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1. Introduction

In many geoengineering design and analysis, the laboratory and field investigations are
generally required to identify and classify geomaterials as well as to assess their engineering
properties. One of the important engineering properties commonly used in geomechanical
design and analysis is the stiffness of geomaterial. Such stiffness primarily describes the
deformation characteristic of a geomaterial used to support engineered structures.
Understanding the stiffness behaviour of geomaterials is therefore essential for improving
design and analysis of structural behavior under varying loading and environmental
conditions.

The importance of accurate stiffness measurements from small to large strains has gained
increased recognition in both static and dynamic analyses over the past 20 years. In the static
triaxial test, the local displacement transducer has been used to measure local axial strains
(Goto et al. 1991). The resonant column and torsional shear devices have been widely used
for many years to study cyclic and dynamic properties of geomaterials at strains ranging
from 10~ to 0.1% (Drnevich 1985, Saada 1988). The American Association of State Highway
and Transportation Officials (AASHTO) has adopted the use of resilient modulus (Mr) in
pavement design, which is customarily used by the pavement community. The precise
measurement of Mr values of pavement materials is typically in the strain range from 107 to
0.1% (Kim and Stokoe 1992).

Based on the typical variation of shear moduli with shear strain levels shown in Fig. 1 (after
Atkinson and Sallfors 1991, Mair 1993, Ishihara 1996, Sawangsuriya et al. 2005), three strain
ranges are defined: (1) very small strain, (2) small strain, and (3) large strain. The very small
strain range corresponds to the range of strain less than the elastic threshold strain (yet),
approximately between 10°% and 102%, depending on plasticity index (Ip) for plastic soils
(Vucetic and Dobry 1991) and on confining pressure (0o) for non-plastic soils (Ishibashi and
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Zhang 1993). Within this very small strain region, the geomaterial exhibits linear-elastic
behaviour and the shear modulus is independent of strain amplitude, approaching a nearly
constant limiting value of the maximum shear modulus (Gmax). The small strain range starts
from elastic threshold strain to 1% where the shear modulus is highly non-linear and strain-
dependent. The large strain range corresponds to strain generally larger than 1%. In
the large strains, the geomaterial is approaching failure and the shear modulus is
substantially decreased. In many geoengineering applications, e.g. foundations, retaining
walls, tunnels, pavements etc., the stress-strain behavior of geomaterial is highly non-linear,
resulting in shear modulus degradation with strain by orders of magnitude. The variation of
shear moduli and other properties of geomaterial with respect to shear strain levels for
different geotechnical applications as measured by in situ and laboratory tests are also shown
in Fig. 1.

Estimation of stiffness has traditionally been made in a triaxial apparatus using precise
displacement transducers or resonant column devices (Lo Presti et al. 2001). Although
several methods become commercially available to determine the stiffness of geomaterials
both in the laboratory and in the field, the wave propagation techniques are widely accepted
for their rapid, non-destructive, and low-cost evaluation methods. By knowing the elastic
wave velocities as measured with the wave-based techniques and total mass density of the
media, the stiffness of the geomaterials can be determined. In particular, a shear or S-wave
velocity is a keystone for calculating the shear modulus of geomaterial. Such S-wave
measurement has been researched extensively using shear plates (e.g. Lawrence 1963, 1965),
resonant column tests (e.g. Hardin and Drnevich 1972), and bender elements (e.g. Shirley
1978, Shirley and Hampton 1978). The use of the shear plates is limited due to their large
size and their need for a high excitation voltage (Ismail et al. 2005) while complexities and
high cost of test equipments are disadvantages of resonant column tests. In contrast, bender
elements have gained reputation particularly in research on geoengineering because of their
smaller size, and lower voltage required leading to easier operation. Such method also
provides cost-effectiveness and realistic design parameter which in turn becomes most
valuable tool for mechanistic-based design and analysis, long-term performance monitoring,
quality control process during construction etc.

2. Wave propagation methods for determining stiffness of geomaterials

Wave propagation methods become popular techniques in the evaluation of stiffness of
geomaterials and process monitoring both in the laboratory and in the field (Richart et al.
1970, Matthews et al. 2000, Santamarina et al. 2001, LoPresti et al. 2001). Table 1 summarizes
the existing wave propagation methods used by the geoengineering community in the U.S.
Some of them have already been approved by the American Society for Testing and
Materials (ASTM). Wave propagation methods for determining stiffness of geomaterials
have several advantages:

1. Most wave propagation methods are relatively simple, rapid, repeatable, and
nondestructive.
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Figure 1. Variation in shear modulus with different shear strain levels for different geoengineering
applications, in-situ tests, and laboratory tests (after Atkinson and Sallfors 1991, Mair 1993, Ishihara,

1996, Sawangsuriya et al. 2005).

2.

Good agreement between stiffness measured in the laboratory and in the field is made

when the laboratory specimens are at the same conditions as those in the field
(Anderson and Woods 1976, Viggiani and Atkinson 1995a, Nazarian et al. 1999,

Atkinson 2000).

Load repetition, strain rate, and loading frequency have only minor influence in the

small-strain range (Iwasaki et al. 1978, Ni 1987, Bolton and Wilson 1989, Tatsuoka and
Shibuya 1991, Jardine 1992, Shibuya et al. 1992, 1995, Ishihara 1996).
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4. Stiffness of geomaterials is unique for both static (monotonic) and dynamic (cyclic)
loading conditions (Georgiannou et al. 1991, Jamiolkowski et al. 1994, Tatsouka et al.
1997).

5. Little or no hysteresis (stress-strain loop) exists in both slow repetitive and dynamic
cyclic loading tests (Silvestri 1991).

6. Volumetric and shear deformations (or strains) are fully recoverable and the tendency
of geomaterials to dilate or to contract during drained shear does not occur (Ishihara
1996).

7. Stiffness is independent of drainage since the induced strain levels are too small to
cause pore water pressure to build up during undrained shear test (Ohara and Matsuda
1988, Dobry 1989, Georgiannou et al. 1991, Silvestri 1991). Pore water pressure does not
build up if the shear strain amplitude is smaller than 102% for sands (Dobry 1989) and
0.1% for clays (Ohara and Matsuda 1988).

