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(ABSTRACT) 

This thesis presents both an analytical and an experimental evaluation of the 

feasibility of using infrared thermographic techniques to detect subsurface damage in 

concrete. Various methods of artificial heating, required to effectively apply this 

technique, are presented. 

Four major conclusions are reached in this study. 1) Normal ambient diurnal 

atmospheric temperature changes are not generally sufficient to produce a measureable 

response in bridge substructures. 2) Heating by an infrared heat source is a technically 

viable artificial method provided some type of surface preparation is made to assure 

uniform emissivity. 3) Hot air heating is a viable technical alternative which does not 

require surface preparation prior to the application of heat. However, this method does 

require some type of enclosure to produce a hot air pocket. 4) Artificial heating methods 

based on heating blankets are not a feasible method due to local nonuniform heating 

effects.
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The health of the economy of the United States depends to a large extent upon the 

reliability of the country’s infrastructure. A key component of this infrastructure is the 

Federal and state highway systems of which rapidly deteriorating bridges and overpasses 

play a critical role. What is needed in the U. S. at this time is the development of a 

maintenance program that monitors bridge component life cycle data and is capable of 

providing timely and accurate interpretation. This program needs to be an active on-going 

process that results in a total bridge management system. The system should be based 

on non-destructive testing methods that are capable of providing information on the 

progressive deterioration of bridge components by detecting the extent of defects in the 

materials. This data should then be used to predict such things as current load carrying 

capacities, overall safety, and the scope of the replacement or repair necessary. An active 

system based on periodic testing and accurate interpretation should be able to actually 

lower the total cost of highway management (and therefore pay for itself) by lowering the 

amount of rehabilitation costs through accurate life cycle prediction. This would result 

in a reduced range of repairs as well as fewer bridge components being replaced 

prematurely. A comprehensive preventive maintenance program will further reduce costs



by initiating necessary repairs before problems result in far more expensive emergency 

conditions. [1] 

Past bridge substructure component evaluation methods consist mainly of just two 

fairly primitive techniques. The main method, visual inspection, yields only information 

concerning exposed damage conditions. The second method, hammer tap soundings, 

depend on a person’s ability to detect small differences in the hollow sound generated by 

striking the concrete aboved delaminations and the sound generated by striking 

undamaged sections. [2] These two methods are highly subjective in nature and therefore 

do not yield the information necessary to have a comprehensive bridge management 

program. 

There are currently several different non-destructive techniques under going 

evaluation for incorporation into a comprehensive bridge management system. Some of 

these are ground penetrating radar, pulse echo acoustics, electrical resistance, magnetic 

resonance, in-situ neutron scattering or absorption, chemical composition, air permeability, 

radiography, and infrared thermography. [3] As part of this program development, this 

thesis presents an evaluation of both active (artificial transient heating) and passive 

(ambient heating or cooling) real time video infrared thermography techniques. 

1.2 Physical Characteristics of Concrete 

The most widely used structural material in highway bridge construction in the 

United States is concrete. Concrete consists of both fine aggregate (sand) and coarse



aggregate (1/2" - 1" crushed stone) bonded together with Portland cement. [4] The main 

reasons this material is used in highway construction are the low cost of the material and 

its relatively high compressive strength and durability. Isotropy and low thermal and 

electrical conductivity are also desirable properties exhibited by this material. Concrete 

is also generally less susceptible than either steel or wood to environmental conditions 

and damage by fire. However, there are several drawbacks to the use of concrete as a 

bridge building material. 

Even though the compressive strength of concrete is high, both its tensile and shear 

strengths are quite low by comparison (approximately 10% of the compressive strength 

for each). Concrete also has a very low tensile strain to failure (3%) which directly leads 

to problems with cracking. High internal humidity and constant exchange of moisture 

(due to porosity) lead to relatively high volume changes with weather cycles which may 

cause cracking if the structure is overly constrained. 

The chief factors governing the physical characteristics of concrete are the 

water/cement ratio and the uniformity of mixture. One physical characteristic, porosity, 

is a direct function of both the water content and air entrainment in the cement. A high 

degree of porosity adversely affects strength, durability, chemical permeability, and 

surface roughness. Non-uniformity of mixture may result in localized weak areas that act 

as initiation sites for damage. 

Because of the low tensile strength and low strain to failure, it is necessary to 

provide some type of reinforcement, generally steel reinforcement bars (rebars), in regions



_ that can experience large tensile loads. For flexural members such as beams or pier caps, 

the lower (tensile loaded) portion of the member is usually provided with pretensioned 

or post tensioned reinforcement bars that give the lower portion of the member a 

compressive preload that has to be overcome before the member experiences a tensile 

load which can lead to failure. Steel reinforcement is also used to provide strength and 

stability to other substructure components such as columns or abutments. The location 

of rebars for a typical beam is shown in Figure 1.1. 

Corrosion of the steel reinforcements result in corrosion products that cause an 

increase in the diametral size of the reinforcement thereby causing large localized tensile 

stresses and strains. Evaluation of the cracking resulting from this phenomenon is the 

subject of this thesis. 

  

  

    
Reinforcement 

aan     
  

Figure 1.1 Typical Beam Having Steel Reinforcement



1.3_ Problem Description 

A crack is defined as a separation or debonding of the concrete which may or may 

not result in a space between the separated surfaces. Cracking can lead to a loss of 

strength as well as ultimate failure. The significance of a crack depends on the location, 

extent, orientation, and whether it increases in size with time. In addition to the corrosion 

cracking problem, there are several common ways in which concrete can be cracked 

during the manufacturing or construction processes. 

Plastic shrinkage during a rapid curing process can result in cracking while the 

concrete is in its plastic state. These cracks are generally wide, shallow, and occur in 

well defined patterns. Drying shrinkage cracks result from further drying of restrained 

concrete after it has hardened. These cracks are usually smaller than plastic shrinkage 

cracks and have a random distribution and orientation. 

Settlement cracks are a result of the settling of the foundation of the structure. 

These cracks can be of any size and orientation. Structural cracks are generally a result 

of stress distributions that are much different than the assumed stress distributions use in 

design. These cracks generally have a fixed orientation but vary in size. 

Mapping cracks are a result of chemical reactions and are similiar in nature to 

corrosion cracking. These cracks are due mainly to a reaction between the cement paste 

and the aggregate although reactions with external chemical sources are also possible. 

The orientation and size of these cracks are variable. Mapping cracks are also highly 

time dependent and can result in serious damage and progressive loss of strength.



Corrosion cracking is due to the electrochemical degradation of the steel 

reinforcement which yields corrosion products that produce an increase in the size of the 

rebar resulting in excessive tensile strain in the surrounding concrete. This process occurs 

when either a threshold concentration of chloride ions exists around the rebar in the 

presence of moisture and oxygen or when carbonation of the concrete progresses to the 

level of the rebars. 

Carbonation of the concrete occurs with the reaction of the alkaline constituents of 

the cement paste with acidic gases in air and rain. The inherent alkalinity of the concrete 

is gradually reduced so that the steel rebars are no longer protected from attack by acidic 

chemicals diffusing in from the surface. [3] The process increases with time resulting in 

an ever increasing depth of carbonation. Fortunately the process is very slow with an 

increase in carbonation depth of only about 0.04 inches a year which would require about 

25 years to become a problem for reinforcement with a cover depth of one inch. 

Unfortunately corrosion resulting from an excess of chloride ions is not a very slow 

process. Chloride ions generated by the mixture of deicing chemicals and snow melt 

diffuse relatively fast through even high quality uncracked concrete. High porosity of the 

concrete increases the chloride ion diffusion process thereby accelerating rebar corrosion 

and lowering the life of the component. As the deckwash runs off the highways and down 

the sides of the substructure components, the deicing chemicals are deposited by 

evaporation along the surface of the concrete, especially the lower surfaces of beams and 

pier caps where water tends to stagnate before evaporation. Free chloride ions in the



deposits then diffuse rapidly through the permeable concrete covering to the depth of the 

reinforcement where they produce corrosion. This problem is growing acute in many 

northern states with the high use of deicing compounds during snowy winter months. 

The corrosion process generally manifests itself as a tensile strain failure of the 

concrete at or near the level of the first reinforcement. As the steel reinforcement 

corrodes, it expands causing a separation of the concrete usually along a plane parallel 

to the surface of the concrete from rebar to rebar. This is called delamination. In 

components containing only one reinforcement bar or reinforcement bars with 

considerable spacing, the cracks may run to the surface causing a cup or trench type 

fracture. Of these two types of fractures, the planar delamination is the more common 

and the more difficult to detect. Figure 1.2 illustrates both the trench and planar fracture 

types. 

    

Planar Trench 

Figure 1.2 Planar and Trench Type Subsurface Flaws



1.4 Thermographic Techniques 

Video infrared thermography is the real time thermal imaging method used to 

monitor the surface temperature distribution of a body by mapping the surface isotherms 

on a video monitor. [5] Isotherms are defined as lines along a surface having the same 

relative temperature. On a color monitor, surface areas of equivalent temperature (within 

a narrow range) will appear as areas of the same color. On a continuous gray scale 

monitor, equivalent temperatures will appear as the same shade of gray. Generally, the 

lighter the shade of gray the warmer the surface. Color monitors can generally be set up 

to give any color for any specific temperature. 

The use of infrared camera, which functions as a photon receptor, depends on the 

wavelength of the received radiation. The measured relative temperature is determined 

by the amount of radiation received within a certain spectral wavelength range. The 

wavelength range of the detector should ideally be in the range of the source’s peak 

radiation emittance wavelength. Concrete at ambient temperatures emits infrared radiation 

within the 3 to 5.6 micron wavelength range of the detector used in this study. 

Active infrared thermography is the term used in this thesis to describe methods 

which depend on the application of heat using an artificial source. Passive infrared 

thermography is the term used to describe ambient heating or cooling. 

Infrared thermography used for the detection of subsurface flaws depends on 

transient heat conduction into or out of the depth of the material. This creates a 

temperature gradient in the structure with the outer surface being warmer than the interior



during heatup or cooler during cooldown. A flaw such as a delamination produces a 

discontinuity in the conductivity of the material that acts as an insulator inhibiting the 

flow of heat between the surface and the interior. If a spatially constant heat source is 

applied to the surface of a body containing a flaw, the temperature of the material above 

the flaw will increase more rapidly than the temperature of the surrounding sound 

material causing a perturbation in the surface isotherm field. If the body is homogeneous 

and contains no flaw, a uniform surface temperature will be detected by the IR camera. 

[6] In a body that is being cooled, the temperature above a flaw will be lower than the 

surrounding region. Note that the higher the conductivity of the bulk material and the 

lower the conductivity of the flaw, the easier the flaw will be to detect. 

One of the principal problems with this technique is spatial variations in the surface 

emissivity of the body. Different materials emit infrared radiation at distinctly different 

wave lengths and at various rates. "A black body is defined as an object that absorbs all 

radiation that impinges upon it at any wave length and is equally capable in the emission 

of radiation." [7] However, real materials almost never act as a black body. A gray body 

is defined as a body that absorbs or emits only a fraction of what a black body absorbs 

or emits independent of wavelength. The factor (or proportionality constant) that 

describes this phenomenon is called emissivity and is a characteristic of the material and 

its surface condition. A perfect black body is considered to have an emissivity of unity. 

The absolute value of the emissivity of an object is not a major consideration with 

infrared thermography as long as the object emits a sufficient amount of radiation so that



the temperature distribution is detectable (assuming a uniform surface emissivity). 

Smooth concrete has an emissivity of approximately 0.92. 

The problem with emissivity in the infrared detection of subsurface delaminations 

in concrete bridge substructures is the presence on the surface of gross discolorations 

(staining) or chemical deposits that have different emissivities than concrete. The deicing 

chemicals (and salt laden sea spray) that are the root cause of delaminations also cause 

problems with the infrared detection of flaws since they generally have emissivities 

different than concrete and are on the surface at the locations of the delaminations. 

Spatial variations in emissivity alter the temperature distribution and isotherm field by 

decreasing (increasing) the amount of heat absorbed during active infrared heating with 

decreasing (increasing) emissivity. During the detection phase, increasing emissivity can 

mask the presence of a delamination by making higher emissivity areas appear warmer. 

Techniques to correct this problem include cleaning of the surface or the application of 

a surface preparation having a constant emissivity. This is discussed further in Chapters 

3, 4, and 5 of this thesis. 

Another method of thermography involves the application of temperature sensitive 

liquid crystals to the surface of a body. [8], [9] These chemicals exhibit color changes 

by selective scattering of incident light at discrete temperatures and yield the equivalent 

of isotherm data in video infrared thermography. Normally, these cholesteric films have 

a narrow temperature range confined to a specific temperature level. Although 

conceptually feasible, use of these chemicals would be very restrictive due to the overall 

10



cost of such a system and the difficulty of application to bridge substructures. 

1.5 Program Definition 

The object of this thesis is to evaluate the possibility of establishing a rapid, 

reliable, economic, non-contact, real-time subsurface delamination detection technique for 

bridge substructures based on video infrared thermography. The program will include 

both analytical and experimental techniques and discussions of appropriate interpretation 

of data. [10] 

Finite element analytical techniques are used in this study to predict the amount of 

surface heat flux necessary to produce the desired results, the effect of spatial variation 

in surface emissivity, the limitations on the size and depth of delaminations, and the 

length of time necessary for flaws to become visible. The analytical study also addresses 

the possibility of detecting subsurface flaws under ambient conditions. 

The laboratory experimental phase of this program focuses on developing uniform 

surface heat flux application methods. Hot air heating, infrared heating, and electric 

blanket heating as well as ambient heating and cooling are considered. The effects of 

variations in surface emissivity due to contamination by deicing chemicals, staining, and 

moisture are also addressed. 

The field experimental phase focuses on the application of promising techniques to 

an actual bridge substructure. 

11



1.6 Detection of Delaminations in Bridge Decks 

A considerable amount of work has been done in the detection of subsurface flaws 

in bridge decks using video infrared thermography and systems are now being sold 

commercially. [11] An ASTM test standard now exists for the application of infrared 

thermography to bridge decks. [12] This method is also being used to detect debonding 

below asphalt cover. 

