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ABSTRACT: Both elastic and electromagnetic waves have been widely used in science, medicine, biology, and engineering. In soil
mechanics and geotechnical engineering, the applications of waves have been significantly increased. The objective of this paper is to
introduce the principle and applications of wave propagation for geotechnical engineering. Both transmission and reflection methods
of waves are used for the characterization of geo-materials and geo-structures. First, the essential concepts of elastic and
electromagnetic waves are discussed. Second, the reflection properties are compared. Third, the applications of transmitted and
reflected waves are discussed for the characterization of geo-materials and geo-structures. The void ratio of fully saturated soils can
be estimated by combining compressional and shear waves as well as electrical resistivity. In addition, the electrical resistivity is used
for evaluating the slime thickness in drilled shafts. The reflected guided waves provide the integrity of the slender structures.
Furthermore, the polarization of the reflected waves is used for identifying the geo-properties near the reflected zone. Finally, the
combination of the transmitted and reflected waves is used for evaluating the energies transferred into the rod head and the cone tip
during dynamic penetration.
RÉSUMÉ : Les ondes élastiques et électromagnétiques ont été largement utilisées en sciences, en médecine, en biologie ainsi qu’en
ingénierie. Dans la mécanique des sols et la géotechnique, les applications de ces ondes ont été significativement augmentées. L'objectif
de cet article est d'introduire le principe et les applications de la propagation de ces ondes en géotechnique. Les méthodes de transmission
et de réflexion des ondes sont utilisées pour la caractérisation des géo-matériaux et des géo-structures. Tout d'abord, les concepts de base
des ondes élastiques et électromagnétiques sont discutés. Deuxièmement, les propriétés de réflexion sont comparées. Troisièmement, les
applications des ondes transmises et réfléchies sont discutées pour la caractérisation des géo-matériaux et des géo-structures. L’indice des
vides des sols entièrement saturés peut-être estimé par la combinaison d'ondes de compression et de cisaillement ainsi que de résistivité
électrique. En outre, la résistivité électrique est utilisée pour l'évaluation de l'épaisseur de la vase dans les pieux forés. Les ondes guidées
réfléchies fournissent l'intégrité des structures élancées. En outre, la polarisation des ondes réfléchies sert à identifier les propriétés
géotechniques près de la zone réfléchie. Enfin, la combinaison des ondes transmises et réfléchies est utilisée pour l'évaluation des
énergies transférées dans la tête de la tige et la pointe du cône lors d'une pénétration dynamique.
KEYWORDS: elastic waves, electromagnetic waves, integrity, reflection, transferred energy, transmission, porosity.
1

INTRODUCTION

The compressional and shear waves in the field have been
detected by several methods. In addition, the electrical
resistivity in the field has been estimated by several methods.
The field velocity resistivity probe (FVRP) is described as a
novel simple method. Compared with the cone penetration test
(CPT) and the dilatometer test (DMT), the FVRP showed a
considerably low disturbance effect. The constraint and shear
moduli are obtained from the measured compressional and
shear waves. The void ratio in fully saturated soils is evaluated
using the compressional and shear waves. In addition, the
electrical resistivity profile produces the void ratio profile in
soft soils. Furthermore, electromagnetic waves are applied for
investigating the slime in the bored piles. As the electrical
characteristics of the slime are different from that of fluids, the
existence and thickness of the slime can be evaluated by
varying the electrical resistivity. A slime-meter is introduced for
evaluating the slime thickness by measuring the electrical
resistivity. The slime thickness evaluated by the slime-meter is
compared with that by the Mini-SID (Shaft Inspection Device).
As a ground reinforcement method, soil nails were applied
to ensure the stability of slopes. The soil nails reinforce the
slopes by increasing the shear resistance of soils and reducing
the driving force of soils. The soil nails are typically installed
into pre-bored holes and then bonded with surrounding soils
using grout materials. However, soil nails may be insufficiently
grouted because of gravity. The collapse of a drilled hole and
ground water flow also results in voids in grout. As
insufficiently grouted soil nails cannot transfer the tensile load
to surrounding soils, the soil nails should be inspected to ensure
the stability of slopes. Considering the design of soil nails, the

length of the soil nail is a very important factor because the
length of the soil nail is determined by considering the location
of the potential slip surface. Therefore, a slope failure can occur
if the installed length of the soil nail is shorter than the designed
length. As soil nails are occasionally installed with different
lengths to designed length, the installed length of each soil nail
should be inspected to prevent a slope failure. The elastic waves
and electromagnetic waves were used for evaluating the
installed length and the grouted ratio of soil nails. In
experiments, fully and partially grouted soil nails with different
lengths were prepared. The elastic waves were generated by
impacting the head of the soil nail with a hammer, were
propagated through the soil nails, were reflected at the defect or
at the end of the soil nails, and were measured by an
accelerometer. The generation and detection of electromagnetic
waves were conducted using a time domain reflectometer. The
measured elastic and electromagnetic waves were analyzed
using the concepts of travel time and velocity.
Ground penetrating radar (GPR) survey has been commonly
applied for investigating the geological structures. The GPR
survey has a strong advantage as the survey and measurement
can be conducted using a simple procedure and equipment.
Therefore, GPR survey is adopted for the detection of the
ground anomalies in the urban area to prevent the damages
from ground subsidence, which is caused by the loose layer in
the ground. However, an error can be committed in the
prediction of a dense layer and a loose layer at the interface
because the result of the GPR survey shows only the interface
depth between the layers that exhibit different electrical
impedances without the relative conditions of the layers. A
study on the reflection characteristics of the electromagnetic
wave is required for increasing the accuracy of the result of the
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GPR survey. Thus, the reflection characteristics of the
electromagnetic waves are theoretically and experimentally
investigated for the reliable characterization of the ground
condition at the interface.
The dynamic cone penetrometer (DCP) has been widely
used for characterizing the subgrade in roads and railways
(Salgado and Yoon, 2003). However, the actual transferred
energies into the rod head and cone tip is different owing to the
energy loss. Considering the transferred energy, the
instrumented dynamic cone penetrometer (IDCP) with strain
gauges and an accelerometer are introduced. Furthermore, the
developed IDCP is applied for characterizing the active layer
from the frozen ground.
In this paper, the geo-characterizations using elastic and
electromagnetic waves are described. First, the essential
theories of waves including the propagations of body waves and
electromagnetic waves including compressional wave,
longitudinal wave, and shear wave, electrical resistivity, and
permittivity are discussed. In addition, the reflection and
transmission characteristics are presented. Second, as the
applications of the transmission of elastic waves, the field
velocity resistivity probe (FVRP) is introduced. The FVRP
measures the compressional and shear waves at every 10-cm
interval, and it is used for estimating the void ratio profile up to
a depth of 20 m. As the transmission of the electromagnetic
wave, the electrical resistance is introduced. As the resistivity
prove is easily installed into the frame tip of the FVRP, the void
ratio profile is also effectively evaluated by using the resistivity
probe in the FVRP. In addition, the slime, which is stacked soil
particles at the bottom of the bored pile, is efficiently estimated
by using the electrical resistivity probe installed into the slimemeter. Third, the reflection characteristics of the elastic and
electromagnetic waves are adopted for evaluating the integrity
of soil nails. The travel times of the elastic and electromagnetic
waves, which are detected by using the accelerometer and time
domain reflectometer, respectively, are used for determining the
velocities of the elastic and electromagnetic waves, respectively.
Fourth, the GPR is also introduced for detecting the anomalies
in the ground. Fifth, the concepts of the transmission and
reflection of elastic waves are used in the instrumented dynamic
cone penetrometer for the accurate evaluation of the transferred
energies into the rod head and the cone tip. This manuscript is
the summary and reorganization of the researches conducted
and the articles published by and in Geo-Engineering
(Geowave) Lab., Korea University.

