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ii. The evaluation of the functionality of the device to test concrete elements by testing in-

service reinforced concrete columns. 
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A study performed to verify if through surface wave analysis it is possible to obtain some 

indication of the imminence of failure of the beams that were tested under fatigue loading is 

included in Chapter 6. It was defined as a collaborative project with Rayed Alyousef as part of 
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the experimental program for his PhD thesis under the supervision of Dr. Timothy Topper and 
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five beams, the data analysis and the concept development of an alternative procedure for the 

monitoring of the progression of damage. For the evaluation of alternative techniques to 

process the test data, Dr. Jesús Nuño Ayón advised possible signal processing techniques that 

could be applicable and the computing algorithms. From this study the main contributions are: 

v. The appraisal of a procedure to monitor the progression of damage in concrete elements 

subjected to fatigue loading based on surface wave analysis. 

vi. The evaluation of the applicability of three alternative signal processing techniques for 

surface wave testing results. 

  



vi 

 

Abstract 

Reinforced concrete is one of the materials most used in civil infrastructure, and the expected 

service life is generally for several decades. However, as any other material, concrete 

performance is affected by environmental conditions, the normal use of the structure, ageing 

and extreme load events. All of these factors affect the elements performance and can induce 

damage. Since all infrastructure components deteriorate over time, it is needed to assess their 

actual condition. Moreover, to implement adequate corrective measures it is needed to first 

detect damage and quantify its extent. There are different methods that may be used to inspect 

concrete elements, and the selection of the adequate technique depends on the property of 

interest and the available resources.  

Among the available inspection methods, the nondestructive techniques (NDT) are those used 

to detect defects, to estimate the material properties or to assess the integrity of components that 

do not affect the elements under evaluation. Every inspection technique has advantages and 

disadvantages; and consequently, the current trend is to use a combination of methods. Even 

though several nondestructive methods are commercially available, currently there is no 

comprehensive method to evaluate concrete columns. Taking in consideration these aspects, the 

main objective of this research was to develop a new nondestructive methodology and testing 

device that would allow inspecting concrete columns in a fast and reliable manner, without 

affecting their future performance.  

The proposed methodology relies on ultrasonic tests. The condition evaluation is based on 

measurements of wave velocity and wave attenuation because it is known that the attenuation 

is more sensitive to damage than the velocity. However, wave attenuation is generally not used 

in site evaluations because is very difficult to ensure consistent measurements in the field. To 

overcome this limitation, a new ultrasonic testing device was developed and tested. To verify 

the applicability of the methodology, reinforced and unreinforced concrete samples were tested 

in the laboratory, and a sample of in-service reinforced concrete columns was also evaluated. 

The main contributions of the research presented in this thesis are:  

 The construction of a new ultrasonic field testing device to test structural elements with 

circular cross section.  

 The evaluation of a new methodology to evaluate concrete elements based on statistical 

indexes computed from wave velocity and wave attenuation by testing a sample of in-

service columns. 
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 The new methodology allows detecting damage at earlier stages which would allow 

implementing opportune corrective measures. 

 The proposal and evaluation of an alternative testing procedure to evaluate freeze/thaw 

damage in concrete specimens based on wave attenuation measurements. 

 The appraisal of a new procedure to monitor progressive damage in concrete elements 

using surface wave measurements. 

 The evaluation of alternative signal processing techniques of the signals obtained from 

the surface wave testing to facilitate the analysis of the results. 
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Chapter 1 Introduction 

Reinforced concrete is one of the most widely used materials for building infrastructure. As 

any other material, concrete components deteriorate over time and it is required to assess 

their condition to ensure that they perform as intended in the design. Decision makers often 

lack of adequate information to implement suitable corrective measures to preserve 

infrastructure elements or to prevent failures. There is an imperative need for better 

assessment tools that can provide comprehensive and reliable information about the 

structural elements. Currently, different methods to inspect concrete elements are 

commercially offered; however, there is no a comprehensive method for reinforced concrete 

columns. The main objective of this research was to develop a new methodology and testing 

device that would allow inspecting concrete columns in a fast and reliable manner, without 

affecting their future performance. 

Various methods may be used to assess the condition of in-service concrete elements, and the 

selection of a method is based on the scope of the investigation and the resources available. 

Nondestructive testing (NDT) methods are those inspection techniques used to detect defects, 

to estimate the material properties or to assess the integrity of components that do not affect 

the elements under evaluation. The NDT techniques based on the analysis of the propagation 

of the waves through the element under study are called stress-wave methods; and in this 

group are classified the ultrasonic pulse velocity and the surface waves method employed in 

this work. Both methods are also called ultrasonic, for the reason that ultrasonic testing refers 

to the use of sound waves above 16 kHz, which is considered the average person hearing 

range (Ensminger & Bond, 2012).  

Every NDT inspection technique has advantages and disadvantages; and consequently, the 

current trend is to use a combination of them (Breysse, Klysz, Dérobert, Sirieix, & Lataste, 

2008; Balayssac, Laurens, Arliguie, Breysse, Gernier, Dérobert, & Piwakowski, 2012). The 

combination of methods may have different purposes, such as to verify the results, to improve 

the interpretation of the testing data, to obtain a more comprehensive examination, or to 

correct the effect of a specific parameter in the results.  

In this research project, the complementary use of ultrasonic pulse velocity testing and surface 

wave analysis is analyzed. Even though these two techniques have been used before to 

evaluate concrete, there are no reported studies of both methods used jointly. From the 
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surface wave analysis, a global longitudinal evaluation could be obtained, allowing 

identifying areas of dissimilar characteristics. Then, the areas identified as potentially 

damaged could be tested with the ultrasonic testing device developed to obtain a detailed 

evaluation of the cross section.  

The most common ultrasonic test consists of the determination of the propagation velocity of 

the compression waves (P-waves) along the element under study. The usual testing 

configuration employs two sensors located at opposite sides of the element. The sensors are 

generally piezoelectric transducers, which are devices that convert electrical energy in 

ultrasonic energy and vice versa (Blitz & Simpson, 1996). One transducer emits the pulse and 

the other acts as a receiver. The time between the start of the pulse and the detection of the 

first arrival of the P-waves at the receiver is the arrival time. The ultrasonic pulse velocity 

(UPV) is computed dividing the distance between the transducers by the arrival time.  

The surface wave analysis method is based also on wave propagation, but monitors Rayleigh 

waves (R-waves). These waves are those that propagate along the surface as a result of an 

impact. The basic configuration of the surface wave tests requires a source, two receivers and 

the data acquisition system. The wave speed is determined using signal processing 

techniques, and the elastic constants of the underlying materials are determined through an 

inversion process.  

There are several examples in literature that demonstrate that the proposed methods may be 

useful for the condition assessment of concrete. Ultrasonic testing has been used for decades 

and is one of the most common NDT methods (ACI 228.2R-13; Breysse, 2012; Cetrangolo & 

Popovics, 2010; Dilek, 2007). The most recent research in the area is addressed to automation 

and the generation of images (Chai, Momoki, Kobayashi, Aggelis, & Shiotani, 2011; Schickert, 

2012; De la Haza, Samokrutov, & Samokrutov, 2013; Nelson, Ferraro, & Algernon, 2014; 

Haach & Ramirez, 2016). The surface waves method has been proven useful to determine the 

elastic modulus of soil sites, pavements and concrete slabs (ACI 228.2R-13); to detect chemical 

damage in concrete (Ould Naffa, Goueygou, Piwakowski, & Buyle-Bodin, 2002), to verify the 

quality of the concrete of a bridge pier (Liu & Guo, 2005); to measure the crack depth of 

surface breaking cracks (Goueygou, Abraham, & Lataste, 2008) (Yang, Cascante, & Polak, 

2009), to evaluate repair effectiveness (Aggelis, Shiotani, & Polyzos, 2009), to assess the 

porosity of concrete (Abraham, Piwakowski, Villain, & Durand, 2012), and to evaluate the 

condition of cemented materials with distributed damage (Kirlangic, 2013). 
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The proposed new methodology innovates in the execution of the tests. While the usual 

configuration uses two sensors, the new methodology is implemented using arrays. In the 

common ultrasonic testing configuration the results are based on measurements over a single 

path. It is likely that some defects may not be detected because of the orientation selected or 

because of the size of the defect. The use of arrays has the advantage that is possible to take 

different measurements from a single location (Drinkwater & Wilcox, 2006), the 

measurements can be used to produce visualizations of the internal condition, and there is 

faster data collection and better noise control. In recent years, there are reports of the 

successful application of ultrasonic arrays of transducers for the condition assessment of 

pipelines, wood poles (Tallavó, Cascante, & Pandey, 2011) and concrete elements such as slabs 

(Schickert, 2012) and bridge decks. Nevertheless, it has been found a limited use of arrays of 

transducers to evaluate in-service concrete columns. 

Another contribution of this research is that the evaluation is based on the ultrasonic 

measurements of wave velocity and wave attenuation. Several researchers (Saint-Pierre, 

Rivard, & Ballivy, 2007; Chai, Momoki, Kobayashi, Aggelis, & Shiotani, 2011; Molero, 

Aparicio, Al-Assadi, Casati, Hernández, & Anaya, 2012; Kirlangic, 2013; Yim, Kwak, & Kim, 

2012) demonstrated that wave attenuation presents higher sensitivity than wave velocity to 

damage. Wave attenuation is an important parameter to take into account for material 

evaluation, because an increase in the attenuation is an indication of degradation or loss of 

strength of the material (Ensminger & Bond, 2012). Nonetheless, the implementation of wave 

attenuation has been limited, due to the difficulty to obtain reliable measurements in the field. 

The main challenge in the field is to obtain a consistent coupling, which is the transmission of 

the waves from the transducers to the elements. This limitation was addressed by the 

development of a new field testing device and the testing of different couplants. Currently, 

there are no reported examples of the use of ultrasonic wave attenuation for the condition 

assessment of reinforced concrete circular columns in the field, which are the elements of 

interest for this project.  

Based on these findings, the objectives of this research were formulated and are detailed in the 

following section. 
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1.1 Research objectives 

General objective 

To develop a new methodology for the condition assessment of reinforced concrete columns, 

using ultrasonic techniques and taking advantage of the complementary use of wave velocity 

and wave attenuation measurements. The novelty of the proposed methodology lies on the 

complementary use of wave attenuation and elastic moduli in addition to wave velocity to 

better evaluate damage in reinforced concrete columns. 

Specific objectives 

a. To understand the state-of-the art in inspection methods for concrete elements, the 

existing limitations of the stress-wave methods under study and the improvements 

required. 

b. To improve the coupling between the piezoelectric transducers and the concrete 

elements to obtain more reliable attenuation estimates in the laboratory and in the 

field.  

c. To investigate the effectiveness of ultrasonic pulse velocity and attenuation 

measurements to assess internal damage in concrete elements. 

d. To perform a pilot study on the use of surface waves to assess the progression of 

damage of reinforced concrete elements. 

e. To calibrate the new testing device (called UTPole) by testing unreinforced and 

reinforced concrete specimens in the laboratory. 

f. To assess the functionality of the new ultrasonic device developed by testing a 

statistically representative sample of reinforced concrete columns in-service. 

1.2 Methodology 

Figure 1-1 provides a schematic representation of the methodology and the detailed 

description is presented in Chapter 3.  

The methodology was divided in three components: the literature review, the laboratory and 

the field testing.  
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Figure 1-1: Schematic representation of the methodology 

 

The literature review was needed to understand the state-of-the art in inspection methods for 

concrete elements, the existing limitations of the methods under study and the improvements 

required. 

The laboratory testing was focused on specific aspects of the ultrasonic techniques used in the 

study that required improvement, according to the limitations identified in the literature 

review. The studies included the calibration of the transducers, the evaluation of different 

couplants for the field testing, the assessment of the effectiveness of the velocity and 

attenuation measurements to detect internal damage and the application of the surface waves 

method to evaluate reinforced concrete elements.  

To be able of incorporating wave attenuation in the evaluation, it was necessary to build a 

new field testing device, so it was possible to obtain constant pressure and adequate coupling. 

Once the new device was built and verified in the laboratory, a sample of in-service concrete 

columns was tested.  

The new aspects of the methodology are the proposed complementary use of the ultrasonic 

techniques and the testing procedure with the new field testing device developed. 

1.3 Significance of the research 

In this project, a new methodology to assess the internal condition of structural elements is 

evaluated. The methodology is non-invasive and nondestructive; therefore, the mechanical 

properties of the elements are not affected by the tests. It is intended to detect damage at 
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earlier stages, which would allow the implementation of adequate corrective measures. With 

the existing inspection methods, the deterioration has to be extensive to be detected. The 

methodology is based on the combination of nondestructive techniques and the use of a 

newly constructed field testing device. The field testing device allows reducing inspection 

time without compromising reliability of data, and provides a global and also a detailed 

assessment of the condition of concrete elements. A better assessment of the condition of the 

structural elements would result in better maintenance practices and a possible reduction in 

costs.  

The contribution of this research work is included in four journal publications that are 

currently in progress: 

1. “Evaluation of Freeze/Thaw Damage in Nanoconcrete through Ultrasonic Wave Velocity 

and Attenuation”. Authors: Rodríguez-Roblero, M.J., González, M., Cascante, G., Pandey, 

M.D., & Tighe, S. This paper presents the study of freezing and thawing damage in 

concrete specimens and the complementary use of attenuation measurements to detect 

internal damage (Chapter 5). This paper has been submitted to the ASCE Journal of 

Materials in Civil Engineering.  

2. “New application of the surface wave analysis to assess reinforced concrete structural 

elements”. Authors: Rodríguez-Roblero, M.J., Alyousef, R., Nuño Ayón, J., Cascante, G., 

Pandey, M.D., & Topper, T. This paper presents the study of the application of surface 

waves to monitor fatigue damage in concrete beams and the site evaluation of a reinforced 

concrete dome. In addition, contains the study of the application of alternative signal 

processing techniques to facilitate the interpretation of the field data (Chapter 6).  

3. “New Methodology for the Assessment of the Homogeneity in Concrete Columns through 

Ultrasonic Wave Velocity and Attenuation”. Authors: Rodríguez-Roblero, M.J., Tallavó, F., 

Pandey, M.D., & Cascante, G. This paper describes the calibration of the UTPole software 

to test reinforced concrete elements and the evaluation of a sample of in-service reinforced 

concrete columns (Chapter 7).  

4. “Study of the coupling effect on the ultrasonic measurements in the evaluation of concrete 

elements”. Authors: Rodríguez-Roblero, M.J., Wiciak, P., Cascante, G., Polak, M., & 

Pandey, M.D. This paper includes the tests presented in Chapter 4 for the examination of 

possible couplants for testing concrete elements, and the results from the direct 

measurement of the ultrasonic response using a laser vibrometer.  
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1.4 Thesis organization 

Chapter 1 presents the problem definition, the objectives and the expected contributions from 

the research project. 

The theoretical background is presented in Chapter 2, where the main concepts of the two 

ultrasonic testing methods applied in the project are summarized. Also includes the literature 

review and a brief description of the mechanisms of deterioration of concrete. 

Chapter 3 describes the methodology followed in this research project and Chapter 4 explains 

the calibration of the ultrasonic transducers.  

Chapter 5 summarizes the results of a study on the sensitivity of the ultrasonic pulse velocity 

test to two types of internal damage (freeze/thaw and compression) and evaluates a possible 

manner of incorporating ultrasonic wave attenuation in the evaluation of concrete samples. 

Chapter 6 presents the study of the application of surface waves testing to evaluate reinforced 

concrete elements. This study considered the testing configuration, different types of 

mounting of the sensors and alternative methods to process the test data.  

Chapter 7 reports the results of the testing of in-service concrete columns using the field 

testing device built during this research project. Finally, Chapter 8 summarizes the 

conclusions and recommendations of the work.  
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Chapter 2 Background and Literature Review 

2.1 Introduction 

This chapter summarizes the generalities of reinforced concrete as a material and the 

deterioration mechanisms of structural elements. The main inspection techniques are 

mentioned, and the nondestructive methods for hardened concrete compared. As the testing 

methodology employed in this research is based on stress-wave methods, the fundamentals of 

wave propagation are also summarized. 

2.2 Generalities of reinforced concrete 

Concrete is a widely used construction material because it may be used for different 

applications and it presents economical and durability advantages (Kosmatka, Kerkhoff, & 

Panarese, 2002). It is a composite material consisting of a binding medium formed by 

hydraulic cement and water in which are embedded granular materials usually referred as 

aggregates. Concrete can also include other materials with cementing properties (for example 

natural pozzolans, fly ash or silica fume), admixtures or fibres. It is called reinforced concrete 

when includes bars, wires, fibres, strands or other slender elements embedded in the matrix to 

resist forces (ACI CT-13). By volume, the typical hydraulic concrete has volume fractions of 

aggregates in the range of 0.7 to 0.8 (Lamond & Pielert, 2006). The rest of the volume is 

occupied by the cement paste (water, cement, admixtures, other cementitious materials) and 

air voids. The aggregates are generally crushed rocks or gravels and sand, but also could be 

crushed hydraulic cement concrete or iron blast-furnace slag. The aggregates are usually 

classified as coarse and fine, being the coarse the aggregates retained in the 4.75mm (No. 4) 

sieve, and the fine the portion passing the 4.75 mm sieve but that are predominantly retained 

on the 75 mm (No. 200) sieve (ACI CT-13).  

Even though an adequate selection of the materials (proportion and characteristics) is 

essential for the performance of reinforced concrete, this is not sufficient to ensure that the 

elements would have the durability expected. The production, handling, placing, finishing 

and curing of concrete have an important effect in the final quality of the elements. These 

factors and the consideration of the possible deterioration mechanisms should be analyzed in 

the design stage so the concrete element would perform as intended during the expected 

service life. Of these aspects, the most relevant for the research are the deterioration 

mechanisms for reinforced concrete and are summarized in the next section.  
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2.3 Deterioration mechanisms for reinforced concrete  

Deterioration in concrete can result from external factors (environmental conditions, stress, 

strains) or internal to the material (concrete components). The damages can be classified as 

physical and mechanical damages or chemical processes. 

 Physical and mechanical damage processes: those damages that have a physical or 

mechanical origin: abrasion, fire, freeze and thaw, restraining effects (shrinkage and 

temperature) and overloading or imposed strains. 

 Chemical damage processes: damages caused by chemical processes originated in the 

environment or in the concrete matrix itself (Breysse, 2010). The main chemical processes 

of damage are: carbonation, chloride penetration (which lead to corrosion of the 

reinforcement), alkali-aggregate reaction, sulfate attack, leaching and ammonium nitrate 

attack. 

The understanding of the deterioration processes is fundamental to identify problems, choose 

appropriate methods of inspection and ultimately to select adequate corrective measures. 

Table 2-1 summarizes the main deterioration mechanisms and the information collected in the 

inspections. 

 

Table 2-1: Main deterioration mechanisms, consequences and required information (after Breysse,  

2010) 

Mechanism Consequences in concrete Required information 

Overloading 

Restraining effects 

(temperature, 

shrinkage) 

Damage, cracking 

 If distributed damage: crack density, 

residual stiffness and strength 

 If localized cracking: location, width, 

depth 

Freeze-thaw cycles 
Scaling, spalling, 

delamination 

 Affected areas 

 Depth of defect 

Fire 
Strength decrease, 

spalling 

 Depth reached by fire effects 

 Residual strengths at different depths 

Abrasion-erosion Material loss  Residual strength of surface layer 

Carbonation 

Increase in density, 

depassivation of steel, 

thus, rebar corrosion 

 Carbonation depth 

 If corrosion: localization of active 

corrosion areas and corrosion rate 
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Table 2-1: Main deterioration mechanisms, consequences and required information (after Breysse,  

2010) 

Mechanism Consequences in concrete Required information 

Chloride attack Rebar corrosion 

 Chloride content, chloride profile 

 If corrosion: localization of active 

corrosion areas and corrosion rate 

Alkali-aggregate 

reaction 

Sulphate attack 

Internal expansion, 

generalized cracking 

 Potential for future volume change 

 Residual stiffness and strength 

Leaching 
Cement paste dissolution, 

increase in porosity 

 Residual strength 

 Porosity 

Ammonium nitrate 

attack 

Deterioration of cement 

paste, spalling, rebar 

corrosion 

 Depth of the attack 

 If corrosion: localization of active 

corrosion areas and corrosion rate 

 

Table 2-1 describes different signs of distress that can be identified in concrete elements, and 

how concrete deterioration could affect the integrity and the performance of the elements. 

Therefore, the condition assessment of concrete elements is an essential task for every 

infrastructure owner. Different methods can be applied to inspect hardened concrete and the 

selection is based on the characteristic of interest and the type of inspection required.  

2.4 Condition assessment for concrete structural elements 

The expected service life of concrete elements is generally for several decades, but as any 

other material, concrete’s performance is affected by environmental conditions, the normal 

use of the structure, ageing and extreme load events. All these factors can induce damage in 

the components and the detection of damage and its quantification is the main goal of the 

inspections. In addition to damage, the inherent variability in the mechanical properties of the 

materials and the changes during the construction stage may lead to differences between the 

designed and built elements. Therefore, structural elements should be inspected regularly 

during the service life to evaluate the current condition, and to ensure that the elements will 

perform as intended in the design.  

Figure 2-1 shows that documentation examination, visual inspections, field testing, laboratory 

testing and structural analysis are the basic components for concrete evaluation. 
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Figure 2-1: Concrete component evaluation (after ACI 365.1R-00) 

 

ACI 365.1R-00 also highlights that the testing of the concrete components and its performance 

is needed in several circumstances, such as: 

 Noncompliance with specifications 

 Inadequate placing, compacting or curing of concrete 

 There is physical (overload, fatigue, abrasion, freeze and thaw, fire, explosion)  or chemical 

damage  

 Concern about the capacity of the structure 

 Verification of models, materials and environmental parameters considered in the service 

life prediction in the design phase, or for the optimization of the operation and 

maintenance. 

The previous list demonstrates the importance of condition assessment techniques, and also 

the broad range of conditions in which they are needed. For this reason, it is considered 

necessary to indicate that for the purpose of this work, only the conditions related with the 

deterioration of columns and that are revealed in a field inspection are considered. In the 

following section the conditions studied are detailed.  

2.4.1 Typical defects encountered in concrete columns 

The defects in reinforced concrete can be classified as internal or external defects. External 

defects include surface air voids, shrinkage cracking, scaling, spalling and popouts. Internal 
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defects include honeycombing, inclusions, voids and corrosion. The definitions of the defects 

presented below are from the ACI Concrete Terminology (ACI CT-13): 

 Surface air voids: refers to cavities not exceeding 15 mm in diameter, generally resulting 

from entrapment of air bubbles in the surface of formed concrete during placement and 

consolidation (Figure 2-2). 

 Shrinkage cracking: cracking resulting from the restraint of shrinkage (decrease in either 

length or volume as a result of changes in the moisture content or chemical damages). This 

kind of cracking can present a random, polygonal or parallel pattern (Figure 2-3). They can 

present a width as wide as 3 mm and can be spaced few millimetres o meters apart. 

Usually begin as shallow cracks but can become full depth cracks during the service life 

(ACI 224.1R-07). 

 Scaling: local flaking or peeling away of the near-surface portion of hardened concrete or 

mortar. 

 Spalling: refers to the formation of spalls which are fragments detached from the concrete 

caused by weather action, a blow, expansion (Figure 2-4).  

 Popouts: small portions of a concrete that break away due to localized internal pressure 

that leaves a shallow, typically conical, depression (Figure 2-7). 

 Honeycombs: voids between the coarse aggregate that are not filled with mortar (Figure 

2-6). Honeycombing can be a consequence of improper placing methods, a mixture with 

excess of coarse aggregate and congested reinforcement (Kosmatka et al., 2002). 

 Segregation: separation of the coarse aggregates from the mortar and the unequal 

distribution of the aggregate in the mixture. The areas with less aggregate would tend to 

experience larger cracking, shrinkage and having poor resistance to abrasion. The other 

parts of the mixture that contain more coarse aggregate would be difficult to consolidate 

and finish and segregation would be a cause of honeycombing (Kosmatka et al.,  2002). 

From the aforementioned defects, the internal defects (honeycombing and segregation) are of 

special interest for the research because they could exist in the element without evidence in 

the surface. The other defects are easily identified through visual inspection. The application 

of the proposed methodology presents an advantage with respect to the existing technologies 
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because it provides a cross sectional image intended to detect internal defects and 

deterioration at earlier stages, which is not possible with the conventional methods. 

 

 
 

Figure 2-2: Example of surface air voids (also 

called bug holes, ACI 201.1R-08) 

Figure 2-3: Example of shrinkage cracking (ACI 

201.1R-08) 

  

  

Figure 2-4: Example of medium spalling of a 

concrete surface (ACI 201.1R-08) 

Figure 2-5: Example of concrete flaking or spalling 

(http://concretetoolreviews.com) 

  

  

Figure 2-6: Honeycombing (ACI 201.1R-08) Figure 2-7: Popouts (Kosmatka et al., 2002) 
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2.4.2 Nondestructive testing (NDT) techniques for concrete 

A method is considered nondestructive when the characteristics of the element being 

inspected are not affected by the tests. NDT methods are used both during the construction 

and operation phases with different purposes: for quality control of new construction, for 

condition assessment of existing structures, for maintenance and rehabilitation purposes, and 

for quality control of repairs.  

Depending on when they are applied, NDT methods for concrete are divided in two groups: 

methods applied in fresh concrete and in hardened concrete. This research focus is on existing 

reinforced concrete elements; therefore, emphasis is made on the methods for hardened 

concrete. The NDT methods applicable for hardened concrete are usually classified as:  

 visual inspection 

 stress-wave methods  

 nuclear methods  

 magnetic methods 

 electrical methods 

 methods for measuring transport properties 

  infrared thermography and  

 radar 

This research is focused on the application of ultrasonic and surface wave methods; hence, the 

methods considered in detail are the stress-wave methods for structural elements.  

2.4.3 Stress-wave methods 

Stress-wave methods are based on the analysis of the propagation of waves through the 

element under study. Wave propagation refers to the transmission of a disturbance in a 

medium. The stress waves may be induced by impact or by a transducer, which is a device 

that converts energy of one kind to another. Table 2-2 summarizes the main stress-wave 

methods applied to assess the condition of reinforced concrete structural elements, indicating 

their main use, advantages and limitations. As it is indicated in Table 2-2, the standardized 

ultrasonic pulse velocity method is not used to identify defects because the test results only 

provide an estimate of the velocity of propagation. However, the generation of a new 

tomographic image based on statistical indexes (see Chapter 3) would allow improving the 

application of the method to locate and identify internal defects in the elements.
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Table 2-2: Advantages and limitations of stress-wave methods for infrastructures (based on Tables 3 and 3.2.6 from ACI 228.2R-13) 

Method Principle Applications Advantages Limitations 

Ultrasonic pulse 

velocity 

(ASTM C597) 

The travel time of a pulse of ultrasonic 

waves over a path of known length is 

measured. 

To determine the relative condition or 

uniformity of concrete based on the measured 

pulse velocity. 

 Portable equipment commercially 

available. 

 Relatively easy to use. 

 Requires access to two sides of 

the members. 

 It does not provide information 

on the depth of the defect. 

Ultrasonic echo 

A transducer emits a short pulse of 

ultrasonic waves, which is reflected by 

the opposite side of the member or 

internal defects. The arrival time of the 

reflected pulse is recorded by an 

adjacent receiver and the round-trip 

travel time is determined. 

To locate defects such as delaminations, voids, 

and honeycombing within the elements, or to 

measure an element thickness. 

 It is needed access only to one face of 

the element. 

 It provides information on the depth of 

the defect. 

 The method based on S-wave point 

transducers and SAFT (Synthetic 

Aperture Focusing Technique) permit 

construction of 3-D tomographic 

images. 

 Applicable to limited member 

thickness. 

 An experienced operator is 

required. 

Impact-echo 

(ASTM C1383) 

A receiver adjacent to the impact point 

monitors the arrival of the stress wave, 

as it undergoes multiple reflections 

between surface and the opposite side 

of plate-like member or from internal 

defects. From frequency analysis it is 

possible to determine the distance to 

the reflector if the wave speed is 

known. 

