was displayed on the screen, the operator saved the waveform to 

the oscilloscope memory.  The data was then exported from the oscilloscope to 

specially designed software that enabled sub-interval timing of the digital signal. 

3.5 Signal and Data Processing 

 The raw data collected during ultrasonic testing was reduced and 

processed to obtain the desired parameters of B and ϕ.  First, the sub-interval 

timing software was used to obtain wave velocity measurements.  The measured 

wave velocities and corresponding polarization directions were inputted into a 

program which fit a sine regression curve to the data.  From the sine regression 

curve,   and   were calculated for a given state of stress. 

3.5.1 Timing Measurements 

The ultrasonic birefringence technique measures the normalized 

difference in the time-of-flight, or velocity, between two orthogonally polarized 

shear waves.  The difference in velocity of orthogonally polarized shear waves is 

small (on the order of  10ns), requiring accurate timing measurements to ensure 

quality results. 

 An acoustic shear wave created by a transducer will travel a distance   

through the thickness of the material.  The wave reflects off the back of the 

specimen, travels back through the thickness, and is received by the transducer, 
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as shown in Figure 3-10A.  The received signal is displayed on the oscilloscope 

as a plot of the input terminal voltage versus time.  After the shear wave travels a 

total distance of    and is received by the transducer, the received signal will 

show as a spike in voltage on the oscilloscope.  Each spike is referred to as an 

‘echo’.  The horizontal and vertical span on the oscilloscope can be adjusted to 

display the desired echoes, which can then be saved and stored for each 

measurement. 

 Figure 3-10B shows an example signal resulting from a shear wave 

propagating through the plate thickness; the initial ultrasonic burst of the 

transducer is not shown.  The Figure shows the first back-wall reflection and 

 

Figure 3-10: (A) Arrangement of the EMAT on the surface of a steel plate and (B) the waveform 
produced on the oscilloscope from the ultrasonic signal. 
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subsequent echoes of the wave propagating between the plate surfaces, with 

each time interval between echoes representing a round-trip through the plate 

thickness, or   .  The differential transit time between the first and fifth echo (i.e., 

a travel distance of   ) was used to compute the wave velocities during this 

study.  Preferably, there should be as many echoes as possible between the 

start gate and end gate when performing a timing measurement; maximizing the 

total number of trips the wave takes through the thickness serves as a form of 

averaging and also increases measurement accuracy. 

Waveforms stored in the oscilloscope were post-processed using software 

designed by Dr. Paul Fuchs of Fuchs Consulting Inc.  The software enabled sub-

interval timing of the digital signal.  The graphical user interface of the software is 

shown in Figure 3-11.  The program, like the oscilloscope, displays voltage on 

the vertical axis and time on the horizontal axis.  Start and end gates (the first 

and fifth echoes) were selected from the waveform so the time-of-flight, or 

velocity, of the signal could be determined.  The timing measurements are 

independent of material thickness, in that each polarized wave transmitted at the 

same location propagates over the same distance, with the difference between 

the maximum and minimum timing measurements being used to determine the 

birefringence. 

The program allows users to select start and end measurement 

parameters for each gated signal.  In this research, the timing measurement 

parameter used was the ‘zero crossing before peak’ threshold; when this 
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Figure 3-11: The graphical user interface of the specially designed timing software. 

parameter was selected, a timing marker was set at the first instance of zero 

voltage before the peak amplitude of the gated signal.  The program was also set 

to perform a linear interpolation between successive points of the digitized signal.  

The peak voltage in both the start and end gates is located and a time marker is 

set, defining precisely when the signal crosses the zero voltage threshold before 

the peak voltage (shown by the blue and green lines in the first and fifth echoes 

of Figure 3-11).  Once the start gate, end gate, voltage thresholds, and travel 

path are defined, the program will return timing and velocity measurements for 

the displayed waveform. 

The timing process described was repeated for each wave recorded 

during a test.  The testing process, including the number of measurements per 

test, is discussed in Section 3.6. 
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3.5.2 Sine Regression Analysis 

 After the wave velocities are determined using the timing software, the 

data must be further processed to calculate the birefringence parameters B and ϕ 

needed for the determination of stress.  This was done using a sine regression 

analysis technique in which a sine regression curve was fit to the wave velocity 

data for a given state of stress.  For each loading step, velocity measurements 

were inputted into an Excel spreadsheet with the corresponding wave 

polarization angles, as shown in Figure 3-12.  The spreadsheet was then run 

through a MATLAB program which utilized the method of least squares to fit a 

sine curve to the data.  The coefficient of determination (R2) was also calculated 

to indicate how well the data points correlated with the statistical sine model.  

 

Figure 3-12: Example of a spreadsheet for a specific loading after being run through the sine 
regression program. 

A special form of sine regression was needed in which the phase was held 

at a constant 180°, making it possible to properly measure the phase shift 
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between loading steps.  The phase shift, ϕ, was measured as the difference 

between the fast wave orientation in an unstressed state and the fast wave 

orientation in a stressed state.  The birefringence, B, was measured using the 

difference between the maximum and minimum of the sine regression curve. 

3.6 Summary of Test Matrix 

 Testing was performed to develop an ultrasonic stress measurement 

methodology and to evaluate the consistency and repeatability of the 

measurements.  In addition, the effect of anisotropy caused from hot rolling 

processes during fabrication was also assessed.  All three steel plate specimens 

were subjected to the same testing procedure, which consisted of three parts: 

material properties tests, texture tests, and biaxial loading tests.  Table 3-1 

shows a summary of the range of testing conducted during the study.  Each 

phase of testing is discussed in detail in the following sections. 

