
i 
 

Detection and Characterization of Defects in Reinforced Concrete Elements 

Using Frequency Response Functions  

 

By 

Sikandar H. Sajid 

 

Department of Civil Engineering and Applied Mechanics 

 

 

 

McGill University 

Montreal, Quebec, Canada 

December 2021 

 

A thesis submitted to McGill University in partial fulfillment of the requirements for the degree 

of Doctor of Philosophy 

 

© Sikandar Sajid, 2021 



ii 
 

 

  



iii 
 

ABSTRACT 

A major portion of the existing reinforced concrete infrastructure suffers from age and durability 

related distress. The climate change appears to increase the rate of these deteriorations, which 

highlights the importance of efficient condition assessment tools for better maintenance and help 

in prudent decision making regarding the repair or replacement of affected structures and optimal 

allocation of funds. The impulse-response test is one of the most versatile of nondestructive test 

methods, which is widely used as a fast scanning method for the condition evaluation of reinforced 

concrete structural elements. However, due to the limited theoretical understanding of the test and 

the empirical nature of damage indices used to interpret the results, the accuracy and potential of 

diagnostics derived from the test have not been rigorously evaluated.  

 First, a thorough literature review is performed to document the published case studies for the use 

of the impulse-response test for the condition assessment of various types of civil engineering 

structures. The review also identifies knowledge gaps relative to the theoretical understanding of 

the test, and the limitations of current data interpretation tools to improve defect detection with the 

test.  

Second, the theoretical basis of the impulse-response test is established using laboratory 

experiments and 3D finite element modeling. The formation of stationary waves after impact with 

a hammer and the relative variation of the local dynamic responses of the test element at different 

measurement points along its surface are shown to form the basis for defect detection. A 

modification in experimental setup is identified and proposed, which enables the localization of 

delamination in a slab using new damage sensitive features derived from an extended frequency 

range of the frequency response function. 

Third, a new signal processing technique based on principal component analysis and outlier 

detection is introduced which uses the frequency response functions (FRFs) obtained using the 

impulse-response test as the vector-valued features. These features are shown to be directly related 

to the presence of defects and their severity. The factor scores associated with the vector-valued 

features are shown to spatially delineate both the delamination and honeycomb in a reinforced 

concrete plate specimen as compared to the existing indices, which only can only delineate the 

delamination. 
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Fourth, a new damage detection procedure based on the affinity propagation (AP) algorithm and 

homoscedasticity is proposed. The FRFs obtained with the impulse-response test according to the 

protocols of ASTM C1740 are combined to generate the feature space matrix. The AP algorithm 

is used to cluster the FRFs in the feature space. Clusters are shown to correspond to either intact 

locations or defects and cluster membership can be used to locate defects in the plate. The 

effectiveness of the algorithm for damage delineation is dependent on the optimal number of 

exemplars and some objective criteria to categorize each cluster according to the severity of 

defects. To achieve this objective, an upper bound for the number of exemplars is proposed for 

optimal defect detection. Further, the variance of the FRF is proposed and validated as a criterion 

for ranking the severity of defects and for merging exemplars that exhibit similar levels of 

variability to ensure the optimal number of clusters. The latter is achieved by checking the 

homoscedasticity of each pair of exemplars using Levene’s test for the equality of variance. The 

proposed procedure is shown to accurately detect debonding and shallow delamination, as well as 

honeycomb and deep delamination, but to a lesser extent. 
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Résumé 

Une grande partie de l’infrastructure existante en béton armé souffre de détérioration due à leur 

âge et leur durabilité. Les changements climatiques semblent exacerber le taux de ces 

détériorations, ce qui souligne l’importance de développer des outils efficaces pour l’évaluation 

de l’état des infrastructures afin de planifier une maintenance efficace et des décisions appropriées 

pour la réparation ou le remplacement des structures affectées et l’allocation optimale des fonds. 

Le test par réponse impulsionnelle est l’une des méthodes d’essai non destructives les plus 

polyvalentes et répandue. Cette méthode, par sa facilité et rapidité d’exécution, permet son 

utilisation sur des grandes surfaces d’éléments structuraux. Cependant, en raison de la 

compréhension théorique limitée de l’essai et de la nature empirique des indices de dommages 

utilisés pour interpréter les résultats, l’exactitude et le potentiel des diagnostics dérivés de l’essai 

n’ont pas été rigoureusement évalués. Premièrement, une revue approfondie de la littérature est 

effectuée pour documenter les études de cas du test pour l’évaluation de l’état de divers types de 

structures de génie civil. Cet examen identifie également les lacunes dans les connaissances 

relatives à la compréhension théorique du test, et les limites des outils d’interprétation des données, 

afin d’améliorer la détection et l’interprétation des défauts. Deuxièmement, les bases théoriques 

du test sont établies à l’aide d’expériences en laboratoire et la modélisation 3D par éléments finis. 

Il est démontré que la formation d’ondes stationnaires suite à un impact à l’aide d’un marteau, et 

la variation relative des réponses dynamiques de l’élément à différents points de mesure le long de 

sa surface constituent le fondement pour la détection des défauts. Une modification mineure dans 

la configuration expérimentale de l’essai est identifiée et proposée afin d’étendre la gamme utile 

des fréquences du test et proposer de nouveaux indices d’endommagement.  Troisièmement, une 

nouvelle technique de traitement de signal basée sur l’analyse en composantes principales et la 

détection des valeurs aberrantes est introduite, qui utilise le FRF dérivé du test de réponse 

impulsionnelle comme caractéristiques vectorielles. Les analyses démontrent que ces 

caractéristiques sont fortement corrélées à la présence des défauts et à leur sévérité. Les scores des 

composantes principales sont utilisés pour délimiter spatialement le délaminage et le nid d’abeille 

dans une plaque expérimentale en béton armé. Quatrièmement, un nouvel algorithme de détection 

de dommages est proposé qui utilise l'algorithme de propagation d'affinité (AP) et 

l'homoscédasticité. Les FRF obtenues avec le test de réponse impulsionnelle selon les protocoles 

de la norme ASTM C1740 sont combinées pour générer la matrice d'espace objet. L'algorithme 
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AP est utilisé pour regrouper les FRF dans l'espace des fonctionnalités. Les regroupements 

correspondent à des emplacements intacts ou à des défauts et l'appartenance à un regroupement 

peut être utilisée pour localiser des défauts dans la plaque. L'efficacité de l'algorithme de 

délimitation des dommages dépend du nombre optimal d'exemplaires et de certains critères 

objectifs pour catégoriser chaque regroupement en fonction de la gravité des défauts. Pour 

atteindre cet objectif, une borne supérieure du nombre d'exemplaires est proposée pour une 

détection optimale des défauts. En outre, la variance de la FRF est proposée et validée comme 

critère de classement de la gravité des défauts et de fusion des exemplaires présentant des niveaux 

de variabilité similaires afin d'assurer un nombre optimal de regroupements. Cette dernière est 

obtenue en vérifiant l'homoscédasticité de chaque paire d'exemplaires à l'aide du test de Levene 

pour l'égalité de la variance. Il est démontré que la procédure proposée détecte avec précision le 

décollement et le délaminage peu profond, ainsi que le nid d'abeilles et le délaminage profond, 

mais dans une moindre mesure. 
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1. Introduction 

1.1 Background and Problem Statement 

The attainment of end of service life and changing climate patterns have rendered a major portion 

of the existing reinforced concrete infrastructure in advanced stages of deterioration. This 

necessitates the need for accurate condition assessment for optimal maintenance strategies or 

informed decisions on replacement. Consequently, several non-destructive test (NDT) methods 

are used to obtain information on internal condition. Several of these methods for the condition 

assessment of concrete in structural elements are documented in the consensus committee report 

of ACI 228.2 (ACI Committee 228, 2013). Many advanced NDT methods for the condition 

assessment of concrete have been developed over the last few decades, such as, acoustic emission 

(AE), ground penetrating radar (GPR), ultrasonic shear wave tomography, infrared thermography, 

and impact-echo (Malhotra & Carino, 2003). The AE needs constant monitoring and hence may 

have limited practicality and lower potential for field deployment. The ground penetrating radar 

and impact-echo work respectively on the basis of the reflection of electromagnetic waves due to 

variations in material media (Maierhofer, 2003) and p-wave due to changes in material impedance 

(Carino, 2013). This limits the defect detectability of both these methods in densely reinforced 

concrete sections. The ultrasonic shear-wave tomography generates a 3D image of the internal 

condition of the test element (Martin, Broughton, Giannopolous, Hardy, & Forde, 2001), yet the 

longer times needed to complete the measurements limits its applications to evaluation of small 

portions of the test element. The infrared thermography is a non-contact fast detection method but 

there are challenges regarding the accuracy of the test results owing to lack of robustness to 

weather and surface conditions (Büyüköztürk, 1998).  

The impulse-response test on the other hand is a widely used fast scanning low frequency method 

with several successful condition assessment applications (Sajid & Chouinard, 2019). This method 

overcomes the limitations of the afore mentioned tests; however, it has limited understanding of 

the technical basis, unknown extent of detectability with the test, robustness of the test results to 

variation in the experimental setups, and empirically based damage indices for defect detection.   

Therefore, an improved understanding on all of the above aspects can lead to better accuracy in 

diagnostics and potential expansion in the capabilities of the impulse-response test.  
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1.2 Research Objectives 

The aim of this research is to characterize the impulse-response test measurements and to furnish 

better defect delineation and potential localization owing to improved physical understanding 

through proposed statistical and unsupervised machine learning algorithms. The following 

objectives and the respective approaches are used: 

a) Perform a critical review of the current state-of-the-art to identify the knowledge gaps. 

Compile all the publish studies on the subject to ascertain the widespread applications of the 

method and potential limitations in different aspects of the test. 

b) Developing a technical basis of the impulse-response test for defect detection in concrete 

plates. 

Using experimental specimen with artificial delamination and 3D finite element model, the basic 

working principal of the test is established. Further, statistical tools are used to determine the 

limiting depth of delamination for detectability with the impulse-response test. In-addition the 

reliability of depth estimates of delamination is quantified using Gaussian process with the 

theoretical damage indices obtained from the extended frequency range of the test.  

c) Improving defect detection with the impulse-response test using statistical features of 

frequency response functions. 

The vectorized frequency response functions derived with the impulse-response test is used in the 

paradigm of statistical pattern recognition for improved defect delineation and identifying defects 

of significance. 

d) Improving defect detection using vectorized frequency response functions for defect 

detection and ranking. 

The vectorized frequency response functions together with affinity propagation algorithm and 

homoscedasticity provided are used to delineate defects. A physics-based approach is used to rank 

defects on a non-binary basis. 
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1.3 Thesis Organization 

This thesis follows a manuscript-based structure. Each of the main chapters consists of an article 

published or submitted in a peer-reviewed journal. Therefore, repetitions could not completely be 

avoided, especially in the introduction sections. All papers are the candidate’s original work 

including the development of software to perform the analyses. 

Chapter 1 provides the background on the issues that are being addressed, the motivation for the 

research, the research objectives, the main lines of the proposed methodology and the structure of 

the thesis. 

Chapter 2 (Article No. 1) presents a detailed literature review compiling the published case studies 

and other condition assessment applications, the current state-of-the-art of the theoretical 

understanding and data analysis procedures for the impulse-response test. 

Chapter 3 (Article No. 2) establishes a theoretical understanding of the test using 3D finite element 

model and experimental results. It also presents the sensitivity of the measurements to the changes 

in the experimental setups, the limiting depth for the detectability of defects with the test, the 

benefit of using extended frequency range with practical modifications in the experimental setup 

and the new damage indices in the extended frequency range. Also, the new damage indices are 

shown to be potentially useful for the localization of defects.   

Chapter 4 (Article No. 3) presents a new signal processing algorithm using the paradigm of 

statistical pattern recognition and outlier detection for the impulse-response test which can 

potentially delineate defects with the same accuracy as that of the highly refined yet time 

consuming ultrasonic shear-wave tomography. 

Chapter 5 (Article No. 4) proposes a defect detection and ranking procedure based on the affinity 

propagation algorithm to cluster the frequency response functions obtained from the impulse-

response test. Location with defects are clustered separately and hence they are delineated. An 

upper bound of the number of clusters, and homoscedasticity are used for increasing the accuracy 

of detection and variance is used for ranking defects on a non-binary basis.  

Chapter 6 summarizes the main conclusions for the current work and the directions for future 

research. 
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2. Impulse Response Test for Condition Assessment of Concrete: A 

Review 

Abstract 

The impulse-response test is one of the most versatile non-destructive test (NDT) methods for 

condition assessment of concrete structures. It is an elastic stress-wave propagation based low-

strain and low frequency NDT method, which is widely employed in the NDT industry. 

Nevertheless, it is used mainly as a relative basis test, in which contour plots of the response 

parameter are used to distinguish between intact and anomalous regions in the test element. This 

article is the first to compile current published literature on the subject. A summary of the 

published case studies using impulse-response test is presented, followed by the current state-of-

the-art of the fundamental theoretical understanding of the method. Current knowledge gaps are 

identified and recommendations are proposed to address these issues. The recommendations are 

aimed to move the impulse-response test from a qualitative NDT method to a quantitative 

condition assessment tool for concrete structures.  

Keywords 

Concrete, non-destructive test, impulse-response test, low-strain integrity test, condition 

assessment. 

2.1 Introduction 

Non-destructive testing (NDT) is employed as a non-invasive indirect testing technique for the 

condition assessment of structures and its component. NDT methods are based on the interaction 

of controlled physical “disturbances” with the internal structure of the test object. Condition 

assessment of a structure is of prime importance before any repair or maintenance operations is 

carried out. This assessment is necessary for efficient repair strategies and appropriate allocation 

of funds for the project (Yehia, Abudayyeh, Nabulsi, & Abdelqader, 2007). There have been 

projects in which the required repair was much more extensive than expected and the repair costs 

exceeded the replacement cost of the whole structure because the internal damage was not 

discovered until the commencement of repair (Jesper Stærke Clausen & Knudsen, 2009). Reliable 

information of the existing condition of a structure, is possible only through an NDT survey using 



6 
 

well-established methods. Furthermore, many NDT methods are employed for quality control 

during or soon after the construction operations (Han, 2004; S Nazarian, Yuan, & Tandon, 1999).  

There are several NDT methods available for the above cited purpose as documented in the 

American Concrete Institute report ACI 228.2R (ACI-228.2R-13). Elastic stress-wave propagation 

based NDT methods are employed widely for the condition assessment of concrete structures. The 

two most versatile of this genre of methods are the impact-echo (IE) and impulse-response 

methods. The IE method was developed by Sansalone and Carino in 1980s at the National Institute 

of Standards (M Sansalone & Carino, 1986) and a detailed description is provided by Sansalone 

(Mary Sansalone, 1997). Besides several inherent limitations of the IE test, the speed of testing is 

considerably slow (Delatte et al., 2003). The impulse-response test, on the other hand, is a fast 

screening method. However, this method differentiates anomalous regions of the test element from 

the integral portion primarily on relative basis. Furthermore, the type of anomaly in the identified 

region and the location along the thickness of the test element cannot be ascertained using this test. 

These two challenges have rendered the impulse-response test primarily a qualitative NDT method 

for which the identified anomalous regions are checked in detail by more refined methods like IE.  

There is sparse published literature on the various aspects of the impulse-response test (Oh, 2012). 

This article provides a comprehensive review of available literature on the subject. Furthermore, a 

critical analysis is presented that identifies the current knowledge gaps and technical challenges. 

Subsequently, future research perspectives are delineated to fill in these gaps.  

Section 1 of this article describes common defects that may occur in concrete structures. Section 

2 describes the impulse-response test with a brief history of the development and a review of 

published case studies of applications for concrete structures. Section 3 reviews the impulse-

response test applied in combination with other testing methods for the assessment of materials 

properties. Section 4 gives an overview of the current state-of-the-art for impulse-response test for 

integrity assessment of drilled shaft foundations. Section 5 reviews the reliability of the impulse-

response test obtained from the published case studies. Section 6 presents theoretical studies of 

impulse-response test for concrete structures. Section 7 presents a critical review and discussion 

on the state-of-the-art by identifying the current challenges in using the impulse-response test and 

research perspectives for addressing these challenges. 
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2.2 Defects in Concrete 

Concrete is a composite material that can be produced from numerous mix proportions using its 

constituent ingredients with the varied end product properties. Concrete can undergo deterioration 

because of durability issues in the short term and long term. Failure of addressing these can 

seriously affect the intended use of the concrete element and, in many cases, the overall integrity 

of the structural system. The most common defects in concrete elements are discussed in this 

section. 

2.2.1 Delamination 

Delamination defects are most common in bridge decks and other plate like reinforced concrete 

structures. Published reports reveal that corrosion affected reinforced concrete structures are 

generally prone to delamination and cracking (C.-Q. Li, Zheng, Lawanwisut, & Melchers, 2007). 

This type of defect is subsurface crack parallel to a surface and in most cases is not noticeable 

given its location. Unchecked progression of delamination may ultimately result in loss of 

structural serviceability and cause premature failure of reinforced concrete elements (C. Li, 2003). 

2.2.2 Cracks 

Cracks in concrete elements may result due to loading, volume change and several durability issues 

like freeze-thaw induced cracking and chemical attack. The cracks provide a direct path for the 

invasive materials to get inside the concrete and further the deterioration. The extent and size of 

the crack is hence an important parameter in condition assessment practices. 

2.2.3 Debonding 

The provision of bonded concrete overlay on pavements and bridge decks is a major rehabilitation 

technique for these structural elements. The bond between the overlay and the existing slab is to 

ensure monolithic behavior. The loss of bond strength, termed as debonding of overlay, due to 

various reasons is a major durability issue in the rehabilitated concrete element. 

2.2.4 Voids and Honeycombing 

Both voids and honeycombing are primarily due to poor quality control during construction. 

Honeycombing is a disproportionately high localized void ratio mainly due to inadequate 

consolidation of concrete.  
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2.2.5 Loss of Ground Support 

This is not a concrete defect per se, rather it is more of geotechnical induced failure. Due to 

geotechnical issues, concrete pavements and tunnel linings may lose the adjacent ground support, 

which affects the integrity of the concrete structure. The primary structural distress in continuously 

reinforced concrete pavements is the edge punchout. It is caused primarily by loss of support 

beneath the pavement (Gharaibeh, Darter, & Heckel, 1999). The loss of soil support around tunnel 

linings can result in circumferential cracking due to differential settlement or longitudinal cracking 

due to ovalization (Leung & Meguid, 2011). Early detection and remedial measures may avoid 

cracking of the tunnel lining. 

2.3 Impulse Response Test Method 

2.3.1 Description of Method 

The impulse-response method is a low-strain, elastic stress-wave propagation-based NDT 

technique. In 1968, the term “La M´ethode d’Admittance M´ecanique” first appeared in the 

literature, which translates as “Mechanical Admittance Method” (Paquet, 1968). Paquet (1968) 

used the electrical transmission line theory and applied it to the one-dimensional problem of 

compressional bar stress wave transmitted from the pile head down the shaft. Throughout the 

course of developments in 1970s and 1980s it had have several names like, Vibration Test, Sonic-

Mobility Method, Transient Dynamic Response (TDR), Impulse Response Spectrum (IRS) and 

Impulse Response Method (IR) etc. Finally, it became known as the impulse response (IR) method 

in early 1990s (Hertlein & Davis, 2007).  

The impulse-response test for concrete structures, other than pile shafts, was developed by Allan 

G. Davis and Bernard H. Hertlein in the twentieth century (AG Davis & Hertlein, 1987; Allen 

Davis, Hertlein, Lim, & Michols, 1996; Allan G. Davis & Hertlein, 1990; Allen G Davis & 

Hertlein, 1995). This test method was traditionally used for integrity assessment of pile 

foundations. However, in 1985, with the advent of relatively portable personal computers with 

analog to digital (A/D) data acquisition cards, high sampling rates, onboard pre-trigger facilities, 

and vastly increased data storage facilities, tremendous advances were made and it enabled the 

impulse-response method to be used for other applications besides pile testing (Allen G Davis, 

2003). The test involves striking the test object with an instrumented hammer and measuring 
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velocity response at adjacent point. The force time history (from the instrumented hammer) and 

the velocity time history (from the transducer) is used in a transfer function to obtain the mobility 

spectrum. The condition assessment of a structure using IR test is performed by interpreting the 

mobility plot, which is the basic output of this test. The steps to develop this plot as given by Sadri 

and Mirkhani (Sadri & Mirkhani, 2009) and Higgs (Higgs, 1979) are:  

a. Calculate the Fourier transforms of the measured force-time function, f(t) and the measured 

response, v(t). These will be denoted as 𝐹(𝜔) and 𝑉(𝜔).  

b. Using the complex conjugate of the Fourier transform of the force-time function 𝐹∗(𝜔), 

compute the cross power spectrum, 𝑉(𝜔) •  𝐹∗(𝜔).  

c. Compute the power spectrum of the force-time function, 𝐹(𝜔)• 𝐹∗(𝜔).  

d. Divide the cross-power spectrum by the power spectrum to obtain the transfer function 

according to Eq. 2-1. 

𝐻(𝜔) =  
𝑉(𝜔)•𝐹∗(𝜔)

𝐹(𝜔)•𝐹∗(𝜔)
   (2-1) 

A typical mobility plot for a plate like element is provided in Figure 2-1. The parameters that can 

be obtained from the mobility spectrum are as follows (Daniel Clem, 2013): 

Average Mobility (Nav) is the mean value of mobility within the frequency range of 100 to 800 Hz. 

This value is related to the elastic modulus, thickness, density, and indicates internal defects 

according to ASTM C1740, which provide guidance on testing plate-like elements. 

Dynamic Stiffness (Kd) is the inverse of the slope of the mobility spectrum from 0 to 40 Hz. The 

dynamic stiffness is affected by the elastic modulus, thickness, support conditions, and presence 

of internal defects. 

Mobility Slope (Mp/N) is the slope of a best-fit line to fit the mobility within the frequency range 

of 100 to 800 Hz. This parameter is used mainly to detect areas of poorly consolidated concrete. 

Peak-Mean Mobility Ratio or Voids Index (v) is the ratio of the peak value of mobility typically 

below 100 Hz, and the average mobility. High values of Peak-Mean Mobility Ratios indicate 

debonding, delamination or loss of support beneath a slab-on-ground. 

The IR test is performed on a grid of various size and a contour plot is created for each of the above 

parameters, all obtained from the mobility spectrum. Typically, estimated parameters are 

compared relative to each other within one test area of comparable boundary conditions. The 

advantages and limitations of the impulse-response test are provided in Table 2-1.  
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Figure 2-1. Typical mobility plot. 

Table 2-1. Advantages and limitations of the impulse-response test. 

Advantages Limitations 

Rapid screening method for plate elements Empirical based method 

High robustness compared with other 

contemporary NDT methods 

Edge effects (Sadowski, 2018; Sadowski, Hoła, 

Czarnecki, & Wang, 2018) and lack of 

understanding of response of plate element with 

various boundary conditions in the test 

Can be used for the assessment of generally 

all primary types of defects in concrete 

Unknown relative sensitivity of the mobility 

indices to various defects 

In Europe and Asia, IR is primarily used for pile integrity testing, while in North America, it is 

also used for the condition assessment of plate-like structures such as bridge decks and industrial 

floor slabs. The basic theory of IR remained the same since 1970, however the range of 
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applications has been increased (Allen G Davis, 2003). In the following, a historic review is 

presented. 

2.3.2 Current State-of-the-Art of Case Studies 

The NDT community following the work of Davis and Hertlein (AG Davis & Hertlein, 1987) 

commenced applying the IR method to structures other than piles. A list (Table 2-2) is provided 

outlining the case studies with the information of the type of structure being tested, the type of 

defect, the mobility spectrum parameters being calculated and if any invasive procedure is 

performed to confirm the IR test results. 

Table 2-2. List of case studies involving structures other than drilled shaft piles. 

