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A B S T R A C T   

Time-domain reflectometry (TDR) can help observe the initiation and evolution of localized shear planes in both 
rock and soil slopes, and has temporal and spatial resolutions suitable for landslide monitoring. An improved and 
standardized technical guide for TDR cable installation and data interpretation is needed to utilize it better. TDR 
technique involves sending an electromagnetic pulse into a coaxial cable grouted in a pre-drilled borehole, and 
capturing the reflected signal from cable deformity, which is triggered by the localized shear deformation in the 
underground. This study developed a large direct shear box for testing TDR responses in various cable-grout- 
ground assemblies, in order to reliably model the cable-grout-ground interaction at the localized shear. 
Different combinations of cable type, grout condition, soil type, and shear bandwidth were tested using the new 
physical model to re-examine TDR's response to ground deformation in sliding mode. The results revealed some 
misconceptions in previous studies that used cable-grout assemblies without considering the entire interaction 
with the ground. The implications of the experimental results are carefully considered and new technical rec-
ommendations are provided for cable installation and data interpretation to foster the improved use of TDR. A 
new data reduction method that involves data filtering, differential waveform, and three-sigma rule is proposed 
to support the recommended installation setup for robust early detection of a localized shear plane.   

1. Introduction 

Locating and monitoring the temporal development of localized 
shear deformations in a slope is crucial for landslide assessment and 
slope stabilization (Willenberg et al., 2008a, 2008b; Wolter et al., 2020). 
In practice, slope inclinometers are used almost exclusively for such a 
purpose (Allasia et al., 2020; Di Maio et al., 2010). To enhance both the 
temporal and spatial resolution as well as the cost efficiency for slope 
monitoring, new technologies are emerging that could either supple-
ment inclinometer logging or partially replace inclinometers in landslide 
monitoring programs (Sun et al., 2014). There is also a trend to integrate 
multiple or even redundant observations from different types of sensors 
for cross examination of landslide displacement and other early warning 
indicators (Intrieri et al., 2012; Simeoni et al., 2020). 

Time-domain reflectometry (TDR) technology, in particular, has 
become a valuable and convenient tool for continuous monitoring of the 
development of localized shear deformation in rock (Dowding et al., 
1988, 1989; Dowding and Huang, 1994; Pasuto et al., 2000; Su et al., 
2009; Thuro et al., 2010) or soil masses (Dowding and Pierce, 1994; 

O'Connor et al., 1995; Dowding et al., 2001). Nevertheless, the use of 
TDR in landslide monitoring is relatively uncommon, which may be 
attributable to the absence of standard guidelines. A comprehensive 
standard that addresses various factors in TDR cable installation and 
data interpretation is needed to facilitate the practicability and effec-
tiveness of TDR applications. 

TDR is a measurement technique that was first introduced in the 
1930s for locating damages in transmission line cables, based on guided 
electromagnetic (EM) waves. A pulse generator sends an electrical pulse 
along the cable-under-test, while a waveform sampler is used to observe 
the returning echoes due to impedance mismatches in the cable. TDR 
was later better known for measuring dielectric properties by adding a 
sensing waveguide at the end of the transmission line (Topp and Ferre, 
2000; Lin et al., 2015). Revisiting its original function, damage moni-
toring of a coaxial cable embedded in a slope prone to sliding defor-
mation would turn TDR into a valuable tool for slope stability 
monitoring. Barendse and Machan (2009) indicated that slope in-
clinometers can provide the magnitude and the direction of ground 
deformation, while TDR is primarily employed to locate active shearing 
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planes. Nevertheless, the amplitude of TDR reflected pulse due to the 
cable's pinched deformation, is proportional to the sliding displacement 
of a slope, in which the amplitude can be utilized to estimate the 
localized shear deformation. Dowding et al. (1988, 1989) and Aimone- 
Martin et al. (1994) introduced calibration tests to quantify the empir-
ical relationship between the shear displacement in the rock mass and 
the intensity of the TDR reflection spike. In general, there are several 
critical influencing factors towards the relationship between TDR 
reflection signal and shear displacement, including but not limited to 
cable resistance, cable-grout-ground interaction, and shear bandwidth. 

Electrical resistance increases with cable length and results in 
increased rise time and decreased amplitude on the reflected pulse of the 
TDR signal. To account for the effect of cable resistance on the amplitude 
of reflection spike, Kim (1989) and Pierce et al. (1994) introduced an 
influence chart to demonstrate the effect of different leading cable 
lengths on a particular cable type and deformation mechanism. Dow-
ding et al. (2002) proposed a finite-difference wave propagation model 
to simulate the effect of cable resistance and multiple reflections. Lin and 
Tang (2006) later provided a more comprehensive and efficient wave 
propagation model that accurately simulates the TDR response 
including the resistance effect. Based on this model, Lin et al. (2009) 
suggested a more general correction procedure to compensate for the 
effect of cable resistance. Therefore, this factor is now satisfactorily 
addressed in the relationship between the shear displacement and the 
amplitude of the TDR reflection spike. 