To locate defects such as delaminations, voids, 

honeycombing, or to measure element 

thickness. 

 Access to only one face is needed. 

 Equipment is commercially available. 

 Capable of locating a variety of defects. 

 Does not require coupling material. 

 An experienced operator is 

required. 

 Current instrumentation limited 

to testing members of maximum 

thickness of 1 m. 

Spectral analysis of 

surface waves 

A surface wave is generated through 

impact and two receivers monitor the 

surface motion. Using signal analysis 

the wave speed is determined as a 

function of wavelength. The elastic 

constants of the layers are determined 

through an inversion process. 

 To determine the stiffness profile of a 

pavement system. 

 To assess the depth of deteriorated concrete. 

Capable of determining the elastic 

properties of layered systems, such as 

pavements, interlayered good and poor 

quality concrete. 

 An experienced operator is 

required. 

 Involves complex signal 

processing. 

 

Impulse response 

(ASTM C1740) 

The surface of the element tested is 

struck with an instrumented hammer 

and adjacent transducers measure the 

dynamic response. Through signal 

analysis it is possible to determine the 

characteristics of the tested element. 

To locate anomalous regions in plate-like 

structures; voids below slabs on ground; 

cracks, and constrictions in deep foundations. 

It may provide information on low-strain 

dynamic stiffness of shaft/soil systems. 

 Access to only one face is needed. 

 Equipment is commercially available. 

 Does not require coupling materials. 

 Large areas tested in short time. 

 An experienced operator is 

required. 

 Thickness limitation of 1 m. 
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2.5 Background information 

In this section, the wave propagation fundamentals and the principles of the nondestructive test 

methods employed in the project are briefly described. 

2.5.1 Wave propagation fundamentals 

The two methods studied in this research project are based on the propagation of stress waves 

in the material. Therefore, in this section the fundamental concepts of wave propagation in 

elastic media are briefly presented.  

Ultrasonics refers to the use of ultrasound in different scientific applications, where ultrasounds 

are those sounds that exceed human hearing range, generally considered as above 18 kHz (Blitz 

& Simpson, 1996) or 16 kHz (Ensminger & Bond, 2012). Since ultrasonics is the application of a 

specific range of sound waves, the fundamentals of wave propagation are the basis for any 

ultrasonic method. 

Wave propagation is the transmission of a disturbance in a medium to other parts of the 

medium without mass transport. Sound waves are stress waves, which mean that they can only 

exist in mass media, they cannot propagate in a vacuum and the transmission is by contact 

(Ensminger & Bond, 2012). The waves are elastic when the induced stresses in the material do 

not exceed its elastic limit and the material behaviour follows Hooke’s Law.  

Based on their oscillatory pattern, waves are described as P-wave, S-waves, R-waves or L-waves. 

P-wave and S-waves are body waves, since they travel through the internal volume of the 

elastic media. R-waves and L-waves are called surface waves because the propagation occurs in 

the surface of the elastic medium. The surface in this case refers to a maximum depth of one 

wavelength ( ), that is the distance between two planes in which the particles are in the same 

state of motion (two compression zones, for example). It is the distance that the sound will 

move in the direction of propagation in a given material at a specific frequency. The depth that 

is affected depends on the frequency of the wave propagating and the velocity of propagation 

in the specific material (2-4). Figure 2-8 illustrates the basic types of waves in solids and the 

main characteristics of each type of wave are summarized below. 

 P-wave: are the waves associated to the propagation of normal stresses and are 

compressional or dilatational waves. They are also called longitudinal waves or primary 

waves, since in solids they are the fastest mode of propagation.   
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 S-wave: correspond to the transmission of shear strain without volumetric deformation. 

The particle motion is perpendicular to the direction of propagation and as they propagate 

slower than P-waves, they are known as secondary waves.   

 R-wave: or Rayleigh waves are surface waves because their motion is restricted to surface 

of the medium (one wavelength). The particle motion is retrograde.  

 L-waves: Love waves propagate in a horizontal plane and the particle motion is 

perpendicular to the direction of propagation.  

 Lamb waves: also known as plate waves, they occur when a medium has two free surfaces 

and the thickness is approximately one wavelength. They can be generated only at 

particular values of frequency, angle of incidence and material thickness. The velocity of 

the wave depends on the mode of propagation and the product of the material thickness 

and the examination frequency (Hellier, 2001). 

 

 
Figure 2-8: Type of waves in solids 

(http://kiska.giseis.alaska.edu/input/west/guides/amato_faulting/wave_types.jpg) 

 

P-waves 

S-waves R-waves 

Love waves 
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The velocity of propagation of a wave depends on the medium properties (modulus of elasticity, 

Poisson’s ratio, density); consequently, the stress-wave propagation behaviour may be used to 

infer characteristics of a material. For example, the speed of a P-wave (  ) is given by the 

relation of the Young’s modulus (E), Poisson’s ratio ( ) and the density ( ) as follows: 

 
   √

 (   )

 (   )(    )
 

(2-1) 

The velocity of the S-waves (  ) depends only on the density and on the shear modulus (G), as 

it is shown in the next equation: 

 
   √

 

 
 

(2-2) 

The ratio between the velocity of the S-waves and the surface waves, specifically Rayleigh 

waves, is given by equation (2-3): 

   

  
 √

(    )
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(2-3) 

In addition to the wave velocity (V), two wave properties that have a significant effect in the 

testing results are the wavelength ( ) and the frequency ( ). Both properties are related to the 

velocity by the following expression: 

       (2-4) 

The frequency ( ) of a wave is the number of oscillations per second and the units of frequency 

are hertz (Hz). The frequency is the inverse of the time period (T) and it is related with the 

angular frequency ( ) as follows: 

 
  

 

 
 

 

  
 

(2-5) 

A wave can also be characterized by the wave number ( ) defined in relation with the 

wavelength: 
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 (2-6) 

As a wave propagates in a medium, it interacts with discontinuities and the boundaries of the 

elements, which results in the partition of the acoustic energy. Depending on the type of 

incident wave and the acoustic properties of the media, a portion of the incident wave is 

reflected and part is transmitted. The reflection (Re) and transmission (Tr) coefficients for an 

incident wave are given by: 
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where     is the acoustic impedance of material 1 and    the acoustic impedance of material 2.  

The acoustic impedance of a material is the product of the density and the wave velocity: 

       (2-9) 

Table 2-3 shows the typical values for the acoustic impedances of the materials of interest for 

reinforced concrete elements. It indicates the relatively low acoustic impedance of air. When a 

wave is traveling in concrete or steel, and it encounters an air interface, the reflection coefficient 

is approximately 1.0, which means that there is almost total reflection. For this reason it is 

possible to use NDT stress-wave methods to locate voids or other defects within the concrete.  

 

Table 2-3: Typical values for the acoustic impedance (ACI 228.2R-13) 

Material Acoustic impedance 
  

(   )
 

Air 0.4 

Water 1.5×106 

Concrete 7 to 10 ×106 

Steel 47 ×106 
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The acoustic impedance also explains the convenience of the use of wave attenuation.  Although 

a thin crack would not produce a measureable change in wave velocity, it will produce a 

significant change in the wave amplitude because of the impedance mismatch (Berubé, 2008). 

The wave attenuation is a factor that describes the decrease in wave intensity or pressure as the 

wave propagates in a medium. There are different ways of expressing the attenuation, but 

normally is expressed in decibels per unit length (Hellier, 2001; ASTM E1316-11b). The 

attenuation may also be expressed in nepers (Np) per unit length. The value in decibels is equal 

to 8.68 times the value in nepers for a given distance or time. If the amplitude is been reduced 

by one neper, it means that the amplitude has fallen to   ⁄  of its initial value, where   is the 

base of the natural logarithm. The total attenuation of a propagating wave is defined as: 

  

  
 (

  

  
*
 

   (     ) (2-10) 

where A1 and A2 are the amplitudes at the distances x1 and x2, β is the geometric attenuation 

constant and αx is the spatial coefficient of wave attenuation caused by the material damping. 

Expressing equation (2-10) in terms of the attenuation coefficient: 
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Attenuation results from different factors: wave spreading, scattering, absorption and mode 

conversion. The combined loss of scattering and absorption is known as the material 

attenuation, and the loss from the wave spreading is usually referred as geometric attenuation. 

The dispersion, deflection or redirection of the energy in an ultrasonic beam caused by small 

reflectors (interface at which there is a change in acoustic impedance) is known as scattering 

(ASTM E1316-11b). Depending on the feature size and the wavelength of the radiation there are 

different scattering regimes known as Rayleigh scattering, mid-frequency scattering and long 

wavelength scattering (Ensminger & Bond, 2012):  

 Rayleigh scattering: it is present for small features, where dimensions are a small 

fraction of the wavelength. 

 Mid-frequency scattering or stochastic: it occurs when the features are of the order of 

the wavelength.  

 Long wavelength scattering or diffusive: where dimensions are several wavelengths. 
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Scattering is a common cause of ultrasonic attenuation. There are different relationships for the 

attenuation depending on the scattering regime (Table 2-4). In this table,   is the wavelength of 

the ultrasonic wave, D is the average grain diameter,   is the ultrasonic attenuation,   is the 

ultrasonic frequency, A1, A2 and A3 are the coefficients that depend on the elastic moduli of the 

material tested. Also is included the relationship in terms of the damping factor ( ) because it is 

a manner of expressing the attenuation more common in structural analysis. The damping 

factor can also be expressed in terms of the coefficient of attenuation α and the wavelength   as 

follows (Cascante, 1996): 

  
   

  
 (2-12) 

From equation (2-4) it follows that the wavelength could be expressed as: 

  
 

 
 (2-13) 

Replacing    and the expressions for   in Table 2-4 in equation (2-12), it is obtained the 

relationship between the damping coefficients as a function of the frequency presented in the 

same table.  

 

Table 2-4: Relationships for the attenuation for the different scattering regimes (Ensminger & Bond,  2012) 

Scattering of 

ultrasonic waves 

Relation between the wavelength 

and the target dimension 

Attenuation 
Damping 

Rayleigh          
      

     
   

  
 

Stochastic               
      

  
 

Diffusive             
     

  
 

 

In NDT the consideration of the scattering characteristics of the materials is very important, 

since it defines the sensitivity of the method and the frequency that should be used for the 

testing.  

The sensitivity is usually referred as the smallest reflector that produces a discernible signal on 

the display of an ultrasonic system (Hellier, 2001). As it may be noticed from Table 2-4, for the 
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three scattering regimes, the size of the grain of the material has an effect on the scattering. In 

the case of concrete, which is a heterogeneous material formed by particles of different sizes, the 

scattering is an important aspect to take into account to ensure the effectiveness of the NDT test.  

There are different parameters that can be used to estimate the coefficient of attenuation αx, for 

example in the time domain the peak-to-peak amplitude (PTP) or ratio between amplitudes. In 

the frequency domain two common methods are the maximum magnitudes or the spectrum 

area (Kirlangic, 2013). The method considered in this work to quantify the material attenuation 

is by comparing the area below the frequency spectra computed from the ultrasonic 

measurements. The attenuation is quantified as the ratio of the area below the frequency 

spectrum (in the frequency bandwidth of interest) after a specific type of action (freeze/thaw or 

compressive loading), and the area below the spectrum at the baseline condition. Since the 

apparent wave attenuation includes the losses caused by the instrumentation, the specimen 

configuration, sound directivity and the measurement procedure (ASTM E1316-11b), the 

computation of the areas of the spectra requires first to identify the frequencies related to the 

instrumentation and the frequencies corresponding to the specimen. The identification of these 

frequencies can be done normalizing the frequency response of the system formed by the 

specimen and the testing setup, by the transfer function obtained placing the transducers face-

to-face. The system function  ( ) can be obtained by deconvolution dividing the frequency 

components of the received voltage  ( ) by the transfer function   ( ) of the system:  

 ( )  
 ( )

  ( )
 (2-14) 

The transfer function is the ratio between the magnitude of the Fourier transform of the output 

signal and the Fourier transform of the input signal. This procedure can be applied because the 

system is linear, and a linear system may be characterized by its frequency response.  

It is recommended that the transfer function   ( ) is obtained from any calibration setup that 

can be modeled explicitly which would include the effect of the electrical and mechanical 

components (Schmer & Song, 2007). However, the effect of the coupling with the specimen is 

not accounted for directly with this procedure and a more thorough of the effect of coupling on 

the ultrasonic measurements is needed. 
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2.5.2 Test methods 

2.5.2.1 Ultrasonic pulse velocity method 

Ultrasonic pulse velocity (UPV) is one of the most common nondestructive testing (NDT) 

methods employed for the condition assessment of structural concrete elements. Some of the 

applications of the pulse velocity method are: to assess the uniformity and the relative quality of 

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

crack repairs (ACI 228.2R-13). Another important use of UPV is to assess the damage in concrete 

caused by freeze/thaw cycles.  

According to the standard ASTM C597-16, the scope of UPV test is the determination of the 

propagation velocity of the longitudinal (P-waves) through concrete. It is of interest to calculate 

the pulse velocity of the longitudinal stress waves because the velocity is related to the density 

and the elastic properties of the material. Consequently, the stress-wave propagation behaviour 

may be used to infer characteristics of a material (2-1).  

The pulse velocity (  ) is calculated dividing the distance between the centers of the ultrasonic 

transducers faces by the transit time, which corresponds to the time taken by a pulse to travel 

from the transmitter to the receiver through the concrete specimen.  As an example, Figure 2-9 

shows the setup used to perform the pulse velocity test for concrete cylinders. 

 

 

  

 

 

 

 

Figure 2-9: Setup to measure the pulse velocity through concrete cylinders 
 

 

The transit time is defined as the time from the start of the triggering of the pulse emitted by the 

transmitter, to the detection of the first arrival of the longitudinal waves. To estimate the exact 

time it is necessary to subtract the delay caused by the transducers and the electronic equipment. 

The delay can be defined placing the transducers face to face as shown in Figure 2-10. 

Transmitter Receiver Load cell 
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Figure 2-10: Testing setup to measure the delay caused by the electronics 
 

In the recommendations from the International Union of Laboratories and Experts in 

Construction Materials (RILEM, from the name in French), the pulse velocity method is the 

reference method to evaluate the frost resistance of concrete (RILEM TC 176-IDC, 2004). The 

evaluation in accordance to these recommendations is not directly through the velocity, but 

based on the change in the relative transit time    after n freeze/thaw cycles calculated from 

equation (2-15): 

   
   
   

 (2-15) 

where    is the relative transit time,     is the total transit time before the first freeze/thaw cycle 

minus the transit time in the coupling medium; and     is the total transit time after n cycles 

minus the transit time in the coupling medium. 

It is not recommended to consider the pulse velocity as a means to directly assess the 

compressive strength of the concrete (ASTM C597-16), because there are several factors that 

affect pulse velocity (for example the type and amount of aggregate, the moisture content, the 

amount and orientation of the reinforcement) that may overshadow the changes in the strength 

(ACI 228.1R-03). In addition, as the pulse velocity is proportional to the square root of the elastic 

modulus, and the elastic modulus is proportional to the square root of the compressive strength, 

as the maturity of the concrete increases, large changes in compressive strength produce only 

minor changes in pulse velocity (ACI 437R-03; ACI 228.1R-03). Pulse velocity method is suitable 

to locate regions where the concrete is of different quality or where there may be internal 

defects, but the nature of those defects cannot be determined based on the measured velocity 
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(ACI 437R-03). The ASTM standard of the ultrasonic pulse method explicitly states: “The results 

obtained by the use of this test method are not to be considered as a means of measuring 

strength nor as an adequate test for establishing compliance of the modulus of elasticity of field 

concrete with that assumed in the design” (ASTM C597-16). 

For the reasons exposed, the pulse velocity method is considered in this research as a method to 

locate defects, such as honeycombing or cracking, but it is not intended to use the 

measurements of pulse velocity to estimate the strength of the concrete elements. 

2.5.2.2 Analysis of surface waves 

The Spectral Analysis of Surface Waves (SASW) is a method that was developed to determine 

the thickness of the layers and the elastic stiffness of soils and pavements (ACI 228.2R-13).    

Figure 2-11 illustrates the general test configuration. Rayleigh waves are generated by 

impacting the surface of the tested element, and two receivers are used to monitor the motion of 

the waves as they propagate along the surface. The stresses generated from the impact contain a 

range of frequency components; therefore, the R-waves have different frequencies that in a 

layered medium will propagate with different phase velocities.  

 

 

Figure 2-11: Schematic representation of the SASW method (after ACI 228.2R-13) 

 

The surface wave analysis has three main steps: the execution of the test or data gathering, the 

construction of the experimental dispersion curve and the inversion of the dispersion curve. It is 
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called dispersion curve the plot of the phase velocity versus the wavelength or frequency. 

Another representation is the frequency spectrum, in which the frequencies are represented as a 

function of the wave number ( ). The frequency spectrum is also called F-K plot. 

Phase velocities are calculated by determining the travel times for each frequency (or 

wavelength) component between the two receivers. The travel times are determined from the 

phase difference of the frequency components arriving at the receivers. The phase difference is 

computed from equation (2-16): 

         (   )       (   ) (2-16) 

where     is the phase difference,     and    are the Fourier transform of the signals recorded 

by the receivers and       (   ) and       (   )are the unwrapped phase of the respective 

Fourier transform. The phase velocity for each frequency may be calculated from equation (2-17) 

    ( )   
  

  
    

  

  
 (2-17) 

where     ( ) is the phase velocity for the specific frequency  ,    is the receivers spacing 

and     is the phase difference calculated from equation (2-16).  

The dispersion curve of the experimental data can be computed using equation (2-17). A 

theoretical dispersion curve is determined assuming a layered system that represents the test 

site, which is modelled as layers of varying thickness, with an assigned density and an elastic 

constant. The theoretical curve is compared with the experimental dispersion curve until there 

is a satisfactory agreement between the curves.  

Given that SASW configuration uses only two receivers, the test needs to be repeated several 

times to perform an evaluation. To facilitate the testing, the method called Multi-channel 

analysis of surface waves (MASW) was developed (Kirlangic, Cascante, & Polak, 2015). The 

method follows the same procedure than SASW, but instead of two receivers it is used an array 

of equally spaced receivers. In addition to faster data collection and better noise control (Wu, 

2012), MASW has the advantage that is able to identify and separate different modes in the R-

waves. In this project, a method based on MASW testing is used. The procedure followed in this 

work differs from the standard method in the type of source (ultrasonic source instead of a 

hammer) and the material studied. MASW is typically used in geotechnical exploration and in 

this research is employed to evaluate reinforced concrete elements. The analysis of surface 
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waves method has the potential to detect damage that could be visually undetected because the 

surface wave velocity decreases in damaged concrete (Kalinski, Stokoe II, Jirsa, & Roesset, 1994).  

2.6 Combination of NDT methods 

Every NDT method has some advantages and some limitations that make a method preferable 

for specific applications. Currently, the common practice is to use a combination of methods; 

thus, a second method is used to provide additional information that may overcome the 

limitations of the first method. According to (Breysse, Klysz, Dérobert, Sirieix, & Lataste, 2008), 

NDT methods can be considered in four types of combinations: 

 Type A: the results from two or more methods are compared to confirm the 

measurements and variations recorded. 

 Type B: the results from two or more techniques are compared with the purpose of 

improving the interpretation of the results. 

 Type C: one technique is used for a rough mapping of the elements and a second 

technique is applied in the potential areas of concern identified with the first technique. 

 Type D: a second technique is used to correct the effect of a specific parameter affecting 

the first technique.  

In this research project, the use of two nondestructive methods is studied: the surface waves 

analysis and ultrasonic transmission. The combination investigated could be classified as type C, 

because the surface waves analysis is intended to be used to identify areas of dissimilar 

characteristics in the columns. Then, these areas are tested with an ultrasonic testing device 

developed in the research group.  

The foreseen application of the methodology is for the preliminary investigation of reinforced 

concrete columns. The preliminary investigation is essential to establish the general condition of 

the elements, to define the number of tests needed and the location of the tests. The selection of 

the samples taken to characterize the concrete of the elements under study depends on a 

preliminary investigation (ASTM C823 -12).  

2.7 Use of arrays and tomographic techniques 

There are different methods to generate ultrasonic waves: piezoelectric transducers, lasers, 

electromagnetic and mechanical transmitters (Ensminger & Bond, 2012). In ultrasonic testing 

piezoelectric transducers are used typically to induce the ultrasonic waves. A piezoelectric 
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transducer is a device that converts electrical energy in ultrasonic energy and vice versa (Blitz & 

Simpson, 1996). This type of transducer needs to be in contact with the object tested, and must 

be attached using a couplant, for example grease or gel. A couplant is a substance used between 

the transducer and the object tested to permit or improve transmission of the ultrasonic energy 

(Hellier, 2001). The coupling material and the applied forces to place the transducers have an 

important effect on the wave amplitude; therefore, are two important factors that should be 

taken into account for field testing. The transducers also must be calibrated for the specific 

material under study to ensure the required precision and accuracy.  

The most common transducers for testing concrete are the transducers with a resonant 

frequency of 50 kHz (ACI 228.2R-13). The standard (ASTM C597-16) establishes that the 

transducers should have a resonant frequency in the range of 20 kHz to 100 kHz. The selection 

of the transducers is based mainly on the element being tested, and in the size of the defect or 

feature that is under investigation. 

The usual configuration for pulse velocity testing consists of two transducers located at 

opposite sides of the element being tested (see for example Figure 2-9). One transducer emits 

the ultrasonic wave pulse, and the other receives the pulse. The time between the start of the 

pulse and the detection at the receiver is termed the arrival time. Since the path between the 

transmitter and the receiver is known, the wave velocity can be computed dividing the distance 

by the arrival time. As the wave propagation depends on the elastic properties of the material, 

the wave velocity is used as a means of characterization of the material. If the only parameter 

considered in the test is the wave velocity, this configuration may provide reliable results. 

Nevertheless, some researchers have demonstrated that wave velocity is not as sensitive as 

wave attenuation to inhomogeneities (Prada, Fratta, & Santamarina, 2000; Chai, Momoki, 

Kobayashi, Aggelis, & Shiotani, 2011; Kirlangic, 2013). The attenuation is the factor that 

describes the decrease in ultrasound intensity or pressure with distance, and normally 

expressed in decibels per unit length (Hellier, 2001). Given that attenuation measurements are 

more sensitive to material damage, several researchers (Prada et al., 2000; Chai et al., 2011; 

Aggelis et al., 2009; Yim et al., 2012) suggest the complementary use of velocity and attenuation. 

On the other hand, the determination of the attenuation is more affected by the coupling 

conditions, which are difficult to control in the field.  

Another problem of the usual testing configuration is that the results are based on 

measurements over a single travel path. It is likely that some defects may not be detected 
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because of the orientation selected or because of the size of the defect, because the influence of 

some defects on the transit time measurements is relative to the position of the defect and the 

travel path considered (ASTM C597-16). A manner of addressing these problems is using 

ultrasonic arrays. An ultrasonic array is a patterned arrangement of elements (ASTM E1316-11b, 

2011), and a basic classification is made depending on their configuration as one-dimensional 

(1-D), two dimensional (2D) and annular. Arrays have the advantage that is possible to take 

different measurements from a single source location, and can be used to produce images for 

the visualization of the internal structure of a component (Drinkwater & Wilcox, 2006). This 

visualization may be obtained through tomographic techniques (Prada et al., 2000; Kim, Fratta, 

& Pincheira, 2011). 

Since 1990s phased array ultrasonics has been in continuous progress and actually there are 

available commercial systems that provide tomographic images of concrete components. As an 

example, the patented devices MIRATM and EyeCONTM by Germann Instruments, shown in 

Figure 2-12, have been used to generate 2D and 3D tomographic images of concrete elements.  

 

 

 

Figure 2-12: Examples of commercially available tomographers for concrete by Germann Instruments, 

MIRATM on the left and EyeCONTM on the right (De la Haza et al., 2013) 

 

Both systems use dry point contact (DPC) transducers that transmit shear waves into concrete. 

They are called dry point transducers because there is no need of a coupling fluid, and the 

transducers are spring loaded to ensure sufficient coupling to irregular surfaces. MIRATM 

consists on a 2D array of 48 transducers in a 4 by 12 configuration (Figure 2-12). On the other 
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hand, EyeCONTM uses a rectangular array of 24 transducers. These two systems generate the 

tomographic images from the arrival time of shear waves. 

In recent years, several researchers have investigated the application of ultrasonic arrays and 

imaging techniques for concrete elements: (Krause et al., 2001; Kim et al., 2011; Chai et al., 2011; 

Schickert, 2012; Molero et al., 2012; De la Haza et al., 2013; Nelson et al., 2014, Haach, 2016). 

There are reports of successful applications of imaging techniques for the evaluation of grouted 

beams, concrete dams (Chai et al., 2011), freeze and thaw damage (Molero et al., 2012) and for 

the detection voids in metallic ducts in post-tensioned bridge beams (Forde, 2013). In the cases 

mentioned the tomographic image is based on the ultrasonic velocity distribution. The cross 

section under study is divided in a rectangular mesh and several travel paths are defined. The 

localized wave velocity in each region is determined from a procedure to invert the travel time 

tabulated as a function of distance for the pulse velocity. Different properties of the concrete 

and several types of elements may be studied through imagining techniques; however, it has 

been mainly applied to flat reinforced elements as slabs and beams. Furthermore, the imaging 

techniques are mostly based on arrival time measurements. The measurements of the 

attenuation are not usually taken because of the difficulty to obtain reliable measurements in 

the field. 

2.8 NDT testing of wood poles (UTPole system) 

An important antecedent for this research project is the research conducted at the University of 

Waterloo to assess the condition of wood poles. For details of the project refer to (Tallavó, 2009) 

and (Tallavó, Cascante, & Pandey, 2011). The final result of the research on wood poles 

mentioned was the UTPole system. UTPole is a nondestructive ultrasonic testing device, 

software and assessment method, developed for the condition evaluation of in-service wood 

poles that is based on ultrasonic and statistical measurements. The system consists of three 

components: the electronics (the batteries, data acquisition system, pulse generation system and 

the signal amplifier), the transducers array and the software that controls the execution of tests, 

the data acquisition and the processing of the data (Figure 2-13). The picture shows the current 

state of the system. However, as it is indicated in the Statement of contributions and in section 

3.3.2, the construction of the field testing device was done as part of the project presented in this 

thesis. At the beginning of this research, the UTPole system consisted of the software and a 

different array of transducers. The field testing was done using laboratory equipment, and the 
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portable electronic system was only conceptually designed. As it is described in section 3.3.2, 

the final prototype is the final result of the work done to test wood and concrete elements.  

 

 

Figure 2-13: UTPole system 
 

The testing is performed using a calibrated annular array of eight piezoelectric transducers with 

a nominal frequency of 82 kHz evenly spaced around the pole cross-section as shown in Figure 

2-14. In the figure, the letters indicate the position of the receivers.  

 

 

Figure 2-14: Location of the ultrasonic transducers (Tallavó et al., 2012) 
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The array is a customized belt that can be adjusted to test elements of different diameters. In 

each test, one of the transducers functions as a transmitter and the other seven as receivers. The 

signals received are recorded and processed using software developed specifically for the 

system. The times signals are then used to compute the velocity, the attenuation and the 

statistical indexes from which is performed the assessment of the condition. The explanation of 

the computation of the dissimilarity index is presented in section 3.4.2. 

The UTPole system presents several advantages: 

a) The method is based on statistical indexes calculated from the ultrasonic measurements of 

wave velocity, wave attenuation and the elastic moduli, not only on wave velocity.  

b) The statistical indexes computed provide a means to quantify the extent of the damage in the 

cross section being tested.  

c) It takes into account the variability of the material properties that influence the ultrasonic 

wave velocity. In order to obtain reliable ultrasonic measurements, it is needed to take into 

account the intrinsic variability of the parameters that affect wave velocity and to assess the 

effect of that variability in the estimation of wave velocity.  

d) The statistical indexes computed from the ultrasonic measurements allow a tomographic 

image of the cross section to be generated. The tomograms are useful tools to visualize the 

extent of deterioration and also are suitable to track the progression of the damage. Figure 

2-15 presents two examples of the tomograms obtained from UTPole in wood poles. 

