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Abstract 

Infrared Thermography (IRT) is a promising Non-destructive Evaluation 

(NDE) technique that has been widely used in bridge deck inspection. It is a quick and 

easy alternative to provide preliminary information of possible defected areas in 

bridge decks. However, detection capabilities and sensitivity to environmental 

conditions and material properties impose some challenges for the application of IRT.  

In this study, the effect of varying concrete mixtures on passive IRT was 

investigated. Four different concrete mixtures, conventional, high-strength, self-

consolidated and lightweight concrete, were included in the evaluation. Various 

defects with relatively small sizes and depths were simulated and planted in cast-in-

place slabs. The casting and testing took place in the United Arab Emirates (UAE), 

which is considered a hot weather region. The defected specimens were imaged, and 

the images were compared to non-defected specimens to enhance the judgment on 

defect detection. Thermal conductivity of each mix was estimated using the Maxwell-

Eucken 2-phase composite material model, and Rapid Chloride Penetration was tested 

and used as an indication of density. The slabs were imaged during the cooling cycle. 

Results indicated that mix variation had a significant effect on IRT. High 

strength concrete achieved the highest detection possibility among the mixes. 

Furthermore, results showed that the higher the density and thermal conductivity 

coefficient, the better the defect detection using IRT at ideal imaging conditions is. 

For the UAE, ambient conditions are favorable for passive IRT, as the results 

indicated minimal sensitivity to wind, relative humidity, and temperature as opposed 

to other locations in the world where passive IRT would not be applicable. 

Nevertheless, because of IRT limitations, it would be better employed as a health 

monitoring technique with baseline comparisons rather than an independent primary 

inspection NDT tool for bridges.  

Keywords: Passive Thermography, Infrared Images, Defect Sizes, Material 

Properties 
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Chapter 1: Introduction 

1.1 Motivation 

The United Arab Emirates (UAE) witnessed a vast growth in population since 

year 2000. According to the latest survey conducted by the UAE Statistics Bureau [1], 

the population estimate of the UAE stands at 8.26 Million in 2010, with a growth rate 

of 65% from the 2006 statistics, as displayed in Figure 1. Along with population 

growth, there is an equivalent establishment of new developments and infrastructure. 

One of the recent examples is the opening of the 52-km Dubai Metro viaduct in 2011. 

Moreover, there is continuous expansion of main inter and intra-emirate roads, such 

as Mohamed Bin Zayed Road, Emirates Road, Business Bay Road, and Dubai-Al-Ain 

Road. This expansion was accompanied by an addition of highway facilities, 

including ramps and bridges. This emphasizes the need for a robust bridge 

maintenance, inspection, and data collection plan in order to avoid condition 

deterioration and repair costs.  

 

Figure 1. Population growth in the UAE [2] 

Until now, inspection processes greatly depend on visual assessment of the 

facility, which depends on the inspectors’ experience and judgment, and that might be 

inaccurate. These inspection visits usually occur yearly, a sufficient duration for a 

bridge to suffer some deterioration and minimize the chances of immediate remedial 

actions. In addition, visual inspection can merely help with detection of surficial 

Year

P
op

ul
at

io
n 

 



 

11 
 

anomalies, such as cracks [3]. However, historical evidence shows that sub-surface 

defects are the main cause of damages and collapses of bridges [4]. Main defects in 

concrete bridges include rebar corrosion, concrete delamination, and internal 

cracking. Table 1 presents common concrete bridge defects and their causes. The 

health of bridges in the UAE becomes more critical with its harsh environment caused 

by high temperature and high air-borne chloride content introduced due to the 

proximity of most developments to the Arabian Gulf. Such defects can impose 

undesired hazardous conditions for commuters. For example, spalling due steel 

corrosion at the bottom of a concrete deck can cause a concrete block to fall off and 

damage vehicles or even endanger human lives. Thus, early monitoring of the 

condition of bridges is required to prevent subsurface defects formation and 

propagation. Therefore, there should be a reliable technique for bridge health 

evaluation and condition assessment. Infrared Thermography (IRT) is one of the non-

destructive techniques implemented to assess and inspect bridges. With IRT, the 

infrared radiation due to the thermal state of an object is measured and captured. If 

there are heterogeneities (defects) in concrete, they can introduce variations in thermal 

images, allowing for defect detection. 

Table 1. Common Concrete Bridge Defects 

Defect Definition Cause 

Delamination Bulk separation of a concrete 
volume around steel bars or at the 
cover 

Thermal expansion due to high 
temperature exposure, corrosion 

Voids Pockets or pores in concrete that 
may contain air or water 

Poor compaction, excessive use of 
air entertainer 

Cracks Rupture in concrete causing 
separation can be hairline wide or 
wider 

Tensile stresses greater than rupture 
strength 

Corrosion Reduction in steel rebar area due to 
current conduction 

Presence of ions, such as chloride, 
sulfate, and moisture 

Honeycombing Lack of cement mortar causing bug 
holes with a honey comb shape  

Poor vibration during concrete 
casting time 

Missing steel bar Discontinuity of main 
reinforcement  

Corrosion or construction 
imperfection 

1.2 Research Objectives 

Sub-surficial defects can be detected in concrete by identifying thermal 

variations in an IRT image taken for a concrete surface. From ambient environmental 
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conditions, concrete heats during day and cools during night. Thus, defects can appear 

cooler or hotter with respect to concrete surface, depending on time of day. Infrared 

cameras can capture real-time images of these variations. The overall goal of this 

study is to evaluate the potential of IRT application as a non-destructive testing 

method for bridge inspection and condition assessment. The objectives of this study 

are: 

 Understanding the effect of concrete mix variation by having four different 

concrete mixes. 

 Investigating the limits of this technique in subsurface defect detection, in 

terms of defect size, and distance from the surface.  

 Study the effect of temperature, concrete age, and relative humidity on 

thermal images 

To study the effect of concrete mix variation, four different concrete mixes 

were casted and imaged. The mixes are Normal Weight Concrete (NWC), High 

Strength Concrete (HSC), Self-Consolidated Concrete, and Lightweight Concrete 

(LWC). The mixes vary from each other due to different constituents in each mix and 

different water-to-cementitious materials ratio (w/cm). Such constituents include 

water, cement, coarse aggregate, fine aggregate, and supplementary materials, such as 

silica fume. In order to evaluate the limits of the IRT technique in terms of depth and 

size, several defects were designed to simulate bridge defects. The defects have 

different size and depth combinations. The effect of environmental conditions on the 

IRT images was also considered. This was done by imaging the specimens for a span 

of 6 months to include a variety of temperature, relative humidity, and wind speed 

combinations. Simulated defects were implanted in defected slabs and imaged, and 

these images were then compared to images of control specimens to identify 

variations. After that, the effect of such variables was examined. In this study, all 

slabs were under exposure to outdoor conditions for the entire study time. 

1.3 Non-destructive Testing 

Non-destructive Testing (NDT) can be defined as the condition assessment of 

a given object without damaging it, or any of its elements. In some advanced 

applications, it can be used to predict values for material properties. For example, 
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compressive strength can be estimated by using the Schmidt Hammer. Nevertheless, 

most non-destructive evaluation techniques are directed towards defect detection in 

order to provide an alternative for traditional visual inspections. Such techniques 

include: 

 Infrared Thermography 

 Ground Penetrating Radar 

 Chain Drag 

 Impact Echo 

 Half-cell Potential (semi non-destructive) 

 Ultrasonic Waves 

 Rebar Coverometer 

Although the objective of such non-destructive evaluation methods is the 

same, there is a difference in the application requirements and expected outputs for 

each one. Furthermore, some techniques provide surface description of sub-surficial 

features, while others can provide more of a volumetric 3-dimensional 

characterization of sub-surface features. For example, infrared thermography and 

half-cell potential can provide contour-like results; whereas, ground penetrating radar 

and impact ultrasonic wave can provide cross-sectional visualization of concrete 

bridges. Nonetheless, infrared thermography fairly gives an indication of volumetric 

interactions of defects with concrete and the result of that interaction on the image 

taken from the surface. In order to select the proper NDT technique, an educated 

guess of defect size, depth, and location should be taken. Moreover, environmental 

conditions should always be considered for non-destructive evaluation, as it can 

impede or completely render a technique inapplicable. For example, ground 

penetrating radar cannot be used in rainy conditions, and a different technique should 

be considered in that case.  

1.4 Thesis Description 

This Thesis focuses on the assessment of different variables on infrared 

thermography. The variables include concrete mix variation, defect size and depth, 

and environmental conditions. Control and defect-implanted slabs were designed and 
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casted to study and compare these defects. The defects were modeled with artificial 

simulation in an attempt to mimic real-life defects.  

 Chapter 1: Introduction provides a short discussion of the need for a reliable 

bridge deck health condition assessment in the UAE. 

 A brief description of infrared thermography application and related literature 

is presented in Chapter 2: Background.  

 The experimental set-up, specimens’ preparation, and other details related to 

achieving the study objectives are summarized in Chapter 3: Experimental 

Program.  

 Summarized results of the thermal images of the slabs incorporating the 

factors in consideration are shown in Chapter 4: Results.  

 Analysis of the results, their in-depth investigation and correlation of the 

factors on IRT images are presented in Chapter 5: Discussion of Results.  

 The final outcomes of the experimental results and evaluation, and future work 

recommended are summarized in Chapter 6: Conclusions. 

 The complete set of results used to conduct the study and analyses can be 

found in the Appendix.  
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Chapter 2: Background 

In this chapter, a brief introduction of the Infrared Thermography concept and 

its application in civil engineering is presented. Factors pertaining to IRT are 

incorporated and discussed. The discussion includes related work found in the 

literature regarding IRT and related aspects, such as material properties, IRT defect 

detection capabilities, and environmental conditions.  

2.1 Infrared Thermal Imaging Concept 

Visible light is a limited portion of the electromagnetic waves spectrum. The 

electromagnetic spectrum includes all electromagnetic radiations starting from radio 

waves with the largest wavelength (103 m) down to Gamma rays with the smallest 

wavelength of 10-12 m. The shorter the wavelength, the higher the frequency and 

energy of the wave are, as well as its ability to penetrate surfaces. This is why gamma 

radiations are dangerous and can cause harmful consequences, since they can 

penetrate skin and cause cancer. As indicated in Figure 2, infrared radiations are those 

which have a wavelength ranging from 10-4 to 10-6 m.  

 

Figure 2. Electromagnetic waves spectrum [5] 

The fundamental concept governing thermal imaging is the heat transfer 

occurring between different materials. Heat can be transferred between materials by 

three means: conduction, convection, and radiation. Conduction is the flow of heat 

between materials in contact, and it is governed by Fourier’s law, which is expressed 

in Equation (2.1) [6]: 



 

16 
 

                                                   
. .

                              …Equation (2.1) 

Q: Heat flow (W) k: Coefficient of thermal conductivity (W/m.K) 

A: Cross-sectional area (m2) ΔT: Thermal gradient (°K)  

L: Length of object in direction of flow (m) 

Convection is the heat transferred by flowing fluids like air or water. Lastly, 

radiation is a transfer of heat from electromagnetic emitting surfaces to other 

receiving surfaces, similar to how the Sun radiates to Earth. Nonetheless, in solids, 

conduction is the dominant heat transfer mechanism when compared to radiation. In 

fact, in most heat transfer problems, radiation is considered to be negligible relative to 

other heat transfer means, except for few applications where the emitting bodies are of 

massive sizes and energy as is the case with stars (including the Sun). Figure 3 

provides an example of how a solid body can conduct heat.  

 

Figure 3. Heat Transfer through a solid object [6] 
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Conduction depends on thermal conductivity of materials, making it a specific 

property of a given material. Thermal conductivity is defined as the ability of a 

material to conduct one Joule of energy for a distance of one meter due to a 

temperature gradient (°K) within one second. In general, metallic materials have more 

thermal conductivity than most ceramics and polymers. Table 2 shows some typical 

values of thermal conductivity coefficients of common materials.  

Table 2. Thermal Conductivity of Common Construction Materials [7, 8] 

Material Thermal Conductivity Coefficients (W/m.K) 

Air 0.024 

Concrete, lightweight 0.1-0.3 

Concrete, dense 1-1.8 

Steel 43 

Water 0.58 

Accordingly, emissivity ratio is a measure of a surface’s ability to radiate 

energy at a given temperature. It is measured relative to a black body’s emissivity 

which has an emissivity coefficient (ε) = 1. When an object is heated above absolute 

zero temperature, it radiates energy proportionally to its temperature, as expressed by 

the Stefan-Boltzmann Equation (2.2) [6]: 

      	                 …Equation (2.2) 

Where E: Radiated energy (J)  ε: material emissivity         T: Temperature (K) 

σ: Stefan-Boltzmann constant (5.67*10-8 W/ m2.K4) 

Typically, concrete has an emissivity ratio of 0.9-0.95. However, there is no 

evidence that different concrete mixtures would lead to different emissivity values. 

This can be explained by the fact that emissivity depends on the surface and color of a 

body; black is a perfect absorber and white is a perfect reflector. Thus, darker surfaces 

can enhance IRT output through alleviating the effect of radiation reflected by the 

surface [9]. 

Similarly, another relative material property that affects heat transfer between 

different media is the thermal effusivity ratio (re), which is given by Equation (2.3) 

[10]. Effusivity (e) of a material represents the ability of an object to exchange heat 

with its surroundings, and it is related to thermal conductivity and density. Typically, 
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e2 is the effusivity of the layering material, while e1 is for embedded objects, which 

can be visualized as a concrete with an embedded defect. If (re) >1, this indicates that 

there is a high heat transfer rate between the concrete and the defect, and thermal 

equilibrium is expected to be achieved faster. Whereas, if (re) <1, there is less thermal 

interaction between both materials, and a thermal gradient is expected to last longer. 

Thus, for IRT defect detection purposes, it is logically more convenient to have 

conditions where re <1. 

                                                               	 	                                     ...Equation (2.3) 

Where re: Effusivity ratio, e1: defect effusivity, e2: concrete effusivity  

2.2 Defect Detection Concept 

Since materials have different thermal conductivity coefficients, not all of 

them present the same heating behavior when subjected to similar heating conditions. 

Consider an example of an element with embedded objects that are under the same 

heating conditions; they will firstly exhibit similar temperature values. However, there 

will be a deviation between the heat gain rates of both elements at some point until 

they reach their equilibrium thermal states. This means that for a detectable thermal 

difference to be present, the element has to be exposed to heat or cooled for a 

sufficient period of time to exhibit that temperature gradient with embedded objects. 

