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ABSTRACT

This paper describes the latest non-destructive inspection technologies to evaluate grouting
condition in PC bridge beams using the impact elastic wave method. A rough inspection
method that applies the velocity of elastic wave propagation and a detailed inspection
method that applies frequency characteristics and maximum amplitude are introduced. The
results of demonstration testing on an existing PC bridges are also presented. Moreover, a
flowchart of non-destructive testing of grouting condition using the impact elastic wave
method for transverse prestressing steel bars in PC beams is proposed.
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INTRODUCTION

In prestressed concrete (PC) structures with a post-tensioned system, corrosion of PC steel
components is prevented by employing PC grouting inside sheaths. Insufficient grouting
causes corrosion of PC steel components, leading to their breakage. If a steel component
breaks, it may protrude from an anchorage area as shown in Figure 1. and cause damage to
third parties. Recently, there have been some reports on the breakage and protrusion of
transverse prestressing steel bars in PC bridge girders (Yoshiyasu, 2009), and it is a pressing
task to evaluate grouting condition properly. Moreover, the breakage of steel components
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Figure 1. Protrusion of PC steel bars from an anchorage area
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leads to the collapse of a bridge in the worst case. In the 1980s, there was a report of the
collapse of a PC bridge in the United Kingdom caused by the corrosion of PC steel
components (Woodward, 1989). Occurrence of similar phenomena is a matter of concern
also in Japan. To prevent this kind of damage from occurring in Japan, it is important to
conduct non-destructive inspections to investigate PC grouting condition both quantitative ly
and efficiently.

Against this backdrop, methods using electromagnetic waves (X-ray method (Maeda,
Hasegawa, and Goami, 1988)) and elastic waves (ultrasonic method (Sakata, and Ohtsu,
1991), and impact elastic wave method (Kurono, Yamada, and Nakai, 1995)) have been
studied as non-destructive methods to evaluate PC grouting condition. Among them, the X-
ray method can evaluate the existence of grout visually in terms of image contrast as shown
in Figure 2. This method, however, has disadvantages such as a limitation in the applicable
thickness of components, safety management restriction for radiation protection, costliness
and low inspection efficiency. On the other hand, elastic wave methods, in particular the
impact elastic wave method, are widely used because they are less restricted as regards
inspection condition and can be performed efficiently. The elastic wave methods can be
categorized into those in which elastic waves are propagated in the axial direction of PC steel
members (Figure 3.) and those in which elastic waves are propagated in the direction
perpendicular to PC steel components (Figure 4.). The former approach applies the velocity
of elastic wave propagation deduced by the impact elastic wave method to roughly evaluate
the average grouting condition inside sheaths. The latter approach applies frequency
characteristics (impact echo method (Sansalone, and Streett, 1997)) or maximum amplitude
(electromagnetic pulse method (Tsunoda et al, 2009)) and has the potential of a detailed
inspection method to identify unfilled areas.
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Figure 2. X-ray image
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Figure 3. The method for propagating elastic wave to axial direction of PC
steel bar (The method focused on elastic wave velocity)
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Figure 4. The method for propagating elastic wave to vertical direction of PC
steel bar (The method focused on frequency characteristic or
maximum amplitude)

In this paper, the author categorizes the impact elastic wave methods into (1) those that apply
the velocity of elastic wave propagation, (2) those that apply frequency characteristics
(impact echo method) and (3) those that apply maximum amplitude (electromagnetic pulse
method). On the basis of this categorization, the author provides an overview of the latest
non-destructive inspection technologies for broad and detailed inspection to evaluate PC
grouting condition.

ROUGH INSPECTION OF PC GROUTING CONDITION (NON-
DESTRUCTIVE INSPECTION TO EVALUATE AVERAGE GROUTING
CONDITION INSIDE SHEATHS)

Outline of the method that applies the velocity of elastic wave propagation and
the principle of evaluation This method uses a hammer, steel balls and the like to
mechanically impact a concrete surface and detect resulting e lastic waves with a sensor. The
state inside the concrete can be evaluated from the velocity of wave propagation. The input
elastic waves in this method are greater in energy compared with the input ultrasonic waves
in ultrasonic testing and include low-frequency range elastic waves. This method is therefore
less affected by attenuation and scattering and is capable of measuring wide component areas.