 

 

Figure 2-15: Example of the tomographic images obtained from UTPole system 
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2.9 Summary 

This chapter included the main findings of the literature review and the background 

information needed to explain the methodology and the results of the research project. This 

comprised the fundamentals of wave propagation, the explanation of the different stress-wave 

nondestructive testing techniques applicable for the assessment of hardened concrete, and a 

brief description of the mechanisms of deterioration of concrete. Furthermore, reference was 

made to the current practice of combination of nondestructive methods and the use of 

tomographic techniques to improve the assessment of structural elements. Finally, the 

description of the testing system for wood poles that is a precedent for this research was 

presented.  
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Chapter 3 Methodology 

3.1 Introduction 

This chapter describes the components of the methodology followed in this research project, 

aimed to develop a testing system that could be used for the assessment of the uniformity of 

reinforced concrete circular columns.   

3.2 Literature review 

The literature review was needed to understand the state of the art in inspection methods for 

concrete elements, the existing limitations of the methods under study and the improvements 

required.  

Ultrasonic pulse velocity (UPV) or transmission through has been used for decades and is one 

of the most common NDT methods (ACI 228.2R-13, 2013; Breysse, 2012; Cetrangolo & Popovics, 

2010; Dilek, 2007; Naik, Malhotra, & Popovics, 2004). Due to the large amount of available 

literature on this topic, it was decided to limit the literature review to four topics: 

i. Inspection methods for concrete elements in service; 

ii. Applications and limits of the ultrasonic pulse velocity test; 

iii. Combination of nondestructive methods; and, 

iv. Capacity models for evaluation of columns. 

The outcome of the literature review was the identification of the main limitations of the 

application of ultrasonic pulse velocity to assess concrete columns. Taking into consideration 

these findings, the following characteristics of the research project were defined: 

a. The available pulse velocity systems rely mainly on measurements of the arrival time of 

P-waves and alternative procedures are needed. The methodology proposed is based on 

measurements of velocity and attenuation. 

b. Every NDT method has some advantages and some limitations. Currently, the common 

practice is to use a combination of methods. For this project, the complementary use of 

two stress wave methods (surface wave analysis and direct transmission ultrasonic 

pulse velocity) was investigated. 

c. A probabilistic approach is needed, because there are many sources of uncertainty in the 

materials, testing procedures and results. Also, the probabilistic approach would make 
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possible to deliver quantitative data that may be used for the analysis of the actual 

capacity of the columns.  

The literature review also facilitated the identification of the fundamental aspects that needed to 

be addressed in the subsequent experimental work.  

3.3 Experimental component 

The experimental component consists of the investigation in the laboratory of specific aspects of 

the methodology and the construction of the field testing device. Once the field testing device 

was built and tested, a sample of in-service columns was evaluated. 

3.3.1 Laboratory testing 

The laboratory testing comprised three groups of tests that were intended to study specific 

aspects of the methodology: the sensitivity of the pulse–velocity method to detect internal 

damage, the application of surface–waves method to reinforced concrete elements and the 

verification of the functioning of the complete system. Since the purpose of this chapter is to 

give an overview of the methodology, only a brief description is made. The details are 

presented in chapters 5, 6 and 7. 

 Freeze/thaw and compression damage: the purpose of these tests was to evaluate the 

sensitivity of the ultrasonic pulse velocity method to two types of internal damage. Also, 

to assess the adequacy of the attenuation computations to complement the information 

obtained from the velocity. The description of the tests and the main findings can be 

found in Chapter 5.    

 Surface wave testing of reinforced concrete elements: five beams were evaluated using 

the surface wave method to experiment different testing configurations and to evaluate 

alternative signal processing techniques. The results related with the surface wave testing 

are presented in Chapter 6. 

 Verification of the field testing system: the construction of the field testing tool is 

described in section 3.3.2. However, is considered as part of the laboratory 

experimentation the verification of the response of the different components (electronic 

boards, data acquisition system and transducers array) separately and then jointly. Also 
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the evaluation of the results of the testing of a cylindrical mortar sample of known 

properties reported in Chapter 7. This testing was done before using the device in the field. 

3.3.2 Construction of the field testing device 

As it was indicated in section 2.8, this research project contributed in the construction of the 

UTPole portable ultrasonic device (Figure 3-1), which consists of: 

 Portable electronics apparatus: case comprising the batteries (two 12 V rechargeable 

batteries), the pulse generation system (high voltage board), the signal amplifier (low 

voltage board) and the data acquisition system (NI USB-6356 Data Acquisition Card).  

 Transducer array: formed by eight piezoelectric transducers with nominal frequency of 

82 kHz, the transducer holders and an adjustable band.  

 UTPole software: it is the software that controls the execution of the tests, the data 

acquisition and the processing of the data. 

 

 

Figure 3-1: UTPole system 

 

A significant contribution of the project is the collaboration in the development of the portable 

system. The collaboration consisted in the following main tasks: the management and technical 

assistance to the electronic specialists in charge of the development of the electronic system; the 
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construction of the electronics apparatus, the design of the transducers holders and the testing 

of the components and the whole system before the field work. In addition, field testing of 

wood poles and concrete columns was conducted to as part of the collaboration.  

Portable electronics apparatus 

Figure 3-2 shows the electronic boards, the boards connected to the data acquisition system 

during the verification in the laboratory and a top view of the apparatus. The construction of 

this apparatus was essential to make the system portable and adequate for field testing. 

 

 

Amplifier (Low voltage board) Pulse generator (High voltage board) 

  
Boards and  data acquisition system Top view of the electronics case 

  

Figure 3-2: Portable electronics apparatus  

 

Transducer array 

For the construction of the transducer array, several prototypes were fabricated using different 

materials and methods (machining and 3D printing). The modification of the device was 

necessary: 

i. To improve the portability of the system,  
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ii. To reduce the time to perform each test, and  

iii. To ensure an adequate coupling between the sensors and the elements being tested.  

 

The original sensor array is shown in Figure 3-3. In Figure 3-4 and Figure 3-5 are illustrated 

some of the transducers holders evaluated, and in Figure 3-6 and Figure 3-7, the complete 

arrays using a ratchet system and elastic bands. The ratchets and the elastic bands were 

evaluated because they allow adjusting the sensors around the element under study. Also they 

ensure a consistent pressure to enhance wave transmission (coupling).  

 

 

Figure 3-3: Original sensors array 

 

 

Figure 3-4: Models for the transducer holders using ratchets   
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Figure 3-5: Models of the transducers holders for the system using elastic bands 

 

 

Figure 3-6: Examples of adjustable systems evaluated 
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Figure 3-7: Final design of the adjustable sensors array 

 

As soon as the field testing device was finished and verified in the laboratory, the calibration of 

the transducers and the study of the coupling were done. The description of the procedure 

followed for the study of the coupling and the calibration of the transducers is included in 

Chapter 4. However, the calibration of the whole system was also required and is explain in the 

next section. 

3.4 Field testing for calibration of UTPole for concrete 

The assessment performed with the UTPole system is based on the concept of dissimilarity 

indexes (section 3.4.2), which can be adapted to any material, not only wood as it was initially 

intended. Therefore, the final step of the methodology is the calibration of the UTPole system to 

evaluate reinforced concrete columns using the data collected from existing columns.   

3.4.1 Wave propagation modeling in UTPole software  

UTPole software uses the arrival times measured to solve numerically the velocities of 

propagation of P-waves in a cylindrically orthotropic medium excited by an impulsive force. 

The simplified model considers the medium as an elastic material with mechanical properties 

defined as random variables. The results of the analysis are the probability density function for 

the velocity, and the radial (  ) and transverse (  ) moduli of elasticity (Tallavó, 2009).  

In the software, the circular cross section is divided in 25 regions and considers 28 independent 

ray paths between the transducers (Tallavó, Cascante, & Pandey, 2011) as shown in Figure 3-8.  
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Figure 3-8: Discretization and ray paths considered for the analysis of the wave propagation in the 

UTPole software (figure from Tallavó et al., 2011) 

 

For each region, the wave velocity is computed solving the inverse problem from the travel time 

measurements of the compression waves using the least squares method for each ray path. 

Inverse problems are those that solve the input or the properties of the system from the 

information of the output by assuming a model that relates the two (Santamarina & Fratta, 

2005). The solution of the distribution of the velocities in this case is an inverse problem because 

the measured quantities are the arrival times, the assumed relation is the computation of the 

velocity and the unknowns are the velocities. The distances are defined for each ray path in 

terms of the regions that they are crossing.  

3.4.2 Definition of the dissimilarity indexes  

The UTPole system identifies potentially damaged sections using the overall dissimilarity index 

(     
), computed at each transducer location according to the following expression: 

     
      

        
 (   ) (3-1) 

where      
 is the dissimilarity index for the wave velocity (3-2),      

 the dissimilarity index 

for the transmission factor (3-3) and W is a weight factor calculated from equation (3-4): 

     
 

      

   

 (3-2) 
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where      is the P-wave velocity calculated from the ultrasonic test,     the expected value of 

the pulse velocity (corresponding to a specific material), and     the standard deviation for the 

wave velocity at the same receiver location. 

The dissimilarity index for the transmission factor (     
) is defined as: 

     
 

      

   

 (3-3) 

where     is the measured transmission factor (reciprocal of the attenuation factor) computed in 

the frequency domain,    
 is the expected value and    

 is the standard deviation.  

The weight factor (W) is defined as:  

  
 

  
    
    

 
(3-4) 

where COVV represents the coefficient of variation in the velocity measurements and COVA the 

coefficient of the variation in the attenuation calculations. 

Then, the parameters needed for a specific material are the coefficients of variation (COV) and 

the expected values for the wave velocity and attenuation. In the next section is presented the 

derivation of these parameters for concrete.  

3.4.3 Expected values and coefficients of variation for UPV in concrete 

Many factors affect the expected value of the pulse velocity in reinforced concrete, such as: the 

relative proportions of concrete components (aggregates, water, cement) (Blitz & Simpson, 1996); 

the degree of saturation of the element may increase pulse velocities up to 5% (ASTM C597-16); 

the velocity through steel is greater than in concrete and the measurements in heavily 

reinforced members would be greater especially when the measurement is parallel to 

reinforcing bars (Blitz & Simpson, 1996); and in deteriorated concrete the differences in UPV 

tests results could be as large as 20% (ASTM C597-16). 

On the other hand, the test is reported to have low within-test variation. ACI 228.1R-03 

compared the within-test coefficient of variation (COV) reported by several researchers and the 

maximum COV reported was 1.9%. This value is consistent with the value of 2% of repeatability 

for different operators using the same instrument, or one operator using different instruments, 

according to ASTM C597-16. The low within-test variability and the difficulty to estimate an 
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expected value of the velocity support the postulate that the data from the velocity test should 

be analyzed in a relative sense. For this purpose the dissimilarity index is adequate, but a 

baseline condition or calibration is needed. 

3.4.4 Calibration of UTPole system for reinforced concrete circular columns 

The calibration of the UTPole system to evaluate reinforced concrete columns can be divided in 

three steps: 

I. Testing of in-service columns 

II. Estimation of the elastic moduli and the probability distribution of wave velocity  

III. Computation of expected values of the reference condition 

 

I. Testing in-service columns 

The testing of representative columns in sound condition is needed to establish the base line 

condition. As it was explained before (3.4.2), the dissimilarity indexes are relative results to the 

expected values for an element in sound condition. The measurements performed on the 

reference elements provide the arrival times that the software needs to compute the average 

velocities in the regions in which is divided the cross section (Figure 3-8).  

The details of the testing of the in-service columns for the calibration are included in section 

3.4.4.1. 

II. Estimation of the elastic moduli and probability distribution of wave velocity  

To estimate the elastic moduli and the probability distributions of the parameters needed to 

model the propagation velocity of P-waves, the cross section is divided in twenty five regions 

(  ) and twenty eight ray paths. The average velocity in each region (   
̅̅ ̅) is obtained numerically 

from the wave propagation model as explained in section 3.4.1 assuming curved ray paths. 

Then, the density and Poisson’s ratio are modeled as random variables. The elastic moduli are 

calculated from the equation of P-wave velocity (2-1) using the expected values of the density 

and Poisson’s ratio calculated from the derived probability distributions and the velocities 

computed from the measurements before. Once the elastic moduli are calculated, all variables 

can be modelled as random variables. Monte Carlo simulations are implemented to estimate the 

distributions for the P-wave velocity grouping the receivers at 90º, 135º and 180º. Section 3.4.4.2 

describes the derivation of the probability distribution of the wave velocity. 
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III. Computation of expected values of reference condition 

The expected mean (   ) and standard deviation (   ) of the reference condition needed to 

calculate the dissimilarity indexes when testing other columns of the same characteristics are 

calculated from the probability distributions of the wave velocity. 

To summarize, Figure 3-9 shows a schematic representation of the calibration using the 

information collected in the field testing. On the left are indicated the main assumptions 

considered in the software and in the right the results obtained at each step. 

 

 

Figure 3-9: Calibration of the UTPole system to test reinforced concrete columns 
 

3.4.4.1 Testing of in-service reference columns 

In order to obtain an adequate assessment of the concrete, it is imperative to develop a sampling 

plan taking into consideration the standards and guidelines applicable for the evaluation of 

concrete elements. For example, the Standard Practice for Examination and Sampling of Hardened 

Concrete in Constructions (ASTM C823-12), Code Requirements for Evaluation, Repair, and 

Rehabilitation of Concrete Buildings and Commentary (ACI 562M-13) and the recommendations in 

the Guide for Evaluation of Concrete Structures before Rehabilitation (ACI 364.1R-07).  

M
EA

SU
R

EM
EN

TS
N

U
M

ER
IC

A
L 

SI
M

U
LA

TI
O

N
S

C
O

M
P

U
TE

D
 

TESTING
IN-SERVICE
COLUMNS

ESTIMATION
ELASTIC MODULI

PROBABILITY 
DISTRIBUTIONS

EXPECTED VALUES
    

    

DATA OBTAINED

▪    

▪    ▪ 28 raypath , 25 regions (ri)

ASSUMPTIONS

▪ Sound columns

▪ ρ,υ,E  as random variables ▪ Distributions Vp

Arrival times per ray path

Average velocities per ray path

Average velocities per region

Elastic moduli

▪  ̅ 

▪   

▪ 90º 135º 180º

▪ Representative columns

▪ Inverse problem

▪ Monte Carlo simulations

▪ UTPole calibrated▪     
    

characterize  sound 

condition

I

II

III



45 

 

The sampling plan is the procedure used to select the samples for the evaluation. A sample in 

the context of NDT methods refers to the observations or test results, so the sampling plan 

should include the number of test locations and the number of tests that are going to be done at 

each location.  

There is no unique sampling scheme for all NDT methods (ACI 228.2R-13), but there are 

suggested ranges for each method and the type of element inspected. For the ultrasonic pulse 

velocity method, the recommendation for individual columns is from five to eight locations and 

a minimum of two replicates at each location (ACI 228.1R-03).  

Based on the instrumentation used in this experimental programme, each cross section tested 

had eight locations (position of the transducers) and two replicates (each transducer acts as 

transmitter and as receiver). At each receiver thirty-two signals were recorded (signal stacking) 

to reduce the noise in the measurements. The evaluation that is obtained is cross-sectional; 

therefore, the column should be tested at different heights to obtain data representational of the 

member.  

Another consideration usually indicated for NDT procedures is the spacing between tests. ACI 

228.2R-13 suggests that a test grid between 0.3 m to 0.6 m is ideal for the ultrasonic pulse 

velocity method but that a test grid between 1.0 m and 1.5 m is more practical. Given that, 

during a test, seven transducers act as receivers and one as transmitter, the separation between 

the sensors is 45º. For the largest diameter tested (0.60 m), the separation would be 

approximately 0.24 m, which is smaller than the ideal density. Hence, the recommendation of 

the separation between tests is satisfied. In the vertical direction, the maximum spacing between 

tests was less than one metre; the recommended spacing is also satisfied vertically.  

There is also an important distinction about the sampling situations that could be found in a 

structure (ASTM C823-12 and ACI 228.2R-13): 

i. The information and preliminary investigation indicates that the condition is similar 

throughout the structure. 

ii. The preliminary information indicates that there are not similar conditions throughout the 

structure; therefore, different portions of similar conditions should be considered.  

The columns selected for testing were part of groups of identical columns within the buildings. 

Thus, to determine which sampling situation should be considered, an initial visual inspection 

was performed. The visual inspection indicated that the concrete was in similar conditions 
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throughout the structure and the first sampling situation was assumed. In this case, “sampling 

locations should be distributed randomly or systematically over the region of interest” (ACI 

228.2R-13). For each column tested, the height at which the device was installed was randomly 

selected and noted.  

According to (ASTM C823-12), there are two types of samples that may be taken during an 

inspection: 

a. The samples intended to be representative of the concrete in place. 

b. The samples that present specific features of interest (unusual or extreme conditions). 

With respect to the columns tested, both types of samples were taken. For every type of column, 

at least two sections were examined to obtain samples of the concrete in place. And for two 

columns where surface defects were evident, another sample was taken from the defective area. 

In order to generate the baseline data for the system, three types of reinforced concrete columns 

with a circular cross section were tested. All the columns tested are located on the University of 

Waterloo main campus and the details for each column are included in Appendix A. Table 3-1 

summarizes the main characteristics of the columns tested. The columns identified as RCH were 

originally designed using the Imperial system. For consistency, the parameters were 

approximated in the SI system and the original values are presented in parentheses. 

 

Table 3-1:  Properties of the columns tested 

Column 

ID 

Diameter 

(m) 

f'c 

(MPa) 

Concrete 

cover (m) 

Longitudinal 

reinforcement 

Reinforcement 

ratio 

Transverse 

reinforcement 

STC-1 0.605 45 0.040 10-20M 1.0% 10M @ 300 mm 

STC-2 0.605 45 0.040 10-20M 1.0% 10M @ 300 mm 

STC-3 0.605 45 0.040 12-25M 2.1% 10M @ 300 mm 

RCH-1 0.357 

 

21 

 

0.010 

( 3/8ʹʹ ) 

6-15M 

( 6 # 5 ) 

1.2% 10M @ 44 mm 

( 3/8ʹʹ @ 1 ¾ʹʹ ) 

RCH-2 0.357 

 

21 

 

0.010 

( 3/8ʹʹ ) 

6-15M 

( 6 # 5 ) 

1.2% 10M @ 44 mm 

( 3/8ʹʹ @ 1 ¾ʹʹ ) 

RCH-3 0.457 

 

21 

 

0.010 

( 3/8ʹʹ )  

6-30M 

( 6 # 9 ) 

2.4% 10M @ 64 mm 

( 3/8ʹʹ @ 2 ½ʹʹ ) 
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The reinforcement details were obtained from the structural drawings provided by the Office of 

Plant Operations of the University of Waterloo. The columns identified as STC are new columns 

(built in 2016) and the ones identified as RCH were built in 1965. 

3.4.4.2 Characterization of the parameters to obtain the wave velocity for reinforced concrete 

The columns identified as STC (Table 3-1) are new and constitute the reference columns. For 120 

UPV tests (24 ray paths at 180º, 48 ray paths at 90º and 48 ray paths at 135º) the expected 

velocity and the coefficient of variation were calculated. Thus, the measured field data provided 

the arrival times (  ) needed for the application of the wave propagation model in UTPole. Then, 

with the values of the velocities computed for each region, and the equation of P-wave (  ) 

given by the relation of the Young’s modulus (E), Poisson’s ratio ( ) and the density ( ), the 

modulus of elasticity can be computed as: 

 
   

  
  (   )(    )

(   )
 (3-5) 

With estimates for the elastic moduli, it is then possible to describe every parameter as a 

random variable characterized by a probability distribution, which is needed by the software to 

obtain the probability density function for the velocity. Monte Carlo simulations (MCS) can be 

used to define the probability distribution for the velocity (Vp) generating random numbers for 

each statistical distribution and estimating the velocity by using the simplified method of 

analysis (Tallavó, 2011). 

Modulus of Elasticity (Ed) 

The typical values for the elastic modulus for concrete range between 21 GPa to 42 GPa and the 

modulus computed from the ultrasonic test can be up to 25% higher than the modulus of 

elasticity obtained from the static tests (Lamond & Pielert, 2006).  

In the case of the estimates of the moduli computed from the test data, the mean moduli of 

elasticity in the radial and tangential direction have the same value of 54 GPa. As the values are 

equal in both directions, it follows that the cross section can be considered as isotropic. The 

value of 54 GPa is within the expected range for the moduli estimated from dynamic tests and 

also it is important to point out that the moduli computed corresponds to the section including 

the reinforcing steel. Figure 3-10 represents the probability density function for the elastic 

modulus using as mean value the estimates computed by the UTPole system. 
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Figure 3-10: Probability distribution used for modelling the dynamic modulus of elasticity 
 

Poisson’s ratio ( ) 

The Poisson’s ratio was modelled by a uniform distribution with a mean value of 0.2 because it 

is a typical value for concrete  (ACI 228.2R-13, 2013).  

Density () 

In the literature consulted were not found reference values for the density or for the coefficient 

of variation (COV) for the material density of concrete in place. However, there are reported 

values for the coefficient of variation for the compressive strength (   ) in columns. Also, the 

empirical equations included in (ACI 318-11M, 2011) to estimate the elastic modulus (  ) relate 

it with the specified compressive strength and the density (  ) : 

        √    (3-6) 

     
        √    (3-7) 

Then, the expected value for the density and the COV were obtained using Monte Carlo 

simulations and the range considered for modelling the density is the one corresponding to 

normal density concrete in Table 3-2. The table summarizes the material density classification 

included in (A23.1-09/A23.2-09).  
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Table 3-2: Classification of concrete according to the dry air density (A23.1-09/A23.2-09) 

Class Range (kg/m3) 

High-density concrete > 2500 

Normal-density concrete 2150-2500 

Structural low-density concrete (f’c >20MPa) < 1850 

 

The compressive strength     was modelled as a normal variable as suggested in ACI 214R-11. 

The coefficient of variation associated with the expected compressive strength in columns was 

obtained from (Nowak, Rakoczy, & Szeliga, 2005). This report recommends a COV that varies 

from 11 to 15.5% for columns. Both values were modelled and the values of the modulus of 

elasticity estimated from equation (3-6) were replaced in equation (3-7) to compute the density.  

The average density obtained from ten thousand Monte Carlo simulations was 2290 kg/m3 and 

COV of 5.0%. Figure 3-11 shows the probability density function obtained for the material 

density for concrete. 

 

 

 

Figure 3-11: Probability density function for the concrete density 

 

The probability distribution for the velocity using six thousand Monte Carlo simulations 

defined by UTPole software is shown in Figure 3-12 for the three positions of the receivers 

indicated before (90º, 135º and 180º).  
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Figure 3-12: Probability distribution for the P-wave velocity obtained from UTPole 

 

Figure 3-12 demonstrates that the distribution for the three positions considered (90º, 135º and 

180º) are practically identical and the expected value is 5140 m/s for the mean (   ) and a 

standard deviation of 620 m/s. 

3.4.4.3 Characterization of the attenuation for reinforced concrete 

Generally, the variations in the amplitudes (voltages in the case of ultrasonic testing) are 

expressed in decibels dB (Blitz & Simpson, 1996): 

 
                       (

 

  
*     (3-8) 

where the subscript 0 indicates the reference level. The attenuation may also be expressed in 

nepers (Np) per unit length. If the amplitude has been reduced by one neper, it means that the 

amplitude has fallen to    ⁄ of its initial value, where   is Euler’s number.  The relation between 

Neper and decibels is: 

                (3-9) 

Figure  3-13 represents the propagation of a plane wave in an attenuating medium and indicates 

the notation used for equation (3-10). 
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Figure  3-13: Propagation of a plane wave in an attenuating medium 
 

 

The attenuation can be modeled in function of the distance travelled in the medium (d), the 

initial wave amplitude (  ) and the magnitude recorded at the receiver (  ) as follows: 

 
 
  

  
    ( )  (3-10) 

The attenuation coefficient  depends on the frequency ( ) and has units of Nepers/unit length. 

The distance considered in this case is the ray path or trajectory of the ultrasonic wave between 

the transmitter and the receiver. The frequency for the system is the frequency of the input 

signal applied to the transmitter.  

Figure 3-14 presents box plots for the attenuation calculated for the columns used in the 

calibration process. The plot labelled as “All” includes the data from the 120 measurements 

from the reference columns. The other plots include the data for the ray paths that are located at 

the specific angle from the transmitter. For the ones at 180º there are 24 measurements, for 135º 

there are 48 measurements, and for 90º also there are 48 measurements. The dot indicates the 

mean value and the size of the rectangle (between the first and third quartile) gives an 

indication of the dispersion of the data. The horizontal lines indicate the minimum and the 

maximum values, thus they serve to point out the range for the attenuation coefficients. In 

opposition to the case of the velocity (where the values corresponding to all angles are very 

similar), the mean values and the dispersion obtained in the attenuation appear to be very 

distinct for each case (Figure 3-14).  

Attenuating 
medium

A0

d

A1
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Figure 3-14: Attenuation computed from the measurements in the calibration columns 

 

The average values computed for the attenuation are between the expected range for sound 

concrete (< 30 dB/m) and damaged concrete (> 90 dB/m) indicated by (Garnier, 2012) for P-wave 

attenuation at 100 kHz. This suggests that the attenuation results computed are reasonable. 

To verify whether the difference between the average attenuation for the whole section and the 

mean value for each angle is significant, a hypothesis test of the difference of the means was 

done. 

Null hypothesis (  :     -    = 0) 

The null hypothesis is that there is no significant difference between the average for the whole 

section (  ) and the average for each angle.  

Alternative hypothesis (  :    -     ≠ 0) 

The alternative hypothesis is that there is a significant difference between the means. The 

significance level was chosen as 5%.  

Table 3-3 summarizes the parameters of the hypothesis tests. In the table,     stands for the 

average attenuation considering all measurements,     represents the average attenuation for 

each position of the receiver analyzed (90º, 135º and 180º),    is the standard deviation for the 

case of all the measurements,    corresponds to the standard deviation of the samples for each 

position,    and    represents the number of measurements,  stands for the degrees of freedom, 
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   is the test statistic (3-11),    is the standard deviation of the difference of the means (3-12), 

tv,0.025 represents the critic value to compare that corresponds to the t-distribution value for the 

specific number of degrees of freedom and the level of significance of 0.025 (        ⁄ , two-

sided test), and    is the combined variance of the difference computed from equation (3-13) 

because this is the method to obtain a combined variance (Neville & Kennedy, 1966) for the 

mean difference. 
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 (    )

(    )  (    )
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Table 3-3: Parameters considered in the hypothesis test to evaluate the difference in the mean attenuation 

Angle                           
 

tv,0.025 Result 

180º 0.0670 0.0448 0.0207 0.0058 120 24 129 0.0043 5.21 > 0.0314 Reject null 

135º 0.0670 0.0559 0.0207 0.0061 120 48 158 0.0030 3.66 > 0.0314 Reject null 

90º 0.0670 0.0892 0.0207 0.0120 120 48 144 0.0032 -6.99 > -0.0314 Reject null 

 

 

For the three cases, the null hypothesis is rejected and the alternative hypothesis accepted, 

meaning that there is a significant difference between the means and it is appropriate to 

consider the average values for each position instead of an average for the whole section. These 

results indicate that the orientation of the transducer matters and should be taken into account 

when making any conclusions about your test results. 

In addition to the difference in the average values, Figure 3-14 also highlights that the relative 

position of the receivers affects the magnitude of both the dispersion of the data and the mean 

value of the attenuation. The mean and dispersion are largest at 90º and smallest at 180º. There 

are two factors that could explain these observations, which are the directivity of the source and 

wave spreading. 
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The directivity pattern refers to the representation of the intensity of the radiated wave as a 

function of the position from the source. The directivity depends on the wavelength and the 

dimensions of the radiation surface (Ensminger & Bond, 2012) and can be represented in 

rectangular or polar coordinates. The representation in polar coordinates is convenient in this 

case to explain that the intensity of the radiated wave is larger opposite to the source (at 180º) 

than for the receivers located at 90º and 135º.    