Such thermal gradients create a contrast in radiated energy as shown in Equation 2.2 

where the temperature difference substitutes the temperature term. Infrared imaging 

can be employed to detect this contrast, indicating heterogeneities in materials. This 

indicates that infrared cameras are radiometers rather than thermometers. This is 

highly advantageous because in concrete application, the existence of a thermal 

contrast might indicate the presence, and possibly the extent, of air pockets or a 

potential defect in concrete, such as corrosion [8], delamination [11], cracks [12-14], 

honeycombing [15], or voids. Moreover, some researches point out that an infrared 

camera can be used for assessing moisture penetration into concrete [16]. It also 

allows measuring the homogeneity of concrete, which is an important parameter for 

permeability and durability [17].  
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2.3 IRT Imaging Techniques  

Regarding thermal imaging, the main techniques are passive and active 

thermography. Passive thermography is the method of infrared imaging in which no 

artificial energy is added to the imaged target, and sun radiation is the only source of 

heat. Passive thermography is typically used in bridge deck inspection since it is quick 

and does not require additional equipment. Furthermore, it is expected to be effective 

where there is enough solar loading (i.e. hot weather regions or long exposure to 

direct radiation). In passive thermography, objects naturally have a dissimilar 

temperature relative to the background, without the need of an external energy source 

to create a thermal contrast. Nevertheless, ambient conditions are sometimes not ideal 

for thermal imaging; for instance, when defects and surrounding concrete have the 

same or close temperature due to insufficient solar loading. Thus, active 

thermography becomes a viable alternative, where the system is excited by an 

external energy source with known energy output [18]. This might be the practice in 

cold countries, where ambient temperature is less than 15° C for at least 9 months a 

year, which is not sufficiently high to create a gradient. To overcome the differences 

that might be encountered in different temperature regions, ASTM set some 

requirements for delamination detection in bridge decks using infrared thermography, 

ASTM D-4788 [19]. This standard was developed by evaluating the procedure and 

detection results for a bridge with known defects. Table 3 summarizes the ASTM 

guidelines for detection delamination concrete bridges.  

Commercially available IRT cameras can differ from each other significantly. 

However, a typical infrared camera would include a thermal contrast detector, signal 

amplifier, and a signal processor; besides, the optic system and display, according to 

the ASTM E-2105-00 requirements [20]. The Signal amplifier will magnify the output 

from the thermal contrast detector, and the signal processer will translate it into a 

color-scaled picture.  
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Table 3. ASTM D-4788 Guidelines for IRT [19] 

Parameter 

Season 

Summer Winter 

Exposure to sunlight (hrs.) 3 4 

Wind speed (kph) <50 <24 

Change in ambient temperature (° C) N/A 11 

Minimum ΔT for detection (° C) 0.5 0.5 

Remarks Dry deck 24 hours before test  Temperature > 0° C 

2.4 Factors Affecting IRT 

There are several factors that affect the application of IRT as a NDT, and various 

research efforts focused on different parameters pertaining to thermal imaging. The 

most important factors that influence thermal imaging are: 

 Material properties  

 Environmental conditions 

 Detection Capabilities 

2.4.1 Material properties 

Recently, there has been a wide range of concrete mixtures introduced to 

bridge construction, depending on bridge span, loading conditions, and durability 

requirements. The development of these mixtures was accompanied by change in 

volume fractions of constituents, additional supplementary materials, and the use of 

chemical admixtures. These variations led to a change in material properties. Thus, 

material properties are expected to be an influential factor in the assessment of IRT 

capabilities as a non-destructive evaluation tool. Furthermore, the properties of 

aggregates used, such as gradation, are expected to affect the thermal behavior of 

concrete. Moreover, powders like cement and silica fume possess high fineness 

values, which in turn means that they have a large surface area within a concrete 

matrix [21]. Consequently, the effect of such supplementary materials on IRT images 

should be closely examined. Equally important, porous aggregates, particularly 

lightweight aggregates, are expected to have less thermal conductivity than coarse 
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impervious aggregates, for porous aggregates have higher air content that reduces the 

thermal conductivity [22]. Table 4 presents a summary of typical amounts of concrete 

constituents for different mixes. With such discrepancies in constituents, different 

material properties including thermal conductivity and density are expected to be 

dissimilar. In general, there is a direct relationship between density of materials and 

their thermal conductivity coefficients [23].  

Table 4. Typical Amounts of Constituents in Different Concrete Mixes [21, 24, 25] 

                                     Mix 

Constituent  
High Strength 

Self-

consolidated 
Lightweight Ordinary 

Coarse aggregate content 

(kg/m3) 

1050 – 1200 750-920 200-800 - 

Fine aggregate content - 710-900 250-1250 - 

Total powder content 

(kg/m3) 

350-400 450-600 420-500 - 

Water (L/m3) 130-160 - 150-300 - 

Super plasticizer 

(% of volume) 

2-4% - - - 

Air content - - - 1-2% 
Maximum aggregate size 12.5 mm 12.5 mm 12.5 mm Up to 37.5 mm 

Concrete mix constituents can directly impact thermal conductivity coefficients of 

hardened concrete. The volume fractions and thermal properties of each individual 

constituent dictate the final thermal conductivity of concrete. Some of the parameters 

that affect thermal conductivity are: 

 Coarse aggregate (type and content) 

 Fine aggregate content (type and content) 

 Cement (content) 

 Supplementary cementitious materials 

 Water-to-Binder materials (W/B) ratio 

 Temperature and moisture content 

Each of these parameters is briefly discussed in this section. 
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First, coarse aggregates are a main phase in any concrete mixture (~40% of 

any concrete mixture), and they are expected to affect the thermal conductivity of 

concrete. Coarse aggregates are mainly classified into normal weight (limestone, 

sandstone, and shale) and lightweight coarse aggregate (pumice, expanded clay, 

perlite, etc.). Normal weight aggregates have the highest thermal conductivity 

coefficient among other concrete constituents, since they possess low porosity and a 

solid nature. Higher volume fractions of normal weight aggregate lead to higher 

thermal conductivity of concrete [26]. On the other hand, lightweight coarse 

aggregates reduce thermal conductivity if they replace normal weight coarse 

aggregates in a concrete mix, regardless of the replacement ratio. This is due to the 

low specific gravity factors of lightweight aggregates. Moreover, lightweight 

aggregates include still air in pores, locally decreasing the thermal conductivity. For 

that reason, it is used in insulation applications. Higher volume fractions of 

lightweight aggregates will further reduce thermal conductivity [22, 26-28]. 

The second parameter that affects thermal conductivity is fine aggregates. 

These aggregates do not usually have as high thermal conductivity coefficients as 

normal weight coarse aggregates, yet they help in increasing thermal conductivity of 

concrete due to their large surface area and dispersion in a concrete matrix. It is 

expected that there is an optimal coarse-to-fine aggregate ratio at which thermal 

conductivity can be maximized [26]. Similar to coarse aggregate, replacing normal 

weight fine aggregate with lightweight fine aggregate decreases the thermal 

conductivity of concrete [29, 30].  

Another parameter that influences thermal conductivity is cement. Cement is 

mixed with water to form the cement paste, which is a main phase that binds the 

aggregates to form concrete. Cement is the densest material in typical concrete 

mixtures and has specific gravity in the range of 3.13-3.15. Higher cement content 

significantly increases the density of concrete; hence, increases thermal conductivity. 

Nevertheless, the effect of using different types of cement on thermal conductivity is 

yet to be evaluated.  

In addition to coarse aggregate, fine aggregate, and cement, supplementary 

cementitious materials also have an impact on thermal conductivity. These materials 

are added to concrete to enhance its mechanical and durability features[21]. Since 
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most supplementary binders (e.g., fly ash, silica fume, slag, etc.) are utilized in 

concrete as replacement either for volume or weight of cement, they reduce the 

density of the mix. because typical binders do not have as high specific gravity 

coefficients as cement [31-33]. 

Water-to-Binder Ratio (w/b) also affects thermal conductivity. Generically, 

decreasing the w/b ratio leads to higher thermal conductivity because higher cement 

content is usually expected. However, the effect of the w/b ratio depends on the 

application of supplementary binders. Thus, a close inspection of the used binder 

materials can enhance the expected thermal conductivity coefficient of concrete [26, 

31, 32]. 

Finally, temperature has the least effect on thermal conductivity since it is not 

sensitive to small changes. Nonetheless, increasing temperature reduces thermal 

conductivity of concrete [34]. On the other hand, humidity can have a noticeable 

effect on concrete. If moisture partially or completely saturated concrete pores, it 

would increase thermal conductivity of concrete. This is due to the much higher 

thermal conductance of water compared to still air [26, 34].  

2.4.1.1 Thermal conductivity 

According to ASTM E1461-13 [35], thermal conductivity of concrete can be 

derived from the thermal diffusivity test, with the knowledge of specific heat capacity 

and density of concrete. However, availability of required testing equipment can 

impose difficulties to estimate a value for the coefficient of thermal conductivity. 

Alternatively, thermal conductivity of concrete can be estimated by employing 

composite material models [36]. Composite materials can be mainly classified to 

dispersion composites (i.e., concrete) or laminates (i.e., FRP-sheet reinforced 

concrete), and each of the classes has different models based on the geometric 

configuration of the composite phases. Considered a dispersion composite, concrete is 

modeled as a 2-phase composite, with aggregate and cement paste as the phases. The 

most common models that can be used to predict the thermal conductivity of a 

concrete are the parallel, series, Effective Media Theory (EMT), and Maxwell-Eucken 

(ME) models.  
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 Parallel and series models:  

The parallel and series models are the simplest representation of a 

material distribution in a matrix. A perfect interchange of the 2-phase layers is 

assumed, regardless of the layer thickness. From a civil engineering point of 

view, an analogy of this model, can be drawn, which is the flow of water 

through soil layers. In the parallel model, the heat flow vector is perpendicular 

to the phases’ layers, whereas the heat flow vector is parallel to the phases 

layers’ in the series models. Equations (2.4) and (2.5) present the 

mathematical representation of the parallel and series models respectively. 	 	                           …Equation (2.4) 	 / 	 / 	                        …Equation (2.5) 

Where, v: volume fraction, k: thermal conductivity coefficient of component  

1: Continuous phase (Mortar), 2: Dispersed phase (Aggregate)  

kcom: Composite thermal conductivity coefficient 

 Effective Media Theory (EMT): 

A more realistic representation of materials distribution in dispersion 

composites is described with the EMT. The distribution of the composite 

phases is completely random. This minimizes the effect of having localized 

thermal conductivity abruptions due to concentrated presence of one of the 

phases. Such randomness accurately replicates the dispersion of coarse 

aggregates within mortar in a concrete volume. However, the mathematical 

representation is not as straightforward as the parallel and series models. 

Therefore, numerical approximation methods can be used to estimate thermal 

conductivity using the EMT. Equation (2.6) presents the mathematical 

representation of the EMT model. 

   	 0             …Equation (2.6) 

 Maxwell-Eucken Model (ME): 

The Maxwell-Eucken model to some extent combines the simplicity of 

numerical estimation and the randomness of materials distribution in a matrix. 

It can be said that the ME model is a special case of the EMT model. The 



 

25 
 

layering phase and the dispersed phase in the 2-phase composite can be easily 

interchanged to accurately match realistic conditions and make sound physical 

sense. The ME model is mathematically represented as displayed in Equation 

(2.7). 

          …Equation (2.7) 

All of these models are based on the volume fraction and the individual 

thermal conductivity of each phase. The parallel and series models assume a uniform 

layered configuration and depend on the direction of flow. Nevertheless, both models 

do not make physical sense in the case of concrete especially in larger volumes, where 

aggregate is randomly distributed within the cement paste. Thus, the application of the 

EMT and ME models to model the composite thermal conductivity of concrete is 

more realistic. The EMT model assumes a highly random distribution of the matrix 

phases, while the ME model suggests a more uniform dispersion. Table 5 presents a 

summary of the models used to predict thermal conductivity. However, none of the 

models account for properties of concrete constituents, rather than just depending 

upon volume fractions and individual thermal conductivity coefficients of aggregates 

and cement paste. In fact, models are yet to be developed for random arrays of 

particles of different sizes in a multiphase continuous material [37]. Thus, the effect 

of additional parameters pertaining to concrete in addition to its composite nature 

should be accounted for, as discussed. Such parameters include:  

 Fine aggregate effect 

 Supplementary materials effect 

 W/cm ratio 

 Temperature and moisture content 

 Cement content  

 Admixtures effect 
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Table 5. Commonly Used Models for Thermal Conductivity Coefficient Prediction [36] 

Model Model Diagram Mathematical Representation Advantages Limitations 

Series 

Model 

 	 1/ 	 / 	 
Simple numerical 

substitution to find 

thermal conductivity 

Does not capture reliable physical 

meaning in terms of concrete as a 

composite, although more reliable 

than the parallel model 

Parallel 

Model 

 	 	  

Simple numerical 

substitution to find 

thermal conductivity 

Does not capture reliable physical 

meaning in terms of concrete as a 

composite 

Effective 

Medium 

Theory 

 

2 	 2 0 

Random distribution 

of phases inside the 

matrix 

Requires some implicit mathematical 

manipulation 

Maxwell-

Eucken 

Model 

 32 32  

Good representation 

of the material 

distribution within 

concrete 

Similar to the other models, it, lacks 

the influence of other material 

properties. 

v  volume fraction, k thermal conductivity coefficient of component, 1 Continuous phase 2 Dispersed phase, kcomComposite thermal conductivity coefficient

 

 

 

 

Heat flow 

Heat flow 

Heat flow 

Heat flow 
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Kim et al. (2003) studied the effect of key parameters on the thermal 

conductivity coefficient of concrete [26]. The factors they studied were age, aggregate 

content, temperature, humidity (moisture content), fine aggregate fraction to total 

volume of aggregate, and water-to-cement ratio. Accordingly, they casted different 

concrete specimens with different mix constituents in order to capture the effect of 

material variation, and they also compared the results with a control mix. The 

researchers introduced some mathematical modification factors, based on linear 

approximations of the different relationships between the effect of these parameters 

and the thermal conductivity. The modification factors (Equations 2.8-2.11) Kim et al. 

(2003) proposed are: 

 Aggregate volume fraction (CAG): CAG = 0.293+ 1.01 A          …Equation (2.8) 

 Temperature factor (CT): CT = 1.05 – 0.0025T                         …Equation (2.9) 

 w/c ratio factor (Cw/c): Cw/c = 0.8[1.62-1.54(w/c)] + 0.2R      …Equation (2.10) 

 Fine aggregate factor (CF): CF = 0.86 + 0.36 (F)                    …Equation (2.11) 

Where, 

AG : total aggregate volume fraction (%)            T: Temperature (°C) 

w/c: water-to-cement weight ratio (%)                Rh: Relative humidity (%) 

F: Fine aggregate to total aggregate ratio (%) 

All of these modification factors are then multiplied by the reference thermal 

conductivity coefficient, where, in this study, kcom is calculated from the ME model to 

predict the effective composite thermal conductivity of concrete (keff), as shown in 

Table 5. This is numerically represented in Equation (2.12). In the ME model, coarse 

aggregate is considered to be the dispersed phase, and cement paste is the continuous 

phase. 

                           keff = kcom x CAG x CT x Cw/c x CF                         …Equation (2.12) 
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2.4.1.2 Effect of material variation on IRT 

In general, most of the research efforts related to IRT were directed towards 

the defect detection capabilities of IRT in terms of size and depth. Thus, it is required 

to have more insight into the influence of varying concrete mixtures on IRT. 

