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ABSTRACT: (Abstract here)

Time domain reflectometry (TDR) technology has become a valuable tool for detecting
movements and locating shear planes in rock or soil slopes. It is based on transmitting an
electromagnetic pulse into a coaxial cable grouted in rock or soil mass and watching for
reflections of this transmission due to cable deformity induced by ground deformation. Early
detection of localized shear deformations in soft soils and quantifying the deformation using TDR
remains a challenging work. The relationship between the reflection spike and the localized
shear deformation is affected by cable resistance, soil-grout-cable interaction, and shear band. A
complete TDR wave propagation model considering cable resistance is introduced to model TDR
response to cable deformation. Effect of these three influencing factors on the relationship
between the reflection spike and sliding deformation are investigated through laboratory tests in a
direct shear box. The implications to enhancing TDR response and quantifying sliding
deformation are stressed. Practical suggestions are made, including procedure for correcting
resistance effect, selection of cable and grout, and how to quantifying localized shear deformation
using TDR.

Key words: Time domain reflectometry (TDR), localized shear deformation, cable
resistance, soil-grout interaction



Introduction

Landslide is a major geo-hazard that often requires a monitoring system, in which the localized
shear deformation is most important. Inclinometer probes are widely used for such a purpose.
Manually-logged inclinometers can provide deformation profile which is piece-wise linear with a
typical gauge length of 50 cm. However, it is not practical to automate the inclinometer probes.
In-place inclinometers have been used for automatic monitoring. But the cabling limits the
number of in-place inclinometers that can be used in a single hole, resulting poor spatial
resolution. In addition, inherent to down-hole electronic sensor of above-mentioned instruments
is the lack of long-term durability in severe environment such as thunder or humidity.

Time domain reflectometry (TDR) has become an effective tool for detecting displacements
and locating shear planes in rock (Dowding et al., 1988!"); Dowding et al., 1989”; Dowding and
Huang, 19941} and to some degree for soil slopes (Dowding and Pierce, 1994"; O’Connor et al.,
199551 Dowding et al. 2001)).  An up-hole pulser launches a high-frequency electric pulse
along a sensing coaxial cable grouted into the ground. Some portion of the electric pulse is
reflected back to the TDR equipment as a result of the impedance (cable geometry) change due to
ground deformation. The time delay, amplitude, and shape of the reflected pulse provide a
means to locate, determine the magnitude, and indicate the type of deformation. TDR is an
up-hole reflectometry device that interrogates passive mechanical transducers (i.e. the cable).
Such a reflectometry system possesses both the mechanical reliability and capability of remote
monitoring.

The relationship between localized shear deformation and intensity of reflection spike has been
studied through laboratory testing in an effort to quantify sliding deformation through calibration
testing (Dowding et al. 1988!"! & 1989/*); Aimone-Martin et al. 1994!)). However, the testing
configurations were not generally in agreement with the conditions in the field, where the
soil-grout interaction and shear band may take place. Current calibration tests are only
applicable to quantifying movement of rock mass. Several case studies have been reported to
compare TDR reflection spikes with deformation measured by nearby inclinometers (Kane
1998 Dowding and O’Conner 2000"); Anderson et al., 1996!"")). Slope inclinometer can
measure ground deformation with a gauge length of 50 cm, while TDR is basically a spatially
continuous monitoring. Therefore, TDR is especially sensitive to localized shear. However,
the relationship between reflection spikes and sliding deformation seems case dependent in those
case histories. It is affected by cable resistance, soil-grout-cable interaction, and shear band.
These factors hinder TDR from quantifying landslide displacement.

Cable resistance smears the reflected waveform and decreases the amplitude of the reflected
spike. An influence chart may be established via repeated shear tests on grouted cables with
various lead cable lengths (Kim, 1989'Y); Pierce et al., 1994“2]). The experimental procedure is
tedious and the result is not general-purpose. Dowding et al (2002'") tried to take into account
the cable resistance with an electromagnetic propagation model, but the model was neither
efficient nor precise in simulating the effect of cable resistance. A general-purpose and simple
correction procedure for cable resistance needs to be developed.