One of the reasons that this method is so successful for bridge deck application is 

the exposure to direct sunlight. This produces a natural temperature gradient in the 

concrete deck. Figure 1.3 illustrates the temperature of the concrete at different levels 

below the surface as a function of time for a typical 24 hour period. [13] Notice that 

the trend of the surface temperature closely follows the trend of the ambient air 

temperature but at a considerably higher temperature. The deeper the location of the 

thermocouple, the lower the temperature and the higher the lag time in the peek 

temperatures. Similiar in-situ tests on a standard box beam indicates that the same trend 

is exhibited to a lesser degree by substructure components. [14] 

Figure 1.4 shows a temperature variation between sound and delaminated concrete 

measured using thermocouples just below the surface in adjacent areas which are flawed 

and unflawed. [15] This figure confirms that the flaw greatly inhibits the flow of heat 

into the depth of the concrete. 

The infrared system used to detect the deck delaminations in [13] consists of a wide 

aperture lens (20°) and a 0.1° sensitivity detector mounted 4 to 6 meters above the deck. 

12



Ww 
Ol
 

a
 

+ 
Os

 

TE
MP

ER
AT

UR
E 

(‘C
) 

S
2
R
 

       GENO ; 

21k DEPTH OF THERMOCOUPLES 
FROM THE DECK SURFACE 

10 mm 
19 ——--— 60 frum 

18} —-—-— 160 mm 
fun 

AMBIENT AIR   
Pte34567690DiIbI123456789 DNR 

NOON MIONIGHT NOON 

TIME OF DAY 

13-—- 

Figure 1.3 Typical Diurnal Temperature Gradient in a Thick Concrete Deck During 

the Summer [13] 

13



    
  

azb 

THERMOCOUPLE IN DELAMINATION 
oo N~\ ao 

“ “N 
ade a“ NN 

“ N 
“ ‘\ 

cv NN 
S eo 

sal a \ NN 

Lo / 86r S 7 THERMOCOUPLE IN SOLID CONCRETE 
o 

a wm 
> 
a 

tal a 

wv 

i 
t Og a ~N 

# 4 & 

wb og oe - N 
a “\ / 7 

uw NOU, NN 
L & oe 

= 

30- « \ 
ws —— AIR TEMPERATURE - SHADE 

z 
a) 
e 

28} 

\ 26+ _ = 
XN —_—— 

L Se 4 
Z 

24, /. 

{tt i LH, ‘ 4 4 \ 1 ! L | l i 4 1 1 1 i 1 L 1 1 i i 

6 00am 7OO 800 9900 19.00 1100 12 00 100 200 300 400 5 00 600 700 800em 

TIME OF DAY 

Figure 1.4 Surface Temperatures Above a Flawed Region and Above a Sound Region 

as a Function of Time [15] 

14



The overall excellent results obtained between 11 AM and 6 PM (with a maximum 

temperature difference of 2° C measured at 2 PM) indicate that infrared thermography 

applied to structures exposed to direct sunlight or an equivalent artificial source is 

possible. 

However, Kunz and Eales [15] state that the best results are obtained for dry decks 

on days limited to winds of less than 20 miles per hour and with less than 30% cloud 

cover. Also, the number of suitable testing days during the short daylight November 

through March months may be limited, making this method less practical for these 

months. 

Once the data is obtained for a bridge component, it is necessary to both interpret 

it and store it in a readily usable form. The best way to store and represent data for a 

bridge deck is by using a map such as illustrated in figure 1.5. [15] This figure clearly 

shows a significant number of areas containing subsurface damage. A similiar method 

needs to be developed for use on bridge substructure components. 

As previously mentioned, this method is also being evaluated for use on asphalt 

covered decks. [16] Preliminary results indicate that the even though the data acquisition 

is relatively faster and more accurate than sounding methods, the interpretation is still 

limited by the necessity of taking core samples to determine if a delamination at the level 

of the reinforcement is present or whether only the debonding of the asphalt overlay from 

the concrete is being detected. 

Another problem that occurs is the egress of moisture into delaminations through 
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cracks open to the surface of the concrete. The water in the delamination acts as a heat 

sink which can actually cause the surface above the delamination to be at a lower 

temperature than the surface above sound concrete. [17] This problem may not be too 

serious since the delamination and the crack open to the surface would have to be fairly 

large and therefore would probably be detectable by visual inspection. 

A related effort to determine the extent of delamination in runways at the 

Harrisburg International Airport again demonstrates the ability of infrared thermography 

technique to find subsurface flaws in concrete exposed to direct sunlight. [18] Note that 

the earth below the runways acts as an infinite heat sink thereby increasing the flow of 

heat through the depth of the concrete. This should increase the surface temperature 

difference between flawed and unflawed regions. 

1.7_ Summary 

The problem addressed in this thesis is the evaluation of infrared thermogaphy 

techniques for the use of locating subsurface damage in concrete bridge substructures. 

A considerable effort using IR techniques on bridge decks indicates that the method is 

successful on components exposed to direct sunlight and should be successful on 

components exposed to an equivalent artificial heat source. 
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CHAPTER 2 

THERMAL ANALYSIS METHODOLOGY 

2.1 Introduction 

This section contains a general description of the thermal analysis methodology. 

The analysis is based on calculating surface temperature distributions for various transient 

thermal loadings using the ANSYS finite element computer program [19]. 

The main phenomenon causing a measurable thermal response is the disparate 

amount of heat being conducted into the depth of the concrete between a flawed and an 

unflawed region. The presence of a flaw in the concrete acts essentially the same as an 

insulator since only a small amount of heat is conducted across the flaw. As will be 

illustrated in chapter 4, heat conduction in the lateral direction plays only a small part in 

the overall thermal response. Therefore, this analysis concentrates on predicting the heat 

transfer into the concrete. 

2.2 General Theory 

The basic transient thermal diffusion equation used by the ANSYS program is : 

[C]}{DT} + [K](T} = {Q} (2.1) 
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where: ([C] is the specific heat matrix; 

{DT} is the vector of the nodal time derivatives; 

[K] is the thermal conductivity matrix; 

{T} is the vector of the nodal temperatures; and 

{Q} is the heat flow vector. 

This equation is analogous to the basic two dimensional transient heat conduction 

equation, 

OT oT _1697 (2.2) 

where: 0?T/dx? is the second partial derivative of temperature with respect to x; 

0?T/dy? is the second partial derivative of temperature with respect to y; 

a is the thermal diffusivity; and 

OT/ot is the partial derivative of temperature with respect to time. 

The transient thermal loads are applied to the finite element model by means of a 

surface heat transfer coefficient and an ambient temperature given as a function of time. 

Surface heat fluxes are calculated using the basic equation for convection heat transfer, 

equation 2.3. This equation shows that heat flux is a linear function of both the film 
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coefficient and the difference between the ambient and surface temperatures. 

where: 

q = h.A(T, - T,) (2.3) 

q is the heat flux out of the material; 

h, is the convective heat transfer coefficient; 

A is the surface area; 

T, is the surface temperature; and 

T, is the ambient temperature. 

Equation 2.4 is the basic equation governing radiation heat transfer. It shows that 

radiant heat flux is a linear function of surface emissivity but is proportional to T’. 

where: 

q, = oAc(T,’ - T.') (2.4) 

o is the Stefan-Boltzmann constant, 

A is the surface area, 

€ is the surface emissivity, 

T, is the surface temperature, and 

T, is the temperature of the surrounding environment. 
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It should be noted here that equation 2.4 is not used directly in this analysis since 

it requires an iterative solution that can be quite time consuming and expensive. 

However, the ANSYS user guide recommends that equation 2.3 be used instead of 

equation 2.4 to produce the same amount of heat flux. This is accomplished in practice 

by using a very small film coefficient (h,) along with a very large ambient temperature 

(T,). 

This analysis uses 1000°F for the "ambient" temperature for all infrared heating 

calculations with an appropriate film coefficient. For example, the appropriate heat 

transfer coefficient for a 200 Btu/hr-ft’ is calculated (using equation 2.3 to solve for h,) 

by assuming that the surface temperature is 100°F. Consider that all transients are 

assumed in this analysis to start at 70°F with a resulting surface temperature never in 

excess of 130°F. Using these two extremes of possible surface temperatures, ie, 70° and 

130°, equation 2.3 yields a difference of only 3.3%. Therefore, in all cases a heat flux 

within 5% of the desired amount is applied. 

Delaminations are modeled as a single row of elements having a reduced 

conductivity. Since the nature of the material occupying the flaws is not well known, for 

analytical purposes the parametric evaluation of a range of conductivities is necessary. 

The average flaw widths (defined here as thickness of opening) are also generally not 

well known and therefore need also to be parametrically evaluated. A parametric study 

of all material and geometric uncertainties is given in chapter 3 of this thesis. 

The basic equation for conductive heat transfer, equation 2.5, is used as a basis for 

21



evaluating a reduced flaw conductivity. This equation shows that the total amount of heat 

transfer is a linear function of both the conductivity and the reciprocal of the flaw width. 

These parameters are closely related since doubling the conductivity has the same effect 

as halving the width. 

q. = kA(T, - T,)/l (2.5) 

where: q, is the heat flux by conduction; 

k is the conductivity of air; 

A is the area; 

lis the width of the crack; 

T, is the temperature of the concrete immediately above the flaw; and 

T, is the temperature of the concrete below the flaw. 

2.3 Description Of The Finite Element Model 

Since it is not practical to model an entire bridge substructure component, the 

assumption is made that only a small section needs to be analyzed. The main concern 

with this approach is that the model must contain enough thermal inertia through the 

thickness to adequately represent a section of concrete in the field. Results from earlier 

models indicate that an adequate size is given by a thickness greater than about six 

inches. Therefore, the model in this analysis uses a ten inch thickness. In the lateral 
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direction, the only requirement is that there is enough surface area available to definitively 

observe a thermal response. Preliminary analyses indicate that a lateral dimension of 24 

inches is sufficient to produce the desired results. 

It is also assumed that the presence of the reinforcing bars will have a minimal 

effect on the heat conduction into the depth of the concrete and therefore will not affect 

the surface temperature profile. The oxides and chlorides that build up around the 

reinforcement bars will off set the increase in conductivity in the steel. This fact is 

illustrated in the experimental results presented in chapter 6. 

Figure 2.1 illustrates the concept of using just a small section of a larger 

component. For this case the model represents just a region of the bottom of a box beam. 

A section of a pier cap, parapet, abutment, or rectangular column may be represented in 

the same way. A circular cross section column with a large radius of curvature will not 

have a Significantly different thermal response than one calculated using this model. 

Figure 2.2 gives the dimensions of the finite element model. The cover depth to 

the delamination is designated as ’D’ and the width of the delamination is ’W’. The flaw 

runs laterally from the edge of the model to half of the length. The dimensions W and 

D for each case are given in the tables in chapters 3 and 4. 

The finite element model with boundary conditions is shown in figure 2.3. The 

surface being heated is shown with the film coefficient, h,, and the ambient temperature, 

T,. All other surfaces are assumed to be insulated. 
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Figure 2.1 Section of a Box Beam 
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Figure 2.2 Dimensions of the Finite Element Model 
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Figure 2.3 The Finite Element Model with Boundary Conditions 
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CHAPTER 3 

PARAMETRIC STUDY OF THERMAL PROPERTIES 

3.1 Overview 

As previously mentioned, the thermal properties of commercially available concrete 

vary over a fairly wide range. In order to perform a reliable thermal analysis, the 

influence of the differing values for concrete conductivity, specific heat, and density needs 

to be quantified. The effect of the delamination’s thickness, cover depth, and effective 

conductivity on surface temperature response also needs to be investigated. This chapter 

provides some insight into the relationship between these properties and the thermal 

response. 

As described in chapter 1, infrared thermographic evaluation depends on the ability 

to detect the differences in surface temperatures of a body. Therefore, to correlate 

between analytical and experimental results, the calculated thermal responses given in this 

chapter and the next will be the temperature difference between the surface above a 

delamination and that over sound concrete. The temperature difference will be designated 

as "delta T". 
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3.2 Parametric Study Method 

The parametric method involves holding all the different parameters constant except 

for one which is allowed to vary over its entire range of values. By repeating this 

procedure for each of the parameters, the process shows which parameter’s range of 

variance will cause the largest numerical difference in the results. Average values are 

used for all hold constants since these are probably more indicative of the actual physical 

properties encountered in the field. 

This study is based on a heat up and cool down cycle which consists of starting 

from an ambient steady state condition, then ramping an applied ambient temperature 

(applied to the surface through equation 2.3) up for thirty minutes, followed by a three 

hour hold, a thirty minute ramp down, and finally a three hour hold period at the original 

ambient conditions. This cycle is essentially what could be expected for a heating method 

based on the application of hot air to the in-situ bridge support structure. Figure 3.1 

shows the thermal cycle used for the parametric study. 

3.3 Concrete Thermal Properties Evaluation 

Table 3.1 gives the values for each of the concrete thermal parameters as well as 

the results for each case. The flaw thermal properties are the average values shown in 

Table 3.2 (section 3.4). Concrete thermal properties are from references [4] and [20]. 
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Figure 3.1 The Applied Parametric Study Thermal Cycle 
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TABLE 3.1 

PARAMETRIC STUDY OF CONCRETE THERMAL PROPERTIES 

Conductivity Specific Heat Density Delta T 

(Btu/hr-ft-F) (Btu/lbm) (Lbm/ft’) (F) 

0.70 0.24 183.5 1.17 

1.65 * 0.24 * 183.5 * 1.60 

2.50 0.24 183.5 1.77 

1.65 0.20 183.5 1.60 

1.65 0.28 183.5 1.59 

1.65 0.24 140.0 1.60 

1.65 0.24 227.0 1.58 

* Average values. [4], [20]



This study shows that the specific heat and density do not affect the overall 

temperature difference between the surfaces above the flawed and the unflawed concrete. 

The difference in specific heat and density do affect the extent of the temperature rise (ie, 

the average temperature will increase more with decreasing specific heat and density) but 

this is a minor concern. The thermal conductivity of the concrete does, however, affect 

the temperature response significantly. This effect must be taken into account for the 

prediction of temperature differences between delaminated and undelaminated areas. 

