TDR MONITORING FOR INTEGRITY OF STRUCTURAL SYSTEMS

By Miau-Bin Su' and Yuh-Jyh Chen®

ABSTRACT: Most infrastructures are made up of large number of parts, such as truss members and bridge
decks. Relative movement of the connections between members causes load redistribution or even failure.
Monitoring the integrity of the structural system can assure its performance and safety. TDR (time domain
reflectometry) is proposed here as a multiple-points smart monitoring system using only one coaxial cable as
the sensing and conducting medium all the way through the monitored structure. The cable is fixed at both ends
of each pair of adjacent members to be the sensing device along itself. Relative movements between the members
at the connecting points are monitored simultaneously by sending a fast-rise impulse into the cable. When lateral
movement occurs, the cable will deform, having the effect of adding an equivalent capacitance at that point and
causing the signature to jump up. When two adjacent blocks move apart from each other, the cable will be
extended and cause its characteristic impedance change. The most important ability for a TDR system to have
is to locate the relative movement along the cable that is very clearly shown in the time domain signature. The
pulse of a TDR tester can go a few thousand feet, which gives enough monitoring range for most infrastructure.

INTRODUCTION

Time domain reflectometry (TDR) was developed by elec-
trical engineers as a method for locating discontinuities in co-
axial transmission cables (Moffit 1964). The technique has
been extended to measure the properties of materials in which
conductors are embedded, for example, to determine soil water
content (Topp et al. 1980) and evaluate the dielectric behavior
of a material (Cole 1975). In rock mechanics, the technique
has been employed to identify zones of rock mass deformation
(Dowding et al. 1988) and blasting performance.

This technique can be applied to monitor fracturing within
concrete structures (Su 1990). When a coaxial cable is em-
bedded in a concrete structure, it works like a continuous sen-
sor, which can detect fracture and relative movement at any
location along its length. An electromagnetic pulse is launched
down the cable, and reflection from points of cable deforma-
tion can be located precisely. TDR fracture monitoring pro-
vides a viable tool when fracture locations are not known in
advance and is the major advantage for TDR, compared with
other monitoring systems. Telemetric monitoring based on
TDR theories has been proven to be applicable (Dowding and
Huang 1994). Smart systems for monitoring the integrity of
infrastructures are made possible by using the TDR system
and techniques developed for analysis. Lin et al. (1997, 1998)
discussed the concept of using TDR cable as distributed sen-
sors in structures, but the effect of multiple reflection caused
difficulty in analyzing the reflected TDR signature. Su and
Chen (1998) proposed a procedure to overcome the problem.
This paper presents validation tests with data from a real ap-
plication.

RELATIVE MOVEMENTS BETWEEN ELEMENTS

Relative movements between concrete blocks can be di-
vided into two categories: shear movement and normal move-
ment. Shearing occurs when two adjacent blocks move parallel
to the interface between them, and normal movement occurs
when two blocks move perpendicular to the interface. Ideal-
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ized pictures of block movement and associated cable defor-
mation are shown in Fig. 1. The blocks can deform the cable
by shearing [Fig. 1(b)] or extension [Fig. 1(c)].

The monitoring system for the integrity of infrastructures
proposed here monitors the connection between blocks. As
shown in Fig. 2, coaxial cable is fixed on two sides of a joint
or a bearing point. The TDR technique can monitor many
points on one coaxial cable simultaneously (Dowding et al.
1988). If two adjacent blocks move relative to one another, as
shown in Figs. 1(b) and 1(c), the distorted cable no longer has
a uniform cross section. The change in cable geometry causes
the local cable capacitance, which is inversely proportional to
the square of the distance between the outer and inner con-
ductors, to increase or decrease. By determining the charac-
teristic of a single shear displacement or single extension dis-
placement under controlled laboratory conditions, it has been
possible to interpret the results to estimate the magnitude of
the relative shear or normal movement of the adjacent concrete
blocks in which a coaxial cable has been fixed or embedded.