Table 3-1: Summary of the testing performed on each specimen as part of the study. 

 

The texture and biaxial loading tests consisted of the same ultrasonic 

measurement approach.  For a single test, the shear wave polarization direction 

was rotated to specific angles, as shown in Table 3-2.  Measurements were 

Test Type Purpose # of Tests

Material Properties
Obtain elastic material properties 

for stress calculations
3

Texture
Characterize texture direction and 

natural birefringence
5

Biaxial Loading
Assess the effect of biaxial loading 

on birefringence measurements
3
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recorded at 22.5° increments from 0° through 360° with respect to the horizontal 

(a total of 17 measurements per test). 

Table 3-2: Ultrasonic measurements performed for a single test. 

 

3.6.1 Material Properties Tests 

Material properties tests were performed for each specimen to obtain the 

values of Young’s modulus and Poisson’s ratio using ASTM standards E111-04 

and E132-04, respectively [37, 38].   The specimens were loaded in uniaxial 

tension while measuring the axial and lateral strains using strain gages. To 

obtain the value of Young’s modulus, the axial strain was plotted versus the 

applied stress.  The applied stress was calculated by dividing the applied tensile 

force by the cross-sectional area of the specimen at the strain measurement 

location.  Linear regression was then used to determine a line of best fit with the 

slope of the line being the experimental value of Young’s modulus.  Similarly, 

Poisson’s ratio was obtained using linear regression. The lateral strain was 

Measurement  No.
Polarization Angle 

(Degrees)

1 0

2 22.5

3 45

4 67.5

5 90

6 112.5

7 135

8 157.5

9 180

10 202.5

11 225

12 247.5

13 270

14 292.5

15 315

16 337.5

17 360
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plotted versus the axial strain with the slope of the regression line being the 

experimental value of Poisson’s ratio.  The material properties were used for the 

conversion of strain gage readings into stresses, as discussed in Section 3.3.  

The stresses were then correlated with the stress-induced birefringence changes 

during the biaxial loading tests.   

3.6.2 Texture Tests 

 Texture can have an effect on ultrasonic velocities that is equal to or 

greater than the effects of stress.  As a result, texture direction must be located 

so the change in ultrasonic velocity due to texture is not wrongly attributed to 

stress.  Texture tests were performed for each specimen in an unstressed state 

to establish the value of natural birefringence and locate the precise direction of 

texture.   

A total of five texture tests were performed for each plate using the 

technique described previously in Section 3.6.   Based on the test results, the 

texture direction was identified as the location of maximum wave velocity, and 

the natural birefringence was calculated using the maximum and minimum wave 

velocities.  The values obtained for natural birefringence and texture location for 

all five tests were averaged; the average values were then used in the analysis of 

the biaxial loading tests to separate the effects of texture from the effects of 

stress. 



57 
 

3.6.3 Biaxial Loading Tests 

 The plates were subjected to biaxial loading to evaluate the accuracy and 

precision of acoustic birefringence measurements.  Biaxial loading best 

represents the loading experienced by a highway bridge gusset plate.  As 

discussed in Section 3.3, tension was applied vertically (major principal stress 

direction), while compression was applied laterally (minor principal stress 

direction).  Three “rounds” of testing were performed on each specimen.  As 

shown in Table 3-3, each round consisted of five different tensile loading steps 

(4,000lb-20,000lb in 4,000lb increments).  Although some lateral load was 

relieved due to Poisson’s effect, the lateral compressive load was held relatively 

constant (~3,000-4,500lb) as the tensile force was increased. 

Table 3-3: Loading steps for each round of biaxial load testing. 

 

 For each loading step, ultrasonic measurements were recorded using the 

technique described previously in Section 3.6.  From the measurements, the 

birefringence, B, and phase shift, ϕ, for the given state of stress were 

determined.  The measurements of B and ϕ were compared to observe the 

relationship between these two parameters for the three separate configurations 

(i.e., different grain orientations with respect to the principal stress axes). 

Step No. Tensile Load (lbs) Compressive Load (lbs)

1 4,000 3,000-4,500

2 8,000 3,000-4,500

3 12,000 3,000-4,500

4 16,000 3,000-4,500

5 20,000 3,000-4,500



58 
 

 Since the fast and slow polarization directions (   and   ) rotate in the 

presence of shear stress, B is not measured with respect to a single set of 

orthogonal directions over a range of stresses, as shown in Figure 3-13.  The 

detection of stress-induced velocity changes are simplified using a single point of 

reference because the birefringence change and phase shift are both accounted 

for simultaneously using a single parameter.  For convenience, a separate 

birefringence parameter was implemented which utilized velocity measurements 

with polarization angles in reference to the same set of orthogonal directions – 

the principal stress directions.  The principal stress birefringence is defined as:  

     
   

    

    
 (3-2) 

where    
 is the velocity of a wave polarized in the major principal stress 

direction,    
 is the velocity of a wave polarized in the minor principal stress  

 

Figure 3-13: Ultrasonic wave velocity curves for a single material during three separate stress states 
(σa,  σb, and σc). 
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direction, and      is the average of    
 and    

.  Based on the experimental 

setup for this study, the major principal stress direction was vertical (90°/270°) 

and the minor principal stress direction was horizontal (0°/180°), as shown in 

Figure 3-14. 

