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 

Abstract—  This experimental program focuses on the 

application of non-linear ultrasonic (NLU) and acoustic emission 

(AE) techniques to evaluating concrete with compression induced 

distributed damages. Cubic specimens, 150 x 150 x 150 mm, were 
cast with w/c of 40%, 50%, and 60%. The nonlinear ultrasonic 

evaluation was based upon measuring the change in fundamental 

amplitude with increasing damage and output power level. The 

test results obtained were analyzed and the suitability of using 

nonlinear ultrasonic amplitude attenuation as a useful measure 
of damage growth in concrete was examined. In acoustic emission 

testing technique 4 sensors were used to listen to the wide range 

of events under various loading and unloading cycles. The data 

obtained was carefully examined for Kaiser effect and Felicity 

ratio was appropriately measured at different loading stages in 
order to assess the concrete deterioration. Normalized values of 

Felicity Ratio were plotted and compared with the nonlinear 

ultrasonic test data. A correlation between acoustic emission and 

nonlinear ultrasonic techniques in assessing damage growth in 

concrete was investigated. 

 

Index Term— acoustic emission, Felicity ratio, 

fundamental amplitude, Kaiser effect, non-linear 

ultrasonic. 

I.           INTRODUCTION 

THE demands for assuring the safety and the performance of 

concrete structures requires inspection for estimating the 

condition of existing and aging structures, which are usually 

subjected to severe environmental effects. A variety of 

inspection methods have been studied to provide early 

detection and warning for critical defects. For a quasi-brittle 

material like concrete, a substantial non-linearity in the shape 

of micro-cracking exists even before maximum stress is 

reached. In order to maintain the structure, these cracks should 

be inspected properly for quantifying the condition of 

structural integrity and assessing the degree of damage and 

deterioration. The inspection methods for nondestructive 

evaluation (NDE) of concrete structures are in demand for this 

purpose.  

Nonlinear ultrasound has been found to be very useful in  

evaluating distributed damage in concrete [1]. It is sensitive to 

low levels of damage, making it an ideal method for detecting 

damage at its earliest stages. Studies conducted by Roe et al. 

[2] showed the suitability of using a nonlinear ultrasonic  
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technique in detecting damage in concrete. Nonlinear non-

destructive ultrasonic tests were performed on a laboratory 

concrete bridge to detect damage in the deck after it was 

overloaded. The nonlinear ultrasonic tests detected damage 

throughout the deck; particular interest was paid to locations 

where damage was not visible. These results were compared 

to those obtained using pulse velocity tests at the same 

locations. Nonlinear ultrasonics was found to be several orders 

of magnitude more sensitive to damage diction than the results 

obtained from pulse velocity.  

In a recent study by Shah and Hirose [3], nonlinear 

ultrasonic test method was effectively used in detecting early 

damages in cubic concrete specimens. Wave propagation was 

made at various output power levels through the concrete 

subjected to compression load application in several steps. 

Ultrasonic amplitude attenuation was used to measure the non-

linear response of the concrete. At each damage and power 

levels, the fundamental amplitude was measured and 

compared with the one obtained at undamaged stage. A  

change in fundamental amplitude even at early loading stages 

compared to that at unloaded state was observed showing 

higher sensitivity of the non-linear ultrasound method to 

detecting early stage damages in concrete. The sensitivity of 

wave attenuation based nonlinear ultrasound test method 

increased with increasing damage, providing an efficient 

means of assessing concrete integrity.  

Similarly, the AE technique is one of the most sensitive 

techniques to non-invasively monitor deformation, fatigue, 

and fracture of materials and it is an experimental tool well 

suited for monitoring fracture processes [4-8]. Acoustic 

emission is caused due to localized and rapid release of strain 

energy in a stressed material. AE is a class of phenomena 

whereby transient elastic waves are generated by rapid release 

of energy from localized sources within a material. The stress 

waves can be detected on the specimen surface and analyzed 

to deduce the magnitude and nature of the damage present in 

materials. The technique of acoustic emission has two areas of 

broad applications. The first is nondestructive evaluation. The 

second is a tool in studies or research, which are not 

fundamentally directed toward acoustic emission [9, 10]. 