2.1.1

Compressional Waves

The compressional waves, which are also called primary or
longitudinal waves, are the first mode of body waves. The wave
propagation of compressional waves in an infinite space (if the
wave propagates in the x-direction) is expressed from Eq. (1) as
follows:

∂ 2u x M ∂ 2u x
=
∂ t2
ρ ∂ x2
Vp =

BASIC THEORY OF WAVE PROPAGATION

Elastic waves and electromagnetic waves are widely used for
geo-characterizations. In this chapter, the fundamental theories
of both elastic and electromagnetic waves are summarized.
2.1

Elastic Waves

The wave propagation of body waves in an infinite space (if the
wave propagates in x-direction) is expressed as follows:

∂ 2u
ρ 2x =
∂t

∂ε
( M − G ) vol + G∇ 2ux
∂x

∂ 2u x E ∂ 2u x
=
∂ t 2 ρ ∂ x2
VL =

E
ρ

(4)

(5)

where VL is the longitudinal wave velocity.
2.1.2

Shear Waves

The shear waves, which are also called secondary waves or
transverse waves, are the second mode of body waves. The
wave propagation of shear waves in the x-direction is expressed
from Eq. (1) as follows:

∂ 2u y G ∂ 2u y
=
∂ t 2 ρ ∂ x2
G
ρ

(6)

(7)

where uy is the particle motion in the y-direction. Vs is the shear
wave velocity. The particle motion of shear waves is transverse
or perpendicular to the direction of propagation (ux = uz = 0).
The shear waves can be decomposed into two components: SV
wave and SH wave. SV and SH waves indicate vertically and
horizontally polarized waves to the ground, respectively. The
shear waves can propagate a medium when the shear modulus
is greater than zero (G > 0); therefore, shear waves are filtered
in fluids.
2.1.3

(1)

where t and x are time and space (x-direction), ux is the particle
motion in the x-direction. M is the constraint modulus (εy = εz =
0), which is the ratio between stress and strain in the x-direction
(=σx/εx). G is the shear modulus, which is the ratio between
shear stress and shear strain in the x–y plane (=τxy/γxy). εvol is
the volumetric strain, and ∇2 is the Laplacian operator. In Eq.
(1), ∂2ux/∂t2 is the acceleration in the x-direction.

(3)

where ρ is the mass density of the medium. Vp is the
compressional wave velocity. The particle motion of the
compressional waves is parallel to the direction of propagation
(uy = uz = 0). The longitudinal propagation when the
wavelength λ is considerably greater than the radius r, such as
long rods, causes lateral Poisson straining. Thus, the wave
propagation is related to Young’s modulus E rather than the
constraint modulus M as follows:

VS =

2

M
ρ

(2)

Transmission and Reflection Coefficients of Elastic
Waves

If the elastic waves propagate from Medium 1 to Medium 2 in
the normal direction, the waves are partially reflected at the
interface and are partially transmitted to Medium 2, as shown in
Fig. 1. When a stress wave propagates from Medium 1 to
Medium 2, the equations for the equilibrium of force and the
continuity of particle velocity across the interface are expressed
as follows:
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A1 (σ i + σ r ) =
A2σ t

(8)

2.2

vi + vr =
vt

(9)

In a linear, isotropic, and homogeneous medium, based on
Faraday’s law, the variations in the electric field intensity and
magnetic field intensity in time and space are

where σ and v are stress pulse and particle velocity, respectively.
The subscripts i, r, and t denote the incidence, reflection, and
transmission of waves, respectively. A1 and A2 are the crosssectional areas of Medium 1 and Medium 2, respectively.
ρ1
, V1, A1

ρ2, V2, A2

Figure 1. Transmission and reflection waves on the medium
interface.
The stress is expressed in terms of particle velocity v as follows
(Davies, 1948):
σ = ρVv = zv

(11)

σr =

− A1 z1 + A2 z2
σi
A1 z1 + A2 z2

(12)

∂E
∂ 2E
+ µε 2
∂t
∂t

(15)

2
∇=
H µσ

∂H
∂ 2H
+ µε 2
∂t
∂t

(16)

VEM =

where ρ is the mass density. V and v are the elastic wave
velocity (Vp or Vs) and particle velocity, respectively. The
product ρV is known as the characteristic (or material)
impedance (z) of the medium. Using Eqs. (8) to (10), the
transmitted and reflected stress waves in terms of σi are
expressed as follows:
2A1 z2
σi
A1 z1 + A2 z2

2
∇=
E µσ

where E and H are the electric field intensity and magnetic field
intensity, respectively. μ, σ, and ε are the magnetic permeability,
the electrical conductivity, and the permittivity of the medium,
respectively. E is normal to H, and both are normal to
propagation direction. In the medium, the velocity of the
electromagnetic wave is the phase velocity. The phase velocity
of the non-ferromagnetic medium (VEM) is

(10)

σt =

Electromagnetic Waves

(13)

A1 z1 − A2 z2
ui
A1 z1 + A2 z2

(14)

ur =

The factors multiplied by σi or ui in Eqs. (11) to (14) are
called transmission and reflection coefficients, respectively.
The ultrasonic type transducer and accelerometer are commonly
used for measuring the waves in terms of stress (σ) and
displacement (u), respectively. The accelerometer measures
acceleration, which can be converted into displacement by
double integration. Consider that waves propagating along the
composite rod, as shown in Fig. 1, are measured by
accelerometer. If the material properties of Medium 1 and
Medium 2 are the same (ρ1 = ρ2 and c1 = c2), the sign of the
waves is dependent on the size of the cross-sectional area of the
medium. For example, the sign of the incident wave in terms of
displacement is the same as that of the reflected waves for the
case of A1 > A2. The signs of incident and reflected waves will
be opposite for the case of A1 < A2. If the cross-sectional area is
uniform, the sign of the waves is dependent on the material
impedance (z). In the case of z1 > z2, the incident and reflected
waves will show the same signs. In the case of z1 < z2, the signs
of incident and reflected waves will be the opposite.






co

(18)

εr

where VEM is the electromagnetic wave velocity in a medium.
2.2.1

2 A1 z1
ut =
ui
A1 z1 + A2 z2

σ2
1
εr + εr2 + 2 2
2 
εoω

where co is the electromagnetic wave velocity in vacuum (2.998
× 108 m/s), ε0 is the electric permittivity of vacuum, εr is the
relative permittivity of a medium, and ω is the angular
frequency. The phase velocity of the electromagnetic wave in a
loss-less (σ = 0) non-ferromagnetic medium (ground) is reduced
into
VEM =

For the displacement (u), the transmitted and reflected
displacements are expressed as follows:

(17)

co

Electrical Resistivity

Electrical resistivity is a parameter that quantifies how strongly
a material resists the flow of current. The electrical resistivity is
the reciprocal value of electrical conductivity, which is a
parameter that quantifies how well a material allows the flow of
current. The electrical conductivity, thus, is commonly
discussed to explain the characterization of electrical resistivity.
The electrical conductivity in soil mixture (σmix) is given by
(Santamarina et al., 2001).

σ mix = (1 − n)σ p + nσ el + (1 − n)

γp
g

λddl S a

(19)

where n is the porosity of soils, σp is the particle conductivity,
σel is the electrolyte, γp is the unit weight of soils, λddl is the
surface conduction, and Sa is the specific surface of particles. If
soils consist of large particles, the specific surface conductivity
will be zero. Additionally, if the conductivity of electrolyte is
considerably high, then the particle conductivity can be ignored.
Thus, Eq. (19) can be rearranged to Eq. (20), which is called
Archie’s law and expressed in terms of an electrical resistivity,
as shown in Eq. (21).
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where α is the cementation factor, which is called tortuosity
constant or lithology constant, and m is the shape factor related
to the particle shape, porous structure, and specific surface.
2.2.2

Permittivity

The permittivity is a material property that quantifies how much
molecules oppose the external electric field, thereby affecting
the propagation of electric field. The permittivity of vacuum is
called the electric constant and is typically denoted by ε0. The
lowest possible value of ε0 is

ε0 =

1
≈ 8.85 × 10−12 F / m
c02 μ0

1
Fresh water

81

Sea water

70

Fresh water ice

4

Sea water ice

4–12

Dry sand

4–6

Saturated sand

25

Saturated silt

10

Saturated clay

8–12

Permafrost

4–8

Asphalt

3–5

Concrete

6–8

Quartz

4

Water

2.2.3

Er =

− z1∗ + z2∗
Ei
z1∗ + z2∗

(27)

Transmission and reflection coefficients of the electromagnetic
waves at the interface are similar to those of the elastic waves.
When the transmitted electromagnetic wave reaches an
interface, the electromagnetic wave is partially reflected
according to the reflection coefficient (R*), which indicates that
the ratio between the amplitude of the reflected electromagnetic
wave and the amplitude of the incident electromagnetic wave is
as follows:

