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ABSTRACT 

This thesis will describe the efforts to develop quality control tools for the 

fabrication and construction of Hybrid Composite Beams (HCBs), a relatively new 

bridge technology currently being evaluated by the Missouri Department of 

Transportation (MoDOT). The HCBs are comprised of a rectangular fiber 

reinforced polymer (FRP) shell enclosing a concrete arch tied with steel 

prestressing strands. The form for the concrete arch is shaped as a void within 

the composite shell. Concrete can be placed either before or after the beams 

have been erected, reducing crane requirements and providing a lightweight 

alternative to prestressed or reinforced concrete construction. Uniform placement 

of the concrete within the arch is critical to ensuring the quality of construction, 

durability, and capacity of the HCBs. Therefore self-consolidating concrete (SCC) 

is typically used to form the arch. However, because this arch is enclosed within 

an FRP shell, internal voids or honeycombs that may occur during concrete 

placement can go undetected. The research to be presented is focused on the 

application of nondestructive evaluation (NDE) technologies of ultrasonic and 

acoustic emission testing to assess the quality of placement within the arch 

section of the HCB. The research shows that thermography is the only one that 

produced viable NDE data of the HCBs. Infrared thermography is used to assess 

the integrity of the concrete following placement based on the thermal signatures 

on the surface of the FRP shell. The NDE techniques are also used to test the 

quality of the FRP construction. 
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1. INTRODUCTION 

 

 This thesis provides an evaluation and analysis of nondestructive 

evaluation (NDE) techniques applied to evaluate an experimental Hybrid 

Composite Beam. NDE methodologies assessed include ultrasonic testing, 

acoustic emission, thermography, and tap testing. The goal of this research is to 

conduct quality control testing on the HCBs as well as evaluate the structural 

behavior of the bridge and potential serviceability and maintenance challenges to 

improve bridge safety. The objectives of this research, therefore, are as follows: 

 Evaluate potential of NDE techniques for assessing HCBs 

 Analyze data to determine viable techniques for HCBs 

This report will show that thermography, or thermal, testing resulted in the 

most advantageous data. Thermal tests normally right before sunrise and 

immediately after sunset with a temperature difference of at least 15°F 

throughout the day were able to detect the self-consolidating concrete in the HCB 

arch as well as any voids or defects in the SCC. The results of these tests have 

shown that voids or any other defects in the concrete were non-existent, except 

for one beam in the second bridge, B0410. However, these voids were later filled 

before the beams were placed. The only abnormalities in the beams shown in the 

thermal tests immediately after the concrete pours were hot spots. Over time 

though, these hot spots have generally cooled, showing a general homogenous 

temperature in the concrete. 
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This report finds that thermal testing has been proven to be an adequate 

testing method of beam fabrication and construction for now and in the future. 

Recommendations for thermal testing, such as proper timing of the tests and 

required environmental conditions, need to be followed though in order for this 

test to work properly. 

This thesis also describes the limitations, not just in thermal testing, but 

the other nondestructive test methods as well. Some of these include: the 

ultrasonic testing method not being able to penetrate through the polyiso foam 

core and lining of the HCB; acoustic emission testing only being able to detect 

flaws as they generate, not ones that are already present; and the difficulties of 

tap testing to an untrained tester and the foam lining. 
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2. NONDESTRUCTIVE TESTING TECHNIQUES 

 

2.1 ULTRASONIC TESTING 

GENERAL OVERVIEW 

Ultrasonic is defined in the American Society for Testing and Materials 

(ASTM) Standard E1316 as “pertaining to mechanical vibrations having a 

frequency greater than approximately 20,000 Hz” [4]. These ultrasonic waves are 

then used in the nondestructive evaluation testing method of ultrasonic testing. 

Ultrasonic testing has been in use as a nondestructive testing method for years 

now. Ultrasonic waves, with their frequency around 20kHz, are above the normal 

range of human hearing [20]. Normally, ultrasonic tests are used to calculate the 

thickness of a material as well as detect and evaluate the size of flaws and 

defects, such as corrosion, voids, and cracks to name a few. This NDT method 

utilizes sound wave propagation to conduct these measurements.  

 

HOW IT WORKS 

Ultrasonic testing uses high frequency sound energy to propagate sound 

waves, normally ranging from 50 kHz to 50 MHz, through a material to conduct 

the testing [20]. An ultrasonic testing system is comprised of several key tools. 

The system consists of a tester mainframe with a battery charger and a power 

cable. The tester mainframe includes the pulser/receiver and transducer. The 

pulser produces a high voltage electrical pulse which acts on the transducer. The 
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transducer then uses piezoelectric crystals, which are in the form of thin plates, 

to create ultrasonic waves with a high frequency [20]. The ultrasonic, or sound, 

energy then moves through the material in short bursts of energy, interacting with 

the composition of the material. If a flaw is in the material, or if the wave reaches 

the opposite side of the material, the wave is then reflected back to the 

transducer and receiver. The reflected wave portion is then transformed into an 

electrical signal to be displayed on the system’s screen for data collection [6]. 

Ultrasonic waves propagate through the material through displacement of 

the successive elements in the material. These waves propagate in two different 

ways: compression waves and shear waves. Compression, or longitudinal, 

waves have their particle motion move in the same direction as, or parallel to, the 

propagation of the wave. This type of wave is the one normally used in ultrasonic 

testing due to the direct contact testing technique. Normally, in most materials, 

these waves can move with a high velocity with shorter wavelengths. These 

characteristics allow the ultrasonic energy to be focused into a sharp beam which 

leads to more accurate locations of defects [7]. 

Shear, or transverse, waves have their particle motion move perpendicular 

to the wave propagation. Shear waves usually travel with a velocity half of 

compressional waves. These types of waves are normally used with the angle 

beam technique, where the transducer is placed at an angle to the material. Due 

to the lower velocity, their wavelengths are shorter as well, which makes shear 

waves able to detect smaller defects [7]. 
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When ultrasonic waves are used for material testing, different properties 

apply to these waves. Smaller defects will require shorter wavelengths to be 

detected as well as a higher frequency, around 2-4 MHz. On the other hand, 

larger defects will require lower frequency, around .5 to 2 MHz, to be detected. 

Due to these frequency requirements, higher frequencies should be used to test 

finer grained materials while lower frequencies should be used to test coarse 

grained materials. Also, an increasing wavelength increases the penetrating 

power of the wave [20]. 

Two terms that are essential to ultrasonic testing are sensitivity and 

resolution. Sensitivity is the ability of the ultrasonic wave to detect and locate 

smaller flaws. As for resolution, it is the capability of the wave to detect and 

locate flaws that are closer together in the material or near the surface. Both 

resolution and sensitivity increases as the frequency of the wave increases, 

which in turn creates shorter wavelengths [6]. 

The ultrasound wavelength also has a large effect on the ability of the 

wave to detect a flaw or discontinuity in the material. If the velocity of the 

ultrasonic wave is known and the frequency is controlled and changed, the 

wavelength will change as a result. This change in wavelength will allow the 

tester to control the size of defects that the ultrasonic wave can detect. The main 

rule is that for a wavelength to detect a flaw, the wavelength cannot be larger 

than twice the size of the defect [6]. 

Some natural occurrences of ultrasonic waves that need to be taken into 

effect are the acoustic impedance and attenuation of the wave. Acoustic 
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impedance is a material’s resistance to the passage of ultrasonic waves Acoustic 

impedance is the ratio of the material’s pressure to the material’s particle 

velocity. The greater acoustic impedance at two material surfaces is, the 

percentage of ultrasonic waves reflecting back is greater. Attenuation is the 

gradual loss of wave intensity over the distance traveled by the wave. 

Attenuation is related to frequency in that the higher the frequency, the greater 

the attenuation. So the ultrasonic equipment needs to take into account the 

waves tendency to either lose its intensity throughout the material, or reflect back 

onto the transmitter, which means the wave would not encounter a flaw or reach 

the other side of the material [1].  

 

ADVANTAGES AND LIMITATIONS 

One advantage of ultrasonic testing is calculating material thickness. If a 

flaw or defect is not detected, the wave will propagate through the entire material 

and reflect off the opposite surface back to the transducer and receiver. This 

would allow the ultrasonic testing setup to calculate the thickness of the material. 

However, the setup would have to account for wave attenuation through the 

material as well.  

More advantages are listed below [6] [20]: 

 Ultrasonic testing can detect defects on both the surface and subsurface 

of a material. 

 Using automated systems, detailed images can be created from the 

ultrasonic energy. 
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 Instant results provided with the electrical devices. 

 When using the pulse-echo technique, access to only one side is needed. 

 Deeper penetration than other NDT methods to detect and measure flaws. 

 If waves are reflected, system is accurate when determining the position, 

size, and shape of the reflection. 

 Planar defects, normally not detectable through radiography, can be 

detected. 

 Higher sensitivity of the equipment can detect smaller defects. 

 High penetration allows measurement of thicker materials. 

One limitation of ultrasonic testing is the inability to calculate flaw dimensions. 

If a flaw is detected, the length of the flaw can be evaluated by moving the 

transducer along the surface of the material. However, the thickness of the flaw 

cannot be measured unless a transducer is placed on the opposite side and 

calculating the time it takes for the waves to reflect from both sides of the defect. 

Also, if a defect is aligned parallel to the transducer, the waves may not reflect 

back to the transducer and therefore go undetected by the equipment.  

More limitations or disadvantages are listed below [6] [20]: 

 In this project in particular, the ultrasonic waves were theorized to be 

unable to penetrate through the polyiso foam lining to the concrete to 

retrieve a measurement. 

 Other methods do not require as much training and skill as ultrasonic 

testing. 
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 Calibration of the equipment and characterizing flaws both require 

reference standards. 

 Coarse grained materials, like cast iron, have low sound transmission and 

high signal noise, which are difficult to inspect with ultrasonics. 

 The tester must be able to access the material’s surface in order to 

transmit the ultrasound energy. 

 Small, rough, irregular shaped, thin, or not homogenous materials are 

difficult to inspect. 

 A coupling medium is required to transfer the ultrasonic energy. 

 If normal probes are used during testing, defects located close to the 

surface, less than 4-5mm, are difficult to detect.  

 Because of high sensitivity of the equipment, incorrect or irrelevant 

measurements may occur. 

 

ULTRASONIC PULSE VELOCITY 

 Ultrasonic pulse velocity is an ultrasonic NDE testing method which 

utilizes ultrasonic compression waves pulsing through a material. The ASTM 

standard, C597-09, which could also include ultrasonic testing, states that “this 

test method is applicable to assess the uniformity and relative quality of concrete, 

to indicate the presence of voids and cracks, and to evaluate the effectiveness of 

crack repairs. It is also applicable to indicate changes in the properties of 

concrete and, in the survey of structures, to estimate the severity of deterioration 

or cracking” [2]. The time it takes for the pulses to travel through a material can 
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be measured to calculate the thickness of a material as well as the strength of 

concrete. Piezoelectric crystals inside a transducer create the ultrasonic pulse 

that is introduced into the material. Another transducer acting as a receiver 

monitors the vibration of the surface caused by the pulses arrival. When the 

pulse arrives at the receiver, a timing circuit then measures the time it took for 

the pulse to travel from the transmitter to the receiver transducer. This 

measurement is then used to calculate the thickness of the material, and in the 

case of concrete, the concrete’s strength [8]. A diagram of the setup for 

ultrasonic pulse velocity for a hybrid composite beam is shown below. 

 

Figure 1: Testing Setup for Ultrasonic Pulse Velocity for HCB 

 
 

The ultrasonic pulse velocity testing method is simple to perform, but only if 

both sides of the material are open to access. Also, quality coupling must be 

maintained with the material surface throughout the testing. Ultrasonic pulse 

velocity can be affected through different factors, which are listed below [8]: 
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 An increase in the moisture content would result in an increase in the 

pulse velocity. 

 When reinforcement is placed parallel to the pulse propagation, the pulse 

may propagate through the bars. That would result in a pulse velocity 

which is greater than the pulse propagating through the concrete. 

 If cracks or voids are present in the material, the travel time would 

increase for the pulse due to a longer travel path. 

 

APPLICATIONS 

 As already stated, ultrasonic testing can be used to detect and evaluate 

defects as well as measuring the physical thickness of the test object. A few 

more in depth applications would be rail and weld inspections. As for rail 

inspection, the major problem for railroads is the prevention of service failures in 

the track. Initially, inspections of railroads were only done through visual 

techniques, which only detect external flaws and maybe subtle hints of larger 

internal defects. Today, when ultrasonic testing is used to inspect rails, the 

transducers can be put onto a sled, or some similar apparatus, to be pushed 

down the rail. These apparatuses can then have multiple transducers hooked up 

to them projecting at multiple angles in order to create the best inspection 

possible [6].  

 For welded joint inspections, defects usually include porosity, 

undercutting, and longitudinal or transverse cracks. However, ultrasonic testing 

has been the favorite NDE method for welded joints. During the testing, a straight 
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beam transducer producing a longitudinal wave is used on the testing material, 

so as to provide a reflected signal from the material, or any defect that might be 

located in the material. The transducer is then placed at an angle, called an 

angle beam transducer setup, to produce a refracted wave in the material. The 

refracted wave will then reflect off anything in the path of the wave, which allows 

the tester to calculate the location and type of defect [6]. 

