
32nd EWGAE                    461

Czech Society for Nondestructive Testing

32nd European Conference on Acoustic Emission Testing

Prague, Czech Republic, September 07-09, 2016

QUANTIFICATION OF FATIGUE DAMAGE EVALUATION IN RC 

SLABS DURING WHEEL LOADING TEST BY MEANS OF 3D AE 

TOMOGRAPHY 

Tomoki SHIOTANI1, Takahiro NISHIDA1, Hisafumi ASAUE1, Takuya MAESHIMA2

1 C3-b4S14-16, Katsura Campus, Kyoto University, Nishikyo-Ku Kyoto 615-8540, Japan 

 Phone: +81 75 383 3494, Fax: +81 383 3495; e-mail: shiotani.tomoki.2v@kyoto-u.ac.jp, 

nishida.takahiro.6e@kyoto-u.ac.jp, asaue.hisafumi.7a@kyoto-u.ac.jp 
2 1 Nakagawara, Tokusada, Tamuramachi, Nihon University, Koriyama, Fukushima 963-8642, 

 Japan; E-mail: maeshima@civil.ce.nihon-u.ac.jp 

Abstract 

Among maintenance budget of road structures, remediation and replacement of RC bridge deck conquer the major part 

in Japan, and intensive studies to expand the service life of the deck are carried out. When implementing proper 

remediation program of the deck, evaluation of damage progress shall be examined in advance in order to rate the 

damage. Observations by naked eyes have so far been conducted for this task; however, this way of investigation is a 

kind of correcting maintenance approach where the repair shall be conducted when the remarkable deterioration was 

emerged on the surface resulting in taking the huge repair budget. To decrease the amount of road investment, the 

deterioration/ damage shall be evaluated before reaching to the surface from the view point of life cycle cost, being 

referred to as proactive maintenance. Accordingly in this study, internal damage of RC deck due to fatigue failure is 

reproduced by wheel loading testing apparatus, and the damage progress was evaluated by 3D AE tomography 

analysis. Through the velocity distributions by AE tomography in comparison with visible cracks on the surface by 

each damage steps, the applicability of 3D AE tomography is discussed. 
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1. Introduction

Although a large share has been made by bridge deck replacement among road investment, 

a principal mechanism of the damage, namely fatigue damage has been discussed when 

the deterioration became remarkable as to be observed on the surface. Crack characteristics on 

the direction as well as density on the surface have been employed to determine the grade of 

the damage during the fatigue failure. This way of investigation was well implemented for the 

correcting maintenance procedure where the repair shall be conducted when the remarkable 

deterioration was emerged on the surface; however, to reduce the repair budget, leading to 

decrease the amount of road investment, the deterioration/ damage shall be evaluated before 

reaching to the surface from the view point of life cycle cost [1]. Bridge owners have long been 

possessing a requirement that the investment could be reduced when internal damage could be 

evaluated with NDT approaches and the damage n reasonably quantified. Beside authors’ works 

with elastic wave tomography or AE tomography [2][3], X-ray tomography [4] was the only tool 

to visualize the internal damage; however, as it takes a large cost and time as well as bringing 

harmful situation against human health, as a result, this has not been well employed.  

Acoustic emission measurements were then considered that it is the only solution to trace 

the damage continuously [5], while as AE monitoring needs multiple numbers of specific 

sensors, preamplifiers as well as corresponding multi-channel system, this made the 

application only for the very limited numbers of the important structures only. In addition 

external environmental situation frequently brought unavoidable noise-signals to record for 

that long-term monitoring, so that real-time fatigue damage monitoring with AE technique 

has only conducted for experimental purposes [6]. 
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As different to the AE monitoring, ultrasonic approaches in which signal excitations and their 

detection is necessarily implemented with at least one pair of excitation and receive sensors, are 

convenient to explore internal damages. In this ultrasonic technique, the locations of defect can be 

measured by propagation time under the assumption that there exist unique or spatially 

homogeneous value of ultrasonic wave velocity, whereas in the case that the wave-propagation 

length of the media has already been known, overall deterioration can be estimated by the wave-

velocity calculated with propagation time. Also it is noted, in order to identify AE sources 

suggesting damage positions/ areas, wave-velocity is necessarily determined in advance of the test, 

because the sources are determined based on the arrival time differences among sensors under the 

unique velocity value e.g., 4000 m/s. AE tomography of which the authors have been developed 

for more than a decade enables to determine the both of wave-velocity and AE sources even under 

the condition that the damage is evolving or existed within the materials of interest. Relationship 

between velocity change and fatigue failure progress is, however, not clarified in the RC deck. 