Type of 

Structure 

Type of Defect Parameters of 

Mobility Plot 

Confirmation 

using Invasive 

Probing 

Reference 

Portland 

cement 

concrete 

pavement 

voids beneath 

pavement and 

delamination 

dynamic stiffness, 

peak-to-valley 

difference* 

coring confirms 

the map of the 

voids and 

delamination 

(Pederson & 

Senkowski, 

1986) 

Concrete 

pavement 

slabs 

quality and 

integrity of 

concrete and 

quality of subgrade 

support 

not specifically 

mentioned 

coring and visual 

inspection 

(AG Davis & 

Hertlein, 1987) 

Bridge deck honeycombing, 

debonding and 

delamination 

average mobility, 

high frequency 

peaks below 100 Hz 

Not reported (Allan G. Davis 

& Hertlein, 

1990) 

Concrete 

pavement 

crack in the slab, 

voided foundation 

dynamic stiffness, 

flexibility plot (for 

crack detection) 

experiment 

performed in 

control 

environment with 

pre-knowledge of 

the anomaly type 

and extent 

(McCavitt, 

Yates, & Forde, 

1992) 

Concrete 

chimney 

stacks 

cracks, 

delamination and 

debonding 

dynamic stiffness 

and mean mobility 

Coring (Allen G Davis 

& Hertlein, 

1995) 

Mechanical 

draught 

cooling 

towers 

Honeycombed 

concrete, 

debonding of vinyl-

based water 

proofing layer with 

concrete surface 

mean mobility confirmed the 

defects in the 

repair operation 

(Allen G Davis 

& Hertlein, 

1995) 
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Type of 

Structure 

Type of Defect Parameters of 

Mobility Plot 

Confirmation 

using Invasive 

Probing 

Reference 

Bridge 

approach 

slabs 

debonding of the 

overlay and 

delamination 

dynamic stiffness, 

average mobility, 

peak-to-mean 

mobility ratio 

coring at various 

location confirms 

the results of IE 

test and the IR test 

(Allen Davis et 

al., 1996) 

Airport 

runway 

pavement 

honeycombing in 

different concrete 

layers 

not reported not reported (Allen Davis et 

al., 1996) 

Radioactive 

waste 

reinforced 

concrete 

storage tanks 

cracks, 

delamination, 

spalling 

dynamic stiffness, 

average mobility, 

flexibility index 

(peak-to-mean 

mobility ratio) 

not reported, 

however the 

results were 

confirmed by other 

NDT methods 

(Allen G Davis, 

Evans, & 

Hertlein, 1997) 

Soil-filled 

spandrel 

wall, 

reinforced 

concrete 

arch bridge 

poorly consolidated 

concrete 

average mobility Coring (Michols, 

Davis, & Olson, 

2001) 

Six-span 

cast-in-place 

reinforced 

concrete 

spandrel 

arch bridge 

freeze-thaw 

damage and 

delamination 

distress 

average mobility 

and mobility slope 

coring  (Michols et al., 

2001) 

Pre-stressed 

concrete box 

girders 

honeycombing, 

delamination and 

loss of post-

tensioning 

dynamic stiffness 

and average 

mobility 

surface chipping, 

visual inspection 

(AG Davis & 

Petersen, 2003) 

Integrity of 

concrete of 

bridge deck 

below the 

asphalt 

overlay 

Delamination peak-to-mean 

mobility ratio, 

dynamic stiffness 

Coring (Allen G Davis, 

2003) 

Post-

tensioned 

box girders 

variability in web 

thickness, localized 

internal voiding 

and debonding of 

the repair patch and 

honeycombing 

average mobility, 

mobility slope, void 

ratio 

not reported (AG Davis, 

2004) 

Concrete 

tunnel lining 

voids behind 

concrete tunnel 

lining 

average mobility 

and dynamic 

stiffness 

Ground 

penetration radar 

was used to 

(Allen G Davis, 

Lim, & 

Petersen, 2005) 
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Type of 

Structure 

Type of Defect Parameters of 

Mobility Plot 

Confirmation 

using Invasive 

Probing 

Reference 

confirm the voids. 

No coring is 

reported 

Concrete 

floor overlay 

over a thick 

concrete 

base 

debonding of the 

concrete floor 

overlay 

dynamic stiffness, 

average mobility 

coring after 

confirmation with 

impact echo 

(J Hola, 

Sadowski, & 

Schabowicz, 

2009) 

Bridge deck delamination in 

soffit 

average mobility Coring (Jesper Stærke 

Clausen & 

Knudsen, 2009) 

Bridge deck cracks in the 

underside of the 

deck 

average mobility Coring (Jesper S 

Clausen, 

Zoidis, & 

Knudsen, 2012) 

Grout 

beneath steel 

plates 

voids in the grout 

beneath the steel 

plate 

high peaks in the 

mobility spectrum 

removal of the 

base plate for 

repair confirmed 

the presence of 

small voids 

(Limaye, 2013) 

Concrete 

floor 

reduced thickness 

and voids between 

concrete floor and 

its concrete base 

average mobility, 

void index 

Coring (Limaye, 2013; 

Zoidis et al., 

2013) 

Thick 

concrete 

wall in a 

hydroelectric 

dam 

visually 

inaccessible cracks 

average mobility 

and dynamic 

stiffness 

ultrasonic 

tomography was 

conducted and no 

coring information 

is reported 

(Gorzelańczyk, 

Hoła, 

Sadowski, & 

Schabowicz, 

2016) 

Thick 

concrete 

wall in a 

hydroelectric 

dam 

visually 

inaccessible cracks 

average mobility, 

dynamic stiffness, 

peak-mean mobility 

ratio, average 

mobility times 

peak-to-mean 

mobility ratio, void 

index 

ultrasonic 

tomography was 

conducted and no 

coring information 

is reported 

(Gorzelańczyk, 

Hoła, 

Sadowski, & 

Schabowicz, 

2013) 

Roof slab of 

reinforced 

concrete 

Antenna 

pedestal 

voids, 

honeycombing 

average mobility 

and statistical 

analysis (standard 

deviation from the 

mean of the average 

mobility value) 

coring and 

ultrasonic shear-

wave tomography 

(Saldua, Dodge, 

Kolf, & Olson, 

2018) 
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Type of 

Structure 

Type of Defect Parameters of 

Mobility Plot 

Confirmation 

using Invasive 

Probing 

Reference 

Railway 

ballasts 

 contamination of 

ballast (ballast 

fouling) 

dynamic stiffness Experiment 

performed in 

control 

environment with 

pre-knowledge of 

the anomaly type 

and extent 

(Tamrakar, 

Nazarian, 

Garibay, & 

Azari, 2017)  

Bonded 

concrete 

overlay on 

concrete 

floor in 

vestibule of 

freezer 

Debonding/ 

delamination 

Dynamic stiffness, 

mobility slop, 

average mobility 

and void index 

coring (Sadowski, 

2018) 

2.3.3 Current State-of-the-art of Data Analysis 

The first attempt to improve the data analysis and result interpretation of the impulse-response test 

was a presentation by Clem and Schumacher (Daniel  Clem & Shumacher, 2012). They used a 

parameter termed as “system response” or the mobility in time domain. This is obtained by 

transforming the mobility spectrum from frequency domain to time domain using inverse Fourier 

transformation (Eq. 2-2). A typical system response is provided in Figure 2-2. The parameters used 

for the inference of the condition of the object were maximum mobility amplitude and the 

exponential rate of decay. The former being related to flexibility whereby large values would 

possibly be due to delamination while the latter represent the damping whereby large values 

inferred as possible delamination. 

Dodge and Chapa (Dodge and Chapa, 2015) and Saldua et al. (Saldua et al., 2018) suggested a 

statistical approach to the data analysis for the post processing of IR test for the condition 

assessment. The expected response of a structure is defined by the mean average mobility value 

calculated from tests in similar undamaged concrete areas. If average mobility values are greater 

than 4 standard deviations from the mean response, significant defects are likely to be present. If 

values are between 2 and 4 standard deviations from the mean response, material variations such 

as lower density, intermittently bonded cold joints or elevated entrapped air bubbles, are probable. 

If average mobility values are within 2 standard deviations of the mean response, the result 

indicates sound concrete. This approach was somewhat similar to the one used by Amick et al. 
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(Amick, Xiong, Tang, & Gendreau, 2009) in which they developed mobility plots for 22 test points 

on a slab with soil sub-base. These locations were supposedly without any voids beneath the slab. 

Almost all the mobility curves had peaks which represent resonance at frequencies above 70 Hz. 

The authors reported that a slab on a solid subgrade will have resonance at frequencies around 80 

Hz and the stiffness is usually constant up to this frequency. These curves were plotted on a 

logarithmic scale and log mean and ±1 sigma limits were defined. Locations which were suspected 

to have loss of support were tested and the results were shown on the same plot, which were located 

above the +1 sigma limit with resonance at frequencies around 30 Hz. The voided locations were 

repaired and the retesting showed that the mobility curves were within the ±1 sigma range and 

higher resonant frequencies. 

𝐼𝐹𝐹𝑇 [
𝐹𝐹𝑇(𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑡))

𝐹𝐹𝑇(𝑓𝑜𝑟𝑐𝑒(𝑡))
] = 𝑠𝑦𝑠𝑡𝑒𝑚 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒(𝑡)              (2-2) 

 

Figure 2-2. Mobility plot in time domain (Daniel  Clem & Shumacher, 2012). 

2.3.4 Grid Size 

A test grid is always established to obtain the impulse-response test data for post processing and 

subsequently developing contour plot of the response parameters from the mobility spectrum. The 

size of test grid is supposedly determined by the influence zone of the hammer impact around the 

test point. Typically, a 1 kg hammer is used in the impulse-response method, which is believed to 

have an influence zone 600 mm around the impact point (Allen G Davis, 2003; Pederson & 

Senkowski, 1986). A test grid is recommended to have at least 200 individual points in-order to 

be representative of an area (Ethan C Dodge & Chapa). Various authors have reported grid size in 

their studies as presented in Table 2-3. In some projects, after getting highly doubtful mobility 
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values and non-conclusive results, the mesh sizes were made finer to locate the defects and their 

extent (AG Davis & Petersen, 2003). Some studies with huge test areas, several representative 

areas were selected and test grids were laid out in these areas (Jesper Stærke Clausen & Knudsen, 

2009). Dodge and Chapa (Dodge and Chapa, 2015) reported that a grid spacing of 300 mm 

provides an overlap of test point influence area to discount any single high mobility value if the 

adjoining points do not have high values. Test results from within 300 mm of the edge of a plate-

like structure should be disregarded because of the edge effect of the plate on the test results 

(Breysse, 2012).  

Table 2-3. Grid size used in various case studies reported by different authors. 

Structure Geometry/ 

element 

type 

Grid Size, mm unless otherwise 

mentioned 

Reference 

Mechanical Drought 

Cooling Towers 

Rectangul

ar 

900 x 900 (Allen G Davis & 

Hertlein, 1995) 

Tunnel lining circular 

perimeter 

At 60, 120, 240 and 300 degree 

respectively with the center every 

3 m. 

(Allen G Davis et 

al., 2005) 

Bridge deck Plate 800 longitudinal x 300 transverse (Zheng, Ng, & Ong, 

2003) 
 

Bridge deck Plate 900 longitudinal x 450 transverse (AG Davis & 

Petersen, 2003) 

Arch Bridge Arch 1000 x 1000 (Allen G Davis, 

2003) 

Bridge deck supported 

by transverse 

integrally connected 

concrete beams 

Plate 1500 x 1200 and  

1500 x 1550 

(Allen G Davis, 

2003) 

Soffit of bridge deck Plate 1000 x 1000 (Jesper Stærke 

Clausen & 

Knudsen, 2009) 

Bridge deck Plate 500 x 1000 (Jesper Stærke 

Clausen & 

Knudsen, 2009) 
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Structure Geometry/ 

element 

type 

Grid Size, mm unless otherwise 

mentioned 

Reference 

Roof of sewer tunnel Plate 1000 x 1000 (Jesper Stærke 

Clausen & 

Knudsen, 2009) 

Bridge deck Plate 500 x 1000 (Jesper S Clausen et 

al., 2012) 

Side walk Plate 600 x 600 (Lim & Cao, 2013) 

Concrete stair well Wall 300 x 300 (Lim & Cao, 2013) 

Bridge deck Plate 600 x 600 (Daniel  Clem & 

Shumacher, 2012) 

Bridge deck Plate 600 x 900  (Sadeghnejad et al., 

2017) 

2.4 Impulse Response Test with other NDT Methods 

The preceding section summarized various case studies in which impulse-response test results 

were verified with various other tests, particularly using the impact-echo test. Combining impulse-

response testing with IE testing enhances the efficiency of the NDT evaluation. Schabowicz 

(Schabowicz, 2015) presented systematic use of the impulse-response test with various other 

methods for assessing different anomalies in concrete. He presented the methodology for assessing 

delamination in concrete structures accessible from one side only using impulse-response and IE 

tests. Similarly, to assess the macro-heterogeneities in concrete structures accessible from one side 

only, Schabowicz (Schabowicz, 2015) suggested the IR test along with ultrasonic tomography test 

and collecting cores for verification. 

A series of research studies were reported by various authors on estimating the pull-off bond 

strength between concrete layers using NDT methods, including the impulse-response test. In all 

these reports, artificial neural network (ANN) based models were used to estimate the pull-off 

bond strength between concrete layers. The input neurons used for model training, testing and 

validation were obtained through various NDT methods including the impulse-response test. The 

optical laser triangulation test is used to obtain Sa (arithmetical mean height), Sq (root mean square 

height) and Sbi (surface bearing index). Impulse-response test is used to obtain Nav (average 

mobility), Kd (dynamic stiffness), Mp N⁄  (mobility slope) and v (void index). The IE test is used 
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to obtain ft (frequency of the wave reflection from the sample) and fb (interlayer bond strength) 

obtained using pull-off test. The output value of the pull-off adhesion predicted by the artificial 

neural network (ANN) is 𝑓𝑐,𝑏. The models were trained and tested using experimental data. The 

details of these studies are summarized in Table 2-4. 

As can be seen in the Table 2-4, Sedowski and Hola (Sadowski & Hoła, 2014) used two sets of 

input neurons. The comparison of the results of both models are provided. Sadowski and Hola 

(Sadowski & Hoła, 2015) commented on the two sets of input neurons used in the earlier study by 

Sadowski and Hola (Sadowski & Hoła, 2014) and argued that while the inclusion of impact echo 

test parameter increases the reliability of the model results, it is affected by the layer thickness. 

However, the model without the resonant frequency (obtained using IE test) is independent of 

layer thickness and the reliability of the model is not considerably affected.  

The relative error calculated between the interlayer pull-off bond strength obtained using ANN 

and the same obtained using the standard pull-off test with input neurons; 𝑆𝑎, 𝑆𝑞, 𝑁𝑎𝑣, 𝐾𝑑, 𝑓𝑡 and 

𝑓𝑏 ranges from 0.05 to 0.17 (Sadowski, 2015). Furthermore, a practical methodology is given for 

the pull-off bond strength estimation using several methods including the impulse-response test. 

Sadowski et al. (Sadowski et al., 2018) used ANN based algorithms with various input parameters 

to predict the pull-off adhesion for concrete overlay of variable thickness. A total of 15 input 

parameters were obtained using the 3D laser scanning method, the impulse-response test, IE test, 

pull-off method and physical thickness measurement at each grid point. Statistical ranking 

techniques were used to obtain the important parameters as input variables. Czarnecki (Czarnecki, 

2017) reported the NDT evaluation pull-off adhesion of the repaired variable thickness overlay on 

concrete substrate. A total pf 7 input variables were used, namely 𝑆𝑝𝑘 (reduced peak height), 𝑆𝑘 

(core heigt), 𝑆10𝑧 (10 point height), 𝑇 (thickness), 𝑓𝑡, 𝐾𝑑 and 𝑣. The results of both these studies 

involving overlay of variable thickness are shown in Table 2-4. 

While these studies showing promising results of the use of IR and impact echo test to estimate 

the interlayer bond strength, there is no mention of the theoretical basis of their application. Rather, 

these are statistical analyses which use inductive mathematical models and some measures of 

reliability. 
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Table 2-4. Summary of the published data on the IR test for inter-layer pull-off strength estimation 

using pattern recognition based inductive mathematical models. 

Input 

Neurons 

IR test input 

parameters 

Linear correlation coefficient 

(R-squared) between 𝑓𝑏 and 𝑓𝑐,𝑏 

Model Reference 

Training Testing Verification 

𝑆𝑎, 𝑆𝑞, 𝑆𝑏𝑖 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑓𝑏 

𝑁𝑎𝑣, 𝐾𝑑 0.8175 0.8225 0.8401 Radial Basis 

Function 

artificial neural 

network 

(Sadowski, 

2013) 

𝑆𝑎, 𝑆𝑞, 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑓𝑡, 𝑓𝑏 

𝑁𝑎𝑣, 𝐾𝑑 0.9775 0.9725 0.9481 ANN (Sadowski 

& Hoła, 

2014) 

𝑆𝑎, 𝑆𝑞, 𝑆𝑏𝑖 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑓𝑏 

𝑁𝑎𝑣, 𝐾𝑑 0.8847 0.8492 0.8989 ANN (Sadowski 

& Hoła, 

2014) 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑀𝑝 𝑁⁄ , 𝑣, 

𝑓𝑡, 𝑓𝑏 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑀𝑝 𝑁⁄ , 𝑣 

0.8873 0.8701 0.8441 ANN (Sadowski, 

Hoła, & 

Czarnecki, 

2016) 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑀𝑝 𝑁⁄ , 𝑣, 

𝑓𝑡, 𝑓𝑏 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑀𝑝 𝑁⁄ , 𝑣 

0.844 0.858 0.8968 ANN and 

Imperialist 

Competitive 

Algorithm 

(Sadowski, 

Nikoo, & 

Nikoo, 

2017) 

𝑆𝑎, 𝑁𝑎𝑣, 

𝐾𝑑, 𝑓𝑡, 

𝑓𝑏, 𝑇 

𝑁𝑎𝑣, 𝐾𝑑 0.9691 0.9575 0.9815 MLP-BFGS 

Network* 

(Sadowski 

et al., 2018) 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑓𝑡, 𝑓𝑏, 𝑇, 𝑣 

𝑁𝑎𝑣, 𝐾𝑑, 𝑣 0.9019 0.9031 0.8494 MLP-BFGS 

Network* 

(Sadowski 

et al., 2018) 

𝑁𝑎𝑣, 𝐾𝑑, 

𝑓𝑡, 𝑓𝑏, 𝑇, 

𝑀𝑝 𝑁⁄  

𝑁𝑎𝑣, 𝐾𝑑, 

𝑀𝑝 𝑁⁄  

0.8671 0.8816 0.8201 MLP-BFGS 

Network* 

(Sadowski 

et al., 2018) 

𝑆𝑝𝑘, 𝑆𝑘, 

𝑆10𝑧, 𝑇, 

𝑓𝑡, 𝐾𝑑, 𝑣 

𝐾𝑑, 𝑣 0.844 0.904 0.877 MLP-BFGS 

Network* 

(Czarnecki, 

2017) 

*Multi layer perceptron ANN with Broyden-Flechter-Goldfarb-Shanno learning algorithm. 
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2.5 Impulse Response Test for Deep Foundations 

The impulse-response test was developed for the integrity assessment of piles in 1960s in France. 

Davis and Hertlein (Davis & Hertlein, 1991) and Hertlein and Davis (Hertlein & Davis, 2007) 

presented the historical development of low-strain pile integrity testing method which latter 

assumed the name of the impulse-response test. Paquet (Paquet, 1968) presented the basic theory 

in his article “Vibration Study of Concrete Piles: Harmonic Response” and latter advanced by 

Davis and Dunn (Allen G Davis & Dunn, 1974). Davis and Dunn (Allen G Davis & Dunn, 1974) 

reported that there is a relationship between the low-frequency dynamic stiffness measured in the 

impulse-response test and the static stiffness deduced from the initial elastic portion of the load-

settlement curve for a deep foundation load test when 100% recovery is obtained. Most of the case 

studies and developments in the impulse-response test for pile integrity testing occurred after 1990.  

The impulse-response test is extensively used in quality control of cast in-situ concrete piles in 

Europe and Asia. ASTM D5882 (ASTM-D5882) (in which the impulse-response test is termed as 

the transient response method) describes the impulse-response test for pile integrity testing. ACI 

228.2R (ACI-228.2R-13) presents a number of NDT methods for the condition assessment of piles, 

such sonic echo, impulse-response, and cross-hole sonic logging (CSL). Various authors have 

compared these methods for their limitations and advantages. For instance, White et al. (White, 

Nagy, & Allin, 2008) compared sonic echo and CSL. Rausche et al. (Rausche, Ren-Kungz, & 

LilcinsJ, 1991) compared the sonic echo method with the impulse-response test in terms of their 

advantages and limitations. Davis and Kennedy (AG Davis & Kennedy, 1998) used the impulse-

response method for the assessment of alkali-aggregate reaction in the concrete drilled shaft 

foundation of electrical transmission towers. The authors reported successful assessment of 

concrete integrity in the shafts using impulse-response method as confirmed by computer 

simulations to match the simulated response with the field tests. In these simulations, the drilled 

shaft foundations were modeled with three concrete qualities, along with the surrounding soil and 

the anomalies identified in the field tests. Finno et al. (Finno, Gassman, & Osborn, 1997) and 

Finno and Gassman (Finno & Gassman, 1998) reported the results of an experimental study and 

numerical simulations on drilled shaft integrity testing using impulse-response test. The heads of 

the piles during testing were accessible. They concluded that the use of impulse-response test for 

integrity testing of piles with accessible heads is limited primarily by the length to diameter ratio 
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of the shaft, the ratio of the shear wave velocity of the soil to the propagation velocity of the 

concrete, and the soil stratification.  

Pile integrity testing with pile caps is especially challenging given the non-access of the pile top. 

Hertlein and Walton (Hertlein & Walton, 2000) reported that the impulse-response test is most 

effective when applied to the pile top and application through pile caps or grade beams has only 

met limited success. Gassman (Sarah L. Gassman, 1997) reported based on the doctoral research 

findings, which included experimental work and numerical simulations, that drilled shafts 

satisfying the assumption of 1-D wave-propagation can be assessed for their integrity using the 

impulse test with the in-accessible head condition. 

To investigate the ability of using a multiple geophone system to minimize the effects of surface 

waves and reflections from the edges of pile caps for inaccessible-head testing, tests with multiple 

geophones were performed on the inaccessible drilled shafts at the NGES at Northwestern 

University as reported by Gassman and Finno (Sarah L Gassman & Finno, 1999). They used 

multiple geophones on the pile cap to determine the most suitable location to place geophones for 

maximum resolution of toe and anomaly resonances for various pile cap geometries. It was 

reported that the geophone placed near the edge of the pile cap gives high toe and anomaly 

resonances. Also, to further reduce the effect of waves reflected from the boundaries of the pile 

cap, they suggested using multiple geophones at various locations on the cap surface and 

developing a composite mobility response as a more general approach.  

Gassman and Finno (Sarah L Gassman & Finno, 2000) used the results of experimental studies 

and numerical simulations, to determine the frequency below which the impulse-response test 

could be used for in-accessible pile heads. They reported that the geometry of the pile and the pile 

cap influence the cut-off frequency. The two main geometric factors that limit its applicability are 

the ratio of the tributary area of the intervening structure above the shaft to the area of the drilled 

shaft and the ratio of the thickness of the pile cap to the shaft diameter. Furthermore, the geometry 

of the intervening structure must not undermine one-dimensional wave-propagation conditions in 

the underlying drilled shaft.  

Baxter et al. (Baxter, Islam, & Gassman, 2004) used the numerical simulations to understand the 

effectiveness of the impulse-response test for condition assessment of pile shafts with and without 

pile caps. Before this study, numerical simulations had been performed for impact testing based 

NDT of pile shafts using a 1-D model of the shaft (Liao & Roesset, 1997a, 1997b). In the study of 
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Baxter et al. (Baxter et al., 2004) the shaft was modelled without the surrounding soil using 2-D 

and 3-D models and the soil at the base was included. The impulse load of the hammer was applied 

as a point load on the top of the shaft for the 2-D model; while for the 3D model, it was applied as 

distributed force over a small area. The piles with caps were modelled as 3-D elements. While 

both the 2-D and 3-D models accurately predicted the length of the shaft, there was significant 

difference in the average mobility values for both the models. The calculated average mobility 

from the 3-D model more accurately predicted the defect-free condition of the shaft. Piles with 

caps were modelled using a 3-D element. However, the interpretation was more complex due to 

the reflections from the boundaries of the pile cap and its asymmetry. 

Briaud et al. (Briaud, Ballouz, & Nasr, 2002) reported the results of a study in which drilled shafts 

with deliberate and controlled anomalies were tested for class-A prediction by various NDT 

companies using the impulse-response test along with other NDT methods. It should be noted that 

class-A prediction are used to forecast an event before it happens (Lambe, 1973). The purpose of 

the study was to assess the comparative reliability of the NDT methods under study in predicting 

anomalies in drilled shafts. The percent success for various types of anomalies at different depths 

from the top of the shaft is provided in Table 2-5 and will be discussed in the following sections. 

Lo et al. (Lo, Ni, & Huang, 2010) reported the results of a case study in which bridge piles were 

scoured and their integrity was assessed. To handle the presence of pile caps, they used “guided 

impact” on the side of the piles as shown in Figure 2-3. They reported the estimated length of three 

piles using the impulse-response test. The results were obtained using the mobility plot in 

frequency domain and in time-frequency domain. The lengths estimated using frequency domain 

had differences of 3%, 4.9% and -2.4% from the presumed actual value. Similarly, the differences 

were -1.14%, 5.1% and 7% for the time-frequency domain. The authors suggested that though the 

error percentage was slightly higher in the time-frequency domain, it is easier to interpret.   
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Figure 2-3. Impulse-response test impact configuration used by Lo et al. (Lo et al., 2010) for 

piles shafts with caps. 