 

DISCUSSION OF ON-SITE TESTING 

  Ultrasonic testing was theorized to be unsuccessful as a nondestructive 

testing method for this project. This is due to the polyiso foam lining and core. 

Due to the foam interior, it was believed that the ultrasonic waves produced 

during testing would not be able to penetrate through to the concrete and 

prestressed steel. If the waves could not reach the steel or concrete, the waves 

would not be able to indicate if there were any interior defects in the beams, 

rendering ultrasonic testing meaningless. Therefore ultrasonic testing was not 

attempted on the hybrid composite beams in this project. 

 

2.2 ACOUSTIC EMISSIONS 

GENERAL OVERVIEW 

Acoustic Emission (AE) is defined in the ASTM Standard E1316 as “the 

class of phenomena whereby transient stress/displacement waves are generated 

by the rapid release of energy from localized sources within a material, or the 
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transient waves so generated” [4]. When a material undergoes a sudden change 

or movement, like a form of stress acting on the material, the material can emit 

mechanical vibrations. These mechanical vibrations are also called acoustic 

emissions. Acoustic emissions are the generation and propagation of stress, or 

elastic, waves due to a sudden redistribution of stress in a material. The 

redistribution of stress, or causes of acoustic emission, are damage related and 

can be due to a defect, crack growth, opening and closing of a crack, and 

breakage in a composite’s materials to name a few [16]. In other words, AE is 

different from other NDE testing techniques in that it can detect a deformation in 

real time, as it is happening. AE simply listens for the release of energy in a 

specimen instead of supplying energy in order to perform testing.  

 

HOW IT WORKS 

Acoustic emission is a nondestructive testing technique that is dependent 

on different types of flaws. When different types of flaws or deformations form, 

energy is released in the form of stress waves. Every deformation in the material 

therefore can become a source of acoustic emission. Each deformation would 

then generate a signal with characteristics of the source deformation. The 

sudden release of energy that is acoustic emissions can then be detected by 

remote sensors that are connected to the material. The basic principle in 

measuring AE is the changes in propagation of a wave signal through a 

material’s medium. A piezoelectric device is then used to amplify the signals for 
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measurement [27]. An example of an acoustic emission testing setup is shown 

below. 

 

Figure 2: Example of Acoustic Emission testing setup, taken from [34] 

 
 

Acoustic emission testing is normally performed after construction, while 

the structure is in operation. This means that the structure is usually subjected to 

adequate loading in order to increase defect growth [27]. When a defect forms 

and propagates, the process emits omni-directional acoustic waves from the 

source of the defect. These waves are mechanical waves with a low 

displacement and high frequency. They are detected by an AE sensor, normally 

piezoelectric based, and transformed into an electrical signal which is amplified 

and processed by the AE instrumentation. These defects usually are a result of 

some sort of stress that is applied to the material. Stress can be applied by the 

testing process itself or though some sort of external force. Either way, normally 

the stresses that cause the defects and flaws that acoustic emission detects are 

small and nondestructive. In other words, they are below the defect tolerance of 
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the material [9]. Normally, plastic deformation, when a material is loaded near to 

its yield stress, creates acoustic emissions that are the easiest to detect. Also, if 

a defect succumbs to a sudden growth, or “jump”, in size, it will create a larger 

AE signal than a defect that grows the same length but slowly over a longer 

period of time [27].  

AE systems can consist of multiple AE sensors along with a preamplifier, 

connected to an AE processor. The processor takes signals from the sensors 

and preamplifiers which follow the stress or loading applied to the material. AE 

systems have a wide range in which defects are detected, ranging from 1 kHz to 

2 MHz or more in frequency. Background noises, like friction, surrounding 

environmental noises, or outside impacts, can affect the lower frequency end due 

to their ability to cover an acoustic emission in the material from the sensor. On 

the other hand, attenuation affects higher frequencies due to decreasing the 

intensity of the acoustic emission signal [9]. Due to the constraints on both ends 

of the frequency range, noise reduction around the AE setup and signal 

discrimination are important aspects in AE testing [16]. 

Along with a wide range of frequencies, acoustic emissions will occur in 

multiple discrete bursts. An AE setup will capture each one of these bursts, or 

“hits”, one at a time and process them for measurement. The AE processor puts 

these measurement inputs together to form calculation outputs that show the 

defect’s activity. These outputs can show the relationship of the acoustic 

emissions to that of the load or stress on the material. They can also show a plot 

of locations where the acoustic emission originated. A cluster analysis with 
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multiple AE sensors can be used for greater accuracy in the measurements of 

the defect and location of the AE origin [9]. 

 

ADVANTAGES AND LIMITATIONS 

The main advantage of acoustic emission compared to other NDT techniques 

is the ability of AE to respond to active defects, or in other words, detect a flaw as 

it is happening in real time. This advantage provides warning of possible failure 

of the material. Some more advantages are listed below [9] [16]: 

 The sensor does not need to be located on top of or directly next to the 

defect for the AE system to detect it. The sensor can be placed a distance 

away from the defect as long as the system takes into account attenuation 

of the stress wave. 

 Location of the defect can be detected using multiple sensors on the 

material through cluster analysis and triangulation calculations. 

 The system does not need access to both surfaces of the material for one 

single test since the stress waves from the defects move in all directions. 

 All materials, including steel, composites, concrete, and FRP laminates, 

produce acoustic emissions. 

 Multiple sensors can create fast and complete volume inspection. 

 There is not a need to disassemble and clean a specimen. 

One of the main disadvantages of acoustic emission is directly related to its 

main advantage. Acoustic emission can only detect flaws in real time, as they are 
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expanding. Therefore, if a defect is stagnant, acoustic emission testing would not 

detect it. Some more disadvantages are listed below [9] [16] [20]: 

 If loading is not high enough to cause an acoustic emission, the defect 

may go undetected. 

 Background noise can affect the testing equipment’s ability to collect data 

in the lower frequency ranges. 

 If the sensor is too far away from the AE emission source, attenuation of 

the wave throughout the material may impede on the sensor’s ability to 

detect the wave.  

 AE sensors need to be on and measuring constantly over time since 

defects can occur or grow at anytime.  

 Equipment is expensive and requires experienced personnel to operate it. 

 

APPLICATIONS 

In terms of this project, acoustic emission would best be used to detect 

flaws in the FRP laminates on the surface of the hybrid composite beam shells. 

The AE system may be able to detect acoustic emissions from defects in the 

steel and concrete. However, due to the polyiso foam core, the AE waves may 

not be able to propagate through to the sensors.  

In terms of other applications, besides the basic crack detection, acoustic 

emission has been used to inspect pipelines, bucket trucks, composite 

components, and storage tanks, along with many other applications. A few more 

detailed applications for acoustic emission testing are listed below [16]: 
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 Weld Analysis: During the welding process, stresses are applied to the 

weld due to the extreme temperature changes. These stresses can then 

cause cracking in the weld. ASTM E749-96 covers the standard practice 

for acoustic emission monitoring during continuous welding [5].  

 Bridge Testing: Due to the vast number of welds, joint, and connections in 

a bridge, acoustic emission is being used more and more for bridge 

monitoring. AE testing can continually test the bridge, using everyday 

traffic flow to load the bridge for possible acoustic emissions. 

 Aerospace Structures: Due to aerospace structures need to carry greater 

loads while staying as light in weight as possible, these structures can 

take a minute amount of stress or damage before failing. AE testing 

equipment can be applied to easily accessed areas, which are located 

close to damage prone sites, and testing can even be conducted during 

test flights. 

 

DISCUSSION OF ON-SITE TESTING 

Acoustic emission testing was also unsuccessful as a nondestructive 

testing method for this project. However, this was due more to timing and 

availability than inability of the technique. Since acoustic emission testing works 

as cracks or other defects propagate, instead of having equipment continually 

measuring, it was decided the single best time to conduct these tests was during 

a load test of the bridges, performed by students from Missouri S&T with the aid 

of MoDOT workers. However, acoustic emission testing equipment was not 
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available for use during the load tests of the first two bridges, B0439 and B0410, 

and, at the time of this report, load testing for the final bridge, B0478 has yet to 

be scheduled. Therefore, acoustic emission was not attempted for the HCBs in 

this project. 

 If testing were to occur on this type of beam though, one hypothesis is that 

this method would not completely work. Since some sort of loading would have to 

occur in order to induce crack propagation, testing would normally take place 

after the beams were filled and placed at the bridge site. Therefore, the AE 

sensors would be placed on the exteriors of the beams. The sensors would be 

able to detect crack propagations on the surface of the fiber reinforced plastic 

shell. However, the sensors may not be able to detect any propagation from the 

interior concrete or steel due to the foam interior. Since acoustic emissions are 

stress waves traveling through a material, waves from inside the beam would 

have to pass through foam of varying thickness. If the foam is believed to impede 

on ultrasonic waves, it is reasonable to assume they may do the same to 

acoustic emissions as well. 

 

2.3 THERMOGRAPHY 

GENERAL OVERVIEW 

 Thermography, or infrared radiation, testing is defined in the ASTM 

Standard D4788 as a test method that “covers the determination of 

delaminations in portland-cement concrete bridge decks using infrared 

thermography. This test method is intended for use on exposed and overlaid 
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concrete bridge decks” [3]. In other words, thermography measures surface 

temperature as heat flows to, from, and through the testing material to locate 

defects near the material’s surface. Testing for thermography is non-contact as it 

collects data over a wider area than most nondestructive testing methods. When 

used as a NDT technique, the basic idea is that internal flaws or voids in the 

material will directly affect the temperature of the material’s surface [8] [17].  

 

HOW IT WORKS 

 The First Law of Thermodynamics states “energy can come in many 

forms, and it can change from one form to another but can never be lost” [17]. 

When energy conversion takes place, heat, or thermal energy, is normally a 

product of that conversion. The Second Law of Thermodynamics goes on to 

state “heat energy transfers from the warmer areas to the cooler areas until 

thermal equilibrium is reached” [17]. It is during this transfer of heat that NDT 

thermal testing is properly conducted.  

 Heat is transferred through three different processes: conduction, 

convection, and radiation. For the purposes of this project, this paper will 

concentrate on conduction and radiation. Conduction occurs normally in solids 

when energetic molecules of a warmer material come into contact with slower 

molecules of a cooler object and transfer their energy. On the other hand, 

radiation does not need medium or contact for the transfer of energy. The 

process of electrons losing energy and dropping to lower energy states is 

electromagnetic radiation. The electromagnetic radiation is related to wavelength 
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and intensity. The wavelength measurement can then tell if the wave falls within 

the infrared spectral band, which has wavelengths between 2 μm and 13 μm. 

The longest infrared wavelength has a tendency to mix with the microwave 

wavelength. However, if the infrared wavelength is at its shortest, it could still be 

considered infrared radiation, but is located in the deep red portion of 

electromagnetic spectrum. This part of the infrared spectral band lies within the 

visible spectrum, as in the infrared radiation would be detectable to the human 

eye, as can be seen below in an example of the electromagnetic spectrum [17] 

[30].  

 

Figure 3: Electromagnetic Spectrum. 1=X-ray, 2=UV, 3=Visible, 4=IR, 5=Microwaves, 6= Radiowaves 
taken from [30] 

 
 

 When dealing with infrared imaging as a nondestructive testing method, 

most materials will only emit a fraction of their thermal radiation. Emissivity is the 

measurement of the testing material to transmit infrared energy [17]. Emissivity 

can be measured on a range from 0.1 to 1.0, with the latter being a perfect 
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emitter of infrared radiation. For example, a polished mirror lies around 0.1 or 

below on the scale making it a very poor emitter. On the other hand, any oil 

based paint or human skin is nearly perfect, measuring above 0.9. In general, 

non-metals usually have a higher emissivity that will decrease along with the 

temperature, while metals start with a low emissivity that will increase as the 

temperature increases [30].  

 Several aspects, such as the environment, the material’s shape, 

temperature, surface quality, and even the viewing angle, can cause the 

material’s emissivity to vary. When measurements are taken, the surrounding 

environment needs to be accounted for since the environment is also emitting 

infrared radiation. For example, if an object has a similar temperature to its 

environment, there would not be a high transfer of infrared energy, which is 

needed for thermograpy to work effectively as an NDE technique. Also, since 

thermography is a non-contact technique, the reflected radiation from the 

environment, to a lesser degree, is measured along with the radiation emitted 

from the material. This reflection can be varied simply by the angle the thermal 

camera views the material, like when looking at a road in the heat at a grazing 

angle for example. Finally, the age and type of paint covering the material’s 

surface, any dirt or condensation on the surface, and the surface itself all affect 

the material’s emissivity. Rough surfaces normally have a higher emissivity than 

a smoother or polished surface. The type of paint, as stated earlier, can either 

increase or decrease the emissivity, while cracked paint will decrease the paint’s 

effect, and any water or dirt on the surface will decrease the emissivity [12]. 
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One of the main conditions needed for thermal testing is the temperature 

difference throughout the day. This is accurately stated in the ASTM Standard 

D4788 – 03 – 6.7. The code goes on to state that “while data can be collected 

any time of the year, the magnitude of the temperature difference, Δt, will be 

smaller during the winter months, and may preclude the testing of bridge decks. 