 

Figure 3-14: Wave velocities Vσ1 and Vσ2, measured at the major and minor principal stress axes, 
which were used to calculate the principal stress birefringence, Bσ. 

 As discussed in Section 2.4, shear stress is the best predictor of gusset 

plate failure; therefore, the principal stress birefringence was correlated with the 

maximum shear stress,     , in order to establish the relationship between    

and      .  The correlation can be applied to identify regions of a gusset plate in 

which the shear stresses are high (i.e., regions of a gusset plate which are at risk 

of failure).  The results were also used to determine the accuracy and 

repeatability of the stress measurements.  
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4 RESULTS 

 

 

 

This chapter contains the results from the experimental testing conducted 

during this study.  The testing was conducted to develop of an ultrasonic stress 

measurement methodology for steel gusset plates on highway bridges.  

Experimental measurements for three steel specimens with different texture 

orientations were analyzed to assess the accuracy and precision of the 

birefringence technique.  This chapter is composed of three results sections: 

material properties test results (4.1), texture test results (4.2), and biaxial loading 

test results (4.3).  A discussion of the test results can be found in Section 4.4. 
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4.1 Material Properties Tests 

Table 4-1 contains a summary of the results from material properties 

testing of all three plate specimens.  The reported values were averages from 

three independent tests.  The experimental values obtained for both Young’s 

modulus and Poisson’s ratio were within the range of expected values for A36 

steel. 

Table 4-1: Young’s modulus and Poisson’s ratio values for the three plate specimens obtained from 
material properties testing. 

 

 Figure 4-1 and Figure 4-2 are examples of results obtained from a 

Young’s modulus test and a Poisson’s ratio test, respectively.  Axial stress 

versus axial strain was plotted for a Young’s modulus test, while axial strain 

 

Figure 4-1: Results from a Young’s modulus test on the 60° plate. 

Specimen
Young's 

Modulus, E (psi)

Poisson's 

Ratio, ν

90° Plate 28,930,000 0.283

60° Plate 29,803,333 0.262

45° Plate 27,833,333 0.254
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Figure 4-2: Results from a Poisson’s ratio test on the 60° plate. 

versus transverse strain was plotted for a Poisson’s ratio test.  A regression line 

was fit to the data, with the slope of the line being the experiment value for the 

corresponding parameter.  The experimental values were used during the biaxial 

loading tests to convert measured principal strains into principal stresses. 

4.2 Texture Tests 

 Table 4-2 contains a summary of the results from the texture tests (i.e., no 

applied load) performed for all three plate specimens.  Five texture tests were 

completed for each specimen, with the average of the values from the five tests 

representing the experimental values of natural birefringence,   , and the 

polarization angle of the “fast” wave,   .  The orientation of the fast wave 

coincides with the rolling direction in the unstressed state; therefore,    

represents the texture direction.  The coefficient of determination (R2) indicates 

how well the sine regression curve fit the velocity data for the specific test.  A 

value of 1.0 for R2 would indicate a perfect correlation. 
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Table 4-2: Summary of the texture testing results for the three steel plate specimens. 

 

The measured texture directions for the 90°, 60°, and 45° plates were 

88.6°, 61.2°, and 43.2°, respectively.  Note that the nomenclature of each 

specimen (e.g., 90° plate) was assigned as an approximation of the texture 

direction based on fabrication.  The specimens were not fabricated in an attempt 

to have texture directions of precisely 90°, 60°, and 45°.  Additionally, it is not 

necessary that the actual texture direction coincides with the rolling direction, 

although it is generally aligned.  

The values of natural birefringence ranged from 0.001592 to 0.002158, 

with the average of all tests being 0.001926.  The 60° plate exhibited a lower 

average value of    compared to the other two specimens, suggesting the 60° 

plate underwent a less rigorous rolling process during fabrication.  The 

approximations of the texture directions were accurate, with the experimental 

values all being within four degrees of the approximate value.  The average 

standard deviation of    for all texture tests was 0.8°.  The average    for all 

texture tests was 0.977, with the values ranging from 0.937 to 0.995.  The    

B0 θf R2 B0 θf R2 B0 θf R2

1 0.002000 89.4 0.980 0.001750 61.2 0.959 0.002095 42.9 0.986

2 0.002004 89.2 0.989 0.001711 61.3 0.954 0.002077 43.0 0.987

3 0.001974 88.6 0.995 0.001592 60.9 0.987 0.002008 41.7 0.979

4 0.001988 87.8 0.982 0.001760 61.8 0.972 0.002008 45.1 0.988

5 0.002005 87.8 0.977 0.001757 61.0 0.937 0.002158 43.3 0.988

Average 0.001994 88.6 0.985 0.001714 61.2 0.962 0.002069 43.2 0.986

Standard 

Deviation
0.000013 0.8 0.007 0.000071 0.4 0.019 0.000064 1.2 0.004

Test 

Number

90° Plate 60° Plate 45° Plate



64 
 

values indicate a very strong correlation between the sine regression curves and 

the velocity data. 

 Figure 4-3 displays sine regression curves for all three specimens based 

on the average velocity, natural birefringence, and texture direction obtained from 

the texture tests.    The difference between the maximum and minimum wave 

velocities was approximately 6 m/s on average for all texture tests.  The average 

wave velocities (3159.2 m/s, 3155.8 m/s, and 3157.6 m/s for the 90°, 60°, and 

45° plates, respectively) were very consistent between the specimens.  The 

minor deviation may be due to slight microscopic variations in the steel or 

inaccuracy in the thickness measurement (i.e., the wave travel path) of each 

specimen. 