Maierhofer et al. (2007) studied the influence of concrete properties on active IRT in 

the detection of defects [38]. They used one concrete mix throughout their study, with 

w/cm = 0.6. Their study incorporated different concrete configurations including: 

 Conventional concrete (Strength: 50 MPa, Unit weight: 2330 kg/m3 ) – control 

mix 

 Concrete with air-entraining agents (Strength: 38 MPa, Unit weight: 2280 

kg/m3) 

 Concrete with lightweight porous aggregate (Strength: 28 MPa, Unit weight: 

1850 kg/m3) 

 Conventional concrete with single mesh rebar (Strength: 45 MPa, Unit weight: 

2320 kg/m3) 

Furthermore, they used Styrofoam with a size of 10 cm x 10 cm x 5 cm at depths of 6 

cm and 10 cm to simulate voids in concrete. Their results indicated that the features of 

a material affect the thermal behavior related properties of concrete, which are density 

and thermal conductivity. This in turn affects the realized thermal gradient at the 

surface. Moreover, the authors reported that IRT imaging during early hydration of 

concrete depends solely on the thermal gradient between the defect and surrounding 

concrete. In addition, they assert that reinforcement density should not impede the 

accuracy of IRT at defect detection in real-life bridges with heavy reinforcement. 

Nevertheless, they did not mention how the thermal conductivity coefficients were 

measured, and how they correlate with infrared imaging output of different concrete 

mixtures. However, the work of Maierhofer et al. (2007) is one of a few research 

efforts that actually investigate material properties effects in relation to IRT [38].  

Another research was conducted by Al-Hadhrami et al. (2012) to study the 

effects of having different concrete constituents on surface temperature using IRT as a 

quality control measure of density [39]. The variables included were the w/c ratio, 

cement content, and degree of consolidation. As a result, coarse and fine aggregate 
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contents were adjusted for each mixture. Their findings suggest that more randomness 

(intensity) will be present at the surface of concrete if it is not consolidated properly, 

or if the surface is poorly finished. This means that a lower quality image will be 

produced with high difficulty of judgment if such variation is due to a defect or due to 

low-quality finishing or improper compaction. This effect propagates further with 

increasing the w/c ratio and decreasing the cement content. This study indirectly 

indicates that the density of concrete influences output images of IRT and defect 

detection. Although there were no defects simulated in this study, it provides 

important insight into surface conditions and compaction practices present in-situ. 

2.4.2 Environmental conditions 

Infrared thermography, especially passive thermography, is significantly 

sensitive to environmental and site conditions [10, 40]. Among different factors, 

temperature, solar loading, wind speed, moisture content, and cloudiness are the most 

influential environmental parameters that affect passive thermography [41]. ASTM D-

4788 provides guidelines for favorable ambient conditions that can help enhance 

delamination detection in concrete bridges in both summer and winter [19].  

Environmental conditions impact IRT capabilities in concrete defect detection 

by affecting the realized thermal gradients at the surface of concrete. In passive 

thermography, the sole source of heating concrete is heat radiated from the Sun. 

Throughout a 24-hour cycle, there are two temperature cycles that are caused by the 

net radiation coming from the Sun. Ambient temperature starts off with the lowest 

value, and then it increases as the Sun rises until noon time at which sunlight is 

perpendicular on Earth at the location of interest, and temperature reaches maximum 

values. This is the heating cycle of Earth. After that, as the Sun starts setting and the 

angle between sunlight and Earth at that location gets flatter, temperature decreases 

till it reaches its minimum values at night, and that is the cooling cycle. Existence of 

clouds can affect the temperature values, but, generally, the trend stays the same. The 

closest distance between the Earth and the Sun is at the Equator, where the radius of 

the Earth is the largest. Thus, equatorial and tropical regions are generally hotter than 

other locations. The UAE is crossed by the Tropic of Cancer. Regions crossed by the 

Tropic of Cancer (Northern Tropic) are considered the hottest in the northern 
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hemisphere of the Earth. Tropical regions are generally characterized by hot summers 

and warm winters. 

Heat radiation coming from the Sun heats the body of concrete structures as 

well as the air surrounding the concrete. Concrete surface is heated faster than the 

volume of concrete, since it takes time for heat to be conducted to the core of concrete 

volume. Nonetheless, surrounding air will have higher temperature than concrete 

during the heating cycle, and a lower temperature during the cooling cycle, due to the 

low thermal conductivity of concrete compared to continuously-moving air. Thus, a 

thermal gradient between air and concrete will exist and create a thermal interaction 

between the concrete and surrounding air. Therefore, ambient temperature can affect 

the thermal gradient between concrete and defects. The key factor, regardless of the 

time of day, to establish defect detection using IRT is to capture a time when 

interacting elements (concrete, air, defects, etc.) are not in thermal equilibrium. As a 

result, the time difference in response to each element makes it possible to create 

thermal gradient that might be large enough to create a radiation difference that can be 

captured using infrared thermography. This leads to the fact that ambient temperature 

by itself is meaningless and will not affect IRT if concrete and internal defects are in 

thermal equilibrium [6]. Nevertheless, depending on the ambient temperature, the 

surrounding air can heat concrete. Such heat reaches greater depths but with lower 

magnitudes compared to the surface. Thus, it is expected that concrete and defected 

areas will have a period at which they are not in thermal equilibrium. This period is 

affected by the heat transfer rate between the concrete and surrounding air, and that is 

why wind can affect the applicability of passive IRT [41]. The heat transfer rate 

between concrete and air depends on the convection of air. Convection rate is directly 

proportional to the velocity of the moving fluid (air). Thus, if wind speed is high, 

more heat will be transferred to the adjacent air, and the faster the thermal equilibrium 

will be reached between air and concrete. Hence, it is preferable to have low wind 

speeds when conducting IRT for defect detection. ASTM D-4788 guidelines suggest 

that, depending on season, wind speeds should be below a threshold value for thermal 

gradients to exist and for successful detection of delamination, as shown in Table 2 

[19]. Rain and moisture contents are expected to have a major effect on IRT, since 

they change the thermal properties of concrete. In addition, IRT is sensitive to surface 

cleanness. For example, an oil smudge on the surface will affect the image since it has 
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different thermal properties [13]. Other factors, such as the distance between the 

infrared camera and the imaged surface, and the angle of imaging are expected to 

affect IRT, but they are not thoroughly reported in the literature.  

Washer et al. (2010) conducted a research to evaluate the effects of solar 

loading on the detection capabilities of subsurface defects using passive IRT [40]. 

They simulated honeycombing using Styrofoam with a size of 30 cm x 30 cm with 

depths from concrete surface varying from 2.5 cm – 12.5 cm. Findings from their 

study suggest that depending on the depth of a defect, different imaging timing is 

needed for enhanced detection ability through maximizing the thermal gradient 

between concrete and defects. This was realized through measuring the thermal 

gradients between defects and concrete. Nevertheless, defect sizes included in the 

study of Washer et al. (2010) are deemed large to be easily detected. Therefore, 

relatively smaller defect sizes are required to be evaluated in order to have a better 

judgment. 

2.4.3 Detection capabilities 

One of the liming factors that affect IRT as a NDT is its capabilities of 

detecting subsurface defects, compared to other NDT techniques. ASTM D-4788 

guidelines suggest that if a 0.5° C thermal gradient exist in a thermal image of an area 

compared to neighboring concrete, delamination is expected to be present [19]. 

However, the guidelines ASTM D-4788 provided are based on a test done on a bridge 

with known shallow delamination (up to a maximum depth of 4 cm) [6]. This imposes 

uncertainty of the actual capabilities of detecting deeper defects in real-life bridge 

decks. Thus, most of the research efforts were focused on establishing realistic limits 

for applicability of IRT for subsurface defect detection and enhance related practices 

as a NDT [11, 13, 18, 42-44]. 

Cheng et al. (2008) studied the application of active IRT in detecting surface 

defects in slabs and walls, as well as detecting debonding of tiles from walls [11]. 

They simulated honeycombing in concrete slabs by filling a void with coarse 

aggregate. There was a relationship established between the maximum thermal 

gradient, and size and depth of the defect, where shallower defects tend to reach 

greater thermal gradients faster than deeper defects. Moreover, the increase of defect 
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surface area will lead to an increase in expected thermal gradient. This can be directly 

attributed to the mass and thermal conductivity of a defect. The smallest size of 

defects included in this study was 5 cm x 5 cm at largest depth of 3 cm. 

Another research was conducted by Yehia et al. (2007), in which the authors 

used IRT to establish more accurate limits for detection ability [18]. They addressed 

several common bridge defects and their causes and attempted to artificially simulate 

those anomalies to reflect actual defection. Moreover, advantages and disadvantages 

of different NDT techniques were summarized and presented. In their research 

project, slabs with defects of different sizes and depths were examined at different 

timings during the day for ideal conditions optimization. A typical bridge concrete 

mixture with compressive strength of 30 MPa (4 ksi) was employed. The smallest 

detected defects included voids simulated by Poly-Vinyl Chloride (PVC) pipes with 

1.25 cm (dia.) x 30 cm placed at a depth of 4 cm from the imaging surface. In 

addition, delamination modeled with Styrofoam and a size of 7.5 cm x 7.5 cm x 4 cm 

placed at a depth of 4 cm was detected as well. The researchers suggested that a depth 

of 5 cm (2’’) limit reflects a reasonable detection capability. Furthermore, they state 

that IRT is not capable of detecting cracks. 

On the other hand, Aggelis et al. (2010) carried out a study on the ability of 

IRT to detect subsurface cracks [13]. Self-consolidated steel reinforced concrete 

prisms were loaded to levels at which visible flexural (vertical) cracks developed, 

propagating upwards from the bottom soffit. The cracks resulting from the applied 

load had a width of more than 2 mm, which was ensured by bridging of the cracks due 

to the steel fibers. IRT images were taken of the top surface of concrete, at a height of 

1.6 m away from the specimen. Results indicated that cracks can be detected up to a 

depth of 1 cm. Cracked areas in concrete will release heat faster than sound concrete 

areas, due to the existence of air which has higher thermal conductivity, when heated 

with an external source. Thermal gradients of up to 2° C can be used as indication of 

cracked concrete, although real-life cracks are more likely to occur horizontally 

parallel to steel reinforcement.  

An experimental program was conducted by Kee et al. (2012) to study the 

ability of passive IRT to detect subsurface shallow and deep delamination [42]. 

Styrofoam blocks with different sizes were used at various depths to simulate 
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delamination. They assert that accuracy of detecting defects is majorly dependent on 

the optimal point during the heating/cooling cycle at which the thermal gradients 

between defects and concrete are maximal. Additionally, the researchers state that 

IRT can provide information about the extent of delamination; however, this was not 

investigated thoroughly in their study. Moreover, their results showed sensitivity to 

ambient temperature changes within a day in the sense that adjustment of imaging 

range is required based on the time of day at which imaging takes place. Despite that 

the authors showed the success of IRT in detecting shallow and deep delamination, 

the simulated defects sizes are deemed oversized to represent a challenging limitation 

for IRT as a NDT. The smallest size of delamination simulated was 30 cm x 30 at a 

depth of 5 cm, in addition to 30 cm x 60 cm at 15 cm. Such defects are an indication 

of severe damage in bridges. Therefore, more challenging defect sizes are needed to 

simulate and detect early deterioration of bridges to avoid higher repair costs and have 

more repair alternatives.  

Table 6 summarizes the findings of IRT related research efforts that were 

conducted on slabs with simulated defects. It shows that there is a general trend of 

using large defects to simulate defected bridge decks as well as using shallow depths 

typically. In order to normalize the difference of size and depth combination of 

defects, the radius-to-depth (R/d) can be used as a tool for a more representative 

measure of IRT capabilities. The radius of the defect is used as the shortest dimension 

in the surface area of the defect. From Table 6, it can be observed that there is a wide 

range of (R/d) values (0.2-2.5) regardless of the depth and size. Thus, the current 

study provides more challenging detection requirements in terms of size and depth for 

the purpose of early detection of defects where they are supposed to be small in size. 

Moreover, the effect of concrete mixture variation on IRT capabilities was also 

assessed. The details of the implemented experimental set-up and procedures are 

discussed in Chapter 3. 
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Table 6. Sample of Research Efforts Regarding IRT 

Author Study Focus 
Simulated Defects 

(simulation) 

Defect Size 

(smallest) 

Depth 

(largest) 

R/d (shortest 

dimension/depth) 
Concrete type Technique 

Maierhofer et al 
2007 

Material 
Properties effect 

Voids (Styrofoam) 10 cm x 10 cm x 5 cm 6 cm 0.6 

w/cm 0.6 – Conventional (48 
MPa) 

Active 

w/cm 0.6 – Air-entraining 
agents (38 MPa) 

w/cm 0.6 – Porous Aggregate 
(28 MPa) 

w/cm 0.6 – Conventional with 
steel reinforcement (45 MPa) 

Yehia et al 
2007 

Detection 
Capabilities 

Void (PVC pipes) 1.25 cm x 30 cm (dia. x 
length) 

4 cm 0.3125 Conventional (4 ksi) N/A 

Delamination 7.5 cm x 7.5 cm x 4 cm 4 cm 0.53 
Cheng et al 

2008 
Detection 

Capabilities 
Honeycombing 

(Concrete-filled voids)
5 cm x 5 cm 

(Area)
2 cm 2.5 Not specified Active 

Washer et al 
2010 

Environmental 
conditions (solar 

loading and 
temperature) 

Honeycombing 
(Styrofoam) 

30 cm x 30 cm 12.5 cm 2.4 Not specified Passive 

Aggelis et al 
2010 

Detection 
Capabilities 

Crack (Real) 0.2 cm 1 cm 0.2 SCC – Steel fiber reinforced Active 

Kobayashi and 
Banthia 2011 

Detection 
Capabilities 

Corrosion (Real) 1.3 cm (dia.) 2 cm 0.65 w/cm 0.55 Active 

Kee et al. 2012 Detection 
Capabilities 

Delamination 
(Thin foam) 

30 cm x 30 cm 5 cm 6 Conventional (4 ksi) Passive 
30 cm x 60 cm 15 cm 2 

Zhao and Chen 
2013 

Detection 
Capabilities 

Void (Real) 5 cm (dia.) surface - Not specified Passive 
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2.5 Advantages and Limitations of IRT  

Infrared Thermography proves to be a potential non-destructive inspection 

method for concrete bridges [11, 13, 45]. It depends on thermal conductivity 

coefficients to detect variations in concrete structures. Favorably, it can help detect 

subsurface defects without the need to extract cores from concrete. It can be simply 

operated, as simple as using a digital camera, and does not require a great deal of 

training. Moreover, the inspection process does not consume much time, and it can be 

mounted on cars or helicopters for quick data collection, facilitating the creation of a 

complete profile of the bridge condition [42]. In addition, the output images of IRT 

are easy to be interpreted compared to other sophisticated techniques.  