Figure 5. shows the principle of evaluation of PC grouting condition. If the sheath is not
filled with grout, elastic waves propagate most rapidly through the steel bar. Therefore, the
apparent elastic wave velocity becomes close to the propagation velocity in a steel bar as a
single unit. If the sheath is filled with grout, elastic waves propagate through the composite
member consisting of the steel bar and grout; propagation velocity therefore becomes
smaller than that in the unfilled case.
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(a)Ungrouted duct (b) Grout duct
Figure 5. Principle for evaluation of PC grouting condition focused on
propagating velocity



Example of inspection of actual PC bridge girders (Kamada et al, 2006) For transverse
prestressing steel bars in PC bridge girders in use (shown in Figure 6.), the results of
evaluating PC grouting condition are outlined in this section. This bridge has separate girders
for each of upbound and downbound lanes, and each lane consists of four main beams, a
filling part and an extended part, which are integrated into one unit with transverse
prestressing steel bars. The impacting device shown in Figure 7. was used for generating
elastic waves. Impact was applied to a steel bar end in the extended part (see Figure 8. (a)).
To record the time of elastic wave input, a sensor was installed near the point of impact (see
Figure 8. (a)). The input elastic wave was detected with sensors installed on a concrete side
surface situated between the upbound and downbound lanes (see Figure 8. (b)). Figure 9.
shows an example of waveform detected by each sensor. The welocity of elastic wave
propagation was obtained by dividing the distance between sensors by the difference in time
of wave arrival between the sensors.

(a) Location of elastic wave input and (b) Location of sensor
sensor

Figure 8. Location of elastic wave input and sensors
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Figure 9. Example of waveform with each sensor

Figure 10. shows an example of results obtained. In the steel bars whose propagation
velocity exceeded 4800 m/s (shown in red in the figure), areas unfilled with grout were
observed at all the drilled locations as shown in Figure 11.In the steel bars whose
propagation velocity was less than 4300 m/s (shown in blue in the figure), filling with grout
was confirmed. In the steel bars whose propagation velocity was intermediate (shown in
yellow in the figure), areas filled and unfilled with grout were mixed.

On the basis of the results of drilling investigation, grout was reintroduced to steel bars
whose propagation velocity exceeded 4800 m/s, and then the velocity of wave propagation
was measured again. Figure 12. compares propagation velocity before and after the re-
grouting. In either case, propagation velocity became smaller after re-grouting. This
indicates that the effectiveness of re-grouting can be evaluated by comparing propagation
velocity before and after re-grouting.
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Figure 10. Elastic wave velocity measurement results
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Figure 11. Example of ungrouted duct
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Figure 12. Change of wave velocity due to grouting

DETAILED INSPECTION OF PC GROUTING CONDITION (NON-DESTRUCTIVE
INSPECTION TO DETECT AREAS UNFILLED WITH GROUT BENEATH
MEASUREMENT POINTS)

Method that applies frequency characteristics (impact echo method)

Outline of the method and the principle ofevaluation In this method, as shown in Figure
13., a concrete surface is hit by a steel ball so that elastic waves are propagated through the
concrete, a sensor installed on the side of the impact surface detects reflected waves from
objects, and the thickness of components and the presence or absence of internal defects are

evaluated from the observed frequency characteristics.

Figure 14. shows the principle of evaluation of PC grouting condition. If a sheath is
completely filled with grout, a peak corresponding to concrete slab thickness (defined as f;)
appears on a frequency spectrum. If there is an area unfilled with grout, on the other hand, a
peak corresponding to waves reflected from the unfilled area (f..i) appears in addition to the
fr peak. The values of the two peaks of frand f,,;q are theoretically obtained by

fr=Cp/ 2T (1)
fuoid = Cp / 2d )

When applying this method, the position and depth of a sheath is first investigated by the
electromagnetic radar method. Substituting the estimated sheath depth into equation (2), we
obtain a peak frequency value based on an assumption that there is an area unfilled with
grout. Finally, a frequency spectrum is obtained by this measurement method, and if a peak
appears at the theoretically predicted frequency, it is judged that there is an area unfilled with
grout.
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Figure 13. Outline of the method focused on frequency characteristics

(Impact-Echo Method)
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Figure 14. Principle for evaluation of PC grouting condition focused on
frequency characteristics

Example of inspection of actual PC bridge girders (Kamadaet al, 2006) For main cables
in the PC bridge girders shown in Figure 6., PC grouting condition was evaluated by using
the method that applies frequency characteristics, whose results are described here. Figure 15.
shows the steel balls, sensor, amplifier and waveform collection system used in this method.
Figure 16.shows measurement being conducted at the web part of a girder. Figure 17. shows
an example of measurement results. The arrows in the figure indicate the theoretical f values
deduced from equation (1), and the broken lines indicate the theoretical f,,q values deduced
from equation (2). The velocity of elastic wave propagation measured at the bridge is used in
the figure. In either case of Figure 17. a peak appeared at the fr location. In the case of Figure
17. (b), there is a peak at the f,;4 location in addition to the f; location. This indicates that the
sheath is filled with grout in the case of Figure 17. (a), and there is an unfilled area in the
case of Figure 17. (b). The estimated results were in agreement with the results of drilling
investigation.
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Figure 16. Outline of measurement using the method focused on
frequency characteristics
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Figure 17. Example of measurement results in the method
focused on frequency characteristics