While TDR is ideal for monitoring sliding deformation in rock mass, it is less applicable in soft
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soil. The soil-grout-cable interaction affects how the sliding deformation transfers to cable
deformity, which in turn controls the TDR refection signals. To extend the TDR applicability in
soft soils, efforts have been directed to establishing a compliant cable-grout composite (Pierce
19984 Cole 1999 Dowding et al. 2001[6]). It was recommended that, in soft soils, the
grout stiffness should be sufficiently low but great enough to kink the cable. Blackburn and
Dowding (2004 further investigated the optimal grout strength and stiffness through
finite-element simulations. The optimal ratio of grout strength to soil strength was found to be
one to five. In their study, TDR response as affected by soil-grout interaction was not directly
modeled. The finite element analysis predicted stress field, based on which the optimal grout
was suggested to induce maximum shear stress on the cable. Their interpretations focused on
shear strength and stiffness of grout relative to that of the surrounding soil, low tensile strength of
the grout and the structural behavior of the grout-cable column may have been overlooked.
While a braided (outer conductor) cable has lower shear strength and stiffness than solid (outer
conductor) cable, it may not have greater TDR response during localized shearing because the
braided cable is much more flexible and resistant to kinks. Likewise, the soft grout may not
transfer the shearing deformation to the cable better than stiff grout. The cement grout is low in
tensile strength. When loading in shear, tensile cracks occur near the shear plane forming a
weak zone in the grout column, in turn better transferring the shear deformation to kink the cable.
A direct physical model is needed to obtain better understanding of the effect of soil-grout-cable
interaction on TDR response.

Finally, the shear bandwidth may further complicate the relationship between the reflection
spikes. O’Connor (1991[17]) experimentally modeled the shear band with an air gap in the grout
during shear test on the cable-grout composite. The testing results show that the sensitivity of
TDR reflection to the shear deformation decreases as air gap increases and double reflections
may occur when air gap is too large. A well-grouted column never has an air gap.
Representing the shear band with an air gap may not conform to field conditions. How shear
bandwidth affects the quantification of sliding deformation using TDR still need further
investigations.

In summary, early detection of sliding deformations in soft soils and quantifying the
deformation using TDR remains a challenging work. The main objective of this study is to
investigate the key factors — effect of cable resistance, soil-grout-cable interaction, and shear
bandwidth. A complete TDR wave propagation model considering cable resistance is used to
model TDR response to cable deformation. Effect of these three influencing factors on the
relationship between the reflection spike and sliding deformation are investigated through
laboratory tests in a direct shear box. An overall insight into the TDR response is provided via
both electromagnetic and material perspectives. The implications to enhancing TDR response
and quantifying sliding deformation are stressed.



Conventional TDR Data Interpretation and its Influence Factors

As shown in Fig. 1, a TDR device transmits a step pulse along a coaxial cable grouted into the
ground. The signal propagates down the cable When the pulse runs across a change in
cross-sectional cable geometry (e.g. due to a shear deformation), a portion of the signals is
reflected back to the TDR device. The distance between the pulser and deformity (x) can be
precisely determined by the round-trip travel-time (7%) and propagation velocity (V) of the cable.

T
x:VPTR (1)

The intensity of the reflection spike (p,ear) 1s proportional to the change in cable geometry, which
in turn is proportional to to the amount of shearing in the ground (J). A linear relationship
correlating 0 with p,e.x can be written as

5:(ppeak/S)+50 (2)

where S is the sensitivity of reflection spike to the sliding displacement, and dy is the threshold
displacement beyond which the cable geometry will deform and induce reflection. Dowding et
al. (1989%)) pointed out that the sensitivity (S) and the threshold displacement () both depend on
cable type.

In addition to cable type, S and J, are affected by cable resistance, material interaction, and
shear band, as shown in Fig. 1. Cable resistance is the electrical factor which smears the
reflected waveform and decreases p,... Theoretically, this factor can be taken into account
through electromagnetic theory. Material interaction (i.e. soil-grout-cable interaction) and shear
band are the material factors which determine how much deformity is induced in cable due to
sliding deformation. The term “cable deformity”, denoted as J... in Fig. 1, represents the
degree and range of the cross-sectional change in the cable. While sliding deformation o is of
interest, it 1S d.qsre that controls the TDR response, which may be simply parameterized by ppear.