Adversely, from the literature review of previously carried out research, the 

upper limit of this technique falls in the range of 50-10 mm (2-4 inches) from the 

surface [13, 18, 45]. Furthermore, since this technique depends on thermal properties, 

it is sensitive to environmental effects, including solar loading [40], wind, and relative 

humidity. In addition, it is also sensitive to surface cleanness. For example, an oil 

smudge on the surface will affect the image since it has different thermal properties as 

discussed in section 2.3 [13]. The effect of concrete mix variation, due to difference 

of batch ingredients such as aggregate and w/c ratio, on the images has not been 

completely assessed. Thus, combinations of different materials can lead to a wider 

range of results that need to be controlled. 

2.6 Summary  

In this chapter, different factors affecting IRT are presented and discussed. 

The most important affecting IRT as a NDT are material properties, detection 

capabilities, and environmental conditions. Each of the factors was briefly explained 

and related to the application of IRT. Although numerous research efforts were aimed 

to capture IRT detection capabilities, material properties effect on IRT imaging was 

less emphasized. Moreover, most of the experimental studies carried out on IRT seem 

to over-estimate the defect detection capabilities by over-sizing simulated defects. 

Consequently, the experimental program was designed to address related issues and 

yield deeper insight into the applicability of passive IRT as a primary NDT technique 

for bridge deck inspection and subsurface defect detection. 
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Chapter 3: Experimental Program 

The objectives of the current study are to i) assess the effect of the material 

difference on IRT images, ii) investigate the IRT technique capabilities for defect 

detection in terms of size and depth, and iii) assess the environmental conditions as 

well as concrete age effect on images. The experimental program is designed to 

accommodate the requirements of another research project, which is related to 

Ground-Penetrating Radar technique as non-destructive evaluation method. Various 

defects with different sizes and depths were used to simulate real-life concrete bridge 

deck defects.  

3.1 Preliminary Investigation 

Prior to commencing the actual experimental investigation, an initial small-

scale pilot study was carried out to confirm that concrete mix variation will affect 

IRT. In addition, the time of day at which passive IRT would provide reliable and 

repeatable results was investigated.  

3.1.1 Experimental set-up 

A small-scale pilot preliminary investigation was conducted prior to the actual 

experimental program of the research project. Concrete slabs (plates) with a size of 55 

cm x 55 cm x 12 cm with bottom 12 mm @ 10 cm steel mesh (#4 @4 in.) and cover 

of 1.5’’ (40 mm) were prepared and casted. A total of three slabs were casted with a 

different concrete mixture for each slab: lightweight concrete with natural pumice, 

self-consolidated concrete [46], and synthetic fiber-reinforced self-consolidated 

concrete. Each of the slabs included simulated defects, which are delamination 

(simulated with Styrofoam), and a void (simulated with PVC). The reason for 

selecting such simulation is explained in section 3.3. Figures 4 and 5 show the 

simulation of delamintation and the void respectively. As shown in Figure 4, the 

thickness of the delamination was purposely oversized to facilitate capturing the 

direct impact of concrete mix varation on IRT and avoid engaging the innate factor of 

IRT detection capabablities. In order to avoid concrete intrusion into the void, the 

PVC void was sealed from both ends using a silicon-based sealant as illustred in 

Figure 5. The depth and location of the defects were the same for all the slabs, and 
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they are shown in Table 7 below. Figure 6 displays an overview of a sample defected 

slabs of the preliminmnary investigation.  

Table 7. Simulated Defects Size and Depth - Preliminary Investigation 

Defect Size (cm) 
Depth from top 

surface (cm) 
(R/d) 

Delamination 
10 x10 x 4 

(Area x Thickness) 

7 1.43 

Void 
4 x 10 

(dia. x length) 

7 0.57 

 

 

Figure 4. Simulated delamination in the preliminary investigation 

 

Figure 5. Simulated void in the preliminary investigation 
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Figure 6. Overview of defected slabs in the preliminary investigation 

3.1.2 Results 

The three slabs were placed under the same environmental conditions after 

casting. The range of the ambient temperature was from 26° to 37° C with a relative 

humidity of 70±10%. Several images were taken for each of the specimens at 

different timings during the day, yet defects started to be detected around sunset time 

(4-7 p.m.). This finding coincides with the common knowledge of the literature which 

supports that the best imaging timings are early morning and late day, the timings 

when thermal gradients are at their highest level. The synthetic fiber SCC specimens 

were first imaged, where a sample of the images was taken at around 9 p.m. after the 

Sun had completely set. Figures 7 and 8 represent the delamination and the void 

inscribed by box A and oval B respectively. The marked area C in Figure 8 marks the 

effect of the steel rebar on the image. A temperature difference range of 3-5 °C was 

enough to reveal the defects. Figure 8 clearly shows the delamination in concrete at 

the same temperature difference range, yet the void was not detected. Figure 9 shows 

an image taken for the specimen casted with lightweight aggregate concrete, where no 

defects can be seen at around 9 p.m. This is attributed to the porosity of the 

lightweight aggregate, which allows a faster heat exchange with the surrounding air, 

negating any noticeable thermal gradient within the concrete and the embedded 

defects. The variation in mix constituents, aggregate size, and type caused a 

difference in IRT images. Therefore, the main experimental program of the research 

project is expected to reflect similar behavior. 
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Figure 7. Delamination in synthetic fiber SCC 

      

Figure 8. Void in synthetic fiber SCC 
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Figure 9. Delamination in SCC 

            

Figure 10. Undetectable defects in LWC 
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35.1 °C 

30.4 °C 

35.2 °C 



 

41 
 

3.2 Specimen Details 

A total of sixteen slabs with 1.22 m x 1.22 m x 20 cm with steel reinforcement 

of #12 mm@12.5 cm were casted for this experimental program, with both single and 

double reinforcement meshes. Figure 11 presents the specimens designed for the 

experimental program. This design allows the comparison between defected and 

control slabs, and effect of concrete mixture variation. The different mixes casted 

were conventional (NWC), high strength (HSC), lightweight (LWC), and self-

compacting concrete (SCC). Each mix group was split into control and defect groups, 

for both singly and doubly reinforced slabs, making a total of four slabs per mix type. 

All of the mixes were batched at a concrete mix plant and casted in the outside testing 

facility at the American University of Sharjah with GPS coordinates (25.3097° N, 

55.4906° E), indicating proximity to Tropic of Cancer (Tropical climate conditions). 

Moreover, standard cubes and cylinders were also casted to monitor mechanical 

properties and strength development to ensure that they achieved target strength and 

to perform Rapid Chloride Penetration Test (RCPT) to assess the density of each mix 

[21]. Table 8 summarizes the test samples and standards used during the material 

properties determination. Figure 12 presents the formwork details for the 

experimental program slabs, while Figures 13 and 14 display the structural drawing 

and details of the singly and doubly reinforced slabs. Figures 15 and 16 show a 

sample of the constructed singly and doubly reinforced slabs that were used for 

controlled and defected specimens. 
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* Each of control and defected specimens were cast with single and double reinforcement meshes 

Figure 11. Summary of the experimental program 
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Table 8. Sample and Standards for Tests Concducted 

Test* Specification No. of 

Samples 

per 

Event 

Sample Size Age at testing 

events (days) 

Compressive 

Strength BS EN 12390-1:2012 [43] 
2 Cubes 

 

150 mm x 150 mm x 

150 mm 

 

3, 7,14, 21, 28, >90 

Flexural 

Strength 
ASTM C78 [44] 2 Prisms 

100 mm x 100 mm x 

500 mm 
3, 7, 21 and 28 

Split Tensile 

Strength 
ASTM C496 [45] 

2 

Cylinders 
100 mm x 200 mm 3, 7, 21 and 28 

Modulus of 

Elasticity 
ASTM C469 [46] 

2 

Cylinders 
150 mm x 300 mm 28 

Unit Weight 

ASTM C567 [47] 
2 

Cylinders 
150 mm x 300 mm 28 

Rapid 

Chloride 

Penetration 

ASTM C1202 [52] 
2 

Cylinders 
100 mm x 50 mm >90 

* The tests were carried out for all concrete types 

 

Figure 12. Formwork design 
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Figure 13. Singly reinforced slabs structural detailing 

 

Figure 14. Singly reinforced slabs structural detailing 

 

Figure 15. Singly reinforced slabs as built 

Spacer 
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Figure 16. Doubly reinforced slabs as built 

3.3 Nature of Defects 

In order to investigate the defect detection ability of IRT, different parameters, 

size, depth, and defect simulation method, pertaining to the defect were assessed. 

Each of the parameters is discussed in following subsections. The defects included are 

delamination, cracks, voids, honeycombing, and corrosion. The nature of defect, 

definition, cause and simulation are summarized in Table 9. Materials were used to 

replicate and closely simulate behavior of such defects. In this study, different sizes 

were employed for the defects to compare them with the existing information from 

the literature. In order to investigate the detection potential of a particular defect, 

images of defected slabs were compared to their parallel control specimens. 

The key factor in studying infrared thermography is to simulate the defect 

behavior with a proper simulation that would reflect or approximate the actual 

behavior in bridge decks. Thus, to some extent, simulated defects should reflect real 

defects in some manner despite the uncertainty of the proposed simulation which 

requires a study by its own for confirmation [53]. Since delaminated concrete is 

expected to have less density and more air voids than that of sound concrete, low 
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density Styrofoam, which has been repeatedly used in the literature [18, 42, 54], was 

used to simulate delamination. As for voids, it is practically difficult to simulate real-

life size voids because they are very small in size (20 mm). Consequently, voids were 

exaggerated in this study, with the smallest size being 1.25 cm dia. x 2.5 cm (0.5’’x 

1’’). They are expected to entrap a notable amount of air. Poly-vinyl Chloride (PVC) 

was used in the simulation of voids. Internal cracks are not easy to be induced in 

concrete in a controlled fashion. Nevertheless, IRT could be used to monitor and 

indicate existence of cracks up to 11 mm below the surface, but without providing 

information about extent or width [14]. Corrugated multi-layered cardboard was used 

to simulate the voids, since there is a non-uniform fine spacing between the cardboard 

plies, providing a good approximation for cracks. With a target of 10% reduction in 

cross-sectional area, steel bars were corroded using acids in the chemical engineering 

lab. Lastly, honeycombing was simulated by inserting a layer of bubble wrap in the 

required depth, with different bubble sizes. Figures 17 and 18 provide an overview of 

the defected specimens. Heavy duty thread lines were used to hang and support the 

defects at the desired depths in all singly reinforced defected slabs as shown in Figure 

17. All defects were rigidly held in place to avoid defect movement during concrete 

casting. 

  



 

47 
 

Table 9. Summary of Defects and Simulation 

Defect Definition Cause Simulation 

Delamination Bulk separation of 

a concrete volume 

around steel bars 

or at the cover 

Thermal expansion 

due to high 

temperature exposure, 

corrosion 

Low density 

Styrofoam 

Voids Pockets or pores in 

concrete that may 

contain air or 

water 

Poor compaction, 

excessive use of air 

entertainer 

PVC 

Cracks Rupture in 

concrete causing 

separation, can be 

hairline wide or 

wider 

Tensile stresses 

greater than rupture 

strength 

Multi-layered 

cardboard 

Corrosion Reduction in steel 

rebar area due to 

electric current 

conduction 

Presence of ions, such 

as chloride, sulfate, 

moisture 

Accelerated 

corrosion before 

casting using HCl 

Honeycombing Lack of cement 

mortar causing bug 

holes of a honey 

comb shape  

Poor vibration during 

concrete casting time 

Bubble wrap 

Missing steel 

bar 

Discontinuity of 

main 

reinforcement  

Corrosion or 

construction 

imperfection 

Physically cut steel 

with mechanical 

cutter 
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Figure 17. Overview of a sample defected singly reinforced slab 

 

Figure 18. Overview of a sample defected doubly reinforced slab 
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3.4 Defect Detection 

Infrared imaging is indeed limited by the depth at which a defect is located. 

The capabilities of the IRT technique in defect detection were assessed in terms of 

size and depth of defects. Table 10 summarizes the sizes and depths of different 

defects. The sizes used in this study are aimed to better judge the detection ability of 

IRT and its application as an inspection or health monitoring technique. Different 

sizes reported in the literature were used for different simulated defects, yet it is 

believed that they are large enough to be easily detected and to overestimate the 

capabilities of IRT. Some of the sizes reported can reach up to 60 cm x 60 cm [42], a 

size that has a very high probability of being detected regardless of the depth. Equally 

important, it would be questionable for defects of such large sizes to exist in real life 

bridges since this indicates very poor inspection methods and occurrences. 

Nevertheless, constructions deficiencies, improper concrete compaction, or 

inadequate performance of contractors can sometimes lead to the existence of voids 

and honeycombing, or even reinforcement discontinuity. Figure 19 presents the plan 

of defected specimens with the location of each of the defects simulated in this study. 

The distribution of defects was planned to minimize the interaction between different 

simulated defect types. 

3.5 Effect of Concrete Mix Variation 

It is expected that the application of different concrete mixes would affect 

IRT, and it is required to capture the behavior of different combinations of mix 

ingredients. For that purpose, four different concrete mixes were casted. Those mixes 

are: conventional normal weight(NWC), high strength (HSC), lightweight (LWC), 

and self-compacting concrete (SCC). High strength concrete mixes are characterized 

by a high powder and coarse aggregate content, and low water content. On the 

contrary, self-consolidating concrete is generally flowable and has high fine aggregate 

content to provide rheological stability in addition to a typical maximum size of 

coarse aggregates (gravel) of 10 mm. The light weight concrete mix was similar to the 

conventional concrete mix, except for the use of lightweight aggregate. Table 11 

shows the mix proportions of the different mixes. The material difference is expected 

to affect the thermal conductivity. Although thermal conductivity for the mixes was 
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not tested, numerical models were used to estimate the thermal conductivity 

coefficients for the different mixes. 

3.6 Environmental Effects 

The influence of different environmental elements controls the IRT output. 

Temperature is the key environmental factor regarding thermal imaging, for the UAE 

falls in a hot weather region. Since the specimens were kept in an outdoor testing 

facility, there was a high solar loading in a large portion of the day. Regarding wind, 

it is not expected to affect the results, since wind speed in this region (the UAE) is not 

high. The ASTM D-4788 guidelines are summarized in Table 2, and they were used 

in the testing procedure as a guideline [19]. Table 12 presents the environmental 

conditions throughout the study period. 

Table 10. Environmental Conditions during Study Period 

                           Month 

 

Parameter 

December January February March April May 

Temperature (˚C) 24 26 28 33 37 39 

Wind speed (kph)  6 10 19 12 12 15 

Relative Humidity 47% 50% 55% 56% 53% 58% 

3.7 Concrete Casting 

A ready mix producer agreed to prepare and deliver concrete to the casting 

location (the outdoor testing facility at the AUS). For each mix, 2 m3 of concrete were 

batched to be poured into the specimens. Standard cubes and cylinders were casted as 

well to ensure that the mixes achieved design strength and to evaluate other 

mechanical properties. Concrete casting took place for all mixes at around noon time. 