- z*1 + z*2
z*1 + z*2

(28)

co
μ
εr - j{ ε' + σ / ( ωεo )} o

(29)

where co is the velocity of the electromagnetic wave in a
vacuum, εr is the relative permittivity in the medium, j is an
imaginary number, ε′ is the out-of-phase component of the
permittivity, σ is the electrical conductivity of the medium, ω is
the angular frequency in the medium, ε0 is the permittivity in
vacuum, and μ0 is the magnetic permeability in vacuum. When
the medium is composed of non-ferromagnetic material, the
out-of-phase component (ε′) and the electrical conductivity (σ)
are generally considered to be zero. Note that the geo-material
and fluid are considered as non-ferromagnetic materials in most
cases. Therefore, the calculation of the electromagnetic
impedance (z*) in the ground can be simplified to

z* =

Transmission and Reflection Coefficients of
Electromagnetic Waves

Ei + Er =
Et

(26)

z* =

Table 1. Relative permittivity of geo-materials.
Material
Relative Permittivity []

Others

2z2∗
Ei
z + z2∗
∗
1

where z*1 and z*2 denote the electromagnetic impedances of
Medium 1 and Medium 2, respectively. When the
electromagnetic impedance of Medium 1 is greater than that of
Medium 2, the reflection coefficient will be negative, and the
polarity of the reflected electromagnetic wave will be reversal
to the incident wave. In addition, the electromagnetic
impedance (z*) in a medium is defined as the relative variation
of the electric field and the magnetic field as follows:

(23)

The relative permittivity of perfect vacuum is 1 and that of air is
1.0006 (≈ 1). Table 1 shows the relative permittivity of geomaterials.

Soils

Et =

(22)

ε
ε0

Air

(25)

R* =

where c0 is the speed of light (or speed of electromagnetic
wave) in free space (vacuum), and μ0 is permeability of vacuum.
Moreover, the unit of F/m is Farad per meter in SI unit.
The ratio between the permittivity of a medium (ε) and the
permittivity of vacuum (ε0) is called the relative permittivity (εr)
or the dielectric constant as expressed in Eq. (23)

εr =

Hi + H r =
Ht

co
μ
εr o

(30)

As the velocity of the electromagnetic wave (co) and the
magnetic permeability (μ0) in vacuum are constant values, the
electromagnetic impedance of the ground is inversely
proportional to the square root of the relative permittivity. In the
ground, the relative permittivity is considerably affected by the
dry density and the volumetric water content of the soil mixture.
The typical values of the relative permittivity of geo-materials
are summarized in Table 1. The relative permittivity of air is 1,
that of dry soil varies from 4 to 6, and that of distilled water is
81. The relative permittivity of the soil mixture consisting of air,
water, and soil particles is determined according to the volume
fraction of the components. Particularly, in the urban area, the
ground near the surface is maintained under low-moisture
conditions to prevent problems related to the ground water,
such as the corrosion of the underground utilities, soil erosion,
local settlement, and frost heaves in the winter season (Kelly,
1999, Diefenderfer et al. 2005). Therefore, the relative
permittivity in the urban area is primarily affected by the dry
density of the soil mixture and the ground condition, which is
laid under the interface, can be estimated based on the polarity
of the electromagnetic wave reflected at the interface.

(24)
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3

TRANSMISSION OF WAVES

The applications of wave transmission in geotechnical
engineering in the field are discussed in this chapter.

in Fig. 3. Figure 3 shows that the FVRP has the smallest
equivalent radius, and it indicates that the disturbance effect on
the shear velocity should be considerably small.

There are various methods to obtain elastic wave velocity for
the soil characterization in the field. The non-invasive method
such as the surface wave method requires a complicated process.
Moreover, the invasive method such as the downhole method
requires additional consideration because the direction between
wave propagation and particle motion is inconsistent. Boreholes
are required for the invasive method such as cross-hole method.
A novel technique, called as field velocity resistivity probe
(FVRP), is developed to gather elastic waves by using the
simple process with high resolution (Lee et al. 2008, Yoon et al.
2008, Lee et al. 2010, Yoon and Lee 2010). The schematic of
the FVRP, which consists of a blade and two frames, is shown
in Fig. 2. The bender elements and piezo disk elements are
installed into two frames to generate and detect the shear and
compressional waves, respectively (see details in Lee and
Santamarina 2005-a, Lee et al. 2005, Lee and Santamarina 2007,
Yoon et al. 2011). The dimensions of the bender element are
0.5 mm, 2.0 mm, and 7.0 mm in thickness, cantilever length,
and width, respectively. Moreover, the diameter of the piezo
disk elements is 7 mm. Note that the wave propagation
directions of both elastic waves are horizontal.
(a)

(b)

Function generator

Filter - amplifier

SIGNAL

Equivalent radius Reff [cm]

3.1 Transmission of Elastic Waves

DMT
CPT

FVRP

Projected area of penetrometers AP [cm2]

Figure 3. Equivalent radius versus projected area of
penetrometers.
3.1.2

Shear Wave Velocity vs Cone Tip Resistance

The FVRP was penetrated into the surcharge layer after 5 m
pre-boring and the borehole casing was maintained at a depth of
5 m to prevent collapse of borehole. The FVRP was pushed into
the soft soils from 5 m to 30 m in depth, and the shear waves
were continuously measured. The profile of the measured shear
wave velocity is plotted in Fig. 4(a). Figure 4(a) shows that the
shear wave velocity in the soft clay gradually increases with an
increase in the depth. The cone penetration test was performed
to compare the measured shear wave velocity, as well. The
measured elastic wave velocity and cone tip resistance (Fig.
4(b)) show a similar trend.

Oscilloscope

Vs [m/s]

(a)
0

0

12 mm

R
Q

D 10
ep
th[ 15
m]
20

Power

23 mm

Computer

11 mm
Wave propagation

BE

V [mV]

PDE
11 mm

Time [ms]

25 mm
6 mm

RP
65 mm

25

10 mm

Figure 2. Schematic of FVRP: (a) side view (90°); (b) side view
(0°) with measurement system. The units are mm. The BE, PDE,
and RP denote the bender elements (for S-waves), the
piezoelectric disk elements (for P-waves), and the resistivity
probe, respectively.
3.1.1

sand

Depth[m]

10 mm

sand

.0 0 0 0

F: 1.00kHz R.H.OFF
V: 1.000 V C.V.OFF

13 mm

qT [MPa]

5

LCR meter
30 mm

(b)

20 40 60 80 100 0 0.3 0.6 0.9 1.2

soft clay

soft clay

30
35

Figure 4. FVRP and CPT test results: (a) Vs profile; (b)
corrected cone tip resistance profile.

Disturbance Effects of Field Velocity Resistivity Probe

The dissipation test was conducted to find the disturbance effect
when the FVRP is pushed into the soft soils based on the
generated excess pore water pressure (Yoon and Lee 2012).
After the CPT, DMT and FVRP were penetrated at a depth of
24 m in soft clay, the pore water pressure from CPT, the Cvalue from DMT, and the shear wave velocity from FVRP were
continuously measured. The values t50, which indicates 50%
dissipated time compared to initial values, is estimated to be
1000 s, 1800 s, and 300 s for CPT, DMT and FVRP,
respectively. The t50 value was used for calculating the
equivalent radius. The equivalent radii determined are 17.8 mm
for CPT, 23.8 mm for DMT, and 9.7 mm for FVRP, as shown

3.1.3

Elastic Wave Measurements by Field Velocity
Resistivity Probe

For the application of the FVRP, the field tests were conducted
on the coast of the Korean peninsula. The FVRP was pushed by
using a hydraulic drilling rig, and the data was gathered at a
depth of 6–20 m (in the silty sand, sand, and silty clay layers).
The ground water table is at a depth of 2 m below from the
surface. The elastic waves were measured at every 10-cm
interval. The calculated elastic compressional and shear wave
velocities are plotted in Fig. 5. Figure 5 shows that the
compressional wave velocity and shear wave velocity are
recorded in the range of 1470–1650 m/s and 90–180 m/s,
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respectively. Note that the calculated Poisson’s ratio by using
the elastic wave velocity is approximately 0.5, which
corresponds to the fully saturated soils.
3.1.4

Porosity Estimation Based on Elastic Waves

The porosity or void ratio of saturated soils can be estimated by
using elastic waves (Santamarina et al. 2001, Lee and Yoon
2014, Lee and Yoon 2015). The shear and constraint moduli of
saturated soil mixtures are functions of the mass density (ρmix),
compressional wave velocity (Vp), and shear wave velocity (Vs).
The shear modulus of mixture (Gmix) is equal to the shear
modulus of the mixture skeleton (Gsk), because the shear
modulus of water is zero, as expressed in Eq. (31).
Gmix = Gsk

4
+ Gsk
3

(32)

Furthermore, the bulk modulus of the fully saturated mixture
(Bmix) can be expressed as in Eq. (33)

B
(1 − sk ) 2
Bg
Bmix = Bsk +
n 1 − n Bsk
+
− 2
Bf
Bg
Bg

(33)

where Bsk, Bg, and Bf are the bulk moduli of skeleton, grain,
and fluid, respectively. n is the porosity of the mixture. The
bulk modulus of the fluid is equal to the bulk modulus of water
for the fully saturated mixture. The mass density of mixture
(ρmix) is
(b)

(a)

0

2000

Depth [m] .