The complex cable-grout-ground interaction can further complicate 
the relationship between TDR reflection amplitude and shear displace-
ment. The compliant cable-grout composite was recommended for site 
installation to enhance cable deformity in soil slopes (Pierce, 1998; Cole, 
1999; Dowding et al., 2001; Dowding et al., 2002; Blackburn and 
Dowding, 2004). Lin et al. (2009) later conducted tests on cable-grout- 
ground composites in a long direct shear box (70 mm × 70 mm in 
cross-section and 400 mm in length) to investigate the effect of cable- 
grout-ground interaction as well as shear bandwidth. They found out 
that the compliance problem (e.g., grout stiffer than surrounding soil) is 
not critical. Instead, a tensile crack of the stiff (but low tensile strength) 
armored grout would develop near the sliding plane, where the frac-
tured grout would then facilitate cable deformity in response to the 
shear displacement. Festl (2008) and Singer (2010) conducted extensive 
laboratory shear tests with different cable-grout assemblies to investi-
gate the amount of displacement required to generate a detectable TDR 
signal. They focused on the cable-grout assembly (instead of cable- 
grout-ground composite in actual field condition) and showed that the 
TDR signal amplitude strongly depended on the grout strength and shear 
zone width (Thuro et al., 2010). 

The effect of shear bandwidth further complicates the relationship 
between the shear displacement and TDR reflection amplitude. O'Con-
nor (1991) and O'Connor et al. (1995) modeled the shear band by 
including an air gap in the grout during shear tests on cable-grout 
composites. They observed that TDR signal amplitudes decreases as 
the gap increases, while double reflections may occur when the air gap is 
large. However, a rather different behavior was observed by Lin et al. 
(2009) in their direct shear tests of cable-grout-ground assemblies in a 
long direct shear box, in which a width of soil layer on the shear plane 
was replaced by weak clay, to form a realistic shear band without a gap 
in the grout. Their results showed that larger shear bandwidth would 
require larger shear displacement to mobilize the detectable TDR 
reflection. However, once the cable deformation and TDR reflection are 
mobilized, the relationship between the shear displacement and TDR 
reflection amplitude would be relatively independent of shear 
bandwidth. 

As seen from the literature review above, previous investigations 
were mainly conducted on cable-grout assemblies without surrounding 
materials. Lin et al. (2009) revealed the impact degree of shear band-
width, cable resistance, and cable-grout-ground interaction to the TDR 
response from their direct shear tests on cable-grout-ground assemblies 

in a long direct shear box. However, a much larger shear box without 
boundary effects in both transverse and longitudinal directions is 
required to physically model the shear zone in full scale and to inves-
tigate the cable-grout-ground interaction more realistically. In light of 
this, the objective of this study was to develop such a large direct shear 
test for cable-grout-ground assemblies. Different combinations of cable, 
grout, ground, and shear bandwidth were tested using the new physical 
model, in order to re-examine potential influencing factors that would 
affect the TDR's response to the localized shear deformation. Implica-
tions for the optimization of TDR cable installation and data interpre-
tation were subsequently discussed based on physical model tests. 

2. TDR basics 

A TDR measurement setup comprises of a TDR device and a trans-
mission line system, as shown in Fig. 1. The TDR device generally con-
sists of a pulse generator, a sampler, and an oscilloscope. The 
transmission line is composed of a leading coaxial cable and a sensing 
waveguide. The sensing waveguide may be the coaxial cable (e.g., for 
landslide deformation) itself or a specially-designed multi-conductor 
waveguide for dielectric measurements. The pulse generator sends an 
EM step pulse into the lead cable, while the sensing waveguide further 
directs the EM wave into the material-under-test or the environment to 
be monitored. 

TDR wave propagation is a function of the propagation constant γ 
and the characteristic impedance Zc. The former factor controls the ve-
locity and attenuation (Eq. 1), while the latter term affects the magni-
tude of reflection (Eq. 2) in the following relations for coaxial 
waveguides (Lin and Tang, 2006): 
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where c is the speed of light, εγ* the relative dielectric permittivity of the 
material between conductors, A the resistance effect factor, Zp the geo-
metric impedance (i.e., characteristic impedance in free space); j the 
complex unit, f the frequency, and αR (sec-0.5) the resistance loss factor. 
The geometric impedance Zp depends on the size, configuration, and 
spacing of the waveguide conductors. For a coaxial cable, the impedance 
decreases as the spacing between inner conductor and outer conductor 
decreases. According to Eq. (2), the electrical characteristic impedance 
changes as the sensing waveguide is subjected to deformation that 
changes its cross-sectional geometry or when the electrical properties of 

Fig. 1. A typical configuration of TDR system.  
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the sensing medium (between conductors) varies. Reflections occur at 
the interfaces of impedance change. The reflection coefficient ρ at the ith 

mismatch interface can be defined as: 

ρ =
Zc,i+1 − Zc,i

Zc,i+1 + Zc,i
(4)  

where Zc,i and Zc,i+1 are the characteristic impedances for ith section and 
(i + 1)th section of the transmission line, respectively. 