Test Standard Test Principle References

Methods

Soil Stiffness | ASTM | A small dynamic force generated inside Wu et al. (1998),

Gauge (55G) | D 6758 | the deviceis applied through a ring- | Humboldt (1999, 2000a,

shaped foot resting on the ground 2000b), Fiedler et al.
surface and a deflection is measured | (1998, 2000), Nelson and
using velocity sensors. The near-surface |Sondag (1999), Chen et al.
stiffness of geomaterials is then (1999), Siekmeir et al.
determined as the ratio of the applied | (1999), Hill et al. (1999),
force to the measured deflection. Sargand et al. (2000),
Weaver et al. (2001),
Lenke et al. (2001, 2003),
Sargand (2001), Peterson
et al. (2002),
Sawangsuriya et al. (2002,
2003, 2004)
Bender None | Shear wave velocity is determined by Dyvik and Madshus
Element measuring the travel time of shear wave| (1985), Thomann and
and the tip-to-tip distance of Hryciw (1990), Hryciw
piezoceramic bender elements. The and Thomann (1993),
corresponding shear stiffness is Souto et al. (1994), Fam
calculated by knowing the shear wave | and Santamarina (1995),
velocity and mass density of Nakagawa et al. (1996),
geomaterial. Viggiani and Atkinson
(1995b, 1997), Jovicic and
Coop (1998), Zeng and Ni
(1998), Fioravante and
Capoferri (2001),
Santamarina et al. (2001)
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Resonant ASTM | Resonant frequency is measured and is | Wilson and Dietrich
Column D 4015 | related to the shear wave velocity and |(1960), Hardin and Music
the corresponding shear stiffness. (1965), Hardin (1970),
Drnevich (1977),
Drnevich et al. (1978),
Edil and Luh (1978),
Isenhower (1980),
Drnevich (1985), Ray and
Woods (1988), Morris
(1990), Lewis (1990),
Cascante et al. (1998)
Pulse ASTM | Elastic wave velocity is determined by | Lawrence (1963), Nacci
Transmission| C 597 measuring a travel time of either and Taylor (1967),
(Ultrasonic compressional wave or shear wave Sheeran et al. (1967),
Pulse) arrivals and the distance between Woods (1978), Nakagawa
ultrasonic transducers made of et al. (1996), Yesiller et al.
piezoelectric materials. The stiffness of (2000)
geomaterial is calculated based on an
elastic theory.
Seismic None | Travel time of seismic waves reflected | Kramer (1996), Sharma
Reflection from subsurface interfaces following the| (1997), Frost and Burns
law of reflection is measured so that the (2003)
elastic wave propagation velocity and
the corresponding stiffness of
geomaterial are determined.
Seismic ASTM | Travel time of seismic refracted waves | Kramer (1996), Sharma
Refraction D 5777 | when they encounter a stiffer material | (1997), Frost and Burns
(higher shear wave velocity) in the (2003)
subsurface interface following the law
of refraction (Snell’s law) is measured
so that the elastic wave propagation
velocity and the corresponding
stiffness of geomaterial are
determined.
Spectral None |Surface (Rayleigh) wave velocity varied| Nazarian and Stokoe
Analysis of with frequency is measured by utilizing | (1987), Sanchez-Salinero
Surface the dispersion characteristics of surface | et al. (1987), Rix and
Waves wave and the fact that surface waves Stokoe (1989),
(SASW) propagate to depths that are Campanella (1994),

proportional to their wavelengths or
frequencies in order to determine the
stiffness of subsurface profiles.

Nazarian et al. (1994),
Wright et al. (1994),
Mayne et al. (2001)

161
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Seismic ASTM Measurement of wave propagation |Stokoe and Woods (1972),
Cross-Hole D 4428 | velocity either compressional or shear [Stokoe and Richart (1973),
wave from one subsurface boring to Anderson and Woods
other adjacent subsurface borings ina | (1975), Hoar and Stokoe
linear array. The seismic wave is (1978), Campanella
generated by various means so that the (1994), Mayne et al.
elastic waves propagate in the (2001), Frost and Burns
horizontal direction through (2003)
the geomaterial and are
detected by the geophones located
in the other hole.
Seismic None Compressional and/or shear waves Richart (1977),
Down-Hole propagating vertically in a single Campanella (1994),
or Up-Hole borehole are monitored. The travel time | Ishihara (1996), Mayne et
of compressional and/or shear waves |al. (2001), Frost and Burns
from the source to receiver(s) is (2003)
measured. The wave propagation
velocity at any depths is obtained from
a plot of travel time versus depth.
Seismic Cone| None Similar to the seismic down-hole test, | Campanella et al. (1986),
Penetration except that no borehole is required. The| Robertson et al. (1986),
profile of shear wave velocity is Baldi et al. (1988),
obtained in a same manner as the Campanella (1994),
seismic down-hole test. The receiveris | Kramer (1996), Mayne
located in the cone (2001), Frost and Burns
(2003)

Table 1. Summary of wave propagation methods for determining stiffness of geomaterials.

In particular, pulse transmission method using piezoelectric transducers have been
commonly used to monitor P- and S-wave propagation in many different types of
geomaterials (Lawrence 1963, Sheeran et al. 1967, Woods 1978, Yesiller et al. 2000). In spite
of its common use, such method has several shortcomings. For instance, weak transmitted
wave signals, poor coupling between transducer and medium, near field effects, and high
operating frequencies reduce the signal-to-noise ratio of the collected signals exacerbating
the difficulties in interpreting the waveforms generated with these transducers (Sanchez-
Salinero et al. 1986, Brignoli et al. 1996, Nakagawa et al. 1996, Ismail and Rammah 2005). A
number of studies on the use of bender elements in wave-based technique has overcome
many of the aforementioned problems and recently become a very popular method to
measure the S-wave velocity and small-strain shear modulus (Go) and their evolution with
changes in effective stresses, water content, and cementation (Dyvik and Madshus 1985,
Thomann and Hryciw 1990, Souto et al. 1994, Fam and Santamarina 1995, Cho and
Santamarina 2001, Pennington et al. 2001, Mancuso et al. 2002, Zeng et al. 2002, Lee and

Santamarina 2005).
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A bender element test utilizes a pair of two-layer piezoelectric ceramic materials for
transmitting and receiving S-waves (Shirley 1978). Bender elements are widely used to
determine the wave velocity as S-wave pass through a geomaterial. Because the movement
of a bender element is relatively small, when it is energised, the resulting sample
displacements are tiny. Thus, the shear modulus obtained from this device can be defined as
the shear modulus in the small-strain region. The first application of bender elements in
laboratory geotechnical testing was by Shirley and Hampton (1978). Dyvik and Madshus
(1985) also measured Go in laboratory tests using bender elements which were installed in a
top cap and a pedestal of an oedometer at the Norwegian Geotechnical Institute. Since then
much research has been carried out using bender elements in triaxial apparatus, e.g.
Viggiani 1992, Jovicic 1997, and Pennington 1999, along with their interpretation techniques
of the testing results, e.g. Viggiani and Atkinson 1995 and Jovicic et al. 1996. Nowadays,
bender elements are widely used to determine the wave velocity as shear wave pass
through a sample.

3. Bender element measurement and instrumentation system

A pair of bender elements (i.e., one is a transmitter and another is a receiver) is utilized in
the shear wave (S-wave) measurement. Bender elements act both as actuators and sensors
that they distort or bend when subjected to a change in voltage and generate a voltage when
are distorted or bent. Mounted as cantilever beams, bender elements are protruded a small
distance into a specimen to provide robust coupling and induce elastic disturbances. During
the excitation of bender elements, two types of mechanical waves are generated:
compression (P) and shear (S) waves (Santamarina et al. 2001).