150

0

(35)

Bg 2 Bmix − B f Bg Bmix − Bsk Bg 2 + B f Bg Bsk

The bulk moduli of grain, fluid, and soil skeleton for fully
saturated soils are Bg = 20 × 107 Pa, Bf = 2.18 × 109 Pa, and Bsk
= 7.778 × 107 Pa. Furthermore, the bulk modulus of a soil
mixture can be expressed in terms of compressional and shear
wave velocities, as expressed in Eq. (36).

5

4
=
Bmix ρ mix (Vp 2 − Vs 2 )
3

300

0

Void ratio
0

15

1.0

1.5

Elastic-wave-based
Elastic
wave based
2

Electrical-resistivity-based
Electrical
resistivity based
4

5

0

Volume-based
Volume
based

Boring
Area
5

10

SM
SP

0.5

0

10

10

(36)

where Vp and Vs are the compressional and shear wave
velocities in a soil mixture.
Biot (1956) suggested the equation governing the wave
propagation of a fluid-saturated porous medium. The constraint
and shear moduli derived by Biot (1956) are equal to the moduli
obtained by Gassmann (1951). Biot (1956) and Gassmann
(1951) assumed that the grain is compressible. Foti et al. (2002)
presented an analytical solution to evaluate the porosity using
elastic wave velocities in a saturated porous media. Foti et al.
(2002) assumes that the grain is incompressible.
The profile of the void ratio based on the elastic wave
velocity, which is expressed in Eq. (35), is plotted in Fig. 6.
Figure 6 includes the volume-based void ratio, which is
estimated by sampling and consolidation test, as a reference
value. Figure 6 shows that the void ratios evaluated from elastic
wave velocities are similar to the volume-based void ratio.

SP

10

15

Bg 2 B f − Bsk B f Bg − B f Bg Bmix + Bsk B f Bmix

ρ [Ω·m]

Boring
Area

Boring
Area
5

n=

Depth [m]

1600

where ρg, ρw, and S are the mass density of grain, the mass
density of water, and the degree of saturation, respectively.
From Eq. (33), the porosity can be expressed as follows:

(c)
Vs [m/s]

Vp [m/s]
1200
0

(34)

(31)

The constraint modulus of mixture (Mmix) can be expressed
in terms of bulk modulus of mixture (Bmix) and shear modulus
of skeleton, as expressed in Eq. (32)
M=
mix Bmix

ρ mix =
(1 − n) ρ g + nS ρ w

Silty sand

Sand
15

15

Silty clay

CM

20
20

20

20

25

25

25

25

Figure 5. FVRP test results: (a) compressional wave velocity;
(b) shear wave velocity; (c) electrical resistivity. SP, SM, and
CM denotes the sand, silty sand, and silty clay layers,
respectively.

Figure 6. Void ratio comparison deduced by using elastic wave
velocities, electrical resistivity, and volume.
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3.2 Transmission of Electromagnetic Waves

3.2.2

3.2.1

The FVRP was pushed by using a hydraulic drilling rig, and the
data was gathered at a depth of 6–20 m. The electrical
resistivity measured at every 0.5 cm interval is plotted in Fig. 5.
Figure 5 shows that the electrical resistivity is recorded in the
range of 1.0–2.1 Ω⋅m.

Temperature and Resistivity Calibration

As the electrical resistance is dependent on the frequency, the
operating frequency should be determined to avoid resonance
and relaxation. In addition, as the electrical resistance depends
on the temperature, the resistance measured at different
temperatures should be adjusted to the resistance at a reference
temperature, such as 20°C. The temperature-compensated
resistance (Rc) can be expressed in terms of the temperature
(Keller and Frischknecht, 1970)
(37)
where α[°C−1] is a temperature factor that depends on devices,
Rc[Ω] is the temperature-compensated resistance, R20[Ω] is the
resistance at a reference temperature of 20°C, and T[°C] is the
temperature.
Electrical resistance also depends on the electrode’s shape,
size, type, and material, and the cable connections. Thus, the
measured resistance should be converted into an electrical
resistivity that indicates the inherent property. The electrical
resistance can be converted to resistivity through calibration as
follows (Cho et al. 2004, Lee et al. 2008, Shin et al. 2009, Kim
et al., 2011-a, Kim et al., 2010-b, Yoon et al. 2011, Jung et al.
2015):
(38)
where β[m] is the shape factor of devices, ρc[Ω·m] is the
temperature-compensated resistivity, and Rc[Ω] is the
temperature-compensated resistance. The miniature electrical
resistivity probe (RP) is inserted into the tip of the FVRP frame,
as shown in Figs. 2 and 7, for measuring the electrical
resistance. Note that the electrical resistivity probe is essentially
a coaxial-shaped electrode. The dimensions of the RP used in
this study are as follows: the diameter of the inner electrode is
0.6 mm and the diameter of the outer electrode is 2.0 mm. The
four-terminal pair configuration was adopted to minimize the
electric noise for connecting the electrical cable between the RP
and the LCR meter, as shown in Fig. 7.

3.2.3

Electrical Resistivity Measurements by FVRP

Porosity Estimation Based on Electrical Resistivity

The electrical resistivity in the saturated soil is affected by
various parameters including the electrical resistivity of the
electrolyte and the soil particle, electrical resistivity through the
specific surface of the soil particle, porosity, double-layer
thickness, and degree of saturation. If the electrical resistivity is
measured in seashore soil, the primary factors affecting the
electrical resistivity are the electrical resistivity of the
electrolyte and porosity. Thus, the electrical resistivity of the
mixture (ρmix) is rearranged by using porosity (n), the electrical
resistivity of the electrolyte (ρwater), and the empirical constants
(α and m).
(39)
Eq. (39) is applied for estimating the void ratio from the
measured electrical resistance, which is plotted in Fig. 5(c).
Note that the empirical factors α and m are adapted to 1.0 and
1.7, respectively. The void ratio (porosity) evaluated from the
electrical resistivity (Fig. 6) is similar to the volumetric void
ratio (porosity). The porosity based on elastic wave velocity
shows a value slightly larger than the reference value while the
porosity based on electrical resistivity is almost identical to the
volume-based porosity.
3.2.4

Slime Evaluation by Electrical Resistivity Probe (Slimemeter)

The electromagnetic wave can be used for investigating the
stacked soil particles in a bore hole, called slime. The slime
increases the pile settlement when the loads are applied on the
pile and decreases the bearing capacity of the bored pile. The
slime thickness was evaluated using a weighted pendulum
method. The weighted pendulum method detects the slime via
the change in the rope tension measured by hand at the interface
of the slime; therefore, the results are subjective and depend on
the experience.
The Slime-meter was developed for measuring the slime
(Chun et al. 2014, Woo 2017). The schematic and test setup are
shown in Fig. 8. The Slime-meter consists of an electrical
resistivity sensor, a depth encoder, a temperature sensor, and a
load cell for measuring the cable tension. Note that the method
used for measuring cable tension force is similar to that of a
conventional weighted pendulum method.
The Slime-meter probe is a wedge-shaped pendulum for
penetrating into the slime layer. The dimensions of the probe
are 220 mm in length and 60 mm in width. The electrical
resistivity sensor is installed at the tip of the probe. A twoterminal pair configuration is adopted to minimize the noise
from the cables. A resistance-type temperature sensor is
installed near the probe tip for temperature compensation, as
shown in Fig. 8.