TDR reflections due to these impedance changes are recorded to 
deduce the measured information. Through a specially designed multi- 
conductor waveguide, TDR can be implemented to measure the dielec-
tric characteristics and related physical properties. For example, Tan 
et al. (2018) developed a plastic-coated probe to measure water content 
accurately in highly saline soil, while Chung and Lin (2011) used a 
three-conductor waveguide in water for suspended sediment concen-
tration measurement. 

Grouting a coaxial cable into a borehole is comparable to implanting 
a sensing nerve into the ground. As the localized shear deformation 
develops within the slope, the sliding plane would deform or pinch the 
sensing cable, changing its characteristic impedance. The cable's char-
acteristic impedance is reduced when its cross-section is compressed due 
to the sliding deformation. A negative step reflection occurs as the 
impedance goes from high to low at the top of the sliding surface, and 
shortly a positive step reflection follows when the impedance goes from 
low to high at the bottom of the sliding surface. Therefore, a spike-like 
negative reflection is induced due to the shearing mechanism of the 
localized shear deformation. The travel time where the reflection occurs 
is determined by the location of the sliding plane, while the amplitude of 
the reflection spike is related to the amount of sliding displacement, 
which is expressed in terms of the peak reflection spike, ρpeak, as denoted 
in Fig. 1. It should be noted that it is conventional to present the TDR 
voltage waveform v(t) in terms of dimensionless reflection coefficient, 
which is rescaled as ρ = (v − v0)/v0, where v0 is the input step voltage 
and the numerator represents the reflected signal. 

3. Physical model of shear zone detection through TDR 
measurements 

Fig. 2 depicts a conceptual model of TDR landslide monitoring. The 
coaxial cable is deformed at the depth where it intersects the sliding 
plane of the monitored slope. The inset in Fig. 2 shows how the sliding 
deformation of the cable-grout-ground composite can be physically 
modeled by a large direct shear box. The shear displacement and shear 
bandwidth are denoted as δ and W, respectively. 

In order to realistically model the cable-grout-ground interaction in 

the direct shear box, the boundary effect should be avoided in both the 
radial and longitudinal directions of the cable-grout assembly. Instal-
lation of a TDR cable is mechanically analogous to soil nailing works. 
When subjected to shearing, the cable and soil nail are stressed near the 
sliding (shearing) plane. The ground stress acting on the cable-grout 
assembly can be further simplified by an idealized elastic analysis 
(Juran and Schlosser, 1986), as illustrated in Fig. 3(a). The half influence 
length with significant stress acting on the cable-grout assembly is about 
3 L0, in which L0 was derived as: 

L0 =

[
(4EI0)

(KsD)

]
1
4 (5)  

where E, I0, and D are the Young's modulus, moment of inertia, and 
diameter of the axial element (i.e., the cable-grout composite), respec-
tively, while Ks is the modulus of subgrade reaction. The axial element 
diameter D of 0.05 m was used to construct the physical model in this 
study. The estimated values adopted for the material parameters in Eq. 
(5) were E = 75,000 kPa for the grout (Blackburn and Dowding, 2004) 
and Ks = 24,430 kN/m3 in sandy soils (Reese, 1983). Based on these 
assumptions, L0 was estimated to be 0.09 m. The half-length of the direct 
shear box should therefore be larger than 3L0 = 27 cm. This study 
conservatively used 55 cm for the shear box construction, as illustrated 
in Fig. 4(a). As for the radial direction, the stress influence range can be 
taken approximately twice the diameter of the cable-grout composite, as 
shown in Fig. 3(b). Hence, the internal cross-section of the direct shear 
box was selected as 25 cm × 25 cm, as shown in Fig. 4(b). The detailed 
design of overall setup, including the detailed support frame and bracing 
for the large-scale direct shear box, is shown in Fig. 5. At the shear 
interface, an assembly of sliding sheets is introduced to force the for-
mation of a shear band ranging from 1 cm to 5 cm, at 1 cm interval. The 
assembly of sliding sheets is illustrated in Fig. 6, while Fig. 7 shows the 
top-view photo of a fully assembled large direct-shear-box device, along 
with hydraulic jacks, transducers, and data acquisition systems. 