Testing shall not be carried out when ambient air temperatures are less than 

32°F (0°C) as ice in delaminations will cause false readings. As a guide, an 

ambient temperature rise of 20 Fahrenheit degrees with 4 h of sun and winds 

less than 15 mph (24 kmph), will allow accurate data collection on portland-

cement concrete surfaces during winter months. On asphalt covered decks, an 

ambient air temperature rise of 20 Fahrenheit degrees with at least 6 h of sun 

and winds less than 15 mph (24 kmph) are necessary for winter use of this 

procedure” [3]. The code also states that “there must be a temperature difference 

between the delaminated or debonded area and the adjacent solid concrete of at 

least 0.5 Celsius degrees” [3]. So essentially, the best testing conditions for 

thermography have a 20°F change throughout the day, winds no greater than 15 

mph at the time of testing, and a temperature contrast of at least 0.5°C between 

delamination and the surrounding material. 

 During thermal testing, emissivity is not the only thing that could disrupt 

the measurements. If there is a flaw or defect, like a void or crack in the concrete, 

the flow of heat flow through and from the material can be broken. When 

conducting thermal tests on the surface of a material, the presence of a void can 

be determined due to the broken heat flow as seen in Figures 4 and 5. When 
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heat flows out of a slab, the area above the void is cooler than the rest of the 

slab. It is the opposite when heat flows into a material, as the area above the 

void is warmer than the rest of the slab. Also, as the depth of the defect 

increases, the difference in temperatures of the material decreases [8]. So, as 

the depth of the defect increases, the more difficult it is to detect with the infrared 

camera. For another example, early in the morning, before sunrise, when the 

HCB shell is at its coolest temperature, if there is a flaw in the concrete, it will 

appear as a hot spot on the infrared image. It is the opposite as the day goes on 

and the HCB shell becomes warmer. The shell then begins to give off heat, so 

the flaw would then appear as a cold spot on the image. 

 

Figure 4: Diagram of broken heat flow indicating flaw in concrete taken from [8] 
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Figure 5: Thermal picture depicting a break in heat flow in concrete at 7pm when heat is supposed to 
flow from warmer concrete to cooler environment 

 

The heat flow that makes thermal testing possible comes through solar 

heating of the material through the day and cooling of the material overnight. 

Therefore, for this project, the times to achieve more advantageous thermal 

results would be immediately before or during the sunrise and one to two hours 

after the sunset. The reason for this is at these two times, the temperature 

differences should be at their greatest. Right before or during the sunrise is when 

the hybrid composite beam shells should be at their coolest temperature, while 

the self consolidating concrete temperature should be warmer due to the shell 

and polyiso foam core shielding it from the cooler environment. On the other 

hand, during the sunset, the HCB shell should be at its warmest temperature, 

while the concrete should be cooler [8].  

 

ADVANTAGES AND LIMITATIONS 

 One of the main advantages of infrared testing is the ease of the testing 

procedure. The equipment is hand-held, and since it is a non-contact method, the 
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testing can be performed at a distance. Therefore, when testing is done on site, it 

can be done quickly and without disrupting traffic, construction, or any other 

process on site. More advantages are listed below [21] [33]: 

 Immediate results 

 Data easily captured and examined using a thermal camera and a 

computer program 

 If confirmation is needed, it can be as simple as using a hammer to 

perform a tap test on site 

 Thermal tests cover a wider area of the material than other NDE 

techniques 

 Due to the wider test area and non-contact method, thermal testing is 

easier to test a bridge in some aspects. For example, a tester would not 

need a crane basket to test an external bridge beam 

 For this project, thermal testing was the one technique used that could 

adequately detect the concrete through the FRP shell and polyiso foam 

core 

On the other hand there are some limitations to thermal testing. One of the 

main limitations is that the testing depends entirely on the surrounding 

environment and the emissivity of the material. If the weather is unfavorable, 

such as raining or below 32°F, favorable test results are difficult to achieve. More 

limitations are listed below [21] [33]: 
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 Surrounding environment temperature difference of at least 15-20°F 

throughout the day and night desired in order to achieve quality heat flow 

 If a defect is too small to obstruct heat flow, there is a good chance that 

thermal testing would not detect the flaw 

 Thermal testing can only test one side of the material, as compared to a 

technique like ultrasonic testing that can test through both sides of the 

object 

 The high price of the equipment 

 Reflection of the surrounding environment’s radiation is detected as well 

as the material’s radiation 

 

APPLICATIONS 

 Thermal testing has multiple applications for nondestructive testing. 

Besides testing for flaws in a concrete beam like this project, thermal testing can 

also be used for examining flaws in a bridge soffit, electrical and mechanical 

system inspection, and corrosion damage, to name a few. Examining a bridge 

soffit is similar to testing for flaws in a concrete beam. However, a soffit is not 

exposed to sunlight or as many environmental factors as a concrete beam. 

However, through convective heating from the surrounding environments 

throughout the day, the soffit is heated and cooled. The testing would be more 

difficult however because the temperature contrast between the soffit and 

surrounding environment would not be as great [33]. 
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 When testing for electrical and mechanical systems failure, it is common 

that nearly everything becomes hot before it fails. An inspector performing a 

thermography test would be able to determine if the rise in temperature of the 

system is normal, and, if not, can predict the type of failure for the system. An 

electrical or mechanical failure can experience a rise in temperature of over 

50°C. These types of failures include faulty electrical connections, overloaded 

motors, and failing transformers to name a few [17].   

 Finally, when testing for corrosion damage, like in steel reinforcement, 

heat is conducted away from thinner metal surfaces quicker than in thicker metal 

regions. These thinner metal surface areas can be the result of corrosion 

damage. Due to this heat conduction, a thickness map of the steel can be 

produced. This technique can be used for corrosion damage ranging from steel 

reinforcement in a bridge to the metal surface of an aircraft [17].  

 

DISCUSSION OF ON-SITE TESTING 

Thermography testing was used on every beam for each bridge. These 

tests were performed with two different thermal cameras, a FLIR S65 camera 

and a FLIR T620 camera, both shown below. Through thermal testing, the 

concrete in the arch, the FRP shell, and, in some cases, even the prestressed 

steel along the bottom of the beam can be tested all at the same time. However, 

in the case of this project, testing the self-consolidating concrete in the HCB arch 

was the main priority. As long as the view of the beam is unobstructed, 

temperature measurement along the entire beam can be conducted. 
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Figure 6, A & B: A = S65 and B = T620 thermal cameras respectively, taken from [14] 

 

 As stated before in the thermography section of this thesis, certain 

environmental characteristics need to be present for the best infrared data to be 

captured. Radiation from the environment is captured at the same time as the 

radiation from the beam. In addition, the environmental radiation can also reflect 

off the surface of the HCBs. Therefore, the radiation from the environment needs 

to be accounted for as well. This can be done by testing the beams when the 

temperature contrast between the HCB shells and the concrete arch is at its 

greatest. 

 As for the temperature contrast, the greatest contrast can be captured 

depending on two different aspects of testing, environmental temperature and 

timing of the tests. The change in the temperature of the surrounding 

environment, between night and day, needs to be at least 15-20°F, and there 

needs to be as little wind as possible in order for all sides of the beam to undergo 

the same effects of temperature change. As for the timing of the tests, the times 

for the greatest temperature contrast to occur were immediately before sunrise 

and around one to two hours after sunset. Right before sunrise, the HCB shell is 

A B 
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at its coolest temperature. However, the concrete, due to a combination of the 

insulation of the foam lining and general concrete characteristics, is at a much 

warmer temperature. On the other hand, after the sunset, the temperature 

contrast may not be at its largest, but a temperature change is beginning to take 

place. The HCB shell is starting to cool due the environmental temperature 

decreasing, which causes the concrete, still warm from the day, to begin to show. 

These times may be different though for beams that are exposed to the 

environment versus beams that are already in place, beneath the bridge deck 

and somewhat shielded from the environment. These differences can be seen in 

the discussion of thermography results in the next section. 

 In addition to the temperature contrasts between the HCB shell and 

interior, other aspects also play a role in the infrared detection. As stated earlier, 

the type of paint covering the HCB and the smoothness of the surface all affect 

how easily the infrared radiation can be measured. However, the one other 

aspect that did affect testing in this project was dirt or condensation on the 

surface of the HCB. The dirt and the water mask the infrared properties emitting 

from the beam and therefore hinder the ability of the equipment to accurately 

measure the temperature of the HCB surface. An example of a HCB from the first 

bridge, B0439, immediately after it was poured can be seen below. Since the test 

was conducted during a summer day, the environmental temperature was 

greater than ideal testing temperature. However, the darker cooler spots show 

how water can mask thermal properties of a material, which is why thermography 

testing should be done in a dry environment. 
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Figure 7: Thermal picture showing effect of water on thermal properties of HCB 

 

 One other aspect of thermal testing that can affect the infrared results is 

the distance of the camera from the HCB. It was stated earlier that an advantage 

of thermal testing is that it is a non-contact testing method. Due to this, during 

this project, thermal testing could be conducted without traffic closures of the 

bridges. However, it also needs to be noted that the camera should not be placed 

too far away from, or too close to the beam during testing. If the thermal camera 

is placed too far away, depending on the type of lens in the camera, the 

temperatures measured in the materials become more difficult to interpret. In the 

case of these HCBs, the temperatures in the concrete arch become more difficult 

to interpret and measure the farther away the camera is. On the other hand, if the 

camera is too close to the beam, even though the temperatures can be easily 

measured and interpreted, it is difficult to distinguish where the infrared image 

was captured along the beam without detailed notes of testing process. 
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Therefore, for the cameras used in this project, a distance of 10-15 feet away 

from the beam was used, when adequate room was available, for thermal testing 

of the HCBs. Examples of these two aspects can be seen below, along with an 

infrared picture taken from an adequate distance. 

 
 

 

Figure 8, A, B, & C: A & B = IR pictures from same HCB in B0439, 24 hrs. after concrete pour, 
comparing effect of distance on thermal properties. C = IR image from Bridge B0478 showing effect 

of camera that is too close to HCB. 

  

A B 

C 
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2.4 TAP TESTING 

GENERAL OVERVIEW 

Tap testing was performed for the HCBs in the first bridge, B0439, at the 

pour site, after the concrete pour and before the beams were shipped to the 

bridge site. Tap tests were performed with three different hammers, in order to 

confirm the sound accuracy of each hammer with the others. The hammers used 

were a five ounce tack hammer, a seven ounce curved hammer, and a 16 ounce 

balpien hammer, which can all be seen below. Through tap testing, the concrete 

arch was detected on the accessible face of the HCB. Once the arch was 

located, it could be tracked the entire length of the beam with tap tests. 

Therefore, tap testing on the HCBs in the first bridge was used as a method to 

work together with the thermal tests. 

 
 

 

Figure 9, A, B, & C: A = 5oz. tack hammer, B = 7oz. curve hammer, and C = 16oz. balpien hammer 

A B 

C 
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DISCUSSION OF ON-SITE TESTING 

 However, tap testing on these hybrid composite beams did not result in 

detection of any voids or defects in the concrete. On the contrary, tap testing was 

used to detect any inconsistencies in the FRP shell. After striking the shell, if 

there was a defect in the FRP, the sound would be different. The sound of the 

hammer blow also depended on where the hammer struck the shell. If the 

hammer hit on the FRP over the arch, the sound was duller than if the hammer 

hit somewhere else on the beam. Still, even with the different locations, there did 

not seem to be any inconsistencies in the FRP shell when tap testing was 

performed on the entire length of the beam 

One hindrance of tap testing though would be the experience of the test 

administrator. An experienced tester is needed in order to discern what normal 

concrete is and what a possible void in the concrete is. The test administrator 

should also have some knowledge of the HCB so as to know where the concrete 

arch is located. 
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3. TESTING MATERIALS 

 

3.1 SELF CONSOLIDATING CONCRETE 

GENRAL OVERVIEW 

Self-consolidating concrete, otherwise known as self-compacting 

concrete, is a highly workable concrete that exhibits high deformability. SCC 

needs little to no vibration during placement while maintaining its resistance to 

segregation and bleeding. Due to its low viscosity, this type of concrete can fill an 

area under its own weight, even areas that are greatly reinforced. SCC has a 

high enough fluidity that allows self-consolidation without the aid of external 

energy, such as vibrators [35]. It must also remain homogeneous when placed in 

a form during casting, as well as flow easily through any reinforcement in the 

form [31]. 

Self-consolidating concrete is governed by yield stress for the most part. 