Figure 2 shows a deformed cable taken out from a direct shear test on grout-cable composite.
Even though the gap in the direct shear box is extremely small, the cable undergoes transitional
deformity on both sides of the localized deformity due to deformation in grout and cable
extension. As the stiffness of the material surrounding the cable decreases, the curvature of the
s-shape deformation becomes more gradual. This will decreases the geometry change in the
localized deformity but will extend the deformed section, particularly the transitional deformity.
The intensity of the reflection spike depends not only on the magnitude of the deformity but also
on the length of the deformity. As sliding deformation () increases, the magnitude and length
of deformity increase, both resulting in higher intensity of reflection spikes. However, different
soil-grout composite may have different combination of increases in deformity magnitude and
length with increasing sliding deformation.

Several claims are made in the following, which will be verified in this study.
1. When selecting cable for monitoring, compliance should not be the only concern.
Different types of cables react to the cable deformation differently. Braided outer
conductor can endure large curvature without kinking the cable and causing change in




cross-sectional geometry (i.e. deformity). On the other hand, solid outer conductor cable,
although less compliant, is less resistive to cable deformation and has lower cable
resistance. Hence, solid outer conductor cable is the choice for both rock and soil.

When selecting a grout for installation, compliance to soil stiffness should not be the major
concern. It is a dilemma to have a grout sufficiently stiffer than cable while compliant to
soft soil at the same time. A soft grout is compliant to the soft soil, but will reduce
deformity on the solid conductor cable, resulting in no actual gain in TDR response.
Unless a compliant solid-conductor cable can be made, the priority is having a grout
sufficiently stiffer than the cable. The cement grout is brittle and has a very low tensile
strength. Tensile cracks near the sliding plane can form weak zone for transferring the
deformation to the cable deformity. Therefore, having a stiff and brittle grout is more
critical than having a compliant cable to localize the shear deformation on the cable.

While having constant threshold Jy_may not be possible for different soil types and
borehole sizes, having a constant sensitivity S may be possible when stiff grout is used.
Softer soils may absorb more deformation before breaking the grout. But once the grout
is broken, a constant relationship between the sliding deformation and cable deformity may
be achieved, resulting in a constant sensitivity. This behavior, if true, will be useful for
quantifying relative sliding deformation after the deformation is detected.

Early detection of sliding deformation in soft soil relies on a compliant solid conductor
cable, only when the cable is sufficiently compliant can a more compliant grout be used.
A more compliant solid outer conductor cable may be specially manufactured by reducing
the thickness of the outer conductor and dielectric stiffness. But the side effect is fragile

during cable handling.
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Fig. 2 Complex mechanism of cable deformity

Correction for Cable Resistance

The cable resistance becomes an important issue in practice. Although TDR mathematical
model has been formulated in various forms (Feng et al. 1999""); Dowding et al. 2002!"*); Lin
2003"), the effect of cable resistance has not been properly considered in the model.
Behaviors of electromagnetic wave propagation in frequency domain can be characterized the
propagation constant (y) and the characteristic impedance (Z.). The propagation constant
controls the velocity and phase dispersion of electromagnetic wave propagation and the
characteristic impedance controls the magnitude of reflection. Previous formulations of y and Z,
for modeling the TDR waveform did not consider cable resistance. To complete the TDR
mathematical model, a resistance correction factor (4) is formulated in Lin (2007[21]). The
propagation constant (y) and characteristic impedance (Z.) taking into account the cable
resistance can be written as

y = ch@[ w/é’r* *A (3a)
Z

Z. = p* *A (3b)
£

A= /1+(1—j)% (3c)

where c is the speed of light, ¢, is the dielectric property of the insulting material in a cable, Zy, 1s
the geometric impedance (characteristic impedance in air). The resistance loss factor ag
represents the combined effect of geometric factors and surface resistivity. A coaxial cable is
characterized by its length, cross-sectional geometry, dielectric property, and cable resistance.
These properties are parameterized by the length (L), geometric impedance (Z,), dielectric
permittivity (&), and resistance loss factor (), respectively. Once these parameters are known
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or calibrated, TDR waveforms can be simulated using Eq. 3 and the modeling framework
proposed by Lin (2003™"). Details of modeling TDR waveform can be found in Lin ang Tang
(2007%'). If cable resistance is ignored (i.e. ag = 0), 4 becomes 1.0 and y and Z. have
expressions identical to the conventional TDR model (Feng et al. 1999!'%!, Lin 20032%).

