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Abstract 

Reinforced concrete (RC) slabs of road bridges in Japan have been retrofitted with steel plates on the bottom 

surfaces to improve load carrying capacity and durability since 1960s as a part of bridge slab strengthening 

projects. However, as over 30 years have passed since their repair, the steel plate-bonded RC slabs, especially 

older ones, show such deterioration currently as debonding of the steel plates and water leakage. For sustained 

use of these large number of steel plate-bonded RC slabs, it is urgently needed to establish a technique which is 

capable of accurately evaluating soundness or degree of deterioration of the steel plate-bonded RC slabs. 

However, the presence of the steel plates covering the bottom surfaces does not allow direct evaluation of the 

internal damage of concrete. In this study inspection and evaluation methods were developed for proper 

evaluation of internal damage of concrete of the steel plate-bonded RC slabs in service using elastic waves 

excited via anchor bolts. 
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1. Introduction

There are many concrete road bridges built to old design standards. Reinforced concrete (RC) 

slabs based on the old standards are thinner than those of today, leading to lower in load 

carrying capacity and durability. Based on the policy of sustained use, many of the RC slabs 

in Japan have been strengthened by bonding steel plates to the bottom surfaces to improve 

load carrying capacity and durability as shown in Figures 1 and 2 (steel plate bonding 

method). 

On the Hanshin Expressway, an important urban expressway network in the Kyoto-Osaka- 

Kobe area, about 70,000 panels (about 2 to 3 m on each side per panel) have been retrofitted 

with steel plates. 

However, the steel plate-bonded RC slabs have been in service over 30 years at maximum 

since the repair, some slabs show such deterioration as debonding of the steel plates and water 

leakage. Although there is almost no serious damage which requires immediate action, careful 

monitoring is kept on them during maintenance activities to detect possible further 

development of the damage. 

The problem with the RC slabs repaired by this method is the steel plates covering the bottom 

surfaces which do not allow direct observation of internal concrete damage. Although the 

presence and area of debonding can be estimated by ordinary hammer tapping tests, no 

methods are available to inspect damage in concrete directly [1]. 

This paper describes development of a technique for inspection and evaluation of internal 

concrete damage in existing steel plate-bonded RC slabs in service using elastic waves via 

temporally installed anchor bolts. 
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Figure 1. RC slab bonded with steel plates Figure 2. Schematic of steel plate-bonded RC slabs 

2. Outline of the internal damage detection system

2.1 Concept of the damage detection system 

It has been known from the previous study [2] that there is not necessarily a quantitative 

correlation between the debonding of steel plates and the reduction in load carrying capacity. 

Therefore to evaluate the soundness of steel plate-bonded RC slabs requires to determine the 

soundness of the concrete of the slabs. Since majority of the work should be done on an 

existing bridge in service, it was preferable to minimize the impact to the public, as small as 

possible. So far destructive test or inspection which would inevitably require traffic 

restrictions for core sampling or concrete removal have been carried out. The authors thus 

developed a non-destructive technique which could detect damage through the steel plate- 

covered bottom surfaces of the slabs, without causing any impact to the traffic or any damage 

to the structure. The new technique is a NDT technique using elastic waves via temporally- 

installed anchor bolts which are installed in the steel plate-bonded RC slabs. 

Figure 3 shows how the steel plates are bonded to the RC slabs. Anchor bolts are driven into 

the RC slabs from the bottom, and steel plates are temporarily held by the anchor bolts in the 

first step. Epoxy resin is injected in the gap between the steel plates and concrete to fully 

combine them together in the second step. The damage detection system studied in this paper 

utilizes these anchor bolts bonded RC slabs with steel plates. In the following sections, the 

damage detection system using the anchor bolts is referred to as the anchor bolt sensing 

technique. 

 

Approx. 

50 mm 

Anchor bolts Epoxy resin (4 mm thick) 

4.5 mm-thick steel plate 

Place anchor bolts, and place steel plates. 
Inject epoxy resin in the gap between 

the concrete slabs and the steel plates. 