Figure 3.2 illustrates the through the thickness temperature contour profile at the end 

of the heatup period for the average value case. In all cases the end of the heatup period 

produced the largest temperature difference between the flawed and unflawed areas. 

Observe that immediately at the edge of the delaminated area, a significant drop in 

surface temperature occurs laterally without a well defined transition boundary. However, 

for large areas of delamination this will not be of consequence since the width of the 

transition zone is only on the order of twice the cover depth and we are looking for 

delaminations of 12" x 12" or greater. 

Figures 3.3 and 3.4 show the average case through the thickness temperature 

profiles for the flawed and unflawed areas. As expected, there occurs a very large 

temperature drop across the delamination. The undelaminated area shows the smooth 

profile consistent with normal heat conduction. Notice that the temperature curve just 

below the surface in the flawed area has a shallow slope which indicates that the gross 

temperature of the concrete above the flaw is rising much faster than the temperature of 
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the same region in the unflawed area. This should allow an adequate period of time 

following the removal of the heat source to perform thermographic temperature 

measurements. 

Figure 3.5 gives the average case surface temperature time history for the two 

different areas. This figure shows that early in the transient (during the ramp up period) 

the two temperatures are essentially the same. As the gross temperature of the concrete 

above the defective area begins to increase rapidly, the two surface temperatures begin 

to depart significantly. It may be possible to estimate how deep a crack is by monitoring 

the rate of temperature rise above a delamination, ie, the faster the concrete heats up the 

more shallow the delamination. It may also be possible to estimate how serious the 

delamination is (width) by the delta T between the two areas at a given time during the 

heatup period (ie, the rate of delta T increase). This may not be a major development 

since just the presence of a delamination is the primary concern. 

3.4 Delamination Thermal Properties Evaluation 

There are three major parameters that have to be evaluated for the delamination 

itself. These are: (1)-the width of the crack, (2)-the depth of the crack, and (3)-the 

effective conductivity across the crack. The previous parametric study indicates that it 

is not necessary to evaluate the specific heat and density since these properties will not 

affect the thermal response to a significant degree. 

The width of the crack is a parameter that really needs to be determined from 
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samples taken directly from bridges in the field. A rough estimate of crack width is made 

by considering that the concrete will fail at about three percent tensile strain. If a 

reinforcement bar is 0.625 inches in diameter, the crack width is estimated to be roughly 

0.019 inches across (0.03 x 0.625). Note that since the delaminations are caused by the 

corrosion products, the delaminations generally run between adjacent reinforcement bars. 

However, the flaws can run from the reinforcement bars to the surface to produce a trench 

type fracture but the planar rebar to rebar flaws are the limiting case. 

The depth of cover to the first reinforcement bars for most support structures is 

generally less than 2.0 inches. Even though a cover depth of 2.0 inches is the limiting 

case, this study considers not only 2.0 inches but also 0.5, 1.0, and 1.5 inches. A cover 

depth of 1.0 inches is used for most of the parametric calculations. 

The effective conductivity across the delamination is very difficult to quantify. The 

heat flow depends on the amount of surface contact, the pressure exerted across the 

contact area, and the thermal properties of the substance inside the delamination. As the 

amount of surface roughness of two bodies in contact increases, the contact resistance 

increases and hence the heat flow decreases. As a consequence, the heat transfer between 

two rough surfaces depends almost entirely on the thermal properties of the medium 

between the two surfaces. As an example, reference [21] calculates a decrease in contact 

conductivity to about four percent for two bars of 304 stainless steel with intimate contact 

in air under fifty atmospheres of pressure. It is easy to see that there will be very little 

heat transfer across a delamination because of the extreme surface roughness of concrete 
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(especially flawed concrete). Table 3.2 lists the parametric values for crack width, depth, 

and effective conductivity (expressed as a percent of the average concrete conductivity) 

as well as the thermal response. All concrete thermal properties used for this comparison 

are the average values listed in Table 3.1. 

This comparison shows that the predominant characteristics governing the overall 

thermal response are the crack depth, width and effective conductivity. These effects 

govern the thermal response to a much larger extent than the differences in the thermal 

properties of the concrete. 

Intuitively one expects that the more shallow the flaw, the easier it will be to find. 

This fact is demonstrated in Table 3.2 and in Figures 3.6 and 3.7. 

The flaw width and the effective conductivity are closely related quantities for heat 

conduction across the crack. Equation 2.5 indicates that doubling the conductivity has 

the same effect as halving the width of the crack. If the medium inside the crack is 

known, then the crack width becomes the dominate unknown. Figures 3.8 and 3.9 show 

the effect of different flaw widths. Reference [2] indicates that the delaminations contain 

mainly air with a small amount of corrosion products. Note here that the range of values 

for the conductivity of air is between one-half and two percent of the range of values for 

concrete. The properties of air are, therefore, used as the delamination thermal properties 

for the analyses in Chapter 4 of this thesis. 
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TABLE 3.2 

THE PARAMETRIC STUDY OF THE DELAMINATION THERMAL PROPERTIES 

Width 

(inches) 

0.001 

0.005 

0.010 * 

0.020 

0.030 

0.010 

0.010 

0.010 

0.010 

0.010 

0.010 

0.010 

* Average Values 

Depth 

(inches) 

1.0 

1.0 

1.0 * 

1.0 

1.0 

0.5 

1.5 

1.0 

1.0 

1.0 

1.0 

Conductivity 

(% of concrete) 

1.0 

1.0 

1.0 * 

1.0 

1.0 

1.0 

1.0 

1.0 

0.1 

0.5 

2.0 

3.0 

Delta T 

(F) 

0.17 

0.83 

1.60 

3.10 

4.48 

1.87 

1.33 

1.07 

11.2 

3.97 

0.81 

0.54 

39



[+m ee —— 

  

Temperature (F) 

70.958 

fe,411 

73.864 
& (So 31e 

xD
 

Pl
as

 
w
o
 

G
O
)
 

—=
 

6
9
 

f
o
 
J
 

GG
) 

0)
 

G)
 

~1
 

A)
 

=)
 

o)
 

(4
) 

-)
 

AR
 
—
 

98 

88 

86 

82 

88 

78 

76 

74 

7e 

78   
$8 

108 
158 

288 388 
eSB 

Time (Min) 

358 

Figure 3.6 Thermal Response for a Flaw Depth of 0.5" 

468 
458 

_ TIME 
sea 

40



man T= 1.07°F 4 

  

Temperature (F) 

eb 
. 636 
ale 
. 38& 
(4 
1. 
ble 
S95 
.c69 GO

 
Co

 
C
d
.
)
 

4)
 

a)
 

to
 
=
 
W
G
 

A)
 

Go
 
U
G
)
 

FO
 

ce
 

86 

7& 

76 

74 

78   
  

Time (Min) 

Figure 3.7 Temperature Response for a Flaw Depth of 2.0" 

41



+m 2 = o"7 +     

  
  

Temperature (F) a | 

(0.978 : mm | 
es ve 313 86 

3S SAG 

mmm ONE 4 
ee] (4.983 

oie (6.318 82 

guy 78.982 2 
¢ 229) 9) mmm 20. 2c3 ® 
82.997 - 

74 

72 

7a TAME 
@ 18a cba 308 488 See 

S58 iS@ 258 358 4568 

Time (Min) 

Figure 3.8 Temperature Response for a Crack Width of 0.005"



-+—_— DELTA T = +07 + 

  

Temperature (F) 

70.828 

fe. 435 
74.042 
75.649 

256 
46.863 
64. 47 
Se Ure 
83.684 

a4 

AN
) 

~
]
 

co
 

nN
 

r
o
 

90 

BE 

BE 

B4 

Be 

8a 

28 

76 

74 

72 

78   TIME   

168 268 308 480 S88 
58 is@ 258 358 458 

Time (Min) 

Figure 3.9 Temperature Response for a Crack Width of 0.02" 

43



3.5 Summary 

The parametric study indicates that the governing characterics of the problem are 

mainly the geometry (depth and width) of the delamination itself. The thermal properties 

of the concrete will have some effect on the thermal response but not as much as the 

delamination thermal properties. 
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CHAPTER 4 

THE THERMAL ANALYSIS 

4.1 General Discussion 

This chapter presents a thermal analysis based on the concept of applying heat to 

the concrete bridge support structures by infrared heating or by hot air heating. The 

thermal response to a natural rise in the atmospheric temperature is also considered. 

Infrared heating consists of using a source of infrared radiation, such as infrared 

_ lamps, to heat the surface of the concrete in the immediate area under investigation. 

However, it is probably not very feasible, in a practical sense, to heat large areas using 

infrared (IR) methods. Consider also that if the surface of the concrete is badly 

discolored, or has excessive deicing chemical deposits, large temperature gradients can 

develop because of emissivity (or absorptivity) differences between relatively clean areas 

and stained areas. This can mask the presence of delaminations by giving temperature 

readings that are subject to incorrect interpretation. Since the majority of delaminations 

occur in the areas most likely to be badly stained or to have deicing chemical deposits, 

it may be necessary to either clean the surface or apply some type of surface preparation 

(that are aimed at making the surface emissivity more uniform), such as carpenters chalk, 

for this method to work with reliability. For this reason, the effects of variations in 

emissivity are considered in the next section of this thesis. The experimental results 
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regarding the effects of changing surface conditions on infrared detection are discussed 

in detail in chapter 6. 

The amount of heat flux that needs to be applied to the concrete surface to produce 

a measured difference in temperature between a flawed and an unflawed region can be 

estimated by considering the amount of solar energy impinging on the surface of a 

concrete bridge deck where infrared evaluations have already been conducted successfully. 

Krieth in reference [20] gives a method to calculate the heat flux at the surface of the 

earth due to solar radiation. 

At the upper edge of the atmosphere the solar heat flux (called the solar constant) 

is 442 Btu/hr-f’. This value must be corrected for the amounts of radiation absorbed by 

the dust, water vapor, and the mass of air in the 90 mile thick layer between the surface 

and the outer edge of the atmosphere. Therefore, the solar heat flux at the surface is 

calculated taking into account the relative air mass along the path of the sunlight and the 

transmission coefficient which is a measure of the medium’s ability to transmit solar 

radiation. The transmission coefficient varies from 0.81 on a clear day to 0.62 on a 

cloudy day and is considered as having an average value of 0.7 for most calculations. 

The relative amount of air is calculated by considering the observer’s relative position 

on the surface of the earth and the time of day. Equation 4.1 is used to calculate the 

incident solar heat flux on a surface parallel to the mean surface of the earth. This 

equation takes into account both the latitude of the observer (in this case a bridge deck) 

and the time of day. 
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Q; = Q,t"cosZ (4.1) 

where: Q, is the surface heat flux; 

Q, is the solar constant; 

t is the transmission coefficient; 

m is the relative air mass; and 

Z is the angle between the sun and the normal to the earth’s surface 

at the point of the oberver. 

Note that m is usually considered to be equal to secant Z for angles less than 80°. 

Solar angles Z for times of day between 6 am and 6 pm during the months May to 

August (for northern latitudes) are given in Figure 4.1. Figure 4.2 gives the resulting 

surface heat fluxes at 40° north latitude (calculated using equation 4.1) for an assumed 

concrete surface emissivity of 0.9 Ge, Q = 0.9 x Q, where Q is the heat flux across the 

surface corrected for emissivity). 

The use of hot air as a heat source for substructures appears to be more promising 

than IR heating primarily because no surface preparation is needed prior to the application 

of heat. The differences in surface conditions attributable to staining and chemical 

deposition do not significantly affect heat transfer by convection. However, a problem 

with this technique is the variations in heat transfer coefficients caused by non-uniform 

air flow conditions around the support structures. This may lead to the same type of 
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response as caused by the emissivity variations previously discussed. This will not be a 

problem if the hot air forms a uniform stagnant air pocket under the bridge structure. 

Experimental results for the hot air heating method are discussed in chapter 6. 

The surface temperature responses due to changes in atmospheric temperatures for 

several geographical locations areas considered in section 4.4. These locations are areas 

of the country that experience a significant number of days with temperature changes of 

from 30°F to 40°F during one twenty-four hour period. The climatological temperature 

data comes from reference [23]. Field testing results are discussed in chapter 6. 

4.2 Infrared Heating Analysis 

One of the easiest infrared heating methods consists simply of an array of high 

wattage infrared lamps arranged in such a way as to give an approximately uniform heat 

flux to the surface of the concrete structure. As will be shown later in this section, this 

method can deliver the amount of heat required to produce a measurable temperature 

response provided there is very little non-unformity in surface emissivity. Note here that 

the emissivity is not defined strictly by the surface color. The build up of substances 

having essentially the same visual color but different absorptivity (such as de-icing 

chemicals) can also render misleading results. Figures 4.3, 4.4 and 4.5 illustrate the 

effects on surface temperatures for a concrete section containing no flaw but having 

adjacent areas with significant differences in emissivities. Figure 4.3 illustates the thermal 

response for an emissivity ratio from left to right of 2:1. Figure 4.4 shows the response 
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for a ratio of 1.66:1 and Figure 4.5 shows the response of 1.33:1. These figures suggest 

that some surface preparation may be necessary for this method to work well if 

emissivities in adjoining areas vary over a wide range. 

The basic equation governing radiation heat transfer (2.4) shows that heat flux is 

a linear function of emissivity. Temperature responses for differing values of emissivity 

(considering a constant infrared heat source) are calculated by applying heat proportional 

to the emissivities to adjacent areas of the model. Figure 4.3 illustrates that a difference 

in surface temperature of 6.64°F occurs between two adjoining areas having a 2:1 

emissivity ratio. Figures 4.4 and 4.5 give temperature differences of 5.31°F and 3.31°F 

for emissivity ratios of 1.66:1 and 1.33:1, respectively. In order to determine if surface 

preparations are actually necessary, emissivity data from older bridges need to be 

collected and analyzed. 

The amount of heat flux required to cause a measurable temperature response is 

determined by considering a flaw at a cover depth of 1.5 inches having the thermal 

properties of air and a width of 0.01 inches. A heat flux is applied uniformly across the 

surface containing the flaw with no difference in emissivity between adjacent areas. 