Ni et al. (S.-H. Ni, Huang, Lo, & Charng, 2011) estimated the flaw size in drilled shaft piles using 

the impulse-response test. They used numerical simulations to study the influence of flaw depth 

ratio (𝑅𝐷), flaw size ratio (𝐴𝑅) and the stiffness ratio (𝑘𝐸) on the resolution of the impulse-response 

test. These parameters are defined as the ratio of flaw depth to the pile diameter, the ratio of the 

flaw area to the intact cross sectional area of the pile, and the ratio of Young’s modulus of elasticity 

of the shaft to that of the soil.  The resolution is the ratio of the local maxima and local minima of 

the mobility plot. As this ratio approaches 1.0, it becomes difficult to see the resonance peaks and 

hence no identifiable shaft length can be deduced from the mobility plot (Finno & Gassman, 1998). 

The numerical mod was validated by comparing the depth of the flaw in the model with the same 

as estimated from the mobility plot of the model. They obtained a regression based model to 

correlate the 𝑅𝐷 (flaw depth ratio = 𝐹𝐷/𝐷) 𝐴𝑅 (flaw size ratio), 𝑘𝐸 (stiffness ratio = 𝑘𝐸 = 𝐸𝑐/𝐸𝑠) 

and 𝑃 𝑄⁄  from Figure 2-4. This model could be used to assess the flaw size within ±10% (S.-H. Ni 

et al., 2011).    
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Figure 2-4. Typical mobility plot obtained from the impulse-response test for a pile (S.-H. Ni et 

al., 2011). 

Huang and Ni (Huang & Ni, 2012) carried out an experimental study for integrity assessment of 

piles with and without pile caps using impulse-response test in comparison with parallel seismic 

survey and sonic echo tests. They reported that the high mass of the pile cap would absorb most 

of the energy of the applied impact and thus the magnitude of the reflected wave from the bottom 

of the shaft was unclear. Furthermore, the reflections from the side boundary of the pile cap likely 

produced interference and made it difficult to identify the pile toe in the reflected signals.    

Abdelrahman (Abdelrahman, 2011) and Khosravi et al. (Khosravi, Abdelrahman, & McCartney, 

2012) used the impulse-response test to understand the thermo-mechanical soil-structure 

interaction for pile shafts due to the inclusion of a ground source heat exchange pump in the deep 

foundation. Khosravi et al. (2012) treated the foundation as an embedded wave guide for a transient 

stress-wave applied to the foundation head using an impact hammer. The decrease in the 

magnitude of elastic wave velocity in the shaft that was observed with increasing temperature 

implied that due to radial expansion in the reinforced concrete shaft, which increases the soil 

confinement, and increased stiffness of the surrounding soil. This was consequent in higher energy 

dissipation of the elastic wave in the shaft. The results from the impulse-response test indicated 

that the measured wave velocity is sensitive to the change in stress state due to differential thermal 

expansion of the foundation and soil during temperature changes. The mobility spectrum from the 

impulse-response test was used to determine the difference between the frequency peaks, which 

in turn is used to calculate velocity according to Eq. 2-3. Where 𝐶 is the wave velocity, ∆𝑓𝑎𝑣𝑒 is 

the average interval between resonance peaks and 𝐿 is the length of the foundation. 
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𝐶 = 2∆𝑓𝑎𝑣𝑒𝐿  (2-3) 

Ni and Huang (S. H. Ni & Huang, 2013) used the impulse-response test for the integrity assessment 

of pour concrete-cased (PCC) piles. PCC piles are constructed by inserting a steel tube mold to the 

designed depth with vibrating drive and then pouring the concrete in the steel tube mold. They 

used numerical simulations validated by experiments in ABAQUS. The soil around the shaft was 

not modelled to get a higher resolution of the signal. The numerical simulations included intact 

models and models with a non-axisymmetric defect. The data collected from various sets of impact 

and sensing location have been presented in this article suggested that the error in length estimation 

increases as the difference between the sensing location and impact point increases. Furthermore, 

they also reported that the reliability in correctly determining a defect is low for the surface 

reflection data in the frequency domain than in the time domain. 

Wu and et al. (Wu, Lai, Cheng, & Yang, 2015) reported the results of an experimental study on 

pile integrity assessment using various surface reflection techniques, including the impulse-

response test. The piles had pile caps and they concluded that impulse-response test could not 

reliably estimate the length of the shaft, however major defects were reportedly identified. The 

major defects were the 20 mm polystyrene placed at 1.2 m depth of a 3m pile. The information on 

the cross-section of the defect due to polystyrene foam was not provided. The diameter of the pile 

was 0.3 m. The study, however, used dimensionally reduced model piles. 

Rashidyan (Rashidyan, 2017) suggested the use of modified impact and sensor locations for the 

surface reflection methods, such as, the impulse-response test, for inaccessible pile heads. 

Numerical simulations and field investigations were performed to determine foundation properties 

for collecting data for the Bridge Management Inventory. It was suggested that for an inaccessible 

pile head, a vertical strike along with a vertically placed sensor is a proper way to conduct impulse-

response and sonic-echo tests. It was concluded that the impulse-response test should not be used 

as a primary tool for shaft length estimation given the lesser reliable results the test furnished in 

the field studies. It is worth mentioning that for length estimation using impulse-response test, the 

compressional wave velocity was assumed, hence the error in the length estimation is partly 

attributed to the error in the assumed valued for the compressional wave velocity. Similar testing 

arrangement, that is, applying impact and sensors locations are on the side of shaft, was reported 

by Wang and Chang (Wang & Chang, 2008) using flexure wave testing for piles integrity 

assessment. 
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The other main limitation of the impulse-response test besides assessments when the pile head is 

not accessible, is the high slenderness ratio of the shaft. For long-slender piles (L/d>30) or piles 

embedded in stiff soil systems, only the initial dynamic stiffness data are obtained, and the 

subsequent toe reflection data are lost (Popovics, 2003). 

2.6 Theory behind the Impulse-Response Test for Concrete Structures 

In the preceding sections, it has been shown how the impulse-response test has been used 

successfully in various case studies of condition assessment and evaluation; however, there is 

disproportionately less published work on understanding the theory behind the test itself. While 

the theoretical interpretation of the impulse-response test for the pile integrity testing is provided 

by Davis and Dunn (Allen G Davis & Dunn, 1974), there are few publications available on such 

studies for concrete structures other than piles. Unlike the impact-echo test, for which the theory 

is well established and hence can be used for quantitative assessment, impulse-response test is 

therefore more of a relative condition assessment technique.  

Reddy (Reddy, 1992) used a curve-fitting algorithm with the flexibility response curve (obtained 

by the integration of mobility spectrum) from impulse-response testing of slabs to extract modal 

parameters such as static flexibility and maximum flexibility. Two curve-fitting approaches were 

used. First, a built-in function that extracts the poles and zeros and gain of the flexibility spectrum 

was used. Second, the curve fitting process given by Desai (Desai, 1991) was utilized. With these 

extracted parameters, the shear modulus and damping ratio of the subgrade could be computed. 

Reddy concluded that this flexibility based impulse-response testing produced repeatable results 

and that the method was successful in locating voids greater than twice the thickness of the slab. 

Nazarian et al. (Soheil Nazarian, Reddy, & Baker, 1994) presented the details of the flexibility 

based impulse-response method and case studies to demonstrate its application. Again, the 

procedure showed its robustness in detecting voids underneath rigid pavements (Soheil Nazarian, 

Baker, & Crain, 1995). 

Nazarian and Reddy (Soheil Nazarian & Reddy, 1996) studied the sensitivity of the impulse-

response test for defect detection in rigid pavements. They used numerical simulation and modal 

time-history analyses to study the effect of thickness and elastic modulus of the slab, the modulus 

of subgrade of the soil, the length and width of the slab, location of the impact, and size and 

location of the defects. They adopted a statistical approach to study the effect of each of these 
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parameters on the mobility plot of rigid pavements on soil sub-base. This study only deals with 

rigid pavements and no insights are provided on the application of the empirical sensitivity models 

to other structures or in different situations.   

Ottosen et al. (Ottosen, Ristinmaa, & Davis, 2004) used the analogy of a beam on an elastic 

foundation for the slab on soil and obtained mobility plots using analytical solutions for various 

cases. The case studied involved a beam having an imperfection in the foundation and the beam 

having honeycombing with a perfect foundation. According to the analytical solutions, a void in 

the foundation will increase the mobility dramatically at low frequencies whereas it leaves the 

mobility curve unchanged for higher frequencies. On the other hand, honeycombing in the concrete 

will increase the mobility at high frequencies; whereas, the influence for low frequencies is less 

significant. These conclusions are in good agreement with field experience for concrete slabs 

resting on soil. However, this approach is tractable for a simple structure like beam, but very 

complex for application to the other structures. Hola et al. (Jerzy Hola, Sadowski, & Schabowicz, 

2011) further explained the equations for the impact, the resulting response and mobility given by 

Ottosen et al. (Ottosen et al., 2004) using the experimental data. 

Clem et al. (DJ Clem et al., 2013) studied the underlying principles of the impulse-response test 

for detecting delamination in a bridge deck. Finite-element simulations, calibrated with the results 

of field studies, were used to study the effects of the depth and size of the delamination on the 

measured parameters of the impulse-response test. They identified the shortcoming of the 

frequency limit of 800 Hz suggested by the ASTM C1740-16 and suggested that shallow 

delamination of significance may not be assessed with this frequency limit on the mobility plot. 

Their finding that useful frequency range in impulse-response test extends beyond 800 Hz is in 

contradiction with the useful frequency range of 0-1000 Hz given by Davis and Hertlein (Allen G 

Davis & Hertlein, 1995) and the 0 - 800 Hz suggested by ASTM C1740-16. This limit is based 

largely on the practical experiences of Dr. Allan G. Davis who initiated the development of the 

standard practice before his death. Furthermore, they reported that even if the location of a 

delamination is known, its size cannot be uniquely determined. While this study gives important 

insights, it only discussed the delamination and the authors suggested further investigations 

regarding other defect types and using various frequency ranges for the mobility plots. 
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2.7 Reliability of Impulse-Response Test 

Being a wave reflection technique, the impulse-response test can identify defects in the material 

that are greater than the wavelength of the elastic stress-wave used in the test. While the reliability 

of the impulse-response test in the form of the probability of correctly detecting a defect and the 

probability of false detection is not well-established, several studies give a glimpse of such 

information. Regarding the reliability of this test, disproportionate little published work is 

available for concrete structures other than drilled shafts. A summary of such studies for drilled 

shafts is provided by Ni et al. (S.-H. Ni et al., 2011) who reported the percentage detection of 

defects by the impulse-response test and along with other wave reflection methods. Table 2-5 

summarize the results of the study reported by Briaud et al. (Briaud et al., 2002).  

Table 2-5. Impulse-response test success rate of pile integrity assessment reported by (Briaud et 

al., 2002). 

Type of Defect Location from the top of the pile Percent Success of Impulse-

response Test 

Bulging/Underream 0-8 44 

8-14 25 

0-14 38 

Necking 0-8 56 

8-14 38 

0-14 50 

Soft Bottom 11.6 - 16.8 15 

Mud Cake 0 - 11.6 0 

Tremie Displacement 5.3 25 

Length 0 – 15 92 

15 – 25 59 

0 – 25 73 

Baker & et al. (Barker et al., 1991) reported the study in which one of the objectives were to 

evaluate several NDT methods including the impulse-response test (termed in the report as 

transient dynamic response test) for defect detection in drilled shaft piles. A total of 20 piles with 
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and without defects at sites in California and Texas were used in this study. This document presents 

an extensive work exploring many dimensions of quality control, acceptance criteria and testing 

of drilled shaft piles. The results of a portion of piles for only impulse-response test are provided 

in Table 2-6. 

Table 2-6. Impulse-response test results for drilled shaft piles with various planned defects based 

on (Barker et al., 1991). 

Anomaly 

Category 

Anomaly type Depth to 

Anomaly 

(ft.) 

% shaft 

area 

effected 

TDR 

Detection 

Soil 

Condition 

Shaft-area 

reduction 

Inclusion 13 15 No Dry/dense 

Neck-in 8 48 No Dry/dense 

Neck-in 43 50 Yes Wet/soft 

Construct-

ion and 

Material 

related 

anomaly 

Cold-joint 6.5 100 No Dry/dense 

Weak-concrete 14.5-

16.5 

100 No Dry/dense 

Tremie-defect 15 100 Yes Wet/soft 

Perimeter 5.5-10 92 No Dry/dense 

Soft base Soft base (mulch) 27 100 Yes Dry/dense 

Soft base (mulch) 32 300 Yes Dry/dense 

Soft base 

(sand/gravel) 

33 100 No Dry/dense 

Rix and et al. (Rix, Jacobs, & Reichert, 1993) used several wave reflection techniques, including 

the impulse-response test for the drilled shafts. The impulse-response test estimated a length of 

17.2 m for an actual length of 16.9 m for one pile using measured compressional wave velocity 

(𝑣𝑐) and Eq. 3-3. The estimated length of the second pile was 18.2 m for an actual length of 21.4 

m. The authors reported the presence of partially weathered rock at a depth of 19.5 m. It is worth 

mentioning here that the impulse-response test was used to estimate length for a measured 

compressional wave velocity (𝑣𝑐) and the spacing between the peaks (∆𝑓) in the mobility 

spectrum. It should however be noted that if the compressional wave velocity of the pile material 

is assumed, then the error in length estimation is primarily attributed to the error in the assumed 

value of 𝑣𝑐. Olson et al. (Olson, Aouad, & Sack, 1998) reported the results of impulse-response 

testing of a pile with a length of 18.9 m. The impulse-response test showed an anomaly at 10.8 m 

compared to 11 m of actual depth of the flaw. They, however, reported that the length of the pile 
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could not be estimated due to the absence of resonant peaks from the bottom of the shaft, 

presumably due to the extent of the defect.  

The authors could not find any published data on the probabilistic reliability of impulse-response 

test presenting the probability of detection and probability of false alarms. Furthermore, there is 

no mention of the smallest defect that can be identified using this method for concrete structures 

other than drilled shafts. 

2.8 Discussion and Future Perspectives 

A close variant of the impulse-response test has been in use in the aerospace industry for testing 

and inspection of aircraft components prior to its use for civil engineering structures (Jones & 

Stiede, 1997). Since then, besides its use in integrity assessment of piles and other concrete 

structures, the impulse-response test has been used in the assessment of fatigue cracks in steel 

anchor rods (Keller, Cohen, Pakzad, & Pessiki, 2017). One of the first applications of this method 

in assessment of voids beneath concrete was to assess the quality of grouting behind the lining of 

the English Channel Tunnel (Allen G Davis et al., 2005). The method, while praised for being a 

fast scanning technique, has only been used on relative basis for the condition assessment of 

concrete elements. The qualitative use of the test is the attributed to empirical basis and lack of 

understanding of the basic theory of the test. The published studies have no theoretical support of 

how the mobility spectrum indices, as described by ASTM C1740-16 (ASTM-C1740-16, 2016), 

are influenced by the different type of defects. A specific type of defect may not be necessarily 

influencing a single index of the mobility spectrum, hence making it difficult to determine the type 

of defect that might be present in the structure. While the use of multiple NDT tests is 

recommended for high confidence of results, it is un-economic in-terms of cost of the equipment 

and training of the testing personnel, which is an important aspect of performing NDT (Carino, 

2013). Therefore, given the advantages and its successful employment in various applications as 

discussed in the preceding sections, further research is needed to develop the impulse-response 

test as a quantitative test method, like its contemporary IE method. Various authors have cited the 

benefit of the impulse-response test over its contemporary IE test due to the fact that the former is 

less sensitive to the presence of embedded steel in concrete and is therefore suitable for condition 

assessment of thick reinforced concrete members (Cao, 2010; Ethan C. Dodge & Chapa, 2015).  



31 
 

The studies on understanding the theory behind the impulse-response test such as presented by 

Nazarian and Reddy (Soheil Nazarian & Reddy, 1996), Ottosen et al. (Ottosen et al., 2004) and 

Clem et al. (DJ Clem et al., 2013) need to be investigated further so that the research questions 

may be addressed to provide a strong theoretical basis for defect detection by the impulse-response 

test. Specifically, the following topics should be investigated; 

1. The zone of influence of the impact needs to be understood. With this information, the 

engineer will be in a better position to select the grid size to be used in the field for damage 

detection in plate-like structures. Numerical simulations of the impulse-response method 

will be an effective method for addressing this issue. 

2. The impulse-response test is used often to check for voids beneath pavements or slabs. The 

relationship between measured response and void size and thickness of the pavement needs 

to be investigated in order to determine if a quantitative assessment of void size below 

pavements is feasible. A comparison needs to be performed with the models developed by 

Nazarian and Reddy.  

3. Experimentally validated numerical simulations should be performed to better understand 

how the vibrational response of a plate is affected by the presence of honeycombed 

concrete. It will help in better understanding why the slope of the mobility has been 

empirically related to the presence of honeycombing. 

4. There is a high potential for more advanced methods of data analysis of the signals given 

the immense development in digital signal processing. In pile integrity assessment, 

impulse-response test data analyzed using the wavelet transform and the complex 

continuous wavelet transform have resulted in easier interpretation of the results compared 

with traditional mobility plot (S.-H. Ni, Yang, & Lyu, 2014; S.-H. Ni, Yang, Tsai, & Chou, 

2017). 

5. A probabilistic reliability analysis needs to be performed in-order to quantify the 

probability of defect detection and probability of false alarms using the impulse-response 

test. Furthermore, the smallest defect that can be detected and the largest defect that can go 

undetected using this test method needs to be investigated. 
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2.9 Conclusion 

While the impulse-response test is used extensively for the condition assessment of concrete 

structures, there has been relatively few studies on the basic theory of the test as compared to the 

number of published case studies. After a critical analysis of the published literature and case 

studies of various applications of the impulse-response test, the following research directions are 

suggested: 

a. Effect of hammer impact duration and evaluating influence zone of the hammer for 

optimized grid size for the impulse-response test. 

b. The theory behind the features of the mobility plot that have been correlated empirically to 

different types of defects. 

c. Quantifying the reliability of impulse-response test results for different types and size of 

defects. 

d. Improving the interpretation of impulse-response test results using the contemporary signal 

processing tools. 

The above research directions will improve the understanding of different aspects of the impulse-

response test, which are explained in the preceding section. Furthermore, these are aimed at 

establishing a theoretical basis of the test, thereby rendering it as a quantitative assessment method 

at par with other contemporary stress-wave NDT methods for the condition assessment of concrete 

elements.  
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3. Developing a New Understanding of the Impulse Response Test 

for Defect Detection in Concrete Plates 

Abstract 

The objective of this research is to develop a technical basis of the impulse-response test for 

condition assessment and to improve its diagnostics for concrete plates. Impulse-response tests 

were performed on a fully supported concrete plate with artificial delaminations of various planar 

sizes at different depths. Defect detection was first performed using the empirical damage indices 

defined in ASTM C1740, which are based on the shape characteristics of the frequency response 

function (FRF) between 10 and 800 Hz. Next, the test procedure was modified for extending the 

frequency range of FRF, revealing that delaminations introduce vibration modes with distinctive 

high frequencies not present in intact portions of the plate and not detectable in the currently used 

frequency range of the test due to the hammer tip typically used. A validated 3D finite element 

model of the experimental plate is used to correlate the dynamic response of test points with 

experimental FRFs, indicating that the distinctive high frequencies in the extended FRF measured 

on delaminations correspond to the first bending mode characterized by a local reduction in 

flexural rigidity and in the damping of the plate. The effect of experimental setups, such as the 

relative distance between the sensor and the hammer, is shown to have a significant effect on the 

accuracy of defect delineation for large and shallow delaminations. A new damage index based on 

the resonant frequency from the extended FRF with a modified experimental setup is proposed for 

estimating the planar size and depth of delaminations. The performance of the proposed index is 

demonstrated through experimental data as well as parametric numerical simulations. Multiple 

regression is used to estimate the detectability, depth, and extent of delaminations as a function of 

the proposed and currently used damage indices. The resonant frequency is found to be more 

informative for the planar size of the delamination compared to the depth, while the average 

accelerance is more informative for the depth of delamination and less for its planar size. 

Furthermore, the results indicate that the test may have limited detectability and application for 

delaminations deeper than 300 mm. Finally, the prediction accuracy for the depth and size of 

delamination is demonstrated based on Gaussian processes and is presented in the form of 

confidence ellipses. The prediction model is shown to be reasonably accurate for shallow defects 
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(< 300 mm), which are the most critical for durability and structural performance. While the 

impulse-response test has been used since the early 1990s for condition assessment of concrete 

elements other than drilled shaft piles, this study is among the most comprehensive on its physical 

basis, the influence of experimental setups, the extension of the frequency range, the 

characterization of delaminations, and detection limitations of the test.  

Keywords 

Impulse-response test, delamination, mobility spectrum, defect localization, stress-wave 

propagation, non-destructive testing. 

3.1 Introduction 

The corrosion and expansion of steel rebars is the main source of delamination in reinforced 

concrete and is one the main cause for the reduced service life and high-maintenance costs of civil 

infrastructure (Idorn 1991). Delaminations are not visible unless they are severe enough to result 

in surface cracking.  However, early detection of delamination is critical for timely maintenance 

and repairs and can only be achieved though the means of non-destructive testing (NDT). The 

NDT methods are generally used for local level assessment contrary to structural health monitoring 

which is aimed at global level assessments of a test element or a structure. The basic paradigm of 

many NDT methods is using controlled excitations on the test element and recording the responses 

at predetermined locations. Physical factors such as frequency range of the responses, the 

excitation mechanism, and the locations of sensors on the structure determine the type of NDT 

method. A number of NDT methods for the condition assessment of concrete elements on local 

level are documented in ACI 228.2R-13 (ACI). Among these, the most commonly used tests are 

the impact-echo (ASTM-C1383-15 2015), impulse-response (ASTM-C1740-16 2016), ultrasonic-

echo, and ground penetrating radar (ASTM-D6432-11 2011). The impact-echo method is based 

on the analysis of the propagation and reflection of P-waves due to changes in acoustic impedance 

in the presence of defects. The test is reliable; however, the time required to perform the test at 

multiple locations limits its applicability to areas that had previously been targeted as potentially 

deficient. More recently, air-coupled sensing technology has been introduced to replace contact 

sensors (Ham and Popovics 2015; Zhu and Popovics 2007), which reduces considerably the time 

required to perform the test. Nevertheless, performing the test over large surfaces remains time 

consuming given repeatability issues and difficulties in selecting the impactor for the proper 

frequency range. The ultrasonic-echo or ultrasonic shear-wave tomography is used to generate 3D 
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tomograms using the synthetic aperture focusing technique (SAFT) (Aldo et al. 2013). One of the 

common uses of this method is for the integrity assessment of pre-stressed tendon grouts (Martin 

et al. 2001). The test provides high resolution assessments but the amount of time required to 

perform a test is a limiting factor.  Ground penetrating radar uses the propagation and reflection of 

electromagnetic waves as a function of changes in dielectric properties in the presence of defects 

and reinforcing steel to perform assessments. However, the interpretation of field measurements 

remains complex and is the subject of ongoing research using innovative data analysis procedures 

(Sun et al. 2018; Tarussov et al. 2013), and machine learning algorithms (Asadi et al. 2019; Kang 

et al. 2019). Because it is based on electrical properties of materials, signals are dominated by 

interactions with the steel reinforcement and other embedded metallic objects, which impairs the 

assessment of defects located below the steel reinforcement. 

3.2 Impulse-response Test 

The impulse-response test, on the other hand, is a relatively low frequency stress-wave propagation 

condition assessment method, which is widely used in practice since it requires relatively very 

little time to perform and can thus be used across large surfaces (Davis 2003). The test was initially 

developed to verify the integrity of piles (Higgs and Robertson 1979) and subsequently extended 

for other applications such as bridge decks and floor slabs (Davis and Hertlein 1987), concrete 

chimneys (Davis and Hertlein 1995), highway pavements (Davis et al. 1996), radioactive waste 

tanks (Davis et al. 1997), and concrete tunnel linings (Davis et al. 2005). The standard test 

procedure is described in ASTM C1740-16 (ASTM-C1740-16 2016). To perform the test, an 

impact is applied at a test point and the velocity time history of the response close to the hammer 

is recorded. The recommended rubber tipped impactor has a useful frequency range up to 1 kHz. 

The FRF is defined in Eq. 3-1 (ASTM-C1740-16 2016) and is also referred to as the mobility 

spectrum or mobility plot.  

