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Abstract

The technique of time domain reflectometry (TDR) has many non-destructive testing and
performance evaluation applications in civil engineering. However, in the absence of a second
returning conductor for the electromagnetic waves, the applicability of TDR techniques in the
integrity monitoring of geotechnical engineering structures constructed in the subsurface, such as
soil nails, prebored socketed steel H-piles, large-diameter bored piles, etc., is quite limited. A
new surface wave — time domain reflectometry (SW-TDR) technique has been developed to
overcome the problem. The technique does not require the installation of a second conductor
along the length of the structure under evaluation. It uses uni-polar surface electromagnetic
waves as the probing waves, in lieu of the usual TEM wave mode, to determine the length of the
embedded metallic conductor and to evaluate the integrity of the materials surrounding the
conductor.

The development of the new SW-TDR technique is presented in this paper. Full-scale field
evaluation of the technique on two large-diameter bored piles was performed to: (1) detect and
delineate defects in the concrete around steel reinforcement bars; and (2) determine the pile
length as constructed. Defects were implanted in the bored piles without prior knowledge of the
testing personnel. The deductions from the TDR test results were compared to the as-built
records. Details of the full-scale evaluation, results of measurements, interpretations of wave
profiles, and evaluation of the technique for integrity monitoring of subsurface geotechnical
structures are also presented in this paper.
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Introduction

There are many innovative applications of time domain reflectometry (TDR) measurements in
non-destructive evaluation of infrastructure performance in civil engineering [1-6]. In particular,
there are many applications in geotechnical engineering for in-situ measurements and monitoring
[7-14]. At least 2 parallel conductors are required for the propagation of electromagnetic waves
in the TEM wave mode in ordinary TDR measurements. However, most geotechnical
engineering structures constructed in the subsurface, such as soil nails, prebored socketed H-piles,
large-diameter bored piles, etc., do not possess a second conducting path for electromagnetic
waves. The addition of a second conductor along the length of the structure under evaluation
may appear to be a plausible solution. However, this approach has many limitations. The
electrical impedance of such a combined system will depend on the separation distance between
and the surface conditions of the original conductor and the second conductor, in addition to the
properties of grouting/concrete mix between the 2 conductors. It would be impossible to monitor
the performance of the grouting/concrete mix not in close proximity of the conductors. The
guidelines established by the Geotechnical Engineering Office, the Civil Engineering and
Development Department, the Hong Kong Special Administration Region Government for the
use of time domain reflectometry (TDR) to determine the length of installed soil nails [15]
requires the placement of an insulated wire along the length of the steel reinforcement bar during
soil nail installation. The installation of the insulated wire has to be under close supervision of
the resident site staff to ensure it is of the same length as the reinforcement bar and there is no
fault-playing on the wire. As a result, the subsequent reinforcement bar length verification by the
TDR method using the reinforcement bar/wire system becomes a meaningless bureaucratic
exercise, as the length of the reinforcement bar has already been carefully measured in the first
instance and is already known. The measurement thus offers no additional information on the
length of the installed soil nail, resulting in a waste of time and effort. Therefore, the need to
develop a non-destructive evaluation technology for geotechnical engineering structures
constructed in the subsurface without the need for the prior installation of a second conductor
during construction is evident.

Principle of Surface Waves — TDR Technique

An innovative TDR technique has been developed using step surface electromagnetic waves as
the probing waves, in lieu of the conventional TEM wave mode. The surface waves are uni-polar
in nature and their behavior in many aspects is similar to that of transmission line and
displacement current in extended capacitive circuits. During the test, high-frequency step-like
surface electromagnetic waves are excited and let propagate onto a metal conductor embedded in
the geotechnical structure. The metal conductor serves as a waveguide for the surface
electromagnetic waves. The metal conductor can be the steel reinforcement bar in a soil nail, the
reinforcement cage in a large-diameter bored pile, or the steel I-section in a socketed steel H-pile,
etc. The waves propagate along and in the immediate vicinity of the steel reinforcement bar at a
velocity governed by the dielectric properties of the surrounding grout/concrete materials. As the
concrete mix/grouting should be quasi-uniform along the reinforcement bar in the geotechnical
structure, any variation in electrical impedance between the reinforcement bar and the
surrounding soil would be caused by the variations of the properties of the grouting/concrete mix.