Figure 4.6 shows the transient cycle used for these calculations. Table 4.1 lists several 

values for applied surface energy flux along with each thermal response given as the 

temperature difference (delta T) between the delaminated area and the undelaminated area. 

Figure 4.7 shows the surface temperature time history for a surface flux of 150 

btu/hr-ft?. This figure shows that the temperature response stays fairly constant for 
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several minutes following removal of the heat source which occurs with the ramp down 

from the maximum starting at 61 minutes to zero at 62 minutes. However, the 

Table 4.1 

EVALUATION OF INFRARED SURFACE HEAT FLUX 

Surface Flux Delta T 

(btu/hr-ft’) (F) 

25 0.39 

50 0.78 

75 1.16 

100 1.56 

150 2.32 

200 3.07 

temperature difference does start to narrow considerably after about 15 minutes. This 

should allow enough time for the infrared temperature measurement provided it is taken 

as soon as possible after the heat is removed. Allowing for the uncertainties in the 

conductivity of concrete, and the depth and width of the delamination, a heat flux of from 

150 to 200 btu/hr-ft’ is likely to be sufficient to produce a measurable delta T. 
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The temperature differences calculated in chapter 3 for adjacent areas having 

emissivity differences as low as 1.33:1 (which occur can in the field for gross 

discolorations) are larger than those calculated here. This again indicates that having a 

uniform surface emissivity is necessary for infrared heating to be a viable method. 

4.3 Evaluation of Heating With Hot Air 

It may be possible to apply hot air to bridge substructures by first hanging canvas 

tarpaulins from the bridge’s railings and then using hot air blowers to fill the enclosed 

volume beneath the bridge with air heated to a relatively high temperature. The hot air 

should form into a fairly uniform pocket against the upper parts of the support structure, 

such as pier caps and beams, and should heat the concrete by free convection. 

Commercial hot air blowers are available that can deliver large quantities of air heated 

to temperatures as high as 180°F. 

Equation 2.3 shows that surface heat flux is a linear function of both the convection 

coefficient and the delta T between the ambient air and the surface being heated. A small 

heat transfer coefficient can be compensated for by simply raising the applied 

temperature. 

The heat transfer coefficients used for this analysis are calculated using formulas 

for free convection given in reference [20]. For a flat horizontal plate with a warm 

surface facing upwards and a cool surface facing downward, equations 4.2 and 4.3 give 

the film coefficients for the turbulent flow and laminar flow regimes respectively. 
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h, = 0.14 (k/)[Gr,Pr]°*? (4.2) 

h, = 0.54 (k/l)[Gr,Pr]°” (4.3) 

where: h, is the convection coefficient; 

k is the conductivity of air; 

lis the length of the plate; 

Gr, is the Grashof number based on length; and 

Pr is the Prandtl number of the air. 

Equation 4.4 is used to calculate the film coefficient for a vertical flat plate in the 

turbulent range. 

h, = 0.10 (kA)[Gr,Pr]° (4.4) 

The turbulent flow regime is defined as the range of Grashof numbers between 

2x10’ and 3x10"°. The laminar flow regime occurs for the range 10° < Gr, < 2 X 10’. 

The Grashof number is calculated using equation 4.5. Table 4.2 lists the thermal 

properties of air. 
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2 

Gr, = EPO Dar (4.5) 
p 

where: g is the acceleration due to gravity; 

8 is the temperature coefficient for volume expansion; 

p is the density of air; 

p is the absolute viscosity; and 

L is the length of the plate. 

The term gBp?/p? is generally considered as a fluid property since the combination 

of these variable usually occur together in calculations. 

TABLE 4.2 

THERMAL PROPERTIES OF AIR AS A FUNCTION TEMPERATURE 

T* p C, k Pr gBp?/p? 

(°F) = (Ib/ft’), | (Btu/lb) (Btu/hr-ft-°F)  ---- (1/°F-ft?) 

032 0.081 0.240 0.0140 0.72 3.16x10° 

100 0.071 0.240 0.0154 0.72 1.76x108 

200 0.060 0.241 0.0174 0.72 0.85x10° 

* All values are from reference [20]. 
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It is obvious that equations 4.2 - 4.5 can be used to calculate a range of heat 

transfer coefficients based on different lengths, air thermal properties, and assumed 

temperature differences between the exposed surface and the ambient air. (Note that 

natural convection heat transfer coefficients are a weak function of length which actually 

cancels out in equations 4.2 and 4.4.) Therefore, to allow for these differences in 

geometry, thermal properties, and the general uncertainities inherent in convective heat 

transfer, a range of convection coefficients is used in this analysis for the heat up period. 

This range in h, encompasses the range calculated by the equations. A range in applied 

air temperatures is also considered. The thermal cycle is the same as shown in Figure 

3.1, except for the different temperatures in the 120°F and 180°F cases. Table 4.3 gives 

a parametric study of the effects of differing heat transfer coefficients and air 

temperatures. These calculations are based on average concrete thermal properties, a flaw 

depth of 1.5 inches, and a flaw width of 0.01 inches. The thermal properties of air are 

used for the delamination. 

Table 4.3 indicates that the temperature response is a strong function of heat flux. 

These calculations show that the higher the rate of heating, the larger the delta T between 

the flawed and unflawed areas. This table also shows that a higher applied temperature 

(or larger heat transfer coefficient) will yield a larger delta T. Note that the time 

necessary to obtain a measurable temperature response decreases with increasing air 

temperature or increasing film coefficient. Figures 4.8, 4.9 and 4.10 show the surface 

temperature responses for air temperatures of 120°, 150°, and 180°F (used with the 
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average film coefficient given in table 4.3, 0.75 Btu/hr-ft?-°F). Figure 4.11 gives the time 

history temperature response for a film coefficient of 2.0 btu/hr-ft?-°F (used with the 

average applied temperature of 150°F). 

TABLE 4.3 

EVALUATION OF CONVECTION COEFFICIENTS 

AND APPLIED TEMPERATURES 

FILM APPLIED DELTA T 

COEFFICENT TEMPERATURE 

(btu/hr-ft?-F) (°F) (°F) 

0.25 150 * 0.53 

0.50 150 0.97 

0.75 * 150 1.33 

1.25 150 1.87 

2.00 150 2.35 

0.75 120 0.83 

0.75 180 1.83 

* Average values 
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4.4 Heating By Atmospheric Temperature Rises 

The evaluation given in this section predicts the thermal response that can be 

expected due to a change in the natural ambient temperature. This analysis considers that 

the temperature of the air immediately beneath the bridge follows the general atmospheric 

temperature. This assumption may not be entirely accurate due to the shielding effect of 

the abutments, columns and the bridge deck. The air immediately below the bridge 

(between beams etc.) may remain stagnant and therefore not follow the atmospheric 

changes closely. Also warranting consideration is the fact that air currents swirling 

around substructures may cause significant variations in surface temperatures due to 

different modes of heat transfer (forced versus free convection) similiar in nature to the 

differences caused by disparate surface emissivities as discussed in Section 4.2. This 

section will, however, provide insight into the ability to measure a significant thermal 

response caused by changing atmospheric conditions. 

Since the delamination problem is primarily attributable to de-icing chemicals, 

temperature changes for northern areas are deemed the most significant. Atmospheric 

temperature data for Pittsburgh, Pennsylvania, Dover, Delaware, and Woodstock, 

Vermont, are recorded in Table 4.4. [23] These areas are listed because they experience 

a number of days with 30 to 40 degree temperature fluctuations. All three locations 

experience a considerable number of days with temperature changes of 20° to 30°F. The 

temperatures given occur mainly in fall and spring months. The summer and winter 

months generally do not experience dramatic daily temperature fluctuations. 
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Reference [23] does not specify whether these temperature swings are positive or 

negative. This can affect the detectability of flaws since convection coefficients for the 

cooling process are much lower than for the heating process. [24] A lower heat transfer 

coefficient yields a lower heat flux which results in a smaller delta T as demonstrated in 

section 4.3. Note that this analysis considers only increasing temperatures. 

TABLE 4.4 

CLIMATOLOGICAL DATA FOR PITTSBURGH, DOVER, AND WOODSTOCK 

Number Of Days* Number Of Days 

30°F < DT < 40°F DT > 40°F 

Pittsburgh 31 1 

Dover 16 0 

Woodstock 66 3 

*1985 Data 

Atmospheric temperature fluctuations occur either fairly slowly as a result of general 

daily weather changes or rather rapidly as when a front passes. This analysis considers 

both a slow change in ambient temperature corresponding to what can be expected during 

an average day as well as a fairly sudden change. Figures 4.12 and 4.13 show the 
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transient temperature cycles used for these calculations. Table 4.5 gives an evaluation of 

20°, 30°, and 40°F temperature changes considering average concrete thermal properties, 

a flaw depth of 1.5 inches and flaw widths of both 0.01 and 0.02 inches. 

TABLE 4.5 

EVALUATION OF ATMOSPHERIC TEMPERATURE CHANGES 

Ambient Crack Delta T For Delta T For 

Temperature Width Long Cycle Short Cycle 

(F) (inches) (F) (F) 

20 0.01 0.33 0.32 

30 0.01 0.50 0.48 

40 0.01 0.66 0.64 

20 0.02 0.64 0.63 

30 0.02 0.96 0.94 

40 0.02 1.28 1.25 

The results in table 4.5 indicate that the thermal cycle time does not affect the delta 

T between the two areas significantly. Figures 4.14 and 4.15 show the temperature 

responses for the 20 and 40 degree cases (0.02 inch crack width). These figures show 
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that the temperature difference between the flawed and unflawed areas changes very 

slowly. Only towards the end of the heat up cycle is there a significant delta T. 

Given the general uncertainties in the concrete thermal properties, the delamination 

thermal properties, and ambient conditions, these results indicate that there will be 

difficulty in locating delaminations without some type of artificial forced heating. 

4.5 Summary 

As shown in Section 4.2, an infrared thermography detection method based on IR 

heating is possible but has at least one major problem - local variations in surface 

emissivity. This problem is attributable to surface staining and the build up of de-icing 

chemicals in the areas most likely to contain delaminations. The problem can, however, 

be overcome by some manner of surface preparation, either cleansing or treatment with 

a constant emissivity coating. 

Heating with hot air shows the potential for achieving reasonable temperature 

responses without difficult surface pretreatment. However, field testing is necessary to 

determine if this is a reasonable alternative since the method may be costly, time 

consuming, and may require closing of the bridge being tested. 

Locating delaminations using only the natural air temperature cycle does not appear 

to hold much promise. The uncertainties inherent in thermal properties and atmospheric 

conditions may produce results that cannot be easily interpreted. 
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CHAPTER 5 

LABORATORY SPECIMENS AND INFRARED DETECTION EQUIPMENT | 

5.1 Overview 

This chapter presents a discussion of the laboratory specimens, the thermal imaging 

equipment, and the laboratory facilities. 

One of the major considerations associated with conducting infrared thermograhpic 

experiments on concrete bridge components is constructing laboratory size specimens that 

still behave thermally as actual bridge components. Because of the extremely large size 

of these components, it is not practical to just replicate them. Also, consider that using 

the standard civil engineering scaling practice to down size the specimens is not a 

reasonable approach for this problem since the latter is predominately a heat transfer 

problem and not a solid mechanics problem. Therefore, specimens that represent only a 

small section of the bridge substructure and that have the consistency of normal concrete 

are considered here. 

The phenomenon we are characterizing is the relative difference (between a flawed 

and an unflawed region) in the amount of heat conduction from the surface into the depth 

of the concrete. We qualitatively assess this by measuring the difference in surface 

temperature between a region containing a delamination and an adjacent region containing 

no delamination. For this reason, the specimens must have sufficient thickness below the 
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flaw to behave as the natural heat sink encountered in large bridge structures. The 

specimens must also have lateral dimensions large enough to prevent image interference 

caused by heat flow to or from free edges. This effect can be virtually eliminated by 

insulating the edges of the specimens. Edge effects for actual bridge components should 

not be a major problem since the lateral dimensions of most components are generally 

much larger than the temperature transition zone discussed in Section 3.3. Delaminations 

close to free edges are not considered in the experimental study. 

The consistency of the concrete needs also to be addressed. The first group of 

specimens contain aggregate that is much smaller than what is normally encountered in 

bridge construction. The smaller aggregate size does not significantly affect the 

experimental results because the conductivity of concrete made from either normal or 

small aggregate is equivalent given that the aggregate is the same except for size. It 

should also be noted here that different regions of the country use aggregate having 

different compositions. However, the thermal analysis indicates that small differences in 

thermal conductivity in the bulk concrete do not affect the results to a significant amount. 

The second group of specimens contain Virginia Department of Transportation standard 

A4 deck mix. These materials are discussed further in Section 5.2. 

The delaminations are simulated in the first specimen group by using thin 0.004 

inch polyethylene sheets imbedded at an assumed depth of between 1.5 inches and 2.0 

inches. This is the limiting case cover depth of the most shallow reinforcement bars, 

which is where most delaminations occur. Thick (0.10 inch) plexiglass is also used in 
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one of the specimens in the second group to simulate very thick delaminations. Attempts 

to produce delaminations containing no artificial materials are discussed in Section 5.2. 

As previously noted, the surface condition of the concrete is of primary importance 

for both infrared heating and infrared image detection. In an attempt to alleviate this 

problem, several surface preparations are considered. The surface preparations are: 1) 

wetting with water; 2) covering with both painted and unpainted aluminium foil; 3) 

spraying with Arid Extra Dry anti-perspirant powder; and 4) covering with blue carpenter 

chalk. The results for the surface preparations are discussed further in chapter 6. 

The laboratory facilities used for this study are located in the vibro-thermography 

enclosure in room 102b Norris hall and at the Prices Fork research center. Both locations 

are discussed in detail in Section 5.5. 

The preparation for a series of field tests is discussed in Section 5.6. The field 

testing includes both a natural daily cycle of heating and cooling as well as hot air 

heating experiments. 