 In this study, the fatigue failure progress of RC decks is reproduced by wheel loading apparatus, 

and elastic wave excitations for 3D AE tomography analysis are executed at proper timings 

through the test. Finally internal progress of fatigue damage is visualized and quantified by the 

elastic wave velocity, followed by comparison with resultant surface crack conditions.   

2. Wheel loading program

To induce fatigue failure quantitatively, a RC deck specimen was subjected to repeated wheel 

loading with a steel wheel as shown in Fig. 1. In the apparatus there is a steel wheel of 

300 mm in diameter and 400 mm in width and can be applied the load up to 250 kN in the 

case of dynamic and 534 kN in the case of static load in the vertical direction. Contrary to the 

conventional wheel loading machine with a movable loading wheel [7], the foundation where 

the specimen is put, is moved in the longitudinal direction within ±500 to ±1000 mm 

(±500 mm in this test). The repetition rate can be set between 0.897 - 9.97 rpm/ min (8.97 rpm 

in this test). The test specimen was 3000 ×2000 ×210 mm in size with steel reinforcement 

arranged as shown in Fig. 2. Step-wise cyclic loading was performed as show in Fig. 3.  

Firstly the load of 98 kN was repeatedly applied for 100k times, followed by elastic wave 

excitations with 35mm dia. steel hammer for 3D AE tomography. Further load repetitions for 

200k cycles were applied with load of 127.4 kN. Elastic wave excitations were subsequently 

performed after this loading step. Next cyclic loading was conducted for 250k times with 

156.8 kN load. The same manner of elastic wave was repeated after this loading step, and the 

specimen reached fatigue limit at 235k times during the loading step. 

Fig. 1 Wheel lading test machine 
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Fig. 2 Configuration of RC deck specimen Fig. 3 Load application program in wheel loading test 

(a) Upper surface (unit: mm) (b) Bottom surface (unit: mm) 

Fig. 4 Arrangement of AE sensors and impact points. Green lines, red rectangle, and blue rectangle  denote 

wheel load area, static load area, and analysis of interest area, respectively 

3 Measurement condition 

Damage evolution can be visualized when plotting accumulated AE sources through the 

whole failure process. In in-situ structures, however, as there are few cases installing AE 

sensors from default condition, cumulative damage interpretation with AE activity cannot be 

performed, and therefore tomographic approaches using through the thickness elastic waves 

have been employed. In order to artificial excitations, 32 AE sensors of 60 kHz resonant were 

placed onto the four planes namely 10 on the top, 18 on the bottom and 2 each on the two 

sides. Artificial excitations were made by 35 dia. hammer at designated 18 points on the top 

and 22 points on the bottom surface.  

The wheel loads were applied in the longitudinal direction shown by the area surrounded 

by green lines in Fig. 4. In each phase-suspension of wheel loads, the specimen was subjected 

to static vertical loads at the central area shown by a red rectangle. 

 Elastic wave signals due to excitations were amplified at the sensor-integrated pre-amplifier 

by 40 dB and acquired by AE monitoring system, 48-ch Express 8 of PAC with a 16 bit A/D 

conversion rate and a 1 MHz sampling rate.   

4 Theory of AE tomography 

As shown above in AE tomography (hereafter referred to as AET), both of source locations 

and velocity distributions are simultaneously calculated with the following procedure. 
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Hereafter, the source location algorithms are demonstrated, leaving detailed tomographic 

procedure to the other literature [8]. 

The source location technique is based on ray-trace algorithm [9]. This algorithm is 

characterized by installation of relay points in each cell as illustrated in Fig. 5. As the ray-

paths are formed by segments among nodal points in conventional ray-trace algorithm, its 

resolution depends on the mesh characteristics, implying that high accuracy source location 

requires fine mesh. This leads to increment of the number of degrees of freedom since 

slowness, which is a  

Fig. 5 Conventional set of relay points Fig. 6 Revised ray path in consideration of proposed relay points 

reciprocal of velocity, shall be defined in each cell, and consequently makes the identification 

procedure more complicated. In this ray-trace algorithm, the relay points between nodes are 

proposed and a ray-path is formed by segments among nodal, and relay points as shown in Fig. 6. 

The resolution of ray-trace is increased without increment of the degrees of freedom by this 

approach. Besides as role of the relay points is relaying the signals, the relay points shall be 

distributed uniformly on the surface. However, it is difficult due to the heterogeneous shape of 

cross section of concrete structures. To solve this problem, the relay points are installed by 

using iso-parametric mapping that is used in the ray-trace algorithm. Since each cell is mapped 

into isosceles right triangle, the relay points can be uniformly installed in the mapped cell as 

shown in Fig. 7. This algorithm does not give exactly uniform distribution of relay points if the 

shape of the cell is skewed; however, the distribution is improved by avoiding use of strongly 

skewed cells. The source location is estimated by using this ray-trace algorithm. 