Typical configuration and electrical wiring for transmitting and receiving elements are
illustrated in Fig. 2. A bender element can be tailor made in accordance with the testing
apparatus and requirement (Sawangsuriya et al. 2008b). Fig. 3 illustrates an example of a
series-connected piezoelectric ceramic bender element with the dimensions of 6.4-mm wide,
11.0-mm long, and 0.6-mm thick. Thin coaxial cables are soldered to the conductive bender
element surfaces and their exposed electric wiring is completely coated with thinned
polyurethane in order to provide electrical insulation. Typically after insulating with
polyurethane, the bender elements can be coated with a conductive silver painting that
creates an electric shield. The shield must be grounded to minimize electrical noise and to
avoid electrical cross-talk between source and receiver. As also illustrated in Fig. 3, a custom
made aluminum bolt-clamp anchoring system can be used to create a rigid cantilever
system for supporting and accommodating the bender element. By using this anchoring
system, one third of the bender element length (~4 mm) is anchored in the housing and is
rigidly clamped by screws. The bender element-anchoring system can be directly mounted
on opposite ends of the specimen such that the S-wave propagating longitudinally was sent
and received (Sawangsuriya et al. 2008b).

The transmitting bender element produces an S-wave which propagates through a medium
when it is excited by an applied voltage signal. This S-wave impinges on the receiving
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bender element, causing it to bend, which in turn produces a very small voltage signal. Fig.
4 illustrates typical electrical input and output signals from the transmitting and receiving
bender elements. Fig. 5 illustrates a modeled input electrical step function, a modeled source
bender element response and the receiver bender element response. The true input signal is
somewhat significantly different from the signal generated by the signal generator. This is
due to the fact that the response of the source bender element is controlled by the elastic
properties of the bimorph, the cantilever length, the support properties (i.e., fixity), and the
elastic properties of the surrounding medium (Lee and Santamarina 2005). Furthermore, the
receiver bender element’s response is governed not only by the stiffness, attenuation and
dispersive properties of the medium but also by the distance between source and receiver
bender elements, the wavelength, the distance to other boundaries, and the generation of
reflected waves (Sawangsuriya et al. 2006, Arroyo et al. 2006).
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Figure 2. Two types of piezoceramic bender elements: (a) series connected and (b) paralleled connected
(Dyvik and Madshus 1985).
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Figure 5. Modeled input electrical step function, signal generated by the source bender element and
output signals from the source and receiving bender elements (Received signal modeled using Sanchez-
Salinero et al. 1986— Model parameters: wave velocities Vs=200 m/s and Vp=310 m/s, and damping
D=0.005) (Sawangsuriya et al. 2006).

Once these boundary and scale effects are evaluated and their effects are considered, the
travel time between source and receiver bender elements can be determined. The recorded
traces provide a means to measure the S-wave travel time, calculate the S-wave velocity, and
evaluate the corresponding shear modulus (if the density is known). By measuring the
travel time of the S-wave (ts) and the tip-to-tip distance between transmitting and receiving
bender element (L"), the S-wave velocity of the specimen (Vs) is obtained as:

V,=— (1)

The instrumentation system for the bender element test consists of a pair of bender
elements, function generator, signal amplifier, voltage divider for the input signals and
digital oscilloscope, signal amplifier/filter and digital oscilloscope. Fig. 6 illustrates a
schematic diagram of the bender element instrumentation system and that of an automatic
multiplex bender element acquisition system when more than three pairs of bender
elements are installed to a sample. A signal generator is commonly used to generate an
input signal to the transmitting bender element. It is also noteworthy that the square-wave
input signal gives the clearest response regardless of sample’s stiffness because it includes
all frequencies, which is advantageous when the resonant frequency of the bender element-
medium system is unknown (Kawaguchi et al. 2001, Lee and Santamarina 2005).
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Figure 6. Schematic diagram of the bender element instrumentation system: (a) manual system for one
direction of wave propagation (Sawangsuriya et al. 2006), (b) automatic multiplexing system for triaxial

sample (Sukolrat 2007).

4. Collection and interpretation of bender element measurement data in

geomaterials

Although S-wave measurements using bender elements are promising, the convenience of
bender element tests is limited by subjectivity associated with identifying wave travel time
arrivals. The effect of distances to boundaries and between source and receiver plays an
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important role in the evaluation of wave propagation test data. For example when S-waves
are created in a bender element wave propagation test, reflection and refraction from
boundaries may produce waves other than direct S-waves; near-field effect may obscure the
S-wave arrival; or wave attenuation and dispersion may prevent the proper identification of
multiple reflections (Sanchez-Salinero et al. 1986, Fratta and Santamarina 1996).
Sawangsuriya et al. (2006) performed a series of experimental studies to explore and to
establish the limits to minimize the boundary effects in the wave propagation experiments.
The experimental results are presented as simple dimensionless ratios that can provide
guidelines for the design and interpretation of the wave propagation experiments as the
following:

Near-field effects

Distinguishing S-wave arrivals in the near-field is difficult since the arrival of the S-wave
may be obscured by other wavefronts that propagate at higher velocities (e.g. P-wave
velocity - Sanchez-Salinero et al. 1986, Lee and Santamarina 2005). This effect becomes
significant especially at closer distances between sources and receivers. Sanchez-Salinero et
al. (1986) developed a closed-form solution for longitudinal and transverse motions in
linear-elastic and homogeneous media. Fig. 7a shows the arrivals for distances between
source and receiver (L) equal to 1, 2, 3, 4, 6, and 8 shear-wave wavelengths (As). Note that for
greater relative source-receiver distances (L/As), the separation between P- and S-wave
arrivals increases, the amplitude of the transverse displacement caused by the P-wave
decreases and the S-wave arrival is better evaluated. To clearly separate the P- and S-wave
arrivals, L/As must be greater than 4. However, this ratio also depends on the material
damping. Understanding of the near-field effects may help interpreting both P- and S-waves
arrival times which can also be used to evaluate the elastic modulus and Poisson’s ratio.
According to the wave propagation experiments by Sawangsuriya et al. (2006), wave
propagation results were obtained using long cylindrical Kaolinite specimens (77.5 mm
diameter) that were trimmed to different heights and hence different source-receiver
distances. Since the specimens were identical, the slope of the measured travel time versus
distance was used to calculate the P- and S-wave velocities (see Fig. 7b). The calculated
Poison’s ratio (v) is 0.17. As the source-receiver distance increases, the P-wave arrival is
more difficult to determine (Fig. 7a), for this reason there are less P-wave arrival time data
points at greater source-receiver distances in Fig. 7b. It is therefore recommended that the
minimum source-receiver distance (L) must be at least three times the wavelength (As)
(greater for large damping ratios) to facilitate the interpretation of the S-wave arrivals.