5.2 Specimen Description 

The first group of specimens all have dimensions of 24" x 12" x 6" and contain 1/2 

inch reinforcement bars at a cover depth of two inches. The first specimen is used as a 

control specimen and contains no simulated delamination. The second specimen contains 

a simulated 24" x 4" planar delamination which is constructed by wrapping a polyethylene 

sheet around two reinforcement bars then twisting the bars in opposite directions until the 
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polyethylene is tight between them. The third specimen contains a simulated 24" x 4" 

trench type fracture which is constructed by attaching the plastic sheet to the side of the 

preform, stretching it around the middle reinforcement bar then attaching it to the same 

side of the preform. All three specimens are illustrated in Figure 5.1. 

The preforms are all made from 3/4 inch marine grade plywood without any special 

preparations to assure a smooth specimen viewing surface. The preforms are constructed 

so that the concrete can be inserted through the ends of the preforms parallel to the 

reinforcement bars. This arrangement keeps the polyethylene sheet in as nearly the 

desired position as possible. However, the actual cover depth to the simulated 

delaminations varies by a considerable amount because of the lateral pressure exerted by 

the wet concrete during the pouring process. Since actual delaminations in the field are 

not perfectly planar or perfectly cupped (trench type), it is assumed that the specimen 

variations are consistent with field conditions. 

Concrete made in the civil engineering laboratory using a standard mix design 

(except for the scaled down aggregate) is used for the first specimen group. The 

preliminary specimen group mix design is given in Table 5.1. Since these are preliminary 

specimens, slump, air content, and strength test results are not included in this discussion. 

The specimens in group two are made from standard A4 deck mix. The design for the 

A4 deck mix is contained in Table 5.2 and the physical and mechanical properties are 

contained in Table 5.3. 
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Table 5.1 

MIX DESIGN FOR SPECIMEN GROUP 1 

Constituent Amounts 

Coarse Aggregate (3/8") 1728 lb 

Fine Aggregate (Sand) 1122 Ib 

Portland Cement 658 lb 

Water 309 Ib 

Water Reducer 3895.4 ml 

Air 292.2 ml 

The second group of specimens all have the dimensions of 48" x 24" x 6". The 

results from testing the first group of specimens indicate that larger lateral dimensions are 

needed to relieve the problem of interference between the specimen’s edges and the 

delamination boundary temperature transistion zone which is described in Section 3.3. 

The experimental results from the first group of specimens also indicates that a smoother 

surface is necessary to eliminate localized hot and cold spots caused by areas of high 

surface roughness and porosity. Therefore, the second set of preforms use a 20 gage 

sheet of steel with a light coating of SAE 30 motor oil to insure smoothness of the 

viewing surface. Note that bridge components are usually constructed using metal 
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preforms that are oiled to facilitate removal. The second set of preforms are constructed 

so that the concrete is poured through the back of the preforms which limits the viewing 

to only one side (since the backs are extremely rough and uneven). 

Table 5.2 

MIX DESIGN FOR SPECIMEN GROUP 2 

Constituent 

Coarse Aggregate 

(Nonpolishing # 57, 

Skid Resistant) 

Fine Aggregate (Sand) 

Cement (Type 2) 

(No Fly Ash) 

Water 

Retarder 

Air 

Amounts 

1827 Ib 

1056 Ib 

635 lb 

33 gal 

19.1 oz 

6.5 0z 
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Table 5.3 

PHYSICAL AND MECHANICAL PROPERTIES 

FOR SPECIMEN GROUP 2 

Property Value 

Slump 2 in 

Air Content 5 % 

(Protex Meter) 

Compressive Strength 

After 7 Days 4.44 ksi 

Compressive Strength 

After 28 Days 6.56 ksi 

Modulus of Elasticity 5.43 msi 

The slump and air content were measured by the vendor at the time of pouring. All 

values are within acceptable limits. 

Specimen number 4 contains three thick (0.10 inch) plexiglass plates at the cover 

depths of 1.0, 2.0, and 3.0 inches. This specimen is constructed in this manner to 

determine if it is possible to evaluate the depth of a delamination by the relative time 

necessary to obtain a measurable temperature difference above each plate. 
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The fifth and sixth specimens both contain thin walled (0.043 inch) copper tubing 

imbedded at depths of 1.5, 3.0, and 4.5 inches as well as the 1/2 inch steel reinforcement 

bars. The tubing has a pressure rating of 100 psi (gauge). However, the vendor indicates 

that this tubing can easily withstand pressures up to 200 psi. The tubing is connected by 

150 psi fittings that the vendor indicates can withstand pressures up to five times the 

rating (ie, 750 psi) without catastrophic failure. The sixth specimen contains tubing that 

has had the outer radius ground down to almost zero thickness on one side to reduce the 

effective wall stiffness and therefore create greater radial strain. The reason that the fifth 

specimen does not contain tubing with a ground down wall thickness is because of the 

possibility of violent failure of a specimen having the ground down wall if the applied 

pressure greatly exceeds what can be carried by the concrete itself. This would render 

the specimen unusable. Note that concrete fails in tension at approximately 75 psi. The 

designs of these specimens are shown in Figure 5.2. 

Several different methods for creating the flaws in specimens 5 and 6 are 

considered. The first attempt is comprised of filling the copper tubing with water then 

pressurizing to just over 200 psi to create a radial strain in the tubing sufficient to crack 

the concrete. The second attempt involves filling the tubing with water, capping the ends 

then allowing the specimens to remain outside for 24 hours when the atmospheric 

temperature is well below freezing (8° - 20° F). The final method involves simply 

striking the end of the reinforcement bars sticking out of the specimens with a large 

hammer to induce a crack initiating vibration. Unfortunately, after the completion of all 
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Figure 5.2 Specimen Group 2 
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of these procedures, no delaminations are detectable in either specimen. 

The use of electrical resistance heating and accelerated corrosion methods also fails 

to produce detectable delaminations [25]. 

5.3 Artificial Heating Methods 

In order to use infrared detection methods, transient heating or cooling of the 

concrete structure must occur to induce heat conduction across the delamination which 

produces the thermal image we detect. For bridge deck or exposed substructures, sunlight 

provides the natural surface heat flux. However, for the unexposed support structures a 

practical artificial heating method must be developed since the surface heat flux due to 

just ambient atmospheric conditions is unlikely to initiate a measurable response. 

Therefore, two artificial heating methods as well as two natural heating methods are 

considered here. 

The first method of heating consists of an array of ten 250 watt infrared heating 

lamps arranged as shown in Figure 5.3. These lamps are able to produce a relatively 

uniform energy flux across planar surfaces located at a distance of approximately 8 feet. 

At shorter distances, the parabolic reflectors inside the lamps produce a thick ring shaped 

uneven distribution of heating (as shown in Figure 5.4) that can lead to falsely interpreted 

results. However, a large number of lamps producing an overlapping heat flux 

distribution overcomes this problem. This method of heating is used in experiments with 

both groups of specimens. 
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Figure 5.3 Infrared Lamp Heating Array 
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Figure 5.4 Heat Flux Distribution of IR Lamps as a Function of Radial Position 
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The other major artificial method consists of free convection hot air heating utilizing 

an industrial grade space heater. The heater is able to produce hot air at a maximum rate 

of 90,000 btu/hr. The heater is equipped with a thermostat that can control the output air 

temperature in the range of 60° to 90° F. The thermostat can also be disabled to allow 

the production of 180° F air. 

The first method of natural heating consists of placing the specimens outside in 

sunlight for a period of several hours. The specimens are then returned to the laboratory 

for observation during cooldown. This method is used only with the first specimen 

group. 

The second natural method consists of placing the specimens outside overnight 

during periods having fairly large atmospheric temperature fluctuations then bringing them 

back inside the following day to see if the ambient temperature is sufficient to produce 

measurable results. 

5.4 Infrared Detection Equipment 

The infrared detection system used for the laboratory experiments, as well as most 

of the field work, is an AGA Thermovision model 780. This system contains one liquid 

nitrogen cooled short wave scanner with a detector sensitive to 3 - 5.6 micron range 

radiation, a black and white monitor chassis which houses the system controls, a ten color 

isotherm display terminal, a thermal profiler, and an off-line system for computer access 

and recording (OSCAR). Figure 5.5 gives an illustration of the IR equipment. 
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Figure 5.5 The AGA Thermovision Model 780 Infrared Detection System 
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The AGA Thermovision system provides for the real time monitoring of the surface 

thermal response and has a maximum sensitivity of 0.2°C when used with the color 

monitor. This sensitivity is equivalent to the system used by Donohue and Associates in 

reference [16] for the Vermont highway department study of concrete covered structures 

(bridge decks). Significantly better sensitivity can be achieved using the black and white 

monitor since it uses a continuous gray scale whereas the color monitor produces only ten 

isotherms with a maximum sensitivity of 0.2°C. Because of the continuity of the grey 

scale, the black and white monitor also produces a clearer image than the color monitor. 

Two other systems are also considered for the first of the field experiments. These 

are a Hughes Aircraft model 7000 Thermal Imager and a English Electric Valve (EEV) 

Thermal Imager. The EEV is a hand held IR camera that has excellent spatial resolution 

but has less sensitivity than the AGA Thermovision system. The Hughes system is 

comparable to the AGA system in resolution and sensitivity. 

Note that it is not necessary to measure the absolute temperature of the specimens 

since the relative temperature difference between two adjacent areas provides sufficient 

data. Therefore, an external reference having a known temperature and emissivity is not 

used for these experiments. The atmospheric influence on temperature measurements is 

also assumed to be insignificant. 

5.5 Facilities 

A problem that occurs during infrared testing which requires relatively high energy 
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flux infrared heating is the thermal interaction between the specimens, the IR heat source, 

and the immediate surroundings. Radiant heat transfer from the white insulation board 

walls of the small vibro-thermography enclosure located in 102b Norris Hall produces a 

significant amount of distortion in the thermal images received from the specimens due 

to reflection of infrared radiation from the walls during specimen heatup. This problem 

is virtually eliminated by moving to the much larger work area located in one of the 

metal buildings at the Prices Fork Research Center. The uneven heating associated with 

the close proximity of the specimens to the infrared heat source is also overcome by 

moving the tests to the larger facilities. 

The vibro-thermography laboratory has the dimensions 6 x 10 x 7 ft and is 

constructed in such a way as to reduce the amount of shaker noise as well as the amount 

of outside thermal interference during vibrothermography experiments where the relatively 

low energy infrared signal comes from strain energy released as heat. The arrangement 

of the laboratory necessitates that the specimens be located at one end of the enclosure 

raised three feet off of the floor with the infrared lighting array located at the other end 

with a separation of less than seven feet. The side walls are only 2.5 feet from the 

specimen. This results in a significant amount of reflected energy that produces bands 

of higher temperature along the edge of the specimens. 

The enclosure at the Prices Fork Research Center has the dimensions of 10 x 8 x 

8 ft and is constructed by using a simple wooden frame to support walls and ceiling made 

from 0.004 inch polyethylene sheets having a low infrared reflectance. With this 
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arrangement, the sides of the enclosure are farther away from the specimens than in the 

vibrothermography enclosure thus causing less signal interference and secondary heating 

of the specimens during IR heating experiments. The front of the enclosure can be 

completely removed to allow the IR source to be moved farther away from the specimens. 

The front can also be completely sealed around a diffuser inlet to facilitate the hot air 

heating experiments. Figure 5.6 illustrates this enclosure. 

3.6 Summary 

This chapter presents the specimen design concept, a description of the infrared 

detection equipment, and a description of the laboratory facilities. Several problems 

associated with the manufacture of the specimens as well as problems with the facilities 

are also discussed. 
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CHAPTER 6 

LABORATORY EXPERIMENTS AND RESULTS 

6.1 Overview 

This chapter contains a discussion of the procedures and results for the laboratory 

experimental phase of the project. Since bridge substructures are generally not exposed 

to direct sunlight, some type of artificial transient heating must be applied to produce the 

desired infrared response for subsurface damage. Therefore, this chapter also presents a 

discussion of the laboratory efforts to determine the practicality of several available short 

term artificial heating methods. These methods include infrared, hot air, electric blanket, 

and electric heating pad methods of heating. A discussion of direct sunlight heatup as 

well as heatup due to diurnal atmospheric temperature changes is also presented. The 

results are generally depicted as thermograms of laboratory specimens or in some cases 

are just simply given in the discussion. 

The main purpose of the experimental program is to determine if the capability 

exists to detect subsurface delaminations in bridge substructure components using infrared 

thermography. To determine this, four more basic issues need to be addressed. 

These are: 

1. ability to meet thermal input requirements; 

2. viability of artificial heating methods; 
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3. effects of non-uniform emissivity; and, 

4. detectability of delaminations near geometric discontinuities. 

The thermal input requirements have already been addressed analytically in Chapter 

4 of this thesis. However, the ability to deliver the necessary amount of heat must be 

determined experimentally. Hence, several different experimental methods involving 

different heat sources are presented here. 

Several possible artificial heating methods are presented in Chapter 5 of this thesis. 

This chapter discusses the viability of each of these methods. However, a major emphasis 

is placed on infrared heating since this method appears to be the most practical for field 

application. As discussed in length in Chapters 3 and 4, this method is limited by the 

effects of local variations in surface emissivity. Therefore, some of the experimental 

results given in this chapter illustrate the problem associated with localized emissivity 

differences. 

6.2 Natural Methods of Heating 

The two natural heating methods considered in this thesis are direct radiant energy 

from the sun and diurnal atmospheric temperature rises that occur every day. From the 

literature review we know that it is possible to locate subsurface delaminations fairly 

successfully for bridge decks that are exposed to direct sunlight. The analytical study 

presented in chapter 4 of this thesis suggests that a fairly large atmospheric temperature 

swing may produce a detectable image. The following discussion addresses these two 
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methods used in conjunction with specimens 1,2,3 and 6. Note that most of the results 

presented here relate to specimens 3 and 6 which have the more easily detectable flaws, 

ie, specimen 3 has a simulated trench type fracture, and specimen 6 has three large 

simulated (thick) planar delaminations. 