 

 

 

Figure 3-15: Polar coordinates representation of ultrasonic beam profiles for different ratios of the source 

diameter (d) and the wavelength (λ) (after Rose, 1999) 

 

Figure 3-16 illustrates the beam spreading from a disc transducer (D represents the diameter). 

Because of the spreading of the ultrasonic beam, the receivers at 90º and 135º would get a more 

attenuated signal than those located at 180º. This explains the higher dispersion and the lower 

values recorded at these positions. If only the distance from the transmitter was considered, it 

would be expected that the attenuation was larger at 180º than at 135º, and larger than at 90º. 
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However, the attenuation computed includes both the effect of the distance from the source and 

the spreading of the ultrasonic beam.  

 

 

Figure 3-16: Ultrasonic field from a disc transducer showing beam spreading (after Ensminger & Bond 

2012) 

 

3.5 Summary 

In this chapter, the methodology followed in the research project was described. The 

methodology was divided in three components: the literature review, the laboratory testing and 

the field testing. The main outcomes from each methodology component are presented. Since 

one of the main contributions of the research is the improvement of a new ultrasonic field 

testing device, a detailed description of the modifications done is also included in this chapter. 

Finally, it is explained the calibration procedure of the testing device to evaluate reinforced 

concrete columns. 
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Chapter 4 Calibration of the ultrasonic transducers 

4.1 Introduction  

In order to obtain reliable measurements, any instrument needs to be calibrated, that is, 

compared to or adjusted to a known reference (ASTM E1316-11b). The calibration procedure 

depends on the type of instrument. In the case of the ultrasonic transducers for the pulse 

velocity test, the common calibration consists on the measurement of the arrival time using a 

reference bar. This calibration determines the adjustment in the time, so that the transit time 

represents the propagation in the specimen, and (ASTM C597-16) only requires it for manual 

zero-time adjustment systems. However, the transducers are not characterized by this test and 

they are the most important parts of the ultrasonic measuring system (Schmer & Song, 2007). 

Any signal obtained with piezoelectric transducers includes a combined response of the 

transducer, the couplant and the sample. Therefore, the response has to be normalized by the 

frequency response of the transducers to reflect the response of the specimen (Kirlangic, 2013). 

Generally, it is assumed that the frequency response of the transducer is represented by the 

nominal frequency indicated by the manufacturer. Yet, the technical characteristics of the 

transducers can change due to ageing and use (Chevalier & Vinh, 2010). 

The coupling between the transducer and the surface is another essential aspect for the 

repeatability of the tests. The study of the coupling agent is very important because one of the 

main limitations to employ attenuation measurements is the difficulty of obtaining consistent 

coupling in the field.  

The coupling refers to the transmission of the sound waves from the transducers to the 

specimen. To eliminate the air between the surfaces and to ensure an adequate transmission, 

generally the transducers are placed with a viscous material like oil, petroleum jelly, mouldable 

rubber or grease (ASTM C597-16). In the laboratory, vacuum grease can be used because 

provides good coupling in rough surfaces; but it cannot be used for testing in-service columns 

because it stains the surface. For this reason other coupling materials were evaluated in the 

laboratory and in the field.  

This chapter describes the calibration performed of the piezoelectric transducers and the study 

of different couplants. These two tasks were needed to define the adequate test configuration.  
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4.2 Ultrasonic transducers 

There are diverse methods to generate ultrasonic waves: piezoelectric transducers, lasers, 

electromagnetic and mechanical transmitters (Ensminger & Bond, 2012); however, the 

piezoelectric transducers are the most commonly used in ultrasonic testing and are devices that 

converts electrical energy in ultrasonic energy and vice versa (Blitz & Simpson, 1996). 

As any other testing device, the transducers have to be calibrated to obtain reliable results. Two 

calibration procedures were implemented: the determination of the frequency response using a 

laser vibrometer and the determination of the time delay caused by the electronic equipment.  

4.2.1 Determination of the time delay  

As explained in section 2.5.2.1, the time delay caused by the electronics can be measured 

following the same principle of the UPV method, but placing the transducers face-to-face. The 

delay is the time from the trigger of the input signal to the detection of the arrival of the P-

waves. Figure 4-1 present the experimental setup employed.  

 

 

Figure 4-1: Experimental setup to determine the delay of the electronic equipment for UPV test and 

calibration face-to-face 

The average measured delay was 4.2 μs, and this value was subtracted from all the transit times 

so the time considered in the velocity computation corresponds to the propagation within the 

specimen. 

4.2.2 Direct measurement of the system function 

The same configuration can be used to determine the system function  ( )  (Schmer & Song, 

2007). The system function allows determining and separating the effect of the electronics from 
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the response corresponding to the specimen. It can be expressed in terms of the transfer 

functions as follows: 

  ( )    ( )  ( )  ( ) (4-1) 

where    ( ) is the transfer function for the sound generating process,    ( )  is the reception 

transfer function, and is   ( ) the pulser source voltage. All terms are expressed as a function of 

ω because the computation is done in the frequency domain. From a calibration setup is 

possible to characterize all the components because if the received voltage   ( ) is measured, 

and the transfer function   ( ) is known, the system function can be calculated by 

deconvolution: 

 
 ( )  

  ( )

  ( )
 

(4-2) 

According to (Schmer & Song, 2007), to reduce the sensitivity of the deconvolution to noise the 

system function is computed using a Wiener filter: 

 
 ( )  

  ( )  
 ( )

|  ( )|       *|  ( )| +
 

(4-3) 

()* denotes the complex conjugate of   ( )  and   represents the noise level present. For 

ultrasonic problems   could take values from 0.01 to 0.05. 

The system function was needed to normalize the frequency responses computed from the time 

signals from the UPV tests. For the attenuation calculation (5.2.4) the frequency response 

considered is the deconvolution of the frequency spectrum of the output signal and the system 

function. 

4.2.3 Calibration using laser vibrometer 

The selection of the transducers for ultrasonic testing is based mainly on the element being 

tested, and in the size of the defect or feature under investigation. These characteristics define 

the range of usable frequencies.  

For testing concrete, the standard ASTM C597-16 establishes that the transducers should have a 

resonant frequency in the range of 20 kHz to 100 kHz. Even though the manufacturers usually 

indicate a nominal frequency, this frequency does not necessarily represent the frequency with 
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more participation in the spectrum. To characterize the frequency response of the transducers it 

is needed to measure its response to a known input and this can be done using a laser 

vibrometer.  

 

 

Figure 4-2: Setup to measure the frequency response of the ultrasonic transducers with a laser vibrometer 

(Tallavó & Kalyan, 2014) 
 

Figure 4-2 shows the setup used to measure the response of the piezoelectric transducers. The 

frequency spectra of the transducers was computed from the displacements histories recorded 

with the laser vibrometer in fifty-six points defined in an area of 1.2 × 1.4 cm2 on the wear plate 

of the transducer. The input signal was a one cycle sinusoidal pulse with a frequency of 68.6 

kHz and amplitude of 10 volts. 

Figure 4-3 illustrates the typical frequency response for the displacement histories measured in 

the face of the transducer. The resonance frequency (frequency with larger amplitude) is closer 

to 58 kHz than to 82 kHz, which is the nominal frequency indicated by the manufacturer. The 

assumption of a flat response at a frequency equal to the nominal frequency does not represent 

the actual response of the transducers. 
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Figure 4-3: Example of the time signal and spectrum for the ultrasonic transducers 

 

The vibration modes of the transducers can be determined from the displacement time histories 

recorded for each of the points measured with the laser vibrometer. As an example, Figure 4-4 

presents a vibration mode and it is evident that the assumption of the flat response of the 

transducer is inadequate. 

 

 

Figure 4-4: Example of the vibration modes of the transducers measured with the laser vibrometer 

(Tallavó & Kalyan, 2014) 
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The characterization of the frequency response is also needed to identify the frequency range 

where the vibration energy is a maximum; and then employ these frequencies for testing. 

According to the results obtained from the laser vibrometer measurements, the resonance 

frequency of the transducers used for the testing is around 58 kHz and this was the frequency 

employed in the subsequent tests. 

Another step in the calibration is the linearity verification, which means that the response of the 

transducer is linear for the range of interest (Dalimar Instruments, 2014). It is demonstrated 

when, for an increment in the input voltage, there is a corresponding linear increase in the 

measured displacement amplitude. The linearity provides a physical meaning to the electrical 

output measured.  

 

 

Figure 4-5: Verification of the linearity of the ultrasonic transducer (Tallavó & Kalyan, 2014) 

 

For every increase in the input voltage, the measured displacement augments proportionally; 

therefore, the linearity of the transducer is verified (Figure 4-5). Given that the test results are 

based on the measured voltage, the verification of the linearity of the transducers is the physical 

verification of the relation between the output voltage and the displacement in the element. For 

piezoelectric transducers this verification is essential because the functioning principle is the 

conversion between voltage and deformation. To transmit an ultrasonic signal, a voltage is 

applied and it is converted into deformation of the piezo crystal which produces vibration. For 

the reception, the vibration sensed is converted into an output voltage recorded in the data 

acquisition system.   
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4.3 Study of coupling agents for the ultrasonic transducers 

The couplants are the materials that facilitate the transmission of the mechanical waves in the 

element being studied. The standard (ASTM C597-16) enumerates as common coupling 

materials for concrete: oil, petroleum jelly, grease, mouldable rubber or water soluble jelly. 

Nevertheless, these materials shall not be used for testing in-service elements, because they 

stain the elements. Even though the stains are only external and do not affect the elements 

performance, this could be aesthetically inacceptable. Accordingly, four different couplings 

were studied for the application in the field:  

a. Duct tape,  

b. Duct tape and vacuum grease,  

c. TegadermTM (transparent medical film material used for the ultrasonic tests when there are 

unhealed wounds) and  

d. TegadermTM and vacuum grease.  
 

The coupling materials were selected taking into consideration the easiness to use them in the 

field, the cost and the quickness to remove them after testing. 

The tests consisted on the measurement of the first arrival of P-waves using the same input 

signal (5 cycles sinusoidal signal of 50 kHz and 5.0 Volts) but changing the coupling agent 

between the transducers and the unreinforced concrete sample. Figure 4-6 shows the testing 

setup for the study of the different couplants. 

 

     

Figure 4-6: Testing configuration for the coupling study 
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The time signals recorded for each of the coupling materials signals differ significantly in shape 

and maximum amplitude (Figure 4-7). These results confirm the importance of evaluating the 

coupling and ensuring consistent coupling to obtain reliable measurements. 

 

 

 

Tape & 
vacuum 
grease 

 

Tape 

 

TegadermTM 

TegadermTM 

& vacuum 
grease 

 

Figure 4-7: Comparison of the time signals for the different coupling materials 
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In Figure 4-8 below are presented the frequency spectra obtained for the different cases and it is 

evident that the coupling material affects the transmitted signal, the frequencies that are present 

in the spectra and that the assumption of a nominal frequency is not appropriate. 

According to the results, the coupling agent that provides better transmission is the duct tape 

with vacuum grease, because results in the largest amplitude, and it is more than double the 

value for the other coupling materials. Then, the selected couplant to use in the field is the 

combination of duct tape and vacuum grease because provides a higher response and does not 

stain the elements.  
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Figure 4-8: Comparison of the frequency spectra for the different coupling materials 
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4.4 Summary  

In this chapter the calibration performed of the ultrasonic transducers and the selection of the 

couplant for the field testing was described. Both procedures are required to obtain reliable 

measurements from the ultrasonic test.  

The calibration included the verification of the linearity of the transducers, the determination of 

the time delay, the derivation of the frequency response of the transducers and the computation 

of the system function.  

It was confirmed that the assumption of a flat response with the nominal frequency given by the 

manufacturer is not adequate to characterize the response of the transducers. Also the results 

exposed that the resonance frequency of the transducers is closer to 58 kHz than the nominal 

frequency of 82 kHz reported by the manufacturer. 

Since the results of the NDT methods under study depend on the signals recorded, the coupling 

has a key role in the testing. Four types of coupling were tested and it was decided that the 

coupling to use for the field test is the combination of duct tape and vacuum grease. From the 

couplings studied, this combination results in the larger amplitude (which is convenient for the 

attenuation calculation) and does not stain the elements. 
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Chapter 5 Study of the sensitivity of UPV to internal damage1 

5.1 Introduction 

In this chapter the tests done to samples of unreinforced concrete in the laboratory are described. 

The purpose of these tests was to verify the adequacy of UPV to detect internal damage in 

concrete samples. Two types of damage were studied: freeze/thaw damage and compression.  

5.2 Prisms subjected to freeze/thaw damage 

The study of frost damage in concrete is one of the major problems in cold climates (Molero et 

al., 2012). Nine prisms of unreinforced concrete were tested following the ultrasonic pulse 

velocity method established in the standard (ASTM C597-16) during nine weeks and 324 cycles 

of freezing and thawing. The testing of the prisms was performed with two purposes. First, to 

compare the results of ultrasonic pulse velocity tests with the results obtained through the 

resonant frequency tests (ASTM C215-08). These two methods are the recommended methods 

to determine the frost resistance of concrete (RILEM TC 176-IDC, 2004). The second purpose 

was to evaluate whether the UPV method is capable of detecting changes in the internal 

condition in concrete elements. In this case, the change in the internal condition is induced by 

cycles of freeze and thawing, which generate internal fracturing of the concrete.  

5.2.1 Materials and sample conditioning 

The specimens used for the study were nine prisms (405 mm x 70.5 mm x 100 mm) with three 

different percentages of nanosilica: three specimens without nanosilica (0.0%), three samples 

with 1.0% of nanosilica and three samples with 2.0% nanosilica. The nanosilica was included to 

the concrete mixtures in different proportions with the purpose of evaluating the effect of noise 

production and friction in concrete pavements. For a detailed description of the study refer to 

(González, Safiuddin, Cao, & Tighe, 2013) and (González, 2014). 

The concrete mixture design was developed according to the Canadian Standards Association 

requirements for concrete (A23.1-09/A23.2-09) and the proportions were weight based. The 

parameters considered in the experimental design are presented in Table 5-1. The concrete class 

                                                      

1  The contents of this chapter have been incorporated within a paper that has been submitted for 

publication: Rodríguez-Roblero, González, Cascante, Pandey, & Tighe. “Evaluation of Freeze/Thaw 

Damage in Nanoconcrete through Ultrasonic Wave Velocity and Attenuation” Submitted to the Journal 

of Materials in Civil Engineering. Submission date: April 11th, 2017. 



67 

 

selected is C-2, which applies for plain concrete exposed to chlorides and freezing and thawing. 

This is the applicable class because the concrete mixtures studied were intended to be used in 

pavements subjected to freezing and thawing. 

 

Table 5-1: Parameters for concrete mixture design 

Parameter Range 

Slump 75 mm - 100 mm 

Air content 5% - 8% (tolerance: ±1.5%) 

Water/cement ratio 0.39 

Concrete class C-2 

Nominal coarse aggregate size 20 mm 

Specified compressive strength at 28 days 32.5 MPa 

Design strength 43.5 MPa 

 

The weight-based proportions of the control mixture were: 7.3% water, 21.2% cement, 44.8% 

coarse aggregate and 26.7% fine aggregate. The cement used was General Use portland cement.  

The admixtures added were: nanosilica, polycarboxylate-based high range water reducer 

(HRWR) and air-entraining admixture (AEA). The nanosilica used was white, amorphous, with 

an apparent density of 0.370 g/cm3, a dry basis silica content of 99.8% and a particle size 

between 10 to 20 nanometers. The nanosilica was used as a partial replacement for cement by 

weight and Figure 5-1 shows a Transmission Electron Microscopy (TEM) image of the 

nanosilica employed.  

 

Figure 5-1: Transmission Electron Microscopy (TEM) image of the nanosilica used in the mixtures 

(image by Marcelo González) 
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The reference standards for testing the fresh concrete were: ASTM C143/C143M-10a (slump), 

ASTM C231/C231M-10 (air content) and ASTM C138/C138M-12 (wet density). Table 5-2 

summarizes the properties of the fresh concrete mixtures. 

 

Table 5-2: Fresh concrete properties of the mixtures tested 

Property Nanosilica content 

0.0% 1.0% 2.0% 

Density (kg/m3) 2379 2387 2379 

Air Content (%) 5.0 5.0 5.1 

Slump (mm) 90 75 90 

 

Three cylinders from each concrete mixture were tested at seven and twenty-eight days to 

verify the compliance with the specified compressive strength, and the results are presented in 

Table 5-3. The compressive strengths for all cylinders exceeded the specified compressive 

strength of 32.5 MPa.  

 

Table 5-3: Compressive strength results 

Property Age Nanosilica content 

0.0% 1.0% 2.0% 

Compressive strength  (MPa) 7 days 45 47 53 

Standard deviation (MPa) 7 days 0.5 0.7 1.1 

Compressive strength (MPa) 28 days 53 55 59 

Standard deviation (MPa) 28 days 1.1 1.8 1.1 

 

 

The prisms were placed in a moisture room for 14 days after casting. Then, the specimens were 

positioned in a freezing and thawing chamber surrounded by water as required in ASTM C666-

08. The temperature and the cycles were automatically controlled by the apparatus. The 

specimens were tested every 36 cycles (maximum number of cycles allowed in the standard), 

which corresponded to once per week for nine weeks. The surface of the specimens was dried 

to eliminate the excess of water before testing, and the specimens were tested after the thawing 

cycle. 
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5.2.2 Pulse velocity results 

Figure 5-2 illustrates the variation of the average ultrasonic pulse velocities computed for the 

three mixtures studied during the testing period.  

 

 

Figure 5-2: Variation of the ultrasonic velocity for samples with and without nanosilica 

 

In both cases (with and without nanosilica), the velocities of the specimens do not present a 

clear trend during the complete period of study. The first two weeks (up to 72 cycles) the 

velocity is reduced (maximum reduction of 2.0% from initial condition for the samples with 1.0% 

of nanosilica), but in the third week (108 cycles) the velocities increased. The maximum increase 

in the velocity corresponds to the samples without nanosilica and it is of 1.9%. After the third 

week, the velocity values start reducing again for the case without nanosilica and 1.0%. For the 

2.0% mixture, the velocities present an increasing trend. The velocities measured after the sixth 

week (216 cycles), present a decreasing trend. However, the maximum reduction with respect to 

the baseline condition is for the specimens with 1.0% of nanosilica and is only 0.85%. 

The velocities computed from the specimens that contain nanosilica are lower than the ones 

without nanosilica, except for one case (288 cycles). Nevertheless, the difference between the 

values tends to reduce after the fourth week (144 cycles) and the error bars show that the 
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difference is within the variability of the test. The maximum difference for the velocities 

measured between the specimens with nanosilica (in this case for the mix with 1.0%) and 

without nanosilica was obtained the third week, and it has a value of 3.08%. 

To analyze whether the initial increase in the velocities (until the third week) may be related 

with the increase of the strength expected with the aging of concrete, the results of the 

compression tests for each mixture were plotted and are shown in Figure 5-3. The figure 

illustrates how the measured strengths for all mixtures are above the specified and the design 

strength. The slope of the lines joining the measurements at seven and twenty-eight days 

indicate an increasing trend in the strength (0.38 for the mixtures without nanosilica and 1.0%, 

and 0.29 for the mixture with 2.0% nanosilica content). According to these results, for an 

increase of more than 30% in the compressive strength, there is a slight increase (maximum 

1.9%) in the pulse velocity. Therefore, the change in the velocities should be related with 

another phenomenon other than the gain of strength of the concrete.  

 

 

Figure 5-3: Results from the compression tests for the three concrete mixtures evaluated 

 

Figure 5-4 presents the variation of the velocity and the density as the ratio between the values 

corresponding to the specific number of freeze/thaw cycles, divided by the values calculated at 

the baseline condition. The variation observed in the velocity is significantly larger than that of 

the density, which points out that the variability observed in the velocity cannot be due only to 

variations in the density. Therefore, the measured variation of the mass density of the 

45 

53 

47 

55 

53 

59 

44 

33 

25

30

35

40

45

50

55

60

65

0 7 14 21 28 35

C
o

m
p

re
s
s
iv

e
 s

tr
e

n
g

th
 (

M
P

a
) 

Time (days) 

0.0%

1.0%

2.0%

Design

Specified



71 

 

specimens cannot explain the corresponding variation in wave velocity. This result suggests 

that the change in the velocity may be produced by other factor different from the density. 

 

 

Figure 5-4: Comparison of the variation of the velocity and the density of the specimens normalized 

with respect to the baseline condition measurements 

 

Another possible cause for the increase in the velocities is the saturation of the samples. ASTM 

C597-16 states that the velocity for a saturated sample of concrete could be 5% larger than in dry 

concrete. The saturation of the samples may have improved because the specimens are 

submerged in water in the freeze/thaw chamber. To verify the changes in the degree of 

saturation in the samples the information about the density of the samples is presented in 

Figure 5-5. The density corresponds to the average of three specimens per mix calculated every 

36 freeze/thaw cycles (after each resonance test the weight was determined). The initial value 

included is the wet density measured for the specific mixture. The subsequent values of density 

were computed dividing the mass measured every week by the nominal volume of the samples. 

The variation in the density for the three mixtures presents a similar trend, and the three 

mixtures classify as high-density concrete because the densities vary between 2665 kg/m3 and 

2690 kg/m3. According to (A23.1-09/A23.2-09), the concrete mixtures above 2500 kg/m3 are 

considered high-density mixtures. Since the increase in the density of the samples could only 

arise from the absorption of water, the change observed between week one and two may be 

attributed to the increase in the saturation. However, the same figure shows that after the fourth 

week the variation in the density is minimal which would indicate that the saturation of the 

samples is reached. Therefore, the effect of the change in the saturation of the samples could 

only be present during the first three weeks of testing. Since the maximum increase in the 
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velocity is of 3.0%, and the maximum expected effect on the ultrasonic pulse velocity caused by 

the saturation of the samples could be from 4.0% to 5.0% (Malhotra & Carino, 2004), it is likely 

that the initial increment in the velocity is related to the increase in the saturation of the prisms. 

 

 

Figure 5-5: Variation of the density of the samples 
 

To investigate further the variability in the measurements, Figure 5-6 includes the box plots for 

each specimen tested. The circle indicates the median value for the ultrasonic pulse velocity; the 

lower horizontal line indicates the minimum value computed and the highest horizontal line 

the maximum. The vertical lines extending from the box (whiskers) indicate the variability 

between the lower and upper quartile. The results indicate that the variability is different for 

each sample, being the largest for sample B4 (prism with 1.0% of nanosilica) and the velocities 

for all cases are within the range of 4450 m/s and 4950 m/s. The median and the maximum 

values for the velocity of the samples without nanosilica are larger than those for the prisms 

with nanosilica. The lower velocities correspond to the samples with 1.0% of nanosilica and the 

crosses for sample B8 indicate outliers (values that are more than ± 2.7 which is the standard 

setting for the boxplots in MatlabTM version R2016a that was the software used for the box plots). 

A first evaluation of the concrete quality commonly done based on the pulse velocity is to 

compare the measured value with a reference value (Krautkrämer & Krautkrämer, 1990; 

Ensminger & Bond, 2012; Lamond & Pielert, 2006). The quality of the concrete is considered as 

good if the computed velocity is between 3600 m/s and 4600 m/s, and very good above 4600 m/s. 

The minimum value computed from the specimens was 4442 m/s and the maximum was 4945 

m/s. Therefore, according to the reference values, the concrete of all specimens may be 

considered of good quality during the whole period of study.  
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Figure 5-6: Variability of the velocity measurements for each specimen 
 

Other factors that are indicated in the literature that could have an effect on the ultrasonic 

velocity are the proportion of aggregates, the water/cement ratio and the porosity (Malhotra & 

Carino, 2004). Since the measurements that are compared correspond to the same specimen, the 

proportion of aggregates and the water/cement ratio do not change, and the only parameter that 

could vary during the period of study would be the porosity. The porosity is an important 

property for the durability of the concrete because it affects the strength, permeability and 

transport properties (Meng, Müller, & Rübner, 2010). In the literature is indicated that for larger 

porosity the ultrasonic velocity is expected to be lower (Vergara, Miralles, Gonzálbez, Juanes, 

Ullate, Anaya, Hernández, & Izquierdo, 2001; Hernández, Izquierdo, Ibáñez, Anaya, & Ullate, 

2000). However, it is not included a discussion on the effect of the porosity because it was not 

measured in this study. 

5.2.3 Other parameters investigated to detect freeze and thawing damage 

Since the ultrasonic pulse velocity results do not reflect that there is a significant change 

produced by freezing and thawing, other parameters were investigated. The evaluation of the 

frost resistance following ASTM C666-08 is through the durability factor DF (5-1) and the 

dynamic modulus of elasticity   
  (2-15) is the parameter suggested in (RILEM, 2004). Table 5-4 

presents the results for the durability factor DF, the relative transit time    and dynamic 

modulus of elasticity (  
 ) calculated for each specimen.  
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Table 5-4: Evaluation of the frost resistance according to ASTM C666 and RILEM TC 176-IDC 

REFERENCE (ASTM C666-08) (RILEM TC 176-IDC) 

Specimen 

ID 

Durability factor  

(DF) 

Relative transit time 

 (   ) 

Dynamic modulus of elasticity 

(  
 ) 

B1 93.1 1.013 1.026 

B2 93.1 0.979 0.959 

B3 93.1 1.034 1.068 

B4 93.1 0.991 0.982 

B5 92.3 1.020 1.040 

B6 93.1 0.964 0.930 

B7 92.3 0.967 0.936 

B8 94.0 1.016 1.033 

B9 93.1 1.007 1.014 

 

The evaluation of the frost resistance following ASTM C666-08 is through the durability factor 

DF, which is calculated as: 

 

   
(
  

 

  *   

 
 

(5-1) 

where the relative dynamic modulus of elasticity at x cycles (as percentage) is multiplied by the 

specified number of cycles at which the exposure is determined (x), and divided by the 

specified number of cycles at which the exposure is to be terminated (y). The relative dynamic 

modulus of elasticity is the ratio between the fundamental transverse frequency after x 

freeze/thaw cycles (fx) squared, and the fundamental transverse frequency at the initial 

condition (f). The relative dynamic modulus of elasticity is adequate to make comparisons 

between the relative dynamic moduli of specimens or different concrete formulations (ASTM 

C666-08) and to evaluate mix designs that include innovative materials (Kosmatka, Kerkhoff & 

Panarese, 2008), as in the case of nanosilica. In the case of the durability factor, it is expected that 

the concrete has an adequate frost resistance if the DF is above 80% (Cordon & Merril, 1963; 

Lamond & Pielert, 2006). The lowest durability factors obtained were for the specimen B5 

(prism with 1.0% of nanosilica) and B7 (specimen with 2.0%) at 92.3%. Since all the specimens 

present a DF above 80%, they are considered not deteriorated by freezing and thawing.  

The damage criterion in (RILEM, 2004) establishes that the concrete presents frost damage when 

the dynamic modulus of elasticity   
  has a value below 0.8. The results in Table 5-4 suggest 
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that none of the prisms have experienced frost damage, because the dynamic modulus of 

elasticity for all specimens is above 0.8. This observation is consistent with the results from the 

UPV and with the DF results.  

Another parameter studied to evaluate whether the samples presented frost damage was the 

dynamic modulus of elasticity, since it can be obtained from both, the resonance test (ASTM 

C215-08) and the UPV (ASTM C597-09). Thus, the elastic moduli computed from the resonance, 

UPV and static methods were compared. For the static method, the tests were performed 

following ASTM C469-10, and the results correspond to the average of three cylinders for each 

mixture. As an example of the typical results from the static modulus test, Figure 5-7 presents 

the stresses and strains measured experimentally for a cylinder with 0.0% of nanosilica. The 

dots indicate the date recorded during the test, and the rhombus point out the strains and 

stresses specified in the standard ASTM C469-10 to compute the modulus.  