𝐻(𝜔) =  
𝑉(𝜔)•𝐹∗(𝜔)

𝐹(𝜔)•𝐹∗(𝜔)
  (3-1) 

In Eq. 3-1, 𝐻(𝜔) = the mobility spectrum of the velocity FRF; 𝐹(𝜔) and 𝑉(𝜔) are respectively 

the Fourier transform of the force-time function from the impactor and the velocity-time function 

of the sensor, and 𝐹∗(𝜔) is the complex conjugate of the Fourier transform of force-time function 

of the impactor.  
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Several indices are derived from the mobility spectrum and are used as indicators of different types 

of defects (Figure 3-1). The dynamic stiffness is defined as the inverse of the slope of the mobility 

spectrum upto around 40 Hz and the voids index is defined as the ratio of the highest amplitude of 

the FRF in the range from 0 to 100 Hz range to the average mobility. The average mobility is the 

average value of the mobility between 100 to 800 Hz.  Measurements are typically performed and 

indices evaluated across a series of grid points drawn at the surface of the test element. Contour 

plots of the indices are used to identify locations that exhibit anomalies relative to other locations 

across the test element. The associations between changes in the mobility spectrum indices and 

the presence of various types of anomalies are based primarily on empirical observations and 

expert judgment (Davis and Hertlein 1987; Davis et al. 1997; Davis and Hertlein 1995; Davis et 

al. 1996). Current practice is to limit the mobility spectrum to a maximum frequency of 800 Hz.   

 

Figure 3-1. Mobility spectrum and definition of mobility indices (ASTM C1740-16). 

3.3 Motivation and Objectives of Research 

The test does no have a well established physical understanding that forms the basis of defect 

detection with it in concrete elements except for the drilled shaft piles (Davis et al. 1974; Finno 

and Gassman 1998; Higgs 1979). There are many case studies for the application of the impulse-

response test on different types of concrete elements but very few publications on the theoretical 

basis for the association between the indices and damage (Sajid and Chouinard 2019). Ottossen et 

al. (2004) provide an analytical solution for the impulse-response test applied to a beam on an 

elastic foundation. According to their results, the presence of a void at the foundation interface 

increases the mobility in the low-frequency range, while honeycombing in the beam increases the 
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mobility in the high frequency range due to a reduction in the damping. A summary of applications 

of the impulse-response test for various types of condition assessment is provided in Table 3-1. 

However, in most instances the results and interpretations are empirical and case specific. Many 

issues remain unanswered such as the effect of the depth and planar size of defects on the response 

spectrum, on the selection of hammer size and tips to modulate the useful frequency range of the 

FRF and its influence on assessment, on boundary conditions of test elements, and on the location 

of the sensor relative to hammer impact sites and to damage location. The objective of this research 

is to address some of these issues through experimentation and 3D finite element (FE) modeling. 

In this application, a clamped concrete plate with artificial delaminations of various planar sizes 

at different depths is used for the experimental part. The plate is clamped to decrease boundary 

effects for defects near the edges of the plate and to replicate field conditions for concrete gate 

supports in dam spillways. The experiment and 3D FE model are used to develop an improved 

interpretation of test results and of the physical response of the plate to impacts in proximity to 

delaminations. Original contributions relate to fundamental findings demonstrating how standing 

waves and hence the relative variability of the local dynamic characteristics of the test points form 

the basis of detection with the impulse-response test, the interaction of a delamination with the test 

measurements, how detectability of defects can be improved by extending the useful frequency 

range of the FRF with stiffer hammer tips and stricter control of distances between the impactor 

and the sensor, and demonstrating for the first time how the impulse response test can be used to 

obtain probabilistic estimates of the depth and extent of delaminations. 

The paper is organized by first describing the experimental specimen and the testing protocols 

using both currently recommended indices and the proposed modifications. Subsequently, a 3D 

FE model of the specimen is used to replicate experimental conditions and to characterize the 

dynamic response of test points during the measurements, model the impact and wave propagation 

during the test, and investigate the influence of different experimental setups on the results of the 

test. Next, a parametric study using numerical simulations is performed to investigate the effects 

of the orientation and extent (size and depth) of delaminations on detectability with the test. 

Statistical models using Gaussian processes are derived for both the experimental and parametric 

numerical simulations data, which demonstrate the possibility of using different damage indices 

to evaluate the planar size and depth of delamination. Finally, the article concludes with a 

discussion on the significance of the results for damage characterization and on knowledge gaps 
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to further develop the potential of the impulse-response test for the condition assessment of 

concrete elements. 

Table 3-1. Summary of case studies using the impulse-response test (Sajid and Chouinard 2019) 

Type of 

Structure 

 Type of Defect Indices of Mobility Plot Reference 

Concrete 

pavement slabs 

 quality and 

integrity of 

concrete and 

quality of 

subgrade support 

not specifically 

mentioned 

(Davis and 

Hertlein 

1987) 

Bridge deck  honeycombing, 

debonding and 

delamination 

average mobility, high 

amplitude peaks below 

100 Hz 

(Davis and 

Hertlein 

1990) 

Concrete 

pavement 

 crack in the slab, 

voided foundation 

dynamic stiffness, 

flexibility plot (for crack 

detection) 

(McCavitt et 

al. 1992) 

Concrete 

chimney stacks 

 cracks, 

delamination and 

debonding 

dynamic stiffness and 

mean mobility 

(Davis and 

Hertlein 

1995) 

Mechanical 

draught cooling 

towers 

 Honeycombed 

concrete, 

debonding of 

vinyl-based water 

proofing layer 

with concrete 

surface 

mean mobility (Davis and 

Hertlein 

1995) 

Airport runway 

pavement 

 honeycombing in 

different concrete 

layers 

not reported (Davis et al. 

1996) 

Radioactive 

waste 

reinforced 

concrete storage 

tanks 

 cracks, 

delamination, 

spalling 

dynamic stiffness, 

average mobility, peak-

to-mean mobility ratio 

(Davis et al. 

1997) 

Soil-filled 

spandrel wall, 

reinforced 

concrete arch 

bridge 

 poorly 

consolidated 

concrete 

average mobility (Michols et al. 

2001) 

Pre-stressed 

concrete box 

girders 

 honeycombing, 

delamination and 

loss of post-

tensioning 

dynamic stiffness and 

average mobility 

(Davis and 

Petersen 

2003) 
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Type of 

Structure 

 Type of Defect Indices of Mobility Plot Reference 

Integrity of 

concrete of 

bridge deck 

below the 

asphalt overlay 

 Delamination peak-to-mean mobility 

ratio, dynamic stiffness 

(Davis 2003) 

Post-tensioned 

box girders 

 variability in web 

thickness, 

localized internal 

voiding and 

debonding of the 

repair patch and 

honeycombing 

average mobility, 

mobility slope, peak-to-

mean mobility ratio 

(Davis 2004) 

Concrete tunnel 

lining 

 voids behind 

concrete tunnel 

lining 

average mobility and 

dynamic stiffness 

(Davis et al. 

2005) 

Concrete floor 

overlay over a 

thick concrete 

base 

 debonding of the 

concrete floor 

overlay 

dynamic stiffness, 

average mobility 

(Hola et al. 

2009) 

Bridge deck  delamination in 

soffit 

average mobility (Clausen and 

Knudsen 

2009) 

Bridge deck  cracks in the 

underside of the 

deck 

average mobility (Clausen et al. 

2012) 

Grout beneath 

steel plates 

 voids in the grout 

beneath the steel 

plate 

high peaks in the 

mobility spectrum 

(Limaye 

2013) 

Concrete floor  reduced thickness 

and voids 

between concrete 

floor and its 

concrete base 

average mobility, peak-

to-mean mobility ratio 

(Limaye 

2013; Zoidis 

et al. 2013) 

Thick concrete 

wall in a 

hydroelectric 

dam 

 visually 

inaccessible 

cracks 

average mobility, 

dynamic stiffness, peak-

mean mobility ratio, 

average mobility times 

peak-to-mean mobility 

ratio, voids index 

(Gorzelańczy

k et al. 2013) 

Roof slab of 

reinforced 

concrete 

antenna 

pedestal 

 voids, 

honeycombing 

average mobility and 

statistical analysis 

(standard deviation from 

the mean of the average 

mobility value) 

(Saldua et al. 

2018) 
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3.4 Experimental Investigation 

Tests were performed on a concrete plate with delamination of various planar sizes at different 

depths (Table 3-2). The experimental plate is 457 mm thick and has planar dimensions of 3,480 

mm by 2,500 mm. It was cast on a concrete block with 1 m thickness with nominal planar 

dimensions of 3,480 mm by 3,480 mm. The base material of the slab was a general-purpose 30 

MPa ready mix air-entrained concrete with a nominal mass density of 2,412 kg/m3, w=c of 0.57, 

aggregates combined in ratios of 1:3.3:3.5, and slump of 22 mm. The delaminations were 

introduced by placing polystyrene foam pieces with a compressive strength of 0.14 MPa (Figure 

3-2 and Figure 3-3). The reinforcement steel is provided on the right half of the plate to understand 

its influence on the detectability of delamination below it. The experimental plate and boundary 

conditions were designed to replicate defects in concrete supports of the dam spillway gates and 

to investigate their detection with the impulse response test. Other configurations of concrete 

elements and boundary conditions are planned to extend the results of this study. The simulation 

of delamination by introducing polystyrene sheets in concrete elements has been used in several 

previous experimental studies (Kee et al. 2012; Zhu and Popovics 2007).  

Table 3-2. Dimensions and depths of planar defects for the test plate. 

Defect 

ID 

Area (mm x 

mm) 

Depth (mm) Side/depth 

A 457 x 457 305 1.5 

B 305 x 305 152 2.0 

C 305 x 305 38 8.0 

D 760 x 760 76.2 10.0 

E 305 x 305 114 2.7 

F 610 x 610 203 3.0 

G 406 x 406 76.2 5.3 

The test equipment consisted of a piezo-electric accelerometer, instrumented hammers with plastic 

and metal tips and a mobile data acquisition system (Table 3-3). Epoxied plates were used to attach 

accelerometers to the concrete surface to minimise variability in surface contact conditions. More 

commonly, a dry contact geophone is used to perform the impulse-response test; however, an 

epoxied accelerometer provides better accuracy for high frequency signal recording, and better 
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measurement replicability in an experimental setting. For measurements, the accelerometer was 

located above the approximate center of each defect and the hammer impact applied close to the 

accelerometer according to ASTM C1740. Measurements were also performed at a location of the 

plate with no defect for comparison purposes (Figure 3-3). Two impact hammers were used to 

investigate the effect of impact contact time, which is a function of the stiffness of the hammer tip 

and the size of the impact area (Figure 3-4). The contact time (𝑡𝑐) of the hammer is used to 

determine the maximum usable frequency (𝑓𝑚𝑎𝑥) of the FRF according to Eq. 3-2 (Carino 2013; 

Sajid et al. 2019). 

𝑓𝑚𝑎𝑥 = 1.5/𝑡𝑐  (3-2) 

A total of 16384 points at a sampling frequency of 20480 per second were obtained for both the 

load cell attached to the hammer and the accelerometer. The high sampling frequency and number 

of records were selected to obtain a resolution of 1.25 Hz in the FRF. A minimum of three repeat 

measurements were obtained for each test condition to ensure repeatability of the test and to select 

a representative FRF for analysis. Tests were repeated more times if the three initial FRF were not 

consistent. In general, good repeatability was observed in most measurements.  

  

Figure 3-2. Concrete formwork and artificial delamination in the plate. (Photo courtesy: Institut 

de recherche d'Hydro-Québec, Canada). 

B 

E 

A 

G 

F 
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D 
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Figure 3-3. Plan view of test plate and artificial delamination (dimensions are in the units of 

mm). 

 

Figure 3-4. Performing impulse-response test with rubber tipped hammer (left) and steel tipped 

hammer (right). 

Table 3-3. Instrumentation used in testing 

Instrument Notes 

Accelerometer Sensitivity = 100.616 mV/g 

Rubber tip hammer Sensitivity = 0.23 mV/N 

Upper Frequency range = 800 Hz-1500 Hz 

Steel tip hammer Sensitivity =0.1 mV/N 

Upper Frequency range = 2200 Hz-4500 Hz 

Data Acquisition system  LMS SCADAS Mobile  

Upto 204.8 kHz sampling rate per channel 

A 
B C 

F 
E 

D 

G 

Impulse-response 
test measurement 

Accelerometer 

Impact location 

Solid/ Intact 
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3.5 Data Analysis 

Data analysis was first performed for measurements obtained with the rubber tip hammer 

according to the procedure of ASTM C1740. The ASTM procedure uses the velocity FRF or 

mobility spectrum up to 800 Hz to derive a series of mobility indices.  In the following, the 

acceleration FRF is used instead of the velocity FRF since accelerometers were used for the 

measurements. Similar results for the resonant frequencies are obtained with either the velocity or 

acceleration FRFs. The FRF obtained from an acceleration time history is called the accelerance 

spectrum and is in units of acceleration per unit force. Here, acceleration is expressed in term of g 

(≈9.8 m/s2).  

The acceleration and the impact time histories from the experiment were used to obtain FRF 

according to Eq. (3-3), in which 𝐴(𝐹) and 𝑓(𝐹) are respectively the Fourier transforms of the 

acceleration and impact time-histories. Experimental results show that the shape of the FRF is 

affected by the presence of delaminations when compared to the FRF for intact regions. For 

example, Figure 3-5 compares the acceleration FRF above delamination ‘B’ to the FRF at an intact 

location.  The slope of the FRF is steeper for the records above a delamination when compared to 

the FRF at the intact location. To further characterize the features of the FRF, the average 

accelerance, accelerance slope, and peak-to-mean accelerance ratio were calculated according to 

Eq. 3-4, 3-5, and 3-6, respectively. In these equations, 𝑛 is the number of ordinates of the 

acceleration FRF in the range of 100 to 800 Hz, and 𝑓(𝐹) and 𝐴(𝐹) are mean values of the impact 

and acceleration respectively in frequency domain, and 𝐹 represents the frequency values digitized 

based on the resolution of FRF.  

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒 = [
|𝐴(𝐹)|

|𝑓(𝐹)|
]            (3-3) 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒 =
1

𝑛
[

|𝐴(𝐹)|

|𝑓(𝐹)|
]  𝑓𝑜𝑟 100 𝐻𝑧 ≤ 𝐹 ≤ 800 𝐻𝑧  (3-4) 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒 𝑠𝑙𝑜𝑝𝑒 =

∑ [(𝐹𝑖−𝐹)((
|𝐴(𝐹)|

|𝑓(𝐹)|𝑖
)−(

|𝐴(𝐹)|

|𝑓(𝐹)|𝑖
))]800 𝐻𝑧

𝑖=100 𝐻𝑧

∑ [(𝐹𝑖−𝐹)2]800 𝐻𝑧
𝑖=100 𝐻𝑧

       (3-5) 

𝑉𝑜𝑖𝑑𝑠 𝑖𝑛𝑑𝑒𝑥 =
max [|𝐴(𝐹)|/|𝑓(𝐹)|]

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒
 𝑓𝑜𝑟 20 𝐻𝑧 ≤ 𝐹 ≤ 100 𝐻𝑧    (3-6) 
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 The average accelerance and accelerance slope are shown in Figure 3-6 for each delamination in 

comparison with an intact location. These indices from the existing practice are able to distinguish 

the delaminations relative to the intact location and also the delaminations based on their severity/ 

size and depth.  Delamination B, C and E have the same planar dimensions (305mm x 305mm); 

however, the average accelerance and accelerance slope both decrease with increasing the depth 

of delamination. The voids index is used in practice as an indicator of a large delamination or 

missing support for a slab-on-ground (ASTM-C1740-16 2016); however, since by definition it is 

related to the characteristics of FRF below 100 Hz, it is relevant only for large and shallow defects, 

which do not correspond to any of the delaminations in the test plate. In the following, 

delamination D was not considered because it represents an extremely large, shallow and obvious 

defect that does not follow trends in average accelerance and accelerance slope for hidden (deeper 

and smaller) defects, which are the primary defects targeted in this study. 

 

Figure 3-5. Acceleration frequency response function for test at defect 'B' in comparison with 

intact location. 
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Figure 3-6. Comparison of (a) average accelerance and (b) accelerance slope, for the intact and 

defect locations. 

As mentioned previously, the association between FRF inidces and defects is mostly derived from 

empirical observations and very few studies have related their charactrsitics to the physical 

properties of test elements. Clem et al. (2013) proposed that the resonant bending mode 

frequencies of a defective test element can be larger than 800 Hz and recommended extending the 

frequency range of the FRF beyond 800 Hz for analysis purposes. However, in their experimental 

investigations, the authors used a hammer tip with an effective frequency range up to 

approximately 1.2 kHz and their investigation was limited to a numerical model of a small section 

of a bridge deck. 

In our experimental investigation, a steel tip hammer was used to reduce the contact time and 

increase the usable frequency range. The contact time was measured from the records of the 

loadcell on the hammer tip, which can be approximated by a half sine wave where the time period 

for non-zero contact force defines the contact time. This for the steel hammer was observed to be 

in the range from 0.0004 to 0.0007 sec, and it implies a usable frequency range 0-2200 Hz 

according to Eq. 3-2.  

High amplitude peaks can be observed in the FRF for tests above delaminations and frequencies 

above 800 Hz. These high amplitude peaks, which represent modal frequencies at the test 

locations, occur between 1200 Hz to 2150 Hz and greatly influence the shape of the FRF (Figure 

3-7). The dominant frequencies with the corresponding geometrical characteristics of the 

delaminations are provided in Table 3-4. The peak accelerance for deeper delaminations (A, B, 

and F) are also shown to be an order of magnitude lower than for shallower ones (E, C, and G). 

The amplitude of the resonant peak or accelerance is a manifestation of damping for a given 

stiffness and mass values of the plate above a defect and the significant difference in the 

accelerance between shallow and deeper defects can be attributed to these properties. Nevertheless, 

inconsistent distances between the hammer and the sensor seem to also introduce some variability 

in the measurements. The current literature suggests this distance to be 100±25 mm, but according 

to the author’s best knowledge, there is no published study quantifying this effect. This aspect of 

the experimental setup is investigated using experimentally validated 3D FE model in the 

following sections. 
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Table 3-4. Size and depth of the defects and corresponding amplitudes and frequencies of 

dominant modes in the experimental FRFs. 

Defect 

ID 

Area 

(mm x 

mm) 

Depth 

(mm) 

Frequency 

Peak (Hz) 

Accelerance 

(10-3 g/N) 

Average 

Accelerance 

(10-4 g/N) 

Accelerance 

Slope (10-7 

g.s/N) 

 

A 457 x 

457 

305 1703 2.48 1.01 3.95  

B 305 x 

305 

152 1858 4.85 1.56 5.57  

C 305 x 

305 

38 1787 45.62 4.72 14.90  

D 760 x 

760 

76.2 ------ ------- ------ -------  

E 305 x 

305 

114 2122 62.73 2.81 10.20  

F 610 x 

610 

203 1278 6.72 2.75 12.20  

G 406 x 

406 

76.2 1428 83.59 6.96 29.00  

   

Figure 3-7. Accelerance as a function of frequency for intact location comparison with (a) Defect 

A, B, and F (b) Defect C, E, and G. 

(a) (b) 
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3.6 Finite Element Modeling 

The purpose of the FE modeling was to investigate the dynamic behaviour of the experimental 

plate in the vicinity of delaminations, the influence of the different experimental setups on the test 

results, and demonstrate the wave-propagation during the test. 

3.6.1 Dynamic behavior of the Plate in Vicinity of Delaminations 

A finite element model of the experimental plate is used to analyse the local dynamic behaviour 

of the plate above delaminations. The model was developed in ABAQUS® using several layers of 

plate elements merged together to properly account for the location, planar size, depth and 

thickness of the delaminations. The 3D FE model developed for experimental plate in Figure 3-2, 

is shown in Figure 3-8, which shows a good agreement. The delaminations were modeled as voids 

to account for the presence of the polystyrene foam in the experimental specimen since its elastic 

modulus and mass density is small in comparison to that of concrete. The concrete is defined with 

a compressive strength of 30 MPa, an elastic modulus of 24.7 GPa, a mass density of 2300 kg/m3, 

and a Poisson’s ratio of 0.2. The reinforcing steel is defined to have an elastic modulus of 200 

GPa, mass density of 7850 kg/m3, and Poisson’s ratio of 0.3. These properties are in comparison 

with those defined in section 3.4. For amplitude attenuation, Rayleigh damping according to Eq. 

3-8 is assumed in the governing equation of the motion in the FE model. 

[𝑀]{𝑢̈} + [𝐶]{𝑢̇} + [𝐾]{𝑢} = {𝑓}  (3-7) 

[𝑪] = 𝛼[𝐾] + 𝛽[𝑀]    (3-8) 

where, 𝑀, 𝑪, and 𝐾 are respectively the nxn mass, damping, and stiffness matrices while 𝑓 

represents the force vector, α and β are the stiffness and mass damping constants (Sarma et al. 

1998). In this application, only stiffness damping was used for which a trial and adjustment 

approach was adopted to define α=70 for the concrete. As shown in Figure 3-3, the plate is 

reinforced with 25.4 mm diameter steel bars in one direction in the top right portion of the plate. 

This steel reinforcement is influential for the dynamic response of delaminations in the respective 

vicinity of the plate. The reinforcing steel is modeled with C3D10M elements of 8.0 mm embedded 

in the concrete plate model. The C3D10M element is a 10-node modified quadratic tetrahedron 

element in ABAQUS®. The same element is used to model concrete with a maximum element 
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size of 40 mm (Figure 3-8b). These element sizes of reinforcing steel and concrete are selected 

after a convergence study. 

Fixed boundary conditions were specified at the base of the plate to replicate the boundary 

conditions of the experimental specimen. The Lanczos algorithm (ABAQUS 2017) was used to 

calculate the resonant frequencies (eigenvalues) and mode shapes (eigenvectors) of the plate in the 

frequency range from 0 to 2200 Hz which define the dynamic characteristic of the plate in the 

vicinity of delaminations in the respective frequency range.    

 

 

Figure 3-8. (a) Finite element mesh of the test plate, and (b) FE simulated delaminations in 

ABAQUS®. 

The mode shapes in this frequency range correspond mostly to the geometrical features associated 

with the delaminations. The type of modal response and the associated resonant frequency 

obtained from the analysis are provided in Table 3-5.  

 

 

 

 

(a) (b) 
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Table 3-5. Resonant frequencies and mode shapes associated with defects. 

Defect Resonant Frequency  

(FE Model) 

 (Hz) 

Resonant 

Frequency 

(Experiment) (Hz) 

Percent 

difference 

(%) 

Mode 

A 1624 1703 4.639 Bending 

B 1859.9 1858 -0.102 Bending 

C 1727 1787 3.358 Bending 

E 2045 2122 3.629 Bending 

F 1312 1278 -2.660 Bending 

G 1501 1428 -5.112 Bending 

Resonant peaks in the experimental FRF and from the 3D FE model show good agreement (Table 

3-5). The analysis of the corresponding mode shapes indicates that peak frequencies in the 

experimental FRFs correspond to the first local bending mode of the plate above each delamination 

(Figure 3-9 and Table 3-5). The resonant frequency of these modes is a function of flexural rigidity 

of the plate, while the accelerance or amplitude of the resonant frequency is a function of damping. 

The presence of a delamination reduces locally the flexural rigidity of the plate compared to intact 

locations. The experimental accelerance FRF for the delamination ‘A’ exhibits several low 

amplitude peaks in the frequency range of 1200-2000 Hz (Figure 3-7a), which corresponds to 

torsional modes caused by its proximity to the edge of the plate. 
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Figure 3-9. Eigen value analysis results showing different mode shapes of the concrete plate 

associated with a) Defect A b) Defect B and c) Defect C d) Defect E e) Defect F, and f) Defect 

G. 

3.6.2 Influence of Experimental Setups 

Impulse-response response was simulated on delamination G using the 3D FE model in section 

3.6.1 to investigate the effect of the sensor-impactor distance on the accelerance by modelling 

defect G. The impact was modeled using Eq. 3-9 with a peak amplitude of 0.869 kN and a contact 

time of 0.0005 sec.   

(a) (b) 

(c) 

(f) (e) 

(d) 
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𝐹(𝑡) = 𝐹𝑚𝑎𝑥𝑠𝑖𝑛3 (
𝜋𝑡

𝑡𝑐
)   (3-9) 

Explicit dynamic analysis was performed to obtain the response time history at the center of the 

delamination ‘G’ for the impact at 133 mm from the impact location as shown in Figure 3-10a. 

The FRF is in good agreement with the experimental observations as illustrated in Figure 3-10a 

for an impact at 125 mm from the sensor. A sensitivity analysis of the accelerance as a function of 

the sensor-impactor distance shows an inversely linear relationship and that a ± 25 mm difference 

in the location of the impact affects the accelarance by ± 30% of the accelarance at 100 mm, which 

highlights the importance of using consistent impactor-sensor distances and the need of stricter 

control compared to ±25 mm tolerance currently allowed by the standard practice.   

 

Figure 3-10. FRF for defect G from experiments and numerical simulations for different sensor-

impactor distances. (b) Accelerance as a function of sensor-impactor distance. 

3.6.3 Working Principle of the Test 

As shown in the preceding section, the impulse-response test measures primarily the bending 

response of the concrete elements above a delamination. To further complement the analysis, an 

elastic stress-wave propagation analysis was performed using ABAQUS® to simulate the wave 

propagation after the impact during the impulse-response test. The impact is idealized as a cubic 

half sinewave according to Eq. 3-9. The analysis was performed for the contact time corresponding 

to an impact with the steel tip hammer (Table 3-1). The simulation shows that the hammer impact 

generates P, S, and R waves (Figure 3-11a). The P and S waves reflect at the external boundaries 

of the plate due to changes in the acoustic impedance (Sansalone et al. 1987). After undergoing 

(a) 

(b) 
Delamination ‘G’ 

response Impact 

locations  

133 mm 
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multiple reflections, the wave fronts disappear and only stationary waves are observable after 650 

µs (Figure 3-11b).  