The yield stress of SCC must remain considerably lower than other types of 

concrete in order to achieve self-consolidation. SCC also greatly depends on its 

viscosity in order to stay homogeneous as well as being able to flow through the 

reinforcement. The viscosity can be adjusted as needed through the concrete 

mix itself [31]. 
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BRIEF HISTORY AND USES 

Self-consolidating concrete was a concept that was proposed by 

Professor Hajime Okamura of Kochi University of Technology, Japan in 1986. He 

saw this new concrete as a solution to durability concerns of concrete structures 

in Japan. At that time, Okamura found the main cause of the concrete’s poor 

durability was due to the inadequate consolidation of the concrete during casting. 

Therefore, he developed a concrete that could self-consolidate, without the aid of 

vibrators or other equipment [31].  

As time passed, construction companies in Japan began using SCC in 

major construction projects in the late 1990’s. Japan has also been trying to take 

the ‘special concrete’ label off SCC in order to integrate it into everyday concrete 

production, shown when the government put a plan into action to use SCC for 

50% of all concrete jobs by 2003 [35]. In Sweden, SCC was used for the bridge 

construction, housing and tunneling for the Swedish National Road 

Administration [31]. Other major projects around the world include the Burj 

Khalifa, the tallest building in the world, where the SCC was pumped 166 stories 

above the ground, the Mori Tower in Shanghai, which has 48,000 cubic yards of 

SCC, and the La Maladiere Football Stadium in Switzerland, which includes 

78,000 cubic yards of SCC placed in ten months [28]. Then there was the 

Toronto International Airport, where self consolidating concrete had to be 

pumped upwards from the ground to form 101 foot tall columns [35]. 

In the US, states nationwide have already begun using self-consolidating 

concrete in their projects, where almost 90% of precast industries were using 
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SCC on a regular basis by 2003 [35]. A few of the more well known projects 

would include the Freedom Tower at the World Trade Center site. The structure 

is 1,776 feet tall and concrete is placed 60 stories high with shear walls from the 

foundation to 70 feet above street level. The Trump Tower in Chicago is another 

major structure. The structure is 92 stories tall with 4,600 cubic yards of SCC to 

construct the mat foundation that supports the structure. This is the largest ever 

recorded pour to date in North America using SCC [28]. 

 

CONCRETE MIX 

In order to create a concrete with low viscosity and high flowable 

characteristics, the SCC mix needs to be handle very carefully. Normally this 

includes removing the majority of the coarse aggregate and replacing them with 

finer aggregates, cement, and chemical admixtures. Increasing the water content 

can increase deformability while possibly reducing cohesion. Then, a higher fines 

content can provide less segregation while also possibly causing higher 

shrinkage and creep. Removal of the coarse aggregates reduces the friction in 

the concrete itself which increases the overall fluidity. Also, if the interparticle 

spacing changes, the flow ability of the concrete changes as well [35].  

The two principle chemical admixtures in SCC are a superplasticizer and a 

viscosity modifying admixture (VMA). A superplasticizer is a water-reducing 

admixture that increases the flow ability of concrete. It also has little effect on the 

concrete’s viscosity while maintaining a high fines content and low water, which, 

in ratio to cement, is a principal factor to enhance strength, durability, 
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permeability, and shrinkage. Some superplasticizers have been created to let the 

concrete set quicker and provide more complete cement hydration. However, 

when adding superplasticizers by themselves, the concrete will be more 

susceptible to segregation and bleeding. In order to avoid this, a modification to 

the mix proportions or the use of viscosity modifying admixtures can be used. 

With superplasticizers, concrete will also lose its high consistency within 30 to 60 

minutes, reverting back to its original slump. Due to this, there is only a short time 

period between mixing and placing [35].  

Viscosity modifying admixtures (VMA) are used to stabilize the rheology, 

or nature of flow, of self consolidating concrete. When added, they thicken the 

mix to prevent segregation, inhibit the flow, and increase the viscosity. 

Furthermore, when there is added shear on the concrete, the VMA causes a 

shear-thinning behavior, which decreases viscosity when there is an increase in 

shear rate. VMA’s are generally composed of polymer or cellulose-based 

materials. One important note is that when VMA’s are added to the mix, they do 

not change any properties of the mix besides viscosity. While the 

superplasticizers enhance the flow of the SCC, the VMA’s provide the stability 

[35]. 

 

Figure 10: SCC Test batch before pour with admixtures added 
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SCC ASTM  

There still needs to be work done on the standardization of SCC for 

ASTM. The ASTM Committee on C09 on Concrete and Concrete Aggregates 

started working to standardize SCC standards in June 2001. Several tests have 

already been developed in order to characterize the performance of self-

consolidating concrete. These tests include a concrete rheometer, an L-box and 

U-box tests, V-funnel and orimet, and sieve stability. However the two tests used 

for this project were the spread test and the J-ring test [31]. 

The spread test, or slump flow test, has a similar procedure to that of the 

slump test for other types of concrete. For the spread test, the SCC is poured 

into an Abram’s cone. However, for SCC, there are no consolidation efforts, like 

rodding, when the concrete is poured into the cone. Once the concrete fills the 

cone, the cone is lifted so the concrete flows out the bottom. Once all the 

concrete is out of the cone, the diameter of the concrete pile is measured in two 

perpendicular directions for the spread measurement. The needed diameter 

measurement ranges depending on the requirements for the certain project. This 

test is used for evaluating the self-compactibility of the SCC as it relates to yield 

stress. If needed, the test can also be used as an evaluation of the SCC’s 

viscosity by monitoring the time it takes for the concrete to reach a certain spread 

distance [31] [35]. Please see the figures of the spread test procedure in the 

Appendix for an example. 

For the J-Ring test, everything is set up similar to that of the slump flow 

test with a circular set of vertical standing rods placed around the Abrams cone. 
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The cone is then lifted, and when the concrete flows from the cone, it flows 

through the rings which simulates how the SCC will flow through reinforcement. 

The spacing of the vertical bars can be adjusted depending on what the spacing 

of the reinforcement is for any particular job. Measurements taken from this test 

are the difference in concrete height on the inside and outside of the ring, as well 

as the difference between the spread with and without the ring of reinforcement 

[31]. Please see the figures of the J-Ring test procedure in the Appendix for an 

example. 

 

BENEFITS OF SCC 

Self consolidating concrete, with its low viscosity, high deformability, and 

other characteristics, has a number of benefits. When using SCC, less vibration 

is needed for the concrete during placement which cuts down on the noise 

around the jobsite. SCC can fill complex forms that have limited access to the 

workers while creating a uniform and compact surface. It can be pumped rapidly 

while also distributing uniformly in highly reinforced areas. On top of all that, SCC 

also needs less labor and construction time [35]. 

 

3.2 HYBRID COMPOSITE BEAMS 

GENERAL OVERVIEW  

A generalized description for a Hybrid Composite Beam (HCB) is “a 

structural member using several different building materials resulting in a cost 
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effective composite beam designed to be stronger, lighter, and more corrosion 

resistant” [19]. In its most general form, the HCB is comprised of three main sub-

components that are the shell, compression reinforcement, and tension 

reinforcement along with galvanized shear connectors and a polyurethane foam 

core, which is applied for thermal insulation. A diagram of the Hybrid Composite 

Beam Detail can be seen below in Figure 7. 

The shell surrounds the other two sub-components and is a fiber-

reinforced plastic (FRP) shell. “The beam shell is constructed of a vinyl ester 

resin, reinforced by glass fibers oriented to resist the anticipated forces in the 

beam” [18]. The shell runs along the entire length of the beam and includes both 

a bottom and top flange. The shell also contains two vertical webs on each side 

of the beam as well as a continuous conduit. The webs “transfer the applied 

loads to the composite beam while the shear forces are transferred to the 

compression and tension reinforcements. The conduit is fabricated into the shell 

and runs longitudinally and continuously between the ends of the beam along an 

arch profile that is designed to conform to the internal load path resisting the 

external forces applied to the beam” [18]. 

 

Figure 11: Diagram of Hybrid Composite Beam Detail taken from [18] 
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 The compression reinforcement is normally cement grout or concrete. In 

this case, the compression reinforcement is comprised of self consolidating 

concrete. The conduit for the compression reinforcement is in the shape of an 

arch, or a parabolic profile, that runs the entire length of the HCB. The arch starts 

at the bottom of one end block and reaches the height of the arch at the center of 

the beam so that the conduit is tangent to the top flange. With this arch profile, 

the compression reinforcement is designed to resist both shear and compression 

forces from vertical loads. The SCC is pumped into the arch conduit through the 

pour holes located at the end blocks, quarter points, and middle points of each 

HCB. The SCC is pumped through the conduit until the entire arch is completely 

filled [18]. 

 And the last component of the hybrid composite beam is the tension 

reinforcement. This normally is made of carbon or glass fibers and/or reinforcing 

or prestressing steel running along the inside on the bottom of the beam. The 

steel fibers are unidirectional with high tensile strength and elastic modulus. The 

fibers, which are located just above the glass reinforcing of the bottom flange, are 

oriented along the longitudinal axis of the hybrid-composite beam. The tension 

reinforcement is fabricated monolithically into the composite beam at the same 

time the beam shell is constructed. Subsequently, the strands are completely 

encapsulated in the same resin matrix as the glass fabrics. The most common 

type of tension reinforcing used today in HCB’s is 270 ksi, galvanized, 

prestressing strands [18]. 
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TRANSPORTATION AND PLACEMENT 

As for the placing procedure, first, the weight of the HCB makes for easy 

transportation. During transportation and erection, the HCBs are around one fifth 

of the weight of a steel beam used for the same span length. Compared to a 

concrete beam of the same length, the HCB is only one tenth the weight. They 

are also completely self-supporting before and after the concrete pour into the 

arch [18]. For example, a 33 inch precast concrete box weighs 784 lbs/ft. So for a 

length of 70 feet, the weight of the box would be 27.4 tons. On the other hand, a 

33 inch HCB of the same length, weighting only 77 lbs/ft when empty, gives a 

total weight of 2.7 tons of empty HCB. That is a significant difference when 

considering the cost of transportation. Comparing the concrete box and empty 

HCB, it would take one truck to transport just one concrete box. However, that 

same truck could transport up to eight empty HCBs [19]. The light weight of the 

HCB along with the corrosion resistant nature of the FRP materials can create 

bridges with service lives beyond one hundred years. 

 For the actual placement of concrete, there are different ways to place 

concrete into the arch conduit. The compression reinforcement can be placed 

after the beams are erected in place. Again, due to the self-supporting nature of 

the beams, this would be acceptable. The concrete can also be placed in the 

arch before the beams are placed. Even though this can be done, it can be 

assumed that it is done only out of necessity. If the concrete is placed before 

erection, transportation costs go up as well as the price of placement since the 

beams are heavier, which means larger cranes for placement [18]. 
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Also, during either type placement of the concrete, whatever camber was 

needed for a particular beam was built into the beam during its fabrication. Still, 

there was a required camber for each beam to ensure that the desired deflection 

would not be exceeded during the casting of the concrete arch. To preserve the 

camber, each HCB needs to be supported at each end as well as intermediate 

supports along the length of the beam [18]. 

 

4. POTENTIAL DAMAGE MODES FOR HCB 

 

Figure 12: Example of potential damage modes for HCB 
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4.1 VOIDS IN CONCRETE 

The concrete that is poured into the arch of the hybrid composite beams 

(HCBs) and acts as the compression reinforcement was self consolidating 

concrete (SCC). This type of concrete is more uniform than regular concrete due 

to a reduced coarse aggregate content and an increased amount of cementing 

material. SCC also has a higher flow ability and workability than regular concrete. 

These characteristics, along with others, lead to the SCC’s ability to move 

through forms and reinforcement and consolidate without external aid. However, 

even with all these characteristics, SCC still has the potential for flaws, such as 

voids, albeit less potential than regular concrete. 

 Voids were discovered in one HCB throughout this project. They were 

discovered in the first HCB poured for the second MoDOT bridge, B0410. These 

voids were suspected during the pour and were discovered on site with a ruler 

placed in the pour hole along with a thermal camera the following day. The voids 

were determined to be caused by a decrease in the SCC’s flow ability. A better 

term for this would be segregation resistance. Segregation resistance is the 

concrete’s ability to stay uniform while it is transported and placed. This will be 

discussed later in the Discussion of Results, but the SCC was not kept in 

constant motion when brought to the pump truck. Therefore, the concrete would 

be unable to stay uniform throughout, and the SCC would begin to settle and 

even segregate. In addition, if the SCC has a poor segregation resistance, the 

water absorption would then be affected, which in turn can affect the flow ability 

of the concrete through the form [29]. 
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Another cause for voids in SCC would be drying shrinkage in the concrete. 

When concrete hardens and dries during its early stages, microcracks can form. 

These cracks give access to harmful elements, which in turn affect the concrete’s 

durability. Due to the reduced amount of coarse aggregates in SCC as well as 

the increase in cementing material, a higher amount of dry shrinkage can occur 

in SCC than regular concrete. However, since there is a less amount of free 

water available in SCC, dry shrinkage would be decreased in SCC compared to 

regular concrete. Therefore, SCC does not succumb to dry shrinkage anymore 

than regular concrete [29]. 