Interested readers should refer to Jordon and Balmain [16], and Ling et al. [17, 18] for a more
detailed description of the propagation of surface waves.

When the surface waves reach locations where local electrical impedance differs from the
characteristic impedance of the metallic conductor, part or all of the wave energy will be
reflected. The polarity and magnitude of the returning waves depend on the nature of impedance
variation. The variation of electrical impedance can be caused, for example, by the presence of
voids around the steel reinforcement bar, e.g., honeycombs in reinforced concrete, a change of
material surrounding the steel reinforcement bar, e.g., intrusion of loose soil into concrete or
grout, or the end of the steel reinforcement bar. The potential and current magnitudes of the
surface waves along the reinforcement are recorded simultaneously during the wave transmission
and reflection process. From the potential and current profiles, the impedance profile is
calculated. The length of the metallic conductor and the integrity of the surrounding materials
can be deduced by analyzing these wave profiles.

For integrity evaluation of geotechnical structures using steel reinforcement bar as the waveguide,
the electrical impedance per unit length of the conductor, Z, is given by

7=~ (1)
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where L = inductance per unit length; and C = capacitance per unit length. The propagation
velocity of the surface electromagnetic wave, v, is given by

V=—m— (2)

The coefficient of wave reflection, p, at the impedance discontinuity is given by
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where Z; = local electrical impedance; and Z, = characteristic electrical impedance of the
conductor.

When there is a void or an increment in grout thickness around the steel reinforcement bar, the
local capacitance per unit length will decrease, resulting in an increase in electrical impedance as
given by Eq. (1) and a positive wave reflection as given by Eq. (3). On the other hand, when
there is a decrement in grout thickness around the steel reinforcement bar, or soil in contact with
the steel reinforcement bar, the local capacitive effect will be increased, resulting in a decrease in
electrical impedance and a reverse (negative) wave reflection. Partial wave transmission and
partial wave reflection thus take place at every interface of impedance discontinuity. When the
waves arrive at the end of the conductor, all the wave energy will be reflected. The theoretical
impedance profile of a steel reinforcement bar embedded in sections of different materials is
depicted in Fig. 1 to illustrate the working principle of the technique.
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Fig. 1 Theoretical Impedance Profile of a Steel Reinforcement Bar Embedded in Sections
of Different Materials

Integrity Evaluation of Large-diameter Bored Piles

Full-scale field testing of the technique on two large-diameter bored piles was performed to: (1)
detect and delineate defects in the concrete around reinforcement bars; and (2) determine the pile
length as constructed. Two large-diameter bored piles were selected for this evaluation program.
One bored pile was used to evaluate the technique for concrete defect detection and delineation
and the other one was used to evaluate the technique for pile length determination.

Instrument Development

An instrument was specifically developed with a special circuitry for excitation and detection of
surface electromagnetic waves of frequency of several hundred hertz for this type of evaluation.
The recording time resolution is 500 ps (1 ps = 1072 s), corresponds to a length measurement
accuracy of approximately 2 cm, which is considered adequate for most geotechnical
engineering applications.

Detection and Delineation of Voids in Concrete

The bored pile used for void detection and delineation was 2.2 m in diameter. It is part of an
earth retaining structure abutting an uphill slope. The steel reinforcement cage was constructed
of forty-five 40-mm diameter vertical steel reinforcement bars. Part of the cage was covered with
polystyrene foam boards so that additional steel reinforcement bars can be connected to the
bored pile after excavation to construct wall panels. The ability of the technique to detect and



delineate these artificial voids in the concrete was evaluated. The testing personnel had no
knowledge of the defects prior to submission of test results.