 

 

 

Figure 5-7: Example of the results from the static modulus of elasticity test (ASTM C469-10) 
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Figure 5-8 presents the comparison of the elastic moduli computed from the resonance, UPV 

and the static tests. The Poisson’s ratio considered was 0.2 because it is a typical value for 

concrete (ACI 228.2R-13). In the figure, the circular marker indicates UPV results; the square 

marker the resonance test results and the triangular marker the static test results. The 

percentage of nanosilica (NS) is indicated in the plot.  

 

 

  

Figure 5-8: Comparison of the modulus of elasticity obtained from different laboratory testing methods 

(circular marker for UPV, square marker for resonance test, and triangular marker for static test) 
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The results from the resonance test demonstrate that there is a reduction in the dynamic 

modulus with respect to the initial condition. Nevertheless, the change is evident only in the 

first measurement (between the first and the second week), and the maximum change is of 8%. 

It was noticed that the change in the saturation of the samples (see Figure 5-5) occurred during 

the same period. This suggests that the reduction in the dynamic modulus is likely to be caused 

by the moisture gradient produced in the samples until the saturation is reached, and in 

literature it is reported that the gradients in moisture affect the vibration modes (Malhotra & 

Carino, 2004). 

For the case of the dynamic moduli computed from UPV, all the moduli are larger than those 

obtained from the resonant method, and they present more variability. This behaviour is 

consistent with the findings of a study of more than two hundred specimens with compressive 

strengths between 24 MPa and 161 MPa, elastic modulus from 25.3 GPa and 61.7 GPa and 

testing ages between 4 and 730 days by (Popovics, Zemajtis, & Shkilnik, 2008). This study 

evaluated the relation between the different elastic moduli and different empirical equations 

suggested in the literature. The authors indicated that the values of the dynamic moduli depend 

on the testing method, and that the UPV results were higher.  

With respect to the comparison between the static and the dynamic moduli, the published 

literature reports that the dynamic moduli are generally found to be greater than those obtained 

from the static test (Lamond & Pielert, 2006; Popovics et al., 2008; ASTM C469-10, 2010) and the 

modulus obtained from the UPV could be higher up to 25% with respect to the static modulus. 

The difference between the dynamic and the static methods are attribute to the different stress 

levels at which the tests are performed (the ultrasonic test is performed at lower stress levels), 

and that the elastic modulus is dependent on the load rate (Weiss, 2006). 

To quantify the differences between the different methods evaluated, Table 5-5 summarizes the 

percentage of difference with respect to the static test. The differences were computed with 

respect to the static test because it is the reference test to estimate the elastic modulus of 

hardened concrete (ASTM C469-10). The comparison was done for the moduli at the base line 

condition (zero freeze/thaw cycles). 

For the samples of concrete without nanosilica the dynamic methods provide higher estimates 

than the static test (around 30% for the UPV and 20% for the resonance method), as it is 

expected (section 3.3 of ASTM C469-10). However, in the mixtures with nanosilica the dynamic 

moduli are all below the estimate from the static test. For the specimens with 1.0% of nanosilica, 
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the dynamic moduli are lower than the static (around 0.3% for UPV and 6.0% for the resonance 

test). For the mix with 2.0% of nanosilica the static modulus is higher than the UPV by 18.1% 

and 21.4% with respect to the resonance test. The results indicate that there is not a constant 

relation between the methods evaluated, and suggest that it is not convenient to assume that the 

dynamic methods would always provide a conservative estimation of the elastic modulus.  

 

Table 5-5: Percentage of error with respect to the static modulus determined according to ASTM C469-10 

Testing method Elastic moduli (MPa) Difference with respect static (%) 

  0.0%  1.0%  2.0%  0.0%  1.0%  2.0% 

Static 41.4 53.4 63.7 0.0 0.0 0.0 

UPV 54.1 53.2 52.1 30.6 -0.3 -18.1 

Resonance 50.1 50.2 50.1 20.9 -6.0 -21.4 

 

 

The relationship between the dynamic and static moduli for the samples including nanosilica is 

contrary to the expected behaviour (greater dynamic values). The reported results correspond 

to a limited number of samples and mixture design. Therefore, the results about the relationship 

between the nanosilica content and the elastic modulus should not be generalized and more 

research is warranted. From the tests performed for the specific mixtures, it is only possible to 

suggest that the nanosilica has an effect on the strength of the concrete which is reflected in the 

elastic moduli determined. This observation is consistent with the reported effect on the 

strength of concrete including admixtures. As indicated by (Kosmatka et al., 2002)., the strength 

of concrete with admixtures can be higher or lower than that with only portland cement as 

cementing material.  

5.2.4 Attenuation results 

The first result needed to calculate the attenuation is the identification of the frequencies 

corresponding to the vibrations induced in the specimen. The identification of these frequencies 

was done by normalizing the frequency spectra by the transfer function of the system (relation 

between the magnitude of the Fourier transform of the output signal and the Fourier transform 

of the input signal). From the analysis of the responses for all specimens, three bandwidths 

were identified of interest: from 0 to 30 kHz, from 30 kHz to 60 kHz and from 60 to 90 kHz. The 

spectrum of the transducers presented in Figure 4-3 indicates that the frequencies related to the 
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vibration of the transducers are mainly in the bandwidths from 30 kHz to 90 kHz. Therefore, the 

vibrations in the bandwidths from 0 kHz to 30 kHz may be the ones related with the vibrations 

induced in the specimens, so the results of the attenuation are presented for this bandwidth. 

 Figure 5-9 presents the average normalized frequency spectra (three specimens per mixture). 

To show the variation over time, the results for the baseline condition, for 180 cycles (half of the 

testing time) and the 324 cycles (end of the tests) are included. The figure points out that the 

amplitude of the spectra is decreasing when the number of freeze/thaw cycles increase.  

 

 

 

Figure 5-9: Frequency spectra computed from the signals recorded in the UPV tests normalized by the 

transfer function of the system 
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Figure 5-10 displays the results of the ratio between the areas below the frequency spectra for a 

specific number of cycles, with respect to the area below the spectra in the baseline condition. 

The results expose a similar behaviour for the samples without and with nanosilica. With the 

exception of the results for 72 cycles and 252 cycles, the ratios of the areas exhibit a decreasing 

trend. The reduction in the ratio between the areas relates with a larger attenuation, because a 

reduction in the ratio indicates that the area below the spectrum (for the frequencies of interest) 

is smaller than the area corresponding to the baseline condition. If the area is smaller, the 

ultrasonic signal has experienced more attenuation. The maximum reduction at the end of the 

tests is above 50% for the three mixtures. It was expected an increase in the material attenuation 

would occur because freezing and thawing induces microcracking in the concrete. The existence 

of more cracks in the specimen would produce more scattering of the ultrasonic wave. 

Scattering refers to the dispersion, deflection, or redirection of the energy in an ultrasonic beam 

caused by small reflectors (ASTM E1316-11b). In this case, the development of the microcracks 

would cause an increase in the reflectors of the wave, and therefore, a larger material 

attenuation. 

 

 

Figure 5-10: Ratio of the area below the frequency spectrum (bandwidth 0-30 kHz) as a quantification of 

wave attenuation 

 

To verify whether the increase in attenuation is related with damage in the samples, nine cores 
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the strength of the concrete is an indirect measure of damage because “deterioration results in a 

strength reduction” (ACI 437R-03).  

The geometric properties of the cores and the compression test results are presented in Table 5-6. 

According to ASTM C42-13, the diameter of the core should be the larger of 94 mm or twice the 

maximum nominal size of the coarse aggregate. The standard allows the use of cores of a 

diameter smaller than 94 mm if it is not possible to obtain cores with a larger diameter. 

Nevertheless, it is indicated that samples with smaller diameter are known to provide lower 

compressive strengths with larger variability. In this study the cores had a diameter of 

approximately 44 mm, which satisfies the requirement of twice the aggregate size, since it was 

20 mm. It was not possible to extract cores of larger diameter because of the width of the 

specimens was 70.5 mm. 

 

Table 5-6: Geometric properties and experimental compressive strengths for the core samples 

Sample % Nanosilica 
Average height 

(mm) 

Average diameter 

(mm) 

Test   

(MPa) 

Average 

 (MPa) 

FT0#1 0.0 97.01 43.92 52.85  

FT0#2 0.0 97.01 43.82 60.94  

FT0#3 0.0 95.34 43.68 57.22  

   Average for  0.0% 57.00 ± 4.05 

FT1#1 1.0 95.00 43.90 58.61  

FT1#2 1.0 96.02 43.71 56.34  

FT1#3 1.0 95.17 44.04 61.92  

   Average for  1.0% 58.96 ± 2.81 

FT2#1 2.0 97.68 44.02 58.67  

FT2#2 2.0 96.01 44.08 66.51  

FT2#3 2.0 96.01 43.84 65.62  

   Average for  2.0% 63.60 ± 4.29 

 

ACI 562M-13 provides the following equation to compute the equivalent strength of the cores 

extracted according to ASTM C42-13 and ASTM C823-12:  
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          ̅ [      √
(     ) 

 
       ] (5-2) 

Where   ̅ is the average core strength (accounting for the diameter and moisture condition of the 

cores); COV is the coefficient of variation of the core strengths;   the number of cores taken and 

   is the coefficient of variation modification factor. Since for each case three cores were 

extracted,    is 1.47. Table 5-7 summarizes the parameters considered and the average 

equivalent strength obtained for each mixture. Comparing the equivalent core strengths to the 

specified design strength in Table 5-1, it is verified that all the mixtures have a higher strength 

than the specified. 

Table 5-7: Equivalent strength of the core samples 

Nanosilica 

content 

Average        

(MPa) 

Standard deviation 

(MPa) 

Coefficient of variation 

COV 

fceq (MPa) 

0.0% 57.00 4.05 0.07 46.60 

1.0% 58.96 2.81 0.05 49.26 

2.0% 63.60 4.29 0.07 52.17 

 

To evaluate if the difference between the strength estimated from the cylinders (before freezing 

and thawing) and the cores (after freezing and thawing) is significant, hypothesis test of the 

difference of the mean values of the compressive strengths is postulated.  

Null hypothesis                                Ho:         -        = 0 

The null hypothesis is that there is no difference between the mean strengths of the cylinders 

and the equivalent strength from the cores. 

Alternative hypothesis                    H1:          -          > 0 

The alternative hypothesis is that there is a significant difference between the strength before 

and after freezing and thawing. 

The significance level chosen is 90%, based on section 3.1 of ACI 228.1R-03, which establishes 

that it is reasonable to verify that the tenth-percentile in-place compressive strength is at least 

0.85 of the required compressive strength. It was considered that if the significance level to 

evaluate the compliance with the strength requirement is 90%, the same significance level 
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would be adequate to evaluate the difference of the strengths in this case. Therefore, the 

hypothesis test is done using the t-student distribution with a significance level of 10%.  

The degrees of freedom for the case where the standard deviations are unequal and unknown 

are given by the Satterthwaite’s approximation presented in the following expression (Gaylor & 

Hopper, 1969): 
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 (5-3) 

where    and     are the standard deviation and the number of samples for the cylinders, and     

and     are the standard deviation and number of samples for the cores. The t value in this case 

is given as: 
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(5-4) 

Table 5-8 summarizes the information from the hypothesis test. For the three mixtures, the null 

hypothesis is rejected and the alternative hypothesis accepted, which means that the resistance 

from the cores is smaller than the strength of the cylinders measured at 28 days. The reduction 

in the strength is of 12.4% for the control mix (0.0%), 11.1% for the mix with 1.0% of nanosilica 

and 11.5% for the 2.0% mix.  

 

Table 5-8: Hypothesis test parameters 

Nanosilica 

content 

        

(MPa) 

        

(MPa) 

s1 s2 n1 n2   t  t2,0.10 Result 

0.0% 53.21 46.60 1.137 4.05 3 3 2 5.02 > 1.89 Reject null 

1.0% 55.39 49.26 1.786 2.81 3 3 3 4.95 > 1.64 Reject null 

2.0% 58.96 52.17 1.118 4.29 3 3 2 5.05 > 1.89 Reject null 
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5.2.5 Conclusions from the study of freeze/thaw damaged samples 

The results from UPV and resonant frequency consistently reflect that none of the specimens 

presented significant frost damage after more than 300 freeze/thaw cycles. The maximum 

change is 8.0% change in the resonance frequency method and less than 5.0% for velocity.  

According to the reference velocity values indicated by (Krautkrämer & Krautkrämer, 1990), all 

the velocities calculated denote a concrete in very good condition. Therefore, from the 

ultrasonic pulse velocity is not possible to assess whether there is internal deterioration in the 

samples. The velocities computed from the specimens that contain nanosilica are lower than the 

ones without nanosilica (at maximum 3%); thus, there is no significant evidence of different 

behaviour between the specimens that contain nanosilica and the ones that do not. Similarly, 

the results obtained from the resonant frequency test (ASTM C666-08) do not show a significant 

variation during the period of study (less than 8%). However, the results from the attenuation 

estimations manifest an increase that could be related to internal damage resulting from 

freezing and thawing. The comparison of the strengths of the cores extracted from the prisms 

and the strength of the cylinders of the same mixtures affirm that there is a reduction in the 

strengths of the specimens. However, to confirm that the change is due to frost damage it would 

be necessary to conduct a petrographic investigation of the samples.  

The analysis of the variation of the density indicates that it varies throughout the study period, 

but the variation on the density cannot explain the variation in the velocity measurements. 

From the accepted relationship between the pulse velocity, the density and the elastic constants 

(equation 2-1), it may be concluded that there should be a change in the elastic modulus of the 

specimens. Thus, the elastic moduli computed from the resonance test, the UPV, the static test 

were analyzed. For the specimens without nanosilica, the dynamic methods provide larger 

estimations of the elastic modulus, as expected. However, for the specimens with nanosilica the 

static modulus is the largest. This result suggests that it is not convenient to assume that the 

dynamic methods would always provide a conservative estimation of the static elastic modulus.  

5.3 Cylinders under axial load 

The second set of tests done to assess the ability of UPV to detect internal damage consisted in 

the measurement of the arrival time and the calculation of the pulse velocity for four concrete 

cylinders of the control mixture (without nanosilica). The cylinders were tested before and after 

the uniaxial compression test and the results in terms of the velocity and the attenuation are 

presented in the following sections. The purpose of these tests was to investigate if from the 
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results of the pulse velocity is possible to recognize internal damage. In this case the internal 

damage consisted in the micro-cracks that resulted from the compression tests. The compressive 

load was applied until the failure and the cracking pattern observed in all specimens was 

longitudinal cracking. The UPV measurements were taken parallel to the direction of 

application of the compressive load. 

5.3.1 Ultrasonic pulse velocity results for the specimens tested in compression 

Figure 5-11 shows the box plot of the ultrasonic pulse velocity data before and after the 

compression test. The whiskers indicate the minimum and the maximum value, and the circular 

markers represent the average velocities.  

  

  

Figure 5-11: Comparison of the variation of the ultrasonic pulse velocity for four cylinders tested before 

and after the compression test 

4458 

4366 

4000

4200

4400

4600

4800

5000

5200

Before After

V
e

lo
c
it
y
 (

m
/s

) 

Cylinder 6 

4413 4409 

4000

4200

4400

4600

4800

5000

5200

Before After

V
e

lo
c
it
y
 (

m
/s

) 

Cylinder 7 

4580 

4409 

4000

4200

4400

4600

4800

5000

5200

Before After

V
e

lo
c
it
y
 (

m
/s

) 

Cylinder 8 

4687 

4578 

4000

4200

4400

4600

4800

5000

5200

Before After

V
e

lo
c
it
y
 (

m
/s

) 

Cylinder 9 



86 

 

For all cylinders, the average velocities are comparable, and except for cylinder 7, the average 

velocity after the compression test is reduced.  

The minimum velocities are above 4000     and comparing the velocities with the reference 

ranges suggested by (Krautkrämer & Krautkrämer, 1990), none of the cylinders is damaged 

because the velocity is above 3600 m/s. Nevertheless, the four cylinders are damaged after the 

compression test, because the compressive load was applied until the failure of the cylinder 

occurred. This inconsistency demonstrates that comparing the pulse velocity with a reference 

value is not sufficient to ensure that the concrete is sound.  

 

Table 5-9: Comparison of the pulse velocity for the cylinders tested in compression 

Specimen 

ID 

        

(m/s) 

          

(m/s) 

       

 (m/s) 

         

(m/s) 

Ratio of UPV 

(       /       ) 

Cylinder 6 4458 200 4403 218 0.99 

Cylinder 7 4425 77 4448 71 1.01 

Cylinder 8 4580 222 4418 150 0.96 

Cylinder 9 4687 213 4590 90 0.98 

 

The ratios in Table 5-9 indicate that there is no significant reduction in the values of the velocity, 

since the maximum reduction is 4%. In the same table is included also the standard deviation 

computed for each sample with the intention of showing that the difference obtained between 

the velocity before and after compression is smaller than the standard deviation.  

5.3.2 Attenuation results for the specimens tested in compression 

Figure 5-12 presents the normalized frequency spectra for the four cylinders evaluated. The 

normalized spectra refers to the frequency spectra of the output signal convolved with the 

system function using a Wiener filter, as it was explained in section 4.2.2. For all cases, the plots 

indicate a reduction in the area below the frequency spectrum after the specimens were 

subjected to uniaxial compression until failure. The attenuation in this case was quantified as 

ratio between the area below the normalized frequency spectrum after the compression test and 

the area below the spectrum before the test. 
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Figure 5-12: Comparison of the spectra before and after the compression tests 

 

Table 5-10 presents the results of the areas computed for each cylinder (A stands for after and B 

before the compression test). The reduction in the area was calculated assuming the initial 

condition as the unity, and subtracting the ratio between the areas and multiplied by 100 to 

present the results as percentage.   

 

Table 5-10: Quantification of the attenuation for the cylinders tested under uniaxial compression 

Case Area below spectrum Ratio (After / Before) Reduction 

Cylinder 6B 1.28E-06 
0.536 46.4 

Cylinder 6A 6.87E-07 

Cylinder 7B 1.38E-06 
0.653 34.7 

Cylinder 7A 9.00E-07 

Cylinder 8B 1.51E-06 
0.456 54.4 

Cylinder 8A 6.88E-07 

Cylinder 9B 2.21E-06 
0.654 34.6 

Cylinder 9A 1.44E-06 
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For the cylinders tested in compression, the attenuation results show a change between 30% and 

50%, while the change in the velocity is only 4%. 

The test results demonstrate that the attenuation indicates the existence of damage in the 

specimens, while the velocity does not indicate a significant change in the condition. This can be 

explained because the velocity depends only on the arrival time. Therefore, if there is no 

significant change in the time, there would not be any change in the velocity. However, the 

attenuation can show the damage, since there is a reduction in the magnitude. The interaction of 

the sound waves with the micro fractures results in scattering, which produces magnitude 

reduction and redirection of the waves.  

The reduction of the areas below the spectra indicates an increase in attenuation because there is 

a reduction in the energy of the received signal for the same input. While for the velocities the 

maximum change was about 4%, for the attenuation the changes are 35% for cylinders 7 and 9, 

46% for cylinder 6 and 54% for cylinder 8. In this case it is known that the specimens are 

damaged because the compression load was applied until the failure of the specimen.  

5.4 Summary 

This chapter included the results of two sets of tests intended to evaluate the sensitivity of pulse 

velocity to internal damage. The two types of damage studied were freeze/thaw and fracturing 

by compression. 

For the evaluation of freeze/thaw damage, three methods were compared: ultrasonic pulse 

velocity, resonance method and attenuation. Even though UPV and resonance are the testing 

methods suggested in the standards to evaluate freeze/thaw damage, both methods showed 

limited sensitivity. In contrast, attenuation results indicated deterioration and the results from 

the cores extracted from the specimens show a consistent trend.  

In the case of the damage induced by compression, UPV results do not indicate a significant 

change between the values before or after the test. Also when the estimated velocities were 

compared with reference values the results did not indicate damage. These findings confirm 

that it is not adequate to base the assessment of the condition of a concrete element on 

individual measurements of pulse velocity, because the velocity does not appear to be sensitive 

to internal damage. In addition, the results demonstrated that an evaluation based on a 

reference value of pulse velocity may mislead the evaluator. 
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Chapter 6 Surface waves evaluation 

6.1 Introduction 

The main objective of this research project was the study of the possible combination of two 

stress wave nondestructive methods (ultrasonic pulse velocity and surface waves) to assess the 

condition of reinforced concrete elements. In this chapter are included the results related with 

the surface waves tests done.  

Surface wave analysis is evaluated as an initial global assessment because this type of analysis is 

convenient for large concrete surfaces where is aimed a quick evaluation (Aggelis 2009). In 

addition, the use of surface waves to assess the condition of concrete elements presents several 

advantages:  

a) It is needed access only from one  surface 

b) The penetration depth of the waves can  be controlled by changing the testing frequency 

c) Surface waves can be easily generated by an impact or with a transducer 

d) Most of the energy recorded at the surface of an element is transported by surface waves. 

Two types of structural elements were tested using surface waves: five beams tested in the 

laboratory and a reinforced concrete dome in the field. The purpose of these tests was to 

analyze the limitations of the equipment available, to improve the testing setup and to verify 

the effect of the coupling in the measurements. Also, to experiment different techniques to 

process the experimental data recorded. 

6.2 NDT of reinforced concrete beams under fatigue loading 

This study was performed as a collaborative project for the PhD thesis of Rayed Alyousef 

(Alyousef, 2016) and had two objectives. First, it was of interest to verify if through surface 

wave analysis it is possible to obtain some indication of the imminence of failure of the beams 

that were tested under fatigue loading. The second objective was to experiment different setups 

of the NDT system to identify the best testing configuration to perform surface wave tests of 

reinforced concrete elements. The parameters that were modified were the spacing between the 

sensors (accelerometers), the mounting of the transducers acting as source, and the mounting 

between the accelerometers and the surface of the beams. 
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6.2.1 Generalities about fatigue evaluation using NDT 

Fatigue of a material is the weakening by repeated loading (ACI CT-16), and it results in a 

brittle failure. The analysis of concrete elements under fatigue is an important aspect because it 

can cause cracking at lower than expected loads, and the cracking of a member can affect the 

static loading characteristics (ACI 215R 1997). Brittle failures are undesirable because their 

occurrence is sudden, they do not provide signs of distress and they can result in significant 

losses, especially in the case of structural elements. As there are no signs or indicators of distress, 

different studies have aimed to measure other properties that may be used as indicators of the 

imminence of failure.  

To evaluate the actual condition of concrete elements different methods can be used, being the 

most common visual inspection. Also nondestructive techniques (NDT) are valuable tools for 

fatigue assessment. In the case of damage assessment of beams, NDT methods such as acoustic 

emission (Zarate, 2012), modal analysis (Kessler, 2002) or surface wave analysis have being 

reported (Kalinski, 1992).  

In this study, the purpose was to evaluate if the data recorded using surface wave testing may 

provide an indication of the progression of the damage induced by fatigue loading. 

6.2.2 Specimens tested 

The test specimens were five reinforced concrete beams part of an experimental program of 55 

beams tested under fatigue loading. For a detailed description of the testing program see 

(Alyousef, 2016).  

From the five beams tested, three were wrapped with fibres polymer (FRP) sheets and two of 

the beams did not have any type of external reinforcement. The beams were simply supported, 

and the cyclic load was applied at two points located at 600 mm from each support.  

All the beams tested had a rectangular cross section of 250 mm width and 350 mm of depth. The 

beams had 2200 mm of length and the longitudinal reinforcement consisted of two bars 

diameter 10 mm as compressive reinforcement, and two bars of 20 mm diameter as the tensile 

reinforcement. The reinforcement bars in the compressive zone extend from the supports to the 

points of application of the load. The transverse reinforcement consisted of stirrups diameter 10 

mm spaced 100 mm. The transverse reinforcement was located only from the supports to the 

points of application of the load. In the case of the tensile reinforcement, the bars are spliced in 

the center of the beam 150 mm to each side. The failure of the specimen was expected to start at 



91 

 

the location of these splices, and therefore, the accelerometers were placed in this section. Figure 

6-1 shows the geometry of the beams. 

 

 

Figure 6-1: Geometry of the reinforced concrete beams tested 
 

6.2.3 NDT testing instrumentation 

Figure 6-2 presents an example of the NDT testing setup. The sensors used in these tests were 

nineteen piezoelectric accelerometers (PCB Piezotronics model 3055B3) with a nominal 

frequency of 35 kHz. Accelerometers or acceleration transducers are devices that convert 

vibratory motion into an electrical signal. For field applications, the accelerometers have to be 

attached to the element under study and the resonance frequency obtained for this condition is 

called mounted resonance frequency. This frequency is important because the upper frequency 

limit of an accelerometer is usually considered to be one-third of its mounted resonance 

frequency (Miller, 1973). 

Two ultrasonic transducers with a nominal resonant frequency of 50 kHz were employed as the 

source and were located at 40 mm from the first accelerometer (indicated as A) and the last 

accelerometer (B). Two types of mounting of the source transducers were evaluated: manual 

pressure and using metallic frame (Figure 6-3). The manual pressure was only used for the first 

beam tested because it is the usual way of using an ultrasonic transducer as source. For the 

other beams the metallic frames were employed because they allowed maintaining a constant 

pressure, which is needed to ensure consistency of the tests. 

2200 mm 
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Figure 6-2: Setup for the surface wave analysis test of a reinforced concrete beam with GFRP 

reinforcement 

 

  
Figure 6-3: Mounting of the source transducers (left: manually, right: rigid frame) 

 

The excitation of the ultrasonic transducer (input signal) was a one-cycle sinusoidal pulse with a 

frequency of 50 kHz. The input signal and the accelerations were recorded with a data 

acquisition system of 24 channels and sampling frequency of 1.0 MHz (LDS Nicolet Genesis). 

The ultrasonic transducer was preferred as the source over a hammer because the frequencies 

generated are in a narrow band and there is better control and consistency in the waves induced. 
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Figure 6-4 shows the wave field generated by a point source as it could be idealized a 

piezoelectric transducer. 

 

 

Figure 6-4: Waves generated by a wave source applied to a free surface (Popovics & Abraham, 2010) 

 

 

To ensure the accuracy and repeatability of the measurements the mounting is essential, and for 

the accelerometers two types of systems were tested: adhesive and magnetic mounted. The 

accelerometers were mounted in studs that were screwed in metallic washers. The washers 

were adhered to the surface of the beams using epoxy resin (Figure 6-5) or magnets (Figure 6-6).  

 

 

 

 

Figure 6-5: Accelerometers mounted with epoxy resin 
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Figure 6-6: Magnetic mounting of the accelerometers 

 

Initially it was used the adhesive system, but as several accelerometers were detached during 

the testing of the first beam, for the other beams it was used the magnetic mounting.  In acoustic 

testing is common to employ magnetic clamps when drilling is not permitted, and most 

piezoelectric transducers are relatively insensitive to magnetic fields. The disadvantage of the 

magnetic clamp method is that the addition of element in series with the accelerometer may 

reduce the useful upper frequency (Miller, 1973). 

6.2.4 Surface wave tests results 

For the five beams studied, the testing procedure was similar. The base line condition was 

recorded before the fatigue load was applied to the beam. Then, the test was repeated at 

different stages of the loading cycle, stopping temporarily the cyclic loading to record the 

ultrasonic signals. Each record consisted of 30 signals (30 repetitions) for each accelometer and 

the measurements were done for two positions of the source.  

Figure 6-7 is an example of the time signals recorded for one of the beams (beam B1 which is 

unwrapped) and Figure 6-8 presents the corresponding frequency spectra. In this case the 

spacing between the accelerometers was 40 mm and the results shown correspond to the 

baseline condition.  

The surface wave test results can be analyzed both in the time and the frequency domain. In the 

time domain, a common way of analyzing the data is obtaining the surface wave velocity. For 

example, Figure 6-9 is the representation of the multiple time signals for equally spaced sensors. 

The arrival of the surface waves can be defined as the maximum that precedes a drop in signal 

value (Popovics & Abraham, 2010).  Then, the slope of the line joining the peaks (largest 

amplitude) would give an approximation of the surface wave velocity.  