One more cause for voids in SCC would be an improper concrete mix. 

This could be due to either an inaccurate concrete mix or improper admixtures 

added to the mix. During this project the admixtures were added to the mix on 

site, while the concrete mixes were created at the concrete plant. During the 

three pours, when the concrete trucks arrived on site, the concrete had to 

undergo multiple tests to make sure it was correctly mixed, as stated earlier in 

the SCC section. If the SCC was incorrect and failed the requirements of the on-

site tests, admixtures were added into the mix. These admixtures would make 

the slump of the concrete higher or lower, allowing the concrete to flow more 

freely or restrict its flow. If the incorrect admixture is added, or the incorrect 

amount of admixture is added, or if the addition of the admixtures takes too long, 

the SCC could be affected in ways that could create flaws or voids in the arch. 

In regular concrete, another cause for voids is the freeze-thaw effect. 

When this happens, concrete is placed in an environment where it freezes and 
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thaws over time. In other words, moisture, usually present in the concrete pores 

from the time of pouring along with additional moisture over time, freezes and 

expands. This in turn causes the concrete to crack and spall, causing section 

loss in the concrete. However, SCC has a natural resistance to the freeze-thaw 

effect due to lower porosity. This results in lower hydraulic pressure as well as 

improved strength to withstand greater pressure [29]. 

 One more cause for voids in regular concrete comes from the effect of 

corrosion on steel bars. If regular concrete has high porosity, it allows ions, like 

chloride ions, into the concrete. These ions then attack the oxide layer that the 

cement forms around the steel. Once the oxide layer is deteriorated, the steel 

bars begin the corrosion process. Once steel bars corrode, they can expand in 

size and volume. This would then cause cracking and spalling in the concrete, 

which eventually leads to section loss in the concrete and the beam. However, 

with SCC’s reduced porosity, the SCC becomes resistant to the penetration of 

corrosive elements. Due to this characteristic, corrosion may not prove to be a 

cause for concern in these HCBs [29]. Even though HCBs and SCC can prevent 

the freeze-thaw effect and corrosion, these types of voids in the concrete could 

still occur in the HCB given the right conditions.  

 

4.2 CRACKS IN SHELL LAMINATES 

One potential damage mode for the hybrid composite beams is cracking, 

or breaking of the fibers, in the HCB shell. Out in the field, and in everyday use, 

this can normally be caused by the loading of the beam, either through buckling 
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of the compressive flange, separation of the flange and web, or local flange 

buckling [11]. This could possibly be seen in this project through the testing 

results performed about a year after the pour and placement of the beams.  

However, the majority of the testing for this project took place during and 

immediately after the concrete pour, and before placement of the beams. 

Therefore, there was not enough time in the majority of the results for loading to 

potentially cause damage in the HCB shell. As a result, other potential damage 

modes in the shell were accounted for in this project.  

 One potential damage mode is the effect of ultraviolet radiation on the 

shell of the hybrid composite beam. Usually this begins as just visual cosmetic 

damage in the surface resin of the shell. Therefore the structural properties of the 

FRP shell do not initially degrade. These cosmetic damages include surface 

color changes, loss of pigment, and loss of the surface luster of the laminate. 

Even though these damages are only visual cosmetic degradations in the surface 

resin, they can add up to induce more damage in the shell [18]. 

 These degradations can eventually add up to decrease the ultimate strain 

in the resin as well as decrease the specific toughness of the resin’s surface 

layer. These decreases in the surface resin of the shell causes the modulus of 

elasticity of the surface to increase. However, it also increases the possibilities of 

crack propagation in the HCB shell, which in turn can lead to corrosion, decrease 

in strength, and possibly even beam failure [18]. 

 Ultraviolet radiation damage to the shell of the HCB can be prevented 

through different additives in the resin formulas. Another method would be the 
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application of a gel coat to the surface of the beam’s shell. This gel coat is a thick 

resin layer on the exterior surface of the laminate which can be applied through 

spraying or rolling after the manufacturing of the beam. This gel coat is an 

additional resin, of a different type to that of the surface resin, which protects the 

surface from ultraviolet radiation. It also improves fire protection of the beam as 

well as providing an additional barrier against moisture [18]. 

 Other possible potential damage modes were stated in the HCB Design 

and Maintenance Manual for Bridge No. B0439 and are listed below with a short 

description of each [18]: 

 Blistering: Identified as bumps in the surface, usually caused by a porous 

surface. So far, this has not been seen on an HCB laminate. However, it 

could occur on an HCB with a poor gel coat application. 

 Voids: So far, voids have not been encountered due to the fact that the 

FRP laminates in the shell are too thin, which decreases the chance of 

voids occurring. 

 Delaminations: These have occurred in the lab testing of the HCBs; 

however, only during load testing that exceeds the factored demands. The 

results of these tests usually are the debonding of the web laminate from 

the interior polyiso foam core. However, since the loading exceeds 

factored demands, these delaminations have not been observed in the 

field. 
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 Presence of Moisture: The laminates applied to the HCB shell are subject 

to moisture absorption. This can lead to crack growth, corrosion, as well 

as inaccurate NDE testing results. 

 Abrasion or Tearing: This is not expected under normal conditions. 

However this type of damage may occur due to high water or vehicles 

impacts below the bridge, which could result in section loss. 

 Creep, Flow, or Rupture: These damage modes are of little concern due to 

the stiffness of the concrete and steel reinforcement, which creates low 

stresses and loads on the FRP laminates. 

Other physical damage modes can occur during a fault in the beam 

fabrication, the concrete pour, or the beam placement. Some of the modes are 

stated above, while other physical modes might include dents in the shell as well 

as scratches to the FRP laminate. 

 

4.3 STEEL CORROSION 

 The steel used in the hybrid composite beams (HCBs) vary in size and 

strength throughout the three bridges. The beam spans of the three different 

bridges range from 50 ft., to 60 ft. to 106 ft. However, in all of the three bridges, 

the steel used is prestressed steel [19]. This section will cover the process of 

steel corrosion, one of the possible damage modes in hybrid composite beams. 

Corrosion, as stated in ASTM NACE/ASTMG193-12d, is “the deterioration of a 

material, usually a metal that results from a chemical or electrochemical reaction 



50 
 

with its environment” [26]. Steel will corrode in concrete when oxygen, moisture, 

and low pH ions are present in the environment.  

 Steel has a natural tendency to corrode and revert back to its natural iron 

ore state. The concrete around the steel will create a natural passive layer over 

the steel which protects the steel from corrosion by reducing the corrosion rate. 

However, if the passive layer is broken, like through the attack of chloride or low 

pH ions, the oxygen, or O2, will begin to react with the steel and begin the 

corrosion process. The moisture then acts as an aqueous solution that carries 

the ions between the anode, where electrons are released, and the cathode, 

where electrons are consumed. However, at the time that the majority of the 

nondestructive testing was taking place during the pours and placements, the 

potential for steel corrosion was very low and likely nonexistent. Due to the 

higher initial pH of the concrete during the pour, the passive film is immediately 

created around the steel protecting it from early corrosion [13]. 

 Corrosion for steel reinforcement is dangerous for different reasons. One 

example would be when internal steel begins to rust. When steel corrodes and 

rusts, the result is iron oxide. This iron oxide increases the volume of the steel 

anywhere from four to six times that of the original size of the steel 

reinforcement. This expansion of volume creates stresses on the surrounding 

concrete that were not present before and were probably not accounted for in the 

concrete calculations. As a result, cracking begins in the concrete, which will then 

result in spalling and section loss of the concrete and ultimately failure of the 

beam [13]. 
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 Another example would be pitting corrosion in steel, producing pits in the 

reinforcement. These pits, or holes, appear on the surface of the steel. These 

pits result in a loss of the section area of the steel, which in turn reduces the 

strength capacity of the steel. This could result in tension failure of the beam [10]. 

 These two examples of corrosion, along with any others, are due to the 

breakdown of the passive film surrounding the concrete, as stated above. The 

breakdown of the passive film can be due to simple actions. These actions can 

include the continuous use of deicing salts, increased concentration of carbon 

dioxide due to industrial environments, as well as cracking due to repeated 

mechanical loading. These are just a few actions that can lead to corrosive 

elements penetrating the concrete and breaking down the passive layer over the 

steel, leading to corrosion [32]. 

 

5. PROCEDURES 

 

5.1 HCB POUR FOR FIRST BRIDGE, B0439 

The pour for the first set of hybrid composite beams for bridge B0439 took 

place over a week in August 2011. The pour site was in Mountain Grove, MO, 

located about one mile from the concrete plant. The procedure covered multiple 

steps. First, since HCBs are a fairly new procedure and technology for bridge 

construction in Missouri, a mock pour was scheduled the week before to practice 

the pour procedure. A wooden box served as the HCB shell, with one wall 
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consisting of see-through fiberglass in order to see if the procedure would allow 

the concrete to fill the entire arch. The mockup was equal to one half of the 

length of the actual HCB, since the concept was to have concrete pushing itself 

down from the middle of the arch until the end block and entire arch were both 

filled completely. The same foam that was used in the HCBs was used in the 

mock up as well. The procedure proved to be successful in the mockup, with the 

arch and end block completely filled. Some of the self consolidating concrete 

(SCC) did seep through the foam, but the arch remained intact without any voids 

visible through the fiberglass wall.  

 

Figure 13, A & B: Pictures of Mock Up 

 

During the week of the pours, only one concrete truck was used to deliver 

the self consolidating concrete to the pour site. Due to this, it took an average of 

45 minutes from the end of one beam pour to the beginning of the next. In 

addition, before the SCC was poured, it had to undergo the Slump and J-Ring 

tests on site to test the self compactibility and viscosity of the concrete. More 

information on these two tests is discussed in the Self-Consolidating Concrete 

section of this report. If the concrete did not pass either of these standardize 

A B 
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tests, the workers had to adjust the admixtures and other chemicals in the 

concrete batches to improve the workability on site. If this did not work, the 

concrete had to be altered at the concrete plant. 

Once the concrete mix for the SCC was deemed acceptable on site, the 

SCC was then poured into the HCBs’ arches. During the week, the beams were 

placed together in pairs at the pour site, with enough space left in between the 

pairs to park a truck. Instead of using a pump truck, the self consolidating 

concrete was poured into the beams directly from the concrete truck, as shown in 

Figure 10. For the pour, a funnel was used to aid in the pour from the truck into 

the HCBs’ concrete arch. During the majority of the pours, workers had to throw 

out chunks of concrete that had begun to consolidate in the truck.  

 

Figure 14: Pour Procedure for HCBs in Bridge B0439 

 

For the actual procedure, the concrete would first be poured into one end 

hole until the end block was filled. The workers would then switch to the other 

end to fill in the opposite end block. The same procedure was used for the 
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quarter holes, filling one then switching to the other, until finally concrete was 

poured into the center pour hole. This procedure would allow the concrete to 

keep pushing itself down until the arch was completely filled. This would become 

apparent on site due to concrete pushing up through the pour holes as well as 

through the shear connectors. To aid in the consolidation and flow of concrete 

through the arch, workers on site tried to use vibration on the concrete. To do 

this, workers would ‘vibrate’ the shear connectors sticking out of the top of the 

HCB, since these went down into the concrete arch. Workers would either hit the 

connectors with a hammer or shake them back and forth with their hands. This 

can be seen in the following figures. 

 

Figure 15, A & B: Pictures showing concrete rising through shear connectors and workers vibrating 
connectors to consolidate SCC 

 
 

5.2 HCB POUR FOR SECOND BRIDGE, B0410 

 The pour for the second set of HCBs for bridge B0410 took place over two 

weeks in May 2012. Bridge B0410 consists of three double web HCBs that span 

B A 
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120 ft. The pour site was at a precast plant in Chesapeake, Virginia operated by 

Concrete Precast Systems. This was in part due to the HCBs themselves. 

Concrete Precast Systems had experience working with self consolidating 

concrete. So, it was believed this pour would be handled quicker and more 

efficiently than B0439. Also, as stated earlier, a hybrid composite beam weighs 

significantly less than a conventional precast concrete girder. Therefore, 

transportation costs would be easier to handle. 

 The pour procedure for these double web HCBs generally followed the 

same concept as that of the first bridge. However, there were some minor 

differences. For this bridge, the concrete was poured into the arches using a 

pump truck that was placed off to one side of the beams. Different consolidating 

techniques were also used for the SCC in this bridge. For the second bridge, a 

concrete vibrator was used to aid in concrete consolidation instead of vibrating 

the shear connectors. The vibrators were placed into the pour holes, along the 

top crevice where the shear connectors come out of the beam, and through 

some shear connector openings. These procedures can be seen in the figure 

below. 

 

Figure 16: Vibrators and Pump Trucks were used for B0410 pour procedure 
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 Also, since it was a double web beam, concrete could not be filled in one 

arch, or web, without counterbalancing it in the other. So the pour would start at 

one end block, and once filled, the workers would move to the opposite end block 

on the other web and fill that end block. This simple procedure was to prevent the 

HCB from tipping over due to the weight of the concrete. The remaining end 

blocks were then filled. From there, the workers followed the same procedure, 

going from one quarter hole to the opposite web and opposite end quarter hole. 