Two hydraulic jacks with 10 tons maximum capacity and stroke up to 
180 mm were utilized to apply shear force and to provide vertical 
overburden pressure. A load cell (Futek LCF 450), with 4543 kgf (10,000 
lbf) capacity and 0.1% full scale (F.S.) resolution, was installed to 
monitor the applied overburden pressure. The shear displacement was 
measured by a LVDT (Gefran LT-M-0200-S) with 200 mm measurement 
range and 0.01 mm resolution. 

Semi-rigid coaxial cables with solid aluminum outer conductors are 
often used in rocks for high signal quality, while less rigid coaxial cables 
with braided copper wires as the outer conductors are preferable in soils 
(Dowding et al., 2002). Fig. 8 shows three types of coaxial cables used in 
our physical model tests. The CommScope P3-500 JCASS (diameter over 
jacket = 14.48 mm) and P3-500 CA cables (diameter over outer 
conductor = 12.7 mm and without jacket) are semi-rigid cables with 
solid outer conductor shield. In contrast, the Belden RG-8 (diameter over 
jacket = 10.29 mm) is a flexible coaxial cable with braided wires as the 
outer shield, which has lower signal attenuation than most other flexible 
cables (Belden, 2018). Detailed specifications of the cables used are 
tabulated in Table 1. 

The sensing section of the cable was first cast in a 5 cm diameter 
cylindrical mold using Portland type I cement with 1:1 water/cement 
ratio, as suggested by Lin et al. (2009). The precast grout column was 
then placed at the center of the direct shear box that was backfilled with 
soils. The extended cable length leading to the TDR device was 20 m. 

Two types of backfilled materials were used, including Ottawa sand 
and fine gravel, to represent loose materials and stiffer materials, 
respectively. The soils were gradually backfilled into the shear box and 
were moderately compacted. The physical properties of backfilled ma-
terials are listed in Table 2. A normal pressure of σv = 285 kPa was 
applied in the axial direction by a confining jack (labeled as 3 in Fig. 7) 
to simulate an overburden pressure equivalent to 18.5 m of Ottawa sand 
or 17.5 m of fine gravel. Different combinations of cable type, soil type, 

w

Sliding 
surface

TDR

Shear 
force

Soil

Coaxial cable

Grout

Shear box

Fig. 2. Physical modeling of TDR shear displacement monitoring (modified 
from Lin et al., 2009). 
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borehole backfill (native soil vs. grout), and shear bandwidth were 
tested to re-examine their influences on the TDR response. After the 
sample was assembled into the direct shear box, the initial waveform 
was acquired using a TDR device (Tektronics 1502C). The sampling 
interval was about 14 ps, which corresponds to the division setting of the 
TDR device of 0.1, while the number of data points in an acquired 
waveform was 2048. Subsequent TDR waveforms were acquired for 
every 1 mm of shear displacement on the physical model up to a cu-
mulative displacement of 100 mm. 

4. Results and discussion 

4.1. Cable-grout-ground composite response of different coaxial cable 

Most of the previous performance evaluations on different TDR ca-
bles were conducted on cable-grout assemblies instead of the ultimate 
cable-grout-ground composites in the field. One of the major criterion in 
cable selection is to have sufficient measurement sensitivity even in 
weaker grounds. Two major types of coaxial cables that are commonly 
available were tested, namely the P3-500 and RG-8, representing stiff 
and soft cables, respectively. In general, a PE jacket is preferred to 
prevent corrosion on the outer conductor. However, the PE jacket may 
slip from the smooth surface of the solid aluminum outer conductor in 
P3-500 cables, thus reducing its sensitivity to shear displacement. 
Therefore, bare (P3-500) and coated (P3-500 JCASS) cables were tested 
to evaluate this potential. Fig. 9 shows the measured waveforms of direct 
shear tests for the three types of cables in loose sands (representing weak 

grounds) under the prescribed 285 kPa overburden pressure. Dual 
reflection spikes were observed in Fig. 9, as opposed to the single spike 
in the results of shearing cable-grout assemblies. 