The basic method used for direct sunlight heatup is to carry the specimens outside 

on sunny, low wind days, leave them for periods of from 1 to 4 hours, and then return 

them to the laboratory for thermographic examination during cool down. This method 

produces good results in specimens 3 and 6 for heatup times greater than about 60 

minutes but the simulated planar flaw in specimen 2 does not appear consistently in the 

thermal image for any amount of direct sunlight exposure. The reference (unflawed) 

specimen, #1, gives indications that surface porosity and discoloration (due primarily to 

poorly cured cement) may interfere with thermographic imaging of subsurface flaws 

depending on the depth of the flaw. However, the nonuniform temperature response due 

to the raw concrete surface conditions is not very great and may not hinder the use of this 

technique to detect fairly shallow flaws in relatively new structures. The natural sunlight 

experiments also indicate that the designs for specimens 1,2,3, and 6 render results that 

are in general agreement with results from delaminations in bridge decks exposed to 

direct sunlight and are therefore suitable for the laboratory heating experiments. 

The diurnal ambient atmospheric heatup experiments involve placing specimens 

(having all surfaces insulated except the viewing surface) outside overnight to allow them 

to cool down naturally, followed by leaving them outside in a shaded area exposed to a 
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slight wind during the daily morning temperature rise. The slight wind is necessary to 

assure that the air surrounding the specimens follows the diurnal air temperature cycle 

since stagnant air in a sheltered location may remain at a cooler temperature for a 

relatively long period into the morning, thus reducing the heatup of the specimen. The 

specimens are then taken into the laboratory and observed thermographically during 

cooldown. This method fails to produce an image in either specimens 3 or 6 (specimen 

2 is not considered) which, as mentioned, contain the easiest to detect flaws. A constant 

surface temperature profile for the reference specimen (#1) indicates that the surface 

imperfections that cause emissivity differences are only a problem for infrared heating and 

will not cause a problem when other methods of heating are employed since the heat flux 

during cooldown is very small compared to what is experienced during IR heating. 

The results from diurnal temperature swings of between 25° and 30° F indicate that 

the natural ambient temperature cycles will not produce a thermal response sufficient to 

be measured using infrared thermography methods. This is further demonstrated during 

the field experiments. 

6.3 Infrared Heating Experiments 

Before the IR heating method can be used in the field, it is necessary to first 

implement it in the laboratory. This is accomplished by using the specimens and infrared 

heating lamp array described in Chapter 5. Since each lamp in the heating array produces 

a nonuniform heat flux distribution, it is also necessary to design experiments with 
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different lamp arrangments in the heating array. These experiments consist of using only 

certain groups of lights as well as positioning the array at different distances from and 

angles to the specimens. Figure 6.1 shows the lamp arrangement and how the individual 

lights in the array are numbered. The experiments are designed to indicate the minimum 

number of lamps required to produce an image and the optimum source to object length. 

The following discussion gives the results of the different arrangements. 

The initial experiments consider only the first group of specimens and include only 

the lights numbered 1 - 4 positioned normal to the surface of the specimens and at 

varying distances of from one to six feet. The IR heatup time is varied from one hour 

to four hours of application. This arrangement produces essentially a central vertical band 

of higher surface temperature along the entire length of all three specimens which is 

similiar to the temperature distribution produced by subsurface flaws. Therefore, the 

simulated delaminations in specimens 2 and 3 are not readily discernable using this 

arrangement of IR heating lamps. 

The same experiments considering only lamps 5,7,8, and 10 produce temperature 

response patterns that are to some extent more uniform than those produced by just lamps 

1 - 4 but the results are again not as satisfactory as is needed. Adding lamps 6 and 9 to 

this group evens out the heating pattern and marginally produces sufficient heat to discern 

the delamination in the trench type fracture specimen (#3). However, this arrangement 

also produces a surface temperature distribution that reduces the response from the 

simulated flaws to the limit of detectability since the heat up is more pronounced towards 
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Figure 6.1 The Infrared Lamp Heating Array 
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the edges (unflawed region) of the specimens thus counteracting the increased differential 

heatup of the concrete above the flaw. Using lamps 2,3,5,7, 8, and 10 also produces a 

fairly uniform distribution of heat but the time necessary for an image to appear for the 

trench type fracture (#3) is excessive. 

The same series of experiments using all ten lamps indicates that this arrangement 

can produce both sufficient heat as well as uniformity of heating pattern which are 

necessary for field application. The arrangement can best be described as essentially a 

dense packed hexagonal array of lamps. 

The results from these experiments indicate that this arrangement can be expanded 

to include a large number of lamps which can be used to heat extensive planar surfaces. 

The following discussion describes the results from a series of experiments using all ten 

of the infrared heating lamps. 

As was indicated in the previous chapters, the effects on flaw detectability due to 

heating of the edges or excess heat loss through the edges also needs to be addressed. 

Therefore, most of the laboratory experiments consider only edges insulated using either 

four inch thick styrofoam held in place by wire wrapped circumferentially around the 

specimen or by Polycel insulating sealant which bonds to the surface of the concrete. 

Both methods produce acceptable results. Presence or absence of edge insulation will be 

noted as needed in the following discussion. 

Note also that the distance from the IR source to the specimen and the angle 

between the source axis and the surface needs to be addressed. For distances shorter than 
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about eight feet the heating pattern is not as uniform as is necessary. If the angle 

between the source axis and the specimen surface is very great, there will also exist a 

nonuniform heat flux. All results given in the following IR heating experiments 

illustrations (conducted at the Prices Fork research center) are for a source to specimen 

length of approximately eight feet. Off normal angles will be noted as needed. 

Figure 6.2 shows the reference specimen thermogram (#1) immediately following 

a 90 minute heatup cycle without an appreciable cooldown period. The edges of the 

specimen are insulated which results in a minimal edge effect. The surface of the 

specimen does not have any type of prior surface preparation which directly results in the 

higher temperature profile across the upper portion of the image. The temperature 

variations are due to the surface emissivity differences caused by the discoloration and 

roughness of the raw concrete surface in this vicinty. All of the group one (initial) 

specimens have a high degree of surface porosity in localized areas which results in this 

type of thermal image immediately following heatup for untreated surfaces. Note, 

however, that the image does become more uniform with increasing time after the 

removal of the heat source. Treating the surface with blue carpenters chalk alleviates the 

surface emissivity variation problem completely. The subsurface reinforcement bars do 

not appear in this image and under no conditions except exposure to the heat source are 

they detectable. 

Figure 6.3 is a thermogram for the simulated planar type delamination taken 

immediately following a 90 minute heatup period with only a short (1 - 2 minute) 
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Figure 6.2 Thermogram for the Reference (Unflawed) Specimen Immediately Following 

a 90 Minute IR Heatup Cycle 
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cooldown period. The edges of the specimen are insulated and the surface is treated with 

blue carpenters chalk. The specimen is at a lower level than the IR array and is tilted 

slightly forward which results in the upper portion of the specimen having a higher 

surface temperature. The thermal images from this specimen are inconsistent with respect 

to the ability to observe the flawed area, ie, the flawed area is not repeatably visible 

during several runs of the same experiment. This indicates that the 4" width of the 

simulated flaw at a depth of 2" is not sufficient to be always detectable. The thermal 

analysis in chapter 3 indicates that there exists a temperature transition zone at the edge 

of a delamination which has a width on the order of twice the cover depth. The cover 

depth for this delamination is approximately two inches. Therefore, the transition zone 

probably accounts for the non-repeatability of the experiments with this specimen. 

Figure 6.4 is a thermogram of the simulated trench type fracture taken immediately 

following a 90 minute heatup cycle. The specimen is treated with blue carpenters chalk 

and is at a slightly higher elevation than the IR source which results in slightly more heat 

input towards the bottom of the specimen. The outline of the flaw is clearly visible 

during all of the experiments and has well defined edges. Note that the polyethylene 

sheet used to simulate the flaw is at a greater depth at the top of the specimen than at the 

bottom due to the lack of positional control of the polyethylene sheet during the 

manufacturing of the specimen. The repeatability for experiments using this specimen 

is excellent. 

Specimen 6, containing three 12" x 12" x 0.10" plexiglass plates located at cover 
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Figure 6.3 Thermogram of the Simulated Planar Type Delamination Specimen Following 

a 90 Minute IR Heatup Cycle 
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Figure 6.4 Thermogram of the Simulated Trench Type Flaw Specimen After 90 Minutes 

of IR Heating 
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depths of 1", 2", and 3", is shown in Figures 6.5 and 6.6. This specimen is designed to 

evaluate the possibility of determining the depth of a delamination by the length of time 

required for the flaw to become visible. The thermograms show the effects of heating for 

150 and 180 minutes, respectively. In Figure 6.5 the plates with the more shallow depths 

are distinctly visible as the two white areas to the left of the thermogram. The faint 

orange to the right of the thermogram is the incipient image of the deepest plate. Note 

that the image of the deepest plate is not distinct after a 150 minute heatup cycle. 

However, with the additional 30 minutes of heating, the image of the third plate becomes 

much more visible. This suggests that the thermographic technique, used in conjunction 

with the prior knowledge of the locations and cover depths of the reinforcements bars, 

may be able to determine the depth of a delamination as well as just the location. 

In both of these figures the most shallow plate is indicated by the much larger 

concentration of white in the image denoting the higher gross temperature of the concrete 

above the flaw. Note here that the white (highest temperature) areas do not represent the 

actual size and shape of the plates due to the transition zone effect. However, the goal 

of the project is to develop a method to locate a 12" x 12" delamination. This capability 

is clearly demonstrated with this specimen. Comparing the heatup cycles and resulting 

thermograms of the trench type fracture specimen with those from this specimen suggests 

that if the conductivity across a flaw is actually much smaller Ge, the conductivity of air) 

than the conductivity of the bulk concrete around it, then the heatup time necessary to 

produce a viable image is not greatly affected by the thickness of the flaw itself. This 
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Figure 6.5 Thermogram of Specimen #6 Taken After 150 Minutes of IR Heating 
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Figure 6.6 Thermogram of Specimen #6 Taken After 180 Minutes of IR Heating 
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suggests that the severity of the damage (as indicated by degree of corrosion, hence flaw 

thickness) can not be determined by this technique. The edges of the specimen are 

insulated in both thermograms and the surface is uniformly covered with blue carpenters 

chalk. Experiments with this specimen have excellent repeatability. 

The effects of having both an exposed edge and reinforcement bars are 

demonstrated in Figure 6.7. This thermogram shows the trench type fracture specimen 

(#3) after having been heated for two hours. The high temperature profile due to the 

excessive heat input via the rebars and the uninsulated upper edge totally mask the image 

of the flawed region. The specimen has the uniform carpenters chalk surface preparation 

and the remainder of the edges insulated for this experiment. 

It has been noted previously that thermal patterns produced by differences in 

surface emissivity can interfere with the thermal patterns produced by subsurface 

delaminations. Figure 6.8 demonstrates this effect by the application of orange lumber 

crayon to several spots on the lower portion of the trench type flaw specimen (#3). The 

white spots in the lower portion of the thermogram shows that the lumber crayon treated 

region absorbs more heat than the surrounding concrete which results in the thermal 

response of the flaw being hidden by the thermal response of the treated area. The 

problem is further compounded in this experiment by the exposure of the reinforcement 

bars at the top of the specimen. This thermogram represents an extreme case where a 

readily detectable flaw is totally hidden by thermal interference due to surface emissivity 

variations and exposed reinforcement. 
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Figure 6.7 Thermogram of Specimen #3 Having Exposed Reinforcement Taken After 

2 Hours of IR Heating 

109



wy" 

vr} 

ea 
= 0 

=.2 

=v} 

AGA   
Figure 6.8 Thermogram of Specimen #3 Having Lumber Crayon Localized Surface 

Treatment Taken After 2 Hours of IR Heating 
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J. Lee in reference [25] demonstrates that the natural staining of concrete can 

produce distinct thermal patterns. Figure 6.9 shows that an 18" x 18" x 5" specimen 

(constructed at the same time and with the same batch of concrete as the second group 

of specimens in this thesis) used for a crack growth study duplicates the staining pattern 

encountered in actual bridge substructure components. The dark areas are the stained 

areas and the light gray areas are raw concrete. Figure 6.10 shows this (untreated) 

specimen after 120 minutes of heating. The stained area is at the lower edge of the 

thermogram and is distinctly visible with a temperature difference of about 0.2°C from 

the unstained concrete. This difference is not too great but it may be enough to mask 

delaminations that have a large cover depth. Figure 6.11 shows the same specimen with 

nonuniform surface treatment with the common deicing chemicals rock salt and potassium 

chloride. The treated areas appear in the thermogram as lighter colored areas which could 

be mistakenly interpeted as subsurface delaminations. Note that this specimen does not 

have a simulated delamination or any surface preparation other than the deicing 

chemicals. 

The major result from the infrared heating experiments is that the method can 

produce enough heat to allow for the consistent thermographic detection of a one square 

foot delamination located at cover depths of up to three inches. However, there are 

several major drawbacks to this method. If there is a significant amount of deckwash 

staining or deposition of deicing chemicals, some type of contact surface treatment such 

as blue carpenters chalk is probably necessary to reduce the image interference caused 
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Figure 6.9 An 18" x 18" x 5" Specimen Having Gross Surface Discoloration [25] 
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Figure 6.10 Thermogram of the 18" x 18" x 5" Discolored Specimen Taken After 2 

Hours of IR Heating [25] 
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Figure 6.11 Thermogram of the 18" x 18" x 5" Specimen Having a Nonuniform Surface 

Application of Deicing Chemicals Taken After 2 Hours of IR Heating [25] 
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by variations in surface emissivity. The axis of the heating array should be as nearly 

normal to the viewing surface as possible to avoid temperature gradients due to 

differential heating. This effect is much more pronounced if the heating elements are 

close to the concrete surface (thermodynamically the optimum location). This may not 

be a major problem if an IR source can be designed that produces a sufficient surface 

heat flux from a large distance where the relative difference in distance from the source 

to the surface caused by a slightly off normal angle is small. Delaminations in close 

proximity to free edges or other geometric discontiniuties may also be hard to detect 

because of interference with the heat flow pattern. Exposed reinforcement bar can 

interfere with the thermographic detection of nearby subsurface flaws by producing 

excessive local heating. However, just the presence of exposed rebar should be enough 

of a damage indicator to allow for assessment of the local region of the component. 