In this study, commercially available Commscope P3-500 cables (75 ohm, solid aluminum
tube swaged onto foam Polyethylene core, and fully bonded copper clad center conductor) and a
Tektronix 1502C TDR device are used for a series of tests.  Figure 3 shows an example
demonstrating the accuracy and efficiency of the TDR wave propagation model. Two cables are
direct sheared with 10-m and 30-m, respectively. The simulated waveforms match the measured
waveform extremely well. Also shown for comparison in Fig. 3 are the simulated waveforms
when cable resistance is ignored (g = 0). The rise time of the reflection spike increases and the
reflection magnitude decreases as cable resistance (or length) increases. As a consequence, the
spatial resolution and sensitivity decreases with increasing cable resistance.

The complete TDR wave propagation model can be used for full waveform interpretation (i.e.
back-calculating the change in impedance profile from the measured waveform). However the
relationship between change in impedance profile and sliding deformation is also affected by
soil-grout-cable interaction and shear bandwidth. For simplicity in practice, the TDR waveform
is parameterized by ppeq, Which in turn correlate with sliding deformation. A simple procedure
to correct ppeq for cable resistance is proposed with the assistance of the complete TDR wave
propagation model.

1. Take a measurement of a sample cable connected to the TDR device. The cable
properties (Z,,,gr*, and og), can be determined by waveform matching using the TDR
wave propagation model.

2. Simulating several TDR waveforms for a moderate impedance change in the cable
located at various distances from the TDR device.

3. The attenuation ratio due to cable resistance is defined as ppea(L)/ppear(2m), the ratio of
Ppeak at any distance to the p,.. at a reference distance (e.g. 2 m). A correction curve
can be obtained by plotting the attenuation ratio vs. cable length, as shown in Fig. 4 for
Commscope P3-500.

4. All measured ppeq is transformed to ppe. at a distance 2 m away from the TDR device.
This corrected or normalized ppe. is then used for correlating with the sliding
deformation.

Results of the direct shear tests on cables with 2-m, 10-m, and 30-m lead cable length are also
plotted in Fig. 4. The experimental data is in good agreement with the correction curve obtained
by numerical simulations. As a result, only one calibration measurement for cable properties is
needed to generate the resistance correction curve for each type of cable. Applying the
correction procedure listed above, the original pp.. and normalized p,c.r as a function of sliding
deformation are plotted in Fig. 5. After cable resistance corrections, the normalized ppear-0
curves for three different lead cable lengths fall nicely together. Therefore, the calibration shear
tests for ppeq-0 relationship can be conducted using only the reference lead cable. The electrical
factor (effect of cable resistance) is satisfactorily resolved in this section. Material factors will
be investigated in the next section.
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Effects of Soil-grout-cable Interaction and Shear Bandwidth : Shear Box Tests

A simple shear box was designed to perform displacement-controlled direct shear tests on
soil-grout-cable composite. The schematic is shown in Fig. 6. One side of the shear box is
driven by a hand-held parallel vice whose frame is fixed with the opposite side of the shear box
in a common plate. The shear box is portable and easy to operate. The interior of the shear
box is 70 mm x 70 mm in cross section and 400 mm in total length. The sensing cable is
Commscope P3-500, 12.7 mm in diameter. The grout-cable composite is 40 mm in diameter.
Cement grouts (water-cement mixture cured for three days) are used with various water/cement
(W/C) ratios. The surrounding soils used include coarse sand (well graded, dsp =2 mm), Ottawa
sand, and toy clay, each representing stiff soil, medium stiff soil, and soft soil. When studying
the effect of shear band, coarse sand is used as the surrounding soil with shear band modeled by a
gap filled with a weak material (e.g. toy clay). The grout-cable composite remains continuous
in all cases. There is no mechanism to apply controlled confining pressure in this simple direct
shear box. But the surrounding soil is slightly over backfilled and some confining stress is
locked in when closing the top plate of the shear box.