Boundary effects - reflection

When a bender element deflects, it generates S-waves in the direction of the bender element
plane and P-waves in the direction normal to the bender element plane (Santamarina et al.
2001). Therefore, the presence of lateral boundaries may cause the reflected P-waves to
arrive faster than direct S-waves hindering the proper evaluation of S-wave velocities. The
difference in travel time arrivals depends on the Poisson’s ratio (v) of the geomaterial (Lee
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and Santamarina 2005). In 3-D arrangements of sources and receivers, the limiting
separations can be expressed as a function of dimensionless ratios H/L and R/L and the
Poisson’s ratio as illustrated in Fig.8. Note that the normalized distances below the curves
are the acceptable distances where the S-wave arrives earlier than the reflected P-wave. It is
therefore important that depending on the Poisson’s ratio of the geomaterial, the relative
distance between sources and receivers and to the boundaries (H/L and R/L) must be limited
to avoid possible P-wave reflection interferences.
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Figure 7. Near-field effects: (a) normalized receiver response (transverse particle motion) with
increasing source-receiver separation (model parameters: Vp=288 m/s, Vs=175 m/s, damping D=0.01 —
closed-form solution by Sanchez-Salinero et al. 1986), and (b) measured P- and S-waves travel times in
Kaolinite specimens (Sawangsuriya et al. 2006). Note: M = constraint modulus, G = shear modulus, E =
Young’'s modulus, ¢ = mass density.

Boundary effects - refraction

As the separation between source and receiver increases, refracted waves may travel along
rigid boundaries (having higher velocities) masking the S-wave arrivals. This phenomenon
can be observed when the test specimen is confined within a rigid wall container. When
monitoring S-waves, the velocity is calculated by an assumed straight ray travel length and
the first arrival time. However, the presence of the rigid boundary may mask the arrival of
the direct S-wave if a refracted wave arrives first. This phenomenon was observed by using
specimens prepared inside the cylindrical rigid wall container where the source-receiver
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distance and the distance to the wall varied (Sawangsuriya et al. 2006). Results matched well
with a simple refraction model used to determine the shortest travel time from the two
possible wave paths. A sketch of the model and a summary of experimental results are
shown in Fig. 9. Results suggest that for a given medium and PVC wall having finite wave
velocities, the bender elements need to be placed at a minimum distance (d) greater than 0.4
L to avoid receiving refracted signals. As a consequence, it is recommended that with the
presence of rigid boundaries, the distance of bender elements to the boundary (d) shall be
greater than approximately 0.4 L to avoid refracting wave from arriving first.
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Figure 9. (a) Sketch of the test setup and the model for data evaluation and (b) experimental results
from Kaolinite specimens (water content = 22%, unit weight = 9.7 kN/m?) (Sawangsuriya et al. 2006).
Identifying wave travel time arrivals

A selection of the travel time for a wave travelling from a transmitter bender to a receiver
bender has been controversial. Generally, the travel time can be determined either in the
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time domain or in the frequency domain. In the time-domain method, the travel time of the
S-wave is monitored by plotting recorded signal with time. The S-wave velocity is then
calculated if the tip-to-tip distance between the transmitting and receiving bender elements
is known (Dyvik and Madshus 1985; Viggiani and Atkinson 1995). In general, the signals
may be different from those in Figs. 4 and 5, possibly due to the stiffness of the sample, the
boundary conditions, the test apparatus, the degree of fixity of the bender element into the
platen or housing, the elastic properties of the bimorph, the cantilever length, the support
properties (i.e., fixity), and the elastic properties of the surrounding medium as
aforementioned. Once these boundary and scale effects are evaluated, and their effects are
considered, the travel time between the transmitter and the receiver benders can be
determined. The S-wave arrival corresponds to point C (Fig. 4) is typically chosen for the
determination of the travel time in order to avoid the near-field effect caused by the arrival
of energy with P-wave velocity (point A in Fig. 4 — Sanchez-Salinero et al. 1986; Kawaguchi
et al. 2001; Lee and Santamarina 2005).

In the frequency-domain method, the transmitter sends a continuous sinusoidal wave at a
single frequency through the sample to the receiver, and the phase shift between the two
waves is measured. By varying the frequency, the phase delay of the transmitted and
received signals can be observed, and the frequencies may be found when they are exactly
in-phase and exactly out-of-phase when the phase differences are exact multiple N of n. The
gradient of the plot between wave number (N) against frequency gives the group travel
time. This is also called as m-point method. Similar results may be obtained using a sine
sweep instead of a continuous wave of a single frequency. The Automatic Bender Elements
Testing System (ABETS) program has been developed and uses phase-delay method to
determine the shear wave velocities from bender element tests (Greening and Nash 2004).
The principle of the ABETS is to send a sine wave pulse of continuously varying frequency
generated by a soundcard in a computer through the sample. The signals from the
transmitter and the receiver are collected and analysed by embedded Fast Fourier
Transform (FFT) analysis. By selecting the range of frequencies for which the coherence is
close to unity which indicates high quality signal that there is no interference at that
transmitted frequency, a linear fit to the unwrapped phase data is used to determine the
group’s travel time within selected frequency range.

5. Evaluation of S-wave velocity

The S-wave velocity in particulate geomaterials depends on the state and history of the
effective stresses, void ratio, degree of saturation, and type of particles. Based on
experimental evidence and analytical studies, the velocity-effective stress relationship for
granular geomaterials is expressed as a power function having two physically-meaningful
parameters: a coefficient a and an exponent (3. These parameters represent the S-wave
velocity at a given state of stress and its variation with stress changes. The velocity-stress
power relationship for granular media under isotropic loading is expressed as (Roesler 1979,
White 1983):
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A\
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where Vs is the S-wave velocity, 0’o is the isotropic effective stress, p=1 kPa is a reference
stress, a and B are experimentally determined parameters. Fig. 10 illustrates an example of
the velocity-stress relationship as determined by S-wave velocity measurements at different
stress states for dry medium sand prepared by different methods exhibits a power function
(see Fig. 10) along with the experimentally determined coefficient a and exponent (3
(Sawangsuriya et al. 2007a). As shown in Fig. 10, for a dry medium sand subjected to
isotropic loading, the velocity-stress power relation in Eq. (2) closely fits the data and as
expected, the S-wave velocity increases as the confining pressure increases.