The modes of vibration excited by the impact depend on the frequency content of the impact, 

which is a function of the contact time. The rubber tip hammer used in the impulse response test 

has long contact times, which limits the useful frequency range to around 1 kHz. In addition, given 

the relatively long time during which measurement are recorded (0.8s), the low frequency flexural 

modes dominate and quickly evolve into stationary waves. By contrast, the impact-echo test is 

recorded over much shorter periods of time and measurements are primarily of wave propagation 

and reflection. Given the test uses stationary waves, relative variation in the local dynamic 

characteristic of test points forms the basis of detection with the impulse-response test unlike the 

impact-echo test in which the detection is performed based on the reflections of p-waves due to 

changes in material impedances. 

  

 

Figure 3-11. Wave propagation analysis after impact. (a) Wave components 90 microsecond 

after impact. (b) Standing waves at 650 microseconds after the impact. 

3.7 Defect Localization Limiting Extent of Detectability 

Traditionally, the impulse-response test has only been used for anomaly detection through an 

empirical analysis of the spatial variation of the average mobility, the mobility slope, the dynamic 

stiffness, and the voids index.  Anomaly characterization in terms of size and depth typically relies 

on more refined yet time-consuming stress-wave methods, such as the impact-echo and ultrasonic 

shear-wave tomography.  This section investigates the relation between FRF features and the 

geometrical characteristics (size and depth) of delaminations and their predictability using 

statistical procedures.  

The potential for defect characterization with the impulse response test is investigated through a 

combination of numerical simulations based parametric study and experimental results. The 

(a) (b) 

P-wave 

S-wave 

R-wave 
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impulse-response test was modeled in ABAQUS for a 500 mm thick clamped concrete plate with 

dimensions of 2000 mm by 2000 mm, a mass density of 2400 kg/m3, elastic modulus of 33 GPa 

and Poisson’s ratio of the 0.2. The damping for this analysis was defined as α = 10 (in Eq. 3-8) 

and the impact was modelled as a cubic half sine wave function (Eq. 3-9) of low intensity to 

constrain the amplitude for the FRF. Delamination of different sizes (Table 3-6) were investigated 

for a contact time of 0.0005 sec with an impactor-sensor distance of 100 mm, which provides a 

theoretical useful frequency range up to 3 kHz (Eq. 3-2). Explicit dynamic analyses were 

performed to generate the response time histories at a node above the center of each delamination 

for an impact at 100 mm horizontal spacing. The time histories of the response and the impact 

were then used to obtain the FRF according to Eq. 3-3 as well as the average accelerance, and 

accelerance slope according to Eq. 3-4 and 3-5 respectively. According to Table 3-6, similar trends 

between FRF parameters and the geometry of delaminations are observed in the results from 

numerical simulations and experiment measurements. 

Table 3-6. Geometrical characteristics of the delaminations for the parametric study and 

corresponding FRF indices. 

Size 

(mm) 

Depth 

(mm) 

Frequenc

y (Hz) 

Acceleranc

e (g/N) 

Average Accelerance 

(g/N) x10-5 

Accelerance Slope 

(g.s/N) x 10-8 

350 100 1867 0.00050 7.43 1.99 

450 100 1505 0.00172 11.6 3.18 

450 150 1573 0.00058 5.43 1.56 

450 200 1593 0.00051 2.29 0.18 

550 100 1143 0.00095 5.93 1.37 

550 150 1300 0.00036 11.6 2.76 

550 200 1329 0.00018 13.9 3.91 

Multiple linear regression (MLR) analyses performed on both experimental (Table 3-5) and 

numerical data (Table 3-6), for which the natural log values of size and depth are used as 

explanatory variables and the natural log of each index (resonant frequency, peak accelerance, 

average accelerance, and accelerance slope) as predicted. The exponential of the MLR parameters 

is used to obtain the equations given in each of Figure 3-12 to Figure 3-15, which were used to 

calculate these curves. It is evident that the planar size and depth of delaminations are statistically 
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significant for the prediction of the peak frequency (Table 3-7 and Table 3-8, Figure 3-12). The 

results also indicate that the peak frequency tends towards a constant value for depths greater than 

200 mm. The depth and planar size of delaminations are not as statistically significant for the 

prediction of the accelerance. The experimental results also indicate that the accelerance tends to 

a constant value for delaminations at depths greater than 150 mm (Figure 3-13).  Results for the 

numerical model confirms the trends observed experimentally for the accelerance. The prediction 

models for the average accelerance (Figure 3-14) and accelerance slope (Figure 3-15) show similar 

trends as a function of the size and depth of delamination for both the experimental and the 

numerical data sets. The results for the experimental data set are statistically more significant than 

for the numerical data set, which can be explained by the influence of damping on the amplitude 

of accelerance and the difficulty in specifying damping in numerical models. In conclusion, the 

peak frequency appears to be influenced mainly by the size of defects while the average 

accelerance and accelerance slope are more sensitive to the depth of delamination than the peak 

frequency. The results indicate that both the peak frequency and average accelerance can be used 

to predict the size and depth of defects. 

 

Figure 3-12. Peak frequency as a function of the size and depth of defects for the experimental 

data (left), and numerical simulations (right). 
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Figure 3-13. Accelerance as a function of the size and depth of defects for the experimental data 

(left) and the numerical simulations (right). 

 

Figure 3-14. Average Accelerance as a function of the size and depth of defects for the 

experimental data (left) and the numerical simulations (right) 
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Figure 3-15. Accelerance slope as a function of the size and depth of defects for experimental 

data (left) and the numerical simulations (right). 

Table 3-7. Results of statistical analysis of the experimental measurements for number of 

observations of n=6 for each case. 

FRF 

Parameter 

R2 Adj. 

R2 

SE Parameter Estimate t-

statistic 

P-value 

Frequency 0.8793 0.7988 0.0205 Intercept 71682 13.801 0.001 

Size -0.726 -4.596 0.019 

Depth 0.117 1.928 0.149 

Accelerance 0.656 0.4266 3.9028 Intercept 355050 0.214 0.844 

Size 0.285 0.131 0.904 

Depth -1.710 -2.034 0.135 

Average 

Accelerance 

0.8329 0.7215 0.4141 Intercept -10.657 -2.927 0.061 

Size 1.257 1.770 0.175 

Depth -1.050 -3.833 0.031 

Accelerance 

Slope 

0.7636 0.6061 0.5987 Intercept -18.318 -4.185 0.025 

Size 1.587 1.859 0.160 

Depth -1.025 -3.112 0.053 
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Table 3-8. Results of statistical analysis for numerical simulations based parametric study. The 

number of observations is 7 for each case. 

FRF 

Parameter 

R2 Adj. 

R2 

SE Parameter Estimate t-

statistic 

P-value 

Frequency 0.9755 0.9632 0.031 Intercept 12.785 27.236 0.000 

Size -1.022 -12.600 0.000 

Depth 0.161 3.766 0.020 

Accelerance 0.5246 0.2868 1.4286 Intercept 0.212 0.023 0.982 

Size 0.050 0.032 0.976 

Depth -1.630 -1.979 0.119 

Average 

Accelerance 

0.2052 -

0.1922 

1.8423 Intercept -20.187 -1.964 0.121 

Size 1.565 0.882 0.428 

Depth -0.731 -0.782 0.478 

Accelerance 

Slope 

0.2348 -

0.1479 

4.9262 Intercept -26.524 -1.578 0.190 

Size 2.253 0.776 0.481 

Depth -1.547 -1.012 0.369 

 

A prediction model for the size and depth of delaminations as a function of the peak frequency and 

average accelerance is derived by using Gaussian processes.  The procedure is first applied using 

the peak frequency as a predictor followed by a model suing both the peak frequency and the 

average accelerance as predictors. Gaussian processes refer to the joint distribution of input and 

output functions and is defined by a mean value vector (Eq. 3-10) and covariance matrix (Eq. 3-

11) where  𝑋1  and  𝑋2   represent respectively the vectors of predicted (output) and predictor 

(input) variables (Schulz et al. 2018).  

[
𝜇1

𝜇2
]   (3-10)  

[
∑11 ∑12

∑21 ∑22
]  (3-11) 
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Where 𝑋1 = [
𝑙𝑛(𝑠𝑖𝑧𝑒)

𝑙𝑛(𝑑𝑒𝑝𝑡ℎ)
] and 𝑋2 = [𝑙𝑛(𝑃𝑒𝑎𝑘 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)] or 𝑋2 =

[
𝑙𝑛(𝑃𝑒𝑎𝑘 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)

𝑙𝑛(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒)
]    

The theory of Gaussian Processes can be used to obtain the conditional mean value vector of 

outputs as a function of the observed inputs, in this instance, the predicted mean size and mean 

depth of defects as well as their updated variance given the observed peak frequency (or peak 

frequency and average accelerance).   

𝜇1|2 = 𝜇1 + ∑12∑22
−1(𝑥2 − 𝜇2)   (3-12) 

∑1|2 = ∑11 − ∑12∑22
−1∑21   (3-13) 

The diagonal terms of the covariance matrix in Eq. 3-13 provide the updated variance for the 

predicted size and depth of the defects, while the off-diagonal terms provide the covariance 

between the two values. The covariance between size and depth is not significant in this application 

given that it only represents the relationship for the experimental plate and is not representative of 

actual defects. The updated mean value vector and variances are used to illustrate the predictive 

ability of the model for each of the defects by comparing the observed size and depth to the 50% 

and 95% prediction ellipses using the Peak Frequency (Figure 3-16a) and Peak Frequency and 

Average Accelerance together (Figure 3-16b). The level of variability for the prediction of defects 

is reflected in the size of the ellipses and the fact that some defects fall within the 50% confidence 

intervals (CI) and others fall between the 50% and 95% CI is within what should be expected given 

the small sample of defects. The elongated shape of the ellipses reflects the larger uncertainties 

associated with the prediction of the depth of the delaminations in comparison to their size. The 

results indicate that the level of the uncertainty for the prediction of the depth of shallow defects, 

which are the most critical from a durability perspective, is greatly reduced by using both the Peak 

frequency and the Average Accelerance as predictors. 
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Figure 3-16. Error ellipsoids for prediction with 95% and 50% confidence levels obtained using 

correlation analysis for each delamination using (a) frequency, and (b) frequency and average 

Accelerance. The letters on each subplot represents the respective delamination and the vertical 

and horizontal axes represents the depth and planar size respectively in mm. 

3.8 Discussion and Conclusions 

Experiments and 3D FE models were used in this study to: 1)  Demonstrate how the stationary 

waves form the basis of detection of defects with the impulse response test, 2) Investigate the 

interaction between delaminations and stress-waves generated during the test, 3) Investigate 

(a)  

(b)  
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benefits of extending the usable frequency range of the test, 4) Evaluate the impact of impactor-

sensor distances on FRF indices, 4) And investigate the detectability and characterization of 

delaminations as a function of their planar sizes and depths.  

First, experiments were performed to investigate the effect of the size and depth of delamination 

on the acceleration FRF and empirical indices defined in ASTM C1740-16, which are shown to 

be noticeably sensitive to the presence of delaminations. The experimental procedure was modified 

by using a steel hammer tip to extend the usable frequency range of the test, which reveals resonant 

frequencies up to 2200 Hz when delaminations are present.  

A comparison between experimental FRFs and the frequency analysis of the 3D FE model of the 

plate reveals that the first flexural vibration mode of the plate above a delamination corresponds 

to the peak frequencies observed in the experimental FRFs. Furthermore, results indicate that the 

defect detection with impulse response test is based on the characteristics of standing waves, which 

are dominated by the first flexural mode of the plate above a delamination with peak frequencies 

between 800 Hz and 2000 Hz. This confirms that the basis of detection with the impulse-response 

test is the relative variation of the local dynamic properties of the test points unlike the reflection 

based NDT methods such as impact-echo which works on the basis of the reflection of p-waves 

due to changes in material impedance. 

The influence of the sensor-hammer distance is quantified using the experimentally validated 3D 

FE model and the results indicate the need to use a consistent sensor-hammer distance throughout 

testing to limit the variability in FRF parameters. This effect can be especially significant for 

shallow delaminations. The authors recommend to have a stricter criteria of 100±10 mm replacing 

the currently provided 100±25 mm by ASTM C1740 for the test. 

Statistical analyses were performed to investigate the diagnostic value of the impulse response test 

for defect characterization. Current recommended damage indices derived from the FRF were 

investigated in addition to the resonant frequency of the FRF as predictors for the size and depth 

of a delamination. The peak frequency was found to be very informative in relation to the planar 

size of delamination, while the average accelerance and accelerance slope both are informative in 

the relation to the depth of delamination, especially for depths up to 200 mm.  In addition to the 

estimates of mean delamination size and depth, the Gaussian process equations provide estimates 

on the accuracy of these predictions. The results indicate that the prediction accuracy of the test is 
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greatly increased for both size and depth of a delamination by using resonant frequency in 

conjunction with the average accelerance.  

The prediction model is shown to be mostly accurate for shallow delaminations (< 300 mm), which 

are the most critical for durability and structural performance. The statistical analyses also indicate 

that the impulse-response test may have limited detectability for delaminations greater than 300 

mm. The next steps in this research is to investigate the effect of different support conditions for 

the plate, the geometrical shape of delaminations (e.g. circular, rectangular), and other types of 

defects (e.g. honeycombing). 
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4. Defect Detection with Impulse-Response Test and Statistical 

Pattern Recognition 

Abstract 

Statistical and machine learning analysis of structural health monitoring data is a popular approach 

for efficient structural level defect detection. However, the application of these techniques to 

stress-wave methods such as impact-echo and impulse-response data for local level detection has 

been limited. In this research, statistical pattern recognition in conjunction with the impulse-

response test is shown to provide an efficient means for the detection of defects in concrete plates. 

For this purpose, the frequency response function (FRF) derived from the impulse-response test 

following ASTM C1740 protocols at specific points on the test plate was used to define the feature 

space matrix. Analytical results demonstrate that the variability of the FRF increases in the 

presence of defects, which forms the physical basis for the proposed pattern recognition algorithm. 

First, Principal Component Analysis (PCA) is performed on the covariance of the feature space 

matrix to identify the dominant features of the FRFs and to determine the number of statistically 

significant factors or principal components.  Factor scores are next used to identify locations on 

the plate that are associated most closely to each pattern. The generalized Extreme Value 

Studentized (ESD) test and box and whisker plots are applied to the factor score vector of all the 

test points to objectively identify test points with defects and rank these based on their severity. 

Two experimental specimens are used to demonstrate the applicability of the proposed detection 

algorithm. The first specimen, a partially reinforced clamped concrete plate, is used to demonstrate 

the relationship between the shapes and variability of the FRFs and the severity of defects 

(delaminations), the efficacy of the factor score as damage sensitive feature, and identification and 

the ranking of the severity of defects by using outlier statistical tests. The second specimen is used 

to demonstrate the efficiency of the procedure for detecting both void and honeycomb defects in a 

larger reinforced concrete plate on elastic supports. The proposed procedure is shown to provide 

similar levels of detectability as the highly refined yet time consuming ultrasonic shear-wave 

tomography test. While the impulse-response test has been in use for the condition assessment of 

concrete elements other than drilled shaft piles since 1980’s, defect detection has been based 

primarily on empirical observations and correlations with limited features of the frequency 
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response function. The use of pattern recognition techniques to the full range of the frequency 

response function is proposed and shown to greatly improve the detection and characterization of 

defects.  

Keywords 

Principal component analysis, impulse-response test, outlier detection, plate on elastic foundation, 

frequency response function, honeycomb. 

4.1 Introduction 

The deterioration of the infrastructure has been and remains a focus of research since a large 

proportion of existing structures are reaching the end of their service life and resources needed to 

remediate the situation are limited. This trend may be worsening given that climate change appears 

to accelerate the rate of deterioration of structures. Accurate conditions assessments are required 

to properly prioritize and target repairs and replacements.  The development of non-destructive 

test methods (NDT) have been very instrumental for this purpose and are increasingly relied upon 

in practice (ACI). Among stress-wave based test methods, the most common are the impact-echo 

(ASTM-C1383-15, 2015), the impulse-response (ASTM-C1740-16, 2016), the ultrasonic echo, 

and the ground penetrating radar (ASTM-D6432-11, 2011). The impact-echo test is based on the 

analysis of the propagation of P-waves and reflections due to changes in acoustic impedance, 

usually associated with the presence of defects. The impact-echo test is reliable; however, the test 

is time consuming, which limits its application to small segments of structural elements that have 

previously been identified as potentially deficient. More recently, air-coupled sensing technology 

has been introduced to replace contact sensors (Ham & Popovics, 2015; Zhu & Popovics, 2007), 

which reduces the time required to perform the test. However, the need to perform multiple impacts 

to select the proper frequency range for a given type of defect remains a time limiting factor. The 

ultrasonic-echo or ultrasonic shear-wave tomography is a technique that generates 3D tomograms 

using synthetic aperture focusing techniques (SAFT) (Aldo, Samokrutov, & Samokrutov, 2013). 

One of the most common use of this test is for the integrity assessment of pre-stressed tendon 

grouts (Martin, Broughton, Giannopolous, Hardy, & Forde, 2001). The main limitation of this test 

is the relatively long time required for the completion of the test. Ground penetrating radar uses 

the propagation and reflection of electromagnetic waves due to changes in dielectric properties to 

detect defects and reinforcing steel. However, the interpretation of measurement is complex and 
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is the subject of considerable research efforts using innovative data analysis procedures (H. Sun, 

Pashoutani, & Zhu, 2018; Tarussov, Vandry, & De La Haza, 2013), and machine learning 

algorithms (Asadi, Gindy, & Alvarez, 2019; Kang, Kim, Lee, & An, 2019). Because it is based on 

electrical properties, interference from steel reinforcement or other embedded metallic objects 

impairs the assessment of deficiencies below the reinforcement layer. The impulse-response test, 

on the other hand, is a low frequency, stress-wave propagation method, which is widely used in 

practice as a fast scanning method (A. G. Davis, 2003). This method was first used for pile integrity 

testing; however, many researchers have extended its application to the condition assessment of 

bridge decks and floor slabs (Clausen & Knudsen, 2009; AG Davis & Hertlein, 1987), concrete 

chimneys (A. G. Davis & Hertlein, 1995), highway pavements (Allen Davis, Hertlein, Lim, & 

Michols, 1996), concrete tunnel linings (A. G. Davis, Lim, & Petersen, 2005), radioactive waste 

tanks (A. G. Davis, Evans, & Hertlein, 1997), thick concrete walls (Gorzelańczyk, Hoła, Sadowski, 

& Schabowicz, 2013), and debonding in concrete overlays (Sadowski, 2018) . An exhaustive 

literature review of case studies using the impulse-response test is given in (Sajid & Chouinard, 

2019). The test procedure is briefly described below. More detailed descriptions can be found in 

ASTM C1740-16 (ASTM-C1740-16, 2016) and (A. G. Davis, 2003; Sajid & Chouinard, 2019).  

The impulse-response test is performed by applying an impact to the surface of a concrete 

component with an instrumented rubber-tipped hammer that provides a usable frequency range of 

0-1 kHz, and the response is recorded close to the impact location using a dry contact geophone. 

Typically, the test is performed by repeating the measurements over a grid of test locations across 

the surface of the concrete element. The velocity FRF or mobility is derived from the Fourier 

transforms of the geophone V(t) and hammer f(t) records.  

𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑉(𝐹)

𝑓(𝐹)
= |

𝐹𝐹𝑇(𝑉(𝑡))

𝐹𝐹𝑇(𝑓(𝑡))
|  (4-1) 

Empirical indices (average mobility, dynamic stiffness, voids index, and mobility slope) derived 

from the FRF in the range of 10-800 Hz are calculated at each test location and changes in the 

indices on a relative basis are used as indicators for the presence of damage or defects (ASTM-

C1383-15, 2015). These empirical indices describe various features of the FRF in the frequency 

range (10-800 Hz) and field experience is used to interpret their significance for the detection of 

various types of defects (Sajid & Chouinard, 2019). 
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The objective of this research is to provide a physical basis for anomaly detection with the FRF 

and to use unsupervised statistical pattern recognition as an objective criterion for defect detection. 

The proposed procedure is shown to be effective in both detecting the presence of defects as well 

as their degree of severity and does not require prior baseline surveys. The efficiency of the 

proposed algorithm for defect detection is shown to outperform damage detection criteria based 

on current empirical mobility spectrum indices and to provide results comparable to that using 

ultrasonic shear-wave tomography.  The current state-of-the-art on statistical methods for defect 

detection and localization are first reviewed, followed by a derivation of analytical solutions to 

evaluate effect of defects on the FRF of a test point on the plate. Next, a statistical pattern 

recognition procedure using principal component analysis using the covariance of FRF feature 

space is proposed. The location of defects associated with each statistically significant pattern is 

determined by identifying outliers using box and whisker plots and statistical tests on scores of the 

FRFs for a grid of locations across the surface of the concrete plate. Finally, the proposed 

procedure is demonstrated through experiments performed on two plates and then validated using 

the ultrasonic shear-wave tomography. 

4.2 Literature Review 

Statistical and machine learning methods have been used extensively over the last two decades to 

analyze vibration data for structural health monitoring purposes and component level damage 

detection of civil structures (Farrar & Worden, 2010; Haritos & Owen, 2004; Sohn, Farrar, Hemez, 

& Czarnecki, 2002). A general statistical pattern recognition paradigm defined in (Farrar, Duffey, 

Doebling, & Nix, 1999) for such applications include operational evaluation, data acquisition, 

feature selection, and statistical model development. Typically, damage is inferred through a 

comparison of statistical models fitted to monitored vibrations with models fitted to baseline 

surveys on the undamaged structure or component.  Statistical models that have been proposed 

include among others, autoregressive models (Yao & Pakzad, 2012) and auto-regressive 

exogenous models (Mustapha et al., 2015; Sohn & Farrar, 2001).  Damage detection is determined 

through changes in the model parameters or through outlier detection tests performed on the 

residuals of the baseline models such as the Mahalanobis distance-based outlier test 

(Jayawardhana, Zhu, Liyanapathirana, & Gunawardana, 2015; Morgantini, Betti, & Balsamo, 

2021; Noman, Deeba, & Bagchi, 2013; Sohn, Farrar, Hunter, & Worden, 2001; Z. Sun & Chang, 
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2004).  Multiple other damage sensitive features have been proposed for statistical pattern 

recognition such as wavelet packet signature (Z. Sun & Chang, 2004) and the time-frequency 

features using continuous wavelet transform (Qiao, Esmaeily, & Melhem, 2012). Damage 

sensitive features together with Principal Component Analysis (PCA) is also widely used in 

structural health monitoring applications. Shahsavari et al. used PCA on discrete wavelet transform 

coefficients obtained for sensors along a beam to detect defects (Shahsavari, Chouinard, & Bastien, 

2017). PCA has also been used for damage detection in steel plates using the Hotelling’s T2-

statistic (Mujica, Rodellar, Fernandez, & Güemes, 2011). Artificial neural networks have also been 

used for the classification of damaged and undamaged states in structures but require large training 

data sets (Zang, Friswell, & Imregun, 2004).   

The use of statistical pattern recognition for material deterioration using stress-wave tests, such as 

impact-echo, GPR and impulse-response, has also gaining attention in recent years. Dinh et al. 

(Dinh, Zayed, Romero, & Tarussov, 2015) use time series data from GPR scans to compare the 

similarity between a baseline scan and subsequent scans using the correlation coefficient. Ye (Ye 

et al., 2014) performs defect detection using the Grassmann-Manifold technique for pattern 

analysis on the temporal-spectral features of the data. Statistical analyses performed on the 

impulse-response test data are reviewed in (Sajid & Chouinard, 2019). Among others, Dodge and 

Chapa (Dodge & Chapa) and Saldua et al. (Saldua, Dodge, Kolf, & Olson, 2018) use the 

probability distribution of the average mobility, which is defined as the average mobility between 

the range from 100 to 800 Hz of the velocity FRF (ASTM-C1740-16, 2016). They propose that a 

defect is present at a location when the average mobility deviates beyond two standard deviations 

from the mean of the entire plate. However, the reliability of this approach has not been quantified 

and the average mobility is an empirical measure devoid of explicit underlying physical basis. In 

the present research, statistical pattern recognition procedures with physically based features 

vector are used to enhance the detectability of deterioration or other defects in concrete plates.      