Only shear displacements and TDR responses can be measured by the simple hand-held
device depicted in Fig. 6. A small shear box was used to measure shear strength and stiffness of
the grouts and backfilled soils. The small shear box is similar to that shown in Fig. 6 but with
only 50 mm in total length and without holes for lead out cable. The small shear box can be
mounted on typical direct shear machine used for ASTM D3080 direct shear test. During soil
sample preparation, the soil was prestressed similarly to the shear tests on soil-grout-cable
composite. The shear stress — displacement (1—08) curves for the grouts and backfilled soils
used are shown in Fig. 7. The corresponding shear strength and shear stiffness are listed in



10

Table 1. The coarse sand is much stiffer than Ottawa sand and toy clay because more confining
stress is locked in for coarse sand due to greater angularity. All grouts are much stiffer than
surrounding soils.

Figure 8 shows p,eus-d curves for various combinations of grout and soil. ~ Also shown in Fig.
8 are results for cables in W/C = 0.5 grout (denoted as the reference line) and coarse sand entirely.
Comparing the reference line with the result of cable in coarse sand, the threshold displacement
(d9) increases as the stiffness of the surrounding material decreases. But the sensitivity (5)
remains approximately the same. The stiffness of the surrounding material relative to that of
cable affects the range of transitional deformity and the sliding deformation required to initiate
the localized deformity. Once the localized deformity is formed, further sliding deformation
mainly intensifies the localized deformity, resulting in a similar slope in p,ear-0 curves.

If the coarse sand, W/C=0.5 grout, and cable forms a three-material composite rather than a
two-material composite. The ppeu-d curve falls in between the previous two curves (cable in
W/C=0.5 grout and coarse sand entirely). The W/C=0.5 grout is much stiffer than coarse sand.
The compliant problem does not seem to decrease the TDR response. In fact, the grout that is
stiffer than the surrounding soil does not “protect” the cable from deformity, because the cement
grout is brittle and very low in tensile strength. Tensile cracks near the sliding plane can form
weak zone for transferring the deformation to the cable deformity. The soil deformation
required to kink the sensing cable without a grout is greater than that required to fail the grout.
Once the grout is failed, cable deformity becomes more sensitive to sliding deformation.
Therefore, having an armored grout over the sensing cable actually facilitates cable deformity
with sliding deformation.

The W/C=0.5 grout is extremely stiff. Reducing the grout stiffness (W/C=1.0 and 2.0 in Fig.
8) does not significantly changes the threshold displacement (Jdy) and the sensitivity (S). This
result support the claims made in previous section. The priority is to ensure that the grout is
sufficiently stiffer than the cable. The stiffness and strength of grouts used in this study are
significantly higher than the optimal grout suggested by Blackburn and Dowding (2004
Compliance to soil stiffness should not be the major concern. Cement grout with W/C = 1
seems a good choice of its less shrinkage and good workability in situ. Non-shrinkage cement is
preferred if possible.

For a fixed grout (e.g. W/C=1.0 in Fig. 8), pyear-0 curves for coarse sand, Ottawa sand, and
toy clay are also shown in Fig.7. As expected, dy increases with decreasing soil stiffness. And
once again, the sensitivity remains approximately the same. This property will be useful for
quantifying relative sliding deformation after the deformation is detected.

Figure 9 shows the effect of shear band on pp..-0 curves. The surrounding soil is coarse sand
and the weak material in the shear band is toy clay. The threshold displacement increases as the
width of shear band increases, and eventually approaches the case where the surrounding soil is
toy clay. Also shown in Fig. 9 for comparison is the results for shear bands modeled by air gaps
in the grout without surrounding soil. In this case, the grout is not continuous in longitudinal
direction. Each side of the grout is like a fixed-end boundary for the cable beam. As the
sliding deformation increases, the cable is elongated and indentations take place at both sides of
the gap. The mechanism is quite different from the case where grout remains continuous and
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sheared by surrounding soils. So the p,.u-0 curve behaves quite differently from other cases,
with both Jy and S depending on the size of air gap. For large air gap and sliding displacements,
the waveform becomes double peaked and no unique ppeus-0 relationship can be defined. A
well-grouted column never has an air gap. Representing the shear band with an air gap in the
grout is not adequate.