Figure 7. Electrical resistivity probe in FVRP.
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Table 2. Summary of test pile and slime thickness
Excavation
Slime
Construction
Pile Test
depth
thickness
Remarks
phase
no. no.
(m)
(mm)
Before cleanC-1
31.2
1,080
up
C

Data acquisition dev ice

LCR meter

Thermometer

31.2

100

After clean-up

K

29.1

130

After clean-up

K

CENTER

Signal
conditioner
Hp
Hc

C-2

The electrical resistivity and cable tension force for Test no. C1 before slime clean-up are plotted in Fig. 9. The resistivity
significantly increases and the tension force decreases near the
bottom of the borehole. The penetration of the Slime-meter into
the slime layer was only approximately 100 mm owing to the
high concentration of the soil particles in the slime layer. The
slime thickness in Test no. C-1 was evaluated as approximately
1080 mm. After cleaning the borehole, the slime thickness was
evaluated for pile no. C (Test no. C-2). The resistivity and
tension force measured in Test no. C-2 are plotted in Fig. 10.
Figure 10 shows that the thickness of the slime was evaluated
as approximately 100 mm by both the electrical resistivity and
the tension force.
The results of the Slime-meter test and the Mini-SID test
conducted in Pile no. K are shown in Fig. 11. The Mini-SID
evaluates the slime thickness from the embedded step numbers
of an indicator into the slime layer, as shown in Fig. 13(a).
Because temperature was not measured for Pile no. K, the
electrical resistivity gradually decreases due to temperature
change. The slime thickness evaluated by using Slime-meter
and Mini-SID are 130 mm and 60–80 mm, respectively.

Lp
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Slimemeter
f rame

Rotary encoder

Load cell

Resistivity [Ω·m]
Temperature
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Hc
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Slime: 1,080mm

20
30.5

Figure 8. Measurement system of Slime-meter. The Lc, Lp, Hp,
and Hc denote the low current, low potential, high potential,
and high current, respectively.

25

30

Three field tests were performed for the evaluation of the
slime thickness at two construction sites. The test conditions are
summarized in Table 2. Test no. C-1 and C-2 were performed in
Pile no. C with different time (construction phase) to compare
the cleaning effects. Bentonite-based drilling fluids were used
for Pile no. C. Polymer-based drilling fluids were used for Pile
no. K. Moreover, the slime thickness was evaluated by using
the SID in Pile no. K. The Slime-meter probe was dropped into
the borehole at a high speed of approximately 100 mm/s in an
upper part and at a low speed of 10 mm/s in a lower part. The
sampling rates of the electrical resistivity, temperature, depth
encoder, and load cell were 1 Hz.

-5

0

Force [kgf]

5

31.0
Pile
toe:
31.2m -5

0

5

Force [kgf]

Figure 9. Electrical resistivity and cable tension force profiles
for Test C-1 (before slime clean-up).
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nails. Thus, the integrity of soil nail should be evaluated. The
pull-out test is a traditional method to evaluate the integrity of
soil nails. However, the pull-out test is known as a timeconsuming and destructive method. Thus, a nondestructive
method is required for evaluating the integrity of soil nails. In
this section, the reflection of elastic waves is used for
evaluating the integrity of soil nails.
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4.1.1.1

30.0
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The schematic of the measurement system of elastic waves
propagating along the soil nail is shown in Fig. 12. The elastic
waves are generated by impacting the head of the soil nail using
the hammer. The generated waves are reflected at the defect,
coupler, and end of the soil nail. The reflected waves are
measured using the accelerometer on the head of the soil nail,
amplified using the signal conditioner, displaced on the
oscilloscope, and then recorded using the computer.
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(b)
0
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6

Coupler
End
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(c)
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Figure 10. Electrical resistivity and cable tension force profiles
for Test C-2 (after slime clean-up).
(a)

Measurement System

Grout

Steel bar

Resistivity [Ω·m]
0

8

2

4

6

8

28

0

5

Signal conditioner

20

Indicator
25

30

Depth [m]

Depth [m]

15

29

Pile
toe:
29.1m

4.1.1.2
Indicator
position

29.5
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Figure 12. Schematic of elastic wave measurement system in
soil nails.

Figure 11. Comparison of slime-meter with Mini-SID: (a) MiniSID images; (b) electrical resistivity profile; (c) slime thickness
results.
4

Oscilloscope
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Reflection of Elastic Waves

Experimental Study

The experiments were performed with fully and partially
grouted soil nails installed in soils. The fully grouted soil nails
were prepared with the lengths of 1 m, 3 m, 5 m, and 7 m, as
shown in Fig. 13(a). The 7-m-long soil nail was particularly
prepared by connecting 5-m- and 2-m-long steel bar using the
coupler, as shown in Fig. 13(b). Two partially grouted soil nails
are prepared, as shown in Fig. 14. One exhibits defect at the end
of the 3-m-long soil nail, and the length of the defect is 1.5 m.
The other one exhibits defect at the middle of the 4.8-m-long
soil nail, and the length of the defect is 0.5 m. In this study, the
grouted ratio (GR) is defined as follows:

Sum of length of grouted sections, L G
The reflection of elastic waves is widely applied to many
=
Grouted Ratio (%)
×100 (40)
nondestructive methods such as sonic echo and impulse
Total lenght of soil nail, LT
response method (Lee and Santamarina 2005-b, Lee et al. 2009,
Truong et al. 2010, Han et al. 2009, Lee et al. 2012, Yu et al.
According to Eq. (40), the calculated GR of the soil nail with
2013, Byun et al. 2015, Yu 2016, Yu et al. 2016). In this section,
defect at the end is 50% and the calculated GR of the soil nail
a sonic echo method is described for evaluating the integrity of
with defect at the middle is 90%.
soil nails of length-to-diameter (L/D) of 10–70 (see also Yu et
The diameter of the steel bar was 29 mm. The grout was a
al. 2017).
mixture of cement and water at a weight ratio of 1:0.45 (w/c =

4.1.1

Reflection of Elastic Waves in Soil nails

Soil nails are frequently used for reinforcing slopes or retaining
walls by increasing the shear resistance of soils. Typical
procedure for installing soil nails is as follows: (a) reinforcing
bars are inserted into pre-bored holes; (b) grout materials are
injected into holes. In this procedure, however, defects can be
produced owing to flowing out of grout materials by gravity. In
addition, collapse of a bored hole also can yield defects in soil
nail. Defects in soil nails adversely affect the stability of soil

0.45), and the external diameter of the grout was 100 mm. The
measurements were conducted after 30 days curing. The
prepared soil nails were installed into the soil. The soil was
dense silty sand. The unit weight, internal friction angle, and
Poisson’s ratio of the soil were 19 kN/m3, 33°, and 0.32,
respectively.
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Figure 13. Fully grouted soil nails and connection using
coupler: (a) fully grouted soil nails; (b) coupler.
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Figure 14. Partially grouted soil nails: (a) 3-m-long soil nail
with defect at the end; (b) 4.8-m-long soil nail with defect at the
middle.
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Figure 15. Measured signals for fully grouted soil nails: (a) 1 m
in length; (b) 3 m in length; (c) 5 m in length; (d) 7 m in length.
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The measured elastic waves for fully grouted soil nails are
shown in Fig. 15. The travel times of the elastic waves along
soil nails of 1 m, 3 m, and 5 m lengths are 0.59 ms, 1.84 ms,
and 2.93 ms, respectively. In addition, the sign of the reflected
waves at the end of soil nail is the same as that of the incident
waves. For the 7-m-long soil nail, the travel time is 4.23 ms. In
addition, the reflected waves appear at the coupler as well as the
end of the soil nail. The sign of the reflected waves at the
coupler is opposite to those of the incident waves and the
reflected waves at the end of the soil nail, because the crosssectional area of the coupler is greater than that of the steel bar,
as expressed in Eq. (14). The calculated average velocity of the
fully grouted soil nail is 3324 m/s. Note that the elastic wave
velocity propagating along the typical steel bar is 5160 m/s. The
elastic wave velocity is related to the material stiffness of the
propagating medium as well as surrounding materials. The soil
nail is the composite structure of the steel bar, grout, and soil.
Thus, the velocity of the soil nail is lower than that of the steel
bar.
The measured elastic waves for partially grouted soil nails
are shown in Fig. 16. The reflected waves are detected at the
defect and the end of the soil nail. For the soil nail with defect
at the end of soil nail, the travel time of the elastic waves from
the end of the soil nail is 1.51 ms and the defect is detected at
0.93 ms. For the soil nail with defect at the middle, the travel
time of the elastic waves from the end is 2.78 ms and the defect
is detected at 1.27 ms. In the two partially grouted soil nails, the
reflected waves at defects show the same signs to those of the
incident waves owing to the reduction of the cross-sectional
area of the grout, as expressed in Eq. (14).
The relationship between the travel time of the elastic waves
and the length of the soil nail is plotted in Fig. 17. The travel
time linearly increases with an increase in the length of soil nail.
In addition, the travel time for the fully grouted soil nail is
greater than that for the partially grouted soil nail.