 

Figure 4-3: Sine regression curves for the three plate specimens based on the average of all texture 
test results. 
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4.3 Biaxial Load Tests 

 The following measurements presented in this section are used to 

illustrate the effects of biaxial loading on ultrasonic shear wave velocity 

measurements.  The loading patterns were described in Section 3.6.3.  The 

results also demonstrate the effect of deviating the rolling direction with respect 

to the loading directions (i.e., the principal stress directions). 

 Sine regression analysis was used in this research to analyze the effects 

of biaxial stress on shear wave velocity and acoustic birefringence 

measurements.  Figure 4-4, Figure 4-5, and Figure 4-6 illustrate the response of 

the regression curves for one round of loading for the 90°, 60°, and 45° plates, 

respectively.  The average wave velocity for all specimens decreased as the 

tensile force increased.  The 90° plate curves indicated no significant phase shift 

but exhibited a pronounced decrease in birefringence.  The 60° plate curves 

demonstrated a significant phase shift between loading steps, especially 

between the unloaded state and first loading step; the birefringence varied 

slightly as stress was applied.  The 45° plate curves showed a significant phase 

shift, which was steadier compared to the shifts of the 60° plate curves; the 

birefringence showed a slow, gradual increase between loading steps.  
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Figure 4-4: Sine regression velocity curves produced from one round of loading for the 90° plate. 

 

Figure 4-5: Sine regression velocity curves produced from one round of loading for the 60° plate. 
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Figure 4-6: Sine regression velocity curves produced from one round of loading for the 45° plate. 

Figure 4-7 demonstrates the relationship between acoustic birefringence, 

B, and the phase shift of the velocity curve, ϕ, for the three unique rolling 

directions.  Based on the loading configuration discussed in Section 3.3, the 90° 

plate had a texture direction which essentially coincided with the major principal 

stress direction (i.e., a minimal amount of shear stress was present in the texture 

direction for the 90° plate); for this reason, the 90° plate experienced little to no 

phase shift as the loading was increased.  In contrast, the 60° and 45° plates 

exhibited significant phase shifts as the loading was increased due to the shear 

stress present in the texture direction.  The fast wave direction tended to rotate 

toward the minor principal stress direction (i.e., toward the higher compressive 

stresses).  For similar states of stress, the 60° plate experienced higher 

magnitudes of ϕ than those of the 45° plate because the pure-mode polarization 

directions were rotating toward the maximum shear plane for the 60° plate 
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configuration.  For the 45° plate, the pure-mode polarization directions were 

rotating away from the maximum shear plane. 

 

Figure 4-7: The relationship between B and ϕ for the unique texture directions. 

The 60° and 45° plate data were both fit with quadratic regression curves, 

as shown in Figure 4-7.  The 90° plate data were not fit with a regression curve 

because the average phase shift was approximately zero and, as expected, 

trended along the vertical axis.  The value of ϕ is zero when the material is 

unstressed; therefore, the y-intercept of the quadratic curves was approximately 

equal to the natural birefringence of each specimen.  For instance, the regression 

curve for the 60° plate has an intercept of 0.001753, as compared to a natural 

birefringence of 0.001714 from the texture testing.  Also note that the parabolas 
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are the same shape (i.e., the leading coefficients are approximately equal), with 

the only difference in the functions being vertical and horizontal translations. 

As observed in Figure 4-7, the location of the minimum of each quadratic 

function coincided with the angle between the texture direction and the maximum 

shear plane (i.e., the 45° plane).  For example, the minimum of the quadratic 

curve for the 60° plate is located at ϕ=15.5°, as shown in Figure 4-8.  Recalling 

the texture test results from Section 4.2, the texture direction for the 60° plate 

was located at 61.2° (an angle of 16.2° from the max shear plane at 45°).  A 

mere difference of 0.7° results between the estimated texture direction from the 

regression curve and the texture direction determined for the texture testing.  

Likewise, the minimum of the regression curve for the 45° plate was located at 

ϕ= 5.4°, as compared to the texture test value of  1.8°. Based on the results, 

 

Figure 4-8: The minimum of the quadratic regression curve for the 60° plate in reference to the 
texture direction. 
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the relationship of B vs. ϕ reveals the location of the stress directions with 

respect to the location of texture. 

 Figure 4-9 illustrates the correlation between the principal stress 

birefringence,   , and the magnitude of the maximum shear stress,     .  The 

maximum shear stress was determined using strain gage measurements, as 

discussed in Section 3.3.  Linear regression trend lines were fit to the set of data 

for each specimen.  The data showed a very strong linear correlation, having R2 

values of 0.969, 0.927, and 0.863 for the 90°, 60°, and 45° plates, respectively.  

The slope of the trend line represents the stress-acoustic constant for the specific 

 

Figure 4-9: Correlation between the principal stress birefringence and the maximum shear stress 
determined from strain gage measurements. 
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 steel plate; the slopes were relatively consistent between specimens, a result 

which was anticipated since all specimens consisted of A36 steel.  The resulting 

stress-acoustic constants were             psi-1,             psi-1, and 

            psi-1 for the 90°, 60°, and 45° plates, respectively.  The average 

stress-acoustic constant was             psi-1, a 30.7% difference between 

the stress-acoustic constant of             psi-1 for A36 steel given by Clark et 

al. [16]. 