As shown in Fig. 8 and Fig. 9, the threshold displacement depends on the soil/grout stiffness
and shear band, but the sensitivity remains approximately a constant. For soft soils, smaller
threshold displacement can only be achieved if a more compliant solid-conductor cable is used.
Only for that can a more compliant grout be used to decrease the threshold displacement. A
more compliant solid outer conductor cable may be specially manufactured by reducing the
thickness of the outer conductor and dielectric stiffness. But the side effect is fragile during
cable handling.

Table 1 Shear strength and stiffness of the grouts and backfilled soils used.

Material Peak shear Shear stiffness
strength (kPa) | (kpa/mm)

Cement (W/C=0.5) | 1225 454
Cement (W/C=1) | 845 444
Cement (W/C=2) | 800 495
Coarse sand 77.6 17.5
Ottawa sand 13.1 2.5

Clay 5.7 0.85

400 mm
Grout Displacement '(8)
column \ controlled loading \
\ EERRER

70 mm

Soil
backfill

Width of
weak material

Fig. 6 Schematic of shear box and direct shear test with shear band
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Summary and Suggestions

Early detection of sliding deformations in soft soils and quantifying the deformation using
TDR remains a challenging work. The main objective of this study is to investigate the key
factors — effect of cable resistance, soil-grout-cable interaction, and shear bandwidth. A
complete TDR wave propagation model considering cable resistance is used to accurately model
TDR response to cable deformation. A simple procedure using the TDR wave propagation
model is introduced for correcting the effect of cable resistance. Only one calibration
measurement for cable properties is needed to generate the resistance correction curve for each
type of cable. Effect of soil-grout-cable interaction and shear band on the relationship between
the reflection spike and sliding deformation are investigated through laboratory tests in a direct
shear box. The results show that the compliant problem (grout much stiffer than surrounding)
does not seem to decrease the TDR response. Tensile cracks near the sliding plane can form
weak zone for transferring the deformation to the cable deformity. The soil deformation
required to kink the sensing cable without a grout (i.e. perfect compliance) is greater than that
required to fail the grout. Once the grout is failed, cable deformity becomes more sensitive to
sliding deformation. Therefore, having an armored grout over the sensing cable actually
facilitates cable deformity with sliding deformation. Reducing the stiffness of the armored
grout does not significantly changes the threshold displacement and the sensitivity. So the
priority is to ensure that the grout is sufficiently stiffer than the cable. Compliance to soil
stiffness should not be the major concern for the grout design. The threshold displacement
increases with decreasing stiffness of surrounding soil and increasing shear bandwidth, but the
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sensitivity remains approximately a constant. This behavior is useful for quantifying relative
sliding deformation after the deformation is detected. Based on the results of this study, the
following suggestions can be made.

1.

Solid outer conductor cable should be used for both rock and soil site. Braided outer
conductor, although compliant, can endure large curvature without significant deformity in
cross-sectional geometry. On the other hand, solid outer conductor cable, having an outer
conductor tube stiffer than inside dielectric, is less resistive to cable deformation and has
lower cable resistance.

Selecting the optimum grout is not an easy task in practice. It is more practical to ensure
that the grout is sufficiently stiffer than the cable. Compliance to soil stiffness should not be
the major concern. The cement grout is brittle and has a very low tensile strength. Tensile
cracks near the sliding plane can form weak zone for transferring the deformation to the cable
deformity. Cement grout with W/C = 1 seems to be a good choice for its less shrinkage and
good workability in situ. Non-shrinkage cement is preferred if possible.

The cable resistance becomes an important issue in practice, especially with a deep hole or
when logging in a long distance away from the monitoring hole. The procedure introduced
in this study can be used to correct the intensity of reflection spike before correlating with
sliding deformation.

In the relationship between TDR reflection spike and sliding deformation, the threshold
displacement depends on the soil stiffness and shear band, but the sensitivity remains
approximately a constant.  Therefore, it is possible to quantifying relative sliding
deformation after the deformation is detected.

For soft soils, smaller threshold displacement can only be achieved if a more compliant
solid-conductor cable is used. Only for that can a more compliant grout be used to decrease
the threshold displacement. A more compliant solid outer conductor cable may be specially
manufactured by reducing the thickness of the outer conductor and dielectric stiffness. But
the side effect is fragile during cable handling.
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