1

Δt = 1.27 ms

1
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End of soil nail

-1
Δt = 2.78 ms
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1

2

3

4

Time [ms]

Figure 16. Measured signals for partially grouted soil nails: (a)
3-m-long soil nail with defect at the end; (b) 4.8-m-long soil
nail with defect at the middle.

Based on the elastic wave velocity of the steel bar and the
relationship between travel time and length of soil nail shown in
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Fig. 17, the variation of velocity according to the grouted ratio
is plotted in Fig. 18. Figure 18 shows that the elastic wave
velocity decreases with an increase in the grouted ratio.

(41)

(42)
where V, I, t, and x are the voltage in units of volts, current in
units of Amperes, time, and length, respectively. The wave
equations for sinusoidal steady-state circuit can be expressed as:
(43)
where A, e, j and ω denote the amplitude, Euler’s number,
imaginary number indicator, and angular frequency,
respectively. γ is called propagation constant given as:

Figure 17. Travel time versus soil nail length.

(44)

ΔvL = 0.077 GR2 – 25.547 GR + 5126

where α and β are the attenuation constant in Neper per unit
length and the phase constant in radians per unit length,
respectively. In transmission line, the ratio between the voltage
and current is the characteristic impedance (z*) expressed as:
(45)
Figure 18. Relationship between elastic wave velocity and
grouted ratio in soil nails.
4.2

Reflection of Electromagnetic Waves

4.2.1

Reflection of Electromagnetic Waves in Soil nails

The reflection of electromagnetic waves is used to evaluate the
integrity of soil nails. The concept for the evaluation of the
integrity by electromagnetic wave is same that by the elastic
wave.
4.2.1.1

Transmission Line

4.2.1.1

Measurement System

The schematic diagram of the measurement system is shown in
Fig. 20. Figure 20 shows that the two-conductor transmission
line is configured for evaluating integrity of soil nails. The
transmission line is configured using two parallel soil nails. The
spacing between two soil nails is set at 1 m considering that soil
nails are typically installed in slopes at a spacing of 1–1.5 m.
The inner conductor of the coaxial cable is connected to the
head of the one of two soil nails as the signal path. The outer
conductor of the coaxial cable is connected to the head of the
other soil nail as the return path. The electromagnetic waves are
generated and detected using the time domain reflectometer
(TDR), and recorded by the laptop computer.

An ideal circuit model of transmission line is shown in Fig. 19.
In Fig. 19, transmission line parameters R, L, C, and G denote
the resistance (Ohm/meter), inductance (Henry/meter),
capacitance (Farad/meter), and conductance (Siemen/meter),
respectively. The inductance and capacitance are dependent on
their geometrical arrangement. The resistance corresponds to
the electrical energy loss. The conductance accounts for leakage
currents, which flow to surrounding material.

Based on Kirchhoff’s law, the transmission line equations are
obtained as follows:

1m

Soil nail with defect

Coaxial cable
Inner conductor
Head

End

Defect
Total length of soil nail, LT

Time domain reflectometer

Figure 19. Ideal circuit model of transmission line. R, L, C, and
G denote the resistance, inductance, capacitance, and
conductance, respectively.

Soil nail without defect

Outer conductor

Laptop computer

Figure 20. Schematic diagram of the electromagnetic wave
measurement system in soil nails.
The soil nail length (LT) is obtained by estimating the travel
time (∆t) and velocity (VEM) of electromagnetic waves reflected
at the end of the soil nails as follows:
(46)
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4.2.1.2

Experimental Study
(a)

The experiments were conducted with the fully and partially
grouted soil nails. The fully grouted soil nails are prepared with
different lengths of 1 m, 2 m, 3 m, 4 m, and 5 m. In addition, 5m-long soil nail, which is prepared by connecting two steel bars
with lengths of 4 m and 1 m using the coupler, is also prepared
as the return path. Figure 21 shows the fully grouted soil nails
of lengths of 4 m and 5 m.
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Figure 21. Fully grouted soil nails.
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The 3-m-long partially grouted soil nails, which have nongrouted section at the end of the soil nail with different grouted
ratios of 90%, 80%, 70%, 60%, and 50%, are prepared. In
addition, the 2-m-long irregularly partially grouted soil nail (GR
= 70%) is also prepared. Figures 22(a) and 22(b) show 3-mlong partially grouted steel bar with defects at the end and 2-mlong irregularly partially grouted steel bar. The diameter of the
steel bar was 29 mm. The velocity of the electromagnetic wave
propagating (VEM) along the steel bar was 2.11 × 108 m/s. The
grout was a cement paste, which is a mixture of cement and
water at a weight ratio of 1:0.45 (w/c = 45%). The external
diameter of the grout was fixed at 100 mm. The fully and
partially soil nails were installed in dense silty sand with a wet
unit weight of 19 kN/m3. The Poisson’s ratio and internal
friction angle are 0.32° and 33°, respectively. The relative
permittivity of the soil was 16.67. The measurements were
conducted after a curing period of 30 days.
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Figure 22. Partially grouted soil nails: (a) 3-m-long partially
grouted soil nail with the defect at the end; (b) 2-m-long
irregularly partially grouted steel bar.
The measured electromagnetic waves for fully grouted soil
nails are shown in Fig. 23. The electromagnetic waves are
reflected at the end of the soil nail. The travel time of the
electromagnetic waves increases with an increase in the length.
The travel times of the soil nail with the lengths of 1 m, 2 m, 3
m, 4 m, and 5 m are 28.3 ns, 46.3 ns, 66.8 ns, 90.7 ns, and
106.8 ns, respectively.
The measured electromagnetic waves for partially grouted
soil nails are shown in Fig. 24. The electromagnetic waves are
reflected at the end of the soil nail. The travel time of the
electromagnetic waves decreases with a decrease in the grouted
ratio. For the GR = 90%, 80%, 70%, 60%, and 50%, the travel
times are 62.2 ns, 57.5 ns, 52.6 ns, 46.3 ns, and 42.4 ns,
respectively. In addition, the travel time of the electromagnetic
waves for the irregularly partially grouted soil nail (GR = 70%)
is 34.7 ns.
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Figure 23. Measured electromagnetic signals for fully grouted
soil nails: (a) 1 m in length; (b) 2 m in length; (c) 3 m in length;
(d) 4 m in length; (e) 5 m in length.
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Figure 24. Measured electromagnetic signals for partially grouted soil nails: (a) GR = 90%; (b) GR = 80%; (c) GR = 70%; (d) GR =
60%; (e) GR = 50%; (f) GR = 70% (irregularly partially grouted).
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The relationship between the travel time and the length of
fully grouted soil nail is shown in Fig. 25. The travel time of the
electromagnetic waves propagating along the soil nail linearly
increases with an increase in the length of the soil nail. The
average velocity for the fully grouted soil nails is 0.86×108 m/s,
which is lower than that of the steel bar. The velocity of the
electromagnetic waves is inversely proportional to the relative
dielectric constant of the surrounding material. Note that the
relative permittivity of the vacuum is approximately 1 (see
Table 1), the relative permittivity of the cement paste with w/c
= 45% is approximately 4.2–4.5 (Solak, 2011), and the relative
permittivity of the soil used in this study is approximately 16.67.
Thus, the velocity of the fully grouted soil nails is lower than
that of the steel bar.