When finished with the four quarter holes, the workers finished the pour with the 

two middle pour holes. 

 The pour for the second bridge covered two weeks. One double web HCB 

was poured during the first week, while the remaining two were poured the 

second week. The weather in Virginia prevented all three double web beams to 

be poured at the same time, with rain in the forecast the last few days of the first 

week. 

 During the pour of the first double web beam, it became apparent to 

workers and on-site quality control (QC) personnel that something had gone 

wrong with the concrete pour into the arch. Workers realized that the concrete 

was not rising as it should to the top of the arches inside the two webs. QC 

personnel then ran a simple test by sticking a ruler down through the shear 

connectors and pour holes to see if there were any voids in the concrete. A void 

map was then constructed from the information gathered. Seen below, this void 

map matched almost perfectly with the thermal pictures that were taken 24 hours 

after the pour for both webs of the beam. Voids were present in both arches and 
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both ends of the beam. Additional concrete was later poured into the arches 

through the shear connectors and even additional pour holes drilled into the 

beam to fill the voids a week later. 

A  

B  

Figure 17, A & B: Thermal pictures and void maps of SCC voids in both webs of first double web 
HCB poured for B0410 

 
 

The voids were later determined to be due to decreased flow ability in the 

concrete at the time of the pour. This could have happened for a couple of 

reasons. First, it was noticed that the SCC had begun to set in the pump truck 

before being placed. The concrete was mixed on site at Concrete Precast 

Systems and then transported from the mixing area to the HCBs, which were on 
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site as well. However, the concrete was moved from the mixing area to the HCBs 

in a skip. Therefore the concrete was not kept in constant motion like it would be 

if it was kept in a concrete truck. As a result, there is a chance the concrete 

began to consolidate in the time it took to transport it from the mixing area to the 

time it was poured. The concrete could have begun to consolidate in the skip or 

even while sitting in the pump truck waiting to be poured into the arch. Another 

possibility could be that the concrete mix of admixtures, aggregates, and other 

chemicals was incorrect at the time, which also could have affected the flow 

ability of the SCC. This however, would seem unlikely due to the fact that the 

SCC would have been tested before the pour. The concrete was put under the 

same standardized tests as that of the first set of HCBs in bridge B0439, the J-

Ring test and the Spread test. 

 

5.3 HCB POUR FOR THIRD BRIDGE, B0478 

The pour for the set of Hybrid Composite Beams (HCB) for bridge B0478 

took place over two days in August 2012. The pour site was the location of the 

bridge in Black, Reynolds County, MO. The pour procedure for the HCBs in this 

bridge though had similarities to both of the previous two bridges.  

 However, one difference still remained. For this bridge, the HCBs were 

delivered to the bridge site and placed on the abutments before the pour. 

Therefore, a pump truck was required to pour the concrete into the arches since 

the bridge was already erected. However, since the HCBs were single web 

beams, the pour procedure follows that of the first bridge, B0439, more closely. 
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This time though, multiple concrete trucks were used to transport the SCC out to 

the bridge site in order to keep the concrete pumping continuously. 

As in the other two bridges, the Slump test and J-Ring tests were used to 

check the work ability of the SCC. Once the concrete mixes passed these on site 

tests, the concrete was then placed in the HCBs’ arches with the pump truck, as 

can be seen in the following figures.  

 

Figure 18, A & B: SCC pour of HCBs for Bridge B0478 

 
 

It should be noted that when pouring began on the first day, it was a goal 

that all 12 beams were to be poured in the same day. However, pouring for the 

first couple of beams did not go as smoothly as planned with the admixtures in 

the self-consolidating concrete. The remaining beams were poured the following 

morning. 

 

5.4 CAMERA PROCEDURE AND PLACEMENT 

 Throughout this project, thousands of thermal pictures were taken of the 

three bridges. When taking these thermal pictures, certain procedures needed to 

A B 
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be followed in order to achieve the most accurate results possible. As stated 

above, certain environmental characteristics need to be observed as well. 

 For the best results, the camera first needs to be focused properly. If the 

screen is not focused properly, the picture produced will be blurry and the 

temperatures of the material will not be accurate. If the temperatures are not 

accurate, the temperature contrasts between the material and surrounding 

environment will be incorrect, making it difficult to detect any flaws or defects in 

the material. It is not necessary, but the camera can be placed on a tripod to 

steady the picture as well. 

 When taking the thermal pictures, where the camera stands is also 

important to the quality of the picture. For these tests, the camera was placed in 

two different locations relative to the HCBs during the testing. One location was 

located next to the beam. The camera would face down the length of the beam in 

order to take a profile picture of the HCB, or, in other words, a picture of the 

length of the concrete arch. An example of these pictures, along with a diagram 

of the camera’s placement, can be seen in Figures 15 A & B. This location next 

to the beam was used on Bridges B0410 and B0478 because of the placement of 

the beams. In Bridge B0410, the pictures were taken at the pour site. The HCBs 

were placed very close together in order to make it easier on the pump truck 

during the pouring. Due to this location, the profile pictures needed to be taken 

as there was no room for a detail picture of the entire height of the beams. This 

was also true for Bridge B0478. For this bridge, since the beams were placed on 
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the abutments before the concrete was poured, the beams were too close to 

each other to achieve a full height detail picture on the interior beams. 

B  

Figure 19, A & B: IR picture of HCB length in B0478 and diagram of corresponding camera location 

 

The other camera location was directly perpendicular, or normal, to the 

surface of the beam. This location resulted in better thermal results than the 

profile location described above. The camera was placed facing perpendicular to 

one face of the HCB about 10 to 15 feet away from the beam. This placement 

produced a full detail picture of the full height of the beam. Therefore the results 

from editing the thermal picture proved more accurate. An example of a thermal 

picture for this camera placement, along with a diagram of the camera’s 

placement, can be seen below in Figures 16 A & B. This type of camera location 

was used for thermal testing on all three bridges. However, it was used for every 

single picture in the first bridge, B0439, and only when room was available in the 

other two bridges. 

A 
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B  

Figure 20, A & B: Thermal picture perpendicular to HCB with diagram of corresponding camera 
location 

 

 

6. RESULTS 

 

6.1 UNKNOWN ANOMALIES  

When comparing each of the hybrid composite beams from all three 

bridges, it should be noted that there was one common anomaly in nearly all of 

the beams. When conducting thermal tests, which results are shown below, 

areas of concrete that appeared to have a greater or lesser temperature than the 

surrounding concrete appeared in the thermal images. 

 Depending on the time of the thermal tests, these areas would either be 

warmer or cooler than the rest of the concrete. Generally, when conducting 

thermal tests 24 to 48 hours after the concrete pour, during the earlier morning 

hours, the areas appeared warmer than the surrounding concrete. This is shown 

A 
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in the results of all three bridges. As for later tests in Bridge B0439, either one or 

two years later, the temperature of the anomalies depended on the time of the 

test conducted. The tests conducted early in the morning, right before and during 

the sunrise, when the temperature of the HCB shell would be at its lowest, show 

the temperatures of the anomalies to be greater than the surrounding concrete. 

However, since these later tests were conducted when the beams were in place 

at the bridge site, the beams were located underneath the bridge deck and not 

open to direct sunlight. Therefore, the temperature contrast between the 

anomalies and the surrounding concrete were not as great one or two years later 

as they were immediately after the pour. On the other hand, when thermal tests 

were conducted throughout the day and in to the early night, the HCB shell 

began to warm and stay warm into the night before it began to cool. With the 

warmer temperature from the day, the temperature of the anomalies would now 

appear to have a cooler temperature than the rest of the concrete. 

 These anomalies can be due to different characteristics of the HCB and 

the concrete pour process. One characteristic, or reason, could be due to an 

inaccurate amount of admixtures in the self-consolidating concrete mix. This 

could lead to the concrete not consolidating correctly, a longer heat of hydration 

in the concrete, or possibly even more changes in the concrete. Any of these 

could have an effect on the concrete which could then affect the thermal tests. 

  Another, possibly more viable, reason could be due to the manufacture of 

the hybrid composite beams themselves. This reason can be shown in the 

following thermal images. These images show different beams in different 
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bridges with test results at different times. However, the anomalies seem to 

appear in generally the same areas of the concrete arches. They appear more 

often around the ends of the arches on either end of the beams. Yet, they did not 

appear in the middle of the arches or in the end blocks at the very end of the 

beams. Therefore, since the anomalies appear in generally the same area in 

every single HCB, it is safe to assume that these anomalies could be due to 

some sort of aspect in the manufacturing of the beams. However, the only 

constant in the arches of the design drawings of the HCBs, seen in the Appendix, 

are the shear connectors, which rise from the concrete through the top of the 

shell, the general shape of the arch and end block, and the concrete chimney, 

which is the channel the concrete is poured into to flow into the arch. These 

could still contribute to the anomalies that appear in the infrared pictures in 

different ways. For example, since every HCB has similar spacing of its own 

shear connectors, one way could be how the concrete flows through the chimney 

and shear connectors and then consolidates around the shear connectors in the 

arch.  
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Figure 21, A, B, C, & D: Thermal pictures of different HCBs in B0439 showing similarities among 
themselves and HCBs from the other two bridges 

 

 

Figure 22, A, B, C, & D: Thermal pictures of different HCBs in B0410 showing similarities among 
themselves and HCBs from the other two bridges 

C 

A 

D 

B 

D 

B 
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Figure 23, A, B, & C: Thermal pictures of different HCBs in B0478 showing similarities among 
themselves and HCBs from the other two bridges 

 

 One other possible reason could be due to a void or damage in the polyiso 

foam core and lining in each HCB. Damage to the foam was not stated earlier as 

a potential damage to the HCB because the foam does not account for any 

substantial amount of the loading applied to the HCB. The foam core masks all of 

the NDE techniques, even the thermal properties of the concrete from the 

cameras to some extent. If a void or damage is present in the foam lining of the 

HCB, the thermal properties of the concrete would no longer be hindered and 

therefore the emissivity and, in turn, the measured temperature of the concrete, 

would be greater. A damage to foam lining can occur during manufacturing or 

transportation of the HCB. A void, or breakage, can also occur when the foam is 

placed inside the HCB during manufacturing. These breaks in the foam are better 

C 

A B 
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seen at night and after a length of time after the pour. Therefore, the best thermal 

results to see these breakages come from Bridge B0439, one and two years after 

the beams are placed at the bridge site. An example of this breakage can be 

seen in the following figures. Possible breaks or voids in the foam would allow 

the SCC to flow out of the arch, as seen above in the pictures of the mockup 

pour during B0439 pour procedure. 

 

Figure 24: Thermal picture from B0439 HCB, taken one year after pour depicting possible breaks in 

the foam lining 

 

 

Figure 25: Thermal picture from B0439 HCB, taken two years after pour depicting possible breaks in 
the foam lining 
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6.2 BRIDGE B0439 

B0439 received more thermal tests than the rest of the bridges in this 

project. Pictures were taken with the S65 thermal camera from FLIR immediately 

after the pour, ranging in times from 12 to 48 hours, normally right before and 

during the sunrise. Pictures were also taken a year later at the bridge site after 

the sunset with the T620 thermal camera. Additional infrared images were also 

taken more than two years after the pour, over a period of 24 hours, with the 

T620 camera. Therefore, the majority of the testing conducted throughout this 

project was performed when the temperature contrast between the HCB shell 

and concrete arch was at its greatest. Through correct use of the thermal camera 

and correct timing of the testing, accurate data results were obtained. 

As for the results of the data, examples of a handful of beams from the 

three different testing periods are displayed below. The data shows the hot spots 

that appear in all of the testing periods generally cool over time and even now 

are closer in temperature to the rest of the concrete, creating a nearly 

homogenous temperature throughout the concrete arch. The data will also show 

that the temperature of the concrete changes throughout the day depending on 

the weather and where it is placed. For example, the temperature of the HCB 

shell and the concrete arch were greater when the beams were placed outside at 

the pour site and exposed to direct sunlight. However after the beams were 

placed, they were shielded from direct sunlight by the bridge deck. Therefore, the 

only way for the HCBs to increase in temperature would be through the 
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surrounding environment’s temperature and through absorption of the bridge 

deck’s temperature as well, unless it was an exterior beam exposed to sunlight. 