HSC and NWC mixes were compacted using a mechanical vibrator, while SCC and 

LWC mixes required minimal compaction. Damped burlaps were placed on concrete 

for curing for a period of three days. Forms were removed one day after casting to 

avoid thermal cracking due to the high ambient temperature. 
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Figure 19. Plan of defected specimens with defect locations 
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Table 11. Defect Description Schedule (size and depth) 

Defect Size  
Depth  

(from top surface) 

R/d 

(shorts 

dimension

/depth) 

Sample Image 

(D) Delamination 

(area x 

thickness) 

(1) 12.5 cm x 12.5 
cmx 1 cm 

10 cm 1.25 

(2) 4 cm x 4 cm x 
1.25 cm 

5 cm 0.8 

(3) 5 cm x 7.5 cm x 5 
cm 

10 cm 0.5 

(4) 4 cm x 4 cm x 4 
cm 

5 cm 0.8 

(V) Voids 

(diameter x 
length) 

(1) 4 cm x 10 cm 4 cm 1 
(2) 4 cm x 2.5 cm 12.5 cm 0.32 
(3) 2.5 cm x 10 cm 12.5 cm 0.2 
(4) 1.5 cm x 10 cm 5 cm 0.3 
(5) 1.5 cm x 2.5 cm 4 cm 0.375 
(6) 1.25 cm x 10 cm 2.5 cm 0.5 
(7) 1.25 cm x 2.5 cm 12.5 cm 0.1 

(C) Cracks 

(perpendicular 

placement of 

long direction 

section) 

(1) 4 cm x 10 cm 12.5 cm 0.32 
(2) 2.5 cm x 10 cm 7.5 cm 0.33 
(3) 1.5 cm x 10 cm 12.5 cm 0.1 
(4) 1.25 cm x 10 cm 7.5 cm 0.167 

(Co) Corrosion 

(bar diameter x 

length) 

(1) 1.25 cm x 10 cm At bottom steel 
mesh level (17.5 cm) 

0.1 

(2) 1.25 cm x 10 cm At top steel mesh 
level (2.5 cm) 

0.5 

(HC) 

Honeycombing 

(area) 

(1) 10 cm x 10 cm 5 cm 2 

(2) 10 cm x 10 cm 7.5 cm 1.33 

(M) Missing steel 

reinforcement 

(bar diameter x 

length) 

(1) 1.25 cm x 10 cm At bottom steel 
mesh level (17.5 cm) 

0.1 

(2) 1.25 cm x 10 cm At top steel mesh 
level (2.5 cm) 

0.5 

*D3 indicates Delamination (3) with size 5 cm x 7.5 cm x 5 cm and depth 10 cm, for example 
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Table 12. Mix Proportions of the Different Concrete Types 

         Ingredient 

Mix 
w/b 

LWA 

(Lytag) 

10 mm 

CA 

20 mm 

CA 

Fine 

Agg. 

Crushed 

Sand 
Cement GGBS 

Silica 

Fume 
Water HRWR 

NWC 0.39 0 
340 

(0.13) 

650 

(0.25) 

860 

(0.32) 
0 

136 

(0.05) 
264 (0.1) 20 (0.01) 

164 

(0.16) 

9.6 

(0.01) 

HSC 0.35 0 
360 

(0.14) 

550 

(0.21) 

950 

(0.36) 
0 

440 

(0.14) 
0 0 

154 

(0.15) 

1.2 

(0.001) 

SCC 0.35 0 
801 

(0.31) 
0 

468 

(0.18) 

364 

(0.14) 

408 

(0.13) 
0 

122 

(0.05) 

185 

(0.18) 

7.42 

(0.007) 

LWC 0.45 
515 

(0.39) 
0 0 

316 

(0.12) 

0 

(0.25) 

405 

(0.12) 
0 

105 

(0.05) 

230 

(0.22) 

5 

(0.005) 

*Measured in kg/m3 **Value in () is volumetric ratio 
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3.8 Data Collection 

After three days of concrete hardening and curing with damped burlaps, each 

of the slabs was marked and divided into sixteen squares, 30 cm x 30 cm, using chalk 

lines. Figure 20 shows a sample of the segmentation of the casted slabs into 30 cm x 

30 cm zones. Figure 21 displays a sample overview of how IRT images of the slabs 

were combined. The slabs were placed horizontally parallel to earth surface. First, 

infrared thermal images were taken with a weekly basis, and then they were taken 

monthly. All images were taken at approximately 1 m high from the slab, which is 

within the field of view of the camera. The imaging process followed a blind manner; 

imaging was focused on the zones rather than the defects. This allows for replicating 

actual bridge conditions where defects locations are unknown. Figure 21 shows an 

example of the integrated segments of an imaged control slab. During data collection, 

environmental conditions, which include temperature, humidity, and wind speed, 

were recorded for all events. Previously conducted studies concluded that the best 

timing for data collection is during early heating or late cooling during the day, a 

result that confirmed findings from the preliminary investigation [40, 55]. In this 

paper, late cooling of specimens, which is between 4 and 7 p.m. in regional time, was 

used as the timing for images. A state-of-the-art Infrared camera (InfRec G120-EX) 

was employed in this study, with specifications shown in Table 13. When image 

processing and ambient condition adjustment were required, InfRec Analyzer NS9500 

software was used. Figure 22 provides an image of the IRT camera used in this study. 
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Figure 20. Specimen marking for IRT imaging zones
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Figure 21. Integrated segments of a sample slab (1 m high images.) 
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Table 13. Specifications of the Infrared Camera Used 

 

Figure 22. IRT camera used in the experimental program 

3.9 Summary  

In nutshell, this chapter explains the methodology and experimental set-up 

designed for achieving the objectives of the study. The experimental program aimed 

to highlight the effect of concrete mix variation on IRT images. Moreover, simulation 

of common bridge defects with different sizes and depths were suggested in order to 

determine the capabilities of IRT at detecting defects. 

Performance parameter Specification 

Spectral range 8 to 14µm 

Thermal image pixels 320(H) x 240(V) 

Frame time 60 Hz 

Measuring range -40 °C to 500 °C 

Field of view 32(H) x 24(V) 

Thermal sensitivity 0.08°C at 30°C 

Spatial resolution 1.78 mrad 

Minimum focus distance 0.1 m 
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Chapter 4: Results 

4.1 Concrete Properties 

All mixes achieved the desired workability or flowability requirements, and 

there was no evidence of false setting or improper hydration. However, the LWC mix 

suffered visible aggregate floatation; a noticeable amount of the aggregates was 

present on the surface. The specimens were cured with wet burlaps for 3 days and 

were monitored for mechanical properties. Table 14 summarizes the mechanical and 

physical properties of the concrete mixtures. Moreover, it presents the results of RCP 

testing according to ASTM C1202 and the corresponding permeability class [52]. As 

shown in Table 14, RCPT results for the concrete mixes had a large variance. LWC 

achieved high chloride ion penetration potential; whereas, HSC had very low 

penetration potential. In between the HSC and LWC mixes, NWC and SCC achieved 

low and moderate permeability potential, respectively. RCPT results provide an 

indication of the density of concrete. 

Table 14. Summary of the Properties of the Different Concrete Mixtures 

Mix Compressive 

Strength 

(MPa) 

Rupture 

Modulus 

(MPa) 

Splitting 

Tensile 

Strength 

(MPa) 

Elasticity 

(GPa) 

Unit 

weight 

(kg/m3) 

RCPT 

(Coulombs) 

NWC 64.5 5.1 2.1 53 2468 
1522  

(Low)* 

HSC 80.5 2.8 2.1 66 2525 
682  

(Very Low) 

SCC 71.6 6.5 2.5 30 2388 
3578 

(Moderate) 

LWC 44.6 2.1 1.6 17.2 1794 
4261  

(High) 
* Permeability class according to ASTM C1202  

The material properties were further investigated by estimating the thermal 

conductivity coefficients for the four concrete mixes. In the current study, the 

Maxwell-Eucken model was used to estimate the thermal conductivity for each of the 

concrete mixes with mortar as the continuous phase and aggregate as the dispersed 

phase. In addition, modification factors suggested by Kim et al. (2003) [26] were used 
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to adjust for some of the mix constituents effect on thermal conductivity. These 

modification coefficients are linear approximations of the effect of varying materials 

parameters including water-to-cementitious ratio (w/c), coarse aggregate volume 

fraction, fine aggregate volume fraction, temperature, moisture content, and relative 

humidity. Equations 2.8-2.13 were used for the purpose of estimating the effective 

composite thermal conductivity coefficient for the four mixes. Table 15 presents a 

summary of the thermal conductivity coefficient estimation for all the mixes. To 

estimate the volumetric fraction of mortar, fine aggregate, cement, water, 

supplementary cementitious materials, and admixtures were accumulated to a single 

volume fraction. 

For simplification purposes, the case when temperature was around 35° C, and 

relative humidity was 75% was selected when calculating Cw/c and CT in order to 

avoid variable thermal conductivity coefficients. Moreover, the slabs are believed to 

be in a dry condition. Consequently, the pores were air-filled rather than moisture-

filled, negating the moisture’s influence on the thermal conductivity coefficients. It 

was observed that the light weight concrete mix lies in the lower range of thermal 

conductivity (0.82 W/m.K). This indicates the high permeability of the LWC mix to 

chloride penetration (4261 Colombes), supporting that it has lower density. HSC 

achieved the highest thermal conductivity coefficient (1.285 W/m.K) which was 

expected since it has the highest total aggregate content. NWC and SCC thermal 

conductivity coefficients were calculated, and they were close at 1.171 W/m.K and 

1.182 W/m.K respectively. 
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Table 15. Keff Estimation for the Concrete Mixes 

     Coarse Aggregate Mortar 

Mix* w/c Fine 

Aggregate 

Volume 

Fraction 

Total 

Aggregate 

Volume 

Fraction 

Fine 

Aggregate 

to Total 

Aggregate 

(%) 

Volume 

Fraction 

(v1) 

K1** 

(W/m.K) 

Volume 

fraction 

(v2) 

K2** 

(W/m.K) 

kcom 

(W/m.K) 

Cag Ctmp Cw/c Cfine Keff

(W/m.K) 

NWA 0.390 0.320 0.700 0.457 0.380 0.700 0.640 1.730 1.292 1.000 0.963 0.966 0.975 1.171 

HSC 0.350 0.360 0.710 0.507 0.350 0.700 0.650 1.730 1.316 1.010 0.963 1.015 0.990 1.285 

SCC 0.350 0.320 0.630 0.508 0.310 0.700 0.680 1.730 1.335 0.929 0.963 1.015 0.975 1.182 

LWA 0.450 0.250 0.640 0.391 0.390 0.350 0.640 1.730 1.071 0.939 0.963 0.892 0.950 0.820 

*Volumetric fractions reported in this table are based on Table 11 **K1 and K2 are reported from typical values of concrete and mortar thermal conductivity [7] 

Sample calculation (for NWA): 

From Table 11, Fine Aggregate Volume Fraction = 0.32, Total Aggregate Volume Fraction = 10 mm CA + 20 mm CA + Fine Agg. = 0.13 + 0.25 + 0.32 = 0.7 

Fine Aggregate to Total Aggregate ratio = Fine. Agg/ Total Aggregate Volume Fraction = 0.32/ 0.7 = 0.457 , w/c= 0.39 

Coarse Aggregate Volume Fraction = 10 mm + 20 mm = 0.13 + 0.25 = 0.38,  

Mortar Volume Fraction = Fine Agg.+ Cement + GGBS + Silica Fume + Water + HRWR = 0.32 + 0.05 + 0.1 + 0.01 + 0.16 + 0.01 = 0.64 

 kcom (from Equation 2.7) = [(0.7*0.38) + ((0.64*0.173*3*0.7)/(2*0.7 + 1.73))] / [(0.38+(0.64*3*0.7)/(2*0.38 + 1.73))] = 1.292 (W/m.K) 

Cag (Equation 2.8) = 0.293 +(1.01*0.7) = 1.00, Ctmp (Equation2.9)= 1.05 – (0.0025*35)= 0.9625, Cw/c (Equation 2.10) = 0.8*[1.62 – (1.54*0.39)]+(0.2*0.75) = 0.966, 

Cfine (Equation 2.11) = 0.86 + (0.36*0.32) = 0.975,      ∴ Keff (Equation 2.12) =kcom*Cag*Ctmp*Cw/c*Cfine = 1.292*1*0.963*0.966*0.975 = 1.171(W/m.K) 
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4.2 Effect of Concrete Age on Defect Detection 

Since not all the specimens were casted at the same time, an initial 

investigation was carried out on the HSC mix in order to ensure that age would not 

have an effect on the images. For the purpose of assessing this factor, a different 

imaging methodology was followed, by which a location with known defect was 

imaged. Images were taken around the same ambient temperature (33° C) for 

locations with a known defect at various ages of concrete. Figure 23 shows sample 

images of the same defect at different ages. It can be observed that defect detection is 

not affected by concrete age. This can be attributed to the stability of the thermal 

conductivity after 2 days, after which there will be no change in thermal conductivity 

[26]. In addition, early age imaging does not depend on the material properties as 

much as it does on actual thermal gradient conditions [38]. This indicates that if 

defects are detectable at early age, thermal gradients will always exist between the 

defects and concrete at the same conditions. On the other hand, it is noteworthy to 

mention that this effect is coupled with temperature or season at which imaging took 

place. Similar behavior was later observed for the LWC, SCC, and NWC mixes. 

2 weeks 3 weeks 1 month 

2 months 3 months 6 months 

 
Void V6 

Figure 23. Effect of concrete age on defect detection of IRT for HSC 
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4.3 Effect of Concrete Mix Variation on IRT Images 

In order to directly investigate the material difference effect on imaging and 

defect detection, all slabs were imaged at the same time at several imaging events to 

ensure similar environmental conditions. The comparison between images of the 

defected and non-defected slabs was implemented to judge whether a defect was 

detectable or not. The detection criterion was to visually judge whether the defect had 

an observable local thermal gradient when compared with the non-defected location. 

Table 16 summarizes the findings of the single and double reinforced slabs. The 

%Detection entry in Table 16 represents the detection percentage of a particular 

defect with respect to the total number of simulated defects for that specific defect 

type. The Total Score entry is the percentage of detected defects from the total 

number of defects. Images of all slabs throughout the study period are presented in 

Appendices (A-D). Occasionally, some defects did not require comparison with 

control slabs to confirm defect existence in a certain location. Nevertheless, these 

defects are considered to be shallow (5 cm depth). 

The difference in concrete mixture affected the defect detection in both singly 

and doubly reinforced slabs. HSC mix achieved the highest defect detection potential 

overall. On the other hand, LWC mix exhibited challenging defect detection. In 

between these mixes, SCC and NWC achieved almost the same detection potential. 