80
60
6

40

VEM=0.86*10 *[m/s]

20
0
0

1

2

3

4

5

6

Length
[m] [m]
Soil nail
length

Figure 25. Relationship between travel time and soil nail length
for fully grouted steel bars.
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The relationship between the velocity of the electromagnetic
waves and the grouted ratio of soil nails is shown in Fig. 26.
The velocity of the electromagnetic waves decreases with an
increase of the grouted ratio. In addition, the velocity for the
soil nail with defects at the end (GR = 70%) is almost similar to
that for the irregularly partially grouted soil nail (GR = 70%).
The velocity of the electromagnetic waves in the non-grouted
section is affected by the relative permittivity of air and soils.
On the other hand, the velocity of the electromagnetic waves in
the grouted section is affected by the grout and soils. Thus, the
grouted ratio affects the velocity of the electromagnetic waves.
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t1
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Figure 27. Measurement system of ground penetrating radar
(GPR) survey. T and R denote the transmitter and receiver, t1
and t2 are the travel time of the reflected electromagnetic waves.
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Figure 26. Relationship between electromagnetic wave velocity
and grouted ratio in soil.
4.2.2

Reflection of Electromagnetic Waves in GPR Survey

Ground penetrating radar (GPR) is frequently used for detecting
the interface depth between the layers that exhibit different
electrical properties, such as buried objects and the ground, or
the bedrock and the soil layer (Gutiérrez et al., 2011). The
measurement system of the GPR frequently consists of an
antenna and a control unit. In the bottom of the antenna, two
dipoles are installed. One of the dipoles acts as a transmitter
that transmits a single pulse of electromagnetic wave (incident
wave) into the ground, and the other dipole acts as a receiver
that gathers the reflected electromagnetic wave as shown in Fig.
27.
The transmitted electromagnetic wave emitted into the
ground is partially reflected at an interface between the layers
and partially penetrates into the deeper ground. The gathered
reflected electromagnetic wave is saved in the temporal scale.
The velocity of the electromagnetic wave in the ground (VEM) is

VEM =

co
S
=
Δt
εr

(47)

4.2.1.1

Experimental Study

For the verification of the reflection characteristics of the
electromagnetic wave according to the ground conditions,
experimental studies were conducted. For the selection of the
experimental study site, dynamic cone penetrometer (DCP)
tests (ASTM D6951) are conducted for two sections to ensure
the ground condition. As the results of the DCP test, the
dynamic cone penetration index (DCPI) can be obtained, which
is defined as penetration depth per blow. Note that the denser
the ground layer, the smaller is the value of DCPI. The selected
study site contains the opposing sections of ground condition,
as shown in Fig. 28. The first section comprises the upper loose
layer and the lower dense layer with an interface depth of 1050
mm (Fig. 28(a)), and the second section comprises the upper
dense layer and the lower loose layer with an interface depth of
850 mm (Fig. 28(b)). On the surface of the study site, the GPR
survey is conducted and the electromagnetic waves reflected at
the interfaces are gathered. Because the electromagnetic
impedance of the loose layer is higher than that of the dense
layer, the reflection coefficient of the first section will be a
negative value. Accordingly, the reflection coefficient of the
second section is expected to be a positive value.

where εr is the relative permittivity of the ground, v and c are
the velocities of the electromagnetic wave in the ground and in
vacuum (2.998 × 108), and S and Δt denote the travel distance
and travel time of the electromagnetic wave, respectively. From
the travel time (Δt with a subscript of 1 or 2, denoting Medium
1 or 2, in Fig. 27) of the reflected electromagnetic wave and the
relative permittivity of the ground (εr), the travel distance (S)
and the depth of the interface (½S) can be calculated.
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Figure 28. Experimental setup for the DCP and GPR tests: (a)
loose to dense layer; (b) dense to loose layer. εr, z*, and R*
denote the relative permittivity, electromagnetic impedance,
and reflection coefficient, respectively.

The dynamic cone penetration indices (DCPI) and the
electromagnetic waves reflected at the interfaces of the first
section and the second section of the study site are plotted in
Fig. 29. The ground subsurface of the first section is divided
into two layers, and the upper layer is relatively looser than the
lower layer (see Figs. 28 and 29). Therefore, it is expected that
the relative permittivity of the lower layer is greater than that of
the upper layer (z*1 > z*2) such that the reflection coefficient at
the interface will be a negative value (R* < 0) as expressed in
Eq. (28). However, the polarity of the electromagnetic wave
reflected at the interface seems to be identical to the first strong
signal. Note that the first strong signal is also the
electromagnetic wave reflected at an interface between the
dipole and the bottom shielding (R* < 0). GSSI (2006) reported
that the first strong signal with a length of 1–1.5λ always
appears and that it is negligible. The first strong signal (1–1.5λ)
contains the reflected wave between the dipole and the bottom
shielding, and the bottom and the ground surface.
The ground subsurface of the second section is also divided
into two layers according to the characteristics of strength. The
lower layer of the second section is relatively looser than the
upper layer (see Figs. 28 and 29). Therefore, it is expected that
the relative permittivity of the upper layer is greater than that of
the lower layer (εr1 > εr2) and the electromagnetic impedance of
the lower layer is greater than that of the upper layer (z*1 < z*2)
such that the reflection coefficient at the interface will be
greater than 0 (R* > 0). Because the polarity of the first strong
signal is reversal to the incident electromagnetic wave, the
polarity of the electromagnetic wave reflected at the interface is
reversal to the first strong signal.
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Figure 29. Dynamic cone penetration index, electromagnetic
waves reflected at the interfaces, and GPR image: (a) loose to
dense layer; (b) dense to loose layer.
Considering the reflection characteristics of the
electromagnetic wave, it is expected that, if the polarity of the
electromagnetic wave reflected at an interface is identical to the
first reflected wave, the loose layer is located in the upper layer,
and if the polarity of the electromagnetic wave reflected at the
interface is reversal to the first reflected signal, the loose layer
is located in the lower layer in the ground, with constant water
content at each layer.

5

TRANSMISSION AND REFLECTION OF WAVES

5.1 Transmission and Reflection of Elastic Waves
In situ penetration testing methods are frequently used for
estimating the strength parameters of the ground. Particularly,
the in situ penetration methods using the dynamic penetration
system have an advantage, because the dynamic penetration
methods are applicable for both soft and hard layers by using a
simple
penetration
equipment.
As
the
subsurface
characterization method using the dynamic penetration system,
the standard penetration test (SPT) is the most commonly used
in situ method for sandy soils. Moreover, the Texas cone
penetration test (TCPT) has been widely used for the evaluation
of hard mass such as a rock. In addition, the dynamic cone
penetrometer (DCP), which is a miniaturized in situ penetration
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method, is used for characterizing the strength of the pavement
and the subgrade. The SPT, TCPT, and DCP estimate the
ground strength indices by measuring the penetration depth and
the blow count. However, the test results might be affected by
the experimental conditions.
In the case of SPT, the measured N-values are corrected by
the transferred energy at the head of the driving rod to enhance
the reliability of the experimental results. Seed et al. (1985) and
Skempton (1986) have suggested that 60% of the maximum
potential energy is adoptable for the transferred energy.
However, because the energy loss occurs at each joint between
the driving rods and through the friction between soils and rod,
a study on the evaluation of the transferred energy at the tip,
which primarily affects the penetration depth of a penetrometer,
is required for an accurate characterization of the ground.
The instrumented dynamic cone penetrometer (IDCP),
which can measure dynamic responses at the rod head and at
the cone tip, is developed for an accurate subsurface
characterization. The dynamic responses are measured by using
strain gauges and an accelerometer during the driving of the
IDCP. The transferred energies at the rod head and the cone tip
are evaluated, and the energy at the cone tip is used for
correcting the dynamic responses.
5.2

5.2.2

Dynamic Cone Penetration Index(DCPI))

The dynamic cone penetration test using IDCP is performed for
characterizing the active layer in the frozen ground. The
penetration depth per blow is recorded during the dynamic
penetration using a donut hammer. The penetration depth per
blow is used as a DCPI, which represents the inverse of the
shear strength (Salgado and Yoon, 2003). The DCPI result from
the depth of 240 mm to 1700 mm is plotted as shown in Fig. 31.
The DCPI remains constant at approximately 4.8 mm per blow
from 300 mm to 1200 mm. After the DCPI of 4.8 mm per blow,
the DCPI increases on the average of 6.2 mm per blow. The
DCPI gradually decreases from the depth of 1500 mm to 1600
mm, and sharply increases and decreases at the depth of 1620
mm. The boundary surface between the active layer and the
permafrost is approximately at a depth of 1,620 mm.

Instrumented Dynamic Cone Penetrometer

The IDCP is developed for evaluating the transferred energies
at the rod head and cone tip (see details in Byun and Lee 2013,
Byun et al. 2014, Hong et al. 2016). The development, the
measured signals, the transferred energy, and the corrections of
the cone tip resistance are described in this section.
5.2.1

Development

The developed IDCP and the measurement system are
illustrated in Fig. 30. The IDCP is designed as a cone tip with
an apex angle of 60° and a diameter of 24 mm. The donut-type
drop hammer with a weight of 78.8 N is manufactured for the
dynamic penetration. Strain gauges and accelerometers are
installed at the rod head and the cone tip, and the measured
signals are monitored through the oscilloscope and computer.