Figure 3. Process of bonding steel plates to RC slabs 

Step 2 Step 1 
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2.2 Outline of the anchor bolt sensing technique 

Figure 4 shows the outline of the proposed anchor bolt sensing technique. An impact of 

elastic wave is generated by hammering the head of anchor bolt which is protruding about 

20 mm from the surface of the steel plate with a steel ball. Propagation of the generated 

wave is analyzed to determine internal concrete damage present inside the RC slab. 

The anchor bolts are used as probes in the proposed system, and the sensor installed on the 

head of the anchor bolt on the receiving side detects the elastic waves propagated 

through the RC slab. The receiving sensor is installed on the head of the anchors in the 

receiving side. To know the excitation time and waveform features, the sensor is also 

installed on the surface of the steel plate immediately next to the impact-side anchor bolt. 

Acoustic emission (AE) sensors (resonant frequency of 140 kHz) were used in the test for the 

measurement on both the impact and the receiving sides. Impact elastic waves were generated 

by hitting an anchor bolt at the head by using a steel ball with a diameter of 15 mm. At least 

three impacts were made per measurement, and a typical value was taken as the value to 

represent the measurement. It was ensured that none of the representative values were an 

outlier. Waveforms were recorded by the waveform recorder at a sampling rate of 0.2 μs with 

the number of samplings of 25000. 

Figure 4. Schematic diagram of measurement 

2.3 Waveform analysis 

Two reinforced concrete specimens shown in Figure 5 were prepared for the measurement by 

the anchor bolt sensing technique. The dimensions were 210 mm × 210 mm × 2200 mm. One 

was a control specimen representing unaffected condition, and the other was a defect 

specimen representing concrete with internal damage. The defect part was created by placing 

poor quality concrete to a depth of 20 mm from the interface with the steel plate. 

The numbered points in the figure represent the anchor bolts to which the sensor was 

attached for measurement. Measurement of the unstrengthened RC slabs was also taken 

before bonding the steel plates. In order to investigate the effect of bonding condition, 

each specimen was dividing into two parts at the middle between the points numbered 3 

and 4, and complete debonding was reproduced on the right half (poor bond zone) as shown 

in the figure. Therefore, Measurement pair 2-3 represents fully bonded condition, 

Measurement pair 4-5 represents poorly bonded condition, and Measurement pairs 2-4, 3-5 and 

2-5 represent the mixed condition where the steel plate is partially bonded and partially 

debonded. 

Receiving sensor Impact-side sensor 

Waveform 

Impact recorder 
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side 

AE sensor

Contro  model 
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The authors first used propagation velocity of the first-arriving waves for the analysis, 

following the common practice. Figure 6 shows the propagation velocity of the first-arriving 

waves for each measurement pair in the experiment. As shown in the figure, it was found that 

propagation velocity of the first-arriving waves was almost constant at around 5500 m/s in all 

measurement pairs after the retrofit with steel plates. Measurement pairs 2-3 and 4-5 showed 

no significant difference in propagation velocity, despite the difference in steel plate bonding 

condition. No significant difference was found also between the control and defect models in 

any measurement pair. This can be understood that first-arriving waves travel at almost 

constant velocities in the steel plate-bonded RC slabs, without being influenced by the degree 

of concrete deterioration or the bonding condition of the steel plates. The reason for this is 

likely that impact elastic waves travel in the steel plates extremely faster than in the concrete 

and always arrive first when input through an anchor bolt. This also is a result of the 

simultaneous contact between the anchor bolts and both the steel plates and the concrete. 

The measurement before the steel plate bonding showed a significant decrease in 

propagation velocity of the first-arriving waves traveling through the defective concrete 

of the unstrengthened RC slab, which agreed with the report in the previous studies. 

The findings of this experiment revealed that use of propagation velocity of first-arriving 

waves recommended in previous studies would not provide proper evaluation of internal 

damage of concrete of steel plate-bonded slabs investigated in this study. 