The smallest delamination (D3) was detected in doubly reinforced HSC with (R/d) = 

0.5. Nevertheless, D1 and D2 (62.5% and 50%) were more detectable than D3 and D4 

(12.5% and 0%), with higher detection rate in HSC. Equally important, corrosion 

showed very low detection potential, with 0% and 50% in the single and double 

reinforced slabs respectively, with detection only in NWC and HSC mixtures. 

Moreover, cracks showed very low detection potential with only 25% and 12.5% for 

C2 and C3 respectively, and they were detected only in the HSC concrete mix. 

Regarding voids, higher success rates in terms of mix and defect detection capabilities 

were observed. With the same trend, more voids were detected in the HSC in both 

single and doubly reinforced slabs. Void V3 exhibited the highest defect detection 

with 62.5% although it was located at 10 cm depth from the top surface. This can be 

attributed to the high volume of air entrapped inside the simulated voids in addition to 

comparing the defected slabs to the control slabs. Figure 24 illustrates a sample 

comparison of detection of void (V6) for the four mixes in the single reinforced slabs. 
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The colored bar on the right side of each image in Figure 24 presents the temperature 

range. There was more than 0.8°C between V6 and surrounding concrete in all mixes, 

expect for LWC where aggregates appearing on the surface controlled the temperature 

profile. Figure 25 shows a sample of a detected defect in the doubly reinforced slabs. 

As opposed to the single reinforced slabs (Figure 24), V6 was detected only in HSC 

and NWC. Honeycombing simulated with bubble-wrap, as shown in Table 10, was 

easily detected in all mixes and reinforcement configurations, with a defect detection 

of 100% for honeycombing. This can be attributed to the large surface area (10 cm x 

10 cm) and existence of large air pockets, which have a significant effect on the  

Table 16. Summary of Results of Singly and Doubly Reinforced Slabs 

  
Defect 

Single Double Defect 
Detection 

NWC HSC SCC LWC NWC HSC SCC LWC 

D1 X   X    X 62.5% 

D2 X    X X  X 50% 

D3 X X X X X  X X 12.5% 

D4 X X X X X X X X 0% 

%Detection 0% 50% 50% 25% 25% 50% 50% 0%  

V1 X X  X X   X 37.5% 

V2 X X  X X X X X 12.5% 

V3 X   X    X 62.5% 

V4 X  X X X  X X 25% 

V5 X   X   X X 50% 

V6    X   X X 62.5% 

V7 X  X X X X X X 12.5% 

%Detection 14% 71% 71% 0% 43% 71% 29% 0%  

C1 X X X X X X X X 0% 

C2 X  X X X  X X 25% 

C3 X  X X X X X X 12.5% 

C4 X X X X X X X X 0% 

 %Detection 0% 50% 0% 0% 0% 25% 25% 0%  

HC1         100% 

HC2         100% 

%Detection 100% 100% 100% 100% 100% 100% 100% 100%  

Co1 X X X X - - - - 0% 

Co2 - - - -   X X 50% 

%Detection 0% 0% 0% 0% 100% 100% 0% 0%  

MB1 X  X X - - - - 25% 

MB2 - - - - X   X 50% 

%Detection 0% 100% 0% 0% 0% 100% 100% 0%  

Total Score 16% 63% 53% 16% 37% 63% 37% 11%  
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interaction between the defect and concrete. IRT detection ability of delamination was 

affected by both concrete and (R/d) ratio. Figure 26 presents an example of the clearly 

detected honeycombing in all concrete types. 

4.3.1 Singly reinforced slabs 

Figure 24 illustrates a sample comparison of detection of void (V6) for the 

four mixes in the single reinforced slabs. As shown in Table 13, D1 was detected in 

HSC and NWC only, while D2 was detected in HSC, SCC, and LWC. The maximum 

detection ability of the delamination was 50% (for HSC and NWC) with a maximum 

depth of 10 cm (4’’). Delamination was not detected in the singly reinforced NWC 

slabs. Voids showed a higher detection potential with 71% detection ability in HSC 

and SCC. However, no voids were detected in LWC. The deepest void (V7) detected 

was at a depth of 12.5 cm (5’’) in HSC. In addition, two cracks were detected in HSC 

only, with a maximum detection ability percentage of 50% in HSC. The smallest 

detected crack (C3) had a size of 1.9 cm x 10 cm (thickness x length) at a depth of 

12.5 cm (5’’). No cracks were detected in the other mixes. As for honeycombing, it 

was detected in all mixes with a size of 10 cm x 10 cm at largest depth of 7.5 cm. 

Corrosion was not detected completely in the singly reinforced slabs. The corroded 

bars in the singly reinforced slabs were placed almost in line with the existing 

reinforcement at depth of approximately 17.5 cm from the top surface. Nonetheless, 

discontinuous reinforcement at 17.5 cm depth was detected in the HSC. Among the 

singly reinforced slabs, the defect detection potential using IRT in descending order 

is: HSC (63%), SCC (53%), then NWC, and LWC (Both 16%). 

4.3.2 Doubly reinforced slabs 

 The same procedure for defect detection was followed for imaging the double 

reinforced slabs. Figure 25 shows a sample of a detected defect in the doubly 

reinforced slabs. As opposed to the single reinforced slabs (Figure 6), V6 was 

detected only in HSC and NWC. A delamination that was undetected in the HSC 

singly reinforced slabs, (D3) at 10 cm depth with smaller size (5 cm x 5 cm) than (D1) 

which lies at the same depth, was detected in the HSC double reinforced slab. 

Nevertheless, the additional reinforcement layer has covered the previously detectable 

(D2) in the singly reinforced slab. The detection of delamination in SCC in the doubly 
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reinforced slabs was similar to that in single reinforced slabs. On the other hand, no 

delamination was detected in LWC double reinforced slabs. Regarding voids, HSC 

maintained the same score but with a difference in detected voids. V2 (12.5 cm deep) 

from top surface was not detected, while V6 was detectable (2.5 cm deep). NWC 

exhibited an improvement in the double reinforced slabs in terms of void defect 

detection as opposed to single reinforced slabs. V3 (12.5 cm deep) was detected in 

NWC, the deepest detectable defect in both types of slabs. However, the image 

comparison with the control slab showed a low thermal gradient, indicating a weak 

detection. Identical to the single reinforced slab, no defects were detected in double 

reinforced slabs for the LWC mix. No cracks were detected in any of the double 

reinforced defected slabs, with the exception of C2 (7.5 cm deep) in HSC. Similar to 

the single reinforced slabs, all honeycombing simulations were detected in the double 

reinforced slabs. Corrosion that was not detected in any of the singly reinforced slabs 

was detected in NWC and HSC, but the corroded bars were placed at the top steel 

mesh at a depth of approximately 2.5 cm. Nonetheless, it was not detected in LWC 

and SCC. Lastly, the missing bar was detected in HSC double reinforced slab. In 

addition, it was also detected in SCC; whereas, it was not detected in the single 

reinforced slabs. Overall, the detection ability score of the mixes with double 

reinforcement steel in descending order is: HSC (63%), NWC and SCC (both 37%), 

and then LWC (16%). Figures 24 and 25 illustrate the difference in detection for V6 

between single and double reinforced slabs, which is reported in Table 16. 

4.4 Effect of Ambient Environmental Conditions on IRT 

 It was expected that environmental conditions would affect the thermal 

imgaing of the slabs. Nevertheless, their effect was minimal, or undeterminable. Since 

the UAE falls in a hot weather region, the slabs were always subjected to a relatively 

high solar loading, with at least ten hours of exposure to sun radiation, provding a 

good chance for thermal gradients to exist between defects and surrounding concrete. 

Thus, the effect of ambient temperature on IRT in the case of hot weather is greatly 

mitigated. Nevertheless, ambient temperature affected the selection of the imaging 

temperature range that would provide a satisfactory processed image, which can lead 

to a confident judgement on the deection ability. In general, there is a trend at which 

greater thermal ranges are needed at lower temperatures. However, this effect is also 
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connected to the concrete mix and material properties. Figure 27 provides an example 

of the comparison between infrared images adjusted for ambient temperature and non-

adjusted images. It shows that ambient temperature has a minimal effect on the 

detection ability, yet the temperature range during imaging should reflect realistic 

values to provide adequate images. In both cases, the defect was still detectable. Table 

17 provides some pieces of information about the temperature needed to enhance 

image quality, yet they do not affect defect detection. This can be attributed to the 

time-dependant thermal interaction between defects and concrete. It is noteworthy to 

mention that the imaging range is changed in the IR camera, and it should not be 

confused with thermal gradients between defects and concrete which enable the 

detection of defects. Wind speed and relative humidity did not show enough variation 

for them to have an influence on the images as presented in Table 9. Thus, their effect 

was excluded from the study, with an innate presence in the overall imaging process. 

Table 17. Temperature Ranges Required for Enhanced Image Quality Based on 

Defect Detection 

  Temperature Range Proposed (° C) 

Month 

 

Ambient 

Temperature 

(° C)  NWC HSC SCC LWC 
December 24 31.9-23.8 24-45.9 - - 
January 26 26-33 24-45 - - 
February 28 30.3-37.7 26.1-36.2 37.9-22.7 - 
March 33 27.8-36.4 35.5-52.7 35.2-48.6 35.2-49.5 
May 39 37-41.3 39-45.6 37.2-43.8 34.2-38.3 



 

67 
 

        

a) NWC-detected                      b) HSC-detected 

      

           c) SCC-detected              d) LWC-undetected 

 

e) V6 image 

Figure 24. Sample defect V6 comparison in singly reinforced slabs 
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a) NWC-detected                            b) HSC-detected 

    

c) SCC-undetected                 d) LWC-undetected 

  

e) V6 image 

Figure 25. Sample defect V6 comparison in doubly reinforced slabs 
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a) NWC                                                       b) HSC 

      

c) SCC                                                     b) LWC 

 

e) HC1 defect 

Figure 26. Sample defect HC1 detection in singly reinforced slabs 
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  a) processed          b) raw   

Figure 27. Influence of ambient temperature on IRT images – V1 (HSC-Double) 

4.5 Summary 

In this chapter, a summary of the results is presented. Different factors were 

taken into consideration during the experimental program, and their results include: 

thermal conductivity estimation, concrete mix variation, and ambient temperature 

effects on the capabilities of IRT. IRT imaging temperature range was also 

investigated and reported. 
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Chapter 5: Discussion and Conclusions 

5.1 Discussion of Results 

5.1.1 Effect of concrete mix variation. 

Results showed that changing the concrete mix has affected the detection 

ability for IRT, whether for single or double reinforced slabs, with the exception of 

honeycombing. For example, most defects in the LWA double reinforced were not 

detected (11%) as opposed to the HSC double reinforced slab (63%). This can be 

directly attributed to the porosity of light weight aggregates, and the large surface area 

of the aggregates distributed in the matrix.  

5.1.1.1 Density 

The denser the mix, the less permeable concrete will be, so the RCPT can be 

utilized as an indication of concrete density [21]. Summing up the detected defects, it 

can be realized that defect detection can generally be ordered in a descending manner 

as HSC, NWC, SCC, and then LWC. This is closely attributed to the density and 

thermal conductivity coefficients of the mixes. Table 14 presents the results of the 

RCPT and indicates that the density of these mixes is ordered in the same order stated 

above. Thus, it is valid to realize that the denser the mix, the better imaging 

experience occurs [39]. This finding helps explain the existence of more uniform 

thermal gradients between surrounding concrete and defects. On the other hand, 

mixes with less density are expected to include a system of pores, or other 

heterogeneities that would interrupt the build-up of a uniform thermal gradient 

required for detection. This directly explains the two extreme cases for adequate 

detection (HSC) and poor detection (LWC). Despite that NWC has achieved lower 

permeability to chloride ion penetration than SCC (1522 and 3578 Coulombs 

respectively), the existence of high powder had a more pronounced effect on the 

images than density. Such effect on IRT can be more closely attributed to thermal 

conductivity than density. Both SCC and NWA mixes included replacement of 

cement with supplementary materials. Silica fume, present in both mixes, would 

definitely drive down the thermal conductivity [31]. That explains why both mixes 

displayed less detection potential using IRT than the silica fume-free mix (HSC). In 
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addition, the inclusion of ground granulated blast slag (GGBS) further affected the 

NWC with a 10% volume fraction [32]. 

5.1.1.2 Thermal conductivity 

Equally important, HSC achieved the highest thermal conductivity as 

illustrated in Table 16, and the highest detection was achieved by this mix using IRT. 

Such result is expected since the mix had a high aggregate volume fraction (0.71). 

Aggregates have high thermal conductivity coefficients and impose the highest 

influence on the overall thermal behavior. It is important to note that there were no 

supplementary binding materials used in this mix. HSC and LWC (highest and lowest 

thermal conductivity and density) achieved the most and least defect detection 

potentials among the four mixes, which indicates that density is the controlling 

parameter in this case. However, SCC and NWC achieved lower detection potential 

than HSC, for which thermal conductivity was the controlling parameter rather than 

density. 

While Table 15 suggests that both NWA and SCC mixes should have achieved 

higher thermal conductivity coefficients due to the high coarse aggregate content, 

neither the Maxwell-Eucken model nor the modification factors suggested by Kim 

[26] incorporate the effect of supplementary cementitious materials. In fact, so far, 

there is no model that would capture all parameters pertaining to concrete’s thermal 

conductivity [37]. However, the effect of supplementary cementitious materials on 

thermal conductivity was discussed in Chapter 2.  

5.1.2 IRT defect detection capabilities.  

Some of the limitations of IRT are the depth and size of detectable defects. 

Furthermore, plenty of research efforts have been directed to investigate the limits of 

the detection abilities [56]. In the current study, several defects with various 

geometries were used to examine the capabality and accuracy of IRT in defect 

detection. Since defect detection using IRT is a surface-based technique (inspects area 

of effect), it is recommended to normalize the radius (shortest dimension) with respect 

to depth of defect surface (R/d) in order to have a more reasonable judgement on the 

capabality of IRT. As displayed in Table 10, all honeycombing defects were detected 

in both singly and doubly reinforced slabs. The (R/d) for both defects was 2 and 
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1.333. The large surface area of the defect parallel to the concrete surface was the key 

factor to such ease of detection. This can be applied as a quality control check for 

concrete hardening, at least at the surface of concrete structures. On the contrary, 

cracks were not sucssefully detected in the current study, with the exception of some 

cracks. The smallest detectable (R/d) crack was that of C3, which was achieved in the 

HSC mix. C3 has (R/d) ratio = 0.1875, with smallest non-detectable crack (C4) 

having (R/d) = 0.125. Regardless of the concrete mix, voids were the most detectable 

defects among all slabs. This can be due to the uprupt material heterogeniety imposed 

by entrapped air in voids, which will affect thermal gradients. Nevertheless, the 

smallest detectable defect had (R/d) of 0.1 (V7). Delaminations were detected in some 

of the slabs as shown in Table 16. The smallest detectable delamination had (R/d) of 

0.375. In terms of depth only, the deepest dectable defect was at 12.5 cm (5’’) from 

the surface. Corrosion and discontinuouty of steel bars were more cleary detected in 

double reinforced slabs since they are closer to the surface as mentioned in Table 10. 