An error analysis was performed to determine the uncertainties in the 

measurements relative to the linear trend lines in Figure 4-9.  The error analysis 

was completed by calculating the value of      that a given birefringence 

measurement would indicate according to the linear trend line.  For example, in 

Figure 4-9, the linear trend line of the 90° plate data has an equation of: 

                         (4-1) 

 

Figure 4-10: Illustration of the method used for determining uncertainties of the ultrasonic stress 
measurements. 
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 Table 4-3 is a summary of the shear stress measurement uncertainties for 

each specimen.  The stress measurement uncertainties were determined to be 

394 psi, 691 psi, and 959 psi for the 90°, 60°, and 45° plates, respectively; the 

average uncertainty between all three plate specimens was 681 psi, or 3.3% of 

the shear yield strength.  The shear yield strength for A36 steel was assumed to 

be 20,880 psi, or 58% of the tensile yield strength of 36,000 psi.  The 

uncertainties for individual measurements ranged from 5 psi to 1,731 psi, with a 

standard deviation of 479 psi.  Figure 4-11 is a graphical representation of the 

birefringence shear stress measurement (expected     ) versus the strain gage 

shear stress measurement (measured     ). 

Table 4-3: Summary of the maximum shear stress measurement uncertainties for the plate 
specimens. 
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Figure 4-11: Birefringence shear stress measurement (expected τmax) versus strain gage shear stress 

measurement (measured τmax). 

 In practice, the applied stress-acoustic constant should be a single value 

for a given type of steel.  As shown in Figure 4-9, the trend lines for the three 

specimens have slightly different slopes (i.e., different stress-acoustic constants).  

In Figure 4-12, regression lines were fit to the data using the average of the three 

different slopes from Figure 4-9 (            psi-1) as the new stress-acoustic 

constant.  As expected, the trend line fit was not as strong for this case, as 

evidenced by a reduction in the R2 values of about 0.02 to 0.06.  However, the 

trend lines still demonstrated a strong agreement with the measured data. 
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Figure 4-12: Correlation between the principal stress birefringence and the maximum shear stress 
using trend lines with identical slopes. 

Table 4-4 is a summary of the shear stress measurement uncertainties for 

each specimen using identical slopes.  The stress measurement uncertainties 

were determined to be 853 psi, 692 psi, and 851 psi for the 90°, 60°, and 45° 

plates, respectively; the average uncertainty between all three plate specimens 

was 799 psi, or 3.8% of the shear yield strength.  The uncertainties for individual 

measurements ranged from 11 psi to 2,577 psi, with a standard deviation of 607 

psi.  Figure 4-13 is a graphical representation of the birefringence shear stress 

measurement (expected     ) using the average stress-acoustic constant versus 

the strain gage shear stress measurement (measured     ). 
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Table 4-4: Summary of the maximum shear stress measurement uncertainties using trend lines with 
identical slopes. 

 

 

Figure 4-13: Birefringence shear stress measurement (expected τmax) using the average stress-

acoustic constant versus strain gage shear stress measurement (measured τmax). 

Note that, because the trend line slopes were adjusted, measurements at 

low and high stresses exhibited greater uncertainties than the uncertainties for 

moderate stresses.  For example, using the data from Table 4-4, the average 
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uncertainty for the first and fifth load steps for the 90° plate was 1492 psi, while 

the average uncertainty for the load steps two, three, and four was 427 psi.  This 

is apparent graphically in Figure 4-12.  The stress tended to be underestimated 

for the first load step and overestimated for the final load step for this case. 

4.4 Discussion 

 A sine regression technique was used in this research to determine the 

desired birefringence parameters, as discussed in Section 3.5.2.  Recall that 

ultrasonic wave velocity curves were produced for a given stress state by plotting 

wave velocity versus wave polarization angle, and a sine regression curve was fit 

to that data.  As such, an analysis of the method was conducted to determine the 

effectiveness of the technique.  

To determine the technique’s effectiveness, an investigation of the 

average coefficient of determination (R2) was performed.  Recall that the R2 

value is an indication of how well the data fit the statistical model.  Table 4-5 is a 

summary of the average R2 values for the wave velocity curves produced during 

the entire range of testing.  The average R2 value was determined for each 

specimen at each loading step.  The rightmost column of Table 4-5 contains the 

average R2 values for all specimens at the specified loading step, while the 

bottom row of the table consists of the average R2 values for each specimen 

through the entire range of loading.  The highlighted value (R2=0.961) in the 

bottom right corner of the table is the overall average R2 value for all velocity 

curves produced during the entirety of the study.  The values ranged from 0.825 

to 0.996, with a standard deviation of 0.034.  All resulting R2 values were very 
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high (close to a value of 1.0), indicating the sine regression curves correlated 

very strongly with the velocity data and provided accurate, repeatable results of 

the intended measures.   

Table 4-5: Summary of the Average R
2
 values for the sine regression velocity curves produced 

during testing. 

 

Figure 4-14 provides a graphical representation of the average R2 values 

as a function of increased loading for each specimen.  The average curve fit for 

the 90° plate tended to decrease as more load was applied, while the average fit 

 

Figure 4-14: Average R
2
 values for the sine regression velocity curves for each specimen as a 

function of increased load. 
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for the 60° plate decreased initially then increased back to the initial value of the 

unstressed case.  The 45° plate exhibited the best fit, and the average fit 

remained relatively constant as loading increased. 