Structural elements can fail in many different ways. AE 

technique is a useful tool to study the energy released during 

the different failure mechanisms in different types of 

materials. It is this second application with which, in general 

structural engineering is concerned. Acoustic emission (AE) is 

a very useful tool in this role because of its high sensitivity to 
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any process or mechanism that generates sound waves.  

AE technique is one of the potential tools to estimate the 

fracture process zone. As concrete is a heterogeneous material 

consisting of different phases, the inelastic zone around a 

crack tip is termed a fracture process zone and AE has been 

used to observe the fracture process zone [11-14]. Concrete 

structures contain flaws such as pores, air voids, and shrinkage 

cracks even before they are mechanically loaded. These flaws 

cause the microcracks under the external loading, which 

extend to macrocracks until large fractures are formed, which 

cause collapse of the structure. To describe the fracture 

mechanism as well as fracture parameters and to locate cracks 

AE has been used [15-18]. Three dimensional (3D) acoustic 

emission (AE) has also been applied to observe the phase of 

the fracture zone of concrete ahead of the crack tip, which 

significantly influences the tension softening behavior of 

concrete. 3D acoustic emission (AE) technique was applied to 

obtain the influence of the aggregate size. It was also revealed 

that the fracture process zone may expand as the crack grows 

and the expanding rate of the process zone is influenced by the 

aggregate size [19]. 

Researchers have suggested the applicability of Kaiser 

Effect for assessing the deterioration of concrete structures 

[20]. b-value analysis of acoustic emission (AE) signals was 

used to assess the damage that occurred in reinforced concrete 

beams [21]. AE was used to quantify damage in generic 

laboratory structures for the purpose of tuning damage models 

[22]. Damage estimation of structural concrete from concrete 

samples was developed, combining acoustic emission 

measurements with damage mechanics [23]. Acoustic 

emission characteristics due to microcracking were studied in 

full scale prestressed concrete piles by applying AE and 

fundamental study on the mechanism of the piles under both 

cyclic and monotonic loads [24]. Acoustic emission 

characteristics of three-point bending concrete beams were 

investigated during the entire loading period and found that 

relative notch depth significantly influenced AE 

characteristics [25]. 

In the present experimental study it is intended to examine 

the correlation between the non-linear ultrasonic and acoustic 

emission techniques. The sensitivity of non-linear ultrasound 

test method in detecting cracks or defects is certainly 

influenced by the microstructural behavior, which in turn is 

influenced by the change in damage level and w/c. It is also 

obvious that acoustic emission events are influenced by the 

change in damage level and w/c. Therefore it will be 

appropriate to find a relationship, if any, between non-linear 

ultrasonic and acoustic emission techniques that will be very 

useful in understanding the concrete material behavior 

subjected to axial compression steps loading.  

II.     EXPERIMENTAL PROGRAM 

A. Materials and Specimen Preparation 

Three batches of concrete with different w/c, 40%, 50%, and 

60%, were used to produce 18 cubic specimens, 150 x 150 x 

150 mm in size. Each concrete batch consisted of 6 cubic 

specimens. Three specimens from each batch with each w/c 

were used for acoustic emission experiments and the 

remaining three specimens from the same batch for nonlinear 

ultrasonic evaluation. The mean value of the three test 

specimens was used for analysis and comparison of the test 

results. All of the specimens were produced with Type I 

Portland cement, 12 mm coarse aggregate, fine aggregate, 

water, a high range water reducing admixture, and air 

entraining agent. Three cylinders 102 mm in diameter and 203 

mm tall were also cast from each batch of concrete. After 

casting, all the specimens were kept under ambient conditions 

for 24 h, covered with a polythene sheet. The moulds were 

opened and the hardened concrete specimens were wet cured 

for 28 days. The cylinders were then tested for compressive 

strength. The mean compressive strength of the cylinders was 

used to measure the compressive strength of the cubes in 

selecting the load steps for ultrasonic testing. 