Several researchers have attempted to quantify the physical meaning of these
experimentally determined parameters. Duffy and Mindlin (1957), Hardin and Black (1968),
Santamarina et al. (2001), Fernandez and Santamarina (2001), and Fratta and Santamarina
(2002) described the physical meaning of the parameters o and £3: the coefficient « relates to
the type of packing (i.e., void ratio or coordination number), the properties of the material,
and fabric changes, while the exponent (3 relates to the effects of contact behavior. Both
parameters indicate the effects of stress history, cementation and rock weathering in the
formation. For example, dense sands, overconsolidated clays, and soft rocks have higher
coefficient o and lower exponent (3. In case of loose sands, normally consolidated clays, and
clays with high plasticity, the coefficient a becomes lower while the exponent 3 becomes
higher. Santamarina et al. (2001) suggested an inverse relationship between a and 3 values
for various granular media, ranging from sands and clays to lead shot and steel spheres:

a

~(0.36 —
d 700-%

)

In addition, Hardin and Black (1968) suggested that the coefficient a can be separated into two
coefficients: one accounts for the grain characteristic (or nature of grains), and the other
accounts for the properties of the packing (i.e., void ratio or coordination number). The
separation into these different components is justified on particulate material models. For
example for random particles of uniform spheres with Hertzian contacts, the relationship
between isotropic stresses and S-wave velocity is (Chang et al. 1991, Santamarina et al. 2001):

] . %
Jz 5-a Vi G V| 17— K
VS: v. 1 1 ’ 7 (GO) (4)
4p 2—-v 1-v (1"1‘6)2 —
effective

particle properties packing properties stress
where o', G, and V" are the density, shear modulus and Poisson’s ratio of the particles. This
equation is derived assuming that the number of contacts per particle or coordination
number Cn is related to the void ratio e by the following equation (Chang et al. 1991):
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C,=13.28-8e )
Experimentally, the velocity-stress power relation is re-written as:
N\
o,

V,=A-F(e)- p—o (6)

where A is a fitting parameter which accounts for the properties of the grains and the
function F(e) depends on the initial void ratio e of the geomaterial (Mitchell and Soga 2005).
For round-grained particles, Hardin and Black (1968) proposed the following function:
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Figure 10.Velocity-stress response of specimen prepared with different methods (Sawangsuriya et al. 2007a).
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2.17 —e)?
o=

(7)

The evaluation of S-wave velocity using bender elements has been commonly
performed on oedometer and standard triaxial samples. Normally, the top and bottom
caps of an oedometer cell and a conventional triaxial cell are modified to incorporate
bender elements and their electrical connections (see Fig. 11 — Sawangsuriya et al.
2007a). As shown in Fig. 11, the evaluation of S-wave velocity using bender elements is
performed on standard triaxial specimens and subjected to isotropic loading. The top
and bottom caps of a conventional triaxial cell are modified to incorporate bender
elements and their electrical connections (see Fig. 11a). Examples of S-wave traces
from bender element tests are shown in Fig. 12 along with the S-wave arrival as
indicated by the arrows. As shown in Fig. 12, the S-wave arrival increases with
confining pressure.

Laterally mounted benders were also used in triaxial apparatus (Pennington 1999). The
horizontal pairs of bender elements are installed to study the anisotropy of the sample (see
Fig. 13- Sukolrat 2007). In horizontal bender system, two similar bender elements were
mounted orthogonally; one pair is used for S-wave transmitters and the other pair is for S-
wave receivers. The bender elements are placed diagonally opposite one another and
oriented so that the shear stiffness in both HV and HH directions are synchronized
(depending on different polarization direction).

(a) (b)

Figure 11. Modified triaxial cell with bender element measurement system: (a) details of bender
elements and (b) assembled modified triaxial cell (Sawangsuriya et al 2007a).
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(b)
Figure 13. Modified stress path cell to incorporate vertical and horizontal bender system and local

strain measuring system: (a) Installation of measuring devices, (b) triaxial stress path cell during testing
(Sukolrat, 2007).

6. Small-strain shear modulus based on bender element measurement

According to elastic theory using the measured S-wave velocity (Vs) and total mass density
of the specimen (o = v/g), the small-strain shear modulus (Go) can be calculated with the
relationship Go=0'Vs2. Go is an important and fundamental geomaterial property for a
variety of geotechnical design applications and can be applied to all kinds of static
(monotonic) and dynamic geotechnical problems at small strains (Richart et al. 1970, Jardine
et al. 1986, Burland 1989). Note that the term “small-strain” is typically associated with the
shear strain range below the elastic threshold strain (10=3-102%). Within the small strain
range where the deformations or strains are purely elastic and fully recoverable, the shear
modulus is independent of strain amplitude and reaches a nearly constant limiting value of
the maximum shear modulus. In this strain region, most geomaterials exhibit linear-elastic
behavior.

A number of factors affecting Go have been extensively investigated and reported. These
include the current state of the sample (e.g. stress state, overconsolidation ratio, density,
void ratio, and microstructure), anisotropy, degree of saturation, aging, cementation, and
temperature. Such factors can be briefly explained as the followings:
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Current state

The current state of a sample relative to Go is defined by: (i) existing normal stresses in the
ground which is also known as the mean effective principle stress or confining pressure
(0v"), (ii) the overconsolidation ratio (OCR), and (iii) the void ratio (e) or the density of the
geomaterial (0). By taking all parameters into account, a general expression as proposed by
different investigators for Go of geomaterials is of the following form:

G, = A(OCR)* f(e)p!! " (c,)" (8)

a

where A is a dimensionless material constant coefficient, k is a overconsolidation ratio
exponent, f(e) is a void ratio function, pa is the reference stress or atmospheric pressure (~100
kPa) expressed in the same units as Go and 0o/, and n is a stress exponent. A number of
studies have been conducted to estimate these parameters by relating with other physical
geomaterial properties as summarized in Table 2 and Table 3.

Parameter Dependency Typical value References
Grain Chara‘cterlstlcs. or Determined by
nature of grains, fabric or , .
A _ regression analysis See Table 2
microstructure of e
. for individual test
geomaterial
Vary from 0 to 0.5 Hardin and Black
k Plasticity index (PI) (for PI<40, k=0; (1968), Hardin and
PI>40, k =0.5) Drnevich (1972)
P ies of packi
f(e) roperties o paciang and See Table 3 See Table 3
density
Hardin and Richart
(1963), Hardin and
Black (1966, 1968),
Drnevich et al. (1967),
N Contact between particles | Approximately 0.5 | Seed and Idriss (1970),
and strain amplitude at small strains Silver and Seed (1971),
Hardin and Drnevich
(1972), Kuribayashi et
al. (1975), Kokusho
(1980)

Table 2. Parameters describing a current state of sample for Go

Go = A-f(e)-(00')
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Type of geomaterials A f(e) n References
Round-grained 6,900 (2.17-e)*/(1+e) | 0.5
Ottawa sand )
Angular-grained 3,270 (2.97-e)?/(1+e) | 0.5 Hardin and Black (1968)

crushed quartz

Shibata and Soelarno

Clean sand 41,600 0.67-e/(1+e) 0.5 (1975)
| ki T k
Clean sand (Cu < 1.8) 14100 | (17-e)/(1+e) | 04 | o5 (alg;) Alspoka
Clean sand 9,000 (2.17-e)*/(1+e) | 0.4 Iwasaki et al. (1978)
Toyoura sand 8,400 (2.17-e)*/(1+e) | 0.5 Kokusho (1980)
Clean sand 7,000 (2.17-e)*/(1+e) | 0.5 | Yu and Richart (1984)
Ticino sand 7,100 (2.27-e)*/(1+e) | 0.4 Lo Presti et al. (1993)
Clean sand 9,300 1/e!3 0.45 | Lo Presti et al. (1997)