Method that applies maximum amplitude (electromagnetic pulse method)

Outline of the method and the principle of evaluation. Unlike the methods that
apply the velocity and frequency characteristics of input elastic waves, the method that
applies maximum amplitude uses an exciting coil to impact PC steel components in a
noncontact manner. This coil consists of magnet wire winding around an electromagnetic
steel plate. An instantaneous magnetic field can be created by applying pulse current to the
coil. The electromagnetic force created by the magnetic field induces vibration in the
magnetic materials contained in concrete. Elastic waves created by the vibration of the
magnetic materials are detected by a sensor placed on the concrete surface, and the state of
the magnetic materials and their interfacial defects are evaluated non-destructively from the
maximum amplitude of the receiving waves (see Figure 18.).

Figure 19. shows the principle of evaluation in this method. When a sheath is filled with PC
grout (see Figure 19. (a)) and pulsed electromagnetic force is applied to a concrete surface in
a noncontact manner, mainly the sheath beneath the exciting coil vibrates. Because the
sheath is confined by the grout, the vibration of the sheath is more or less suppressed. In
addition, the PC steel bar inside the sheath hardly vibrates because of the magnetic shielding
effect. In the case the sheath is not filled with grout (see Figure 19. (b)), because the sheath is
not confined by grout, the vibration of the sheath is apparently greater than that of the sheath
filled with grout. By detecting vibration with a sensor placed on the concrete surface and
comparing maximum amplitude values, it is possible to identify areas unfilled with PC grout.
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Figure 18. Outline of the method focused on the maximum amplitude
(electromagnetic pulse method)
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Figure 19. Principle for evaluation of PC grouting condition focused on the
maximum amplitude

Example of inspection of actual PC bridge girders The PC bridge girders (transverse
prestressing steel bars) investigated are of the same structural type as that shown in Photo 3.
Measurements were performed at a filling part and an extended part as shown in Figure
20.An exciting coil was placed so that the lines of magnetic flux in the field become parallel
to the longitudinal sheath direction. To keep a constant distance between the coil and
concrete surface, a hard plastic spacer of 20 mm in thickness was attached to the coil end.
Beneath the coil, a sensor to detect vibration from the sheath was placed on the concrete
surface. Some results shown in Figure 21. indicate that the maximum amplitude in the

extended part was smaller than that in the filling part. According to the principle of
evaluation shown in Fig. 11, it is inferred that the extended part was filled with grout



whereas the filling part was not filled with grout. The estimates given by this method were in
agreement with the results of drilling investigation.

Figure 20. Outline of measurement using the method focused on the
maximum amplitude
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Figure 21. Example of measurement results in the method focused
on the maximum amplitude

PROCEDURE OF EVALUATION OF PC GROUTING CONDITION IN PC
BRIDGE GIRDERS USING THE IMPACT ELASTIC WAVE METHOD

On the basis of the above discussions, Figure 22. shows a flowchart of non-destructive testing of
PC grouting condition using the impact elastic wave method for transverse prestressing steel bars
in PC bridge girders. First, as a rough inspection method (1), elastic waves are propagated in the
axial direction of a PC steel component to make evaluations based on propagation velocity. A
threshold value of propagation velocity to estimate the presence or absence of grout can be
determined, for example, on the basis of measurement (analysis) results on a specimen (model)
that simulates the structure to be investigated, or by investigating grouting condition at several
locations by X-ray or other devices for reference purposes. Then, if insufficient filling with grout
is suspected from the broad inspection results, elastic waves are propagated in the direction
perpendicular to PC steel components as a detailed inspection method (I1) by using both or either
of the methods that apply frequency characteristics and maximum amplitude, in order to identify
the areas where filling may be insufficient. With this kind of inspection procedure, it is possible



to evaluate grouting condition non-destructively without performing drilling. 1f a void unfilled
with grout is found by the detailed inspection, re-grouting is performed after drilling, a rough
inspection is conducted again after the grout has set, and a detailed inspection is conducted if
necessary. By repeating the above-mentioned steps, it is possible to minimize damage to
structures, detect unfilled areas efficiently, and evaluate the effectiveness of re-grouting.
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Figure 22. Flowchart of PC grouting condition evaluation method



CONCLUDING REMARKS

As latest non-destructive inspection technologies to evaluate PC grouting condition in PC
bridge girders using the impact elastic wave method, the author has described a rough
inspection method that applies the velocity of elastic wave propagation and a detailed
inspection method that applies frequency characteristics and maximum amplitude, and
presented the results of demonstration testing on a bridge actually in use. The author would
be more than happy if the methods described here would be useful to streamlining
maintenance work and ensuring the safety of structures in general post-tensioned PC bridges
using PC grout.
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