6.4 Alternative Heating Methods 

This sections presents a discussion of the hot air, the electric blanket, and the 

heating pad artificial methods used in the laboratory. The hot air heating experiments use 

the Reddy industrial hot air blower discussed in Chapter 5 of this thesis and the enclosure 

at the Prices Fork Research Center. The electric blanket and the heating pad are just 

domestic home use products. 

The intent of the hot air experiments is to produce a uniform surface convective or 

conductive heat flux sufficient to establish a thermographic image of the delaminations. 
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This requires the air flow along the surface of the specimens to be either uniform or 

stagnant. If these conditions are not met, severe thermal striping of the surface can occur 

which can hide the presence of a delamination. J. Lee in reference [25] indicates that 

there exists major difficulties in producing either uniform air flow or stagnant conditions 

in the laboratory. Figure 6.12 illustates the thermal striping of an unflawed 12” x 12" x 

4" specimen after 90 minutes of hot air application. This thermogram shows a 

pronounced vertical variance in surface temperature as well as distinct edge effects. 

Figure 6.13 shows the trench type flaw specimen (#3) after 90 minutes of hot air 

heating. The delamination is not visible in this thermogram due to large deviations in 

surface temperature caused by uneven lateral air flow. 

Figures 14 and 15 illustrate the thermal response of specimen 6 to heating by the 

electric blanket. Figure 6.14 shows the specimen immediately after three hours of heating 

and subsequent to any cool down period. The heating elements of the blanket produce 

distinctly visible higher temperature patterns on the surface of the specimen which appear 

as light blue filaments projecting into the cooler dark blue area. The same effect is 

demonstrated in Figure 6.15 where the specimen has been allowed to cool for several 

minutes. The large vertical temperature gradients observed in these two figures are 

problably due to variatians in contact pressure between the blanket and the specimen. 

Note that the three simulated delaminations do not appear in either image. Specimen 3 

also produces no image of the simulated trench fracture when heated by this method. 

Figure 6.16 shows the thermal response of the trench fracture specimen to localized 
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Figure 6.12 Thermal Striping of Reference Specimen Due to Nonuniform Hot Air 

Heating [25] 
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Figure 6.13 Thermogram of Specimen #3 Taken After 90 Minutes of Nonuniform Hot 

Air Heating 
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Figure 6.14 Thermal Response of Specimen #6 Immediately Following Electric Blanket 

Heating (No Cooldown) 
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Figure 6.15 Thermal Response of Specimen #6 to Electric Blanket Heating Following 

a Several Minute Cooldown Period 
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heating by a personal heating pad. The thermogram shows what may be the top of the 

simulated fracture in the small red area centrally located in the large upper yellow region 

(compare with Figure 6.4). However, this response may be due only to the uneven heat 

flux of the pad itself. A larger heating pad may produce a more definitive result. 

The major results of this section indicate that the hot air method of heating is 

questionable (at least in the laboratory) due to the difficulty in achieving a uniform 

surface heat flux. Contact methods of heating that depend on small internal heating 

elements produce fairly large local variations in surface tremperature profiles. 

6.5 Summary 

The laboratory experiments yield mixed results. The infrared heating method 

generally yields satisfactory results when some type of surface treatment is applied. 

However, this method may be questionable without some type of contact surface 

preparation prior to the application of heat. 

The alternative heating methods considered in this study yield unsatisfactory results 

in the laboratory. The problem of uncontrolled air flow around the specimens renders hot 

air heating nonviable unless the air can be stagnated. This changes the heat transfer mode 

from convection to simple conduction, thus achieving a more uniform heat flux 

distribution. Electric blankets and heating pads do not seem to produce the necessary 

uniformity in surface heat flux due to the presence of heating elements at discreet 

locations which results in localized hot spots. 
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Figure 6.16 Thermal Response of Specimen # 3 to Localized Heating by Electric Pad 
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CHAPTER 7 

FIELD EXPERIMENTS 

7.1 Background 

One of the main questions that needs to be answered is whether or not the daily 

ambient atmospheric temperature rise will be sufficient to produce a measurable surface 

temperature difference between delaminated and undelaminated regions of bridge 

substructures. Therefore, the evaluations of two nearby adjacent Interstate 81 highway 

bridges (shown in Figure 7.1) located near Dixie Caverns, Virginia, are considered. This 

location is considered here because previous testing has revealed large chloride-ion 

concentrations which suggest the possibility of large areas of subsurface damage. Prior 

to thermographic testing, subsurface delaminations are located in several of the different 

components using the hammer tap method (which is based on hearing a hollow sound 

when striking a surface with a hammer). These components are then monitored 

thermographically throughout the day in an effort to detect the known damage. The 

results of these tests are included in Section 7.1 of this thesis. 

It is also necessary as part of the field testing program to see if any artificial 

methods for heating bridge substructures are viable. A discussion of the infrared heating 

method, used to evaluate a 3 foot diameter column (located at the same bridges) 

containing a fairly large precisely located subsurface delamination, is given in Section 7.3. 
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Figure 7.1 Highway Bridges Near Dixie Caverns Virginia 
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The use of hot air as a field heat source is also of primary consideration in this 

study due to the fact that no surface preparations prior to the application of heat (to 

account for localized emissivity variations) is necessary. However, there does exist a 

need to provide some type of enclosure around the component being analyzed to hold the 

hot air. It may be possible to examine entire substructures at one time by just hanging 

tarpaulins down from the railings to provide the necessary enclosure for the hot air 

pocket. For the hot air field experiments included in this thesis, the same 3 foot diameter 

column used for the infrared heating method experiments is evaluated. The column is 

provided with the enclosure discussed in Section 7.4. 

Figure 7.2 is an illustration of the problem of deckwash which initiates the 

delaminations. This pier cap and column (not the one evaluated in this chapter), located 

at one of the bridges near Dixie Caverns, shows a build up of deicing chemicals which 

resembles a bright white rime in this photograph. Note the region having extremely dark 

corrosion staining patterns which may result in large differences in emissivity. Reference 

[2] suggests that surfaces having pronounced discolorations should be neglected for deck 

analyses (which depend on infrared heating by the sun). This recommendation is further 

supported by the laboratory experiments using the stained corrosion experiment specimen 

shown in Figures 6.9 and 6.10. Therefore, the upper portion of this column (not the 

column evaluated) and pier cap are not good candidates for IR heating methods that do 

not use some type of surface preparation prior to heating. 

The upper portion of the column under investigation is shown in Figure 7.3 along 
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Figure 7.2 Deckwash Residue on a Pier Cap and Column 
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with a portion of the pier cap. Note the streak of deckwash down the side of the column 

and the ice hanging from the pier cap which indicate the likely presence of the corrosive 

chloride ions. The region of study is just below this area of large deckwash build up and 

is chosen because of the lack of gross discoloration. 

The region of the column subject to the infrared and hot air heating experiments is 

shown in Figure 7.4. This figure shows that there is a high degree of surface roughness 

in the study area which, however, should not cause a significant problem for the IR 

heating experiments due to the uniformity of the roughness. The large vertical crack is 

where swelling of the rebar during the corrosion process causes the surface of the 

concrete to crack (similiar to a trench type fracture). The delaminated region lies on both 

sides of the fissure and has different depths, the left side being generally deeper than the 

right. The region being pointed to contains the most shallow and probably the worst 

damage as determined by the hammer tap method. 

7.2 Diurnal Ambient Atmospheric Heating of Column 

The analysis in chapter 4 of this thesis suggests that a day having a large 

temperature (30 - 40°F) swing is necessary for the natural heating experiments to have 

any chance of success. Therefore, December 1, 1989, a day having good weather (no 

overcast) with a temperature swing of from a low of 22°F just before dawn to a high of 

about 57°F in the late afternoon, a diurnal temperature swing of 35°F, is used to evaluated 

this possibility. 
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Figure 7.3. Upper Portion of Subject Column Showing Deckwash and Ice 
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Figure 7.4 Subject Column with Surface Crack Delineating Left Boundary of the More 

Shallow Part of the Delamination 
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Several damaged areas in both of the bridges are considered in this study. The 

early morning results indicate that the only damage that can be detected thermographically 

is optically visible damage that involves very shallow delamination. This delamination 

has through thickness cracks which may expose the inner surfaces of the delamination to 

the atmosphere, thus causing large surface temperature differences. Note that the early 

morning results are better than the afternoon results due probably to the rapid early 

morning temperature rise. A large proportion of the damage that is visible in the early 

morning is no longer thermographically detectable by late afternoon. All three infrared 

thermographic systems discussed in Section 5.4 are employed during these experiments. 

Figure 7.5 shows the subject column for the heating experiments late in the 

afternoon. The hand print, located in the region having the worst damage, is due to a 15 

second contact with the column and is shown here to illustrate that very small temperature 

differences can be easily detected on the surface of large concrete structures. Note that 

no other temperature anomalies appear in this photograph which further indicates that a 

35°F diurnal ambient rise is not sufficient to produce a significant thermal response in this 

column. 

The pier cap shown in Figure 7.6 has a subsurface delamination, located by hammer 

tap, centrally located in the lower part of the light colored area stained by deckwash. 

This area has been exposed to direct sunlight throughout most of the day. Figure 7.7 is 

a black and white photograph of a color thermogram that distinctly shows the damage as 

the small bright area to the right of center in this thermogram. The large bright vertical 
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Figure 7.5 Thermogram of a Hand Print Due to a 15 Second Contact on Subject Column 
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Figure 7.6 Photograph of Pier Cap Containing a Small Subsurface Delamination 
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band of high temperature to the left of the image is located in the highly stained area of 

the column which is also exposed to direct sunlight. The hammer tap method fails to 

locate a noticable region of damage in this area which indicates that the increased 

temperature may be due to differential heating caused by emissivity differences. 

However, it may also be due to a deep subsurface delamination that is not as detectable 

using the hammer tap method. 

Figure 7.8 is a grayscale thermogram of the same pier cap evaluated approximately 

20 minutes after the delamination passed into the shadows. Comparing this thermogram 

to the optical photograph of the pier cap (Figure 7.6), it is easy to see that the stain 

pattern from the deckwash is visible further indicating that severe staining may cause 

erroneous interpretations of resulting thermograms. However, the staining is not very 

severe in this region and causes no problem with the thermographic detection of the small 

flaw. Note that the gross temperatures of the pier cap and column after passing into the 

shadows are still high relative to the surroundings but the damage is no longer detectable 

thermographically indicating that the natural heatup (and hence temperature difference) 

provided by the sun is not very great at this time of year. 

From these experiments it seems reasonable to conclude that the natural diurnal 

temperature cycle does not produce the necessary amount of transient heating and cooling 

for thermographic evaluation of relatively deep subsurface damage. However, 

components exposed to direct sunlight can easily be examined successfully using this 

method of detection. 
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Figure 7.7 Thermogram of Solar Heated Pier Cap Showing Delamination 
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Figure 7.8 Thermogram of Pier Cap 20 Minutes After Passing into the Shade 
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7.3 Infrared Heating of Column 

The region of the column under thermographic investigation for both the infrared 

heating and the hot air heating methods is shown in Figure 7.9. To reduce the effects of 

the wind on the temperature response during the IR experiments, the column is provided 

with the protective shelter shown in Figure 7.10. The infrared source used during the 

laboratory experiments is also used for the field tests with a source to object length of 

approximately 8 feet. This length should provide enough distance to reduce the amount 

of differential heating in the region of study due to the curvature of the column. Note 

that the curvature effect manifests itself as two problems which have to be considered. 

The first, the increasing path length from the source to the object or the detector to the 

object, can be overcome by simply moving the source or IR camera further away from 

the object, thus reducing the amount of the relative difference. The second curvature 

effect, ie, reduction of the amount of radiation returned to the camera by the cosine of the 

angle between the normal to the surface and the camera, 1s more difficult to overcome. 

As this angle increases, the amount of IR radiation detected by the camera decreases. It 

may be possible to compensate for this by developing signal processing computer 

algorithms that account for this effect. However, this is not a problem for evaluation of 

the central part of the column. 

Figure 7.11 shows the column immediately after 3 hours of infrared heating with 

no appreciable cool down. The edge of the crack is distinctly visible as the vertical left 

edge of the white (highest temperature) region in the center of the column. The white 
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Figure 7.9 Region of Subject Column Under Investigation 
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Figure 7.10 Infrared Heating Enclosure 
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area is centrally located in the delamination region. Part of the delaminated region is 

visible at this time but comparing with the thermogram in Figure 7.12 it is obvious that 

a cooldown period is necessary to produce the best results. Note that the radius effect is 

evident in this and the next two thermograms by the color pattern showing decreasing 

temperatures towards the edges of the column. However, this does not overly hinder the 

detection of this delamination since the flaw is basically confined to the center, low 

incident angle region of the column. 

Figure 7.12 is a thermogram of the column taken 5 minutes after the removal of the 

heat source. The vertical left edge of the white area is the crack. The major part of the 

delamination lies within the orange to white region with the white region being the more 

shallow part. The delamination actually extends a short distance into the pink colored 

area but the curvature effect negates any detectable increase in surface temperature. 

The thermal response of the column 20 minutes into the cool down cycle is shown 

in Figure 7.13. The image in this thermogram is not quite as good as that taken after just 

5 minutes of cooling but it shows that most of the damaged area is still visible indicating 

that this method of heating produces a sufficient time window to allowable for equipment 

placement and damage evaluation. 

The results of the field infrared heating experiments presented in this section 

indicate that this method of applying heat to the bridge substructure components may be 

viable. Several difficulties have also been presented in this section. 
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Figure 7.11 Thermogram of Column Taken After 3 Hours of IR Heating with No 

Cooldown 
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Figure 7.12 Thermogram of Column Taken After 3 Hours of IR Heating and 5 Minutes 

of Cooldown 
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Figure 7.13 Thermogram of Column Taken After 3 Hours of IR Heating and 20 Minutes 

of Cooldown 
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7.4 Hot Air Heating of Column 

The structure used to enclose the subject column for the hot air experiments is 

shown in Figure 7.14. The design concept is based on providing a uniform heat flux by 

establishing a constant temperature hot air pocket. Since the design of this enclosure, 

shown in Figure 7.15, involves introducing the hot air through an opening in the floor and 

exhausting it out through the top, there is a chance that horizontal thermal striping will 

occur due to relatively high convective heat transfer rates and decreasing air temperature 

with increasing height above the base. This mode of heat transfer should produce at each 

vertical level a thermal reaction similiar to that encountered with the infrared heating 

method, ie, the concrete above the delamination should heat up more rapidly than the 

surrounding unflawed region which should be visible even with thermal striping. 