The vertical 40-mm diameter steel reinforcement bars of the bored pile served as the waveguide
for the surface electromagnetic waves. A plan showing the arrangement of these steel
reinforcement bars is depicted in Fig. 2. The wave signals received at the top of the steel
reinforcement bar would compose of all the reflection signals including reflections caused by
laps of steel reinforcement bars, anomalies along the reinforcement bar due to variation of
material conditions around the bar, and returning waves from end of the bar. SW-TDR
measurements were made on Rebar 13, 17, 29, and 41. The results obtained from Rebar 13 as
shown in Fig. 3 were also used for the velocity calibration of surface electromagnetic waves. The
results obtained from Rebar 17 are very similar to those of Rebar 13.

It can be observed in Fig. 3 that the total wave time span measured was 597 ns. As the length of
the reinforcement cage is 13.37 m, the wave velocity is thus calculated to be 4.479x10” m/s. The
wave reflection caused by a reinforcement lap at 1.5 m from the cage head is also recorded in the
SW-TDR wave diagram. Two other recorded wave reflections are caused by local increment of
concrete cover thickness around the reinforcement bar. The lowering of impedance values at the
pile toe indicates the rock socket length of the pile is 3.1 m.

SW-TDR results obtained from Rebar 29 and 41 are very similar. The results obtained from
Rebar 41 are depicted in Fig. 4. Periodic variations of impedance occur at the upper half of the
pile, indicating locations of the installed foam boards. The identified locations are in good
agreement with the design locations. The rock socket length of the pile deduced from the results
is 4.01 m. The variation of rock socket length at different locations of the pile is in good
agreement with the geologic conditions.
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Fig. 2 Plan of the Large-diameter Bored Pile for VVoid Evaluation
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Fig. 3 SW-TDR Wave Diagram of Rebar 13 of "*Void Evaluation™ Bored Pile
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Determination of the Length of a Constructed Bored Pile

The length of the reinforcement cage practically gives the length of a constructed bored pile.
Therefore, the ability of the SW-TDR technique to evaluate the length of reinforcement bar
embedded in concrete was evaluated in this program. During the test, a specifically prepared
dummy rebar was added to the reinforcement cage of the large-diameter bored pile. The dummy
bar was constructed by three reinforcement bars: the top two reinforcement bars were
constructed as usual with an adequate lap length, while the intersection between the intermediate
and lower reinforcement bars were separated by a PVC sleeve. The insertion of this PVC sleeve
was to discontinue the electrical conductivity between the intermediate and the lower
reinforcement bars. The head of the upper reinforcement bar is located at 1.5 m above the ground
surface.

Details of the dummy bar were carefully measured and recorded but not made known to the
testing personnel. During the measurement, the SW-TDR instrument was place on the ground
surface. The measured potential, current, and impedance profile of the dummy rebar were
depicted in Fig. 5. It can be observed that a positive spike-like increase in impedance occurred at
approximately 12 m from the top of the upper bar, indicating the end of the bar. When the
surface waves arrived at the end of the intermediate bar, they were strongly reflected, indicating
the electrical disconnection between the intermediate and the lower bar. The time for this
impedance reflection was measured to be 911 ns. Using the reference wave velocity of
4.479x107 m/s, the total length of the upper and intermediate bars is determined to be 20.4 m.
The measured length agrees very well with the recorded length of 20.37 m.
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Conclusions

The following conclusions can be drawn from this full-scale field evaluation of the SW-TDR
technique:

(1) The SW-TDR technique is an innovative in-situ and non-destructive technique that is

able to detect and delineate the defects in the reinforced concrete of large-diameter bored
piles.

(2) The SW-TDR technique is able to determine the length of the steel reinforcement bar in

constructed large-diameter bored piles.

(3) The technique is feasible and suitable for practical uses in field quality control of

subsurface geotechnical structures with steel reinforcement bars or other similar metallic
conductors.

(4) The results obtained from the technique may require experienced personnel to interpret

the wave reflections.
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