BASIC TDR

A coaxial cable is composed of an outer and an inner con-
ductor with plastic dielectric material between them. In the
longitudinal view, the coaxial cable may be presented as an
ideal, two-wire transmission line having forward and return
conductors to represent the outer and inner conductors, re-
spectively. Propagation of a pulse along a coaxial cable, that
is, the current and voltage propagating along a two-wire trans-
mission line, is controlled by four basic properties of coaxial
cables, namely, inductance, resistance, capacitance, and di-
electric conductivity. Among them, inductance and capacitance
are used here to explain the phenomena of this technique.
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FIG. 1. Type of Block Movement and Change of Fixed Cable
Geometries
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FIG. 2. Monitoring System for Relative Movement between

Bridge Deck and Deck Joint or Bridge Bearing Point

Time domain analysis of wave motion is accomplished by
looking at the motion of transverse electromagnetic waves.
This is the simplest mode of electromagnetic wave field and
is restricted to the plane normal to the wave propagation di-
rection. By assuming the coaxial cable to be a lossless line,
that is, with resistance and dielectric conductivity neglected,
the governing equation of wave transmission in the system can
be represented as

#Vlax® = LCa*Viar n

where L = inductance (henry); C = capacitance (farad); and
(L/C)"? = Z is called the characteristic impedance of the cable
and is measured in ohms.

The above equation can be recognized as the basic wave
equation for voltage pulse V as a function of distance x and
time t. The magnitudes of L (inductance) and C (capacitance)
for a coaxial cable are both functions of geometry between
inner and outer conductors. By assuming the wave equation
governs the behavior of the system, the reflected electrical sig-
nal can be analyzed in the time domain in a fashion similar
to that for reflected seismic waves.

TYPE OF VOLTAGE REFLECTIONS

Coaxial cable deformation produce discontinuities that can
be divided into two categories: a change in characteristic im-
pedance Z, (type I), or a change in reactive lumped circuit
elements (type II) (Dowding et al. 1988). Either type produces
a reflected voltage pulse. Travel time between initiation and
reflection of the pulse is converted to distance by specifying
a propagation velocity, while the slope and amplitude of the
reflection can be related to specific changes in cable properties.
Since individual discontinuities are separated in space, they
are also separated in time and thus can be analyzed separately.
This relation between location and travel time forms the basis
of TDR.

Cable Extension

When a metallic cable is deformed in tension, its diameter
decreases as necking occurs. A decreased cross-sectional area
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FIG. 3. Type of Reflected Signal and Idealization for Analysis
(Dowding et al. 1989)

creates a new characteristic impedance, Z,, different from the
original, Z,. At the interface, the reflection coefficient, p, can
be defined in terms of characteristic impedance (type I), as
shown in Fig. 3.

p=(Z — ZWZ + Z) 2

where Z, = new characteristic impedance of the cable; and Z,
= original characteristic impedance of the cable.

Cable Shear

When a cable is deformed by shearing, the deformation is
localized and the change in impedance can be modeled by
adding an equivalent capacitance to the lumped circuit system.
Then the reflection coefficient, p, cannot be expressed simply
in terms of impedance, but must be idealized by a localized
change in capacitance.

For the ideal shunted capacitance case, the reflection coef-
ficient, p, can be approximated by

p=AC-Zy/2-1, 3)

where AC = equivalent shunted capacitance; Z, = characteristic
impedance of the cable; and ¢, = rise time.

MULTIPLE REFLECTION

In the proposed setup for infrastructure integrity monitoring,
deformations of joints at different locations are monitored si-
multaneously along one cable. This means that more than one
signal is to be picked up at the same time. The capability to
watch and distinguish between these changes is needed. The
reslution of a TDR system in signal change is a few centi-
meters and depends on the system’s risetime (Pierce et al.
1994), which is good enough for current application. Risetime
of the pulse may change when it passes cable discontinuity.
Su and Chen (1998), was provided a viable technique for an-
alyzing multiple reflections, examine the phenomenon.

In a practical TDR measurement, the reflection risetime is
finite and the measurement is thus limited in bandwidth. Typ-
ical circuit discontinuities along a transmission line have time
constants much faster than the input pulse risetime, thus
changing the ideal response to an impulse response. This is
shown in Fig. 3, and the equivalent capacitance is calculated
using the following equation:

X [E madd S

Y4
c- | &

where m is the maximum slope of the voltage wave versus
time and is controlled by the risetime of the incident wave-
form.



dE,
m=— in mV/s (5)

max

Since capacitance is proportional to the reflection coefficient
magnitude, E, ... in (4), it will appear to be changed if the
incident waveform’s risetime (or m) is different.