However, if the air stagnates, the mode of heat transfer should be primarily 

conduction (or very low rate convection) which will not generate any significant amount 

of thermal striping. The enclosure is designed to maximize the amount of stagnation 

while still providing for an adequate air exchange. 

The enclosure consists mainly of an 8° x 8° plywood floor upon which an octagonal 

wall structure 8 feet high is erected, covered by a matching roof. The floor and the roof 

contain a large number of evenly spaced one inch holes which help to evenly distribute 

the flow of hot air around the column. The wall frames are constructed using standard 

2" x 4" studs covered on both sides with 0.004 inch polyethylene sheets which creates 

an insulating air pocket. This construction minimizes the amount of heat loss through the 
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Figure 7.14 Photograph of the Enclosure Used for the Hot Air Heating Experiments 
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Figure 7.15 Design of Hot Air Heating Enclosure 
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sides of the enclosure which is a very important consideration for windy days where the 

heat transfer from the exterior surfaces of the walls is by high rate forced convection. 

Below the floor is an inlet plenum that is essentially the support substructure 

provided with a hot air inlet connected to the industrial hot air blower via a small duct 

line. The hot air flows into the inlet plenum, up through the holes in the floor then out 

through the holes in the roof. The ground below the inlet plenum is covered with several 

layers of corrugated cardboard to reduce the amount of heat lost to the ground. 

The following two rough approximations are made to estimate the temperature of 

the air inside the enclosure during these experiments. For the first approximation, the 

enclosure is divided (in the vertical direction) into a series of discrete volumes which are 

considered as being in a quasi-steady state condition. The air temperature inside the 

enclosure is approximated at each level separately using equation 7.1 (solving iteratively 

for T). At each level the amount of heat lost to the surroundings is calculated taking into 

account both radiant and convection heat transfer from the exterior surfaces as well as 

convection to the column. 

Gin = Gour = h,A(T - T,) + o€A,(T* - T,‘) + mC,(T -Ta) (7.1) 

where: h, is the convective heat transfer coefficient; 

A, is the convective heat transfer surface area; 

T is the enclosure air temperature; 

146



T, is the surrounding ambient temperature; 

o is the Stefan-Boltzmann constant; 

€ is the surface emissivity; 

A, is the radiation heat transfer surface area; 

m is the air mass flow rate; and 

C, is the specific heat of air. 

Note that the term mC,(T - T,) is used to calculate the input heat, q;,, at each level 

thereby removing the heat lost to the surroundings for each successive step. 

The inlet plenum is considered as one separate level and the upper enclosure is 

divided into eight 1 foot slices. The inlet plenum has a radiation heat transfer area of 

approximately 39.75 square feet and a convection heat transfer area of 93 square feet. 

Each slice of the upper enclosure has a radiation heat transfer area of 26.5 square feet and 

a convection heat transfer area of 33.6 square feet. Heat transfer from the top of the 

enclosure is neglected. 

Assuming that the blower inlet air temperature is 30°F (ambient) and the outlet air 

temperature is 180°F, the hot air mass flow rate delivered to the enclosure is 2500 lbm/hr. 

A convective heat transfer coefficient of 1.50 Btu/hr-f-°F is used to estimate the 

convective heat loss across all surfaces, including into the column. The polyethylene 

sides have an emissivity of 0.94. 

Figure 7.16 gives the enclosure air temperature as a function of axial position for 
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the first approximation. This figure indicates that there could exist a significant amount 

of horizontal thermal striping along the column. However, delaminations should still be 

visible since the temperature of the air is relatively constant in the lateral direction at any 

axial level. 

The second method used to estimate the air temperature considers the air inside the 

enclosure to be stagnant (or with a very slow exchange rate). If the entire enclosure is 

considered as a single control volume with complete mixing of the inlet air, a 

quasi-steady state temperature of approximately 90°F is calculated using equation 7.1. 

These two methods of calculating the temperature of the air inside the enclosure 

should only be considered as rough estimates. The actual temperature distribution is 

probably somewhere between the two estimates. 

The thermographic evaluation of the column prior to initiating the hot air 

experiments is shown in the reference thermogram in Figure 7.17. This figure, taken very 

early in the morning, shows a slight decrease in temperature of the concrete directly 

above the worst region of damage just to the right of the vertical crack. However, the 

difference is quite small and the column is assumed to be at constant temperature at the 

start of the tests. 

Figure 7.18 shows the column immediately after a 3 hour heatup and before any 

significant cooling has taken place. The temperature scale for this thermogram is inverted 

thereby showing the warmer temperatures at the lower portion of the scale (darker colors). 

The exact loaction of the subsurface flaw cannot be determined from this thermogram. 
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Figure 7.16 Calculated Air Temperature as a Function of Axial Position 
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Figure 7.17 Reference Thermogram of Column Taken Prior to Hot Air Experiments 
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Figure 7.18 Inverted Thermogram of Column Taken After 3 Hours of Hot Air Heating 

with No Cooldown 
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However, the temperature in the area of interest is almost constant which indicates 

that the air inside the enclosure is essentially stagnant during the heat up period. This 

also indicates that the second assumed heat transfer mode is correct and any surface 

temperature variations detected during the cool down process should be due only to the 

presence of subsurface delaminations. The second assumed heat transfer mode is further 

confirmed by the absence of any thermal striping in the horizontal direction. Also note 

the reduction in detected thermal energy (and hence, temperature) due to the curvature 

effect. 

Figure 7.19 is also an inverted thermogram taken 10 minutes into the cool down 

period. The left edge of the darker (warmer) region is the location of the vertical crack. 

Comparing this thermogram to the one for infrared heating in Figure 7.12 note that the 

dark area at the top of this thermogram corresponds to the yellow-orange area at the 

bottom of the infrared heating thermogram, thus revealing that the camera is focused on 

a lower portion of the column than evaluated in the IR heating experiments. In this 

region the two thermograms are in good agreement. The dark area also conforms quite 

well to the damaged area as determined by the hammer tap method. 

The inverted grayscale thermogram shown in Figure 7.20 shows the subject area 

after 15 minutes of cooldown subject to isothermal highlighting at the bottom of the scale 

that makes the delaminated region appear white. The damaged region visible after 15 

minutes of cool down is still clearly visible. Note, however, that an area of deeper 

delamination is beginning to appear farther down the column. This region is more visible 
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Figure 7.19 Inverted Thermogram of Column Taken After 3 Hours of Hot Air Heating 

and 10 Minutes of Cooldown 

153



oe 
o 

FE i 
Lc |   

Figure 7.20 Inverted Thermogram of Column Taken After 3 Hours of Hot Air Heating 

and 15 Minutes of Cooldown 

154



after 20 minutes as shown in the inverted thermogram in Figure 7.21 which shows this 

area beginning to turn a very dark color (warmer). 

The inverted thermogram in Figure 7.22 distinctly shows the subsurface flaw 

warmer than the surrounding sound concrete after 4 hours of hot air heating and 10 

minutes of cooldown. This thermogram compares well with the one after 3 hours of 

heating and 10 minutes of cooling (Figure 7.19). Figure 7.23 shows the delaminated area 

(subject to thermal highlighting that makes the delamination appear white) after 25 

minutes of cool down. This inverted thermogram along with the one in Figure 7.21 

indicates that a significant time window exists for setting up the thermographic camera 

and evaluating the column. Note that the best results come from monitoring the column 

for an extended period of time after the removal of the heat source. The inverted 

thermogram in Figure 7.24 taken after 40 minutes of cool down shows the thermal image 

of the delaminated area starting to fade but still clearly visible further indicating that 

sufficient time is provide for thermographic examination. 

The results from the the tests presented in this section indicate that the hot air 

method of heating can be used for infrared thermographic evaluation of subsurface 

damage. 

7.5 Summary 

Both of the artificial methods presented in this chapter produce acceptable results 

subject to some limitations. The infrared heating depends on a nearly constant surface 
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Figure 7.21 Inverted Thermogram of Column Taken After 3 Hours of Hot Air Heating 

and 20 Minutes of Cooldown 
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Figure 7.22 Inverted Thermogram of Column Taken After 4 Hours of Hot Air Heating 

and 10 Minutes of Cooldown 
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Figure 7.23 Inverted Thermogram of Column Taken After 4 Hours of Hot Air Heating 

and 25 Minutes of Cooldown 
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Figure 7.24 Inverted Thermogram of Column Taken After 4 Hours of Hot Air Heating 

and 40 Minutes of Cooldown 
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emissivity to produce reliable results. This suggests that some type of surface treatment 

prior to heating is necessary. The hot air heating method requires some type of housing 

for the hot air pocket to develop. 

It should be noted here that the field tests, performed under nearly ideal conditions, 

consider only well located subsurface delaminations. Any thermograms taken in the field 

must be subject to the correct interpretations to be of any use. This may require taking 

core samples in suspect areas. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Summary Of Results And Conclusions 

The results of this study indicate that it is scientifically feasible to detect subsurface 

delaminations in concrete bridge substructures using infrared thermography. Practical use 

of this method may, however, be subject to some engineering constraints and limitations. 

The results indicate that some type of artificial heating may be required for this method 

to have the necessary reliability. 

A significant finding of the parametric study is that the bulk thermal properties of 

the concrete, ie, conductivity, specific heat, and density, have a small effect on its thermal 

response as long as the conductivity of the concrete is significantly (50 - 100 times) 

higher than the conductivities of the substances occupying the void in the delamination. 

If, however, the bulk conductivity is not much greater than the conductivities of the 

substances filling the delamination, then the temperature difference between a flawed and 

an unflawed region will be small and the flaw may not be observable using thermography. 

This can be a problem if there is a crack leading to the surface which may allow the 

egress of moisture into a delamination. Since water has a conductivity that is 50% of that 

of bulk concrete, a delamination containing a significant amount of moisture will not be 

a likely candidate for this detection method. Note that most of the delaminations occur 
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in regions having large amounts of deckwash that can enter a flaw through a crack 

extending to the surface. Care must be taken in evaluating thermographic results in these 

areas since the absence of a positive indication in the thermograms does not necessarily 

indicate that the concrete is sound. 

Analytical results in Chapter 3 indicate that there is a significant temperature 

transition zone at the edge of a delamination which will result in a thermogram showing 

a smaller areal flaw size than is actually present. This will not be a major factor if the 

overall lateral dimensions of the delaminated area are large. Excellent agreement between 

the analytical and the experimental results for this phenomenon is illustrated by 

comparing Figure 3.2 with Figure 6.5. 

The analytical results for infrared heating given in Chapter 3 indicate that IR 

heating should yield acceptable results even for a relatively low surface heat flux. The 

analytical results given in Table 4.1 compare well with the laboratory results shown in 

Figure 6.6 and the field results shown in Figures 7.12 and 7.13. A larger array of 

infrared heat lamps (or higher power lamps) should yield even better results. 

There is, however, one major drawback to heating by infrared lamps. The analytical 

results shown in Figures 4.3 through 4.5 show that significant local emissivity differences 

may mask the presence, or give a false indication of the presence, of a delamination. 

These results are confirmed by the laboratory results shown in Figures 6.8 through 6.11. 

Therefore, some type of surface preparation prior to application of infrared heating may 

be necessary for this method to be effective and reliable. 
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Even though the results from the laboratory hot air heating experiments on 

laboratory size specimens are unsatisfactory, the analytical results given in Table 4.3 and 

the field experimental results shown in Figures 7.19 through 7.24 indicate that this 

artificial heating method will also produce acceptable results for full size structures. Note 

that this method requires some type of enclosure in order to maintain a hot air pocket 

around the subject component. 

One drawback to hot air heating is that thermal striping may occur (if care is not 

taken to prevent it) which can hinder interpretation of the resulting thermograms. 

However, results from the field hot air experiments indicate that this may not be a major 

problem. 

Alternative methods such as heating via a thermal blanket or a heating pad yields 

results that are unsatifactory due to localized heating effects caused by the discreet 

locations of the heating elements. This is confirmed by the laboratory results shown in 

Figures 6.14 through 6.16. 

The analysis of natural ambient heating given in Chapter 4 and the experimental 

results shown in Figures 7.5 and 7.17 show that the detectability of subsurface 

delaminations is marginal for natural diurnal atmospheric temperature fluctuations because 

of the uncertainties in the thermal properties of the concrete and the flaw itself. The 

results indicate that shallow delaminations should be visible while deeper delaminations 

may not be visible. However, additional field studies are required before ambient heating 

or cooling can be fully discounted. 
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All of the artificial heating methods addressed in this thesis require some type of 

effort prior to the application of heat. The effort required may or may not be 

economically feasible. This will have to be addressed in actual field trials. 

8.2 Recommendations 

The possibility that ambient heating can produce the necessary transient heat flux 

should not be discarded entirely at this point. A bridge having precisely located 

delaminations should be thermographically monitored throughout several entire diurnal 

cycles during each season before this method is totally disregarded. Recent developments 

in the mapping of surface heat fluxes instead of isotherms indicate that improved results 

can be achieved using this method. [26] 

In order to validate any of the artificial methods presented here, additional field 

experiments need to be made. Another method such as pulse - echo should be used to 

test an entire bridge structure before attempting additional artificial heating experiments. 

It is recommended that the bridge used for this series of experiments be one that is 

scheduled for replacement so that destructive investigation can be used to validate the 

testing concept. 

For IR heating experiments, a source device needs to be developed that can produce 

a large (150 - 200 btu/hr-ft?) uniform surface flux. Minimum surface preparations, such 

as high pressure wash down, should be attempted before application of a more advanced 

surface preparation. 
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A relatively simple hot air enclosure can be constructed by simply hanging 

tarpaulins down from the sides of a bridge deck. High volume industrial hot air blowers 

located below the enclosure should be able to provide a sufficient amount of heat. This 

approach should be used to see if an entire bridge substructure can be evaluated at one 

time. The hot air heating method may be the only viable option for evaluating an entire 

bridge at one time. 
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