B. Test Setup 

Fig. 1 shows the test setup for non-linear ultrasonic and 

acoustic emission experiments. The non-linear ultrasonic test 

setup (see Fig. 1 (a)) is composed of five parts: an 80 MHz 

synthesized function/arbitrary waveform generator (Model 

33250A-Agilent) for generating a continuous sinusoidal P-

wave signal, a RITEC RF tone burst gated amplifier (Model 

GA-1000-0.05-5-5kw) for amplifying the input ultrasonic 

signals from the function generator; a RITEC modestly high 

gain broadband RF receiver (Model BR-640-LF); two 

piezoelectric contact transducers for transmitting and 

receiving ultrasonic pulses (Japan Probe); and an oscilloscope 

(Model hp-infinium-500 MHz-1G Sa/s) with a built-in PC. 

The transmitting wave transducer operated at a central 

frequency of 100 kHz, and the receiving wave transducer had 

a central frequency of 200 kHz. The waveform of the 

transmitted signal was a tone burst with 10 cycles. Fig. 2 

shows examples of transmitted and received signals.  

In the experiments, a thin layer of silicone gel was used as 

couplant between the transducers and the concrete surfaces. In 

addition, two rubber bands were tightly rapped around the 

transducers that together with the couplant provided excellent 

conductivity for ultrasonic signals and considerably improved 

the local contact conditions between the transducers and the 

concrete surfaces (see Fig. 1 (a)). 

For acoustic emission tests, 4 sensors AEDSP-

32/16B/MISTRAS-2001 (Physical Acoustic Corporation) AE 

system was used (see Fig. 1 (b)). The sensors were of R15 

type (Physical Acoustic Corporation) with resonance 

frequency of 50-200 kHz. The sensors were connected to 4 

pre-amplifiers of 1220A type (Physical Acoustic Corporation) 

and were firmly fixed at the center of the cube surfaces with 

special wax couplant and rubber bands. AE events induced by 

compression loading were subsequently amplified by 45 dB at 

pre-amplifiers and fed in AE monitoring system. Both AE 

parameters and waveforms were recorded with the system. 
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(b) 

Fig. 1. Test setup (a) Non-Linear Ultrasonic (b) Acoustic Emission 

Fig. 1 also shows the instrumentation for compression testing. 

The non-linear ultrasonic and acoustic emission tests, 

respectively, were performed simultaneously with uni-axial 

compression loading. The axial compressive load to each 

specimen was gradually applied in several steps until peak 

level using a universal testing machine (UTM, closed loop 

servo-hydraulic testing machine) in the stroke control mode 

using a built-in ramp function. At the end of each loading step 

the non-linear ultrasonic test and AE monitoring was 

performed and the test data was recorded. 

 

 
 

(a) 

 

 
 

(b) 

Fig. 2. Examples of (a) transmitted signal and (b) received signal 

C. Testing Procedure 

The objective was to observe the nondestructive evaluation 

of a concrete cube progressively damaged under axial 

compression loading using nonlinear ultrasonic and acoustic 

emission test methods. The damages to each test specimen 

were induced in compression in increments of 20% of the 

ultimate strength of the specimen. In nonlinear ultrasound 

tests, after each loading increment, the load was held constant 

while specimen was ultrasonically evaluated in the through 

transmission mode. Each specimen was carried through cycles 

of loading, and NDT analysis for loads of 0, 20, 40, 60, and 

80% of the estimated failure load. The tests were also run at 

five pulser output power levels corresponding to 10, 30, 50, 

70, and 90% of the maximum possible peak-to-peak output of 

1800V. The specimens were first evaluated ultrasonically in 

the undamaged condition with all power levels to establish a 

baseline. The ultrasonic data recorded at higher loading stages 

and different input power levels was compared with the 

baseline value in order to measure the change in fundamental 

amplitude of the waveform or attenuation.  

 In acoustic emission experiments evaluation of concrete 

specimens was performed under cyclic compression loading in 

several steps. At each step AE activities were recorded both 

during loading and unloading operations. Fig. 3 shows, the 

load history detail and typical trends of increase in peak 

amplitudes and AE events recorded by 4 AE sensors with 

respect to load for a tested concrete cube. As is clear from the 

fig., the load is approached to peak loading stage in several 

loading and unloading cycles.  
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(a) 

 
(b) 

Fig. 3. AE monitoring (a) peak amplitude and load Vs. elapsed time (b) AE 

hits and load Vs. elapsed time 

Under incremental cyclic loads, AE activity in concrete can be 

represented with damage progress as shown in Fig. 4. 