Multiple discontinuities on a transmission line create effects
that complicate TDR analysis. If the cable of interest is com-
posed of several sections, each with its own distinct charac-

| |
FIG. 5. Test Setup and Sample Dimensions

teristic impedance, a part of the incident signal is reflected at
each of these impedance discontinuities.

Also, a pulse is attenuated as it passes a discontinuity, and
the waveform slope, m, becomes smaller. A discontinuity
along a cable will attenuate the incident pulse and increase the
risetime.

In order to overcome the problem caused by the effect of
variation in pulse risetime, an integration approach is proposed
herein to analyze reflections. The method, shown in Fig. 4,
involves integrating the reflection over time

A= f V() de 6)

where 1, is the starting point of a TDR reflection that returns
to its reference level at time r,. The quantity A can be seen as
the area of the increased voltage between ¢, and r,. The mag-
nitude of this area is proportional to the magnitude of the
added equivalent capacitance.

VALIDATION TEST

In order to show the applicability of multiple points moni-
toring at the same time, a validation test was performed. A
semirigid coaxial cable is grouted into blocks using epoxy, and
the blocks are arranged as shown in Fig. 5. Different amounts
of relative movement between blocks are applied, and returned
signatures are then recorded on the TDR oscilloscope. The
purpose of this testing setup was twofold: (1) to show the
different effects of joint deformation for shear and for exten-
sion, and (2) to test the resolution and effect of multiple dis-
continuities on the signature. The effect of multiple reflection
is tested by taking signatures from different directions. When

TABLE 1. Complete Lists of Test Results
Deformation Type Area (mp-ps) E, naxlmp)
Shear Extension
deformation | deformation | Connection | Connection Connection | Connection
at point B at point A | atleft-hand | at right-hand | Difference | at left-hand | at right-hand | Difference
Position | Measurement (mm) (mm) side side (%) side side (%)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
A a 1 1 475.00 482.50 1.58 8.62 8.57 0.60
b 1 2 1,068.75 1,040.00 2.69 11.05 10.56 4.45
c 1 3 1,504.38 1,508.75 0.29 12.37 11.52 6.85
d 1 4 1,845.00 1,820.63 1.32 11.77 13.29 12.97
[ 1 5 2,305.00 2,291.87 0.57 13.23 12.05 8.87
f 1 6 2,743.75 2,681.25 228 13.23 12.05 8.88
g 1 7 2,963.75 2,960.00 0.13 12.05 11.38 5.54
B a' 1 7 285.83 281.44 1.56 9.36 11.34 17.46
b’ 2 7 667.68 669.57 0.28 21.42 22.20 3.51
c' 3 7 1,146.97 1,140.34 0.58 32.56 41.14 20.86
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FIG. 6. Recorded Waveforms for Extension at Point A
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FIG. 8. Enlarged Waveforms of Each Measurement Taken for Extension at Point A