95 

 

 

Figure 6-7: Example of the time signals recorded for the baseline condition (beam B1, source at A) 

 

 

 

Figure 6-8: Frequency spectra of the time signals for the base line condition (beam B1, source at A) 
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Since in the surface wave tests the accelerometers are spaced a constant distance (x), the 

surface wave velocity (VR) can be calculated as follows: 

 
    

  

   

 (6-1) 

where     
 is the difference in the arrival times of the different signals. Figure 6-9 is a graphical 

representation of the method. In this case, the time signals presented correspond to the baseline 

condition for the second beam tested (B2, source at A) which was also unwrapped. 

 

 

Figure 6-9: Example of the time signals for the initial condition (beam B2, source at A) 

 

The previous procedure was not applicable for the later stages of the testing because after few 

cycles of fatigue loading there is no recognizable trend in the time signals (Figure 6-10). For all 

the beams tested, only for the baseline condition is possible to apply the aforementioned 

method, so it was considered that for the testing conditions the time domain analysis was not 

convenient.  
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Figure 6-10: Time signals after 32000 fatigue cycles (beam B2) 
 

Additionally, when the thickness of the layer is of the same order than the wavelength, the 

frequency domain methods are suitable (Popovics & Abraham, 2010). To determine the 

dominant wavelengths in the signals, windowing of the time signals was evaluated using a 

Tukey window defined as follows: 
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where r is the ratio of the cosine-tapered section length to the entire window length with 

     .  

Two types of windowing were analyzed. First, a window with the same characteristics (same 

width, taper) but with a proportional starting point was applied to all the signals. Figure 6-11 

shows an example of the application of a Tukey window to the signals measured in beam B2.  

The other type of windowing evaluated was the application of several windows to each 

individual signal. Figure 6-12 illustrates the consideration of different windows for a time signal 
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and Figure 6-13 presents the frequency spectra of the windowed signals. The dominant 

frequencies observed were 36 kHz and 53 kHz. 

 

 

Figure 6-11: Example of the application of windowing in one of the records to determine the dominant 

frequencies 

 

 

Figure 6-12: Example of the application of different windows in the time signals 



99 

 

 

Figure 6-13: Example of the frequency spectra for the windowed signals 

 

For the location of the accelerometers selected, the beams can be visualized as a layered media, 

where the first layer corresponds to the concrete cover; the second layer is the longitudinal 

reinforcement, and the third layer the core concrete. The surface wave propagation is generally 

limited to a wavelength, so in this case for a frequency of 53 kHz and a reference R-wave 

velocity of 2200 m/s, the effective depth is around 40 mm, which corresponds to the concrete 

cover. Therefore, the thickness of the layer evaluated is of the same order as the wavelength of 

the ultrasonic waves and the analysis in the frequency domain is preferable.  

In the frequency domain, the usual representation of the surface wave test results is through the 

dispersion curves, where the phase velocity is presented as a function of the frequency. Phase 

velocities are calculated by determining the travel times for each frequency (or wavelength) 

component between the two receivers. Figure 6-14 illustrates the variation of the phase velocity 

in the frequency range from 40 kHz to 60 kHz for the first beam tested. For this case, the phase 

velocity presented a clear reduction as the number of fatigue cycles increased so the phase 

velocity was studied as a potential indicator of the progression of damage. 

For all the beams tested, the phase velocity as a function of the frequency was determined. 

However, the phase velocity did not present a clear trend with the increasing number of fatigue 
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loading cycles. For this reason, the phase velocity was discarded as the parameter that would 

allow monitoring the progression of the fatigue damage. 

 

 

Figure 6-14: Dispersion curve for the phase velocity for beam B1 
 

 

Even though the dispersion curves are the usual representation of surface waves tests, the 

computation of the dispersion curves could be a numerically intensive method and requires an 

experienced investigator (ACI 228.2R-13; Chai, Aggelis, Momoki, Kobayashi, & Shiotani, 2010). 

Since the purpose of using the surface wave method was to obtain an indirect indication of the 

progression of fatigue damage, a simpler procedure that could facilitate the interpretation of the 

data was necessary and three signal processing techniques were investigated. 

6.2.5 Alternative processing procedure for the surface waves tests  

The alternative methods studied were the Pearson correlation, the Power Spectral Correlation 

Index and the Coherence Spectrum, which are briefly described below. The three methods 

evaluated were based on the study by (Nuño Ayón, 2011). Dr. Nuño Ayón facilitated the 

algorithm (called MEICE in his work) to analyze the data and the references related to it.  

For the three methods, the reference signal is indicated as     ,  ( )    ( )    ( )- 

and      [  ( )    ( )    ( )] is the compared signal. For all signals,   is the  -th 

sample and   denotes the number of samples.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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Pearson Correlation 

The Pearson correlation is a time domain technique that gives a measure of the linear 

dependence of the signals, and the values are between -1 and +1. If the Pearson correlation is +1, 

the two signals are linearly related; and if it gives −1, the two signals have an inverse linear 

relationship. The correlation between two signals    ,  ( )    ( )    ( )- and    

[  ( )    ( )    ( )], is computed as follows: 
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 0(      

) .      
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 (6-3) 

where   is the  -th sample,   denotes the number of samples,    (    )  is the covariance 

between    and   ,    
 and    

 are the standard deviations of the signals,    
 and    

 the average 

of the signals and E[ ] stands for the expectation.  

Power spectral correlation index 

The Power spectra correlation index (PSCI) gives the correlation between the power spectra of 

two different time signals (measurements). This index provides a measure of the commonness 

of oscillatory frequencies, and takes a real value between 0 and 1. If two measurements have 

similar frequencies, then the PSCI value is close to unity. When the value of PSCI is close to zero 

the two time signals have different frequencies.  

The PSCI computation is carried out in two steps. In the first step, the means of the time signals 

   and    are removed, and the Fast Fourier Transform (FFT) is applied to estimate their power 

spectra. In the second step, the power spectra are used to estimate PSCI: 
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where    denotes the k-th frequency,   (  ) is the power spectrum of the reference signal    and 

  (  ) represents the power spectra of the signal compared    (Tangirala, Shah, & Thornhill, 

2005). 
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Coherence spectrum 

In this research, the Welch algorithm was used to obtain the self- and cross-power spectral 

density estimation from the recorded measurements. Welch algorithm differs from the averaged 

periodogram in two ways. First, the data is windowed and secondly, data blocks are 

overlapped. The data window reduces spectral leakage and by overlapping blocks of data, 

typically by 50 or 75%, some extra variance reduction is achieved. Those relevant characteristics 

make it attractive to extract the spectral information and to identify the similar or different 

frequencies that onset during the oscillatory process. 

The collected measurements can be described as follows:  

    ,  ( )   ( )    ( )    ( )-,                    (6-5) 

where    is the vector that represents the signals collected by the accelerometer, sampled at time 

          and   is the number of measurements. 

Each signal,     is divided in K segments with overlapping data  : 

   
 ( )    (    ) (6-6) 

where the intervals are: 

                        (6-7) 

The Welch estimator uses the Discrete Fourier Transform (DFT). However, the procedure of 

overlapping samples often provides better results than those obtained with the DFT. In practice, 

the overlap of signal segments is often chosen as 50%, i.e       , while the number K of the 

intervals is chosen as a compromise between spectral resolution and precision (Welch, 1967). 

The segments of the selected signals are multiplied by a window function  ( ) and their 

spectra are then estimated as: 
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where        denotes the k-th frequency. Here,    is defined by the following: 
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 (6-9) 

in which  ( )  represents a window function. In this research, the Hanning function was 

selected for its accuracy and easy implementation and it is defined as: 

 
 ( )  

 

 
 

 

 
   (

   

 
* (6-10) 

where              . 

The averaged periodogram for the self-power spectral density is then estimated as follows: 

 

     
( )  

 

 
∑      

 ( )

   

   

 (6-11) 

Following the same procedure, the cross-power spectral density is estimated. Assume that 

   [  ( )   ( )    ( )    ( )]  represents the signal that contains the frequency of 

interest, which is correlated in the frequency domain with the spectral decomposition of     as 

follows: 
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where       
( ) is a vector that contains complex values for every frequency   . From the self- 

and cross-power spectral densities, the magnitude of the spectral coherence      
( ) can be 

computed from (6-13) and the phase      
( ) from (6-14) : 
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The magnitude of the coherence is a real value between 0 and 1 that represents how two signals 

are linearly correlated in the frequency. In the range of 0.8 to 1, both signals show significant 
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similarity, meanwhile, a rate in the range from 0 to 0.79 indicates no similarity on their behavior 

(Zang, Halliday, Jiang, Liu, & Feng, 2006; Lesniak, A. & Nitsuma, H., 1998). The phase 

coherence is usually interpreted as a phase lead of one signal over the other and it can range 

between -180° (  ) to 180° ( ) for every frequency.  

In practice, this coherence has been used to evaluate the linear association between two 

stationary time series in the long-term and for all spectra. The coherence spectrum is a function 

of frequency, which is an advantage compared with the PSCI value. Therefore, it allows 

detecting oscillatory behaviours and identifying similar frequencies of a set of measurements.  

Figure 6-15 is a schematic representation of the coherence spectrum method. 

 

 

 

Figure 6-15: Coherence spectrum method (figure by Jesús Nuño) 
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Given that in this study the purpose was to obtain an indicator of the imminence of failure 

under fatigue loading, the comparison is done between the signals recorded in each 

accelerometer and not between neighbouring accelerometers. If the signals are from the same 

accelerometer, the changes in the signals could be an indication of a change in the condition of 

the element because the measurements are taken a fixed point. Therefore, all the recorded 

signals at an accelerometer were compared using the three correlation procedures and some 

examples of possible applications of the methods are presented below. 

Figure 6-16 presents the Pearson correlation results computed for all the thirty-nine 

measurements (different number of fatigue cycles, from 100 to 156500 cycles) for beam B3 at the 

accelerometer closer to the source. The representation used facilitates identifying that there is a 

good correlation in the time domain (above 0.7) between the measurements up to the 24th 

measurement and that after the 30th until 39th measurement the correlation is below 0.4, which 

indicates little correlation. The last three measurements have no correlation and indicate the 

failure of the element. 

 

 

Figure 6-16: Pearson correlation for accelerometer 1 (beam B3) 
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Another potential application of the Pearson correlation results is illustrated in Figure 6-17 In 

this case, the plot indicates there is no correlation between none of the signals which may be 

due to inadequate mounting of the accelerometer and these measurements are discarded. Thus, 

the results of the Pearson correlation could be considered to categorize the recorded signals. 

 

Figure 6-17: Pearson correlation for the accelerometer 19 (beam B3) 

 

The results presented in Figure 6-18 for the spectral correlation correspond to the same set of 

measurements shown in Figure 6-16. Both figures indicate that the last three measurements are 

no correlated with the base line condition. It may also be observed that the correlation in the 

frequency domain is close to one up to the 19th measurement. It is observed that the correlation 

is above 0.7 from the 20th until the 24th measurement, which highlights that for the type of 

vibratory phenomenon under study (ultrasonic waves induced by the transducer in the beam) 

the frequency correlation is valid in a longer range. Therefore, is better suited to monitor the 

changes in the beam than the Pearson correlation. Also, the figure may be employed to identify 

stages in the testing. For example, the results that indicate a change for the spectral correlation 

are stages where there is a change in the condition of the beam. In Figure 6-18 for example, the 

changes in the correlation in 19, 24 and 29 draw attention to these measurements. As each 

measurement corresponds to a specific number of fatigue cycles, it is possible to relate the 

change in the condition with the number of fatigue cycles.  
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Figure 6-19 shows an example of the coherence spectrum results obtained for the accelerometer 

closer to the source for the same set of measurements. In addition to confirm the stages 

identified by the power spectral correlation, the coherence spectrum displays the information 

about the specific frequencies. For this analysis the reference signal selected corresponds to 100 

fatigue loading cycles. The coherence representation allows also recognizing the frequencies 

that are significant. For example, the measurements from the 1st until 19th and 22th until 24th 

show a coherence magnitude close to 0.8 for the frequency of 40 kHz (approximately). This 

value indicates that these measurements have very similar oscillatory components. Finally, the 

analyzed data have frequencies with higher coherence magnitude, which are between 35 kHz 

and 70 kHz. On the other hand, the last three measurements have a coherence magnitude equal 

to zero for all frequencies. Therefore, these time signals have different oscillatory behaviours, 

which may be associated a strong damage in the study beam and are consistent with the results 

from Pearson correlation and PSCI.    

 

 

 

Figure 6-18: Power spectral correlation (accelerometer 1, beam B3) 

 

Taking into consideration the relation between the wavelength, the velocity and the frequency it 

follows that for a given wavelength, the vanishing of a specific frequency would be related to a 

change in the velocity: 
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       (6-15) 

If the testing conditions are the same, this change in velocity may be related with the alteration 

in the specimen. In the testing procedure under study, the frequencies around 50 kHz are 

related with the ultrasonic waves produced by the source transducer. Therefore, the monitoring 

of these frequencies and the changes observed suggest changes in the medium. The medium in 

this case is a layered system of concrete and steel. The propagation of the waves initially is 

through a composite medium and the resulting velocity includes the propagation through the 

concrete and steel. The beams tested failed because of debonding of the reinforcing bars, which 

is a sudden change in the medium. When the debonding occurs, the waves are propagating 

only through concrete, because the low acoustic impedance in air would produce the complete 

reflection of the ultrasonic waves. To verify the previous statement it would be needed 

additional experimentation with materials of known properties or numerical simulations.  

 

 

Figure 6-19: Example of coherence spectrum (accelerometer 1, beam B3) 
 

 

As an example of the possible use of tracking specific frequencies to monitor the condition of 

the structural elements, Figure 6-20 includes the results for 40 kHz, 50 kHz and 60 kHz for two 

of the beams tested.  
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Figure 6-20: Variation of the velocity determined from the surface wave testing and the number of cycles 

of fatigue loading (Alyousef, 2016) 

 

Figure 6-20 evidences the reduction of the velocity for an increasing number of fatigue cycles. In 

this example the blue markers correspond to a beam that was retrofitted with carbon fibres 

sheets (CFRP) and the red markers relate to a beam that was not retrofitted. The steeper slope 

observed for the unwrapped beam relates with more abrupt changes in the specimen and lower 

fatigue resistance. The results for the beam with CFRP sheets demonstrate the suitability of the 

retrofit to increase the fatigue life of the beams with the fatigue prone details studied.  

6.3 Summary 

In this chapter were presented the results of a study where the surface wave testing was 

employed to monitor the progression of fatigue damage in reinforced concrete beams. The 

testing of five beams allowed evaluating different setups; assessing two types of mounting of 

the sensors and the ultrasonic source, and studying alternative processing procedures of the 

data. 

From the setups evaluated it was found that for the consistency of the tests it is necessary to 

maintain a constant pressure on the source transducers. It is suggested to use a clamp or similar 
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device to attach the transducer that is working as source. It was verified that the compression 

transducers work adequately as source, and that the vacuum grease is an adequate couplant for 

unwrapped beams but not for the beams that were retrofitted with FRP sheets. 

To mount the accelerometers the adhesive and the magnetic mounting were evaluated. The use 

of epoxy to place the accelerometers is unfavourable because damages the surface of the 

elements and some of the accelerometers fell off during the fatigue loading test. The magnetic 

coupling ensures an uninterrupted mounting. However, for the application of the surface waves 

testing in the field, it would be convenient to build an array with the accelerometers to facilitate 

the installation. Another option is to utilize different sensors, for example air-coupled sensors. 

Air-coupled sensors may be an adequate solution because they do not require contact with the 

element tested so they allow faster scanning and are adequate for NDT methods using surface 

waves (Popovics & Abraham, 2010). 

For the beams evaluated, the layer thickness was of the same order of the wavelength of the 

propagating wave from the source. Therefore, the frequency domain methods provided better 

results than the time domain ones. The typical way of presenting the results of the surface wave 

test in the frequency domain is through the dispersion curves of phase velocity as a function of 

frequency. Initially it was considered the variation of the phase velocity as a potential indicator 

of the progression of damage. Nevertheless, it was not possible to identify a clear behaviour of 

the phase velocity as a function of the number of cycles of fatigue loading. Hence, three 

alternative methods to compare the signals were evaluated: Pearson correlation of the time 

signals, Power spectral correlation and Coherence spectrum. From the methods studied, the 

Coherence spectrum is the one that provides more information and additional investigation 

(experimental and numerical) is recommended. 
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Chapter 7 Field testing results 

7.1 Introduction 

The main objective of the research project was to construct a field testing tool for the assessment 

of concrete columns. This chapter describes the testing of several in-service concrete columns of 

different characteristics (diameter, compressive strength, reinforcement) using the UTPole 

system. The experiments were done with the following purposes: 

a. To verify that the UTPole system (initially developed for testing wood poles) can be used to 

test in-service concrete columns; 

b. To corroborate the efficacy of the proposed coupling or the method used to secure the 

sensors to the column; 

c. To explore the effect of different properties of the concrete elements (vertical and transverse 

reinforcement, diameter) on the results obtained with the testing device; and, 

d. To evaluate the practicality of the system to test reinforced concrete columns with a circular 

cross section. 

Section 7.2 summarizes the verification of the UTPole system in the laboratory using a mortar 

sample of known characteristics. Section 7.3 presents the results of the evaluation of a sample of 

in-service columns using the field testing device. The results of the evaluation of a column with 

honeycombing are summarized in 7.4, and the results of the evaluation of a damaged column 

are included in section 7.5. Finally, section 7.6 is the summary of the main findings of the field 

testing. 

7.2 Testing of a mortar sample with UTPole system  

The verification of the functioning of the system and the proposed coupling was done by testing 

a cylindrical mortar sample (Figure 7-1). This specimen can be used as verification because the 

properties of the sample are known ( 

Table 7-1). The mortar cylinder was constructed by Simon Berubé as part of his Master thesis 

(Berubé, 2008) and the values for the parameters were verified by numerical simulations. The 

selection of the sample of mortar instead of a sample of other material was based on the 

consideration that the properties of mortar are closer to those of concrete. 
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Figure 7-1: Setup for the verification of the equipment and testing of the coupling system proposed 

 

 

Table 7-1: Properties of the mortar sample tested in the laboratory 

Parameter Value 

Density 2102 kg/m3 

Modulus of elasticity 29.6 GPa 

Poisson’s ration 0.33 

Diameter 0.29 m 

 

The evaluation of the proposed coupling was done by comparing the velocity and the 

attenuation measurements using the typical coupling employed in the laboratory tests (vacuum 

grease) and the results when duct tape and vacuum grease were used (coupling proposed for 

the field testing, as explained in Chapter 4). The first case is called M1 (only vacuum grease) and 

the second case M2 (duct tape plus vacuum grease). 

A first evaluation performed consisted in the comparison of the velocity and attenuation 

profiles obtained from the UTPole software. The velocity and attenuation profiles are the plots 

corresponding to the values of velocity and attenuation computed by the software for each ray 

path. The first letter indicates the position of the transmitter, and the second letter identifies the 

receiver ( 

Figure 7-2). 
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Figure 7-2: Nomenclature used for the ray paths 

 

As an example, Figure 7-3 shows the velocity profile for the case M1 (only vacuum grease) and 

Figure 7-4 for case M2 (duct tape and vacuum grease). The representation of the profiles allows 

the comparison of the general trend of the measurements. The figures demonstrate that the 

velocity profiles present the same pattern and the same behaviour was observed for the 

attenuation. Also from the velocity and attenuation profiles it is possible to read the values for 

each ray path, and that is how the values for each case were obtained. 

 

 

Figure 7-3: Velocities computed for each ray path for case M1(UTPole results) 
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Figure 7-4: Velocities computed for each ray path for M2 (UTPole results) 

 

 

Hereafter, the results are presented and analyzed grouped according to the relative position of 

the receiver with respect to the transmitter (angle of 180°, 135° or 90°) because, as indicated in 

Chapter 3 (Methodology), it was observed that the results for the attenuation present dissimilar 

characteristics depending on the angle. The average value, the standard deviation and the 

coefficient of variation are also included for the complete cross section to demonstrate the 

difference between the values when the section is considered as a whole, or by the relative 

angles. This difference is more noticeable for the attenuation than for the velocity, especially in 

terms of the coefficient of variation. 

Table 7-2 summarizes the results of the velocity and the attenuation for case M1 and Table 7-3 

for M2.  

 

Table 7-2: Summary of the results for the case M1 

Receivers All receivers Receivers at 180 Receivers at 135 Receivers at 90 

Parameter all all COVall 180 180 COV180 135 135 COV135 90 90 COV90 

Vp (m/s) 3780 96 2.54% 3781 40 1.07% 3804 76 2.00% 3754 123 3.28% 

(Np/cm) 0.366 0.065 17.89% 0.292 0.011 3.74% 0.325 0.006 1.91% 0.443 0.015 3.42% 
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Table 7-3: Summary of the results for the case M2 

Receivers All receivers Receivers at 180 Receivers at 135 Receivers at 90 

Parameter all all COVall 180 180 COV180 135 135 COV135 90 90 COV90 

Vp (m/s)  3786 86 2.28% 3819 57 1.49% 3787 70 1.85% 3769 106 2.81% 

(Np/cm) 0.355 0.067 18.72% 0.287 0.020 7.13% 0.313 0.019 6.08% 0.432 0.023 5.25% 

 

In both cases, the velocity presents a coefficient of variation below 4% for all angles, and the 

highest dispersion corresponds to the receivers at 90°.  

For the attenuation, if the values are considered for the complete section, the COV is closer to 

20%. However, if the averages are computed for the relative positions the COV is below 10%. 

As expected, there is a difference in the numerical values calculated.  

Hypothesis test for the difference of the means 

A difference of means hypothesis test is used to evaluate if the difference between the values is 

significant. 

Null hypothesis                                      Ho:    -    = 0 

The null hypothesis is that there is no significant difference between the average for the whole 

section if the coupling system is only vacuum grease (  ) and the average when the proposed 

coupling system (duct tape and vacuum grease) is used (  ). 

Alternative hypothesis                          H1:      -     > 0 

The alternative hypothesis is that there is a significant difference between the means. The 

significance level was chosen as 5%, because the common significance level for the comparison 

of the means is either 5% or 1% (Neville & Kennedy, 1966). 

Table 7-4 summarizes the parameters of the hypothesis tests. In the table, μ1 stands for the 

average values considering all measurements for case M1 (only vacuum grease); μ2 represents 

the average for case M2 (using duct tape and vacuum grease); s1 is the standard deviation for 

M1; s2 corresponds to the standard deviation for M2; n1 and n2 represents the number of 

measurements;  stands for the degrees of freedom; te is the test statistic (3-11); sd is the standard 

deviation of the difference of the means (3-12); tv,0.05 represents the critic value to compare, 
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which corresponds to the t-distribution value for the specific number of degrees of freedom and 

the level of significance of 5% (one-sided test). Finally,    is the combined variance of the 

difference computed from (3-13), because this is the method to obtain a combined variance 

(Neville & Kennedy, 1966) for the mean difference. 

 

Table 7-4: Hypothesis test for the comparison of the coupling systems 

Parameter μ2 μ1 s1 s2 n1 n2  sd t  t38,0.05 Result 

Velocity 3786 3780 86 96 20 20 38 28.8 0.23 < 2.02 Accept null 

Attenuation 0.355 0.366 0.067 0.065 20 20 38 0.021 -0.50 < 2.02 Accept null 

 

 

For both parameters, velocity and attenuation, there is not statistical evidence to reject the null 

hypothesis. Therefore, the null hypothesis is accepted, which means that the velocity and 

attenuation results for case M2 are not significantly different than those for case M1. This is 

considered as the demonstration that the coupling system proposed is adequate as the use of 

vacuum grease, but in addition has the advantage that does not stain the elements tested. 

7.3 Evaluation of in-service columns 

The details of each column tested are included in Appendix A. A total of 280 measurements 

were taken and included columns with three different diameters (0.60 m, 0.45 m and 0.35 m), 

four different percentages of longitudinal reinforcement (1.0%, 2.1%, 1.2% and 2.4%), two 

specified compressive strengths (45 MPa and 21 MPa) and two types of transverse 

reinforcement (ties spaced at 300 mm and spiral reinforcement with 44 mm and 64 mm pitch). 

Since it was the first time that the equipment was employed to test reinforced concrete columns, 

the aim was to cover columns of different characteristics to ascertain the effect of the different 

properties in the measurements of velocity, attenuation and the correlation between the signals. 

7.3.1 Time signals recorded 

The field data recorded are the time signals corresponding to the input signal sent to the 

transmitter, and the responses recorded by the receivers. Figure 7-5 is presented as an example 

of the time signals records obtained from UTPole software. A complete test consists of eight 

experiments, because each transducer is used as a transmitter once. Meanwhile, the other 

transducers are acting as receivers.  
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Figure 7-5: Example of the time signals results from UTPole software 

 

The main results computed from the time signals are: the first arrival of the P-waves and the 

correlation between the pair of transducers. As each transducer acts as transmitter and receiver, 

there are two measurements involving the same two transducers. If the propagation of the wave 

occurs in a homogenous and sound material, it is expected that the two signals would have 

good correlation. Conversely, a value for the correlation below 0.5 (fixed by the software) 

indicates that there may be some kind of damaged area in that ray path, and it is considered as 

an indicator of potential damage. 

7.3.2 Correlation results 

To illustrate how the correlation for the signals could be considered as a first indicator of 

damage, Figure 7-6 shows the correlation plot for a sound column and Figure 7-7 for a column 

that is known to be damage.  

For the column in good condition, the correlation between the signals is above 0.8 for most cases 

(except two).  

For the damaged column on the other hand, 10 of the ray paths present a correlation below 0.8 

and the software indicates that 7% of the values are below 0.5. The lower values of the 

correlation draw attention to certain ray paths, and in this case, the low values of correlation are 
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due to the existence of cracks in the vicinity of the transducers. Therefore, it is considered that 

the results of the correlation of the signals could be considered as an indicator of areas that may 

require special attention. As these results are obtained immediately in the field, it is possible to 

perform additional tests or document specific features that need to be considered in the 

evaluation of the element. 
 

 

 

Figure 7-6: Correlation results for a sound column (STC1) obtained from UTPole software 

 

For all measurements done, the velocities and attenuation obtained were analyzed per ray path 

and per cross section. Then, all the cross sections belonging to the same column were also 

compared. In all cases, as minimum two columns of the same type were evaluated; therefore, 

 

Figure 7-7: Correlation for a damaged column (CN1) obtained from UTPole software 
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the columns of similar characteristics were also grouped to evaluate the effect of the vertical and 

transverse reinforcement. In the following sections, only the results that were considered to 

illustrate a specific finding are presented. The complete data set is included in Appendix B. 

7.3.3 Velocity results 

As mentioned before, a common evaluation of the concrete quality based on the pulse velocity 

consists in the comparison of the measured value with a reference value (Krautkrämer & 

Krautkrämer, 1990; Ensminger& Bond, 2012; Lamond & Pielert, 2006). For example, Table 7-5 

presents the criterion that has been recommended by the National Research Council of Canada 

until 2008, as indicated by (Saint-Pierre, Philibert, Giroux, & Rivard, 2016).  

 

Table 7-5: Criterion to evaluate the quality of concrete based on UPV (Saint-Pierre, Philibert, Giroux, & 

Rivard, 2016) 

Range Quality 

> 4500 Excellent 

3600-4500 Good 

3000-3600 Questionable 

2100-3000 Poor 

< 2100 Very poor 

 

Since the minimum value of velocity computed was 4510 m/s and the maximum 5250 m/s, all 

the measurements would indicate that the concrete is in either good or excellent condition. 

However, the ranges indicated before were based in the work by (Leslie & Cheesman, 1949) 

which was a study of concrete dams and pavements. The ranges are intended for concrete and 

do not take into account the effect of the steel.  

The effect of the steel on the ultrasonic velocity measured in reinforced concrete elements is 

well recognized (Blitz & Simpson, 1996; Bungey, 1984, ASTM C597-16). The British Standards 

(BS 1881:Part 203:1986) even include correction factors depending on the diameter of the 

reinforcing bars and the relative position of the transducers with respect to the axis of the bars. 