Provided that damage levels are classified into four different 

levels: in-tact; almost intact; slightly damaged; and heavily 

damaged, AE activity corresponding to each damage level is 

demonstrated as in the chart. In the second cyclic load, AE 

activity would start to be observed at the load level of the 

maximum prior load. This phenomenon is referred to as 

Kaiser Effect. In the subsequent third cyclic load, in which the 

material shows slightly damaged condition, the onset of AE 

appearance would be at a lower load level than previously 

applied. Decrease of effective areas against external load or 

accumulation of microcracks within materials appears to play 

significant roles for the observed behavior. In order to express 

the relation of AE activity to the stress level experienced, such 

damage-indices as Felicity ratio [26], CBI ratio [27], and Load 

ratio [28] have already been proposed. It is also important to 

pay attention to the AE activity during unloading processes 

[24]. With the evolution of damage, not only the AE activity 

during uploading, but that during unloading becomes more 

intense. Accumulation of shear-type cracks seems to produce 

this phenomenon. The ratio of the cumulative number of AE 

events during uploading to that during unloading, is referred to 

as Calm ratio [28]. 

 

 
Fig. 4. Representation of AE activity with damage progress 

In the present study, Felicity Ratio was used as a measure of 

AE evaluation of damages in concrete induced by 

compression loading. It is defined as the load where 

considerable AE resumes, divided by the maximum applied 

load. Since, concrete contains flaws or defects in the shape of 

microcracks even at early loading stages it was very difficult 

to locate exactly the onset at which AE activity resumes. 

Hence, Felicity ratio was measured during reloading operation 

for the load levels corresponding to AE hits at 3, 5, and 10%, 

respectively, of the AE hits at the previous maximum load. By 

doing so, Felicity Ratio can be used as a measure of damage 

assessment with different sensitivity levels to detecting 

damages in concrete. Normalized values of Felicity Ratio at 

three different points were plotted and compared with the 

change in fundamental amplitude measured with nonlinear 

ultrasound method. Sensitivity of the two methods to assessing 

damage growth in concrete using different w/c was examined. 

Besides this, a relationship between the two methods was also 

investigated. 

III.      RESULTS AND DISCUSSION 

This study‟s primary objective was to investigate a 

relationship between nonlinear ultrasonic parameter and the 

acoustic emission parameter in the presence of compression 

induced damages in concrete. In nonlinear ultrasound tests 

wave attenuation was used as a measure of damage evaluation 

in concrete. The change in fundamental amplitude of the 

waveform or attenuation was measured from the Fourier 

spectra prepared for different load and output power levels. 

The amplitude values obtained at damaged state were 

compared with those of undamaged state and change in 

amplitude was recorded. The results of the nonlinear wave 

attenuation are reported by Shah and Hirose [3]. Here the 

average results of three test specimens with each w/c using all 

power levels are plotted and compared with the average AE 

events of the three specimens at each w/c. 

Fig. 5 shows the average results of three test specimens with 

w/c of 40% obtained using nonlinear ultrasonic and AE 

techniques, respectively, as loading changes. For the 

specimens tested with acoustic emission technique, AE 

activity increases as load increases. The AE hits rate shows the 
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rate of total AE hits derived from all 4 channels.  
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Fig. 5. AE events and change in fundamental amplitude Vs. the load applied 