the reflected waveform is taken from the left-hand side, as
shown in Fig. 5, the A discontinuity is encountered first. The
waveform then passes B. When the waveform passes the A
discontinuity, the risetime drops before it goes into B. When
the reflected waveform is taken from right-hand side, the se-
quence is reversed. Test results for discontinuity points A and
B are summarized in Table 1. In the test setup, block 1 is
designed to be pulled away from block 2, which is fixed.
Block 3 is designed to perform a shearing test by being moved
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laterally relative to block 2. First, block 3 is pushed laterally
by 1 mm, then block 1 is pulled and measurements are taken.
Data for seven different magnitudes of deformations are re-
corded. After that, block 3 is pushed laterally and three mea-
surements are taken. Magnitudes of signature change at each
reflection point are given separately in maximum reflected co-
efficient and integrated area of reflected coefficient. Differ-
ences in its magnitude are given in the last column to provide
the basis of comparison.
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DISCUSSION OF RESULTS 4000
3500 F @ Extension
Locations of joints together with their movements are - 9
clearly shown in the waveform recorded as shown in Figs. 6 23000  []  Shear !
and 7. Fig. 6 shows waveforms for measurements taken after a 2500 [ X=Y e
point B had 1 mm shear deformation and extension defor- E 2000 | d
mation is applied to point A. Figs. 6(a—c) are measurements e 1500 k ¢
taken from the same side of the cable; waveforms shown are S &
all the same at point B, and the only difference is at point A. < 1000 = b
A larger magnitude of extension deformation generated a 500 | @
larger change of waveform. Records (c) and (d) are taken from 0 I L L i 1 L 1
different sides of the cable under the same situation. As can 0 500 1000 1500 2000 2500 3000 3500 4000
be seen, waveforms are reversed. Fig. 7 is waveforms for mea- Area, L (mp - ps)
surements a’, b’, and c¢’, which are taken to show signature (a) Integrated Area of Waveform
‘change for shearing deformation at point B after 7 mm exten-
sion deformation is applied to point A. The three waveforms 50
for each column stand for records taken from the same side . ] Extension ¢
of the cable. The only difference is the magnitude of change _ 40 0 Shear o
in the waveform on point B in order to show the effect of g -
shearing. Records on (a) and (b) are all reversed. = 30F X=Y
In order to quantify the change of waveform due to relative 5 . b
movement of blocks, Figs. 8 and 9 were prepared using en- E 20 F
larged plots to show the details. In Fig. 8, columns (a) and (b) = L a
are used to represent records taken from different sides of the & 10 F
cable. Seven waveforms in each column are for different mag- L a
nitudes of relative extension of blocks at point A. As can be ot
seen, the voltage drops around the deformation point and in- 0 10 20 30 40 50
creases with increasing extension deformation. As still can be Er,max, L (mp)
seen from waveform between columns (a) and (b), the shape (b) Maximum Reflected Voltage
of the waveform is inverted. Fig. 9 shows the enlarged wave-
forms of measurement at point B for shear deformation be- FIG. 10. Compari b Data Taken from Different
tween blocks. Different amounts of shearing deformation pro- Connection Points
duce different magnitudes of waveform change. Joints on the
sides of the 20 cm blocks are large enough for the waveform 4000
change to be seen clearly, and the magnitude of the reflected @  Connection at lefi-hand side
waveform is noticeable and should be treated with the proce- 3500 ) )
dures proposed in Su and Chen (1998). = 3000 | [ Connection at right-hand side 0
The differences in measurements taken from different con- S 5500 - Y = 449563 * X
nection points are within 3% for all 10 measurements, but if a R-square = 0.996846
the maximum reflected voltage is used, the differences could E 2000 |
be as large as 20.86%. This result is plotted separately in Figs. g 1500 | D
10(a) and (b) for measurements of integrated area and maxi- < 1000 F D
mum reflected voltage. In both plots, measurements taken 500 -
from the left-hand side are given as the x-axis and from the N ) \
right-hand side as the y-axis. Fig. 10(a) shows a much better 0 (& A —
correlation, as almost all points are located on the slope equal o r 2 3 4 5 6 71 8
to one line. Dial reading (mm)
Figs. 11 and 12 are drawn to show individually the rela-
tionships between the integrated area of signature and the dial FIG. 11. Relationship between Integrated Area and Extension
readings for extension and shear deformation. A linear plot is Movement of Block
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Movement of Block

given to show the applicability, which has an R-square value
larger than 0.99. This regression relation can be used to quan-
tify deformation based on the signature change.

The waveform did change after passing through cable de-
formation, that is, cable’s impedance change. Risetime of the
waveform and its reaction with the next interface changed. The
area integration method did prove to be an acceptable analyz-
ing method in multiple reflection situations, which makes pos-
sible the monitoring system for the integrity of infrastructure
using only one coaxial cable.

CONCLUSION

The TDR technique can be applied to monitor the relative
movement between elements of a structural system so as to
assure its integrity or to provide a warning before large local
failures. The coaxial cable can be fixed on both sides of a joint
or grouted into elements, depending on the type of structure
and field conditions. The cable then works like a multiple
points relative movement sensor and waveform-transmitting
medium. This technique is proven to be able to see multiple
deformations simultaneously by using one cable and is easy
to install as a smart monitoring tool for the integrity of a struc-
tural system.
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APPENDIX Il. NOTATION
The following symbols are used in this paper:

C = capacitance;
E, = magnitude of voltage of incident wave;
E, . = maximum of voltage of reflected wave;

L = inductance;

m = maximum slope of voltage wave in time;

1 = time;

1, = rise time;

t, = time of reflected wave start to rise;

t, = time of reflected voltage return to normal;

V = voltage pulse as function of distance and time;

X = distance;

Z = impedance;

Zy, = cable characteristic impedance;

Z, = impedance of new section;
AC = magnitude of equivalent shunted capacitance; and

p = reflection coefficient.