Figure 31. DCPI versus penetration depth.

5.2.3

The force and velocity signals can be measured using strain
gauges and accelerometers during the dynamic penetration test.
The force signal, which is converted from the strain of the rod
surface, is measured through mechanical calibration. In addition,
the velocity is calculated by integrating the acceleration
measured using the accelerometer. The velocity signal is used
for calculating the force by multiplication of the velocity and
the impedance as follows:

Strain gauges

Hammer
(78.5N)
Amplifier

Bridge box

Accelerometer
Guide
Oscilloscope

Anvil

E-module
(Head)

Force-Velocity Signals

Strain gauges

Facc =

Accelerometer
Computer
V [mV]

Driving rod

(48)

where Facc is the calculated force from acceleration, Vacc is the
evaluated velocity from acceleration. E, A, and C represent the
elastic modulus, the cross-section area, and the longitudinal
wave velocity of the rod, respectively.

Time [ms]

Cone tip
60°

E-module
(Tip)

EA
Vacc
C

24 mm

Figure 30. Schematic and measurement system of instrumented
dynamic cone penetrometer.
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The force signal measured by strain gauges and the force
signal evaluated from the acceleration are plotted, as shown in
Fig. 32. Figures 32(a) and (b) show the force signals at the rod
head and cone tip, measured at the depths of 240 mm and 1620
mm, respectively. The force signals at the cone tip are lower
than those at the rod head. Note that the dynamic responses
depend on the ground condition at the cone tip. In the case of
the depth of 240 mm, the force signal at the cone tip is lower
than half of the force at the rod head. However, the velocity at
the cone tip is almost twice as the velocity at the rod head. The

result reveals that the force and velocity signals at the cone tip
show the dynamic responses at the free end condition. Smith
(1960) described that the particle velocity doubles at the tip
under the free end condition. In the case of the depth of 1620
mm, the force and velocity signals at the cone tip is lower than
those at the rod head. The result reveals that the cone tip
condition is similar to the fixed end condition of the permafrost.

Depth = 240 mm

Depth = 1620 mm

(a)

Second impact

Second impact

(b)

Second impact

Second impact

(c)
PE = 45 N·m

PE = 45 N·m

Ehead
Ehead

Etip

Etip

Figure 32. Force signals and transferred energy: (a) force signal at the rod head; (b) force signal at the cone tip; (c) transferred energy.

- 261 -

Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017

5.2.4

Transferred Energy

The transferred energies at the rod head and cone tip can be
calculated by integrating the force and velocity signals using the
F–V method (ASTM D4633)

∫

E = FstrainVacc dt

Head
Cone tip

(49)

where E is the transferred energy, Fstrain is the measured force
from the strain gauges, and Vacc is the calculated velocity from
the accelerometer.
The transferred energies at the rod head and cone tip are
plotted along the time as shown in Fig. 32(c). In the case of
depth of 240 mm, the maximum transferred energies at the rod
head and cone tip are 27.3 N m and 25.8 N m, respectively. In
the case of depth of 1620 mm, however, the maximum
transferred energies at the rod head and cone tip are 21.3 N m
and 11.0 N m, respectively. Figure 32 shows that the transferred
energy at the cone tip is considerably smaller than that at the
rod head owing to the friction between the rod and the soils.
The transferred energies at the rod head and cone tip along the
penetration depth is shown in Fig. 33. The transferred energy at
the rod head is similar to the transferred energy at the cone tip
in the shallow penetration depth. In the deep penetration depth,
however, the transferred energies at the cone tip is considerably
smaller than those at the rod head, as shown in Fig. 33.
5.2.5

Figure 33. Transferred energy at the rod head and cone tip.

Corrected cone tip force
Vertical stress

Corrected Cone Tip Resistance

The ratio of the peak force at the cone tip to the maximum
transferred energy at the cone tip is defined as the corrected
cone tip resistance (Rcorreted), and is expressed as follows
(Byun and Lee, 2013):

Fpeak
Fpeak
Rcorrected
= =
E
∫ FstrainVa cc dt

Bottom of
active layer

(50)

where Fpeak is the peak force at the cone tip, and E is the
transferred energy at the cone tip. Therefore, the corrected cone
tip resistance (unit: N/N m) is independent of the transferred
energy at the rod head and energy loss along the rod. The
corrected cone tip resistance along the depth is plotted in Fig.
34. Figure 34 shows that the corrected cone tip resistance
increases with an increase in depth. The vertical stress profile
based on the unit weight of 16.7 kN/m3 is plotted in Fig. 34 for
the comparison with the corrected cone tip resistance. The
corrected cone tip resistance along the penetration depth
matches approximately with the vertical stress profile.
Furthermore, two weak layers are detected around the depths of
800–1100 mm and 1300–1600 mm. The water content might be
high at the depths of 800–1100 mm and 1300–1600 mm,
because the ice lenses melt in the summer. Note that the soil of
high water content in the active layer causes a decrease of the
soil strength. Therefore, the corrected cone tip resistance using
the IDCP more accurately evaluates the profile of the soil
strength including the weak layers as well as the boundary
between the active layer and the permafrost.

Figure 34. Corrected cone tip resistance along the depth.
6

SUMARRY AND CONCLUSIONS

The elastic and electromagnetic waves are discussed for geocharacterization using waves. The particle motions are parallel
and perpendicular to the direction of the wave propagation for
the compressional and shear waves, respectively. The partial
transmission and partial reflection, which is dependent on the
impedance and area variation, occur at the interface. The
electrical resistivity is a reciprocal value of electrical
conductivity, which is related to the variation in mobility and
availability. The permittivity is related to the opposition of
molecules to the external electric field. In addition, the
reflection of electromagnetic waves is useful for evaluating the
integrity and anomaly in the subsurface.
A penetration-type FVRP is adopted for simple evaluation of
the void ratio in the field. The FVRP measures the
compressional wave velocity, shear wave velocity, and
electrical resistivity. The void ratio based on the compressional
and shear velocity, the void ratio evaluated by the electrical
resistivity, and the volumetric void ratio determined by the
sampling produce a similar value. Moreover, the electrical
resistivity is applied for evaluating the slime in the bored plies.
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The electrical resistivity measurements by using the slimemeter on the pile foundations and the thickness of the slime are
effectively estimated. The slime-meter shows that the thickness
varies owing to the slime clean-up. In addition, the thickness of
the slime estimated by the slime-meter is similar to that by the
Mini-SID.
The experimental studies using elastic and electromagnetic
waves were performed for evaluating the installed length and
the grouted ratio of soil nails. The experiments were performed
by using fully and partially grouted soil nails with different
lengths. The elastic waves were generated using the hammer
and measured by the accelerometer. The electromagnetic waves
were generated and detected using the time domain
reflectometer. The measured elastic and electromagnetic waves
were analyzed with the travel time and velocity. The
experimental results reveal that the respective travel time of
elastic and electromagnetic waves increases with an increase in
the length of soil nails. In addition, the velocity of elastic and
electromagnetic waves decreases with an increase in the
grouted ratio. This study demonstrates that the elastic and
electromagnetic waves are the effective tools for evaluating the
installed length and grouted ratio of soil nails.
The characteristics of the reflected electromagnetic wave are
theoretically identified for investigating the loose layer in the
ground using the GPR survey with high accuracy. In addition,
GPR surveys are conducted on the grounds that exhibit loose to
dense condition and dense to loose condition from the ground
surface for experimentally investigating the reflection
characteristics of the electromagnetic wave according to the
ground condition. The experimental results reveal that the
polarity of the reflected electromagnetic wave is identical to
that of the first strong signal when the electromagnetic wave
propagates from the loose layer to the dense layer, and the
polarity is reversed from that of the first strong signal when the
electromagnetic wave propagates from the loose layer to the
dense layer with fixed water contents in both soil layers.
The dynamic cone penetrometer instrumented with strain
gauges and accelerometers is described for the estimation of the
transferred energy at the rod head and cone tip. The
instrumented dynamic cone penetrometer (IDCP) is applied to
the active layer for evaluating the thickness of the active layer
and the strength of the soils. The IDCP results reveal that the
maximum transferred energy into the cone tip is lower than that
into the rod head. The corrected cone tip resistance, which is the
ratio of the peak force to the transferred energy into the cone tip,
produces the more accurate active layer profile.
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