Nonetheless, the discontinuouty of steel reinforcement in singly reinforced slabs 

could only be seen with HSC. This is due to the high denisty of the mix which enables 

reaching such depth; 17.5 cm (7”).  

In order to compare the results of the current study with previously carried out 

researchs, the NWC was used as a reference mix. This is based on the reported mixes 

in the literature, where most mixes are considered typical bridge mixes having 

compressive strength of 50 MPa and expected to have similar properties (density and 

thermal condcutivity). Table 18 presents a comparison of the smallest defect deteced 

in previous studies with the current study. It shows that, for delamination, IRT 

capabilities are underestimated, and defects used in other research efforts do not 

capture the full potential of IRT, provided that the baseline comparison method is 

carried out. Otherwise, IRT images will not provide features that could be 

confidenetly interpreted as a defect. As for depth, the largest depth of a detected 

defect was 10 cm, yet this depends on the comparison with the control slab. Overall, 

the suggested R/d ratio of IRT detection (0.45) reflects a realistic limit for IRT in 

terms of defect detection up to a depth of 10 cm, regardless of the concrete mix. For 

deeper defects, the capablities of IRT will be significantly affected by material 

properties. Another concern related to the comparison with other research efforts is 

the infrared camera used. The main parameter affecting IR cameras ability to detect 
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defects is thermal sensitivity. Recently, comercially available cameras are designed to 

detect a thermal change as small as 0.08° C, which is considered sufficient for 

detection applications. According to ASTM D-4788 for delamination detection 

(minimum 0.5° C difference), at least a 6.25 scale factor exists. Higher sensistivity 

can be beneficial for detecting defects at greater depths, yet with the avaibable level 

of senstivity, there will be marginal detection ability difference  

Table 18. Comparison with Other Researches 

Author Defect Size* 
(cm) 

Simulated 
defect 

(Simulation) 

Depth** 
(cm) 

R/d (shortest 
dimension/dept

h 

Concrete type 

Cheng et al. 
2008 

5 cm x 5 cm 
(Area) 

Honeycombing 
(Concrete-filled 
voids) 

2 cm 2.5 Not specified 

Yehia et al. 
2007 

1.25 cm x 30 
cm (dia. x 
length) 

Voids (PVC) 4 cm 0.3125 Conventional 
(4 ksi) 

7.5 cm x 7.5 
cm x 4 cm 

Delamination 
(Styrofoam) 

4 cm 0.53 

Washer et al. 
2010 

30 cm x 30 
cm 

Honeycombing 
(Styrofoam) 

12.5 cm 2.4 Not specified 

Kee et al. 
2012 

30 cm x 30 
cm 

Delamination 
(Thin foam) 

5 cm 6 Conventional 
(4 ksi) 

30 cm x 60 
cm 

Delamination 
(Thin foam)

15 cm 2 

Zhao and 
Chen 2013 

5 cm (dia.) Void (Real) surface - Not specified 

Kobayashi and 
Banthia 2011 

1.3 cm (dia.) Corrosion 
(real) 

2 cm 0.65 w/cm 0.55 

Maierhofer et 
al. 2007 

10 cm x 10 
cm x 5 cm 

Voids (PVC) 6 cm 0.6 w/cm 0.6 – 
Conventional 
(48 MPa) 

Current Study 12.5 cm x 
12.5 cm x 1 
cm 

Delamination 
(Styrofoam) 

10 cm 1.25 50 MPa NWC 
Mix 

 2.5 cm x 
10cm (dia. X 
length) 

Voids (PVC) 10 cm 0.2 

*Smallest defect detected **Largest depth of detectable defect 

5.1.3 Summary. 

Defect detection using IRT implies examining concrete surface and observing 

difference in radiation at the imaged surface. It is importmant to note that the IRT 

provides information about potentional existance of anomalies in a concrete structure 

without providing details about the nature of these irregularities. Therefore, in case of 
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bridge inspection, existaance of a reference image taken for sound concrete at similar 

ambient envirnomental conditions can enhance the judgement of defect existence, 

with a higher confidence level. To accomplish that, signature refernce images should 

be taken if possible. Furthermore, for actual bridge inspection, baseline images at 

construction completion are required to validate the detection process. Otherwise, 

only large enough defects (with high R/d, say >1) would be confidently detected. 

Although defect sizing techniques has been introduced recently in research, it seems 

that IRT capablities are limited in terms of sizing. In addition, more efforts are needed 

to link the images of simulated defects to the nature of actual defects. From the results 

of the experimental investigation, it has been proven that material properties varying 

due to concrete mixture variation would affect IRT images. It seems that denisty, 

thermal condcivity, and volume fractions of each mix constituent play a role in the 

defect detection, and quality of images. NWC, HSC, and SCC had detectable defects 

due to their thermal conductivity coeficients and density. However, LWC exhibited 

the least successeful defect detection potential. 

Another study suggested to be carried out is to investigate whether there 

would be a time of day at which each of the defects would be detectable. This is 

mainly related to the thermal conductivity, and heating schemes of porous lightweight 

concrete. It is important to note that defects would appear colder than surrounding 

concrete if images were taken during the cooling time of day. This was with the 

exception of missing steel bars where the defected area would apper hotter than 

adjacent areas. 

Moreover, the steel reinforcemnt configuration had an indirect effect on the 

detection process. Defects were more detectable in singly-reinforced slabs, indicated 

by the defect detection success scores shown in Table 16. This is expected because 

there would be less interruption of thermal gradients between defects and concrete 

although in active thermography, steel reinforcement might not affect the thermal 

gradients significantly [38]. The highest detection success score among the defects 

was the voids; whereas, HSC showed the highest score for detectablity among the 

mixes at 63% of total defects for both singly and doubly reinforced slabs. It is worth 

noting that defect thickness (dimension parallel to images direction) was the least 

influnetional geometric aspect in IRT.  



 

76 
 

Moreover, although ambient temperature is expected to greatly influence IRT, 

weather conditions in the UAE provide almost ideal conditions for thermal imgaing. 

This is due to the high temperature and immense solar loading, almost all year, to 

create noticable thermal gradients between defects and concrete [40]. On the other 

hand, although wind and humidity effects on IRT were not assessed in this study, their 

effects are expected to be minimal compared to the effect of the material properties, 

with the exception of extereme conditions [41]. 

 To sum up, it is not recommended to rely on IRT as a primary defect detection 

tecnique for bridge inspection, yet it can be applied for health monitoring purposes. 

The methodology introduced in this study promotes the IRT technique as a 

preliminary health monitoring alternative, since it depends on baseline comparisons. 

Moreover, it is expected to boost the detection success rate, as opposed to an 

enhanced visual inspection. Although there are several efforts done to justify the 

application IRT as a primary insepction tool, the sensitivity to material properties, 

environmental conditions, and the imaging process impose numerous obstacles. 

Nonetheless, it can serve as a quick check-up method to locate areas of potential 

problems in bridges. Thus, combining IRT with another non-destructive evaluation 

method would enahnce its applicability. 
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Chapeter 6: Conclusions 

An experimental investigation was carried out in the research project to assess the 

capabalities of Infrared Thermography, and the effect of mix variation on the defect 

detection. A total of sixteen slabs were casted and divided equally as control and 

defected mixes, with NWC, HSC, SCC, and LWC mixes. The variables considered 

were concrete properties effects on images, size, and depth of defects. Material 

properties showed the most significant effect on thermal imaging uing passive IRT. 

The following can be concluded from the study: 

 Mix variation had a significant effect on the images. The high strength 

concrete mix (HSC) exhibited the best defect detection, for it was highly 

dense. Thermal conducitvity and density are both important to predict the 

detectablity of defects, yet an in-depth look into material properties and mix 

constituents is needed. Results showed that the use of supplementary 

cementitious materials will impede thermal imaging and defect detection. 

Moreover, high aggregate content will lead to higher detectibablity.  

 Higher thermal condcutivity of concrete will lead to better imaging results and 

facilitate defect detection. 

 In order to detect defects in the UAE, a timing around sunset (4:00-7:00 p.m.) 

is recomendded as a guideline for potential detection. 

 The smallest detectable defect had radius-to-depth ratio of 0.125, but only 

occuring in HSC. It is safe to note that the average smallest detectable defect 

needed to be around 0.4 to avoid generaliztion of the capabilities of IRT of 

defect detection in any concrete mix. Nevertheless, using IRT as health 

monitoring technique (compared to baseline images) can provide more 

confidence about the capabilites of IRT. 

 The UAE lies in a region that is ideal for IRT from the environmental 

conditions prespective, for there is high temperature and solar loading almost 

throughtout the year to gernerate detectable thermal gradiens. Wind and 

relative humidity are not expected to affect passive IRT as an NDT in the 

UAE. Thus, they can be used for bridge deck health assessment.  

 Previous research efforts overestimate the IRT capabalities for defect 

detection, based on exagarated sizing of defects, and depending solely on 



 

78 
 

ASTM D-4788, which was based on the detectiob of shallow delaminations of 

large areas.  

6.1 Recommendations for Future Research 

 Additional work is yet to be carried out in order to better grasp IRT 

capabilities as a NDT technique for defect detection, and some of the key 

recommendations are: 

 In-depth investigation of IRT imaging of lightweight concrete with different 

lightweight coarse aggregates 

 Highlight the difference between single and double reinforcement effect on 

defect detection  

 Correlation of thermal conductivity, depth, thermal gradients in order to come 

up with detecting charts. 

 Automation of data processing and interpretation using advanced 

mathematical algorithms ( i.e. Artificial Neural Networks) 

 Studying the potential of combined NDT methods for enhanced bridge deck 

assessment. For example, applying Infrared Imaging with Ground Penetrating 

Radar for bridge deck condition assessment.  



 

79 
 

References 

[1] Staff of Emirates News, Emirates News,. UAE population at 8.26m in 2010 

H1: Retrieved from http://www.emirates247.com/news/emirates/uae-

population-at-8-26m-in-2010-h1-2011-04-01-1.375677 on 26th April, 2012, 

2010. 

[2] United Nations: World Population Prospects. The Demographic Profile of the 

United Arab Emirates. Retrieved from 

http://www.escwa.un.org/popin/members/uae.pdf on 9th February 2014, 2012.  

[3] I. Abdel-Qader, O. Abudayyeh, and M. E. Kelly, "Analysis of Edge-Detection 

Techniques for Crack Identification in Bridges," ASCE Journal of Computing 

in Civil Engineering, vol. 17, pp. 255-263, 2003. 

[4] W. Dekelbab, A. Al-Wazeer, and B. Harris, "History Lessons From the 

National Bridge Inventory," Public Roads, vol. 71, pp. 30-36, 2008. 

[5] Retrieved from The Lawrence Berkeley National Laboratory website: 

http://www.lbl.gov/images/MicroWorlds/EMSpec.gif.on 26th April, 2012, 

2009.  

[6] N. K. Bolleni, "Environmental effects on subsurface defect detection in 

concrete structures using infrared thermography," M.S. Thesis, ProQuest 

Dissertations and Theses, University of Missouri - Columbia, United States -

Missouri, 2009. 

[7] Emissivity Coefficients of some common Materials. Retrieved from the 

Engineering Toolbox website: www.engineeringtoolbox, on 26th April, 2012, 

2010. 

[8] S. Švaić, I. Boras, and M. Hiti, "Infrared thermography and numerical 

methods in civil engineering," Proceedings of the United Nations 

Development Program (UNDP) International Conference on Energy 

Management in Cultural Heritage, 2011. 



 

80 
 

[9] B. B. Lahiri, S. Bagavathiappan, P. R. Reshmi, J. Philip, T. Jayakumar, and B. 

Ra, "Quantification of defects in composites and rubber materials using active 

thermography," Infrared Physics & Technology, vol. 55, pp. 191–199, 2012. 

[10] S. F. C. Janet, "Studies of Using Infrared Flash Thermography (Ft) For 

Detection of Surface Cracks, Subsurface Defects and Water-Paths in Building 

Concrete Structures," Master of Philosophy, Department of Manufacturing 

Engineering and Engineering Management, City University of Hong Kong, 

2008. 

[11] C.-C. Cheng, T.-M. Cheng, and C.-H. Chiang, "Defect detection of concrete 

structures using both infrared thermography and elastic waves," Automation in 

Construction, vol. 18, pp. 87–92, 2008. 

[12] A. R. Khalim and D. Sagar, "Combination of nondestructive evaluations for 

reliable assessment of bridge deck," Facta universitatis - series: Architecture 

and Civil Engineering, vol. 9, pp.11-22, 2011. 

[13] D. G. Aggelis, E. Z. Kordatos, D. V. Soulioti, and T. E. Matikas, "Combined 

use of thermography and ultrasound for the characterization of subsurface 

cracks in concrete," Construction and Building Materials, vol. 24, pp. 1888–

1897, 2010. 

[14] D. G. Aggelis, E. Z. Kordatos, M. Strantza, D. V. Soulioti, and T. E. Matikas, 

"NDT approach for characterization of subsurface cracks in concrete," 

Construction and Building Materials, vol. 25, pp. 3089–3097, 2011. 

[15] C. Maierhofer and M. Rollig, "Application of active thermography to the 

detection of safety relevant defects in civil engineering structures," in 

SENSOR+TEST Conference, Nurnberg, Germany, pp. 215-220, 2009. 

[16] M. C. Rao, S. K. Bhattacharyya, and S. V. Barai, "Recycled Aggregate 

Concrete: A Sustainable Built Environment," presented at the ICSBE: 

International Conference on Sustainable Built Environment, Yogyakarta, 

Indonesia, pp.227-232, 2010. 

[17] B. Milovanovic and I. B. Pecur, "Determination of Material Homogeneity 

Using Infrared Thermography," in the 5th Pan American Conference for Non-



 

81 
 

Destructive Testing 2011 (PANNDT 2011), Cancun, Mexico, 2011, pp. 808-

816, 2011. 

[18] S. Yehia, O. Abudayyeh, S. Nabulsi, and I. Abdelqader, "Detection of 

Common Defects in Concrete Bridge Decks Using Nondestructive Evaluation 

Techniques," ASCE Journal of Bridge Engineering, vol. 12, pp. 215-225, 

2007. 

[19] ASTM D 4788-03, "Standard Test Method for Detecting Delaminations in 

Bridge Decks Using Infrared Thermography,". West Conshohocken, PA: 

ASTM International, 2007. 

[20] ASTM E2105-0, "Standard Practice for General Techniques of 

Thermogravimetric Analysis (TGA) Coupled With Infrared Analysis 

(TGA/IR),". West Conshohocken, PA: ASTM International, 2010. 

[21] A. M. Neville. Properties of concrete, 4th Ed., John Wiley & Sons, Inc., New 

York, USA, 1996. 

[22] H. Uysal, R. Demirboga, R. Sahin, and R. Gul, "The effects of different 

cement dosages, slumps, and pumice aggregate ratios on the thermal 

conductivity and density of concrete," Cement and Concrete Research, vol. 