Figure 4-15 is a plot of the average R2 values for the entirety of the study 

as a function of increased load.  Although R2 values were very high for all tests, 

the figure shows a gradual decrease in the average R2 values as loading is 

increased, indicating the data correlation may not be as strong for higher 

stresses.  Possible velocity measurement errors may have occurred due to slight 

deviations in the tensile force applied by the MTS machine; the load would 

fluctuate by approximately ±20 lbs of the intended tensile force.  Vibrations 

caused by the hydraulics of the MTS machine may have caused excess noise in 

the ultrasonic signal, leading to possible velocity measurement errors. 

 

Figure 4-15: Average R
2
 values for the sine regression velocity curves for the entire study as a 

function of increased load. The figure shows an overall slight decrease in the regression fit as load 
is increased. 
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In terms of the stress state of the plate specimens during testing, note that 

identical stress conditions could not be duplicated for each round of loading due 

to the manual nature of the lateral compressive loading.  The applied 

compressive force varied from approximately 3,000 and 4,500 lbs between tests, 

and, due to Poisson’s effect, the horizontal compressive force was reduced 

slightly as the vertical tensile force was increased. 

Although precautions were taken to minimize bending during testing, slight 

bending stresses were likely present due to the nature of the lateral load frame 

and the presence of slight bends in the plate specimens.  Bending stress is not 

an issue for the ultrasonic velocity measurements, but strain gages are unable to 

sense the added average stress caused by bending; this may have led to slight 

errors in the strain gage stress measurements.  In addition, possible stress 

concentrations from the plate edges, pin holes, and welding may have been 

present, although most of these effects were mitigated based on the specimen 

design.  As discussed in Section 3.2, the strain gages could not be placed at the 

exact location of the ultrasonic measurements, meaning the stresses sensed by 

the strain gages may not have been the exact stresses sensed by the ultrasonic 

measurement.  Possible resistance shifts in the strain gage circuits may have 

occurred due to the effects of the surrounding electronic devices used during 

testing.  However, among all the possible sources of error, the testing yielded a 

strong correlation between ultrasonic birefringence measurements and the 

measured maximum shear stresses. 
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5 CONCLUSIONS  

 

 

 

Experimental testing for this study has been completed.  The purpose of 

the research was to evaluate the use of ultrasonic acoustic birefringence as a 

stress measurement technique to evaluate the adequacy of steel gusset plates.  

Experimental measurements discussed in this paper include the effects of texture 

and applied biaxial loading on the ultrasonic wave velocity of polarized shear 

waves.  The production of accurate and repeatable experimental measurements, 

which strongly correlate with the state of stress, demonstrate the effectiveness of 

the birefringence technique.  Section 5.1 outlines the important conclusions 

drawn from testing.  Based on the experimental results, an ultrasonic stress 

measurement methodology for in-situ steel gusset plates has been developed 

and is discussed in Section 5.2.  Suggested future work for this ongoing project is 

discussed in Section 5.3.  
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5.1 Test Results 

 The objectives of this research were to evaluate the accuracy and 

precision of ultrasonic stress measurements for a biaxial stress condition and 

to assess the effect of texture direction on ultrasonic shear wave velocities.  

The results were to be used to develop an ultrasonic stress measurement 

methodology for determining total stress for in-service steel gusset plates.  

Experimental testing led to the following conclusions: 

 Texture Tests 

o The average natural birefringence for A36 steel was 0.001926 with 

a standard deviation of 0.000166.  The measured values ranged 

from 0.001592 to 0.002158. 

o The data showed consistency between the three plate specimens, 

obtaining average wave shear wave velocities of 3159.2 m/s, 

3155.8 m/s, and 3157.6 m/s for the 90°, 60°, and 45° plates, 

respectively. 

o The average velocity difference between the “fast” and “slow” 

waves for unstressed state was approximately 6 m/s. 

o The testing demonstrated repeatability in determining the texture 

direction for an unstressed state.  The average standard deviation 

of the measured “fast” wave orientation (i.e., the texture direction) 

was 0.8°. 
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 Biaxial Load Tests 

o For the ultrasonic measurement of maximum shear stress, the 

average uncertainty was 681 psi (3.3% of the shear yield strength) 

using the natural data correlation (i.e., different stress-acoustic 

constants) for each specimen.  Uncertainties ranged from 5 psi to 

1,731 psi. 

 The average stress-acoustic constant between the three 

plate specimens was             psi-1. 

o For the ultrasonic measurement of maximum shear stress, the 

average uncertainty was 799 psi (3.8% of the shear yield strength) 

using the average stress-acoustic constant for all specimens.  

Uncertainties ranged from 11 psi to 2,577 psi. 

o The pure-mode polarization directions tended to rotate toward 

compressive force (i.e., the minor principal stress direction). 

o The minimum birefringence for a material occurs when the “fast” 

wave coincides with the maximum shear plane; this information can 

be used to identify the principal stress directions with respect to the 

texture direction. 

o For texture directions within 45 degrees of the minor principal 

stress axis, the birefringence will increase as load is applied. For 

texture directions greater than 45 degrees from the minor principal 

stress axis, the birefringence will decrease as load is applied.  This 

effect occurs because wave velocity increases when the wave is 
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oriented closer to the compressive stress and decreases when the 

wave is oriented closer to the tensile stress. 