Reconstituted NC Kaolinite
(PI=20) and undisturbed 3,270 (2.97-e)*/(1+e) | 0.5 |Hardin and Black (1968)

NC clays
Reconstituted NC Kaolinite 4,500 (2.97-e)*/(1+e) | 0.5
(PI=35) Marcuson and Wahls
Reconstituted NC Bentonite 445 (4.4-e)%/(1+e) 0.5 (1972)
(PI=60)
Remolded clay (PI=0~50) |2,000~4,000 | (2.97-e)?/(1+e) | 0.5 Zen et al. (1978)
U“dlf’;‘;r:bzggg clay 90 (7.32-ep/(1+e¢) | 0.6 | Kokusho et al. (1982)
Clay deposits (PI=20~150) | 5,000 1/e1s 0.5 Shlbuy(algggfa“aka
Remolded clay (PI = 20~60) 24,000 1/(1+e)?4 0.5 Shibuya et al. (1997)*
Sand and clay 6,250 1/(0.3+0.7¢?) 0.5 Hardin (1978)
Several soils 5,700 1/e 0.5 |Biarez and Hicher (1994)

Note: Go and oo’ are in kPa, * using effective vertical stress (ov') instead of 0o", Cu = Coefficient of Uniformity

Table 3. Function and constants in proposed empirical equations on Go

Anisotropy

Anisotropic Go of geomaterials is generally described in terms of stress-induced anisotropy
and inherent anisotropy (Stokoe et al. 1985).The stress-induced anisotropy results from the
anisotropy of the current stress condition and is independent of the stress and strain history
of the geomaterial. The inherent or fabric anisotropy results from structure or fabric of the
geomaterial that reflects the deposition or forming process (e.g. aging, cementation). Both
stress-induced anisotropy and fabric anisotropy of Go depend on the direction of loading
(Mitchell and Soga 2005). Such fabric anisotropy of Go can be evaluated based on S-wave
measurements using bender elements (Sawangsuriya et al. 2007b). For example, Go is a
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function of the principal effective stresses in the directions of wave propagation and particle
motion and is independent of the out-of-plane principal stress (Stokoe et al. 1995). The
inherent anisotropy can be evaluated by measuring body wave velocities propagating
through the specimen subjected to isotropic states of stress (i.e., mean effective stress). For
the stress-induced anisotropy, the measurements are taken from specimen subjected to
anisotropy states of stress (i.e., changes in vertical stress while maintaining average
principal stresses).

Under anisotropic states of stress, the representative stiffness values can be different,
depending on the measurement conditions and the sample preparation procedures. The
anisotropy of the stress state induces anisotropy of small-strain stiffness. An empirical
equation for Go under anisotropic stress condition is expressed as (Roesler 1979, Stokoe et al.
1985):

G, = A(OCR)*F(e)p, "ol o'} 9)

where o1’ is the effective normal stress in the direction of wave propagation, oi is the
effective normal stress in the direction of particle motion, and n =ni + n.

Degree of saturation

Early studies on the influence of the degree of saturation on Go described a coupled motion
of the solid particles and the fluid (Biot 1956, Hardin and Richart 1963, Richart et al. 1970).
According to Biot’s theory, no structural coupling exists between the solid particle and the
fluid (the fluid has no shearing stiffness), the coupling in the shearing mode is only
developed by the relative motions of the solid and fluid as indicated by the term involving
the apparent additional mass density and thus Go can be expressed as:

PP,
G, =vs2£p+f—J (10)

where 0 is the mass density of the solid particles, or is the mass density of fluid, and a is the
mass density of an additional apparent mass. In a real geomaterial, 0. varies with the grain
size and permeability; however, the total mass density of the saturated geomaterial could be
substituted into the mass density term of Eq. (10) to take into account the coupling effect of
the mass of the fluid. The shear wave velocity of saturated geomaterial is therefore less than
that of dry geomaterial because the added apparent mass of water moving along with the
geomaterial skeleton (i.e., the drag of the water in the pores). Recent studies by Santamarina
et al. (2001) and Inci et al. (2003) indicated that the response of Go by varying the degree of
saturation demonstrates three phases of behavior and is attributed to contact-level capillary
forces or suction. A sharp increase in Go is observed at the beginning of the drying process,
followed by a period of gradual increase in measured Go, and a final sharp increase in Go at
the end of the drying period.
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Aging

A time-dependent nature of Go of geomaterials has been reported by several investigators
(Afifi and Woods 1971, Marcuson and Wahls 1972, Afifi and Richart 1973, Stokoe and
Richart 1973, Trudeau et al. 1974, Anderson and Woods 1975, Anderson and Woods 1976,
Anderson and Stokoe 1978, Isenhower and Stokoe 1981, Athanasopoulos 1981, Kokusho
1987). Results of these investigations indicate that Go tends to increase with the duration of
time under a constant confining pressure after the primary consolidation is complete due to
a time effect results from strengthening of particle bonding. The time dependency of Go
increase can be characterized by two phases: (i) an initial phase due to primary
consolidation and (ii) a second phase in which Go increases about linearly with the
logarithm of time and occurs after completion of primary consolidation, also referred as the
long-term time effect (Fig. 14). The second phase of secondary consolidation occurs after
primary phase when Go increases continuously with time. The rate of secondary increase in
Go is related to thixotropic changes in the clay structure and is determined to be linear when
plotted versus the logarithm of time. To incorporate this long-term time effect, the change in
Go with time can be expressed by:

AG = NGy (11)

and

1 AG
Ne = 12
¢ (Glooo J (logm(tz / tl)] ( )

where AG is the increase in Go over one logarithm cycle of time, Giowo is the value of Go
measured after 1,000 minutes of application of constant confining pressure following the
primary consolidation, and Nc is the aging increment coefficient, which indicates an
increase of Go within one logarithmic cycle of time.

The duration of primary consolidation and the magnitude of the secondary increase, as
defined by change in Go per logarithmic cycle of time, vary with geomaterial types and
stress conditions (i.e., confining pressure). For sands, the rate of increase in Go is relatively
small (1 to 3% per log cycle of time) but for clays the effect is quite remarkable as illustrated
in Fig. 15.