4.3 Relation between Material Defects and the FRF  

While most defect detection procedures using statistical methods are empirical based, detection on 

the basis of features that have a physical interpretation are preferable (Yao & Pakzad, 2012). In 

this section, the relationship between the high variability in the FRF and the presence of defects is 
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demonstrated using analytical formulation. Considering the model of a plate with n-degrees of 

freedom and linear behavior, the equations of motion are: 

𝑀𝑦̈(𝑡) + 𝐶𝑦̇(𝑡) + 𝐾𝑦(𝑡) = 𝐹(𝑡)  (4-2) 

where M, C and K are the mass, damping and stiffness matrices, respectively, 𝑦̈(𝑡), 𝑦̇(𝑡) and 𝑦(𝑡) 

are vectors for the vertical acceleration, velocity, and displacement of the nodes and 𝐹(𝑡) 

represents the impulse applied at the surface of the plate which is given in Eq. 4-3, but for the sake 

of simplicity a harmonic excitation is used in the solution of the governing equation of motion; 

𝐹(𝑡) = 𝐹𝑚𝑎𝑥𝑠𝑖𝑛 (
𝜋𝑡

𝑡𝑐
)   

𝐹 = 0, 𝑓𝑜𝑟 𝑡 > 𝑡𝑐     (4-3) 

The generalized undamped solution of Eq. 4-2 results in the mode shape matrix ψ. 

(𝐾 − 𝜔𝑖𝑀)𝜓𝑖 = 0    (4-4) 

where 𝜔𝑖 is the 𝑖𝑡ℎ eigenvalue and 𝜓𝑖 is the corresponding eigen vector. For a classically damped 

system, the ratio of the Fourier transform of the response and force time histories is defined as the 

receptance matrix: 

𝑌(𝜔)

𝐹(𝜔)
= ψ[𝜔2 + Γ𝜔 + Ω]−1ψ𝑇  (4-5) 

where Γ = 𝑑𝑖𝑎𝑔(2𝜉𝑖𝜔𝑖), and 𝜉𝑖 and 𝜔𝑖 are the damping ratio and natural frequency associated 

with the 𝑖𝑡ℎ mode, and Ω = 𝑑𝑖𝑎𝑔[𝜔𝑖
2]. The receptance for any given point j on the plate is, 

𝑌(𝜔)

𝐹(𝜔)
= ∑

𝜓𝑗
𝑇𝜓𝑗

𝑚1(𝜔𝑗
2−ω2+2𝑖𝜉𝑗𝜔𝜔𝑗)

𝑁
𝑗=1   (4-6)   

The mobility and accelerance matrices are associated respectively with the velocity and 

acceleration responses and obtained using 
𝑉(𝜔)

𝐹(𝜔)
= 𝑖𝜔𝑌(𝜔), and 

𝐴(𝜔)

𝐹(𝜔)
= 𝑖ω2𝑌(𝜔).  

|
𝑉(𝜔)

𝐹(𝜔)
| = ∑ |

𝜓𝑗
𝑇𝜓𝑗𝑖𝜔

𝑚1(𝜔𝑗
2−ω2+2𝑖𝜉𝑗𝜔𝜔𝑗)

|𝑁
𝑗=1   (4-7)   

|
𝐴(𝜔)

𝐹(𝜔)
| = ∑ |

𝜓𝑗
𝑇𝜓𝑗(−ω2)

𝑚1(𝜔𝑗
2−ω2+2𝑖𝜉𝑗𝜔𝜔𝑗)

|𝑁
𝑗=1    (4-8) 
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From the preceding formulation, it can be observed that the FRF at a given location is a function 

of both the local stiffness and damping of the plate. At the location of a void or honeycombing, 

the local stiffness and damping of the plate is decreased, resulting in higher amplitudes and a shift 

of the FRF to lower frequencies which translates into higher variability in the respective FRF. 

Conversely, the FRF on a solid test point will generally remain flat in the frequency range generally 

used for the impulse-response test. Such observations are also reported by the current state-of-art. 

Ottosen et al. (Ottosen, Ristinmaa, & Davis, 2004) reported the shift of frequency and the reduction 

in damping due to the presence of defects based on the analytical formulation for the impulse-

response test on Euler-Bernoulli concrete beam on elastic foundation. Clem et al. (Clem et al., 

2013) use finite element method to model the impulse-response test on a plate with various levels 

of void defects and observe a characteristic shift of the peak of the frequency peaks in FRF. These 

effects form the physical basis of the proposed algorithm as well as the current detection procedure. 

The mobility spectrum indices recommended in current practice are limited to single features of 

the FRF and do not characterize the patterns and variability of the mobility spectra for different 

test points. On the other hand, modern pattern recognition methods have the capability to optimally 

capture the patterns in the FRFs to differentiate responses between intact and defective locations 

in a plate by using the full frequency range of FRFs.  

4.4 Pattern Recognition Algorithm 

The principal component analysis (PCA) is a data reduction technique used in a wide range of 

fields. PCA performs an eigenvalue/eigenvector analysis of either the covariance or correlation 

matrix and ranks uncorrelated linear combinations of the original variables in order of decreasing 

order of percentage variance explained (Jolliffe & Cadima, 2016). The first few components are 

interpreted as dominant patterns that are generated through a physical process while lower ranked 

components are usually associated with noise in the data set.  The selection of the optimal number 

of components to retain can be selected as the inflection point in the scree plot (% of variance 

explained as a function of the number of components retained), or through physical interpretations 

of the components (Abdi & Williams, 2010; Shlens, 2014).  

 In this application, SVD is used to perform PCA on the covariance matrix. The basis of SVD is 

that any set of vectors in a multidirectional array can be expressed in terms of their projections on 

a set of axes, which meet the criteria of orthogonality and maximise the percent variance explained. 
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Consider a set of FRFs from impulse-response test measurements of 𝑚 test points and 𝑛 

frequencies arranged in a matrix A of 𝑚 rows and 𝑛 columns, 

[𝐴] = [

𝐴1,1 ⋯ 𝐴1,𝑛

⋮ ⋱ ⋮
𝐴𝑚,1 ⋯ 𝐴𝑚,𝑛

]   (4-9) 

The element 𝐴𝑖𝑗 represents the mean centered FRF value of the 𝑗𝑡ℎ frequency for 𝑖𝑡ℎ test point on 

a plate.  The orthogonal set of vectors are obtained by diagonalizing the covariance matrix of A. 

𝐶𝑜𝑣(𝐴) = 𝐴𝐴𝑇    (4-10) 

[𝐴] = [𝑈][Σ][𝑉]𝑇    (4-11) 

[𝐴][𝐴]𝑇 = ([U][Σ][𝑉]𝑇)([𝑉][Σ][𝑈]𝑇) (4-12) 

[𝐴][𝐴]𝑇 = ([U][Σ]2[𝑉]𝑇)   (4-13) 

where [𝑈]  is an orthogonal 𝑚 × 𝑚 matrix, [Σ] is an 𝑚 × 𝑛 rectangular diagonal matrix, and [𝑉]𝑇 

is an orthogonal 𝑛 × 𝑛 matrix. The diagonal entries of [Σ]2 denote the set of 𝑞 positive eigenvalues 

of 𝐴𝐴𝑇 as (𝜆1, 𝜆2, … , 𝜆𝑞) and [𝑈] = (𝑢1, 𝑢2, … , 𝑢𝑞) denotes a set of corresponding eigenvectors. 

The scree plot of the ranked percentage of variance explained by each component is used as an 

objective criterion for selecting the number of statistically significant components (Cattell, 1966).  

The factor score of the 𝑖𝑡ℎ  test point for the 𝛽𝑡ℎ factor is obtained as, 

 𝐹𝑆𝑖𝛽 = ∑
𝑢𝛽𝑛

√𝜆𝛽

𝐴𝑖𝑗
𝑇𝑚

𝑘=1     (4-14) 

The number f 𝑛𝛽 corresponds to the number of significant components obtained with the scree test 

beyond which there is no significant variation in the percent variance explained by the components. 

In the absence of clear inflection point on the scree plot, the test plate may be largely deemed as 

free of anomalies.  

Principal components are expected to correspond to the dominant patterns of FRFs associated with 

defects in the plate.  For locations of the plate without defects, the factor scores are expected to 

remain small in absolute terms and be similarly distributed, while at locations close to defects 

characterized by a principal component, they will be large and appear as outliers relative to other 

locations.  A threshold on scores can be used to locate defects across the plate; however, if the 
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threshold is not selected properly, this can result in either failing to detect a defect or reporting a 

large number of false-positives. Thresholds can be specified on the basis of distance-based 

methods or hypothesis test to detect outliers (Abdi & Williams, 2010).  Examples of commonly 

used distance-based and hypothesis testing methods are the Mahalanobis distance (Sohn et al., 

2001; Yao & Pakzad, 2012), the Cosh spectral distance (Yao & Pakzad, 2012), the T-statistic, and 

Q-statistic (Keller, Cohen, Pakzad, & Pessiki, 2017; Mujica et al., 2011).  For this application, box 

and whisker plots and extreme value based methods are favoured given their power and ability to 

identify multiple outliers in a data set. Commonly used extreme value tests are the Grubbs test 

(Grubbs, 1969; Stefansky, 1972), Tietjen-Moor test (Tietjen & Moore, 1972), and Generalized 

Extreme Studentized Deviate test (ESD) (Rosner, 1983). All these tests are parametric, which 

implies they assume that observations are normally or approximately normally distributed. The 

Grubbs test is used for the detection of a single outlier in a data set. The Tietjen-Moor test can be 

used to detect multiple outliers in a data set; however, its application requires that the exact number 

of outliers is known a priori, which is not the case in practice and introduces an element of 

subjectivity. The generalized ESD test is essentially the sequential application of the Grubb’s test, 

and is used for the detection of multiple outliers in a data set. The advantage of the Generalized 

ESD over the Tietjen-Moore test is that the only the upper bound of the number of outliers has to 

be specified and it ranks the significance of each outlier up to the specified upper bound. Given an 

upper bound k for the number of outliers, the following test of hypothesis is formulated, 

𝐻0: 𝑇ℎ𝑒𝑟𝑒 𝑎𝑟𝑒 𝑛𝑜 𝑜𝑢𝑡𝑙𝑖𝑒𝑟𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑐𝑜𝑟𝑒𝑠 

𝐻1: 𝑇ℎ𝑒𝑟𝑒 𝑎𝑟𝑒 𝑢𝑝 𝑡𝑜 𝑘 𝑜𝑢𝑡𝑙𝑖𝑒𝑟𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑐𝑜𝑟𝑒𝑠 

The test statistic for the score 𝑥𝑖 at test location 𝑖 and a given principal component is calculated as, 

𝑅𝑖 =
𝑚𝑎𝑥𝑖|𝑥𝑖−𝜇|

𝑠
   (4-15) 

where 𝜇 and 𝑠 are respectively the mean and the standard deviation of factor scores for a given 

component and 𝑥𝑖 is the score for test location 𝑖 on a plate. The test is performed by removing the 

observation that maximizes the numerator in Eq. 4-15 and then repeating the operation with the 

remaining (𝑛 − 1) observations. Sampling with replacement is repeated 𝑘 times such that 𝑘 test 

statistics 𝑅1, 𝑅2, …,𝑅𝑘 are obtained, where 𝑘 ≤ 𝑚 Critical values corresponding to 𝑘 test statistics 

for a significance level 𝛼 are calculated using Eq. 4-16. 
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𝜆𝑖 =
(𝑛−𝑖)𝑡𝑝,𝑛−𝑖−1

√(𝑛−𝑖−1+𝑡𝑝,𝑛−𝑖−1
2 )(𝑛−𝑖+1)

      𝑓𝑜𝑟  𝑖 = 1,2, … , 𝑘  (4-16) 

where 𝑡𝑝,𝑣 is the 100p percentage point from the t-distribution with 𝑣 = (𝑛 − 𝑖 − 1) degrees of 

freedom and 𝑝 is calculated according to Eq. 4-17, in which 𝛼 is the significance level of the test.  

𝑝 = 1 −
𝛼

2(𝑛−𝑖+1)
      (4-17) 

The number of outliers is determined by finding the largest 𝑖 such that 𝑅𝑖 > 𝜆𝑖, that is, the null 

hypothesis will be rejected if the test statistic value is greater than the critical value for a specific 

significance level. 

The test points identified as extreme outliers in the box and whisker plot for the factor scores for 

each 𝛽𝑖 (𝑖 = 1,2,3, … , 𝑘) characterize the significant defects ranked in decreasing order of severity. 

Similarly, the test points shown as outliers using the ESD test on factor scores for 𝛽 = 1 identify 

the most significant defects in the test element ranked in decreasing order of severity.  The process 

of the proposed algorithm from the impulse-response test measurements to the final defect 

detection, is outlined in the schematic presented in Figure 4-1. 
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Figure 4-1. Schematic of defect detection with the impulse-response test using the proposed 

algorithm. 

4.5 Experiments 

Two experimental specimens are used to validate the proposed defect detection algorithm. The 

first specimen is used to validate the factor score as a damage sensitive feature in the presence of 

multiple void defects with varying geometrical characteristics. The second specimen is used to 

evaluate the accuracy of the proposed algorithm for a plate with two types of anomalies, a void 

and honeycombing, using a survey over a grid of test points. 

4.5.1 Fully Supported Clamped Plate with Multiple Voids 
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The first experiment is performed on a 457 mm thick clamped concrete plate with several planar 

voids of different planar size and depth in zones with and without reinforcement (Figure 4-2 and 

Table 4-1).  

 

            

Figure 4-2. (a) Plan view of the first test plate with the impulse-response test measurements 

identified. All the dimensions are in the units of mm. (b) The specimen under construction. (c) 

The specimen during impulse-response test 

Table 4-1. Dimensions and depths of planar defects in the test plate. 

Defect 

ID 

Size (mm 

x mm) 

Depth 

(mm) 

Size/depth 

A 457 x 457 305 1.5 

B 305 x 305 152 2.0 

C 305 x 305 38 8.0 

D 760 x 760 76.2 10.0 

A 
B C 

F 
E 

D 

G 

Impulse-response 
test measurement 

Accelerometer 

Impact location 

Solid/ Intact 

SA 
SB SC 

SE 

SF 

SG 

(b) 

(c) 

(a) 
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Defect 

ID 

Size (mm 

x mm) 

Depth 

(mm) 

Size/depth 

E 305 x 305 114 2.7 

F 610 x 610 203 3.0 

G 406 x 406 76.2 5.3 

 

The impulse-response test is performed using a piezoelectric accelerometer with a 100.616 mV/g, 

an instrumented hammer with an upper usable frequency range of 2200-4500 Hz, and a data 

acquisition system (LMS SCADAS Mobile) with a rate of up to 204 kHz per channel. To reduce 

noise and repeatability of measurements, epoxied steel plates were used for mounting the 

accelerometer on each test point. A sampling frequency of 20480 samples/sec was selected to 

obtain high resolution FRFs. The tests were performed on each defect, and an intact location as 

shown in Figure 4-2a. The locations of the impact and the receiver were within 100 mm of each 

other for all measurements. For tests performed at defect locations, the receiver was located at the 

surface above the approximate center of each defect. In-addition to the measurement at the intact 

location, tests were also performed at intact locations close to each defect. The Accelerance 

spectrum or acceleration FRF for each measurement is calculated using Eq. 4-18 and a range of 0-

2000 Hz is used for the analysis. 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒 =
𝐴(𝐹)

𝑓(𝐹)
= |

𝐹𝐹𝑇(𝐴(𝑡))

𝐹𝐹𝑇(𝑓(𝑡))
|  (4-18) 

A comparison between the FRFs at the intact location and for each defect is provided in Figure 

4-3. A comparison is also provided between the FRF at the intact location and the FRF in the 

vicinity of each defect (SA, SB, SC, SE, SF, SG in Figure 4-2a) for which the location of impactor 

and accelerometer at each measurement location are detailed in Figure 4-2a. This comparison 

indicates that distinct FRF patterns are associated with each defect in comparison to the FRF at the 

intact. Similar patterns are observed in the principal components (PCs) obtained using eigenvectors 

weighted by the corresponding eigenvalues according to the procedure outlined in section 4-4 

(Figure 4-4)  
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Figure 4-3. Comparison of accelerance spectra with intact and defect locations, and the intact 

locations near each defect identified in Figure 4.2a with each other. 

 

Figure 4-4. Pattern of the first 5 principal components for the FRF dataset of clamped concrete 

plate. 
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The number of components needed to fully capture the patterns to delineate defects are obtained 

using the objective criteria of the scree test. The scree plot and the percentage of variance explained 

for the first 10 components are shown in Figure 4-5. Almost all the variation in the dataset is 

explained by the first component, which makes it challenging to determine the exact number of 

the component on the scree plot beyond which the percent variance explained levels off. For this 

purpose, a second scree plot is obtained for component 2 to 10 using the data in the table in Figure 

4-5. The scree test on both the scree plots shown in Figure 4-5a and Figure 4-5b show that the first 

five components explain most of the variance in the data set. The factor scores for each test point 

on the test plate are calculated according to Eq. 4-14 for the first 5 components and are shown in 

box and whisker plots in Figure 4-6. 

 

Figure 4-5. Scree plot and the percent variance explained by each component for the FRF dataset 

of clamped concrete plate. 

The scores at locations with defects are significantly larger than for locations with no defect and 

are identified as either outliers or extreme outliers. It is also noted that the dominant defects are 

identified as outliers in decreasing order of severity in terms of area and distance from the surface 

(D, G, C, E, B, and F).  Only defect A appears not be significant given its relatively large depth. 

The scores for component 4 correctly identify locations C, E, and B as defects. Interestingly, the 

three defects have the same surface area and their scores are inversely proportional to their depth 

from the surface. The ranking of defects from high to low severity based on the size to depth ratio 

is not perfect; however, because of the presence of reinforcement in the portion of the plate above 

defects C, D, an E. Nevertheless, using this procedure of defect severity ranking, D, C and E are 

(a) 
(b) 
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ranked for reinforced class and G and F for the un-reinforced class perfectly well. This confirms 

that such a ranking of test points with the factor scores as damage sensitive features is feasible. 

The ESD test is also performed to provide a statistical basis for defect detection and severity 

ranking. For this purpose, only the factor scores for the first component are used. The test statistic 

are calculated along with the critical values for various significance levels using the procedure 

outlined in section 4.4 and Eq. 4-15 to 4-17, as shown in Figure 4-7. In this case, the null hypothesis 

can be rejected for the presence of no more than 6 outliers at a significance level of 5%. The 

number of outliers does not change by increasing the significance levels of the test. The points for 

which the test statistic is higher than the critical values for a given significance level for factor 

score of 𝛽 = 1 belong to the test points with defects. Furthermore, they are ranked according to 

their severity in decreasing order based on the severity criterion of the size to depth ratio of the 

portion of plate above the defect for the reinforced and unreinforced portion of the plate. This 

ranking is similar to that of the box and whisker plot. Like the box and whisker plots, the ESD test 

shows all the test points with defects as outliers except for defect A. This is due to the larger depth 

to size ratio of the defect, which makes the FRF pattern nearly similar to that of a solid test point. 

 

Figure 4-6. Box and Whisker plots of factor scores for the first 5 eigenvectors for the clamped 

concrete plate dataset. 
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Figure 4-7. Outlier detection with ESD test on Factor scores for β =1. 

Having demonstrated the efficiency and validity of the factor scores as damage sensitive features, 

the influence of the geometrical characteristics on damage patterns, and the accuracy of the outlier 

detection in identifying and ranking the defects, the next experiment is performed on a larger 

specimen with different boundary conditions and two types of defects using a grid of test points to 

both locate and determine the spatial extent of the defects. 

4.5.2 Reinforced Concrete Plate on Elastic Foundation  

In the second experiment, the impulse-response test is performed to detect defects in a reinforced 

concrete plate on elastic foundation. The plate is 400 mm thick and is reinforced with #4 bars in 

the upper portion of the slab only and in both lateral directions at 127 mm on center. The area of 

the test plate on which measurements were performed is 2.1 m by 2.7 m. The void and honeycomb 

defects are respectively at depths of 80 mm and 140 mm. The planar dimensions of the void and 

honeycomb are respectively 600 mm by 470 mm and 490 mm by 400 mm and their locations in 

the plate are shown in Figure 4-8.   
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Figure 4-8. The test plate on elastic foundation with measurement grid and locations of void and 

honeycomb defects 

The test is performed over a regular grid of 300 mm by 300 mm to scan the entire surface of the 

slab and emulate the measurement procedure followed in practice for a total of 80 test points. The 

designation of the measurements at each test point is shown in Figure 4-8. An instrumented 

hammer with a sensitivity of 0.23 mV/N, a geophone with a sensitivity of 20 mV/m/s, and a data 

acquisition system by National Instruments 5132-USB are used for the second experiment. The 

sampling frequency is 10 kHz. The hammer and geophone records are obtained at each test point 

on the test grid and the mobility is calculated according to Eq. 4-1. The FRFs from each test points 

Honeycomb 

Void 
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are compiled in a feature matrix for application of the defect detection algorithm outlined in section 

4.4. Because of limitations on the usable frequency range associated with the stiffness and contact 

area of impactor tip (Sajid, Chouinard, & Carino, 2019), the frequency range from 0 – 700 Hz was 

used for the analysis. 

The PCs and the percent variances explained by the first 10 components are presented respectively 

in Figure 4-9 and Figure 4-10. The patterns observed in the PCs corresponds to the dominant FRFs 

in the dataset. The first component explains 76% of the total variance and decreases rapidly for 

higher components. The percentage of variation explained by components beyond component 4 

levels off and based on the scree plot, only the first 4 components are selected as significant. The 

factor scores for the first 4 components are shown in Figure 4-11.  

 

Figure 4-9. Patterns of the first 4 principal components of the dataset for the plate on elastic 

foundation. 
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Figure 4-10. Scree plot and the percentage of variance explained by each component for the data 

set of the plate on elastic foundation. 

The box and whisker plot is used to identify test points with defect as outliers for factor scores for 

the first four components. For the first component, test points 23, 18, 46, 19, and 22 are identified 

as defects in decreasing order of severity. These points are shown in Figure 4-8  to correspond to 

the locations of the void and the honeycomb. Similarly, the highest scores observed for the first 

four components are 23, 18, 34, 46 (Figure 4-11), where the first two are above the void and the 

last two are above the honeycomb. It is notable that some test points in the box plot for factor score 

of higher 𝛽 values are also identified as outliers, though not relatively significant which implies 

the higher sensitivity of the box plot for slight imperfections in the material integrity and/or 

boundary condition.  
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Figure 4-11. Box and whisker plots on factor scores for β = 1-4. 

The outlier detection with the ESD test is performed by calculating the test statistic and critical 

values for various significance levels using Eq. 4-15 to 4-17 on the scores of the first component. 

The ESD test is relatively less sensitive compared to the box plot and only detect significant 

outliers in factor scores for high 𝛽 values leaving the less severe defects as un-detected. The test 

statistic is greater than critical values for 5 test points at a significance level of 5%. These points 

are 23, 18, 19, 46, and 22, all of which correspond to the void except for point 46, which is 

associated with the honeycomb. This detection and ranking is similar to that of the box and whisker 

plot for factor score of 𝛽 = 1. Furthermore, the number of test points for which the null hypothesis 

can be rejected did not change by increase the significance level of the statistical test (Figure 4-12).  
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The k value, which is the hypothesized number of outliers present in the factor score for 𝛽 = 1, 

was set to 12. A higher value of k is computationally expensive and the outlier detection is not 

sensitive to k higher than the actual number of outliers present in the factor score vector. A contour 

plot for the factor scores for 𝛽 = 1 shows good agreement with the locations of the void and 

honeycomb defects (Figure 4-13). The extreme outliers from the box plots and also flagged as 

statistically significant with the ESD test are shown as red ellipsoids. Both the voids and the 

honeycomb are located and delineated with reasonable accuracy using the proposed defect 

detection procedure with the relatively low frequency range of the FRFs.   

 

Figure 4-12. Outlier detection with ESD test on the factor scores for the first component for the 

plate on elastic foundation. 
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Figure 4-13. Contour plot of the factor score for the first component for the plate on elastic 

foundation with measurement locations and the outliers respectively by red asterisks and red 

ellipsoids. 

4.5.2.1 Comparison with the Current Detection Procedure 

In current practice, empirical indices that describe different characteristics of the mobility FRF 

and displayed as contour plots across the plate are used for defect detection. Among these, the 

average mobility is the most common (Dodge & Chapa) (Saldua et al., 2018). The average mobility 

is defined as;   

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦 =
1

𝑛
[

|𝑉(𝐹)|

|𝑓(𝐹)|
]  𝑓𝑜𝑟 100 𝐻𝑧 ≤ 𝐹 ≤ 800 𝐻𝑧  (4-22) 

where 𝑛 is the number of ordinates of the mobility FRF in the range of 100 to 800 Hz, 𝑉(𝐹) and 

𝑓(𝐹) are respectively the velocity and impact records in frequency domain, and 𝐹 is the frequency 

range on the horizontal axis of the mobility FRF. The contour plot of the average mobility shows 

the presence of the void, but fails to detect the honeycomb (Figure 4-14). The current procedure 

only relies on a visual interpretation of the contour plot and does not comprise any statistical test 

to identify statistically significant defects. Often times, the contour plot is noisy and it is 
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challenging to subjectively determine the presence of defects thereby increasing the likelihood of 

false negatives. To explore the accuracy of the average mobility as damage sensitive feature and 

to assess if the addition of a statistical test for outlier detection would improve detectability of the 

impulse-response test, ESD test was used to detect outliers in the average mobility vector for all 

test points. For this purpose, a value of k=12 was selected as the upper range of the possible number 

of test points with defects. The test statistic was calculated for significance levels ranging from 5 

to 20%. It can be seen that only 4 outliers were detected namely 23, 18, 19 and 79 (Figure 4-15). 