for w/c of 40% 

During several loading and unloading cycles the data 

obtained was thoroughly examined for the occurrence of 

Kaiser Effect and other damage indices, Felicity Ratio in 

particular. None of the specimens clearly exhibited any sign of 

the occurrence of perfect Kaisar Effect. AE hits were actively 

generated during 30-40% of the previous maximum load even 

at the first cyclic loading stage. This suggests that Kaiser 

Effect started to break from approximately 40% of the first 

maximum cyclic loading stage and continuous AE activity 

was obtained not only in loading but also in unloading 

operation at below 40% of the previous maximum load at 

higher loading stages. Each loading stage was carefully 

checked for the difference in load where the AE activity 

resumes and the maximum applied load for calculating the 

Felicity Ratio wherever applicable. Since concrete consists of 

non-linearity in the shape of microcracks even before the 

application of load or at initial loading stages, Felicity ratio 

was calculated by measuring the load readings at three 

different points where the AE activity during reloading 

operation is supposed to resume i.e. 3, 5, and 10% of the AE 

hits at the previous maximum load divided by the previous 

maximum load. By doing so we obtained Felicity ratio values 

exhibiting both conservative and unconservative trends 

towards damage assessment in concrete. 

The nonlinear ultrasound parameter has shown the results in 

the same manner as occurred in the test specimens using 

acoustic emission technique. The change in fundamental 

amplitude of the waveform increases as damage increases. For 

damage level of 80 percent the amplitude is changed from the 

undamaged state by approximately 70 percent.  

Figs. 6 and 7 show similar information for the test 

specimens with w/c of 50 and 60%, respectively. Average 

results of three specimens using AE technique and three 

specimens with nonlinear ultrasonic method were plotted 

against the applied load. The trends of increasing AE events 

and change in attenuation with damage are apparent in the fig. 

However, the increase in AE hits with damage for w/c of 50 

and 60%, respectively, is higher than that which occurred in 

the specimens with a w/c of 40%. Again no sign of Kaiser 

Effect was clearly observed. For both w/c concretes AE 

activity at each loading stage resumes at or below 30% of the 

previous maximum applied load. Hence, the loading points 

where there were significant AE activities during reloading 

operations were carefully monitored.  Felicity Ratio was 

measured, as measured for 40% w/c concrete, at three 

different reloading points corresponding to the AE hits at 3, 5, 

and 10% of the AE events appeared at the previous maximum 

load. 
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Fig. 6. AE events and change in fundamental amplitude Vs. the load applied 

for w/c of 50% 
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Fig. 7. AE events and change in fundamental amplitude Vs. the load applied 

for w/c of 60% 

In case of nonlinear ultrasound tests the change in signal 

amplitude with damage was observed less than that for 

specimens with w/c of 40%. The data shown in Figs. 5-7 

illustrate that there was a smaller change in attenuation for 

high w/c concrete than that which occurred for low w/c 

concrete.  This is due to the fact that high water cement ratio 

concrete in the undamaged state has more defects in the form 
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of voids and porosity as well as a weaker interfacial transition 

zone than low water cement ratio concrete has. These defects 

lead to premature micro-crack formation and increased 

attenuation. Thus, the change in attenuation for high w/c 

concrete was smaller from the undamaged state to the 

damaged state. This implies that as damage progressed, the 

specimen with a w/c of 40% experienced a greater loss in 

fundamental amplitude than the specimens with w/c of 50 and 

60%, respectively. 

Fig. 8 shows the normalized values of the Felicity Ratio 

(FR) and change in fundamental amplitude for w/c of 40% 

against the progress in damage.  
Normalized Plot For W/C=40%
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Fig. 8. AE parameter and nonlinear ultrasound parameter Vs. the load applied 

for w/c of 40% 

A closed relationship between the two parameters in 

detecting distributed damages in concrete has been observed. 

Felicity Ratio (FR), obtained at all three loading points during 

reloading operation, was reduced smoothly from the 

undamaged state as damage progressed. The FR value at 20% 

damage level indicates that even at early loading stages the 

occurrence of Kaiser Effect was hard to observe. In addition, it 

suggests that microcracking does exist in this concrete under 

initial load application due to which AE activity resumed at 

the load much less than the previous maximum load. 

Similarly, the signal amplitude decreases smoothly from 

undamaged state to damaged state. For damage level above 

40% the reduction in amplitude was larger. Additionally, for 

these specimens AE results seem more sensitive, for 3 and 5% 

of the AE hits at the previous maximum load in particular, to 

concrete damages than nonlinear ultrasonic testing. 