Nonetheless, the application of the correction factors is not very practical because it requires 

knowing in advance the position and the diameter of all the reinforcing bars in the path 
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between the transducers, and that information may not be available when doing the UPV test. 

For example, the standard ASTM C597-16 acknowledges this difficulty, and recommends 

avoiding measurements close to steel parallel to the direction of propagation of the ultrasonic 

waves. But, in the case of columns with spiral reinforcement or closely spaced ties the areas not 

affected by the presence of the steel would be scarce. The effect of the transverse reinforcement 

is not due by the diameter of the bars, but because for the test configuration used, the bars 

would be parallel to the direction of propagation. Therefore, for most of the measurements the 

velocity computed corresponds to a combination of the propagation through concrete and steel.  

In Figure 7-8 the expected velocities for steel and for concrete are presented along with the 

measurements for a cross section of a column with ties at 300mm. The expected velocity for P-

waves in steel is 5900 m/s (ASTM E494-10) and the expected velocity for concrete was computed 

from the equation of wave propagation and the values of modulus of elastic and density 

calculated for this column (see Appendix A). All the measurements lie between the expected 

values, which demonstrate that the velocities obtained are a combined value of the velocity of 

propagation in concrete and in steel. It is interesting to notice that the paths located at 90º 

present the highest values of the velocity and are closer to the expected value for the steel. The 

results suggest that the propagation of the waves may be occurring mainly through the 

transverse reinforcement because the calculated velocity is closer to the value expected for steel 

(for example ray path 15). 

 

Figure 7-8: Comparison of calculated velocities and the expected values for concrete and steel for a 

column with ties (STC1_2) 
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Figure 7-9 exemplifies the case of a column with spiral reinforcement. In this case, the velocity 

values are less dispersed and also confirm the statement that the computed velocity is an 

intermediate value between the velocity of propagation through steel and through concrete. 

This is the expected behaviour because the pitch of the spiral in this case is 44 mm. The contact 

area of the transducers is 20 mm; therefore, it is very likely that the transducers would be placed 

over the reinforcement. 

 

 

Figure 7-9: Velocity obtained for a column with spiral reinforcement (RCH3_1) 
 

It is important to emphasize that the previous results confirm that reducing the evaluation of 

the quality of concrete to the comparison to reference values is inadequate. As the computed 

velocity is also due to the propagation in steel, a velocity above 3600 m/s does not necessary 

reflects a concrete of good quality. Moreover, they highlighted the importance of taking several 

measurements, because the results could differ significantly depending on the position of the 

transducers (see for example ray path 15 in Figure 7-8).  

Comparison of vertical reinforcement 

To appraise the effect of the percentage of vertical reinforcement in the velocity, four ratios of 

reinforcement were compared: 1.0%, 2.1%, 1.20% and 2.4% (see Table 3-1 or Appendix A for the 

details of the columns). In both cases, the ratios of reinforcement are double than the reference 
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columns. Figure 7-10 illustrates the cases with transverse reinforcement of stirrups and Figure 

7-11 corresponds to columns with spiral reinforcement. 

 

 

Figure 7-10: Comparison of the velocities for the reinforcement ratios of 1.0% and 2.1% (Column sections 

STC1-1, ST2_1,STC2,STC2_3, STC3_1 and STC3_3) 

 

 

Figure 7-11: Comparison of the velocities for the reinforcement ratios of 1.2% and 2.40% (Column sections 

RCH1, RCH2_1, RCH2_2, RCH2_3, RCH3_1, RCH3_2 and RCH3_3) 

 

Figure 7-10 and Figure 7-11 indicate that doubling the reinforcement ratio produces a slight 

increase in the average velocity. To verify if the difference between the average values was 

significant, hypothesis test of the difference of the means was postulated.  

Null hypothesis                                          Ho:    -    = 0 

The null hypothesis is that there is no significant difference between the average velocity (  ) 

and the average when the reinforcement ratio is doubled.  
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Alternative hypothesis             H1:      -     ≠ 0 

The alternative hypothesis is that there is a significant difference between the means. The 

significance level was chosen as 5% and in Table 7-6 are summarized the parameters of the 

hypothesis tests. 

In Table 7-6, μ1 stands for the average values of 1.0% (for the columns in STC) and 1.20% (for the 

columns in RCH); μ2 represents the average velocity when the reinforcement ratios are 

approximately double (2.10% for STC and 2.4% for RCH) ; s1 and s2 corresponds to the standard 

deviations; n1 and n2 represents the number of measurements; u is the test statistic from 

equation (3-11); d is the standard deviation of the difference of the means (7-2) for a normal 

distribution; zv,0.05 represents the critic value to compare that corresponds to the normal 

distribution value for the level of significance of 0.05 for a two-sided test. 

    
|  ̅̅ ̅    ̅̅ ̅|

  
 (7-1) 

     √
  
 

  
 

  
 

  
 (7-2) 

Table 7-6: Hypothesis test of the difference of the average velocity for different reinforcement ratios 

Case 1 2 s1 s2 n1 n2 sd u  z0.05 Result 

STC 5219 5238 166 163 80 40 31.8 0.61 < 1.99 Accept null 

RCH 4787 4805 165 170 80 60 28.7 0.61 < 1.98 Accept null 

 

For both cases, there is no statistical evidence to reject the null hypothesis, which means that 

there is no significant difference between the average velocities. These results were expected 

because for the longitudinal reinforcement, the distance travelled in the steel is relatively small 

compared to the total length of the ray path. Therefore, the increase on the total velocity because 

of the propagation in steel is small. 

Table 7-7 presents the average velocities computed for four of the columns considering all the 

cross sections evaluated in each column. These specific columns are presented because they 

have different reinforcement ratios, transverse reinforcement, specific compressive strength, 
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diameter and years in service. The purpose of presenting the results was to demonstrate the low 

variability in the results of the velocity. For the cases presented, the maximum coefficient of 

variation is 3.5%, which can be considered as small variability. 

 

Table 7-7: Example of the velocity results averaging all the sections measured in a column 

Column All receivers Receivers at 180º Receivers at 135º Receivers at 90º 

all all COVall 180 180 COV180 135 135 COV135 90 90 COV90 

STC2 5222 148 2.83% 5269 64 1.22% 5237 98 1.86% 5185 204 3.93% 

STC3 5238 161 3.08% 5250 87 1.66% 5240 137 2.61% 5231 217 4.14% 

RCH2 4807 147 3.06% 4761 111 2.33% 4796 133 2.76% 4842 172 3.55% 

RCH3 4805 170 3.54% 4732 107 2.25% 4778 162 3.40% 4868 187 3.83% 

 

7.3.4 Attenuation results 

A similar comparison to the one presented for the velocity was done for the attenuation, and the 

results are included in Table 7-8.  

 

Table 7-8: Example of the attenuation results averaging all the sections measured in a column 

Column All receivers Receivers at 180º Receivers at 135º Receivers at 90º 

all all COVall 180 180 COV180 135 135 COV135 90 90 COV90 

STC2 0.0606 0.0163 26.8% 0.0419 0.0043 10.2% 0.0512 0.0034 6.61% 0.0794 0.0045 5.69% 

STC3 0.0742 0.0224 30.2% 0.0486 0.0066 13.5% 0.0614 0.0036 5.87% 0.0999 0.0063 6.33% 

RCH2 0.1145 0.0290 25.3% 0.0831 0.0161 19.4% 0.1028 0.0157 15.2% 0.1418 0.0189 13.3% 

RCH3 0.1214 0.0257 21.2% 0.0933 0.0135 14.5% 0.1110 0.0127 11.5% 0.1459 0.0173 11.9% 

 

The results highlight the larger variability in the attenuation measurements than in the velocity. 

Also show that the variability of the attenuation measurements is reduced when the relative 

position of the transducers is taken into consideration.   
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The larger variability of the attenuation with respect to the velocity is also observed in the box 

plots presented in Figure 7-12 and Figure 7-13. Figure 7-12 shows the results for the new 

columns tested and Figure 7-13 the results for the columns that have been in service for more 

than 50 years. In both cases, the sections with larger reinforcement ratio present larger average 

attenuation.  

 

 

Figure 7-12: Comparison of the attenuation for the reinforcement ratios of 1.0% and 2.1% (Column 

sections STC1-1, ST2_1, STC2, STC2_3, STC3_1 and STC3_3) 

 

 

 

Figure 7-13: Comparison of the attenuation for the reinforcement ratios of 1.20% and 2.40% (Column 

sections RCH1, RCH2_1, RCH2_2, RCH2_3, RCH3_1, RCH3_2 and RCH3_3) 
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To evaluate if the difference between the average attenuations is significant, hypothesis test of 

the difference of the means was postulated. For the attenuation, the difference is evaluated for 

each of the positions because, as it was shown in Chapter 3, the attenuation may be different 

depending on the relative position of the transducers considered. 

Null hypothesis                                           Ho:    -    = 0 

The null hypothesis is that there is no significant difference between the average attenuation 

computed for the cross sections with different reinforcement ratios.  

Alternative hypothesis                              H1:      -     ≠ 0 

The alternative hypothesis is that there is a significant difference between the average 

attenuation computed for the cross sections. The significance level was chosen as 5%. Table 7-9  

and Table 7-10 summarize the parameters of the hypothesis tests.  

In the tables, μ1 stands for the average attenuation for the smaller reinforcement ratio; μ2 

represents the average attenuation for the reinforcement ratio that is approximately double than 

the reference one; s1 and s2 correspond to the standard deviation of the samples; n1 and n2 

represent the number of measurements;  stands for the degrees of freedom; te is the test 

statistic (3-11); sd is the standard deviation of the difference of the means (3-12); tv,0.025 represents 

the critic value to compare, which corresponds to the t-distribution value for the specific 

number of degrees of freedom and the level of significance of 0.025 (        ⁄ , two-sided 

test), and    is the combined variance of the difference computed from equation (3-13). 

 

Table 7-9: Hypothesis test for the comparison of the average attenuation for the reinforcement ratios of 

1.0% and 2.1% (Column sections STC1-1, ST2_1, STC2, STC2_3, STC3_1 and STC3_3) 

Case   s1 s2 n1 n2  sd te  tv,0.025 Result 

180º 0.042 0.049 0.004 0.007 16 8 10 2.28E-03 2.726 > 0.0643 Reject null 

135º 0.052 0.061 0.006 0.004 32 16 43 1.58E-03 6.055 > 0.0631 Reject null 

90º 0.084 0.100 0.011 0.006 32 16 45 3.02E-03 5.397 > 0.0631 Reject null 
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Table 7-10: Hypothesis test for the comparison of the average attenuation for the reinforcement ratios of 

1.20% and 2.40% (Column sections RCH1, RCH2_1, RCH2_2, RCH2_3, RCH3_1, RCH3_2 and RCH3_3) 

Case   s1 s2 n1 n2  sd te  tv,0.025 Result 

180º 0.086 0.093 0.016 0.014 16 12 27 5.70E-03 1.323 > 0.0633 Reject null 

135º 0.0857 0.1110 0.0152 0.0128 32 24 27 3.85E-03 6.557 > 0.0633 Reject null 

90º 0.1452 0.1459 0.0195 0.0175 32 24 52 5.04E-03 0.141 > 0.0630 Reject null 

 

In contrast to the results obtained for the velocity, for the attenuation the null hypothesis is 

rejected in all cases. Therefore, the increase in the reinforcement ratio has a significant effect in 

the attenuation measurements. These results emphasize the convenience of using various 

complementary parameters to evaluate the condition of the elements, because one of the 

parameters could be more sensitive than another to specific properties.  

Likewise, the results corroborate the importance of evaluating several ray paths in each cross 

section. Taking several measurements per cross section reduces the possibility of not detecting a 

defective area because of the relative position of the transducers.  

7.4 Evaluation of defective areas 

The application foreseen for the testing system is to evaluate the homogeneity of concrete. To 

assess the adequacy of the system to detect dissimilar areas, two columns that presented defects 

were also evaluated.  

Figure 7-14 exemplifies a column with honeycombing (voids left between the aggregates caused 

by inadequate consolidation ACI CT-16, 2016). Honeycombing is generally the result of 

improper vibration procedures when placing the concrete. Other factors that can also cause it 

are poor aggregate grading, inadequate workability for the placing conditions, insufficient 

clearance between the reinforcing steel, insufficient paste to fill the voids between aggregates, 

among others (Gosh, 1991). As an example of how the honeycombing is considered in structural 

inspections, Table 7-11 describes the criteria employed by the Ministry of Transportation of 

Ontario to assess the severity of the honeycombing in bridges. The sections of the elements with 

this type of defect usually need to be chipped out and repaired, because honeycombed concrete 
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would be porous (which would favour the corrosion of the reinforcement), weaker and poorly 

bonded to the reinforcement (Gosh, 1991).  

 

 

 

Figure 7-14: Column tested that presents honeycombing 

 

 

Table 7-11: Criteria to evaluate honeycombing in the Ontario Structure Inspection Manual (OSIM 2008) 

Severity Description 

Light Honeycombing to a depth less than 25 mm 

Medium Honeycombing to a depth between 25 mm and 50 mm 

Severe Honeycombing to a depth between 50 mm and 100 mm 

Very severe Honeycombing to a depth greater than 100 mm 

 

 

Figure 7-15 presents the time signals recorded for the cross section (STC1_2). The figure can be 

used to visualize ray paths that require special attention because of the observed pattern. 

Instead of a decaying signal, as it is common in UPV tests, the time signals show several 

reflections (see for example when the source is at AB and CA, the receivers at 180º, 90º). This 

evaluation is only qualitative, but allows finding the cases that require additional analysis. 
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Figure 7-15: Time signals for the section with honeycombing 
 

 

If the irregularities or voids are of the same order as the wavelength more dispersion from 

honeycombed areas is expected because there is more scattering of the wave (Lai, Wang, Kou, & 

Poon, 2013).  Scattering is one of the components of the material attenuation, thus, it is expected 

that the effect of the honeycombing is more evident in terms of the attenuation than in terms of 

the velocity.  

Figure 7-16 presents the plot of the dissimilarity indexes for the attenuation (DIA). The 

dissimilarity index is a measure of how much the specific value differs with respect to the 

expected value in a sound condition. In the figure, the dissimilarity indexes corresponding to 

the ray paths bd, bC, DC, Dc, db, Cb and CD indicate damaged or nonhomogeneous areas, 

because the value is larger than -1. Comparing the position of the ray paths with the 

information recorded form the visual inspection and the pictures, those ray paths cross the 

section with honeycombing.    
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Figure 7-16: Dissimilarity indexes for the attenuation for the cross section that presents honeycombing 

obtained using UTPole software 
 

 

To illustrate the convenience of the representation of the results through the dissimilarity 

indexes, Figure 7-17 includes the tomographic image from a cross section that is sound (left 

image) and a cross section with localized damage (image at the right). 

 

 

 

Figure 7-17: Comparison of the tomographic images of a sound section and a section with localized 

damage (images from the assessment report generated by the UTPole software) 
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As these tests were part of the verification of the functioning of the system, the evaluation of the 

columns in service did not include the verification of the damaged area. However, it would be 

interesting, in future studies, to verify the extent of the distressed area by extracting core 

samples.  

7.5 Results from a damaged column tested in the laboratory 

To validate the results, a column specimen in which the damage can be directly observed was 

also tested (Figure 7-18). The specimen was part of a research done by Dr. Noran Abdel-Wahab, 

and was available in the Nondestructive Testing Laboratory because of a previous collaborative 

work. The column presents corrosion of the reinforcement and longitudinal cracks caused by 

the expansion of corroded reinforcement (Figure 7-19).  

  

 

Figure 7-18: Damaged column tested in the laboratory 
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Figure 7-19: Longitudinal cracks caused by the corrosion of the reinforcement 

 

 

In Figure 7-20 the dissimilarity index for the velocity (DIV), for the attenuation (DIA), for the 

modulus of elasticity (DIE) and the overall dissimilarity index (ODI) explained in Chapter 3 are 

presented. The expected values considered were the velocity and attenuation of the calibration 

tests. The blue horizontal lines indicate ±1 standard deviation. All the indexes indicate damage 

in the section, however, the velocity and modulus of elasticity suggest less damage because of 

the values of the dissimilarity indexes.  

The attenuation is the parameter that presents larger dissimilarity indexes, which demonstrate 

that the attenuation is more sensitive to damage than the pulse velocity. Also, as the overall 

dissimilarity index is the weighted average of the indexes for the velocity and the attenuation, 

its values are between the results of the velocity and the attenuation. In this case, it is evident 

that the section is significantly damaged, and the tomographic image generated in UTPole 

software from the dissimilarity index shows the distribution of the damage. By comparing the 

image with the specimen, it was verified that the areas indicated in red correspond to the 

location of more concentration of damage. 
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Figure 7-20: Plot of all the dissimilarity indexes for a damaged column (CN1) tested in the laboratory 

 

 

 

Figure 7-21: Tomographic image obtained from UTPole software for the damaged column (CN1) 
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7.6 Summary 

This chapter presented the results from the testing of mortar and reinforced concrete elements 

using the field testing device built. 

The evaluation of a mortar sample of known characteristics was done to evaluate the 

functioning of the complete field testing system (transducers array, software and electronics) 

and to validate the proposed coupling for the field testing.  

The evaluation of a sample of in-service columns of different characteristics (diameter, 

longitudinal and transverse reinforcement, specified compressive strength, and years in service) 

had the goal of exploring the effect of different parameters on the velocity and attenuation 

results, and also to verify the practicality of the testing system. Also, the efficacy of the coupling 

proposed needed to be verified.  

An important finding from the testing was that while the difference in the reinforcement ratio 

does not significantly change the velocity, the effect on the attenuation can be significant. This 

confirms the convenience of using complementary parameters and a combination of methods 

for the condition assessment of structural elements. 

There are important differences in the material properties (the composite nature of concrete, the 

attenuation produced by the aggregates, the effect of the reinforcing bars) and therefore, the 

system needed to be verified evaluating real reinforced concrete elements. The results allowed 

validating that the testing device, which was developed for testing wood, can be used to test in-

service concrete columns. It was verified that the UTPole system could be employed to assess 

the condition of in-service concrete columns with circular cross section. Columns with other 

geometries could also be evaluated using the same methodology, but it would require 

modifications on the software and the sensors array.  

The results presented are an initial evaluation of the system, and further testing is needed 

including different types of columns to evaluate possible normalization factors.  

The foreseen application of the UTPole system is to verify the homogeneity of the concrete, 

provided that the system is calibrated according to the characteristics of the columns tested. 
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Chapter 8 Conclusions and Recommendations 

In this project, a new methodology for assessing the internal condition of reinforced concrete 

columns was evaluated. The methodology is based on the combination of two stress-wave 

methods and the use of a newly constructed field testing device. The two methods are the 

ultrasonic pulse velocity and surface wave method. Although there is vast literature about the 

application of the two methods to assess existing structures, there is no reference to jointly use 

of them, and currently there is no comprehensive method available to evaluate reinforced 

concrete columns. 

The project consisted of a literature review and an experimental component. The literature 

review was focused on the inspection methods for hardened concrete, the applications of the 

ultrasonic and surface wave tests for structural evaluation, the combination of different NDT 

techniques and the probabilistic methods to evaluate the capacity of columns. The literature 

review allowed understanding the state of the art in inspection methods for concrete elements, 

the existing limitations of the methods under study and the improvements required. It also 

facilitated the identification of the fundamental aspects that needed to be addressed in the 

subsequent experimental work. The experimental work included the study of specific aspects of 

the NDT methods employed (sensitivity to damage, testing configurations, improvement of the 

system), and also the construction, testing and calibration of the field testing device.  

The main findings of the work are summarized in the following sections. 

8.1 Sensitivity of ultrasonic pulse velocity to internal damage 

The sensitivity of the ultrasonic test to internal damage in concrete elements was evaluated 

through two sets of experiments: the study of freezing/thawing damage and the comparison of 

the velocity results from plain concrete samples before and after the uniaxial compression test.  

The parameters specified in the standards for the evaluation of frost damage in concrete are the 

pulse velocity method and the resonance method. However, a significant change in the pulse 

velocity or the relative dynamic modulus (obtained from the resonance test) was not detected 

during the whole period of study (324 freeze/thaw cycles). The maximum reduction detected in 

the ultrasonic pulse velocity was 3.6%. For the relative dynamic modulus, the maximum 

reduction was of 8.0%. From the parameters studied to evaluate frost damage, only the 

attenuation was sensitive to the changes induced in the samples by more than 300 

freezing/thawing cycles. The estimation of the attenuation based on the ratio of the areas below 
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the frequency spectrum revealed a decreasing trend in the condition of the samples with an 

increasing number of freeze/thaw cycles. The reduction estimated is above 50% for the three 

concrete mixtures studied. The reduction in the strength shown by the comparison of the cores 

(extracted from the specimens) and the cylinders (tested to verify the specified compressive 

strength) suggest that there is degradation of the condition. To confirm whether the strength 

reduction is due to frost damage it would be opportune to perform a petrographic analysis of 

the specimens. The results from this study confirm that it is convenient to incorporate the use of 

attenuation to overcome the limited sensitivity of the pulse velocity measurements and 

resonance tests. The opportuneness of wave attenuation for the assessment of damage has been 

studied before; however, the present work proposed a method that has the advantage that it 

does not require additional equipment, since the quantification of the attenuation is done from 

the information recorded in the pulse velocity test. 

In the case of the damage induced by compression, the ultrasonic velocity results do not 

indicate a significant change between the values before or after the test. All specimens were 

loaded until the failure and all presented the longitudinal cracking that is characteristic of the 

compressive failure. Also when the estimated velocities were compared with reference values 

the results did not indicate damage. These findings confirm the insufficiency of the assessment 

of the condition of a concrete element based on individual measurements of pulse velocity, 

because the velocity does not appear to be sensitive to internal damage. In addition, the results 

demonstrated that an evaluation based on the comparison to reference values of pulse velocity 

may be inappropriate.  

8.2 Surface waves testing 

The objective of the research project was to develop a new methodology to inspect reinforced 

concrete columns based in the complementary use of surface wave testing and ultrasonic pulse 

velocity. The convenience of the joint use of the two techniques was justified; nevertheless, the 

experimental results obtained to date did not demonstrate the practicality of the proposed 

combination. Even though the initial objective of the surface wave investigation was not 

achieved, valuable results were obtained from the experimental work done. 

The study of five beams tested under fatigue loading allowed evaluating different setups; 

assessing two types of mounting of the sensors and the ultrasonic source, and studying 

alternative data processing procedures.  
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With respect to the equipment available in the laboratory at the time, the sensors are unsuitable 

to perform a global and speedy evaluation as it was initially suggested. A different type of 

sensors (for example air-coupled sensors) or the construction of an array of accelerometers may 

serve to this purpose.  

From the evaluated configurations, it was found that for the consistency of the tests it is 

necessary to maintain a constant pressure on the source transducers, and it is suggested to use a 

clamp or similar device to attach the source transducer. It was also verified that the 

compression transducers work adequately as source for the surface wave test. For the 

evaluation of the beams, the piezoelectric transducers with a nominal frequency of 50 kHz were 

appropriate. The depth that can be evaluated with this source is approximately 40 mm, which 

corresponded to the concrete cover. In this case, this inspection depth was suitable because the 

expected damage was debonding of the reinforcing bars. 

With respect to the mounting of the examined accelerometers, the adhesive mounting was 

considered unfavourable because some of the accelerometers fell off during the fatigue loading 

test, and it also produced damage in the surface of the elements. On the other hand, the 

magnetic coupling ensured an uninterrupted mounting. However, for the application of the 

surface waves testing in the field, it would be convenient to build an array with the 

accelerometers to facilitate the installation or to utilize different sensors, for example air-

coupled sensors. The verification of the adequacy of the sensors and the configuration of the 

array would require additional numerical and experimental work.  

For the beams evaluated using the surface wave method, the frequency domain methods 

evaluated to process the test data provided better results than the time domain methods. The 

typical way of presenting the results from the surface wave tests in the frequency domain is 

through the dispersion curves of phase velocity as a function of frequency. Initially it was 

considered the variation of the phase velocity as a potential indicator of the progression of 

damage. Nevertheless, it was not possible to identify a clear behaviour of the phase velocity for 

an increasing number of fatigue cycles. Hence, three alternative methods to compare the signals 

recorded were evaluated: Pearson correlation, Power spectral correlation index (PSCI) and 

Coherence spectrum. From the methods studied the Coherence spectrum provided more 

information and additional investigation (experimental and numerical) is recommended. For 

the additional study, the data collected from the evaluation of a reinforced concrete dome is 

being evaluated. 
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8.3 New device for ultrasonic testing 

An important contribution of the research project was the construction and calibration of a field 

testing tool for the assessment of concrete columns with a circular cross section. Other 

geometries could also be evaluated following the same methodology and the only modifications 

needed are adjustments in the software and the sensors array. 

By testing a mortar sample of known characteristics, the functioning of the complete field 

testing system (transducers array, software and electronics) was assessed and the coupling 

system proposed was validated. The proposed coupling consists of duct tape and vacuum 

grease. The advantage of this type of coupling is that it does not stain the elements being tested, 

it provides adequate transmission of the ultrasonic waves, and it is easy to apply in the field. 

Once the new system was verified in the laboratory, a sample of in-service columns of different 

characteristics (diameter, longitudinal and transverse reinforcement, specified compressive 

strength, and years in service) was tested. The goal of the field testing was to explore the effect 

of different parameters on the velocity and attenuation results, and also to verify the practicality 

of the system. The comparison of the measurements obtained for columns of different 

characteristics demonstrated the convenience of basing the evaluation in both, velocity and 

attenuation, because the two parameters are affected differently by the properties of the 

columns. While the velocity presents less variability in the results, the attenuation presented 

more sensitivity to damage and to the presence of the reinforcing steel. The longitudinal 

reinforcement did not produce a significant change in the measurements of the pulse velocity, 

but the measurements of attenuation were affected. It was also observed that the transverse 

reinforcement affects the velocity and the measured values are between the expected values for 

the velocity of the steel and the concrete. 