To explain the dual reflection spikes, the deformation and stressed 
behavior of the cable-grout composite caused by lateral earth pressure is 
examined. From the embedded photos in Fig. 9, the shearing did not 
create a sharp cut in the cable-grout composite in weak ground. The 
cable-grout composite can be considered to behave like a laterally 
loaded soil nail. The lateral stress, shear force, and bending moments are 
illustrated in Fig. 10. A distance between points of maximum moments 
on either side of the shear plane can be derived as πL0/2 (Schlosser, 
1982). According to Eq. (5), L0 increases as the modulus of ground de-
creases. Instead of a single cut, the reverse bending moments near the 
shear plane induces tension cracks on either side of the shear plane. 
Further shear displacement enlarges the shear deformation of the co-
axial cable along the two tension cracks, resulting in two reflection 
spikes observed in Fig. 9. The two reflected pulses are more separated in 
the bare P3-500 cable (Fig. 9(b)) since the stiff cable has more localized 
kinks, compared to that in the soft braided RG-8 cable (Fig. 9(a)). Fig. 9 
(c) clearly indicates that the jacketed P3-500 JCASS cable lose its 
sensitivity to shear displacement due to slippage between the PE jacket 
and the outer conductor. This slippage is unfavorable towards the shear 
deformation transfer to the coaxial cable. This implies that cables with a 
smooth solid outer conductor should be used without the jacket, while 
bearing the risk of corrosion to the outer conductor. Compared to the 
glue bonding between the jacket of P3-500 JCASS and the smooth solid 
outer conductor, the braided wires of the RG-8 outer conductor grabs the 
cable jacket tightly due to higher friction resistance, leading to a higher 
resistance against jacket slippage. 

Considering the peak amplitude of reflection pulse, the relationship 
between peak reflection coefficient (ρpeak) and shear displacement (δ) is 
shown in Fig. 11. Although P3-500 cables may have a higher signal-to- 
noise ratio and a stable step pulse with flat background waveform due to 
lower cable resistance, the reflection amplitude of RG-8 cables can be 
easily determined by subtracting the measured waveform from an initial 
waveform prior to shearing. The detectable shear displacement δD is 
defined as the displacement threshold that induces a significant reflec-
tion amplitude (ρpeak) greater than 0.002. As shown in Fig. 11, the 
reflection due to shear displacement can be detected earlier in the RG-8 
cable (δD = 21 mm) than the bare P3-500 cable (δD = 41 mm). RG-8 
cable also has a higher overall reflection increase per unit increase of 
shear displacement in the tested range. This result supports the idea that 
high-quality braided cables such as RG-8 should be used in soil slopes for 
early detection of shear displacement. Braided cables do not have slip-
page problem and are more favorable in terms of corrosion protection, 
over bare cables with solid outer conductors. It seems that there are no 
critical reason why braided cables like RG-8 should not be used in rock 
slopes as well. Due to the slippage problem and its poor sensitivity, P3- 
500 JCASS (with PE jacket) was not included in subsequent physical 
model tests. 

cable

grout

6L0

3L0

D

cable

grout

soil

B 2B

(a) (b)

Idealized 
elas�c 
behavior

shear box 

Fig. 3. Considerations of (a) influenced length L0 in the axial direction (modified after Juran and Schlosser, 1986), and (b) the influence area in the radial direction of 
the direct shear box. 

shear 
force

55

59

29

29

29

5 10

Unit: cm (not in scale)(a)

(b)

overburden pressure

Fig. 4. (a) Top view and (b) side view schematics of the direct shear box.  
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4.2. Effect of grout layer 

To extend the applicability of TDR in soil slopes, most literatures 
suggested the installation setup to have a cable-grout composite 

Fig. 5. Detailed design of the large-scale direct shear box.  

Fig. 6. (a) Side view and (b) top view of the sliding sheets to simulate the shear bandwidth.  

1) Load cell indicators

2) TDR (Tektronix 1502C)

3) Confining jack

4) Confining load cell

5) Top shear box

6) Bottom shear box

7) Steel rods

8) LVDT

9) Shear wheels

10) Vertical wheels

11) Backfill leakage sealer

12) Shearing jack

13) Confining rods

14) H-beam

15) DAQ (laptop computer)

16) Cable-end fixing plate

17) Slide rail

18) Shear bandwidth sliding sheets

Fig. 7. Top-view photo of the large direct shear box and nomenclatures of 
associated components. 

P3-500
JCASS

P3-500
CA RG 8 Ball pen

Fig. 8. Three types of coaxial cables used in the direct shear test (enclosed ball 
pen as the reference scale). 
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compliant to soil stiffness (Pierce, 1998; Cole, 1999; Dowding et al., 
2001). Albeit this is the ideal situation, there are limited coaxial cable 
types, and there may also be variabilities in the in-situ ground charac-
teristics and the grout strength control. In the physical model, we can 
examine the effect of grout compatibility on the two mainly used coaxial 
cable types. Coaxial cables were embedded in the large direct shear box 
without the grout column, representing a perfect compliance of borehole 
backfills to the surrounding soils. This condition is practically impos-
sible to achieve in the field, but can be simulated in the physical model 
for ideal comparison with a typical field installation response. Fig. 12(a) 
and (b) show the measured waveforms of the direct shear test for RG-8 
and P3-500 cable directly buried in Ottawa sand, without any grout. 
Their TDR responses can be compared with Fig. 9(a) and (b) to under-
stand the effect of grout compliance. For soft cable in weak grounds, 
TDR's response to shear displacement may be enhanced by reducing the 
grout stiffness to match the surrounding soils. Without the grout, the 
reflected waveforms of RG-8 cable in sand turn into single bell shape, 
indicating that the shear deformation is more localized on the shear 
plane, instead of two particular kinks along the two tension cracks. On 
the other hand, when the stiff P3-500 cable is used in weak ground, 
grout compliance to the ground does not increase the TDR's sensitivity to 
shear displacement. 