The procedure of the estimation of source location is briefly described as in Fig. 8. As for 

the first step to estimate the source location, the ray-trace is carried out for a receiver as 

illustrated in Fig. 9. This procedure calculates travel times tij from a receiver i to all nodal and 

relay points that are numbered as j. Since first travel time Ti at receiver i is observed, the 

possible emission time of the signal Eij is computed by Eq. 1 at a nodal or relay point j. ��� = �� − ��� (1) 

The step is applied for all receivers, and then variance of the Eij is computed as follow. �� = ∑ ���� −���2� � (2) 

in which �� = ∑ ����� (3) 
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where N is number of receivers. For the estimation of the source location, the variance σj is 

evaluated. If the slowness distribution is exactly identical to real slowness distribution, σj must be 

equal to zero at the source location and m j  must be the emission time. Due to the 

Fig. 7 Mapping to the global coordinate 

of set relay points Fig. 8 Procedure to estimate the source locations 

Fig. 9 Mapping to the global coordinate of set 

relay points 
Fig. 10 Procedure to estimate the source locations and 

velocity distributions 

discretization error of slowness distribution and insufficient resolution of ray-trace, generally 

σj is not zero even at the source location while the identification procedure of seismic 

tomography. However, it is predicted that σj gets minimum at the source location. Hence, in 

this procedure, the source location is determined as a nodal or relay point of minimum 

variance σjmin. Additionally mj is used as possible emission time. It is noted that the accuracy 

of the estimation of source location is controlled by the density of nodal and relay points 

because the source location is assigned to a nodal or relay point in the proposed algorithm. 

Furthermore, by applying this technique to the iterative procedure of identification of wave 

velocity structure, the source locations are updated in every iterative step, improving the 

accuracy of the source location. This approach can be applied for not only AE signals but also 

signals that are generated by any excitation point. 

Seismic tomography requires source location, emission time and travel time to the receiver. 

However, the signals having neither emission time nor source location can be used for seismic 

tomography. It is noteworthy that the source location and emission time can be estimated 

from travel times to the receivers under the wave velocity distribution determined by the 

method introduced in previous section. Based on these facts, a procedure of seismic 

tomography with estimation of source location is introduced. Figure 10 illustrates the 

procedure of seismic tomography with estimation of source location. In the seismic 

tomography with estimation of source location, the first step is to estimate the source location 

and emission time. If the observed travel times can be separated into groups that are 

respectively associated with individual excitation points, the estimation of source location and 

emission time are carried out for each observed travel time group. The second step is applying 

the ray-trace to all estimated source locations. In this step, the ray-trace is carried out for the 
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all of estimated source locations, and the travel time among the estimated source locations to 

the other nodal or relay points are figured out. Finally by adding the computed travel time to 

the estimated emission time, the theoretical travel times at receivers are given by the 

following equation. ��′ = �� + ��� (4) 

In the third step, the slowness distribution is updated to eliminate the difference of the 

theoretical and observed travel time by identification technique. 

In order to evolve this 2D AET practically, 3D AET has been proposed [8]. Firstly the 

element in the 3D AET is expressed in three dimensions different from the one of 2D AET, 

where the most different point between 2D AET and 3D AET is the ray-trace technique in the 

algorism. In the developed ray-trace technique, the waves in 3D AET are expressed by Eqs. 5 

and 6, which are expanded to three dimensions different from Eq. 7 used in 2D AET.  �1� + �1� + �1� + �1 = 0 (5) �2� + �2� + �2� + �2 = 0 (6) �� + �� + � = 0 (7) 

For the sake of this developed ray-trace technique, it can be possible to verify the AE 

source location and the deterioration of elastic wave velocity in three-dimensions. This 

method can carry out the calculation, irrespective of input source which may be AE or elastic 

wave excitation, and whether input time or position of elastic excitation are known or not. 

Accordingly, tomography analysis using the above input sources is named as 'AET'. 

5 Results of 3D AET 

In order to estimate velocity distributions after each load phases of 100k, 200k, and 250k, an 

analysis area was set by a rectangular parallelepiped (blue rectangular in Fig.4) which 

consisted of 25 (long axis direction) ×11 (short axis direction) ×5 (thickness direction) nodes 

for 3D AET. Results of 3D AET after each load phases are shown in Figs. 11-13. 