The results presented are an initial evaluation of the system, and further testing is needed, 

including different types of columns to evaluate possible normalization factors. However, the 

results obtained to date showed that the new field testing device may allow reducing the 

inspection time without compromising reliability of data, and provides a global and also a 

detailed assessment of the condition of concrete elements. The proposed application of the 

testing device constructed is to identify areas of dissimilar characteristics and critical areas to 

sample by coring in reinforced concrete columns. A better assessment of the condition of the 

structural elements would definitely have an impact in maintenance practices and a possible 

reduction in costs.  
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Table A-1: Geometrical information for column STC1 

 

Location Room 54 Science Teaching 

Complex 

 

Diameter (D) 0.605 m 

Details reference UW SCB Structural 

Construction 

Specified strength (  
 ) 45 MPa 

Concrete cover 0.040 m 

Longitudinal reinforcement 10  20M 

Longitudinal reinforcement % 1.0% 

Transverse reinforcement 10M @ 300 

Density ( ) (Monte Carlo) 2325 kg/m3 

Number of sections tested 2 Figure A-1: Column STC1 tested in Science 

Teaching Complex 

Estimated E [1] 31.5 GPa            (    √  
 )            [1]  

Poisson’s ratio ( ) 0.2   

Estimated velocity [2] 3860 m/s 
   √

 (   )

 (   )(    )
      [2] 

 

     

 

 

   

 

 

  

  

  

 FigureA-2: Section STC1-1    Figure A-3: Section STC1-2  
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Table A-2: Geometrical information for column STC2 

 

Location Room 54 Science Teaching 

Complex 

 

Diameter (D) 0.605 m 

Details reference UW SCB Structural 

Construction 

Specified strength (  
 ) 45 MPa 

Concrete cover 0.040 m 

Longitudinal reinforcement 10  20M 

Longitudinal reinforcement % 1.0% 

Transverse reinforcement 10M @ 300 

Density ( ) (Monte Carlo) 2325 kg/m3 

Number of sections tested 2 Figure A-4: Column STC2 tested in Science 

Teaching Complex 

Estimated E [1] 31.5 GPa            (    √  
 )            [1]  

Poisson’s ratio ( ) 0.2   

Estimated velocity [2] 3860 m/s 
   √

 (   )

 (   )(    )
      [2] 

 

     

 

 

 

 

 

 

 

  

  

  

 FigureA-5: Section STC2_1  FigureA-6: Section STC2_2  Figure A-7: Section STC2_2  
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Table A-3: Geometrical information for column STC3 

 

Location Room 54 Science Teaching 

Complex 

 

Diameter (D) 0.605 m 

Details reference UW SCB Structural 

Construction 

Specified strength (  
 ) 45 MPa 

Concrete cover 0.040 m 

Longitudinal reinforcement 12  25M 

Longitudinal reinforcement % 2.1% 

Transverse reinforcement 10M @ 300 

Density ( ) (Monte Carlo) 2325 kg/m3 

Number of sections tested 3 Figure A-8: Column STC3 tested in Science 

Teaching Complex 

Estimated E [1] 31.5 GPa            (    √  
 )            [1]  

Poisson’s ratio ( ) 0.2   

Estimated velocity [2] 3860 m/s 
   √

 (   )

 (   )(    )
      [2] 

 

     

 

 

 

 

 

 

 

  

  

  

 FigureA-9: Section STC3_1  FigureA-10: Section STC3_2  Figure A-11: Section STC3_3  
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Table A-4: Geometrical information for column RCH1 

 

Location 
Room 218 J.R. Coutts Engineering 

Lecture Hall 

 

  

Diameter (D) 14 in (0.357 m) 

Details reference 
SCAN_314R_S1_011_S_Foundation 

Plan & Details 

Specified strength (  
 ) 3000 psi (21 MPa) 

Concrete cover 3/8 in (0.01 m) 

Longitudinal reinforcement 6 # 5( 15.88 mm) 

Longitudinal reinforcement % 1.2% 

Transverse reinforcement  
 ⁄   1   ⁄  (10 M @ 44 mm) 

Density ( ) (Monte Carlo) 2325 kg/m3 

Number of sections tested 1 Figure A-12: Column RCH1 

Estimated E [1] 21.5 GPa (    √  
 )            [1]  

Poisson’s ratio ( ) 0.2   

Estimated velocity [2] 3190 m/s    √
 (   )

 (   )(    )
      [2]  

     

 

 

   

 

 

  

  

  

 Figure A-13: Section RCH1_1    Figure A-14: Section RCH1_1  
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Table A-5: Geometrical information for column RCH2 

 

Location Room 218 J.R. Coutts Engineering 

Lecture Hall  

 

  

Diameter (D) 14 in (0.357 m) 

Details reference SCAN_314R_S1_011_S_Foundation 

Plan & Details 

Specified strength (  
 ) 3000 psi (21 MPa) 

Concrete cover 3/8 in (0.00953 m) 

Longitudinal reinforcement 6 # 5( 15.88 mm) 

Longitudinal reinforcement % 1.2% 

Transverse reinforcement  
 ⁄   1   ⁄  (10M @ 44 mm) 

Density ( ) (Monte Carlo) 2325 kg/m3 

Number of sections tested 2 Figure A-15: Column RCH2 

Estimated E [1] 21.5 GPa            (    √  
 )            [1]  

Poisson’s ratio ( ) 0.2   

Estimated velocity [2] 3190 m/s 
   √

 (   )

 (   )(    )
      [2] 

 

       

 

 

 

 

  

 

  

  

  

  

 Figure A-16: Section RCH2_1  Figure A-17: Section RCH2_2  Figure A-18: Section RCH2_3  
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Table A-6: Geometrical information for column RCH3 

 

Location Room 218 J.R. Coutts Engineering 

Lecture Hall  

 

  

Diameter (D) 18 in (0.46 m) 

Details reference SCAN_314R_S1_011_S_Foundation 

Plan & Details 

Specified strength (  
 ) 3000 psi (21 MPa) 

Concrete cover 3/8 in (0.010 m) 

Longitudinal reinforcement 6 # 9( 28.65 mm) 

Longitudinal reinforcement % 2.4% 

Transverse reinforcement  
 ⁄   2   ⁄  (10M @ 64 mm) 

Density ( ) (Monte Carlo) 2325 kg/m3 

Number of sections tested 2 Figure A-19: Column RCH3 

Estimated E [1] 21.5 GPa            (    √  
 )            [1]  

Poisson’s ratio ( ) 0.2   

Estimated velocity [2] 3190 m/s 
   √

 (   )

 (   )(    )
      [2] 

 

       

 

 

 

 

  

 

  

  

  

  

 Figure A-20: Section 

RCH3_1 

 Figure A-21: Section RCH3_2  Figure A-22: Section RCH3_3  
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Table A-7: Geometrical information for column CN1 

 

Location NDT Lab 

 

Diameter (D) 0.306 m 

Details reference Visual inspection 

Specified strength (  
 ) Unknown 

Concrete cover 0.05 m 

Longitudinal reinforcement 6  15M 

Area of reinforcement 0.00121m2 

Percentage reinforcement ( ) 1.64 % 

Transverse reinforcement Unknown 

Estimated E (    √  
 ) Unknown 

Number of sections tested 1 

Height from floor 54 cm Figure A-23: Column CN1 NDT lab 

     

 

 
 

   

 

 

  

  

  

 Figure A-24: Section CN1    Figure A-25: Top view CN1  
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Table A-8: Geometrical information for mortar sample M1 

 

Location NDT Lab 

 

Diameter (D) 0.306 m 

Details reference Berubé, S. 2008 

Density  2102 kg/m3 

Poisson’s ratio 0.33 

Estimated E  29.5GPa 

Theoretical velocity  4566 m/s 

Location section Middle section Figure A-26: Sample M1 NDT lab 

Number of sections tested 1   

     

  

 

   

 

 

  

  

  

 Figure A-27: Section M1    Figure A-28: Setup for testing M1  
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Table B-1: Results for section STC1_1 

 
SECTION STC1_1 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 5173 0.0449 0.0449 

2 BC (180) 5102 0.0447 0.0447 

3 AB-DC (180) 5074 0.0460 0.0460 

4 BD-CA (180) 5176 0.0486 0.0486 

5 A-BD (135) 5015 0.0522 0.0522 

6 A-DC (135) 5211 0.0582 0.0582 

7 B-DC (135) 5286 0.0642 0.0642 

8 B-CA (135) 5138 0.0676 0.0676 

9 D-CA (135) 5159 0.0561 0.0561 

10 D-AB (135) 5227 0.0591 0.0591 

11 C-AB (135) 5068 0.0612 0.0612 

12 C-BD (135) 5127 0.0528 0.0528 

13 A-B (90) 4856 0.0909 0.0909 

14 B-D (90) 5265 0.0825 0.0825 

15 D-C (90) 5792 0.1195 0.1195 

16 C-A (90) 5245 0.0932 0.0932 

17 AB-BD (90) 5093 0.0889 0.0887 

18 BD-DC (90) 5638 0.1092 0.1092 

19 DC-CA (90) 5507 0.1022 0.1022 

20 CA-AB (90) 4864 0.0932 0.0995 
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Table B-2: Results for section STC1_2 

 
SECTION STC1_2 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 5108 0.04801 0.04801 

2 BC (180) 5188 0.04688 0.04688 

3 AB-DC (180) 5168 0.04513 0.04513 

4 BD-CA (180) 5107 0.04343 0.04343 

5 A-BD (135) 5097 0.06248 0.06248 

6 A-DC (135) 5186 0.05982 0.05982 

7 B-DC (135) 5296 0.05885 0.05885 

8 B-CA (135) 5022 0.05705 0.05705 

9 D-CA (135) 5364 0.06960 0.06960 

10 D-AB (135) 5177 0.06068 0.06068 

11 C-AB (135) 5101 0.05940 0.05940 

12 C-BD (135) 5264 0.06482 0.06482 

13 A-B (90) 4924 0.09329 0.09329 

14 B-D (90) 5315 0.08925 0.08925 

15 D-C (90) 5561 0.11190 0.11190 

16 C-A (90) 5201 0.10010 0.10010 

17 AB-BD (90) 5406 0.09913 0.09913 

18 BD-DC (90) 5356 0.10040 0.10040 

19 DC-CA (90) 5335 0.09433 0.09433 

20 CA-AB (90) 5036 0.10030 0.10030 
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Table B-3: Results for section STC2_2 

 
SECTION STC2_1 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 5201 0.0387 0.0387 

2 BC (180) 5215 0.0411 0.0411 

3 AB-DC (180) 5185 0.0361 0.0361 

4 BD-CA (180) 5347 0.0516 0.0516 

5 A-BD (135) 5190 0.0500 0.0500 

6 A-DC (135) 5271 0.0536 0.0536 

7 B-DC (135) 5331 0.0522 0.0522 

8 B-CA (135) 5062 0.0544 0.0544 

9 D-CA (135) 5216 0.0521 0.0521 

10 D-AB (135) 5280 0.0536 0.0536 

11 C-AB (135) 5136 0.0474 0.0474 

12 C-BD (135) 5310 0.0557 0.0557 

13 A-B (90) 5006 0.0778 0.0778 

14 B-D (90) 5386 0.0754 0.0754 

15 D-C (90) 5287 0.0859 0.0859 

16 C-A (90) 5140 0.0758 0.0758 

17 AB-BD (90) 5196 0.0759 0.0759 

18 BD-DC (90) 5335 0.0811 0.0811 

19 DC-CA (90) 5325 0.0822 0.0822 

20 CA-AB (90) 4913 0.0837 0.0837 
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Table B-4: Results for section STC2_2 

 
SECTION STC2_2 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 5336 0.04329 0.04329 

2 BC (180) 5212 0.0366 0.0366 

3 AB-DC (180) 5214 0.0395 0.0395 

4 BD-CA (180) 5318 0.0435 0.0435 

5 A-BD (135) 5140 0.0463 0.0463 

6 A-DC (135) 5175 0.0448 0.0448 

7 B-DC (135) 5329 0.0485 0.0485 

8 B-CA (135) 5175 0.0523 0.0526 

9 D-CA (135) 5375 0.0518 0.0518 

10 D-AB (135) 5216 0.0514 0.0514 

11 C-AB (135) 5108 0.0446 0.0446 

12 C-BD (135) 5298 0.0457 0.0457 

13 A-B (90) 4996 0.0805 0.0805 

14 B-D (90) 5288 0.0792 0.0792 

15 D-C (90) 5297 0.0674 0.0674 

16 C-A (90) 5300 0.0882 0.0882 

17 AB-BD (90) 4999 0.0808 0.0808 

18 BD-DC (90) 5568 0.0854 0.0854 

19 DC-CA (90) 5190 0.0722 0.0722 

20 CA-AB (90) 4859 0.0748 0.0748 
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Table B-5: Results for section STC2_3 

 
SECTION STC2_3 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 5287 0.04378 0.04378 

2 BC (180) 5244 0.0407 0.0407 

3 AB-DC (180) 5294 0.0407 0.0407 

4 BD-CA (180) 5370 0.0472 0.0472 

5 A-BD (135) 5177 0.0537 0.0537 

6 A-DC (135) 5213 0.0503 0.0503 

7 B-DC (135) 5412 0.0548 0.0548 

8 B-CA (135) 5132 0.0545 0.0545 

9 D-CA (135) 5257 0.0504 0.0504 

10 D-AB (135) 5404 0.0531 0.0531 

11 C-AB (135) 5141 0.0562 0.0562 

12 C-BD (135) 5335 0.0518 0.0518 

13 A-B (90) 4910 0.0821 0.0821 

14 B-D (90) 5460 0.0764 0.0764 

15 D-C (90) 5285 0.0811 0.0811 

16 C-A (90) 5088 0.0805 0.0805 

17 AB-BD (90) 5137 0.0800 0.0800 

18 BD-DC (90) 5399 0.0772 0.0772 

19 DC-CA (90) 5290 0.0806 0.0806 

20 CA-AB (90) 4779 0.0817 0.0817 
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Table B-6: Results for section STC3_1 

 
SECTION STC3_1 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 5191 0.04704 0.04704 

2 BC (180) 5351 0.05788 0.05788 

3 AB-DC (180) 5146 0.04196 0.04196 

4 BD-CA (180) 5404 0.05716 0.05716 

5 A-BD (135) 5058 0.05664 0.05664 

6 A-DC (135) 5175 0.06345 0.06345 

7 B-DC (135) 5220 0.06004 0.06004 

8 B-CA (135) 5138 0.06360 0.06360 

9 D-CA (135) 5292 0.06576 0.06576 

10 D-AB (135) 5246 0.05755 0.05755 

11 C-AB (135) 5131 0.06246 0.06246 

12 C-BD (135) 5333 0.06094 0.06094 

13 A-B (90) 5080 0.10730 0.10730 

14 B-D (90) 5454 0.10800 0.10800 

15 D-C (90) 5345 0.10570 0.10570 

16 C-A (90) 5090 0.10240 0.10240 

17 AB-BD (90) 5161 0.09550 0.09550 

18 BD-DC (90) 5519 0.10210 0.10210 

19 DC-CA (90) 5345 0.10170 0.10170 

20 CA-AB (90) 4817 0.09783 0.09783 
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Table B-7: Results for section STC3_3 

 
SECTION STC3_3 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 5243 0.04608 0.04608 

2 BC (180) 5237 0.04814 0.04814 

3 AB-DC (180) 5179 0.03859 0.03859 

4 BD-CA (180) 5251 0.05166 0.05166 

5 A-BD (135) 5133 0.05783 0.05783 

6 A-DC (135) 5278 0.05574 0.05574 

7 B-DC (135) 5565 0.06905 0.06905 

8 B-CA (135) 5068 0.06184 0.06184 

9 D-CA (135) 5264 0.06302 0.06302 

10 D-AB (135) 5356 0.05994 0.05994 

11 C-AB (135) 5143 0.05927 0.05927 

12 C-BD (135) 5435 0.06589 0.06589 

13 A-B (90) 5059 0.10180 0.10180 

14 B-D (90) 5567 0.10600 0.10600 

15 D-C (90) 5178 0.09313 0.09313 

16 C-A (90) 5142 0.08970 0.08970 

17 AB-BD (90) 5275 0.10310 0.10310 

18 BD-DC (90) 5502 0.10330 0.10330 

19 DC-CA (90) 5247 0.09341 0.09341 

20 CA-AB (90) 4919 0.08675 0.08675 
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Table B-8: Results for section RCH1 

 
SECTION RCH1 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 4517 0.08132 0.08132 

2 BC (180) 4425 0.09192 0.09192 

3 AB-DC (180) 4517 0.10900 0.10290 

4 BD-CA (180) 4592 0.09186 0.09186 

5 A-BD (135) 4584 0.1016 0.1016 

6 A-DC (135) 4627 0.1070 0.1070 

7 B-DC (135) 4672 0.0914 0.0914 

8 B-CA (135) 4525 0.1096 0.1096 

9 D-CA (135) 4624 0.1040 0.1040 

10 D-AB (135) 4534 0.1242 0.1242 

11 C-AB (135) 4528 0.1353 0.1353 

12 C-BD (135) 4627 0.0977 0.0977 

13 A-B (90) 4631 0.1536 0.1536 

14 B-D (90) 4890 0.1354 0.1354 

15 D-C (90) 4867 0.1425 0.1425 

16 C-A (90) 4816 0.1517 0.1517 

17 AB-BD (90) 4778 0.1752 0.1752 

18 BD-DC (90) 4833 0.1350 0.1350 

19 DC-CA (90) 5025 0.1653 0.1653 

20 CA-AB (90) 4870 0.1831 0.1831 
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Table B-9: Results for section RCH2_1 

 
SECTION RCH2_1 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 4593 0.1179 0.1179 

2 BC (180) 4890 0.076 0.07569 

3 AB-DC (180) 4655 0.06384 0.06384 

4 BD-CA (180) 4733 0.08609 0.08609 

5 A-BD (135) 4847 0.08153 0.08153 

6 A-DC (135) 4902 0.09566 0.09566 

7 B-DC (135) 5077 0.09519 0.09519 

8 B-CA (135) 4727 0.1174 0.1174 

9 D-CA (135) 4652 0.1409 0.1409 

10 D-AB (135) 4580 0.1438 0.1438 

11 C-AB (135) 4683 0.08967 0.08967 

12 C-BD (135) 4996 0.08956 0.08956 

13 A-B (90) 4783 0.1234 0.1234 

14 B-D (90) 5087 0.1734 0.1734 

15 D-C (90) 4635 0.1504 0.1504 

16 C-A (90) 5174 0.1693 0.1693 

17 AB-BD (90) 4970 0.1285 0.1285 

18 BD-DC (90) 4931 0.1151 0.1151 

19 DC-CA (90) 4846 0.1392 0.1392 

20 CA-AB (90) 4635 0.184 0.184 
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Table B-10: Results for section RCH2_2 

 
SECTION RCH2_2 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 4913 0.09755 0.09755 

2 BC (180) 4794 0.07568 0.07568 

3 AB-DC (180) 4844 0.08294 0.08294 

4 BD-CA (180) 4883 0.06599 0.06599 

5 A-BD (135) 4898 0.09452 0.09452 

6 A-DC (135) 4797 0.08711 0.08711 

7 B-DC (135) 4785 0.11630 0.11630 

8 B-CA (135) 4902 0.09845 0.09845 

9 D-CA (135) 4895 0.10360 0.10360 

10 D-AB (135) 4702 0.09814 0.09814 

11 C-AB (135) 4575 0.10650 0.10650 

12 C-BD (135) 4839 0.08185 0.08185 

13 A-B (90) 5080 0.14220 0.14220 

14 B-D (90) 5009 0.14390 0.14390 

15 D-C (90) 4890 0.15880 0.15880 

16 C-A (90) 4891 0.13100 0.13100 

17 AB-BD (90) 4762 0.11470 0.11470 

18 BD-DC (90) 5009 0.14570 0.14570 

19 DC-CA (90) 4996 0.13320 0.13320 

20 CA-AB (90) 4615 0.14130 0.14130 
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Table B-11: Results for section RCH2_3 

 
SECTION RCH2_3 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 4688 0.10650 0.10650 

2 BC (180) 4742 0.07797 0.07797 

3 AB-DC (180) 4600 0.06999 0.06999 

4 BD-CA (180) 4791 0.07740 0.07740 

5 A-BD (135) 4777 0.10710 0.10710 

6 A-DC (135) 4859 0.11170 0.11170 

7 B-DC (135) 4901 0.10770 0.10770 

8 B-CA (135) 4721 0.10310 0.10310 

9 D-CA (135) 4890 0.10640 0.10640 

10 D-AB (135) 4675 0.10020 0.10020 

11 C-AB (135) 4576 0.09113 0.09113 

12 C-BD (135) 4847 0.09947 0.09947 

13 A-B (90) 4686 0.12900 0.12900 

14 B-D (90) 4686 0.13200 0.13200 

15 D-C (90) 4728 0.14890 0.14890 

16 C-A (90) 4910 0.15870 0.15870 

17 AB-BD (90) 4572 0.12570 0.12570 

18 BD-DC (90) 4763 0.13810 0.13810 

19 DC-CA (90) 4924 0.11160 0.11160 

20 CA-AB (90) 4633 0.16530 0.16530 
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Table B-12: Results for section RCH3_1 

 
SECTION RCH3_1 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 4810 0.10360 0.10360 

2 BC (180) 4798 0.08995 0.08995 

3 AB-DC (180) 4672 0.08508 0.08508 

4 BD-CA (180) 4534 0.10910 0.10910 

5 A-BD (135) 4548 0.13450 0.13450 

6 A-DC (135) 4834 0.11810 0.11810 

7 B-DC (135) 4762 0.10080 0.10080 

8 B-CA (135) 4622 0.11340 0.11340 

9 D-CA (135) 4805 0.10960 0.10960 

10 D-AB (135) 4648 0.10040 0.10040 

11 C-AB (135) 4625 0.09608 0.09608 

12 C-BD (135) 4805 0.11950 0.11950 

13 A-B (90) 4629 0.15710 0.15710 

14 B-D (90) 4863 0.16070 0.16070 

15 D-C (90) 4971 0.13800 0.13800 

16 C-A (90) 4995 0.14870 0.14870 

17 AB-BD (90) 4533 0.16560 0.16560 

18 BD-DC (90) 4930 0.14470 0.14470 

19 DC-CA (90) 4995 0.13930 0.13930 

20 CA-AB (90) 4643 0.12710 0.12710 
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Table B-13: Results for section RCH3_2 

 
SECTION RCH3_2 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 4645 0.07570 0.07570 

2 BC (180) 4726 0.08904 0.08904 

3 AB-DC (180) 4756 0.10070 0.10070 

4 BD-CA (180) 4646 0.10760 0.10760 

5 A-BD (135) 4593 0.12840 0.12840 

6 A-DC (135) 4810 0.11570 0.11570 

7 B-DC (135) 4675 0.08814 0.08814 

8 B-CA (135) 4591 0.09946 0.09946 

9 D-CA (135) 4834 0.10000 0.10000 

10 D-AB (135) 4757 0.10330 0.10330 

11 C-AB (135) 4664 0.11900 0.11900 

12 C-BD (135) 4758 0.11590 0.11590 

13 A-B (90) 4863 0.14410 0.14410 

14 B-D (90) 4811 0.12990 0.12990 

15 D-C (90) 4874 0.13170 0.13170 

16 C-A (90) 4799 0.14760 0.14760 

17 AB-BD (90) 4592 0.20740 0.20740 

18 BD-DC (90) 4982 0.13960 0.13960 

19 DC-CA (90) 4876 0.12170 0.12170 

20 CA-AB (90) 4642 0.13570 0.13570 
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Table B-14: Results for section RCH3_3 

 
SECTION RCH3_3 Neper / cm 

     # RAYPATH VP (m/s)  

1 AD (180) 4913 0.09216 0.09216 

2 BC (180) 4810 0.07514 0.07514 

3 AB-DC (180) 4830 0.07648 0.07648 

4 BD-CA (180) 4644 0.11470 0.11470 

5 A-BD (135) 4676 0.12840 0.12840 

6 A-DC (135) 5178 0.11160 0.11160 

7 B-DC (135) 5098 0.08541 0.08541 

8 B-CA (135) 4746 0.11100 0.11100 

9 D-CA (135) 5068 0.12670 0.12670 

10 D-AB (135) 4935 0.11110 0.11110 

11 C-AB (135) 4799 0.10350 0.10350 

12 C-BD (135) 4835 0.12390 0.12390 

13 A-B (90) 4956 0.13680 0.13680 

14 B-D (90) 5053 0.14150 0.14150 

15 D-C (90) 5090 0.14340 0.14340 

16 C-A (90) 5168 0.15780 0.15780 

17 AB-BD (90) 4596 0.16030 0.16030 

18 BD-DC (90) 5124 0.13030 0.13030 

19 DC-CA (90) 5096 0.13680 0.13680 
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Table B-15: Summary of the velocity measurements 

SECTION All receivers Receivers at 180 Receivers at 135 Receivers at 90 

all all COVall 180 180 COV180 135 135 COV135 90 90 COV90 

STC1_1 5201 222 4.26% 5131 44 0.86% 5154 82 1.59% 5283 322 6.10% 

STC1_2 5211 148 2.85% 5143 36 0.70% 5188 107 2.07% 5267 192 3.65% 

STC2_1 5217 118 2.27% 5237 64 1.23% 5225 86 1.65% 5199 158 3.04% 

STC2_2 5220 151 2.89% 5270 57 1.09% 5227 90 1.72% 5187 212 4.09% 

STC2_3 5231 165 3.16% 5299 45 0.86% 5259 106 2.01% 5169 221 4.29% 

STC2 5222 148 2.83% 5269 64 1.22% 5237 98 1.86% 5185 204 3.93% 

STC3_1 5225 158 3.01% 5273 107 2.04% 5199 85 1.64% 5226 217 4.16% 

STC3_3 5252 164 3.12% 5228 28 0.54% 5280 157 2.97% 5236 202 3.86% 

STC3 5238 161 3.08% 5250 87 1.66% 5240 137 2.61% 5231 217 4.14% 

RCH1 4674 158 3.38% 4513 59 1.31% 4590 52 1.14% 4839 104 2.15% 

RCH2_1 4820 175 3.63% 4718 111 2.36% 4808 165 3.42% 4883 184 3.77% 

RCH2_2 4854 125 2.57% 4859 45 0.92% 4799 107 2.22% 4907 144 2.93% 

RCH2_3 4748 109 2.30% 4705 71 1.51% 4781 108 2.26% 4738 117 2.46% 

RCH2 4807 147 3.06% 4761 111 2.33% 4796 133 2.76% 4842 172 3.55% 

RCH3_1 4751 149 3.13% 4704 112 2.38% 4706 101 2.14% 4820 176 3.65% 

RCH3_2 4745 109 2.29% 4693 49 1.04% 4710 87 1.86% 4805 121 2.51% 

RCH3_3 4918 179 3.65% 4799 98 2.03% 4917 170 3.46% 4980 189 3.80% 

RCH3 4805 170 3.54% 4732 107 2.25% 4778 162 3.40% 4868 187 3.83% 
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Table B-16: Summary of the attenuation results 

SECTION All receivers Receivers at 180 Receivers at 135 Receivers at 90 

all all COVall 180 180 COV180 135 135 COV135 90 90 COV90 

STC1_1 0.07191 0.02305 0.32052 0.04603 0.00156 0.03380 0.05893 0.00497 0.08436 0.09782 0.01128 11.53% 

STC1_2 0.07324 0.02199 0.30019 0.04586 0.00174 0.03792 0.06159 0.00375 0.06082 0.09859 0.00632 6.41% 

STC2_1 0.06121 0.01607 0.26256 0.04188 0.00588 0.14046 0.05236 0.00247 0.04713 0.07972 0.00377 4.74% 

STC2_2 0.05884 0.01698 0.28861 0.04072 0.00286 0.07029 0.04818 0.00308 0.06387 0.07855 0.00640 8.14% 

STC2_3 0.06183 0.01538 0.24873 0.04308 0.00271 0.06301 0.05310 0.00200 0.03758 0.07994 0.00194 2.43% 

STC2 0.0606 0.0163 26.85% 0.0419 0.0043 10.24% 0.0512 0.0034 6.61% 0.0794 0.0045 5.69% 

STC3_1 0.075751 0.022646 0.298956 0.05101 0.006758 0.13248402 0.061305 0.002929 0.047782 0.10256625 0.00411 4.01% 

STC3_3 0.072712 0.0214362 0.294809 0.046118 0.004782 0.10369414 0.0615725 0.004073 0.066149 0.09714875 0.006773 6.97% 

STC3 0.0742 0.0224 30.22% 0.0486 0.0066 13.49% 0.0614 0.0036 5.87% 0.0999 0.0063 6.33% 

RCH1 0.124179 0.0296305 0.238611 0.092763 0.008884 0.09576629 0.10884125 0.013446 0.123536 0.155225 0.016795 10.82% 

RCH2_1 0.119027 0.0335974 0.282269 0.08588 0.020093 0.23396655 0.10671375 0.022727 0.212974 0.1479125 0.023837 16.12% 

RCH2_2 0.110972 0.0262003 0.236099 0.08054 0.011515 0.142978 0.09830875 0.010183 0.103578 0.13885 0.012065 8.69% 

RCH2_3 0.113398 0.0254338 0.224288 0.082965 0.013948 0.16811685 0.10335 0.005983 0.057891 0.1386625 0.016787 12.11% 

RCH2 0.1145 0.0290 25.31% 0.0831 0.0161 19.37% 0.1028 0.0157 15.24% 0.1418 0.0189 13.34% 

RCH3_1 0.123066 0.023776 0.193198 0.096933 0.009769 0.10078243 0.1115475 0.011828 0.106037 0.14765 0.012128 8.21% 

RCH3_2 0.120032 0.0278565 0.232076 0.09326 0.012116 0.12991209 0.1087375 0.012288 0.113006 0.1447125 0.02491 17.21% 

RCH3_3 0.138318 0.1031353 0.745642 0.17566 0.223189 1.27057584 0.11270125 0.013248 0.117545 0.1452625 0.010409 7.17% 

RCH3 0.1214 0.0257 21.20% 0.0933 0.0135 14.47% 0.1110 0.0127 11.45% 0.1459 0.0173 11.87% 

 