The quantitative relationship between the reflection amplitude and 
the shear displacement is shown in Fig. 13. Considering that the grout 
stiffness used is much higher than the loose sand, the reduction of TDR 
response for RG-8 in loose sand is not very significant. As for P3-500 
cable, which is much stiffer than the loose sand, the grout layer actu-
ally helps the loose soil to shear the cable and facilitates the develop-
ment of TDR response. Grout has low tensile strength. Once the tension 
cracks on both sides of the shear plane have developed, the stiff-armored 
grout helps to mobilize the deformation of the stiff P3-500 cable along 
the cracks, resulting in earlier detection and larger TDR reflection. Based 
on these observations, a standard formula of grouting (i.e., possessing 
significant stiffness to shear the embedded cable) for various cable types 
and ground conditions can be deduced to simplify the installation pro-
cess of TDR monitoring cables. 

4.3. Effect of cable-grout-ground interaction 

For a given cable-grout composite installed in the ground, the TDR 
response depends on the composite and ground interaction. This section 
examines the cable-grout-ground interaction in two ground conditions 
(sand and gravel) using two cable-grout composites, which are RG-8 and 
P3-500, both in 1:1 W/C cement grout. The strength and stiffness of 
coaxial cables, 1:1 W/C cement grout, and different cable-grout-ground 
composites are listed in Table 3, confirming that the stiffness is signifi-
cantly higher in gravel than that in sand. Although the stiffness and 
strength of coaxial cables are even higher than the grout in terms of 
material properties, they are slender element and subjected to both 
bending and elongation during the composite shearing. Fig. 12 (c) and 
(d) reveal different TDR responses of the two cable types in gravel, in 
comparison to Fig. 9(a) and (b) with similar setup but embedded in loose 
sand. Referring to Fig. 10, the distance between the two maximum 
moments is reduced in gravel due to its higher stiffness. Hence, the 
stiffer gravel causes more localized shear deformations in the cable, and 
results in reflection waveforms more like a single bell shape on the 
dominant side of the cracks. On the contrary, the two moment-induced 
tension cracks are more separated and lead to double reflection spikes in 
soft ground. These observations provide more insights on the actual 
behavior of the cable-grout-ground composite in TDR landslide moni-
toring, which were not previously revealed by experiments using only 
the cable-grout composites. 

The quantitative comparison of TDR responses (in terms of reflection 
amplitude in different composites is shown in Fig. 14. Fig. 14 provides 
benchmarks of TDR responses in different materials. The first two TDR 
responses in Fig. 14 are the cable-grout composites without surrounding 

Table 1 
Specifications of cables.  

Cable CommScope P3-500 
JCASS 

CommScope P3- 
500 CA 

Belden 
RG-8 

Diameter over center 
conductor (mm) 

2.769 2.769 2.743 

Diameter over dielectric 
(mm) 

11.481 11.481 7.239 

Diameter over outer 
conductor (mm) 

12.7 12.7 – 

Diameter over jacket 
(mm) 

14.478 – 10.29  

Table 2 
Physical properties of the backfill materials.  

Material type Ottawa sand Fine gravel 

Dry unit weight (kN/m3) 15.5 16.3 
Internal friction angle (degree) 30.7 42.7 
D60 (mm) 0.39 6.63 
D30 (mm) 0.31 5.00 
D10 (mm) 0.26 2.45  

(a)

(b)

(c)
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Fig. 9. The reflected waveforms and corresponding photos of the tested specimens (grouted cables) in Ottawa sand (W/C = 1, σv=285 kPa), with embedded (a) RG-8 
(b) P3-500 CA and (c) P3-500 JCASS with the jacket. 
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soils, which were modified from Lin et al. (2009). The TDR response of 
cable-grout composite would represent the likely response for any rocks 
stiffer than 1:1 W/C cement grout. The responses in gravel and sand 
would represent the likely behavior in stiff soils and soft soils, respec-
tively. The stiff P3-500 cable-grout-gravel composite exhibits a distinct 
behavior from others. As the shear displacement exceeds the threshold 
and mobilizes tension cracks, the stiffer gravel can deform the P3-500 
cable-grout much more than sand, resulting in a sharper turn in the 
ρpeak-δ curve, which eventually approaches a similar slope as the cable- 
grout composite. This can also be observed from the reflection coeffi-
cient plot of this setup in Fig. 12(d), where the reflected waveforms 

beyond the threshold displacement become a single bell shape, similar 
to that in shearing the cable-grout composite without surrounding soils 
from Lin et al. (2009). 