It should also be noted the temperature of the concrete and HCB shell 

changed just in a span of 24 hours. As shown in Tables 1- 4 below, temperature 

changes shown in two different beams decrease almost on average 10°F in a 

span of 24 hours when the beams are placed outside and exposed to sunlight 

and the environments. This is can be due to the effect of the heat of hydration of 

the concrete. When cement is mixed with water, the heat given off is the heat of 

hydration. This heat raises the temperature of the concrete, which in turn raises 

the temperature of the foam then the FRP shell. However, over time, once the 

concrete has formed, the heat of hydration begins to diminish. This would cause 

the temperature decrease in the 24 hour period that is shown below in the tables 

and graphs.  
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Table 1: Temperature comparisons of Hot Spots, Concrete, and HCB Shell in Beam 7 of Bridge 
B0439, 12 hours after concrete poured, corresponding to Graph 1 

Picture Time #Hot 
Spots 

Hottest 
Spot 
(°F) 

Coolest 
Hot 
Spot 
(°F) 

Regular 
Concrete 
Temp. 
(°F) 

Difference 
of Hot Spot 
Temps.(°F) 

Average 
Temp of 
HCB shell 
(°F) 

327 6:43 AM 0 0.0 0.0 95.7   

328 6:44 AM 3 86 81.6 77.4 4.2 70.6 

329 6:45 AM 2 82.1 78.4 76.7 1.7 70.5 

330 6:47 AM 3 79.7 78.2 76.7 1.5 70.7 

331 6:47 AM 4 78.3 77.9 76.4 1.5 70.4 

332 6:48 AM 1 79.2 0.0 76.2  70.3 

333 6:48 AM 4 86.9 78.7 75.5 3.2 70.3 

334 6:49 AM 2 77.5 77.1 74.3 2.8 70.2 

335 6:49 AM 0 0.0 0.0 73.3  70.1 

336 6:49 AM 3 78.8 76.5 73.6 3.0 70.2 

337 6:49 AM 3 85 80.2 76.6 3.6 70.4 

338 6:50 AM 4 90.2 80.9 77.5 3.4 70.4 

339 6:50 AM 3 90.6 82.1 76.7 5.4 70.4 

340 6:50 AM 2 83.4 79.3 76.9 2.4 70.6 

341 6:51 AM 2 81.7 80.0 77.2 2.8 71 

342 6:51 AM 2 82.8 81.6 77.2 4.4 71 

343 6:51 AM 2 83.5 81.9 77.9 4.0 71 

344 6:52 AM 2 84.1 79.3 77.3 2.0 71.1 

345 6:52 AM 0 0.0 0.0 94.2   
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Graph 1: Temperature comparison of Hot Spots, Concrete, and HCB Shell in Beam 7 of Bridge 
B0439, 12 hours after concrete was poured, to compare with Graph 2 
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Table 2: Temperature comparison of Hot Spots, Concrete, and HCB shell in Beam 7 of Bridge B0439, 
36 hours after concrete poured, corresponding to Graph 2 

Picture Time #Hot 
Spots 

Hottest 
Spot 
(°F) 

Coolest 
Hot Spot 
(°F) 

Regular 
Concrete 
Temp. 
(°F) 

Difference 
of Hot 
Spot 
Temps. 
(°F) 

Average 
Temp of 
HCB 
shell 
(°F) 

467 6:27 AM 0 0.0 0.0 82.3   

468 6:27 AM 2 83.1 73.1 69.4 3.7 63.4 

469 6:27 AM 3 77.8 72.8 70.1 2.7 62.4 

470 6:28 AM 4 73.1 70.9 69.4 1.5 62.75 

471 6:28 AM 4 71.2 70 68.4 1.6 62.3 

472 6:28 AM 4 76.9 70.4 67.9 2.5 62.3 

473 6:28 AM 2 76.1 68.8 65.5 3.3 62.2 

474 6:29 AM 0 0.0 0.0 63.8  62.2 

475 6:29 AM 2 69.5 67.7 64 3.7 62.2 

476 6:29 AM 2 76 72.8 68.1 4.7 62.5 

477 6:30 AM 4 81.6 73.8 69.4 4.4 62.6 

478 6:30 AM 3 82.1 75.6 69.3 6.3 62.6 

479 6:30 AM 2 75.4 73.5 70.2 3.3 62.9 

480 6:31 AM 2 76.3 75.4 70.7 4.7 63.35 

481 6:31 AM 3 77.5 73.6 70.8 2.8 63.2 

482 6:31 AM 3 78.3 73 69.4 3.6 63.4 

483 6:31 AM 0 0.0 0.0 81.2   
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Graph 2: Temperature comparison of Hot Spots, Concrete, and HCB Shell in Beam 7 of Bridge 
B0439, 36 hours after concrete poured, to compare with Graph 1 
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Table 3: Temperature comparison of Hot Spots, Concrete, and HCB Shell in Beam 1 of Bridge B0439, 
24 hours after concrete poured, corresponding to Graph 3 

Picture Time #Hot 
Spots 

Hottest 
Spot 
(°F) 

Coolest 
Hot 
Spot 
(°F) 

Regular 
Concrete 
Temp. 
(°F) 

Difference 
of Hot 
Spot 
Temps. 
(°F) 

Average 
Temp of 
HCB 
shell 
(°F) 

218 5:56 AM 0 0 0 96.6   

219 5:57 AM 3 84 80.5 77.6 3 72.4 

220 5:58 AM 3 83.9 83.7 79.4 4.3 73 

221 5:58 AM 3 83.9 81.5 79.1 2.4 72.2 

222 5:59 AM 3 85.1 81 79 2 72.2 

223 5:59 AM 2 89 81 79.1 1.9 72.5 

224 5:59 AM 2 86.1 80.4 78 2.4 71.6 

225 6:00 AM 1 80.4 0 76  71.6 

226 6:00 AM 0 0 0 75.4  72 

227 6:00 AM 1 79.4 0 74.6  70.6 

228 6:01 AM 4 83.4 79.2 76.9 2.3 70.9 

229 6:01AM 1 83.5 0 78.4  71.3 

230 6:02 AM 2 84.6 80.4 78.7 1.7 71.4 

231 6:03 AM 3 84.8 80 78.3 1.7 70.7 

232 6:03 AM 5 86 80.8 78.9 1.9 71.1 

233 6:04 AM 5 86.1 81 79.2 1.8 71.8 

234 6:04 AM 4 85.5 81.5 79.6 1.9 72.1 

235 6:05 AM 7 85 79.5 77.8 1.7 71.5 

236 6:05 AM 0 0 0 94.3   
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Graph 3: Temperature comparison of Hot Spots, Concrete, and HCB Shell in Beam 1 of Bridge 
B0439, 24 hours after concrete poured, to compare with Graph 4 
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Table 4: Temperature comparison of Hot Spots, Concrete, and HCB Shell in Beam 1 of Bridge B0439, 
48 hours after concrete poured, corresponding to Graph 4 

Picture Time #Hot 
Spots 

Hottest 
Spot 
(°F) 

Coolest 
Hot 
Spot 
(°F) 

Regular 
Concrete 
Temp. 
(°F) 

Difference 
of Hot 
Spot 
Temps. 
(°F) 

Average 
Temp of 
HCB 
shell 
(°F) 

366 5:49 AM 0 0 0 79.9   

367 5:50 AM 2 76.4 75.8 66.8 7 64.5 

368 5:50 AM 3 77.8 76.4 72.5 3.9 66.1 

369 5:51 AM 3 77.3 76.5 72.9 3.6 66.5 

370 5:51 AM 3 77.4 73.8 72.3 1.5 66.5 

371 5:51 AM 2 78.2 75.5 71.7 3.8 66.9 

372 5:52 AM 2 75.6 69.5 67 2.5 63.7 

373 5:52 AM 0 0 0 65.3  64 

374 5:52 AM 1 68.3 0 65.1  64.1 

375 5:53 AM 1 72.3 0 67  64 

376 5:53 AM 2 72.6 71.8 69.2 2.6 64.3 

377 5:53 AM 3 75.6 71.8 70 1.8 64.4 

378 5:54 AM 3 76.3 71.6 70.1 1.5 63.8 

379 5:54 AM 3 76.8 76.3 71.1 5.2 64.45 

380 5:55 AM 2 76.4 75.6 68.6 7 63.8 

381 5:55 AM 0 0 0 77.8   
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Graph 4: Temperature comparison of Hot Spots, Concrete, and HCB Shell in Beam 1 of Bridge 
B0439, 48 hours after concrete poured, to compare with Graph 3 
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after the pour, the following graphs will also compare the temperatures of the 

concrete and HCB shell from a single HCB 24 hours after the pour, shown in 

Graph 5, and 2 years after the beams were placed on the bridge site, shown in 

Graph 6. Graph 5 shows the data from the entire length of the beam while Graph 

6 shows only the end of the beam closest to the bridge abutment. These graphs, 

more so Graph 6, show that depending on the surrounding environment, after the 

decline in temperature from the concrete’s heat of hydration, the concrete 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

T
e

m
p

e
ra

tu
re

 (
F

) 

# of Pictures (1 & 16 = end blocks; 7, 8, 9, & 10 = middle of arch) 

Temperature Comparisons along 
Length of HCB, 48 hours 

Average 
Concrete 
Temp 

Coolest 
Hot Spot 
Temp 

Hottest 
Hot Spot 
Temp 

HCB Shell 
Temp 



78 
 

temperature does not change except for the variance throughout the day due to 

the surrounding environmental temperature. 

Following that, Graph 7 also shows the thermal effect of a concrete spot 

throughout 24 hours in the HCB 2 years after the pour was completed. This 

graph will also show that overall the spot is cooler than the rest of the concrete. 

However, there were times in the early morning when the temperature of the spot 

was greater than the surrounding concrete. Referring to Figures 4 and 5 from the 

Thermography section and Graph 7 below, this proves that this concrete spot is 

most likely not a void in the concrete. This is due to the temperature of the 

anomaly not contradicting the temperature of the concrete arch. In other words, if 

the arch is cooling, the anomaly is cooling faster than the rest of the arch. If it 

were a void, the anomaly would have a greater temperature display than the rest 

of the concrete. However, this anomaly is also larger than the others and seems 

to have not consolidated to the surrounding temperature as well as the other 

anomaly spots. In addition to the graphs, Figures 26 and 27 below show the 

anomaly did appear in the thermal testing immediately after the pour as well. 

Other dark spots, smaller in comparison to the spot measured in Graph 7, 

were detected. An example of these spots is shown below in Figure 28. They are 

located at the top of the concrete, are relatively thin, and spread along the length 

of the arch. Therefore, it is theorized that these spots were formed due to 

leakage of the SCC through a break in the foam, or after the concrete 

consolidated. If the anomaly was caused due to the latter, the concrete’s heat of 

hydration would have passed and the concrete would have settled. The concrete 
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then shrank and broke away from the arch lining, creating the thin void along the 

top of the arch at varied locations along the length. It is believed that if this was 

the case, these anomalies are not significant voids due to their size and location 

in the arch, so the strength and the overall integrity of the arch would not be 

affected due to these spots. 

 

 

Graph 5: Temperature comparison of Hot Spots, Concrete, and HCB Shell in Beam 15 of Bridge 
B0439, 24 hours after concrete poured, to compare with Graphs 6  
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Graph 6: Temperature comparison of Concrete Arch and HCB Shell temperatures over 24 hours, 2 
years after concrete poured, to compare with Graphs 5  

 

Graph 7: Temperature mapping of possible void in Beam 15 of Bridge B0439 over 24 hours, 2 years 
after concrete pour  
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Figure 26: Thermal picture depicting possible void measured in Graph 7, shown 24 hours after 
concrete pour 

 

Figure 27: Thermal picture depicting possible void measured in Graph 7, shown at 7pm, two years 
after beam was poured and placed 
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Figure 28: Thermal picture of smaller gaps possibly caused by concrete consolidation 

 

 

6.3 BRIDGE B0410 

 Bridge B0410, was the bridge that possibly had the most trouble. As 

stated in the pour procedure, this bridge consisted of three double web hybrid 

composite beams. Pictures were taken at times of 24 and 48 hours after the pour 

in the case of all three beams with the S65 thermal camera. However, in the case 

of the first double web HCB, poured one week prior to the other two, problems 

occurred with the concrete pour, as stated above, as well as the S65 thermal 

camera used for the testing.  

When taking thermal pictures of the first HCB, the S65 thermal camera 

would not focus correctly. This was due both to camera malfunction and the 
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surrounding environmental weather. During testing, the weather in Virginia had 

rain showers throughout the week. So, testing had to work around not only rain 

throughout the pour site, but also extra humidity in the air. The added moisture in 

the environment settled on the surface of the HCB to mask the emissivity, as well 

as fogged up the lens of the thermal camera. Therefore the camera produced 

blurry, out of focus infrared pictures. This was a problem for numerous reasons: 

 The more out of focus the camera is, the more incorrect the 

displayed temperatures are in the infrared image. 

 Voids or other delaminations in the concrete are not accurately 

detected. 

 With the image out of focus, it is difficult to tell what the image is 

depicting. For example, when putting together the pictures of both 

webs of the first HCB to compare to the void map, as shown above 

in the pour procedure in Figures 13 A and 13 B, it was difficult to tell 

where the thermal images overlapped. Therefore, the overall image 

of the map, even though it matched the void map presented by on-

site quality control personnel, was not as accurate as it could have 

been. 