Using sine regression analysis to measure birefringence parameters was 

successful for this study.  The sine regression curves correlated very strongly 

with the wave velocity data, yielding an average coefficient of determination (R2) 

of 0.961 for the entirety of the testing.  The sine regression technique may 

become less effective at higher magnitudes of stress, as evidenced by a slight 

overall decrease in R2 as more load was applied.  However, no major effects of 

the stress measurements were exhibited.  The stress measurement technique 

indicated uncertainties of no more than 2,600 psi (~12.5% of the shear yield 

strength).  Based on these findings, the acoustic birefringence approach could be 

used in application for the measurement of total stress in steel gusset plates. 

5.2 Proposed Stress Measurement Methodology 

For in-service highway bridge gusset plates, neither the direction of 

texture nor the principal stress directions are known with certainty.  However, the 

results of this study show the that maximum shear stress can be estimated using 

acoustic birefringence measurements if the texture and principal stress directions 

can be identified (or estimated).  A three-step methodology has been developed 

based on the results of this study, consisting of two calibration steps and one 

stress measurement step: 

1) Locate the texture direction 
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2) Locate the principal stress directions with respect to the texture 

direction 

3) Measure the principal stress birefringence to estimate the 

maximum shear stress 

As demonstrated by the results in Section 4.2, the texture direction and 

natural birefringence can be easily identified for a material in an unstressed state.  

However, gusset plates carry complex stress fields, meaning a location of zero 

stress may not exist.  To overcome this problem, a ‘zero stress position’ must be 

located in which an appropriate magnitude of tensile and compressive stresses 

are present to achieve equilibrium, giving the appearance of a stress-free state at 

that position.  Adjoining members of a steel gusset plate carry either tension or 

compression, resulting in corresponding tension zones and compression zones.  

The boundary between a tension zone and compression zone would have a 

‘stress-free’ effect due to the transition between tensile and compressive 

stresses and allow for the characterization of texture; the measured birefringence 

at this location would be approximately equal to the natural birefringence, and the 

“fast” wave would be oriented in the direction of texture. 

To pinpoint this ‘stress-free’ location, first estimate a value for the natural 

birefringence of the material; based on the test results of this study, values 

between 0.0019 and 0.0020 are recommended for hot-rolled A36 steel.  Using 

the method described in Section 3.6, birefringence measurements should then 

be taken at equidistant points along a straight line spanning the plate, as shown 

in Figure 5-1.  At Location 1, the birefringence measurement would be      , 
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while at Location 2, the birefringence measurement would be      .  The 

estimated value of    falls between these two measurements, indicating that a 

‘zero stress position’ is located between the two points. To more accurately 

locate the estimated value, birefringence measurements are taken in smaller 

increments between Locations 1 and 2 until the value is found.  If no such result 

occurs, another measurement line should be chosen until the desired effect is 

obtained.  

 

Figure 5-1: Illustration of the method used to locate the texture direction of a steel gusset plate. The 
red circle indicates the location of a ‘zero stress position.’ 

 Once the texture direction is estimated, the second step is to locate the 

principal stress directions in relation to the texture.  Based on the results from 

Figure 4-7, the relationship between the measured birefringence, B, and the 

measured phase shift, ϕ, will indicate where the stress directions are located 

relative to the texture.  Figure 5-2 was developed from this relationship and can 

be used as a reference chart.  The angle θ is the angle between the texture 

direction and the minor principal stress axis.   
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Figure 5-2: Birefringence versus phase shift chart used for determining θ, the angle between the 
texture direction and the minor principal stress direction. 

Each curve in Figure 5-2 represents the B vs. ϕ relationship for a particular 

configuration.  The equations for the curves were derived from the parabolic 

regression curves in Figure 4-7, which were in the form: 

            (5-1) 

where  ,  , and   are the coefficients for each term of the quadratic equation.  

The regression curves for the 60° and 45° plates exhibited a similar shape 

because the values of   for both curves were approximately equal (          

and          , respectively); the average of the two   values (         ) was 

used for the curves in Figure 5-2.  The coefficient   should be approximately 

equal to the natural birefringence because   is equal to the natural birefringence 

when   is zero (i.e., when the steel is unstressed); 0.0019 was the   value 
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chosen for Figure 5-2.  The value of   was the only coefficient that varied 

between curves.  As demonstrated in Figure 4-8, the minimum birefringence 

occurs when the fast wave is at the 45° orientation (i.e., the maximum shear 

plane), or: 

         (5-2) 

Therefore, the value of   for each curve was obtained by taking the derivative of 

Equation 5-1 and setting it equal to zero: 

 
  

  
         (5-3) 

Combining Equations 5-2 and 5-3 and solving for   yields: 

             (5-4) 

Equation 5-4 was applied to calculate the value of   for each curve in Figure 5-2. 

Measurements of B and ϕ should be taken at every location on the gusset 

plate where a stress measurement is desired because every location on the plate 

will have unique stress directions.  By plotting the measurements on Figure 5-2, 

an estimate of θ can be obtained based on the curve with which the data point 

corresponds.  Interpolation can be used if the data point lies between two curves. 

Once the texture and principal stress directions have been estimated, a 

measurement of the principal stress birefringence,   , can be made to directly 

estimate the magnitude of the maximum shear stress,     , at that location.  