A closer inspection of Fig. 14 reveals that the displacement threshold 
δD increases as ground stiffness decreases. The differences in displace-
ment threshold and ρpeak-δ slope increase the difficulty in direct 
deduction/quantification of the absolute shear displacement in the 
ground from TDR response. The soft RG-8 cable has a smaller 
displacement threshold and simpler behavior with the ρpeak-δ slope more 
or less proportional to the ground stiffness. Nevertheless, unique quan-
tification of the shear displacement directly from any TDR response is 
not possible due to different cable-grout-ground interactions. In this 
regard, Fig. 14 should only be used as a rough benchmark, whereas the 
interpretation of TDR response should focus more on the rate of change 
in reflection amplitude, as also suggested by Chung and Lin (2019) from 
field application point of view. 

4.4. Effect of shear bandwidth 

In addition to the cable-grout-ground interaction, the width of the 
localized shear band may affect the TDR response. The influencing 
mechanism of the shear bandwidth towards the cable-grout composite 
was investigated using a combination of RG-8 cable, 1:1 W/C cement 
grout, Ottawa sand, and the aid of the sliding sheets as illustrated in 
Fig. 4(a) and shown in Fig. 6 and Fig. 7 (marked as component 18). 
These tests were only conducted in loose sand to model the strain 
localization in weak materials. The TDR responses and photos of the 
samples after going through the final stage of shearing are shown in 
Fig. 15, for shear bandwidth of 0, 3, and 5 cm respectively in subplots 

Fig. 10. The displacement and stressed condition of the cable-grout composite (modified from Schlosser, 1982).  
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Shear displacement, (mm)

Fig. 11. The relation curve between TDR ρpeak and δ for different types of 
cables (W/C = 1, Ottawa sand and σv = 285 kPa). 
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(a), (b), and (c). In all cases, two reflection spikes resulted from the 
localized cable deformation develop along the two tension cracks. In soft 
materials like loose sand, the distance between the two tension cracks 
remains relatively constant regardless of the designated shear band-
width. As shown in Fig. 16, the quantitative relations between the 
reflection amplitude and the shear displacement for the three cases with 
different shear bandwidths are similar. Compared to the observations in 
different ground conditions, the effect of grout-ground interaction is 

much more significant than the effect of shear bandwidth. This may be 
attributed to the phenomenon in which tension cracks would develop at 
similar locations in brittle grout, regardless of the shear band thickness. 
Unless the shear bandwidth is much larger than the width between two 
prominent tension cracks, a similar TDR response is expected for cable- 
grout composite in weak ground, regardless of the thickness of shear 
band. For the case of much larger shear bandwidth, it may be treated as 
two separate shear planes. 

5. Data reduction of TDR waveform 

The experimental results above show that the braided RG-8 cable is 
more sensitive for TDR landslide monitoring and is suitable for imple-
mentation across a wide range of geo-materials, from weak soils to stiff 
rocks. Due to the high friction resistance between the braided outer 
conductor and the PE jacket, the jacketed RG-8 cables would provide 
better corrosion protection while maintaining high sensitivity to shear 
deformation. The drawbacks of soft braided cables (e.g. RG-8 cables) are 
their higher resistance loss and poorer uniformity of characteristic 
impedance. This can be seen from the raw waveforms in previous figures 

Fig. 12. The reflected waveforms and corresponding photos of the tested specimens for (a) RG-8 without grouting in sand, (b) P3-500 CA without grouting in sand, 
(c) RG-8 with grouting in gravel, and (d) P3-500 CA with grouting in gravel (W/C = 1, σv = 285 kPa). 

Fig. 13. Effect of grout layer on TDR response (W/C = 1, Ottawa sand, σv =

285 kPa). 

Table 3 
Peak shear strength and shear stiffness of cables, grout, and cable-grout-ground 
composites.  

Cable, cement grout, or cable-grout- 
ground composite 

Peak shear strength 
(kPa) 

Shear stiffness 
(kPa/mm) 

P3-500 cable 11,256 1355 
RG-8 cable 9118 691 
Grout (W/C = 1) 1118 444 
Sand + Grout + RG-8 + σv (285 kPa) 268 65 
Gravel + Grout + RG-8 + σv (285 kPa) 432 103  

Fig. 14. Effect of cable-grout-ground interaction on ρpeak-δ relation (W/C = 1, 
σv = 285 kPa). 
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(Figs. 9, 12, and 15), in which the noise levels of RG-8 are apparently 
higher, and the level regions are not as flat as the P3-500 cable. To 
mitigate this disadvantage and to automate the early detection of sliding 
plane development, it is suggested that the time-lapse measurements are 
processed using differential waveforms, by subtracting the initial 
(reference) waveform from subsequent ones (Cortez et al., 2009). Fig. 17 
illustrates an example of the tested case in Ottawa sand (W/C = 1, σv =