34, pp. 845–848, 2004. 

[23] M. Howlader, K. M. H. Rashid, D. Mallick, and T. Haque, "Effect of 

aggregate types on thermal properties of concrete," ARPN Journal of 

Engineering and Applied Sciences, vol. 7, pp. 900-907, 2012. 

[24] J. P. Zaniewski and M. S. Mamlouk, Materials for Civil and Construction 

Engineers, 3rd Ed., Prentice Hall, New Jersey, USA, 2010. 

[25] M. Caldarone, High-Strength Concrete: A Practical Guide, 1st Ed., Taylor & 

Francis, New York, USA, 2009. 

[26] K.-H. Kim, S.-E. Jeon, J.-K. Kim, and S. Yang, "An experimental study on 

thermal conductivity of concrete," Cement and Concrete Research, vol. 33, 

pp. 363–371, 2003. 



 

82 
 

[27] T. S. Yun, Y. J. Jeong, T.-S. Han, and K.-S. Youm, "Evaluation of thermal 

conductivity for thermally insulated concretes," Energy and Buildings, vol. 61, 

pp. 125–132, 2013. 

[28] O. Sengul, S. Azizi, F. Karaosmanoglu, and M. Tasdemir, "Effect of expanded 

perlite on the mechanical properties and thermal conductivity of lightweight 

concrete," Energy and Buildings, vol. 43, pp. 671–676, 2011. 

[29] L. Gunduz and I. Ugur, "The effects of different fine and coarse pumice 

aggregate/cement ratios on the structural concrete properties without using any 

admixtures," Cement and Concrete Research, vol. 35, pp. 1859-1864, 2005. 

[30] L. H. A. Nguyen, L. Beaucour , S. Ortola, and A. Noumowé, "Influence of the 

volume fraction and the nature of fine lightweight aggregates on the thermal 

and mechanical properties of structural concrete" Construction and Building 

Materials, vol. 51, pp. 121-132, 2014. 

[31] R. Demirboga and R. Gul, "The effects of expanded perlite aggregate, silica 

fume and fly ash on the thermal conductivity of lightweight concrete," Cement 

and Concrete Research, vol. 33, pp. 723–727, 2003. 

[32] R. Demirboga, "Thermal conductivity and compressive strength of concrete 

incorporation with mineral admixtures," Building and Environment, vol. 42, 

pp. 2467–2471, 2007. 

[33] X. Fu and D. D. L. Chung, "Effects of silica fume, latex, methylcellulose, and 

carbon Fibers on the thermal conductivity and specific heat of Cement paste " 

Cement and Concrete Research, vol. 27, pp. 1799-1804, 1997. 

[34] M. I. Khan, "Factors affecting the thermal properties of concrete and 

applicability of its prediction models," Building and Environment, vol. 37, pp. 

607–614, 2002. 

[35] ASTM E-1461, "Standard Test Method for Thermal Diffusivity by the Flash 

Method,", West Conshohocken, PA: ASTM International, 2013. 

[36] J. Wang, J. K. Carson, M. F. North, and D. J. Cleland, "A new approach to 

modeling the effective thermal conductivity of heterogeneous materials," 



 

83 
 

International Journal of Heat and Mass Transfer, vol. 49, pp. 3075–3083, 

2006 . 

[37] A. Tuson and R. Charman, (2012),"Thermal Material Properties for Modelling 

of the 2 Meter Box," Report prepared by the Radioactive Waste Management 

Directorate, United Kingdom. 

[38] C. Maierhofer, R. Arndt, and M. Rollig, "Influence of concrete properties on 

the detection of voids with impulse-thermography," Infrared Physics & 

Technology, vol. 49, pp. 213–217, 2007. 

[39] L. M. Al-Hadhrami, M. Maslehuddin, M. Shameem , and M. R. Ali, 

"Assessing concrete density using infrared thermographic (IRT) images," 

Infrared Physics & Technology, vol. 55, pp. 442–448, 2012. 

[40] G. Washer, R. Fenwick, and N. Bolleni, "Effects of Solar Loading on Infrared 

Imaging of Subsurface Features in Concrete," ASCE Journal of Bridge 

Engineering, vol. 15, pp. 384-390, 2010. 

[41] B. Lehmann, W. K. Ghazi, T. Frank, B. C. Vera, and C. Tanner, "Effects of 

individual climatic parameters on the infrared thermography of buildings," 

Applied Energy, vol. 110, pp. 29-43, 2013. 

[42] S.-H. Kee, T. Oh, J. S. Popovics, R. W. Arndt, and J. Zhu, "Nondestructive 

Bridge Deck Testing with Air-Coupled Impact-Echo and Infrared 

Thermography," ASCE Journal of Bridge Engineering, vol. 17, pp. 928–939, 

2012. 

[43] G. Zhao and J. G. Chen, "Infrared Thermo-graphic Inspection Technique for 

Concrete Retaining Wall," Electronic Journal of Geotechnical Engineering, 

vol. 18, pp. 1521-1528, 2013. 

[44] K. Kobayashi and N. Banthia, "Corrosion detection in reinforced concrete 

using induction heating and infrared thermography," Journal of Civil and 

Structural Health Monitoring, vol. 1, pp. 25-35, 2011. 

[45] C. Sirieix, J. F. Lataste, D. Breysse, S. Naar, and X. Derobert, "Comparison of 

nondestructive testing: Infrared thermography, electrical resistivity and 



 

84 
 

capacity methods for assessing a reinforced concrete structure," Journal of 

Building Appraisal, pp. 77-88, 2007. 

[46] S. Yehia, O. Abudayyeh, B. Bhusan, M. Maurovich, and A. Zalt, "Self-

Consolidating Concrete Mixture with Local Materials: Proportioning and 

Evaluation," Materials Science Research Journal, Volume 3, 2009. 

[47] BS EN 12390-1:2012, "Testing hardened concrete. Shape, dimensions and 

other requirements for specimens and moulds (British Standard)," ed. London, 

UK: British Standards Institute, 2012. 

[48] ASTM C78/C78M - 10e1, "Standard Test Method for Flexural Strength of 

Concrete (Using Simple Beam with Third-Point Loading),". West 

Conshohocken, PA: ASTM International, 2010. 

[49] ASTM C496/C496M, "Standard Test Method for Splitting Tensile Strength of 

Cylindrical Concrete Specimens,". West Conshohocken, PA: ASTM 

International, 2011. 

[50] ASTM C469 C469M, "Standard Test Method for Static Modulus of Elasticity 

and Poisson's Ratio of Concrete in Compression,". West Conshohocken, PA: 

ASTM International, 2010. 

[51] ASTM C567/C567M, "Standard Test Method for Determining Density of 

Structural Lightweight Concrete. West Conshohocken, PA: ASTM 

International, 2011. 

[52] ASTM C1202, "Standard Test Method for Electrical Indication of Concrete's 

Ability to Resist Chloride Ion Penetration,". West Conshohocken, PA: ASTM 

International, 2012. 

[53] T. Oh, S.-H. Kee, R. W. Arndt, J. S. Popovics, and J. Zhu, "Comparison of 

NDT Methods for Assessment of a Concrete Bridge Deck," ASCE Journal of 

Engineering Mechanics, vol. 139, pp. 305-314, 2013. 

[54] D. Jana, "Delamination - A State of the Art Review," in the 29th Cement 

Microscopy Conference, Quebec, Canada, pp. 135-167, 2007. 



 

85 
 

[55] S. Yehia, N. Qaddoumi, L. Hamzeh, and S. Farrag, "Non-Destructive 

Techniques for Bridge Inspection in United Arab Emirates," Proceedings of 

the IABSE Symposium 2013: Assessment, Upgrading and Refurbishment of 

Infrastructures, Rotterdam, Netherlands, pp. 1526-1532, 2013. 

[56] K. Vaghefi, H. Silva, D. K. Harris, and T. M. Ahlborn, "Application of 

Thermal IR Imagery for Concrete Bridge Inspection," presented at the 

National Bridge Conference, 2011. 

  



 

86 
 

Appendices 

The appendix consists of Appendix A, Appendix B, Appendix C, and 

Appendix D. Appendix sections A through D include all imaging events used for all 

throughout the experimental program, which were the bases of image comparison. 

The provided table provides a breakdown of the Appendix section. 

A. NWC a (single) 1 (control) 

2 (defected) 

b (double) 1 (control) 

2 (defected) 

B. HSC a (single) 1 (control) 

2 (defected) 

b (double) 1 (control) 

2 (defected) 

C. SCC a (single) 1 (control) 

2 (defected) 

b (double) 1 (control) 

2 (defected) 

D. LWC a (single) 1 (control) 

2 (defected) 

b (double) 1 (control) 

2 (defected) 
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(NWC-Single-Control)
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Figure Aa1-1. NWC-Single-Control (Decemeber-1) 
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Figure Aa1-2. NWC-Single-Control (Decemeber-2) 
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Figure Aa1-3. NWC-Single-Control (Decemeber-3) 
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Figure Aa1-4. NWC-Single-Control (January)
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Figure Aa1-5. NWC-Single-Control (Februaury-1)



 

 

9
4

 

 

 

 

 
Figure Aa1-6. NWC-Single-Control (February-2) 
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Figure Aa1-7. NWC-Single-Control (March) 
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Figure Aa1-8. NWC-Single-Control (May) 
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(NWC-Single-Defected)
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Figure Aa2-1. NWC-Single-Defected (December-1) 
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Figure Aa2-2. NWC-Single-Defected (December-2) 
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Figure Aa2-3. NWC-Single-Defected (December-3) 
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Figure Aa2-4. NWC-Single-Defected (February-1) 
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Figure Aa2-5. NWC-Single-Defected (February-2) 
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Figure Aa2-6. NWC-Single-Defected (March) 
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Figure Aa2-7. NWC-Single-Defected (May) 
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Appendix Ab1 

(NWC-Double-Control)
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Figure Ab1-1. NWC-Double-Control (December-1) 
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Figure Ab1-2. NWC-Double-Control (December-2) 
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Figure Ab1-3. NWC-Double-Control (December-3) 
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Figure Ab1-4. NWC-Double-Control (January) 
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Figure Ab1-5. NWC-Double-Control (February-1) 
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Figure Ab1-6. NWC-Double-Control (February-2) 
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Figure Ab1-7. NWC-Double-Control (March-1) 
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Figure Ab1-8. NWC-Double-Control (March-2) 
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Figure Ab1-9. NWC-Double-Control (May)
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Appendix Ab2 

(NWC-Double-Defected)
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Figure Ab2-1. NWC-Double-Defected (December-1) 
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Figure Ab2-2. NWC-Double-Defected (December-2) 
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Figure Ab2-3. NWC-Double-Defected (December-3) 



 

 

1
1

9
 

 

 

 

 

 
Figure Ab2-4. NWC-Double-Defected (January) 
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Figure Ab2-5. NWC-Double-Defected (Februaury-1) 
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Figure Ab2-6. NWC-Double-Defected (Februaury-2) 
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Figure Ab2-7. NWC-Double-Defected (March) 
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Figure Ab2-8. NWC-Double-Defected (May) 
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Appendix Ba1 

(HSC-Single-Control)
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Figure Ba1-1. HSC-Single-Control (December-1) 
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Figure Ba1-2. HSC-Single-Control (December-2) 
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Figure Ba1-3. HSC-Single-Control (December-3) 
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Figure Ba1-4.HSC-Single-Control (January) 
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Figure Ba1-5. HSC-Single-Control (February-1) 
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Figure Ba1-6. HSC-Single-Control (February-2) 
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Figure Ba1-7. HSC-Single-Control (March) 



 

 

1
3

3
 

 

 

Figure Ba1-8. HSC-Single-Control(May)
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Appendix Ba2 

(HSC-Single-Defected)
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Figure Ba2-1. HSC-Single-Defected (December-1) 
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Figure Ba2-2. HSC-Single-Defected (December-2) 
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Figure Ba2-3. HSC-Single-Defected (December-3) 
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Figure Ba2-4. HSC-Single-Defected (January) 
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Figure Ba2-5. HSC-Single-Defected (February-1) 
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Figure Ba2-6. HSC-Single-Defected (February-2) 
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Figure Ba2-7. HSC-Single-Defected (March) 
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Figure Ba2-8. HSC-Single-Defected (March)
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Appendix Bb1 

(HSC-Double-Control)
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Figure Bb1-1. HSC-Double-Control (December-1) 
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Figure Bb1-2. HSC-Double-Control (December-2) 
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Figure Bb1-3. HSC-Double-Control (December-3) 
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Figure Bb1-4. HSC-Double-Control (January) 
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Figure Bb1-5. HSC-Double-Control (February-1) 
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Figure Bb1-6. HSC-Double-Control (February-2) 
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Figure Bb1-7. HSC-Double-Control (March) 
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Figure Bb1-8. HSC-Double-Control (May)
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(HSC-Double-Defected)
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Figure Bb2-1. HSC-Double-Defected (December-1) 
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Figure Bb2-2. HSC-Double-Defected (December-2) 
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Figure Bb2-3. HSC-Double-Defected (December-3) 
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Figure Bb2-4. HSC-Double-Defected (January) 
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Figure Bb2-5. HSC-Double-Defected (Februaury-1) 
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Figure Bb2-6. HSC-Double-Defected (Februaury-2) 
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Figure Bb2-7. HSC-Double-Defected (March) 
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Figure Bb2-7. HSC-Double-Defected (May) 
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Appendix Ca1 

(SCC-Single-Control)
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Figure Ca1-1.SCC-Single-Control (February) 
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Figure Ca1-2. SCC-Single-Control (March) 
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Figure Ca1-3. SCC-Single-Control (May)
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Appendix Ca2 

(SCC-Single-Defect) 
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Figure Ca2-1. SCC-Single-Defected (February) 
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Figure Ca2-2. SCC-Single-Defected (March) 
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Figure Ca2-3. SCC-Single-Defected (May)
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Appendix Cb1 

(SCC-Double-Control) 
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Figure Cb1-1. SCC-Double-Control (February) 
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Figure Cb1-2. SCC-Double-Control (March) 
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Figure Cb1-3. SCC-Double-Control (May)
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Appendix Cb2 

(SCC-Double-Defected) 
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Figure Cb2-1. SCC-Double-Defected (February) 
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Figure Cb2-2. SCC-Double-Defected (March) 
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Figure Cb2-3. SCC-Double-Defected (May) 
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Appendix Da1 

(LWC-Single-Control) 
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Figure Da1-1. LWC-Single-Control (March) 
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Figure Da1-2. LWC-Single-Control (May)
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Figure Da2-1. LWC-Single-Defected (March) 
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Figure Da2-2. LWC-Single-Defected (May)
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Figure Db1-1. LWC-Double-Control (March) 
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Figure Db1-2. LWC-Double-Control (May)
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Figure Db2-1. LWC-Double-Defected (March) 
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Figure Db2-2. LWC-Double-Defected (May)
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