Cementation

Cementation occurs either naturally due to the precipitation or formation of salts, calcite,
alumina, iron oxides, silicates, and aluminates or artificial stabilization processes produced
by adding lime, cement, asphalt, fly ash, or other bonding agents to geomaterials. The effect
of cementation on Go have been evaluated by Clough et al. (1981), Acar and El-Tahir (1986),
Saxena et al. (1988), Lade and Overton (1989), Baig et al. (1997), Fernandez and Santamarina
(2001), Yun and Santamarina (2005). Go of cemented materials increases with increasing
cement content and confining pressure (Fig. 16). Additionally at low confinement, the
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stiffness behavior of cemented materials is controlled by the cementation and the materials
become brittle, whereas at high confinement the behavior is controlled by the state of stress
and resembles an uncemented material, which becomes more ductile.
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Temperature

Effect of temperature on time-dependent changes in Go was reported in Bosscher and
Nelson (1987), Fam et al. (1998). The dependency of Go on temperature suggests that higher
temperatures cause the stiffness increase with time. Fam et al. (1998) presented the evolution
in velocity with time for coarse-grained granular salt specimen under a constant effective
stress and subjected to a temperature step (heating-cooling cycle) as illustrated in Fig. 17.
The rate of increase in velocity with time increases at higher temperatures (Fam et al. 1998).
Bosscher and Nelson (1987) studied Go of frozen Ottawa 20-30 sand as a function of the
confining pressure, the degree of ice saturation, the relative density, and the temperature.
They found that Go of frozen sand is higher than that of non-frozen state. At temperatures
near the melting point of ice, Go can be significantly influenced by the confining pressure,
the degree of ice saturation, and the relative density (Bosscher and Nelson 1987).
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7. Application of wave propagation methods in geoengineering quality
control process

The quality of the engineered earth fills depends on the suitability and compaction of the
materials used. Earthwork compaction acceptance criteria are typically based on adequate
dry density of the placed earthen materials achieved through proper moisture content and
compaction energy. For instance, compaction specifications often require achievement of an
in-situ dry density of 90-95% of the maximum value obtained from laboratory standard or
modified Proctor test. According to this approach, by achieving a certain dry density using
an acceptable level of compaction energy assures attainment of an optimum available level
of structural properties and also minimises the available pore space and thus future
moisture changes.

The question of the achieved structural property, which is the ultimate objective quality
control, however remains unfulfilled. Dry density is only a quality index used to judge
compaction acceptability and is not the design parameter or relevant property for
engineering purposes. For compacted highway, railroad, airfield, parking lot, and mat
foundation subgrades and support fills, the ultimate engineering parameter of interest is
often the shear modulus of geomaterials, which is a direct structural property for
determining load support capacity and deformation characteristic in engineering design.

Shear modulus of compacted geomaterials depends on density and moisture but also on
fabric and texture of geomaterials, which varies along the roadway route. The conventional
approach of moisture-density control, however, does not reflect the variability of the texture
and microstructure of geomaterials and thus their shear modulus. Even if the structural
layers satisfy a compaction quality control requirement based on density testing, a large
variability in shear modulus can still be observed (Sargand et al. 2000; Nazarian and Yuan,
2000). Additionally, the comparison between density and modulus tests suggests that
conventional density testing cannot be used to define subtle changes in the stiffness of the
compacted earth fills (Fiedler et al. 1998). Shear modulus is a more sensitive measure of the
texture and fabric uniformity than density. The stiffness non-uniformity is directly related to
progressive failures and life-cycle cost, direct stiffness testing which can be conducted
independently and in conjunction with conventional moisture-density testing is anticipated
to reduce variability and substantially enhance quality control of the earthwork
construction.

Ismail and Rammah (2006) proposed a test setup and procedure by which the small-strain
shear modulus can be measured accurately by propagating elastic shear wave through the
compacted geomaterial during laboratory compaction test. They designed a test setup in
such a way that it can be readily incorporated into the conventional compaction mould as
shown in Fig. 18. In addition, their procedures can be adopted in compaction works e.g.
road construction, embankments, and earth structures. Consequently, incorporating the
shear modulus into laboratory compaction tests, will guarantee fulfilment of the design
criteria in term of dry density-moisture-modulus relationship.
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Figure 18. Seismic compaction mold (Ismail and Rammah 2006).

Sawangsuriya et al. (2008a) presented the experimental investigation of the shear modulus-
matric suction-moisture content-dry unit weight relationship using three compacted
subgrade soils. Compacted specimens were prepared over a range of molding water
contents from dry to wet of optimum using enhanced, standard, and reduced Proctor
efforts. A S-wave propagation technique known as bender elements was utilized to assess
the shear wave velocity and corresponding Go of the compacted specimens. S-wave traces of
the clayey sand compacted with enhanced Proctor, standard Proctor, and reduced Proctor
efforts are shown in Fig. 19. S-wave traces of the silt and lean clay compacted with standard
Proctor effort are shown in Fig. 20.
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Figure 19. S-wave traces of the clayey sand compacted with enhanced Proctor (a), standard Proctor (b),
and reduced Proctor (c) efforts (Sawangsuriya et al. 2008a).
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Figure 20. S-wave traces of the silt and lean clay compacted with standard Proctor effort (Sawangsuriya
et al. 2008a).

8. Application of wave propagation methods for ground monitoring

In the past 20 years, the use of wave propagation methods (e.g. seismic. etc.) seismic
reflection and refraction, seismic down-hole, up-hole and cross-hole etc. for ground
monitoring has been promoted intensively because it is non-destructive and is conducted
under in situ condition. The wave propagation methods are commonly used to determine
stiffness-depth profile. Typically, the wave propagation methods can be classified into
subsurface and near-surface methods as schematised in Fig. 21.

The subsurface methods including seismic down-hole, seismic up-hole, and seismic cross-
hole are normally employed to monitor ground stiffness when the depth of interest is
greater than 15 meters (Hooker 1998). In these methods, one or more boreholes are usually
required in order that the source and/or the receiver can be installed. While the seismic cone
penetration test can provide both stiffness and strength properties of the geomaterials
during its penetration. The disadvantage of the subsurface method is that the cost of
measurement is relatively high due to the cost of borehole casting. An alternative method is
the near-surface method which provides simpler and more cost-effective approaches. The
near-surface method is performed on the basis of the ability of wave propagation through
the ground strata. When waves propagate through soil layers having different properties,
they refract and/or reflect at different time. Once the arrival time is known, wave velocities
and stiffness of each layer can be determined.

With the near-surface method, the Spectral Analysis of Surface Waves (SASW) using surface
waves is another technique that can monitor both ground stiffness at shallow depth and
layer thicknesses of subsurface profiles. The surface wave method utilises the dispersive
characteristic of Rayleigh waves, which are elastic waves that propagate along the ground
surface. Surface (Rayleigh) wave velocity varied with frequency is measured by utilizing the
dispersion characteristics of surface wave and the fact that surface waves propagate to
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depths that are proportional to their wavelengths or frequencies in order to determine the
stiffness of subsurface profiles. The objective in SASW testing is to make field measurements
of surface wave dispersion (i.e, measurements of surface wave velocity at various
wavelengths) and to determine the shear wave velocities of the layers in the profile based on
the fact that surface waves propagate to depths that are proportional to their wavelengths
(Mayne et al. 2001).