None of these points belongs to the location of the honeycomb as shown in Figure 4-14. This 

demonstrates that the average mobility is not as optimal damage sensitive feature as the one in the 

proposed algorithm even when combined with statistical tests for the detection and delineation of 

defects. 

 

Figure 4-14. Contour plot of average mobility values for the plate on elastic foundation, with 

planned defects marked and measurement locations presented with red asterisks. 
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Figure 4-15. ESD test for outlier detection in the average mobility values at each test point for 

the plate on elastic foundation. 

4.5.2.2 Validation of the Proposed Algorithm 

The proposed algorithm is designed for unsupervised applications without prior knowledge on the 

location and extent of defects. The validation of the proposed algorithm is performed by comparing 

the results of the impulse response test with observations from a high-resolution ultra-sonic shear 

wave tomography of the second plate (Figure 4-16). The tomography was preformed over a grid 

of 150 mm by 75 mm using MiRA® (Germann-Instruments, 2014). The results show very good 

agreement between the two surveys. The anomalies identified correspond to the exact position of 

the void defect and the anomalies identified for the honeycomb correspond to the regions of high 

response of the C-scan. Lighter shaded areas in the tomography are not considered significant and 

can attributed to edge effects and uneven compaction of the plate during casting of the specimen.  
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Figure 4-16. Tomogram (C-scan) of the plate obtained using ultrasonic shear wave tomography 

with MiRA®. The measurements of the impulse-response test are shown as yellow circles and 

the outliers detected with the box and whisker plots and the ESD are shown as red rectangles. 

4.6 Discussion and Future Research Prospects 

The impulse-response test is one of the widely used NDT methods for the condition assessment of 

concrete. Nevertheless, the current data analysis procedures for defect detection may limit the 

performance of the test. Given the benefits of statistical pattern recognition methods in health 

monitoring applications, an algorithm based on principal component analysis performed on the 

FRFs matrix is proposed to improve the diagnostic value of the impulse-response test for defect 

detection and characterization. The proposed unsupervised algorithm does not require prior 

baseline surveys or a priori knowledge on the condition of the test element. Two experimental 

specimens are used for validating the proposed algorithm. The first specimen, which is a clamped 
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partially reinforced concrete plate having voids of different size and depth, is used to demonstrate 

the diagnostic value of factor scores for significant components identified from the scree plot and 

their relation with the severity of the defects. The second specimen, which is a reinforced concrete 

plate on elastic foundation having a void and honeycomb defect, is used to demonstrate the 

applicability of the proposed procedure when the impulse-response test measurements are 

performed in a grid format with two types of defect. The results demonstrate that the proposed 

algorithm can correctly locate and rank defects in decreasing order of severity and outperforms 

currently used damage indices such as the average mobility. The findings of this research are also 

significant from the perspective that the proposed algorithm demonstrates the relatively low 

frequency impulse-response test can perform at a level equivalent to that of the high frequency 

ultrasonic shear-wave tomography test but at a much lower cost. The sensitivity of the proposed 

data analysis procedure as a function of the frequency range of the FRF has to be further 

investigated, in particular by extending the usable range of the FRF with different types of 

hammers. The effect of the grid size for test points on the detectability of defects as a function of 

their type, spatial extent and depth, and plate boundary conditions also need further investigations.  

4.7 Conclusion 

The findings of this research significantly improve the detection capabilities of the impulse-

response test, which is a low frequency, widely used fast scanning stress-wave NDT method to 

identify local anomalies in reinforced concrete elements. It has been used for the condition 

assessment of concrete elements since 1980’s but this research is one of the most comprehensive 

studies using signal processing and pattern recognition to improve the detection and delineation of 

defects.  

The novelty of this research is in the development and application of pattern recognition techniques 

to the FRF derived from impulse-response records obtained using ASTM C1740 protocols to 

improve the detection and delineation of defects in concrete plates. The FRF is used to define 

vector-valued features that have high variance in the presence of defects. Further analysis of the 

vector-valued features using principal component analysis (PCA) indicates that the dominant 

patterns are related to specific types of defects and that the scores corresponding to these patterns 

greatly improve the ability to delineate spatially the extent of the defects in comparison to the 

indices currently used in practice.  In particular, the tests performed on the second plate show that 
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the proposed algorithm can detect a honeycomb defect, which is undetected with currently used 

indices. Finally, the Generalized ESD test and box and whisker plot are shown to provide an 

efficient and objective means to identify and rank statistically significant defects. 
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5. Detection and Ranking of Damage in Concrete Plates Using 

Impulse-response Test with Affinity Propagation and 

Homoscedasticity 

Abstract 

This article presents a procedure based on the impulse-response test and the affinity propagation 

algorithm to detect delamination, honeycomb, and debonding in concrete slabs. Frequency 

response functions (FRFs) generated with the impulse-response test according to the protocols of 

ASTM C1740 on a grid pattern are combined to define a feature space matrix. The affinity 

propagation (AP) algorithm is used to cluster the FRFs in the feature space. Clusters are shown to 

correspond to either intact locations or defects and cluster membership can be used to locate 

defects in the plate. The effectiveness of the algorithm for damage delineation is dependant on the 

optimal number of exemplars and some objective-criteria to categorize each cluster according to 

the severity of defects. To achieve this objective, an upper bound for the number of exemplars is 

proposed for optimal defect detection and the variance of the FRF is proposed and validated as a 

criterion for ranking the severity of defects and for merging exemplars that exhibit similar levels 

of variability to address potential underfitting issues associated with the AP algorithm. The latter 

is achieved by checking the homoscedasticity of each pair of exemplars using Levene’s test for the 

equality of variance. Two fully supported slabs with free edges and having different characteristics, 

and a slab on elastic foundation with restrained edges are used to validate the proposed procedure. 

The proposed procedure is shown to efficiently detect shallow delamination and debonding. The 

deep delamination and honeycomb in the experimental slabs are also delineated but to a lesser 

extent compared to the shallow delamination.   

Keywords 

Debonding, impulse-response test, delamination, honeycombing, homoscedasticity, affinity 

propagation. 

5.1 Introduction 

Construction defects and ageing-related deteriorations adversely affect the durability of materials 

and the projected service life of reinforced concrete structures, which account for the largest 
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proportion of the infrastructure. The ingress of invasive substances (mainly chlorides and carbon 

compounds) inside the concrete alters its electrochemical environment and react with the 

protective passivation film at the surface of the reinforcing steel thereby exposing it to corrosion. 

The expansion of corrosion products can induce in-plane cracking, or delamination, which is 

difficult to detect visually in its early stages. Initial construction and/or design flaws may also 

induce delamination, as for example, improper post-tensioning in curved concrete elements (Choi, 

Woods, Hrynyk, & Bayrak, 2020). Similarly, honeycombing due to improper placement and/or 

compaction can increase the permeability of concrete and promote the ingress of water and 

contaminants. The timely detection and assessment of these defects with simple, accurate and low-

cost non-destructive tests (NDT) is desirable given that early interventions followed by remedial 

measures increases the service life and lowers overall maintenance and repair costs of the 

structures. 

5.2 Condition Assessment Methods 

Condition assessment surveys are generally performed prior to rehabilitation, repair or 

replacement decisions on a structure. A list of the various methods used in condition assessment 

is outlined in the consensus committee report of the American Concrete Institute (ACI-Commttee-

228, 2013). The most versatile methods among these are the impact-echo (ASTM-C1383-15, 

2015), the impulse-response (ASTM-C1740-16, 2016), the ground penetrating radar (ASTM-

D6432-11, 2011), and the ultrasonic shear-wave tomography. The impact-echo method is based 

on the analysis of the propagation of P-waves across the thickness of an element and of the 

reflected waves due to changes in material impedance when waves travel across different types of 

materials or through defects. The test performs well; however, the time required to complete the 

test limits its application to small sections of structural elements that have been identified as 

potentially deficient by other methods. More recently, the air-coupled sensing technology has been 

introduced to replace contact sensors to reduce the amount of work required to perform the test 

(Ham & Popovics, 2015; Zhu & Popovics, 2007). However, the task of tuning the impact to 

generate responses within the desired frequency range is time-consuming and remains a challenge.  

Similarly, the ground penetrating radar is based on the propagation and reflection of 

electromagnetic waves in the presence of defects and reinforcing steel due to changes in dielectric 

properties. However, the interpretation of measurements is complex and is still the subject of 
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ongoing research using innovative data analysis procedures (Sun, Pashoutani, & Zhu, 2018; 

Tarussov, Vandry, & De La Haza, 2013) and machine learning algorithms (Asadi, Gindy, & 

Alvarez, 2019; Kang, Kim, Lee, & An, 2019). Because it is based on the electrical properties of 

materials, signals are dominated by interactions with the steel reinforcement and other embedded 

metallic objects, which impairs the assessment of defects located below the steel reinforcement. 

The ultrasonic shear-wave tomography is used to generate 3D tomograms of objects using a 

synthetic aperture focusing technique (SAFT) (Aldo, Samokrutov, & Samokrutov, 2013). The 

method is highly accurate and is routinely used to assess the integrity of pre-stress tendon grouts 

(Martin, Broughton, Giannopolous, Hardy, & Forde, 2001). The main limitation of this test is the 

relatively long time required to perform the test. 

5.3 Impulse-response Test 

The impulse-response test (ASTM-C1740-16, 2016), on the other hand, is a low strain and low 

frequency stress wave propagation-based NDT method, which is widely used in practice across 

large surfaces as a fast scanning method (A. G. Davis, 2003). This method was first used for pile 

integrity testing; however, since the late 1980’s it has also been used for the condition assessment 

of bridge decks, floor slabs (AG Davis & Hertlein, 1987), concrete chimneys (A. G. Davis & 

Hertlein, 1995), highway pavements (Allen Davis, Hertlein, Lim, & Michols, 1996), concrete 

tunnel linings (A. G. Davis, Lim, & Petersen, 2005), radioactive waste tanks (A. G. Davis, Evans, 

& Hertlein, 1997), and nuclear containment buildings (Miller, 2010). Sajid and Chouinard provide 

a detailed literature review and current state-of-the-art report on the test (Sajid & Chouinard, 2019). 

The standard procedure for the test is described in ASTM C1740. Measurements are typically 

performed across grid points at the surface of a test element to obtain the velocity frequency 

response function (FRF) or mobility spectrum at each test point. Several indices are derived from 

the mobility spectrum that characterize the shape of the mobility spectrum in the frequency range 

of 10-800 Hz. The indices for average mobility (𝑁𝑎𝑣), dynamic stiffness (𝐾𝑑), voids index (𝑣), and 

mobility slope  (
𝑀𝑝

𝑁𝑎𝑣
) are defined and illustrated in Figure 5-1. These indices are a function, to 

varying degrees, of the modulus of elasticity 𝐸, the mass density of the material 𝜌,  the thickness 

of the test element 𝑡, the stiffness of the element at its boundary 𝐾𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦,  and the presence of 

internal defects (𝐼𝐷) such as debonding of overlay (𝐷), and delamination (𝐷𝐿).  

𝑁𝑎𝑣 = 𝑓(𝐸, 𝑡, 𝜌)  (5-1) 
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𝐾𝑑 = 𝑓(𝐸, 𝑡, 𝐾𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 , 𝐼𝐷) (5-2) 

𝑀𝑝

𝑁𝑎𝑣
= 𝑓(𝜌)   (5-3) 

𝑣 = 𝑓(𝐾𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 , 𝐷, 𝐷𝐿) (5-4) 

The dynamic stiffness (𝐾𝑑) is the inverse of the slope of the mobility spectrum in the 20-100 Hz 

range (Eq. 5-2) and the mobility slope (
𝑀𝑝

𝑁𝑎𝑣
) is defined for the range from 100 to 800 Hz (Eq. 5-

3). A relative comparison of the spatial variation of these indices is used to identify potentially 

deficient regions on the test element, which can be investigated in more detail by using more 

refined methods such as impact-echo or ultrasonic shear-wave tomography (ASTM C1740-16).  

 

Figure 5-1. A typical mobility spectrum for concrete plate element with a description of the 

defect indices according to ASTM C1740-16. 

Although the test has been used for the condition assessment of concrete elements since the late 

1980’s, there has been very limited research on the use of modern data analysis tools to improve 

diagnostics and provide physical insight linking features of the mobility spectrum and defects 

(Sajid & Chouinard, 2019). For example, Ottossen et al. (Ottosen, Ristinmaa, & Davis, 2004) use 

a theoretical model of a beam on elastic foundation to demonstrate that a defect either in the beam 

or the foundation will reduce damping and increase mobility. Nevertheless, the indices currently 

used in ASTM C1740-16 and their interpretation remain mostly empirically based. This research 
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is part of an effort to improve the diagnostics with the impulse-response test using novel data 

analysis procedures. 

5.4 Literature Review 

Clustering algorithms have been widely used for the detection of defects in concrete elements. 

Dinh et al. (Dinh et al., 2015) used k-means clustering for partitioning ground penetrating radar 

data for the assessment of the degree of corrosion in reinforced concrete bridge decks. Clustering 

has also been used to partition infrared thermography images for the assessment of defects in 

reinforced concrete bridge decks (Omar & Nehdi, 2017a, 2017b).  Principal component analysis 

and self-organizing neural networks clustering have been used to analyse acoustic emission signals 

and assess the severity of damage in concrete elements (Calabrese, Campanella, & Proverbio, 

2010). Clustering has also been used to combine information from different non-destructive 

procedures to detect and assess the severity of honey-combing in concrete elements (Völker & 

Shokouhi, 2015). Kabir et al. used edge detection algorithms and statistical pattern recognition 

with k-means clustering to classify defects in concrete dams (Kabir, Rivard, He, & Thivierge, 

2009).  

Clustering analysis has also been applied with the frequency response function and transmissibility 

data for defect detection. Yu et al. (Yu, Zhu, & Yu, 2013) use Fuzzy c-mean clustering to classify 

damaged and healthy states by clustering the medians of the principal components of the FRF 

obtained at different locations of a truss. Park et al. (Park, Lee, Yun, & Inman, 2008) assess the 

condition of bolted joints using electro-mechanical impedance monitoring. The data from wireless 

sensors is analyzed first by the principal component analysis followed by clustering using the k-

means algorithm (Park et al., 2008). Lattanzi and Miller use image processing and clustering 

combined with a machine learning classifier for the detection of surface cracks on a bridge 

(Lattanzi & Miller, 2014). However, their methodology is based on supervised learning, which 

requires prior knowledge on a portion of the test element for training the model. Multiple other 

studies provide examples of clustering-based health monitoring for structural systems (Alamdari, 

Rakotoarivelo, & Khoa, 2017; Diez et al., 2016; Fang, Liu, & Teng, 2018; Hu et al., 2012; Yeung 

& Smith, 2005) (Alamdari, Rakotoarivelo, & Khoa, 2017; Diez et al., 2016; Fang, Liu, & Teng, 

2018; Hu et al., 2012; Yeung & Smith, 2005). Zhou et al. (Zhou, Maia, Sampaio, & Wahab, 2017) 

use hierarchical clustering of the transmissibility measurements combined with a distance-based 
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similarity measure to detect damage in structures using laboratory scale models. Perera et al. 

(Perera, Torres, Ruiz, Barris, & Baena, 2019) demonstrate the detection of defects in surface layers 

of epoxy-bonded sheets to beam elements with two complementary clustering techniques. For this 

purpose, they use hierarchical clustering over the entire frequency range of the electromechanical 

impedance, and k-means clustering of moments of the measured impedance responses (Perera et 

al., 2019). 

In the case of stress-wave testing methods, such as impact-echo and impulse-response, there are 

very few applications where clustering methods have been used to improve condition assessments 

of test elements. Zhang, Yan and Cui (Zhang, Yan, & Cui, 2016) apply a feed-forward neural 

network technique to data from the impact-echo Test. Igual et al. use a semi-supervised Bayesian 

classifier to analyse impact-echo data on aluminum alloy specimens to identify defects (Igual, 

Salazar, Safont, & Vergara, 2015). Hierarchical clustering has also been used with impact-echo 

data for similar purposes in laboratory investigations by Igual et la. (Igual, 2020). Sajid et al (Sajid, 

Taras, & Chouinard, 2021) use the factor score of principal components of the FRF from impulse-

response tests as a damage indicator, which is shown to be a better damage sensitive feature for 

condition assessment compared to the currently used indices.  

In this article, the AP algorithm is used to cluster and delineate defects in a plate using the FRFs 

at all the test points as a feature space matrix. This algorithm is favoured as it does not require to 

preselect the number of clusters initially. Nevertheless, the inputs to the algorithm can be adjusted 

to control the number of clusters. Some guidance is provided on the specification of the maximum 

number of cluster centers and the condition of homoscedasticity through the application of 

Levene’s test is introduced to address underfitting by the AP algorithm. Finally, the variance of 

the resulting exemplars is shown to be very correlated with the severity of defects.  

5.5 Frequency Response Function and Defects 

The frequency response function (FRF) obtained from the impulse response test and its 

interpretation are briefly reviewed for a plate.  The shape of the FRF is characterized through a 

vector of values for a set of frequencies and forms the basis for defect detection and quantification 

of defect severity. 
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Consider a system with 𝒏 degrees of freedom subjected to an input excitation 𝑓(𝑡),  the governing 

equation of motion is:  

𝑀𝑥̈(𝑡) + 𝐶𝑥̇(𝑡) + 𝐾𝑥(𝑡) = 𝑓(𝑡)  (5-5) 

where 𝑀, 𝐶 and 𝐾 are respectively (nxn) mass, stiffness, and damping matrices while 𝑥̈(𝑡), 𝑥̇(𝑡), 

𝑥(𝑡), and 𝑓(𝑡) are respectively the column vectors of acceleration, velocity, displacement, and 

force in the system. Assuming that 𝑓(𝑡) is a harmonic excitation, the Fourier transforms of the 

excitation and response are: 

𝑓(𝑡) = 𝐹(𝜔)𝑒𝑖𝜔𝑡 𝑎𝑛𝑑 𝑥(𝑡) = 𝑋(𝜔)𝑒𝑖𝜔𝑡  (5-6) 

Therefore, the solution of Eq. 5-5 in the frequency domain is, 

(−𝜔2𝑀 + 𝑖𝜔𝐶 + 𝐾)𝑋(𝜔) = 𝐹(𝜔) (5-7) 

The output response and input excitation are related through: 

𝑋(𝜔) = 𝐻(𝜔) ∙ 𝐹(𝜔)  (5-8) 

where 𝐻(𝜔) is the FRF   

𝐻(𝜔) =
𝑋(𝜔)

𝐹(𝜔)
= (−𝜔2𝑀 + 𝑖𝜔𝐶 + 𝐾)−1  (5-9) 

In the presence of a defect, the dynamic properties of the system are altered, which modifies the 

response of the system as:  

𝑋𝑑(𝜔) = 𝑋(𝜔) + 𝛿𝑋(𝜔) = 𝐻𝑑(𝜔). 𝐹(𝜔)  (5-10) 

where  𝛿𝑋(𝜔) is the change in the system response due to presence of the defect, and 𝐻𝑑(𝜔) is 

the FRF of the system with the defect. The effect of damage on the mass, damping and stiffness 

matrices are similarly defined as 𝛿𝑀, 𝛿𝐶, and 𝛿𝐾, such that: 

𝐻𝑑(𝜔) =
𝑋𝑑(𝜔)

𝐹(𝜔)
= (−𝜔2(𝑀 − 𝛿𝑀) + 𝑖𝜔(𝐶 + 𝛿𝐶) + (𝐾 + 𝛿𝐾))−1   (5-11) 

Next, the input excitation is idealized as a cubic half sine wave function:  

𝐹(𝑡) = 𝐹𝑚𝑎𝑥𝑠𝑖𝑛3 (
𝜋𝑡

𝑡𝑐
)   𝑓𝑜𝑟 0 < 𝑡 < 𝑡𝑐   
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𝐹 = 0,                                𝑓𝑜𝑟 𝑡 > 𝑡𝑐   (5-12) 

where 𝑡𝑐 is the contact time of the impactor. This function satisfies the Dirichlet conditions (Ewins, 

2009), and hence the Fourier transform for the impact is: 

𝐹(𝜔) = (
1

2𝜋
) ∫ 𝑓(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡 

∞

−∞
   (5-13) 

The system response in the frequency domain due to the impact is: 

𝑋(𝜔) = 𝐻(𝜔) ∙ 𝐹(𝜔)   (5-14) 

where 𝐻(𝜔) represents the FRF for the transient input and output functions and is similar to Eq. 

5-8, which implies that the presence of a defect will modify the FRF in the same way as for a 

harmonic input-output system. Furthermore, the output in the input-output function can be in the 

form of displacement, velocity, and acceleration. A defect in the dynamic system is characterized 

with a local reduction in stiffness, mass, and damping. The reduction in the stiffness results in 

reducing the frequencies at which resonances occur in the system while reduction in damping 

increase the overall amplitude of the system responses. Both these contribute to relatively more 

fluctuations and higher amplitudes in the FRFs as compared with flatter FRFs for the same system 

without any defects. These changes in FRFs for the two systems results in higher variances in the 

FRFs at locations with defect in comparison with locations without defects. It follows that local 

variations in the dynamic characteristics of the element forms the basis for the detection and 

ranking of defects with the impulse-response test.    

A finite element model is used to explain the influence of severity of delamination on the variance 

in the FRF. A concrete plate with 2m by 2m in plan and 500 mm thickness, fully restrained at the 

base is modeled in Abaqus®. The base material has a mass density of 2400 kg/m3, elastic modulus 

of 33 GPa, and Poisson’s ratio of 0.2. The plate is modeled with delamination on its center in plan 

at different thicknesses and planar dimensions as shown in Figure 5-2. The delamination is 

modeled as open space inside the model of the plate given negligible elastic modulus of the 

polystyrene foam compared to concrete, which is generally used to simulate the delamination in 

the lab specimen (Zhu & Popovics, 2007). Impact was modeled using a half sine wave function 

with a useful frequency range of upto 3 Hz and the acceleration response recorded at 20 kHz 

sampling frequency on the center of the plate above delamination. The impact and response time 
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histories were used to generate FRFs in acceleration domain. The variance in each FRF vector in 

the frequency range of 0-2000 Hz is calculated and shown in Figure 5-2. It is evident that the 

severity of delamination characterized by smaller depth from the surface of the plate is directly 

influencing the variance in the respective FRFs.  

 

Figure 5-2. Influence of the defect severity on the variance of the FRF in the frequency range of 

0-2000 Hz. All dimensions are in units of mm. 

5.6 Proposed Procedure 

5.6.1 Vectorization of the FRFs 

The FRF is used to define a vector-valued feature for frequencies within a selected frequency 

range. The feature matrix [A] is formed of elements {𝑎𝑖𝑗} corresponding to the 𝑗𝑡ℎ FRF value at 

the specified frequency of the FRF for the 𝑖𝑡ℎ test location. The feature space matrix is then 

analyzed with a cluster identification algorithm to group FRFs with similar characteristics, which 

can be related either to intact locations of the element or specific types of defects. 

5.6.2 Affinity Propagation (AP) 

AP is a clustering algorithm based on the concept of “the message passing between feature 

vectors”, to find the “exemplars” (or cluster centers) (Frey & Dueck, 2007). For each FRF 𝑖 and 

each candidate exemplar 𝑘, AP computes the "responsibility" 𝑟(𝑖, 𝑘), which indicates how well 

suited 𝑘 is an exemplar for 𝑖, and the "availability" 𝑎(𝑖, 𝑘) reflecting the evidence that 𝑖 should 

choose 𝑘 as an exemplar. 
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𝑟(𝑖, 𝑘) ← 𝑠(𝑖, 𝑘) − max {𝑎(𝑖, 𝑘′) + 𝑠(𝑖, 𝑘′)}  (5-15) 

𝑎(𝑖, 𝑘) ← min{0, 𝑟(𝑘, 𝑘) +  ∑ 𝑚𝑎𝑥{0, 𝑟(𝑖′, 𝑘)}𝑖′:𝑖′∉{𝑖,𝑘} }         (5-16)  

where 𝑠(𝑖, 𝑘) denotes the similarity between two nodes or mobility spectra, which is defined as 

the negative of the squared Euclidean distance between the FRF vector 𝜎(𝑖) and 𝜎(𝑘) (Eq. 5-17) 

(Frey & Dueck, 2007). 

𝑠(𝑖, 𝑘) = − ||𝜎(𝑖) − 𝜎(𝑘)|| 2 (5-17) 

The equations 5-19 to 5-21 are iterated until the cluster membership remains unchanged. Each 

test point 𝑖 is then assigned to the exemplar k, which maximizes the sum 𝑎(𝑖, 𝑘) + 𝑟(𝑖, 𝑘), and if 

𝑖 = 𝑘, then, 𝜎(𝑖)  is an exemplar (Vlasblom & Wodak, 2009). 