To counteract the problems with the first pour, additional concrete was 

added into both arches of the first HCB a week later when the other two beams 

were filled. Therefore additional thermal pictures were taken to measure the 

condition of the concrete arch. Even though data from this first HCB was not 

adequate enough to create a graph depicting the comparison of temperatures, 
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the thermal pictures of the concrete arch can be compared in order to evaluate 

the condition of the secondary concrete and therefore the overall condition of the 

whole concrete arch. These pictures can be seen below. The first three pictures 

are taken from the void map, shown in the Bridge B0410 pour procedure, and 

show an example of pictures depicting a void in the concrete arch. The following 

pictures are of the end of the arch of one web at times of 24 hours, 48 hours, and 

one week after the concrete was poured. These pictures show the effect of a 

blurry, out of focus picture. As shown, it is difficult to tell where the pictures are 

located along the length of the beam, as well as where the arch temperature 

ends and the shell temperature begins. 
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Figure 29, A & B: IR images from the void maps showing voids in both webs of first HCB poured in 
Bridge B0410 

 

A 

B 
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Figure 30: Thermal picture of arch end in one web of first HCB taken 24 hours after concrete pour for 
comparison 

 

Figure 31: Thermal picture of arch end in same web as above 48 hours after pour for comparison 
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Figure 32: Thermal picture of same arch end as Figures 29 and 30 above, one week after pour for 
comparison 

 

 The figures shown above not only depict the effect of focus on a picture 

but they also depict the temperature difference over time of the concrete. Now, 

since the 24 hour picture was out of focus it is difficult to have an accurate 

temperature reading for comparison. However, when comparing the 48 hour 

picture to the one taken a week later there is an average temperature difference 

of at least 5°F in the hot spots and 2°F throughout the concrete in the arch. This 

could be due to the time of the testing and the surrounding ambient temperature. 

It could also be due to the fact that the heat of hydration for the concrete has 

lessened in the time between the two images. Two more examples of infrared 

images at 48 hours and one week after the pour are shown below. 
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Figure 33, A & B: Two thermal pictures depicting the concrete arch in the first HCB poured in B0410 
48 hours after the concrete pour for comparison 

 

 

Figure 34, A & B: Two thermal pictures depicting the concrete arch in the first HCB poured in B0410 
one week after concrete pour for comparison 

 

 The above images show that there is a temperature difference in the 

concrete arch of around 2°F on average. These images also show the effect of 

the humidity in the surrounding atmosphere. Even though the S65 thermal 

camera was manually focused as sharp as it could be, the edges of the images 

still seemed to flare a little. This was due to the humidity. Once this began to 

appear on the images in the camera directory, the tester had to carefully wipe off 

the lens of any residual moisture or fog.  

B 

B A 

A 
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 It should also be known that the secondary pour for this beam, to fill in the 

voids detected during the first pour, was successful. This can be proven in 

Figures 33 A and B and Figures 34 A and B. These pictures are just one 

example of a void location in one of the webs that was filled with the secondary 

pour. 

  As for the remaining two double web beams, the concrete pour and 

thermal testing went ahead as planned without any major problems hindering the 

process or data collection. Shown below are Graphs 8 and 9, which show 

temperature comparisons of the HCB shell temperature, the concrete, and the 

temperatures of the hot spots through the length of one of the webs of the third 

beam poured for 24 and 48 hours respectively. One difference in these graphs 

compared to the comparisons from HCBs in Bridge B0439 is that the 

temperature slightly rose in all the measurements from 24 to 48 hours. This could 

be due to a few environmental aspects. One would be an increase in the 

surrounding ambient temperature between the two days. As was already stated, 

there was rain in the forecast in Virginia all throughout the pouring schedule. Due 

to this, the temperature would have fluctuated depending on if there was rain in 

the forecast or not. Another aspect would be that the additional moisture in the 

air somehow made its way into the self consolidating concrete in the HCB arch. 

This in turn may have possibly increased the duration of the heat of hydration for 

the concrete, which would account for the increase in temperature. 
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Graph 8: Temperature comparison of Hot Spots, Concrete, and HCB Shell in Beam 3 of Bridge 
B0410, 24 hours after concrete poured, to compare with Graph 9 

 

 

Graph 9: Temperature comparisons of Hot Spots, Concrete, and HCB Shell in Beam 3 of Bridge 
B0410, 48 hours after concrete poured, to compare with Graph 8 
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6.4 BRIDGE B0478 

 For the third and final bridge, Bridge B0478, thermal testing went as 

planned with one minor problem. Eight hybrid composite beams were poured on 

the first day. Thermal testing for these first eight beams was conducted 24 hours 

after the concrete pour with the T620 thermal camera from FLIR. The remaining 

four HCBs were poured the following day. However, before 24 hour testing could 

be conducted on the last four, the memory card to the T620 malfunctioned. 

Therefore, the S65 thermal camera needed to be used. However, this camera 

only had a limited internal memory. Therefore, even though thermal pictures 24 

hours after the pour were taken for each HCB, there were not any pictures taken 

48 hours after the pour for any of the hybrid composite beams. As a result, the 

only temperature comparisons that could be made are of 24 hours after the pour 

for each individual beam. 

 When comparing the thermal pictures from the two different cameras, 

there does not appear to be any significant difference between the two. There is 

a slight difference in the sharpness of the focus between the two cameras, but it 

does not appear to hinder any of the temperature measurements. A comparison 

of the two cameras can be seen below in the following two graphs. Graph 10 

shows a temperature comparison of the concrete in the arch, the temperature of 

the HCB shell, and the temperature of the hot spots throughout an exterior beam 

in the bridge measured with the T620 thermal camera. Graph 11 shows the same 

temperature comparison but measured with the S 65 thermal camera.  
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Graph 10: Temperature comparisons of Hot Spots, Concrete, and HCB Shell in exterior beam of 
Bridge B0478, 24 hours after concrete poured, using T620 IR camera, to compare with Graph 11 

 

 

Graph 11: Temperature comparisons of Hot Spots, Concrete, and HCB Shell in exterior beam of 
Bridge B0478, 24 hours after concrete poured, using S65 IR camera, to compare with Graph 10 
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While comparing the two graphs, it should be noted that the beam measured 

with the T620 camera was measured 24 hours after the first eight HCBs were 

poured, and the beam measured with the S 65 camera was measured the 

following day, 24 hours after the last four HCBs were poured. The two beams are 

located on the same side of the bridge, but on different spans. The only major 

difference is that the hot spots of concrete in the first beam were significantly 

higher than the ones in the second beam. This difference in temperature could 

be due to the fact that the pour procedure did not goes as planned for the first 

beams of the concrete pour. This could have led to decreased flow ability of the 

concrete and the concrete consolidating before it was supposed to, leading to an 

increase in the concrete’s heat of hydration and therefore an increase in 

temperature of the hot spots. 
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7. CONCLUSIONS AND FUTURE WORK 
 

7.1 CONCLUSIONS 

 The objectives of this research was to evaluate the potential of the NDE 

techniques stated in this thesis for assessing the hybrid composite beams and 

analyze the data to determine which are viable techniques for testing the HCBs. 

In summary, the following conclusions were made based on this research. 

 First, after reviewing the technical aspects of each technique, it can be 

decided that thermal testing is the only viable NDE technique from the ones 

tested in this thesis to use for these types of beams. This is due to the limitations 

of ultrasonic testing, acoustic emission, and tap testing. Ultrasonic testing was 

theorized to not be able to penetrate through the polyiso foam core. Therefore, 

the method would not provide any accurate test results, so it was not tested in 

this project. The same could possibly be said for acoustic emission testing 

through the foam. Plus, acoustic emission depends on crack propagation. If a 

crack is present, but is not currently expanding, acoustic emission testing would 

not detect it. Furthermore, due to project constraints, acoustic emission was 

unavailable for testing. Finally, tap testing was used as a technique to test the 

FRP shell more than the concrete. Since concrete was the focus of this project, 

this technique was more or less redundant if not testing the FRP shell. Plus, the 

person administering the tests should have experience in this method. 

 For these reasons, thermography proved to be the only remaining NDE 

technique in this project that could provide accurate data. This technology does 
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have its own limitations, such as weather dependency, emissivity constraints of 

the HCB, and reflection of the surrounding environment’s radiation. As a result, 

the proper testing procedure needs to be followed, and, if it is, thermal testing 

can provide adequate NDE results for testing of the hybrid composite beams.  

Also, due to thermography being a non-contact test method, it does not require 

traffic closures for the bridges during testing. However, the same cannot be said 

for the other test methods since they require the tester to be within an arm’s 

reach of the HCBs. Therefore, for this research, thermography was proven to be 

the best NDE technique under the on-site conditions for the HCBs.  

 As for the hybrid composite beams themselves, they were not without their 

problems. The admixtures of the self-consolidating concrete proved to be difficult 

to achieve accuracy at different points of the concrete pour for all three bridges. 

This could lead to the concrete consolidating before it was supposed to, which in 

turn would lead to a decrease in the concrete’s flow ability and possibly voids in 

the concrete, as shown in Bridge B0410. This was only one potential damage 

mode of the HCBs. The others, cracks in the shell laminates and steel corrosion, 

could cause future problems as well. 

 Another limitation would be the cost of fabrication for the HCBs. The 

fabrication process, parts of which are shown in the appendix, is longer and more 

expensive than a normal prestressed concrete beam. However, the HCB makes 

up for the cost of fabrication in other areas. One would be the cost of 

transportation and placement. Due to lesser amount of concrete throughout the 

beam, multiple HCBs can be transported at a time versus one prestressed 
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concrete beam. Another area would be protection from corrosion. The FRP shell 

of the HCB provides additional corrosion protection that the prestressed concrete 

beam would not have. 

 However, besides the voids detected in the one double web beam in 

Bridge B0410, there have not been any significant voids or delaminations in the 

HCBs. In addition, those voids in B0410 were later filled in to have a complete 

homogenous arch. In the other thermal tests, both immediately after the pour, 

and up to two years later in the case of Bridge B0439, the only voids or 

delaminations detected were ones that can be explained and do not cause any 

immediate concern for the bridges, except for the larger anomaly detected two 

years later in B0439. However, this larger anomaly was detected in the thermal 

tests immediately after the pour, so it is possible that it is a hot spot anomaly of 

concrete that has not fully consolidated to form a homogenous concrete structure 

yet instead of a possible void. And as for the potential damage modes, it was 

shown that a normal prestressed concrete girder can be more susceptible to 

those failures than a hybrid composite beam. 
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7.2 FUTURE WORK 

 Future work is recommended for the hybrid composite beams in this 

project. First, acoustic emission testing should be implemented in at least one 

beam during a sanctioned load test of the chosen bridge. This is recommended 

in order to successfully confirm if acoustic emission would be an adequate NDE 

testing technique. 

 Another recommendation is for further thermal testing on all three bridges, 

especially Bridges B0410 and B0439. Testing is recommended for Bridge B0410 

because of the voids that were detected in the first beam pour. Further testing 

would show that the secondary pour for this beam was indeed successful, in that 

the voids throughout the arches in both webs were completely filled.  

Testing is also recommended for Bridge B0439 due to the large anomaly 

that was detected in the arch of the exterior beam. Additional testing would prove 

that the anomaly is either a void in the concrete arch or a hot spot in the concrete 

that has yet to fully consolidate to the surrounding temperature. If it is a void, 

necessary steps should then be taken to fill in the concrete arch. If it just a large 

hot spot anomaly in the concrete, further testing should still be conducted in 

order to ensure the stability and safety of the beam. 
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APPENDIX 

 

Appendix A. Pictures of an Ultrasonic Testing setup 
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Appendix B. Acoustic Emission diagrams taken from [15] 
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Appendix C. Diagram of HCB detail from [18] and picture of HCB from 

B0439 pour site 
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Appendix D. Pictures of HCBs at B0439 and B0410 pour sites 

respectively, displaying morning dew outlining concrete arch on 

outside of HCB shell 
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Appendix E. Slump/Spread test procedure and results 
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Appendix F. J-Ring test procedure and results 
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Appendix G. HCB project locations taken from [25] 

 

 

 

 

 

 

 

 

 

 

 

 



105 
 

Appendix H. HCB Section and Plan Details with FRP Shell Layout for 

Bridge B0439 from [23] 
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Appendix I. End Block Detail and Section drawings for B0439 from 

[23] 
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Appendix J. HCB Section and Plan Details with FRP Shell Layout for 

Bridge B0410 from [22] 
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Appendix K. End Block Detail and Section drawings for B0410 from 

[22] 
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Appendix L. HCB Section and Plan Details with FRP Shell Layout for 

Bridge B0478 from [24] 
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Appendix M. End Block Detail and Section drawings for B0478 from 

[24] 
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Appendix N. Pictures of fabrication process for HCBs taken from [25] 

 

 

 

 



112 
 

Appendix O. Comparison of a Thermal Picture and its corresponding 

Digital Picture 
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Appendix P. Example of what is displayed in a thermal picture before 

editing 
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Appendix Q. Effects of the timing when thermal tests are conducted 

 

 

 

The pictures are of Beam 11 from Bridge B0439. The times of the tests are 
immediately after the concrete was poured, four hours after the pour, eight hours 
after the pour, and 24 hours after the pour. 
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