Subsurface methods

LN

Up-hole Down-hole Seismic-cone Cross-hole

Surface methods

@ Source

O Receiver

Refraction Reflection Surface wave

Figure 21. Wave propagation methods in ground monitoring (Sawangsuriya et al. 2008c).

The seismic methods have been employed to monitor ground improvement such as
dynamic compaction and vibrofloatation methods (Hooker 1998). The measurement was
made at the site before and after the ground improvement to establish stiffness profile in
order that the performance of ground improvement can be monitored. Moreover, in some
ground treatments e.g. grouted backfill and stone column, the near-surface wave
propagating method can be employed to monitor their performance (Cuellar 1997).

Since ground moisture is sensitive to rise in water table, infiltration, and evaporation. Changes
in ground moisture and hence in its modulus can occur over the service life of an engineered
structure irrespective of the initial moisture conditions imposed during construction. The
variation in ground modulus with moisture should be monitored systematically to reflect
mechanical behavior of compacted engineered structures after construction (i.e., during post-
compaction state). The influences of ground moisture should be also considered in
performance assessment in such a way that the anticipated in-service conditions are taken into
account. Sawangsuriya et al. (2009b) developed a laboratory method for identifying and
examining the variation of modulus with moisture and suction in order to improve the ground
performance assessment. Their study evaluated the Go of compacted specimens using bender
elements under the suction and moisture variation in the laboratory as shown in Fig. 22. Such
method allows monitoring the modulus change with respect to the suction and moisture on
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the same specimen without disturbance. Fig. 23 illustrates shear wave time series during
desaturation of lean clay specimen compacted near optimum.
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Figure 22. Schematic diagram of Go test using bender elements under the suction and moisture

variation (Sawangsuriya et al. 2009b).
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9. Application of wave propagation methods in pavement design and
analysis

The new AASHTO 2002 highway design relies heavily on mechanistic pavement properties.
Current mechanistic-empirical design procedures for structural design of flexible pavements
consider the mechanical properties of pavement material such as stiffness and strength.
Several countries are currently either implementing or favoring the development of
performance-based specifications. To successfully implement a mechanistic-empirical
design procedure and to move toward performance-based specifications, a cost-effective,
reliable, and practical means to assess the stiffness and strength of highway materials is
necessary since both stiffness and strength of pavement layers plays a key role on the overall
quality and performance of pavements.

One of the potential approaches to directly assess stiffness of geomaterials both in the
laboratory and in the field is to employ Go tests. Generally, Go of geomaterials is routinely
measured in earthquake engineering. In highway engineering, the application of Go tests to
assess the stiffness of highway materials and structural variability for pavement
performance has increased dramatically (Kim and Stokoe 1992, Souto et al. 1994, Kim et al.
1997, Chen et al. 1999, Nazarian et al. 1999, Fiedler et al. 2000, Yesiller et al. 2000, Zeng et al.
2002, Nazarian et al. 2003). The key advantage of Go tests over conventional modulus tests
is their ability to rapidly and non-destructively assess the shear modulus of highway
materials at the surface or under a free-field condition (i.e., zero confining pressure).
Laboratory test methods are also available for Go tests that can reproduce similar results to
those measured in the field. Moreover in the field, the modulus changes in response to
temporal variations in moisture content. The modulus changes in response to changes in
moisture can be simply incorporated in Go test in order to provide a model to estimate
changes in modulus due to changes in moisture content for the pavement design and
analysis. The relationship can be quantified empirically using a modulus ratio defined as
the ratio of Go at a specified moisture equilibrium to Go at optimum compaction conditions.
An example of modulus ratio is plotted against the degree of saturation for types of
geomaterials as illustrated in Fig. 24.

Typically, the associated strain levels corresponding to many proposed geotechnical
engineering structures such as foundations, retaining walls, tunnels, and pavements are
however much larger (Mair 1993, Sawangsuriya et al. 2005). For example, the strain levels of
the bender element are below 5x10°%, whereas the strain levels of the resilient modulus
commonly used in the design of flexible pavement structures ranges from 0.01 to 0.1%
(Sawangsuriya et al. 2005). In order to correct the small-strain modulus measurements to
such relevant levels of strain amplitude imposed by the proposed structure, the modulus-
strain relationship, or called strain-dependent modulus degradation curve, can be employed
for a given operating stress level and soil type.

For pavement bases, subbases and subgrades, the stress-strain behaviour of soil is highly
nonlinear and soil modulus may decay with strain by orders of magnitude. A relationship
between the small-strain modulus (strains less than 102 %) and non-linear behaviour
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exhibited by soils at large strains (above 102 %) must be established. Generally, strains in
base and subbase courses vary from 0.01 to 1%, whereas those in subgrades may vary from
0.003 to 0.6% (see Fig. 1). Therefore, the pavement base, subbase, and subgrade layers
involve strains at higher levels, i.e., typical strain range of 102 to 1%, and soil exhibits non-
linear properties. Fig. 1 also shows that the resilient modulus (Mr) test operates within these
strain range. However, the decay curve of measured soil moduli from the small-strain tests
must be evaluated and corrected to the modulus corresponding to these strain levels.
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Figure 24. Go at a specified moisture equilibrium normalized with Go at optimum compaction
condition vs. degree of saturation (Gupta et al. 2007).

10. Summary

Stiffness of geomaterials is an important engineering property, commonly used in
geomechanical design and analysis. The deformation performance of geomaterials used to
support engineered structures depends primarily on their stiffness. Therefore, it is
important that the laboratory and field investigation should be performed to identify
and classify geomaterials as well as to assess their mechanical properties for the
engineering design and analysis. This chapter summarizes the wave propagation methods
that permit the determination of the stiffness of the geomaterials. By knowing the elastic
wave velocities as measured with the wave propagation method and total mass density of
the medium, the corresponding stiffness of the geomaterials can be determined. One of
the wave propagation methods based on the S-wave measurement is called a bender
element test. It is a rapid, non-destructive, and low cost method, which can provide a
realistic engineering design parameter (e.g. shear modulus). Moreover, elastic waves
permit monitoring the elastic (stiffness) and inertial (mass density) properties of
geomaterials while evaluating other coupled processes, i.e., the changes in state of
effective stresses, the stress-induced anisotropy, the generation of geo-structure in soft
sediments, etc.
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The use of bender elements to generate and receive shear waves in geomaterials has become
a very robust technique in geoengineering design and analysis and has been widely adopted
for determining and monitoring stiffness of geomaterials both in the laboratory and field.
However as with any other wave propagation techniques, the interpretation of bender
element-collected data is controlled by wave characteristics, boundary conditions, and
properties of the medium. Guidelines for designing test geometries and interpretation
measured data from the wave propagation experiments are summarized herein. A bender
element test has been employed for a variety of geoengineering applications, i.e., the
mechanistic based design development, the long-term performance monitoring as well as
quality control process during construction.
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