The AP algorithm does not require that the number of clusters is specified a priori. The algorithm 

is initiated by scaling the diagonal of the similarity matrix or setting the 𝑠(𝑖, 𝑖), which Frey and 

Dueck (Frey & Dueck, 2007) refer to as “input preferences”. A high value on the diagonal of the 

similarity matrix will result in a high number of exemplars and vice versa. Frey and Dueck 

suggested to use the median of the off-diagonal terms of the similarity matrix as the input 

preference value to obtain an optimal number of exemplars. In this research, an alternative 

approach is proposed by setting the input preference value such that a high number of exemplars 

are obtained. An upper limit of 5 or 6 exemplars is suggested based on substantial experimentation. 

This recommended number of exemplars can be obtained by adjusting the input preferences value 

to the AP algorithm using a trial and adjustment procedure. To confirm if this number of exemplars 

results in underfitting by the AP algorithm, an additional constraint in the form of homogeneity of 

variances of each pair of exemplars is proposed. This homogeneity of variances or 

homoscedasticity is implemented using the Levene’s test as explained in the following section. 

The underfitting scenario can arise with the proposed upper number of exemplars for slabs with 

no defects or that have multiple defects of similar size and severity. The analyst can also select 

input preferences value to obtain higher numbers of exemplars and use the proposed 

homoscedasticity test to check for underfitting for the purpose of diagnostics, but it may be 

computationally expensive.  
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5.6.3 Homoscedasticity or Equality of Variance Test 

As explained in section 5.5, the presence of a defect in a test element affects the local dynamic 

characteristics at a test point, which increases the variance of the corresponding FRF. Therefore, 

the variance of the FRF can be used as a criterion to distinguish between clusters corresponding to 

sections of the plate with or without defects as well as for ranking the degree of severity of the 

defects. The test is used primarily to eliminate clusters in intact regions that exhibit different FRF 

shapes but that are not statistically significant in terms of variability. 

Various statistical tests can be used to test the equality of variance between two or several 

populations. The most common are the F-test, Bartlett’s test (Snedecor & William, 1989), and 

Levene’s test (Levene, 1960). In this research, Levene’s test is used because it is the most robust 

to departures from normality. 

The Levene’s test for the equality of the variance of k clusters is defined as: 

𝐻0:     𝜎1
2 = 𝜎1

2 = ⋯ = 𝜎𝑘
2    

𝐻𝑎:     𝜎𝑔
2 ≠ 𝜎ℎ

2   for at least one pair of (𝑔, ℎ),    2 ≤ (𝑔, ℎ) ≤ 𝑘   

Given a sample of N observations distributed into k exemplars, where 𝑁𝑔 is the sample size of the 

𝑔𝑡ℎexemplar (in this application, Ng is the same for all exemplars such that N = Ng), the Levene’s 

test statistic is defined as: 

𝑊 =
(𝑁−𝑘)

(𝑘−1)

∑ 𝑁𝑔
𝑘
𝑔=1 (𝑍𝑔.−𝑍..)

2

∑ ∑ (𝑍𝑔ℎ.−𝑍𝑔.)
2𝑁𝑔

ℎ=1
𝑘
𝑔=1

  (5-18) 

𝑍𝑔ℎ = |𝑌𝑔ℎ − 𝑌𝑔|  (5-19) 

where 𝑌𝑔ℎ is the value of the ℎ𝑡ℎ accelerance component of the  𝑔𝑡ℎ exemplar,  𝑌𝑔 is the average 

accelerance of the 𝑔𝑡ℎ exemplar, 𝑍𝑔. is the average of the absolute deviations of the accelerance 

components from the average accelerance for exemplar g  and 𝑍.. is the overall mean of 𝑍𝑔ℎ.. The 

Levene’s test rejects the null hypothesis (variances are equal) if, 𝑊 > 𝐹𝛼,𝑘−1,𝑁−𝑘, where 

𝐹𝛼,𝑘−1,𝑁−𝑘 is the F-distribution with 𝑘 − 1 and 𝑁 − 𝑘 degrees of freedom at a significance level 

of  𝛼 (Sematech, 2006). In this article, the Levene’s test is used to test all pairs of exemplars 
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obtained by the AP algorithm. If the test fails to reject the null hypothesis, the respective pair of 

exemplars are combined and their members are represented by either one of the two exemplars. 

5.7 Experimental Study 

Three experimental specimens with different characteristics are used to validate the proposed 

procedure. The first two specimens, are reinforced concrete plates fully supported with 

unrestrained edges; one with defects and a reference slab. The slabs are respectively referred to as 

Slab 1 and Slab 2. The third specimen is a reinforced concrete plate on elastic foundation with 

restrained edges referred to as Slab 3. The following subsections describe each experimental 

specimen, the respective instrumentation, the measurements and the data analysis. 

5.7.1 Fully Supported Slabs with Free Edges 

Description 

Both Slab 1 and Slab 2 are 300 mm thick having planar dimensions of 2400 mm by 1200 mm. 

They are reinforced with 15M Grade 60 steel rebars in both directions at 150 mm spacings near 

the top and bottom surfaces of the slab. Defects simulating delamination (at two different depths), 

honeycomb, debonding, and pipes partially filled with grout are built in Slab 1 (Figure 5-3a). The 

delamination is simulated by using a 25 mm thick circular polystyrene foam sheet having a 

diameter of 300 mm. The shallow and deep delaminations are located at depths of 80 mm and 220 

mm, respectively (Figure 5-3a). Debonding is simulated by placing a thin glass fiber sheet at a 

depth of 40 mm from the top surface. The honeycomb is simulated using a precast concrete block 

constructed using a small quantity of fine aggregates. The pipes simulate prestressing tendon ducts, 

one which is filled with a grout and the other is empty. Slab 2 is solid and is used as a reference 

(Figure 5-3b). The slabs are constructed with the MTQ type 5 concrete with a compressive strength 

of 35 MPa, which is typically used in pavements and bridge decks in Quebec, Canada.  
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Figure 5-3. Slab specimen during construction (a) slab with defects (Slab 1), (b) reference slab 

(Slab 2). 

Instrumentation 

Impulse-response measurements are performed on both Slab 1 and Slab 2 using the instruments 

provided in Table 5-1. The measurements are performed on a square grid of 300 mm. The distance 

between the hammer impact and the position of the sensor is kept at 75 mm for all test points.  

Table 5-1. Specifications of the instruments used for the impulse-response test measurements. 

Instrument Notes 

Accelerometer PCB 352C33 piezoelectric accelerometer, with 100.5 

mV/g sensitivity and 0.5-10000 Hz range. 

Hammer PCB 086D05 hammer with force sensor and plastic tip 

with minimum upper usable frequency range of 1800 Hz. 

Data 

Acquisition 

system  

National Instruments 6123-USB DAQ Device 

(a) (b) 
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The impulse-response measurements are performed at a sampling frequency of 10 kHz (for every 

0.4096 seconds) and the Accelerance spectrum generated of each test point is obtained using Eq. 

5-20.  

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒 = |
𝐹𝐹𝑇(𝐴(𝑡))

𝐹𝐹𝑇(𝑓(𝑡))
|  (5-20) 

Where 𝐴(𝑡) and 𝑓(𝑡) are respectively the response and force time histories obtained for each 

measurement. A graphical user interface-based software is developed in MATLAB for recording 

the impulse-response test measurements and controlling the quality of measurements. 

In the current practice, the upper frequency range of the FRF is limited at 800 Hz. However, the 

slabs are unrestrained at the edges and low frequencies are expected to be dominated by global 

responses, which are not affected significantly by the presence of the deep delamination and the 

honeycomb in Slab 1. For this reason, the upper frequency range of the FRFs was progressively 

increased from 800 Hz to 1400 Hz. Based on the findings from previous studies (Sajid, Chouinard, 

& Taras, 2022) the useful frequency range for unrestrained specimens is selected as 10 to1200 Hz. 

Increasing the frequency range beyond 1200 Hz does not result in significant changes in diagnostic 

value.  

Clustering with AP and condition assessment 

The feature space matrix obtained from the impulse-response test measurements is clustered using 

the AP algorithm. For Slab 1, the input preferences (𝑠(𝑖, 𝑖)) are selected as the first quartile of the 

input similarities (𝑠(𝑖, 𝑘)) to target a total of 6 exemplars. Underfitting (too many exemplars) can 

be corrected by testing for homoscedasticity and merging   pairs of exemplars. However, 

overfitting (too few exemplars) may overlook defects and decrease the detection capabilities of the 

proposed procedure. A flow chart of the procedure adopted for the condition assessment of slabs 

is provided in Figure 5-4. 
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Figure 5-4. Flow chart for detection with AP algorithm and homoscedasticity. 

The results from the AP algorithm are shown in Figure 5-5 and indicate that test locations with 

defects have distinct exemplars compared to defect-free locations. Furthermore, the histogram of 

input similarities shows distinct groupings of test points corresponding to locations with and 

without defects (Figure 5-6a).  

 

Figure 5-5. Affinity propagation to obtain the exemplars and the associated identification of 

measurement locations of Slab 1. 
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Figure 5-6. The distribution of the input similarities, which includes all the entries of the 

similarities matrix for (a) Slab 1, and (b) Slab 2. 

The Levene’s test is used to assess the homoscedasticity of each pair of the exemplars obtained in 

Figure 5-5 at a significance level of 5%. The p-values for each pair of exemplars are provided in 

Table 5-2, which shows that the null hypothesis is rejected for all exemplar pairs. Furthermore, it 

can be also concluded that the input preferences of 0.25 used to perform AP does not result in 

underfitting. 

Table 5-2. P-values of Levene's test for each pair of exemplars for Slab 1. 

Variance Exemplars 22 29 20 8 7 4 Rank 

3.58E-07 22 ⋯ 0 0 0 0 0 1 

1.14E-06 29 
 

⋯ 0 0.002 0 0 2 

1.39E-06 20 
  

⋯ 0 0 0 3 

1.64E-05 8 
   

⋯ 0 0 4 

3.00E-05 7 
    

⋯ 0 5 

4.50E-05 4 
     

⋯ 6 

In Table 5-2, the exemplars are ranked in order of increasing variance. The exemplars and the 

associated FRFs for Slab 1 are shown in Figure 5-7, which shows a close agreement between the 

FRFs of cluster members and of the corresponding exemplars. The exemplars are ranked based on 

their variance, which is correlated to the severity of the defects. The variances of the exemplars 
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are assigned to each test point given their cluster membership and displayed in Figure 5-8. The 

honeycomb defect and the deep delamination are detected but not completely delineated and may 

be due to the proximity of the defects to the boundary of the plate. This result is consistent with 

findings from a previous study that indicates that the limit of detectability of deep delamination 

with the impulse-response test is in the order of 300mm (Sajid et al., 2022). 

 

Figure 5-7. Exemplars and the associated FRFs in the respective clusters for Slab 1 
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Figure 5-8. Contour plot of ranks of each test point. 

The proposed defect detection procedure is also applied on the feature space matrix obtained from 

the impulse-response test measurements on the fully supported reference slab with free edges and 

no defects. The same input preference value of 0.25 and the frequency range of 10-1200 Hz of the 

FRFs are used to perform the analysis. The exemplars obtained along with the respectively member 

FRFs are shown in Figure 5-9c.  
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Figure 5-9. AP algorithm for to obtain exemplars and their associated FRFs for Slab 2. 

Clustering with the AP for fully supported reference slab with free edges. 

Four exemplars are identified by the AP algorithm for Slab 2 and are mostly located in proximity 

to the edge of the plate, indicating the FRFs may be influenced by local support conditions. 

However, the variances of the four exemplars are of the same order of magnitude indicating that 

there is no significant defect in the plate. This is confirmed by the results of the Levene’s test 

(Table 5-3). The p-values are above or equal to 0.05 except of the pair of exemplars 4 and 7, where 

exemplar 4 may be influenced a local corner support condition. Nevertheless, all other pairs of 

exemplars fail to reject the null hypothesis of equal variances. Therefore, based on high p-values, 

the Levene’s test fails to reject the null hypothesis of equal variances, and all test points can be 

represented by a single exemplar for the reference slab as shown in Figure 5-10. The histogram of 

the input similarities for Slab 2 given in Figure 5-6b also does not show any distinct groups, which 

implies closely spaced FRFs in feature space matrix. 

 

(a) 

(b) 

(c) 



127 
 

Table 5-3. Levene’s test for exemplars obtained using AP for the reference slab with free-free 

edges. 

Exemplars 4 7 9 22 

4 ⋯ 0.0065 0.7374 0.0889 

7   ⋯ 0.05 0.0630 

9     ⋯ 0.1497 

22       ⋯ 

 

Figure 5-10. Exemplar and the corresponding FRFs for Slab 2. 

5.7.2 Concrete slab on Elastic Foundation with Restrained Edges 

Description 

This slab is 380 mm thick with planar dimensions of 2300 mm by 3500 mm cast on a polystyrene 

insulation board, and reinforced with 12.7 mm diameter bars in both directions with a 127 mm 

center-to-center spacing, and 38.1 mm cover. An artificial delamination with a planar size of 600 

mm by 470 mm was created using polystyrene foam and a simulated honeycomb defect of 490 

mm by 400 mm was created using a precast concrete block made without fine aggregates. The 

delamination and honeycomb were placed at 56 mm and 116 mm, respectively, from the top 

surface of Slab 3.  

The impulse-response measurements on the second slab specimen were performed using a 300 

mm grid following the protocols of ASTM C1740-16. The measurements were performed with a 
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commercial test system that included a geophone and instrumented hammer, having 20 mV/m/s 

and 0.25 mV/N sensitivity, respectively. Data were recorded at a sampling frequency of 10 kHz 

with a National Instruments 5132 USB card. 

The position of the measurement points relative to the defects on the test element are shown in 

Figure 10a. The velocity transducer was placed on each grid point to perform measurements and 

the hammer impact was always within 100±25 mm from the corresponding grid point in 

conformity to ASTM C1740-16 (ASTM-C1740-16, 2016). The sampling frequency was 10 kHz 

and the signals were recorded for a duration of 0.1024 sec for a total of 1024 data points. The 

hammer tip used in the measurements had a contact time of 0.001s and produced a corresponding 

meaningful frequency range up to 800 Hz (Sajid, Chouinard, & Carino, 2019). The frequency 

resolution for the velocity FRFs is around 9.25 Hz. For the feature space matrix, a frequency range 

of 10-700 Hz was selected since this range covers the flat frequency response of the instrumented 

hammer.  

Clustering of Mobility Spectra 

The feature space matrix is first clustered using the AP algorithm. The input preference value was 

adjusted to reduce the number of exemplars to 5 or 6 based on the recommendation made in section 

5.6.2. This is achieved with the 8th percentile of the input similarities after a trial and adjustment 

procedure. The input preferences value used for this feature space matrix is significantly smaller 

compared to that for the previous two experiments in this research. One reason may be due to the 

change of instrumentation from a glued accelerometer to a dry contact geophone. The smoothness 

of the FRFs for experiment with Slab 3 is relatively less compared to that of the other slabs because 

of lower frequency resolution. The exemplars and the associated cluster identifications for each 

test points are provided in Figure 5-11c. It can also be noted that the histogram of the input 

similarities shows groups at reasonably spaced from the majority of the values which implies the 

presence of distinct FRF shapes and hence the defects (Figure 5-12). 

Next, the Levene’s test is performed for each pair of exemplars (Table 5-4). The exemplar pairs 

42 and 15, and 19 and 46 have significantly high p-values and the test fail to reject the null 

hypothesis at the 5% significance level. The FRFs of 42 and 15, and 19 and 46 are combined and 

relabelled 15 and 19 respectively given both these pairs have homogenous variances. Table 5-5 

shows the final exemplars ranked based on their variances. The exemplars and their corresponding 
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FRFs are closely spaced as can be seen in Figure 5-13. The variances of the exemplars in Table 

5-5 and their corresponding cluster members are shown on a contour plot in Figure 5-14 which 

accurately delineate the delamination but to a lesser extent the honeycomb.    

 

Figure 5-11. Defect delineation with the proposed algorithm for the impulse-response test data 

for Slab 3. 

 

Figure 5-12. Histogram of the input similarities for Slab 3. 
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Table 5-4. P-values of Levene's test for each pair of the exemplars for Slab 3 obtained in Figure 5-

11. 

Exemplar 42 15 19 46 23 

42 ⋯ 0.45 0 0 0 

15 
 

⋯ 0 0 0 

19 
  

⋯ 0.58 0 

46 
   

⋯ 0 

23 
    

⋯ 

Table 5-5. Ascending order of exemplars based on individual variances for Slab 3. 

Exemplar Variance 

15 0.0078 

19 0.0324 

23 0.5380 
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Figure 5-13. Exemplars and cluster members resulting from the AP and Levene’s test for Slab 3. 

 

Figure 5-14. Contour plot of variances of FRFs associated with exemplar for Slab 3. 
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5.7.3 Ultrasonic Shear Wave Tomography Test for Slab 3 

Shear-wave tomography is a very precise NDT technique that provides 3D imagery of the test 

element in the form of different scans (ACI-Commttee-228, 2013; Aldo et al., 2013; Germann-

Instruments, 2014). In this research, it is used on Slab 3 to confirm the detection of defects with 

the proposed procedure. The test was performed with MiRA® on a grid of 75 mm by 150 mm. All 

3 scans (A-scan, B-scan and C-scan) were obtained using the SAFT algorithm; however, only C-

scan is shown in Figure 5-15 for comparison with the impulse-response test, which provides the 

planar view of the plate at a particular depth. In this application, the depth was selected to be 

around 130 mm from the top surface of the plate such that both the delamination and honey-comb 

defects are visible. It also compares well with the detection of delamination and to a lesser degree 

of honeycomb by the proposed procedure.  

 

Figure 5-15. C-scan of the plate obtained with MiRA® after performing ultrasonic shear wave 

tomography (at a depth of around 130 mm from the top surface). 

5.8 Concluding Remarks 

The main contribution of this research is to propose a new procedure to improve the detection of 

defects with the impulse-response test, and an objective criterion based on variance for non-binary 

ranking relative to intact locations. The AP algorithm is shown to provide an efficient means for 

the analysis of feature space to identify distinct patterns without the need to pre-specify the number 
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of clusters. Instead, the number of clusters is controlled by selecting a given fractile from input 

similarities. The AP algorithm can result in overfitting or underfitting, which results in inaccurate 

delineation of defects. Using the experimental data from several plates, a trail and adjustment 

procedure is proposed to select the fractile input similarities to obtain 5 to 6 exemplars using the 

AP algorithm. To address underfitting, the Levene’s test is introduced to assess the 

homoscedasticity for each pair of exemplars and merge those that meet the criteria of equal 

variances. The variances of exemplars for the corresponding FRFs are shown on contour map to 

objectively categorize defects on a non-binary basis. The proposed defect detection procedure is 

effective in detecting debonding, and shallow delaminations in the fully supported concrete plate 

with unrestrained edges (Slab 1) using a frequency range of 10-1200 Hz for the FRFs in the feature 

space matrix. The deeper delamination and the honeycomb in the same plate are also detected but 

to a lower extent. The proposed procedure is also applied to a concrete plate without any defects 

(Slab 2) and a single exemplar was obtained implying homogeneity of the FRFs for all the test 

points and hence no defects. A separate experimental plate (Slab 3) with different sensing 

instrumentation and different boundary conditions and base materials compared to the first two 

experimental plates is used for application of the proposed procedure. It is demonstrated that the 

delamination and honeycomb in this plate are delineated in a frequency range of 10-700 Hz. The 

results for this experimental slab are compared with the detection performed with the ultrasonic 

shear-wave tomography to generate baseline information, which shows accurate detection of 

delamination and to a lesser degree of the honeycomb with the proposed procedure.  
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6. Chapter 6. Original Research Contributions and 

Recommendations 

6.1 Original Research Contributions 

a. The impulse-response test for concrete elements is shown to perform diagnostics using the 

standing waves and the relative variations in the local dynamic characteristics of the test 

element forms the basis of detection with it. Therefore, it can potentially overcome the 

downside of limited detectability of defects below reinforcing steel by the reflective based 

NDT methods such as impact-echo and ground penetrating radar. 

b. The test may have limited sensitivity to delamination at depths greater than 250 mm from 

the top surface in a reinforced concrete plate. The existing tolerance of the distance between 

the hammer and the sensor for taking measurement with the test by ASTM C1740 of 

100±25 mm is found to potentially introduce uncertainties in the test results primarily 

owing to the experimental setup. A more stringent tolerance of 100±10 mm is proposed 

especially for characterizing the depth of delamination with the measurements. 

c. The current practice of the impulse-response test stipulates the frequency range of the 

frequency response function obtained with the test as 10-800 Hz. The experiments and the 

analyses performed in this research indicates that with minor modification in 

instrumentation, the frequency range of the test can be increased from its current upper 

limit to around 2000 Hz. With this extended frequency range, the new damage indicator, 

the frequency peak associated with the first bending mode of the portion of the plate above 

delamination is shown to have the potential to be used for the depth estimates of the 

delamination. The reliability of the depth estimates is quantified by Gaussian process which 

shows that these estimates can be significantly improved when the newly proposed damage 

indicator is combined with the average accelerance, which is the damage indicator used in 

the current practice. According to the author’s best knowledge, the defect characterization 

has not been explored using the measurements from the impulse-response test. 

d. The factor score based on the principal component analysis of the full range of frequency 

response functions obtained with the impulse-response test is found as an effective damage 

indicator for detecting and ranking of defects based on the severity of damage. This 

together with outlier detection performed using the extreme valued Studentized test, and 
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box and whisker plots are shown to provide a practical and easily implementable damage 

detection procedure with the test. Defining the impulse-response test measurements in such 

a statistical pattern recognition paradigm enables identification of the test points with 

significant damages. Furthermore, using experiments, the proposed procedure is shown to 

detect artificial delamination and honeycomb in a reinforced concrete plate on elastic 

foundation, as opposed to the detection of delamination only with the existing data analysis 

procedures for the test. The results with the proposed defect detection procedure are shown 

to delineate defects with closely comparable accuracy as that of the highly refined yet time 

consuming ultrasonic shear-wave tomography test.  

e. The affinity propagation (AP) algorithm is shown to provide an efficient means for the 

analysis of feature space to identify distinct patterns without the need to pre-specify the 

number of clusters. Instead, the number of clusters is controlled by selecting a given fractile 

from input similarities. The AP algorithm can result in overfitting or underfitting, which 

results in inaccurate delineation of defects. Using the experimental data from several plates, 

a trail and adjustment procedure is proposed to select the fractile input similarities to obtain 

5 to 6 exemplars using the AP algorithm. To address underfitting, the Levene’s test is 

introduced to assess the homoscedasticity for each pair of exemplars and merge those that 

meet the criteria of equal variances. The variances of exemplars for the corresponding 

FRFs are shown on contour map to objectively categorize defects on a non-binary basis. 

The proposed defect detection procedure is effective in detecting debonding, and shallow 

delaminations in the fully supported concrete plate with unrestrained edges (Slab 1) using 

a frequency range of 10-1200 Hz for the FRFs in the feature space matrix. 

 

6.2 Recommendations for Future Research 

a. The impulse-response test operates on a relatively low frequency range and there may be 

a possibility of extracting component level response in-addition to the local level response. 

It is recommended to explore the possibility of generating eigen functions and the eigen 

values from the current measurement procedure as this will significantly increase the value 

of information obtained with the test. Furthermore, it will also give the information on 

influence of local defects, if any, on the global level performance of the test element.  
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b. The use of modern non-contact sensing methods, such air-coupled sensors, instead of the 

traditional geophone in the experimental setup should be explored. The current research 

shows potentially improved detection with the test for a higher upper limit of the frequency 

range. The contact type sensor, which also will need coupling agent for each measurement 

significantly increase the time for the completion of the test. Therefore, using an air-couple 

sensor, such as a microphone, a micro-elctromechanical sensor (MEMS), high speed 

camera-based measurements, and the laser vibrometer are recommended for exploration in 

this regard in comparison with the traditionally used geophone and the piezo-electric 

accelerometer.  

c. The prospects for using the test in non-linear vibration analysis setup should be explored. 

The author believes the low frequency non-linearities in the form of slight shift and reduced 

damping of a given vibration mode in low frequencies may be representative of damages 

in the support condition. While in the high frequency range, such non-linearities may be 

representative of the micro-mechanical damages, for instance, due to alkali silica reaction. 

d. Given the stationary waves dominate the response during the impulse-response test, it is 

expected to have influence of the stiffness and the orientation of the support condition. 

Such influences are obtained were observed on the corners of the unrestrained portion of 

the plates studied during this research. It is suggested to perform study on the detectability 

of the defects above different support stiffnesses. Further study is also recommended to 

understand the influence of global support stiffness on the diagnostics with the impulse-

response test given the relatively low frequency range use by the latter. 