Figure 5. Outline of the specimens 

Table 1. Physical property test results of the specimens (averages) 

Compressive strength 

(N/mm2) 

Static elastic modulus 

(kN/mm2) 

Control specimen 33.7 28.6 

Defect specimen 23.3 25.2 

Plan Cross sections 
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Details around the anchor 
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Figure 6. Propagation velocity of the first-arriving waves per measurement pair 

2.4 Proposal of a new waveform analysis technique 

Finding the problem with the use of first-arriving waves traveling through the anchor bolts as 

described above, the authors investigated evaluating internal concrete damage by using 

information of propagation of the Rayleigh waves excited at the anchor bolt which was 

excited by the impact of the steel ball. Wavelet transform was applied to the waveforms 

obtained by the anchor bolt sensing technique to analyze the magnitude of energy of the 

propagated waves. Figure 7 shows the results for Measurement pair 5-2 as an example of the 

experiment using the specimens described in Section 2.3. Time is on the horizontal axis, and 

frequency is on the vertical axis. The contour colors represent the spectral intensity. 

The closer to red, the higher the spectral intensity. High spectral intensities appeared in 

a range from around 500 μs to around 2000 μs in time or at around 10 kHz in frequency in 

both the control and defect models. The high spectral intensities found after 500 μs at 

around 10 kHz in the contour graphs were considered to show the arrivals of the P-, S- and 

Rayleigh waves, in this order in accordance with their propagation velocities. Multiple 

reflection occurs in the anchor bolt when hit at the head, which likely makes the bolt to 

behave as a single oscillating body and excite the waves. Table 2 shows the resonant 

frequency of the longitudinal waves in the anchor bolt calculated by using the length and 

mechanical property values of the bolt. The frequency value for each mode varies 

depending on boundary conditions. With fixed-fixed ends assumed for the first mode, the 

resonant frequency would be 10 kHz in the first mode and 20 kHz in the second mode. 

The theoretical solutions of resonant frequency suggest that significant oscillation generally 

occurs in the anchor bolt at around 10 kHz, although the theoretical values can vary 

depending on boundary conditions at the ends of the anchor bolt. This allows to conclude 

that the measurement results for Measurement pair 5-2 with the significant change in 

spectral intensity at around 10 kHz well represent the propagation of the waves excited at the 

anchor bolt. Consequently, a special focus was placed on this frequency band in the 

following analysis. 
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Figure 7. Wavelet analysis results (Measurement pair 5-2) 

Table 2. Resonant frequency of the longitudinal waves in the anchor bolt 

As an typical example, spectral intensity with time at 12 kHz was extracted from the 

frequency band in focus around 10 kHz for further analysis on the wavelet analysis results. 

Figure 8 shows diagrams of spectral intensity at 12 kHz shown in Figure 7. The spectral 

intensity peak appeared at around 800 μs in the control model, and at a delayed time around 

1800 μs in the defect model. With the large energy of Rayleigh waves taken into account, the 

peak of spectral intensity can be considered to show the arrival of the Rayleigh waves which 

should be later than those of P- and S-waves. This suggests that arrival of the Rayleigh waves 

is later in the defect model than in the control model. Analysis on other measurement pairs 

resulted in a similar tendency in most cases where the arrival time was delayed in the defect 

model compared to the control model. Figure 9 shows comparative data of transmission 

velocity for Measurement pair 5-2 between the control and defect models. Unlike in the 

analysis focused on 12 kHz shown in Figure 6, a frequency band between 10 kHz and 15 kHz 

was covered in this analysis, with other typical frequencies shown for comparison. 

Transmission velocity was found to be lower in the defect model than in the control model. 

Although further research is needed to identify the reason for the variation in the decrease 

between the different frequencies, it has been clarified that, when internal damage is present 

in concrete, the decrease in transmission velocity proposed as an index in this study appears in 

the frequency band of the Rayleigh waves under the conditions of this experiment. 

These results of the experiment show that internal damage of concrete of steel plate-bonded 

slabs may be evaluated by focusing on the characteristic frequency band of the Rayleigh 

waves and calculating the arrival time, or transmission velocity, of the waves. 