As show in the figures of the velocity distributions after the first load phase (Fig. 11a-d), 

the overall velocity is approximately 3500 m/s or more, and remarkably small velocity 

distributions could not be estimated in the internal areas of specimen. It is certain from the 

three-dimensional model (Fig. 11d) that velocity in the right side of specimen tends to show 

relatively smaller value as 3000-3500 m/s than of the left side. 

The results after the load phase of 200k times (Fig. 12a-d) show a characteristic low velocity 

area, namely smaller than 3000 m/s in the right side on the surfaces. The difference of large and 

small internal velocity distribution can be more clearly observed in this step than of before one. 

It could be regarded in this phase that sound and fatigue damage parts were mixed in the deck. 

Velocity distributions after 250k times are shown in Fig. 13a-d. The specimen had reached 

its fatigue limit in this load phase. The velocity under 2500 m/s extensively appears in the 

whole of specimen. Comparing the results with the velocity distributions after 100k and 200k 

times, velocity values were dramatically decreased.  Particular low velocity zones could be 

confirmed under the wheel running area from three-dimensional model as shown in Fig.13d. 
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(a) Upper surface (c) Bottom surface

(b) Middle surface (d) Three-dimensional cut-model 

Fig. 11 Velocity distributions of RC specimen after load phase of 100k times 

(a) Upper surface (c) Bottom surface

(b) Middle surface (d) Three-dimensional cut-model 

Fig. 12 Velocity distributions of RC specimen after load phase of 200k times 
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(b) Middle surface (d) Three-dimensional cut-model 

Fig. 13 Velocity distributions of RC specimen after load phase of 250k times 

6 Discussions 

The bottom surface cracks overlaid by velocity distributions after the load phases of 100k, 

200k, and 250k times are shown in Fig. 14a-c, respectively. After 100k times many cracks 

grow in the central area. The area of the right side is more densely cracked than of the left 

side. In addition, it appeared to extend toward the four corners direction. Velocity at this 

phase shows slightly lower, developing the whole area; however, remarkable difference of the 

velocity among areas could not be confirmed. Internal velocity showed the same tendency as 

in the bottom as shown in Fig. 11, so that it can be concluded that the fatigue damage was not 

so progressed intensively at this stage. 

In comparison of crack distributions after 200k times and ones of after 100k times, 

remarkable dense crack distributions were appeared in the center and right side areas after 

200k times. These crack evolution can be confirmed by the velocity distributions as well since 

smaller velocity areas reveal at these dense areas of crack distributions. Specifically 

remarkable low velocity zone under 3000 m/s appeared on the right side. It is considered that 

large scale of fatigue failure might be started around this area.  

After 250k times, developed cracks further evolved the overall area of interest, together 

with extremely small velocity areas under 2700 m/s. The small velocity areas were also 

confirmed in the internal area from Fig.13. It could be concluded that the specimen reached its 

fatigue failure limit showed extremely small velocity distribution due to development of 

micro- to macro-cracks. In addition, as velocity change rate from 200k to 250k times was 

more rapidly than that from 100k to 200k times, more precise trace of fatigue damage will be 

possible to implement the AET between 200k and 250k times. It should be noted that the 

velocity is one of the promising parameter relating to the damage obtained by AET but it is 

also known that this is not so sensitive to the small damage than e.g., energy parameter [10], 

and therefore, when one would like to study microscopical behaviour, energy parameters 

would be preferably employed to visualize the internal damage. Visualization of elastic wave 

parameters before 100k times as well as the phases between 200k and 250k times would be 

presented in the follow-up paper with using AET.  

(a) Upper surface (c) Bottom surface
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7 Conclusions 

The 3D AET has applied to the quantification of fatigue damage progress in RC deck. 

The damage was reproduced by the wheel loading apparatus and the tomographic approach 

are conducted in every loading phase. As in the result, internal damage was evaluated by 3D 

AET using elastic wave velocity distributions. Comparing crack evolutions and the velocity 

distributions on the bottom surface it can be suggested that the areas showing dense crack 

distribution shows small elastic wave velocity while ones exhibiting sparse crack distribution 

show relatively large elastic wave velocity. Thus elastic wave velocities obtained from the 3D 

AET can contribute to evaluate the inside damage of concrete, which would be difficult to 

investigate by such conventional technique as external observation. As rapid fatigue damage 

had progressed between 200k and 250 k times in this study, more detail investigation on the 

fatigue damage evolution would be possible when implementing AET between 200k and 

250k. These results will be presented in the follow-up paper.  

(a) 100k times (b) 200k times (c) 250k times (after fatigue limit) 

Fig. 14 Overlay map on the bottom surface by velocity distribution and clack situation 
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