Figs. 9 and 10 show the same information for test specimens 

with w/c of 50 and 60%, respectively. Felicity Ratio (FR) and 

fundamental amplitude were found decreasing with increasing 

damage. However, the reduction in FR for w/c of 50 & 60%, 

respectively, with damage is greater than that which occurred 

with a w/c of 40%. In case of signal amplitude, as stated 

earlier, initially the specimens with w/c of 50 & 60%, 

respectively, experienced greater loss in fundamental 

amplitude than the specimens with a w/c of 40%. However, as 

damage progressed the specimens with 40% w/c concrete 

attenuated strongly than high w/c concrete. Following the 

conservative trend in measuring the Felicity Ratio, again the 

AE monitoring for these specimens has shown increased 

sensitivity to concrete damages over the nonlinear ultrasonic 

testing. 
Normalized Plot for W/C=50%
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Fig. 9.  AE parameter and nonlinear ultrasound parameter Vs. the load applied 

for w/c of 50% 

 

Normalized Plot for W/C=60%
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Fig. 10. AE parameter and nonlinear ultrasound parameter Vs. the load 

applied for w/c of 60% 

The data plotted in Figs. 8-10 show close correlation between 

the nonlinear ultrasonic and acoustic emission parameters. The 

Felicity Ratio plotted with 3 and 5%, respectively, of the 

previous maximum AE events exhibited conservative trend 

and has shown higher sensitivity of acoustic emission testing 

than nonlinear ultrasonic testing to damage detection in 

concrete. On the other hand, Felicity Ratio measured with 

10% of the AE hits of the previous maximum load has shown 

an unconservative trend towards detecting damages in 

concrete. In that case nonlinear ultrasound method appears 

more sensitive than the acoustic emission technique. 

Although, using conservative or unconservative trends, 

acoustic emission monitoring can effectively perform damage 

assessment in concrete, change in nonlinear ultrasonic 

amplitude appears to be an easy and simple measure of 

damage growth in concrete. 

IV.            CONCLUSIONS 

The experimental program described here explains the 
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utilization of nonlinear ultrasound method and acoustic 

emission technique in nondestructive evaluation of concrete 

cubes progressively damaged under compression loading. The 

nonlinear ultrasonic evaluation was based upon measuring the 

change in fundamental amplitude with increasing damage and 

output power level. In acoustic emission testing technique 4 

sensors were used to listen to the wide range of events under 

various loading and unloading cycles. Each loading and 

unloading stage was carefully examined for Kaiser and 

Felicity effects in order to assess the concrete deterioration. 

Normalized values of Felicity Ratio were plotted and 

compared with the nonlinear ultrasonic test data. A possible 

correlation between acoustic emission and nonlinear ultrasonic 

techniques in assessing damage growth in concrete was 

investigated. The test results analysis led to the following 

conclusions. 

 

1. The acoustic emission activity and nonlinear ultrasonic 

amplitude were found quite sensitive to change in the 

applied loading events and w/c. 

2. AE events and attenuation were observed to increase 

significantly as damage progresses. Additionally, as 

concrete contains microcracks even at initial loading 

stages, none of the test specimens exhibited clearly any 

signs of the occurance of perfect Kaiser effect.  

3. A close correlation between AE damage index (Felicity 

Ratio) and nonlinear ultrasonic parameter (wave 

attenuation) in detecting concrete damages was observed. 

Felicity Ratio and signal amplitude were reduced 

smoothly from the undamaged state as damage 

progressed. 

4. Felicity ratio measured at three different loading points 

exhibited conservative and unconservative trends when 

plotted against the change in nonlinear ultrasonic 

amplitude at fundamental frequency. Following 

conservative trend the acoustic emission index has shown 

greater sensitivity to concrete damages over nonlinear 

ultrasound method. However, with unconservative trend 

the acoustic emission sensitivity to damage detection in 

concrete appeared less than that of nonlinear ultrasonic 

testing. 

5. Generally, nonlinear ultrasonic parameter (wave 

attenuation) appears to be an easy measure of assessing 

concrete damages. 

6. These results can be of great interest in evaluation of 

concrete structures. 
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