285 kPa, and RG-8, as depicted in Fig. 9(a)), where the original wave-
forms and differential waveforms are plotted in Fig. 17(a) and (b), 
respectively. The random noise can be easily characterized in the level 
part of a differential waveform. The standard deviation of the random 
noise can be calculated and used to identify the occurrence of sliding 
planes, which is implemented by a three-sigma rule that uses three 
standard deviations (3σ) as the threshold for detecting reflection events. 
Signals beyond three standard deviations of the random noise are un-
likely, unless there is actually a reflection spike from a developed shear 
plane. In this example, a reflection spike is detected at a distance near 
2.2 m. Although that very reflection variation may also be seen in the 
raw waveforms from Fig. 17(a), the value contrast is not as noticeable as 
in the differential waveforms of Fig. 17(b). Furthermore, the noise level 
in the differential waveforms can also be reduced by signal filtering. 
Fig. 17(c) shows an example using wavelet filtering on the differential 

waveforms (Moreau et al., 1996), which is more efficient in noise 
reduction than the traditional moving average technique. Daubechies 3 
(db3) mother wavelet was adopted in the signal filtering of Fig. 17(c) 
using Matlab®. The filtered results indicate the early detection of a 
sliding event using the three-sigma rule, in which the shear displace-
ment has only developed for 3 mm. Through integrating all three ap-
proaches (i.e., data filtering, differential waveform, and three-sigma 
rule), early detection of a localized shear plane are shown to have a 
robust performance and easily automated. 

6. Conclusions 

TDR is a simple and powerful technique for automated landslide 
monitoring that is underused. To provide improved guidelines for TDR 
cable installation and data interpretation, a large direct shear box was 
devised to realistically model the cable-grout-composite interaction and 
re-examine several influence factors, including cable type, grout con-
dition, ground condition, and shear bandwidth. Several conclusions can 
be drawn from the experimental results as follows: 

1. Soft cable (e.g., RG-8) and stiff cable (e.g., P3-500 CA) are me-
chanically suitable for installation in a soil and rock slope, respec-
tively. However, the jacket of any coaxial cable with smooth solid 
outer conductor should be removed (such as in the P3-500 CA case) 
to avoid jacket slippage, which would significantly reduce the 
measurement sensitivity. Considering the dilemma between jacket 
slippage and chemical corrosion without jacket protection when 
using a stiff coaxial cable, soft braided coaxial cables (such as RG-8) 
would be better suited for both soil and rock slope installations.  

2. Grout compliance to weak ground can slightly improve TDR response 
when a soft cable is used. However, a stiff grout does not overprotect 
the coaxial cable from shear deformation, even in soft grounds. 
Tension cracks would eventually develop on both sides of the shear 
plane and mobilize the shear deformation of cable. Hence, a standard 
grout formula that is significantly stiffer than the installed cable can 
be used regardless of ground conditions, in order to simplify the 
construction of TDR installation.  

3. The relationship between TDR reflection amplitude and shear 
displacement is inevitably affected by the cable-grout-ground inter-
action. If cable-grout composite is standardized, some ρpeak-δ re-
lations can be empirically determined for some reference ground 

Fig. 15. The reflected waveforms and corresponding photos of the tested specimens of RG-8 with (a) zero bandwidth (b) 3 cm bandwidth, and (c) 5 cm bandwidth in 
sand (W/C = 1, σv = 285 kPa). 

Fig. 16. Effect of shear bandwidth on ρpeak-δ relation for RG-8 cable (W/C = 1, 
Ottawa sand, σv = 285 kPa). 
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conditions. Since it is not possible to uniquely quantify the absolute 
shear displacement from a TDR response, the interpretation of the 
TDR response should focus more on the rate of change in reflection 
amplitude.  

4. The effect of shear bandwidth on ρpeak-δ relation is not significant for 
the tested range of shear bandwidth (≤5 cm). This may be attributed 
to the fact that the width between the two prominent tension cracks 
is larger than the shear bandwidths. In the case of a much larger 
shear bandwidth, it may be treated as two separate shear planes.  

5. To compensate for the higher noise level in the recommended coaxial 
cable with braided outer conductor, an integrated data reduction 
approach (including data filtering, differential waveform, and three- 
sigma rule) is recommended for robust early detection of localized 
shear plane. 

More field implementations will be carried out alongside with other 
more direct methods (e.g., inclinometer or ShapeArray) to further 
confirm some of the above findings. It is also suggested to extend the 
physical model to investigate how to construct the TDR cable together 
with an inclinometer to combine the merits of both technologies. 
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