Figure 4-12 illustrates the experimental linear correlation between    and      

for unique configurations (i.e., unique values of θ).  The correlations were used to 
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construct Figure 5-3, which can be used as a reference chart in conjunction with 

Figure 5-2.  Each line in Figure 5-3 has a slope of             psi-1, which was 

the average stress-acoustic constant obtained from testing; the y-intercept varies 

depending on the value of  .  The principal stress birefringence in a stress-free 

condition equals     for the  =90°, zero for the  =45°, and     for  =0°.  As in 

Figure 5-2, the natural birefringence value chosen was 0.0019.  The lines for the 

intermediate values of   were obtained using linear interpolation. 

 

Figure 5-3: Principal stress birefringence versus maximum shear stress chart for various angles 
between the texture direction and the minor principal stress direction. 

Using the value of θ obtained from Figure 5-2, the corresponding line is 

chosen in Figure 5-3; the measured value of    will then relate to an estimated 

magnitude of     .  Based on the estimated maximum shear stress, the gusset 

plate can be categorized based on level of failure risk. 
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5.2.1 Example 

 In order to assess the adequacy of a gusset plate, an estimation of shear 

stress is required. The first step is to identify the texture direction.  Begin by 

assuming a natural birefringence value (0.0019 is chosen for this example).  At a 

location where B=0.0019, the texture direction will coincide with the “fast” wave 

orientation.  Consider the A36 steel gusset plate in Figure 5-1.  A measurement 

line drawn on the gusset plate is used as a guide for pinpointing the location at 

which the birefringence measurement is equal to the assumed natural 

birefringence.  To find such a location, birefringence measurements are taken at 

equidistant locations along the measurement line (e.g., every 10”) using the 

measurement technique applied during this study.  Table 5-1 is a summary of 

birefringence measurements at Locations 1 through 4. 

Table 5-1: Birefringence measurements taken along the measurement line 

 

 At Location 1, the birefringence measurement is less than the assumed 

value of 0.0019; however, at Location 2, the birefringence measurement exceeds 

the assumed value.  Therefore, it can be expected that the assumed value is 

located between Location 1 and Location 2.  To more accurately locate the 

assumed value, birefringence measurements are taken in smaller increments 

Measurement 

Location
Birefringence

1 0.001607

2 0.002509

3 0.002358

4 0.002295
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between Locations 1 and 2 until the value is found.  Presume the texture 

direction was determined to be 90° from the horizontal.   

 Next, the principal stress directions must be located with respect to the 

texture direction.  A critical location must be chosen at which to perform a 

birefringence stress measurement.  Point A, as shown in Figure 5-4, is the critical 

location chosen for this example.  A 360° velocity test is completed at Point A to 

measure the birefringence and the phase shift, ϕ.  For this example, ϕ=12° and 

B=0.003.  The measurements are used to plot a point on the B vs. ϕ reference 

chart, as shown in Figure 5-5.  The plotted point corresponds to a curve, which 

has a designated value of θ.  Based on the measurements in this example, 

θ≈30°. 

 

 

Figure 5-4: Point A is the critical measurement location chosen for this example. 
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Figure 5-5: The ultrasonic measurement at Point A plotted on the B vs. ϕ reference chart. Based on 
the chart, θ≈30°. 

Finally, the principal stress birefringence,   , is measured at Point A.  

Suppose   = 0.0013.  To obtain an estimation of the maximum shear stress 

(     ,    is subsequently charted along the θ=30° line on the    vs.      

reference chart, as shown in Figure 5-6.  For this example, the estimated 

maximum shear stress is approximately 8,000 psi.  The measured shear stress is 

significantly less than the shear yield stress (20,800 psi for A36 steel). Based on 

the estimation in this example, the gusset plate is considered adequate for the 

applied loading. 
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Figure 5-6: The principal stress birefringence measurement at Point A plotted on the Bσ vs. τmax 

reference chart. The estimated maximum shear stress is approximately 8,000 psi.Figure 5-1 

5.3 Future Work 

 This study demonstrated the use of acoustic birefringence as a total stress 

measurement technique in a laboratory setting.  Future research will focus on the 

transition of the technique from the lab to the field.  The first step will be the 

identification of challenges that an inspector may encounter in the field (e.g., 

temperature, moisture, accessibility, etc.).  Although EMATs can function through 

rust and paint, the ultrasonic signal amplitude may be decreased, potentially 

making timing measurements more difficult.  Preliminary field measurements are 

needed to compare the accuracy and repeatability of field measurements to the 

results from the laboratory testing. 

 The stress measurement methodology described in Section 5.2 requires 

further testing and development.  The feasibility of each step must be 

determined, such as the ability to locate the texture direction at a ‘zero stress 
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location.’  Additional lab data may be required to improve the methodology.  For 

example, a more comprehensive study of the natural birefringence for various 

types of gusset plate steel could provide a more accurate estimation used in the 

first step of the procedure.  Furthermore, additional testing may be done to obtain 

a better estimate of the stress-acoustic constant for different types of steel, which 

would improve stress estimations.  Critical gusset plate locations need to be 

identified in which knowledge of the stress state would be most useful. 

 Lastly, the development of fieldable equipment and software is needed to 

most adequately and efficiently obtain the required measurements.  Use of a 

rotating EMAT [39] would be very effective for producing the 360° velocity curves 

used with the sine regression technique outlined in this research.  Automated 

measurements would provide more precision and allow for measurements at 

finer polarization angles. 
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