Oscillation 

modes 

Fixed-fixed 

ends (kHz) 

Fixed-free ends 

(kHz) 

1 10.3 5.1 

2 20.6 15.4 

3 30.9 25.7 

F
re

q
u

en
cy

 (
k

H
z)

 

F
re

q
u

en
cy

 (
k

H
z)

 



32nd EWGAE                    379

Control model 

Defect model 

V
el

o
ci

ty
(m

/s
) 

It should be noted here that, in terms of physics, the transmission velocity used in this study is 

different from the velocity of P-waves (first-arriving waves) generally used, and is an 

apparent velocity calculated from the time to the peak spectral intensity. 
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Figure 8. Changes in spectral intensity at 

12 kHz 

Figure 9. Comparison of transmission velocity 

(Measurement pair 5-2) 

3. Verification test on a steel plate-bonded RC slab from an existing bridge

3.1 Moving-wheel loading test using a slab extracted from an existing bridge 

Verification test was carried out by using a sample of steel plate-bonded RC slab extracted 

from an existing bridge to examine practical applicability of the index proposed above for 

determining internal damage of concrete of steel plate-bonded RC slabs. The target slab had 

been in service for about 50 years on the Hanshin Expressway. The sample slab was cut out 

for soundness evaluation and subjected to a moving-wheel loading test as shown in Figure 10. 

Measurement using the anchor bolt sensing technique was carried out two times at the same 

locations: one before the moving-wheel loading test and the other after 4000 cycles of 

moving-wheel loading. 

Figure 11 shows the measurement locations on the steel plate-bonded RC slab sample. Using 

the 12 anchor bolts numbered in the diagram, 12 measurement pairs with different distances 

were set in the longitudinal and transverse directions. 

Figure 10. A steel plate-bonded RC slab sample cut out (left) and subjected to moving-wheel loading test (right) 
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Figure 11. Measurement pairs on the steel plate-bonded RC slab sample for the moving-wheel loading test 

A significant increase was found in deflection after 4000 cycles of loading, which suggested 

a considerable reduction in load carrying capacity due to development of fatigue damage 

in internal concrete. 

Figure 12 shows change in transmission velocity at 12 kHz measured by the anchor bolt 

sensing technique. Significant decrease in transmission velocity was found after 4000 cycles 

of loading in most cases. This suggested that the decrease in transmission velocity could be 

used as a practical index for roughly evaluating internal damage of concrete as proposed in 

this study. 
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Figure 12. Change in transmission velocity at 12 kHz between before and after the moving-wheel loading test 

3.2 Comparative verification by destructive test on an existing bridge 

Inspection was carried out on an existing bridge in service for further verification of the 

anchor bolt sensing technique. The inspection included that by core drilling, and the results 

were compared with those by the anchor bolt sensing technique. Cores were drilled at six 

locations in each of six panels (2 m × 3 m per panel) as shown in Figures 13 and 14. 

This report describes the results with two of the six panels. 
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Figure 13. Road bridge in service (general) Figure 14. Road bridge in service (a panel in focus) 

As described in the above section, the information obtained by the anchor bolt sensing 

technique is the transmission velocity of Rayleigh waves measured between the two anchor 

bolts that has traveled along a line between a pair of specific measurement points. In order to 

extend the linear information to a planar form, the data of limited points was spatially 

interpolated by Kriging method and transformed into a two-dimensional planar distribution. 

Figure 15 shows the transmission velocity distribution in the steel plate-bonded RC slab 

in service measured by the anchor bolt sensing technique. The frequency in focus is 12 kHz. 

The red and blue dots (•) in the diagrams show the results of the inspection by core drilling. 

The red dots are the core holes with cracks found in the inside surfaces, and the blue ones are 

those without cracks. 

It was found that transmission velocity tended to be low at locations where cracks were found 

in the inside surfaces of the core holes. In contrast, transmission velocity was as high as over 

1000 m/s near the core holes without inside surface cracks. This suggests that a general 

correlation exists between internal damage and transmission velocity. On the other hand, 

some core holes had no inside surface cracks despite a low transmission velocity, or some had 

cracks despite a high transmission velocity, indicating a limitation of internal concrete 

damage evaluation using the transmission velocity. More detailed analysis will be made to 

identify the cause of the difference between the measurement by the anchor bolt sensing 

technique and the results of destructive test. 
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Inspection of core holes 
●: without inside surface cracks
●: with inside surface cracks

(near the reinforcement on the bottom surface) 

Figure 15. Comparison between measurement by the anchor bolt sensing technique (transmission velocity) and 

inspection by core drilling 

4. Conclusions

The present study using both test specimens and samples from an existing bridge showed that 

the proposed anchor bolt sensing technique could be a useful technique for proper evaluation 

of internal damage of concrete retrofitted with steel plates. Further research will continue to 

improve the precision of the system. 
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